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ABSTRACT
Background: Animal models show that periconceptional supple-
mentation with folic acid, vitamin B-12, choline, and betaine can
induce differences in offspring phenotype mediated by epigenetic
changes in DNA. In humans, altered DNA methylation patterns
have been observed in offspring whose mothers were exposed to
famine or who conceived in the Gambian rainy season.
Objective: The objective was to understand the seasonality of DNA
methylation patterns in rural Gambian women. We studied natural
variations in dietary intake of nutrients involved in methyl-donor
pathways and their effect on the respective metabolic biomarkers.
Design: In 30 women of reproductive age (18–45 y), we monitored
diets monthly for 1 y by using 48-h weighed records to measure intakes
of choline, betaine, folate, methionine, riboflavin, and vitamins B-6
and B-12. Blood biomarkers of these nutrients, S-adenosylhomocysteine
(SAH), S-adenosylmethionine (SAM), homocysteine, cysteine, and
dimethylglycine were also assessed monthly.
Results: Dietary intakes of riboflavin, folate, choline, and betaine
varied significantly by season; the most dramatic variation was seen
for betaine. All metabolic biomarkers showed significant season-
ality, and vitamin B-6 and folate had the highest fluctuations. Corre-
lations between dietary intakes and blood biomarkers were found for
riboflavin, vitamin B-6, active vitamin B-12 (holotranscobalamin),
and betaine. We observed a seasonal switch between the betaine
and folate pathways and a probable limiting role of riboflavin in these
processes and a higher SAM/SAH ratio during the rainy season.
Conclusions: Naturally occurring seasonal variations in food-
consumption patterns have a profound effect on methyl-donor bio-
marker status. The direction of these changes was consistent with
previously reported differences in methylation of metastable epi-
alleles. This trial was registered at www.clinicaltrials.gov as
NCT01811641. Am J Clin Nutr doi: 10.3945/ajcn.112.
048462.

INTRODUCTION

The Developmental Origins of Health and Disease hypothesis
is built on a substantial body of evidence that early life envi-
ronment (especially nutritional) has lifelong effects on human
health (1). The current challenge is to identify the underlying
molecular mechanisms; epigenetic regulation is a strong can-
didate. Epigenetic modifications of DNA convey stable alter-
ations in gene expression, not mediated by changes in DNA
sequence. DNA methylation, which involves the addition of
methyl groups (-CH3) to cytosine-phosphate-guanine dinucleotides,

appears to be the most stable epigenetic modification (2) and,
when established during early ontogeny, can persist for life (3).

One-carbon metabolic pathways supply methyl groups for all
biological methylation reactions (Figure 1). Methylated folate
(5,10,methylene-tetrathydrofolate) and betaine, a metabolite of
choline, are the immediate substrates providing methyl groups
to remethylate homocysteine and form methionine (4). Methi-
onine is adenylated to S-adenosylmethionine (SAM)4, which
donates methyl groups for DNA methylation, converting to
S-adenosylhomocysteine (SAH). SAH is then metabolized to
homocysteine which can be remethylated to methionine or enter
the transsulfuration pathway leading to cysteine. Dietary sup-
plies of folate and choline, and of riboflavin and vitamins B-6
and B-12, acting as enzyme cofactors are key to these processes.
It is recognized that methylation reactions are important in
various aspects of embryogenesis and fetal development (5).
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Substrate restricted limitations in such pathways, whether driven
by dietary deficits or competitive demand, could therefore in-
fluence diverse aspects of in utero programming (6) besides
DNA methylation, which forms the focus of our interest here.

Animal studies have shown that periconceptional supplementation/
restriction of the maternal diet with betaine, choline, folic acid,
methionine, or vitamin B-12 can affect the establishment of DNA
methylation patterns, altering gene expression and phenotype of
the offspring (7, 8). In humans, such a causal association has not
been described; however, periconceptional undernutrition during
the Dutch Hunger Winter was associated with decreased DNA
methylation of the insulin-like growth factor gene in adult off-
spring (9). In The Gambia, periconceptional maternal micro-
nutrient supplementation influenced offspring DNA methylation,
genome-wide and at imprinted loci (10, 11). Also, Gambian
children conceived during the rainy season (August–September)
had significantly greater methylation at 5 metastable epialleles
than did those conceived in the dry season (12). Metastable epi-
alleles are loci for which epigenotype is established stochastically
in the early embryo and maintained thereafter across tissues.

Seasonal variations in food supply andmetabolic demand in rural
Gambia provide a natural experiment to study effects of maternal
dietary intake on epigenetic programming in humans. Here, we
evaluated whether seasonal variation in methyl-donor supply could
explain the differences in DNA methylation previously reported
(12), and ultimately as part of our wider program, using Gambian
seasonality to describe links between maternal nutrition, infant
epigenome, and phenotypic expression of affected pathways.

