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Sex-specific, male-line transgenerational responses
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Transgenerational effects of maternal nutrition or other environmental ‘exposures’ are well recognised, but the
possibility of exposure in the male influencing development and health in the next generation(s) is rarely
considered. However, historical associations of longevity with paternal ancestors’ food supply in the slow growth
period (SGP) in mid childhood have been reported. Using the Avon Longitudinal Study of Parents and Children
(ALSPAC), we identified 166 fathers who reported starting smoking before age 11 years and compared the
growth of their offspring with those with a later paternal onset of smoking, after correcting for confounders.
We analysed food supply effects on offspring and grandchild mortality risk ratios (RR) using 303 probands and
their 1818 parents and grandparents from the 1890, 1905 and 1920 Överkalix cohorts, northern Sweden. After
appropriate adjustment, early paternal smoking is associated with greater body mass index (BMI) at 9 years in
sons, but not daughters. Sex-specific effects were also shown in the Överkalix data; paternal grandfather’s food
supply was only linked to the mortality RR of grandsons, while paternal grandmother’s food supply was only
associated with the granddaughters’ mortality RR. These transgenerational effects were observed with
exposure during the SGP (both grandparents) or fetal/infant life (grandmothers) but not during either
grandparent’s puberty. We conclude that sex-specific, male-line transgenerational responses exist in humans
and hypothesise that these transmissions are mediated by the sex chromosomes, X and Y. Such responses add
an entirely new dimension to the study of gene–environment interactions in development and health.
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Introduction
Variation in people’s response to nutritional or other

environmental ‘exposures’ is determined by inherited

differences, different developmental experiences or both.

Inherited differences are traditionally regarded as the DNA

sequence variations transmitted by parents. However,

another possibility to be considered, in the gene–environ-

ment interplay underlying common disease, is the trans-

generational response. This requires a mechanism

for transmitting environmental exposure information

that then alters gene expression in the next generation(s).

There are opportunities for this down the female line

through the egg cytoplasm or transplacental route.1
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A transgenerational response down the male line implies

the ancestral exposure information is carried by the

sperm’s chromosomes in some way, although the paucity

of empirical observations suggesting such a transgenera-

tional response means little mechanistic research has

been performed. Viruses, prions,2 RNA molecules,3 ‘re-

sponsive’ DNA-sequences4,5 or transmission of a particular

epigenetic state could theoretically mediate transgenera-

tional effects. Epigenetics refers to heritable changes

in gene function that cannot be explained by changes

in DNA sequence, with DNA methylation patterns being

an important contribution to epigenetic memory.6

Murine studies have demonstrated transgenerational in-

heritance of epigenetic states at the agouti-viable

yellow (Avy) allele and the Axin-fused (AxinFu) allele, the

latter through both maternal and paternal transmission.7

A recent study on rats has shown the transgenerational

action of endocrine disruptors on spermatogenic capacity

together with an associated change in sperm DNA

methylation.8

Earlier, we reported an association of ancestral

food supply with longevity9 and with cardiovascular

and diabetic mortality.10 These studies exploited historical

records, including harvests and food prices, in Överkalix,

an isolated community in northern Sweden. We demon-

strated that the probands’ longevity was influenced

by their paternal grandfathers’ access to food, but only

during the grandfather’s slow growth period (SGP) before

the prepubertal peak in growth velocity and a period

of relatively low need for food.9 Focusing on the SGP

in a larger study of 1890, 1905 and 1920 cohorts,10 the

father’s poor food supply and the mother’s good

food supply were associated with a lower risk of cardio-

vascular death. However, again there was also a striking

association with the paternal grandfather’s food

supply, this time with his grandchild’s risk of diabetic

death. If these associations reflect (secondary) manifesta-

tions of a transgenerational response to nutritional or

stress trends that evolved to maintain early survival

and reproductive success, then early and pre-

pubertal growth in the offspring would be outcomes of

interest.

The present study was designed to detect a transgenera-

tional effect through the male line in a contemporary

population, the Avon Longitudinal Study of Parents and

Children (ALSPAC).11 We wished to test the specificity of

exposure in the SGP for triggering any such effect, this

being a feature of the Swedish observations, and to note

any pointers to underlying mechanisms such as sex-

specific effects. In the absence of contemporary annual

swings in food supply, we tested the ALSPAC fathers’ SGP

for cigarette-induced transgenerational effects on the

growth of their future offspring and analysed the effect of

ancestral food supply on mortality by sex of the proband

using the Överkalix data.

