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Abstract
Glyphosate is a nonselective systemic herbicide used in agriculture since 1974. It inhibits 5-enolpyruvylshikimate-3-
phosphate (EPSP) synthase, an enzyme in the shikimate pathway present in cells of plants and some microorganisms 
but not human or other animal cells. Glyphosate-tolerant crops have been commercialized for more than 20 yr using a 
transgene from a resistant bacterial EPSP synthase that renders the crops insensitive to glyphosate. Much of the forage or 
grain from these crops are consumed by farm animals. Glyphosate protects crop yields, lowers the cost of feed production, 
and reduces CO2 emissions attributable to agriculture by reducing tillage and fuel usage. Despite these benefits and 
even though global regulatory agencies continue to reaffirm its safety, the public hears conflicting information about 
glyphosate's safety. The U.S. Environmental Protection Agency determines for every agricultural chemical a maximum daily 
allowable human exposure (called the reference dose, RfD). The RfD is based on amounts that are 1/100th (for sensitive 
populations) to 1/1,000th (for children) the no observed adverse effects level (NOAEL) identified through a comprehensive 
battery of animal toxicology studies. Recent surveys for residues have indicated that amounts of glyphosate in food/feed 
are at or below established tolerances and actual intakes for humans or livestock are much lower than these conservative 
exposure limits. While the EPSP synthase of some bacteria is sensitive to glyphosate, in vivo or in vitro dynamic culture 
systems with mixed bacteria and media that resembles rumen digesta have not demonstrated an impact on microbial 
function from adding glyphosate. Moreover, one chemical characteristic of glyphosate cited as a reason for concern is that 
it is a tridentate chelating ligand for divalent and trivalent metals; however, other more potent chelators are ubiquitous in 
livestock diets, such as certain amino acids. Regulatory testing identifies potential hazards, but risks of these hazards need 
to be evaluated in the context of realistic exposures and conditions. Conclusions about safety should be based on empirical 
results within the limitations of model systems or experimental design. This review summarizes how pesticide residues, 
particularly glyphosate, in food and feed are quantified, and how their safety is determined by regulatory agencies to 
establish safe use levels.
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Introduction
Glyphosate is a nonselective herbicide that inhibits 
5-enolpyruvylshikimate-3-phosphate (EPSP) synthase, an 
enzyme in the shikimate pathway found in the chloroplasts of 
plants (Franz et al., 1997). It was marketed under the Roundup 
brand beginning in 1974 after human and environmental safety 
data were reviewed and approved by global regulatory agencies, 
including for its application to control weeds with crops earmarked 
for animal feed. Since going off patent in 1991 several companies 
have performed their own regulatory studies, obtained approvals 
and commercialized their own formulations under multiple 
names (GTF, 2019). Biotic and abiotic threats reduce crop yields 
and the greatest source of loss is due to weeds, which accounts 
for approximately 34% of potential crop losses (Oerke, 2006). 
Reducing pre- and postharvest food/feed waste is considered an 
attainable and critical way to reduce the environmental impact 
of agriculture while maintaining food security for a growing 
population (Dou et al., 2016). Glyphosate-based weed control is 
a critical tool to growers and the impact of yield losses is also 
important to animal agriculture because feed costs are the 
greatest expense to animal production systems. For instance, 
in the United States for 2017, feed costs as a percentage of total 
reported costs were 46% and 40% for dairy and hog production, 
respectively (USDA ERS, 2018). Additional characteristics of 
glyphosate-based weed control include a low acute toxicity to 
animals, a relatively short half-life in soil and limited movement 
from soil to groundwater (Rueppel et al., 1977; Giesy et al., 2000). 
An under-recognized value of glyphosate is that it enables the 
adoption of no-till farming, which reduces CO2 emissions from 
soil (Lal, 2004; Fernandez-Cornejo et al., 2014; Brookes et al., 2017). 
Considering that crops are a significant source of the greenhouse 
gasses attributed to animal agriculture life-cycle analyses (Pitesky 
et al., 2009; Asem-Hiablie et al., 2019), no-till agriculture is a crop 
management method that can reduce the total CO2 emissions 
from crop production earmarked for animal feed (Vicini, 2017).

A significant percentage of crops (>90% of hectares) grown in 
the United States are glyphosate tolerant and livestock consume 
the majority of these crops (Van Eenennaam and Young, 2014). 
Studies show that today's genetically engineered (GE) crops are 
compositionally equivalent to their conventional comparators 
(Herman and Price, 2013). Moreover, residues of recombinant 
DNA or novel proteins are not detectable in meat, milk, or eggs 
(Flachowsky et  al., 2005) as these components are digested 
normally in the intestinal tract. An expert panel of the U.S. National 
Academies of Sciences conducted a comprehensive review and 
concluded “that there was no evidence of a risk to human health 
from GM crops compared to conventional crops” (NAS, 2016). 
Nevertheless, some concerns have been expressed by the public 
regarding the safety of glyphosate because of: 1)  increased use 
of glyphosate following the introduction of GE crops, 2) detection 
of glyphosate residues in GE crops earmarked for feedstuffs, and 
3) allegations pertaining to the safety of glyphosate.

This paper reviews studies related to the effect of glyphosate 
on animal health and, more specifically, on gut microbes 
by inhibition of EPSP synthase. Emphasis will be given to 
ruminants, due to their reliance on rumen microbes for the 
efficient digestion of fibrous feedstuffs and their conversion of 
fibrous feedstuffs to nutritious meat or milk.

Mechanism of Action and Development of 
Glyphosate Tolerant Crops

Glyphosate is a broad-spectrum herbicide because it inhibits 
plant EPSP synthase, an enzyme in the shikimate pathway 

responsible for the de novo synthesis of aromatic amino acids 
(Phe, Trp, and Tyr). This pathway is critical in plants, not only 
for the amino acids required for protein synthesis, but also for 
the synthesis of other abundant plant compounds such as lignin 
(Tzin and Galili, 2010). Because human and other animal cells 
do not have this pathway, these amino acids must be obtained 
from the diet and this enzyme is not a target for these species 
(Giesy et al., 2000).

EPSP synthase catalyzes the conversion of 
phosphoenolpyruvic acid (PEP) and 3-phosphoshikimic acid to 
5-enolpyruvyl-3-phosphoshikimic acid. Glyphosate blocks this 
step by competing with PEP for binding to the enzyme's active 
site. Glyphosate is the only known inhibitor of this reaction. It 
was first used as a nonselective herbicide in row crops, orchards, 
aquatic systems, along highways, and to control invasive and 
noxious weeds. Crop scientists screened for an EPSP synthase 
that was resistant to glyphosate to enable the use of a 
nonselective herbicide with crops that would be resistant to the 
herbicide. This allows the use of this broad-spectrum herbicide 
to control weeds in these crops. No EPSP synthase was found 
in plants; however, through microbial screens several enzymes 
were identified. These enzymes are classified as Class I, which 
are enzymes sensitive to glyphosate, and Class  II, which are 
enzymes that are not affected. As stated, all known plant EPSP 
synthase enzymes are Class I. Within the Class II category are 
enzymes from several microbial species that are insensitive to 
glyphosate. There are 2 requirements for a Class II EPSP synthase 
to be a suitable enzyme to transform into plants for commercial 
application. First, the enzyme should enable the plant to resist 
the inhibitory effects of glyphosate. Second, PEP binding for 
plants not sprayed with glyphosate needs to be maintained. 
A  suitable candidate was discovered from the CP4 strain of 
Agrobacterium tumefaciens that was isolated from wastewater at a 
glyphosate manufacturing facility (Barry et al., 1997). Crops with 
this transgene have been tested using a rigorous, internationally 
agreed on system and have been approved for cultivation in 
many countries and import globally.

