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Abstract

The use of herbicides has increased over the last decades. Glyphosate is the most widely used herbicide commercialized in more
than 750 formulations. While information about glyphosate’s toxicity on different non-target aquatic organisms has been vastly
documented, we know little about the transgenerational effects in aquatic biota. This study determined the cross-generation
effects produced by the glyphosate-based herbicide Faena® on the American cladoceran Daphnia exilis. Measured endpoints
were survival, reproductive responses, metabolic biomarkers, and the size of neonates. D. exilis was exposed to glyphosate
concentrations of 2.09, 2.49, and 3.15 (mg L) (as content in Faena®) during 21 days starting from neonates, at 25°C, 16:8
photoperiod, fed with 8 x 10° cells mL ™! of Pseudokirchneriella subcapitata. The LCso was 4.22 mg L. Survival, accumulated
progeny, and the number of clutches in the parental generation (P,) were significantly higher than those observed in the first
generation (F;). Exposure to the herbicide completely inhibited reproduction in the F,. The size of the neonates varied among
treatments and broods in Py; nevertheless, neonate size (body and total lengths, as well as body width) was significantly affected
in F;. Toxic effects on the survival and reproduction of D. exilis were significantly increased in the F; exposed to Faena®. Results
warn about the augmented effect on progeny where parents were exposed to this herbicide. Multigenerational adverse effects
could be expected in freshwater zooplankton exposed to Faena®. The frequently claimed low toxicity of glyphosate must be
revised to control the indiscriminate use of this herbicide.
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Introduction

Agriculture is one of the most important ways to produce
foodstuffs for human consumption and animal raising.
Every year, agrochemicals are extensively used around
the world, most of them without restriction in their com-
mercialization and application in farmlands; consequently,
residual concentrations are being accumulated in the envi-
ronment (Gill et al. 2018). Pesticides are a group of natural
and synthetic substances used to eradicate agricultural
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pests, as well as human and livestock disease vectors
(Mnif et al. 2011). Residues of pesticides come into aquat-
ic ecosystems through agricultural drainage, urban sewage,
and surface runoff (Banaee et al. 2020), and also can be
moved to water via atmospheric process (Battaglin et al.
2014). Herbicides are used to control weeds in crops of
economic importance and lawns. Glyphosate
(N-(phosphonomethyl) glycine) is the herbicide most used
worldwide (Myers et al. 2016; Singh et al. 2020)); it is
marketed under different commercial denominations, be-
ing Roundup® the most popular brand (de Brito
Rodriguez et al., 2017). At present, glyphosate-based her-
bicides (GBH) are produced by many companies
(Woodburn 2000), with more than 750 commercial formu-
lations, accounting for a global consumption ranging from
0.6 to 1.2 x 10° tons every year (de Brito et al. 2017). In
Mexico, Faena® is a commercial formula used in agricul-
ture, aquaculture, and urban green areas (gardens and
lawns).
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Glyphosate is a broad-spectrum, non-selective contact her-
bicide, which persistence was formerly stated to be low in soil
and water (half-life of 60 and 35 days, respectively) (Leyva-
Morales et al. 2014; Kang et al. 2017). It is now recognized
that glyphosate and its metabolites persistence in soil and wa-
ter are more prolonged than previously documented (Myers
et al. 2016). Updated information indicates that glyphosate
half-life is variable in water, soil, and air, and depends on
environmental factors. For example, in seawater, this ranges
from 47 days (in low light) to 267 days (in darkness).
However, this time can increases to 315 days in the dark at a
higher temperature (Singh et al. 2020). Its success in agricul-
ture is due to its mode of action on target organisms.
Glyphosate affects the growth of weeds through inhibition
of the 5-enolpyruvylshikimate-3-phosphate synthase
(EPSPS), an enzyme necessary for the synthesis of aromatic
amino acids required for structural proteins and also useful for
metabolism and defense mechanisms (Duke and Powles
2008; Battaglin et al. 2009).

Different studies suggest that surfactants and other adju-
vants in commercial formulations are more toxic than glyph-
osate (Battaglin et al. 2009; Myers et al. 2016).
Polyoxyethylene tallow amine (POEA) is a common surfac-
tant included in glyphosate-based herbicides; it is assumed to
be the main responsible for the toxicity of the commercial
products in some aquatic organisms (Perkins et al. 2000;
Thompson et al. 2004). Tsui and Chu (2003) reported the
acute toxicity of POEA to be 1.15 mg L™ in C. dubia.
Other studies indicate that POEA’s acute toxicity in aquatic
organisms ranges from 0.097 to 2 mg L' (Giesy et al. 2000;
Brausch et al. 2007). Therefore, adjuvants’ contribution to
toxicity in GBH cannot be excluded, despite the type and
concentrations of these and other supposed inert substances
that are unknown for most of the commercial formulations in
many countries. The whole toxicity assessment provides an
essential measure of the impact that commercial formulations
produce in organisms, notwithstanding the co-formulants
added to the active substance are unknown. In the natural
environment, aquatic biota will be exposed to all the chemical
compounds included in the formulation.

