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Abstract
Glyphosate is a globally popular herbicide to kill weeds and its wide applications may lead

to accumulation in coastal oceans as a source of phosphorus (P) nutrient or growth inhibitor

of phytoplankton. We studied the physiological effects of glyphosate on fourteen species

representing five major coastal phytoplankton phyla (haptophyta, bacillariophyta, dinofla-

gellata, raphidophyta, and chlorophyta). Based on growth responses to different concentra-

tions of glyphosate under contrasting dissolved inorganic phosphorus (DIP) conditions, we

found that phytoplankton species could be classified into five groups. Group I (Emiliania
huxleyi, Skeletonema costatum, Phaeodactylum tricornutum) could utilize glyphosate as

sole P-source to support growth in axenic culture, but in the presence of DIP, they were

inhibited by both 36-μM and 360-μM glyphosate. Group II (Karenia mikimotoi, Prorocentrum
minimum, Dunaliella tertiolecta, Symbiodinium sp., Heterosigma akashiwo and Alexan-
drium catenella) could not utilize glyphosate as sole P-source to support growth, and in the

presence of DIP growth was not affected by 36-μM but inhibited by 360-μM glyphosate.

Glyphosate consistently enhanced growth of Group III (Isochrysis galbana) and inhibited

Group IV (Thalassiosira weissflogii, Thalassiosira pseudonana and Chattonella marina)
regardless of DIP condition. Group V (Amphidinium carterae) exhibited no measurable

response to glyphosate regardless of DIP condition. This grouping is not congruent with the

phylogenetic relationships of the phytoplankton species suggesting functional differentia-

tion driven by environmental pressure. We conclude that glyphosate could be used as P-

source by some species while is toxic to some other species and yet has no effects on oth-

ers. The observed differential effects suggest that the continued use of glyphosate and

increasing concentration of this herbicide in the coastal waters will likely exert significant

impact on coastal marine phytoplankton community structure.

Introduction
Organophosphonate herbicide glyphosate [N-(phosphonomethyl) glycine] [1] is a chemically-
synthesized compound, also a type of dissolved organic phosphorus (DOP) that contains a sta-
ble C-P bond. It has become a global herbicide in agriculture because of its outstanding perfor-
mances. After entering plants, glyphosate inhibits the activity of 5-enolpyruvylshikimate-
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3-phosphate (EPSP) synthase [2], a key enzyme for the synthesis of aromatic amino acids, and
causes cell death [3]. In addition to this main mode of action, glyphosate is also known to dam-
age a number of cellular structures and other biochemical processes, such as disruption of chlo-
roplasts, membranes and cell walls, reduction in chlorophyll content and changes in nucleic
acid synthesis, photosynthesis, and respiration [4–6]. These characteristics render glyphosate
to be one of the most popular agricultural herbicides [7]. Because animals do not have these
targets of glyphosate action, this herbicide is widely viewed as environmentally benign [8,9].

The usage of glyphosate is notably high worldwide. It has been reported that typical forestry
and agricultural application rates of glyphosate-based herbicides range from 0.9 to 4.27 kg acid
equivalents (a.e.)/ha, and in the United States annual application is up to 6.73 kg a.e./ha for
crop uses and 8.92 kg a.e./ha for noncrop uses [10]. Direct overspraying a 15-cm deep wetland
with no intercepting vegetation at these application rates has been estimated to result in aque-
ous concentrations between 2.89 (about 17.34 μM, at the maximum label application rate) and
5.95 mg/L (about 35.7 μM, one time application of the maximum annual application rate) [11]
either by accidental or wind driven drift of the herbicide spray, or by surface runoff of sus-
pended particulate matter [12–14]. As an unnatural chemical herbicide, its potential effects on
the aquatic ecosystem should be given attention [15–17]. Although many factors such as the
pH, water alkalinity and trophic state may cause variability in glyphosate concentrations, the
wide applications of glyphosate and its relatively long half-life (7 to 315 days, most commonly
45–60 days) will lead to its constant presence in coastal waters [18]. Several previous studies
have characterized the effects of individual glyphosate-based herbicide formulations on a wide
variety of aquatic organisms, including microorganisms [19,20], invertebrates [21,22], amphib-
ians [11,23], and fish [24–26], which indicated diverse physiological and behavioral effects
depending on the dose and formulation. However, relatively few investigations have been pub-
lished on the effects of glyphosate on marine phytoplankton [3,27,28]. It is important to assess
the potential impact on phytoplankton, considering the vital ecological roles of these photosyn-
thetic organisms in the marine ecosystem. Evidence is available that glyphosate has direct toxic
effects on populations of phytoplankton [29]. Furthermore, the adverse effects on the primary
producers can be cascaded to higher trophic levels and hence the function of the entire ecosys-
tem may be impacted [30].

