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As compared to the Asian lowlands, environmental exposure to arsenic (As) in West

Africa has received little attention. Recent studies have found geogenic As contamination

of groundwater in many regions in Burkina Faso. As-contaminated groundwater is used

for drinking and increasingly also for the irrigation of staple foods. This study assesses

the extent to which irrigation and cooking of staple foods in Burkina Faso influence plant

uptake and dietary consumption of As, respectively. Using a greenhouse experimental

setup, we evaluated the transfer of As from irrigation water spiked with 0, 100, 500,

and 1,000 µg/L As(V) to the organs and edible parts of seven commonly consumed

vegetables (amaranth, carrot, green bean, lettuce, okra, spinach, and tomato). Next,

we cooked the greenhouse-cultivated vegetables and externally purchased foods with

As-free and As-spiked waters. The As content in all plant organs increased with

increasing As in the irrigation water. With 500 µg/L, the concentrations of As in the edible

parts (ordered from highest to lowest) were as follows: spinach (6.6 ± 0.5µg/g); lettuce

(3.9 ± 0.1µg/g); carrot (3.5 ± <0.1µg/g); amaranth (2.2 ± <0.1µg/g); okra (0.9 ±

<0.1µg/g); green bean (0.8 ± <0.1µg/g); and tomato (0.2 ± <0.1µg/g). The edible

parts of leafy vegetables irrigated with As-spiked water had a higher average As content

(4.9 ± 4.5µg/g) than root (2.9 ± 2.0µg/g) and fruit/pod vegetables (0.8 ± 1.1µg/g).

Cooking with an excess volume of As-free water reduced the As content in the cooked

vegetables by 39% on average, while cooking with As-contaminated water transferred

As to the cooked food. The As content in steamed foods was 8 to 18 times lower than in

boiled foods. Based on human health risk estimates, we generally recommend to avoid

planting leafy and root vegetables in areas with As concentrations above 100 µg/L in

irrigation water. In areas with elevated As contamination, mitigation strategies include

the cultivation of fruit/pods vegetables such as tomato and okra and steaming the food

instead of boiling.
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INTRODUCTION

The contamination of groundwater by naturally occurring
arsenic (As) inWest Africa has received little attention compared
to the widespread As-endemic areas in Asian lowlands (e.g.,
Pakistan, Vietnam, Cambodia, and Bangladesh) (Podgorski et al.,
2017; Stopelli et al., 2020). However, groundwater of some areas
in Burkina Faso shows high concentrations of this toxic metalloid
(Smedley et al., 2007; Some et al., 2012; Ahoule et al., 2015;
Sako et al., 2016; Bretzler et al., 2017). The contamination
stems from As-bearing sulfide minerals, commonly occurring in
mineralized zones and associated with gold ores. In Burkina Faso
groundwater, As is predominantly present as arsenate [As(V)],
and concentrations can exceed 1,000 µg/L.

Prolonged exposure to As increases the risk of developing a
number of serious health effects, such as skin lesions and cancer
of the liver, lung, bladder, kidney, and skin, and neurological,
respiratory, cardiovascular, and developmental effects (Smith
et al., 1992; Naujokas et al., 2013; Schmidt, 2014). It is
estimated that about 560,000 people in Burkina Faso (∼3% of
the population) are potentially exposed to As concentrations
exceeding the national guideline value of 10 µg/L for drinking
water (Bretzler et al., 2017). As in food may add to the overall
consumption-related As exposure of the population.

Arsenic is known for its toxicity not only to humans, who
are exposed through drinking water, cooking water, and food
products (Podgorski and Berg, 2020), but also to plants that
are exposed via irrigation water or soil. Contamination of rice
with As has been especially well-studied. In Bangladesh, As-
rich groundwater used for cultivation leads to long-term As
accumulation in soils, and this results in increasing levels of
As in rice and, eventually, in decreasing rice yields due to As
phytotoxicity (Dittmar et al., 2010). Subsequently, the guideline
value for As in irrigation water has been set as 100 µg/L by
the Food and Agriculture Organization (FAO) [FAO, accessed
on 18/02/2020]. The potential uptake of As by vegetable crops
has been studied using soil or hydroponic systems irrigated with
various concentrations of As in water. These studies indicate that
uptake of As depends on plant species and other parameters,
such as soil characteristics or cultivation methods (Miteva, 2002;
Gousul Azam et al., 2017). Furthermore, the consumption of
contaminated vegetables could be associated with human health
risks (Gupta et al., 2019).

However, little is known about the contamination of staple
foods typical to West Africa with toxic trace elements.
Specifically, the extent to which As is taken up by irrigated
vegetables in this region remains unclear (Chen et al., 2015).
For example, in a small number of randomly collected samples
from tomatoes, cabbages, and potatoes produced in villages in
the province of Yatenga (in northern Burkina Faso) that were
irrigated with water low in As from rivers or dug wells, As was
below the detection limit (not specified in this study) (Some
et al., 2012). Associated health risks have been explored in some
West African countries, including Nigeria (Onakpa et al., 2018)
and, to a lesser extent, Benin (Fangnon et al., 2012; Koumolou
et al., 2013), Ghana (Odai et al., 2008; Adomako et al., 2011),
and Cote d’Ivoire (Kinimo et al., 2018a,b). However, to the

knowledge of the authors, there has been no such study in
Burkina Faso with any of the commonly cultivated vegetables
of this country. Hence, there is a need to characterize the
As uptake of vegetable crops locally grown in Burkina Faso
under varying concentrations of As groundwater contamination.
Furthermore, there is little information on whether certain
organs of these vegetables accumulate As more than the others.
Such investigations, however, are necessary in order to determine
whether typical consumption patterns of this region could
present a risk to human health.

In Burkina Faso, 85–95% of the population makes a living
on agriculture (Ouédraogo et al., 2011). The majority of the
population relies on cereals as their principal diet. One of the
most commonly consumed dishes is tô, a traditional porridge
cooked with flour (maize, millet, or sorghum) and water.
Vegetables are also part of the daily diets and are especially found
in soups and sauces accompanied by carbohydrate staples (Smith
and Eyzaguirre, 2007). Market gardening represents 15% of the
agricultural production of Burkina Faso: Cereals, vegetables,
and leafy vegetables are the most cultivated products (Konkobo
et al., 2002). The cultivation of cereals is traditionally carried
out during the rainy season (June to September). However,
since the 1990s, irrigated vegetable production has significantly
expanded following the widespread construction of small dams,
and small-scale irrigation is one of the main topics of the
current agricultural policy drafted in 2017 (Gross and Jaubert,
2019). Consequently, there is an increasing use of groundwater
for irrigation purposes: Boreholes and shallow wells are widely
used as a supplement to surface water during the long dry
season (October to June) (Gross and Jaubert, 2019). As a result,
there is a growing practice of using potentially As-contaminated
groundwater for irrigation purposes despite little information
being available regarding the potential for As accumulation in
locally grown staple crops.

