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Glyphosate, as a broad-spectrum herbicide, is frequently detected in water and s
investigated its effects on several freshwater aquatic organisms. Yet, only few inves
performed on marine macroalgae. Here, we studied both the metabolomics respons
primary production in the endemic brown algae Fucus virsoides exposed to differe
0.5, 1.5 and 2.5mg L�1) of a commercial glyphosate-based herbicide, namely Rou
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show that Roundup® significantly reduced quantum yield of photosynthesis (Fv/Fm) and caused alter-
ation in the metabolomic profiles of exposed thalli compared to controls. Together with the decrease in
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1. Introduction

The continuous and accelerating d

ecosystems is a prominent concern worldw
Halpern et al., 2015), able to compromise th

(Barb
the aromatic amino acids (phenylalanine and tyrosine), an increase in shikimate content was detected.
The branched-amino acids differently varied according to levels of herbicide exposure, as well as
observed for the content of choline, formate, glucose, malonate and fumarate. Our results suggest that
marine primary producers could be largely affected by the agricultural land use, this asking for further
studies addressing the ecosystem-level effects of glyphosate-based herbicides in coastal waters.

tion and loss of marine
ide (Lotze et al., 2006;
e delivery of important

(Fabricius, 2005), seagrass meadows (Waycott et al., 2009) and
macroalgal beds (Airoldi & Beck, 2007). As a consequence, the
conservation of coastal species, habitats and ecosystems, urgently
needs an increase of knowledge of land-sea interactions in order to
identify major drivers of change and set cross border management
goods and services to human society
ment of these issues is very challe
ier, 2011). The manage- strategies across different ecosystem compartments (Beger et al.,

nging for coastal ecosystems

because they are particularly exposed to multiple threats acting
2010).

Recently, attention has been raised about possible threats to

both in the ocean and on land. Regarding land-based threats, it has
been demonstrated that the conversion of native terrestrial vege-
tation for agriculture, urbanization and industry purposes is
conducive on an increase of runoff, which in turn can lead to
degradation and die-offs of coastal ecosystems such as coral reefs
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coastal systems resulting from the use of herbicides on land (e.g.
N€odler et al., 2013). The widespread employ of herbicides for de-
cades resulted in their ubiquitous presence in the environment, and
the ensuing contamination of water systems through spray drift,
leaching, surface runoff during rainfall events (Botta et al., 2009;
Salem et al., 2016). Glyphosate (N-[phosphonomethyl] glycine) has
become one of the most popular non-selective systemic herbicide
applied in the world, because of its acknowledged unique proper-
ties (low mammalian toxicity, high efficacy due to a unique sys-
temic action via basipetal and acropetal translocation and relatively
low price (Annett et al., 2014; Komives & Schr€oder, 2016). The
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chemical was synthesized in 1950 and patented ten years later not
as herbicide but as a chelator (Komives & Schr€oder, 2016). The
herbicidal effects were discovered at Monsanto Chemical Company
and the production of the first glyphosate-based commercial her-
bicide (Roundup®) began in 1974. Dilution and several factors (i.e.,

of complex mixtures providing the simultaneous identification of
endogenous compounds and xenobiotics without coupling to a
separation technique (Sobolev et al., 2005; Barding et al., 2012;
Dunn et al., 2013; Girelli et al., 2018). NMR spectroscopy has been
used in macroalgae metabolomics mainly for the characterization

Healthy apical fronds of Fucus virsoides were collected in
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pH, water alkalinity, trophic state) affect glyphosate fate and its
actual concentrations in aquatic environments. Yet, its huge ap-
plications and relatively long half-life (7e315 days) make it one of
the most widespread emergent pollutant (Mercurio et al., 2014;
Wang et al., 2016). Glyphosate has been listed in the 25 stormwater
priority pollutants (Eriksson et al., 2007) and it has been detected in
streams, lakes, estuaries and other aquatic ecosystems (Widenfalk
et al., 2008; Komives & Schr€oder, 2016; Salem et al., 2016). In
plants, its primary herbicidal effect is due to the inhibition of an
enzyme of the shikimate pathway (5-enolpyruvylshikimate-3-
phosphate synthase) which, in turn, inhibits the aromatic amino
acids synthesis (i.e., L-phenylalanine, L-tyrosine, and L-tryptophan)
(Komives & Schr€oder, 2016; Wang et al., 2016). As result, the
glyphosate leads to a halt of proteins and secondary compounds
(i.e., auxins and polyphenols) synthesis (S�aenz et al., 1997). Addi-
tional side effects of glyphosate on plant physiology are damage to
chloroplasts, membranes and cell walls, reduction of photosyn-
thesis, respiration, chlorophyll and nucleic acid synthesis
(Hernando et al., 1989; Schaffer & Sebetich, 2004). The toxicity of
glyphosate-based herbicide (GBH) formulations has been investi-
gated on several aquatic organisms (i.e. Mitchell et al., 1987;
Kreutzweiser et al., 1989; Relyea, 2005; Stachowski-Haberkorn
et al., 2008; Vendrell et al., 2009; Arunakumara et al., 2013),
showing that effects mainly rely on dose and formulation tested.
Yet, only few investigations have been performed on macroalgae
(Burridge & Gorski, 1998; Pang et al., 2012; Kittle & McDermid,
2016; Falace et al., 2018).

