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• We evaluated thiocyanate capture and ac-
cumulation in chard and spinach.

• Thiocyanate accumulation depended on
the treatment and culture time.

• Chard accumulates more thiocyanate than
spinach (T2 > T1): leaves > total aerial
fraction

• EDI values (0–12 months) for spinach
exceeded chronic and subchronic refer-
ence doses.
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 Endocrine disruptors like thiocyanate are some of the principal causes of chronic disorders worldwide. Prenatal and
postnatal exposure to thiocyanate can interfere with normal neurological development in both fetuses and newborns.
Currently, little information regarding thiocyanate levels and potential sources of exposure is available. In this study,
we evaluated thiocyanate uptake and accumulation in chard and spinach grown under greenhouse conditions. Both
chard and spinach are commonly used to produce baby foods. Three thiocyanate concentrations were compared: Con-
trol, T1 (30 ng mL−1), and T2 (70 ngmL−1). Thiocyanate accumulation depended on the concentration and exposure
time. Chard was found to accumulate more thiocyanate than spinach, with leaf accumulation > stem accumulation
(p < 0.0194) and maximum concentrations of 76 ng g−1 (control), 112 ng g−1, (T1), and 134 ng g−1 (T2). The esti-
mated daily intake (EDI) of thiocyanate for chard and spinach (fresh) exceeded the subchronic reference dose of
200 ng−1 kg−1 day−1 and the chronic reference dose of 600 ng−1 kg−1 day−1. In addition, the EDI of thiocyanate
for spinach in baby food exceeded twice the chronic reference dose in the vulnerable newborn–1 year age group.
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However, all EDIs were lower than the lowest observed adverse effect level (LOAEL) of 1.9× 105 ng kg−1 day−1. Fur-
ther studies are needed that increase our knowledge of thiocyanate levels and potential environmental sources to re-
duce opportunities for exposure, especially in vulnerable groups.
1. Introduction

In recent decades, the rapid expansion of industrial development, agri-
cultural production, and human activities has intensified pollutant inputs
into the environment, elevating the risks to human health (Yilmaz et al.,
2019). Endocrine disruptors are pollutants of great interest to the interna-
tional scientific community due to their ability to interfere with the
human endocrine system and metabolism (Metcalfe et al., 2022). The
World Health Organization (WHO) has estimated that ~750million people
worldwide have some type of thyroid pathology, with 60% of this popula-
tion being unaware of the problem.

Endocrine disruptors, such as perchlorate (ClO4
−), nitrate (NO3

−), and
thiocyanate (SCN−), are pollutants that competitively inhibit the transport
of sodium iodide to the thyroid gland, resulting in a reduction in hormone
(e.g., T3 and T4) production, particularly in peoplewith low levels of iodide
consumption (Zhu et al., 2019; Lee et al., 2017; Qin et al., 2014). Thus,
pregnant women, newborns, and infants are also particularly at risk of the
effects of endocrine disruptors (Zhu et al., 2019; Qin et al., 2014). Cur-
rently, one of the main problems associated with child nutrition is estimat-
ing the risks associated with the consumption of contaminated foods
leading to disease generation (Pivovarov et al., 2016; Mielech et al., 2021).

The dietary intake of vegetables, such as those of the Brassica genus like
broccoli, kale, Chinese cabbage, and cauliflower, has been associated with
various health promoting effects (Wagner et al., 2013). However, some glu-
cosinolates in Brassica vegetables produce indolylic isothiocyanates with
anticarcinogenic activity. In contrast, progoitrin and indolylic glucosino-
lates degrade to goitrin and thiocyanate, respectively, and may decrease
thyroid hormone production (Felker et al., 2016). Thus, it is important to
identify potential environmental sources of harmful substances to reduce
opportunities for exposure, especially in vulnerable groups.

