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ABSTRACT: Mycotoxins are toxic chemicals that adversely affect
human health. Here, we assessed the influence of mycotoxin
exposure on the longitudinal development of early life intestinal
microbiota of Nigerian neonates and infants (NIs). Human
biomonitoring assays based on liquid chromatography tandem
mass spectrometry were applied to quantify mycotoxins in breast
milk (n = 68) consumed by the NIs, their stool (n = 82), and urine
samples (n = 15), which were collected longitudinally from month
1−18 postdelivery. Microbial community composition was
characterized by 16S rRNA gene amplicon sequencing of stool
samples and was correlated to mycotoxin exposure patterns.
Fumonisin B1 (FB1), FB2, and alternariol monomethyl ether (AME) were frequently quantified in stool samples between months 6
and 18. Aflatoxin M1 (AFM1), AME, and citrinin were quantified in breast milk samples at low concentrations. AFM1, FB1, and
ochratoxin A were quantified in urine samples at relatively high concentrations. Klebsiella and Escherichia/Shigella were dominant in
very early life stool samples (month 1), whereas Bifidobacterium was dominant between months 3 and 6. The total mycotoxin levels
in stool were significantly associated with NIs’ gut microbiome composition (PERMANOVA, p < 0.05). However, no significant
correlation was observed between specific microbiota and the detection of certain mycotoxins. Albeit a small cohort, this study
demonstrates that mycotoxins may influence early life gut microbiome composition.
KEYWORDS: early life exposure, food safety, gastrointestinal microbiome, contaminants, chemical exposome, sub-Saharan Africa

1. INTRODUCTION
The concept of the “developmental origins of health and
disease” (DOHaD) postulates that early life exposure to toxic
chemicals can negatively influence health outcomes later in
life.1,2 Mycotoxins are toxicants of high relevance to this
concept, owing to their relatively high abundance in food
crops, prevalence of ingestion, and high toxicity.3,4 Ingestion of
mycotoxin-contaminated foods can lead to negative health
outcomes such as stunting and cancers.4 Mycotoxins of
toxicological importance include aflatoxins (AF), fumonisins
(FBs), ochratoxin A (OTA), citrinin (CIT), deoxynivalenol
(DON), and zearalenone (ZEN).4 In addition, Alternaria
mycotoxins [e.g., alternariol and its monomethyl ether
(AME)] are attracting research attention due to technological
advancement in liquid chromatography with tandem mass
spectrometry (LC−MS/MS) methods that enable quantifica-
tion of a multitude of mycotoxins in a single analytical run.5,6

In the gastrointestinal tract, mycotoxins can exhibit toxicity7

by compromising the gut barrier integrity8 and modifying the
gut microbiota (GM).9 As the microbiota can also modify

mycotoxins, there is a complex bidirectional relationship
between the mycotoxins and the GM.10 In humans, the GM
is involved in several crucial roles such as digestion of food,11

immune system maturation,12 and prevention of pathogen
colonization.13 However, under dysbiotic conditions, specific
members of the GM have been associated with severe
malnutrition14 and gastrointestinal diseases.15,16 Mycotoxins
might drive dysbiotic development of neonatal GM, yet the
underlying mechanisms remain poorly understood. Many
published studies on the interaction between the GM and
the mycotoxins are based on animal models or human cell
lines. For instance, it was observed that OTA decreased the
GM diversity in rats17 and aflatoxin B1 (AFB1) reportedly
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restricted cell growth in a Caco-2 colon cell model.18

Conversely, in vitro incubation with Alternaria mycotoxins
resulted in modifications of the mycotoxins.9 There is a lack of
information about the interactions between the mycotoxins
and the early life GM in vivo.

Several studies have described human GM development in
African,19,20 Asian,21 and Western cohorts.22−26 Neonates and
infants (NIs) in sub-Saharan African (SSA) countries such as
Nigeria are frequently exposed to mycotoxins4 that may
potentially influence early life GM.27 Still, to our knowledge,
no study has so far assessed the development of early life GM
in a mycotoxin-exposed NIs’ population. In addition, there is a
paucity of data on mycotoxin exposure patterns of NIs
anchored on data from stool and breast milk over 18-month
postdelivery. Therefore, the objectives of this study were to
assess mycotoxin exposure patterns in NIs using three
biospecimens (breast milk, stool, and urine) and to determine
the GM composition of NIs in a mycotoxin-exposed
population. Subsequently, the potential associations between
mycotoxin exposure and GM development were assessed in a
longitudinal setting during the first 500 days of life.

2. MATERIALS AND METHODS
2.1. Study Area and Population. In total, 14 healthy

mother−infant pairs recruited from southwest Nigeria (Ilishan-
Remo and Ojota) participated in this study. These locations
were selected based on (a) previous studies that revealed high
occurrence and concentrations of mycotoxins in complemen-
tary foods28,29 and human breast milk,30 and (b) lack of
longitudinal microbiome data for NIs. The most common
complementary foods consumed in the study locations are
cereal-based (e.g., maize, sorghum, ogi), nut-based (ground-
nut), and mixed cereal- and nut-based foods (tombran,
granola).30,31

