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Glyphosate, introduced by Monsanto Company under the commercial name Roundup in 1974, became
the extensively used herbicide worldwide in the last few decades. Glyphosate has excellent properties of
fast sorption in soil, biodegradation and less toxicity to nontarget organisms. However, glyphosate has
been reported to increase the risk of cancer, endocrine-disruption, celiac disease, autism, effect on
erythrocytes, leaky-gut syndrome, etc. The reclassification of glyphosate in 2015 as ‘probably carcino-
genic’ under Group 2A by the International Agency for Research on Cancer has been broadly circulated by
anti-chemical and environmental advocacy groups claiming for restricted use or ban of glyphosate. In
contrast, some comprehensive epidemiological studies involving farmers with long-time exposure to
glyphosate in USA and elsewhere coupled with available toxicological data showed no correlation with
any kind of carcinogenic or genotoxic threat to humans. Moreover, several investigations confirmed that
the surfactant, polyethoxylated tallow amine (POEA), contained in the formulations of glyphosate like
Roundup, is responsible for the established adverse impacts on human and ecological health. Subsequent
to the evolution of genetically modified glyphosate-resistant crops and the extensive use of glyphosate
over the last 45 years, about 38 weed species developed resistance to this herbicide. Consequently, its use
in the recent years has been either restricted or banned in 20 countries. This critical review on glyphosate
provides an overview of its behaviour, fate, detrimental impacts on ecological and human health, and the
development of resistance in weeds and pathogens. Thus, the ultimate objective is to help the authorities
and agencies concerned in resolving the existing controversies and in providing the necessary regula-
tions for safer use of the herbicide. In our opinion, glyphosate can be judiciously used in agriculture with
the inclusion of safer surfactants in commercial formulations sine POEA, which is toxic by itself is likely
to increase the toxicity of glyphosate.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

in 1974 (Bento et al., 2016; Duke, 2018). It has been extensively used
as a broad-spectrum, nonselective systemic herbicide for broadleaf

Glyphosate (N-(phosphonomethyl) glycine) is the world’s most
common commercial synthetic phosphonate herbicide introduced
by Monsanto Company, USA under the commercial name Roundup
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weed control and as plant growth regulator for lawns/turfs, home
gardens, parks and agricultural crops (Botero-Coy et al., 2013; Bento
et al., 2016). Several glyphosate-based herbicide formulations are
widely used on more than 100 crops for controlling both annual
and perennial weeds in areas of agriculture, residences, forests,
greenhouse and industrial sectors over 130 countries (Monsanto,
2009; Mink et al., 2011). In USA, about 750 products of glypho-
sate mostly in the form of acid and several salts are available for
sale. Among them, the most frequently applied commercial
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formulations contain isopropylamine (IPA) salt of glyphosate, sur-
factants like polyethoxylated tallow amine (POEA), and water
(Giesy et al., 2000; Saunders and Pezeshki, 2015). The molecule of
this organophosphate contains three polar functional groups such
as —NHj, —COOH and -PO3H; (Ren et al., 2014). Phosphonomethyl
derivative of glycine is the free acid that exists as a zwitterionic
amphoteric substance containing three acidic sites for deprotona-
tion and one amino group for protonation (Sheals et al., 2001). The
main function of the widely used surfactant, POEA, is to facilitate
the entry of glyphosate across the cuticle of target plants
(Guilherme et al., 2012; Mesnage et al., 2013).

The Monsanto Company marketed several herbicide formula-
tions such as Roundup Pro®, Roundup PowerMAX™, Roundup
WeatherMAX®, Roundup®™ and AquaMaster® (Monsanto, 2005).
Some other companies like Zeneca, SinoHarvest, DuPont Dow
AgroSciences, Syngenta, Nufarm, etc. have also been marketing this
herbicide. The salt formulations contain the active ingredient in
variable concentrations and cations such as monoammonium,
dimethylammonium, isopropylammonium, sodium and potassium
as the counter ions, or dianionic form paired with one protic cation
like diammonium salt or more than one cation including potas-
sium/ammonium salt (Tomlin, 2009; Nufarm, 2014; Pernak et al.,
2014). Fig. 1 presents several special features of glyphosate such
as rapid soil binding, biodegradation, non-volatility, stability in
sunlight, complete solubility in water, easy applicability on crops,
and less toxic to a wide array of living organisms (Borggaard and
Gimsing, 2008; Valavanidis, 2018).

The use of glyphosate has been successfully extended globally
ever since the introduction and approval for cultivation of
glyphosate-resistant (GR) crops in 1996 (Ge et al., 2012; James,
2016; Duke, 2018). In fact, genetically modified (GM)-GR crops
play a vital role in economic benefits in the US agricultural sector
contributing an increase up to 22 and 68% in crop yields and profits,
respectively, over non-GM crops (Kliimper and Qaim, 2014).
Consequent to the continuous application of glyphosate over the
last 45 years, selective GR populations evolved and approximately
38 GR weed species have been reported in the fields planted to
transgenic GR crops worldwide (Powles and Yu, 2010; Heap, 2011).
Also, there is a growing concern about the possible health and
environmental impacts of glyphosate caused during the manufac-
ture, transportation and application of this herbicide (Relyea,
2005a; Meftaul et al., 2020). Indeed, the effluents with high

concentrations of glyphosate and NaCl released during
manufacturing are extremely hard to purify (Ren et al., 2014),
posing a potential long-term threat to the ecological and human
health due to its persistence in water and soils (Bai and Ogbourne,
2016).

Glyphosate has been shown to induce multiple antibiotic
resistance in bacteria such as Escherichia coli and Salmonella
enterica serovar Typhimurium (Kurenbach et al, 2015). Very
recently, Ramakrishnan et al. (2019) highlighted the global impli-
cations, in terms of developing antimicrobial resistance in soil
bacteria, as a result of local applications of pesticides like glypho-
sate. Glyphosate-based formulations have also been considered
toxic to other living organisms such as amphibians, fishes, reptiles,
birds, etc. (Giesy et al., 2000; Howe et al., 2004; Oliveira et al., 2007;
Moore et al., 2012; Carpenter et al., 2016; Lugowska, 2018). Several
other studies also indicated that glyphosate in commercial for-
mulations even at concentrations below regulatory limits cause
carcinogenic, hepatorenal, teratogenic and tumorigenic effects,
besides posing endocrine disruption, metabolic alterations and
oxidative stress, depending on dose and exposure time (Mesnage
et al, 2015b; Myers et al., 2016). Such health concerns were
considered more alarming after the reclassification of glyphosate as
a possible carcinogen (Group 2A) in 2015 by IARC (Valavanidis,
2018). In view of the adverse effects on ecological and human
health as well as the development of resistance in several weeds
and antimicrobial resistance in bacteria, the use of glyphosate-
based formulations in the recent years has been either restricted
or banned in approximately 20 countries including Malawi,
Thailand, Sri Lanka, Vietnam, Oman, Saudi Arabia, Kuwait, United
Arab Emirates, Bahrain, Qatar, Bermuda, Costa Rica, St Vincent and
the Grenadines, Austria, Belgium, Denmark, France, The
Netherlands, Czech Republic, and Italy (Saunders and Pezeshki,
2015; Sustainable Pulse 2019).

Researchers as well as regulatory authorities such as the US
Environmental Protection Agency (USEPA), the Canadian Pest
Management Regulatory Agency, and the European Commission
reviewed the safety of glyphosate and concluded that judicious
applications of glyphosate do not pose carcinogenic or genotoxic
threat to the humans (Kier and Kirkland, 2013; Authority, 2015;
Canada, 2015; Williams et al, 2016). Moreover, many in-
vestigations concerning glyphosate toxicity to higher animal
including birds, dogs, fish, mice, rabbits, rats and other animals
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Fig. 1. Properties par excellence of glyphosate in the environment. G = glyphosate and A = Aminomethylphosphonic acid (AMPA).



L.Md. Meftaul et al. / Environmental Pollution 263 (2020) 114372 3

suggested that glyphosate active ingredient is mostly non-toxic or
least toxic and the adverse effects could be observed only at higher
concentrations (Giesy et al.,, 2000; Monheit, 2007; NTP, 2007;
Borggaard and Gimsing, 2008; Battaglin et al., 2014; Saunders
and Pezeshki, 2015; Valavanidis, 2018). The surfactant, POEA, con-
tained in Roundup has been reported to be relatively more toxic
compared to the adjuvants present in other formulations of
glyphosate (Mesnage et al., 2013; Kwiatkowska et al., 2014b;
Mesnage et al., 2015b; Carpenter et al., 2016; Van Bruggen et al.,
2018). In fact, both the surfactants, POEA and MON 0818 (75%
POEA), were found to have an adverse impact on aquatic and
terrestrial animals (Van Bruggen et al., 2018). Moreover, the toxicity
of the primary metabolite of glyphosate, aminomethylphosphonic
acid (AMPA), is either similar or less as compared to the parent
compound (Borggaard and Gimsing, 2008; Howe et al., 2004;
Moore et al., 2012). However, some other studies indicated that
the toxicity risk of AMPA, in view of its longer persistence in the
environment, is higher when compared with glyphosate (Bonnet
et al, 2007; Daouk et al, 2013; Guilherme et al, 2014;
Dominguez et al., 2016). All these controversies raise a question
as to whether glyphosate, a potent herbicide widely applied in
modern agriculture, should be used with restrictions or banned. In
this direction, a clear understanding of the overall controversial
scenario about the behaviour and fate, and the adverse impacts of
glyphosate on humans, terrestrial and aquatic animals is greatly
warranted. Therefore, the aim of the present critical review is to
consolidate the extant literature in a single source on (a) the fate of
glyphosate and its residues in the environment, (b) the extent of
glyphosate resistance in weed species and microorganisms, and (c)
the potential threat of this herbicide to ecological and human
health. Thus, this review will aid the regulatory organizations and
other authorities in providing the necessary precautions and
guidelines for the future use of glyphosate.

