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Abstract

Thyroid hormones play critical roles in body growth and development as well as reproduction. They also influence the
activities of a wider variety of tissues and biological functions, such as osmoregulation, metabolism, and especially meta-
morphosis in organisms, such as frogs. These complex activities of thyroid hormones are prone to disruption by agricultural
pesticides, often leading to modulation of growth and the reproductive system in particular. These substances include Glu-
fosinate ammonium, Glyphosates, Imazapyr, Penoxsulam, and Diquat dibromide among other herbicides. In this study, the
standardized Xenopus Metamorphosis Assay protocol was used to assess the potential thyroid-modulatory properties of the
Glufosinate ammonium Basta formulation, at relevant environmental concentrations (0.05 mg/L, 0.15 mg/L, and 0.25 mg/L)
for 21 days. The results showed that this formulation only reduced the hind-limb length among the morphological endpoints.
Histological evaluation showed that the mean thyroid gland area and the mean thyroidal follicle epithelium height were
significantly increased following 0.15 and 0.25 mg/L exposures. The present study confirmed that this Basta formulation
interacts with the thyroid axis and therefore potentially pose health hazard to amphibian in particular and potentially meta-
morphic aquatic vertebrates. Furthermore, the result is a signal of inherent potential thyroid disrupting activities that must
be further investigated and characterised in some of the aquatic herbicide formulations to safeguard the aquatic biodiversity.
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Introduction

A decline of amphibian populations on a global scale has
been suggested (Hayes et al. 2010; Wagner et al. 2013), and
pollution has been highlighted as one of the main contribut-
ing factors responsible for habitat degradation or physiologi-
cal modulation (Hayes et al. 2010). Chemical compounds,
in particular linked to agricultural practices (pesticides and
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fertilizers) and waste water treatment discharges, have been
shown to compromise the health of aquatic vertebrates
(Jobling and Tyler 2003; Nugegoda and Kibria 2017),
including amphibians (Kloas et al. 1999; Hayes et al.
2010), but also terrestrial wildlife (Rosenfelt et al. 2017)
and human (Bergman et al. 2012), reliant of clean, unpol-
luted water. Wastewater treatment plants have been shown
to be inefficient in removing all compounds (micro pollut-
ants) before discharge (Archer et al. 2017). Many of these
manmade chemicals that end up in natural water bodies may
act subtly through disrupting endocrine pathways or func-
tion (endocrine disruptors [EDCs]) (Bergmen et al. 2012)
and modulate development and reproductive success (Hayes
et al. 2010).

Although the initial focus of acute or chronic disruption
of the endocrine system was on reproductive endocrinol-
ogy and function, wider disruption, for example modulat-
ing the thyroid system has been implicated (Brucker-Davis
1998; Decherf et al. 2010; Nugegoda and Kibria 2017; van
Wyk 2013). Thyroid hormones in vertebrates play important
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regulatory roles linked to a wide range of physiological sys-
tems including metabolism, osmoregulation, development,
growth, and many others (Nugegoda and Kibria 2017; Opitz
et al. 2006a; Tan and Zoeller 2007; Zoeller 2007), but spe-
cifically in amphibians, the thyroid axis is known to control
the pre- and prometamorphic phases through final metamor-
phosis (Denver 2013; Kloas et al. 1999; Shi 1999; Tietge
et al. 2005; van Wyk 2013). Therefore, it is not surprising
that amphibian metamorphosis is regarded as a sensitive
model for the detection of thyroid disruption at the whole-
animal level. The standardized Xenopus Metamorphosis
Assay (XEMA) considers differential development during
the pre- and pro-metamorphosis phases of metamorphosis
following exposure to selected chemicals or environmental
water (OECD 2007, 2009; Grim et al. 2009). For aquatic
wildlife species, thyroid disruption, therefore, could com-
promise health, fitness, and ultimately survival (Marlatt et al.
2013; Nugegoda and Kibria 2017; Opitz et al. 2006b; van
Wyk 2013).

