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Mycotoxins in drinking water are neglected pollutants that have serious health implications when ingested.

Common mycotoxins with health concerns include deoxynivalenol (DON), ochratoxin A (OTA), and

zearalenone (ZEN). This study considers the distribution and apparent health risks of these mycotoxins in

drinking water sources (groundwater, surface water, bottled water, sachet water) in three Southwest

Nigeria States: Osun, Oyo, and Lagos States, using the UHPLC-ESI-QTOF. ZEN and DON were found in all

95 water samples across all three states. ZEN in sachet water samples has the highest mean

concentrations, with those from Osun, Oyo, and Lagos States having concentrations of 14.96 ± 4.46, 8.59

± 3.86, and 10.56 ± 2.84 mg L−1, respectively. In contrast, the mean concentrations of all three mycotoxins

(± Standard Error of Mean) in bottled water samples are the lowest across the three States. The mean

concentrations of OTA in sachet water samples (2.93 ± 0.79, 1.24 ± 0.40, and 3.01 ± 1.50 mg L−1) are

slightly higher than those in bottled water (1.47 ± 0.28, 1.53 ± 0.31, and 0.75 ± 0.31 mg L−1) for Osun, Oyo,

and Lagos States, respectively. Groundwater samples across the three States had the lowest average pH

values, below the WHO's lowest limit of 6.5. Principal Component Analysis studies indicate that all three

mycotoxins in water samples are closely associated by source. Possible human exposure values for ZEN

suggest some health concerns, especially with the use of sachet water type based on the estrogenicity of

this mycotoxin. However, OTA values for all water samples analyzed, are much lower than the tolerable

daily intake (TDI) of 4.73 mg kg−1 bw per day provided by European Food Safety Auhtority (EFSA). The levels

of DON in all water sample types were of no serious health concern. However, human exposure levels to

all three mycotoxins in bottled water fall within safe limits of health-based guidance values (HBGV)

indicating that this drinking water type is better treated, unlike sachet water. Nevertheless, stakeholders

need to re-examine water quality with respect to these mycotoxins and adopt stringent guidelines and new

water treatment strategies to provide consumers with safe drinking water in line with the UN SDG #6.
1 Introduction

The vulnerability of drinking water sources to diverse pollutants
from natural and anthropogenic activities is a global challenge,
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concentration, and risk associated with the presence of a large
variety of chemical pollutants in drinking water including
inorganic contaminants such as heavy metals,1,2 inorganic
anions,3,4 radionuclides,5 organic pollutants,6–8 and inorganic–
organic pollutants.9,10 Moreover, there is a large repository that
reports the presence of micro-organisms in drinking water.11–14

However, there is scarce information on the presence of fungi
metabolites (mycotoxins) in drinking water especially from
Africa, except for reports that considered them in food.15,16

A chronology of the study of fungi in water is provided by
Hageskal, et al.17 The presence of lamentous fungi in water
leads to the production of mycotoxins that are toxic to inverte-
brates, plants, micro-organisms18,19 and humans. Fungi of the
genera Fusarium, Aspergillus, and Penicillium are known to
produce toxins including aatoxins, ochratoxins, deoxy-
nivalenol, nivalenol, fumonisins, trichothecenes, fusaproli-
ferin, moniliformin, beauvericin, enniatins, NX-2 toxin, and
zearalenone.20,21 Among these toxins, aatoxins, ochratoxins,
deoxynivalenol, zearalenone, and fumonisins are some of the
few mycotoxins dangerous to both humans and animals.22 For
example, zearalenone (ZEN) mycotoxin which is produced by
fungi of the Fusarium sp has a structure similar to estrogens
such as estradiol, estrone, estriol, 7-b-estradiol, and 17-b-
estradiol23 which imbues it with strong estrogenic and anabolic
characteristics that result in fertility disorders (infertility or
reduced fertility), vaginal prolapse, vulvar swelling and breast
enlargement in females, testicular atrophy, and enlargement of
the mammary glands in males in various animal species.24,25

Meanwhile, ochratoxin A (OTA) is a fungal secondary metabolite
produced by several species of the genera Aspergillus (occurring
in tropical climates) and Penicillium.26,27 This toxin (OTA) is the
most toxic of all mycotoxins aside from aatoxins and is known
to be nephrotoxic, hepatotoxic, teratogenic, and immunotoxic
to several species of animals and can cause kidney and liver
tumours.28 OTA is classied as a possible human carcinogen
(group 2B)29 and it causes liver tumours.30

On the other hand, deoxynivalenol (DON) is reported to
cause sperm damage, oxidative stress, testicular apoptosis as
well as diarrhoea, decreased weight, anorexia, decreased
nutritional efficiency, and altered immune function31,32 and
reduced quality of spermatozoa.33 DON is a naturally occurring
mycotoxin among the many toxins from the genus Fusarium
known to be an important pathogen of concern for small
cereals. It is thermally and chemically stable in several matrices
including water.34,35 For these reasons, these mycotoxins are
now classied as emerging contaminants of interest.36

Water-borne diseases related to the presence of fungi and
their toxins in water are on the increase, with immunocom-
promised patients who undergo chemotherapy, organs and
bone marrow transplants being the most impacted.37 Changing
climatic conditions (including rising temperatures and precip-
itation patterns) are now considered to support the growth of
fungi in water systems, leading to more frequent mycotoxin
release into water that affects the supply of clean water.38 In
addition, mycotoxin contamination of drinking water sources is
also possible through poor water storage, transportation, and
wastewater from food supply chains,39 and even from grey
34436 | RSC Adv., 2024, 14, 34435–34447
water.40 The aquatic environment (including surface water and
groundwater) is thus, a large reservoir for these mycotoxins.