2. Behaviour and fate of glyphosate in the environment

The fate and behaviour of glyphosate in soil depend on the in-
teractions between herbicide and soil under the specific local
environmental conditions (e.g., precipitation, temperature, wind
speed, etc.), and are influenced by diverse soil factors and processes
(Gimsing et al., 2004b; Locke and Zablotowicz, 2004). In addition,
the application rates and formulations also have a potential influ-
ence on the fate and behaviour of a pesticide (Rampazzo et al.,
2013).

2.1. Sorption—desorption

Sorption-desorption behaviour of glyphosate is important for
understanding its potential environmental health risks as well as
the fate and distribution in the waterways as well as (Ruiz-Toledo
et al., 2014). The soil physico-chemical properties such as organic
matter content, acidity, and texture largely influence the irrevers-
ible or reversible reaction of glyphosate in soil (Laitinen, 2009;
Ortiz et al., 2017). Because glyphosate is a small molecule with
carboxyl, amino and phosphonate groups, it is strongly sorbed by
minerals in soils (Gimsing et al., 2007). Also, glyphosate is strongly
sorbed onto clay and organic matter and relatively immobile in the
soil, making it somewhat inaccessible for microbial degradation
and consequently accumulating in soils over time (Cassigneul et al.,
2016; Sidoli et al,, 2016; Okada et al., 2017). Thus, in clay soils,
glyphosate and AMPA can persist for more than a year and quickly
wash out in sandy soils (Sidoli et al., 2016; Okada et al., 2017).
Glyphosate and its primary metabolite AMPA have >96 and > 78%
sorption affinities, respectively, to clay mineral, soil organic matter,
mud sediments and particularly soil oxides and hydroxides, which

act as a sink for the herbicide (Gimsing et al., 2004a; Skeff et al.,
2018).

Glyphosate can bind to humic substances through its phos-
phonic acid moiety and react with polyvalent cations sorbed on
organic matter and clays (Piccolo et al., 1996; Ortiz et al., 2017).
Sandy sediments showed a weak sorption capacity to glyphosate
and AMPA, whereas silty sediments exhibited a higher tendency to
these compounds (Skeff et al., 2018). Glyphosate contains low
Henry's constant value (<1.44 x 10~12 atm-m> mole~!) which in-
dicates its tendency to partition in water-air and is readily adsorbed
onto soil particles (Schuette, 1998). Sorption capacity of both the
parent compound and its metabolite is considerably reduced with
increased pH, salinity or temperature of the soil solution (Skeff
et al.,, 2018). Soil minerals, particularly Fe and Al oxides/hydrox-
ides as well as broken surfaces of silicate minerals have strong in-
fluences on sorption of glyphosate by its phosphonate, carboxyl,
and amino groups whereas inorganic phosphorus competes with
glyphosate for sorption sites, and hence mobility of glyphosate is
higher (Si et al., 2013; Norgaard et al., 2014; Padilla and Selim,
2019). In soils with a pH range of 4—8, glyphosate acts as a poly-
protic acid with high affinity to mono- and divalent anions as well
as trivalent cations like A** and Fe** (Barja and dos Santos Afonso,
2005). Sorption of glyphosate is not entirely permanent since
desorption occurs after certain contact time. For instance, 15—-81%
desorption of sorbed glyphosate was observed after two steps, each
with a contact period of 2 h (Piccolo et al., 1994), and desorption of
6—23% was also found in batch experiments during five successive
steps, each with a contact time of 16 h (WHO, 1994).

2.2. Mobility

Mobility of glyphosate in different environment settings is
limited theoretically due to its high sorption capacity in soils
(Borggaard and Gimsing, 2008; Sidoli et al., 2016). The amount of
glyphosate available for leaching is governed by the dose, preva-
lence, preferential flow, sorption and degradation (Norgaard et al.,
2014). Glyphosate is strongly sorbed into soil particles because of its
high soil sorption coefficient (Kq = 61 g cm™>) and is less mobile in
soil due to its very low octanol/water partition coefficient
(Kow = 0.00033) (Skeff et al., 2018). Glyphosate leaching is
generally determined by rainfall and soil structure, whereas sorp-
tion and degradation affect glyphosate mobility in soils (Borggaard
and Gimsing, 2008). It may be transported either in dissolved or
particle form and therefore reach surface waters (Coupe et al., 2012;
Aparicio et al., 2013). Since the primary metabolite of glyphosate,
AMPA, is more mobile than the parent compound, it is frequently
detected in both surface and groundwaters globally (Kolpin et al.,
2006; Skeff et al.,, 2015). The volatilization of glyphosate into the
atmosphere is negligible because of its less mobility in the soil and
low vapour pressure (9.8 x 10~® mmHg at 25 °C) (Giesy et al.,
2000). Besides, runoff is another source of glyphosate movement
to waterways from the agricultural field and urban areas as in
impervious and connected paved surfaces (Hanke et al., 2010;
Grandcoin et al.,, 2017). Hence, glyphosate application is pro-
hibited on such impervious and connected surfaces in some
countries of Europe (Rosenbom et al., 2010, 2015). Although
glyphosate residues have been frequently detected in different
settings of the environment globally, its potential risk in the
ecosystem, in terms of groundwater ubiquity score (GUS), leach-
ability index (LIX) and hysteresis index (HI), has not been fully
understood.

2.3. Degradation

Glyphosate degradation involves biotic and abiotic pathways in
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the environment. Microbial degradation of glyphosate is the major
pathway affecting its fate and behaviour in the soil, whereas pho-
todegradation and chemical degradation play a minor role (Alexa
et al., 2009; Sviridov et al., 2015). The degradation rates for
glyphosate were higher within the first four days, and the range in
per cent degradation, in terms of the amount initially applied in
different agricultural soils, was 7—70 (Nguyen et al., 2018). Micro-
bial degradation of glyphosate proceeds in an initial formation of
intermediates like sarcosine and glycine, and subsequent release of
AMPA (Borggaard and Gimsing, 2008). However, both biotic and
abiotic degradation pathways yield AMPA as the major metabolite
of glyphosate (Borggaard and Gimsing, 2008; Al-Rajab and Hakami,
2014) which is phytotoxic in nature and have negative effects on
plant physiology, but the underlying mechanisms of these effects
have not been clearly elucidated (Gomes et al., 2014). Microbial
activities in soils are strongly regulated by soil moisture and tem-
perature, organic matter content, pH and soil texture, consequently
affecting glyphosate degradation and AMPA formation (Zhang et al.,
2015). Glyphosate mineralization rate increases with increased
temperature and soil moisture (Schroll et al., 2006; Grundmann
et al, 2008). Manganese oxide or other metals present in soils
strongly influence the abiotic degradation of glyphosate (Barrett
and McBride, 2005; Ascolani Yael et al., 2014). The glyphosate
degradation also depends on its structural affinity to certain
transformations as well as some environmental conditions (Fenner
et al,, 2013). Although AMPA is more persistent with a half-life of
23—-958 days in soil than glyphosate (1—197 days), most of the
studies focussed only on glyphosate (Laitinen et al., 2006;
Bergstrom et al., 2011; Sihtmae et al., 2013; Yang et al., 2015a).
Soil properties and environmental conditions strongly influence
the persistence of glyphosate and AMPA in the environment. In clay
soils of Sweden, glyphosate and AMPA exhibited half-lives up to 151
and 98 days, respectively, whereas in a loamy soil of China the half-
life was only up to 10 days (Zhang et al., 2015; Fishel, 2017). Thus,
the extended half-life and long-term environmental contamination
of glyphosate and AMPA might pose a potential risk to the human
and ecological health (Al-Rajab and Schiavon, 2010).

