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Abstract

Background: Exposure to environmental toxins during embryonic development may

lead to epigenetic changes that influence disease risk in later life. Aflatoxin is a contamin-

ant of staple foods in sub-Saharan Africa, is a known human liver carcinogen and has

been associated with stunting in infants.

Methods: We have measured aflatoxin exposure in 115 pregnant women in The Gambia

and examined the DNA methylation status of white blood cells from their infants at 2–8

months old (mean 3.6 6 0.9). Aflatoxin exposure in women was assessed using an ELISA

method to measure aflatoxin albumin (AF-alb) adducts in plasma taken at 1–16 weeks of

pregnancy. Genome-wide DNA methylation of infant white blood cells was measured

using the Illumina Infinium HumanMethylation450beadchip.

Results: AF-alb levels ranged from 3.9 to 458.4 pg/mg albumin. We found that aflatoxin expos-

ure in the mothers was associated to DNA methylation in their infants for 71 CpG sites (false dis-

covery rate< 0.05), with an average effect size of 1.7% change in methylation. Aflatoxin-associ-

ated differential methylation was observed in growth factor genes such as FGF12 and IGF1, and

immune-related genes such as CCL28, TLR2 and TGFBI. Moreover, one aflatoxin-associated

methylation region (corresponding to the miR-4520b locus) was identified.

Conclusions: This study shows that maternal exposure to aflatoxin during the early

stages of pregnancy is associated with differential DNA methylation patterns of infants,

including in genes related to growth and immune function. This reinforces the need for
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interventions to reduce aflatoxin exposure, especially during critical periods of fetal and

infant development.

Key words: Aflatoxin, DNA methylation, in utero exposure

Introduction

It has been proposed that changes to the epigenome during

fetal development can contribute to disease susceptibility

in adulthood.1,2 Critical developmental periods exist dur-

ing which the fetus is sensitive to the environment and

adapts accordingly to prepare for survival following birth.3

Additionally, the earliest point of embryogenesis is a time

of marked epigenetic change wherein genome-wide deme-

thylation of the oocyte and sperm genomes occurs, fol-

lowed by de novo genome-wide and tissue-specific

methylation.4 During this period, environmental exposures

and stresses can influence the developing epigenome,

causing life-long phenotypic alterations and potentially

resulting in increased susceptibility to adult disease.

Environmental exposure-specific patterns of DNA methy-

lation could thus act as biomarkers with potential predict-

ive and prognostic value.

Aflatoxins are secondary metabolites produced by cer-

tain strains of Aspergillus fungi, and have been classified as

a Group I carcinogen by the International Agency for

Research on Cancer (IARC).5 Exposure to aflatoxins, of

which aflatoxin B1 (AFB1) is the most common and most

toxic, primarily occurs through the consumption of conta-

minated maize and groundnuts, which form the basis of

staple diets in many low- and middle-income countries

(LMIC). Exposure to AFB1 can occur in utero, given that

the toxin can cross the placental barrier.6 Altered methyla-

tion at several genes has been observed in the context of

AFB1 exposure and liver cancer. Hypermethylation of the

GSTP1 gene promoter has been associated with levels of

AFB1 DNA adducts in hepatocellular carcinoma (HCC) tu-

mour tissue in Taiwanese patients,7 and RASSF1A hyper-

methylation has been associated with AFB1 DNA adducts

in HCC in South East China.8 Decreased LINE1 and SAT2

DNA methylation has been associated with aflatoxin

exposure of both HCC patients and healthy adults in

Taiwan.9

In this report, we studied the consequences of early-life

exposure to aflatoxin at the DNA methylation level, using

a hypothesis-free genome-wide approach. The methylome-

wide analysis of infants’ DNA from a Gambian cohort

reveals non-random differences in methylation related to

early-life aflatoxin exposure.

Methods

Sample selection and preparation

Ethical approval was obtained from the joint Gambia

Government/MRC Unit, The Gambia Ethics Committee.