Thiocyanate is the anion derived from thiocyanic acid (HSCN) and is
widely used when manufacturing electronic products and furniture
(Laurberg et al., 2009; Jain, 2016). Thiocyanate salts are characterized by
high water solubility (KSCN: >1000 g L−1) that is lower than those of
other endocrine disruptors, such as perchlorate salts (2090 g L−1).
Although the dynamics of perchlorate in the environment have been inves-
tigated, those of thiocyanate have not yet been elucidated (Calderon et al.,
2020, 2021). The main route of human exposure to thiocyanate is the
metabolization of cyanide from cigarette smoke into thiocyanate in the
liver (Willemin and Lumen, 2017; Knight et al., 2018). However, other po-
tential sources of thiocyanate exposure, such as drinking water and agri-
food products, remain understudied despite being considered primary
sources of exposure to other contaminants (Blount et al., 2008; Leung
et al., 2012; Qin et al., 2014; Jain, 2016; Zhu et al., 2019). Soil fumigation
is used to control soil-borne pathogens, nematodes, and weeds (Dungan
et al., 2003; Zheng et al., 2004), and metam‑sodium, a soil fumigant, is in
use in several countries for this purpose in quantities ranging from 50 to
80 g ha−1. Methyl isothiocyanate (MITC) is the primary breakdown prod-
uct of metam‑sodium (Dungan et al., 2003; Zhang et al., 2005). MITC is a
highly volatile compound with broad, non-selective biocidal activity
(DPR, 2016). The hydrolysis rate of MITC is low in water but increases sig-
nificantly upon the addition of sediments similar to those found in bodies of
water (DPR, 2002). Due to the relatively low leaching potential and fast
degradation of MITC in the presence of water with sediments, the risk of
groundwater contamination is low (Tomlin, 2000).

Once absorbed, thiocyanate has a mean half-life of 1–2 weeks and is ex-
creted in the urine (Scherer, 2006). Studies have shown that thiocyanate
and perchlorate levels in urine and serum have negative additive effects
on normal thyroid gland functioning in pregnantwomen, newborns, and in-
fants, which constitutes a health risk for these groups (Blount et al., 2009;
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Pearce et al., 2012; Leung et al., 2012; Charatcharoenwitthaya et al.,
2014; Horton et al., 2015; Lee et al., 2017; Knight et al., 2018). During
the transition between the newborn (newborn–1 year) and infant
(2–3 years) stages, babies are mainly fed breast milk and processed baby
foods that are often made with vegetables, such as spinach, chard, and
carrots. Previous studies have shown that spinach and chard accumulate
soluble contaminants like perchlorate that can form part of the final food
product (Calderon et al., 2021). Currently, no regulations exist for thiocya-
nate in either baby foods or other processed foods, although regulations are
in place for perchlorate (EFSA, 2017). Our previous research (unpublished
results) shows that thiocyanate is a common contaminant in various matri-
ces 107 in Chile, such as drinking water (1.4–15.2 ng mL−1), irrigation
water (7.2–13.7 ng mL−1), fruits (0.11–0.56 ng g−1), vegetables
(0.25–0.74 ng g−1), agricultural soils (7.2–125 ng g−1), 109 and, fertilizers
(142–1132 ng g−1). Depending on the characteristics of the soil, irrigation
water, and agronomicmanagement at regional levels, a potential risk of the
continual incorporation of thiocyanate into the food chain through contam-
inated crops is present when considering global agricultural production
(Zhang et al., 2020). Given this scenario, it is vitally important to study thio-
cyanate dynamics in the water-soil-plant system in controlled production
systems, such as those of greenhouses, in which the conditions (e.g., soil,
substrate, or water treatment system characteristics) can be modified to
limit pollutant accumulation (Valloton et al., 2017; Calderon et al., 2021;
Calderón et al., 2022).

Thus, the objectives of the study were to 1) estimate the uptake, accu-
mulation, and translocation of thiocyanate in the different organs of
chard and spinach grown in greenhouses under three treatments and 2) es-
timate the risk associated with thiocyanate intake in different age groups
due to the consumption of chard and spinach. The results of our research
may be used by the international scientific community to propose regula-
tions for thiocyanate in food products, particularly baby food, and are
thus much needed.

2. Materials and methods

2.1. Study site

The study was conducted during summer–autumn 2019 at the Faculty
of Agronomy and Forestry Engineering of the Pontificia Universidad
Católica de Chile in Santiago, Chile.