3. Glyphosate residues in the environment

Due to its low toxicity and less mobility in the environment
(Saunders and Pezeshki, 2015; Skeff et al., 2018; Valavanidis, 2018),
glyphosate is applied widely on genetically modified cotton, soy-
bean and corn with no-till farming practices (Battaglin et al., 2014).
Globally, the application of glyphosate-based herbicides has
increased around 100-fold since the late 1970s, mostly after the
introduction of genetically modified glyphosate-tolerant crops
(Benbrook, 2016; Myers et al., 2016). For instance, in USA alone over
1.6 billion kg active ingredient (a.i.) of glyphosate has been used
since 1974, which is about 19% of the estimated global use
(Benbrook, 2016). In 2014, farmers worldwide applied approxi-
mately 0.53 kg ha~! a.i. of glyphosate on all croplands, while its
usage in USA was about ~1.0 kg ha~! (Benbrook, 2016). Conse-
quently, glyphosate has been frequently detected in a diverse sec-
tion of the environment including soil, water, dust particle and air
due to its extensive use during the past three decades (Kriiger et al.,
2014).

3.1. Glyphosate residues in soil, dust particle and air

Soil contamination with pesticide residues is considered not
only a major problem to sustainable development but also a raising
concern worldwide. Glyphosate-based herbicides can contaminate
soils in and around the application site (Van Bruggen et al., 2018).

For instance, in 45 soils and sediment samples collected from seven
sites in Indiana and Mississippi states of USA, the range of median-
maximum concentrations of glyphosate and AMPA were 9.6—476
and 18—341 pg kg, respectively (Battaglin et al., 2014). In
Argentina, analysis of soils from sixteen agricultural sites during
2012 following UPLC-MS/MS ESI(+/) revealed concentrations of
glyphosate and AMPA at 35—1502 and 299—2256 pg kg~ !, respec-
tively (Aparicio et al., 2013). The concentrations of glyphosate and
AMPA detected in soil were 8105 and 38,939 pg kg~! in the Mes-
opotamic Pampas agroecosystem, Argentina (Primost et al., 2017).
The above data on the occurrence of residues in soils clearly suggest
that glyphosate is incompletely degraded to yield AMPA. Due to its
strong affinity to solid surfaces, glyphosate also contaminates dust
particles and air in the environment. Thus, glyphosate residues
have been detected at concentrations up to 2.5 pg L~! in rainwater
and air in agricultural areas of lowa and Mississippi (Chang et al.,
2011).

3.2. Glyphosate residues in waterways

Surface waterways are highly polluted with urban wastewaters,
agricultural runoff, and through mining and industrial activities
during the last decades. Initially, glyphosate-based herbicide was
not considered as a potential threat for surface and groundwater
contamination due to its limited mobility from soil (Sihtmae et al.,
2013; Monsanto, 2014). Glyphosate-based herbicides and their
metabolites were frequently detected as contaminants in rivers and
surface waters (Gasnier et al., 2009). For instance, glyphosate res-
idues were detected in surface waters at a concentration of
415 pg L' in Switzerland (Hanke et al., 2010). While the freshwater
aquatic life standard for glyphosate is only 65 pg L~ the residues
detected in a sample from Riley Spring Pond in Rock Creek National
Park, Washington, DC, were at the highest concentration of
328 pg L' (Battaglin et al, 2009). Glyphosate residue levels
detected in surface and groundwater samples in Europe (50 and
24 mg L™}, respectively), and USA (427 and 4.7 mg L™, respectively)
were much higher than the EU drinking water limit of 0.1 mg L~}
but far below the EPA maximum protective level of human health
(700 mg L~1) (Scribner et al., 2007; Horth and Blackmore, 2009;
Wang et al., 2016).

Although glyphosate and AMPA are strongly bound to clay and
organic matter, a portion of them may transfer to groundwater via
rainfall (Maqueda et al., 2017; Rendén-von Osten and Dzul-Caamal,
2017). Not only rain but also an erosion of soil particles into surface
water are responsible for carrying glyphosate and AMPA and
remain in the dissolved or particulate phase and settle at the bot-
tom sediment (Yang et al., 2015b; Wang et al., 2016; Maqueda et al.,
2017). The concentrations of glyphosate and AMPA detected in
water or sediment samples, collected from as many as 1341 sites in
38 states of the US and the District of Columbia, were 476 and
397 pg L, respectively (Battaglin et al., 2014). Also, the concen-
trations of glyphosate and AMPA detected in samples of stormwater
overflows, sewage, wastewater treatment plant outlets, bottled
water and drinking water were very low (Grandcoin et al., 2017;
Rendén-von Osten and Dzul-Caamal, 2017; Van Bruggen et al.,
2018). While analyzing 44 stream water and sediment samples
during 2012 in Argentina using UPLC-MS/MS ESI(+/-), Aparicio
et al. (2013) detected the residues of glyphosate and AMPA at
concentrations of 15 and 12% in water and 66 and 88.5% in sedi-
ments, respectively. Because of the extensive use of glyphosate on
genetically modified and glyphosate-resistant (GM-GR) crops in
USA, both glyphosate and AMPA have been frequently detected in
stream, surface and ground waterways at concentrations ranging
from 2 to 430 pg L~ (Coupe et al., 2012; Battaglin et al.,, 2014;
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Mabhler et al., 2017). On the other hand, very low concentrations
(<0.1-2.5 pg L~ 1) of glyphosate were observed in surface waters in
Switzerland, Germany, Hungary and Spain, but comparatively
higher concentrations (up to 165 pug L~1) were found in those from
Denmark and France (Villeneuve et al., 2011; Sanchis et al., 2012;
Mortl et al, 2013; Poiger et al, 2017). The concentrations of
glyphosate and AMPA detected in environmental compartments
including sediment, suspended particulate matter and surface
water in the Mesopotamic Pampas agroecosystem, Argentina were
3294 and 7219, 584 and 475 g kg, and 1.80 and 1.90 pg L},
respectively (Primost et al., 2017). These observations support the
fact that the degradation of glyphosate in sediments and water is
rapid than in soils. However, Wang et al. (2016) reported that mi-
crobial degradation of glyphosate was considerably slower in sed-
iments than in water.

3.3. Glyphosate residues in the food chain

Globally, the widespread cultivation of GM-GR crops including
soybean, corn, maize, cotton, canola, rapeseed and sugar beet va-
rieties led to a dramatic increase in the use of glyphosate (Cerdeira
et al., 2007; Duke, 2018). Consequently, glyphosate residues have
been frequently detected in food (Zoller et al., 2018). According to
the Food and Agriculture Organisation (FAO), both glyphosate and
its primary degradation product, AMPA, raised a potential toxico-
logical concern particularly for their accumulation in the food chain
(Bai and Ogbourne, 2016). After the development of genetically
modified glyphosate-tolerant edible plants, application of this
herbicide resulted in its increased presence by 75% in the food
chain (Clive, 2009). Following enzyme-linked immunosorbent
assay (ELISA), Zhao et al. (2018) detected glyphosate in 18 com-
mercial animal feeds from eight manufacturers in the USA in a
range of 7.83 x 1071-2.14 x 10> mg kg, on a dry weight basis. In
Switzerland, glyphosate and AMPA were also detected in 243
samples of diverse foodstuffs including beer, wine, milk, fruit juice,
mineral water, potatoes and vegetables, baby food, honey, egg,
meat and fish, pulses, oilseeds and vegetable oil, pseudocereals,
breakfast cereals, wheat, durum, pastry and snacks, flour and
baking mixtures, bread, and other cereal products using LC/MS/MS
method at concentrations of  <0.0005—2.948 and
0.0005—0.0025 mg kg1, respectively (Zoller et al., 2018). However,
it is not yet clear whether glyphosate is partially degraded to AMPA
in living plants, and both glyphosate and AMPA are toxic to living
organisms (Kwiatkowska et al., 2014a, 2014b; Gomes et al., 2016).
The range of total concentration (mg kg~!) of glyphosate and AMPA
in agricultural products varied widely from 0.1 to 25 in cereals,
0.1-100 in legumes, 0.1-28 in oilseeds and 1—344 in fodders
(Alimentarius, 2013; USEPA, 2013; Bghn et al., 2014; Cuhra, 2015;
Cetin et al., 2017). According to FAO, the dietary risk of glypho-
sate and AMPA is quite unlikely provided the maximum daily
intake does not exceed 1 mg kg~! body weight (Bai and Ogbourne,
2016).