The major soil degradation pathway for glyphosate results in 
the formation of aminomethylphosphonic acid (AMPA) and CO2 
(Rueppel et al., 1977). Von Soosten (2016) detected AMPA in feed 
but glyphosate is not the only source of AMPA (Nowack, 2003). 
AMPA does not compete with PEP for enzyme binding (Reddy 
et  al., 2004; Duke et  al., 2012). The lack of inhibition of EPSP 
synthase can also be demonstrated by a second mechanism of 
action for another glyphosate tolerant crop, which greatly slows 
down development of resistance to the herbicide. Insertion of 
the gene for glyphosate oxidoreductase detoxifies glyphosate in 
the plant by metabolizing it to AMPA (Pline-Srnic, 2017).

Residues, Exposures, and Risk Assessment

Many pesticides, whether those allowed in organic production 
systems or synthetically produced chemicals, leave residues. In 
fact, plants naturally produce many pesticidal chemicals (Ames 
et al., 1990). The presence of a pesticide residue is not indicative 
of a health concern and EPA relies on a well-defined process to 
determine safe exposure levels and establish allowable residues 
in food and feed, which has been reviewed by Reeves et  al. 
(2019). It includes a series of chronic toxicological tests used to 
establish a no observed adverse effect level (NOAEL). The NOAEL 
is the highest dose in collective toxicological studies that does 
not produce any adverse effect in the most sensitive species 
of test animals. Toxicology studies use numerous endpoints 
to assess health, including clinical signs, blood analytes, and 
gross and microscopic pathology of tissues that includes the 
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gastrointestinal tract (US EPA, 2015). A  reference dose (RfD), 
expressed as daily pesticide exposure per body weight (BW) (mg/
kg/d), is the maximum allowable exposure intended to provide 
a “reasonable certainty of no harm” to humans. EPA derives the 
RfD by dividing the NOAEL by a factor of 10 to account for animal 
to human extrapolation and by a second factor of 10 to account 
for sensitive human populations. An additional factor of up to 10 
to account for effects specific to children can be used resulting 
in the RfD being 1/100th to 1/1,000th of the NOAEL. Europe and 
other regions use a similar value referred to as the acceptable 
daily intake (ADI). EPA proposed a chronic RfD for glyphosate 
of 1.0 mg glyphosate per kg of BW/d (EPA, 2019), which includes 
two 10-fold safety factors. The sum of the most conservative 
or greatest possible exposures resulting from all uses cannot 
exceed the RfD.

Based on empirical data, tolerances (in some countries 
referred to as maximum residue limits), are then determined 
for each crop or animal products. Tolerances establish the 
legal limits for pesticide residues in a food or feed when the 
pesticide is applied according to the maximum rates on the 
product label. These data are the result of multiple field trials 
in which residues are measured and the tolerances are selected 
from the upper portion of the statistical range. This process 
ensures that the tolerances will be based on highly conservative 
assumptions. Tolerances by definition are not safety standards. 
Instead, they are the highest level of residues allowed for legal 
use of a pesticide regardless of whether even greater residue 
amounts might be acceptable from a safety perspective (Winter 
and Jara, 2015). Therefore, a food/feed that has a detectable 
residue, whether less than or greater than the established 
tolerance does not indicate a safety concern. Rather it can be 
used as an indicator of proper application practices, a means 
to track potential human dietary exposure, and is used as a 
standard for commerce.

Recently, The European Food Safety Agency (EFSA) and the 
U.S. Food and Drug Administration (FDA) published results of 
surveys of foods and feeds in which glyphosate residues were 
measured using highly sensitive methods (EFSA, 2018b; FDA, 
2018). As an example, the limit of detection (LOD) provided for 
all compounds in the FDA report ranged from 0.1 to 50 mg/kg 
and the default limit of quantification (LOQ) was 0.01  mg/kg. 
EFSA detected glyphosate residues in 3.6% of food samples. Of 
these foods, glyphosate was detected in commodities that are 
commonly used in feeds such as soybean (16%), barley (19%), and 
wheat (13%) and none of these amounts exceeded established 
tolerances for the European Union. Likewise, FDA-tested animal 
feeds and nonviolative residues of glyphosate were found in 63% 
of corn samples and 67% of soybean samples.

It is important to understand the analytical methods 
available to test for glyphosate in foods/feed. The most 
sensitive and selective method that has been validated for 
multiple feeds and other matrices is liquid chromatography 
tandem mass spectrometry (LC-MS/MS) (Jensen et  al., 2016). 
The former Monsanto Company developed a cheaper, 
antibody-based ELISA method to qualitatively test glyphosate 
in water—a simple matrix. The kit was sold by the Abraxis 
Co. (Warminster, PA) and the instructions state that the “kit 
provides screening results. As with any analytical technique 
(GC, HPLC, etc.) positive results requiring some action should 
be confirmed by an alternative method.” Use of the ELISA test in 
complex matrices, however, has generated some questionable 
results. An example is a report of glyphosate detected in 
human milk that was posted on a website (summarized by 
Bus (2015)). The ELISA assay used to produce these results and 

validation information in a milk matrix was not provided. In 
contrast, glyphosate was not detected in milk from humans 
or cows for studies using validated LC-MS/MS methods with 
selectivity for glyphosate (NZ Ministry for Primary Industiries, 
2012; Ehling and Reddy, 2015; McGuire et  al., 2016; Steinborn 
et  al., 2016; von Soosten et  al., 2016; EFSA, 2018b; FDA, 2018; 
Zoller et al., 2018). Another questionable result from use of the 
ELISA was the alleged detection of glyphosate in deformed 
piglets (Krüger et al., 2014). Validation for this matrix was not 
reported in detail and there was no control group consisting 
of normal piglets tested for the presence of glyphosate. In 
contrast, metabolism studies with high doses of glyphosate 
in feed (up to 400 mg/kg) were used to establish the tolerance 
for glyphosate in meat (muscle) and it was set as 0.05 mg/kg, 
which was the LOD of the assay, an indication that glyphosate 
in meat was not detectable (FAO, 2005). These data combined 
with other properties of glyphosate, such as its ionized state, its 
low octanol-water partition coefficient and its rapid excretion 
from the body via the urine and feces suggest that glyphosate 
should not accumulate in the body (Bus, 2015) or be detectable 
in meat, milk or eggs (Van Eenennaam and Young, 2017). FDA 
recently monitored food for residues of glyphosate and, as in 
previously mentioned studies, glyphosate was not detectable in 
milk nor was it detected in eggs (FDA, 2018). Zoller et al. (2018) 
tested meat (n = 12) and fish (n = 1; salmon with no indication if 
farm raised) and samples that appear to be only meat (n = 13) or 
fish (n = 1) had no quantifiable glyphosate. Three samples had 
glyphosate residues that were slightly above the LOQ, but these 
3 were sausages or meat loaf that do not describe if they had 
nonmeat ingredients derived from grain.

The theoretical maximum exposure is based on the most 
conservative assumptions such as a person consuming all 
possible food items containing the highest level of permissible 
pesticide residue, being exposed to a product through maximum 
allowable home uses, and consuming drinking water containing 
the pesticide in question at the maximum allowable level. The 
theoretical maximum exposure must be less than or equal to 
the RfD.

Because glyphosate is not metabolized and is eliminated 
rapidly from the body, urine values can be used to get a realistic 
estimate of actual consumption. Using the highest glyphosate 
concentration from a urine sample collected in the previously 
mentioned study of lactating women, it was estimated that 
this person consumed approximately 0.0002 times EPA's RfD 
(McGuire et al., 2016). At the time this value was published, the 
EPA RfD was 1.75  mg/kg. Based on a revised RfD of 1.00  mg/
kg (EPA, 2019), this calculated value would change from 0.0002 
to 0.0004. Despite the increased use of glyphosate due to the 
widespread adoption of GE crops, there still exists at least 4 
orders of magnitude of a margin of safety, based on empirical 
data (Solomon, 2016).