Materials and methods
ALSPAC

Recruited from all pregnancies in three districts

around Bristol, UK, ALSPAC was designed with particular

attention paid to early development.11 Women with

due dates between 1.4.91 and 31.12.92 were enrolled as

early in pregnancy as possible. The pregnant mother

could invite her partner to take part. For 10 000 of the

14 024 pregnancies surviving 5 months gestation, a

questionnaire was completed by the father. One question

in mid-pregnancy was: ‘Have you ever been a smoker?’

5451 of the 9886 fathers who answered this, responded

positively; they were then asked ‘at what age did

you start smoking regularly?’ All children were measured

by the ALSPAC study team at birth, and at ages 7 and

9 years in the ALSPAC research clinic.12 Multiple regression

analysis of the effect of paternal age at onset of smoking on

mean body mass index (BMI), that is, weight (kg)/

height2(m2) allowed for parity (primiparae vs multiparae),

education, housing tenure, maternal smoking (yes vs no)

and paternal smoking at conception (yes vs no). P-values

are two-tailed tests of F distribution and trend.

Överkalix cohorts

Tracing the probands born in the parish of Överkalix,

northernmost Sweden and the use of harvest and

food price records to assess food availability to the

probands’ parents and grandparents have been described

elsewhere.9,10 In a 50% random sample comprising

320 people (probands) born in 1890 (n¼108), 1905

(n¼99) and 1920 (n¼ 113) in Överkalix, three individuals

could not be traced to their death, emigration or current

residence and among 14 probands the birth year was

missing for some of their six ancestors. This left us with

303 probands, 164 men and 139 women, and their 1818

parents and grandparents. Mortality follow-up stopped in

1995, when 44 were still alive. The ancestors’ SGP had been

set previously9 at 8–10 years for girls and 9–12 years

for boys using modern cohort data13 adjusted for the

secular decrease of age at puberty.14 The first analysis

considered the six ancestorś exposure to: (a) good food

supply during SGP, no year of poor supply but possibly

years of moderate availability and (b) poor food supply

during the SGP, no year of good supply but possibly

years of moderate availability. For each sex of the probands

the Cox proportional hazards model for survival was

applied15 to test and estimate the influence on the

mortality of probands of each of the six ancestors’

nutrition during his or her SGP, taking into account

the other five ancestors’ availability of food during their

respective SGP and presented as risk ratios (RR). A second

analysis explored the effect of paternal grandparental

food supply at different times in their life up to the

age of 20 years on the mortality risk ratio of their
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grandchildren, using 3-year rolling means for the pro-

band’s mortality RR.

Results
Paternal onset of smoking and BMI between 7 and 9
years

In the ALSPAC fathers who reported when they started

smoking (n¼5357), the commonest age of onset was 16

years, but 166 reported smoking before 11 years of age

when many would still be in their SGP. We therefore

decided to compare the effect of the onset of paternal

smoking at o11 years, 11–12 years, 13–14 years, 414

years, and of never smoking on BMI at 7 and 9 years. In an

initial regression analysis, earlier onset of paternal smoking

was associated with increased BMI in both girls and boys at

9 years, but this analysis had not adjusted for father’s

continued smoking up to conception. However, we found

that the earlier the father started smoking the more likely

he was to still be smoking at conception (data not shown).

Correcting for this confounder, the association of age of

paternal smoking onset with BMI at 9 years remained in

boys (F distribution, P¼ 0.015; trend, P¼0.025), but

disappeared in girls (Table 1).

Sex-specific effects of ancestral food supply on
mortality

We looked for sex-specific effects in the Swedish data

linking ancestral food supply to mortality using the three

cohorts combined. Table 2 shows both parents’ exposure to

food availability during their SGP had significant influ-

ences on their daughter’s mortality RR, with a possible

effect of mother’s food supply on her son’s mortality RR.