In Europe, animals and humans consuming GM soybean as feed
and food accumulate unknown amounts of glyphosate (Kriiger
et al., 2014). The influence of glyphosate residues on the quality
of animal products consumed by humans is almost unknown
because the residues likely to be present in tissues and organs of
animals fed with GM corn or soybean are not considered or
neglected in the legislation (Kriiger et al., 2014). The colour of
broiler breast muscles is considerably affected due to the inclusion
of GM soybean as feed (Stadnik et al., 2011). On the other hand,
Erickson et al. (2003) did not find any effects on the feedlot per-
formance of steers and carcass characteristics. Moreover, glypho-
sate acts as a strong chelating agent to fix trace and macro elements

(Zobiole et al., 2010; Kriiger et al., 2013a).
4. Toxicity of glyphosate and environmental impacts

The mode of glyphosate’s action in weeds is blocking the shi-
kimic acid pathway by inhibiting enolpyruvylshikimic phosphate
(EPSP) synthase to prevent the synthesis of the three essential ar-
omatic amino acids, viz., tyrosine, tryptophan and phenylalanine
(Gimsing et al., 2004a; Monheit, 2007; Morini et al., 2018). After
exposure to the herbicide, the target plant experiences stunted
growth, loss of green coloration, leaf wrinkling/malformation, tis-
sue damage, and eventually death within 7—21 days (Saunders and
Pezeshki, 2015; Morini et al., 2018). The pathway for the aromatic
amino acid synthesis through shikimic acid is limited to plants,
fungi and some microorganisms (Saunders and Pezeshki, 2015).
Since the shikimic acid pathway is absent in animals, the aromatic
amino acids must be supplemented through diets. Thus, the lack of
this pathway is the basis for underlying low toxicity of glyphosate
in animals although certain adverse effects of exposure to higher
doses for longer periods have been very well documented
(Borggaard and Gimsing, 2008; Mesnage et al., 2015b; Saunders
and Pezeshki, 2015; Morini et al., 2018). Therefore, the maximum
contaminant level (MCL) set in the USA for glyphosate is 700 pg L1
in drinking water which is higher than the MCLs of other pesticides
(Contaminants, 2003; MDH, 2017). Glyphosate, with its very low
acute toxicity, seems to have very limited or no harmful effects on
populations of microorganisms and their processes (Busse et al.,
2001; Ratcliff et al., 2006). But, glyphosate-based formulations
exhibited differential toxic effects to nontarget aquatic and terres-
trial organisms (Giesy et al., 2000; Howe et al., 2004; Oliveira et al.,
2007; Moore et al., 2012; Carpenter et al., 2016; Lugowska, 2018). In
particular, the surfactant, POEA, present in Roundup formulations is
responsible for the observed toxicity toward human and ecological
health (Mesnage et al., 2013; Kwiatkowska et al., 2014b; Mesnage
et al., 2015b; Carpenter et al., 2016; Van Bruggen et al., 2018). The
major routes of human exposure to glyphosate formulations
applied to agricultural or non-agricultural settings and the associ-
ated different toxic effects on human and ecological health are
presented in Fig. 2.

4.1. Human health effects

Human and environmental health risks associated with glyph-
osate have been evaluated by both academic researchers and reg-
ulatory agencies (WHO, 1994; Solomon and Thompson, 2003).
Although the German Federal Institute for Risk Assessment, a lead
regulatory authority, recommended an increase in acceptable daily
intake (ADI) of glyphosate from 0.3 to 0.5 mg kg~! body wt day ',
signs of oxidative stress, damages in liver and kidneys occurred at
concentrations below the regulatory limits (Mesnage et al., 2015b;
Myers et al., 2016). In fact, a wide array of human disorders and
diseases, such as metabolic alterations, DNA damage, kidney
damage, reproduction toxicity, mental conditions like attention
deficit hyperactivity disorder (ADHD), Alzheimer’s, Parkinson'’s,
celiac disease, autism, effect on erythrocytes, leaky gut syndrome,
cancers, etc. are also associated with glyphosate-based herbicide
formulations (Mink et al., 2012; Swanson et al., 2014; Mesnage
et al., 2015b; Fluegge and Fluegge, 2016; Fortes et al., 2016; Myers
et al., 2016). Different toxic effects associated with the use of
glyphosate formulations on human health are presented in Table 1.
It has been established that glyphosate is toxic only at higher
concentrations (Saunders and Pezeshki, 2015; Bai and Ogbourne,
2016; Valavanidis, 2018). In contrast, very recently USEPA opined
that glyphosate is non-carcinogenic, and its use as a herbicide can
be continued (Erickson, 2020). However, mention may be made
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Fig. 2. Human health and ecological effects of glyphosate-based formulations.

Table 1
Human health effects of glyphosate-based herbicide formulations.
Toxic effect Organ/cells Glyphosate concentration References
Breast cancer T47D cells 10712-10% M Thongprakaisang et al. (2013)
Endocrine disruption Human cell lines (HepG2 and MDA-MB453-kb2) 0.5—10 ppm Gasnier et al. (2009)
Effect on erythrocytes Human erythrocytes 0.01-5 mM Kwiatkowska et al. (2014a, b)
DNA damage Human-derived buccal epithelial cells >20mg L' to >80 mg L' Koller et al. (2012)
Hep-2 cells 3-7.5 mM Manas et al. (2009)
Effect on placental cell Human placental JEG3 cells 1-2% in water Richard et al. (2005)
Effects on oxidative balance HepG2 cell line <1000 mg L~! Chaufan et al. (2014)

Induction of apoptosis and necrosis
JEG3 placental cell lines
Intestine

Neural cells and axons in rats

Gluten intolerance
Neurological disorders

Blood disorder
Liver damage
Liver and kidney damage and tumours

DNA in leucocytes
Liver in laboratory rats
Liver and kidney in laboratory rats

Human cell toxicity
(JEG 3) cell lines
3T3-L1 cell line
Cytochrome P450

Effect on cell physiology
Disruption of CYP enzymes

Umbilical cord vein cells, 293 embryonic kidney and

Hepatic (Hep G2), embryonic (HEK 293) and placental

Far below from agricultural
concentration

NA Samsel and Seneff (2013a)
4000 mg L' Colovi¢ et al. (2013);
Coullery et al. (2016)
Kwiatkowska et al. (2017)

Benachour and Séralini (2008)

85-1690 mg L'

56 mg kg~! Caglar and Kolankaya (2008)
50ng L Séralini et al. (2014);

4 ng kg~! bwt d~! (chronic) Mesnage et al. (2015a)

1-3 ppm Mesnage et al. (2013)
36—178 ppm Martini et al. (2016)

NA Samsel and Seneff (2013b)

NA = Not available.

here that there must be a general consensus between the re-
searchers and regulatory agencies while establishing the ecotox-
icity of an environmental pollutant (Fagin, 2012). In certain
instances, improper handling of the herbicides and the resulting
spray drifts can severely affect the farmworkers, besides causing
environmental pollution to a great extent (Harrison, 2008; Bain
et al.,, 2017).

It has been established that the oral absorption of glyphosate
and AMPA in rats, rabbits, goats and chicken or dermal penetration
through skin of humans and monkeys was minimal, and the tran-
sient irritation in rabbit eyes was due to the direct ocular exposure
of concentrated Roundup formulation (Williams et al., 2000). They
observed no significant experimental evidence on bioaccumulation
through animal tissue, direct in vitro or in vivo DNA damage and
heritable/somatic mutations. On the other hand, glyphosate

residues were detected in urine and some organs of humans, dairy
cows and rabbits, and the concentrations were significantly higher
in the urine of cows in areas where genetically modified crops are
grown than in conventional husbandry (Kriiger et al., 2014). Ac-
cording to the acute toxicity classification system, USEPA classified
glyphosate as a practically non-toxic and non-irritant chemical to
humans and animals (Mink et al., 2012; Bai and Ogbourne, 2016).
Safety studies on glyphosate and its commercial formulation,
Roundup, also accompanied by several scientific institutions and
regulatory agencies worldwide did not find any indication of hu-
man health concern (Williams et al., 2000). Likewise, glyphosate
was considered as a non-carcinogenic chemical (Borggaard and
Gimsing, 2008). On the other hand, concerns have periodically
increased worldwide regarding their potential adverse health ef-
fects on humans and animals. The surfactants may amplify the
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toxicity through increasing glyphosate uptake in cells, or by adding
their own toxicity via cell membrane disruption (Mesnage et al.,
2015b). Moreover, the IARC a research wing of World Health
Organisation (WHO) reclassified glyphosate after re-evaluation as
‘probably carcinogenic’ of Group 2A to humans (IARC, 2015; Van
Bruggen et al., 2018; Zoller et al., 2018). This reclassification has
been based on data from the studies conducted with technical
grade glyphosate on experimental animals and limited evidence on
the incidence of cancer in humans really exposed to the herbicide
(IARC, 2016). However, the IARC decision has not been confirmed
through evaluation by EU or the recent joint FAO/WHO assessment
(Tarazona et al, 2017). Although the reclassification by IARC
attracted greater attention, glyphosate is not the first topic of its
disagreement with other regulatory evaluations (Tarazona et al.,
2017).