In addition to the uptake of As by plants, it has been shown
that cooking can either increase or decrease the As content
in foods, depending on the relative concentrations of As in
the food and the cooking water. For instance, contaminated
rice prewashed and cooked in a 6:1 ratio of water to rice
removed up to 57% of As (Sengupta et al., 2006). On the other
hand, several studies have explored the transfer of As from
cooking water to rice, highlighting the increased health risks
of rice cooked in As-contaminated water (Bae et al., 2002).
However, no such studies have been undertaken with African
dishes such as tô (maize flour), bean/niébé (black-eyed peas), or
gari (cassava).

Based on these knowledge gaps, the motivation of the present
study is 2-fold: first, to characterize the uptake of As by staple
vegetables in Burkina Faso when irrigated with As-contaminated
groundwater and, second, to assess the extent to which the
cooking practices for these traditional foods determine the As
content of the consumed cooked foods. Taking into consideration
the prevalence of elevated groundwater concentrations of As in
Burkina Faso, we hypothesize that there is a high likelihood of
transfer of As to irrigated plants and cooked food. Based on the
findings of this study, we discuss the potential risks to human
health due to their ingestion.
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MATERIALS AND METHODS

Irrigation of Vegetables With Various
Concentration of Arsenic in Water:
Greenhouse Experiment Characterization
Seven commonly produced and consumed vegetables in
Burkina Faso [amaranth (Amaranthus), carrot (Daucus carota),
green bean (Phaseolus vulgaris), lettuce (Lactuca sativa), okra
(Abelmoschus esculentus), spinach (Spinacia oleracea), and
tomato (Solanum lycopersicum)] were grown in greenhouses
with irrigation water spiked with four concentrations of As (0,
100, 500, and 1,000 µg/L). According to the classification based
on edible parts, the plants were classified as leafy vegetables
(amaranth, lettuce, and spinach), fruit/pod vegetables (tomato,
okra, and green bean), and root vegetables (carrot). The
experimental setup was similar as in previous studies (Carbonell-
Barrachina et al., 1997; Dittmar et al., 2010; Bhatti et al., 2013).
A total of 168 plastics pots (7 species ∗ 4 As concentrations
∗ 6 replicates) were installed on wooden planks 20 cm above
the soil in three separate greenhouses built with plastic roofs
and metallic mosquito net mesh walls to prevent intrusion
from rain, insects, or other small animals. The experiment was
carried out during the dry season between November 2017
and February 2018 at the International Institute for Water
and Environmental Engineering (2iE). The greenhouses were
located in the compound of 2iE in Kamboinsin (15 km north
of Ouagadougou), while the laboratory was located on the main
campus of 2iE Institute in Ouagadougou.

Sandy loam soil (according to the texture classifications
defined by the United States Department of Agriculture) was
collected from the subsurface layer (2–25 cm) in the compound
of 2iE-Kamboinsin, dried in the sun, crushed, and passed through
a 1mm sieve. Approximately 4.5 L of homogenized soil was
distributed into every pot (diameter 16 cm, height 26 cm, and
volume 5.2 L) that was previously cleaned and drilled at the
bottom (five holes per pot). The soil used as a substrate was
characterized at the beginning of the trial. A composite sample
was created out of six soil subsamples and sent for analysis to
the National Laboratory of Soil (BUNASOLS, Ouagadougou) for
the determination of granulometry, pH, available phosphorous,
organic carbon, total nitrogen, and cation-exchange capacity. The
samples were weighed by the independent laboratory prior to
analysis, and the initial concentration of As in the composite
soil sample was determined by HNO3/H2O2 digestion and
inductively coupled plasma (ICP) determination methods as
described below. Irrigation water was artificially spiked with
As(V) in a concentration range that is found in groundwater
in Burkina Faso. Seven plant species were watered with four
different As(V) concentrations: an As-uncontaminated control
(water not spiked with As) and three As(V) concentrations (100,
500, and 1,000 µg/L). Irrigation waters were prepared using a
1 g/L stock solution of sodium arsenate dibasic heptahydrate
(Na2HAsO4, 7H2O; Sigma-Aldrich ACS reagent, assay ≥ 98%)
and As-free water from a nearby borehole.

Seeds were purchased from the company Nankosem (6502
Ouagadougou 01) in September 2017. The seeds were germinated
directly in the pots, and the most vigorous plants were selected so

that one healthy plant remained per pot. Irrigation with the As-
spiked waters started with the germination step and continued
until the end of the experiment.

Irrigation water was frequently added with a watering can to
maintain the soil moisture equally in all pots, at an estimated
volume of 0.2 to 0.5 L/pot/day. Four watering cans were
used independently for each of the four concentrations of As.
Interviews conducted with professionals from the agricultural
network (market gardeners, market sellers, and scientists)
confirmed that external fertilizer input is commonly used by
farmers in Burkina Faso. In order to fertilize the nutrient-
poor experimental soil and to reproduce local conventions,
plants were fertilized with nitrogen, phosphorus, and potassium
(NPK) (14% total N, 23% P2O5, and 14% K2O, obtained from
Yara Company, Abidjan, Côte d’Ivoire). The equivalent of a
handful of NPK was applied to each of the plants two times
during the study. Every week, plant growth was monitored by
four measurements (height and diameter of the main stem,
number of branches, and diameter of leaves) on amaranth, okra,
spinach, and tomato. One-sided ANOVA tests were used to
examine whether different concentrations of As in irrigation
water were associated with differences in plant growth by
harvest time.

After a culture period of 65 to 130 days, plants were
harvested at maturity (defined as the point of readiness for
human consumption) with nitrile hand gloves and divided
into different organs (roots, stem, leaves, and fruits). Visible
physical characteristics such as root length and fresh mass
(FM) of the plants were measured. Samples were transported
to the laboratory in polyester tubes, rinsed with distilled water
with special attention to roots as mentioned by Queirolo
et al. (2000), and cut into small pieces (1–2 cm in size).
Composite samples of the six replicates were mixed together in
polyester tubes.

Cooking of Contaminated Greenhouse
Vegetables With As-Free Water
Vegetables grown in our greenhouse experiment with high
concentrations of As were expected to have higher As contents
than the food items that can be bought in the market. In
order to characterize the transfer of As of our As-contaminated
vegetables to the cooking water, the remaining vegetables
from the greenhouse experiment were cooked with As-free
water. The edible parts of amaranth, okra, spinach, and
tomato were boiled in excess distilled water in a stainless
steel saucepan. For each type of vegetable, the same mass
of vegetables was cooked in the same volume of distilled
water. Samples were collected with a spoon, transferred
in polyester tubes, weighed, and stored at −18◦C before
being freeze-dried.

Cooking of Externally Purchased Food
Items With As-Contaminated Water
Food items were bought in Zogona market (Ouagadougou)
in February 2018 and transported to the laboratory in plastic
bags. Local rice came from Boulkiemdé (central-west region),
spinach leaves from market gardens of Ouagadougou, and
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TABLE 1 | Arsenic (As) concentrations in standard reference materials (DM = dry mass).