Pregnant women and later their infants were recruited in

the West Kiang region of The Gambia; details of this co-

hort have been described.10–12 Pregnant women aged

18–45 years provided a blood sample at 1–16 weeks of

pregnancy for biochemical analyses. Date of conception

was estimated by an obstetric ultrasound examination at

the point women booked for antenatal care. A total of 115

infants between2–8 months of age (mean 3�6 6 SD 0�9)

provided a blood sample for DNA extraction. Only four of

the children were over 6 months old when blood was

taken.

Assessment of aflatoxin exposure

Plasma derived from blood obtained from these women

were analysed for aflatoxin-albumin adduct (AF-alb) levels

by a competitive ELISA, as described previously.10,13

Samples were analysed in triplicate, repeated on at least

Key Messages

• Maternal exposure to aflatoxin during the first trimester of pregnancy is associated with differential DNA methylation

in white blood cells of infants aged 2–8 months.

• CpG sites with aflatoxin-associated methylation are found in genes related to cancer, growth and immune function.

• Maternal exposure to aflatoxin during early pregnancy may impact on health of the children through modulation of

epigenetic pathways.
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two separate days. Intra-assay coefficient of variation (CV)

was <15% and inter-assay CV was �25%. Three positive

quality controls of different known AF-alb levels and one

negative control were analysed with each batch of samples.

AF-alb levels are presented with reference to the amount of

albumin in the sample (i.e. pg AF-alb/mg albumin). The

limit of detection for AF-alb was 0�6 pg/mg albumin.

An aliquot (20ml) from each plasma sample was taken

to measure albumin levels, using a commercial kit (Bio-

quant, San Diego, CA, USA) based on the bromocresol

green (BCG) method.

Bisulfite conversion and DNA methylation

assessment

Blood (3 ml) collected from the infants at 2–8 months

of age was used for DNA extraction from white blood

cells (WBC) as previously described.11 The extracted

DNA (500 ng) was bisulfite-modified using the EZ DNA

Methylation kit (Zymo Research, D5001) following the

manufacturer’s instructions for Illumina Infinium

HumanMethylation450 (HM450) beadchip assay.

Modified DNA was stored at -20�C until needed. To quan-

tify the percentage of methylated cytosine in individual

CpG sites, we performed bisulfite pyrosequencing as previ-

ously described.14

Genome-wide methylation profiles were obtained using

the HM450 Infinium methylation bead arrays (Illumina,

San Diego, USA). Briefly, the HM450 beadchip interro-

gates more than 480 000 methylation sites.15 The analysis

on the bead array was conducted following the recom-

mended protocols for amplification, labelling, hybridiza-

tion and scanning.

Bioinformatic analyses

Data pre-processing and analysis were performed using

R/Bioconductor packages. Data quality was assessed using

box plots for the distribution of methylated and unmethy-

lated signals, and multidimensional scaling plots and

unsupervised clustering were used to check for sample out-

liers. Quantile-normalized data were used to infer blood

cell subtypes based on Houseman’s regression calibration,

as previously described.16,17 Cross-reactive probes, probes

mapping to sex chromosomes and probes overlapping with

a known single nucleotide polymorphism (SNP) with an al-

lele frequency of at least 5% in the overall population (all

ethnic groups) were also removed, as previously

described.18 After background correction and colour-bias

adjustment, type I and type II probe distributions were

aligned using the intra-array beta-mixture quantile normal-

ization from the wateRmelon package.19,20

The Beta-value is the ratio of the methylated probe in-

tensity and the overall intensity (sum of methylated and

unmethylated probe intensities). Although Beta-values are

widely used for data interpretation, their logarithmic trans-

formation (M-value) has been shown to perform better in

some downstream analyses.21 The M-value was calculated

as the log2 ratio of the intensities of methylated probe vs

unmethylated probe. After batch correction (sva pack-

age),22 M-values were interrogated for association with

aflatoxin exposure (AFB-associated loci), by modelling the

study variables and covariates (i.e. aflatoxin exposure,

infant sex and season of conception) together with latent

surrogate variables in a linear regression using the limma

package.23

In the initial analysis, aflatoxin exposure was studied as

a categorical variable by dividing the samples into Low

and High exposure groups, based on the median of 33�2
pg/mg as cut-off. For all further analyses, aflatoxin expos-

ure data were used as a continuous variable. AFB-

associated methylation sites (AfMSs) were selected based

on a threshold for the adjusted P-value (false discovery

rate or FDR) of 0�05. For pathway/ontology analyses we

performed a Bonferroni correction of the raw P-values to

adjust for the number of probes in the corresponding gene.