For example, aatoxins B1 and B2, fumonisin B3, and OTA
were detected at concentrations up to 35 ng L−1 in surface water
from Portugal.41 Aatoxin B2 was found in bottled water from
Spain at 0.48 ng L−1,42 DON and ZEN in the Swiss river43 and
aatoxin B1 in surface water from Spain.39 In another study by
Huang and his colleagues, they monitored the presence of 23
mycotoxins and their metabolites in the Yangze River Delta in
China and evaluated the cumulative health risk in 228 adults.
They observed that DON, fumonisin B1 (FB1), and ZEN were the
most prevalent mycotoxins, even though aatoxin B1 and OTA
risk study indicated adverse impacts on humans.44 In a separate
study, Schenzel and co-investigators also investigated the
presence of mycotoxins in Swiss midland river and detected 4
[3-acetyl-deoxynivalenol, deoxynivalenol (DON), nivalenol (NIV),
and beauvericin (BEA)] out of the 33 mycotoxins analyzed for.
DON was observed to have the maximum concentration
(73.4 ng L−1) and occurred more in summer, whereas BEA had
the least concentration (1.3 ng L−1), but prevailed during the
winter.45

To the best of our knowledge, there is only one report of
mycotoxins in water from Africa, South Africa46with no report or
data from Nigeria, even though published reports are abundant
of their presence in food.47–49 For African nations to deliver on
the United Nations Sustainability Goal #6 (clean water and
sanitation for all), it is imperative to have a rst-hand under-
standing of the presence of these contaminants of emerging
concerns (mycotoxins) in our water systems before developing
effective mitigation strategies.

The aim of this study is therefore to investigate the magni-
tude and health risks of the presence of some mycotoxins:
deoxynivalenol (DON), ochratoxin A (OTA), and zearalenone
(ZEN)in drinking water samples from three States in Southwest
Nigeria: Osun, Oyo, and Lagos States. The targeted drinking
water sources are groundwater (hand-dug wells, boreholes),
surface water (rivers), and treated water (packaged water in
bottles and sachets) collected across different sites in the three
selected States. The major sources of drinking water for people
living in Southwestern Nigeria are groundwater,50–52 bottled
water and sachet water.50,53 In West Africa, bottled water and
sachet water (treated water) quality are expected to meet
national or international standards. However, it is observed that
they are most times, poorly treated.54,55 Thus, it is important to
assess these drinking water sources for the levels of these
mycotoxins. The choice of toxins analyzed in this study
encompasses mycotoxins from eld-based fungi of the genius
Fusarium (DON and ZEN) and from storage-based fungi of the
genius A. ochraceous or P. viridicatum (OTA). These mycotoxins
have been established to be prevalent in cereals, and animal
feed and forages under various environmental conditions in
Nigeria.56,57 The presence of these mycotoxins in drinking water
sources will indicate whether untreated drinking water is an
additional source of these mycotoxins in humans aside food.
The analysis of total dissolved solid (TDS), electrical conduc-
tivity (EC), and pH is to ascertain the apparent quality of the
water samples while the Principal Component analysis (PCA)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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was done on physicochemical data to establish if there were
associations among mycotoxins and between mycotoxins, pH,
EC, and TDS. Data from this study is expected to provide
baseline information on the presence and levels of these
mycotoxins in drinking water systems from Nigeria. It is also
projected that results from this study will drive policy develop-
ment that will evolve practices that prevent these mycotoxins
from entering drinking water sources in Nigeria. Results from
this study represent the very rst effort to provide baseline data
on the presence and levels of these mycotoxins in drinking
water systems from West Africa.

2 Materials and methods
2.1 Standards and reagents

Analytical standards of deoxynivalenol (DON), ochratoxin A
(OTA), and zearalenone (ZEN) were purchased from Sigma
Aldrich (St. Louis, MO, USA). Acetonitrile and methanol of HPLC
grade and Oasis HLB SPE cartridges (500 mg, 12 mL) were also
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ultrapure
water was obtained with the Milli-Q Direct 8/16 System. Standard
stock solutions of each targeted mycotoxin (1000 mg L−1) were
prepared individually in methanol and preserved at 4 °C in
a refrigerator. Working solutions (50 mg L−1) of each of the tar-
geted mycotoxins were prepared by dilution of stock solution
with ultrapure water fresh before use. Some physicochemical
properties of DON, OTA, and ZEN are shown in Table S1.†

2.2 Description of the sampling sites

The Southwestern region of Nigeria is made up of six (6) States
which include Osun, Ondo, Ekiti, Oyo, Ogun, and Lagos. Samples
were collected from three States: Osun, Oyo, and Lagos States in
the region. These States are located in the tropical rainforest
biome in Southwestern Nigeria, and they lie between Lat.
06° 300 N and Long. 04° 300 E, Lat. 7° 510 N and Long. 3° 550 E and
Lat. 6° 270 N and 3° 240 230 E, encompassing areas of approxi-
mately 14,875, 28,454 and 3,577 sq. km respectively. Lagos State
serves as one of Nigeria's commercial hubs, while Oyo State is
a densely populated inland State in the Southwest of Nigeria
regarded as one of the top ten agriculture-intensive states.58 Osun
State is known for its agricultural activities. Surface water sites are
open to everyone in the communities around the surface water
and groundwater sites are mainly hand-dug wells serving
households and in some instances several households. Coordi-
nates of sampling sites used to develop the map are shown in
Fig. S1–S3 (ESI document†).