In temperate seas, such as the Mediterranean Sea, macroalgal
beds dominated by Fucales have a crucial role in supporting the
biodiversity and functioning of coastal rocky shores (Thibaut et al.,
2005). These habitats are becoming rare at basin scale at an
alarming rate. Urbanization, sedimentation and general pollution
have been advocated as the main drivers of their loss or degrada-
tion (Airoldi & Beck, 2007). More recently the study carried out by
Falace et al. (2018) on Fucus virsoides (Fucales, Ochrophyta) high-
lighted detrimental effect on the brown algae even if exposed at
relative low GBH concentrations and for short time. The toxic ef-
fects highlighted by the study in laboratory conditions are irre-
versible leading to the seaweed's death. F. virsoides is a threatened
macroalgal species endemic of the Adriatic Sea (Orlando-Bonaca
et al., 2013) and it is included in the Red List of Threatened Spe-
cies (IUCN, 2016). As it commonly characterizes the intertidal
fringe, there is a general consensus that, as well as other species
occurring in the same habitat, it can be severely threatened by
pesticides and fertilizers coming from agricultural activities. In-
vestigations concerning the ability of this species to cope with the
impacts of agriculture practices are, therefore, urgently needed
(Falace et al., 2018).

To date the metabolic pathways affected by this herbicide are
still unknown. In this study, we made an attempt in this direction
investigating, for the first time, the effects of different concentra-
tion of glyphosate-commercial formulation (Roundup®) on
F. virsoides by a metabolomic approach. In the last decade, metab-
olomics showed considerable potential as a tool for monitoring the
response of biota to pollutants (Wu & Wang, 2011; Zhang et al.,
2011; Wu et al., 2011, 2012; Zou et al., 2014). Nuclear magnetic
resonance (NMR) technique has beenwidely used in metabolomics
and metabolite profiling (Liu et al., 2011; Farag et al., 2012; Zou
et al., 2014). NMR based analyses make possible the unravelling
of species (Gupta et al., 2013; Belghit et al., 2017; Palanisamy et al.,
2018) and ecotypes (Greff et al., 2017a) but also to understand the
metabolic transitions in response to environmental changes
(Gaubert et al., 2019) or biological interactions (Nylund et al., 2011;
Greff et al., 2017b). Recently, NMR based-metabolomics was
applied to investigate the effects of Cu pollution on an algal species
(Zou et al., 2014). This study represents the first attempt to char-
acterize the metabolome profile of the brown algae F. virsoides
under GBH (i.e. Roundup®) stress, using 1H and 31 P NMR
spectroscopy.

2. Materials and methods

2.1. Laboratory experimental setting
December 2017 during the low tide in the Gulf of Trieste-Northern
Adriatic (45� 460 25.6700 N, 13� 310 52.3100 E), and transported to the
laboratory (within 1 h) in insulated containers under dark condi-
tions and low temperature. All samples were promptly cleaned
with a brush and rinsed with filtered ambient seawater (0.22mm
filters membrane), to remove epibionts and sediment. A random
subset of nine apical fronds were freeze-dried in order to have a
metabolomic baseline information for the in situ conditions (test
set). Instead, as far as the stress trial, the remaining samples were
acclimatized for 24 h to laboratory conditions. In particular, tem-
perature (12 �C) and photoperiod (9 L: 15 D) were selected to reflect
sampling site reference conditions. Light irradiance, provided by
LED lamps (AM366 Sicce USA Inc., Knoxville, USA), was set at
70 mmol photons m�2 s�1 and measured with a LI-COR LI-190/R
Photometer (LICOR-Biosciences, Lincoln, NE, USA). The experiment
tested the potential modification of F. virsoides metabolic profiles
after a short exposure (24 h) to the commercial isopropylamine salt
formulation of glyphosate (Roundup® Power 2.0, Monsanto Europe
S.A.). Specifically, four concentrations of the GBH were used,
namely 0 (Controls: C), 0.5 (G05), 1.5 (G15) and 2.5 (G25) mg L�1.
The commercial formulation Roundup® Power 2.0 (Monsanto
Europe S.A.) was mixed in a volumetric flask with the filtered
seawater collected at the sampling site to obtain the desired con-
centrations. The concentrations of the glyphosate isopropylamine
salt in the solution were 0, 176.5, 529.5 and 882.5 mg L�1 respec-
tively (i.e. 35.3% of the Roundup® formulation). The remaining was
surfactant (i.e. 6% of the formulation) and water. Each condition
was replicated in three aquaria (5 L), each containing 20 apical
fronds. The position of the aquaria in the temperature and light
regulated room was randomized. Constant aeration in the aquaria
was provided using air pumps to keep conditions homogeneous.