2.2. Study Design and Ethical Approval. The present
study is a pilot longitudinal biomonitoring study that was
conducted between January 2019 and May 2021. Pregnant
mothers were recruited from Babcock University Teaching
Hospital or local households. Participation was voluntary after
proper education on the purpose of the study was given. Each
mother provided written informed consent prior to the study
inclusion. Inclusion criteria were healthy mothers above the
age of 18 who gave birth to a healthy infant and were willing
and able to donate biospecimens. Authorization to conduct the
study was obtained from the National Health Research Ethics
Committee of Nigeria through the Babcock University Health
Research and Ethics Committee (BUHREC). The approval
numbers are BUHREC585/18 and BUHREC421/21R.
2.3. Sampling. Samples of food (breast milk and

complementary/solid foods) consumed by each NI, as well
as stool and urine excreted, were collected at 3 months
sampling intervals up to 18 months postdelivery. Data on
mycotoxins in complementary/solid foods fed to infants was
published elsewhere.31 NIs’ stool samples were collected by
mothers from diapers. First morning urine samples from NIs
were collected by mothers. Breast milk samples were collected
by mothers as well, matching the time-point of stool and urine
sample collection. Breast milk (10 mL) and stool (5−10 g)
samples were collected in sterile 25-mL sample bottles. Each
stool sample was aliquoted into two batches: batch A for
mycotoxin analysis and batch B for 16S rRNA gene amplicon-
based microbiota analysis. Batches A and B of stool samples
together with breast milk and urine samples were transported

in a cold chamber at 4 °C prior to storage at −20 °C until
analysis.

Not all participants provided samples at every time point.
Detailed distribution of all samples collected is shown in Table
S1. Overall, the number of samples collected from participants
in this pilot longitudinal study were breast milk (68), stool
(82), and urine (15) (Table S1). In total, 165 biological
samples were collected and analyzed.
2.4. Chemicals and Reagents. Acetonitrile (ACN),

methanol (MeOH), and water were purchased from Honey-
well (Seelze, Germany). Ammonium acetate, formic acid,
anhydrous magnesium sulfate, sodium chloride, and formic
acid were purchased from Sigma-Aldrich (Vienna, Austria).
Details of all reference and internal standards (IS) are reported
elsewhere.32,33 All solutions and solid reference were stored at
−20 °C.

2.4.1. Multimycotoxin Analysis of Breast Milk Samples.
Mycotoxins in the breast milk samples were analyzed using the
method described by Braun et al.32 Briefly, samples were
thawed and homogenized, and 1 mL of breast milk sample was
extracted with 1 mL of acidified ACN (1% formic acid). After
homogenization (3 min), anhydrous magnesium sulfate (0.4 g)
and sodium chloride (0.1 g) were separately added, and the
sample was homogenized by vortexing (3 min). The
supernatant was transferred into a microreaction tube after a
centrifugation step (4750 × g, 10 min, 4 °C). The extract was
chilled at −20 °C for 24 h following a second centrifugation
step (14,000 × g, 2 min, 4 °C). The supernatant was diluted in
a H2O preloaded reservoir to 5% ACN and subsequently
loaded to an Oasis PRiME HLB solid phase extraction (SPE)
column (1 cc, 30 mg, Waters, Milford, MA). This column was
equilibrated with 1 mL of ACN and conditioned with 1 mL of
H2O/ACN (95/5, v/v) prior to sample loading. Following
sample loading, the column was washed twice (5% ACN, 500
μL) and mycotoxins were eluted using pure ACN. This extract
was evaporated to dryness using a vacuum concentrator
(Labconco, Missouri, USA) and samples were reconstituted in
81 μL MeOH/ACN (50:50, v/v) and 9 μL of the IS mixture.

2.4.2. Multimycotoxin Analysis of Urine Samples. Urine
samples were subjected to multimycotoxin analysis following
the stable-isotope dilution assay-based LC−MS/MS method
developed by Šarkanj et al.34 and expanded by Braun et al.35

Briefly, each urine sample (1 mL) was thawed and centrifuged
for 3 min at 5600 × g. Afterward, the samples were treated with
β-glucuronidase from E. coli Type IX-A (Sigma-Aldrich,
G7396-2MU) prior to SPE cleanup on Oasis PRiMEHLB
SPE columns (Waters, Milford, MA, USA). Extracts were then
evaporated to dryness in a vacuum concentrator (Labconco,
Missouri, USA) reconstituted with 490 μL of dilution solvent
(10% acetonitrile, 0.1% acetic acid) and fortified with 10 μL of
IS mixture.

2.4.3. Multimycotoxin Analysis of Stool Samples. The
method of Krausova ́ et al.33 was applied to quantify
mycotoxins in stool samples. Briefly, samples were thoroughly
homogenized with a sterile spatula, and an approximately 40
mg aliquot was transferred into an Eppendorf tube (2 mL)
followed by a drying step (24 h) in a vacuum concentrator
(Labconco, Missouri, USA). Thereafter, water was added (40
μL per 20 mg), followed by vortexing. Extraction solvent
(ACN/MeOH/HAc, 49.5/49.5/1, v/v/v) was added (160 μL
per 20 mg), followed by thorough vortexing and ultra-
sonication in an ice-bath for 15 min. The samples were stored
overnight at −20 °C to precipitate proteins. Thereafter,
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samples were centrifuged at 18,000 × g, for 10 min at 4 °C,
after which the supernatants were transferred to new reaction
tubes. The supernatants were diluted (1:10) with water
containing 0.1% HAc and 10 μL of IS mixture was added.
Then, the diluted samples were filtered through polytetra-
fluoroethylene filters. The resulting overall dilution factor of
this procedure was 1:100.