2.3 Sample collection

Groundwater samples (GW) from hand-dug wells and boreholes
were collected from different locations across the three States.
For hand-dug wells, a bailer was lowered into the deep end of
the well to collect water samples into sample bottles, while
borehole water samples were collected directly into the sample
bottles from the tap connected to them. Likewise, water
samples from surface water (SW) were collected at random from
different locations along major rivers: Osun River (Osun State),
© 2024 The Author(s). Published by the Royal Society of Chemistry
Epe River (Lagos State), and Osun River (running through Oyo
State); and from streams across the three States. We collected 34
groundwater samples, with 31 surface water samples respec-
tively. For treated water, 29 packaged water samples comprising
three popular commercial brands of bottled water (BTW) and
sachet water (STW) were collected representing different brands
sold across the three States. Samples were collected in tripli-
cates throughout May 2021. Table S2† shows the sample
collection distribution. For all water samples, onsite analysis
was done to determine pH, electrical conductivity (EC), and
total dissolved solids (TDS) using a HANNA pH/EC/TDS/
Temperature (HI 9811-5) portable meter instrument.

2.4 Sample preparations

The water samples were ltered using a cellulose ester lter
membrane (0.22 mm) and 200 mL of each sample was spiked
with 1 mL of known concentration (50 mg L−1) of the analytes.
Solid Phase Extraction (SPE) cartridges (Oasis HLB, 500 mg, 12
mL) were conditioned with 3 mL of HPLC-grade methanol and
equilibrated with 3 mL of Milli-Q water. An aliquot of 200 mL of
each sample was passed through the cartridge at a ow rate
range of 5–8 mL min−1. The SPE cartridges were washed by
passing 3 mL of Milli-Q water through them. The cartridges
were dried in a vacuum oven for 5 min and elution was done
with 3 mL of HPLC-grade methanol, followed by 3 mL of
acetonitrile. The eluate was evaporated to dryness in the
vacuum oven and reconstituted with 0.5 mL of HPLC-grade
methanol for analysis. Aliquot of samples were not buffered
before extraction or analysis.

2.5 Instrumental analysis

A Dionex Ultimate 3000 UHPLC system (Dionex Soron GmbH,
Dornierstr. 4, Bayern, Germany), equipped with a high-
resolution quadrupole-time-of-ight mass spectrometer
(Impact II) system (Bruker Daltonics GmbH Fahrenheitstr. 4,
Bremen, Germany), was used for the separation and the detec-
tion of analytes. Quality assurance and quality control for the
method of analysis were done and details are provided in
Section S1.† Similarly, the recovery and precision parameters
were calculated via the method described in Section S2† while
data are provided in Table 1. Details of instrument settings and
accessories used are provided in Section S3.0 (ESI†
document). The chromatograms for mycotoxins and their mass
spectra are shown in Fig. S4.†

2.6 Risk assessment

The ecological risk (for groundwater and surface water), human
exposure, and hazard risk assessments were evaluated using
data obtained and relevant equations as described in Section S4
in the ESI document.†

2.7 Statistical analysis

Statistical analyses were done using the IBM Statistical Package
for the Social Sciences (SPSS) Statistics v21, Graph Pad Prism
8.4.2(679), Origin (Origin Lab 9.1), and Principal Component
RSC Adv., 2024, 14, 34435–34447 | 34437
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Table 1 Retention time, correlation coefficient, linearity range, limit of detection (LOD), limit of quantification (LOQ), recovery, and relative
standard deviation obtained in samples using UHLC-ESI-QTOF

Mycotoxins
Retention time
(min) R2

Linear range
(mg L−1)

LOD
(mg L−1)

LOQ
(mg L−1)

Spiked conc.
(mg L−1) % Recovery � SD

Instrument precision
(RSD)

DON 4.9 0.9999 2–500 0.62 1.84 50 105.2 � 3.3 3.09
500 94.4 � 2.0 2.11

1000 133.8 � 11.5 8.57
OTA 6.8 0.9986 1–1000 0.16 0.48 50 81.6 � 4.1 6.77

500 86.0 � 4.4 5.17
1000 118.0 � 21.7 18.41

ZEN 5.9 0.9999 1–1000 0.23 0.71 50 84.5 � 3.9 4.66
500 90.9 � 1.4 1.57

1000 89.3 � 13.0 7.26
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Analysis (PCA) soware. Section S5† provides details of these
analyses.

3 Results and discussion
3.1 Physicochemical characterization

The physicochemical parameters considered for water samples
in this study were pH, electrical conductivity (EC) and total
dissolved solids (TDS). Fig. 1 shows data variability across the
different sampling sites in the three States. The EC data for
surface water and groundwater samples all fall within the WHO
EC standard for freshwater (500 mS m−1)59 with the mean EC
values being 329, 139, and 538 mS m−1 (groundwater samples)
and 135, 486, and 308 mS m−1 (surface water samples) for Osun,
Oyo, and Lagos States, respectively. Only the mean EC value for
groundwater from Oyo State (538 mS m−1) exceeds the WHO EC
standard limit.

Similarly, mean TDS values for groundwater and surface
water are 173 and 79; 239 and 78; 205 and 155 mg L−1 for Osun
State, Oyo State and Lagos State, respectively, and these fall well
within the WHO set limit of <1000 mg L−1.59 Typically,
groundwater should have higher EC and TDS than surface water
Fig. 1 Box and Scatter Plots (with mean and standard deviation) of Electr
from Osun, Oyo, and Lagos States respectively (GW = Groundwater; SW

34438 | RSC Adv., 2024, 14, 34435–34447
because it contains more dissolved ions and particulate matter
picked up as it moves across the rocks and soils beneath the
earth. The average pH of the water samples as shown in Fig. 2
suggests that surface water samples from the three States have
the highest mean pH values which are above the WHO lower pH
limit (Fig. 2). In contrast, groundwater samples have pH values
that fall below the WHO lowest limit of 6.5. Weak acidic
groundwater may be the result of the dissociation of H2CO3, the
release of the absorbed H3O

+ in clay layers, and the inltration
of acid rainwater.60 This may well explain the slightly acidic
nature of groundwater samples across the States studied.

