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Abstract

Maternal exposure to various stimuli can influence pre- and postnatal development of the off-

spring. This potential has been discussed for glyphosate (GLY), active substance in some

non-selective herbicides. Accordingly, present study investigated putative effects of GLY res-

idues in rations on cows and their offspring. Dams received either GLY-contaminated (GLY

groups) or control (CON groups) rations combined with low (LC groups) or high (HC groups)

concentrate feed proportions (CFP) for 16 weeks during mid- and late lactation and early ges-

tation (59±4 days at beginning of GLY exposure; mean±SE). During this feeding trial, aver-

age daily GLY exposures of dams were 1.2 (CONLC), 1.1 (CONHC), 112.5 (GLYLC) and 130.3

(GLYHC) μg/kg body weight/d. After a depletion period (107±4 days; mean±SE) and calving,

blood samples of dams and their calves were collected (5–345 min after birth) before calves

were fed colostrum and analyzed for hematological and clinical-chemical traits, redox param-

eters, functional properties of leukocytes and DNA damage in leukocytes. No evidence for

malformations of newborn calves could be collected. At parturition, most analyzed blood

parameters were not affected by dietary treatment of dams during gestation. Significant GLY

effects were observed for some traits, e.g. blood non-esterified fatty acids (NEFA) in calves.

These deviations of GLY groups from CON groups likely resulted from strong time-depen-

dent responses of NEFA levels within the first 105 minutes after birth and before colostrum

intake (Spearman´s rank correlation R = 0.76, p<0.001). Additionally, significant GLY effects

did not result in differences in measures that were beyond normally observed ranges ques-

tioning a pathological relevance. In summary, no evidence for teratogenic or other clear

effects of GLY or CFP on analyzed parameters of dams and their newborn calves could be

collected under applied conditions. However, detailed studies including GLY exposure during

late and complete gestation period would be needed to rule out teratogenic effects.
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Introduction

Health and development of the fetus and calf depend on successful management and nutrition

of the cow [1]. Additionally, maternal and, therefore, fetal exposure to various stressors, such

as environmental conditions, can adversely affect fetal development [2]. Possible stressors

include environmental conditions, such as high temperatures, dietary deficiencies, toxicities,

and xenobiotics such as glyphosate-based herbicides (GBH) [2]. Glyphosate (GLY) is used as

an active substance in non-selective herbicides worldwide [3]. Although some countries are

going to restrict the usage of GBH (e.g. Germany [4]) due to growing public concerns and con-

troversies in literature about possible adverse GLY effects on human and animal health, most

countries continue to allow the use of GBH. In Europe, GLY residues can be found in human

food [5] and in livestock feed produced under agricultural conditions using formerly legal

GLY administration [6] or imported soybean meal [7]. This consequently indicates a regular

oral exposure of humans and animals and, therefore, possible in utero exposure of developing

fetuses. No GLY residues were detected in dairy cow [6] and human milk [8]. Nevertheless,

effects of in utero GLY exposure on offspring and orally exposed dams are of scientific interest

[9–12]. In human pregnancies, a correlation between GLY exposure and pre-term birth as well

as increased numbers of spontaneous abortions were reported in women of an Ontario farm

population [13]. Malformations in piglets observed in a field investigation were associated

with 0.87 to 1.13 mg GLY/kg contamination in sow feed [14]. In contrast, 0.08 to 1.52 mg

GLY/kg dry matter gestation diet did not influence frequencies of stillborn piglets or kinky

tails [15]. In laboratory animals, such as Wistar rats, contradictory results were reported. The

offspring of rats treated with 70 mg GLY/kg body weight (BW)/d from gestational day 5 until

postnatal days 15 or 60 did not show any malformations [9]. In contrast, dose-dependent pro-

portions of skeletal alterations were observed for 57.3% of offspring maternally treated with

1000 mg GLY-solution/kg on gestation days 6 to 15. In control animals, 15.4% showed these

alterations [16]. Absence of GLY effects was reported for offspring’s birth weight in studies

with rats treated with doses varying from 50 to 1000 mg GLY/kg BW/d during different peri-

ods of gestation [9, 10, 16]. Additionally, possible GLY effects on offspring’s performance and

general development, influences on blood parameters such as clinical-chemical traits were

investigated [17]. Serum triglyceride levels were increased in mice offspring on gestational day

19 after maternal exposure of 35 mg GLY/d [17].

To our knowledge, there are no in vivo trials examining GLY effects on dairy calves, while

studies on laboratory animals were reported [9, 10, 16]. Consequently, we hypothesized that

upon common agricultural conditions in utero GLY exposure in early gestation might also

affect health and metabolism of the developing fetus as well as the neonatal calf. Secondly, we

considered GLY effects may be differently pronounced in the calves of dams fed high or low

concentrate feed proportions (CFP). Other secondary hypotheses explored included an evalua-

tion of effects of GLY exposure and CFP on metabolites in the dams following GLY exposure,

a depletion period and parturition.

Pregnant cows investigated in the present study originated from a feeding trial under com-

mon practical conditions in agriculture as recently described by different authors [6, 18–20].

That trial indicated that 16 weeks of GLY exposure (average GLY exposure: 122.7 μg/kg BW/d

GLY) did not lead to adverse effects on performance [6], serum metabolites [6, 19], ruminal

microbiome [18], liver health [19], hematology, functional properties of immune cells, oxida-

tive status, and DNA integrity of blood cells in dairy cows in mid-lactation [20]. Different CFP

affected most of analyzed parameters [6, 18–20]. Feeding different CFP as common agricul-

tural practice resulted in different fiber content, energy and nutrient supply, and affected con-

sequently ruminal milieus. This feeding strategy was used, since GLY effects on ruminal
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microbiota were reported in dependency of fiber content in vitro [21]. The present study

aimed to analyze putative long-term effects of dietary GLY exposure during mid- and late lac-

tation and early gestation on dams and their offspring and, thus, filling an existing lack of

knowledge. Hereby, the parturition (before calves had colostrum intake) represented the earli-

est time point for assessing possible effects of maternal nutrition on newborn calves.

Materials and methods

The animal trial for the present study was conducted at the experimental station of the Insti-

tute of Animal Nutrition, Friedrich-Loeffler-Institut (FLI), in Braunschweig, Germany in

accordance with the German Animal Welfare Act and was approved by the Lower Saxony

State Office for Consumer Protection and Food Safety (LAVES, 33.19-42502-04-15/1858).

Experimental design and feeding

Pregnant cows used in this study originated from a feeding trial described in detail elsewhere

[6, 20]. In a two by two factorial design, dairy cows were fed rations, which had different CFP

and GLY-treated or non-treated feedstuffs, over a period of 16 weeks in mid- and late lacta-

tion. Days in milk of pregnant cows amounted to 161 ± 5 (mean ± SE) at the beginning of the

study, while varying from 82 to 213 days. In short, experimental feedstuff was grown on FLI

Research Station. Parts of wheat and peas were treated with Roundup Record1 containing

720 g glyphosate/kg solution (007525–60/MOT), Monsanto, Agrar Deutschland GmbH (Düs-

seldorf, Germany) in pre-harvest application, while the other parts as well as maize and grass

remained untreated [6]. In order to avoid cross-contaminations, GLY-treated and non-treated

feedstuffs were separately harvested and stored, and additionally homogenized in the process

of feed manufacturing. The feeding trial was conducted with four feeding groups arranged in a

complete two by two factorial design and represented a worst-case scenario for common real-

istic agricultural conditions in Germany 2014 according to the legislation at that time. Cows

were blocked by number of lactations, mean BW, daily feed intake and fat corrected milk prior

to the trial and randomly allocated to one of four experimental groups as described [6, 20].