A formal risk assessment based on information available 
about possible routes of exposure is typically not conducted for 
livestock as it is for humans. Given the at least 100-fold safety 
factor on allowable human exposures, and the fact that most 
allowable residues are well below levels of safety concern, the 
sum of tolerances is usually protective of animal health. EFSA 
conducted a risk assessment for glyphosate residues in animal 
feed and calculated that the maximum dietary burdens for 
cattle and swine are 13.2 and 2.85  mg/kg BW/d, respectively 
(EFSA, 2018a). Even at the maximum dietary burden based on 
tolerances, cattle or swine could consume 4 or 18 times as much 
glyphosate before their intakes would be at the level of the 
NOAEL, which incorporates a 10-fold uncertainty factor.
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As stated previously, the issue of exposure is further 
complicated in that tolerances of individual feed ingredients are 
all based on the application regimens that result in the greatest 
amounts of herbicide residue. This exposure value will therefore 
over predict the average or typical herbicide residue for the 
feedstuff. For example, according to EFSA, the major contributor 
of glyphosate exposure for ruminants is grass (non-GE). Pastures 
can be treated with glyphosate for weed control at either 
preplant, pre-emergence, or postemergence for renovation or 
spot treatment. Depending on application, cattle can graze on 
treated pastures with no restriction on time (depending on dose) 
or up to a 7-d restriction. Yet, because glyphosate kills growing 
grass, most pastures are rarely, if ever, treated. Therefore, the 
majority of grass fed to cattle would have no residue since it is 
untreated. This exposure difference between the most extreme 
pasture herbicide applications and actual applications also 
exists for Roundup Ready Alfalfa. According to label instructions, 
Roundup Ready Alfalfa can be sprayed several times in a season, 
yet often is sprayed only once in the establishment year. The 
World Health Organization (WHO) has suggested that the 
mean or median residue level in pasture grass may be more 
appropriate for estimating long-term dietary intake, although 
the median residue levels are not appropriate for short-term 
exposures (GEMS, 1997).

Understanding the possible residues in a crop is of practical 
significance when designing studies and selecting appropriate 
doses. An alternative would be to calculate the maximum 
reasonably balanced diet (OECD, 2009). And still another 
approach is to use empirical data, such as urine values, for a 
specific population of animals. Validated assay data on urine 
values for livestock are not as extensively available as values 
for human exposure (Niemann et al., 2015). Examples of these 
measurements of toxicity and resulting calculated glyphosate 
exposures are listed in Table 1. While there might not be a 
single best method for calculating intake, it is important that 
the dose be put into the proper context when interpreting 
results of a study. The glyphosate concentration sprayed onto 
a crop, as some have used, is not a correct or accurate estimate 
of exposure to livestock. When calculating the exposure of 
ingested glyphosate residues on the ruminant's gut microbes, 
the intake, metabolism and absorption, and volume/turnover of 
the rumen or other compartments of the digestive tract all must 
be taken into consideration.

Glyphosate and Gut Microbiota

Glyphosate tolerant crops have been commercialized since 1996 
and are widely adopted in the United States with no apparent 
effects on animal productivity (Van Eenennaam and Young, 

2014). Moreover, experimentally determined NOAELs reflect the 
lack of adverse finding, including within the full length of the 
gastrointestinal tract. Notwithstanding these conclusions, some 
have speculated whether gut microbes could be affected by the 
inhibition of microbial Class  I  EPSP synthase from glyphosate 
residues in the digesta. Microbial fermentation and digestive 
physiology are complex processes and are intricately interwoven. 
Therefore, conclusions about animal health, or even gut health, 
are not just a matter of the presence of Class 1 or Class 2 EPSP 
synthase. For instance, some or many strains of bacteria may not 
need the shikimate pathway to synthesize amino acids de novo 
when amino acids are present in their environment. The impact 
of glyphosate on microorganisms would be dependent on several 
factors, such as 1)  the concentration of glyphosate within the 
gastrointestinal tract to allow for competitive inhibition with 
PEP; 2)  the need for, or flux through, the shikimate pathway; 
and 3) the availability of Trp (usually the least abundant of the 
aromatic amino acids). NH3 provides the nitrogen for de novo 
synthesis of amino acids, although the addition of amino acids 
has been shown to be beneficial (Russell et al. 1992). In general, 
a complete mixture of amino acids is needed for the maximum 
microbial growth response but supplementation with only 
aromatic amino acids results in improved fermentation (Argyle 
and Baldwin, 1989). In one study with 13C-labeled amino acids in 
rumen fluid, 90% of the Phe-C in microbial protein was derived 
from the C-skeleton of soluble amino acids (Atasoglu et al., 2004), 
suggesting direct use, or uptake of carbon skeletons (Leibholz, 
1969). Bacillus subtilis which is sensitive to glyphosate when 
grown in minimal media with glucose and succinate as carbon 
sources, is not affected when Phe and Tyr are added to the media 
(Wicke et  al., 2019). Walker et  al. (2005) suggest that although 
the chorismate pathway exists, other pathways are available 
such as reductive carboxylation of phenylacetate (Allison 1969; 
Sauer et al., 1975). Taken together, these studies show that there 
are multiple means to amino acid incorporation/synthesis 
and the importance of the interaction (cross-feeding) among 
mixed populations of intestinal microorganisms. So, rather 
than base possible glyphosate toxicity to bacteria on a single 
mechanism, it is critical that in vivo studies or model systems 
accurately replicate the conditions of particular sections of the 
gastrointestinal tract.

Batch culture studies
The simplest study design for testing effects of glyphosate or 
other compounds on gut microbes is to test individual strains 
for growth on media using batch culture systems. These in vitro 
tests are commonly used for quantifying the bactericidal effects 
of antibiotics against a single strain. The antibiotic is titrated in 

Table 1.  Measurements of toxicity and range of glyphosate exposures that can be estimated for dairy cows

Measurements of toxicity or exposure Value

Acute toxicity (LD 50) >5,000 mg/kg BW  
Chronic EPA NOAEL (EPA, 2019) 100 mg/kg BW  
Chronic EFSA NOAEL (EFSA, 2018a) 50 mg/kg BW  
Calculated exposures for dairy cow: Value Assumptions
Most conservative estimate (100% grass hay 

with highest tolerance)
20 mg/kg  

Maximum Reasonably Balanced Diet 11 mg/kg 1) 24 kg DMI and 600 kg cow; 2) diet with highest tolerances 
of a roughage source, a carbohydrate grain and a protein 
concentrate.

Based on urine data (von Soosten et al., 2016) 0.007 mg/kg 1) 600 kg cows; 2) all AMPA from glyphosate; and 3) uses 
highest urinary values reported.
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concentrations intended to exceed that at which the microbe 
will grow. Results yield an estimated concentration above which 
growth is inhibited. The single strain exposed to a compound 
inside a glass tube is cultured in conditions that are quite unlike 
in vivo conditions. Inside the rumen, metabolism is carried out 
by a complex interaction of thousands of types of microbes. Yet, 
these single-strain systems have been used to test the effects of 
adding glyphosate to media, the same as is used to determine 
the minimum inhibitory concentration (MIC) value of an 
antibiotic, but at much higher concentrations than antibiotics. 
It is important that these in vitro tests be done in appropriate 
media and growth conditions. Due to the conditions of some 
studies (Krüger et al., 2013; Shehata et al., 2013) they are difficult 
to extrapolate to actual conditions in the gastrointestinal tract. 
Many intestinal bacteria only grow anaerobically; yet these 
in vitro tests were conducted aerobically. Claims that certain 
bacteria were killed therefore cannot be made as the cells 
simply did not grow adequately due to inappropriate media 
and growth conditions for the test bacteria (little change 
was observed between beginning and ending cell numbers). 
Furthermore, these studies used formulated glyphosate that 
contained surfactant. Surfactants (soap-like substances) are 
known for their bactericidal properties when applied in large 
amounts to unprotected cells in in vitro systems because they 
disrupt membranes, which do not mimic in vivo exposures 
(Levine et  al., 2007). Therefore, these in vitro, batch culture 
studies do little to demonstrate that gut microbes are affected 
by glyphosate via EPSP synthase.