In most cases, glyphosate and AMPA residues present in water
and agricultural products are taken up by humans and animals,
excreted through their faeces and urine (Kriiger et al., 2014;
Niemann et al., 2015; Von Soosten et al., 2016). Also, residues of
glyphosate were detected in urine of 60—80% general public,
including children, in the USA at 2—3 and 233 pg L~' mean and
maximum concentrations, respectively, whereas in 44% of the
general public in Europe the mean and maximum concentrations
were <1 and 5 pg L™, respectively (Kriiger et al., 2014; Niemann
et al.,, 2015). Gasnier et al. (2009) observed that glyphosate-based
herbicides were also endocrine disruptors at sub-agricultural
doses (0.5—10 ppm) in human cell lines (HepG2 and MDA-
MB453-kb2). Glyphosate formulations induced morphological
changes in human erythrocytes as well as hemolysis, haemoglobin
oxidation and formation of reactive oxygen species (ROS) at
different concentrations (0.01—5 mM) during 1—24 h, whereas the
metabolites and impurities caused more damage than glyphosate
(Kwiatkowska et al., 2014a). Thongprakaisang et al. (2013) opined
that glyphosate causes the growth of T47D cells and human
hormone-dependent breast cancer. After a single exposure to
glyphosate formulations, the acute toxicity to amphibians, reptiles
and mammals was more at relatively higher doses, and the median
lethal doses were dependent on the nature of surfactants (Durkin,
2011; Moore et al., 2012; Weir et al., 2016). In addition, lethal
doses for many toxic formulations varied among species and
ranged from 175 to 540 mg glyphosate acid equivalent (a.e.) kg™!
body weight in terrestrial animals and from 1 to 52 mg a.e. L' of
water in aquatic organisms (Durkin, 2011). Moreover, no clear
distinction was made between the effects of glyphosate and POEA
in the experiments conducted with Roundup although the acute
oral toxicity of POEA determined was higher (LDsg = 1.2 g kg™ 1)
than that of glyphosate (LDsg = 4.8 g kg~!) (Diamond and Durkin,
1997).

4.2. Toxicity to other organisms

Glyphosate is largely considered as non-toxic to the aquatic and
terrestrial animal, while detrimental effects of exposure have been
documented at higher concentrations (Monheit et al., 2004).
Table 2 presents the negative effects of glyphosate-based formu-
lations on different terrestrial and aquatic organisms. According to
Annett et al. (2014), glyphosate is non-toxic or less toxic to birds
and mammals, while they are non-toxic to moderately toxic to
aquatic invertebrates. Glyphosate is also considered to be slightly to
moderately toxic to amphibians, and AMPA is less toxic than
glyphosate to these organisms (Giesy et al., 2000; Howe et al.,
2004; Moore et al., 2012). Dominguez et al. (2016) also reported
that glyphosate might have neutral or negative effects on soil biota,
whereas field-relevant concentrations of AMPA had no significant
effects on mortality in acute or chronic assays. However, a

significant biomass loss was observed in the chronic assay
compared to controls at the highest concentration used. Both the
surfactants, POEA and MON 0818, were found to have adverse ef-
fects on such animals in the aquatic food chain as crustaceans, frogs
and fish, mussels, protozoa, and terrestrial animals as well (Moreno
et al., 2014; Rissoli et al., 2016; Li et al., 2017; Prosser et al., 2017;
Zhang et al., 2017), but terrestrial animals (mammals, reptiles and
birds) seem to be less sensitive to POEA than aquatic animals (Van
Bruggen et al., 2018). Moreover, POEA-containing glyphosate for-
mulations were more toxic than the formulations without this
surfactant (Bringolf et al., 2007; Prosser et al., 2017). Studies
revealed that the toxic effects of glyphosate formulations and of the
surfactants like POEA used in the Roundup were severe to am-
phibians (Brausch and Smith, 2007). In addition, the lethal effect of
POEA was observed in amphibians (Annett et al., 2014). Lugowska
(2018) also reported that POEA is more toxic to fish than glypho-
sate itself. Several adverse effects of Roundup to aquatic organisms
particularly on growth, biomass, behaviour, metabolism, histo-
pathological changes, oxidative status and gene expression, hae-
matological parameters, metamorphosis and mortality have been
well documented (Relyea, 2005a,b; Moore et al.,, 2012; Fan et al,,
2013; Jofré et al., 2013; Nwani et al,, 2013; Yadav et al., 2013;
Velasques et al., 2016; Tapkir et al., 2019). The negative effects of
Roundup on vertebrates and invertebrates are also not uncommon
(Balbuena et al., 2015). In pigs, infertility and malformation were
related to glyphosate residues detected in the liver and kidneys as
well as in the feed (Kriiger et al., 2014).

4.3. Ecological impacts in sustainable agriculture

The soil rhizosphere microbial community plays a vital role in
improving soil quality through its involvement in biogeochemical
and nutrient cyclings, long-term soil sustainability, and resistance
to perturbations (Topp, 2003; Prashar et al., 2014). It also improves
plant health through a wide range of mechanisms, such as disease
suppression, nutrients mineralization, phytohormones production
and plant stress tolerance (Figueiredo et al., 2011; Berendsen et al.,
2012). Glyphosate applied to control weeds ultimately reaches the
soil, and potentially affect the soil microbial community (Haney
et al., 2000). The availability of a herbicide to soil microorganisms
depends on diverse environmental factors, such as soil tempera-
ture, moisture, pH and nutrient status (Weber et al., 1993). Soil
temperature and moisture have a direct role on some important
biological processes including plant metabolism, microbial degra-
dation and persistence of a particular herbicide (Weber et al., 1993).
Heterotrophic soil microorganisms obtain C and N to maintain their
growth and development through the decomposition of organic
matter (Haney et al., 2000). Soil application of glyphosate showed
no significant effect on microbial activity, as measured by C
mineralization, or had only transitory effects at higher concentra-
tions (Wardle and Parkinson, 1990, 1992; Olson and Lindwall, 1991;
Hart and Brookes, 1996). Glyphosate considerably stimulated soil
microbial activity, as measured by C and N mineralization, but
microbial biomass remained unaffected besides increasing the rate
of C mineralization with increasing glyphosate concentrations,
indicating that glyphosate has a direct influence in enhancing mi-
crobial activity (Haney et al., 2000).

Rapid microbial degradation of glyphosate occurred even at
higher concentrations, without affecting the microbial activity
(Haney et al., 2000). Aragjo et al. (2003) measured microbial ac-
tivity in soil, in terms of respiration (evolution of CO,) and fluo-
rescein diacetate (FDA) hydrolysis, in presence of glyphosate at a
concentration of 2.16 mg kg~ over 32 days and observed an in-
crease in 10—15% CO, evolution as well as 9—19% FDA hydrolysis
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Toxicity of glyphosate-based herbicide formulations to a wide range of living organisms.

Scientific name

Common name

Glyphosate concentration

Toxic effects

References

Aporrectodea caliginosa,
Eisenia fetida

Daphnia magna,
Daphnia spinulata

Apis mellifera

Trichogramma pretiosum
Pseudosuccinea columella,
Helix aspersa

Danio rerio
Cyprinus carpio L.

Lepidocephalichthys thermalis
Jenynsia multidentata

Tilapia zillii
Carassius auratus

Hypomesus transpacificus

Rhamdia quelen

Cnesterodon decemmaculatus
Salmo trutta
Anguilla Anguilla

Bufo americanus,

Bufo fowleri,

Euflictis cyanophlyctis,
Hyla chrysoscelis,

Hyla versicolor,
Leptodactylus latrans,
Lithobates catesbeianus,
Rana sylvatica,

Rana pipiens,

Rana clamitans,

Rana catesbeiana,
Rhinella arenarum,
Caiman latirostris,
Oligosoma polychroma,
Salvator merianae
Agelazus phoeniceus,
Anas platyrhynchos,
Cistothorus palustris,
Empidonax alnorum,
Geothlypis trichas,
Melospiza lincolnii,
Xanthocephalus xanthocephalus
Rattus norvegicus
Landrace piglets

Earthworms

Daphnia

Honeybee

Wasps
Snails

Zebrafish
Common carp

Common spiny loach
Killifish

Tilapia fish
Goldfish

Delta Smelt
Silver catfish
Ray-finned fish
Brown trout
European eel

Amphibians

Reptiles

Birds

Wistar rat
Pig

01-10 mg L!
1.4-250 mg L™!
25-10mg L'

960 g ha™!
0.1-10 mg L !

10 mg L™!
200 mgL™!

0.5 mg L™
5-100 mg L~!

108—540 mg L'
32 gL}

0.46 and 4.2 uM
0-5mgL!
1-35mg L!
0-10 mg L!

58 and 116 mg L~}

1.5-684 mg L'

144 mg L'

Wetland with 50—90% areal
spray coverage of glyphosate

14.4—375 mg kg ' (body wt.)
41% of IPAG and 15% surfactant

Defects in growth and reproduction
Chronic toxicity

Adaptation in agricultural
environments

Harmful to eggs of parasite
Body growth

Reproductive toxicity

Effect on gametes, and embryo
development

Chronic toxicity

Effect on liver, blood cells, gills, sexual
activity, etc.