Despite the toxic effects on weeds, glyphosate can be utilized by microbial communities as
an alternative source of C, N or P [31–33], which is essential to all living organisms. Many stud-
ies have indicated that some bacteria, actinomycetes, fungi and unidentified microbes can
degrade glyphosate [34,35]. Sinorhizobium meliloti of the family Rhizobiaceae, for instance,
has been shown to be able to utilize glyphosate naturally as sole P-source [36]. Numerous stud-
ies over the past two decades have provided evidence that P is the ultimate limiting nutrient of
phytoplankton growth in oceanic as well as some coastal waters [37–40] and even terrestrial
ecosystems [41,42]. This is because phosphate minerals are sparingly soluble ([PO4

-3] = 1 mM
at pH 7, 25°C), and geochemical cycling of phosphate is slow, making the concentration of
orthophosphate, the form of P that is immediately available to organisms, very low. Therefore,
DOP often serves as an alternative P-source to support the growth of marine phytoplankton
[43,44]. Many studies have been conducted to understand phytoplankton utilization of phos-
phorus esters, which contribute 75% of high-molecular-weight DOP pool in marine systems
[45]. However, for the remaining 25% DOP [46–48], phosphonates, to which glyphosate
belongs, we know little about its potential to be utilized as a P-source by phytoplankton.

In this study, we investigated the effects of glyphosate on phytoplankton growth under
different P conditions, to assess whether glyphosate can support the growth of phytoplankton
or inhibit their growth as an herbicide. Our results showed that different phytoplankters
responded differently to glyphosate.

Marine Phytoplankton and Glyphosate
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Materials and Methods

Algal cultures
Fourteen phytoplankton species obtained from Collection Center of Marine Algae (Xiamen
University, China) and belonging to five different phyla (i.e. haptophyta, bacillariophyta, dinofla-
gellata, raphidophyta, and chlorophyta) were selected for the experiments (Table 1). Isochrysis gal-
bana and Emiliania huxleyi from the haptophyta group provide important nutritional values as
commonly used pray [49] and produce calcites as well as dimethylsulfoniopropionate (DMSP),
respectively [50]. The diatoms Skeletonema costatum, Phaeodactylum tricornutum, Thalassiosira
weissflogii, and Thalassiosira pseudonana are all common coastal phytoplankters [51], among
which, P. tricornutum and T. pseudonana, are two best studied model species [52,53] with genomes
fully sequenced [54,55]. The dinoflagellates Alexandrium catenella, Prorocentrumminimum, Kera-
nia mikimotoi, and Amphidinium carterae as well as the raphidophytesHeterosigma akashiwo and
Chattonella marina cause harmful algal blooms under certain nutrient (e.g. increasing phosphorus
availability) and climate conditions (increasing temperature) [56], and all of these can produce tox-
ins. Many species of the dinoflagellate genus Symbiodinium are essential endosymbionts of the
reef-building corals [57].Dunaliella tertiolecta was included because it is often used as a model
marine chlorophyte, and its photosynthetic apparatus is similar to those of higher plants [58,59].

Stock cultures of these species were grown in f/2 or L1 medium (without silicate) with
0.22 μm-filtered and autoclaved seawater (30 salinity) at 20°C under 12h: 12h light: dark
photocycle with a photon flux of 120 μmol�m-2�s-1. Cell concentrations were measured micro-
scopically using a Sedgewick-Rafter counting chamber (Phycotech, St. Joseph, MI, USA) fol-
lowing previous reports[60–62], to monitor the growth of these cultures. Experiments with
glyphosate began when the stock cultures entered the exponential growth stage.

Experimental design
Stock solution of glyphosate (99.9%, non-derived compound; SIGMA-ALDRICH) was dis-
solved in Milli-Q water to a concentration of 36 mM, and then sterile-filtered through a 0.22-
μmmembrane and stored at 4°C. Seawater used in this study was open ocean water collected

Table 1. Fourteen algal species examined in our study and summary (and grouping) of their differential responses to glyphosate.