The aim was to analyze interactions between CFP and GLY residues in the cows’ diets. Cows

were fed according to nutritional needs as defined in [22] and as described in detail in [6]. For

this purpose, high (HC groups) or low CFP (LC groups) in the diets were fed ad libitum as a

total mixed ration with (GLY groups) or without GLY contaminations (CON groups) resulting

in the four experimental groups (CONHC, CONLC, GLYHC, GLYLC). In LC groups, diets con-

sisted of 21% maize silage, 42% grass silage, 7% straw and 30% concentrate, while for HC

groups diets contained 11% maize silage, 22% grass silage, 7% straw and 60% concentrate

based on dry matter [6]. Detailed descriptions of chemical compositions and nutritional analy-

ses of individual feedstuffs can be found in [6].

At the beginning of the 16-week feeding trial, 39 cows had been pregnant for 59 ± 4 days

(mean ± SE) (CONHC, n = 9; CONLC, n = 11; GLYHC, n = 10; GLYLC, n = 9). After terminat-

ing the feeding of experimental diets, pregnant cows were further observed until parturi-

tion. During this depletion time (defined as time span between termination of feeding the

experimental diets to the dams until the following parturition), which ranged from 58 to

158 days (107 ± 4 days mean ± SE), cows received diets untreated with GLY consisting of

grass silage and maize silage as well as CFP in accordance with their individual milk yield.

After parturition, dams and their calves were examined and blood samples taken before

calves were fed colostrum.
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Examination of performances of calves

Calving ease was evaluated on a scale of 1 to 3. Scores indicated that no (1), little (2) or much

assistance, including technical equipment (3), was needed at parturition. The BW of the calves

was recorded within the first 24 h after birth, on the 21st and 42nd day of life. Stillborn calves

were excluded from further analysis, but underwent pathology and histopathology by the Uni-

versity of Veterinary Medicine Hannover, Foundation (TiHo), Hanover, Germany. Within the

first three days of life, heart rate, body temperature, and respiratory frequency were measured.

Additionally, on the same day, calves were examined for evidence of anatomical malformation

or physiological misfunction consistent with teratogenic effects of GLY exposure.

Blood sampling and serum metabolites

Blood samples of unsuckled calves and their dams were collected within 5–345 min (70 ± 92

min; mean ± SD) after calving from a Vena jugularis externa using serum tubes and tubes con-

taining sodium-heparin or ethylenediaminetetraacetic (EDTA). Serum activities of alkaline

phosphatase (AP), alanine aminotransferase (ALT), aspartate aminotransferase (AST), gluta-

mate dehydrogenase (GLDH), γ-glutamyltransferase (GGT) and concentrations of total biliru-

bin, total protein, albumin, cholesterol, triglycerides, non-esterified fatty acids (NEFA),

glucose, β-hydroxybutyrate (BHB), urea, uric acid, phosphorus, chloride, potassium and

sodium were measured (Eurolyser1, Type VET CCA, Eurolyser Diagnostica GmbH, Salz-

burg, Austria).

Hematological evaluation

EDTA-blood samples of calves and dams were analyzed for total and differential blood cell

profiles using automatic analyzer (Celltac-α, MEK-6450, Nihon Kohden, Tokyo, Japan) for

leukogram, erythrogram, and platelets.

Antioxidative status

Determination of total superoxide dismutase (SOD) and glutathione peroxidase (GPx) activi-

ties was conducted in duplicates with EDTA-blood samples using Ransod superoxide dismut-

ase- and Ransel glutathione peroxidase assays (Randox Laboratories, Crumlin, UK) according

to the manufacturer’s protocol and adjusted as described in [23]. For SOD the inter- and

intra-assay coefficients of variation (CV) were 14.43% (inter) and 11.35% (intra). The inter-

and intra- assay test performances for GPx revealed CVs of 8.64% (inter) and 5.04% (intra),

respectively. For normalization of the enzyme data, hemoglobin concentration of erythrocyte

lysate was measured using an automatic analyzer (Celltac-α, MEK-6450, Nihon Kohden,

Tokyo, Japan).

For measurement of ferric reducing ability of plasma (FRAP), the anti-oxidative capacity

was measured according to [24]. Antioxidative reactions in plasma were photometrically mea-

sured for 15 min at 593 nm (Tecan infinite M 200, Grödig, Austria).

RNA isolation and quantitative real-time PCR

For gene expression analysis, RNA was isolated from 2 mL EDTA blood samples. For erythro-

cyte lysis, 10 mL ddH2O with additional 1080 μL 8.8% NaCl added after 15 sec were used for

sample of dams. For samples of calves, 48 mL lysis buffer containing 150 mM NH4Cl, 10 mM

KHCO3, 0.1 mM EDTA (pH 7.47) was used instead of ddH2O followed by an incubation (10

min, 4˚C). Pellets were resuspended twice in 1 mL ddH2O with additional 108 μL 8.8% NaCl

after 15 sec or for samples of calves, pellets were dissolved in 2 mL lysis buffer and incubated
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on ice for 5 min. Total RNA was isolated using the kit NucleoSpin1 RNA (Macherey-Nagel

GmbH & Co. KG, Düren, Germany) according to the manufacturer’s protocol and dissolved

in RNAse-free ddH2O.

Ten genes of interest with relation to blood parameters that displayed significant changes

upon experimental conditions were subjected to quantitative real-time polymerase chain reac-

tion (qRT-PCR). Here, 750 ng RNA isolated from the EDTA blood samples of calves and their

dams were used to synthesize cDNA by the qScript™ cDNA Synthesis Kit (Quanta Biosci-

ences™, Inc, Gaithersburg, MD, USA) according to the manufacturer’s protocol. Gene-specific

primer pairs were designed using Primer-Blast [25], Beacon Designer (Free Edition Premier

biosoft) as well as Primer3 version 4.0.0 [26, 27] and used for qRT-PCR as described previously

[28]. Expression and values of quantification cycle (Cq) of genes were obtained by CFX Mae-

stro™ 1.1 (Bio-Rad Laboratories, Inc, Hercules, CA, USA) using regression mode for Cq deter-

mination. Information about selected primers is shown in S1 Table. Normalized expression of

genes of interest was calculated by using reference gene expression of RPS9 (ribosomal protein

S9), UCHL5 (ubiquitin c-terminal hydrolase L5) and UXT (ubiquitously expressed prefoldin

like chaperone) as normalization factors and taking primer specific efficiencies into consider-

ation. Prior to statistical analyses, gene expression data was subjected to logarithmic transfor-

mation and transformed back after analyses for better interpretation.

Flow cytometric analyses

Functional parameters (T-cell phenotyping, intracellular reactive oxygen species (ROS) pro-

duction, phagocytosis, apoptosis) for polymorphonuclear leukocytes (PMN) and peripheral

blood mononuclear cells (PBMC) were analyzed in EDTA whole blood samples using flow

cytometry (FACS Canto II, BD Biosciences, San Jose, CA, USA). Respective cells were defined

and gated according to their size and granularity based on forward and side scatter measure-

ments. Evaluation of at least 10,000 cells was conducted with FACS Diva software 6.1.3. (BD

Biosciences, San Jose, CA, USA) in a standardized manner. Unless otherwise stated, results

were expressed as proportions or mean fluorescence intensities (MFI). All methods used in the

present study are described below and in [20].

T-cell phenotyping

For phenotyping of lymphocytes, EDTA blood samples were double-stained with monoclonal

antibodies for CD4+ (mouse anti-bovine CD4+:FITC (fluorescein isothiocyanate); Bio-Rad,

Hercules, CA, USA) and CD8+ (mouse anti-bovine CD8+:PE; Bio-Rad Hercules, CA, USA) or

their related isotype controls (mouse IgG2a negative control RPE, and mouse IgG2b: FITC

negative control; Bio-Rad, Hercules, CA, USA). Further procedure was conducted as described

above and as described in [20].

