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Abstract
The aim of this study was to evaluate and compare the effects on biochemical parameters and organosomatic indices in the 
freshwater bivalve Diplodon chilensis exposed to a glyphosate-based formulation under direct and dietary exposures (4 mg 
a.p./L). After 1, 7, and 14 days of exposure, reduced glutathione (GSH) and thiobarbituric acid reactive substances (TBARS) 
levels and the activities of glutathione-S- transferase (GST), superoxide dismutase (SOD), and catalase (CAT) were evaluated 
in the gills and digestive gland. The hepatosomatic (HSI) and branchiosomatic (BSI) indices were also analyzed. Direct and 
dietary glyphosate-based formulation exposure altered the redox homeostasis in the gills and digestive gland throughout the 
experimental time, inducing the detoxification response (GST), the antioxidant defenses (SOD, CAT, GSH), and causing 
lipid peroxidation. After 14 days of exposure, the HSI and BSI increased significantly (43% and 157%, respectively) only 
in the bivalves under direct exposure. Greater changes in the biochemical parameters were induced by the dietary exposure 
than by the direct exposure. Furthermore, the gills presented an earlier response compared to the digestive gland. These 
results suggested that direct and dietary exposure to a glyphosate-based formulation induced oxidative stress in the gills and 
digestive glands of D. chilensis. Thus, the presence of glyphosate-based formulations in aquatic ecosystems could represent 
a risk for filter-feeding organisms like bivalves.

Keywords Herbicide formulation · Herbicide toxicity · Antioxidant/detoxifying biomarkers · Digestive gland · Gills · 
Organosomatic indices

Introduction

Nowadays, agricultural production is closely linked to the 
use of agrochemicals. In Argentina, glyphosate is the most 
widely used herbicide, applied in the fallow period for weed 
control in glyphosate-resistance transgenic crops such as 
soybean, cotton, and corn (Vara 2004). Different commercial 
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formulations of glyphosate are used in the field; in particu-
lar, the Glifosato Atanor® mixture with the addition of the 
surfactant Impacto® is widely used in soybean fields in the 
Pampas region of Argentina (Romero et al. 2011; Iummato 
et al. 2019).

Glyphosate is a systemic, broad-spectrum, post-emergent 
herbicide. Its primary mechanism of action is the inhibition 
of the enzyme 5-enolpyruvylshikimate-3-phosphate syn-
thase (EPSPS), disrupting aromatic amino acid biosynthesis, 
which leads to decreased protein synthesis and, eventually, 
the death of plants (Duke 1988). EPSPS is present in bac-
teria, plants, and some fungi and algae, but not in animals 
(Richards et al. 2006), so glyphosate is generally considered 
harmless for animals (Mensah et al. 2015). However, adverse 
health effects have been documented in animals exposed to 
different glyphosate-based formulations and oxidative stress 
has been proposed as a possible mechanism of action in 
several aquatic animals such as bivalves (Abdel-Nabi et al. 
2007, Dos Santos and Martínez 2014), fish (Nwani et al. 
2013; Li et al. 2017; Ma et al. 2019), and tadpoles (Costa 
et al. 2008; Riaño et al. 2020).

Oxidative stress occurs when an imbalance is triggered 
between prooxidant compounds (e.g., reactive oxygen spe-
cies, ROS) and antioxidant defenses such as reduced glu-
tathione (GSH) and the enzymes superoxide dismutase 
(SOD), catalase (CAT), and glutathione peroxidase (GPx). 
In an oxidative stress condition, the prooxidant species cause 
oxidative damage to lipids and other macromolecules, which 
finally damages the cells (Livingstone 1993; Ríos de Molina 
2003) and soft tissues of the exposed organisms (Valavanidis 
et al. 2006). Since there is evidence that several glyphosate-
based formulations are able to induce oxidative stress in 
aquatic organisms, different parameters related to oxidative 
damage and antioxidant responses are used as biomarkers 
(Torres et al. 2008; Gomes et al. 2017). In addition, another 
biomarker that can be analyzed in bivalves and other aquatic 
animals exposed to contaminants is the detoxifying enzyme 
glutathione-S-transferase (GST) (Chahouri et al. 2023). 
Finally, organosomatic indices are used as indicators of the 
physiological status of bivalves and other organisms. These 
indices can be altered under stress conditions (Cartier et al. 
2004; Touahri et al. 2016).

Although glyphosate is mostly applied to crops, it can 
reach water bodies in different ways (runoff, drainage, air 
drift) and has a half-life in water of 7 to 142 days (Annett 
et al. 2014). Thus, glyphosate has been detected in many 
surface water systems worldwide. In Argentina, Lutri et al. 
(2020), Peruzzo et al. (2008), and Avigliano and Schenone 
(2015) have reported maximum glyphosate levels of 0.16, 
0.7, and 1.6 mg/L, respectively, in streams and rivers of the 
Pampas region and the Misiones province. Additionally, 
Ronco et al. (2008) reported high concentrations, within a 
range from 1.8 to 10.9 mg/L of glyphosate, in streams of the 

Pampas region, and Sasal et al. (2017) found a maximum 
concentration of 105 mg/L in water bodies near agricultural 
or forestry production sites in the Entre Ríos province. Other 
countries also reported high concentrations of glyphosate in 
water, such as China, Colombia, and Portugal, with maxi-
mum concentrations of 15.21, 2.77, and 2.46 mg/L, respec-
tively (Brovini et al. 2021; Fan et al. 2022).