2.2. Greenhouse experiment

The experimental design followed that of Calderon et al. (2020). Briefly,
spinach and chard seeds were germinated in seedling trays that had been
previously filled with a moist substrate mixture composed of peat and per-
lite and irrigated daily for 21 days. Subsequently, the seedlings were
transplanted into 4-L pots filled with the same substrate mixture. In total,
108 pots were established (54 with chard and 54 with spinach) and
assigned to one of three treatments: Control, T1 (30 ng mL−1 of thiocya-
nate), and T2 (70 ngmL−1 of thiocyanate). The thiocyanate concentrations
were prepared from a standard thiocyanate solution. All experimental treat-
ments were carried out in triplicate, and the pots were distributed in the
greenhouse in a completely random design. Each treatment was applied
through a drip irrigation system. Each container was supplied daily
with 270 mL, administered via four irrigations (2 min) with one dripper
(2 L h−1). The nutrient solution for each treatment was individually
mixed in a 120-L container and completely replaced every two weeks. Dur-
ing the first two weeks of the experiment, the nutrient solution was com-
posed of potassium nitrate (120 mg L−1), calcium nitrate (240 mg L−1),



Table 1
Thiocyanate (SCN−) concentrations in fertilizers.

Fertilizer Concentration of SCN−(ng g−1)

Magnesium sulphate (MgSO4) 354
Basafer (Fe-EDDHA) N.D.
Potassium nitrate (KNO3) 358
Monoammonium Phosphate (NH4H2PO4) 397
Calcium nitrate (Ca(NO3)2) 142

N.D.: Not detected.
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monoammonium phosphate (30 mg L−1), magnesium sulfate (120 mg
L−1), and Fe-EDDHA (5 mg L−1; Basafer Plus; Compo Expert, Münster,
Germany). The pH range of the solution was adjusted to remain between
5.5 and 6.0. At the start of the third week of growth, the fertilizer concen-
tration in the nutrient solution was doubled.

To evaluate the thiocyanate dynamics of the water-soil-plant system,
the bottoms of the experimental pots were perforated to collect leachate
on a daily basis. Each week, substrate, root, stem, leaf, total aerial fraction
(stem+ root), and leachate samples were collected and stored at 4 °C until
further analysis. The harvest periods corresponded to weeks 1–2 (groups
1–4), 3–4 (groups 2–5), and 5–6 (groups 3–6). Additionally, the thiocya-
nate levels in the nutrient solution and fertilizer samples were determined.

2.3. Sample preparation, extraction, and analysis

Briefly, spinach and chard samples consisting of approximately 0.20 ±
0.02 g of the root, stem, and total aerial fraction were placed in propylene
tubes that had been previously fortified with 100 ng mL−1 of potassium
thiocyanate (13C, 95–99%). Acetonitrile and acetic acid were added to a
final volume of 10 mL. The samples were shaken, centrifuged, and
extracted using Envi-Carb cartridges (500 mg, 6 mL; Waters Corporation;
Milford, MA, USA). The collected extracts were stored at 4 °C until analysis.
Substrate samples (0.15 ± 0.05 g) were combined with Milli-Q water and
liquid chromatography grade ethanol, fortified with 100 ng mL−1 potas-
sium thiocyanate (13C, 95–99%), extracted with Envi-Carb cartridges
(500 mg, 6 mL; Waters Corporation), and stored at 4 °C. The leachate sam-
ples (0.2 mL) were diluted 1000-fold, fortified with 100 ng mL−1 of potas-
sium thiocyanate (13C, 95–99%), shaken, filtered (0.2-μm mesh), and
stored at 4 °C. The nutrient solution and fertilizer samples were subjected
to the same procedure as the leachate samples.