On the other hand, package water samples (BTW and STW)
had lower mean EC and TDS values compared with those for
groundwater and surface water, which were all below WHO
standard values with Oyo state BTW samples (EC = 40 ± 9.1 mS
m−1, TDS = 18.8 ± 4.3 mg L−1) and STW samples (EC = 35.7 ±

6.9 mS m−1, TDS = 15.7 ± 3.2 mg L−1) giving the highest values
as shown in Fig. 1. This is because they were treated in one form
or the other before they were packed. Sachet water samples
appears to have higher EC values than bottled water with the
exception of samples collected from Oyo State.
ical Conductivity (EC) and Total Dissolved Solids (TDS) in water samples
= Surface water; BTW = Bottled water; STW = Sachet water).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Average pH values for different drinking water sources in Osun,
Oyo, and Lagos States, Nigeria (GW = Groundwater; SW = Surface
water; BTW = Bottled water; STW = Sachet water).
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Generally speaking, bottled water and sachet water samples
have average pH values that fall between the WHO lower and
upper limits of 6.5 and 8.5 respectively (Fig. 2). It is reported
that there is no signicant difference in the percentage extrac-
tion of these mycotoxins between the pH range of 3.0–7.0 with
percentage OTA extraction increasing as pH of solution
increases up till 7.0.61 This implies that the extraction of
mycotoxins in this study should be maximum at pH range of
water samples collected as shown in Fig. 2 (pH 6.2–7.3). This is
more so that fungi are known to oen prefer acidic pH for their
growth.46 The weakly acidic pH generally reported for water
samples in this study may enhance fungal growth in packaged
water (bottled water and sachet water), which could release
these mycotoxins into these drinking water types.
3.2 Mycotoxin distribution and concentration

The percentage distribution of these mycotoxins shows that
ZEN is the most prevalent mycotoxin with a 100% detection
frequency in all water samples across the three States, except in
GW (Oyo State) and SW (Oyo and Lagos States), as shown in
Fig. S5.† Detection frequency is least for OTA (a storage myco-
toxin) especially for water samples from Oyo and Lagos States
(Fig. S5†). In Osun State, all three mycotoxins had 100%
detection frequencies except for OTA in SW samples. The mean
concentrations of these mycotoxins in natural water samples
(GW and SW) with their standard error of mean values are
shown in Fig. 3A–D and Table S3† respectively. In Osun State,
the range of mean concentrations is between 1.21 mg L−1 to
14.96 mg L−1 with DON (9.30 ± 2.30 mg L−1), OTA (2.93 ± 0.79
mg L−1), and ZEN (14.96 ± 4.46 mg L−1) in sachet water samples
being the highest (Fig. 3D). A similar trend is also found for
water samples from Lagos State with sachet water samples
having relatively, the highest mean concentrations of these
mycotoxins with the mean concentrations for DON, OTA, and
ZEN being 4.59 ± 0.59 mg L−1, 3.01 ± 1.50 mg L−1, and 10.56 ±

2.84 mg L−1 respectively (Fig. 3D). For surface water samples,
mean concentrations of mycotoxins are in the range of 0.97 to
12.96 mg L−1, with SW samples from Osun State having the
highest mean concentrations for all three mycotoxins (DON is
12.96 ± 2.23 mg L−1; OTA is 1.73 ± 0.30 mg L−1; ZEN is 5.84 ±

1.11 mg L−1) than SW samples from other two States (Fig. 3B).
© 2024 The Author(s). Published by the Royal Society of Chemistry
Between GW and SW samples, the mean concentrations of DON
appear to be higher than those of ZEN largely because the
former is more hydrophilic than the latter as shown in their log
Kow and log Koc in Table S1.† We observe that GW has higher
mean concentrations of both mycotoxins than SW except for
Osun State. Similarly, OTA is higher in GW than in SW samples.
The mean concentrations of all mycotoxins in the different
drinking water types are presented in Table S3.†

Generally, the mean concentrations of these mycotoxins in
bottled water are in the range of 0.75 mg L−1 to 2.32 mg L−1 which
are much lower than those found in sachet water (1.24 mg L−1 to
14.96 mg L−1), groundwater (1.49–6.06 mg L−1), or even surface
water (0.97–12.96 mg L−1) across the three States (Table S3†).
While DON shows some of the highest concentrations in bottled
water across the three States with Osun, Oyo, and Lagos States
havingmean concentrations of 2.02± 0.24 mg L−1, 1.90± 0.35 mg
L−1, and 2.32± 1.02 mg L−1 respectively, ZEN is highest in sachet
water with Osun, Oyo and Lagos States having mean concentra-
tions of 14.96± 4.46 mg L−1, 8.59± 3.86 mg L−1, and 10.56± 2.84
mg L−1 respectively. Similarly, the mean concentrations of OTA in
sachet water samples (2.93± 0.79 mg L−1, 1.24± 0.40 mg L−1, and
3.01 ± 1.50 mg L−1 for Osun, Oyo and Lagos States respectively)
are slightly higher than those in bottled water (1.47 ± 0.28 mg
L−1, 1.53± 0.31 mg L−1, and 0.75± 0.31 mg L−1 for Osun, Oyo and
Lagos States respectively) as shown in Fig. 3C and D. The mean
concentrations of OTA in this study are far higher (1000 fold)
than what was reported for bottled water (0.26 ± 0.02 ng L−1)42

and untreated surface water (8.5± 0.3 ng L−1)41 from Portugal. It
is worrisome to note that bottled water and sachet water samples
which are acclaimed to be treated before sale to the public, have
relatively high mean concentrations of these mycotoxins (Fig. 3C
and D). Even though the mean concentrations of these myco-
toxins are lower in bottled water samples than in sachet water
samples across the three States, the results, however, indicate
that current treatment procedures by most drinking water
vendors in Nigeria (most of whom use ltration and/or adsorp-
tion techniques) are insufficient to remove these mycotoxins and
their associated fungi fromwater, completely. The ‘treated’ water
sealed in bottles and sachets, aer the ltration process, may still
contain some fungi species62 that tend to grow and release more
of these mycotoxins into the drinking water especially if the
treated water still contains high enough nutrients to support the
growth of these fungi species. Some fungi species have been re-
ported to even resist chlorination methods during water
treatment.63

