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Abstract

Background: Season of birth influences allergy risk; however, the biological mech-

anisms underlying this observation are unclear. The environment affects DNA

methylation, with potentially long-lasting effects on gene expression and disease.

This study examined whether DNA methylation could underlie the association

between season of birth and allergy.

Methods: In a subset of 18-year-old participants from the Isle of Wight (IoW)

birth cohort (n = 367), the risks of birth season on allergic outcomes were esti-

mated. Whole blood epigenome-wide DNA methylation was measured, and sea-

son-associated CpGs detected using a training-and-testing-based technique.

Validation method examined the 8-year-old Prevention and Incidence of Asthma

and Mite Allergy (PIAMA) cohort. The relationships between DNA methylation,

season of birth and allergy were examined. CpGs were analysed in IoW third-

generation cohort newborns.

Results: Autumn birth increased risk of eczema, relative to spring birth. Methyla-

tion at 92 CpGs showed association with season of birth in the epigenome-wide

association study. In validation, significantly more CpGs had the same direction-

ality than expected by chance, and four were statistically significant. Season-asso-

ciated methylation was enriched among networks relating to development, the

cell cycle and apoptosis. Twenty CpGs were nominally associated with allergic

outcomes. Two CpGs were marginally on the causal pathway to allergy. Season-

associated methylation was largely absent in newborns, suggesting it arises post-

natally.

Conclusions: This study demonstrates that DNA methylation in adulthood is

associated with season of birth, supporting the hypothesis that DNA methylation

could mechanistically underlie the effect of season of birth on allergy, although

other mechanisms are also likely to be involved.
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The environment experienced during key in utero and perina-

tal developmental periods can have long-lasting and pro-

found effects on disease risk throughout life (1). Season of

birth has been associated with allergic disease risk in numer-

ous studies. In general, children born in autumn or winter

are more likely to develop a wide range of allergic diseases

including asthma (2), rhinitis (3), hayfever (4), eczema (5),

food sensitization and atopic disease (6) and food allergy (7).

At birth, children born in autumn or winter already have

increased serum immunoglobulin (Ig)E levels (8), and birth

season has been shown to affect neonatal immune develop-

ment and lead to altered levels of inflammatory mediators in

airway mucosa lining fluid (9). Season of birth also influences

other traits and diseases such as adult height (10) and

schizophrenia (11), suggesting long-lasting effects on a broad

range of characteristics; however, the mechanisms for such

effects remain unknown.

Several hypotheses have been put forward to explain the

link between season of birth and allergy, not necessarily

exclusively. One hypothesis is that lower UV-B levels during

autumn and winter reduce vitamin D synthesis, which

increases allergy risk (12). Other hypotheses are based on sea-

sonal fluctuation in levels of allergens such as pollen (13),

and seasonality of early life respiratory viral infections (14).

A fourth possible mechanism is seasonal variation in mater-

nal nutrition (15, 16). These mechanisms, acting at key times

during early development, could produce long-lasting differ-

ences in disease risk associated with season of birth.

Regardless of the ultimate environmental stimulus, the

molecular mechanisms responsible for regulating and maintain-

ing long-lasting responses to season of birth remain unknown.

Gene transcription has been shown to exhibit seasonal periodic-

ity: the immune system has a profoundly pro-inflammatory

transcriptomic profile during winter, with increased levels of

soluble IL-6 receptor and C-reactive protein – risk biomarkers

for cardiovascular, psychiatric and autoimmune diseases that

also have higher incidence among winter-borns (17). The epi-

genome is one way in which transcriptional responses to chang-

ing environments can be established and maintained over long

periods of time. A number of diseases are now recognized as

having an epigenetic component (18), including allergic diseases

(19, 20). While genetic variation contributes to allergic disease

risk (21), asthma and allergy susceptibility genes also interact

with epigenetic marks to influence allergic outcomes (22–24).
Given the known effect of season of birth on immune gene

expression, neonatal immune function and allergic disease

risk, together with the established role of epigenetics in aller-

gic disease, we investigated whether DNA methylation could

be a molecular mechanism for the effect of season of birth

on allergic disease risk in adulthood. To test this hypothesis,

we assessed the association of DNA methylation in individu-

als from an unselected population birth cohort, with season

of birth and allergic outcomes. First, we examined the effect

of season of birth on allergic disease risk up to age 18. Sec-

ond, we conducted an epigenome-wide association study

(EWAS) to test whether season of birth is associated with

differential DNA methylation. Third, we validated season-

associated methylation in the Dutch Prevention and Inci-

dence of Asthma and Mite Allergy (PIAMA) birth cohort.

Fourth, we investigated biological networks enriched among

differentially methylated genes. Fifth, we modelled the effect

of season-associated methylation on allergic outcomes and

used pathway analyses to test whether DNA methylation

causally mediates this effect. Lastly, we examined whether

season-associated methylation is already detectable at birth.

Methods

Date of birth data were collected in the Isle of Wight (IoW) birth

cohort (n = 1456), born from January 1989 to February 1990.

Total serum IgE was measured at ages 10 and 18, atopy was

assessed by skin prick tests at ages 4, 10 and 18, and eczema,

rhinitis and asthma were assessed at ages 1-or-2, 4, 10 and 18, as

previously described (25–28). Generalized estimating equations

(GEEs) were used to model the effects of season of birth on

repeated measures of allergy over time in the whole cohort, cor-

rected for multiple testing using Bonferroni adjustment.

DNA methylation was profiled using the Illumina Infinium

HumanMethylation450 beadchip in peripheral blood samples

collected at age 18 from a subset of participants (n = 367).