The extensive use of this pesticide has grown exponentially
since its commercial launch in 1974 (Woodburn 2000). The
introduction of genetically modified crops resistant to glyph-
osate (corn, cotton, soybean, and canola) has contributed to
the increase in the production and sale of glyphosate-based
commercial formulations (Battaglin et al. 2014; Myers et al.
2016). Currently accumulated evidence of the environmental
impacts of this herbicide through toxic effects to the biota and
to the human (Gill et al. 2018) has conducted to the prohibi-
tion of glyphosate in many countries around the world, includ-
ing recently in Mexico.

Regarding the concentration of glyphosate in the aquatic
environment, in Southern México Ruiz-Toledo et al. (2014)

reported average values of 0.35 ug L' and 5.69 pg L' in dry
and rainy seasons, respectively. However, higher values, rang-
ing from 100 to 700 pg L™ have been measured in water-
courses in the Argentine pampa (Paravani et al., 2016).
Glyphosate has also been determined in groundwater in con-
centrations up to 2.6 ug L™, not only in agriculture areas but
also in urban areas where glyphosate has been intensively
used to control weeds in lawns, roads, streams, and drains
(Sanchis et al., 2012).

Based on its acute and dermal toxicity, glyphosate is clas-
sified into the class IV “slightly toxic” herbicide (U.S.
Environmental Protection Agency 2002). Notwithstanding,
the negative impacts of glyphosate on freshwater systems
have been extensively documented. Acute and chronic effects
on non-target organisms, like phytoplankton in one generation
bioassays (Tsui and Chu 2003; Qiu et al. 2013), fish (Kreutz
et al. 2011; Rondén-Barragén et al. 2012; Singh et al. 2020),
and crustaceans (Dominguez-Cortinas et al. 2008; Reno et al.
2018; Rodriguez-Miguel et al. 2018), have been reported, but
no multigenerational or transgenerational effects in aquatic
biota have been reported.

Recently, the impact of xenobiotics across generations has
been evaluated to determine whether the toxic effects in an
organism may persist in its subsequent generations. Inference
of toxic impacts based on the effects observed in the parental
generation is not enough to forecast damages in wild popula-
tions in natural environments (Hammers-Wirtz and Ratte
2000), nor to discard the impact on future generations in
aquatic biota.

Multigenerational exposure is a novel approach to deter-
mine the long-term impact of pollutants in more than one
generation in a population because the changes in the parental
generation can modify the behavior and health of individuals
in the next generations (Yu et al. 2013; Prud’homme et al.
2017). Skinner (2008) defines multigenerational effects of en-
vironmental factors (including chemical pollutants), as the
exposure that produces effects in multiple generations (in the
exposed pregnant mothers and their embryos). In contrast,
transgenerational effects are observed in consecutive genera-
tions, not involving direct progeny exposure.
Transgenerational toxic effects involve alterations in the epi-
genome mainly related to DNA methylation, which could be
associated with some changes in genes, producing hereditary
consequences in future generations. In contrast, multigenera-
tional exposure does not imply epigenetic process but dam-
ages in the progeny during gestation that has consequences in
the development of the filial generation. Both processes are
environmentally important regarding chemical pollution ef-
fects, but impacts in the structure and function in aquatic com-
munities are different.

An important factor that could determine the recovery and
persistence of a population exposed to a toxic pollutant for a
long time is the organisms’ capability to modify their
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tolerance through generations. Under these conditions, the
sensitivity of the organisms can be modified in consecutive
generations. Resistance could be expected when the individ-
uals can express inducible mechanisms that make them more
tolerant to the chemical stressor through improved physiolog-
ical defense and detoxification mechanisms. Nevertheless, in-
creased sensitivity could also be expected when some essen-
tial physiological processes are affected, and the progeny of
these individuals displays impaired responses to the same pol-
lutants. Cross generation effects have been observed in aquat-
ic biota (Corrales et al. 2014; Campos et al. 2016), and in
terrestrial invertebrates (Li et al. 2019), when they were ex-
posed to endocrine disruptors (Benzo[a]pyrene), and to syn-
ergistic additives for pesticides (piperonyl butoxide).

Relevant information about the cross-generation toxicity of
metals (Yu et al. 2013; Colombo et al. 2014), pharmaceutical
drugs (Prud’homme et al. 2017), hydrocarbons (Corrales et al.
2014; Prud’homme et al. 2017), and vertebrate-type estrogens
(Brennan et al. 2006) has been reported in different test models.
This information is pertinent to know the potential damage in
populations that survive under stressful conditions for a long
time in natural environments, as happens in zooplankters thriv-
ing in polluted freshwater bodies. At this respect both, the study
of multigenerational and transgenerational effects are important
to assess the long-term effects of chemical stressors in aquatic
ecotoxicology. The mechanisms involved in the routes of direct
exposure to the progeny in pregnant females, as well as the
induction to epigenetic transgenerational phenotypesare also
important in this sense.