2.4.4. LC−MS/MS Analysis. After sample extraction,
mycotoxins in breast milk, urine and stool were measured
using a Sciex QTrap 6500+ LC−MS/MS system (Foster City,
CA) equipped with a Turbo-V ESI source coupled to an
Agilent 1290 series UHPLC system (Waldbronn, Germany) of
the Exposome Austria research infrastructure using validated
methods.32,33,35

Figure 1. Occurrence and dynamic distribution of quantified mycotoxins in (A) breast milk (n = 68), (B) stool (n = 82), and (C) urine (n = 15)
over 18-month postdelivery. Overall prevalence of mycotoxins in the stool coincided with increased cofeeding with complementary/solid foods.
MRM-chromatograms of selected mycotoxins in naturally contaminated samples and spiked matrixes are represented for each matrix.
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2.5. Culture-Independent Analysis of Stool Samples.
2.5.1. Stool DNA Extraction. The total genomic DNA from
stool samples was extracted using the QIAamp Fast DNA Stool
Mini Kit following the manufacturers’ protocol. Negative
control extractions (extraction kit reagents) were included to
allow for assessment of contamination.36

2.5.2. 16S rRNA Gene Amplification. The V4 region of the
16S rRNA gene of most bacteria and archaea was amplified
using the primer pair 515F (GTG YCA GCM GCC GCG
GTA A) and 806R (GGA CTA CNV GGG TWT CTA
AT),37,38 in a two-step PCR protocol as described by Pjevac et
al.36

2.5.3. 16S rRNA Gene Amplicon Sequencing. Amplicon
sequencing was carried out at the Joint Microbiome Facility
(JMF) of the Medical University of Vienna and University of
Vienna under JMF Project ID JMF-2105-01. Indexed
sequencing libraries were prepared with the Illumina TruSeq
Nano Kit and sequenced in paired-end mode (600 cycles; V3
chemistry) on an Illumina MiSeq following the manufacturers’
instructions. The workflow systematically included four
negative controls (PCR blanks, i.e., PCR-grade water as a
template) for each 90 samples sequenced. Also, a ZYMObio-
mics mock community was sequenced and analyzed at the
sequencing facility as part of established quality control
routine.36

2.5.4. Amplicon Sequence Data Analysis. Amplicon pools
were extracted from the raw sequencing data by using the
FASTQ workflow in BaseSpace (Illumina) with default
parameters. Demultiplexing was performed with the python
package demultiplex, allowing one mismatch for barcodes and
two mismatches for head sequence and primers. Barcodes,
linkers, and primers were trimmed off by using BBDuk.
Amplicon Sequence Variants (ASVs) were inferred using the
DADA2 with R version 3.6.139 applying the recommended
workflow.40 FASTQ reads were trimmed at 220/230 nt with
allowed expected errors of two-fourths. ASV sequences were
subsequently merged and classified using SINA version 1.6.041

and the SILVA database SSU ref NR 99 release 138 using
default parameters.42 Processed data were further analyzed
using the following R packages: ampvis2,43 dplyr,44 ggplot2,45

phyloseq,46 tidyr,47 vegan,48 pheatmap,49 and MaAsLin2.50

Raw sequence reads generated in this study are available under
BioProject accession number PRJNA1013123.
2.6. Statistical Analysis. Species richness (observed ASVs

and Chao1) and diversity (Shannon) metrics were compared
based on the rarefied ASV subset by nonparametric Wilcoxon
test, using ampvis2 in R software version 4.3.1.51 Differences in
NIs’ stool microbiota by age were determined with Bray−
Curtis’ distance. For quantitative mycotoxin analysis, raw data
were integrated and quantified using SciexOS (v2.1) software.
Data were further analyzed using Microsoft Excel 2016, Origin
Pro 2023 (v 9.85.212), and R software (version 4.3.0). A
Shapiro−Wilk test was performed to determine normality.
Since data were not normally distributed, mycotoxin
concentrations in breast milk, stool, and urine were log-
transformed, including the addition of a pseudocount: y = log
10 (1 + mycotoxin concentration) to create a normal
distribution for comparison purpose. Sample concentrations
above the limit of detection (LOD), but below the limit of
quantitation (LOQ), were set to LOQ/2. Concentrations of
mycotoxins in the three matrices were represented using
boxplots in Origin Pro 2023 and R studio using the ggplot2
package.45 PERMANOVA was used to test for association

between mycotoxins and GM composition and visualized using
redundancy analysis (RDA) in R. In addition, MaAsLin250 was
used for identification of taxa significantly correlated with the
presence of mycotoxins.

3. RESULTS AND DISCUSSION
3.1. Characteristics of the Study Participants. Seven

male and seven female NIs participated in this study. At birth,
the mean ± SD weight of the NIs was 3.2 ± 0.6 kg. There was
no significant difference (p > 0.05) between the average weight
of the male (3.4 ± 0.6 kg) and female (3.1 ± 0.6 kg) NIs. Nine
(64%) neonates were delivered via Caesarean section while five
(36%) were vaginally delivered. Ten neonates (69%) were
exclusively breastfed for the first six months of life, whereas
four (31%) were nonexclusively breastfed because they
consumed complementary foods in addition to breast milk
(Table S2).
3.2. Mycotoxins in Breast Milk. In total, 34 mycotoxins