It should be noted that these parental findings are

modified when the probands’ own childhood circum-

stances are taken into account (see Discussion). There are

no significant effects of SGP food availability for either

maternal grandparent on the mortality RR in the grand-

children of either sex. However, on the paternal side there

are significant effects on the grandchildren’s relative

mortality RR and they are strikingly sex-specific. The male

(but not the female) probands had an increased (P¼0.009)

mortality RR of 1.67 when the paternal grandfather had

experienced good food supply during his SGP (compared to

Table 1 Adjusted mean (SE) BMI by age and sex against age of onset of paternal smoking

Boys Girls

Age father started smoking Age 7 Age 9 Age 7 Age 9

o10 16.53 (0.33) 18.15 (0.55) 16.45 (0.37) 18.64 (0.55)
11–12 16.22 (0.23) 17.73 (0.35) 16.33 (0.23) 18.22 (0.32)
13–14 16.07 (0.14) 17.75 (0.21) 16.54 (0.16) 18.24 (0.23)
15+/never 15.98 (0.08) 17.23 (0.12) 16.41 (0.09) 18.04 (0.12)

F (3df) 1.30 3.49 0.29 0.64
P 0.271 0.015 0.833 0.587
P for trend 0.208 0.025 0.514 0.173

Adjusted for parity, education, maternal smoking, housing tenure and paternal smoking at conception.

Table 2 Mortality risk ratios of male and female probands depending on ancestors’ food availability in their SGP; 1890, 1905
and 1920 cohorts combined (n¼303)

Gooda or poorb food availability during SGP

Good Poor

Female probands Male probands Female probands Male probands

RR P RR P RR P RR P

Ancestors exposed
Mother 1.66 0.03 1.53 0.06 0.51 0.04 0.78 0.30
Fatherc 1.68 0.02 1.07 0.73 1.31 0.24 0.96 0.85
Maternal grandmother 0.79 0.27 0.92 0.62 1.30 0.22 1.25 0.24
Maternal grandfather 1.23 0.34 0.81 0.22 1.05 0.81 0.98 0.90
Paternal grandmother 2.13 0.001 1.02 0.93 0.72 0.12 1.23 0.27
Paternal grandfather 0.81 0.32 1.67 0.009 1.17 0.43 0.65 0.025

aGood availability during SGP and no year of poor availability but possibly years of moderate availability.
bPoor availability during the SGP and no year of good availability but possibly years of moderate availability of food.
cThese paternal effects are changed by adjustment for the proband’s own childhood circumstances (see Discussion).
RR – mortality risk ratio. P – P-value.
Bold indicates significant results.
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the risk for male probands whose paternal grandfather had

other experiences during his SGP). The female (but not the

male) probands had a two-fold higher mortality RR when

the paternal grandmother experienced good availability

during her SGP, compared to the mortality risk of probands

whose paternal grandmothers had other experiences dur-

ing the SGP (P¼0.001). Poor food supply during the SGPs

of the paternal grandparents was followed by the opposite

effect. The male probands whose paternal grandfather had

such an experience had a reduced (P¼0.025) mortality RR

of 0.65 and female probands had some tendency (P¼0.12)

to reduced mortality RR (0.72) when the paternal grand-

mother had poor food supply.

The ‘criss-cross’ paternal grandparental/grandchild ef-

fects, transmitted through the same set of fathers, creates a

situation that is ‘internally controlled’ (see Discussion).

Therefore, all subsequent analyses focus on the paternal

grandparental/grandchild effects. The association of the

paternal grandfather’s food supply with his grandson’s (but

not granddaughter’s) mortality RR and the paternal grand-

mother’s food supply with her granddaughter’s (but not

grandson’s) mortality RR is seen in both the 1890 and 1905

cohorts (Table 3).

Developmental periods when transgenerational
effects are triggered

Sex-specific analysis of the transgenerational outcomes

through the father provides a means to explore the

exposure-sensitive period(s) in the paternal grandparents

in a controlled and rigorous manner. The result of bivariate

analysis of the effect of their food availability at ages from

conception to 20 years on the mortality RR of the probands

is shown in Figure 1. Figure 1a reveals, with respect to

paternal grandfathers/grandsons and paternal grand-

mothers/granddaughters, three periods of exposure sensi-

tivity for both grandparents with one period corresponding

in time to the earlier derived SGP (see Materials and

methods). All show remarkable sex specificity of outcome

because, by contrast, Figure 1b shows no transgenerational

effect whatsoever with respect to paternal grandfathers/

granddaughters and paternal grandmothers/grandsons.