Standard reference material N As (µg/g DM) As certified value (µg/g DM) Recovery

Rice flour (NIST 1568b) 22 0.337 ± 0.046 0.285 ± 0.014 118%

Tomato leaves (NIST 1573a) 9 0.140 ± 0.022 0.112 ± 0.004 125%

corn flour and bean/niébé from the Kossodo neighborhood
(Ouagadougou). Food items were then prepared and cooked
in the laboratory at 2iE main campus according to local
customs and the traditional recipes typically used in the country
(see Supplementary Table 1). The traditional cooking methods
were provided by the Burkinabe research team members (N.
D. N and S. F. K. T.) and other colleagues of 2iE based
on their personal experience in cooking the same dishes on
a regular basis (see Bae et al., 2002; Rahman et al., 2006)
for justification of local recipes and cookware in As uptake
experiments. Spinach leaves, bean/niébé, and yam were rinsed
with distilled water several times, whereas rice, maize flour,
and manioc flour were not processed after being purchased.
Vegetables and foods were prepared in water with the same
four As(V) concentrations (0, 100, 500, and 1,000 µg/L) as used
for the irrigation. To minimize cross-contamination, a set of
four cooking accessories (stainless steel saucepan, covers, and
metallic cutlery) was dedicated to each of the four treatments.
In order to characterize the influence of the cooking method,
separate preparations by boiling, steaming, and cold water were
compared. Rice, tô, yam, bean/niébé, and spinach were boiled
using a heating plate; rice, yam, and spinach were steamed;
and gari was prepared with cold water according to the recipes
in Supplementary Table 1. Samples of prepared foods were
collected with a spoon and transferred in a ceramic crucible
before being dried.

Analytical Methods: Digestion
Vegetable samples harvested from the greenhouse irrigation
experiment (seven raws and four cooked with As-free water) were
stored in a freezer at −18◦C before being freeze-dried (model
Alpha 2–4 LDplus, Martin Christ GmbH, Germany). Externally
purchased market food samples were dried in the oven at 80◦C
for 48 h and then allowed to cool in a desiccator.

Digestion With HNO3 at 80◦C in Ouagadougou
The lyophilized vegetables and oven-dried market foods were
ground into powder of 0.25mmwith a laboratory grinder (IKA R©

MF 10 grinder, IKA, 79219 Staufen, Germany) and stored at
ambient temperature before being digested. The main digestion
method used in this study to extract As from the vegetables or
dish samples in the laboratory at 2iE main campus was adapted
from a protocol developed by Bhatti et al. (2013). Briefly, 0.5
g of powder sample was introduced into clean and dry quartz
tubes and 5ml of HNO3 (Fluka TraceSELECT, purity > 69.0%)
was added. Samples were predigested at ambient temperature
overnight under a fume hood. The subsequent day, samples were
placed in a heating water bath at 80◦C for 2–3 h. After this time,
no fumes were visible and the volume had reduced to 1–2ml. The

samples were subsequently cooled down to ambient temperature,
diluted with 10ml of distilled water directly added to the quartz
tubes, filtered through aWhatman filter paper No. 42, and further
diluted with distilled water to a final volume of 25 ml.

Digestion With HNO3/H2O2 at 240◦C in Switzerland
For comparison, a second digestion method was carried out in
the laboratories of Eawag for both the dried vegetable powder
samples (as quality control) and potted soil samples.

In this method, each digestion tube contained 50mg of
sample, 6ml of concentrated nitric acid (65% Suprapur, Merck
AG, Switzerland), and 1ml of hydrogen peroxide (30%, Merck
AG, Switzerland). The tubes were placed in a pressurized
ultraCLAVE microwave oven (MLS GmbH, Germany) and
subjected to 1,000 Watts of energy for 15min at 240◦C. After
cooling, the samples were removed from the microwave and
diluted in 50ml of ultrapure water (NanoPure, Barnstead,
ThermoFisher Scientific Inc.).

The two digestion methods were compared for the digestion
of spinach leaves and okra pods (N = 46 samples in
total, including replicates, see Supplementary Figure 1 and
Supplementary Table 2). For the important concentration range
from 0.5 to 20µg/g, the two digestionmethods agreed sufficiently
well for the determination of concentrations of As in the food
samples with either of the two digestion methods. Standard
reference materials (rice flour, NIST 1568b, and tomato leaves,
NIST 1573a) obtained from the National Institute of Standard
and Technologies (Gaithersburg, USA) were used to calibrate
the digestion methods of As in our food samples. Good
agreement with the mean certified values was observed for NIST
1568b (118% mean recovery) and for NIST 1573a (125% mean
recovery) (Table 1).

Analytical Methods: Determination
Analysis of trace elements (As, Cu, and Pb) from digested
soil, vegetables, and food samples was performed in the
Eawag laboratories using ICP-MS (Agilent 7500cx, Agilent
Technologies, Inc., USA). All glassware were washed with 2%
HNO3, rinsed with distilled water, and dried in a laminar flow
clean bench with particle-filtered air (SKAN AG, Pure Solutions,
Allschwil, Switzerland). About 1,000 mg/L stock solutions of
As(V) were prepared with sodium arsenate dibasic heptahydrate
(Na2HAsO4· 7H2O; Sigma-Aldrich ACS reagent, assay ≥98%)
and stored in borosilicate glass vials in the dark. Distilled water
was produced by a Milli-Q Integral 3 water system (Millipore,
USA). Digests from Burkina Faso (20.0 g/L) were diluted 5- to
20-fold into 1% HNO3. Digests from Eawag (1.00 g/L) were
measured undiluted. The detection limits in the liquids were 0.05
µg/L, corresponding to the detection limits in food samples of
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0.05µg/g. Of the edible parts of the plants, all three triplicate
digestions were analyzed by ICP-MS; of the non-edible parts, only
one of three triplicate digestions was analyzed.

Translocation Factor
The translocation factor (TF) is calculated to determine the
relative translocation of metals from the roots to the different
parts (stalk, leaf, grain, husk, etc.) of the plant species (Rauf
et al., 2011). It is calculated according to Equation 1 (Rezvani and
Zaefarian, 2011):

TF =
[Asshoot, DM]

[Asroot, DM]
(1)

where [As(shoot,DM)] is the total As concentration in the
parts of shoot plants (stem and leaves) and [As(root,DM)] is
the total As concentration in the roots. Here and throughout
the study, DM stands for “Dry Mass” and FM stands for
“Fresh Mass.”

Human Health Risk Characterization
Estimated Daily Intake
The estimated daily intake (EDI) of As was calculated using
Equation 2:

EDI =
Asedible part, FM ∗ CRvegetable

BMaverage
(2)

where EDI is the estimated daily intake of As (µg/kg body
mass/day), Asediblepart,FM is the concentration of As in fresh
edible part of the vegetable (µg/g, FM), CRvegetable is the daily
vegetable consumption rate (g FM/person/day), and BMaverage

is the average body mass of 60 kg (Walpole et al., 2012). The
concentration of As in the fresh edible part of the vegetable was
calculated as a product of the concentration of As in the dry
edible part of the vegetable (µg/g, DM) and the mean water
content of edible part of each vegetable species according to
Equation 3:

Asedible part, FM=Asedible part, DM∗(1−
% water content

100
) (3)

Calculation of the daily intake requires the quantification of
the average daily food consumption rate. However, estimates of
daily intake vary among countries and data were unavailable at
the time of publication for Burkina Faso. The weighted average
portion estimates of okra and tomato (respectively, 10 and 70 g
FM/person/day) were taken from the study of Lehmann et al.
(2017). For the other vegetables, the daily consumption rate
was assumed to be 10 g/person/day for amaranth and spinach,
30 g/person/day for lettuce, and 100 g/person/day for carrot
and green bean. Those assumptions (see Supplementary Table 7)
were compared with the Global Nutrition and Policy Consortium
(Friedman and Friedman, 2019) that indicates consumption
of total vegetables of 120.5 g/person/day for Burkina Faso
in 2010. This is in the same range of what is reported by
Ganry and Le Guilloux (2007) for Ivory Coast and Benin, two
neighboring countries, indicating an average daily vegetable

consumption of 40 and 44 kg/person/year, which represents
110 and 121 g/person/day, respectively. For bean/niébé, gari,
tô, rice, and yam, the daily consumption rate was assumed
to be 150 g of cooked food/person/day (FAO, accessed on
13 April 2021).