were analyzed, of which 13 were detected in the breast milk
samples. This includes AFB1, AFM1, sterigmatocystin (STC),
OTA, ochratoxin α (OT-α), ochratoxin B, CIT, dihydroci-
trinone (DHC), beauvericin (BEA), enniatin A (Enn A),
enniatin B (Enn B), enniatin B1 (Enn B1), and alternariol
monomethyl ether (AME) (Figure 1a & Table S3). Each
breast milk sample contained at least four mycotoxins (Figure
S1). The spectra of mycotoxins in breast milk in the present
study were similar to a previous study that quantified
mycotoxins in breast milk (AFM1, AME, BEA, DHC, Enn B,
Enn B1, OTA, and STC).30 Despite applying the same method,
AFB1, a group 1 carcinogen52 was not detected in that study or
any other Nigerian breast milk until now. AFB1 was detected in
6% of the breast milk at median concentration of 12 ng/L
(mean: 19 ng/L; range: < LOQ −47 ng/L). A slightly higher
detection rate of 9% (7/78) (range: 56−291 ng/L) was
reported for AFB1 in breast milk from Ecuadorian mothers.53

The Ecuadorian study applied HPLC-FD, which was nine
times less sensitive (LOD: 23 ng/L) than our method (LOD:
2.5 ng/L). AFM1, a possible carcinogen, was detected in 12%
of the breast milk at mean concentration of 10 ng/L (median:
7 ng/L), which was lower than the value of 35 ng/L previously
reported in a study from Nigeria,54 but higher than the value of
2 ng/L reported in another study from Nigeria.30 A Brazilian
study reported AFM1 in 2% (2/100) of breast milk samples at
concentrations of 0.3 and 0.8 ng/L.55 STC, a precursor
metabolite of AFB1 was detected in only one sample at a
concentration of 4 ng/L. The nephrotoxin, CIT was detected
in 3% of breast milk samples (median: 15 ng/mL; mean: 15
ng/L; range: < LOQ −27 ng/L), but its metabolite, DHC
(mean: 779 ng/L; range: 130−2994 ng/L), was detected in
16% of the samples, at median concentration 27 times higher
than the value of 14 ng/L previously reported in Nigeria.30

Since DHC is suggestive of CIT exposure,56 indications are
that some of the mothers were likely exposed to high CIT
levels.

The median OTA concentration of 7 ng/L (detection rate:
87%; mean: 18 ng/L; range: < LOQ −295 ng/L) in the breast
milk samples was about four times higher than the value of 2
ng/L previously reported in Nigerian30 and Austrian
mothers.35 Conversely, median OTA concentration was
about seven times lower than the value of 48.3 ng/L (LOD:
18 ng/L) reported in breast milk from Bolivia.57 Other OTA
metabolites in the breast milk were: OTB, detected in only one
sample (177 ng/L), and OT-α, which was detected in 74% of

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c07786
Environ. Sci. Technol. 2024, 58, 2236−2246

2239

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07786/suppl_file/es3c07786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07786/suppl_file/es3c07786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07786/suppl_file/es3c07786_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07786/suppl_file/es3c07786_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c07786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the samples at median concentration of 61 ng/L (mean: 97
ng/L; < LOQ −602 ng/L). Ochratoxin-α is the major
metabolite of OTA,58 and as such its relatively high
concentration in the breast milk is not surprising. The
detection rate (91%) and median concentration (3 ng/L) of
AME in breast milk were similar to the levels (detection rate:
96%; median: 1.8 ng/L) previously reported in Nigerian30 and
Austrian mothers (detection rate: 90%; median: 3.6 ng/L).35

The median BEA concentration of 1 ng/L (detection rate:
87%; mean: 3 ng/L; range: < LOQ −67 ng/L) in breast milk
in the present study was similar to the median concentration of
1.2 ng/L reported in Austria.35 In addition to differences in
analytical instruments and sensitivities, the differences between
the values reported in the present study compared to other
studies could be due to seasonal variations, geographical
locations, and feeding practices.
3.3. Mycotoxins in Stool. To our knowledge, no study has

reported multiple mycotoxins in NIs’ stool over 18 months
postdelivery. Stool biomarkers are important to human
biomonitoring studies because they provide broader insight
into human exposure to poorly absorbed mycotoxins such as
fumonisins,33 and can help track biotransformation products,
especially in high-risk mycotoxin regions such as Nigeria.
Furthermore, stool sampling is noninvasive, and samples are
easy to collect.33 Our laboratory previously published data on
mycotoxins in stool from the same cohort at month 12.33

Thus, only longitudinal patterns of mycotoxins in stool are
discussed in detail herein.

OTA and CIT were each detected in one sample at month 3
but, the overall prevalence of mycotoxins in the stool coincided
with increased cofeeding with complementary foods (Figures

1b and 2). FB1, B2 and AME were quantified in the stool
between month 6 and 18, suggesting continuous exposure
during this critical developmental period (Figures 1b and 2).
This observation provides strong evidence that complementary
foods were the major contributors to mycotoxin exposure in
the study cohort. A previous study from the same region
reported a higher spectra and concentration of mycotoxins in
urine of nonexclusively breastfed children, compared to
exclusively breastfed children.30 Thus, our findings further
underscore breastfeeding as a safe and viable option to reduce
mycotoxin exposure during early life in the study region and
potentially other high risk mycotoxin exposure regions. Other
mycotoxins detected in the stool were STC, ZEN, and α-ZEL,
which are to our knowledge reported for the first time in NIs’
stool.