In ecotoxicology, the reproduction test with Daphnia
magna is extensively used. A procedure using this cladoceran
(based on the OECD guideline 211, OECD 2004) has been
proposed to assess effects in two generations (Barata et al.
2017). Nevertheless, the study of impacts on other cladoc-
erans is needed to know the effect of chemical stressors in
succeeding generations. Daphnia exilis is a freshwater cladoc-
eran distributed in temperate to subtropical latitudes in North
Anmerica; it has been proposed as a test model in ecotoxicol-
ogy due to its taxonomic similarities with D. magna (Hairston
et al. 1999; Martinez-Jeronimo et al. 2008). Although
D. magna and D. exilis are included in the same taxonomic
complex (Ctenodaphnia subgenus), their sensitivity to the
same stressor differs substantially, as demonstrated for the
reference toxicant, hexavalent chromium, indicating a higher
sensitivity for D. exilis (Martinez-Jerénimo et al. 2008). The
use of alternative species with different geographical distribu-
tion can contribute to having a complete scenario to infer the
effects of pollutants on the aquatic biota.

Reproduction in D. exilis is essentially by parthenogenesis,
and the progeny is morphologically and genetically identical
to the parents. In cladocerans, differences in the body size of
neonates can happen in the clutches produced and released
during the life cycle. Nevertheless, there are external factors
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that determine the shape and body size in Daphnia. According
to Martinez-Jeronimo (2012), the temperature is a determining
factor that conditions the increase of the body size in
D. magna. Other abiotic factors which variation might in-
crease or decrease the boost of body size are photoperiod,
population density, quantity and quality of food, water com-
position, and biotic factors (Fontoura and Agostinho 1996;
Martinez-Jeronimo 2012), but chemical stress could be an
additional influence that can impact the size and the content
of macromolecules in daphnids.

Because during chronic and subchronic exposure of
daphnids to sublethal concentration of toxicants the progeny
of adult females could also be indirectly exposed and nega-
tively affected, the objective of this study was to determine
whether the herbicide Faecna®, as one of the most popular
commercial formulations of glyphosate, can produce multi-
generational toxic effects in a non-target species, the
American cladoceran D. exilis. To test this hypothesis, the
progeny produced in the F; was raised in the same concentra-
tions that the individuals were exposed in the parental gener-
ation. As endpoints, survival, reproduction, and biochemical
effects in the parental and filial generation were assessed. The
aim was to document the toxic multigenerational impacts of
this commercial herbicide in this zooplankter to warn about its
indiscriminate usage.

Materials and methods
Test organisms

Experiments were conducted using a clonal strain of D. exilis
fed the green microalga Pseudokirchneriella subcapitata.
Both strains were obtained from the plankton collection of
the Laboratorio de Hidrobiologia Experimental, Escuela
Nacional de Ciencias Bioldogicas, Instituto Politécnico
Nacional, Mexico City, Mexico. Cultures of 10 D. exilis fe-
males of the same age were maintained in 500-mL glass jars
with 350 mL of moderately hard reconstituted water (MHRW)
(96 mg L' NaHCO;, 60 mg L' CaSO,4+2H,0, 60 mg L'
MgSO,, 4 mg L' KCl, in 1000 mL deionized water), in
environmental chambers at 25 + 1°C and a 16:8 (light/dark-
ness) photoperiod, fed with P. subcapitata.

Pseudokirchneriella subcapitata was axenically cultured in
Bold’s basal medium (250 mg L' NaNOs, 25 mg L'
CaCl,*2H,0, 75 mg L™' MgS04*7H,0, 75 mg L'
K,HPO,, 175 mg L' KH,PO,, 25 mg L' NaCl, 4.98 mg
L' FeSO4+7H,0, 0.001 mL L' H,SO,, 11.42 mg L'
H;BOs, 50 mg L' EDTA, 31 mg L' KOH, 8.82 mg L'
ZnS0,4+7H,0, 1.44 mg L' MnCl,*4H,0, 0.71 mg L'
MoOs, 1.57 mg L™' CuS04+5H,0, 0.49 mg L' Co
(NO3),*6H,0, in 1000 mL deionized water), at 25 + 1°C with
continuous illumination for 10 days.
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Glyphosate

Glyphosate was used as the commercial formulation Faena®
(CAS:38641-94-0) (Monsanto Comercial, S. de R. L. de C.
V., Zapopan, Jal., Mexico). This product contains the potas-
sium salt of N-(phosphonomethyl) glycine (35.6% w/w equiv-
alent to 363 g L' of acid equivalent), and different adjuvants
of unknown composition and concentration, in an aqueous
base (64.4% w/w in total). In all experiments, a stock solution
containing the equivalent concentration of 500 mg L™ glyph-
osate was prepared.