Methylation data were extracted using GenomeStudio software

(Illumina), preprocessed using the R package Illumina Methyla-

tion Analyzer (IMA) (29) and batch-corrected using ComBat

(30). Estimated proportions of leucocyte subtypes were calcu-

lated from methylation data using the Minfi R package (31).

The ttScreening R package (v1.5, http://cran.r-project.org/

web/packages/ttScreening/) (32) was utilized to conduct an

EWAS identifying CpGs associated with season of birth

(training–testing P < 0.05 in ≥60/100 iterations). Analyses

controlled for potential confounding factors (season of sam-

ple collection, maternal socioeconomic status (SES) and sex)

and were conducted for each of the birth seasons relative to

the other three combined. ttScreening’s default settings were

used, except that the iteration threshold was raised from ≥50
to ≥60/100 iterations to increase selection reliability. The

ttScreening package conducts surrogate variable analysis to

remove unexplained variation in the data, then analyses the

data using an iterative training–testing procedure. The train-

ing–testing method performs better than the method control-

ling false discovery rate (FDR) and the Bonferroni method

in reducing false-positive and false-negative results (32). In

addition to providing internal validation, the use of training–
testing builds a more generalized model than the models con-

structed by traditional methods and can detect additional loci

undetectable using traditional methods (32). Effects of the

top CpG on gene expression were analysed in a subset of the

IoW third-generation cohort.

Season of birth-associated CpGs were validated in the

PIAMA cohort (33) at age 8 (n = 207) using generalized lin-

ear models (GLMs) controlling for season of sample collec-

tion, maternal education and sex.

Biological functions and networks enriched among genes

containing season-associated methylation were characterized

using Ingenuity pathway analysis (IPA; Qiagen).

Log-linear modelling was used to test the association of sea-

son-associated CpG methylation levels (methylation b values)
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with allergic outcomes at 18 years, controlling for season of

sample collection, maternal SES and sex. Pathway analyses

were applied to test whether any season-associated CpGs lie

on the causal pathway for the effect of season of birth on aller-

gic outcomes (Mplus v7.31). Pathways were analysed from

spring and autumn birth, which were both significantly associ-

ated with allergic outcomes, via the 45 CpGs associated with

autumn or spring birth, to outcomes at age 18 (high serum

IgE, eczema, rhinitis atopy and asthma), controlling for sex.

Season-associated CpGs were examined at birth (n = 175)

in cord blood and Guthrie card blood of the IoW third-gen-

eration cohort (born 2006–2013), who are the children of the

IoW birth cohort. GLMs used the same model as the EWAS,

except season of sample collection was not included because

participants are newborns, plus sample type (cord/Guthrie)

and arraying batch. For this analysis, 14 CpGs missing in

some newborns were imputed using the R package MissFor-

est; imputed values comprised a total of 3.03% of DNA

methylation data points in newborn analyses. In all analyses,

autumn was the reference season, except for GLM analyses

of CpGs associated with autumn birth, where spring was

used as the reference season.

Figure 1 summarizes the analyses performed. For addi-

tional details, see Data S1.

Results

Cohort characteristics

The subset of IoW birth cohort subjects for whom DNA

methylation data at age 18 was collected (n = 367) were gen-

erally representative of the whole cohort, although the subset

had a higher proportion of females due to an initial research

focus on future pregnancies, and consequently a lower preva-

lence of atopy at age 18 (Table S1), due to lower prevalence

of atopy in females at age 18.

Season of birth influences allergic disease risk

The relative risk (RR) of repeated eczema was significantly

lower for participants born in spring than autumn, the refer-

ence season (RRspring = 0.61, 95% CI = 0.45–0.82; Table 1).

Participants born in summer had reduced risk of repeated

high serum IgE (RRsummer = 0.72, 95% CI = 0.53–0.98), but
increased risk of repeated rhinitis (RRsummer = 1.19, 95%

CI = 1.01–1.42) relative to autumn-borns. No significant

effects of season of birth were observed on repeated atopy or

asthma. After correction for testing five outcomes, only the

difference in eczema risk between spring and autumn

remained statistically significant (Bonferroni P < 0.05).

Season of birth is associated with DNA methylation

To examine whether DNA methylation is associated with sea-

son of birth, an EWAS was conducted. First, factors that

could potentially confound a link between season of birth and

DNA methylation were identified (Table S2). The season in

which each 18-year blood sample was collected (34) was not

independent from season of birth (P < 0.0001, v²) because

most were collected 3–9 months after the subject’s 18th birth-

day as part of the study design. Maternal SES is known to be

associated with season of birth (35) and was in our cohort

(P = 0.030, v²). Sex did not differ between seasons of birth,

although it was adjusted for due to its well-established effects

on allergy and methylation. Height at 18 years (10), which is

associated with lung function, along with estimated propor-

tions of monocytes, B cells, NK cells, CD8+T cells, CD4+T

cells, granulocytes and eosinophils, did not differ significantly

between seasons of birth (Table S2). The model for epigenome-

wide analyses of season of birth therefore controlled for season

of sample collection, maternal SES and sex, in addition to the

surrogate variables identified by the ttScreening package.

The training–testing method detected 92 CpGs significantly

associated with season of birth after ttScreening internal

cross-validation (Table 2, Table S3). The most significant

CpG was cg07175945, located within a CpG island in the

body of Zinc finger RNA-binding (ZFR), which had signifi-

cantly higher methylation levels among autumn-born partici-

pants (P = 4.72 9 10�8; Fig. 2, left). In cord blood from the

IoW third generation, cg07175945 methylation was signifi-

cantly associated with the expression level of ZFR’s exon 15

(P = 0.040) but not 30UTR (P = 0.726; Table S4), suggesting

potential effects on gene expression and alternative splicing.