Then, for each gene we selected the probe with the min-

imum Bonferroni-corrected P, and P-values were further

adjusted for the number of gene symbols on the array.

Those genes with an FDR-adjusted P< 0.05 were taken for

further pathway analyses, using the Enrichr gene list en-

richment web tool.24 The bump-hunting method (minfi

package) was used to define AFB-associated regions using

the recommended proximity-based criteria.25

An aflatoxin-associated methylation region (AfMR)

was defined by the presence of at least two differentially

methylated CpG sites with a maximum gap of 500 bp. The

data discussed in this publication have been deposited in

the National Center for Biotechnology Information

(NCBI) Gene Expression Omnibus and are accessible

through GEO Series accession number GSE59592.

Results

Differential methylation associated with aflatoxin

exposure in Gambian infants

A description of the infant samples and covariates is pre-

sented in Table 1, together with aflatoxin-albumin (AF-

alb) adduct levels in maternal blood obtained during the

first trimester of pregnancy (Figure 1a). DNA methylation

data were available for 115 infants across 451 041 sites. In

the initial analysis characterizing the effect of early-life

Low vs High aflatoxin exposure on the DNA methylome,
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no differential methylation was observed at FDR< 0�05. A

selection of top CpG sites (lowest P-values) with at least 3%

difference in methylation between Low and High groups

was correctly validated by pyrosequencing (Figure S1).

In a second analysis, the association of both single-locus

and regional DNA methylation with AF-alb modelled as a

continuous variable was assessed, considering the continu-

ous distribution of the AF-alb data (Figure 1a). Also in this

analysis, we tested the association between AF-alb adduct

levels (n¼ 115) and the methylation of 451 041 cytosines.

A set of 71 CpG sites were correlated with AF-alb

(FDR< 0�05, R-squared¼ 0.88 and adjusted R-

squared¼ 0.859 for the overall analysis), and were defined

as aflatoxin-associated methylation sites (AfMSs)

(Table 2). The average absolute difference across the 71

CpGs was 0.017 (1.7%), and a quantile-quantile plot sug-

gests no systematic inflation of P-values (Figure 1b).

AfMSs were not enriched in specific chromosomal loca-

tions (Figure 1c) and their distribution in relation to genes

and CpG islands (CGIs) followed the proportions of the

total probe content of the methylation array, mapping to

gene bodies and CGIs, respectively (Figure 1d). AfMSs cor-

related either positively or negatively with aflatoxin expos-

ure (Figure 1e and f). Results were similar when including

additional covariates in the regression model (i.e. maternal

age, maternal body mass index (BMI); data not shown).

Similarly, analyses including age of sample collection as a

covariate in the regression model yielded similar results (86

AfMSs, 62 of them in common with the first analysis). To

rule out the possibility that results could be driven by a few

outliers with extreme DNA methylation values, we per-

formed several analyses after removing one or more sam-

ples. Removing up to four samples with extreme values for

the top AfMSs globally increased the P-values of the ana-

lyses, possibly due to the reduced sample size. However,

the lowest P-values corresponded to essentially the same

loci of the full data set. Finally, region-level analyses

showed only one aflatoxin-associated methylation region

(AfMR) (adjusted P-value (familywise error rate)¼ 0.01)

containing five informative CpG sites at the microRNA

hsa-miR-4520B locus.