Phylum Species Sole P-source* +DIP+lower glyphosate* +DIP+higher glyphosate* Grouping

Haptophyta Isochrysis galbana + – promote III

Emiliania huxleyi + inhibit inhibit I

Bacillariophyta (Diatoms) Skeletonema costatum + inhibit inhibit I

Phaeodactylum tricornutum + inhibit inhibit I

Thalassiosira weissflogii inhibit inhibit inhibit IV

Thalassiosira pseudonana inhibit inhibit inhibit IV

Dinoflagellata Alexandrium catenella – – inhibit II

Prorocentrum minimum – – inhibit II

Karenia mikimotoi – – inhibit II

Symbiodinium sp. – – inhibit II

Amphidinium carterae – – – V

Raphidophyta Heterosigma akashiwo – – inhibit II

Chattonella marina inhibit inhibit inhibit IV

Chlorophyta Dunaliella tertiolecta – – inhibit II

*In these columns, “+” represents that glyphosate could be used as sole P-source (p<0.05, RM ANOVA); “–” represents no effect; “inhibit” or “promote”

represents glyphosate could inhibit or promote growth (p<0.05, RM ANOVA).

doi:10.1371/journal.pone.0151633.t001
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from the South China Sea where background DIP concentration was 0.73 μM, which was fil-
tered through a 0.45-μMmembrane and autoclaved.

Three laboratory experiments were conducted to investigate two different issues. Experiment
I and Experiment III were designed to evaluate whether the examined phytoplankton species are
able to degrade glyphosate to phosphate (P-source), while the primary objective of Experiment II
was to assess the toxic effects of glyphosate at 36 μM (6mg�L-1) and 360 μM (60 mg�L-1) concen-
trations (most aquatic organisms had high glyphosate tolerance [63]). Experiment I composed
the +DIP control (f/2 or L1 medium, with 36 μMDIP), glyphosate-amended (provided at 36 μM
as sole P-source in the f/2 or L1 minus DIP medium), and the–DIP treatment (without any
added P-source). Experiment II shared the +DIP control group with Experiment I, but in addi-
tion had two other treatments, respectively added with 36 μM and 360 μM glyphosate in the nor-
mal f/2 or L1 medium (i.e. containing 36 μMDIP) (Table 2). Each treatment was conducted in
triplicate, and all experiments were run in 400-mL contained in 600-mL flasks. In the first round
of experiment, cultures were not axenic. In the second round of experiment, we set up an Experi-
ment III (Table 2) to re-examine four of the species used in Experiment I, including the hapto-
phyte I. galbana and E. huxleyi, and the diatoms S. costatum and P. tricornutum, in which we not
only acquired axenic cultures with 50g�L-1 antibiotics (ampicillin, streptomycin, and kanamycin)
treatment, but also set up a serial concentrations of glyphosate (0.36 μM, 3.6 μM, and 36 μM) to
cover the range previously found in the field, 0.60 to 4.2 μM [64]. We checked the cultures by
DAPI staining and epifluorescence microscopic examination at the beginning and end of each
treatment, and verified that no bacteria were seen throughout the experimental period. The gen-
eral glyphosate concentration regime was designed also with consideration of the phosphorus
concentration in the normal f/2 or L1 medium (36 μM), and was made comparable to the con-
centrations assayed by other authors [15,20,35,65–74].

Growth monitoring and DIP measurement
In the course of the experiments, samples were collected periodically until stationary phase was
reached for obtaining cell concentrations and DIP concentrations in the cultures. Cell count
was conducted as described above; at the same time, a 25-mL sample was filtered through 0.45-
μmmixed cellulose ester membrane, and soluble reactive phosphorus in the filtrate was mea-
sured following the Phosphorus Molybdenum Blue Method [75].

Statistical analysis
For all parameters, differences among treatments were assayed using repeated-measures analy-
sis of variance (RM ANOVA) [76], with five treatments. RM ANOVA analyses were followed
by all pairwise multiple comparisons (post hoc testing), using the Holm-Sidak method.

Results

Glyphosate as sole P-source
We examined fourteen phytoplankton species in Experiment I to explore whether they could
utilize glyphosate as sole P-source to support growth, by measuring cell densities and DIP

Table 2. P additions for each treatment in Experiments I-III.