SUBJECTS AND METHODS

Study population

This observational study was conducted between July 2009
and June 2010. Nonpregnant women of reproductive age (18–45 y)

from 3 villages in the rural area of West Kiang (Jiffarong,
Janneh Kunda, and Keneba), The Gambia, were invited to par-
ticipate. The West Kiang Demographic Surveillance System, run
through the Medical Research Council (MRC) Keneba field
station, was used as the sampling framework, and the population
sample (10 per village) was obtained by random selection,
proportional to 5 age groups (18–45 y) to ensure that all age
groups were represented. Exclusion criteria included confirmed
pregnancy, severe anemia (,70 g/L), menopause, contraceptive
use, or plans to move away from the village during the course of
the study. All blood samples were tested for hemoglobin con-
centration to determine anemic status and malaria parasites, and
participants were treated at the MRC Keneba when necessary.
Any woman excluded during the course of the study (eg, be-
cause they became pregnant or chose to withdraw) was replaced
by a new participant from the same age group and village.
Further details of the duration of subject participation are given
elsewhere (see Supplemental Figure S1 under “Supplemental
data” in the online issue). Thirty women were visited each
month throughout a single calendar year. Each visit involved 2 d of
dietary assessment and collection of a fasted blood sample on the
third day.

The Scientific Coordinating Committee of MRC Unit, The
Gambia, granted scientific approval, and the joint Gambian
Government/MRC Ethics Committee (SCC/Ethics Committee
1151) and the London School of Hygiene and Tropical Medicine
Ethics Committee (Ethics Committee 5525) granted ethical per-
mission for this study. After community approval, informed written
consent was obtained from each woman before participation.

Dietary intake measurement

Dietary records

The foods eaten in West Kiang are mostly grown locally. The
diet typically consists of a staple (refined white rice, millet, or

FIGURE 1. One-carbon metabolism. Adapted from reference 4. BHMT, betaine-homocysteine methyltransferase; B2, riboflavin; B6, vitamin B-6; B12,
vitamin B-12; CBS, cystathionine-b-synthase; CHDH, choline dehydrogenase; CTGL, cystathionine-g-lyase; DMG, dimethylglycine; DNMT, DNA meth-
yltransferases; GNMT, glycine-N-methyltransferase; MAT, methionine adenosyltrasferase; MTHFR, methylenetetrahydrofolate reductase; MS, methionine
synthase; SAH, S-adenosylhomocysteine; SAHH, S-adenosylhomocysteine hydrolase; SAM, S-adenosylmethionine. Methyl groups released from conversion
of SAM to SAH are also used for other methylation reactions (eg, proteins).
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maize) with a sauce made from a limited number of ingredients,
such as vegetable/palm oil, groundnuts, green leaves, fish, or
vegetables (13). Full details of the local diet have been described
elsewhere (14). Two main meals are eaten daily, one in the early
afternoon and the second in the evening. Breakfast—often cereal
porridge, leftovers from the previous day, or tea and bread in
a more Westernized style—is eaten by some, but not all women.
The food intake of each participant was determined by direct
24-h weighed dietary record on 2 consecutive days each month
by using standardized procedures. On each day of assessment,
women were visited in their household early in the morning by a
trained fieldworker, who then stayed with the subject throughout
the day to weigh and record a description of all foods eaten,
including meals and intermeal snacks. Because families in this
community eat from a common shared bowl, participants were
supplied with a standard plastic container to separate and weigh
their individual portions (Salter 1020 scale with Aquatronic
Feature; 5 kg, 1 g accuracy). After taring the container, staples,
sauces, and any other foods were added one-by-one, and the
container was weighed after each addition and then reweighed to
record the individual components of any leftover food at the end
of the meal. Total food intake was thus calculated. Quantitative
information on all recipes was obtained by weighing all indi-
vidual ingredients, including water, as well as the cooked weight
of the food (Salter Brecknell WS scale; 15 kg, 5 g accuracy).
The food records and recipes also identified all of the different
foods, including sauces, spices, and condiments consumed.

Food composition

Contemporaneously, samples of 98 of the most commonly
eaten foods in West Kiang were collected at different times of the
year from the local markets (see Supplemental Table S1 under
“Supplemental data” in the online issue). Up to 8 samples of
each food were combined in a single composite sample. Food
samples were prepared as consumed (raw or cooked), blended
and freeze-dried (Edwards Modulyo EF4) to constant weight
before composite samples were prepared for analysis of the
target nutrients. Total choline [coefficient of interassay variation
(CVi) = 4.7%] and betaine (CVi = 3.5%) were determined by
liquid chromatography/electrospray ionization-isotope dilution
mass spectrometry (15), including the following choline com-
pounds: free choline, glycerophosphocholine, phosphocholine,
phosphatidylcholine, and sphingomyelin, at the University of
North Carolina–Chapel Hill Nutrition Obesity Research Center.
Riboflavin (CVi = 4.4%), vitamin B-6 (CVi = 6.3%), and me-
thionine (CVi = 4.3%) were determined by gradient HPLC with
fluorescence detection against calibration standard solutions of
known concentration (in-house methods), whereas folate (CVi =
7.6%) and vitamin B-12 (CVi = 7.8%) were analyzed by a sur-
face plasmon resonance inhibition assay (Biacore Q assay) in
a commercial laboratory (Eclipse Scientific Group Ltd).

Dietary intake calculation

The 2 sets of dietary data (dietary records and food compo-
sition) were entered into the Diet In Nutrients Out (DINO)—
a dietary assessment software application specifically designed
by MRC Human Nutrition Research (Cambridge, United
Kingdom) to calculate dietary intakes of Gambian foods. Intakes
of energy, folate, riboflavin, vitamin B-6, vitamin B-12, choline,

betaine, and methionine among the women in this study were
thus calculated.