Overall, among the various water types, bottled water
samples show the lowest mean concentrations of mycotoxins
(<3.0 mg L−1) especially for OTA (Fig. 3C). Indeed, the mean
concentrations of OTA in all water sample types were generally
lower than those DON or ZEN irrespective of the State and
were #3.01 mg L−1 (Table S3†). The mean concentration of
DON in surface water from Osun State is 12.96 ± 2.23 mg L−1

which is higher than that for groundwater (6.06 ± 1.02 mg L−1)
for the same State. Between groundwater and surface water
samples, the mean concentrations of ZEN were lower than
those of DON (Table S3†). Furthermore, concentrations of
DON recorded in this study are several hundred folds higher
RSC Adv., 2024, 14, 34435–34447 | 34439
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Fig. 3 Box and Whisker plots (Tukey with mean and SD) for concentrations of mycotoxins in (a) groundwater (b) surface water (c) bottled water
and (d) sachet water samples from the Osun, Oyo and Lagos, Nigeria (GW = groundwater; SW = surface water; BTW = bottled water; STW =

sachet water).
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than those reported by Mhlongo et al.46 for water supply
networks in South Africa. Furthermore, we observe that the
mean concentrations of the mycotoxins follow the order DON >
ZEN > OTA for all categories of water samples except sachet
water which is ZEN > DON > OTA. This trend (DON > ZEN >
OTA) is supported by the hydrophobicity of ZEN and OTA (as
expressed by its octanol–water partitioning coefficient, Kow)
which are higher than that for DON. Only the mean EC value
for groundwater from Oyo State (538 mS m−1) exceeds the WHO
EC standard limit (Fig. 1).
Table 2 Rotated component matrix for variables in groundwater and su

Osun Oyo

Groundwater Surface water Groun

1 2 3 1 2 3 1

DON −0.29 0.76 −0.50 0.0 0.94 −0.1 0.90
OTA 0.00 0.81 0.28 0.067 0.29 −0.7 0.86
ZEN 0.33 0.88 0.18 0.12 0.93 0.02 0.94
pH −0.24 0.23 0.89 0.18 0.17 0.78 0.07
EC (mS m−1) 0.98 0.05 −0.11 0.99 0.05 0.06 0.02
TDS (mg L−1) 0.99 0.05 −0.10 0.99 0.033 0.07 0.01
Eigenvalues 2.19 2.06 1.18 2.03 1.87 1.12 2.43
% Total variance 36.5 34.3 19.6 33.8 31.1 18.7 40.5
Cumulative % 36.5 70.7 90.3 33.8 64.9 83.6 40.5

34440 | RSC Adv., 2024, 14, 34435–34447
The main source of these mycotoxins in drinking water
sources is still unclear64 but there is a high chance that
a combination of poor storage of cereals and grains, wash-off
from agricultural elds and emptying of grey water into open
drainage systems,65 poor treatment of wastewater especially
from the food industry,66 building infrasture with moisture
problems,67 and weak regulatory oversight of drinking water
quality could be responsible for the introduction of these
mycotoxins into the drinking water sources that have been re-
ported in this study. It is reported that mycotoxins are easily
rface water samples from Osun, Oyo, and Lagos States

Lagos

dwater Surface water Groundwater Surface water

2 1 2 3 1 2 3 1 2

0.11 0.88 0.32 −0.13 0.11 −0.2 0.93 0.95 −0.18
−0.35 0.87 0.10 0.08 −0.04 0.45 0.74 0.91 −0.05
0.06 0.95 0.14 0.09 0.00 0.82 0.23 0.87 0.22

−0.61 0.03 0.07 0.99 0.18 0.91 −0.2 −0.18 −0.73
0.97 0.20 0.98 0.05 0.99 0.08 0.05 −0.14 0.97
0.97 0.19 0.98 0.05 0.99 0.06 0.03 −0.08 0.97
2.41 2.50 2.05 1.03 2.03 1.77 1.51 2.53 2.49

40.2 41.6 34.2 17.1 33.8 29.4 25.1 42.2 41.5
80.7 41.6 75.8 92.9 33.8 63.2 88.3 42.2 84.7

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dispersed via aqueous carriers such as rainfall which wash them
off from infected plant tissues and cereals in the eld into water
systems68 as with DON and ZEN which are eld mycotoxins.

Indeed, it has been shown that DON and ZEN toxins can be
leached off cereals in the eld into the aquatic environment via
runoff from Fusarium graminearum-infested agricultural
elds43,69 especially DON which is more hydrophilic. Addition-
ally, the practice of open grazing and using animal dung
manure for crop production in Nigeria could be a diffuse
mycotoxin source, as suggested by Kolpin et al.66 These myco-
toxins (DON, OTA, and ZEN) have been reported to co-exist in
contaminated food,70 polluted water matrices,14,71 and even
from human body uids.72 There are strong indications that the
combined presence of DON and ZEN in surface water may result
in oxidative stress, hepatotoxicity, apoptosis, and inammation
in zebrash embryos and swine.73,74
Fig. 4 Principal component analysis 3-D plots for mycotoxins, pH,
electrical conductivity, and total dissolved solids in Osun State (A)
groundwater (B) surface water (C) bottled water (D) sachet water; in
Oyo State (E) groundwater (F) surface water (G) bottled water (H)
sachet water; in Lagos State (I) groundwater (J) surface water (K)
bottled water (L) sachet water.
3.3 Multivariate statistical analysis vs. principal component
analysis

In groundwater samples from Osun State, three components
dominated the PCA. PC1 was dominated by EC and TDS, with
high loadings of 0.95 each (Table 2) which is corroborated by
a short distance between TDS and EC in the 3-D PCA loading
plot (Fig. 4). This suggests that similar factors may have
contributed to the values of both EC and TDS. However, the
loading for pH in PC1 was low (−0.24), suggesting that the pH of
the groundwater samples from this state may be inuenced by
other factors than the presence of mycotoxins, EC and TDS.