Acute toxicity test

The acute toxicity of Faena® on D. exilis was determined to
select the subchronic concentrations used in the generational
experiments. The median lethal concentration (LCsy) was
established according to the guideline of the U.S.
Environmental Protection Agency (2002), testing the follow-
ing nominal concentrations considering the glyphosate con-
tent: 2, 3,4, 5, 6, and 7 mg L ! with three replicates for each
one; these values were selected after several range-finding
tests. MHRW was used as dilution water and as a negative
control. Test organisms were incubated at 25 + 1°C, 16:08-h
photoperiod (light: darkness) in an environmental chamber.
After 48 h, immobilized and death individuals were recorded.
Five different complete bioassays were used to determine the
average LCs.

Multigenerational effects

Subchronic 21-day experiments were performed to assess the
generational effects of Faena® on D. exilis, in the parental (P;)
and in the filial 1 generation (F;).

In the parental generation (P,), neonates (age < 24 h) of
D. exilis were exposed to corresponding sublethal concentra-
tions of glyphosate (mg L") equivalent to the previously de-
termined LCo; (2.09 mg L"), LC, (249 mg L"), and LC,
(3.15 mg L™ "). One neonate was placed in 150-mL jars con-
taining 100-mL test volume. Dilution water and negative con-
trol were MHRW. Pseudokirchneriella subcapitata (8 x10°
cells mL™") was supplied as food. Each treatment had ten
replicates. Test volume was completely renewed each 48 h.
Bioassays were incubated in an environmental chamber at 25
+ 1°C and 16:08-h (light: darkness) photoperiod. Survival,
accumulated progeny, age at first reproduction, and the num-
ber of clutches were daily recorded for 21 days.

To determine the cross-generation effects of Facna®, the
F, generation was prepared, starting with neonates obtained in
the third brood from the control and all the glyphosate con-
centrations in the parental groups (P). Ten neonates in each
case were randomly chosen and individually placed in
100-mL test volume, in 150-mL glass beakers, in the same

treatment in which the parents were grown. Maintenance,
feeding, and incubation conditions were the same as for the
P, organisms. Survival, accumulated progeny, age at first re-
production, and the number of clutches were daily recorded
for 21 days.

As abortions were observed, the number of aborted eggs
and embryos per female were also recorded in Py and F;.

Twenty neonates were randomly selected from six clutches
from the control and the different concentrations of glypho-
sate, and the body sizes were measured using an Olympus
SZ61 sterecomicroscope and CellSens® software v. 1.0.
Total length (TL, the distance from the anterior edge of the
head to the extreme of the caudal spine), body length (BL, the
distance from the anterior head edge to the base of the inser-
tion of the caudal spine), and the body width (BW, the max-
imum distance between the dorsal and the ventral margin of
the carapace) were determined.

Macromolecules analyses

The neonates of each brood in each treatment and generation
were collected in 1.5-mL Eppendorf tubes with 1 mL of
100 mM potassium-phosphate buffer (pH 7.2) and immedi-
ately stored at —20°C for macromolecule analyses.

The concentration of proteins, lipids, and carbohydrates in
D. exilis exposed to Faena® was determined only in the pa-
rental generation (P;) because herbicide exposure inhibited
reproduction in the F; completely. For each concentration of
herbicide, ten organisms were homogenized in 1 mL of
100 mM potassium phosphate buffer at pH 7.2 for 2 min.

Protein content was determined according to Bradford
(1976) in 100-uL samples, using bovine serum albumin as a
standard. The absorbance of samples and calibration curve
was read at 595 nm.

Total carbohydrates were determined according to Dubois
etal. (1951) in 200-uL samples. A standard solution of glucose
(1%) was used as a standard. Absorbance was read at 490 nm.

Lipids were quantified according to Zdllner and Kirsch
(1962) in 200-uL samples. Cholesterol was used to prepare
the standard solution. Absorbance was read at 525 nm.

Statistical analysis

The median lethal concentration (LCso) and 95% confidence
limits were calculated by the Probit method, using RA soft-
ware (Risk Hazard Assessment Tools, v. 1.0). Survival curves
were analyzed using the Kaplan-Meier’s method. One-way
analysis of variance (ANOVA) was used to determine signif-
icant differences in reproductive parameters (P < 0.05). LSD’s
pairwise comparisons test was used to establish differences
among treatments and control in accumulated progeny, the
number of clutches, and macromolecules content in P; and
F,. Differences in body size and age to first reproduction
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between the glyphosate treatments and the control were ana-
lyzed using Dunnett’s test. Sigma Plot ver. 11.0 and Statistica
v. 10.0 software were used for all the analyses.