Blood biomarker measurement

Blood biomarker status measurements included folate, ribo-
flavin, vitamin B-6, vitamin B-12, active vitamin B-12 (holo-
transcobalamin), choline, betaine, and methionine as well as
plasma total homocysteine (tHcy), SAM, SAH, and dimethyl-
glycine. An overnight fasted blood sample was collected in the
morning of the day after the 2-d dietary assessment. The samples
were transported on ice to the MRC Keneba laboratory within an
hour and immediately centrifuged, portioned into aliquots, and
frozen at 2708C. Red blood cells (RBCs) were washed 3 times
with physiologic saline solution (0.9% wt:vol NaCl) and stored
at2408C. Plasma tHcy (CVi = 1.7%), methionine (CVi = 1.1%),
cysteine (CVi = 1.4%) (16), choline (CVi = 5.41%), betaine
(CVi = 2.66%), dimethylglycine (CVi = 4.30%) (17), SAM (CVi
= 1.0%), and SAH (CVi = 3.0%) were measured by liquid
chromatography–tandem mass spectrometry in the Nutrition and
Metabolism Laboratories of the Child and Family Research
Institute at the University of British Columbia (CFRI/UBC),
Canada, as previously reported (16, 17). Plasma vitamin B-6
(CVi of pyridoxal = 10.0%, CVi of pyridoxal phosphate = 8.0%,
and CVi of pyridoxic acid = 13.0%) was also measured by liquid
chromatography–tandem mass spectrometry at the CFRI/UBC
based on the method of Midttun et al (18), and plasma vitamin
B-12 (CVi = 3.3%), active vitamin B-12 (CVi = 4.5%), and
folate (CVi = 7.4%) were measured by using a microparticle
enzyme intrinsic factor assay and ion capture assay, respectively,
with an AxSyM analyzer (Abbot Laboratories), also at the
CFRI/UBC laboratory. Riboflavin status in RBCs was assessed
by the erythrocyte glutathione reductase activation coefficient
(EGRAC) assay, which measures the ratio of glutathione re-
ductase activity in the presence and absence of added flavin
adenine dinucleotide (CVi = 3.1%). EGRAC was performed on
a microplate at MRC Human Nutrition Research (19). Higher
EGRAC values denote greater riboflavin deficiency.

Statistical analysis

Statistical analyses were performed by using Stata 11.0
(StataCorp). All dietary intake variables and blood biomarkers
showed evidence of a positively skewed distribution and were
therefore logarithmically transformed and are reported as geo-
metric means. Biomarkers of nutrient status were considered as
falling into 2 main groups for analysis: 1) those that were
consumed in the diet and also analyzed in blood (eg, folate,
riboflavin, vitamin B-6, vitamin B-12, choline, betaine, and
methionine) and 2) those that here are considered as functional
biomarkers of one-carbon metabolism, namely SAM, SAH,
tHcy, and dimethylglycine. Two additional variables were cre-
ated, the SAM/SAH and betaine ratios, as indexes of methyla-
tion potential and the demand for betaine as a methyl donor,
respectively. All methylation reactions are catalyzed by meth-
yltransferase enzymes, with the use of SAM as substrate and
inhibited by SAH. The SAM/SAH ratio determines the flux
through the pathway, and a low SAM/SAH ratio indicates a de-
creased capacity for methylation, explained by functional inhi-
bition of most cell methyltransferases by increased SAH (20–22).
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A high dimethylglycine/betaine ratio may indicate a higher rate
of betaine methyl group transfer from remethylation of ho-
mocysteine (4). The cutoff for statistical significance was
considered at P , 0.05.

To assess the reliability and stability of each dietary and
biochemical (blood biomarker) variable, autocorrelations were
calculated from multiple measurements of each woman 1–5 mo
apart. These were performed on detrended values (ie, adjusted
for seasonality so that the observed difference between the
measurements represented the sum of real variations in intake
and/or biomarkers over time and errors in measurement and was
not reflecting an underlying seasonality).

Trends along the year were calculated for diet and biomarkers
separately. These were established by using random-effects mul-
ticoncentration models through generalized least-squares re-
gression to account for the repeat observations for each woman.
The Fourier series approach was used to model patterns of
seasonality (23). Two pairs of terms were judged to be sufficient
for all variables, except for choline dietary intake and plasma
vitamin B-12—each of which required 4 pairs of terms. The
EGRAC values reflect riboflavin status and are expressed as 1/x
for seasonal trend graphic representation. To express the effect
size of the seasonality, a coefficient of cyclic variation (CCV)
was calculated as the square root of half the sum of the squared
coefficients of the Fourier terms. The differences in dietary in-
take and biomarker concentrations were also calculated by
comparing the peak of the rainy/hungry (July–September) and
dry/harvest (February–April) seasons.

Finally, dietary predictors of biomarker concentrations were
investigated cross-sectionally across all months, by pairwise
matching dietary intake with the specific blood biomarker status
by simple regression analysis. Multiple linear regression was then
used to assess the relation between dietary intake and the
functional biomarkers (which had no direct equivalent measured
in the diet).