Importantly, aflatoxin-associated loci included growth

factor genes such as FGF12 and IGF1, and immune-related

genes such as CCL28, TLR2 and TGFBI. In addition,

AfMSs included three sites within the TRNA-

YW(Wybutosine) Synthesizing Homolog gene TYW3

locus. However, performing pathway/ontology analysis in

HM450 data may result in spurious associations due to the

unbalanced representation of probes for different genes

within the array.26 To overcome this issue, we adjusted for

the number of probes per gene symbol and selected only

those genes with at least one CpG site below the FDR-

adjusted P value threshold of 0.05 (see Methods). Using

this strategy, we obtained 53 unique gene symbols for

pathway analysis (out of 71 AfMSs on the original ana-

lysis). Pathways associated with aflatoxin exposure

(FDR< 0.05 and containing at least three genes from the

list) included microRNA 186 (miR-186) using TargetScan

(targeting five genes from the list: RFWD2, PAN3,

CLDN1, RNF11 and CXXC5), the Transcription Factor

Protein-Protein Interactions Vitamin D Receptor

(ZBTB16, CXXC5 and PRKCSH), the GEO Kinase per-

turbations term Anaplastic Lymphoma Receptor tyrosine

kinase (ALK) (25 targets found), the GO positive regula-

tion of Ras GTPase activity (GO:0032320) (SERGEF,

DOCK2, TBC1D28) and the Human Phenotype Ontology

term Hyperbilirubinaemia (HK1, PRKCSH, SPTB).

Leukocyte-adjusted methylome analyses

DNA methylation is frequently tissue- and cell-type spe-

cific, and analyses may therefore be confounded in samples

Table 1. Characteristics of study participants

Characteristics High aflatoxin exposure group Low aflatoxin exposure group Total

N Mean 6 SD (min-max) N Mean 6 SD (min-max) N Mean 6 SD (min-max)

Male % (total number of infants) 47.2% (55) 56.7% (60) 52.1% (115)

Age (months) 51 3.7 6 1.0 (2.1–7.3) 56 3.5 6 0.7 (2.6–7.9) 107b 3.6 6 0.9 (2.1–7.9)

Maternal BMI (kg/m2) 55 21.0 6 3.1 (15.3–33.9) 60 20.6 6 3.00 (15.1–30.1) 115 20�8 6 3.0 (15.1–33.9)

Maternal age (years) 55 28.9 6 6.46 (17.9–43.1) 60 29.21 6 6.9 (17.5–45.5) 115 29.1 6 6.7 (17.5–45.5)

AF-alb (pg/mg albumin) Dry

season (November to May)a
30 75.83 (58.75, 97.89) 27 13.85 (11.29, 16.99)* 57 34.36 (26.05, 45.32)

AF-alb (pg/mg albumin) Rainy

season (June to October)b
25 78.96 (60.85, 102.46) 33 18.20 (15.44, 21.46)* 58 35.23 (27.76, 44.70)

aAF-alb adduct levels presented as geometric means with 95% confidence intervals (95% CI) in parentheses.
bChild age was missing from eight datasets.

*P< 0.001 for means between adjacent groups.
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Figure 1. Differential methylation associated with early-life exposure to aflatoxin. a) Distribution of aflatoxin exposure during pregnancy in all

mothers. b) Quantile-quantile plot of the P-values after the association between DNA methylation and aflatoxin exposure (as a continuous variable).

c) Manhattan plot to illustrate the distribution of P-values across somatic chromosomes. d) Distribution of AfMSs relative to CpG islands (CGI)

(i.e. islands, shores, shelves), and annotated genes (i.e. promoter [TSS], body, UTR, and 1st exon). Distribution of all HM450 probes is shown on the

left panels for comparison. e) Heatmap of the 71 CpGs associated with in utero AFB1 exposure (AfMSs). Annotations in the lower panel illustrate the

corresponding aflatoxin exposure and sex. f) Methylation correlations for a selection of AfMSs (Beta values) and aflatoxin exposure (pg/mg of

albumin).
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containing multiple cell types. DNA methylation at loci

known to be differentially methylated across cell types has

been used to quantify multiple cell types in complex mix-

tures.27 Using this recently available algorithm, we found

no differences in the inferred proportions of six cell sub-

types (B cells, NK cells, monocytes, CD8 T cells, CD4 T

cells and granulocytes) when comparing the two categories

of aflatoxin exposure Low and High (Figure 2a). However,

correlation analyses showed that increasing maternal ex-

posure to aflatoxin correlated with a reduced proportion

of CD8 T cells (P¼ 0�0419, Spearman¼ -0�19) and

an increased percentage of granulocytes (P¼0�0423,

Spearman¼ 0�189) (Figure 2b). Therefore, to rule out

a confounding effect of cell subtypes on the aflatoxin-

methylation analysis, the inferred proportion of the six cell

subtypes was included in a new regression model to test for

AfMSs; 91 AfMSs were obtained with an FDR< 0�05, out

of which 67 were present in the 71 CpG list when cell sub-

types were not included in the model.