Results
Acute toxicity of Faena® on D. exilis

The Probit determined median lethal concentration was
4.22 mg L™ of glyphosate (95% limits: 3.48-5.43 mg L ™).

Parental and cross-generation effect of Faena® on
D. exilis survival in chronic exposure

Survival curves of D. exilis exposed to sub-lethal concentra-
tions of glyphosate during 21 days in the P; and F; genera-
tions are shown, respectively, in Fig. 1a and b. Survival in
control conditions of both generations was 100%. In the Py,
a significant reduction in survival was determined at glypho-
sate concentrations of 2.09 (LCy ;) and 2.49 (LC,) mg L
nonetheless, survivors were recorded at the end of the test for
all concentrations. The percentage of survival was decreased
in F1 adults exposed to all the Faena® concentrations (Fig.
1b); all exposed cases were significantly different from the
control, with no survivors at the end of the test. At the 2.49
and 3.15 mg L™ of glyphosate concentrations, a 100% mor-
tality was documented at the 13th day, and 17 days for the
lowest glyphosate concentration (2.09 mg L™").

Reproductive effects of chronic exposure to Faena® in
the parental and filial generations of D. exilis

The accumulated progeny recorded in P and F; generations
of D. exilis exposed to Faena® for 21 days is shown in Fig. 2a.
In the parental generation, accumulated progeny decreased
significantly in all the glyphosate treatments, in a roughly
effect-concentration pattern. In the filial generation,

a
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Fig. 1 Survival of D. exilis exposed to three sub-lethal concentrations of
glyphosate (contained in Faena®): 2.09, (LCy ), 2.49 (LC;), and 3.15 mg
L' (LCyp) during 21 days. (a) P,, parental progeny. (b) F, filial
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reproduction was inhibited completely at the 2.49 and
3.15 mg L' concentrations and reduced to a minimum
(95% inhibition) in the lowest glyphosate concentration
(LSD’s test, P < 0.05). Accumulated progeny in P, was higher
than in F;. In P; some females produced eggs, but they were
released from the brood chamber before they completed their
development and are reported as abortions. Aborted eggs and
embryos were documented in all the glyphosate concentra-
tions in the Py, with the highest number for the 3.15 mg L!
glyphosate concentration (Fig. 2a). Abortions are a toxic ef-
fect of Faena® that negatively affected reproduction in the
parental generation, but herbicide exposure produced compar-
atively more adverse effects on reproduction in the F.

The number of clutches per female in both generations is
shown in Fig. 2b. In the parental generation, the number of
reproductive events in the treatments was significantly re-
duced compared with the control (P < 0.05), following a
dose-response trend. In the filial generation, a drastic reduc-
tion in fecundity was documented; this is associated with the
inhibition in reproduction observed at all glyphosate concen-
trations, which were significantly lower than the values ob-
served in the corresponding treatments in Py (LSD’s test, P <
0.05).

The average age to first reproduction observed in adults in
both generations is shown in Table 1. In P, a significant
reduction was observed at the two highest glyphosate concen-
trations. In F;, most females did not reach sexual maturity, and
a substantial delay in the starting of reproduction was docu-
mented at the lowest herbicide concentration. Infertility in F;
and abortions in P; were the toxic effects on reproduction
produced by exposure of D. exilis to the herbicide.

Effects on macromolecules content in the parental
and filial generations of D. exilis chronically exposed
to Faena®

The concentrations of proteins, carbohydrates, and lipids in
D. exilis exposed to Faena® are shown in Fig. 3a—c.

100 - ----c-cccccmcccccccccce e © © omgL"!
: 2.09mgL"
80 . A 249 mg L™
—_ - 315mgL"
3 I "
— ]
[ 60 '
'S ]
g '
n 40 !
]
]
20 A==y
**6— -A=-=-,
c g Kk %k

0 3 6 9 12 15 18 21
Time (Days)

generation. Asterisks indicate differences with respect to the control,
according to the Kaplan-Meier method (*P < 0.01, **P < 0.001), (n=10)
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Fig. 2 Effect of glyphosate in the parental (P;) and filial (F;) generations
of D. exilis after 21 days of exposure to three sub-lethal concentrations of
glyphosate (Faena®): 2.09, (LCy ), 2.49 (LC,), and 3.15 mg L' (LCyy).
(a) Accumulated progeny and, for Py, number of abortions. (b) Number

Macromolecules content was determined only in the parental
generation because the herbicide inhibited reproduction in the
filial generation. In the P, generation, proteins and lipids de-
creased at all glyphosate concentrations compared with the
control, whereas carbohydrates content was not affected by
the herbicide.