Intracellular production of reactive oxygen species

The ability of PMN to produce intracellular ROS was measured by flow cytometry based on

oxidation of non-fluorescent dihydrorhodamine 123 (DHR) to the fluorescent metabolite rho-

damine 123 (R123+) by free radicals. EDTA whole blood samples were incubated with 40 μM

DHR (Molecular Probes, Eugene, OR, USA) alone (basal/unstimulated) or with additional

30 μM TPA (12-O-tetradecanoylphorbol-13-acetate; Sigma-Aldrich, Taufkirchen, Germany)

to induce an oxidative burst (stimulated) and further processed as described [20]. Results of

flow cytometric measurements were expressed as the percentage of R123+ PMN and their

MFI, representing the conversion of DHR per cell.
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Phagocytosis

The PhagotestTM kit (Glycotope Biotechnology GmbH, Heidelberg, Germany) was used for

determination of phagocytic activity of PMN according to the manufacturer´s protocol. In

brief, heparinized blood samples were incubated with FITC-labelled E. coli, quenched, washed

and stained with propidium iodide (PI). Flow cytometric measurements (FACS Canto II, BD

Biosciences, San Jose, CA, USA) of capacity and proportions of cells ingesting bacteria were

conducted in duplicates within 60 min after staining.

Apoptosis

Determination of apoptotic PMBC and PMN cells in EDTA whole blood samples was per-

formed using the FITC Annexin V-Apoptosis Detection Kit II (BD PharmingenTM, BD Bio-

sciences, San Diego, CA, USA) according to the manufacturer´s protocol and as described

earlier [20]. In brief, after lysis of erythrocytes by hypotonic shock, blood samples were incu-

bated with and without PI and FITC-coupled annexin for 15 min in the dark and analyzed in

duplicates by flow cytometry within one hour. Different stages of apoptosis were distinguished:

doubled-stained cells (FITC Annexin V positive, PI positive) marked late apoptotic cells, while

single-stained cells were identified as early apoptotic cells (FITC Annexin V positive, PI nega-

tive) or necrotic cells (FITC Annexin V negative, PI positive).

DNA damage indicators

To detect DNA damages in individual bovine leukocytes, the gel electrophoresis based comet-

assay was conducted as described [29] with some modifications [20]. In short, EDTA blood

samples mixed with 0.5% low melting point agarose (NuSieve Ag, Lonza, Basel, Switzerland)

was layered on glass slides precoated with a 1.5% medium electroendoosmosis (MEEO) aga-

rose base layer (Karl Roth, Karlsruhe, Germany). After incubation on ice, erythrocyte lysis,

electrophoresis in alkaline electrophoresis buffer, neutralization and drying of slides, DNA was

stained with DAPI solution (Roti-Mount FluorCare, Carl Roth GmbH, Karlsruhe, Germany).

At least 100 nuclei per slide in triplicates per sample were documented by fluorescence micros-

copy (Leica DMI 6000b, Leica Microsystems CMS GmbH, Wetzlar, Germany) and the level of

DNA damage of each single nucleus were evaluated using CASPlab software [30]. Percentage of

DNA in the tail in relation to total DNA content as well as the Olive tail moment, as product of

DNA content in the tail [%] and the tail length [31] served as indicators for DNA damage [32].

Calculations and statistical analyses

For statistical analyses of blood parameters, 38 calves were included, while one calf (CONLC),

which had died within 24 h after birth, was excluded from analysis of average daily gain, heart

rate, respiratory rate, and body temperature. Average daily gain of calves was calculated by

dividing differences between BW at day 42, day 21 and after birth by corresponding

timespans.

Unless otherwise stated, measured parameters were analyzed using MIXED procedure in

SAS (v9.4). As the design is 2x2 factorial, treatment (GLY; GLY or CON diet) and CFP (HC or

LC diet) of dams as well as their interactions (GLY*CFP) were set as fixed factors. Depending

on distribution of residuals (proc univariate, Shapiro-Wilk test), statistical analyses were con-

ducted on untransformed or transformed (proc transreg or proc rank) data. If Box-Cox trans-

formation was conducted, respective optimal λ was used as exponent. For rank analyses,

anovaf option as well as repeated statement with an unstructured covariance model (un(1))

were added for F-test computing and mapping heterogenous variances. Data was presented as
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Lsmeans (untransformed, Box-Cox back-transformed or log back-transformed for gene

expression data) or as means and respective 95% confidence limits depending on method.

Multiple comparisons of means were conducted with Tukey-adjusted p-values (proc diff).

Considering that data of many parameters were not normally distributed, Spearman´s rank

correlations were calculated in RStudio version 1.2.5042 [33], R version 4.0.3 [34]. Results

were declared as significant when p�0.05. Figures were created by using R packages cowplot

[35], ggplot2 [36], ggpubr [37], gridExtra [38], gtable [39], openxlsx [40], readxl [41] in RStu-

dio version 1.2.5042 [33], R 4.0.3 [34].

Results

Performance of cows and calves

Performance of all cows (BW, milk yield, dry matter intake) during the main feeding experi-

ment are presented in detail elsewhere [6, 20]. Taking only pregnant cows into consideration

(n = 39), average daily GLY exposures of dams were 1.2 (CONLC), 1.1 (CONHC), 112.6

(GLYLC) and 130.3 μg/kg body weight/d (GLYHC) during the feeding trial of 16 weeks in mid-

and late lactation and during early gestation. The mean depletion period (time between termi-

nation of experimental feeding and parturition) amounted to 107±4 days (mean ± SE), while

varying between 58 and 158 days. Gestation period of dams varied between 258 and 294 days

and was not influenced by dietary treatment (GLY, CFP) of dams (Table 1).

Out of 41 calves, including two twin parturitions, 38 were clinically normal at parturition.

Three calves were stillborn (two from twin births; 1x CONLC, 2x GLYHC), and one additional

calf (CONLC) died within 24h of life. Pathological examination of stillborn calves revealed car-

diovascular failure due to unclear reasons as cause of death. Statistical analyses did not indicate

an influence of dietary treatments of dams during early gestation (GLY, CFP) on birth weight,

respiratory rate, heart rate, and body temperature (p� 0.083, Table 1) of the calves. Average

daily gain was 0.8 kg/d in all groups corresponding to 78.2 kg average BW at day 42 of life and

remained unaffected by treatments of dams in early gestation (p� 0.328, Table 1).

Table 1. Effects of glyphosate residues and different concentrate feed proportions in diets fed for 16 weeks in mid- and late-lactation during early gestation on ges-

tation length of dairy cows and performance parameters of newborn calves.

Group of dams p-value

CONHC CONLC GLYHC GLYLC GLY CFP GLY*CFP

Dams n = 9 n = 11 n = 10 n = 9

Gestation time [d]$ 279 [274, 283] 282 [279, 286] 279 [273, 285] 280 [277, 283] 0.594 0.195 0.141

Calving ease 1.7 [1,2,3] 1.3 [1, 1,6] 1.3 [1,1,6] 1.7 [1, 2,3]

Calves n = 9 n = 11 n = 9 n = 9

Sex ratio (n = male/female) 6/3 4/7 5/4 4/5

Birth weight [kg]§ 45.4 [41.3, 49.6] 42.7 [38.7, 46.7] 45.7 [41.5, 49.9] 43.4 [39.2, 47.6] 0.812 0.222 0.910

Respiratory rate [breaths/min]§ 55 [46, 65] 57 [48, 65] 49 [39, 58] 49 [39, 58] 0.135 0.881 0.900

Heart rate [beats/min]§ 139 [127, 151] 133 [122, 144] 145 [133, 157] 130 [118, 142] 0.752 0.083 0.428

Body temperature [C˚]§ 38.6 [38.4, 38.8] 38.5 [38.4, 38.7] 38.5 [38.3, 38.7] 38.6 [38.4, 38.7] 0.642 0.883 0.525

Average daily gain [g/d]+ 823 [748, 897] 828 [757, 899] 819 [745, 894] 760 [685, 834] 0.328 0.459 0.376

Values are presented as non-transformed Lsmeans or means ($) with 95% confidence limits [lower limit, upper limit]. Calves stillborn at parturition (n = 3) are excluded

for all parameters, while data of one calf (CONLC) which had died days after parturition was only excluded for performance parameters (§). Calving ease was evaluated

on a scale of 1 to 3. Scores indicated that no (1), little (2) or much assistance including technical equipment (3) was needed at parturition (+) average daily gain until day

42 after birth. CFP = concentrate feed proportions; CON = control; GLY = glyphosate; HC = high concentrate feed proportions; LC = low concentrate feed proportions.

https://doi.org/10.1371/journal.pone.0286995.t001
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Blood parameters

Serum metabolites. After parturition, serum glucose of dams had greater levels in CON

groups than in GLY groups (pGLY = 0.027, Fig 1A). NEFA, BHB, triglyceride, and cholesterol

levels remained unaffected by dietary treatments of dams during early gestation (Fig 1B–1E).