Herbicide formulations (comprises 43% of world’s pes-
ticide sales) (EPA 2011), which are chemicals specifically
designed to eradicate weeds and aquatic invasive plants,
have been widely suggested to act as endocrine disrupt-
ing chemicals (Coady et al. 2005, 2013). Apart from a few
studied herbicides, including 2.4D (Coady et al. 2013),
Simetryn, Mefenacet, and Thiobencarb (Saka et al. 2013),
Acetachlor (Crump et al. 2002), Atrazine (Kloas et al. 2009;
Hayes et al. 2010), and glyphosates (Jones et al. 2011; Wag-
ner et al. 2017, 2013), most of the current research have
focused more on insecticides. Yet, many other herbicides
await further study. The fact that these herbicides, particu-
larly the aquatic herbicides, are deliberately applied into
aquatic environment, the complete characterization of their
expected impacts is compulsory.

A wide range of herbicides are used by the South African
agriculture sector. In addition, herbicides also are used in the
South African governmental plant eradication programme
(in partnership with local communities as a job creation
initiative) “Working for Water (WfW),” to clear natural
waterways from exotic and invasive plant species (Hill and
Coetzee 2017). Herbicides are mainly used on land but could
be applied in areas close to receiving waters or in some cases
directly in overgrown waterbodies (Hill and Coetzee 2017).
The potential thyroid disrupting effects of several of these
commonly used herbicide formulations, particularly those
containing glufosinate ammonium as active ingredients, are
still largely unknown.

Glufosinate ammonium (N-phosphonomethyl glycine), a
phosphinic acid, mostly marketed as an ammonium salt, is
a broad-spectrum and systemic herbicide (Ebert et al. 1990;
Hack et al. 1994). Due to glufosinate ammonium’s structural
analogy with glutamate, it acts as an irreversible inhibitor of
glutamine synthetase activity in tissues and often leads to
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increases in glutamate and ammonia synthesis (Hack et al.
1994). Commercial formulations of glufosinate ammo-
nium include Basta, Rely, Finale, and Challenge. Glufosi-
nates have a high propensity to soil particles but also are
highly soluble in water, with a half-life that varies from 3
to 43 days, but which may double under certain conditions
(Jewell et al. 1998) and approximately 300 days in water
respectively (Sparling 2016). The US-EPA categorized Glu-
fosinate ammonium as persistent in plants (lack of degrada-
tion) and mobile in soil (ease of transport).

The purpose of the present study was to evaluate the thy-
roid disruption potential of the Basta herbicides formulation
with Glufosinate ammonium as the active ingredient, using
the Xenopus metamorphosis assay (Opitz et al. 2005; 2006a,
b; Tietge et al. 2005, 2013; OECD 2008).

Materials and Methods
Test Chemical

Basta formulation (Bayer Crop Science AG Ltd, Germany),
containing glufosinate ammonium (200 g/L) as an active
ingredient, was purchased from a local agricultural outlet,
Kaap Agric (Agrimark) in Stellenbosch, South Africa. The
Basta formulation contains 18.5% active glufosinate ammo-
nium and 30% of sodium polyoxyethylene alkylether sul-
phate (AES) surfactant (Koyama et al. 1997).

Xenopus laevis Breeding and Tadpole’s Culture

Mature males and females were selected from an in-house
breeding stock of X. laevis, and separately maintained in a
15-L glass tank that was filled with reverse osmosis water
(buffered with 2.5 g sea salt and 0.8 g NaHCO,/10 L) (Kloas
et al. 1999). The adult frogs were fed fish pellets (Aqua-
Nutro, South Africa), three times per week. The holding
tanks were cleaned and refilled with fresh buffered reverse
osmosis water after each feeding. Gutter down-piping sec-
tions were placed in the holding tanks to create hideouts for
the frogs. The breeding induction was performed following
the ASTM (1998) protocol. In brief, the male and female
frogs were primed with 100 IU of human chorionic gon-
adotropin (hCG) (Merck Ltd Germany), which was injected
into their dorsal lymph sac 4 days before the initiations of
mating activities, followed by another injection of 100 IU
and 300 IU hCG, to the males and females respectively, just
before mating. The pair of male and female were placed
together into a 15-L breeding tank, which was lined with
plastic netting, to separate the eggs from the adults during
oviposition. The whole breeding tank was placed in a well-
ventilated dark place, away from interference and distur-
bance. Amplexus followed and eggs were deposited within
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the next 12 h post the second hCG injection. Adults were
removed and returned to separate holding tanks after the
egg-laying stopped. The eggs were aerated and hatched tad-
poles were transferred into different 15-L holding tanks at
a density of 50 tadpoles per 10-L water to reduce an over-
crowding effect on growth. Feeding of the tadpoles com-
menced at free swimming stage (NF-stage 47—48). Tadpoles
were fed twice daily until NF stage 51 with Sera Micron
(Sera Heinsberg, Germany) (30 mg/animal/day). Staging
(NF-stage) of the tadpoles were checked daily using devel-
opmental atlas by Nieuwkoop and Faber (1994). All the
housing, breeding, and exposure procedures were approved
by the Animal Research Ethical Committee of the Stellen-
bosch University (Approval no-SU-ACUM 12-15).