After 24 h of exposure to Roundup®, 3 randomly chosen apical
fronds were sampled and freeze-dried for metabolomic analysis in
each of the three aquaria according to the experimental conditions
(9 fronds each condition). Moreover, stress effects on F. virsoides
were estimated by measuring the chlorophyll-fluorescence of
photosystem II with a Handy PEA chlorophyll fluorimeter (Hansa-
tech Instruments ltd, Norfolk, UK) (Supplementary Information,
Section S1).

2.2. Sample preparation and NMR measurements

Samples were prepared according to the experimental



procedure previously reported in literature (Ward et al., 2003;
Girelli et al., 2017) (Supplementary Information, Section S2), and 1D
and 2D NMR experiments were performed on a Bruker Avance III
600 Ascend NMR spectrometer (Bruker, Ettlingen, Germany),
operating at 600.13MHz for 1H observation, equipped with a TCI

2018; Catarino et al., 2018). Among these, sulphated and acetylated
sugar residues (Catarino et al., 2018) as the a-L-fucose was identi-
fied by the doublet at 5.16 ppm, its acetyl group observed as an
intense signal at 2.14 ppm (13C 23.2 ppm), partially overlappedwith
signals belonging to other metabolites (in particular methionine
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cryoprobe (Supplementary Information, Section S3). The 1H NMR
spectra were processed using Topspin 3.5 and Amix (Analysis of
Mixtures) softwares 3.9.13 (Bruker, Biospin, Italy), both for simul-
taneous visual inspection and the bucketing process. A simple
rectangular (0.04 ppm width) bucketing procedure was applied on
the entire NMR spectra and the resulting data matrix was sub-
mitted to multivariate statistical analysis to examine the intrinsic
variation in the data and for classification purposes (Supplemen-
tary Information, Section S4). Moreover, the relative intensity
variation in glyphosate content and among the discriminating
metabolites in the groups of samples were obtained by the inte-
gration of specific signals, identified by the NMR-based untargeted
multivariate analysis (Supplementary Information, Section S5).

3. Results

3.1. NMR analysis of the aqueous extract of F. virsoides thalli
A complex pattern of signals ascribable to polyols, poly-

saccharides (Bilan et al., 2002, 2014; J�egou et al., 2015; Catarino
et al., 2018) and the GBH (Cartigny et al., 2004, 2008) (with the
exception of controls) dominated the 1H NMR spectra (Fig. 1).
Among polyols, mannitol appeared the most abundant, with sig-
nals in the range 3.9e3.6 ppm (J�egou et al., 2015). The presence of
the seaweed polysaccharides complex was mainly identified as
fucoidan, phlorotannins, fucoxanthin and others (Birkemeyer et al.,
Fig. 1. 1H NMR spectra and relative expansions of the (a) aromatic and (b) aliphatic regions
exposure to GBH. (1: polysaccharides; 2: isoleucine, leucine, valine; 3: GBH signals; 4: lactat
malonate; 10: cystine; 11: MeOH; 12: UDP-X; 13: maleate; 14: shikimate; 15: fumarate; 16

3

and glutamine) and a singlet at 1.22 ppm. Doublets at 5.22 and
4.64 ppm were assigned to alpha and beta-glucose, respectively.
Other polysaccharides related NMR signals were found at low fre-
quencies (1.09 and 0.94 ppm) (Hmelkov et al., 2018). These mole-
cules are particularly abundant in brown algae and usually
represent the main components of cell wall, as complex sulphated
and acetylated forms (Li et al., 2008; Gügi et al., 2015; Catarino
et al., 2018; Hmelkov et al., 2018). Moreover, they have important
structural functions, being also a great source of biomolecules
(Rizzo et al., 2017; Hmelkov et al., 2018). The presence of GBH was
confirmed by the NMR signals at 3.10 ppm (CH2eP doublet, with a
coupling constant between proton and phosphorous of 11.85 Hz)
and 3.72 ppm singlet, while the isopropylammonium CH3 groups
appeared at 1.16 ppm (broad signals) and 1.30 ppm (doublet) ppm
(Cartigny et al., 2004, 2008). By the analysis of the 31P NMR spectra
of the aqueous extracts of algal thalli, the signal related to inorganic
phosphate was also observed at ~0.3 ppm, and an additional peak
was detected at 7.72 ppm as a singlet and assigned to the glypho-
sate phosphorus nucleus (Cartigny et al., 2004) (Supplementary
Information, Fig. S1). Other metabolites were also identified in the
1H NMR spectra, including free amino acids (alanine, valine,
leucine, isoleucine, cystine, glutamate, glutamine, methylhistidine,
phenylalanine, threonine, tyrosine), organic acids (citrate, malo-
nate, maleate, lactate, formate, fumarate) and other molecules
(choline, dimethylsulfone, ATP) (Table 1).
of F. virsoides thalli aqueous extracts for controls and contaminated thalli after a short
e/threonine; 5: alanine; 6: acetate; 7: methionine, glutamate/glutamine; 8: DMSO2; 9:
: tyrosine; 17: 1-methylhistidine; 18: phenylalanine; 19: ATP; 20: formate).