As a comparison, additional EWAS analyses were con-

ducted using traditional methods (single regressions over the

entire sample set with FDR or Bonferroni correction; FDR

a < 0.05; Bonferroni P < 0.05), utilizing the same model as

for the training–testing EWAS. With FDR and Bonferroni

methods, only cg07175945-ZFR was detected as significantly

differentially methylated. In single sample-set analyses,

genomic inflation k approached 1 for all birth seasons

(kwinter = 1.083, kspring = 1.050, ksummer = 1.105, kautumn = 1.103).

Validation of season of birth-associated DNA methylation in

PIAMA cohort

Validation of the 85/92 available season-associated CpGs in

the PIAMA cohort at age 8 (n = 207) found four CpGs sig-

nificantly associated with the same birth season (P < 0.05) in

PIAMA as in IoW, all with the same direction of effect

(Table 3). This is double the number of significant same-

direction associations expected by chance. Furthermore, 55/

85 CpGs (64.7%) had the same direction of effect in

PIAMA, including cg07175945-ZFR (Fig. 2, right) – signifi-

cantly more CpGs than would be expected to differ in the

same direction by chance alone (P = 0.0067, v2).

Biological functions enriched within season of birth-

associated genes

Season-associated CpGs were annotated to 79 mapped genes,

including allergy-related genes such as ATPAF1. Ingenuity

pathway analysis (IPA) network analysis identified three sig-

nificantly enriched networks: 15, 14 and 12 seasonally differ-

entially methylated genes are in networks related to

embryonic development, the cell cycle and cell death, respec-
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tively (Table S5). Upstream analysis identified six seasonally

differentially methylated genes regulated by the transcription

factor NUPR1 (cg25382472-STIL, cg17679246-PDK1,

cg22630160-HIST1H2AB, HIST1H3B, cg11155697-HOXB5

and cg22584335-ZNF512).

Season of birth-associated CpGs may be on the causal

pathway to allergic disease

High serum IgE, eczema, rhinitis, atopy and asthma at

18 years were nominally significantly associated with the

methylation levels of 0, 6, 4, 6 and 5 CpGs, respectively

(pCpG < 0.05; Table S3); however, these became nonsignifi-

cant after Bonferroni correction. To test whether any season-

associated CpGs lie on the causal pathway between season of

birth and allergic disease (i.e. as intervening variables), path-

way analyses were performed. Two CpGs had marginally sig-

nificant roles mediating the effect of season of birth on

allergic outcomes at age 18 (Fig. 3). The indirect effect via

cg00787537-KCNH1 comprised almost all of the total effect

of spring birth on high serum IgE (RRindirect = 0.45,

P = 0.11; RRdirect = 1.01, P = 0.98; RRtotal = 0.49, P = 0.86).

The indirect effect of spring birth on atopy via cg24577417-

HGC6.3 also trended towards significance (RRindirect = 0.94,

P = 0.14), although the direct effect was stronger

(RRdirect = 0.64, P = 0.07; RRtotal = 0.61, P = 0.049).

Identify variables to control for 
in EWAS

EWAS for effect of season of 
birth on DNA methylation 
(ttScreening). Each season of 
birth compared against the 
other three combined

Subset of cohort with 450K 
data at age 18 years (n = 367)Effect of season of birth on 

risk of repeated high serum 
IgE, eczema, rhinitis, atopy 
and asthma (GEEs). 
Reference season: autumn

IoW birth cohort (n = 1536)

CpGs associated with the four 
seasons of birth

Compare TT against other 
methods (Bonferroni, FDR)

Validation analysis 
in PIAMA cohort at 
age 8 years (n = 
207) (GLMs). 
Reference season: 
autumn (except 
where autumn is 
the season of 
interest, then 
spring)

Biological 
pathways enriched 
among season-
associated CpGs 
(pathway analysis)

Effects of season-
associated CpGs 
on allergic 
outcomes (log-
linear models)

Comparison 
analysis in IoW 
third generation 
newborns (n = 175) 
(GLMs). Reference 
season: autumn 
(except where 
autumn is the 
season of interest, 
then spring)

Season-associated 
CpGs on the 
causal pathway to 
allergy (path 
analysis)

Figure 1 Summary of analyses. First, in the whole IoW birth cohort,

the effects of season of birth on long-term allergic disease risk were

estimated. In the subset of the cohort with DNA methylation data, an

EWAS was conducted for season of birth, controlling for potential con-

founders. The results were compared against those obtained using

Bonferroni and FDR methods. The season of birth-associated CpGs

detected by the EWAS was then analysed further: they were validated

in the independent PIAMA cohort, examined for enrichment among

biological pathways, modelled for their association with allergic out-

comes at age 18 and whether they were on the causal pathway for

allergic outcomes, and finally in an exploratory analysis were exam-

ined at birth in newborns from the IoW third-generation cohort.
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Season of birth-associated DNA methylation arises post-

natally

In newborns, blood DNA methylation levels of cg07175945-

ZFR were significantly lower in winter-born babies

(P = 0.009) but not significantly higher in autumn-borns.

40/92 CpGs (43.5%) had the same direction of effect at

birth and 18 years. Only one statistically significant associa-

tion was already present at birth and in the same direction

of effect: cg10063512-ERLIN2 was more methylated in

autumn-born subjects, at birth (P = 0.046) and age 18

(Table 2).