Aquatic organisms are not only directly exposed to con-
taminants that are present in water bodies, but also are indi-
rectly exposed to contaminants present in their food. In par-
ticular, algae are the basis of many aquatic trophic chains 
and algal cells can bioconcentrate contaminants adsorbed in 
their cell walls (Okay et al. 2000), thereby transferring them 
to organisms higher up in the trophic chain (Torres et al. 
2008). Filter-feeding organisms, such as bivalves (clams, 
oysters, and mussels), are likely exposed to contaminants 
due to their sessile lifestyle and feeding habits, so they can 
bioaccumulate xenobiotics in their tissues (Okay et al. 2000; 
Hanana et al. 2012). Thus, bivalves are considered excellent 
pollution biomonitors (Chahouri et al. 2023). In water bod-
ies, bivalves are exposed to contaminants that are present in 
the water column, and the gill is the first organ to come into 
contact with them. Different contaminants can cross the gill 
tissue by passive diffusion, depending on their molecular 
weight and physico-chemical characteristics, enter the circu-
latory system, and then disperse to different organs (Katagi 
2010). Bivalves are also exposed to contaminants present in 
their habitat through food. In this case, contaminants first 
come into contact with the digestive system and then enter 
the circulatory system (Katagi 2010). Therefore, these two 
types of exposure to pollutants, direct and dietary, can trig-
ger different responses in bivalves. The evaluation of the 
effects of both types of exposure provides more integrated 
information on the impact of contaminants on bivalves that 
are subjected to a polluted environment.

Several studies have revealed adverse effects of glypho-
sate and its formulations on bivalves, such as damage to the 
gills and digestive gland, increase in somatic indices, and 
biochemical alterations (e.g., oxidative stress) (Abdel-Nabi 
et al. 2007; Bringolf et al. 2007; Hanana et al. 2012; Ium-
mato et al. 2013; Mottier et al. 2013; Zomer Sandrini et al. 
2013; Dos Santos and Martínez 2014; Iummato et al. 2018; 
Cuzziol Boccioni et al. 2021).

Diplodon chilensis is a bivalve distributed in the south 
of Chile and Argentina, both in pristine environments and 
in regions of intensive use of agrochemicals (such as the 
Alto Valle region of the Río Negro and Neuquén provinces, 
Northern Patagonia, Argentina) (Wais 1987; Abrameto 
et al. 2019). D. chilensis is a benthic organism that lives 
in the water–sediment interface of lotic and lentic water-
bodies. This species is sensitive to toxic compounds and 
the eutrophication of waterbodies (Rocchetta et al. 2014; 
Yusseppone et al. 2020). Since the accumulation of nutrients 
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and contaminants has been documented in D. chilensis, it 
has been proposed as a bioremediation organism (Sabatini 
et al. 2011; Bianchi et al. 2014).

Bivalves, as filter-feeding organisms that filter large 
amounts of phytoplankton in aquatic environments, face the 
impact of different contaminants present either in the water 
column or in their food. Although glyphosate is known to 
induce alterations in a freshwater mussel exposed through 
diet (Iummato et al. 2018), comparative studies on the influ-
ence of the route of exposure on the final effects have not 
been carried out yet. Also, there are no studies on enzy-
matic or oxidative stress responses associated with dietary 
exposure to glyphosate in freshwater bivalves. Therefore, the 
aim of this study was to evaluate and compare the effects of 
direct and dietary exposures to a glyphosate-based formula-
tion (GBF) on a freshwater bivalve. Alterations of biochemi-
cal parameters and organosomatic indices were evaluated 
in bivalves exposed by direct and dietary routes over 1, 7, 
and 14 days. For this purpose, the oxidative stress biomark-
ers SOD, CAT, GSH, and lipid damage, the activity of the 
detoxifying enzyme GST, and the hepatosomatic and bran-
chiosomatic indices were analyzed.

Materials and methods

Chemicals

The commercial formulation of glyphosate used in this study 
was Glifosato ATANOR® (48% p/v isopropylamine salt of 
N-phosphonomethyl glycine, Atanor, Munro, Buenos Aires, 
Argentina). The surfactant was alkyl aryl polyglycol ether 
50% (p/v) IMPACTO® (AGROASIST S.R.L., Argentina).

Organisms

The BAFC CA4 strain of Scenedesmus vacuolatus (Chlo-
rophyceae, Chlorophyta) came from the Culture Collection 
of the Laboratorio de Biología de Protistas of the Depar-
tamento de Biodiversidad y Biología Experimental that 
belongs to the Centro de Recursos Genéticos of the Facultad 
de Ciencias Exactas y Naturales, Universidad de Buenos 
Aires (Argentina).