The thiocyanate concentration was determined using an Agilent 1100
series LC liquid chromatography system (Agilent Technologies, Santa
Clara, CA, USA) coupled to an API 2000 electrospray ionization tandem
mass spectrometry (ESI-MS/MS) triple quadrupole mass spectrometer (Ap-
plied Biosystem, Foster City, CA, USA) in negative ionization mode. The
mobile phase was composed of methylamine (40 mM) in isocratic mode
at a flow rate of 0.3 mL min −1 using an IonPAc AS-21 anion exchange col-
umn (250 mm × 2 mm; Dionex, Sunnyvale, CA, USA). Thiocyanate quan-
tification was conducted with an 8-point calibration curve (0–2500 ng
mL−1) with a linear regression coefficient of 0.99. Blank, duplicate, and
spiked samples (100 ng mL−1) were included to evaluate the performance
of the chromatography system. Thiocyanate was not detected in any of the
quality controls. The limits of detection (LOD) were 1 ng mL−1 for the
leachate and nutrient solutions and 6 ng g−1 for the substrate and plant tis-
sue samples.

2.4. Bioaccumulation factor (BAF) and translocation factor (TF)

The bioaccumulation factor (BAF) is used to estimate the capacity of a
plant species to accumulate contaminants in its tissues. A BAF > 1 indicates
contaminant accumulation, whereas a BAF < 1 indicates the opposite. The
translocation factor (TF) is used to describe the ability of a plant species to
translocate contaminants from its roots to leaves. A TF > 1 indicates con-
taminant accumulation in the leaves, whereas a TF < 1 indicates that accu-
mulation occurs in the roots (Calderón et al., 2022).

2.5. Risk estimation

The estimated daily intake (EDI) for each age group (newborn–1 year,
2–3 years, 4–10 years, 11–21 years, 22–45 years, and 46–70 years) was de-
termined based on the average thiocyanate concentration (ng g−1) in chard
and spinach at the harvest stage in each treatment multiplied by the aver-
age daily vegetable intake (g) for each age group and divided by the aver-
age body mass (kg) for each age group. Information on vegetable
consumption rates was obtained from the Food Commodity Intake Data-
base (FCID 2005–2010) of the United States.
3

3. Results and discussion

3.1. General characterization

The first evidence of the presence of thiocyanate in fertilizers to date is
presented in Table 1. Concentrations from not detected (ND)–397 ng g−1

were quantified in the nitrogenous, potassic, phosphoric, andmagnesium fer-
tilizers used in the study. Interestingly, Chilean fertilizers (i.e., nitrogenous
and potassic) are characterized by containing trace amounts of chemical
species with no nutritional value, such as perchlorate (Calderón et al.,
2022). Both perchlorate and thiocyanate are highly soluble, and the co-
existence of these compounds in fertilizers (e.g., magnesium sulfate,
potassium nitrate, and calcium nitrate) presents a potential human health
risk due to the ingestion of contaminated foods.Monoammoniumphosphate,
a fertilizer imported into Chile, contained the highest concentration of
thiocyanate (397 ng g−1).

Our results allow us to hypothesize that agricultural soils worldwide
may be potentially contaminated with traces of thiocyanate. Thus, it is nec-
essary to understand thiocyanate dynamics in the water-soil-plant system.
In our study, thiocyanate was not detected in substrate, irrigation water,
or seedling samples during initial germination. However, in the Control
treatment, the nutrient solution contained 10 ng mL−1 of thiocyanate,
which was only due to fertilizer addition.

3.2. Uptake and accumulation in tissues

3.2.1. Roots and stems
Soluble contaminant accumulation in leaves is a function of evapotrans-

piration and the genotype of the plant (Seyfferth and Parker, 2007). In our
study, thiocyanate accumulation in the roots increased as a function of time
and treatment (T2 > T1 > Control; Fig. 1). The thiocyanate concentration
applied in the T2 treatment was 10-fold higher than the concentrations in
water samples in Chile (7.2–13.7 ng mL−1; median: 7.5 ng mL−1). Thiocy-
anatewas not detected in the leachate and substrate samples of either chard
or spinach, indicating that thiocyanate was taken up by the roots and
translocated to higher organs. As such, a microbial degradation process
may be at work within the system, although further research is needed to
confirm this hypothesis. A similar tendency to that observed in the roots
(Control) was present in the stems. However, an inverse effect was ob-
served in chard (T1), which has a higher capacity to accumulate thiocya-
nate than spinach (Control; week 6). In T2, spinach accumulated more
thiocyanate than chard (week 4–5), although the thiocyanate concentration
in chard (85 ng g−1) was higher than that in spinach (57 ng g−1) at week 6.
In addition, a significant difference was present in thiocyanate accumula-
tion between the roots and stems in chard (p < 0.0001).