While chloride (pGLY = 0.005), sodium (pGLY = 0.025), and creatinine (pGLY = 0.043) was

greater in CON groups than in GLY groups, for urea highest levels in GLYLC and lowest levels

in GLYHC were detected (pGLY*CFP = 0.03; pCFP = 0.041, Table 2). Phosphorus levels were high-

est in GLYLC, followed by CONHC, GLYHC and CONLC (pGLY*CFP = 0.048), while activities of

AST were lowest in GLYHC (pGLY*CFP = 0.031). Levels of albumin, total protein, total bilirubin,

uric acid, calcium, potassium and activities of ALT, AP, GGT and GLDH were not influenced

by dietary treatment of dams during early gestation shortly after parturition (Table 2).

In calves, levels of blood glucose, cholesterol, triglycerides, and BHB remained unaffected

by treatments of dams (Fig 1A and 1C–1E), while lower levels of blood NEFA in calves of GLY

groups compared to those of CON groups (pGLY = 0.016, Fig 1B) were detected. Additionally,

a time-dependent increase of NEFA levels within the first 105 minutes after birth were

observed, which is reflected by a significant Spearman´s rank correlation (R = 0.76, p<0.001;

S1A Fig). Except for blood potassium and urea levels, no influence of GLY or CFP was

observed for any other analyzed clinical-chemical trait in newborn calves (Table 2). Potassium

levels were highest in GLYHC followed by CONLC, GLYLC and CONHC (pGLY*CFP = 0.004;

pGLY = 0.011), while urea levels showed highest levels in GLYLC and lowest levels in GLYHC

(pGLY*CFP = 0.049, Table 2, S1B Fig).

Hematology and antioxidative status

In dairy cows, red cell distribution width was higher in LC groups than in HC groups

(pCFP<0.001) and plateletcrit levels were highest in CONHC and GLYLC (pGLY*CFP = 0.038),

while erythrocytes, platelets, hemoglobin, and other related indices remained unaffected by

dietary treatment of dams (S2 Table). After parturition, activities of the antioxidative enzymes

GPx and SOD in erythrocytes (S2 Table) as well as white blood profile of dams showed no

influences of dietary treatment (CFP, GLY) during gestation (S3 Table).

In newborn calves, no influences of maternal GLY or CFP treatments during gestation

were observed for any of the analyzed parameters regarding red blood profile, platelets,

related indices, and erythrocyte antioxidative status (S2 Table), while red cell distribution

width was lower in GLY groups (pGLY = 0.047) and platelet distribution width was lower in

LC groups (pCFP = 0.029) compared to their respective groups (CON and HC). With regard

to the white blood profile of calves after birth, highest proportion of lymphocytes was

detected in calves of group GLYHC followed by GLYLC, CONLC, and CONHC (pGLY = 0.02,

Fig 2A), while leukocyte count (white blood cells) was highest in CONHC and lowest in

GLYLC (pGLY = 0.028, Fig 2B). Granulocyte counts were higher in CON groups than in GLY

groups (pGLY = 0.032, Fig 2B), while granulocyte proportions showed lowest levels in

GLYHC, increasing in CONLC, GLYLC, CONHC (pGLY*CFP = 0.009, Fig 2A). However, cell

counts and proportions of monocytes and eosinophils remained unaffected by treatment of

dams during gestation for 16 weeks (Fig 2).

Gene expression analysis in leukocytes

After parturition, expression levels of all genes of interest in blood leukocytes of cows

remained unaffected by the treatments (GLY, CFP) during early gestation (S4 Table).

In blood leukocytes of calves, mRNA abundances of toll like receptor 4 (TLR4) were higher

in HC groups compared to LC groups (pCFP = 0.037), while free fatty acid receptor (FFAR2), G
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Fig 1. Influence of glyphosate residues and different concentrate feed proportions in diets fed during early

gestation on serum metabolites in dams and calves after parturition. Depicted are serum glucose (A), non-esterified

fatty acids (NEFA, B), β-hydroxybutyrate (BHB, C), triglycerides (D) and cholesterol (E) of dams (grey) and calves

(white) after parturition and before calves had colostrum intake. Dams received glyphosate-contaminated (GLY

groups) or control (CON groups) rations in combination with low (LC, 30%) or high (HC, 60%) concentrate feed

proportions (CFP) for 16 weeks in mid- and late-lactation and during early gestation (dams: CONHC, n = 9; CONLC,

n = 11; GLYHC, n = 10; GLYLC, n = 9; calves: CONHC, n = 9; CONLC, n = 11; GLYHC, n = 9; GLYLC, n = 9). Values are

represented as non-transformed (square) or Box-Cox back-transformed (triangle) Lsmeans with 95% confidence

intervals, while violin plots depict distribution of data. * shows significant effects; significant p-values for glucose of

dams (pGLY = 0.027, A) and NEFA in calves (pGLY = 0.016, B). For all other variables: p>0.05 (GLY, CFP, GLY*CFP).

https://doi.org/10.1371/journal.pone.0286995.g001
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protein-coupled receptor 84 (GPR84), GPX1, neutrophil cytosolic factor 1 (NCF1), NFKB

inhibitor alpha (NFKBIA), nuclear receptor subfamily 3 group C member 1 (NR3C1), Rac fam-

ily small GTPase 2 (RAC2), RELA proto-oncogene, NF-kB subunit (RELA) and SOD2
remained unaffected by treatment of dams (Table 3).

Table 2. Influences of glyphosate residues and different concentrate feed proportions on serum metabolites in dams and calves after parturition and before calves

had colostrum intake. Experimental diets were fed for 16 weeks in mid- and late-lactation and during early gestation.

Group of dams p-value

Animal CONHC CONLC GLYHC GLYLC GLY CFP GLY*CFP

Albumin [g/L] Dams 32.48 [31.03, 33.93] 33.29 [31.98, 34.60] 32.11 [30.74, 33.49] 32.39 [30.94, 33.84] 0.365 0.436 0.700

Calves 27.21 [26.19, 28.23] 28.03 [27.11, 28.96] 26.45 [25.43, 27.47] 27.13 [26.11, 28.15] 0.099 0.134 0.883

Total protein [g/L] Dams 66.64 [61.78, 71.48] 69.44 [65.05, 73.83] 63.41 [58.81, 68.02] 67.99 [63.14, 72.84] 0.318 0.118 0.702

Calves 42.7 [40.67, 44.73] 44.55 [42.71, 46.38] 41.45 [39.42, 43.48] 42.24 [40.21, 44.27] 0.077 0.185 0.590

Total bilirubin [μmol/L] Dams# 6.56 [4.72, 9.41] 5.45 [4.09, 7.43] 7.08 [5.14, 10.03] 6.50 [4.67, 9.31] 0.442 0.406 0.750

Calves# 6.27 [4.30, 9.49] 6.39 [4.53, 9.30] 4.41 [3.12, 6.43] 7.43 [5.02, 11.47] 0.564 0.153 0.183