Fifty-four adult specimens of D. chilensis (Bivalvia, 
Hyriidae) (Gray, 1828) of 6.79 ± 0.39 cm shell length and 
29.87 ± 5.16 g were collected by diving at a depth of 7 m 
in the Paimun Lake (39° 43′ 30.51″ S, 71° 32′ 44.89″ W), 
Lanín National Park, Neuquén, Argentina. Bivalves were 
transported to the lab, where they were acclimatized for 
3 weeks in tanks with aerated dechlorinated tap water, at 
20 ± 2 °C, and a 12:12 h (L:D) photoperiod regime. Dur-
ing the acclimatization period, bivalves were fed with S. 
vacuolatus twice a week (Sabatini et al. 2011). Specimens 

collected corresponded to adult animals from 32 to 36 years 
old (Rocchetta et al. 2014).

Algal cultures

Algal cultures were grown in Bold’s basal medium (BBM, 
Bischoff and Bold 1963) with Glifosato ATANOR® (4 mg 
active principle/L) and 2.5% surfactant IMPACTO® (treated 
cultures), or without any glyphosate or surfactant (control 
cultures). Cultures were incubated for 4 days (Iummato et al. 
2019) at 23 ± 1 °C, under continuous agitation and illumina-
tion (80 μmol photons/m2 s). After the incubation time, the 
cells from the control and treated cultures were harvested, 
washed, and resuspended in dechlorinated water to obtain a 
concentrated cell suspension. The cell density used to feed 
bivalves was determined by cell counting in a Neubauer’s 
chamber, using a Leica light microscope at 400 × .

The glyphosate concentration in BBM was analytically 
determined at INQUIMAE–CONICET, Facultad de Cien-
cias Exactas y Naturales, Universidad de Buenos Aires by 
HPLC–UV chromatography after a derivatization step with 
FMOC-Cl (Sancho et al. 1996; Stalikas and Konidari 2001). 
The equipment used for the analysis was an HPLC–UV sys-
tem (Jasco Analytical Instruments, Easton MD, USA) with 
a Microsorb C18 5 µm column, L × I.D. 250 × 4.6 mm inner 
diameter (Varian). The glyphosate concentration measured 
was 93.3 ± 2.3% of the nominal value. The exposure con-
centration used in this study was within the range of glypho-
sate levels found in some water bodies in Argentina (Ronco 
et al. 2008; Avigliano and Schenone 2015), Canada, and the 
USA (World Health Organization 2005;  Canadian Council 
of Ministers of the Environment  2012).

Filtration rate

A filtration rate experiment was carried out to evaluate the 
maximum cell concentration at which D. chilensis could 
filter control or treat S. vacuolatus cells at a similar rate 
(Sabatini et al. 2011). Bivalves were placed individually in 
beakers with 400 mL of dechlorinated tap water with con-
stant aeration, at 20 ± 1 °C (3 replicates per treatment, 9 
containers in total). After 48 h of acclimatization without 
food, when the bivalves had the valves open, control S. vacu-
olatus cells at a final concentration of 2 ×  105 cells/mL were 
added to beakers 1 to 6, while the same density of treated 
S. vacuolatus cells was added to beakers 7 to 9. In addition, 
a concentrated GBF solution (Glifosato ATANOR® with 
2.5% surfactant IMPACTO) was added to beakers 4 to 6, in 
sufficient quantity to reach a concentration of 4 mg active 
principle (a.p.)/L. Samples were taken at 0, 1, 2, 3, 4, and 
24 h after the start of the experiment, and cell density was 
determined by direct counting. The filtration rate for each 
bivalve was expressed as L/h per dry soft tissue mass (g) 
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and was calculated according to Jorgensen (1990). Dry soft 
tissue mass was measured after drying the soft tissues for 
48 h at 60 °C until constant mass.

Experimental design

After the acclimatization period, 3 groups of 15 animals 
each were weighed and placed in 1-L glass containers with 
400 mL of aerated dechlorinated tap water (1 individual per 
container). Control bivalves were fed with control S. vacuo-
latus cells (cultured without GBF). Direct glyphosate-based 
formulation exposure bivalves (dirGEB) were fed with con-
trol S. vacuolatus cells, and GBF was added to the tap water 
for a final concentration of 4 mg a.p/L. Dietary glyphosate-
based formulation exposure bivalves (dietGEB) received 
treated S. vacuolatus cells (Iummato et al. 2018). Each group 
of bivalves was fed with 1.8 ×  105 algal cells/mL for 24 h, 
twice a week, for 2 weeks. Water was replaced completely 
each time before adding the algae. For the dirGEB group, 
water renewal included 4 mg a.p./L GBF. Five individu-
als of each group (control bivalves, dirGEB, and dietGEB) 
were sacrificed at the end of each experimental period (1, 7, 
and 14 days), and their body mass, shell length, height, and 
width were recorded. Soft bodies were weighed, and the gills 
and digestive glands were removed and stored at − 80 °C 
until biochemical analysis. The branchiosomatic (BSI) and 
hepatosomatic (HSI) indices, defined as the organ wet mass/
total mass of the organism, were calculated.

The experiment was performed following the “National 
Research Council’s Guide for the Care and Use of Labora-
tory Animals” and the “ARRIVE guidelines.”

Sample preparation

Gills and digestive glands were homogenized with 0.154 M 
KCl (1:5 w/v) containing protease inhibitors (0.2  mM 
benzamidine and 0.5 mM phenylmethylsulfonyl fluoride). 
Homogenates were centrifuged at 11,000 × g for 30 min, and 
supernatants were used for the determination of enzymatic 
activities, GSH content, and lipid peroxidation levels. All 
procedures were carried out at 4 °C. Total soluble protein 
content was determined according to Bradford (1976), using 
bovine serum albumin as standard.