3.2. Chlorophyll fluorescence

Significant differences among the Fv/Fm were found for samples
subjected to different concentration of GBH solution (PERMANOVA:
pseudo-F¼ 332.58, p< 0.001). Compared to the controls, the

obtained by the integration of both the NMR signals at 3.72 and
1.30 ppm of CH2eN of glyphosate and the methyl groups (CH3)2 of
isopropylamonium salt, respectively, using the TSP resonance peak
as a qualitative and quantitative standard (as described in the
Supplementary Information, Section S5) (Cartigny et al., 2008). Due

Table 1
Chemical shift (ppm) and assignment of metabolite resonances (1H and 13C) identified in the 600MHz 1H spectrum of the aqueous extracts of
F. virsoides thalli (Letters in parentheses indicate the peak multiplicities; s, singlet; d, doublet, t, triplet; q, quartet; m, multiplet; bs, broad
signals). aDMSO2: dimethylsulfone; bMeOH: solvent; cUDP-X can be UDP-galactose or UDP-glucose (Marks et al., 2016).

Compound 1H (ppm) 13C (ppm)

Acetate 1.92 (s) e

Alanine 1.48 (d), 3.74 (q) 18.92, 57.1
ATP 8.24 (s), 8.19 (s)
Betaine 3.27 (s) e

Choline 3.20 (s) 54.13
Citrate 2.71 (d), 2.55 (d) 47.4, 47.2
Cystine 3.17, 3.39 (dd) 48.47
DMSO2

a 3.13 (s) 48.56
Formate 8.46 (s) e

Fumarate 6.51 (s)
Fucose 1.22 (s), 2.14, 5.16 (d) 18.46, 23.2, 74.5
GBH isopropylammonium 1.16, 1.30 (d), 3.10, 3.72 (s) 18.84, 22.69, 48.06, 53.77
a,b-Glucose 5.22 (d), 4.64 (d) e

Glutamate 2.36, 2.27, 2.04 36.31, 36.21, 29.61
Glutamine 2.45, 2.12 34.41, 29.23
Isoleucine 0.95, 0.98 (d) e

Lactate 1.32 (d), 4.13 (q) 22.5, 64.23
Leucine 0.94 (d), 1.7 (m) e

Maleate 6.12 (s) e

Malonate 3.14 (s) 56.15
Mannitol 3.9e3.6 66.2, 72.22, 73.84
MeOHb 3.31 51.14
Methionine 2.14 34
1-Methylhistidine 7.88, 7.08 e

Phenylalanine 7.42 (m), 7.38 (m), 7.32 (d), e

Shikimate 6.44, 4.38, 3.70, 2.74, 2.18 133.36, 69.6, 35.4
Threonine 1.32 (d), 4.24 (q) 22.5, 69.38
Tyrosine 7.19 (d), 6.89 (d)
UDP-Xc 7.96, 7.88, 5.98 (bd) e

Valine 1.04 (d), 1.00 e
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maximum yield of the photosystem II photochemical reactions (Fv/
Fm) was already significantly reduced at the lowest concentration
used (0.5mg L�1) (Fig. 2a).

3.3. GBH determination in F. virsoides thalli calculated by 1H NMR

A quantitative determination of the herbicide GBH was
measured by 1H NMR Spectroscopy. GBH concentration was
Fig. 2. a) Effects of different treatments on maximum yield of PSII photochemical reactions
(G15) and 2.5 (G25) mg L�1. Different lower case letters indicate significant differences am
Relationships between levels of glyphosate content in dry mass of F. virsoides thalli and th

4

to the unbiased doublet of (CH3)2 methyl group at 1.30 ppm,
detection of isopropyl ammonium resulted more straightforward
(Cartigny et al., 2008). Nevertheless, quantification based on the
partially overlapping signals of glyphosate CH2eN at 3.72 ppm gave
comparable results. Null concentration was observed in white
analytical tanks (without Roundup® solution), while average
values (mean± SE, n¼ 9) of 0.019± 0.003, 0.041± 0.004 and
0.073± 0.007 mgmg�1 were measured for F. virsoides dry weight
(Fv/Fm) in F. virsoides after 24 h of treatment with Roundup® solution at 0.5 (G05), 1.5
ong treatments (p< 0.01). Data are the means ± SE (n¼ 30). Control (C): sea water. b)
e different Roundup® concentrations used in the toxicity test.