3.2.2. Total aerial fraction and leaves
The thiocyanate accumulation in the leaves and total aerial fraction are

presented in Fig. 2. A similar pattern to that observed in the roots and stems
occurred in the total aerial fraction and leaves, with thiocyanate accumula-
tion increasing over time. Interestingly, in the Control treatment, the total
aerial fraction of chardwas found to accumulate twice asmuch thiocyanate
as that of spinach fromweeks 3–5. However, these concentrations were the
same at harvest. For T1 and T2, thiocyanate accumulation in the total aerial
fraction of chard was always higher than that of spinach. The thiocyanate



Fig. 1.Distribution of the thiocyanate concentration in the roots and stems of chard
and spinach plants in the control, T1, and T2 treatments.

Fig. 2. Distribution of the thiocyanate concentration in the leaves and total aerial
fractions of chard and spinach plants in the control, T1, and T2 treatments.
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concentrations at harvest for chard in T1 and T2 were 78 and 98 ng g−1,
respectively.

When comparing thiocyanate accumulation in this study with the per-
chlorate accumulation in greenhouse crops of Calderón et al. (2022), nota-
ble differences are present. Calderón et al. (2022) found that perchlorate
accumulation was always higher in spinach in treatments with 1 and
10 mg L−1 and exceeded the permitted limits for perchlorate in baby
foods (20 ng g−1) (EFSA, 2017). In our study, thiocyanate accumulation
in chard was significantly (p < 0.0194) higher than that of spinach, and
thus accumulation is a function of the plant species.

In general, the volume and surface area of chard leaves are greater than
those of spinach, and thus chard leaves have greater evapotranspiration po-
tential, with the concentrations of soluble contaminants, such as thiocya-
nate, increasing over time. In a previous study, it was reported that the
accumulation of thiocyanate in rice seedlings fertilized with NO3

− was
higher 4 than that of NH + (Zhang et al., 2020). In the Control treatment,
thiocyanate accumulation in chard leaves was higher than that of spinach
leaves until week 4. However, from week 4 until harvest, the thiocyanate
concentration in spinach leaves surpassed that of chard leaves. In T1 and
T2, thiocyanate accumulation in chard was always greater than in spinach.
The maximum thiocyanate concentrations in chard and spinach in T1 and
T2 were 112 and 134 ng g−1 and 100 and 112 ng g−1, respectively.

The results of the statistical analyses show that there were significant
differences in thiocyanate accumulation in both the leaves and stems of
chard (p < 0.0001) and spinach (p < 0.0005). The BAF for both species
>1, indicating that thiocyanate accumulates in both species (leaf > stem
> root). In addition, the TF values indicated that thiocyanate is preferen-
tially translocated from the roots to the leaves in both chard and spinach.
Finally, significant differences were present between treatments for chard
(p < 0.0121) but not for spinach (p < 0.0936).

Although thiocyanate accumulation in this study was high, without reg-
ulations it is not possible to determine if these types of vegetables represent
a potential danger to human health. For example, Sanchez et al. (2008) re-
ported elevated thiocyanate levels in Brassica sp. (1965–56,219 μg kg−1).
Additionally, Han and Kwon (2009) reported that the average thiocyanate
intake (16.3 μmol SCN− day−1 person−1) through Brassicaceae vegetables
in Koreawas lower than the dose required producing adverse effects. In this
context, Bhattacharjee et al. (2012) suggest that the high thiocyanate con-
tent in both Brassica and non-Brassica vegetables (16.5–42.3 mg kg−1)
may be in part responsible for the persistence of the endemic goiter in peo-
ple of the sub-Himalayan Tarai region. New studies are needed that gener-
ate baseline data to establish regulations for thiocyanate concentrations in
fruits and vegetables to protect consumer health, especially those of vulner-
able groups.