Bacteria in batch culture techniques as described in the 
MIC studies above were grown for 24 to 48  h. During this 
time, microorganisms typically go through a lag phase and an 
exponential growth phase. Then cells enter a stationary phase 
that is dependent on either exhaustion of nutrient supply, 
accumulation of inhibitory compounds or space constraints, 
or a combination of these conditions. Stationary phase is when 
cells are no longer actively growing. Measuring growth during 
the stationary phase is difficult to interpret. The batch culture 
studies cited above used incubation times of 24 to 48  h, but 
growth curves were not presented to indicate the growth phase 
of these cultures. Culture conditions are critical as diet changes 
are known to result in adaptation of not only species of bacteria, 
but also in adaptive changes within a bacterial species (Saluzzi 
et al., 2001). For instance, growth rates of batch vs. continuous 
cultures affect susceptibility to antimicrobial agents (Brown 
et al., 1990).

Nielsen et al. (2018) measured the MIC value for glyphosate 
added to anaerobic cultures grown on minimal media. Overall, 
they found MICs to be “very high” (5 to 80  mg/mL), but more 
important, they found that supplementation of their minimal 
media with aromatic amino acids increased the MIC in a dose-
dependent manner. When measuring growth of Escherichia coli 
over a 24-h period, they detected a lag phase even with aromatic 
amino acid supplementation, but maximum growth rates were 
unaffected. This might suggest that in a couple of hours, E. coli 
adapted to utilizing aromatic amino acids from the substrate 
rather than depend on de novo synthesis.

In vivo studies
In 2015, 29% and 75% of the global total hectares planted to corn 
and soybean were GE, respectively (Brookes and Barfoot, 2017). 
In the United States, herbicide tolerant corn accounted for 89% 
of the corn crop, and 94% of the soybean crop, and presumably 
most of it was sprayed with glyphosate. GE crops are significant 
sources of the feedstuffs fed to livestock. Van Eenennaam and 

Young (2014) estimated that 85% of soybean and 57% of corn 
grain are used in global livestock diets annually. Studies have 
been conducted to examine the feeding of glyphosate-tolerant 
GE crops with various farm animals. These studies involved 
dairy cows (Grant et al., 2003; Ipharraguerre et al., 2003; Castillo 
et  al., 2004; Combs and Hartnell, 2008), beef cattle (Erickson 
et  al., 2003), sheep (Hartnell et  al., 2005), and broilers (Taylor 
et  al., 2003; Kan and Hartnell, 2004; Taylor et  al., 2005; Taylor 
et  al., 2007a, 2007b; McNaughton et  al., 2011). None of these 
studies found that feeding crops sprayed during cultivation with 
glyphosate had an impact on animal productivity.

Not only are ruminants a significant user of GE crops, but 
they are models for studying the effects of pesticide residues on 
gut microbes since end products of microbial fermentation and 
bacterial protein make up a large portion of their metabolizable 
nutrients. Likewise, bacterial fermentation in the hindguts 
of monogastric animals is important for some nutrients, 
although microbial proteins are not utilized (Walker et  al., 
2005). In an in vitro setting, glyphosate can affect EPSP synthase 
of some bacteria, and thus has the potential to impact gut 
microbes, but the critical question is whether the normal use 
of glyphosate in vivo results in changes in digestive function, 
altered performance or impaired animal health. The rumen 
ecosystem is complex and highly adaptable (McSweeney and 
Mackie, 2012); therefore, other studies were conducted to more 
specifically examine microbial populations using either a more 
dynamic in vitro system or animal models. These systems allow 
for longer incubation times and use of mixed populations of 
rumen microbes. In contrast, testing single strains of bacteria in 
batch culture does not replicate the gut environment or growth 
rate, which is somewhat determined by gut turnover, or the 
interactions of the numerous strains and species present in the 
gut ecosystem. Riede et al. (2016) tested a glyphosate formulation 
(Plantaclean 360 (Plantan GmbH, Buchholz, Germany) added to a 
semicontinuous culture system (Czerkawski and Breckenridge, 
1977), which uses a mixed population of microbes from rumen 
fluid and provides for semicontinuous addition of nutrients and 
removal of waste products to more closely resemble ruminal 
conditions. Their incubations consisted of a 6-d adaptation 
period, a 5-d control period (no glyphosate formulation), and 
a 5-d experimental period (added glyphosate formulation) and 
no deleterious effects were detected with a low and high dose 
(Table 2). In a second experiment Riede et al. (2016) specifically 
looked for effects on Clostridium botulinum and the addition of 
formulated glyphosate had no effect. This experiment was 
conducted to examine claims that farms in northern Germany 
were suspected of having a rare form of visceral botulism, 
which had been hypothesized as being caused by glyphosate 
application (Krüger et al., 2012; Rodloff and Krüger, 2012). The 
hypothesis was proven false. Moreover, a team of university 
veterinarians investigated this claim by screening dairy cattle 
at 92  “affected” farms, which were herds meeting criteria 
that suggested chronic health issues based on recent health 
and productivity records. Fecal samples from cows in these 
farms and from 47 control farms were sampled and tested for 
C.  botulinum neurotoxins using a mouse bioassay. Testing was 
performed on 1,388 animals. Again, there was no evidence of 
C. botulinum neurotoxins in these cows from the targeted farms 
(Seyboldt et al., 2015).

In addition to livestock studies, some rodent models have 
also been used to study impact of glyphosate on gut microbes. 
Nielsen et  al. (2018) also conducted an in vivo mouse study 
using daily oral administration. They calculated that at the 
amounts administered, the mice received 5 and 50 times the 
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RfD. There were no deleterious effects on the gut microbes. 
Glyphosate concentrations were measured in the ileum, 
cecum and colon, and were greatest in the colon. The colonic 
values were approximately 1, 10, 50, and 50 µg/g for mice given 
control, glyphosate (5× RfD), glyphosate (50× RfD) and glyfonova 
(formulated; 50× RfD), respectively. The gut concentrations from 
mice receiving the relatively high doses were in the µg/g range. 
These values are considered low compared to MIC values from 
their in vitro study as well as the in vitro study from Shehata 
et al. (2013) that were in the mg/mL range (described previously). 
For reference, antibiotic MIC values are usually in the µg/
mL range.

Hüther et al. (2005) added formulated glyphosate directly into 
the rumen of fistulated sheep and found no effects on endpoints 
that evaluated rumen function. They hypothesized a priori 
that supplemental aromatic amino acid would ameliorate any 
potential effects of glyphosate, but due to the lack of observed 
changes in rumen function, this study is not relevant for testing 
that hypothesis. Amino acids are present in large amounts in the 
rumen from feed proteins as well as in free form (Leibholz, 1969).