Despite high aflatoxin exposure via consumption of
traditionally processed complementary foods,31 aflatoxins
were not detected in any of the stool samples. A Chinese
study, using a more sensitive detection method, reported the
presence of AFB1 (0.02 μg/kg) in one out of three analyzed
stool samples.59 We hypothesize that the NIs’ GM may have
biodegraded the AFs leaving only trace concentrations or
biotransformation products below the LOD for AFs (0.1−2.2
ng/g) of the analytical method applied in the present study. In
addition, metabolism of AFB1 in the liver and subsequent rapid
absorption into the blood,60,61 and excretion through the
urine62 may have contributed to the nondetection of AFs in
the stool samples.
3.4. Mycotoxins in Urine. A limited number of urine

samples were analyzed in the present study mainly due to the
difficulty in collection of urine from the NIs. Despite the

Figure 2. Mycotoxin exposure pattern in (A) breast milk, (B) complementary food (data from Ayeni et al.31), and (C) stool displayed for samples
collected at selected time points (months 3, 6, 12 and 18). Certain mycotoxins were detected in all matrices at specific time points for a few infants.
For instance, fumonisin B1 was detected at high levels in food consumed by infant 4 and infant 12 at month 6, which was reflected by high
prevalence of fumonisin B1 in stool of the same infants. At month 12, a high detection rate was recorded for citrinin in foods consumed by infants 4
and 9 that was reflected by high prevalence of citrinin in stool of the same infants. At month 18, high prevalence of fumonisin B1 was detected in
food and stool of infant 8.
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limited sample size, urine biomarkers are crucial to human
biomonitoring studies, since they provide information about
recent exposure (24 h) to some mycotoxins.63 As such, the
presented urine data provide additional valuable insight into
the level of mycotoxin exposure among the NIs. Overall, 30
mycotoxins were analyzed in urine samples, and 10 thereof
were detected, including AFM1, AFB2, FB1, DON, OTA, OTB,
CIT, DHC, STC, and AME (Table S4 and Figure 1c).

AFM1 was detected in three urine samples at median
concentration of 30 ng/L (detection rate: 20%; mean: 84 ng/
L), which was higher than the value of 24 ng/L and about
seven times higher than median value of 4.4 pg/mL reported in
urine of infants and young children (IYC) from Nigeria and
Bangladesh, respectively.64,65 The median FB1 concentration of
1572 ng/L (detection rate: 40%; mean: 1656 ng/L; range:
1393−2012 ng/L) detected in the urine was about five times
higher than the 301 ng/L value previously reported in
nonexclusively breastfed Nigerian IYC.30 CIT was quantified
in 13% of urine at median concentration of 3387 ng/L (mean:
3387 ng/L; range: 2743−4032 ng/L), which was about 31
times higher than the median value of 0.11 ng/mL reported in
urine from Bangladeshi IYC.66 DHC was quantified in urine
samples at median concentration of 8712 ng/L (detection rate:
20%; mean: 13,181 ng/L; range: 2575−28,255 ng/L), which

was about three times higher than the parent molecule CIT,
and 126 times higher than the median of 69 ng/L previously
reported in nonexclusively breastfed Nigerian IYC (detection
rate: 74%; mean: 202 ng/L; range: 5−1377 ng/L).30

Furthermore, the DHC urine level was about 19 times higher
than the median value of 0.47 ng/mL reported in Bangladeshi
IYC urine.66

DON and OTA were detected in 67 and 73% of urine at
respective median concentrations of 617 and 34 ng/L. The
median DON concentration was lower than the median value
of 1 ng/mL reported in IYC urine from Bangladesh,64 while
median OTA was about five times higher than the median
value of 7 ng/L previously reported in nonexclusively breastfed
infants in Nigeria.30 The high detection rate of OTA in the
urine samples in the present study contradicts a recent report
from Nigeria, wherein AFQ1 and ZEN were the most
frequently detected mycotoxins in urine of exclusively and
nonexclusively breastfed Nigerian infants, respectively.30 In
fact, in the present study, neither ZEN nor AFQ1 were
detected in any urine sample. This observation may be due to
the limited number of urine samples analyzed herein. Other
mycotoxins detected in the NIs’ urine were STC and AME,
which are both reported for the first time in urine of the
Nigerian NIs.

Figure 3. (A) Alpha diversity indices for the bacterial community in stool samples across different time points. Observed ASV and Shannon index
revealed significant difference (p < 0.05, Wilcoxon test) in stool samples between month 1 and month 18 postdelivery and (B) heatmap of top 20
genera in neonate and infant’s stool (C) redundancy analysis revealed an association between some bacteria taxa and the presence of mycotoxins,
(D) taxa belonging to the genera Clostridioides, Ruminococcus, and Blautia were detected at higher relative abundance in stool samples containing
mycotoxins, and (E) Spearman correlation analysis revealed no significant correlation (p > 0.05) between taxa showing highest relative abundance
in the presence of mycotoxins and individual mycotoxins.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.3c07786
Environ. Sci. Technol. 2024, 58, 2236−2246

2241

https://pubs.acs.org/doi/suppl/10.1021/acs.est.3c07786/suppl_file/es3c07786_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07786?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07786?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07786?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.3c07786?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.3c07786?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