AP [μkat/L] Dams 1.28 [1.02, 1.53] 1.23 [1.00, 1.46] 1.30 [1.06, 1.55] 1.17 [0.91, 1.43] 0.905 0.460 0.722

Calves# 3.45 [2.45, 5.02] 4.09 [2.96, 5.83] 3.2 [2.28, 4.62] 2.65 [1.92, 3.76] 0.141 0.931 0.297

AST [μkat/L] Dams# 1.31 [1.17, 1.53] 1.25 [1.14, 1.40] 1.16 [1.07, 1.28] 1.42 [1.25, 1.72] 0.894 0.184 0.031

Calves# 0.32 [0.26, 0.42] 0.34 [0.28, 0.43] 0.35 [0.28, 0.47] 0.33 [0.27, 0.44] 0.720 0.960 0.687

ALT [μkat/L] Dams# 0.42 [0.37, 0.48] 0.42 [0.37, 0.47] 0.42 [0.37, 0.47] 0.42 [0.37, 0.48] 0.988 0.945 0.818

Calves 0.17 [0.14, 0.19] 0.15 [0.13, 0.18] 0.18 [0.15, 0.21] 0.17 [0.14, 0.19] 0.372 0.374 0.998

GGT [μkat/L] Dams 0.43 [0.37, 0.46] 0.40 [0.35, 0.46] 0.43 [0.37, 0.49] 0.45 [0.39, 0.51] 0.495 0.890 0.427

Calves 0.26 [0.20, 0.33] 0.3 [0.24, 0.36] 0.24 [0.17, 0.30] 0.2 [0.17, 0.30] 0.173 0.620 0.525

GLDH [μkat/L] Dams 0.17 [0.09, 0.25] 0.18 [0.11, 0.24] 0.16 [0.08, 0.23] 0.25 [0.04, 0.17] 0.442 0.197 0.258

Calves# 0.05 [0.03, 0.07] 0.05 [0.04, 0.07] 0.05 [0.03, 0.07] 0.05 [0.04, 0.07] 0.746 0.771 0.974

Urea [mmol/L] Dams 2.09 [1.48, 2.71]
ab 2.05 [1.49, 2.61]

ab 1.57 [0.98, 2.16]
a 2.85 [2.24, 3.47]

b 0.638 0.041 0.030

Calves# 1.7 [1.36, 2.22] 1.63 [1.34, 2.05] 1.35 [1.12, 1.69] 2.07 [1.60, 2.82] 0.906 0.103 0.049

Uric acid [μmol/L] Dams# 30.07 [25.85, 30.7] 30.20 [26.32, 35.00] 27.70 [24.13, 32.13] 29.95 [25.75, 35.25] 0.542 0.577 0.617

Calves# 53.88 [42.83, 68.73] 47.4 [38.74, 58.63] 59.59 [47.10, 76.52] 46.84 [37.52, 59.24] 0.703 0.111 0.625

Calcium [mmol/L] Dams# 1.63 [1.23, 2.0] 1.77 [1.43, 2.11] 1.77 [1.40, 2.11] 2.13 [1.76, 2.48] 0.168 0.156 0.535

Calves# 3.09 [2.91, 3.15] 3.06 [2.89, 3.20] 3.06 [2.86, 3.22] 3.02 [2.82, 3.18] 0.688 0.693 0.966

Chloride [mmol/L] Dams 111.24 [108.85, 113.64] 109.76 [107.59, 111.93] 108.05 [105.78, 110.33] 106.20 [103.80, 108.60] 0.005 0.152 0.871

Calves 100.67 [98.82, 102.53] 102.19 [100.51, 103.86] 100.22 [98.37, 102.08] 100.0 [98.14, 101.85] 0.148 0.475 0.335

Potassium [mmol/L] Dams# 4.39 [3.87, 5.18] 4.13 [3.73, 4.69] 4.02 [3.63, 4.57] 3.89 [3.52, 4.41] 0.228 0.437 0.865

Calves# 4.39 [4.22, 4.60]
a 4.8 [4.57, 5.71]

ab 5.17 [4.81, 5.71]
b 4.75 [4.50, 5.07]

ab 0.011 0.608 0.004

Phosphorus [mmol/L] Dams 1.28 [0.99, 1.57] 1.01 [0.74, 1.27] 1.04 [0.76, 1.31] 1.33 [1.04, 1.62] 0.770 0.948 0.048

Calves# 2.84 [2.36, 3.58] 2.99 [2.50, 3.72] 2.48 [2.10, 3.02] 2.44 [2.08, 2.97] 0.078 0.861 0.739

Sodium [mmol/L] Dams 147.17 [145.05, 149.29] 145.95 [144.02, 147.87] 144.90 [142.88, 146.91] 143.51 [141.38, 145.63] 0.025 0.203 0.935

Calves 139.59 [137.51, 141.67] 140.94 [139.06, 142.82] 138.83 [136.761, 140.91] 138.52 [136.44, 140.60] 0.121 0.610 0.412

Creatinine [μmol/L] Dams 117.01 [105.50, 128.53] 113.44 [103.02, 123.85] 109.86 [98.93, 120.78] 97.58 [86.07, 109.10] 0.043 0.156 0.432

Calves# 214.38 [164.74, 280.0] 212.29 [166.74, 270.29] 227.68 [174.33, 297.37] 206.53 [158.13, 269.74] 0.899 0.679 0.735

Values are presented as non-transformed or Box-Cox back-transformed (#) Lsmeans with 95% confidence limits [lower limit, upper limit]. Different superscripted

letters indicate significant differences between groups. AP = alkaline phosphatase; AST = aspartate aminotransferase; ALT = alanine aminotransferase;

CFP = concentrate feed proportions; CON = control; GGT = γ-glutamyltransferase; GLDH = glutamate dehydrogenase; GLY = glyphosate; HC = high concentrate feed

proportions; LC = low concentrate feed proportions; Dams: CONHC, n = 9; CONLC, n = 11; GLYHC, n = 10; GLYLC, n = 9; Calves: CONHC, n = 9; CONLC, n = 11;

GLYHC, n = 9; GLYLC, n = 9.

https://doi.org/10.1371/journal.pone.0286995.t002
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Functional properties of immune cells

Proportions of subpopulations of lymphocytes expressing CD4 molecule and CD8 expressing

cells of dams were not influenced by dietary treatment (Fig 3A and 3C), while MFI of CD4

+ cells were highest in GLYHC and lowest in CONHC (pGLY*CFP = 0.042, Fig 3B).

In newborn calves, proportions of CD8+ cells were elevated in CONLC followed by GLYHC,

CONHC and GLYLC (pGLY*CFP = 0.039, Fig 3C), while proportions of CD4+ and respective MFI

of both cell types remained unaffected by dietary treatment of the dams (Fig 3A, 3B and 3D).

Measurements of intracellular ROS production in PMN revealed no influences of GLY or

CFP in dams and calves after parturition and before calves had colostrum intake on propor-

tions and MFI of basal and stimulated ROS forming cells (S5 Table).

Measurements of proportions and capacity of phagocytic cells revealed higher proportions

in GLY groups than in CON groups of dams (pGLY = 0.026, Fig 4A). In calves, proportion of

phagocytic cells was highest in GLYLC followed by CONHC, GLYHC and CONLC (pGLY*CFP =

0.045, Fig 4A), while capacity was increased in the CON groups (pGLY = 0.030, Fig 4B).