When the transgenerational responses to ‘good’ and ‘poor’

food supply show a reciprocal pattern this implies a dose

response across the range of grandparental food availabil-

ity. Several intriguing features should be noted. There is a

reversal in the direction of the association between the

proband’s mortality RR and the paternal grandparental

food availability during the SGP, both for the paternal

grandfather and the paternal grandmother. Food supply

during the period from paternal grandmother’s conception

to age 3 years is associated with the largest transgenera-

tional response. However, equally important, is no dis-

cernible transgenerational effect of exposure during

puberty of either paternal grandparent.

Discussion
We have studied two general populations, a contemporary

one (ALSPAC) with parental history taken before the birth

of the study child followed by prospective collection of

data, and a three-generation population (Överkalix) ana-

lysed using historical records. Our earlier Överkalix

observations linking the paternal ancestors’ food supply

(specifically during their SGP in mid childhood) to off-

spring and grandchild mortality rate9,10 led us to test in

ALSPAC the specificity of exposure in the SGP for triggering

a transgenerational effect. Self-reported onset of paternal

Table 3 Effects of paternal grandparents’ availability of food during SGP and their grandchildrens’ mortality RR

Ancestors exposed

Paternal grandfather Paternal grandmother

Gooda Poorb Gooda Poorb

RR P RR P RR P RR P

Male probands
1890 (n¼56) 2.65 0.012 0.63 0.16 0.73 0.42 1.09 0.77
1905 (n¼52) 1.62 0.16 0.43 0.04 1.00 1.00 0.98 0.96
1920 (n¼56) 1.15 0.68 0.77 0.54 1.46 0.28 1.62 0.18
All 3 cohorts 1.67 0.01 0.65 0.025 1.02 0.93 1.23 0.27

Female probands
1890 (n¼50) 0.94 0.87 1.22 0.56 2.25 0.01 0.62 0.16
1905 (n¼42) 1.00 1.00 0.88 0.73 2.82 0.01 0.39 0.03
1920 (n¼47) 1.090 0.849 1.54 0.38 1.093 0.848 0.93 0.89
All 3 cohorts 0.81 0.32 1.17 0.43 2.13 0.001 0.72 0.12

RR – mortality risk ratio. P – P-value.
aGood availability during SGP and no year of poor availability but possibly years of moderate availability.
bPoor availability during the SGP and no year of good availability but possibly years of moderate availability of food.
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Figure 1 The effect of paternal grandparental food supply (good¼ red filled squares, poor¼green open squares) at different times in their early life
on the mortality rate of their grandchildren. Both (a and b) show on the Y-axis the mortality RR of the grandchildren separated by sex, first the
grandsons’ mortality RR and below this, the granddaughters’ mortality RR. The age at which the paternal grandparent was exposed to good or poor
food supply is given along the X-axis. The grandchildren’s mean mortality RR results are plotted for both those paternal grandparents who had a good
food supply (red) and those who had a poor supply (green) at the specified age on the X-axis. (a) First relates paternal grandfathers’ exposure to his
grandsons’ mortality RR and then below the paternal grandmothers’ exposure to her granddaughters’ mortality RR. (b) First relates paternal
grandmothers’ exposure to his grandsons’ mortality RR and then below the paternal grandfathers’ exposure to her granddaughters’ mortality RR. The
data points were obtained using a 3-year frame, advanced one year at a time, for grandparental age at exposure, to produce rolling means for the
grandchild’s (proband’s) mortality RR for both ‘good’ and ‘poor’ ancestral food supply. Exposure to at least 1 year of surfeit of food or to at least 1 year
of poor availability during a 3-year period denotes it as exposure to a ‘good’ period or a ‘poor’ period respectively. wFood supply at age 0 years is the
mean for the 33-month period from �267 days until the day before the second birthday and therefore includes fetal life.
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smoking was the available exposure with which we could

explore the difference between exposure in the SGP and in

later, pubertal stages of development. The choice of

outcome in the ALSPAC child, namely growth with BMI

as an exemplar, was based on what might be relevant to the

observed Överkalix transgenerational effects on cardio-

vascular and diabetic deaths.10 Results in each population

generated hypotheses that were then tested in the other,

with the sex-specificity noted first in ALSPAC and then

tested in the Överkalix cohorts.