The inferred differences in blood cell subpopulations

may be the result of biological effects of aflatoxin expos-

ure. However, differential methylation associated with

aflatoxin exposure does not seem to be highly influenced

by the proportion of cell subpopulations.

Discussion

DNA methylation is one type of epigenetic marker that

may be modulated by interaction with environmental fac-

tors. Here we have shown for the first time that dietary ex-

posure of pregnant women to aflatoxin is associated with

genome-wide DNA methylation in the WBC of their in-

fants. There is increasing evidence that exposure to envir-

onmental toxins results in altered DNA methylation in not

only tumours but in a range of normal tissues as well.28

Where this occurs following exposure in utero, it is pos-

sible that changes may be linked to subsequent adverse

health outcomes,2 although to date human studies have

been few.

Here, methylation at 71 CpG sites was correlated with

aflatoxin exposure. Of the 71 sites, 52 are located in anno-

tated genes, including a number that are involved in the

immune response or the inflammatory response (e.g. TLR2

and CCL28). This is of interest because aflatoxin exposure

has been associated with modulation of immune re-

sponse,29 and compromised defences against infection

have been hypothesized as one explanation for how afla-

toxin exposure leads to growth inhibition.30 Differentially

methylated CpG sites were also present in growth factor

genes (FGF12 and IGF1), which is relevant to the associ-

ation of aflatoxin with impaired child growth,31,32 includ-

ing from exposure that occurred in utero.6 Reduced

expression of IGF1 protein has been shown to be associ-

ated with high AF-alb exposure and reduced growth in

school-age children in Kenya, and in the same study IGF1

gene expression was lowered following aflatoxin treatment

of human liver cells in culture.33

Hypermethylation of specific genes has been observed

in a number of human tumours, and is a mechanism by

Figure 2. Distribution of inferred cell subpopulations. HM450 array data

were used to infer the percentage of each of six different cell subpopu-

lations, as described in Methods. a) Inferred data were plotted by afla-

toxin exposure category (i.e. Low and High). b) Inferred data were

also correlated to the absolute value of aflatoxin exposure, based on

AF-alb, for each of the six blood cell subpopulations. CD8T cells:

Spearman r¼ -0.1900 (95% confidence interval¼ -0.3654 to -0.001651),

P-value (two-tailed)¼ 0.0419. Granulocytes: Spearman r¼ 0.1897 (95%

confidence interval¼ 0.001299 to 0.3651), P-value (two-tailed)¼ 0.0423.
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which genes such as tumour suppressor genes may be inac-

tivated during carcinogenesis.34 Aflatoxin is a known

human carcinogen, and several pathways associated with

differential methylation in this study are relevant to

carcinogenesis, such as the GEO Kinase perturbations

term Anaplastic Lymphoma Receptor tyrosine kinase

(ALK) (25 targets found), the GO positive regulation of

Ras GTPase activity (GO:0032320) (SERGEF, DOCK2,

TBC1D28), the Human Phenotype Ontology term

Hyperbilirubinaemia (HK1, PRKCSH, SPTB) and the

Transcription Factor Protein-Protein Interactions Vitamin

D Receptor (ZBTB16, CXXC5 and PRKCSH). Aflatoxin

has recently been shown to down regulate expression on

the Vitamin D Receptor in an osteosarcoma cell line.35

The aflatoxin-related differences in absolute DNA

methylation were typically small. For the 71 AfMPs, we

compared the mean of DNA methylation between those

subjects not exposed (< 10 pg/mg AF-albumin) and those

highly exposed (> 100 pg/mg AF-albumin). The average

absolute difference across the 71 CpGs was 0.017 (1.7%).