Effects on the neonate and adult sizes in the parental
and filial generations of D. exilis chronically exposed
to Faena®

Figure 4 shows the size of neonates of D. exilis exposed to
glyphosate in the P; (Fig. 4a, ¢, and e) and the F; generations
(Fig. 4b, d and f ), measured as the total length (TL), body
length (BL), and body width (BW). In F,, the inhibition of
reproduction was almost 100% at the 2.09, 2.49, and 3.15 mg
L' concentrations of glyphosate; for this reason, no measures
were available. Although no clear trends were identified, sig-
nificant smaller individuals were observed at the highest
glyphosate concentrations (P < 0.05, Dunnett’s test).

The size of neonates varied depending on the number of the
clutch, and this was also related to the age of mothers. The
BW was the most variable parameter among clutches,

BF

Clutches
(clutches per female)

2 a =
0 2.09 249 3.15

Glyphosate (mg L)

of clutches. Average values + standard error limits. For P; different
uppercase letters, and for F; different lowercase letters denote
significant differences (post hoc LSD test, P < 0.05), (n=10)

especially at 2.09 and 2.49 mg L' (P<0.05), whereas BL
and TL depicted significant differences only in the control.
In F,_ the reproduction was highly inhibited; as a result, it
was not possible to have a complete sample (z = 20 neonates)
to register the body size for each clutch. However, the results
in controls of F; indicated that the size of the progeny was
similar to that of P;.

Table 2 shows the size of adult females in P; and F; mea-
sured at the end of the experiments. There were significant
differences in the size of adults exposed to glyphosate, being
smaller in F; than in P;. In controls, adult females in F; were
significantly larger in TL and BL, compared with P;. At the
highest concentration (3.15 mg L"), data are not available
because the morphology of females was severely altered by
Faena®, and no measurements could be made.

Discussion

The 48-h LCs, obtained for D. exilis exposed to Faena® was
4.22 mg L' In comparison with other cladocerans, it is sim-
ilar to that reported for Simocephalus mixtus (5.27 mg L ™",
Rodriguez-Miguel et al. 2018), and D. magna (4.1 mg L™,

Table 1 Age to first reproduction

of D. exilis exposed to sublethal Generation

glyphosate concentrations

(included in Faena®) in the P F

Parental (P;) and Filial (F,)

generations Glyphosate n Breeding Age to first n Breeding Age to first
(mg LY females reproduction (d) females reproduction (d)
0 (control) 10 10 7.8+0.13 10 10 7+£0
2.09 10 10 7.6+0.31% 10 5 9.4 +0.36*
2.49 10 10 7.1 £0.1% 10 7+0
3.15 10 10 7.1 £0.1% 10 1 7

Significant differences with respect to the control are denoted by asterisks (Dunnett’s test, P < 0.05). Average

values =+ standard error, (n=10)
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Dominguez-Cortinas et al. 2008) for the same formulation
known as Faena®. Comparison with other results published
for GBH is difficult because formulations can vary from re-
gion to region and even at different times, being the precise
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uppercase letters. Inhibition of reproduction by all treatments in F; did
not allow performing these determinations, thus, only the results for the
control are shown (LSD’s test comparisons; P < 0.05), (n=10)

composition and concentration of the inert and adjuvants in-
gredients, as well as the chemical form of the active ingredient
in the commercial formulation, unknown, because this is clas-
sified as confidential business information (Mesnage et al.
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Table2  Size of adult females of D. exilis in generations P; and F; exposed to glyphosate (concentrations included in Faena®), (n=10)Glyphosate (mg
LY

Py F

TL (nm) BL (um) BW (um) TL (um) BL (um) BW (um)
0 (control)  #5057.27 +88.1 33295.85 +36.21 051.07 +£38.84  5321.15 127 33438.41 £70.9 2097.1 £67.71
2.09 ©44659.19 +83.4 £3071.30 +58.61 11905.59 £30.68  °#3370.96 +131 24225273 +76.17  "*#1444.81 +40.42
249 44795.62 +161.4  °3117.48 +83.81 11930.52 +69.74  #3258.41 +91.25 54211295 +67.02 129255 +37.64

Asterisks denote significant differences with the control (Dunnett’s test, P < 0.05). Different letters indicate differences among treatments according to
the LSD’s test (P < 0.05). 7L, total length; BL, body length; BW, body width. Average values + standard error