Glyphosate in the rumen
Theoretical concentrations of glyphosate in the rumens of cattle 
can be calculated to put the experimental conditions of the 
above cited studies into context. von Soosten (2016) measured 
glyphosate intake from the feed for dairy cattle and found a 
range of glyphosate intakes from 0.08 to 6.67 mg/d. Assuming 
an average BW of 680 kg, intakes would have ranged from 0.0001 
to 0.01  mg/kg and the no effect level from EFSA is 50  mg/kg 
(EFSA, 2018a). Estimates for rumen volume and turnover (Stokes 
et al., 1985) can be used to determine daily liquid flow through 
the rumen. Based on the amount of glyphosate found in the 
dairy cow feed above, the concentrations of glyphosate ranged 
from 0.0000004 to 0.00004 mg/mL. Concentrations of glyphosate 
or other culture conditions from the studies cited above 
are provided in Table 2. In the risk assessment done by EFSA 
(2018a), the calculated maximum dietary burden for glyphosate 
consumed by dairy cattle using the most conservative 
assumptions of the highest possible intakes for legal application 
of glyphosate (predominantly based on glyphosate applied to 
grass) is 13.17 mg/kg. Using the same assumptions for ruminal 
kinetics, calculations result in a glyphosate concentration of 
0.05  mg/mL. These data suggest that in vitro studies that use 
glyphosate at concentrations greater than 0.05  µg/mL use 
concentrations greater than ruminal bacteria would be exposed.

Chelating Properties of Glyphosate

Glyphosate is a zwitterion with 3 acidic protons that make it 
a tridentate chelating agent of divalent and trivalent metals, 
forming either 1:1 or 1:2 complexes. Many publications suggest 
that glyphosate was patented originally as a chelator in a patent 
issued to the Stauffer Chemical Company in 1964 and critics 
cite knowledge of this characteristic as an example of corporate 
malfeasance. However, glyphosate was discovered and patented 
as a herbicide in 1969 and was never even part of a claim in the 
Stauffer patent (Swarthout et al., 2018). This chemical property 
is often overstated as a mechanism whereby glyphosate 
application to plants limits mineral availability either by limiting 
uptake from the soil or limiting mineral transport in the phloem. 
This claim is not corroborated by the commercial viability of 
herbicide tolerant crops, since the EPSP synthase transgene 
does not provide any protection from chelation of minerals and 
yet these transgenic varieties have not shown yield losses when 
sprayed with glyphosate (Duke et al., 2012).

Likewise, some have claimed that absorption of minerals 
in the digestive tract is perturbed by chelation from ingested 
residues of glyphosate. Most dietary minerals are fed at levels 
that greatly exceed the amounts of glyphosate residue that would 
be consumed. For ruminants, cobalt is required for microbial 
synthesis of vitamin B12 and  the recommended daily  amount 
in the diet is the least of all the minerals, thus Co would be at 
the lowest concentrations of the minerals in the rumen. Other 
ubiquitous anionic chemicals, such as amino acids and phytic 
acid can form complexes with cationic minerals in the rumen 
(Durand and Kawashima, 1980) and some amino acids are more 
prevalent and more potent chelators than glyphosate (Harris 
et  al., 2012). Formation constants measure the strength of 
complexes between ions and ligands. By comparing these values 
for complexes of Co2+ with glyphosate (Motekaitis and Martell, 
1985) and Co2+ with amino acids it is apparent that Co2+ is more 
likely to be bound to amino acids than glyphosate. Furthermore, 
glyphosate is more likely to bind Fe than Co2+ because the 
formation constant for glyphosate and Fe2+ is similar to that of 
Co2+, and that with Fe3+ is significantly higher.

Conclusion
The mode of action for the herbicidal effect of glyphosate is 
through EPSP synthase. This enzyme does not exist in the cells 
of humans and other mammals, which is why aromatic amino 
acids are considered essential nutrients that must be supplied 
in the diet. Although some microbes have an EPSP synthase that 
is susceptible to glyphosate, it does not mean that glyphosate 
alters their ability to compete or function in the gut. Important 
factors when designing or interpreting model systems of gut 
microbes are to consider the impacts of single vs. multiple 
strains, batch vs. semicontinuous or continuous systems, 
turnover rates (i.e., growth rate), the concentration of glyphosate 
in the digesta, aerobic vs. anaerobic, the duration of culture 
and the relevance of endpoints to function. As with any model 
system, conclusions should be based on empirical results within 
the limitations of the model system. Likewise, the ability to form 
complexes with certain metal ions is a property of glyphosate, 
but it has not been found to impact animal nutrition due to the 
concentrations and interplay among competing ligands and 
ions, and the relative stabilities of alternative chelators to form 
complexes. The weight of the evidence suggests that glyphosate 
use in crops fed to poultry and livestock has not affected animal 
health, rumen/gut microbes or production without affecting the 
safety of consuming meat, milk, and eggs.

Literature Cited
Ackermann,  W., M.  Coenen, W.  Schrödl, A.  A.  Shehata, and 

M.  Krüger. 2015. The influence of glyphosate on the 
microbiota and production of botulinum neurotoxin during 
ruminal fermentation. Curr. Microbiol. 70:374–382. doi:10.1007/
s00284-014-0732-3

Allison, M. J. 1969. Biosynthesis of amino acids by ruminal 
microorganisms. J. Anim. Sci. 29:797–807. doi:10.2527/
jas1969.295797x

Ames,  B.  N., M.  Profet, and L.  S.  Gold. 1990. Dietary pesticides 
(99.99% all natural). Proc. Natl. Acad. Sci. USA 87:7777–7781. 
doi:10.1073/pnas.87.19.7777

Argyle, J. L., and R. L. Baldwin. 1989. Effects of amino acids 
and peptides on rumen microbial growth yields. J. Dairy Sci. 
72:2017–2027. doi:10.3168/jds.S0022-0302(89)79325-5

Asem-Hiablie,  S., T.  Battagliese, K.  R.  Stackhouse-Lawson, 
and C.  Alan  Rotz. 2019. A life cycle assessment of the 



4516  |  Journal of Animal Science, 2019, Vol. 97, No. 11

environmental impacts of a beef system in the USA. Int. J. Life 
Cycle Ass. 24:441–455. doi:10.1007/s11367-018-1464-6

Atasoglu, C., A. Y. Guliye, and R.  J. Wallace. 2004. Use of stable 
isotopes to measure de novo synthesis and turnover of amino 
acid-C and -N in mixed micro-organisms from the sheep 
rumen in vitro. Br. J. Nutr. 91:253–262. doi:10.1079/BJN20031040

Barry, G. F., G. M. Kishore, S. R. Padgette, and W. C. Stallings. 1997. 
Glyphosate-tolerant 5-enolpyruvylshikimate-3-phosphate 
synthases. In: U. S. Patent No. 5,633,435. Monsanto Company, 
St. Louis, MO.

Brookes,  G., and P.  Barfoot. 2017. GM crops: global socio-
economic and environmental impacts 1996–2015. https://
www.pgeconomics.co.uk/pdf/2017globalimpactstudy.pdf.  
(Accessed 1 July 2019.)

Brookes, G., F. Taheripour, and W. E. Tyner. 2017. The contribution 
of glyphosate to agriculture and potential impact of 
restrictions on use at the global level. GM Crops Food 8:216–
228. doi:10.1080/21645698.2017.1390637

Brown, M. R., P. J. Collier, and P. Gilbert. 1990. Influence of growth 
rate on susceptibility to antimicrobial agents: Modification of 
the cell envelope and batch and continuous culture studies. 
Antimicrob. Agents Chemother. 34:1623–1628. doi:10.1128/
aac.34.9.1623

Bus, J. S. 2015. Analysis of Moms Across America report suggesting 
bioaccumulation of glyphosate in U.S. mother's breast milk: 
Implausibility based on inconsistency with available body of 
glyphosate animal toxicokinetic, human biomonitoring, and 
physico-chemical data. Regul. Toxicol. Pharmacol. 73:758–764. 
doi:10.1016/j.yrtph.2015.10.022

Castillo, A. R., M. R. Gallardo, M. Maciel, J. M. Giordano, G. A. Conti, 
M. C. Gaggiotti, O. Quaino, C. Gianni, and G. F. Hartnell. 2004. 
Effects of feeding rations with genetically modified whole 
cottonseed to lactating Holstein cows. J. Dairy Sci. 87:1778–
1785. doi:10.3168/jds.S0022-0302(04)73333-0

Combs,  D.  K., and G.  F.  Hartnell. 2008. Alfalfa containing the 
glyphosate-tolerant trait has no effect on feed intake, milk 
composition, or milk production of dairy cattle. J. Dairy Sci. 
91:673–678. doi:10.3168/jds.2007-0611

Czerkawski,  J.  W., and G.  Breckenridge. 1977. Design and 
development of a long-term rumen simulation technique 
(Rusitec). Br. J. Nutr. 38:371–384. doi:10.1079/bjn19770102

Dou,  Z., J.  D.  Ferguson, D.  T.  Galligan, A.  M.  Kelly, S.  M.  Finn, 
and R.  Giegengack. 2016. Food waste across the supply chain: 
a U.S. perspective on a global problem. Council for Agricultural 
Science and Technology, Ames, IA.