Discussion

In this study, we describe season of birth-associated DNA

methylation present in adulthood, constituting a potential

mechanism for the sustained effect of season of birth on

allergic disease risk. Autumn birth increased the risk of

eczema up to adulthood. Methylation at 92 CpG sites was

associated with season of birth at age 18. In the PIAMA

validation cohort at age 8, two-thirds of season-associated

CpGs were directionally consistent, and four were statisti-

cally significant. Genes containing season-associated CpGs

were enriched among networks related to development and

apoptosis. Some methylation was nominally associated with

allergic outcomes at age 18, and pathway analyses found

two CpGs marginally on the causal pathway to allergic

disease. Season-associated methylation was largely absent

at birth, suggesting it arises post-natally.

Individuals born in autumn were significantly more likely

than those born in spring to have eczema (Table 1; equiva-

lent to RRautumn = 1.64, 95% CI = 1.22–2.22), similar to pre-

vious reports of increased risk of eczema in autumn-borns at

4 years (5). Associations with high serum IgE and rhinitis

did not remain significant after correction for five outcomes

tested. Associations of season of birth with atopy and asthma

were not detected, supporting previous findings that seasonal

effects on allergy are not ubiquitous and vary geographically

(36). It is possible that only specific season-associated expo-

sures alter allergic disease risk for each cohort, or season of

birth interacts with other environmental factors to influence

allergy.

This study detected 92 CpGs significantly associated with

season of birth (Table 2; Table S3) – the first report, to our

knowledge, of specific DNA methylation associated with sea-

son of birth. That season of birth-associated DNA methyla-

tion exists at age 18, suggests that season-associated DNA

methylation is sufficiently long-lasting, it could contribute to

allergy in adulthood, and other long-term outcomes influ-

enced by season of birth. While total levels of 5-methylcyto-

sine in placental DNA have been shown to be higher in

children conceived in spring relative to autumn (37), ours is

the first report of specific loci differentially methylated by

season of birth. Five genes are differentially methylated with

conceptional season famine in the Gambia in peripheral

blood at age 9 (16), although these were not detected here,

suggesting that those observed differences may relate more to

famine than to season of birth, or to other interpopulation

differences.

The most significant CpG was in ZFR, whose protein

functions in RNA transport and localization and regulates

apoptosis and mitosis (38). This CpG could functionally

affect gene expression: ENCODE data show H3K4me3

marks are enriched at cg07175945, suggesting a potential

role in activating ZFR expression. Moreover, cg07175945

was significantly associated with ZFR gene expression

(Table S4). Given the role of apoptosis in bronchial remod-

elling in asthma and keratinocyte death in eczema, seasonal

regulation of this gene’s expression provides a plausible link

to allergy. While we describe the 92 CpG sites reported

herein as being associated with season of birth specifically,

Table 1 Effect of season of birth on the relative risks of repeated high serum IgE, eczema, rhinitis, atopy and asthma

Season of birth

Winter Spring Summer

Repeated high serum IgE

(≥200 kU/l)

0.91 (0.70–1.18)

P = 0.475

1.00 (0.76–1.32)

P = 0.983

0.72 (0.53–0.98)

P = 0.039

Repeated occurrence of eczema 0.92 (0.71–1.20)

P = 0.547

0.61 (0.45–0.82)

P = 1.24 3 10�3

0.89 (0.67–1.17)

P = 0.398

Repeated occurrence of rhinitis 1.01 (0.85–1.20)

P = 0.901

1.12 (0.94–1.34)

P = 0.220

1.19 (1.01–1.42)

P = 0.044

Repeated occurrence of atopy 0.90 (0.73–1.11)

P = 0.309

1.11 (0.90–1.36)

P = 0.343

0.99 (0.80–1.22)

P = 0.900

Repeated occurrence of asthma 0.97 (0.76–1.24)

P = 0.822

1.14 (0.88–1.47)

P = 0.331

1.24 (0.97–1.60)

P = 0.089

For each birth season, the relative risk (RR), 95% confidence interval and associated P value for associations with repeated measures of

allergy in the whole IoW birth cohort (n ≤ 1456 subjects) are shown. GEEs were used to estimate the effects on repeated measures over

time. Significant effects of season of birth on relative risks (P < 0.05) are shown in bold font. Autumn was the reference season. Serum IgE

was measured at ages 10 and 18, atopy was assessed at ages 4, 10 and 18, and eczema, rhinitis and asthma were assessed at ages 1-or-

2, 4, 10 and 18.
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it could be that this methylation is truly associated with

other exposures temporally correlated with season of birth,

such as vitamin D levels (39), season of conception or post-

natal early developmental periods such as first pollen or

winter respiratory virus season.

Although only four season-associated CpGs were statisti-

cally significant in the PIAMA validation cohort, a signifi-

cant excess of CpGs showed consistent directionality

(P = 0.0067). The four validated CpGs represent the most

robust findings, indicating a consistent but subtle effect of

season of birth on DNA methylation. Genes containing

these validated CpGs function in processes including insulin

sensitivity and apoptosis, which can be responsive to vita-

min D (40, 41), and vitamin K synthesis and carbohydrate

processing, which could also conceivably be seasonal (42,

43) (Table 3). The remaining directionally consistent sites

may represent true but weak effects that were not statisti-

cally significant with our relatively small sample sizes, or

effects that changed with age. Our findings from indepen-

dent validation support the method we implemented to

detect these informative CpG sites using training–testing-
based internal cross-validation. Cross-validation has better

type I error control than FDR, and training–testing-based
methods have the potential to control both type I and II

errors (32); nonetheless, false positives cannot be formally

excluded. Bonferroni and FDR single sample-set methods

would have detected only one CpG, yet ttScreening detected

92 CpGs (with significantly consistent directionality in vali-

dation), almost all of which would have been missed using

single sample-set methods.