Lipid peroxidation

Determination of lipid peroxidation levels was carried out 
by the thiobarbituric acid reactive substances (TBARS) 
technique (Buege and Aust 1978). TBARS content was 
estimated as malondialdehyde (MDA) equivalents, using 
the extinction coefficient of the MDA–thiobarbituric acid 
complex (156/mM cm). The results were calculated as 

nmol TBARS per mg protein and were expressed as % with 
respect to the control bivalves.

Additional details regarding the procedure for determining 
TBARS content can be found in the Supplementary Material.

Reduced glutathione content (GSH)

GSH content was estimated following the Anderson (1985) 
method. Briefly, an aliquot of the supernatant was deprotein-
ized with 5% sulfosalicylic acid, centrifuged, and used as a 
source of endogenous GSH. The concentration of GSH was 
assessed through its reaction with 5,5′-Dithiobis (2-nitroben-
zoic acid) (DTNB), measured by the absorbance at 412 nm. 
The results were calculated as nmol GSH per mg protein and 
were expressed as % with respect to the control bivalves.

Additional details regarding the procedure for deter-
mining GSH content can be found in the Supplementary 
Material.

Enzymatic activities

Superoxide dismutase (SOD, EC 1.15.1.1) activity was 
recorded following the Beauchamp and Fridovich (1971) 
method. This procedure is based on the inhibition of the 
photochemical reduction of nitro blue tretrazolium (NBT). 
One SOD unit represented the amount of enzyme neces-
sary to inhibit the NBT reduction rate by 50%. The results 
were calculated as units of SOD per mg protein and were 
expressed as % with respect to the control bivalves.

Catalase (CAT, EC1.11.1.6) activity was measured 
by monitoring the decomposition of hydrogen peroxide 
spectrophotometrically at 240 nm (Aebi 1984), using an 
extinction coefficient of 40/M cm. One CAT unit was 
defined as the enzyme necessary to decompose 1 mmol 
of  H2O2 per minute. The results were calculated as CAT 
units per mg protein and were expressed as % with respect 
to the control bivalves.

Glutathione-S-transferase (GST, EC1.11.1.9) activity was 
recorded following the Habig et al. (1974) method, mak-
ing use of 1-chloro-2,4-dinitrobenzene (CDNB) as sub-
strate. One unit of GST was defined as the enzyme quantity 
required to catalyzing the formation of 1 μmol of GS-DNB 
per minute. The results were calculated as units of GST per 
mg protein and were expressed as % with respect to the con-
trol bivalves.

Additional details on the procedures for determin-
ing enzyme activities are provided in the Supplementary 
Material.

Statistical analysis

The effects of glyphosate-based formulation and exposure 
time on the biochemical parameters and the hepatosomatic 
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and branchiosomatic indices were tested by a two-way anal-
ysis of variance (ANOVA) followed by a Tukey post hoc 
test. Normality and homogeneity of variances were tested 
by Lilliefors and Bartlett’s tests, respectively (Sokal and 
Rohlf 1999). GraphPad Prism 6 and Statistica 8 software 
were used for statistical analyses. The correlation matrix was 
obtained by the Pearson correlation method, using GraphPad 
Prism 6. Principal component analysis (PCA) was performed 
using R Project software, with TBARS, SOD, CAT, GSH, 
GST, HSI, and BSI studied in the gills and digestive gland 
as active variables. The treatment (control, dietary expo-
sure, and direct exposure) was employed as a supplementary 
qualitative variable. The ellipsoids of the PCA’s graphics 
were defined by 95% confidence.

Results

There was no mortality in any of the groups of bivalves 
throughout the experimental period. The number of male 
and female bivalves in each experimental group was similar.

Filtration rate

No statistically significant differences in the filtration rate 
between the groups (p > 0.05) were recorded. The filtra-
tion rate of D. chilensis was 0.90 ± 0.18 L/h g for bivalves 
fed with S. vacuolatus control cells without GBF in 
water, 0.90 ± 0.30 L/h g for bivalves fed with S. vacuolatus 
control cells with GBF in water, and 0.89 ± 0.30 L/h g for 
bivalves fed with GBF treated S. vacuolatus cells.

Hepatosomatic and branchiosomatic indices

The BSI of the dirGEB showed a significant increase com-
pared to the controls and dietGEB (157%, p < 0.001) after 

14 days of exposure (Table 1). The HSI of the dirGEB 
showed a significant increase (43%, p < 0.05) compared to 
the control bivalves after 14 days of exposure. No signifi-
cant differences were observed either in shell length or total 
weight between all the bivalves analyzed (Table 1).