The cadmium (Cd) monthly intake was calculated using
Equation (4)

EMICd =
Cdfood, FM ∗ CRfood ∗ EFr

BMaverage ∗Month
(4)

where EMICd is the estimated monthly intake of Cd (µg/kg body
mass/month), Cdfood,FM is the concentration of Cd in cooked
food (µg/g, FM), CRfood is the daily food consumption rate (g
FM/person/day), EFr is the exposure frequency (365 days/year),
BMaverage is the average body mass of 60 kg, and month is the
number of months (12 months/year).

Calculation of Hazard Quotient (HQ) and Cancer Risk

(CR)
As reported by Antoine et al. (2017), there are strict regulations
of intakes of many trace elements by various international,
national, and regional bodies. However, in 2011, the Joint FAO/
WHO Expert Committee on Food Additives (JECFA) withdrew
the provisional tolerable weekly intake (PTWI) for inorganic
As because it was no longer appropriate (WHO, 2011). The
risks associated with consumption of foodstuff with significant
levels of As were characterized following the definitions of the
United States Environmental Protection Agency (US EPA). The
non-carcinogenic and carcinogenic risks were characterized by
the HQ and CR. A HQ of 1 or lower means adverse non-cancer
effects are unlikely. The potential for adverse non-carcinogenic
health effects increases for HQ > 1. The CR is “estimated as
the incremental probability of an individual developing cancer
over a lifetime” (Uddh-Söderberg et al., 2015). HQ and CR were
calculated according to Equations 5 and 6, respectively, as defined
by US EPA (IRIS, 2019),

HQ =
EDI∗EFr∗ED

RfD∗AT
∗10−3 (5)

CR = EDI∗OSF (6)

where EDI is the estimated daily intake (mg/kg BM/day, see
Equation 2), EFr is the exposure frequency (365 days/year),
ED is the exposure duration (70 years), AT is the period over
which exposure is averaged in days for non-carcinogens (365
days/year ∗ number of exposure years), and RfD is the oral
reference dose (0.0003 mg/kg/day). According to USEPA, RfD is
“an estimate of a daily oral exposure for an acute duration to the
human population (including sensitive subgroups) that is likely
to be without an appreciable risk of deleterious effects during a
lifetime” (US EPA glossary, accessed on 09/06/2020). OSF is the
cancer oral slope factor for inorganic As (1.5 mg/kg/day) (IRIS,
2019).
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RESULTS

Soil Properties
The sandy loam soil used in the experiment is representative
of the majority of soils found in Burkina Faso (Pallo
and Thiombiano, 1989 citing FAO). It was characterized
by low concentrations of clay, a low pH, low nitrogen
content, and a cation-exchange capacity of 2.22 mol/kg. The
soil contained As (0.684µg/g), Cd (0.029µg/g), and lead
(6.620µg/g) (Supplementary Table 3). The concentration of As
was lower than themaximum acceptable limit for agricultural soil
(20µg/g) recommended by the European Union (Rahaman et al.,
2013).

Arsenic Concentration in Vegetables
Irrigated With As-Contaminated Water
For all plants, the As content (whether in an edible part or
not) increased with increasing As in the irrigation water. The
trend of As bioaccumulation was leaf > stem (spinach), root
> leaf (lettuce), root > leaf > stem (amaranth), leaf > stem
> fruit (green bean), root > leaf > stem > fruit (tomato),
and leaf > root (carrot). One-way ANOVA tests did not
reveal a statistically significant difference in plant growth when
different concentrations of As were applied. In the following, the
observations for each of the vegetables irrigated with As-spiked
water are briefly discussed.

Translocation of As to Different Parts of Plants
In spinach, concentrations in the leaves rose sharply from <1.5
to 15.2µg/g with increasing concentrations of As from 0 to
1,000 µg/L in the irrigation water. The mean concentrations of
As in the leaves were 2.5–6.6 times higher than in the stems
(Figure 1). In contrast to the expectations, the control plants
irrigated with As-free water had measurable concentrations of As
in their leaves (1.0µg/g± 0.3). Growth curves show no difference
in plant heights after 52 days within the four As treatments
(Supplementary Figure 5).

In lettuce, concentrations in the leaves rose from <0.5
to 6.3µg/g with increasing As in the irrigation water. As
accumulated more in the roots than in the leaves (around
three times more on average). The TF (concentration of As
in the shoot parts relative to the concentration in the roots)
was lower than 1 (Figure 1). With increasing concentration
of As in the irrigation water, leaves were drier, i.e., water
content decreased.

In amaranth, concentrations in the leaves rose from <1 to
6.1µg/g with increasing As in the irrigation water (Figure 1).
Plants showed a higher concentration in their roots than in leaves
(1.6 times higher on average) and stems (3 times higher). TF
was lower than 1. Similarly to spinach, green bean, and tomato,
concentration of As was higher in the leaf than in the stem.
With increasing concentration of As in irrigation water, the water
content in roots and stem decreased while it remained stable in
leaves (Supplementary Figure 4).

In green bean, concentrations in the fruits rose from <1 to
3.5µg/g with increasing As in the irrigation water. As mainly
translocated to leaves, stems, and then fruits (Figure 1). For

plants irrigated with As-spiked water, the concentration in fruits
was on average 9.4 times lower than that in leaves and 5.4 times
lower than that in the stems. The TF could not be calculated (due
to a breakdown of the freeze dryer, roots could not be dried and
therefore not analyzed).

In okra, concentrations in the fruits rose from <0.1 to
1.0µg/g with increasing As in the irrigation water. Due to
the same laboratory problems mentioned earlier, analysis of As
was only possible in the fruits of okra. As content in fruits
increased with increasing concentration of As in the irrigation
water (Figure 1). The evolution of the height of the stem
(measured 52 days after germination) showed that treatment
with 100 and 500 µg/L seemed beneficial for plant growth,
with greater heights than plants irrigated at 1,000 and 0 µg/L
(Supplementary Figure 5). However, one-way ANOVA tests did
not reveal that the differences in stem height were statistically
significant at the p < 0.05 level.