thalli from tanks enrichedwith 0.5, 1.5 and 2.5mg L�1 of Roundup®
solution, respectively. This analysis revealed that glyphosate from
Roundup® solution accumulated in samples of F. virsoides accord-
ing to a linear relationship (Fig. 2b; r2¼ 0.9730, p< 0.0001).

plot (Fig. 3a) showed that samples were clustered in distinct
groups: in particular, C samples were positioned at positive values
of the first axis t[1] (on the right side of the first axis), while thalli
exposed to high level of pesticide (G25) were found on the left, at
negative values of the first component (t[1]), and resulted the less
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3.4. 1H-NMR-based metabolomics analysis

Multivariate statistical analysis was applied to the whole NMR
data of aqueous extracts, focusing on the potential differences in

metabolic profiles of F. virsoides thalli, collected after a short period

of GBH exposure, from tanks enriched with 0.5mg L�1 (G05),
1.5mg L�1 (G15) and 2.5mg L�1 (G25) of Roundup® solution,
respectively. The unsupervised analysis (PCA) performed on the
whole data revealed a clear group separation, according to a GBH
accumulation gradient. In the PCAmodel (Fig. S2 in SI), the two first
principal components (t[1]/t[2]) explained more than 70% of the
total variance (R2X¼ 0.71, Q2¼ 0.59). The samples appeared to be
partitioned into four clusters corresponding to different levels of
GBH exposure (controls, C; 0.5mg L�1, G05; 1.5mg L�1, G15 and
2.5mg L�1, G25), thus indicating that even an unsupervised sta-
tistical method can distinguish among the groups of samples and
that GBH content appeared as the most significant factor (corre-
sponding NMR signals at 1.14, 1.18, 1.30, 3.72, 3.74, 3.70 ppm). A
relatively higher content of polysaccharides moieties was also
found in the controls with respect to the herbicide exposed samples
(related NMR signals at 3.90, 3.86, 3.82, 3.78, 3.66 ppm). In order to
highlight the differences in the samples metabolite content (other
than GBH and polysaccharides), the buckets corresponding both to
polysaccharides and GBH molecules were excluded from further
analyses. The PCA analysis was then repeated and a new PCAmodel
(Fig. S3 in SI) was obtained, with the first two principal components
(t[1]/t[2]) explaining about 60% of the total variance (R2X¼ 0.60,
Q2¼ 0.50). Moreover, the related PLS-DA (and OPLS-DA) analyses
were also obtained to elucidate the most reliable class-
discriminating variables that were highly diagnostic for group
separation. The PLS-DA model was built using 4 components,
obtaining a robust model (R2X¼ 0.73, R2Y¼ 0.79 Q2¼ 0.67), with
Cohen's coefficient (K) equal to 0.9619. The t[1]/t[2] PLS-DA score
Fig. 3. a) PLS-DA and b) OPLS-DA score plots obtained for aqueous extracts from F. virsoides t
G25¼ 0.5, 1.5 and 2.5mg L�1 of herbicide exposure respectively.

5

scattered group. Finally, samples exposed to intermediate levels of
GBH groups (G05 and G15, low and intermediate exposure to GBH,
respectively) were found between the controls and highly GBH
exposed thalli in the t[1]/t[2] PLS-DA score plot. In particular, these
samples were mainly distributed at low values of the first compo-
nent t[1], while resulted well discriminated to each other on the
second component t[2], at negative and positive values, respec-
tively. Analogously, the related OPLS-DA model (3 þ 1þ0 compo-
nents, R2X¼ 0.73, R2Y¼ 0.79 Q2¼ 0.65, Fig. 3b) highlighted the
different behaviour of G05 samples with respect to G15 and G25
groups, and better describes the progressive sample distribution
along the predictive component t[1]. Both PLS-DA and OPLS-DA
clearly suggest the specific discriminating metabolite response of
algal thalli at low dose with respect to intermediate and high
concentration glyphosate exposure. In order to obtain a better
discrimination of metabolite levels in groups of samples differently
exposed to GBH, supervised pairwise OPLS-DA analyses were per-
formed for GBH exposed samples (G05, G15, G25) with respect to
controls (C). In all the three cases (considering the couples C vs G05,
C vs G15, C vs G25, Fig. 4a, b, c), the OPLS-DA models were built
using one predictive and one orthogonal components, obtaining
different model performances, reported in Table 2. The differences
in metabolite content were studied by the analysis of the corre-
sponding S-line plot. In all the three cases, controls (C) and GBH
exposed samples (G05, G15, G25) were clearly separated on the first
predictive component t[1]. This progressive separation (inter-class
variability) could be also quantified according to the Q2 values
(reported Table 2) of the obtained OPLS-DA models (Girelli et al.,
2016a). The three OPLSDA models (Fig. 4a, b, c) also showed a
progressive reduction, according to the increasing GBH exposure, of
the variability along the 1st orthogonal component, with respect to
the controls. This interesting feature could be related to the
smoothing of the natural variability of the metabolic profiles (intra-
halli after a short exposure to different Roundup® solutions. C ¼ Controls; G05, G15 and