P-source Control Experiment I Experiment II Experiment III

DIP (μM) 36 0 0 36 36 36 0 0 0

Glyphosate (μM) 0 0 36 36 360 0 0.36 3.6 36

doi:10.1371/journal.pone.0151633.t002
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concentrations in the growth media during the approximately two-week experimental period.
Four species, including I. galbana, E. huxleyi, S. costatum and P. tricornutum grew better in the
cultures with 36-μM glyphosate as P-source than in the–DIP treatment (Fig 1A, 1C, 1E and
1G). However, the differences in the final cell yields were small between the two treatments.
Both growth rates and biomass yields in the 36-μM glyphosate treatment were much lower
than that in the +DIP control. Moreover, DIP concentrations (Fig 1B, 1D, 1F and 1H) in both
treatments were nearly zero throughout the experimental period, indicating that the differences
between them were due to the effects of glyphosate. Some differences were noted among the
species in response to DIP limitation and the presence of glyphosate. In I. galbana (Fig 1A), the
cultures in the two treatments without DIP initially grew slightly faster than the +DIP control
group, suggesting that I. galbana is better adapted to phosphate limitation (than other species),
likely a result of high-affinity phosphate uptake. Although I. galbana in the glyphosate treat-
ment group, like that in the–DIP treatment group, entered the stationary growth phase much
earlier than the +DIP control group, it maintained substantial growth and cell yield (~1/2 of
yield in the +DIP control). In contrast, S. costatum cultures in all the three different P condi-
tions initially grew similarly, but subsequently showed increasing differences among the three
conditions, with the–DIP group almost dying out, and the 36-μM glyphosate treatment group
grew to a substantial cell yield, which was however<1/2 that in the +DIP treatment group (Fig
1E). This suggests that S. costatum is less adapted to phosphorus limitation than I. galbana. In
the cases of E. huxleyi and P. tricornutum, more moderate growth occurred in the–DIP treat-
ment group, with small growth enhancement by the glyphosate treatment (Fig 1C and 1G).

Fig 2 displays three species (T. weissflogii, T. pseudonana and C.marina) whose growth in
the 36-μM glyphosate treatment group was repressed even in comparison to the–DIP treat-
ment group. For these three species, glyphosate likely acted as a toxic compound rather than a
P-source. The only exception to this general trend was that for T. pseudonana (Fig 2B), after
being inhibited by glyphosate in the first 8 days, growth increased significantly on day 10. Con-
sidering that the cultures were not axenic, the late-stage growth might be because glyphosate
induced bacteria in the culture to degrade glyphosate and release DIP.

The other seven species, A. catenella, P.minimum, K.mikimotoi, Symbiodinium sp., A. car-
terae,H. akashiwo, and D. tertiolecta, did not seem to use the added glyphosate (Fig 3). There
were no significant differences in cell yield between the glyphosate treatment group and the–
DIP group, both of which showed marked growth depression compared to the +DIP control
group.

We then set up Experiment III (Table 2) trying to verify that in the four glyphosate-pro-
moted species, I. galbana, E. huxleyi, S. costatum and P. tricornutum, it was the phytoplankton
species not the bacteria coexisting in the cultures that were responsible for the glyphosate
breakdown to release DIP. Meanwhile, we attempted to explore the responses of the species to
varying dosages of glyphosate, particularly to cover possible concentrations in the natural
marine ecosystem. We conducted experiments using glyphosate at 0.36, 3.6, and 36 μM in axe-
nic cultures of the four species (Fig 4). For I. galbana, all the three concentrations of glyphosate
supported its growth (Fig 4A) while DIP concentrations in these treatments were almost zero
(Fig 4B). The two higher concentrations, 3.6 and 36 μM, lead to almost the same cell yield,
which was substantially higher than that in the 0.36-μM glyphosate treatment group, indicating
that 3.6-μM glyphosate was sufficient to support glyphosate-based best growth of I. galbana.
However, both the growth rate and cell yield under these two glyphosate conditions were still
considerably lower than that in the control group. For the other haptophyte we examined, E.
huxleyi, only 36 μM of glyphosate supported substantially higher growth than the–DIP group,
while the lower glyphosate groups were indistinguishable from the–DIP treatment group
(Fig 4C). No DIP release to the medium was detected in any of the glyphosate-treated cultures
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(Fig 4B and 4D). In the case of the two diatom species, S. costatum and P. tricornutum, we
observed a different dosage response to glyphosate (Fig 4E and 4G) than the non-axenic cul-
tures observed earlier (Fig 1E and 1G). In comparison to the–DIP group, no marked growth
enhancement by glyphosate at any of the three concentrations was observed (Fig 4E and 4G).
Statistical analysis showed, however, a better growth in the 36-μM glyphosate treatment than
under the–DIP condition (p< 0.05, RM ANOVA) in both species. All the results in this experi-
ment indicated that these four species described above could utilize glyphosate as sole P-source
to support growth but with different efficiencies.