RESULTS

Study population

A total of 86 women were approached; 62 of them consented
and took part in the study. The mean age of the study participants
was 31 y (range: 18–45 y). Results for the dietary assessments of
women who became pregnant during the course of the study
were retained, but all biochemical analysis of blood samples
taken after conception were removed from the data set, because
pregnancy can alter one-carbon metabolism (24). Therefore,
there were complete dietary intake assessments for 28 to 30
women for each of the 12-mo and fasted blood samples for 20 to
29 women per month. The average duration of participation in
the study was 6 mo.

Dietary intake

Dietary data were collected for a total of 706 d and included
1143 different recipes. The mean daily weight of food consumed
(excluding water intake) was 1553 g (95% CI: 1489, 1619 g/d),
with no significant variation over the year (P = 0.78). The overall
mean energy intake was 1830 kcal/d (95% CI: 1712, 1816), with
no significant variation over the year (P = 0.60). However, the

dietary macronutrient composition did change across the year.
The intake of fat (averaging 20.4% of the total energy intake),
protein (11.7%), and carbohydrates (67.9%) varied significantly
throughout the year, as shown in Figure 2A. Seasonal variation
in body weights for all of the nonpregnant women in the study
region exhibited seasonal variation as observed previously for
this community, with a dramatic decrease during the rainy
season (a period of heavy agricultural workload) and sustained
weight gain during the dry season (Figure 2B).

The results of the autocorrelations to establish the reliability
(precision of a single measurement or extrapolation back to zero
lag) and stability (variation with time not related to seasonality)
of the 48-h dietary intakes are shown in Figure 3A. In addition,
repeatability of measurements on 2 consecutive days ranged
between 40.1% and 60.1%. CCVs are shown in Table 1. The
dietary intakes of folate, riboflavin, vitamin B-6, and choline
were significantly below the current international recommenda-
tions (Table 1), expressed as the Estimated Average Requirement
(EAR). The EAR is the daily dietary intake of a nutrient ex-
pected to satisfy the needs of 50% of a population group. The
dietary intakes surpassing these recommendations are also in
Table 1 and were ,30% for all intakes except vitamin B-12
(100%) and methionine (98.9%).

The monthly variation in dietary intakes, expressed as per-
centage deviation from the overall geometric mean, are illustrated
in Figure 4 (A, B, C, and D). The annual variation in the intakes

FIGURE 2. Seasonal trends in energy and macronutrient intakes and
weight. A: n dietary intake measurements were made in an average of 29
women 3 12 mo 3 2 d. 95% CIs are shown with bars, at 2-mo intervals
(different by substance to avoid excessive overlap and help visual clarity).
Generalized least-squares regression with one pair of Fourier terms was used
(P, 0.05 for fat, protein, and carbohydrate only). B: n = 517 subjects3 (1–
12 mo) = 2747 measure points. Thick line: arithmetic mean. Thin lines: 95%
upper and lower CIs. Generalized least-squares regression with 4 pairs of
Fourier terms was used.
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of folate (P = 0.0038), riboflavin (P = 0.016), and choline and
betaine (P , 0.0001 for both) was statistically significant. The
results show that the intakes of riboflavin and folate decreased
over the rainy season until September, followed by an increase,
and reached their highest intake toward the end of the dry season
peak (May). Choline and betaine intakes were highest in Sep-
tember, with second peaks in December and April, respectively.
Methionine, vitamin B-6, and B-12 intakes, conversely, did not
vary significantly throughout the year (P . 0.05). Of those
nutrient intakes that showed significant variation over the year,
substantial differences between both seasons were also shown
for betaine, folate, and riboflavin (Table 1) but not for total
choline. Riboflavin and folate were higher during the peak of the
dry season (February to April; 12.1% and 14.9%, respectively),
and betaine was higher during the peak of the rainy season (July
to September; 32.4%).

Blood biomarkers

During the 12 mo of study, 316 plasma samples were obtained
for analyses. Fewer RBC samples (a total of 293) were prepared
for analysis of riboflavin, because it was not always possible
to obtain the second heparinized blood sample required. The

autocorrelation calculations for biomarkers showed that, with the
exception of SAH and dimethylglycine, all were stable (ie they
correlate almost as well at 5 mo as at 1 mo lag) (Figure 3B).
Different degrees of reliability were apparent: the measurements
of vitamins B-12 and active vitamin B-12 were highly reliable,
whereas others, particularly SAH, showed poorer reliability (ie,
the correlation was weak, even at 1 mo lag).