In tomato, concentrations in the fruits rose from 0.1 to
0.4µg/g with increasing As in the irrigation water. With the
exception of treatment at 100 µg/L, As mainly translocated
to roots, leaves, stems, and then fruits (Figure 1). For plants
irrigated with As-spiked water, the concentration of As in
fruits (0.2µg/g ± 0.1) was on average 90 times lower than
in roots (22.5µg/g ± 23.5) and 54 times lower than in
leaves (13.4µg/g ± 12.0) (Supplementary Table 5). Among all
plants, the tomato had the lowest accumulation of As in its
edible part with an average TF of 0.6. Tomato growth curves
(Supplementary Figure 5) show that plants irrigated with As
treatment at 1,000 and 500 µg/L had greater heights and greater
leaf diameters compared to plants irrigated at 100 and 0 µg/L.

In carrot, concentrations in the roots rose from<1 to 4.6µg/g
with increasing As in the irrigation water. For plants irrigated
with As-spiked water, the concentration of As in leaves (7.5 ±

5.5µg/g) was on average 2.6 times higher than in roots (2.9 ±

1.8µg/g) (Figure 1) and TF was >1.

Accumulation of As in the Edible Parts
The As content in the dried edible parts of each plant
increased approximately linearly with the concentration of As
in irrigation water (Figure 2; see also Supplementary Figure 2

for concentrations of As based on the FM). When examining
all levels of As-spiked irrigation water used, the greatest average
uptake of As based on DM was observed in spinach (8.1
± 5.6µg/g), lettuce (3.6 ± 2.5µg/g), and amaranth (3.0 ±

2.5µg/g), whereas the lowest concentrations were observed
in green bean (1.5 ± 1.5µg/g), okra (0.7 ± 0.4µg/g), and
tomato (0.3 ± 0.2µg/g) (Supplementary Table 5). On the
whole, the edible parts of leafy vegetables irrigated with As-
spiked water had a higher average As content (4.9 ± 4.5µg/g)
than root vegetable (2.9 ± 2.0µg/g) and fruit/pod vegetables
(0.8 ± 1.1µg/g). At the mid-point level of spiked irrigation
water (500 µg/L), the concentrations of As in the edible
parts (from highest to lowest) were as follows: spinach (6.6 ±

0.5µg/g); lettuce (3.9 ± 0.1µg/g); carrot (3.5 ± <0.1µg/g);
amaranth (2.2 ± <0.1µg/g); okra (0.9 ± <0.1µg/g); green
bean (0.8 ± <0.1µg/g); and tomato (0.2 ± <0.1µg/g)
(Supplementary Table 4).

Frontiers in Water | www.frontiersin.org 6 July 2021 | Volume 3 | Article 667308

https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles


Clair-Caliot et al. Arsenic in Food in Burkina Faso

FIGURE 1 | Mean Arsenic (As) content [µg/g, dry mass (DM)] in different organs of cultivated plants as a function of As in the irrigation water (µg/L).

Cooking of As-Contaminated Vegetables
and Market Food Products
We first analyzed the residual As concentrations of our
contaminated vegetables after being cooked with As-free water.
The extraction of As was highest for amaranth (61% on
average), reaching up to 69% (Table 2). On average, about
a third (3–49%) of the As was extracted from spinach
and okra. The As content in tomato was too low for
reliable measurement. Cooking with As-free water reduced

the As content in amaranth, spinach, and okra by 39%
on average.

We then analyzed the initial concentrations of As of
food products purchased in the local market and the final
concentrations of As after the products were cooked with As-
contaminated water. Local rice originating from Burkina Faso
had an initial As content of 0.127µg/g, local maize flour (used
for the preparation of tô) of 0.06µg/g, and local black-eyed peas
(used for the preparation of bean/niébé) of 0.04µg/g. The As
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FIGURE 2 | Mean As content (µg/g, DM) in edible parts of cultivated plants as

a function of As in the irrigation water (µg/L). Error bars are given in

Supplementary Table 4.

content was not measured in yam, spinach, and cassava (used
for the preparation of gari) and was assumed to be zero in the
next calculations.

The As content in the cooked purchased foods increased
with increasing concentration of As in cooking water (Figure 3).
The average transfer of As from cooking water to the prepared
food (% of increase after cooking) was 96% for gari, 117% for
bean/niébé, 133% for spinach, and 137% for tô. The As content
in steamed yam was 7.9 times less than in boiled yam (Figure 4).
Similarly, the As content in steamed rice was 17.9 times less than
in rice that was boiled with all the water being absorbed. The
cooking time influenced the As content of the food products
(Figure 5). In spinach, As content increased with increasing
cooking time. In boiled rice and tô, the cooking time did not affect
the final As content.

Human Health Risk Characterization
For our contaminated vegetables, the HQs were >1 for green
bean and lettuce irrigated at 1,000µg/L, as well as carrot irrigated
at 500 and 1,000 µg/L (Table 3). Therefore, for those species,
there is an increased potential for adverse non-carcinogenic
effects compared to tomato, okra, amaranth, and spinach. The
CR exceeded 1 in 10,000 for green bean, lettuce, and spinach
cultivated under 500 and 1,000 µg/L, as well as for amaranth
cultivated under 1,000 µg/L and carrot cultivated under all
treatment concentrations. Only the resistant varieties of tomato
and okra had a CR lower than 1 in 10,000. The HQ and the
CR were lower if the contaminated vegetables were cooked
in As-free water (Table 3). For instance, the CR was 2.6E-
04 for amaranth cultivated at 1,000 µg/L. After amaranth

TABLE 2 | Mean As content (µg/g DM) in the edible part of contaminated

vegetables before and after cooking with As-free water and fractions (%) of

extracted As (DM = dry mass).

As in

irrigation

water (µg/L)

As content

before

cooking

As content

after

cooking

Fraction of

extracted As

Amaranth 0 –a – –

100 0.70b 0.28 60%

500 2.23 1.01 55%

1,000 6.12 1.93 69%

Spinach 0 – – –

100 2.47 2.39 3%

500 6.57 5.99 9%

1,000 15.16 10.45 31%

Okra 0 – – –

100 0.29 0.30 –

500 0.92 0.47 49%

1,000 1.01 0.66 35%

Tomato 0 0.13 0.03 –

100 0.13 0.04 –

500 0.18 0.25 –

1,000 0.43 0.71 –

The fraction of extracted As (% of decrease after cooking) represents the proportion of

As leaching from the vegetable to the cooking water during the cooking process. Reliable

fractions of extracted As could be obtained from plants grown with irrigation water with

500–1,000 µg As/L.
a No values are given when the concentrations of any of the raw or cooked foods were less

than three times the detection limits. bThe errors cannot be estimated due to laboratory

limitations (analysis of replicates was not possible).

FIGURE 3 | Mean As content in prepared foods (µg/g, DM) as a function of As

concentration in cooking water (µg/L). Errors bars are given in

Supplementary Table 6.

was cooked with As-free water, the CR was reduced to 8.2E-
05 and, therefore, likely to be without an appreciable risk of
deleterious effects.
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FIGURE 4 | Mean As content in boiled and steamed rice and yam (µg/g, DM)

as a function of As concentration in cooking water (µg/L). Errors bars are given

in Supplementary Table 6.

FIGURE 5 | Mean As concentration in prepared foods (µg/g, DM) and

cooking water (µg/L) as a function of cooking time. Errors bars are given in

Supplementary Table 6.