In the present study we have observed the following:

(i) A transgenerational effect of father’s mid-childhood

smoking on BMI in his child at 9 years. We do not

know the mid-childhood growth patterns of the

ALSPAC fathers, but interpret the significant trend of

decreasing BMI in the child with later onset of paternal

smoking (Table 1) as reflecting the increasing propor-

tion of fathers who had progressed from their SGP into

the prepubertal growth spurt and puberty. This

supports the Överkalix observation that exposure in

the SGP, but not later in puberty, can lead to a

transgenerational effect.

(ii) When adjusted for continued paternal smoking in

order to reveal the effect of the age of his childhood

onset of smoking per se, the transgenerational effect on

BMI is restricted to boys.

(iii) Analysis of the three-generation Överkalix data by

sex of the proband shows striking sex-specific effects

(Table 2, Figures 1a) whereby the paternal grand-

father’s food supply was only linked to the mortality

RR of grandsons, while paternal grandmother’s

food supply was only associated with the grand-

daughters’ mortality RR. The absence of any associa-

tion in the reverse paternal grandparent/grand-

child pairings (Figure 1b) provides an important

internal control for paternal-line social economic

confounders, as the presence and absence of the

transgenerational effect involves transmission

through the same fathers.

(iv) These specific paternal grandparent/grandchild effects

were seen in two completely separate cohorts, 1890

and 1905. The almost absent effect in the 1920 cohort

could be due to their ancestors experiencing less

extreme changes in food supply.

(v) The clear pattern of specific, limited ‘exposure-sensi-

tive’ periods throughout the paternal grandparents’

development from conception to adulthood

(Figure 1a), including a switch in the direction of the

transgenerational association during the SGP, confirms

the importance of the SGP and suggests the existence

of an evolved transgenerational response mechanism.

Despite the difficulties with such observational research

(discussed below), we believe that together the ALSPAC and

Överkalix results provide proof of principle that a sex-

specific, male-line transgenerational response system exists

in humans. Our data suggest that it is triggered by

exposures at very specific times during the ancestors’

development, and the finding that the transgenerational

effect is sex-specific represents the first step in defining the

underlying mechanism.

Animal experiments have demonstrated that a particular

exposure in the male can result in a specific phenotypic

change in subsequent generations.7,8,16 – 19 Little is known

about the transmitting mechanisms, except in the specific

study of epigenetic states at the AxinFu allele,7 and the

altered DNA methylation patterns at two loci in the

epididymal sperm of rats with reduced spermatogenic

capacity due to their paternal ancestor being exposed

(in utero) to the endocrine disruptor vinclozolin.8 In

rats paternal dexamethasone exposure in utero led to both

a reduced birth weight and increased hepatic activity of the

gluconeogenic enzyme, phosphoenolpyruvate carboxy-

kinase, in future offspring.19 Beyond studies of mutagenic

agents,20 we are not aware of any general male-line

transgenerational studies in humans. This probably stems

from two factors; residual scepticism21 about the germline’s

susceptibility to environmentally-induced change and

epigenetic inheritance (with its hint of Lamarkism), and

the fact that human transgenerational studies are fraught

with problems.

Three-generation historical records are necessarily in-

complete. In the Överkalix analysis we have deliberately

focused on the paternal line and particularly the influence

of grandparental food supply on the mortality rate of the

grandchild (proband). However, despite the fortuitous

paternal-line ‘internal control’ provided by the sex-specific

nature of the transgenerational associations (Figure 1b), we

do not present data adjusted for the probands’ own

childhood circumstances that are likely to affect long-

evity.22 These analyses are underway (Kaati et al, unpub-

lished observations) and show that the same sex-specific

grandparent/grandchild associations remain significant, if

slightly attenuated. What is changed is the effect of the

father’s food supply on offspring mortality rate. Un-

adjusted (Table 2), the association is with his daughter’s

mortality rate, but after adjustment for the proband’s

childhood circumstances (father’s landownership and

occupation, the maintenance of the nuclear family, and

the parents level of literacy) a male-specific effect emerges

(fathers’ good food supply in his SGP being associated with

increased mortality rate in just sons RR 1.68, P¼ 0.01).