The geometric means and CCVs of biomarker concentrations
for this group of Gambian women over the 1-y study period are
shown in Table 2. The annual variation in blood biomarker
concentrations, as a percentage variation from the geometric
mean, are illustrated in Figure 4 (E, F, G, and H). All blood
biomarkers showed large, significant annual variation (vitamin
B-12, P = 0.03; all the other biomarkers, P , 0.001). However,
the actual seasonal pattern of variation differed in timing and
amplitude (magnitude of variation from the geometric mean, as
indicated by the CCV) between the various biomarkers mea-
sured, with the highest seasonal variation for plasma folate,
vitamin B-6, and the ratio of dimethylglycine to betaine. The
status of plasma folate and vitamin B-6 was highest from May to
June, at the end of the dry season, and was lowest from Sep-
tember to March (Figure 4, E and H). Riboflavin status declined
progressively from the beginning of the rainy season peak (July)

FIGURE 3. Reliability and stability of dietary intakes and blood biomarker concentrations for substances under study. Black lines: solid (A and C, folate; B
and D, methionine), dot (A and C, riboflavin; D, SAM), dash (A and C, vitamin B-12; D, SAH), dash-dot-dot (C, active vitamin B-12; D, SAM/SAH). Gray
lines: solid (A and C, choline; D, homocysteine), dot (A and C, betaine; B and C, vitamin B-6), dash (C, DMG; D, cysteine). Autocorrelation (internal
correlation) of each variable measurement with measurements for the same woman 1 to 5 months apart (lag: 1–5), adjusted by seasonality. Dietary intake
measurements were made in an average of 29 women3 12 mo3 2 d. Number of biomarker measurements = 316 (293 for riboflavin). DMG, dimethylglycine;
SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.
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until January and then improved again. Betaine reached its peak
later in the rainy season (September; Figure 4E). Plasma choline
showed higher concentrations in November, whereas vitamin B-12
and methionine, in contrast with the other nutrients, remained
relatively stable over the year (Figure 4, E, F, and G, respec-
tively). Regarding the functional biomarkers, the SAM/SAH
ratio was highest in July and lowest in March, and the seasonal
fluctuation in the ratio was explained largely by the seasonal
change in SAH. Plasma tHcy showed an opposite change; the
lowest and highest plasma tHcy concentrations were found in
July and April, respectively. Plasma dimethylglycine concen-
trations were highest between November and March, at which
time the ratio of dimethylglycine to betaine reached the highest
peak.

As for dietary intake, the concentration differences between
the peak of the rainy and dry seasons for each biomarker are
shown in Table 2. Comparison of the biomarker concentrations
according to these divisions showed that plasma SAM, betaine,
and folate concentrations and SAM/SAH ratio were higher,
whereas plasma SAH, tHcy, dimethylglycine, the ratio of di-
methylglycine to betaine, vitamin B-12, and vitamin B-6 were
lower in the rainy than in the dry season (Table 2). A lower
EGRAC value during the rainy season denotes a less-deficient
riboflavin status. Cysteine, choline, and methionine exhibited
some variation between seasons, but this represented a difference
between seasons of ,1.5%. Differences among villages, possi-
bly mediated by subtle differences in wealth and dietary habits
within this generally homogeneous environment, was significant
for intakes of vitamin B-12 (P = 0.0023) and betaine (P = 0.0024)
and for plasma concentrations of choline (P value= 0.0039),
folate (P = 0.0131), methionine (P = 0.0022) and the SAM/SAH
ratio (P = 0.0038). However, the effect of village did not con-
found other effects.

Dietary intake and blood biomarkers

Next, the relations between the dietary intakes of the nutrients
under study and their blood concentrations were regressed cross-
sectionally to determine the predictive ability of dietary intake on
blood biomarkers. Additional comparisons were made between
selected nutrients to investigate interactions in specific pathways.

Positive associations between dietary intakes and respective
plasma biomarkers were not observed for folate, choline (with
total choline or any of its components), or methionine (data not
shown). Significant positive associations were found between the
dietary intake and blood biomarkers for vitamin B-6 (b: 0.166
nmol/L per mg/d; 95% CI: 0.017, 0.316), betaine (b: 0.037
mmol/L per mg/d; 95% CI: 0.006, 0.069), and riboflavin
(b: 20.038 EGRAC points per mg/d; 95% CI: 20.064, 20.0112,
where a higher EGRAC indicates greater deficiency and thus
explained the negative coefficient). Dietary vitamin B-12 showed
no significant association with plasma total vitamin B-12, but
was positively associated with plasma active vitamin B-12
(b: 0.043 pmol/L per mg/d; 95% CI: 0.015, 0.071). Plasma
concentrations of folate were negatively associated with the
combined intake of choline and betaine (b: 20.214 mmol/L per
mg/d; 95% CI: 20.297, 20.131). Plasma concentrations of
choline and betaine were not, however, associated with folate
intake, but were inversely associated with the intake of ribo-
flavin [choline (b: 20.065 mmol/L per mg/d; 95% CI: 20.103,
20.028); betaine (b: 20.058, 95% CI: 20.096, 0.021)].T
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FIGURE 4. Seasonal trends of methyl donors and cofactors as per dietary intake and blood biomarker concentrations expressed as a percentage of the
geometric mean of all measurements (between July 2009 and June 2010). Black lines: solid (A and E, folate; C and G, methionine), dot (A and E, riboflavin;
G, SAM), dash (A and E, vitamin B-12; G, SAH), dash-dot-dot (E, active vitamin B-12; G, SAM/SAH). Gray lines: solid (B and F, choline; H, homocysteine), dot
(B and F, betaine; D and H, vitamin B-6), dash (F, DMG; H, cysteine), dash-dot-dot (F, DMG/betaine). Dietary intake measurements were made in an average of
29 women 3 12 mo 3 2 d. Number of biomarker measurements = 316 (293 for riboflavin). Bars indicate 95% CIs at 2-mo intervals (different by substance to
avoid excessive overlap and for visual clarity). Generalized least-squares regression with 2 pairs of Fourier terms was used, except for choline dietary intake and
plasma vitamin B-12—each of which required 4 pairs of terms. Riboflavin status is shown as the inverse of EGRAC assay results. DMG, dimethylglycine;
EGRAC, erythrocyte glutathione reductase activation coefficient; Hcy, homocysteine; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.
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To explore the potential effect of the dietary intake of the
selected nutrients on one-carbon metabolism more generally,
we also determined the strength of the associations between
dietary intake and functional blood biomarker status. No sta-
tistically significant associations were found between the plasma
SAM/SAH ratio or plasma SAM concentration and the intake of
any of the nutrients under study. Plasma SAH showed an asso-
ciation with vitamin B-12 intake (b = 0.039 nmol/L per mg/d;
95% CI: 0.006, 0.072). Plasma tHcy and dimethylglycine con-
centrations were correlated with the combined intake of choline
(b = 0.121 mmol/L per mg/d; 95% CI: 0.060, 0.182) and betaine
(b= 0.088 mmol/L per mg/d; 95% CI: 0.004, 0.172). As found
for plasma choline and betaine, the plasma dimethylglycine was
also inversely associated with the dietary intake of riboflavin
(b = 20.086 mmol/L per mg/d; 95% CI: 20.152, 20.020).