3.5. Mycotoxins Exposure Dynamics in All Matrices.
Heatmaps were created in RStudio to incorporate mycotoxins
quantified in all matrices across different time points (Figures 2
and S4). Mycotoxin data in complementary food was obtained
from Ayeni et al.31 As can be expected, certain mycotoxins that
were detected in the NIs’ food (breast milk or complementary
food) were also found in stool samples. For example, at month
9, high concentrations of FB1 were detected in complementary
foods consumed by infants’ 4 and 7, which was reflected by a
high concentration of FB1 in stool of the same infants (Figure
S4). At month 12, high concentration of CIT was detected in
complementary foods consumed by infants’ 4 and 9, while high
CIT occurrence was recorded in stool of the same infants
(Figures 2 and S4). High prevalence of FB1 was observed in
complementary foods consumed by infant 8 at month 15 and
infant 8 at month 18, that was reflected in high FB1 detection
in stool of the same infants (Figures 2 & S4). AME was
detected in breast milk consumed by infants’ 1, 4, and 8 at
month 18 that was reflected by frequent detection of AME in
stool of the same infants (Figures 2 and S4). These
observations showed that dietary exposure patterns of CIT,
AME, and FBs can be readily tracked from food to biofluids.
3.6. GM Diversity and Community Structure. In view

of the potential chronic health effects of dietary chemical
exposures such as mycotoxins during early life and the
emerging exposome paradigm to improve environmental and
public health,67 this study further sought to investigate whether
mycotoxins in stool influence the GM in the study cohort.

Following rarefaction to an even depth (n = 2351 reads), a
total of 660 different ASVs were obtained from the stool
samples. A significant increase in alpha diversity (as measured
via the Shannon Index) was observed in samples collected at
18 months postdelivery as compared to one month
postdelivery (Wilcoxon test, p = 0.041 Figure 3a). Trends in
primary succession of neonates and infant’s GM are in line
with previous studies that reported an increase in alpha
diversity over the NIs’ first year postdelivery.20,21,25 Fur-
thermore, age postdelivery was significantly associated with
GM composition (PERMANOVA, p < 0.05). Bray−Curtis
distances within month 1 samples were statistically different
from samples from month 3 to 18 (p < 0.05).
3.7. GM Profile in Neonates’ and Infants’ Stool. At the

phylum level, stool samples were on average dominated by
Firmicutes (34%), Proteobacteria (31%), Actinobacteriota (28%)
and Bacteroidota (7%) (Figure S2). When clustered by age
postdelivery, Proteobacteria dominated month 1 samples,
Actinobacteriota were predominant in months 3 and 6 samples,
and Firmicutes were dominant between months 12 and 18
(Figure S3). Overall, 224 different bacterial genera were
present in the stool samples, with the most dominant genera
being Bifidobacterium, Escherichia/Shigella, Klebsiella, Bacter-
oides, Streptococcus, Clostridium sensu stricto 1, Clostridioides,
Akkermansia, Veillonella, Romboutsia, Enterococcus, Faecalibac-
terium, Erysipelatoclostridium, Pediococcus, and Intestinibacter
(Figure 3b). While the prevalence of Bifidobacterium was like in
several other studies,20,23,68−70 some findings differentiate our
cohort. For instance, levels of potentially pro-inflammatory or
pathogenic bacteria including Escherichia/Shigella and Klebsiel-
la were remarkably high and persistent in stool of some NIs at
month 1 postdelivery. These bacteria might contribute to an
elevated burden of pro-inflammatory priming during early life
in our cohort.

3.8. Impact of Mycotoxins on GM Composition. To
test whether mycotoxins exerted an effect on NIs’ GM, despite
the sparse detection of quantifiable individual mycotoxins
across samples, each stool sample was categorized as either
having detectable mycotoxins or not. At this level, it was
observed that the detection of mycotoxins was significantly
associated with GM composition (PERMANOVA, p = 0.001).
Results were further explored using RDA, guided by
constraints of the following significantly associated variables:
age, individual NI, and presence of mycotoxins (Figure 3c). A
slight clustering in GM composition was observed with the
presence of mycotoxins, but it remains unclear from the RDA
which bacteria contributed most to the observed variation.
This observation must be interpreted with caution since age
postdelivery was highly colinear with mycotoxin detection.
However, in early time point samples (months three to six),
the genus Klebsiella slightly clustered with mycotoxin detection
(Figure 3c). To further determine which taxa might be
associated with overall mycotoxin presence, the MaAsLin2
package50 was employed to test for differential abundance
according to presence or absence of mycotoxins. Several ASVs
were significantly associated with the presence of mycotoxins
in stool. Notably, Clostridioides difficile [ASV_rjm_5zn (p.adj =
0.0015)] had the highest relative abundance of those
significantly associated taxa (Figure 3d). However, none of
the associated taxa significantly correlated to any individually
quantified mycotoxin levels (Figure 3e), which may be
attributable to the small sample cohort and sparse detection
of mycotoxins in the infant stool. Mycotoxins were previously
associated with immunological dysregulation in animal
models.71,72 Thus, we do not exclude potential interactions
between mycotoxins and the GM, which might lead to shifts in
both composition and immunomodulatory activity with
potentially adverse consequences. Furthermore, while causal
links between the presence of mycotoxins and altered GM
composition in vivo remain to be elucidated, it appears that
taxa of the genus Clostridioides are associated with mycotoxin
exposure during early life, showing higher relative abundance
in NIs’ stool in the presence of mycotoxins.
3.9. Limitations of the Study. While no other study has