Test Procedure
Exposure Setup

At NF-stage 51, twenty tadpoles were selected from the rear-
ing tanks and transferred into 15-L exposure tanks, with
two replicates per exposure concentration, but four replicates
for the control. The exposures were performed under con-
trolled conditions with the pH between 7.5 and 8.5, water
temperature to 23+ 1 °C, dissolved oxygen concentration
of > 6.5 mg/L, and a photoperiod of 12:12 h of light and dark
(L;,D;,) regime, as recommended in the validated OECD
(2008) protocol. Food ration was increased to 50 mg/animal/
day to account for the increase in growth of the tadpoles. The
whole exposure was repeated twice to increase the exposure
precision.

Exposure Concentrations

Based on the initial 96-h-LC 5, value of 0.59 mg/L derived
at NF stage 48 of X. laevis development (Babalola and Wyk
2018), three environmentally relevant exposure concentra-
tions (0.05, 0.15, and 0.25 mg/L) (Faber et al. 1998) of the
Basta formulation were derived to be representative below
this lethal toxicity threshold. Mortality in exposure tanks
were monitored every 8 h, and the exposure medium was
completely replaced every third day. Only mortality inci-
dence less than 10% in the control group was accepted for
the experiment (OECD 2008).

Nominal Concentration Test

To confirm the exposure concentrations, samples of the
exposure tank were taken 1 h after the herbicide was intro-
duced. The samples were analysed at Envirotech Laboratory,
Lagos Nigeria, using the gas chromatography, which had
been effectively used to quantify Glufosinate ammonium
(Kataoka et al., 1996; Qian et al., 2011; Yun et al., 2014).

The detected concentrations showed low variations relative
to the predicted nominal concentrations (Appendix Table 2).
The limit of detection was 0.05 pg/L.

Autopsy Procedure

At the end of the 21-day exposure, the tadpoles were eutha-
nized in 0.1% benzocaine (Sigma). The tadpoles were then
blotted dry, weighed (to the nearest 0.01 g), and measured
(snout—vent length (SVL) to the nearest 0.1 mm). The tad-
poles were subsequently fixed in Davidson’s solution (Shi
et al. 2012; OECD 2007) for 72 h and then preserved in
4% neutral buffered formalin. Developmental stages (NF)
were determined for each of the tadpoles using Nieuwkoop
and Faber (1994). Five tadpoles (at the same medial devel-
opmental stage of the control exposure) per concentration
were randomly selected for histological assessment of the
thyroid gland.

Morphometric Measurement and Histological
Procedures

The front limb length (FLL) and hind limb length (HLL)
were measured (to nearest the 0.1 mm) with a Leica EZ4D
stereo microscope (Leica Microscope Ltd, DE). Using a
metric trace ruler which has the capacity to measure both
straight and curved lines, the lengths of the hind limbs were
measured using the digital photographs of the tadpoles with
Laz Es Software (Leica, DE). The preserved tadpoles were
decapitated just posterior to the eyes, and the heads contain-
ing the thyroid glands were subjected to routine paraffin wax
(Histosec, Sweden) embedding, (56 °C melting point) and
histological processing (Bancroft and Stevens 1977).