Genes containing season-associated methylation were

enriched for networks related to development, the cell cycle

and apoptosis. Early post-natal developmental differences in

gene expression could set disease-bound trajectories in early

life (1). Regulation of apoptosis and the cell cycle could

relate to airway remodelling in asthma and keratinocyte

death in eczema. Six of 79 genes containing differentially

methylated CpGs are regulated by the transcription factor

NUPR1, whose expression in the asthmatic mouse lung is

regulated by a PPARc ligand (44), suggesting this as a poten-

tial regulatory link from season-associated methylation to

allergy.

Methylation at 20 season-associated CpGs was signifi-

cantly associated with at least one allergic outcome

(Table S3), although after correction for multiple testing this

becomes nonsignificant. Pathway analyses detected two

CpGs marginally on the causal pathway from spring birth

to allergy at age 18: cg00787537-KCNH1 and cg24577417-

HGC6.3. In particular, the indirect effect via cg00787537-

KCNH1 comprised almost all of the effect of spring birth

on serum IgE, suggesting the potential for season of birth-

associated DNA methylation to mediate allergic disease risk.

Future studies should examine whether season-associated

methylation is linked to other seasonal outcomes, such as

schizophrenia.

Only one season of birth-associated CpG was associated

with season of birth in newborns, suggesting that most sea-

son of birth-associated DNA methylation arises post-natally.

This is mechanistically consistent with post-natal exposures

such as pollen, sunlight levels and viral infections contribut-

ing to season of birth effects. Although some season of birth-

associated differences in immune responses exist at birth, our

results suggest that these are not associated with differences

in DNA methylation at birth. There could also be season-

associated methylation arising shortly after birth that disap-

pears before age 18. Our sample size was small (n = 175) so

we cannot exclude the possibility that prenatal effects of sea-

son of birth on DNA methylation might be visible with a lar-

Figure 2 DNA methylation levels of cg07175945 (ZFR) are higher

among people born in autumn in two cohorts. Methylation levels at

age 18 were significantly higher in IoW 1989 birth cohort partici-

pants born in autumn (P = 4.72 9 10�8, training–testing; left).

Methylation of this CpG was also higher in autumn-born PIAMA

cohort participants at age 8 (right), but this was not statistically sig-

nificant (P = 0.118, GLM). cg071759450s significant association

was with autumn birth; therefore, spring was the reference season

in the PIAMA GLM. Error bars show 95% confidence intervals;

***; P < 0.001.
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ger sample. While variation in cell type proportions was not

associated with season of birth at age 18, cell type propor-

tions could differ between cord blood and adult peripheral

blood, and this could introduce bias to the newborn analysis.

Environmental differences between the birth cohort born

1989–1990 and the subsequent generation born 2006–2013
also cannot be excluded.

There are several factors that could confound the associa-

tion between season of birth and allergic disease, including

adult height (10), proportions of different leucocyte subsets

Table 3 CpGs significantly differentially methylated by season of birth in both discovery and validation cohorts. Four season-associated

CpGs detected in the EWAS in the IoW discovery cohort were also significantly associated with the same season of birth (GLM P < 0.05)

and all in the same direction of effect in the PIAMA validation cohort.

CpG ID

Season

of birth

IoW cohort PIAMA cohort

Gene(s) Function and putative link to season of birth or allergyCoeff. P value Coeff. P value

cg22062239 Autumn 0.122 5.10 9 10�6 0.168 0.010 VKORC1 Vitamin K synthesis: infant vitamin

K deficiency is seasonal (43).

cg24799448 Summer 0.136 5.77 9 10�6 0.154 0.005 BRSK2 Stress-induced apoptosis: vitamin D, which is

sunlight-related, can induce apoptosis (reviewed by 40).

TOLLIP IL1R trafficking: SNPs in this gene

associated with eczema (46).

cg02054964 Autumn 0.092 1.99 9 10�5 0.131 0.003 PTPRN2 Insulin secretion: vitamin D levels

influence insulin secretion (41).

cg17679246 Spring �0.160 7.89 9 10�5 �0.124 0.036 PDK1 Carbohydrate fuel processing: maternal periconceptional

diet alters expression of this gene in offspring (42).

Could be linked to seasonal variation in maternal diet.

Coeff. = regression coefficient: from ttScreening EWAS for the IoW cohort, and from GLMs for the PIAMA cohort. Both models controlled

for season of sample collection, maternal SES and sex. In the EWAS, each season of birth was compared against the other three seasons;

in validation modelling, the reference season was autumn, except where the season of interest was autumn, where spring was the refer-

ence. cg24799448 is intergenic between BRSK2 and TOLLIP and is located in a DNaseI hypersensitivity site and transcription factor-binding

site (from ENCODE data).

Direct effects:

Indirect effects:
Total effects:

–0.026 (SE:0.015);
P = 0.08

RR: 4.96; P = 0.007

Spring cg24577417 Atopy

RR: 0.64; 0.07

RR: 0.94; 0.14

RR: 0.61; 0.049

Figure 3 Two season of birth-associated CpGs were marginally

significantly on the causal pathway with allergic disease at age 18.