3.3. Human exposure

Table 2 shows the EDI values calculated by age group for chard and
spinach. For chard, the highest EDI values were found in the age
groups of 4–10 and 22–45 years, with upper limits of 281 and
Table 2
Estimated daily intake (EDI) of thiocyanate (SCN−) in chard and spinach for different a

Age group (years) Chard Spinach (fresh)

C/BM EDI Control:
76 ng g−1

EDI T1:
112 ng g−1

EDI T2;
134 ng g−1

C/BM EDI Con
79 ng g

Newborn–1 0 0 0 0 2.3 181.7
2–3 0 0 0 0 10.3 813.7
4–10 2.1 159.6 235.2 281.4 8.4 663.6
11–21 0 0 0 0 5.7 450.3
22–45 2.6 197.6 291.2 348.4 9.6 758.4
46–70 1.3 98.8 145.6 174.2 6.1 481.9

EDI in (ng kg−1 day−1).
C/BM: Consumption (g)/Body Mass (kg).
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348 ng kg−1 day−1 for T2, respectively, and 235 and 291 ng kg−1 day−1

for T1, respectively. These upper limits exceed the subchronic reference
dose of 200 ng kg−1 day−1 (EPA, 2012). In the Control treatment,
the EDI values did not exceed the subchronic reference dose of
200 ng kg−1 day−1 (EPA, 2012).

The EDI calculations were made for spinach considering both the con-
sumption of fresh spinach and spinach in baby foods. In fresh spinach, the
EDI values for the age groups spanning 2 to 70 years exceeded the chronic
reference dose of 600 ng kg−1 day−1. The highest EDI values of 813
(Control), 1030 (T1), and 1154 (T2) ng kg−1 day−1 were present in the
age group of 2–3 years. The EDI values for spinach consumption in baby
foods were estimated up to 3 years of age. The EDI values for the age
group of newborn–1 year were greater that 1000 ng kg−1 day−1, whereas
the EDI values for the age group of 2–3 years exceeded the subchronic ref-
erence dose but not the chronic refence dose.

In summary, the EDI values in this study are less than the lowest ob-
served adverse effect level (LOAEL), which is 1.9 × 10 5 ng kg−1 day−1

(EPA, 2012). However, our results show that there is a potential risk to
human health from the consumption of spinach and chard in different age
groups, primarily in newborns and infants up to three years of age. Further
studies are needed to elucidate the real impacts of thiocyanate intake on
human health due to the consumption of contaminated foods.

4. Conclusions

Our study is the first to evaluate the uptake and accumulation of thiocy-
anate in chard and spinach grown in greenhouses. The results show that
thiocyanate is a common contaminant in nitrogenous, potassic, and phos-
phoric fertilizers on the order of ng g−1. The thiocyanate accumulation in-
creased over time and depended on the treatment (T2> T1>Control), with
chard accumulating more thiocyanate than spinach (p < 0.0194). Interest-
ingly, statistically significant differences (p < 0.0001) were present with re-
gard to thiocyanate accumulation between chard and spinach (leaf > total
aerial fraction). The EDI values for chard (Control) exceeded the subchronic
reference dose of 200 ng kg−1 day−1 (EPA, 2012). For fresh spinach, the
EDI values exceeded the chronic reference dose of 600 ng kg−1 day−1

for the age groups spanning 2 to70 years. For spinach in baby foods, the
EDI values for the age group of newborn–1 year were higher than
1000 ng kg−1 day−1 and exceeded the chronic reference dose, although
lower EDI values of ~500 ng kg−1 day−1 were found for the age
group of 2–3 years. In general, the EDIs were lower than the LOAEL of
1.9 × 10 5 ng kg−1 day−1 (EPA, 2012).
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ge groups.

Spinach (baby food)

trol:
−1

EDI T1:
100 ng g−1

EDIT2:
112 ng g−1

C/BM EDI Control:
79 ng g−1

EDI T1:
100 ng g−1

EDI T2:
112 ng g−1

230 257.6 12.4 979.6 1240 1388.8
1030 1153.6 5.2 410.8 520 582.4
840 940.8 0 0 0 0
570 638.4 0 0 0 0
960 1075.2 0 0 0 0
610 683.2 0 0 0 0
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