Toxicity tests of glyphosate
Toxicity of glyphosate was investigated in Experiment II, using cultures that contained com-
plete nutrients (i.e. same as control) but received addition of glyphosate at 36 and 360 μM con-
centrations. Fig 5 shows the results of significant growth inhibition under both concentrations

Fig 1. Growth responses of phytoplankton species to glyphosate in Group I and Group III. (A) (C) (E) (G) Growth curves of Group I (E. huxleyi, S.
costatum, P. tricornutum) and Group III (I. galbana), whose growth were supported in–DIP+36μM glyphosate cultures compared to–DIP cultures. (B) (D) (F)
(H) No DIP release during the whole growth period in–DIP+36μM glyphosate cultures. Error bar represents standard deviation.

doi:10.1371/journal.pone.0151633.g001

Fig 2. Growth responses of phytoplankton species to glyphosate in Group IV. (A) (B) (C) Growth curves of Group IV (T.weissflogii, T. pseudonana, C.
marina), whose growth were inhibited significantly in–DIP+36μM glyphosate cultures compared to–DIP cultures. Error bar represents standard deviation.

doi:10.1371/journal.pone.0151633.g002
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of glyphosate relative to the +DIP control group (p< 0.05, RM ANOVA) in six of the species
examined in this study. While 360-μM glyphosate displayed almost complete growth inhibition
in all the species, the toxicity of glyphosate was already remarkable at 36 μM. Comparatively,
T. pseudonana and C.marina appeared to be particularly sensitive to glyphosate, as extreme
growth inhibition was observed even under 36-μM glyphosate (Fig 5E and 5F).

Another six species displayed more moderate sensitivity to glyphosate because their growth
was only inhibited by 360-μM glyphosate (Fig 6). Lethal effects of 360-μM glyphosate were
noticeable for K.mikimotoi and D. tertiolecta (Fig 6A and 6C) in which no inhibitory effect
was observed at 36 μM. In contrast, the other four species steadily grew over time at both
glyphosate concentrations although at lower rates than in the +DIP treatment group (Fig 6B,
6D, 6E and 6F), indicating a strong tolerance to glyphosate. The growth rate and biomass yield
were higher at the lower glyphosate concentration, exhibiting a dose-dependent partial
inhibition.

The remaining two species, I. galbana and A. carterae, exhibited no inhibitory effects of
glyphosate. The growth of A. carterae was not influenced by either 36- or 360-μM glyphosate
(Fig 7A) while that of I. galbana was promoted significantly (p< 0.05, RM ANOVA) even
under 360-μM glyphosate (Fig 7B). After the initial inoculation, I. galbana cell density
increased to 121%-305% of the control, a result obtained consistently in two separate
experiments.

Discussion
The widely agricultural application of glyphosate as herbicide has led to the presence of this
chemical in measurable quantities in lakes and rivers [66,77,78] and it can potentially impact
the coastal ocean ecosystem by inhibiting the sensitive species and allowing the tolerant ones to
increase. However, how this herbicide may influence marine coastal phytoplankton communi-
ties has previously not been documented. In this study we examined the effects of this com-
pound on the growth of fourteen representative phytoplankton species from two contrasting
perspectives, as P nutrient (a phosphonate) or growth inhibitor. Our results indicate that
responses to glyphosate vary greatly depending on the phytoplankton species.

Glyphosate as P-source for some species
One of the most remarkable results of our experiments was that four of the fourteen algal spe-
cies examined in this study, including the haptophytes I. galbana and E. huxleyi and the dia-
toms S. costatum, and P. tricornutum, were able to utilize glyphosate as sole P-source to
support growth when DIP was depleted. This glyphosate utilizing ability was not due to the
mediation of bacteria that may exist in the cultures, because the same results were observed in
the axenic cultures. To our knowledge, this is the first report that glyphosate stimulates eukary-
otic phytoplankton as sole P-source. However, the growth supported by glyphosate was
markedly lower than DIP. The reduced growth rate may be due either to the rate limiting
release of phosphate from glyphosate or to partial inhibition of EPSP synthase by glyphosate,
which would result in reduction of the biosynthesis of aromatic amino acids [79]. This result
was also observed in Rhizobiaceae strains of bacteria, which could utilize glyphosate as sole
P-source but only attained small growth; after glyphosate removal population doubling time
reduced approximately 50%, indicating the level of glyphosate was efficiently taken up by the

Fig 3. Growth responses of phytoplankton species to glyphosate in Group II and Group V. (A) (B) (C) (D) (E) (F) (G) Growth curves of Group II (A.
catenella, P. minimum, K.mikimotoi, Symbiodinium sp.,H. akashiwo, D. tertiolecta) and Group V (A. carterae), whose growth were not affected in the–DIP
+36μM glyphosate cultures compared to the–DIP cultures. Error bar represents standard deviation.

doi:10.1371/journal.pone.0151633.g003
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cells but was metabolized slowly, resulting in the accumulation of glyphosate inside the cell to
an inhibitory level such that removing glyphosate from the medium triggered the cells to grow
on the stored glyphosate [72]. These results imply that if the supply rate of glyphosate is suffi-
cient, the four species described above can maintain growth but at lower rates than they would
under comparable DIP supplies.