Top: cg00787537 (KCNH1) trended towards causally mediating an

effect of spring birth on high serum IgE. Bottom: cg24577417

(HGC6.3) trended towards causally mediating an effect of spring

birth on atopy. Pathway analyses were performed using Mplus and

controlled for sex. Solid arrows show direct effects; dashed lines

show indirect effects; dashed and dotted lines show total effects.
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and maternal SES (35); however, these were excluded as

potential confounders (Table S2) or adjusted for in the

EWAS and other analyses. Differences in DNA methylation

(34) and gene expression (17) in peripheral blood have been

reported in association with season of sample collection: by

controlling for season of sample collection in our analyses,

we aimed to avoid detection of CpG sites associated with the

collection season rather than the birth season. ProbeSNPs

and ambiguous probe binding can bias methylation measure-

ment, and methQTLs could affect CpGs in accordance with

the two-stage model (19) – however, these are unlikely to

bias season-associated methylation as genotypes should be

randomly distributed across birth seasons. The imputation of

methylation values for 14 CpGs in a minority of third-gen-

eration newborns increased sample sizes for modelling, but

also imposes limitations, as these are not biologically mea-

sured values.

Our data measure the average DNA methylation level in

heterogeneous populations of leucocytes. In our cohort, the

estimated proportions of leucocyte subsets (including eosi-

nophils, which are especially relevant to an analysis of

allergic disease) did not differ with season, suggesting that

the season-associated methylation reported here is not due

to season of birth-related differences in leucocyte propor-

tions. Profiling subsets of leucocytes improves the precision

with which methylation differences can be observed (45)

and may reveal larger methylation differences within some

cell types. Yet small average methylation differences in

heterogeneous cell populations could potentially result in

biologically meaningful effects on gene expression, such as

the significant effect of cg07175945 on ZFR expression

observed here. Future studies could improve accuracy by

analysing season of birth-associated DNA methylation in

leucocyte subsets, particularly given that neonatal immune

responses seem to be modified by season of birth (9).

Here, we report that season of birth has long-lasting

effects on DNA methylation, supporting the hypothesis

that DNA methylation could mechanistically contribute to

the persistent effect of season of birth on allergic disease

risk. Season of birth influences the risk of repeated eczema

and produces significant but modest effects on DNA

methylation in peripheral blood at age 18, which were

directionally consistent in a validation cohort. Our discov-

ery of season of birth-associated DNA methylation has

clinical implications for observations of allergic disease and

other outcomes influenced by season of birth, but advising

altering pregnancy timing solely to reduce allergy seems

excessive. Season-associated CpGs were enriched among

developmental, cell cycle and apoptosis-related networks.

Season-associated CpGs may influence long-term allergic

outcomes, and two CpGs trended towards being on the

causal pathway to allergy. Methylation profiles in new-

borns suggest season of birth-associated methylation arises

post-natally. Together these results suggest DNA methyla-

tion could be a molecular mechanism through which tran-

scriptional responses to season of birth are established and

maintained into adulthood.

Author contributions

GAL and JWH conceived and designed the study. GAL and

NSR analysed and interpreted the data. MAR, TME, VKP,

WT, AK and FIR assisted with analyses or obtaining samples.

CJX, GHK, DSP and UG provided PIAMA cohort data.

SLE, SHA, HZ, WK and JWH obtained funding and super-

vised analyses. GAL wrote the manuscript. All authors com-

mented on the manuscript and approved the final version.

Acknowledgments

We would like to thank all the participants of the Isle of

Wight birth cohort, the research team at David Hide Asthma

& Allergy Research Centre (Isle of Wight) for collecting the

data, Nikki Graham and Sylvia Diaper for technical support,

Laura Globig for assistance with Guthrie card DNA extrac-

tions, and Shengtong Han and other members of the IoW

research group for valuable discussions. We thank the High-

Throughput Genomics Group at the Wellcome Trust Centre

for Human Genetics (funded by Wellcome Trust grant refer-

ence 090532/Z/09/Z and MRC Hub grant G0900747 91070)

for the generation of the methylation data.

Funding

The investigation was supported by National Institutes of

Health, USA (R01-AI091905, R01-AI061471 and R21-

AI099367). The 18-year assessment of the 1989 Isle of Wight

birth cohort was funded by a grant from the National Insti-

tutes of Health, USA (R01-HL082925). The PIAMA epige-

netics study is supported by MeDALL (Mechanisms of the

Development of ALLergy), a collaborative project funded by

the European Union (grant agreement No. 261357). Colla-

boration with the PIAMA cohort was facilitated by the

award of a Short-Term Scientific Mission grant from the

COST network BM1201: Developmental Origins of Chronic

Lung Disease to GAL.

Conflicts of interest

The authors declare that they have no conflicts of interest.

Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Table S1 Comparison between cohort subset selected for

DNA methylation analysis and whole cohort

Table S2 Comparison of potential confounding factors

across seasons of birth

Table S3 Complete list of 92 CpGs significantly associated

with season of birth

Table S4 Association of cg07175945 with ZFR gene expres-

sion

Table S5 Pathway analysis results

Data S1 Supplementary Methods

Allergy 71 (2016) 1314–1324 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd1322

Season of birth, DNA methylation and allergy Lockett et al.



References

1. Lockett GA, Huoman J, Holloway JW.

Does allergy begin in utero? Pediatr Allergy

Immunol 2015;26:394–402.

2. Knudsen TB, Thomsen SF, Ulrik CS, Fen-

ger M, Nepper-Christensen S, Backer V.

Season of birth and risk of atopic disease

among children and adolescents. J Asthma

2007;44:257–260.