Biochemical parameters

Gills

After 1 and 7 days of exposure, the content of TBARS of 
the dietGEB gills was significantly higher compared to 
that of the controls (p < 0.05) and dirGEB (p < 0.01). After 
14 days of exposure, the dirGEB gills evidenced a signifi-
cantly higher TBARS content than the control (p < 0.05) and 
dietGEB gills (p < 0.05) (Fig. 1A). The SOD activity of the 
dirGEB gills did not show significant differences from that 
of the controls at any of the exposure times, while SOD 
activity of the dietGEB gills showed a significant increase 
compared to the controls and dirGEB after 1 (p < 0.05 and 
p < 0.05, respectively) and 14 days (p < 0.001 and p < 0.05, 
respectively) of exposure (Fig. 1B). Gills CAT activity of the 
dietGEB and the dirGEB only showed a significant increase 
compared to the controls (p < 0.001 and p < 0.05, respec-
tively) after 1 day of exposure (Fig. 1C). GST activity of 
the dietGEB gills showed a significant increase compared to 
the controls (p < 0.001) and dirGEB (p < 0.01) after 7 days 
of exposure, whereas GST activity in the dirGEB gills sig-
nificantly increased compared to the controls (p < 0.001) and 
dietGEB (p < 0.01) after 14 days of exposure (Fig. 1D). The 
GSH content of the dirGEB gills did not show significant 
differences from that of the controls at any of the exposure 
times, while GSH content of the dietGEB gills showed a sig-
nificant increase compared to the control bivalves (p < 0.001) 
and dirGEB (p < 0.001) after 7 days of exposure (Fig. 1E).

Table 1  Shell length, total weight, and branchiosomatic and hepatosomatic indices (BSI and HSI, respectively) of D. chilensis (control and 
treated groups), after different exposure times

Data are expressed as mean ± SD (n = 5). Different letters indicate significant differences (p < 0.05)

Exposure time 
(days)

Group Shell length (cm) Total weight (g) BSI (% control) HSI (% control)

1 Control 6.54 ± 0.48 26.03 ± 7.66 100.00 ± 27.25 100.00 ± 14.19
Direct exposure 6.79 ± 0.51 28.03 ± 3.70 97.03 ± 19.58 102.16 ± 28.67
Dietary exposure 6.81 ± 0.43 32.01 ± 5.52 90.49 ± 6.49 88.28 ± 22.14

7 Control 6.61 ± 0.027 28.86 ± 3.66 100.00 ± 25.70 100.00 ± 23.47
Direct exposure 7.25 ± 0.35 33.82 ± 4.98 118.65 ± 20.77 91.22 ± 25.39
Dietary exposure 6.68 ± 0.27 28.17 ± 4.53 119.82 ± 24.16 88.39 ± 14.92

14 Control 6.74 ± 0.18 28.85 ± 3.42 100.00 ± 7.50 (a) 100.00 ± 30.27 (a)
Direct exposure 7.01 ± 0.57 29.67 ± 7.43 257.82 ± 69.67 (b) 143.30 ± 19.13 (b)
Dietary exposure 6.53 ± 0.39 27.62 ± 5.61 147.08 ± 41.96 (a) 112.86 ± 30.11 (a,b)
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Fig. 1  Lipid peroxidation 
(TBARS) level, superoxide 
dismutase (SOD), catalase 
(CAT) and glutathione-S-
transferase (GST) activities, 
and glutathione reduced (GSH) 
content in the gills (A–E) and 
digestive gland (F–J) of D. 
chilensis exposed to GBF by 
dietary and direct exposure 
at different times. Data are 
expressed as mean (% respect to 
control) ± SD (n = 5). Different 
letters indicate significant differ-
ences (p < 0.05)
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Digestive gland

The TBARS content of the dietGEB digestive gland was sig-
nificantly elevated compared to that of the controls (p < 0.001) 
and dirGEB (p < 0.05) after 14 days of exposure (Fig. 1F). The 
TBARS content in the dirGEB digestive gland did not show sig-
nificant differences from that of the controls at any of the expo-
sure times. After 7 and 14 days of treatment, dirGEB showed a 
significant increase in digestive gland SOD activity compared 
to controls (p < 0.01 and p < 0.001, respectively), while dietGEB 
showed a significant increase compared to controls (p < 0.001) 
and dirGEB (p < 0.001) after 14 days of exposure (Fig. 1G). 
CAT activity of the dirGEB digestive gland did not show signifi-
cant differences from that of the controls at any exposure time. 
However, CAT activity of the dietGEB digestive gland showed 
a significant increase compared to the controls and dirGEB after 
7 (p < 0.05 and p < 0.01, respectively) and 14 days (p < 0.05 and 
p < 0.01, respectively) of exposure (Fig. 1H). The GST activity 
of the digestive gland of dirGEB showed a significant increase 
compared to the controls only after 7 days of exposure (p < 0.01). 
This activity of dietGEB showed a significant increase com-
pared to controls after 7 (p < 0.05 and) and 14 days of treatment 
(p < 0.001) and compared to dirGEB after 14 days of exposure 
(p < 0.001 and) (Fig. 1I). The GSH content of the digestive gland 
of dietGEB and dirGEB showed a significant increase compared 
to the controls (p < 0.01 and p < 0.01, respectively) after 7 days 
of exposure (Fig. 1J).

Multivariate analyses

Correlation matrix

After 1 day of exposure, in the gills, TBARS correlated 
positively with SOD (p < 0.05) and CAT (p < 0.001) and 
correlated negatively with GSH (p < 0.05), while SOD 

correlated positively with CAT (p < 0.05). In the digestive 
gland, GSH correlated positively with SOD (p < 0.05) and 
negatively with CAT (p < 0.05) (Table 2).