For food products purchased in the local market, the HQs
were lower than 1 for boiled spinach, steamed rice, and steamed
yam for all concentrations of As in cooking waters. The HQs were
>1 for bean/niébé, gari, and tô cooked with waters at 500 and
1,000 µg/L, as well as yam boiled with water at 1,000 µg/L and
rice boiled with waters at 100, 500, and 1,000 µg/L (Table 4).
The CR exceeded 1 in 10,000 for bean/niébé and gari cooked
with waters at 100, 500, and 1,000 µg/L, for boiled rice and tô,
whatever the concentration of As in cooking waters. The CR

exceeded 1 in 10,000 for spinach only when it was cooked at the
highest concentration of As (1,000 µg/L). Surprisingly, the CR
exceeded 1 in 10,000 for boiled rice and boiled yam prepared with
As-free water. The HQ and CR were lower when food (rice or
yam) was steamed rather than boiled.

DISCUSSION

Arsenic Concentration in Vegetables
Irrigated With As-Contaminated Water
Translocation of As to Different Plant Organs
Amaranth, green bean, lettuce, spinach, and tomato verified the
accumulation trend orders of organs (root > leaf > stem > fruit)
described in previous studies (Arslan et al., 2016). Carrot also
verified the trend order leaf > root as described by Mayorga et al.
(2013).

Root Vegetable (Carrot)
Our results showed that carrot had the capability to translocate
As from roots to leaves, which minimized the contamination of
As in the edible part. Among the four species where the TF could
be calculated, only carrots had a TF > 1. Liu et al. (2006) and
Mayorga et al. (2013) also reported higher concentrations of As
in carrot leaves that are described as efficient bio-accumulators.

Leafy Vegetables
Amaranth and lettuce had TF lower than 1, which indicates
that these two plants prevent efficient translocation of As from
root to shoots, resulting in lower concentrations of As in edible
parts than in the roots. Previous studies (Bhatti et al., 2013)
demonstrated that the concentration of As in spinach roots was
higher than in its leaves, confirming that spinach is not an
accumulator of As.

With increasing concentrations of As in the irrigation water,
lettuce leaves had a lower water content, i.e., they became drier
(Supplementary Figure 3). This is consistent with a previous
study (Yanez et al., 2019) that observed that lettuce plant growth
was significantly affected by irrigation with As-contaminated
water (in terms of biomass reduction). However, there was no
difference in plant mass between treatments, as also observed by
Caporale et al. (2014).

Fruit and Pod Vegetables
Tomato had a TF much lower than 1, which is consistent with
the literature study (Stazi et al., 2016b). Previous research studies
(Meharg and Macnair, 1992; Burlo et al., 1999) reported that this
could be due to a strategy adopted by tomato plants to tolerate
As by avoiding and/or limiting transportation of As from roots
to other parts of the plants, particularly to the fruit.

Translocation factors < 1 were observed in two other studies
for okra and green bean (Chandra et al., 2016, 2017). Chandra
et al. (2016) also observed that okra is more efficient at
concentrating As(V) in the shoots than As(III). Thus, the two
plants are not As accumulators and have the capacity to tolerate
As stress, extract As from soil, and concentrate it into their roots.
They can be considered as resistant varieties.
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TABLE 3 | Hazard quotient (HQ) and cancer risk (CR) for the ingestion of the edible part of contaminated vegetables (raw and cooked) as a function of As in irrigation water (FM = fresh mass and BM = body mass).

Food As in irrigation water

(µg/L)

Mean water

content (%)

As content (µg

As/g FM)

Consumption

rate (g

FM/person/day)

Estimated Daily

Intake (µg As/kg

BM/day)

Hazard Quotient

– Raw

Cancer

Risk—Raw

Hazard

Quotient—Cooked in

As-free water

Cancer

Risk—Cooked in

As-free water

Amaranth (leaves) 0 82.88 0.02 10 0.00 0.0 5.0E-06 0.0 8.7E-06

100 0.12 0.02 0.1 3.0E-05 0.0 1.2E-05

500 0.38 0.06 0.2 9.5E-05 0.1 4.3E-05

1,000 1.05 0.17 0.6 2.6E-04 0.2 8.2E-05

Carrot (root) 0 90.25 0.01 100 0.02 0.1 3.7E-05

100 0.06 0.10 0.3 1.6E-04

500 0.34 0.57 1.9 8.5E-04

1,000 0.45 0.75 2.5 1.1E-03

Green bean (pods) 0 93.84 0.02 100 0.03 0.1 4.0E-05

100 0.01 0.02 0.1 3.4E-05

500 0.05 0.08 0.3 1.2E-04

1,000 0.22 0.36 1.2 5.4E-04

Lettuce (leaves) 0 89.94 0.01 30 0.00 0.0 7.0E-06

100 0.08 0.04 0.1 5.9E-05

500 0.39 0.19 0.6 2.9E-04

1,000 0.63 0.31 1.0 4.7E-04

Okra (pods) 0 81.42 0.01 10 0.00 0.0 2.8E-06 0.0 2.1E-06

100 0.05 0.01 0.0 1.3E-05 0.0 1.4E-05

500 0.17 0.03 0.1 4.3E-05 0.0 2.2E-05

1,000 0.19 0.03 0.1 4.7E-05 0.1 3.0E-05

Spinach (leaves) 0 92.03 0.08 10 0.01 0.0 2.1E-05 0.0 6.4E-06

100 0.20 0.03 0.1 4.9E-05 0.1 4.8E-05

500 0.52 0.09 0.3 1.3E-04 0.3 1.2E-04

1,000 1.21 0.20 0.7 3.0E-04 0.5 2.1E-04

Tomato (fruits) 0 89.45 0.01 70 0.02 0.1 2.4E-05 0.0 5.3E-06

100 0.01 0.02 0.1 2.3E-05 0.0 8.3E-06

500 0.02 0.02 0.1 3.4E-05 0.1 4.7E-05

1,000 0.05 0.05 0.2 8.0E-05 0.3 1.3E-04

Values where HQ > 1; CR > 1.0E-04) are shown in bold.
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TABLE 4 | Hazard quotient (HQ) and cancer risk (CR) for the ingestion of prepared food as a function of As in cooking water (FM = fresh mass and BM = body mass).

Food As in cooking

water (µg/L)

Mean water

content (%)

As content

(µg As/g FM)

Consumption rate

(g FM/person/day)

Estimated Daily

Intake (µg As/kg

BM/day)