yet investigated multiple mycotoxin exposure biomarkers in
different biological specimens and correlated them with
microbiome data in a longitudinal design, this study has
several limitations. First, the number of study participants was
small (n = 14), which was caused largely by challenges with
cohort recruitment. In addition, not every participant provided
samples at all time points. Second, the approach of “mycotoxin
detected” versus “mycotoxin non-detected” applied to explore
associations between the infant gut microbiome and mycotoxin
exposure is not without its limitation since mycotoxins differ in
their mode of action. However, the approach to an extent
mimics a real-life exposure scenario since humans are typically
exposed to multiple mycotoxins, especially through diet. Third,
it was not possible to obtain microbiome data from a similar
cohort that consumed a diet completely free of mycotoxin
contaminants, which could have served as a control for this
study cohort. Lastly, only mycotoxins were analyzed in the
biospecimens, but the NIs could have been exposed to several
other toxicants that may influence the gut microbiome.
However, several challenges can limit microbiome research
across SSA, thus understanding the influence of xenobiotics
such as mycotoxins on early life GM is still in its exploratory
stage.27,73 Therefore, the data presented herein is an important
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step toward understanding in vivo chemical exposome−
microbiome interactions.

4. IMPLICATIONS
This study provides an important, longitudinal data set on
mycotoxin exposure patterns of Nigerian NIs based on stool
and breast milk samples. Recognizing that it is difficult to
eliminate mycotoxins in foods consumed by NIs in the study
region, our data reinforce the recommendation that breast milk
nutrition is a safe and viable way to reduce mycotoxin
exposure. Thus, exclusive breastfeeding at least within the first
6 months of life and continuous breastfeeding following the
introduction of complementary foods for up to two years, as
recommended by the WHO, is strongly advised. Future studies
may consider an exposome-wide scale approach anchored on
nontargeted analysis and suspect screening, to unravel other
chemicals the NIs were exposed to, and that may influence the
GM.74 While the NIs’ stools expectedly contained taxa with
beneficial, commensal, and pathogenic potentials, it was
surprising that month 1 stool samples were dominated by
Klebsiella. Thus, future studies should investigate the
prevalence of Klebsiella in early life stool from the Nigerian
NIs and consequent long-term health effects. In addition,
interactions between species such as Clostridioides difficile and
selected mycotoxins should be tested in an in vitro model.
Furthermore, it would be worthwhile to conduct large-scale
population-based chemical exposome−microbiome studies
comparing cohorts across different geographical locations.
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R. Worldwide contamination of food-crops with mycotoxins: Validity
of the widely cited ‘FAO estimate’ of 25%. Crit. Rev. Food Sci. Nutr.
2020, 60, 2773−2789.
(4) IARC Wild, C. P., Miller, J. D., Groopman, J. D., Eds.;

International Agency for Research on Cancer: 150 cours Albert
Thomas, 69372 Lyon Cedex 08, France, 2015.Mycotoxin Control in
Low- and Middle-Income Countries
(5) Aichinger, G.; Del Favero, G.; Warth, B.; Marko, D. Alternaria

toxins�Still emerging? Compr. Rev. Food Sci. Food Saf. 2021, 20 (5),
4390−4406.
(6) Chen, A.; Mao, X.; Sun, Q.; Wei, Z.; Li, J.; You, Y.; Zhao, J.;

Jiang, G.; Wu, Y.; Wang, L.; Li, Y. Alternaria Mycotoxins: An
Overview of Toxicity, Metabolism, and Analysis in Food. J. Agric. Food
Chem. 2021, 69, 7817−7830.
(7) Guerre, P. Mycotoxin and gut microbiota interactions. Toxins
2020, 12 (12), 769.
(8) Liew, W. P. P.; Mohd-Redzwan, S. Mycotoxin: Its impact on gut

health and microbiota. Front. Cell. Infect. Microbiol. 2018, 8, 60.
(9) Crudo, F.; Aichinger, G.; Mihajlovic, J.; Dellafiora, L.; Varga, E.;

Puntscher, H.; Warth, B.; Dall’Asta, C.; Berry, D.; Marko, D. Gut
microbiota and undigested food constituents modify toxin composi-
tion and suppress the genotoxicity of a naturally occurring mixture of
Alternaria toxins in vitro. Arch. Toxicol. 2020, 94 (10), 3541−3552.
(10) Jin, J.; Beekmann, K.; Ringø, E.; Rietjens, I. M. C. M.; Xing, F.

Interaction between food-borne mycotoxins and gut microbiota: A
review. Food Control 2021, 126, 107998.
(11) Wilson, A. S.; Koller, K. R.; Ramaboli, M. C.; Nesengani, L. T.;

Ocvirk, S.; Chen, C.; Flanagan, C. A.; Sapp, F. R.; Merritt, Z. T.;
Bhatti, F.; Thomas, T. K.; O’Keefe, S. J. D. Diet and the human gut
microbiome: An international review. Dig. Dis. Sci. 2020, 65 (3),
723−740.
(12) Sanidad, K. Z.; Zeng, M. Y. Neonatal gut microbiome and

immunity. Curr. Opin. Microbiol. 2020, 56, 30−37.
(13) Durack, J.; Lynch, S. V. The gut microbiome: Relationships

with disease and opportunities for therapy. J. Exp. Med. 2019, 216 (1),
20−40.
(14) Nabwera, H. M.; Espinoza, J. L.; Worwui, A.; Betts, M.; Okoi,