Duke, S. O., J. Lydon, W. C. Koskinen, T. B. Moorman, R. L. Chaney, 
and R.  Hammerschmidt. 2012. Glyphosate effects on plant 
mineral nutrition, crop rhizosphere microbiota, and plant 
disease in glyphosate-resistant crops. J. Agric. Food Chem. 
60:10375–10397. doi:10.1021/jf302436u

Durand, M., and R. Kawashima. 1980. Influence of minerals in 
rumen microbial digestion. In: Y. Ruckebusch and P. Thivend, 
editors, Digestive Physiology and Metabolism in Ruminants. AVI 
Publishing Co., Inc., Westport, CT. p. 375–408.

EFSA. 2018a. Evaluation of the impact of glyphosate and 
its residues in feed on animal health. EFSA J. 16:5283. 
doi:10.2903/j.efsa.2018.5283

EFSA. 2018b. National summary reports on pesticide residue 
analysis performed in 2016. EFSA J. 16:5348. doi:10.2903/
sp.efsa.2018.EN-1454

Ehling,  S., and T.  M.  Reddy. 2015. Analysis of glyphosate and 
aminomethylphosphonic acid in nutritional ingredients 
and milk by derivatization with fluorenylmethyloxycarbonyl 
chloride and liquid chromatography-mass spectrometry. 
J. Agric. Food Chem. 63:10562–10568. doi:10.1021/acs.jafc. 
5b04453

EPA. 2019. Glyphosate. Proposed Interim Registration Review 
Decision. Case Number 0178. https://www.regulations.gov/
document?D=EPA-HQ-OPP-2009-0361-2344 (Accessed 31 May 
2019).

Erickson,  G.  E., N.  D.  Robbins, J.  J.  Simon, L.  L.  Berger, 
T. J. Klopfenstein, E. P. Stanisiewski, and G. F. Hartnell. 2003. 
Effect of feeding glyphosate-tolerant (roundup-ready events 
GA21 or nk603) corn compared with reference hybrids on 
feedlot steer performance and carcass characteristics. J. 
Anim. Sci. 81:2600–2608. doi:10.2527/2003.81102600x

FAO. 2005. Pesticide residues in food – 2005 FAO Plant Production 
and Protection Paper. Food and Agriculture Organization of the 
United Nations, Rome.

FDA. 2018. Pesticide residue monitoring program. Fiscal 
year 2016 pesticide report. https://www.fda.gov/Food/
FoodborneIllnessContaminants/Pesticides/ucm618247.htm.

Fernandez-Cornejo,  J., R.  Nehring, C.  Osteen, S.  Wechsler, 
A. Martin, and A. Vialou. 2014. Pesticide use in U.S. agriculture: 
21 selected crops, 1960–2008. USDA ERS Economic Information 
Bulletin Number 124, Washington, DC.

Flachowsky,  G., A.  Chesson, and K.  Aulrich. 2005. Animal 
nutrition with feeds from genetically modified plants. Arch. 
Anim. Nutr. 59:1–40. doi:10.1080/17450390512331342368

Franz, J. E., M. K. Mao, and J. A. Sikorski. 1997. Introduction. In: 
Glyphosate: A Unique Global Herbicide. American Chemical 
Society, Washington D.C. p. 1–16.

GEMS. 1997. Guidelines for predicting dietary intake of pesticide 
residues (revised). WHO, Switzerland.

Giesy, J. P., S. Dobson, and K. R. Solomon. 2000. Ecotoxicological 
risk assessment for Roundup® herbicide. In: G.  W.  Ware, 
editor, Reviews of Environmental Contamination and Toxicology: 
Continuation of Residue Reviews. Springer, New York, NY. p. 
35–120.

Grant, R. J., K. C. Fanning, D. Kleinschmit, E. P. Stanisiewski, and 
G.  F.  Hartnell. 2003. Influence of glyphosate-tolerant (event 
nk603) and corn rootworm protected (event MON863) corn 
silage and grain on feed consumption and milk production 
in Holstein cattle. J. Dairy Sci. 86:1707–1715. doi:10.3168/jds.
S0022-0302(03)73756-4

GTF. 2019. History of glyphosate. https://www.glyphosate.eu/
history-glyphosate. (Accessed 01 Jul 2019.)

Harris, W. R., R. D. Sammons, R. C. Grabiak, A. Mehrsheikh, and 
M. S. Bleeke. 2012. Computer simulation of the interactions 
of glyphosate with metal ions in phloem. J. Agric. Food Chem. 
60:6077–6087. doi:10.1021/jf3004288

Hartnell, G. F., T. Hvelplund, and M. R. Weisbjerg. 2005. Nutrient 
digestibility in sheep fed diets containing Roundup Ready or 
conventional fodder beet, sugar beet, and beet pulp. J. Anim. 
Sci. 83:400–407. doi:10.2527/2005.832400x

Herman, R. A., and W. D. Price. 2013. Unintended compositional 
changes in genetically modified (GM) crops: 20  years of 
research. J. Agric. Food Chem. 61:11695–11701. doi:10.1021/
jf400135r

Hüther, L., S. Drebes, and P. Lebzien. 2005. Effect of glyphosate 
contaminated feed on rumen fermentation parameters and 
in sacco degradation of grass hay and corn grain. Arch. Anim. 
Nutr. 59:73–79. doi:10.1080/17450390512331342403

Ipharraguerre, I. R., R. S. Younker, J. H. Clark, E. P. Stanisiewski, 
and G. F. Hartnell. 2003. Performance of lactating dairy cows 
fed corn as whole plant silage and grain produced from a 
glyphosate-tolerant hybrid (event NK603). J. Dairy Sci. 86:1734–
1741. doi:10.3168/jds.S0022-0302(03)73759-X

Jensen,  P.  K., C.  E.  Wujcik, M.  K.  McGuire, and M.  A.  McGuire. 
2016. Validation of reliable and selective methods for direct 
determination of glyphosate and aminomethylphosphonic 
acid in milk and urine using LC-MS/MS. J. Environ. Sci. Health. 
B. 51:254–259. doi:10.1080/03601234.2015.1120619

Kan,  C.  A., and G.  F.  Hartnell. 2004. Evaluation of broiler 
performance when fed Roundup-Ready wheat (event MON 
71800), control, and commercial wheat varieties. Poult. Sci. 
83:1325–1334. doi:10.1093/ps/83.8.1325