Fig 2. Influence of glyphosate residues and concentrate feed proportions on white blood profile in maternally

exposed calves after parturition. Depicted are proportions (A) and cell counts (B) of lymphocytes (LY), granulocytes

(GR), eosinophils (EO) and monocytes (MO) (decreasing shades of black to white) and white blood cell count as sum

of cell counts (leukocytes) after parturition and before colostrum intake. Dams received glyphosate-contaminated

(GLY groups) or control (CON groups) rations in combination with low (LC, 30%) or high (HC, 60%) concentrate

feed proportions (CFP) for 16 weeks in mid- and late-lactation and during early gestation (calves: CONHC, n = 8;

CONLC, n = 10; GLYHC, n = 9; GLYLC, n = 9). Values are presented as Box-Cox back-transformed (proportions of LY,

GR, EO, MO) Lsmeans or as means (cell counts of LY, GR, EO, MO and leukocytes). (A): significant p-values for LY

(pGLY = 0.020), GR (pGLY*CFP = 0.009); (B): significant p-values for leukocytes (GLY = 0.028) and GR (pGLY = 0.032).

For all other variables: p>0.05 (GLY, CFP, GLY*CFP).

https://doi.org/10.1371/journal.pone.0286995.g002
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Proportions of early and late apoptotic (Fig 4C–4F) as well as necrotic PMN and PBMC

(S6 Table) in calves displayed no significant effects related to the treatments of dams. In dams,

with exception of an elevated proportion of early apoptotic PBMC in the CON groups (pGLY =

0.03), neither the proportions of apoptotic (early and late, Fig 4C–4F) nor necrotic blood cells

(PMN and PBMC, S6 Table) were affected by dietary treatments of dams during early

gestation.

DNA damage indicators

Results of the comet assay of blood leukocytes showed no influence of dietary treatments of

dams on Tail DNA and Olive tail moment of dams and calves (S7 Table).

Discussion

During gestation, the development of the fetus as well as the postnatal health of the offspring

might be influenced by maternal nutrition [1]. Although nutrient requirements of the develop-

ing fetus vary in different stages of embryonic life, maternal nutrition influences pre- and post-

natal development depending on the fetal stage [1]. From a quantitative viewpoint, nutrient

requirements are low during the first months of gestation and increase with exponential

growth of the fetus during the last 2 months of parturition [1]. In parallel, maternal exposure

to various stressors, such as environmental conditions or exposure to toxic substances, can

affect fetal development adversely [1, 2]. Therefore, next to putative effects of GLY as active

substance in non-selective herbicides on the orally exposed dam [7], effects of in utero GLY

exposure on livestock’s offspring, such as pigs [14, 15] or dairy cows, are of scientific interest.

As effects of GLY were reported for offspring of pigs [14] and mice [17], developing calves

might also be affected by GLY residues in the rations of dairy cows during gestation. For this

reason, pregnant cows used in the present study originated from a feeding trial recently

described by several authors [6, 18–20]. The number of cows used in this study does not repre-

sent a sample size that enabled the detection of significant treatment effects for a number of

parameters. Therefore, the interpretability is limited for those parameters not reaching

Table 3. Effects of glyphosate and different concentrate feed proportions in cow’s rations on mRNA abundances of genes of interest in blood leukocytes of calves

after birth and before colostrum intake. Experimental diets were fed for 16 weeks in mid- and late-lactation and during early gestation.

Experimental group of dams p-value

CONHC (n = 9) CONLC (n = 11) GLYHC (n = 9) GLYLC (n = 9) GLY CFP GLY* CFP

FFAR2 0.14 [0.09, 0.22] 0.12 [0.08, 0.19] 0.12 [0.08, 0.19] 0.13 [0.08, 0.20] 0.870 0.879 0.723

GPR84 0.40 [0.22, 0.72] 0.23 [0.14, 0.40] 0.28 [0.16, 0.51] 0.28 [0.15, 0.50] 0.745 0.327 0.353

GPX1 0.72 [0.57, 0.92] 0.59 [0.48, 0.74] 0.68 [0.53, 0.86] 0.63 [0.49, 0.80] 0.965 0.249 0.585

NCF1 0.54 [0.39, 0.75] 0.37 [0.28, 0.50] 0.45 [0.33, 0.63] 0.43 [0.31, 0.59] 0.913 0.175 0.321

NFKBIA 0.85 [0.65, 1.10] 0.65 [0.52, 0.82] 0.71 [0.54, 0.91] 0.65 [0.51, 0.85] 0.476 0.187 0.460

NR3C1 0.83 [0.65, 1.06] 0.65 [0.52, 0.81] 0.81 [0.63, 1.03] 0.71 [0.56, 0.91] 0.787 0.122 0.609

RAC2 0.71 [0.56, 0.89] 0.61 [0.50, 0.75] 0.64 [0.51, 0.80] 0.56 [0.44, 0.70] 0.394 0.199 0.970

RELA 0.80 [0.60, 1.06] 0.65 [0.50, 0.84] 0.70 [0.53, 0.93] 0.65 [0.49, 0.87] 0.645 0.335 0.632

SOD2 0.33 [0.23, 0.47] 0.21 [0.15, 0.28] 0.22 [0.16, 0.32] 0.22 [0.15, 0.31] 0.313 0.149 0.199

TLR4 0.69 [0.49, 0.97] 0.42 [0.31, 0.57] 0.54 [0.39, 0.76] 0.44 [0.32, 0.62] 0.578 0.037 0.360

Values are presented as log back-transformed Lsmeans with 95% confidence limits [lower limit, upper limit]. CFP = concentrate feed proportion; CON = control;

GLY = glyphosate; FFAR2 = free fatty acid receptor 2; GPR84 = G protein-coupled receptor 84; GPX1 = glutathione peroxidase 1; HC = high CFP; LC = low CFP; NCF1
= neutrophil cytosolic factor 1; NFKBIA = NFKB inhibitor alpha; NR3C1 = nuclear receptor subfamily 3 group C member 1; RAC2 = Rac family small GTPase 2; RELA
= RELA proto-oncogene, NF-kB subunit; SOD2 = superoxide dismutase 2; TLR4 = toll like receptor 4.

https://doi.org/10.1371/journal.pone.0286995.t003
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significance. However, we consider that this data and the supporting metabolic measures, will

provide others with data that may be pooled in future studies on exposure of cows to GLY.

Due to agricultural conditions, the number of pregnant animals and consequently the number

Fig 3. Relative proportions and mean fluorescence intensities (MFI) of CD4+ and CD8+ cells of total peripheral

blood mononuclear cells in dams and calves after parturition. Experimental diets were fed for 16 weeks diets fed for

16 weeks in mid- and late-lactation and during early gestation. Depicted are proportions of CD4+ (A) and CD8+ (C)

cells as well as respective MFI (CD4+: B; CD8+: D) of dams (grey) and calves (white) after parturition and before calves

had colostrum intake. Dams received glyphosate-contaminated (GLY groups) or control (CON groups) rations in

combination with low (LC, 30%) or high (HC, 60%) concentrate feed proportions (CFP) for 16 weeks in mid- and late-

lactation and during early gestation (dams: CONHC, n = 9; CONLC, n = 11; GLYHC, n = 10; GLYLC, n = 9; calves:

CONHC, n = 9; CONLC, n = 11; GLYHC, n = 8; GLYLC, n = 7). Values are represented as non-transformed (square),

Box-Cox back-transformed (triangle) Lsmeans or means (diamond) with 95% confidence interval, while violin plots

depict distribution of data. * shows significant effects; significant p-values for CD4+ (MFI x 103) of dams (pGLY*CFP =

0.042, B) and CD8+ proportions of calves (pGLY*CFP = 0.039, C). For all other variables: p>0.05 (GLY, CFP,

GLY*CFP).

https://doi.org/10.1371/journal.pone.0286995.g003
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Fig 4. Phagocytic activity, early and late apoptotic polymorphonuclear leukocytes and peripheral blood

mononuclear cells in dams and calves after parturition. Depicted are proportions (A) and mean fluorescence

intensity (MFI; B) of phagocytic polymorphonuclear leukocytes (PMN), proportions of early and late apoptotic PMN

(C, D) and peripheral blood mononuclear cells (PBMC; E, F) of dams (grey) and calves (white) after parturition and

before calves had colostrum intake. Dams received glyphosate-contaminated (GLY groups) or control (CON groups)

rations in combination with low (LC, 30%) or high (HC, 60%) concentrate feed proportions (CFP) for 16 weeks in

mid- and late-lactation and during early gestation (Dams: CONHC, n = 9; CONLC, n = 11; GLYHC, n = 10; GLYLC,
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of calves was limited. Dams of this study were exposed to GLY residues for 16 weeks at differ-

ent stages of early gestation followed by a depletion period. This period was included due to

technical reasons, such as feed adaptation during dry period, limiting the putative experimen-

tal period within a dairy cow herd with seasonal calving or limited production of experimental

feedstuff. Despite using the same feedstuff batches over the experimental period, application

mode might have influenced as a confounding variable, since treated crops were located at dif-

ferent sections of the FLI Research Station.