Lethal toxicity

Effects on OH ™, malondialdehyde
(MDA) and acetylcholinesterase (AChE)
in liver

Non-monotonic effect on estradiol
levels in males

Changes in enzymatic activity,
vacuolization, leukocyte, cytoplasm and
melanomacrophages

AChE activity

Cell proliferation and cellular turnover
Oxidative stress, breaks in
chromosomes and DNA strands
Chronic toxicity

Physiological stress, DNA damage,
decrease in WBC, increase in
heterophils and total protein content
Affected male genital organs, reduced
natural habitats and bird population

Effects on physiology and reproduction
Cardiovascular effects

Springett and Gray (1992);
Correia and Moreira (2010)
Alberdi et al. (1996);
Cuhra et al. (2013)

Boily et al. (2013);

Herbert et al. (2014);
Balbuena et al. (2015)
Bueno et al. (2008)

Tate et al. (1997);
Balbuena et al. (2015);
Druart et al. (2011)

Uren Webster et al. (2014)
Lugowska (2018)

Tapkir et al. (2019)
Hued et al. (2012)

Nwani et al. (2013)
Fan et al. (2013)

Jin et al. (2018)

Murussi et al. (2016)

Menéndez-Helman et al. (2012)
Webster and Santos (2015)
Guilherme et al. (2010)

Relyea (2005a,b);

Howe et al. (2004);

Moore et al. (2012);

Yadav et al. (2013)
Lajmanovich et al. (2015);
Dornelles and Oliveira (2016);
Soloneski et al. (2016);
Pérez-Iglesias et al. (2016)

Carpenter et al. (2016);
Schaumburg et al. (2016);
Siroski et al. (2016)
Santillo et al. (1989);

Linz et al. (1996);
Oliveira et al. (2007)

Tizhe et al. (2014a,b)
Lee et al. (2009)

compared to the soil with no glyphosate. Populations of fungi and
actinomycetes increased in soil treated with glyphosate whereas
the number of bacteria decreased slightly. Following HPLC, AMPA
was detected, indicating microbial degradation of glyphosate
(Aratjo et al., 2003). Lane et al. (2012) reported stimulation of
microbial respiration in glyphosate-treated soils with no significant
effect on functional diversity measured in terms of ester-linked
fatty acid methyl ester (EL-FAME), microbial biomass or
exchangeable potassium. Lane et al. (2012) reported a shift in soil
microbial community that could readily degrade glyphosate. In GR
soybean plants treated with glyphosate, Fan et al. (2017) observed
reduction in chlorophyll content, root and nodule mass, total plant
N, and nitrogenase activity. The relative abundance of dominated
soil microbial community belonging particularly to Gammaproteo-
bacteria was found to increase due to glyphosate exposure in GT

corn and soybean, whereas the abundance of Acidobacteria
decreased indicating significant changes in nutrient status of the
rhizosphere (Newman et al., 2016). Glyphosate mineralization ca-
pacity of soil could be modified by phosphorus availability and the
presence of exogenous inorganic phosphorus that may be utilized
by microorganisms as a preferred alternative P source (Susana and
Silvia, 2015). The activities of alkaline phosphomonoesterase (ALP),
acid phosphomonoesterase (ACP), phosphodiesterase (PD) and
phosphotriesterase (PT) were measured spectrophotometrically in
soils treated with glyphosate and observed that ALP and PD were
the most susceptible to glyphosate (Piatkowski and Telesinski,
2016). A comparison of the impact of glyphosate and its formula-
tions showed that Roundup 360 SL was the most toxic due to the
presence of POEA (Ptatkowski and Telesinski, 2016).
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5. Development of resistance to glyphosate

Globally, diverse weed populations were under glyphosate se-
lection since 1974 (Duke and Powles, 2008). Because of its non-
selective nature, glyphosate is applied for controlling a wide array
of weeds before crop sowing/transplanting or between the estab-
lished rows of vine crops, nuts and trees (Duke and Powles, 2009).
During the recent years of the traditional application of this her-
bicide, only a very limited number of weeds developed resistance to
glyphosate (Powles, 2008a,b). After the development of GM-GR
crops, application of glyphosate in agricultural fields drastically
increased worldwide because of its excellent weed control prop-
erties (Duke and Powles, 2009). In addition, more than 80% of the
transgenic crops planted on the vast and ever-increasing farming
areas are glyphosate-resistant (Duke, 2010). For diversified weed
control, glyphosate use is the most sustainable, and this diversity
has been provided by many different factors such as alternative
herbicides, mechanical tools like tillage, hand-weeding, mowing,
etc., and biological factors including crop competition and grazing
animals (Duke and Powles, 2009). Development of resistance in
diverse weed species to glyphosate is widely possible due to
cultivation of GM-GR crops with continuous and repeated appli-
cation of this herbicide (Gaines et al., 2011).

5.1. Glyphosate-resistant crops and shortcomings

The development of herbicide-tolerant (HT) crops certainly
allowed the farmers to simplify their weed control programs. In the
absence of other control measures, cultivation of HT crops has now
been common that resulted in the repeated use of the same her-
bicide at higher doses which led to the evolution of herbicide-
resistant (HR) weeds (Beckie et al., 2011). For instance, the exten-
sive use of triazines on triazine-tolerant (TT) canola cultivars
resulted in an increase in triazine-resistant populations of annual
ryegrass and wild radish in Australia (Heap, 2006). Growing
imidazolinone-tolerant canola greatly improved the profits by
avoiding the yield-penalty linked with TT canola, but many
imidazolinone-resistant weed populations developed particularly
in Australia (Hudson and Richards, 2014), thus making this Clear-
field® technology less attractive. Use of another cultivar, Roundup
Ready (RR) canola, significantly reduced the use of other herbicides
and provided the growers with a simple and efficient solution for
weed control. Although glyphosate was earlier thought to be the
‘bullet-proof’ herbicide, this paradigm was changed in 1996 with
the discovery of GR annual ryegrass in Australia (Pratley et al.,
1996). Some classical examples for the development of resistance
to glyphosate in different crop plants are provided in Table 3. The
flexibility in the application of glyphosate on a crop has often
resulted in a delay to ensure the emergence of as many weeds as

possible prior to herbicide use (Asaduzzaman et al., 2014a). Un-
fortunately, such delayed application allows the weeds to compete
with the canola cultivars for resources (Asaduzzaman et al., 2014b).
Thus, the intensive and repeated application of a single herbicide
leads to resistance in weed species, as reported for GM-RR corn and
GM-RR soybeans (Marshall et al., 2000). Species of Amaranthus,
Commelina, Ipomoea, Cyperus as well as annual grasses were more
problematic weeds in glyphosate-tolerant cotton and soybean in 11
states of Brazil (Culpepper et al., 2006).

The potential for the ‘escape’ of genes via pollen transfer is
significant in canola (Vencill et al, 2012), and it became an
important issue while determining the possible environmental
impacts and the longevity of HT canola (Beckie et al., 2011). Evi-
dence from the field experiments showed that genes could move
through pollen to both conventional canola and related weed
species such as wild mustard (Simard et al., 2006). Consequently,
canola gene flow via pollen can result in multiple HR volunteer
plants. Thus, Brassica napus was shown to hybridize, at a very low
frequency in the open environment, with Indian mustard (Brassica
juncea), Ethiopian mustard (Brassica carinata), black mustard
(Brassica nigra), annual wall rocket (Diplotaxis muralis) and wild
radish (Raphanus sp.) (Chevre et al., 1997; Green, 2009). Only four
years after the introduction of HT canola in Western Canada, Hall
et al. (2000) observed multiple resistances such as double (glyph-
osate-glufosinate or glyphosate-imazethapyr) and triple (glypho-
sate-imazethapyr-glufosinate) in canola volunteers in a commercial
field. It is therefore important to carry out studies to determine how
the effects of pollen-mediated gene movement can be eliminated
especially from volunteer plants. Agronomic practices like crop
rotation, rotating mode of action of herbicides, destroying volun-
teers, regular tillage, etc. must be evaluated for effective control of
volunteers. Such a pollen escape phenomenon can be minimized by
giving much attention to different parameters such as vegetative
propagation (apomixes), self-fertilization, male sterility and seed
sterility (Liu et al., 2013).

5.2. Glyphosate-resistant weeds and risks

Weeds are one of the most important factors in crops that
determine the yields because they compete for the common re-
sources like light, water and nutrients, and significantly affect crop
growth and yield (Preston and Baker, 2009; Rajablarijani and
Aghaalikhani, 2011). Since herbicides are the main weed manage-
ment toolboxes, this system often exerts strong selection pressures
for the development of resistance in weeds. Weeds resistant to
herbicides is an inherited ability of a plant to survive an application
of the herbicide at the recommended use (Gressel and Roehrs,
1991). In this evolutionary process, the resistant alleles in a popu-
lation are enriched for the survival of individuals in the presence of

Table 3
Glyphosate-tolerant crop plants reported in the literature.
Family Scientific name Common name Region References
Amaranthaceae Beta vulgaris L. Sugarbeet North America Duke (2005);
Duke and Powles (2009)
Brassicaceae Brassica napus L. Rape seed North and South America Cerdeira et al. (2007)
Brassicaceae B. napus L. Canola USA Duke (2005);
Duke and Powles (2009)
Fabaceae Medicago sativa Alfalfa North America Duke (2005);
Nandula et al. (2005)
Fabaceae Glycine max L. Soybean Brazil Cerdeira et al. (2007)
Malvaceae Gossypium hirsutum L. Cotton USA Duke (2005);
Duke and Powles (2009)
Poaceae Zea mays L. Maize North and South America Duke (2005);

Cerdeira et al. (2007)
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herbicide (Powles and Yu, 2010). In fact, the dynamics and
enrichment rate of resistant alleles in a population are greatly
influenced by genetic factors such as gene mutation rate, domi-
nance, additivity, epistasis, pleiotrophy, inheritance mode, ploidy,
etc. and biological factors like reproduction and mating system,
population size, number of generations, etc. (Jasieniuk et al., 1996)
as well as environmental conditions (Vila-Aiub et al, 2014).
Although resistance to herbicides in weeds a potent more than six
decades ago, warnings and reports were ignored until a mutation
was detected during 1970s in D1 protein of photosystem II
(Keshtkar et al., 2018). It is believed that overreliance on herbicides
of the same chemical class or targeting the same site of action is a

major contributor to the development of herbicide resistance
(Powles and Gaines, 2016). In fact, focusing on confirmation of
resistance and characterisation of resistance mechanisms in weeds
rather than management failed to mitigate the problem of weed
control (Neve, 2007).