*%Size data not available

2019). For this reason, even for the same commercial brand,
differences in composition and toxicity could be expected.
Nevertheless, limited comparison can be made to know the
range of toxic effects that these formulations can produce in
non-target species for practical purposes. With this in mind,
for the Roundup® formulation tested by Alberdi et al. (1996)
and Tsui and Chu (2003), the reported acute toxicity is
539mgL ", 61.72mg L', and 66.18 mg L', respectively,
for the freshwater cladocerans Ceriodaphnia dubia,
D. magna, and Daphnia spinulata. Regarding other GBH,
Reno et al. (2015) determined LCsqo values of 14.49 and
0.31 mg L' for C. dubia exposed to Eskoba® and
Sulfonato Touchdown®, respectively. For D. magna, LCs,
values were 29.48 and 1.62 mg L™, respectively, for the same
products; these results evidenced that acute toxicity depends
on the commercial formulation, and could be mainly related to
the different adjuvants and inert ingredients. For
Simocephalus vetulus exposed to the glyphosate formulation
Eskoba® (48% w/v active ingredient content), Reno et al.
(2014) reported an ECs, value of 21 mg L indicating a
lower sensitivity of this cladoceran than D. exilis. The data
above confirms that the toxicity of this herbicide depends on
the commercial formulation but also that the toxic effects is
species-specific in cladocerans

The determined LCsq in C. dubia for the active ingredient,
isopropylamine salt of glyphosate, is 415 mg L', whereas for
the glyphosate acid it is 147 mg L™" (Tsui and Chu 2003),
evidencing toxicity differences in the active ingredients and
confirming that the adjuvants in the commercial formulations
contribute significantly to the toxicity of this herbicide. This
situation has been confirmed in different studies. Despite
glyphosate toxicity as the active ingredient could be compar-
atively reduced, chemical differences in the active ingredients,
as well as differences in the co-formulants, make difficult the
comparison of toxicity results. As opposite, Pochron et al.
(2020) reported contrary effects in soil animals (Eisenia
fetida), in which significant higher toxicity was observed in
organisms exposed to glyphosate than the effect observed in

two Roundup formulations; in this case, the microbial activity
could be responsible for the observed results. Surfactants in-
cluded in the GBH contribute to increased toxicity. Changes
in the surfactant have been made in some of the new formu-
lations aimed to reduce the herbicide toxicity to non-target
species (Mesnage et al. 2019). Nevertheless, the formula and
concentration of adjuvants and inert ingredients in the GBH
are unknown in most cases.

Here, we observed that GBH Faena® at sublethal concen-
trations caused significant toxic effects on D. exilis, mainly in
the F; generation. In the parental generation, the herbicide
formulation produced physiological effects that affected sur-
vival and reproduction in progenitors. When progeny were
exposed to the same concentrations at which the parents were
exposed, increased effects were observed. This outcome pro-
voked that, in the F;, fecundity was almost entirely reduced.
These increased toxic responses in the filial generation dem-
onstrate transgenerational effect where accumulated toxic re-
sponses in individuals under chemical stress could contribute
to the extinction of populations.

The survival in P; decreased to 50% with the 2.49 mg L™
(glyphosate) treatment, whereas in F, survival was signifi-
cantly reduced in all treatments. Campos et al. (2016) reported
that during toxicity bioassays, survival and reproduction could
be modified by the health status of the organisms before the
test started. In the present study, this residual effect can be
discarded because the health of test organisms was assured
as neonates from the third clutch were obtained from a healthy
standardized culture; for all experiments with the Py, organ-
isms were tested and had similar sizes and locomotion (OECD
2004). By doing this, we ensured that the exposure to Faena®
caused the observed effects in both in the parental and the filial
generations.

All the concentrations of the herbicide Faena® inhibited
reproduction in both generations. The F1 generation demon-
strates a virtually 100% decrease in reproduction across all
treatments. Rodriguez-Miguel et al. (2018) reported similar
effects in Simocephalus mixtus exposed to Faena® at
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concentrations ranging from 2.19 to 4.06 mg L™"; they report-
ed more than 50% abatement in reproduction for most treat-
ments, and 1 to 2 days delay in becoming sexually mature the
individuals. An increased number of abortions were also ob-
served at the highest Faena® concentrations. Similarly, Cuhra
et al. (2013) reported that in the Roundup® formulation they
assessed, 1.35 mg L™ produced 100% eggs abortion in
D. magna, confirming adverse effects on reproduction
through the interruption of egg development and the
expulsion of the brood chamber. Gill et al. (2018) reported
that Roundup® at 0.45 mg L' reduces the fecundity and
increases the abortion rate in D. magna and that at 1.35 mg
L' Roundup® produced 100% abortions; these findings are
coincident whit the observed in the present study for Faena®.

Other possible metabolic pathways that can incorporate
glyphosate to cause a toxic effect on non-target organisms
(Metazoa) is through the inhibition of cytochrome p450, an
enzymatic complex necessary for the biotransformation of
xenobiotics (Samsel and Seneff 2013). Possible bioaccumula-
tion of glyphosate in cladocerans might lead to the alteration
of biochemical processes related to vital functions like growth,
reproduction, and survival, thus affecting animals as observed
in our results. Nevertheless, changes in the gut microbiome
could also happen, modifying the nutrition and food assimila-
tion process, interfering in this way with the energy balance in
the individuals.