C.; Sesay, A. K.; Bancroft, R.; Agbla, S. C.; Jarju, S.; Bradbury, R. S.;
Colley, M.; Jallow, A. T.; Liu, J.; Houpt, E. R.; Prentice, A. M.;
Antonio, M.; Bernstein, R. M.; Dupont, C. L.; Kwambana-Adams, B.
A. Interactions between fecal gut microbiome, enteric pathogens, and
energy regulating hormones among acutely malnourished rural
Gambian children. EBioMedicine 2021, 73, 103644.
(15) Krishnamoorthy, S.; Coetzee, V.; Kruger, J.; Potgieter, H.;

Buys, E. M. Dysbiosis signatures of fecal microbiota in South African

infants with respiratory, gastrointestinal, and other diseases. J. Pediatr.
2020, 218, 106−113.e3.
(16) Samb-Ba, B.; Mazenot, C.; Gassama-Sow, A.; Dubourg, G.;

Richet, H.; Hugon, P.; Lagier, J. C.; Raoult, D.; Fenollar, F. MALDI-
TOF Identification of the Human Gut Microbiome in People with
and without Diarrhea in Senegal. PLoS One 2014, 9 (5), No. e87419.
(17) Guo, M.; Huang, K.; Chen, S.; Qi, X.; He, X.; Cheng, W. H.;

Luo, Y.; Xia, K.; Xu, W. Combination of metagenomics and culture-
based methods to study the interaction between ochratoxin A and gut
microbiota. Toxicol. Sci. 2014, 141 (1), 314−323.
(18) Zhang, J.; Zheng, N.; Liu, J.; Li, F. D.; Li, S. L.; Wang, J. Q.

Aflatoxin B1 and aflatoxin M1 induced cytotoxicity and DNA damage
in differentiated and undifferentiated Caco-2 cells. Food Chem.
Toxicol. 2015, 83, 54−60.
(19) Hanachi, M.; Maghrebi, O.; Bichiou, H.; Trabelsi, F.; Bouyahia,

N. M.; Zhioua, F.; Belghith, M.; Harigua-Souiai, E.; Baouendi, M.;
Guizani-Tabbane, L.; Benkahla, A.; Souiai, O. Longitudinal and
comparative analysis of gut microbiota of Tunisian newborns
according to delivery mode. Front. Microbiol. 2022, 13, 780568.
(20) Oyedemi, O. T.; Shaw, S.; Martin, J. C.; Ayeni, F. A.; Scott, K.

P. Changes in the gut microbiota of Nigerian infants within the first
year of life. PLoS One 2022, 17, No. e0265123.
(21) Niu, J.; Xu, L.; Qian, Y.; Sun, Z.; Yu, D.; Huang, J.; Zhou, X.;

Wang, Y.; Zhang, T.; Ren, R.; Li, Z.; Yu, J.; Gao, X. Evolution of the
gut microbiome in early childhood: A cross-sectional study of Chinese
children. Front. Microbiol. 2020, 11, 439.
(22) Amir, A.; Erez-Granat, O.; Braun, T.; Sosnovski, K.; Hadar, R.;

BenShoshan, M.; Heiman, S.; Abbas-Egbariya, H.; Glick Saar, E.;
Efroni, G.; Haberman, Y. Gut microbiome development in early
childhood is affected by day care attendance. npj Biofilms Microbiomes
2022, 8, 2.
(23) Chichlowski, M.; van Diepen, J. A.; Prodan, A.; Olga, L.; Ong,

K. K.; Kortman, G. A. M.; Dunger, D. B.; Gross, G. Early
development of infant gut microbiota in relation to breastfeeding
and human milk oligosaccharides. Front. Nutr. 2023, 10, 1003032.
(24) de Koff, E. M.; van Baarle, D.; van Houten, M. A.; Reyman, M.;

Berbers, G. A. M.; van den Ham, F.; Chu, M. L. J. N.; Sanders, E. A.
M.; Bogaert, D.; Fuentes, S. Mode of delivery modulates the intestinal
microbiota and impacts the response to vaccination. Nat. Commun.
2022, 13, 6638.
(25) Fouhy, F.; Watkins, C.; Hill, C. J.; O’Shea, C. A.; Nagle, B.;

Dempsey, E. M.; O’Toole, P. W.; Ross, R. P.; Ryan, C. A.; Stanton, C.
Perinatal factors affect the gut microbiota up to four years after birth.
Nat. Commun. 2019, 10 (1), 1517.
(26) Hill, C. J.; Lynch, D. B.; Murphy, K.; Ulaszewska, M.; Jeffery, I.

B.; O’Shea, C. A.; Watkins, C.; Dempsey, E.; Mattivi, F.; Tuohy, K.;
Ross, R. P.; Ryan, C. A.; O’Toole, P. W.; Stanton, C. Evolution of gut
microbiota composition from birth to 24 weeks in the INFANTMET
Cohort. Microbiome 2017, 5, 4.
(27) Ayeni, K. I.; Berry, D.; Wisgrill, L.; Warth, B.; Ezekiel, C. N.

Early-life chemical exposome and gut microbiome development:
African research perspectives within a global environmental health
context. Trends Microbiol. 2022, 30 (11), 1084−1100.
(28) Ojuri, O. T.; Ezekiel, C. N.; Sulyok, M.; Ezeokoli, O. T.;

Oyedele, O. A.; Ayeni, K. I.; Eskola, M. K.; Šarkanj, B.; Hajslova, J.;
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