The importance of phosphonates as a P reservoir in the global ocean is by now well-estab-
lished but information on the molecular strategies employed by marine microorganisms for
their utilization remains incomplete [80]. The predominant route for microbial utilization of
phosphonates has been thought to be the “C–P lyase” pathway [81] and its presence and activ-
ity in marine microorganisms has recently been demonstrated [82]. A complete C-P lyase
operon (encoded by phn gene family) was recently identified in the cyanobacterium T. ery-
thraeum [82]. Another cyanobacterium, Nostoc, has been shown to be able to transform glyph-
osate to phosphate for P-source [35]. In the phn gene family, phnD that encodes the
phosphonate binding protein of the ABC-type phosphonate transporter occurs in many of the
picocyanobacterial genome sequences [47], indicating the widespread genetic potential in pico-
plankton to utilize phosphonates. This gene is widely expressed in the Sargasso Sea [48], imply-
ing the importance of phosphonate utilization in the oligotrophic ocean. As genomes of E.
huxleyi, P. tricornutum and T. pseudonana have been sequenced, we used amino acid
sequences encoded by phn genes (phnCDEFGHIJKLM cluster) in cyanobacteria Nostoc sp.
PCC7120 as queries to carry out basic local alignment search tool (blast) analysis against these
genome databases at Joint Genome Institute (JGI) website to find homologs. Blast analysis at
the cutoff e-value of 1.0E-5 revealed that homologs of phnC, phnK and phnL, which encode
nucleotide-binding import protein and phosphonate catabolism auxiliary proteins, occur in
these species, and each in numerous copies (S1 Table). The genetic potential in E. huxleyi and
P. tricornutum to utilize glyphosate found in their genomes is consistent with our physiological
results. The disagreement in T. pseudonana between the presence of the genes and the observed
inhibitory effects of glyphosate cannot be explained by current data available, but possibly due
to its susceptibility to the concentrations of glyphosate employed in this study co-existing with
ability to utilize glyphosate at the concentration of 36 μM. Co-existence of glyphosate degrad-
ing and shikimate pathway (which is the target of glyphosate inhibition) molecular systems has
been documented (see below), but needs to be investigated for this and other species of marine
phytoplankton.

Toxicity of glyphosate in some species
Our results showed that glyphosate could significantly inhibit the growth of the twelve out of
the fourteen species we examined at either 36 μM or 360 μM (Table 1, Figs 5 and 6). Even so,
these species exhibited different susceptibilities to glyphosate. E. huxleyi, S. costatum, P. tricor-
nutum, T. weissflogii, T. pseudonana, and C.marina showed severe growth inhibition when the
herbicide was applied at both 36 μM and 360 μM, indicating relatively high sensitivity to glyph-
osate (Fig 5). The other six of the species, K.mikimotoi, P.minimum, D. tertiolecta, Symbiodi-
nium sp., H. akashiwo, and A. catenella, were inhibited by glyphosate only at 360 μM,
indicating lower susceptibility or some level of tolerance to glyphosate (Fig 6). Glyphosate at
36 μMwas not toxic to these algae probably because no glyphosate was accumulated inside the

Fig 4. Growth responses of phytoplankton species to different glyphosate concentrations in Group I and Group III. (A) (C) (E) (G) Growth curves
Group I (E. huxleyi, S. costatum, P. tricornutum) and Group III (I. galbana) with different abilities to utilize a wider concentration range of glyphosate (0.36, 3.6
and 36 μM) as sole P-source in the axenic cultures. (B) (D) (F) (H) No DIP release in–DIP+glyphosate cultures compared to–DIP cultures. Error bar
represents standard deviation.

doi:10.1371/journal.pone.0151633.g004
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cells, as in the case of glyphosate-degrading rhizosphere strain, Enterobacter cloacae [73]. It has
also been reported that glyphosate-resistant horseweed accumulates glyphosate within the vac-
uole while sensitive plants succumb to the lethal effects of glyphosate largely because

Fig 5. Significantly inhibitory effects of both 36μM and 360μM glyphosate on Group I and Group IV. (A) (B) (C) Growth responses in Group I (E.
huxleyi, S. costatum, P. tricornutum) and (D) (E) (F) Group IV (T.weissflogii, T. pseudonana, C.marina) in +DIP cultures. Error bar represents standard
deviation.

doi:10.1371/journal.pone.0151633.g005
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glyphosate accumulates in the cytoplasm [83]. Whether these less susceptible algae might use a
similar glyphosate sequestration strategy warrants further studies. This finding also indicates
that these six less glyphosate-sensitive algae could be exposed to relatively low levels of glypho-
sate and still maintain a population.