DISCUSSION

To our knowledge, this was the first study to comprehensively
address dietary intakes and blood biomarkers relevant to one-
carbon metabolism in an African population. As hypothesized,
dietary intakes and blood biomarkers of one-carbon–related
nutrients and metabolites varied widely across the year. Our
results confirm that seasonal fluctuations in one-carbon–related
nutrients and metabolites provide a natural experiment to ad-
dress the biological underpinnings of the season-of-conception–
dependent changes in DNA methylation of metastable epialleles
recently reported by us in a retrospective study in this population (12).

Macronutrient intakes and energy balance

Overall energy intake was constant across the year. This is
contrary to studies conducted several decades ago, which found
that energy intakes were considerably lower during the rainy/
hungry season (32). Several factors may contribute to this, in-
cluding now-common financial remittances from family mem-
bers living abroad that permit purchase of staple foods in the
rainy/hungry season. However, because of differences in agri-
cultural workload (33), body weights showed the customary
annual fluctuation with a loss of w3.5 kg between June and
October with a gradual replenishment over the rest of the year.
The macronutrient composition of the diets also changed, most
notably for fat, which was lowest from May to September and
highest from December to March. Protein intake was w10%
lower in the rainy season (June to October) than in the dry season.

Seasonal variations in physical work, energy balance, and
nutrient intake may affect the supply and demand of methyl
groups and the metabolic pathways through which methyl nu-
trients are used. De novo synthesis of phosphatidylcholine (34)
and creatine (35) have been suggested to be major net consumers
of methyl groups. The demand for de novo phosphatidylcholine
synthesis, however, is complex and depends on the dietary supply
of preformed choline, the demand for choline as a source of
methyl groups for methylation of homocysteine, and the needs of
phosphatidylcholine and sphingomyelin for membrane, bile, and
plasma phospholipid synthesis and turnover. Creatine, on the
other hand, likely depends on muscle mass and muscle energy
metabolism because creatine phosphate is the major high energy

TABLE 2

Mean concentrations of blood biomarkers throughout the year and by season1

Biomarkers 12-mo intake2

Cutoff for

adequacy (prevalence

of adequacy)3

Rainy season

intake (hungry:

July–September)2

Dry season

intake (harvest:

February–April)2
Difference

between seasons CCV (95% CI)4

% %

Folate (nmol/L) 14.9 (6.6, 33.4) .10 (82.3)5 13.4 (12.2, 14.9) 12.5 (11.4, 13.9) 6.7 23.8 (20.5, 26.5)

Riboflavin (EGRAC coefficient)6 2.4 (1.5, 3.7) ,1.37 (0.7) 2.3 (2.1, 2.4) 2.6 (2.5, 2.7) 214.16 9.0 (7.6, 10.4)

Vitamin B-12 (pmol/L) 342.3 (139.1, 842.2) .2208 (80.7) 333.7 (285.9, 389.6) 353.1 (302.5, 412.1) 25.8 3.5 (1.9, 5.1)

Active vitamin B-12 (pmol/L) 70.9 (20.0, 251.5) .379 (85.8) 67.2 (55.9, 80.8) 76.3 (63.5, 91.7) 213.5 6.2 (3.7, 8.8)

Choline (mmol/L) 8.2 (4.7, 14.0) .1010 (20.9) 8.2 (7.6, 8.8) 8.3 (7.7, 8.9) 21.3 11.1 (8.9, 13.4)

Betaine (mmol/L) 40.4 (20.9, 78.4) —11 45.7 (41.7, 50.1) 36.5 (33.3, 39.9) 20.1 9.8 (7.6, 12.0)

DMG (mmol/L) 3.3 (1.1, 9.3) — 2.9 (2.5, 3.4) 3.4 (2.9, 4.0) 218.4 16.3 (13.4, 19.3)