After 7 days of exposure, in the gills, CAT correlated 
positively with BSI (p < 0.01) and GSH correlated posi-
tively with GST (p < 0.05). In the digestive gland, GSH 
correlated positively with SOD (p < 0.001) and GST 
(p < 0.01), and negatively with HSI (p < 0.05), while SOD 
correlated positively with GST (p < 0.01) (Table 2).

After 14 days of exposure, in the gills, GST correlated 
positively with TBARS (p < 0.01) and negatively with 
GSH (p < 0.05). In the digestive gland, SOD correlated 
positively with CAT (p < 0.05) and with GST (p < 0.05) 
(Table 2).

Principal component analysis (PCA)

The first three principal components of the PCA explained 
67.44%, 69.51%, and 75.31% of the cumulative variance 
after 1, 7, and 14 days of exposure, respectively (Table 3).

After 1 day of exposure, the 95% confidence ellipsoids 
overlapped in the tridimensional plane formed by the com-
ponents of the PCA, indicating no differences between the 
treatments and the control groups, considering all the stud-
ied variables simultaneously (Fig. 2A).

Table 2  Correlation matrix 
of TBARS, SOD, CAT, GSH, 
GST, BSI, and HSI, considering 
the gills and digestive gland of 
D. chilensis, after the different 
exposure times

Pearson’s correlation coefficient. Only significant correlations between the parameters are shown; 
*p < 0.05, **p < 0.01, ***p < 0.001

Organ Parameters TBARS SOD CAT GSH HSI Exposure 
time 
(days)

Gills SOD 0.563* 1
CAT 0.716** 0.541*
GSH − 0.551*

Digestive gland GSH 0.586*  − 0.561*
Gills GST 0.577* 7

BSI 0.689**
Digestive gland GSH 0.781***  − 0.571*

GST 0.727** 0.719**
Gills GST 0.755** − 0.593* 14
Digestive gland CAT 0.607*

GST 0.705*

Table 3  Percentage of variance explained by the first three principal 
components

Exposure time 
(days)

PC1 PC2 PC3 Cumulative 
% of  
variance

1 32.27 21.55 13.62 67.44
7 33.42 21.52 14.57 69.51
14 31.24 27.56 16.51 75.31
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After 7 days of exposure, the confidence ellipsoids corre-
sponding to direct exposure and control overlapped, indicat-
ing no differences between them. The ellipsoid of the dietary 
exposure is separated in the space, indicating differences 
between the control and direct exposure, considering all the 
studied variables simultaneously (Fig. 2B).

After 14 days of exposure, the three confidence ellip-
soids were distant among them in the plane formed by the 
components of the PCA, indicating differences between 
the treatments and between the treatments and the control 
(Fig. 2C).

Discussion

In Argentina, the intensive use of glyphosate-based formu-
lations (GBFs) leads to its progressive accumulation in the 
environment. Thus, in aquatic ecosystems, filter-feeding 
organisms may come in contact with this herbicide through 
the surrounding water and/or through the food they eat. In 
this study, the effects of these two ways of exposure to a 
GBF were evaluated in the Argentinean native freshwater 
bivalve D. chilensis. The bivalves were exposed to a GBF 
in the water column (dirGEB) or through S. vacuolatus 
microalgae contaminated with GBF as food (dietGEB). 
In a previous study, we showed that S. vacuolatus dis-
played biochemical alterations (including oxidative stress 
responses) and disturbances to cell structure when exposed 
for 96 h to 4 mg a.p./L of the same GBF used in this 
study (Iummato et al. 2019). These findings suggest that 
the GBF had entered the algal cells. Moreover, algae can 
metabolize different xenobiotics (Okay et al. 2000), so it 
is possible that S. vacuolatus may have metabolized the 
components of the glyphosate formulation into more toxic 
metabolites. Therefore, dietGEB may have received GBF 

and/or toxic metabolites and oxidative stress products 
from the contaminated S. vacuolatus cells through the diet.

The results obtained show that both direct and dietary 
GBF exposure induced biochemical alterations in the gills 
and digestive gland, and alterations in the organosomatic 
indices BSI and HSI. All analyzed biomarkers related to 
detoxification processes and oxidative stress (GST, TBARS, 
GSH, SOD, and CAT) differed significantly between treated 
and control bivalves throughout the experimental period and 
increased with the exposure time. Furthermore, gills and 
digestive glands can respond differently to contaminants 
(Limon-Pacheco and Gonsebatt 2009), and in our study, we 
observed different effects on these two organs depending on 
the type of exposure (diet or direct exposure).