Abortions in cladocerans can be elicited by factors includ-
ing temperature, toxic metabolites, and food quality (Chen
and Folt 1996; Marques et al. 2004; Ismail et al. 2010). Our
study shows that the herbicide Faena® can also induce abor-
tion as a toxic effect on reproduction, impairing fecundity.

The content of macromolecules in P; and F; controls was
lipids>proteins>carbohydrates, in a proportion that can be
considered normal. The results obtained in P; are similar to
those reported by Ventura (2006), who concludes that proteins
and lipids are the most abundant macromolecules in
cladocerans and copepods. Additionally, Ventura (2006) de-
scribed that organisms with accelerated growth and high re-
productive rates have to incorporate and assimilate quality
nutrients that enable their short life spans; thus, proteins and
lipids are important macromolecules in the metabolism of
daphnids. Although the content of macromolecules varies ac-
cording to the age of the organism (Smirnov 2014), the con-
tent of structural molecules remains considerably constant
(Ventura and Catalan 2005). For this reason, a change in the
content of these macromolecules, even though they can be
potentially obtained from a proper diet like the one provided
in the present study, can be understood as toxic effects related
to chemical stress.

Our results demonstrated that the content of proteins was
the most affected, followed by lipids and carbohydrates.
Papchenkova et al. (2009) demonstrated that the commercial
formulation of the GBH Roundup® they assessed increased
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the proteolytic enzymatic activity while decreasing the amy-
lolytic enzymatic activity. This could explain why in the P,
the protein content diminished, whereas the carbohydrate con-
tent had slight increases at all the concentrations of Faena®.

Lipids are the most studied molecules in cladocerans be-
cause they are involved in growth and reproduction.
Cladocerans possess the fat body, a specialized organ that
synthesizes and stores lipids. Before reproduction starts, this
organ participates in the growth and maturation of the individ-
ual. Once cladocerans reach sexual maturity, the fat body fa-
cilitates the transference of lipids from the mother to the oo-
cytes, which develop inside the brood pouch (Tessier et al.
1983). When a decrease in the lipid content occurs, the fat
body might be severely affected, resulting in a low reproduc-
tive rate as observed in F;, where reproduction was null at
some Faena® concentrations.

In this study, the photoperiod, concentration of food, and
culture medium were constant factors in both P, and F, bio-
assays. Therefore, effects on the size of D. exilis can be related
to the chemical stress elicited by glyphosate and other ingre-
dients in the formulation of Faena®.

Green (1954) reported that the size of neonates is variable
during the life of females and that the size of the offspring can
vary from one clutch to another, especially in polyembryonic
organisms such as Simocephalus and Daphnia genera.
Nevertheless, the commercial formulation Faena® produced
modifications in size in some clutches without a consistent
pattern, but frequently the neonates were smaller at the higher
herbicide concentrations. Similar effects are reported by Gill
et al. (2018), indicating that glyphosate concentrations as low
as 0.05 mg L™ produced a reduction in the size of juveniles.
Cuhra et al. (2013) reported that the body size in adults of
D. magna exposed to Faena® (1.35 and 4.05 md L") was
significantly reduced. The mechanisms to produce affecta-
tions in the size of cladocerans are not established but could
be related to food assimilation that eventually will provide
essential nutrients used for the increase in biomass.

The size of adult females in P; and F; indicates that F,
females were smaller than P, females. The body size is an
essential factor in the reproductive activity because, in addi-
tion to the normal physiology and an adequate lipids content,
the capacity of the brood chamber is determined by the size of
the female (Smirnov 2014). Also, smaller organisms can take
more time to reach sexual maturity, and the result could be the
production of smaller neonates (Campos et al. 2016).

In the present study, we documented that exposure to
Faena® produced increased toxic effects on the filial genera-
tion, remarkably in the adults’ survival, reproduction, and
macromolecules content. Mechanisms related to the increased
sensitivity in the filial generation were not established. Still,
vital physiological processes were impaired in the progeny so
that, when they were exposed to similar Faena® concentra-
tions as those to which the parents were exposed, toxic effects
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increased severely. Our findings contribute with pieces of ev-
idence of toxic effects at sublethal glyphosate concentrations
and support the argumentation about the banning of this her-
bicide in many countries around the world.

Conclusions

The study in two generations in the freshwater cladoceran
D. exilis demonstrated cross-generation effects induced by
the herbicide Faena®. The different responses in both gener-
ations (P; and F;) suggest that even low concentrations of
glyphosate in this GBH (LC,: 2.09 mg L") produce a toxic
effect on survival and reproduction. Also, the herbicide pro-
voked abortion in this cladoceran. Our study also showed that
the GBH Faena® affected biomolecules content in D. exilis,
mainly proteins and lipids. These results warn about the
transgenerational, adverse effects that this herbicide can pro-
duce in aquatic biota.
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