Though conservation agriculture dramatically increased pro-
ductivity in Australia, the consequence is the widespread evolution
of HR weeds across grain-producing regions (Broster et al., 2013;
Owen et al., 2014). Over the years, many weed species developed
resistance towards glyphosate (Table 4). Indeed, glyphosate resis-
tance was reported in 38 weed species across 70 different countries
(Heap, 2006). The occurrence of genetically diverse and well-

Table 4
Global reports on evolution of glyphosate-resistant (GR) weed species.
Family of the Scientific name Common name  Crop field Country References
weed
Acanthaceae Dicliptera chinensis  Chinese foldwing Orchard Unknown Yuan et al. (2002)
L.
Amaranthaceae Amaranthus Common water  GR soybean, cotton Argentina, USA Owen and Zelaya (2005); Nandula
tuberculatus L. hemp et al. (2014)
Amaranthus palmeri Palmer pigweed
L. Water hemp
Amaranthus rudis L. Spiny pigweed
Amaranthus spinosus Ataco
L.
Amaranthus
quitensis L.
Asteraceae Ambrosia Common GR soybean, orchard and vineyard, GR Australia, South Africa, Brazil, VanGessel (2001);
artemisiifolia L. ragweed cotton, unknown farmland, roadsides, Colombia, Spain, France, Mueller et al. (2003);

Ambrosia trifida L. Giant ragweed  wheat, etc. Portugal, Poland, Israel, Italy,  Koger et al. (2004);
Bidens pilosa Spanish needle South China, Czech Republic, Nandula et al. (2005);
Conyza canadensis L. Horseweed Canada, Greece, Mexico, Powles (20084, b);
Conyza bonariensis L. Hairy fleabane USA Heap (2014a)
Conyza sumatrensis White horseweed
L. Whitetop weed
Parthenium
hysterophorus L.
Brassicaceae Raphanus Wild radish Unknown Australia Heap (2014b)
raphanistrum L.
Chenopodiaceae Chenopodium album Common GR soybean, canola, wheat, corn, USA, Canada Owen and Zelaya (2005); Wiersma
L. lambsquarters sorghum, sugar beet, alfalfa, pastures, et al. (2015)
Kochia scoparia L. Burningbush rangeland, waste areas, ditch banks,
and roadsides
Commelinaceae Commelina Asiatic dayflower Cotton, peanut, soybean, GR cotton USA Culpepper et al. (2004)
communis L. Tropical
Commelina spiderwort
benghalensis L.
Convolvulaceae Convolvulus arvensis Field bindweed Unknown Unknown De Gennaro and Weller (1984);
L. Duke and Powles (2008)
Euphorbiaceae  Euphorbia Milkweed Unknown Brazil Duke and Powles (2009)
heterophylla L.
Fabaceae Lotus corniculatus L. Birdsfoot trefoil Regenerated from callus Unknown Boerboom et al. (1990);
Nandula et al. (2005)
Malvaceae Abutilon theophrasti Velvet leaf GR soybean, corn Asia, USA, Canada Owen and Zelaya (2005)
L.
Plantaginaceae Plantago lanceolate Buckhorn Orchard and vineyard South Africa Powles (2008b)
L. plantain
Poaceae Cynodon dactylon L. Bermuda grass  GR soybean, orchard, cotton, summer Australia, Bryson and Wills (1985); Powles et al.
Chloris elata Tall windmill and winter crops Argentina Brazil, Bolivia, (1998);
Chloris truncata grass Canada, China, Chile, Colombia, Pratley et al. (1999);
Digitaria insularis L. Fingergrass Costa Rica, France, Israel, Italy, Lee and Ngim (2000);
Echinochloa colona  Sourgrass Japan, Malaysia, Mexico, New Perez and Kogan (2003); Simarmata
Eleusine indica Junglerice Zealand, Portugal, Paraguay, et al. (2003);
Leptochloa virgate ~ Goosegrass Spain, South Africa, Taiwan, Powles (2008a, b);
Lolium rigidum Sprangletops USA Duke and Powles (2009); de Carvalho
Lolium multiflorum  Rigid ryegrass et al. (2012);
Lolium perenne Italian ryegrass Ge et al. (2012);
Urochloa panicoides English ryegrass Vila-Aiub et al. (2012);
Sorghum halepense Liverseed grass Alarcén-Reverte et al. (2013);
L. Johnsongrass Heap (2014b)
Poa annua Annual meadow
grass
Rubiaceae Hedyotis verticillate 'Woody borreria Unknown Malaysia Heap (2014b)
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adapted annual ryegrass was due to the evolution of GR pop-
ulations on a large scale (Peterson et al., 2018). Annual ryegrass is
the world’s most recognized weed that developed resistance by the
evolving site(s) of actions (SOAs) to 11 herbicides including
glyphosate (Heap and Duke, 2018). In Australia, a total of 48 HR
weed species were identified with multiple SOAs which include
wild radish (five SOAs) (Ashworth et al., 2014; Owen et al., 2015),
wild oat (three SOAs) (Owen and Powles, 2016), barley grass
(Hordeum leporinum) (three SOAs) (Owen et al., 2012), annual
bluegrass (Poa annua) (five SOAs) (Heap, 2017), and tall fleabane
(Conyza sumatrensis) (Asaduzzaman et al., 2019). Such an extent in
the occurrence of GR weed populations in Australia indicates that
many herbicides that were effective earlier are no longer useful
now.

5.3. Glyphosate-resistant pathogens

Nowadays, the evolution of pathogens resistant to glyphosate
(Table 5) is another growing concern to the scientific community
worldwide. The application of glyphosate provides stress to living
microorganisms due to modifications in the environment. It has
been reported that the pathogenic bacteria like Salmonella entriti-
dis, Salmonella typhimurium, Salmonella gallinarum, Clostridium
botulinum and Clostridium perfringens are highly resistant to
glyphosate (Shehata et al., 2013). Among them, Salmonella in-
fections raise public health concerns all over the world, as they are
widely distributed in the environment, causing an array of diseases
in humans and animals (Shehata et al., 2013). Poultry eggs and
meat are one of the main sources of human foodborne infections
caused by species of Salmonella like S. enteriditis, S. typhimurium
and S. gallinarum which are highly resistant to glyphosate
(Authority, 2009; Shehata et al., 2013). Moreover, Bifidobacteria
which play a beneficial role by creating unfavourable conditions for
the growth of pathogens are highly sensitive to glyphosate (Isolauri
et al,, 2001). In fact, chicken gastrointestinal tract’s microbiota
received serious attention since the focus was to prevent foodborne
illness in humans, to improve animal nutrition, and to reduce
dependence on non-therapeutic antibiotics in poultry (Isolauri
et al., 2001; Gong et al., 2002). It has also been reported that
glyphosate suppresses the antagonistic effect of Enterococcus spp.
and C. botulinum (Kriiger et al., 2013a). In cattle, Clostridium botu-
linum-associated diseases are in two forms, an acute form of
botulism that occurs after the uptake of botulinum neurotoxin
performed in feeds causing flaccid paralysis and death by respira-
tory failure, and a chronic form characterized by weakness, local
paralysis, emaciation, muscular stiffness and varying degrees of
recumbency (Kriiger et al., 2013b). In addition, several beneficial
bacteria such as Campylobacter spp., Enterococcus faecalis, Entero-
coccus faecium, Bifidobacterium adolescentis, Bacillus badius and
Lactobacillus spp. were found to be moderate to highly susceptible
to glyphosate (Shehata et al., 2013). Since the predictions about the
environmental consequences of pesticide applications in agricul-
ture are challenging (Ramakrishnan et al., 2019), better insights
into the development of antimicrobial resistance in soil bacteria are
greatly needed. Because glyphosate has been shown to induce
multiple antibiotic resistance in bacteria (Kurenbach et al., 2015), a
large number of studies involving several bacterial strains must be
carried out to understand the global spread of antimicrobial resis-
tance due to the extensive use of glyphosate.