Krüger,  M., A.  Große-Herrenthey, W.  Schrödl, A.  Gerlach, and 
A. Rodloff. 2012. Visceral botulism at dairy farms in Schleswig 
Holstein, Germany: Prevalence of Clostridium botulinum in feces 

https://www.pgeconomics.co.uk/pdf/2017globalimpactstudy.pdf
https://www.pgeconomics.co.uk/pdf/2017globalimpactstudy.pdf
https://www.regulations.gov/document?D=EPA-HQ-OPP-2009-0361-2344
https://www.regulations.gov/document?D=EPA-HQ-OPP-2009-0361-2344
https://www.fda.gov/Food/FoodborneIllnessContaminants/Pesticides/ucm618247.htm
https://www.fda.gov/Food/FoodborneIllnessContaminants/Pesticides/ucm618247.htm
https://www.glyphosate.eu/history-glyphosate
https://www.glyphosate.eu/history-glyphosate


Vicini et al.  |  4517

of cows, in animal feeds, in feces of the farmers, and in house 
dust. Anaerobe 18:221–223. doi:10.1016/j.anaerobe.2011.12.013

Krüger,  M., W.  Schrödl, I.  Pedersen, and A.  A.  Shehata. 2014. 
Detection of glyphosate in malformed piglets J. Environ. Anal. 
Toxicol. 4:230. doi:10.4172/2161-0525.1000230

Krüger,  M., A.  A.  Shehata, W.  Schrödl, and A.  Rodloff. 2013. 
Glyphosate suppresses the antagonistic effect of Enterococcus 
spp. on Clostridium botulinum. Anaerobe 20:74–78. doi:10.1016/j.
anaerobe.2013.01.005

Lal, R. 2004. Soil carbon sequestration impacts on global climate 
change and food security. Science 304:1623–1627. doi:10.1126/
science.1097396

Leibholz, J. 1969. Effect of diet on the concentration of free amino 
acids, ammonia and urea in the rumen liquor and blood 
plasma of the sheep. J. Anim. Sci. 29:628–633. doi: 10.2527/
jas1969.294628x

Levine, S.  L., Z. Han, J.  Liu, D. R.  Farmer, and V. Papadopoulos. 
2007. Disrupting mitochondrial function with surfactants 
inhibits MA-10 Leydig cell steroidogenesis. Cell Biol. Toxicol. 
23:385–400. doi:10.1007/s10565-007-9001-6

McGuire, M. K., M. A. McGuire, W. J. Price, B. Shafii, J. M. Carrothers, 
K.  A.  Lackey, D.  A.  Goldstein, P.  K.  Jensen, and J.  L.  Vicini. 
2016. Glyphosate and aminomethylphosphonic acid are not 
detectable in human milk. Am. J.  Clin. Nutr. 103:1285–1290. 
doi:10.3945/ajcn.115.126854

McNaughton,  J., M.  Roberts, D.  Rice, B.  Smith, M.  Hinds, 
B. Delaney, C. Iiams, and T. Sauber. 2011. Evaluation of broiler 
performance and carcass yields when fed diets containing 
corn grain from transgenic stacked-trait product DAS-Ø15Ø7-
1xDAS-59122-7xMON-ØØ81Ø-6xMON-ØØ6Ø3–6. J. Applied 
Poultry Res. 20:542–553. doi:10.3382/japr.2011-00367

McSweeney, C., and R. Mackie. 2012. Micro-organisms and ruminant 
digestion: State of knowledge, trends and future prospects. 
Commision on Genetic Resourcees for Food and Agriculture, 
Rome.

Motekaitis, R. J., and A. E. Martell. 1985. Metal chelate formation 
by n-phosphonomethylglycine and related ligands. J. Coord. 
Chem. 14:139–149. doi:10.1080/00958978508073900

NAS. 2016. Genetically engineered crops: Experiences and 
prospects. In: E. National Academies of Sciences, and 
Medicine (ed.). The National Academies Press, Washington, 
DC.

Nielsen,  L.  N., H.  M.  Roager, M.  E.  Casas, H.  L.  Frandsen, 
U.  Gosewinkel, K.  Bester, T.  R.  Licht, N.  B.  Hendriksen, 
and M.  I.  Bahl. 2018. Glyphosate has limited short-term 
effects on commensal bacterial community composition 
in the gut environment due to sufficient aromatic amino 
acid levels. Environ. Pollut. 233:364–376. doi:10.1016/j.
envpol.2017.10.016

Niemann,  L., C.  Sieke, R.  Pfeil, and R.  Solecki. 2015. A critical 
review of glyphosate findings in human urine samples and 
comparison with the exposure of operators and consumers. 
J. Consumer Protect. Food Safety 10:3–12. doi:10.1007/
s00003-014-0927-3

Nowack,  B. 2003. Environmental chemistry of phosphonates. 
Water Res. 37:2533–2546. doi:10.1016/S0043-1354(03)00079-4

NZ Ministry for Primary Industiries. 2012. Dairy national 
chemical contaminants programme - raw milk result 
summary 2011/12. http://www.foodsafety.govt.nz/elibrary/
industry/dairy-nccp-results-summary.pdf (Accessed 15 
December 2015).

OECD. 2009. Guidance document on overview of residue chemistry 
studies. In: ENV/JM/MONO(2009)31 (ed.). Organization for 
Economic Cooperation and Development, Paris, France.

Oerke,  E. 2006. Crop losses to pests. J. Agric. Sci. 144:31–43. 
doi:10.1017/S0021859605005708

Pitesky,  M.  E., K.  R.  Stackhouse, and F.  M.  Mitloehner. 2009. 
Clearing the air. Livestock's contribution to climate change. 
In: D. L. Sparks, editor, Advances in Agronomy No. 103. Elsevier, 
New York, NY. p. 1–40.

Pline-Srnic,  W. 2017. Physiological mechanisms of glyphosate 
resistance. Weed Technol. 20:290–300. doi:10.1614/
WT-04-131R.1

Reddy,  K.  N., A.  M.  Rimando, and S.  O.  Duke. 2004. 
Aminomethylphosphonic acid, a metabolite of glyphosate, 
causes injury in glyphosate-treated, glyphosate-resistant 
soybean. J. Agric. Food Chem. 52:5139–5143. doi:10.1021/
jf049605v

Reeves,  W.  R., M.  K.  McGuire, M.  Stokes, and J.  L.  Vicini. 2019. 
Assessing the safety of pesticides in food: How current 
regulations protect human health. Adv. Nutr. 10:80–88. 
doi:10.1093/advances/nmy061

Riede, S., A. Toboldt, G. Breves, M. Metzner, B. Köhler, J. Bräunig, 
H.  Schafft, M.  Lahrssen-Wiederholt, and L.  Niemann. 2016. 
Investigations on the possible impact of a glyphosate-
containing herbicide on ruminal metabolism and bacteria in 
vitro by means of the ‘Rumen Simulation Technique'. J. Appl. 
Microbiol. 121:644–656. doi:10.1111/jam.13190

Rodloff, A. C., and M. Krüger. 2012. Chronic Clostridium botulinum 
infections in farmers. Anaerobe 18:226–228. doi:10.1016/j.
anaerobe.2011.12.011

Rueppel, M. L., B. B. Brightwell, J. Schaefer, and J. T. Marvel. 1977. 
Metabolism and degradation of glyphosphate in soil and 
water. J. Agric. Food Chem. 25:517–528. doi:10.1021/jf60211a018

Russell, J. B., J. D. O’Connor, D. G. Fox, P. J. Van Soest, and C. J. 
Sniffen. 1992. A net carbohydrate and protein system for 
evaluating cattle diets: I. Ruminal fermentation. J. Anim. Sci. 
70:3551–3561. doi:10.2527/1992.70113551x

Saluzzi,  L., H.  J.  Flint, and C.  S.  Stewart. 2001. Adaptation of 
Ruminococcus flavefaciens resulting in increased degradation 
of ryegrass cell walls. FEMS Microbiol. Ecol. 36:131–137. 
doi:10.1111/j.1574-6941.2001.tb00833.x

Sauer, F. D., J. D. Erfle, and S. Mahadevan. 1975. Amino acid 
biosynthesis in mixed rumen cultures. Biochem. J. 150:357–
372. doi:10.1042/bj1500357