Fig 6. Significantly inhibitory effects of 360μMglyphosate on Group II. (A) (B) (C) (D) (E) (F) showed inhibitory growth responses of different
phytoplankton species in Group II (A. catenella, P.minimum, K.mikimotoi, Symbiodinium sp.,H. akashiwo, D. tertiolecta) in +DIP cultures, while 36-μM
glyphosate made no difference to their growth. Error bar represents standard deviation.

doi:10.1371/journal.pone.0151633.g006
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The toxicity of glyphosate mainly comes from its inhibitory effect on EPSP synthase (EC
2.5.1.19), an enzyme involved in the biosynthesis of aromatic amino acids or shikimate path-
way [2]. Therefore, the twelve more or less glyphosate-sensitive species may possess the shiki-
mate pathway. We searched for and found EPSP synthase (class I, see below for more
information on classification) coding gene aroA in the genome database of E. huxleyi
CCMP1516 (NCBI Reference Sequence: XP_005787936.1) in GenBank. It was then used as
query to carry out blast analysis against genome database at JGI website to find homologs in
other phytoplankton species. As a result, we found aroA in the genomes of P. tricornutum and
T. pseudonana (S1 Table). These results would predict that these three algae are sensitive to
glyphosate, which is consistent with our physiological data that both 36 μM and 360 μM glyph-
osate elicit significant growth inhibition in these species. Of these species, E. huxleyi possesses
both phn (phosphonate-utilizing) and EPSP synthase (glyphosate-sensitive) genes.

Due to the lack of relevant genome data, it is unclear what molecular mechanisms confer A.
carterae and I. galbana the remarkable tolerance to glyphosate observed in this study. The
growth of A. carterae was not affected by glyphosate at either 36 μM or 360 μM and I. galbana
were even promoted at 360 μM. One possibility is that they do not own the shikimate pathway
and acquire essential aromatic amino acids from other ways. Another possibility is that they
possess a glyphosate-tolerant EPSP synthase. In fact, based on the susceptibility to the herbi-
cide, EPSP synthase has been classified into two groups: class I EPSP synthases from plants and
bacteria that are sensitive to the phosphonate, and class II that is of bacterial origin and shows
a higher tolerance to glyphosate [84]. Whether the species we examined in this study possess
different types of EPSP synthases warrants further investigation.

Differential responses to glyphosate and ecological implications
Our data show that responses of phytoplankton species to glyphosate vary greatly, which can
be classified into five groups (Table 1), ranging from no response (Group V), to monotonically
positive (Group III), monotonically negative (Group IV), or variable responses depending on
the dosage (Group I and Group II). Group I (E. huxleyi, S. costatum, P. tricornutum) can utilize
glyphosate as sole P-source (i.e. in the absence of DIP) but are inhibited by both 36- and 360-
μM glyphosate in the presence of DIP. Group II (K.mikimotoi, P.minimum, D. tertiolecta,
Symbiodinium sp., H. akashiwo and A. catenella) are only inhibited by 360-μM glyphosate, but
cannot utilize glyphosate as P nutrient at 36 μM concentrations; In Group III (I. galbana)

Fig 7. No inhibitory effects of 36 μM and 360μMglyphosate on Group III and Group V. (A) Both 36-μM and 360-μM glyphosate showed no inhibitory
effects on Group V (A. carterae) in the +DIP cultures. (B) Promotion effects of 360-μM glyphosate on Group III (I. galbana) in +DIP cultures. Error bar
represents standard deviation.

doi:10.1371/journal.pone.0151633.g007
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glyphosate not only can be utilized in the absence of DIP, but also promotes growth in the pres-
ence of DIP; that is, I. galbana can utilize glyphosate whether DIP is present or not. By contrast,
Group IV species (T. weissflogii, T. pseudonana and C.marina) were consistently inhibited by
glyphosate, while Group V (A. carterae) exhibited no response to glyphosate.

The above grouping does not follow the phylogenetic relationships of the phytoplankton
species, indicating no evolutionary trend in glyphosate utilization or tolerance. As shown in
Table 1, except in chlorophyte for which there is only one species included in this study, all
other phyla each contains species from more than one glyphosate grouping. Yet it is notewor-
thy that among all the phyla examined the haptophyte seems to be the most tolerant phylum,
considering both I. galbana and E. huxleyi possess the ability to use glyphosate as sole P-source
in axenic cultures to support growth, and the former exhibited significantly promoted growth
even at the higher concentration of 360 μM. However, dinoflagellates and chlorophytes showed
a generally moderate tolerance because 36-μM glyphosate neither supported growth as P-
source nor inhibited growth as an herbicide, while 360-μM glyphosate inhibited growth even-
tually. Nevertheless, there was still an exception; A. carterae showed no inhibition at all and
was the most tolerant of all the species examined in this study. In addition, it is clear from
Table 1 that most sensitive species, which were inhibited by glyphosate at both 36 and 360 μM,
mainly come from the phyla of diatoms and the raphidophyte.