In the dietGEB, the GBF and/or toxic metabolites present 
in the microalgal cells would have entered the digestive sys-
tem first, where it/they would have been released from the 
microalgae by the digestive processes (Penry 2000) and then 
distributed to other organs, including the gills (Katagi 2010). 
The digestive gland performs intracellular digestion of food 
and has an important amount of different enzymes. Likewise, 
it is the main organ for xenobiotic detoxification and has 
highly efficient enzymatic mechanisms against ROS (Canesi 
et al. 2012; Dos Santos and Martínez 2014). Pesticides that 
enter bivalves are generally unevenly distributed between 
the different organs, with a higher concentration found in 
the digestive gland and gonads and a lower concentration 
in the gills and mantle (Katagi 2010). Therefore, it is likely 
that the digestive gland was subjected to a higher amount 
of toxicants than the gills. In the present study, the gills and 
digestive glands of the dietGEB showed different biochemi-
cal alterations depending on the treatment time. After 1 day 
of exposure to GBF through the diet, gills displayed higher 
TBARS levels as well as increased CAT and SOD activities, 
which were positively correlated. SOD is a metalloprotein 

Fig. 2  Principal component analysis —95% confidence ellipsoids corresponding to the control, dietary, and direct exposure after 1 (A), 7 (B), 
and 14 (C) days of exposure
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enzyme that constitutes the first line of defense in the cel-
lular antioxidant defense system. One of the products of its 
reaction is hydrogen peroxide (Limon-Pacheco and Gon-
sebatt 2009), which can be removed by the action of the 
enzyme CAT (Kohen and Nyska 2002). These two enzymes 
could be induced by an oxidative stress condition evidenced 
in this case by the increase in TBARS. In contrast to gills, 
after 1 day of exposure, no alterations were observed in the 
digestive gland parameters of the dietGEB. Probably, the 
concentration of ROS and/or toxic substances after 1 day 
of exposure did not reach the threshold for inducing lipid 
damage or antioxidant defenses in the digestive gland of 
the exposed bivalves. Moreover, at this time the gills of the 
dietGEB would appear to be more sensitive to GBF and/
or algal metabolites and would appear to show an earlier 
response than the digestive gland. After 7 days of exposure, 
the digestive gland of dietGEB exhibited increased activities 
of CAT and GST and elevated GSH content, while the gills 
of the dietGEB showed increased GST activity and increased 
TBARS and GSH levels. A positive correlation was found 
between GST activity and GSH levels in the gills and diges-
tive gland, probably related to the fact that increased GSH 
production is required for increased GST activity (Gao 
et al. 2018). GSH is a tripeptide considered the principal 
homeostatic regulator of the cellular redox state (Rios de 
Molina 2003) and acts as a cofactor of several antioxidant 
enzymes (Limon-Pacheco and Gonsebatt 2009). GSH levels 
are regulated by different enzymes, like GST (Peña-Llopis 
et al. 2002). GST plays a crucial role in the detoxification 
of xenobiotics, intervening in the phase II reactions of the 
biotransformation of xenobiotics by catalyzing their con-
jugation with GSH. GST can detoxify both exogenous and 
endogenous compounds (e.g., products of lipid peroxidation) 
also acting as glutathione peroxidase (Jokanović 2001; Ket-
terer et al. 1988). Therefore, the induction of GST activity 
could be related to the presence of xenobiotics in the GBF. 
The increases in GSH and TBARS levels and GST activ-
ity could indicate an oxidative stress condition in the gills 
of the dietGEB (Valavanidis et al. 2006). After 14 days of 
exposure, in the gills of the dietGEB, was only observed 
an increase in the SOD activity. While the digestive gland 
of the dietGEB exhibited increases in TBARS, SOD, CAT, 
and GST activity, there was a positive correlation between 
SOD and CAT and between SOD and GST. The increased 
antioxidant defenses and the increase in the TBARS could be 
indicating an imbalance in the cellular redox state, caused by 
an oxidative stress condition in the exposed bivalves (Vala-
vanidis et al. 2006).

In the dirGEB, the gills would have been the first organ to 
come into contact with the herbicide dissolution. Gills play a 
fundamental role in respiration and feeding and are the main 
organ that interacts directly with any xenobiotics present in 
the water (Abdel-Nabi et al. 2007, Dos Santos and Martínez 

2014). The gills are also involved in directing food to the 
digestive tract (Canesi et al. 2012). The entry of different 
low molecular weight compounds through the gills has been 
recorded (Fiala-Médioni et al. 1986). Therefore, glyphosate 
and other low molecular weight components of the GBF 
could enter the bivalves through the branchial epithelium of 
the gills. In the dirGEB, the gills and digestive gland also 
showed different biochemical alterations depending on the 
treatment time. After 1 day of exposure to the GBF, no alter-
ations were observed in the digestive gland parameters of the 
dirGEB, while the gills showed an increase in CAT activity. 
After 7 days of exposure, no alterations were observed in 
the gills parameters of the dirGEB, while the digestive gland 
showed increases in SOD and GST activities, and in GSH 
content. Positive correlations were found between SOD and 
GST with GSH and between SOD and GST. In summary, 
the digestive gland showed an induction of antioxidant and 
detoxification responses during this period, without recorded 
lipid damage. Likely, the concentration of ROS and/or toxic 
substances after 7 days of exposure was insufficient to cause 
lipid damage in the digestive gland of the treated bivalves. 
After 14 days of exposure, the digestive gland of the dirGEB 
only showed an increase in SOD activity, while the gills of 
the dirGEB showed increases in TBARS and GST activity. 
The elevated GST activity was positively correlated with 
increased TBARS levels, suggesting a potential detoxifica-
tion of lipid peroxides by GST, as proposed by Ketterer et al. 
(1988).