Hazard Quotient Cancer Risk

Bean/Niébé 0 93 0.02 150 0.05 0.2 7.53E-05

100 0.10 0.25 0.8 3.74E-04

500 0.25 0.63 2.1 9.42E-04

1,000 0.42 1.05 3.5 1.57E-03

Gari 0 74 0.01 150 0.03 0.1 4.64E-05

100 0.08 0.20 0.7 3.02E-04

500 0.34 0.85 2.8 1.27E-03

1,000 0.77 1.94 6.5 2.90E-03

Tô 0 90 0.09 150 0.22 0.7 3.30E-04

100 0.09 0.23 0.8 3.46E-04

500 0.21 0.53 1.8 7.95E-04

1,000 0.38 0.95 3.2 1.42E-03

Spinach 0 92 0.01 10 0.00 0.0 3.24E-06

100 0.06 0.01 0.0 1.47E-05

500 0.22 0.04 0.1 5.57E-05

1,000 0.75 0.13 0.4 1.88E-04

Boiled rice 0 82 0.09 150 0.23 0.8 3.49E-04

100 0.45 1.12 3.7 1.68E-03

500 0.31 0.78 2.6 1.17E-03

1,000 0.38 0.94 3.1 1.41E-03

Steamed rice 0 74 0.00 150 0.01 0.0 1.40E-05

100 0.02 0.06 0.2 9.25E-05

500 0.03 0.07 0.2 1.05E-04

1,000 0.05 0.12 0.4 1.75E-04

Boiled yam 0 91 0.04 150 0.09 0.3 1.41E-04

100 0.02 0.06 0.2 9.07E-05

500 0.10 0.24 0.8 3.64E-04

1,000 0.14 0.34 1.1 5.14E-04

Steamed yam 0 84 0.02 150 0.06 0.2 9.21E-05

100 0.01 0.03 0.1 4.86E-05

500 0.03 0.08 0.3 1.14E-04

1,000 0.02 0.04 0.1 6.24E-05

Values where HQ > 1; CR > 1.0E-04 are shown in bold.

We observed increased growth of tomato plants
receiving higher concentrations of As in irrigation water
(Supplementary Figure 5). From a study in Bulgaria, Miteva
(2002) reported an increase in tomato stem height at lower
concentrations of As in soil (15 and 25 mg/kg) and a decrease
in tomato stem height at higher concentrations (50 and 100
mg/kg). Barrachina et al. (1995) also reported lower height in
tomato plants when concentrations of As in the nutrient solution
increased to 2,000, 5,000, and 10,000 µg/L. By contrast, we
observed increased growth in okra for the mid-range treatments
of 100 and 500 µg/L and lower growth at 0 and 1,000 µg/L.
However, these and other observed variations in plant height
under different irrigation conditions were not statistically
significant; therefore, further research studies regarding the
influence of the concentration of As on the growth of plants
consumed in Burkina Faso are needed to address this question.

Accumulation of As in the Edible Parts
The As content in all edible parts of the plants increased as
the concentration of As increased in irrigation water. Similar
observations are well-documented in the literature studies
(Table 5). The As content in edible parts of okra and tomato was
in the range of what was previously reported in the literature
studies. The As content in green bean was also in the range
of previous studies. However, in one study carried out in India
(Chandra et al., 2017), using contaminated soil at 20 mg/kg,
the As content was 2.6 times higher than in the plants irrigated
with 1,000 µg/L in our study. For carrot roots, amaranth leaves,
and spinach leaves, the As contents in our study were 1, 8, 2.2,
and 10.9 times higher than the highest values reported in the
literature studies (Table 5). For lettuce leaves, the As content was
higher than what was previously reported in the literature studies.
However, the As content in the leaves of lettuce irrigated with
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TABLE 5 | Comparison of the As content in the vegetables of this experiment to literature values.
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As in vegetables

(µg/L) for each

irrigation

treatment (µg/L) -

this experiment

0 100 500 1,000

Amaranth

(leaves)

0.12 0.70 2.23 6.12 0.37

(0.13–0.41)

3
1
8
–
6
4
3

5
.7
–
9
.7

0.41 ± 0.01

(0.34–1.08)

5
0
–
5
0
0

1
3
.1

0.46 (max:

0.58)

5
0
–
8
1
0

2
.3
–
1
4
.4

0.93

(0.18–2.79)

1
3
4
–
6
6
7

1
.2
–
8
.1

Bhattacharya et al. (2010) Rahaman et al. (2013) Biswas et al. (2012) Farid et al. (2003)

Carrot

(root)

0.15 0.64 3.49 4.61 0.08 5
7
2

5
0
.0
–
7
0
.0

0.13 ± 0.01 3
5
–
1
5
7

8
.7
–
4
6
.2

0.23

(0.13–0.32)

5
0
–
5
0
0

1
3
.1

2.60 1
5
0

0
.1
7

Díaz et al. (2004) Arain et al. (2009) Rahaman et al. (2013) Meharg and Macnair (1992)

Green

bean

(fruits/

pods)

0.26 0.22 0.77 3.53 0.46 (max:

0.48)

5
0
–
8
1
0

2
.3
–
1
4
.4

1.08 ± 0.09 3
,0
0
0

7
.6

4.40 ± 0.2 2
,0
0
0

N
A

9.19 N
A

2
0
.0

Biswas et al. (2012) Caporale et al. (2013) Carbonell-Barrachina et al.

(1997)

Chandra et al. (2017)

Lettuce

(leaves)

0.09 0.78 3.87 6.26 0.06 0 6 0.07 5
7
2

5
0
.0
–
7
0
.0

3.18 ± 1.03 2
,0
0
0

N
A

8.76 1
,4
4
0

8

Caporale et al. (2014) Díaz et al. (2004) Smith et al. (2009) Yanez et al. (2019)

Okra

(fruits/

pods)

0.06 0.29 0.92 1.01 0.04

(0.03–0.05)

1
5
8
–
6
8
9

0
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–
4
0
.1

0.30 (BDL-0.49) 3
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8
–
6
4
3
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–
9
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–
1
5
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–
4
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0.09
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5
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1
3
.1

Farid et al. (2003) Bhattacharya et al. (2010) Arain et al. (2009) Rahaman et al. (2013)

Spinach

(leaves)

1.05 2.47 6.57 15.16 1.68 1
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1,000 µg/L in this study was 0.7 times lower than one study
carried out in Argentina (Yanez et al., 2019) using soil at 8mg
As/kg and As-contaminated water at 1,440 µg/L.

There are several possible reasons explaining the higher
levels of As observed in carrot and leafy vegetables: First, leafy
vegetables have a greater capability to accumulate high levels
of trace metals and minerals from soil than other vegetables
(Jamali et al., 2008; Baig and Kazi, 2012). The climate of Burkina
Faso, characterized by low relative humidity and high ambient
temperatures, could have increased the transpiration rate and
caused the higher As uptake of leafy vegetables compared to non-
leafy vegetables (Tani and Barrington, 2005; Luo et al., 2011; Hao
et al., 2012).

Second, the sandy loam texture of the soil used in our
experiment may explain the overall higher As contents observed
among the plants in this study. The high soil density sometimes
resulted in a flooded pot (after irrigation, water remained above
the soil surface), which could have created anaerobic conditions.
According to Bhatti et al. (2013), excessive use of irrigation water
will develop an anaerobic condition in soil, which will result in
increased solubility and release of As from As-binding minerals.

Third, experimental features of this study could explain
the differences observed in the uptake of As as compared to
previously reported values. These features include the relatively
low volume of pots, the use of As-contaminated water directly for
germination, and the irrigation water dispersion on the leaves.

Finally, it is possible that the rinsing of vegetables (without
hydrochloric acid) was not sufficiently thorough to remove all
the As present on the leaves. However, this simple rinsing
with water reflects a more realistic scenario after the plants
are harvested. Further details on the reasons explaining higher
As content in carrot and leafy vegetables can be found in the
Supplementary Material.