Fig. 4. OPLS-DA score plots (left) and corresponding S-line loading plots (right) regarding pairs comparisons between controls and the different treatments with Roundup® (i.e., a)
C vs G05; b) C vs G15; c) C vs G25). Symbols coloured according to the correlation scaled loading p(corr), obtained for aqueous extracts from F. virsoides thalli after a short exposure
to different treatments. C ¼ Controls; G05, G15 and G25¼ 0.5, 1.5 and 2.5mg L�1 of herbicide exposure respectively.
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class variability) caused by the increasing GBH exposure. By the
analysis of the corresponding S-line plots (Fig. 4), the loadings
related to the original variables (NMR signals) were obtained
allowing to identify the metabolic components distinctive for each
group of samples. In general, a decrease in metabolite content was

analysis, using the specific OPLS-DA model obtained for the two
classes (C vs G05, Fig. 4a). In the related predicted scoreplot (Sup-
plementary Information, Fig. S4b), the test samples resulted
essentially shifted towards the controls (on the predictive axis), and
characterized by an intra-class variability similar to that exhibited

Table 2
Model performances for the three OPLS-DA score plots reported in Fig. 4. G05, G15,
G25 refer to different groups of samples of F. virsoides thalli extracts, after 24 h of
treatment with Roundup® solution at 0.5, 1.5 and 2.5mg L�1, respectively.
C¼ controls.

OPLS-DA model R2X R2Y Q2

C-G05 1 þ 1þ0 0.66 0.87 0.73
C-G15 1 þ 1þ0 0.60 0.93 0.84
C-G25 1 þ 1þ0 0.73 0.97 0.95

he c
(C)

.05 a
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observed in all the samples exposed to the herbicidewith respect to
controls, together with a relative higher content of shikimate,
choline, formate, and glucose. In particular, a significant decrease of
glutamate (2.38, 2.34, 2.06 ppm), glutamine (2.46, 2.42, 2.12 ppm),
phenylalanine (7.42, 7.38, 7.32 ppm), tyrosine (7.19, 6.89 ppm),
isoleucine, leucine (0.98 ppm) and valine (1.04 ppm) and a signifi-
cant higher relative content of formate (8.46 ppm), mainly char-
acterized G05 samples (exposed to low doses of GBH) with respect
to controls (C). A significant decrease in metabolite content, in
particular glutamate, phenylalanine, tyrosine and valine and a
higher relative content of shikimate (6.44, 2.18 ppm), choline
(3.20 ppm), formate (8.46 ppm) and alanine (1.48 ppm) also char-
acterized G15 with respect to controls (C). Finally, a lower content
of glutamate, glutamine, malonate, fumarate and a higher content
of shikimate, formate, choline and glucose characterized G25
samples with respect to controls (C). Thereafter, relative variation
in the metabolite content among groups was also calculated by
integration of selected NMR signals using the TSP signal
(d¼ 0.00 ppm) as internal standard and reported as Log 2 fold
change (Supplementary Information, Table S1). One Way-ANOVA
with HSD post hoc test for pairwise multiple comparisons of
means was performed on the mean integral values of all different
groups (Table 3 and Table S2 in Supplementary Information). The
complete four classes PLS-DA model of Fig. 3a could also be used as
training set to analyze nine samples (labelled as “unknown”, test
set) collected in sea waters and potentially exposed to GBH. All the
test samples were predicted in the PLS-DA model and resulted into
the model space defined by the training set. The prediction analysis
classified the test samples mainly between C (controls) and G05
(GBH low level exposure) (Supplementary Information, Fig. S4a).
The test set was therefore used for a further focused prediction

Table 3
Metabolite variations ([: increment, Y: decrement) calculated by the integration of t
different concentrations of Roundup ® (i.e., G05, G15, G25) with respect to controls
significant difference, HSD post hoc test) was set at least at an adjusted p-values <0
Metabolite 1H NMR chemical shift (ppm)

alanine 1.48
glucose 5.22e4.64
choline 3.20
formate 8.46
glutamate 2.36
glutamine 2.45
isoleucine/leucine 0.98
malonate 3.14
fumarate 6.51
phenylalanine 7.42
shikimate 6.44
tyrosine 6.89
valine 1.04
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by both controls and low GBH exposed samples. The confusion
matrix assigned 6 over a total of 9 test samples to C class, while the
remaining 3 test samples were included in the G05 group, ac-
cording to Naïve-Bayes classification (Supplementary Information,
Fig. S4b) (Girelli et al., 2016b). Analogously to training set samples,
integral values from the NMR spectra were also calculated for the
test samples, and significant variation in the metabolite content
among groups was evaluated by the ANOVAwith HSD post hoc test
(Supplementary Information, Table S3). The prediction analysis
performed for test samples collected on field and potentially
exposed to GBH may suggest the occurrence of the specific
contaminant action on themetabolic profiles. Nevertheless, specific
residual GBH determination for the on field collected samples and/
or appropriate washing out experiments on the model samples
should be used to confirm this hypothesis.