In summary, D. chilensis exposed to GBF, both directly 
and indirectly through the diet, showed an increase in lipid 
peroxidation levels, GSH concentration, and activities of 
antioxidant and detoxifying enzymes of the gills and diges-
tive gland. To our knowledge, there are practically no stud-
ies that analyze the effect of dietary exposure to GBF in 
bivalves. Several authors have observed the induction of 
oxidative stress in aquatic organisms, including freshwater 
worms, tadpoles, and fish, upon direct exposure to glypho-
sate formulations (Costa et al. 2008; Contardo-Jara et al. 
2009; Nwani et al. 2013; Li et al. 2017; Ma et al. 2019; 
Riaño et al. 2020). In bivalves, most of the studies have 
focused on the effects of direct exposure to glyphosate or 
glyphosate-based formulations through the water. Abdel-
Nabi et al. (2007) and Dos Santos and Martínez (2014) have 
reported an increase in TBARS content and SOD activity in 
the gills and digestive gland of Ruditapes decussatus and 
Curbicula fluminea. Furthermore, investigations in our labo-
ratory revealed that direct exposure to glyphosate acid in an 
outdoor microcosm led to an increase in TBARS levels in 
the mussel Limnoperna fortunei after 26 days of exposure 
(Iummato et al. 2013).

The biochemical parameters analyzed in the gills and 
digestive gland were differentially affected, depending on 
the type of exposure (dietary or direct exposure). When 
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examining all exposure times and organs, it is apparent 
that the dietGEB displays a greater number of biochemi-
cal alterations in comparison to the dirGEB (as evidenced 
by the ANOVA). This trend was also detected in the mul-
tivariate analyses performed for the different exposure 
times. In the PCA analysis, no differences were observed 
between the treatments and the control after 1 day of 
exposure. However, after 7 days of exposure, the diet-
GEB had more affected variables than the dirGEB, as 
shown by the separation of the dietGEB ellipsoid from 
both the control and the dirGEB ellipsoids. After 14 days 
of exposure, both treatment ellipsoids (dirGEB and diet-
GEB) were separated from each other and the control, 
showing that GEB had a greater effect after a longer 
exposure time. The differences between the treatments 
could be caused by bioaccumulation of the GBF and/or 
toxic metabolites in the S. vacuolatus exposed cells (Okay 
et al. 2000). This would result in the dietGEB being in 
contact with different toxics, and/or higher concentrations 
of toxics, than the dirGEB. It should be noted that glypho-
sate bioaccumulation has been reported in other organ-
isms exposed to glyphosate and glyphosate formulations, 
such as fish, oligochaetes, snails, and the clam Ruditapes 
decussatus, with bioconcentration factors ranging from 
1.2 to 42.3 (Contardo-Jara et al. 2009; Druart et al. 2011; 
Canadian Council of Ministers of the Environment  2012; 
Hanana et al. 2012). Also, algal cells cultured with GBF 
could contain toxic metabolites related to oxidative stress, 
such as lipid peroxidation products (malondialdehyde, 
4-hydroxy-2-nonenal), which are potentially harmful to 
bivalve tissue cells (Kalinina et al. 2014).

The analyzed organosomatic indices only showed altera-
tions after the longest exposure time. After 14 days of 
exposure, an increase in the BSI of the dirGEB may be the 
result of inflammatory processes in the tissue (Valavanidis 
et al. 2006) and/or tissue hyperplasia due to tissue dam-
age (Bianchi et al. 2014). Also, direct exposure to GBF for 
14 days caused an increase in the HSI of the dirGEB. An 
increase in the HSI has been previously observed in frogs 
exposed to a GBF by Paunescu and Ponepal (2011). These 
authors proposed that it could be due to increased liver 
development, which could include an increase in the endo-
plasmic reticulum of liver cells to increase the production of 
enzymes for metabolization and detoxification of xenobiot-
ics (Thammachoti et al. 2012). On the other hand, prawns 
exposed to a glyphosate formulation for 7 and 14 days 
showed dilatation of the endoplasmic reticulum and the 
Golgi complex in the hepatopancreas (Silveira Melo et al. 
2019). Since the histological alterations leading to changes 
in organs are complex, changes in organosomatic indices 
require more time to manifest than changes in biochemical 
markers. Therefore, in the present study, the effects of GBF 

exposure were recorded first at the biochemical level (in the 
gills and digestive gland) and then in the organosomatic 
indices (after 14 days of exposure).

Conclusions

Bivalves can be exposed to contaminants in their environ-
ment directly and also through the food they consume. 
In this study, we provide evidence that a GBF has toxic 
effects on D. chilensis when presented both in water and 
in food. The results show that direct and dietary GBF 
exposures induced oxidative stress in the gills and the 
digestive gland in these bivalves and also altered the orga-
nosomatic indices. The exposure through the diet appears 
to have more toxic effects than the direct exposure since 
more biochemical alterations were recorded in the diet-
GEB than in the dirGEB. Moreover, we show that the 
toxic effects of the GBF increase over time.

The results from this study also show that the biochemi-
cal parameters TBARS levels and SOD and CAT activities 
could be considered early markers in D. chilensis, since the 
alterations at the biochemical level manifested at the shorter 
time of exposure to the GBF. Similarly, the gills could be 
considered an early response organ, as they showed bio-
chemical alterations before the digestive gland. Therefore, 
the analysis of the biochemical parameters of the gills could 
give an early warning related to the presence of herbicide-
based formulations in aquatic environments.
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