DMG/betaine 0.08 (0.03, 0.26) — 0.06 (0.05, 0.07) 0.09 (0.08, 0.11) 249.0 23.3 (20.6, 25.9)

Methionine (mmol/L) 29.1 (19.6, 43.3) — 28.9 (27.3, 30.7) 29.4 (27.7, 31.1) 21.5 3.9 (2.0, 5.8)

SAM (nmol/L) 90.3 (59.1, 137.8) — 90.3 (85.3, 95.5) 86.3 (81.6, 91.2) 4.4 4.6 (3.0, 6.1)

SAH (nmol/L) 12.2 (6.8, 21.9) — 11.1 (10.5, 11.9) 12.9 (12.1, 13.7) 215.9 7.8 (4.7, 10.9)

SAM:SAH 7.42 (3.8, 14.5) — 8.1 (7.6, 8.7) 6.7 (6.2, 7.2) 17.6 9.4 (5.8, 12.9)

Homocysteine (mmol/L) 8.03 (4.2, 15.3) ,1512 (98.8) 7.9 (7.2, 8.7) 8.1 (7.4, 9.0) 22.9 10.2 (7.9, 12.5)

Vitamin B-6 (nmol/L) 39.7 (14.3, 110.6) — 33.8 (29.8, 38.2) 36.0 (31.8, 40.7) 26.6 26.2 (22.4, 30.0)

Cysteine (mmol/L) 224.9 (170.8, 296.1) — 217.1 (207.9, 226.7) 219.0 (209.9, 228.6) 20.9 4.1 (3.0, 5.2)

1 n = 316 (293 for riboflavin). CCV, coefficient of cyclic variation; DMG, dimethylglicine; EGRAC, erythrocyte glutathione reductase activation

coefficient; SAH, S-adenosylhomocysteine; SAM, S-adenosylmethionine.
2Values are geometric means; 95% CIs in parentheses (geometric mean 6 2 SD).
3 Percentages of the observations beyond the cutoff in parentheses.
4Calculated as the square root of half the sum of the squared coefficients of the Fourier terms.
5 From reference 27.
6 For the riboflavin assay, higher EGRAC values reflect higher riboflavin deficiency.
7 From reference 28.
8 From reference 29.
9 From reference 30.
10 From reference 26.
11 Indicates that no suitable cutoff could be identified.
12 From reference 31.
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store in muscle (34, 35). The current study design, which in-
volved seasonal fluctuations in both body weight and physical
work, do not allow us to draw clear inferences about how changes
in utilization of methyl groups for de novo phosphatidylcholine
or creatine synthesis affected the measures of biomarker status.
Although it is reasonable to speculate that creatine synthesis and
utilization may be highest in the rainy season, when physical
workload is highest, this also coincides with a loss of body
weight, which may ameliorate the effects somewhat.

Micronutrient and methyl donor intakes

The dietary intakes of riboflavin, folate, choline, and betaine
show clear seasonality, whereas methionine, vitamin B-6, and
vitamin B-12 intakes remain stable over the year (Figure 4). A
possible explanation is that the major dietary source of vitamin B-
12 (fish), which is also the second major source of methionine
after rice, remained relatively constant month by month. Vitamin
B-6 is nearly ubiquitous in foods. Ramadan, which fell between
20 August and 20 September 2009 during our study, may also
have contributed to the peaks in dietary intake of betaine and
choline from foods such as bread, potatoes, and eggs, which are
consumed more frequently when breaking the fast (20). The
median dietary intakes of folate, riboflavin, and choline were
,50%, and vitamin B-6 intake was 84% of the current EAR.

Data on seasonal variation in the intake of one-carbon–related
nutrients in this population have been reported only for ribo-
flavin and folate from 1979 to 1981 (36). The deficient intake of
riboflavin in previous work (29) and in the current study is
consistent with the scarcity of milk and meat in the diet (14).
Riboflavin intake in the current study was lowest during the
rainy season, which is also consistent with dietary patterns found
3 decades ago (36). The current seasonal variability in folate
intake, however, is less consistent with previous data (36), per-
haps explained by more recent cultivation of green leaves in
home gardens throughout the year.

The variability in dietary intake when measured on 2 conse-
cutive days was very low, which suggested that the women tend to
eat similar foods from one day to another within a short time
period. However, the dietary intake changed from one month to
another, after adjustment for seasonality (Figure 3A), which
indicates a low reliability in the measure of habitual intake. Many
factors could contribute to this, including cash availability for
purchasing foods, independent of season. Regardless, it is clear
that dietary intake data should be interpreted with caution and
that plasma biomarkers may offer a more robust assessment of
one-carbon–nutrient status than dietary intake.