Histological Procedures

The embedded heads were sectioned at 7-8 um using a
Reichert-Jung microtome (Cambridge Instruments, Ger-
many). The sections were mounted on albumin coated glass
slides. The unstained slides were used to confirm sectioning
of the thyroid glands, thereafter sections were made seri-
ally. Selected sections were oven-dried overnight at 40 °C
and subsequently dewaxed (xylene), hydrated in a decreas-
ing alcohol series, and stained using hematoxylin and eosin
(Bancroft and Stevens 1977). The stained sections were
dehydrated in an increasing series of alcohols before being
cleared in xylene and glass cover slips mounted, using a
resin-based mounting medium (DPX, Sigma).

Histological Measurement of the Thyroid

The right-side thyroid glands were selected for measure-
ments. A Leica DMLB microscope equipped with digital
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camera (Leica Microscope Ltd, DE) was used to photo-
graph representative pictures of the thyroid. Image analysis
was conducted using S-Viewer Analysis software module
(S-View Technology, China). Thyroids that were sectioned
centrally and diagonally were selected for measurement
and assessment of thyroid follicles and epithelial cells.
The heights of six randomly selected follicular cells were
measured in ten different follicles, which produced 60 cell-
height measurements per individual. The group mean for fol-
licle cell height was derived from the calculated individual
means. Using the same image, the follicular cross sectional
and thyroid cross-sectional areas were calculated. Ten fol-
licles from each of the sections were measured, producing
ten estimatess for each tadpole. The data per exposure group
were derived from the sum of all the tadpoles of each group.
The average sum total of the cross-sectional areas produced
the gland area for each exposure group.

Data Analyses

Variation in median NF-stage among exposure groups was
assessed using the non-parametric Kruskal-Wallis test, fol-
lowed by the Dunn’s multiple comparison test (DMCt) to
determine significant pairwise differences in developmen-
tal stage. Normality and homogeneity variance of the wet
body mass, whole body length, and snout-vent-length data
were assessed using the Shapiro—Wilk’s and Levene’s tests.
To correct for the growth impacts on front and hind limbs,
their data were normalized to SVL and was further assessed
using residuals “normal” probability plots. Parametric
data were analysed using one-way ANOVA, whereas the
Kruskal-Wallis ANOVA test (K-W ANOVA) was applied
for nonparametric data. Tukey HSD test with Spjotfoll/Sto-
line correction was used for parametric data or the Dunn’s
test for nonparametric data, pairwise variances between

treatments and the control in morphological parameters
including whole body length, whole body mass, SVL, and
the front- and hind-limbs (normalized). The effect of treat-
ment (specific herbicide concentration) on developmental
stage and the interaction on front and hind limbs was tested
using mixed model ANOVA:. In all analysis, significant dif-
ferences were taken at P <0.05. All of the statistical analyses
were done using Statistica V12 (Statsoft Inc., USA).

Results
Mortality

There was no incidence of mortality in all the exposure and
control tanks throughout the 21-day exposure period.

Morphometric Analyses

The exposure impact of tadpoles led to a trend of increased
mean whole-body length (WBL) and snout-vent-length
(SVL) relative to the control exposure group (Fig. la, b).
However, a Kruskal-Wallis ANOVA could not confirm that
significant variation existed in size variables, mean WBL
(Fig. 1a), and mean SVL (Fig. 1b; P>0.05) at all exposure
concentrations compared with the control group. In addi-
tion, the whole-body mass (WBM) was significantly unaf-
fected in the various treatment groups (Fig. 1c; P> 0.05)
compared with the control. Similarly, the mean front limb
lengths (FLL; normalized) in treated tadpoles (Fig. 1d) did
not vary significantly among experimental groups at treated
concentrations relative to the control (P> 0.05). However,
tadpoles exposed to a concentration of 0.05 mg/L showed
a significant decrease in mean hind limb lengths (HLL;
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Fig. 1 Exposure impacts of the Basta formulation on treated X. laevis tadpoles; (a) whole-body length, (b) snout-vent length, (¢) whole-body
mass (d) front limb length, (e) hind limb length. Asterisks indicate significant difference (P <0.05) relative to the control
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normalized) compared with the control (Fig. le) (Tukey
HSD test; P <0.05).