For the subset of animals used in the present study, average daily GLY exposure was 1.2

(CONLC), 1.1 (CONHC), 112.6 (GLYLC) and 130.3 μg/kg body weight (GLYHC). Higher GLY

exposure in GLYHC might be a consequence from increased dry matter intake during the first

weeks of feeding compared to GLYLC. However, the present study investigated the occurrence

of putative long-term GLY effects on dam and offspring, which might lead to pathological

changes that persist until parturition irrespective of a depletion period after GLY exposure.

In general, transitional cows are faced with nutritional, physiological, and energetical chal-

lenges resulting from/in physiological adaptions and dynamic changes associated with the

homeostatic and homeorhetic adaptations around calving as reviewed [42, 43]. Next to e.g.,

impairments of the immune system and increased oxidative stress, negative energy balance

characterize the transition period [42, 43]. Until parturition, energy is required for mainte-

nance purposes, colostrogenesis and fetus growth, whereas postpartum high energy needs for

the onset of lactogenesis on the one hand, and only slowly increasing feed and energy intake

on the other hand lead to energy deficits [44–46]. This negative energy balance postpartum is

in general paralleled by an increase of blood NEFA and BHB levels [44]. However, parturition

itself is a stressful and energy consuming event [47]. In the present trial, no influence of GLY

or CFP fed during early gestation was observed on dams’ blood levels of BHB, NEFA, choles-

terol, or triglycerides, indicative for energy metabolism, while glucose levels were slightly

decreased in GLY groups compared to CON groups after parturition. Although postpartum
significant effects of GLY feeding in early gestation were observed for blood glucose, chloride,

sodium, creatinine concentrations, and in combination with different CFP for phosphorus

concentrations and AST activity in dams, it must be noted that a recent study has demon-

strated characteristic time-dependent physiological adaptions after parturition [48, 49]. These

results urge attention to the exact sampling time in relation to the calving process. For experi-

mental reasons, in this study, sampling after calving differed from 5 to 345 min and, due to

this time factor, an additional cow-specific variation existed, which is difficult to interpret.

Furthermore, levels were comparable to values measured in post-calving cows at the same

research institute (glucose, phosphorus, chloride, sodium [49]) or comparable to reference val-

ues (creatinine, AST [50]) and thus corresponding to physiological values.

However, a focus of the present study was the investigation of putative effects of an in utero
GLY exposure on the offspring of GLY-exposed dams. In general, no evidence for malforma-

tions in newborn calves could be collected, which is in accordance to observations in Wistar

rats [9] and contrary to those in pigs [14]. While the rats were treated with 70 mg GLY/kg BW/

d during gestational day 5 until postnatal days 15 or 60 [9], malformations in piglets were

n = 9; Calves: CONHC, n = 8 (9 samples for apoptotic cells measurements); CONLC, n = 11 (10 samples for apoptotic

cells measurements); GLYHC, n = 9; GLYLC, n = 7). Values are represented as non-transformed (square), Box-Cox

back-transformed (triangle) Lsmeans or means (diamond) with 95% confidence interval, while violin plots depict

distribution of data. * shows significant effects; significant p-values for proportions of phagocytic PMN of dams (pGLY

= 0.026, A) and calves (pGLY*CFP = 0.045, A), for capacity of phagocytic PMN of calves (pGLY = 0.030, B) as well as

proportions of early apoptotic PBMC of dams (pGLY = 0.030, E). For all other variables: p>0.05 (GLY, CFP,

GLY*CFP).

https://doi.org/10.1371/journal.pone.0286995.g004
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associated to 0.87 to 1.13 mg GLY/kg feed fed to sows. However, no adequate data regarding

feed analyses or control animals were shown [14]. Absence of GLY effects on offspring’s birth

weight in the present study, by contrast, were in accordance to studies in rats treated with 50–

1000 mg GLY/kg BW/d during different periods of gestation [9, 10, 16].

Immediately after birth, neonatal calves need to adapt to various challenges such as chang-

ing from continuous maternal nutrient supply to discontinuous energy intake via colostrum

or milk [51]. As reviewed [51], in neonatal calves hepatic glycogen is usually the first energy

source leading to euglycemia after birth, while plasma glucose levels persist on levels higher

than 3.5 mmol/L if no milk intake occurs within 24h after birth. In the present study, NEFA

levels were lower in calves of GLY groups compared to those of CON groups which possibly

resulted from coincidentally shorter timeframes between birth and sample collection in GLY

groups than in CON groups. This is reflected in time-dependent NEFA levels within the first

105 minutes after birth and before colostrum intake (Spearman´s rank correlation R = 0.76,

p<0.001, S1A Fig). This time-dependent pattern indicated the ability to provide NEFA for

energy supply by fat mobilization in agreement with previous observations [51–53].

This increase in blood NEFA levels, as indicators for fat mobilization and/or elevated stress

levels after birth due to delayed colostrum intake, might affect immune responses of calves [44,

54]. Thus, and in order to analyze putative GLY associated effects, hematological parameters

such as leukocytes counts and their subtypes were evaluated.

In contrast to red blood profile and platelet-associated parameters, some parameters within

the white blood profile showed significant GLY effects in calves. However, regarding total leu-

kocytes, slightly lower mean counts observed in GLY groups (10.6 ± 5.2 103/μL) compared to

CON groups (12.6 ± 3.7 103/μL) were comparable to values in newborn calves irrespective of

treatment (10.03 ± 1.18 109/L; [55]). Additionally, GLY effects on proportions of lymphocytes

and granulocytes were significant but weak and showed only slight differences between mean

proportions when contrasting GLY groups and CON groups (lymphocytes: 30.7% ± 1.6 vs.

24.5% ± 1.1; granulocytes: 61.8% ± 6.6 vs. 67.6% ± 5.7). Comparing the results found in new-

born calves with those from adult cattle, different CFP and/or experimental time influenced

total lymphocyte and granulocyte counts in dairy cows [20]. No adverse effects of GLY were

observed upon these practical GLY exposure conditions (average GLY exposure: 122.7 μg

GLY/kg BW/d [20]).

Selected gene expression analyses were performed to substantiate findings of the present

experiment (NEFA receptor related genes) or findings putatively associated to GLY exposure.

Also genes related to oxidative status were analyzed for expression on mRNA level since differ-

ences in mRNA levels had been observed in GLY-treated rats as discussed below [56]. In the

present study, analyzed parameters related to blood’s oxidative status (SOD and GPx activities,

FRAP) of neonatal calves were not influenced by dietary treatment. Additionally, leukocyte

expression of oxidative status related genes SOD2, GPX1, NCF1, RAC2 was not influenced by

dietary treatment of the dams. While these results were in accordance with SOD and GPx

activities mentioned above, other authors reported significant changes in expression levels of

oxidative stress related genes in the brain of male Wistar rats at postnatal day 90 after maternal

exposure to Glyphosate Roundup1 Transorb from gestational day 19 until birth [56]. While

increasing expression levels of GPX1 in the cerebellum of animals treated with 50 mg GLY/kg/

d were observed, SOD1 and SOD2 expression levels remained unaffected in the cortex and cer-

ebellum [56]. For SOD2 this is in accordance with results in leukocytes of newborn calves. De

Souza et al. [56] used GLY concentrations that were elevated by orders of magnitude in com-

parison to the present study. Additionally, laboratory animals and brain samples were used

instead of leukocytes and rats were exposed until the end of gestation without depletion

period, possibly explaining differences in observations.
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As reviewed [44, 54], different blood metabolites have an influence on immune cells in dif-

ferent ways. Glucose serves as the preferred metabolic fuel, while other metabolites have

immunostimulatory or immunosuppressive effects (NEFA [57, 58]). Irrespective of the time-

related pattern, a putative effect of GLY on NEFA levels might have consequently affected

functional properties of blood cells such as ROS production ability of bovine PMN [58].