4. Discussion

Glyphosate based herbicides (GBHs) are among the most
commonly used herbicide worldwide (Annett et al., 2014; Komives
& Schr€oder, 2016). At the beginning of their employement, there
was a common consensus that glyphosate was environment-
friendly not causing harm to non-target species. Instead, recently,
its overuse has been demostred to negatively affect almost all or-
ganisms (reviewed by Gill et al., 2018).

In the last years, an increased attention was posed to the po-
tential toxic effects of these substances to non-target organisms
and ecosystems. In this study, the presence of glyphosate iso-
propylamine salt has been clearly identified and quantified in the
NMR spectra of aqueous extracts of F. virsoides. The high solubility
of glyphosate (12,000mg L�1) facilitates translocation from
terrestrial to aquatic environments (Torstensson et al., 2005),
where it easily migrates from groundwater to plants. Only few
studies have investigated the accumulation of glyphosate in plants,
showing a different pattern of uptake among species and between
the different parts of a plant (roots vs leaves) (Rzymski et al., 2013;
Sikorski et al., 2019). To the best of our knowledge, this is the first
study investigating the accumulation of glyphosate in macroalgae.
The glyphosate uptake of F. virsoides resulted directly proportional
to the concentration of chemical in the growth medium, as
observed in the common duckweed Lemna minor by Sikorski et al.
(2019).

orresponding selected NMR signals and differences in groups of samples exposed to
. Relative statistical significance (Multiple Comparisons of Means, Tukey's honestly
nd indicated with ‘***’ 0.001; ‘**’ 0.01; ‘*’ 0.05; ‘�’ 0.1.
C vs G05 C vs G15 C vs G25

↑↓ ↓↑*** ↓↑
↓↑ ↓↑ ↓↑�
↓↑ ↓↑*** ↓↑***
↓↑� ↓↑*** ↓↑***
↑↓* ↑↓*** ↑↓***
↑↓** ↑↓ ↑↓***
↑↓*** ↑↓ ↑↓
↑↓ ↑↓ ↑↓*
↑↓ ↑↓ ↑↓*
↑↓*** ↑↓*** ↑↓***
↓↑ ↓↑*** ↓↑***
↑↓*** ↑↓** ↑↓***
↑↓*** ↑↓� ↑↓



The exposure to different levels of Roundup® produced a gen-
eral depletion of structural polysaccharides in this brown macro-
algae. The effect was already observed at the lowest dose tested in
the experiment.

Similarly, the reduction of another integral structural compo-

Among the indirect effects of glyphosate on plant physiology there
is, indeed, the onset of oxidative stress (Kremer & Means, 2009;
Kielak et al., 2011; Zobiole et al., 2011; Gomes et al., 2014; Zhong
et al., 2018; Sikorski et al., 2019). It is worth noting that this could
be another of the secondary effect of the blocked shikimate

(GBHs) in coastal waters are still largely unknown. This study
showed that native macroalgae in marine habitats may be nega-
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nents of the brown algae cell walls, namely phlorotannins, was
found in the congeneric F. vesiculosus exposed to glyphosate
(Pelletreau & Targett, 2008).

Based on this finding, Pelletreau and Targett (2008) suggested
that the shikimate pathway, whose presence was experimentally
verified only in Rhodophyta and Chlorophyta (Jormalainen &
Honkanen, 2008; Bouarab et al., 2004), could be present also in
Phaeophyta.

The primary mode of action of glyphosate was, indeed, localized
in the shikimate pathway of aromatic amino acid biosynthesis, a
pathway that links primary and secondary metabolism. The
deregulation of this metabolic pathway affects the synthesis of
essential aromatic amino acids and, as a consequence, the synthesis
of protein and other secondary metabolites, such as, growth pro-
moters, growth inhibitors, lignin precursors, flavonoids, tannins,
and other phenolic compounds (P�erez et al., 2011).

Results of this study seem to confirm the hypothesis of this
pathway in brown algae, since a decrease in the aromatic amino
acid phenylalanine (PHE) and tyrosine (TYR) content was found in
all the samples exposed to Roundup® (at low, intermediate and
high levels).