Blood biomarkers

All plasma biomarkers measured showed significant annual
variation (Figure 4), although the timing of the peaks and troughs
differed between the different biomarkers. Experimental studies
have shown a coordinated reciprocal regulation of the folate-
dependent and betaine-dependent remethylation of homocysteine
to methionine, such that deficiency of either folate or choline and
betaine leads to increased utilization of the alternate pathway
(37). Notably, the increase in dimethylglycine and in the ratio
of dimethylglycine to betaine occurred inversely to the decrease
in folate and riboflavin (Figure 4F, Figure 5), consistent with

a reciprocal switch from the folate-dependent to the betaine-
dependent remethylation of homocysteine by betaine-homocysteine
methyltransferase (Figure 1). Riboflavin deficiency is highly
prevalent in this population, which raises the possibility that the
seasonal nadirs in riboflavin status may impair the folate re-
methylation pathway and lead to an activation of the betaine
pathway. This effect of riboflavin would be due to its role as
cofactor for methylenetetrahydrofolate reductase, which cata-
lyzes the formation of 5-methyltetrahydrofolate needed for
homocysteine remethylation (Figure 1) (38). Whereas vitamin
B-12, which is a cofactor for methionine synthase (Figure 1),
could have a similar effect, blood concentrations of vitamin B-12
do not seem to be limiting in this population. Plasma tHcy de-
creased when vitamin B-6 increased (Figure 4H), which sug-
gests that homocysteine entry into the transsulfuration pathway,
leading to cysteine (Figure 1), is a major determinant of ho-
mocysteine flux.

A higher availability of methyl groups and cofactors—as seen
with increased concentrations of folate, betaine, and riboflavin
over the rainy season—may explain why SAM is also higher at
this time. Transfer of methyl groups from SAM to a methyl
acceptor also generates SAH, which is further metabolized to
homocysteine in a reversible reaction. Efficient removal of ho-
mocysteine by remethylation or transsulfuration maintains the
forward reaction and a high SAM/SAH ratio, which in the
current study was 17.6% higher in the rainy season. In contrast,
higher SAH with a decrease in the SAM/SAH ratio inhibits
many cell methyltransferases (20–22), consistent with lower
DNA methylation at specific loci in Gambian children conceived
during the dry season (12).

The stability and reliability of our biomarker measurements
are generally better than those of dietary intakes measurements.
The comparatively lower reliability of SAH and dimethylglycine
measures could be due to strong intraindividual fluctuations or to
sample processing. SAM may convert to SAH during sample
processing; however, every effort wasmade to minimize delays in
processing, and we regarded this to exert minimal effects on our
measurements.

FIGURE 5. Seasonal trends of folate, B2, and DMG blood concentra-
tions, expressed as a percentage of the geometric mean of all measurements
(between July 2009 and June 2010). Interdependence of folate-dependent
and betaine-dependent pathways. Number of biomarker measurements = 316
(293 for riboflavin). Bars indicate 95% CIs at 2-mo intervals (different by
substance to avoid excessive overlap and for visual clarity. Generalized least-
squares regression with 2 pairs of Fourier terms was used. Riboflavin status
is shown as the inverse of EGRAC assay results. B2, riboflavin; DMG,
dimethylglicine; EGRAC, erythrocyte glutathione reductase activation co-
efficient; Hcy, homocysteine.
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Dietary intake and blood biomarkers

Dietary intake was directly associated with the blood bio-
markers only for betaine, riboflavin, vitamin B-6, and active
vitamin B-12. The weak associations between the monthly trends
in biomarker concentrations and their estimated dietary intake
may involve complex effects of balance between supply and
demand, mutual interdependence of these nutrients in metabolic
pathways, and unavoidable inherent errors associated with es-
timating dietary intake. The reciprocal interactions between the
folate- and betaine-dependent pathways for remethylation of
homocysteine (39) and the potential for both diet and endogenous
synthesis to contribute to plasma choline and betaine are ex-
amples of this complexity (40).

Limitations of the study

As is true of most studies that attempt to assess nutrient intakes
in free-living conditions, this study had several limitations. Al-
though the weighed food record is the preferred method for
quantitative dietary assessment (24), behavioral changes from the
daily intakes could have taken place (41). As in any dietary
assessment, errors in food-composition data can also introduce
error to the accuracy of estimates of nutrient intakes. The random
errors inherent to any dietary assessment method could have
attenuated correlations between the estimated intakes and blood
nutrient concentrations (42), as suggested by the reliability curves
shown in Figure 3. Last, the need to replace study participants as
a result of withdrawal throughout the year may have introduced
an additional layer of variation.

Conclusions

This study showed a natural climate-dependent seasonality in
dietary intake and nutrition status. This provided an excellent
opportunity to examine the links between diet and the metab-
olome and their implications for DNA methylation in humans,
particularly periconceptional and gestational effects, in a “natural
experiment.” This study allowed us to reach the following con-
clusions: 1) because of the biases and imprecision inherent in
estimating dietary intake and the complex relations between
intake and nutrient utilization in metabolic pathways, plasma
biomarkers are preferable, more accurate, and more proximal
indicators of methyl donor status; 2) the reciprocal compensa-
tion between the folate- and betaine-dependent remethylation
pathways (39) may be driven by a moderate-to-severe riboflavin
deficiency that is paradoxically worst in the dry/harvest season;
3) contrary to our initial assumption that the rainy/hungry season
would put women at greatest risk of methyl donor deficiency, the
reverse was clearly apparent as evidenced by a lower homo-
cysteine concentration and higher SAM/SAH ratio; and 4) these
findings are consistent with our previously reported findings of
elevated DNA methylation at metastable epialleles in in-
dividuals conceived during the rainy season (12).
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