6. Future of glyphosate in agriculture: either restricted use or
a ban?

Glyphosate, being a cheaper herbicide with a typical half-life of
47 days in soil, is highly effective compared to other weed Kkillers

like atrazine whose residues are detected in the water supply at
unsafe levels after their applications (https://www.panna.org/sites/
default/files/AtrazineReportBig2010.pdf). By considering glypho-
sate as ‘almost as fundamental to farming as tractors’, millions of
farmers use it safely every year. After the introduction of GR crops,
the extensive and repeated applications of glyphosate over the last
45 years continuously resulted in developing resistance by some
weed species, possibly due to improper use of glyphosate for such a
long time. A perusal of the literature reveals that glyphosate is
basically non-toxic or extremely less toxic to higher animals. In fact,
the minimum concentrations of glyphosate that might cause health
effects in humans are 1000 times higher than the recommended
field doses. It seems that the benefit-risk ratio for glyphosate is one
of the highest of all the established herbicides. If not ingested in
very large quantities intentionally, glyphosate is not even as toxic as
the common chemicals like aspirin (Virginia Tech, 2018). Although
IARC re-evaluated and classified glyphosate as ‘probably carcino-
genic to humans’ based on the alleged evidence of glyphosate being
associated with non-Hodgkin’s lymphoma, other regulatory au-
thorities in Canada, Australia, Germany, New Zealand, and Japan, as
well as the European Food Safety Authority and European Chem-
icals Agency indicated that judicious application of glyphosate and
its formulations does not pose a genotoxic or carcinogenic threat to
the humans.

Following a study involving 45,000 people who handled the
herbicide in the 1990s, FAO reported that Roundup does not cause
cancer or affect human genetics (Tarazona et al., 2017). The findings
that the commercial formulations like Roundup are more toxic than
glyphosate have been very well supported by the fact that POEA
and MON 0818 contained in the formulations are primarily
responsible for the greater toxicity. As of now, there is no clear
substitute for glyphosate in controlling a wide range of weeds in
crop fields. Hence, without any ambiguity and restrictions, glyph-
osate can be widely used in modern agriculture. According to
Brookes et al. (2017), restricting the use of glyphosate might incur
an annual loss of US$ 6.76 billion globally besides resulting in 12.4%
net negative environmental impact, as measured by the environ-
mental impact factor. Instead of making any attempts to ban the
commercial formulations like Roundup, the toxic surfactants
currently in use could be replaced by safe, effective and economical
alternatives in future commercial formulations. By simultaneously
protecting pollinators like bees, glyphosate must be appropriately
used against the targeted weeds. Necessary regulatory strategies
need to be developed for safer use of glyphosate while cultivating
the genetically modified crops for increased yield of food materials.

7. Conclusions

The formulations of glyphosate have been extensively used to
control a wide array of weeds in the modern agricultural and non-
agricultural settings worldwide. A perusal of the literature on
toxicity of glyphosate particularly to humans indicates contrasting
observations thereby drawing the attention of researchers to the
growing concern in public health. On one hand, several reports
suggest that glyphosate-based formulations are linked to the
increased risk of cancer, endocrine disruption, celiac disease,
autism, effect on erythrocytes, leaky gut syndrome and other dis-
orders. Though IARC reclassified in 2015 glyphosate as ‘probably
carcinogenic’ under Group 2A, this decision was not confirmed by
the EU evaluation or the recent joint FAO/WHO assessment. But, the
decision of IARC has been broadly circulated by anti-chemical and
environmental advocacy groups and proclaimed for restriction or
ban of glyphosate. On the other hand, several other regulatory
authorities and scientific bodies reported no significant relation-
ship of glyphosate with any kind of cancer. Very recently, USEPA
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Table 5
Effect of glyphosate-based herbicide formulations on potentially beneficial, pathogenic, soil rhizosphere bacteria and other organisms.
Source Ecological type Bacterial species Toxicity status Glyphosate concentration References
Poultry Pathogenic Clostridium botulinum Highly resistant 5 mg mL™! Shehata et al. (2013)
Clostridium Highly resistant
perfringens
Escherichia coli Highly resistant 1.2 mg mL~!
Salmonella enteritidis Highly resistant 5 mg mL™"
Salmonella gallinarum Highly resistant
Salmonella Highly resistant
typhimurium
Staphylococcus sp. Moderate 0.3 mg mL™"
Beneficial Bacillus badius Moderate to highly susceptible 0.15 mg mL™!
Bifidobacterium Moderate to highly susceptible 0.075 mg mL™"
adolescentis
Enterococcus faecalis Moderate to highly susceptible 0.15 mg mL~!
Enterococcus faecium Moderate to highly susceptible 0.15 mg mL™!
Lactobacillus spp. Moderate to highly susceptible 0.6 mg mL™!
Campylobacter spp.  Susceptible 0.15-5.0 mg mL~!
Cattle Pathogenic C. botulinum Resistant >1 mg mL™! Ackermann et al. (2015)
Ruminant fermenter Ruminococcus sp. Susceptible - Strong inhibitory 0.01 mg mL™} Kriiger et al. (2013b)
effect
Beneficial Enterococcus sp. Toxicity 0.1 mg mL™!
NA Pathogenic Pseudomonas Resistant ~1 mg mL™! Schulz et al. (1985)
aeruginosa
Rhizosphere Pathogenic Bacillus subtilis 50% inhibition 174 uM Fischer et al. (1986); Zobiole
E. coli 50% inhibition 75 UM etal. (2011)
Fusarium spp. Increased profusion NA
P. aeruginosa 50% inhibition 1100 uM
Beneficial Acidobacteria spp. Decreased profusion NA Newman et al. (2016)
Bradyrhizobium Inhibitory and lethal 0.5—1 mM and 5 mM, Moorman et al. (1992);
Jjaponicum respectively Hernandez et al. (1999)
B. japonicum Sensitive (>50% inhibition) and 30 uM and >1000 pM, Moorman (1986)
insensitive (*50% inhibition) respectively
Soil Mycorrhizal fungi/  Cenococcum Growth inhibition >1000 to >5000 ppm and some Chakravarty and Sidhu
Mushrooms geophilum, above 10 ppm (1987);
Hebeloma Estok et al. (1989)
longicaudum,
Hebeloma
crustuliniforme,
Laccaria laccata,
Pisolithus tinctorius,
Suillus tomentosus,
Thelephora
americana,
Thelephora terrestris
Freshwater Microalgae Euglena gracilis 21-69% reduction in 3x103M Richardson et al. (1979)
chlorophyll content, and 20%
reduction in photosynthesis
and respiration at levels below
12 x 1074 M
Selenastrum Sensitive 24.7 mg L' (glyphosate) and  Oliveira et al. (2016)
capricornutum 41.0 mg L~! (isopropyl salt of
glyphosate)
Scenedesmus acutus  Reduced chlorophyll a content 50 mg L' Saenz et al. (1997)
Scenedesmus No harmful chronic effects
quadricauda
Marine and anchialine Algae Gayralia oxysperma, Reduced chlorophyll content ~ 0.45 g L™! Tsui and Chu (2003)
aquatic systems Myriophyllum
aquaticum,
Pterocladiella
capillacea,
Rhizoclonium
riparium,
Ruppia maritima,
Ulva intestinalis
Nitella microcarpa Photosynthesis hampered 0.28—6 mg L™! Kittle and McDermid (2016)
var. wrightii
Diatom Skeletonema costatum More sensitive 2.27 mg L' (glyphosate) and ~ Oliveira et al. (2016)

5.89 mg L~ (isopropyl salt of
glyphosate)

NA = Not available.
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also endorsed that glyphosate use as per the manufacturer’s in-
structions does not pose any human health risks. Also, many re-
searchers considered that glyphosate was non-toxic or less toxic to
non-target organisms, and the toxic effects were observed with its
prolonged exposure only at higher doses. The main controversial
issue is about the differential toxicity of glyphosate and the sur-
factants in formulations like POEA to humans and ecological health.
Moreover, due to the significant increase in the use of glyphosate
for over 45 years after the development of GM-GR crops, about 38
weed species developed resistance to glyphosate. Although
glyphosate formulations have potential detrimental effects on
beneficial terrestrial and aquatic microorganisms, several patho-
genic microorganisms developed resistance to these commercial
formulations. Consequent to the controversial scenario on the
toxicity of glyphosate, its use in the recent years has been either
restricted or banned in about 20 countries. Based on the state-of-
the-art situation, it appears that glyphosate is a lesser toxic herbi-
cide compared to several other weed killers if proper guidelines are
followed during its application at judicious concentrations. How-
ever, the potential health risk of glyphosate in the soil ecosystem, in
terms of GUS, LIX and HI, needs to be clearly established. In order to
avoid the controversies over the toxicity of glyphosate-based for-
mulations to human health and other organisms of ecological
importance, surfactants/adjuvants alternative to POEA should be
developed.
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