Moreover, as already reported in other studies where a massive
accumulation of shikimate was found in cells and tissues of plant
exposed to glyphosate (e.g. Bode et al., 1984; Rubin et al., 1984;
Gout et al., 1992; Zelaya et al., 2011), we also detect a significant
increment of shikimate especially in thalli exposed at intermediate
and high doses of Roundup®. This was also found in the non-target
aquatic species Lemna minor and Hydrocharis dubia (Zhong et al.,
2018; Sikorski et al., 2019).

A marked effect on amino acid (AA) metabolism, not only the
aromatic ones, with a general decrease of the total amount of the
dominant AAs, was also found in this study. Specifically, branched-
chain AAs (isoleucine, leucine and valine) showed a significant
decrease in samples exposed to the lowest concentration of
Roundup®, whereas they increase at intermediate and high expo-
sure, suggesting the onset of different responses at different levels
of chemical exposure. These findings are consistent with the results
of Zou et al. (2014), showing that the branched chain AAs content
differently varied in response to acute and chronic stress from
copper pollution. A similar pattern was found in a glyphosate-
sensitive soybean genotype, in which it was suggested that the
deregulation of PHE synthesis caused the increase of alanine and
other minor AAs through parallel synthesis pathways (Vivancos
et al., 2011). Associated to a decrease in PHE, a reduction of gluta-
mate (GLU) and asparagine and an increase in glutamine and
arginine, were found (Vivancos et al., 2011), suggesting that
glyphosate is able to trigger the production of AAs with more ni-
trogen atoms at the expense of their precursors. Probably due to the
short time of the experiment, we didn't detect significant differ-
ences in the content of nitrogen-rich AAs. However, a significant
reduction of GLU was observed in all the thalli exposed to
Roundup®.

A moderate increase in glucose content was observed in thalli
exposed to high level of Roundup®. Increase in glucose has been
associated with a defense response against infection involving
shifts in carbohydrate metabolism (Sardans et al., 2014). A signifi-
cant increase of choline and formate was also observed in the
samples exposed to intermediate and high doses of Roundup®,
suggesting the onset of stress condition (Sardans et al., 2014).
pathway (Ahsan et al., 2008). Moreover, a prediction analysis on
samples collected from sea sites potentially exposed to GBH was
also performed. In few cases (3 over 9 test samples), the test
samples resulted affected by a metabolomic modification similar to
that exhibited by low GBH exposed samples. These results could
suggest the hypothesis of low specific contamination occurrence
according to their metabolic profiles. Nevertheless, further studies
are needed in order to confirm this specific finding.

Finally, even at the lowest Roundup® concentration tested,
lower than those tested in previous studies, a significant effect on
the photosynthetic activity was found. Values of Fv/Fm in controls
were between 0.7 and 0.8, thus indicating an unstressed condition
(Maxwell & Johnson, 2000; Ritchie, 2006). In particular, F. virsoides
was considered to be in a healthy ecophysiological status if the ratio
Fv/Fm exceeded 0.70 (Young et al., 2007); a decrease in the value of
this variable was considered as a measure of stress (Huppertz et al.,
1990; Maxwell & Johnson, 2000), as happened in all treatments
with Roundup®. GBHs have been already shown to cause signi-
ficant changes in chlorophyll content and absorbance and photo-
synthetic yield in marine macroalgae and seagrasses (Pang et al.,
2012; Castro et al., 2015; Kittle & McDermid, 2016; Oliveira et al.,
2016; Falace et al., 2018). The mechanisms responsible for the
impairment of photosynthetic rate are still not clear. However,
some authors suggested that, blocking the shikimate pathway,
glyphosate can indirectly inhibit both the biosynthesis of com-
pounds (i.e quinones, carotenoids and chlorophylls) related to
photosynthesis (Dewick,1998; Fedtke&Duke, 2005) and the Calvin
cycle (Gomes et al., 2014), thus irremediately causing the shutdown
of photosynthesis.

5. Conclusions

The ecosystem-level effects of glyphosate-based herbicides
tively affected by GBHs. Specifically, we have shown that both
productivity and metabolic pathways of aquatic primary producers
could show relevant decrease based on the amount of agricultural
land use of a certain area. This is of concern since, despite the
intense debate on the effects associated with GBH use, these her-
bicides have not yet been banned or targeted by specific regulation.
Available data suggest that the application of glyphosate has grown
by 659% in the study area (Friuli Venezia Giulia, NE Italy) over the
period 2002 to 2012 (APPA, 2014). In this region, glyphosate is listed
as the first priority emerging pollutant, since it exceeds the envi-
ronmental limits inmost of themonitoring sites (ISPRA, 2018; ARPA
FVG, 2018).

Macroalgal forests provide critical habitats and food resources
to many marine organisms, and are important elements of sub-
marine landscapes. Further investigations on the potential effects
of this xenobiotic on marine primary producers should be priori-
tized, since the adverse effects can be cascaded to higher trophic
levels, affecting the functioning of whole ecosystems.
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