PC2 dominated by DON, OTA and ZEN have high loadings of
0.76, 0.81 and 0.88, respectively (Table 2), and this is supported
by the short distances between the mycotoxins in the 3-D PCA
plot (Fig. 4A), indicating that these mycotoxins may have
a common anthropogenic source. These mycotoxins (DON,
OTA, and ZEN) have been reported to co-exist in contaminated
food,75 polluted water matrices71,76 and even from human body
uids.72 Meanwhile, pH dominated PC3 with a high loading of
0.89 and other variables (EC, TDS, mycotoxins) show very low
and negative loadings that are supported by the far distance of
pH from the other variables (Fig. 4A). Pearson correlation
correlates this (Fig. S6A–D†), implying that pH has no rela-
tionship with mycotoxins in these water samples.

As with groundwater, the PCA data for surface water samples
from Osun State were dominated by three components. PC1 is
dominated by EC and TDS, with a high loading value of 0.99
each while pH had a low loading of 0.18, indicating that the
resulting surface water pH is inuenced by other factors
different from those of EC and TDS. The Pearson correlation
analysis also supports this result (Fig. S6B). However, PC2 was
dominated by high loadings of 0.94 and 0.93 for DON and ZEN,
respectively (Table 2), as supported by high correlation coeffi-
cients ($0.70) of both mycotoxins (Fig. S6B). This indicates that
both mycotoxins (DON and ZEN) are likely to originate from the
same source, corroborated by shorter distance from each other
(Fig. 4B†). However, OTA has a very low loading of 0.29 in PC2
(Table 3), as conrmed by its distance from other mycotoxins in
Fig. 4B.
© 2024 The Author(s). Published by the Royal Society of Chemistry
The PCA for Oyo State groundwater samples is dominated by
two components. While PC1 showed high loadings of 0.90, 0.86
and 0.94 for DON, OTA and ZEN, respectively, a very low loading
RSC Adv., 2024, 14, 34435–34447 | 34441
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Table 3 Rotated component matrix for variables in bottled water and sachet water samples from Osun, Oyo and Lagos Statesa

Osun Oyo Lagos

Bottled water Sachet water Bottled water Sachet water Bottled water Sachet water

1 2 1 2 1 2 1 2 1 2 1 2

DON 0.91 0.07 0.89 0.03 −0.04 0.99 0.74 0.27 0.61 −0.005 0.08 0.98
OTA 0.94 −0.23 0.01 0.98 0.22 0.97 0.79 0.43 0.19 0.93 −0.43 −0.83
ZEN 0.87 −0.49 0.89 0.19 0.82 −0.49 0.92 −0.01 0.67 0.74 0.89 0.35
pH 0.65 0.68 0.86 0.51 0.94 0.20 −0.86 0.23 −0.39 0.91 −0.57 −0.81
EC (mS m−1) −0.21 0.96 −0.61 −0.45 0.91 −0.40 0.17 0.97 0.93 0.18 0.90 0.41
TDS (mg L−1) −0.16 0.99 −0.92 0.10 0.99 0.02 −0.04 0.98 0.98 −0.11 0.98 0.12
Eigenvalues 2.96 2.66 3.53 1.47 3.42 2.36 2.78 2.20 2.79 2.27 3.09 2.61
% Total var. 49.3 44.4 58.9 24.6 57.0 39.4 46.3 36.7 46.5 37.8 51.5 43.6
Cumulative % 49.3 93.7 58.9 83.5 57.0 96.4 46.3 83.0 46.5 84.3 51.5 95.1

a Var. = variance.
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of 0.07 was observed for pH in PC1 which could suggest that the
pH of groundwater samples from this state, as with Osun State,
is inuenced by different factors compared to those for the
mycotoxins, EC and TDS (Fig. 4). These are again validated by
the strong correlation coefficients of these mycotoxins
(Fig. S6E†).

For surface water samples from Oyo State, PC1 show high
loadings for DON (0.88), OTA (0.87) and ZEN (0.95), and PC2
show high loadings for EC and TDS (0.98 each), which are all
supported with strong correlations coefficients of all three
mycotoxins, EC and TDS (Fig. S4F†). A similar trend is observed
for EC and TDS (PC1 groundwater and PC2 surface water) for
Lagos State samples (Table 2). However, while high loadings of
ZEN (0.82) and pH (0.91) dominate PC2 and high loadings of
DON (0.93) and OTA (0.91) dominate PC3 for groundwater from
Lagos State, PC1 for surface water samples from this same state
is dominated by high loadings of DON (0.95), OTA (0.91), and
ZEN (0.87), as shown in Table 2. The loadings for surface water
samples from this state are supported by high correlation
coefficients (Fig. S6J†), while those for groundwater show only
moderate coefficients (Fig. S6I†). In any case, these results
suggest a strong association between all three mycotoxins (i.e.
similar anthropogenic inputs) and between EC and TDS in
water samples from Lagos State. There appears to be amoderate
correlation between pH and ZEN in groundwater samples from
Lagos State as can be seen also from the 3-D PCA plot (Fig. 4I).
This is one rare case found in all the groundwater and surface
water samples examined in this study suggesting that pH may
have an inuence on ZEN in groundwater samples. The inu-
ence of pH in releasing ZEN bound to the vein in Maize has
been recently reported.77