It is intriguing that species in Group I can degrade glyphosate for P source under DIP-defi-
cient condition but sensitive to glyphosate in the presence of DIP. It seems probable that DIP-
depleted environment induces the expression of the DOP utilization mechanism so that the
cells can obtain P that they need to survive, while the presence of DIP might down-regulate
glyphosate degrading enzyme genes resulting in the accumulation of glyphosate and blocking
of the shikimate pathway. Although this cannot explain why the cells would still take up glyph-
osate when there is sufficient DIP, this proposition is however consistent with the fact that P.
tricornutum and E. huxleyi in Group I have both phosphonate utilization genes and the shiki-
mate pathway enzyme (S1 Table).

The differential responses to glyphosate among different species and different P conditions
have potentially significant ecological implications. It is conceivable that depending on the abil-
ity to utilize glyphosate and susceptibility to glyphosate toxicity, species dominance in a phyto-
plankton community can alter with changing environmental conditions, allowing glyphosate-
benefiting species (such as Group I and Group III) to thrive (even to form blooms) and sensi-
tive species (such as Group IV) to decline. Consequently, glyphosate discharged into coastal
marine environment may potentially impact phytoplankton community structure. This con-
trasts with the general public perception that glyphosate is environmentally safe, and is consis-
tent with results from several previous studies that demonstrated that glyphosate alone or in
combination with the additives used in commercial formulations may be damaging to aquatic
biota [17,18,24,85].

Finally, due to their inherent chemical properties (high water solubility but poor solubility
in organic solvents and easy to form complexes) and the lack of an accurate method, it is diffi-
cult to extract and quantify glyphosate [18,86]. Because of this, glyphosate distribution in the
ocean is unclear. This makes it difficult to design experiments with realistic concentrations of
glyphosate. As a result, the relatively high concentrations used in this study (0.36 μM to
360 μM) might cause the results to be somewhat different from actual circumstances. Besides,
phytoplankton may exhibit different physiological responses due to different conditions of
temperature and nutrient and oxygen availability (best growth was observed under 20°C, DIN:
DIP = 24:1 for all phytoplankton examined in this study). Nevertheless, the lower end of the
concentrations used in our experiments was close to estimated concentrations in the natural
environment and that used in previous studies, although we also used unrealistic high
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concentrations to elicit strong responses. We believe that the pattern of differential responses
to glyphosate we observed was robust because some of the experiments were repeated and con-
sistent patterns were obtained. However, this study only demonstrates “potential” rather than
real effects of glyphosate on the marine phytoplankton on the ecosystem considering there is
no documentation in the literature that shows the prevalent concentration of glyphosate in the
aquatic environment, especially in the marine coastal environment. With the physiological
responses now documented, the next step would be to analyze the molecular basis of the differ-
ential responses of phytoplankton species to glyphosate, including the use of transcriptomic
analysis to evaluate the expression level of genes involved in glyphosate metabolism and to
effectively assess more subtle impacts of glyphosate on marine coastal ecosystem.

Conclusions
Based on our results, it is clear that different phytoplankton species respond to the herbicide
glyphosate differentially (in a total of five modes), but the differences are not related to taxo-
nomic or phylogenetic affiliations of the species. In some cases, the mode of response is DIP-
dependent, as some phytoplankton species are able to utilize glyphosate as sole P-source to
support growth only under DIP-depleted conditions, while the toxic effects of glyphosate,
exerted by blocking intracellular shikimate pathway, may only occur in DIP-replete cultures.
Some species (such as Group I) may experience both the two types of effects while some others
(Group V) exhibit no response regardless of DIP conditions.

Supporting Information
S1 Table. Information of phn and EPSP synthase genes detected in the genomes of diatoms
and haptophyte. Polypeptides (from phnC to phnL) of phn gene cluster are from the cyano-
bacteria Nostoc sp. PCC7120 and responsible for glyphosate transportation and catabolism.
And we acquired some copies in P. tricornutum, T. pseudonana and E. huxleyi, which possess
the ability to utilize glyphosate as sole P-source in our study. EPSP synthase is the target of
glyphosate as an herbicide, and the acquired copies in P. tricornutum and T. pseudonana and
the sequence in E. huxleyi are coincided with our results that these species’ growth could be
inhibited by glyphosate.
(PDF)
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