Variation in Developmental Stages

After the 21-day exposure, the emerged developmental
stages of the treated tadpoles ranged from NF-stage 58 to
NF-stage 63. The median of the frequency distribution in
the control and lower Basta concentration (0.05 mg/L) group
was NF-stage 58 (Fig. 2). The medians were higher than
the control (NF-stage 60) at the higher Basta concentrations
(0.15 mg/L and 0.25 mg/L) being NF-stage 60. However,
the shifted median NF-stages (NF 58 vs NF 60) were not
significantly different (Figs. 2 and 3; P> 0.05).

Histopathological Endpoints

The mean thyroid colloidal (luminal) area did not vary sig-
nificantly among the treated tadpoles relative to the control
(P> 0.05). The mean follicle epithelium height, however,
increased significantly in all three Basta treatments com-
pared with the control (P <0.05; Fig. 4; Table 1). Moreover,
mean thyroid gland area was significantly higher in the two
highest concentrations (0.15 mg/L and 0.25 mg/L) than the
control (P <0.05).

Discussion

The reality of global amphibian population decline is no
longer in doubt, but what is still in doubt and very challeng-
ing is the underlying environmental factors that are respon-
sible for this anomaly. This is because as much as the decline
is concerned, the links to environmental pollutants that are
potentially contributing to such declines are not well charac-
terized. Currently, disruption of the thyroid and reproductive
pathways through chemical/agrochemicals contamination
has been listed amongst the potential contributing factors
(Miyata and Ose 2012). Regulation by thyroid hormones is
complex, and it is affecting various physiological processes
(including growth, development, and reproductive), making
the hypothalamus-pituitary-thyroid (HPT) axis a very impor-
tant target, especially when endocrine-disrupting substances
are in consideration. In particular, the potential impacts of
environmental substances to modulate early developmental
phases in vertebrate organisms may well have significant
consequences, because organogenesis and development of
functional physiological systems are regulated at this phase
(Bergman et al. 2013).

In this present study, the tadpoles in the control group
were in good health, and their growths were at the expected
rate, with the median NF-stage at 58. Their growth pattern
was consistent with the OECD prevalidation test guidelines,
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Fig.2 The frequency distribution (n=30) of developmental stages of
X. laevis tadpoles after 21-day treatment showing the control expo-
sure relative concentration series of Basta formulation 0.05 mg/L,
0.15 mg/L, and 0.25 mg/L. The upward arrow indicates the median
NF-stage of the control relative to downward arrow that showed the
median at the various concentrations

which recommended that control tadpoles should reach a
minimum median developmental stage of NF-stage 57 at
the test termination (OECD 2007). The tadpoles in the expo-
sure groups showed varied developmental rates and were
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Fig.3 NF-Stage differentiation obtained following 21-day treatment
to a concentration series of the Basta formulation. The medians of the
developmental stages of treated tadpoles did not vary significantly
relative to the control (P> 0.05)

distributed between NF-stage 58—65. The concentrations
used in this present study (were within predicted environ-
mental concentrations) did not pose any lethal toxicity risk,
as none of the exposed tadpoles died during the exposure.
The overall MBM and SVL (£ SD) of the control tadpoles,
after 21-day exposure compared favourably with OECD’s
phase 1 prevalidation studies, suggesting a mean body mass
target of 0.944 g and a mean snout-vent length of 19.5 mm,
respectively.

The fact that no significant variation occurred in size-
related endpoints corroborate similar findings by Degitz

Fig.4 Cross-sections of the
paired thyroid glands of X.
laevis tadpoles exposed to Basta
formulation at (a) control, (b)
0.15 mg/L, and (C) 0.25 mg/L

Table 1 Histo-morphometric data following a 21-day XEMA expo-

sure to graded concentrations of Basta formulation. Values represent

the mean (= standard deviation [SD]). The zero concentration repre-

et al. (2005) and Coady et al. (2010), that chemical altera-
tion of thyroid axis do not necessarily affect the growth
of tadpoles as the growth is not directly under thyroid
hormone control. Tata (1998) also noted that thyroidec-
tomised tadpoles continue to grow (under the influence
of growth hormone and other growth-promoting factors),
meaning that thyroid disruption does not stop the growth
of the tadpoles.