In the present experiment, significant effects of GLY or CFP on proportions and MFI of

basal and stimulated ROS producing PMN at parturition were neither observed in newborn

calves nor in dams, while a significant interaction between CFP and time was found for stimu-

lated ROS production in dairy cows fed different CFP for 16 weeks [20]. During the depletion

period appropriate diets in accordance with the individual milk yield were fed, which might

have masked this effect at parturition, while an influence of GLY was not observed at any ana-

lyzed time.

In accordance with results in dairy cows upon GLY exposure [20], no genotoxic effects of

GLY or CFP were observed in the present study displayed by the absence of DNA damages in

bovine leukocytes measured by comet assay or by no adverse influences on apoptotic cells in

dams or newborn calves.

To our knowledge, the present experiment is the first study analyzing effects of maternal

exposure of GLY in combination with different CFP during early gestation on newborn dairy

calves in general and on multiple blood parameters such as functionality of blood cells in par-

ticular. It should be mentioned that exposure to conditions during late gestation, where fetal

growth is greatest [2], might have led to different results as have been observed and discussed

in the present study.

Discrepancies between results of the present and other studies might have occurred due to

different subjects in the studies (cattle vs. laboratory animals and cell types), analyzed tissues/

matrices (blood vs. e.g. brain), experimental designs (ex vivo and in vivo vs. in vitro), used dos-

ages or different surfactants/GBHs in the glyphosate formulation.

However, there were additional limitations regarding the present trial which should be kept

in mind when interpreting the results. In contrast to other studies, which analyzed effects of

GLY or GBHs in the offspring during or shortly after maternal exposure (postnatal) without

depletion time [9–11, 17, 56], dams of this study were exposed to GLY residues for 16 weeks at

different stages of early gestation followed by a depletion period. For this reason, the beginning

of maternal and, therefore, fetal exposure of 16 weeks varied between 21 and 107 days repre-

senting different stages of fetal development. Thus, we cannot exclude that a GLY exposure in

earlier states of embryonic and fetal development could have exerted adverse effects. Although

some traits showed GLY effects, possible effects of partus itself could not be excluded since

parturition is a stressful event for the dam and her calf. In the present study, different calving

ease did not show a balanced distribution within the groups. While two animals in GLYHC and

CONLC needed much assistance, including technical equipment, for all other animals no or lit-

tle assistance was provided. Therefore, measurements of stress-related parameters such as

blood cortisol levels, more detailed evaluation of calving ease as well as constant sampling

times after parturition should be addressed in further studies to better distinguish between

effects of GLY or effects of the parturition or a combination of both.

In summary, the magnitude of GLY effects observed for analyzed traits was low and might

not be reproducible. Since most effects were not significantly different between groups in a

post-hoc test, the magnitude of GLY effects was hardly pronounced and ranged within levels

already observed independent of xenobiotic exposure in other studies questioning the toxico-

logical relevance of these effects. Additionally, given the large number of tests conducted, there

is considerable potential for type I statistical error. Finally, a possibly existing relevance of GLY

effects on newborn calves and their dams should be addressed in further studies including
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exposure studies during complete or at least late gestation in combination with greater num-

bers of animals and synchronized time periods between birth and sample collection.

Conclusions

The present study aimed to investigate putative long-term effects of GLY residues in dairy cow

rations for 16 weeks during early gestation on the health of dairy cows and their offspring after

parturition. Any effects of GLY, CFP or interactions were weak and levels of parameters were

comparable to already observed levels from other studies. Additionally, these effects were pos-

sibly a function of Type I statistical error given the large number of tests conducted. Therefore,

it can be concluded that under applied experimental conditions, no evidence of teratogenic or

other clear effects of GLY or CFP on analyzed parameters of dams and their newborn calves

could be collected at parturition and before calves had colostrum intake or, even if existent,

effects are rather not consistent between early gestation and partus.

Supporting information

S1 Fig. Spearman’s rank correlation of serum non-esterified fatty acid (NEFA) levels in neo-

natal calves after birth and time between birth and blood sampling before colostrum intake

(A), as well as of urea levels of calves and dams after parturition (B). Calves were maternally

exposed to glyphosate-contaminated (GLY) or control rations (CON) and to high (HC) or low

(LC) concentrate feed proportions for 16 weeks in mid- and late-lactation and during early

gestation. Spearman´s rank correlation coefficients were calculated for all data (A, B) and addi-

tionally excluding data from calves with blood collection >250 min after birth (A).

(TIF)

S1 Table. Characterization of primers used in quantitative real-time PCR.

(XLSX)

S2 Table. Red blood profile, platelets and related indices and oxidative status in dams and

calves after parturition and before colostrum intake after feeding dams 16 weeks rations

with glyphosate residues and different concentrate feed proportions in mid- and late-lacta-

tion and during early gestation.

(XLSX)

S3 Table. Influence of glyphosate residues and different concentrate feed proportions in

diets fed for 16 weeks in mid- and late-lactation and during early gestation on white blood

profile in dams after parturition.
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S4 Table. Influence of glyphosate residues and different concentrate feed proportions in

diets fed for 16 weeks in mid- and late-lactation and during early gestation on leukocyte

gene expression in dams after parturition.
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S5 Table. Intracellular reactive oxygen species production of polymorphonuclear leuko-

cytes of dams and calves after parturition and before colostrum intake after feeding dams

16 weeks rations with glyphosate residues and different concentrate feed proportions in

mid- and late-lactation and during early gestation.

(XLSX)

S6 Table. Necrotic polymorphonuclear leukocytes and peripheral blood mononuclear

blood cells of dams and calves after parturition and before colostrum intake after feeding
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dams 16 weeks rations with glyphosate residues and different concentrate feed proportions

in mid- and late-lactation and during early gestation.
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S7 Table. DNA damage indicators in leukocytes of dams and calves after parturition and

before colostrum intake after feeding dams 16 weeks rations with glyphosate residues and

different concentrate feed proportions in mid- and late-lactation and during early gesta-

tion.

(XLSX)
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14. Krüger M, Schrödl W, Pedersen I. Detection of Glyphosate in Malformed Piglets. J Environ Anal Toxicol.

2014; 04(05).

15. Winters JFM, Foldager L, Krogh U, Nørskov NP, Sørensen MT. Impact of glyphosate residues in sow

diets on neonatal piglets: tail kinks, stillborn and diarrhoea. Livest. Sci. 2023; 269:105172.

16. Dallegrave E, Mantese FD, Coelho RS, Pereira JD, Dalsenter PR, Langeloh A. The teratogenic poten-

tial of the herbicide glyphosate-Roundup® in Wistar rats. Toxicol. 2003; 142(1–2):45–52. https://doi.

org/10.1016/s0378-4274(02)00483-6 PMID: 12765238

17. Ren X, Dai P, Perveen A, Tang Q, Zhao L, Jia X, et al. Effects of chronic glyphosate exposure to preg-

nant mice on hepatic lipid metabolism in offspring. Environ Pollut. 2019; 254(Pt A):112906. https://doi.

org/10.1016/j.envpol.2019.07.074 PMID: 31374489
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