Considering the PCA for packaged water samples (bottled and
sachet water samples) as shown in Table 3, we see that the
presence of these mycotoxins and the physicochemical charac-
teristics of the water samples are described by two principal
components with PC1 for bottled water from Osun State,
showing high loadings of DON (0.91), OTA (0.94), and ZEN (0.87);
fromOyo State high loading for ZEN (0.82); and from Lagos State
moderate loadings for DON (0.61) and ZEN (0.67). With PC2,
there are high loadings for DON (0.99) and OTA (0.97) and high
34442 | RSC Adv., 2024, 14, 34435–34447
loadings for OTA (0.93) and ZEN (0.74) for bottled water samples
from Oyo and Lagos States, respectively (Table 3). Similarly,
sachet water samples show high PC loadings for these myco-
toxins either in PC1 or in PC2 as shown in Table 3. Additionally,
there are high loadings of PC1 and PC2 for EC and TDS in both
bottled and sachet water samples, which is similar to what was
observed with groundwater and surface water in this study. The
pH of water samples appears to show moderate to strong corre-
lations withmycotoxins in the packaged water samples (Fig. S6C,
D, G, H, K and L), and this suggests that pH may have some
inuence on the mycotoxin in the packaged water samples.78

This is unlike what was observed with groundwater and surface
water samples earlier discussed.

Overall, from the PCA results, all three mycotoxins (DON, OTA
and ZEN) in all water sample types from each of the three states,
appear to be closely associated possibly through agricultural run-
offs from the elds and from storage points. On the one hand,
aside from the isolated case of pH having a strong correlation
with ZEN in groundwater from Lagos State, pH does not have any
relationship with the mycotoxins in groundwater or surface
water nor on either EC or TDS from water samples across the
three states. This is unlike packaged water samples (bottled and
sachet water). On the other hand, EC and TDS in all water
samples across the three states are inuenced by the same
factors (i.e. ionic composition of the water and the concentration
of dissolved species) due to their high correlation values but not
by the pH of the water samples(Tables 2 and 3). The strong
association between EC and TDS for all water samples across the
three states is in line with previous reports from other studies.7,79

However, there is generally a negative correlation between pH
and EC since pH measures the concentration of H+ in solution
only, whereas electric conductivity measures the concentrations
of all active ions present in the solution. As such, pH on its own,
cannot specify the conductivity of the solution.
3.4 Ecological and human risk assessment

The risk posed by the levels of these mycotoxins in water on
aquatic organisms could be serious with severe implications for
the health of an ecosystem. Therefore, the ecological risk of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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target mycotoxins (DON, OTA and ZEN) was evaluated with the
embryonic stage of a zebrash (Zebrash Embryo Toxicity, ZET)
using the risk quotient index. Fish is used as the index organism
because it is a vertebrate like man. Fig. 5 shows the plots of the
risk quotients (RQs) for the different mycotoxins in water
samples collected from the three states.

From Fig. 5, it is observed that the RQs for the mean
concentrations of ZEN in surface water and groundwater are
relatively higher than those of DON and OTA with the latter
being the least in most cases. For groundwater samples across
the three states, the mean RQs for ZEN are 0.51 (Osun State),
0.24 (Oyo State), and 0.45 (Lagos State) (Fig. 5A). However, Fig.
5B show that the concentration of ZEN in surface water samples
Fig. 5 Nested scatter plots (mean with standard deviation) of risk quotien
the various states.

Fig. 6 Probable daily intake (PDI) calculated with the mean concentrat
bottled water (D) sachet water; ochratoxin A in (E) groundwater (F) surfac
(J) surface water (K) bottled water (L) sachet water from Osun, Oyo, and

© 2024 The Author(s). Published by the Royal Society of Chemistry
across the Osun and Oyo States have relatively higher mean RQs
of 0.62 and 0.32 respectively while that for Lagos is lower, 0.19.
The mean RQs for OTA mycotoxin in groundwater samples are
0.29, 0.22, and 0.32 and in surface water samples are 0.26, 0.14,
and 0.27 for Osun, Oyo and Lagos States, respectively (Fig. 5A
and B). The mean RQs for DON in groundwater and surface
water are not signicantly different from those of OTA (Fig. 5A
and B).

From the probable daily intake (PDI) values (Fig. 6A–6D) for
humans, infants from Osun State face non-estrogenic health
risks from the levels of DON surface and sachet water because
the PDI values for this population group are either higher than
or close to the JECFA health-based guidance value (HBGV) of 1
ts of mycotoxins in (A) groundwater and (B) surface water samples from

ion values of deoxynivalenol in (A) groundwater (B) surface water (C)
e water (G) bottled water (H) sachet water; zearalenone (I) groundwater
Lagos States, Nigeria.

RSC Adv., 2024, 14, 34435–34447 | 34443
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mg kg−1 bw per day.80 At the moment, it is, thus, not advisable to
use either sachet water or surface water from Osun State to
prepare formula food for infants. However, the PDI values for
OTA in water samples across the three states (Fig. 6E–H) are less
than the recently revised HBGV for benchmark dose lower
condence limit (BMDL10) of 14.5 mg kg−1 bw per day for
neoplastic effect set by EFSA.81 In addition, these PDI values for
OTA in all water sample types are z20-fold lower than the
Tolerable Daily Intake (TDI) of 4.73 mg kg−1 bw per day for non-
neoplastic effects (calculated from kidney lesions observed in
pigs) as suggested by European Food Safety Authority
(EFSA).82,83 In general, the levels of OTA in these water samples
are still of concern. Consistent ingestion of these water could
lead to liver tumours and other neoplastic effects in humans.
Various studies have linked OTA exposure with chronic inter-
stitial nephropathy (CIN) and human diseases such as Balkan
endemic nephropathy (BEN) when there is a synergistic or
additive effect between mycotoxins, long-term exposure to the
same mycotoxins, and other renal diseases.84,85 It is only
a matter of time, if the conditions remain the same and nothing
is done to improve the quality of these drinking water sources,
ingesting them will lead to a higher risk of nephrotoxicity and
possible cancer among the populace living in these states.