Management Strategies for Reducing the
Risks of As Exposure
Irrigation With As-Contaminated Water
To alleviate As pollution in local vegetables, it is suggested to
avoid planting leafy vegetables in areas with As concentrations
in irrigation water. It has been shown that rinsing the leafy
vegetables does not seem to be an effective measure to remove
contaminants like As (HAS, 2020). For root vegetable, such as
carrot, one measure is to peel the skin as it accumulates a higher
As concentration than edible root (Bhatti et al., 2013). Therefore,
fruit vegetables and pod vegetables could be considered a safer
option in As-contaminated areas, particularly tomato or okra.

Reducing As in Cooked Food Products
Cooking As-contaminated vegetables with As-free water reduces
the As content in the cooked vegetables and, therefore,
decreases the HQ and CR associated with their consumption. As
concentrations in edible parts decreased after cooking amaranth,
okra, and spinach irrigated with 500 and 1,000 µg/L. Similar
results were found by Devesa et al. (2008), reporting that
vegetables cooked with As-free water had lower inorganic As
contents than those detected in the product prior to cooking.
Surprisingly, amaranth released more As to cooking water than

spinach. This might be explained by the higher surface to volume
ratio of amaranth.

Cooking with As-contaminated water transfers As to the
prepared foods. Adapting the cooking method could be a
solution; for instance, the transfer of As, CR, and HQ are
lower if yams or rice are cooked with steam rather than in
As-contaminated boiling water.

We observed unexpected Cd levels in cooked foods
(Supplementary Figure 8). With the highest observed Cd
concentration in samples of tô (17.4µg/g), the monthly intake
of Cd associated with the consumption of 150 g of tô per day
would be 132 µg/kg/month. This is 5.3 times higher than the
oral provisional tolerable monthly intake (PTMI) defined by
WHO/JECFA (25 µg/kg/month). The non-carcinogenic and
carcinogenic risks associated with the consumption of Cd are
high. It is possible that high concentrations of Cd in cooked
foods could originate from the cooking materials (e.g., metal
pot and cooking spoons). Cheap and low-quality materials
are abundant in low-income countries such as Burkina Faso.
However, the source of the contamination with Cd has to be
investigated in future studies, as contamination during sample
collection or sample processing (especially grinding tô a powder
and digestion) in the laboratories in Burkina Faso cannot be
excluded. Furthermore, Hashempour-Baltork et al. (2019)
reported high levels of mercury in imported rice. This might
be a concern in Burkina Faso, where large quantities of rice
are imported.

Reducing Human Health Risks
To limit CR, irrigation water containing more than 100 µg/L As
should be avoided for the cultivation of carrot. For the cultivation
of green bean, spinach, lettuce and amaranth, irrigation water
should not contain more than 500 µg/L. In areas where those As
concentration thresholds in irrigation water cannot be ensured,
or information regarding the concentration of As in groundwater
is unavailable, it is recommended to cultivate resistant varieties
such as tomato or okra and to avoid planting leafy vegetables.

To limit CR, cooking water containing more than 100µg/L As
should be avoided for boiling food. In this case, our results show
that the CR is lower when the food is steamed. However, cooking
water containing more than 500 µg/L As should be avoided for
any cooking method. Spinach had lower CRs compared to other
foods (the CR exceeded 1 in 10,000 for spinach only when it was
cooked at the highest As concentration of 1,000 µg/L). This is
due to the estimates of small spinach portion (consumption rate
of 10 g FM/person/day compared to 150 for the other prepared
foods, see assumptions in Supplementary Table 7).

According to As measurements in 1,498 rural drinking water
boreholes in Burkina Faso collected by Bretzler et al. (2017), 2.3%
of wells were affected by As > 50 µg/L and only 1% affected
by As > 100 µg/L, which is within the permissible limit of
FAO for irrigation water. Groundwater irrigation for smallholder
farmers is growing in extent and importance (Villholth, 2013),
and a study in Kenya underlined that drip irrigation could reduce
the drought vulnerability of households (Wens et al., 2020).
Shallow groundwater represents a neglected opportunity for
small-scale irrigated agriculture in sub-Saharan Africa (Gowing
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et al., 2020). In northern regions of Burkina Faso concerned with
high concentrations of As in groundwater, access to a sufficient
quantity of surface water throughout the year and especially
during the dry season could be problematic. Thus, these regions
may be more likely to depend on groundwater than southern and
eastern regions and, therefore, at risk for exposure to elevated
As. Additional at-risk populations in Burkina Faso include those
living next to mining sites, where high concentrations of heavy
metals can be released locally into the environment without
proper treatment, leading to contamination of soil and water.
Above all, the risks from vegetable consumption may be higher
in areas where As-contaminated water is used for both drinking
and cooking.

Limitations of This Study
First, the current study did not evaluate As speciation. However,
in food products of vegetable origin, inorganic As species
predominate over organic species (Yost et al., 1998; Koch et al.,
2000) and the measured total concentrations of As are thus an
appropriate measure of the inorganic As contents. In our human
health risk assessment, As was assumed to be inorganic, which
is a good approximation as explained above. Furthermore, this
study did not evaluate the bioavailability/bioaccessibility of As in
the intestinal track. A complete food safety assessment should
also evaluate the intake of As from food on the basis of the
fraction of the substance that is available to promote its action
in the organism (Reeder et al., 2006; Llorente-Mirandes et al.,
2016). Themeasured concentrations of As in control boiled foods
(0.01 and 0.15µg/g in steamed rice and yam, respectively) were
surprisingly high. It is possible that the washing of the cooking
pans used for boiling was not thorough enough, and/or some As
remained at the beginning of the experiment.

CONCLUSIONS

As our investigations demonstrate, groundwater used for
drinking is not the only source of As exposure in Burkina
Faso. This study presents evidence-based estimations of risks of
As exposure posed by various foods grown and consumed in
Burkina Faso. Foods grown by irrigation with As-contaminated
groundwater can be a significant additional source of As intake
contributing to total As exposure and can become the dominant
source if drinking water has no or low concentrations of As. The
concentration of As in all vegetables increased as a function of
the As concentration in irrigation water. The effect of irrigation
with 1,000 µg/L was significant in all vegetable species relative
to the other treatments and increased the concentration of As of
each plant.When examining all irrigation treatments, the average
concentrations of As in the edible parts of vegetables (from
highest to lowest) were as follows: spinach > lettuce > amaranth
> carrot > green bean > okra > and tomato. Interestingly, most
of the plants stored the As in the parts that humans do not
consume. However, the daily consumption of edible parts still
poses risks of carcinogenic and non-carcinogenic effects to the
population. Those risks can be reduced by cooking the vegetables
in an excess amount of As-free water, which serves as a reservoir

into which a portion of the As present in the food migrates.
However, when As-contaminated water is used for cooking, the
As is transferred to the cooked food, and this increases the
risks for both carcinogenic and non-carcinogenic effects. These
findings indicate that food should be steamed instead of boiled
if As-free water is not available. In areas with As-contaminated
irrigation water, priority should be given to the cultivation of
fruit/pod vegetables (such as tomato or okra). Based on the health
risk assessment, an upper As concentration limit of 100–500µg/L
is recommended for most vegetables. Those recommendations
are valid in As-contaminated areas of Burkina Faso and other
countries of West Africa with similar cooking practices, soil
characteristics, groundwater contamination profiles, and staple
food crops.
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