Even though there was no significant difference in
developmental rate in the treated tadpoles compared with
the control group, histological evidence of individuals
exposed to concentration of 0.15 and 0.25 mg/L of this
formulation showed that significant increase in follicle
epithelium and thyroid gland area occurred. Although no
known thyroid activity studies using XEMA have been
done for the Basta formulation, histopathological effects
on thyroid glands histology in several studies have been
demonstrated in the absence of developmental effects
(OECD 2008), and the thyroid gland histology has been
noted as the most sensitive parameter for the detection of
the thyroidal effects (Brande-Lavridsen et al. 2010). The
lack of developmental effects could be due to initial physi-
ological thyroid compensatory mechanisms, which need
further investigation. The observed enlarged thyroid gland
following exposure to this formulation therefore suggests
potential modulation in the thyroid hormone related path-
ways in exposed tadpoles. The enlarged gland area and
increased follicle epithelium is also consistent with the
results of several other related studies where tadpoles were
exposed to propylthioural (PTU) (a known thyroid inhibi-
tor), producing an enlarged thyroid gland (goitre effect)
(Opitz et al. 2005; Miyata and Ose 2012). This therefore

sents the control values for each herbicide treatment. Asterisks indi-
cate significant differences

Treatment mg/L

Mean follicle epithelium (um =+ SD)

Mean colloidal area (pm2 +SD) Mean gland area (pmzi SD)

Basta 0 7.30 (1.08)
Basta 0.05 8.05 (1.11)*
Basta 0.15 8.02 (1.18)*
Basta 0.25 10.02 (1.86)*

1910.06 (1055.5)
1711.86 (1013.1)
1916.95 (1078.6)
1843.37 (793.4)

47,014.7 (6771.12)
43,919.03 (8161.9)
86,800.98 (17,907.1)*
78,414.85 (16,871.5)*

Astericks which is just to indicate the significant values
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suggests that the Basta formulation may be upregulating
T4 production or directly lower or inhibit circulating thy-
roid hormones, resulting in the overstimulation of the HPT
axis (Degitz et al. 2005). The Basta formulation also may
modulate the transformation of T, to T;, hence, the normal
stage development but increased T, production.

The thyroid-disrupting potential of the Basta formula-
tion at concentrations far below its expected and/or meas-
ured environmental concentration of 1.0 mg/L (Faber
et al. 1998) must be regarded as an ecological concern in
the aquatic environment. However, more research is still
required to understand the interaction of the Basta for-
mulation with the thyroid axis. Considering the observed
thyroidal activities, at environmentally relevant concentra-
tions, the full ecological consequence of this formulation
on the processes of metamorphosis of many metamorphic
organisms, particularly the fish and amphibian still need
further research.

Conclusions

The present study applied the Xenopus metamorphosis
assay to assess the sublethal/chronic toxicity of Basta
formulation, a commercially available herbicide, mostly
used to manage invasive alien plants along and in water-
ways, particularly in South Africa. Using morphometric,
and histopathological endpoints, the outcome of the expo-
sure showed that the herbicide formulations at varying
concentrations did not inhibit the overall developmental
programme, although aspects of the histopathology of the
thyroid, including the thyroid gland, were significantly
altered. These results confirm that despite the relatively
low exposure concentrations, the Basta formulation is
thyroid-active and could potentially cause serious physi-
ological disruption to organisms and ecological risks in
aquatic systems where the herbicide is applied. There-
fore, the continued usage of this formulation needs to be
reevaluated for the sake of metamorphic organisms and
other important wildlife.

In South Africa, because of large volumes (and diver-
sity) of herbicides being applied, continued attention must
be directed to assessing the exposure impacts of these for-
mulations on wildlife. In the light of thyroid gland impacts
observed in this study, field observation and analysis might
not be enough; chronic exposures at relevant environmen-
tal relevant dilutions will be important.
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Appendix

See Table 2.

Table 2 The Gas

. Basta (mg/L)
chromatography analytical
results with very low variations Nominal Detected
cornpared to the pre.dlcted 0.05 0.05
nominal concentrations). The
limit of detection was 0.05 pg/L 0.10 0.92
0.15 0.15
0.20 0.18
0.25 0.21
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