The comprehensive nature of ALSPAC does allow appro-

priate statistical control for confounders with respect to

associations between age of paternal onset of smoking and

the selected outcomes. These outcomes were strictly

limited to the prior hypothesis of relevance to early risk

factors for cardiovascular and diabetic death, namely, birth

weight and gestation length, and height, weight, blood
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pressure and cholesterol at 7 and/or 9 years. After

appropriate adjustment a significant association was also

found with gestation length, again limited to boys (data

not shown; Golding, personal communication). It is

theoretically possible (and also testable in the future) that

the ALSPAC results could be due to a pleiotropic gene effect

that predisposes fathers to start smoking in mid childhood

(but not later) and then, if transmitted to a son, also

predisposes to a high BMI. However, the coherence

between the ALSPAC and Överkalix results in terms of

the exposure-sensitive periods and sex specificity supports

the hypothesis that there is a general mechanism for

transmitting information about the ancestral environment

down the male line.

In terms of the ancestral environment in Överkalix, we

have no record of actual nutrition and have to use food

availability as a surrogate estimate. In both populations,

the exposures used in the analysis may not be directly

causal but strongly associated with whatever it is that

triggers the transgenerational effect.

In considering the sex-specific nature of the associations

in the Överkalix data, it is noteworthy that we are not

dealing with sex-limitation (a widespread phenomenon);

the effect sizes are comparable in grandsons and grand-

daughters (Tables 2 and 3, Figure 1a). In the ALSPAC data,

sex-limitation remains a possible explanation for why only

sons show transgenerational associations with paternal

mid-childhood onset of smoking; the mediating mechan-

ism, whether it be genetic, epigenetic or some other, could

be affecting testosterone-sensitive pathways only. How-

ever, if the ALSPAC and Överkalix observations do stem

from a common underlying mechanism for capturing

environmental information during specific developmental

periods and transmitting it to subsequent generations,

then what could explain the curious ‘criss-cross’ sex-

specific patterns of transmission of the observed trans-

generational effects; paternal grandfather to just grandsons

and paternal grandmother to just granddaughters (Table 3)?

We think the most parsimonious hypothesis is a role for

the sex chromosomes, X and Y. Father to just son (as in

ALSPAC) and paternal grandfather to just grandson effects

could be mediated (at least in part) by something carried

on the Y, while the X chromosome transmitted by a

woman to her son can only be passed on to her grand-

daughter, not grandson. This hypothesis does not preclude

downstream involvement of autosomal genes.

Another intriguing aspect of the sex-specificity observed

is the timing of the exposure-sensitive periods during the

development of the paternal grandparents (Figure 1a). In

speculating that the environment might be able to modify

germline epigenetic imprints at specific stages in gameto-

genesis,23 one might expect different periods of exposure

sensitivity between males and females, since the main

period of oogenesis occurs in fetal life unlike spermato-

genesis. While extremes of food supply in the SGP of both

paternal grandparents were associated with trangenera-

tional effects, the major exposure sensitive period detected

in the paternal grandmother was when she was a fetus/

infant. With respect to the paternal grandmother’s SGP, it

is perhaps relevant that recent evidence from mice show

that oogenesis continues after birth.24 In both paternal

grandparents the direction of the transgenerational associa-

tion with grandchild mortality reverses for exposure during

the grandparents’ mid childhood, a time that corresponds

exactly to the SGP derived earlier from published growth

velocity data (as indicated by bars in Figure 2).9,13,14 This

suggests the SGP is a ‘critical’ ontogenetic period, but why

the transgenerational response reverses is unclear.

The possible involvement of the Y chromosome was

unexpected. Genomewide association studies tend not to

include Y markers, but one study of exceptional longevity

with preserved cognition found an association with Yq

markers close to the centromere, in addition to the

expected association with the APOE epsilon2 allele.25

Our findings add a new, multigenerational dimension to

the interplay between inheritance and environment in

health and development; they provide proof of principle

that sex-specific, male-line transgenerational effects exist

in humans. We propose that our results, which are specific

enough to allow replication, are manifestations of an

evolved adaptive transgenerational response mechanism.

Our study exemplifies a research approach that could,

potentially, make a major contribution to public health

and impact on the way we view our responsibilities

towards future generations.
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