3. Arshad SH, Stevens M, Hide DW. The

effect of genetic and environmental factors

on the prevalence of allergic disorders at the

age of two years. Clin Exp Allergy

1993;23:504–511.

4. Pearson DJ, Freed DLJ, Taylor G. Respira-

tory allergy and month of birth. Clin Exp

Allergy 1977;7:29–33.

5. Tariq SM, Matthews SM, Hakim EA, Ste-

vens M, Arshad SH, Hide DW. The preva-

lence of and risk factors for atopy in early

childhood: a whole population birth cohort

study. J Allergy Clin Immunol 1998;101:587–

593.

6. Nilsson L, Bj€orkst�en B, Hattevig G, Kjell-

man B, Sigurs N, Kjellman N-IM. Season of

birth as predictor of atopic manifestations.

Arch Dis Child 1997;76:341–344.

7. Keet CA, Matsui EC, Savage JH, Neuman-

Sunshine DL, Skripak J, Peng RD et al.

Potential mechanisms for the association

between fall birth and food allergy. Allergy

2012;67:775–782.

8. Bjerke T, Hedegaard M, Henriksen TB,

Nielsen BW, Schiotz PO. Several genetic and

environmental factors influence cord blood

IgE concentration. Pediatr Allergy Immunol

1994;5:88–94.

9. Thysen AH, Rasmussen MA, Kreiner-Møl-

ler E, Larsen JM, Følsgaard NV, Bønne-

lykke K et al. Season of birth shapes

neonatal immune function. J Allergy Clin

Immunol 2015;10.1016/j.jaci.2015.08.041.

10. Weber GW, Prossinger H, Seidler H. Height

depends on month of birth. Nature

1998;391:754–755.

11. Cheng C, el Loh W, Lin CH, Chan CH,

Lan TH. Birth seasonality in schizophrenia:

effects of gender and income status. Psychia-

try Clin Neurosci 2013;67:426–433.

12. Camargo CA, Ingham T, Wickens K, Thad-

hani R, Silvers KM, Epton MJ et al. Cord-

Blood 25-Hydroxyvitamin D levels and risk

of respiratory infection, wheezing, and

asthma. Pediatrics 2011;127:180–187.

13. Aalberse RC, Nieuwenhuys EJ, Hey M, Sta-

pel SO. ‘Horoscope effect’ not only for sea-

sonal but also for non-seasonal allergens.

Clin Exp Allergy 1992;22:1003–1006.

14. Wu P, Dupont WD, Griffin MR, Carroll

KN, Mitchel EF, Gebretsadik T et al. Evi-

dence of a causal role of winter virus infec-

tion during infancy in early childhood

asthma. Am J Respir Crit Care Med

2008;178:1123–1129.

15. Watson PE, McDonald BW. Seasonal varia-

tion of nutrient intake in pregnancy: effects

on infant measures and possible influence on

diseases related to season of birth. Eur J

Clin Nutr 2007;61:1271–1280.

16. Waterland RA, Kellermayer R, Laritsky E,

Rayco-Solon P, Harris RA, Travisano M

et al. Season of conception in rural gambia

affects DNA methylation at putative human

metastable epialleles. PLoS Genet 2010;6:

e1001252.

17. Dopico XC, Evangelou M, Ferreira RC,

Guo H, Pekalski ML, Smyth DJ et al. Wide-

spread seasonal gene expression reveals

annual differences in human immunity and

physiology. Nat Commun 2015;6:7000.

18. Lockett GA, Wilkes F, Maleszka R. Brain

plasticity, memory and neurological disor-

ders: an epigenetic perspective. NeuroReport

2010;21:909–913.

19. Karmaus W, Ziyab AH, Everson T, Hol-

loway JW. Epigenetic mechanisms and mod-

els in the origins of asthma. Curr Opin

Allergy Clin Immunol 2013;13:63–69.

20. Lockett GA, Patil VK, Soto-Ram�ırez N,

Ziyab AH, Holloway JW, Karmaus W.

Epigenomics and allergic disease. Epige-

nomics 2013;5:685–699.

21. Lockett GA, Holloway JW. Genome-wide

association studies in asthma; perhaps, the

end of the beginning. Curr Opin Allergy Clin

Immunol 2013;13:463–469.

22. Soto-Ram�ırez N, Arshad SH, Holloway JW,

Zhang H, Schauberger E, Ewart S et al. The

interaction of genetic variants and DNA

methylation of the interleukin-4 receptor gene

increase the risk of asthma at age 18 years.

Clin Epigenetics 2013;5:1.

23. Guthikonda K, Zhang H, Nolan VG, Soto-

Ram�ırez N, Ziyab AH, Ewart S et al. Oral

contraceptives modify the effect of GATA3

polymorphisms on the risk of asthma at age

18 years via DNA methylation. Clin Epige-

netics 2014;6:17.

24. Ziyab AH, Karmaus W, Holloway JW,

Zhang H, Ewart S, Arshad SH. DNA

methylation of the filaggrin gene adds to the

risk of eczema associated with loss-of-func-

tion variants. J Eur Acad Dermatol Venereol

2013;27:420–423.

25. Kurukulaaratchy RJ, Karmaus W, Raza A,

Matthews S, Roberts G, Arshad SH. The

influence of gender and atopy on the natural

history of rhinitis in the first 18 years of life.

Clin Exp Allergy 2011;41:851–859.

26. Arshad SH, Karmaus W, Kurukulaaratchy

R, Sadeghnejad A, Huebner M, Ewart S.