There are serious estrogenic health concerns about the PDI
values of ZEN groundwater, surface water, and sachet water in
all three states (Fig. 6I–L) as they are either slightly below or
above EFSA HBGV value for their Tolerable Daily Intake (TDI) of
0.25 mg kg−1 bw per day (ref. 86), especially for sachet water
(Fig. 6L). A general observation is that the levels of these
mycotoxins in bottled water (Fig. 6C, G and K) are all below their
HBGVs which suggests that popular brands of bottled water in
Southwest Nigeria use better treatment procedures that remove
signicant amounts of mycotoxins from the drinking water,
unlike sachet water.

Overall, these results imply that urgent steps need to be
taken to address the presence of these mycotoxins in water
(especially fromOTA and ZEN), otherwise, the human risk levels
will increase with time, especially for OTA with the lowest
excretion rate of the three mycotoxins.87 ‘Treated’ water from
these states (bottled and sachet water) needs to be carefully re-
examined and new treatment strategies and regulatory policies
should be adopted to provide safe drinking water to consumers.

4 Conclusion

The presence of mycotoxins was investigated in four drinking
water sources (groundwater, surface water, bottled water and
sachet water) in Southwest Nigeria. To the best of our knowl-
edge, this is the rst study that reports the presence of myco-
toxins in drinking water sources from West Africa. From our
study, we observed that ZEN is the most detected with a 100%
detection frequency in most of the drinking water types
collected across the three States (Osun, Oyo, and Lagos). For
groundwater, surface water and bottled water, DON showed the
highest mean concentrations over ZEN and OTA while in sachet
water it was ZEN. The mean concentrations of these mycotoxins
in the various drinking water samples are several folds higher
34444 | RSC Adv., 2024, 14, 34435–34447
than those previously reported from across the globe. The trend
for the average concentrations of these mycotoxins in water
samples is DON > ZEN > OTA. Principal Component Analysis of
data suggests that all three mycotoxins in water types are from
the same source. This is strongly supported by data from
Pearson Correlation analysis. The mean ecological risk
quotients analysis suggests that the concentrations of these
mycotoxins in water samples do not pose high risks to verte-
brates like sh. The possible daily intake (PDI) evaluation
showed levels of OTA in water samples that are z20-fold lower
than the Tolerable Daily Intake (TDI) of 4.73 mg kg−1 bw per
day for non-neoplastic effects. The PDI values for mycotoxin
intake from bottled water are all below the HBGV values set for
them. This suggests that this type of drinking water is the safest
in the Southwest of Nigeria. However, the presence of these
mycotoxins in drinking water sources in Nigeria strikes an
urgent call for a sustainable and efficient way to tackle the
presence of this dangerous mycotoxin in drinking water sources
in Nigeria and across Africa. There is a need for the inclusion of
mycotoxin testing in conventional water quality parameters.
Although, we have not considered seasonal and settlement type
variations on the presence of mycotoxins in drinking water, yet
these will form part of future studies.

Data availability

The authors hereby declare that the data of the submitted
manuscript is available upon request.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge funding from The World Academy of
Sciences-Islamic Development Bank (TWAS-IsDB) to the African
Centre of Excellence for Water and Environmental Research
(ACEWATER), Redeemer's University, Ede, Nigeria (Grant
number: 4500420197) for sampling campaigns. The authors
also appreciate the Centre of Excellence in Reproductive Health
Innovation, University of Benin, Benin City, Nigeria for nancial
support through the Tertiary Education Trust Fund (TETFund/
DR&D/CE/NRF/STI/44/VOL1) to purchase mycotoxin standards.

References

1 P. N. Obasi and B. B. Akudinobi, Potential health risk and
levels of heavy metals in water resources of lead–zinc
mining communities of Abakaliki, southeast Nigeria, Appl.
Water Sci., 2020, 10(7), 1–23.

2 K. Rehman, et al., Prevalence of exposure of heavy metals
and their impact on health consequences, J. Cell. Biochem.,
2018, 119(1), 157–184.

3 H. Kwon, W. Jiang and E. T. Kool, Pattern-based detection of
anion pollutants in water with DNA polyuorophores, Chem.
Sci., 2015, 6(4), 2575–2583.
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra04866k


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

/2
0/

20
26

 8
:2

6:
39

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
4 M. Chen, et al., Inorganic anion removal using micellar
enhanced ultraltration (MEUF), modeling anion
distribution and suggested improvements of MEUF: A
review, Chem. Eng. J., 2020, 398, 125413.
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screening of natural toxins in the Ter River catchment area
in NE Spain and prioritisation by their toxicity, Toxins,
2020, 12(12), 752.

22 D. Khodaei, F. Javanmardi and A. M. Khaneghah, The global
overview of the occurrence of mycotoxins in cereals: A three-
year survey, Curr. Opin. Food Sci., 2021, 39, 36–42.

23 C. Frizzell, et al., Endocrine disrupting effects of
zearalenone, alpha-and beta-zearalenol at the level of
nuclear receptor binding and steroidogenesis, Toxicol.
Lett., 2011, 206(2), 210–217.

24 M. Peraica, et al., Toxic effects of mycotoxins in humans,
Bull. W. H. O., 1999, 77(9), 754.

25 K. Ropejko and M. Twarużek, Zearalenone and its
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