Seyboldt, C., S. Discher, E. Jordan, H. Neubauer, K. C. Jensen, A. 
Campe, L. Kreienbrock, T. Scheu, A. Wichern, F. Gundling, 
P. DoDuc, S. Fohler, A. Abdulmawjood, G. Klein, and M. 
Hoedemaker. 2015. Occurrence of Clostridium botulinum 
neurotoxin in chronic disease of dairy cows. Veterin. Microbiol. 
177:398–402. doi:10.1016/j.vetmic.2015.03.012

Shehata, A. A., W. Schrödl, A. A. Aldin, H. M. Hafez, and M. Krüger. 
2013. The effect of glyphosate on potential pathogens and 
beneficial members of poultry microbiota in vitro. Curr. 
Microbiol. 66:350–358. doi:10.1007/s00284-012-0277-2

Solomon, K. R. 2016. Glyphosate in the general population and in 
applicators: A critical review of studies on exposures. Critical 
Reviews in Toxicology 46:21–27. doi:10.1080/10408444.2016.121
4678

von  Soosten,  D., U.  Meyer, L.  Hüther, S.  Dänicke, M.  Lahrssen-
Wiederholt, H.  Schafft, M.  Spolders, and G.  Breves. 2016. 
Excretion pathways and ruminal disappearance of glyphosate 
and its degradation product aminomethylphosphonic 
acid in dairy cows. J. Dairy Sci. 99:5318–5324. doi:10.3168/
jds.2015-10585

Steinborn,  A., L.  Alder, B.  Michalski, P.  Zomer, P.  Bendig, 
S. A. Martinez, H. G. Mol, T. J. Class, and N. C. Pinheiro. 2016. 
Determination of glyphosate levels in breast milk samples 
from Germany by LC-MS/MS and GC-MS/MS. J. Agric. Food 
Chem. 64:1414–1421. doi:10.1021/acs.jafc.5b05852

Stokes, M. R., L. S. Bull, and W. A. Halteman. 1985. Rumen liquid 
dilution rate in dairy cows fed once daily: Effects of diet and 
sodium bicarbonate supplementation. J. Dairy Sci. 68:1171–
1180. doi:10.3168/jds.S0022-0302(85)80944-9

Swarthout, J. T., M. S. Bleeke, and J. L. Vicini. 2018. Comments for 
Mertens et al. (2018), Glyphosate, a chelating agent-relevant 
for ecological risk assessment? Environ. Sci. Pollut. Res. Int. 
25:27662–27663. doi:10.1007/s11356-018-2506-0

Taylor, M., G. Hartnell, D. Lucas, S. Davis, and M. Nemeth. 2007a. 
Comparison of broiler performance and carcass parameters 

http://www.foodsafety.govt.nz/elibrary/industry/dairy-nccp-results-summary.pdf
http://www.foodsafety.govt.nz/elibrary/industry/dairy-nccp-results-summary.pdf


4518  |  Journal of Animal Science, 2019, Vol. 97, No. 11

when fed diets containing soybean meal produced from 
glyphosate-tolerant (MON 89788), control, or conventional 
reference soybeans. Poult. Sci. 86:2608–2614. doi:10.3382/
ps.2007-00139

Taylor,  M.  L., G.  Hartnell, M.  Nemeth, K.  Karunanandaa, and 
B.  George. 2005. Comparison of broiler performance when 
fed diets containing corn grain with insect-protected (corn 
rootworm and European corn borer) and herbicide-tolerant 
(glyphosate) traits, control corn, or commercial reference 
corn. Poult. Sci. 84:587–593. doi:10.1093/ps/84.4.587

Taylor,  M.  L., G.  F.  Hartnell, S.  G.  Riordan, M.  A.  Nemeth, 
K.  Karunanandaa, B.  George, and J.  D.  Astwood. 2003. 
Comparison of broiler performance when fed diets 
containing grain from roundup ready (NK603), yieldgard x 
roundup ready (MON810 x NK603), non-transgenic control, 
or commercial corn. Poult. Sci. 82:443–453. doi:10.1093/
ps/82.3.443

Taylor, M., D. Lucas, M. Nemeth, S. Davis, and G. Hartnell. 2007b. 
Comparison of broiler performance and carcass parameters 
when fed diets containing combined trait insect-protected 
and glyphosate-tolerant corn (MON 89034 x NK603), control, 
or conventional reference corn. Poultry Sci. 86:1988–1994. 
doi:10.1093/ps/86.9.1988

Tzin, V., and G. Galili. 2010. New insights into the shikimate and 
aromatic amino acids biosynthesis pathways in plants. Mol. 
Plant 3:956–972. doi:10.1093/mp/ssq048

US EPA. 2015. Data requirements for pesticide registration. In: 
Office of Pesticide Programs (ed.). United States Environmental 
Protection Agency, Washington, DC.

USDA ERS. 2018. Commodity Costs and Returns. https://www.
ers.usda.gov/data-products/commodity-costs-and-returns/
commodity-costs-and-returns/#Historical%20Costs%20
and%20Returns:%20Cow-Calf (Accessed 15 December 2018).

Van  Eenennaam,  A.  L., and A.  E.  Young. 2014. Prevalence and 
impacts of genetically engineered feedstuffs on livestock 
populations. J. Anim. Sci. 92:4255–4278. doi:10.2527/jas.2014-8124

Van Eenennaam, A. L., and A. E. Young. 2017. Detection of dietary 
DNA, protein, and glyphosate in meat, milk, and eggs. J. Anim. 
Sci. 95:3247–3269. doi:10.2527/jas.2016.1346

Vicini, J. L. 2017. GMO crops in animal nutrition. Anim. Front. 7:9–
14. doi:10.2527/af.2017.0113

Walker,  N.  D., C.  J.  Newbold, and R.  J.  Wallace. 2005. Nitrogen 
metabolism in the rumen. In: E.  Pfeffer and A.  N.  Hristov, 
editors, Nitrogen and Phosphorus Nutrition of Cattle: reducing 
the environmental impact of cattle operations. CABI Publishing, 
Wallingford; UK. p. 71–115.

Wicke,  D., L.  M.  Schulz, S.  Lentes, P.  Scholz, A.  Poehlein, 
J.  Gibhardt, R.  Daniel, T.  Ischebeck, and F.  M.  Commichau. 
2019. Identification of the first glyphosate transporter 
by genomic adaptation. Environ. Microbiol. 21:1287–1305. 
doi:10.1111/1462-2920.14534

Winter, C. K., and E. A. Jara. 2015. Pesticide food safety standards 
as companions to tolerances and maximum residue limits. 
J. Integr. Agr. 14:2358–2364. doi:10.1016/S2095-3119(15)61117-0

Zoller,  O., P.  Rhyn, H.  Rupp, J.  A.  Zarn, and C.  Geiser. 2018. 
Glyphosate residues in Swiss market foods: Monitoring and 
risk evaluation. Food Addit. Contam. Part B. Surveill. 11:83–91. 
doi:10.1080/19393210.2017.1419509

https://www.ers.usda.gov/data-products/commodity-costs-and-returns/commodity-costs-and-returns/#Historical%20Costs%20and%20Returns:%20Cow-Calf
https://www.ers.usda.gov/data-products/commodity-costs-and-returns/commodity-costs-and-returns/#Historical%20Costs%20and%20Returns:%20Cow-Calf
https://www.ers.usda.gov/data-products/commodity-costs-and-returns/commodity-costs-and-returns/#Historical%20Costs%20and%20Returns:%20Cow-Calf
https://www.ers.usda.gov/data-products/commodity-costs-and-returns/commodity-costs-and-returns/#Historical%20Costs%20and%20Returns:%20Cow-Calf