The biological relevance of this small change in methyla-

tion is not known. However, this is similar to what has

been reported in other population-based studies using

healthy subjects. For example, it was recently shown that

DNA methylation of 353 CpG sites is able to predict

chronological age with remarkable accuracy, even though

the absolute difference across all CpG sites was only

0�032.36 Although there are a number of reports on small

differences in methylation, especially in population-based

studies, the biological relevance of these small differences

is uncertain. Until replication and further validation can be

done, we rely on biological plausibility to evaluate possible

functional relevance.

The women and children who took part in this study

live in a region of The Gambia where, as in many other re-

gions in Africa, aflatoxin exposure is prevalent due to the

fungal contamination of staple crops such as groundnuts.10

As a result, children are exposed to aflatoxin throughout

their childhood and later life, and it is likely that exposure

in utero contributes to health impacts in childhood and

later. In a population such as this, where groundnut con-

sumption is a staple part of the diet, individual exposure to

aflatoxin depends largely on the levels of contamination of

the groundnuts rather than variation in groundnut con-

sumption (with aflatoxin being heterogeneously distrib-

uted in groundnuts). Aflatoxin exposure in the pregnant

women was assessed using the well-validated AF-alb bio-

marker in blood, which provides a reliable method for

measuring differences in aflatoxin exposure.37 As albumin

has a serum half-life of about 20 days, measuring AF-alb

integrates exposure that has occurred over a period of time

prior to the sampling, which reduces any error associated

with assessing exposure during early pregnancy from single

sampling.

Previous studies have shown that environmental expos-

ures including dietary folate, smoking and constituents of

air pollution, are associated with altered DNA methylation

profiles in WBC.38–40 In the population studied here, sea-

son of conception has previously been shown to influence

methylation of metastable epialleles in WBC of children,11

but season of conception was not a confounder for the

aflatoxin-associated levels of genome-wide DNA methyla-

tion observed here.

The influence of environmental exposures on DNA

methylation during pregnancy has been explored in a num-

ber of recent methylome-wide studies. Cadmium exposure

during pregnancy in a cohort of women from a polluted re-

gion of Bangladesh was associated with DNA methylation

differences in cord blood, with sex-specific levels of DNA

methylation being observed.41 Cadmium-related DNA

methylation was also associated with lower birthweight.

Koestler et al. found an association between maternal ar-

senic exposure during pregnancy and differences in DNA

methylation measured in cord blood of infants from New

Hampshire, USA.42 Cigarette smoking during pregnancy

has also been demonstrated to alter DNA methylation in

specific loci.39

Interestingly, changes in DNA methylation in cord

blood that were associated with pre-pregnancy BMI of the

mothers have been found to persist in DNA of children at

age 3 years,43 so such changes can be long lasting, with the

potential for long-term effects. Most recently, exposure to

arsenic during early pregnancy has been found to be associ-

ated with decreased methylation in cord blood, with a sex-

specific pattern being observed in that study as decreased

methylation was more pronounced in boys.44 Whereas ex-

posure to aflatoxin has been shown to be associated with

LINE1 and SAT2 methylation in adults,9 our methylome-

wide study has shown that exposure to aflatoxin at a crit-

ical period during early development modulates DNA

methylation in a set of protein coding genes, and is the first

time that exposure to aflatoxin has been associated with

DNA methylation differences in children. Although we

cannot rule out that blood DNA methylation was influ-

enced by additional exposures during postnatal life, most

samples in our study were collected before the children

were 6 months old, and before this age aflatoxin exposure

is known to be very low.32 Other limitations of our study

include the possibility of false-positive results, the cellular

complexity inherent in blood samples and the small magni-

tude of the differences in DNA methylation. Therefore,

replication in a larger cohort will be necessary to further

validate an association between DNA methylation and

aflatoxin exposure.
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In summary, aflatoxin exposure during pregnancy asso-

ciates to differential methylation in infant’s DNA at spe-

cific loci. Our findings that exposure to aflatoxin in utero

is associated with DNA methylation patterns across a

number of genes at age 2–8 months may be relevant to the

mechanism of aflatoxin-related child stunting, or liver can-

cer in later life. These biological effects suggest potential

avenues for research into the mechanism by which afla-

toxin influences child growth and other health outcomes.
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