Polymorphisms in the interleukin 13 and

GATA binding protein 3 genes and the devel-

opment of eczema during childhood. Br J

Dermatol 2008;158:1315–1322.

27. Zhang H, Tong X, Holloway JW, Rezwan

FI, Lockett GA, Everson TM et al. The

interplay of DNA methylation over time

with genetic variants in Th2 pathway on

asthma risk and temporal asthma transition.

Clin Epigenetics 2014;6:8.

28. Ogbuanu I, Karmaus W, Zhang H, Sabo-

Attwood T, Ewart S, Roberts G et al. Birth

order modifies the effect of IL13 gene poly-

morphisms on serum IgE at age 10 and skin

prick test at ages 4, 10 and 18: a prospective

birth cohort study. Allergy Asthma Clin

Immunol 2010;6:6.

29. Wang D, Yan L, Hu Q, Sucheston LE, Hig-

gins MJ, Ambrosone CB et al. IMA: an R

package for high-throughput analysis of Illu-

mina’s 450K Infinium methylation data.

Bioinformatics 2012;28:729–730.

30. Johnson WE, Li C, Rabinovic A. Adjusting

batch effects in microarray expression data

using empirical Bayes methods. Biostatistics

2007;8:118–127.

31. Aryee MJ, Jaffe AE, Corrada-Bravo H,

Ladd-Acosta C, Feinberg AP, Hansen KD

et al. Minfi: a flexible and comprehensive

Bioconductor package for the analysis of

Infinium DNA methylation microarrays.

Bioinformatics 2014;30:1363–1369.

32. Ray MA, Tong X, Lockett GA, Zhang H,

Karmaus WJJ. An efficient approach to

screening epigenome-wide data. BioMed

Research International 2016;2016:article ID

2615348.

33. Wijga AH, Kerkhof M, Gehring U, de Jong-

ste JC, Postma DS, Aalberse RC et al.

Cohort profile: The Prevention and Incidence

of Asthma and Mite Allergy (PIAMA) birth

cohort. Int J Epidemiol 2014;43:527–535.

34. Ricceri F, Trevisan M, Fiano V, Grasso C,

Fasanelli F, Scoccianti C et al. Seasonality

Modifies Methylation Profiles in Healthy

People. PLoS One 2014;9:e106846.

35. Buckles KS, Hungerman DM. Season of

Birth and Later Outcomes: Old Questions,

New Answers. Rev Econ Stat 2012;95:711–

724.

36. Wjst M, Dharmage S, Andr�e E, Norback D,

Raherison C, Villani S et al. Latitude, birth

date, and allergy. PLoS Med 2005;2:e294.

37. Janssen B, Godderis L, Pieters N, Poels K,

Kicinski M, Cuypers A et al. Placental

DNA hypomethylation in association with

particulate air pollution in early life. Part

Fibre Toxicol 2013;10:22.

38. Elvira G, Massie B, DesGroseillers L. The

zinc-finger protein ZFR is critical for

Staufen 2 isoform specific nucleocytoplasmic

shuttling in neurons. J Neurochem

2006;96:105–117.

Allergy 71 (2016) 1314–1324 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd 1323

Lockett et al. Season of birth, DNA methylation and allergy

http://dx.doi.org/;10.1016/j.jaci.2015.08.041


39. Junge KM, Bauer T, Geissler S, Hirche F,

Th€urmann L, Bauer M et al. Increased vitamin

D levels at birth and in early infancy increase

offspring allergy risk—evidence for involve-

ment of epigenetic mechanisms. J Allergy Clin

Immunol 2015;137: 610–613.

40. McGrath JJ, Saha S, Lieberman DE, Buka

S. Season of birth is associated with anthro-

pometric and neurocognitive outcomes dur-

ing infancy and childhood in a general

population birth cohort. Schizophr Res

2006;81:91–100.

41. Alvarez JA, Ashraf A. Role of vitamin D in

insulin secretion and insulin sensitivity for

glucose homeostasis. Int J Endocrinol

2010;2010:18.

42. Nicholas LM, Rattanatray L, MacLaughlin

SM, Ozanne SE, Kleemann DO, Walker SK

et al. Differential effects of maternal obesity

and weight loss in the periconceptional per-

iod on the epigenetic regulation of hepatic

insulin-signaling pathways in the offspring.

FASEB J 2013;27:3786–3796.

43. Hanawa Y, Maki M, Murata B, Matsuyama

E, Yamamoto Y, Nagao T et al. The second

nation-wide survey in Japan of vitamin K

deficiency in infancy. Eur J Pediatr

1988;147:472–477.

44. Mueller C, Weaver V, Vanden Heuvel JP,

August A, Cantorna MT. Peroxisome prolif-

erator-activated receptor c ligands attenuate

immunological symptoms of experimental

allergic asthma. Arch Biochem Biophys

2003;418:186–196.

45. Almgren M, Schlinzig T, Gomez-Cabrero D,

Gunnar A, Sundin M, Johansson S et al.

Cesarean delivery and hematopoietic stem

cell epigenetics in the newborn infant: impli-

cations for future health? Am J Obstet Gyne-

col 2014;211:502.1–8.

46. Schimming T, Parwez Q, Petrasch-Parwez E,

Nothnagel M, Epplen J, Hoffjan S. Associa-

tion of toll-interacting protein gene polymor-

phisms with atopic dermatitis. BMC

Dermatol 2007;7:3.

Allergy 71 (2016) 1314–1324 © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd1324

Season of birth, DNA methylation and allergy Lockett et al.


