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Abstract 
All plants and animals must time their annual reproduction to seasonal variation in resources to optimize reproductive fitness. Environ- 

mental factors such as photoperiod and temperature are well known to influence seasonal timing of reproduction but how organisms 

incorporate environmental cues to alter physiological responses and initiate reproduction remains poorly characterized at the genetic 

level. A growing number of studies have found that epigenetic mechanisms, such as noncoding RNA, histone modification, and DNA 

methylation, can have an important role in modifying transcriptional regulation of traits related to seasonal timing. While epigenetic 

modifications act differently across taxa, there is consistent evidence for their involvement in the timing of seasonal life-history tran- 

sitions. Here, we discuss the way in which environmental cues trigger epigenetic modifications and propose several roles for their 

involvement in the regulation of seasonal phenotypes in plants, invertebrates, and vertebrates. 

Keywords photoperiod, life-history transitions, transcription, DNA methylation, histone modification, ncRNA, circannual rhythms, epi- 
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responsiveness in plasticity of seasonal timing should be a key prior- 

ity in the years ahead. 

Seasonal variation in timing of reproduction is a phenological trait 

that is readily observed in many different species of plants, inverte- 

brates, and vertebrates [ 8 ]. As reproduction is costly and an important 

determinant of an individual’s fitness, [ 9 ] reproduction is often opti- 

mized to an annual period in which resources are abundant [ 3 , 10 , 11 ]. 

For optimal timing of reproduction external cues are essential and 

phenological information is often conveyed through photoperiod in 

combination with cues such as temperature [ 12–15 ] ( Fig. 1 ). While ad- 

ditional cues for timing, such as food abundance [ 10 , 16 ] and social in- 

teractions [ 17 , 18 ] have also been identified, it is difficult to disentangle 

whether the cause is due to biotic (e.g. density of prey items) or abiotic 

cues (e.g. prevailing phenological pattern) ( Fig. 1 ). Importantly, differ- 

ences in how organisms at different trophic levels respond to changes 

in environmental cues has in some cases led to a decline in synchro- 

nization of seasonal interactions among some species [ 19 , 20 ] some- 
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Introduction 

any temperate species are facing rapid environmental changes,

omething which has had a major impact on phenological traits such

s seasonal timing of migration and reproduction [ 1–3 ]. To under-

tand how organisms adapt to changing environmental conditions,

e need a better understanding of how environmental cues are per-

eived and translated to modify gene expression to modify pheno-

ypes. Phenological responses are driven to a large extent by pheno-

ypic plasticity, [ 4–6 ] the ability of a genotype to change its pheno-

ype in relation to environmental conditions [ 7 ]. Understanding the

olecular mechanisms and evolutionary basis of phenotypic plastic-

ty is therefore essential for predicting how populations will respond

o environmental change. To advance the field requires a clearer un-

erstanding of how organisms perceive environmental cues and how

uch environmental cues are translated into phenotypic changes. In

articular, elucidating the molecular mechanisms of environmental
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Figure 1 Phenological information from the environment leads to changes in epigenetic patterns and modulates gene expression in traits involved 
in seasonal timing in both plants and animals. The current gap in knowledge is in how cues are sensed and how environmentally induced changes in 
epigenetic patterns are transferred on in the reproductive cascade. 
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hing which can ultimately lead to mistiming in seasonal behaviors

nd reduced reproductive success [ 11 , 16 , 21 ]. 

To understand how organisms detect, incorporate and respond to

nvironmental cues at a molecular level, the impact of phenological

limate sensitivity needs to be resolved. Although physiologically the

rocess of reproduction has been extensively studied, the molecular

etails (which genes are involved and what regulates them) are poorly

nderstood in many species and knowledge is largely limited to model

pecies such as Arabidopsis thaliana , [ 15 ] rice, [ 22 ] and the mammalian

odel species mice, humans, and European hamster [ 23 , 24 ]. Studies

n these species have however revealed an important role for a set of

onserved epigenetic switches in determining the onset of reproduc-

ion [ 25 ] or flowering, [ 15 ] and thus the potential role of epigenetic

echanisms for timing of seasonal rhythms has gathered increasing

ttention [ 26 ]. Epigenetic regulation is broadly defined as molecular

odifications, which do not alter the genetic sequence per se but have

n effect on gene expression [ 27 ]. Of the different epigenetic modifi-

ations that have been characterized so far (e.g. DNA methylation, hi-

tone modifications, and ncRNA), DNA methylation is the most stud-

ed form for several reasons: it can be modified using chemical in-

ibitors [ 28 ] and nucleotide level DNA methylation information can

asily be obtained also in nonmodel species [ 29–32 ]. The aim of this

erspective is to examine the role different epigenetic mechanisms

ave in seasonal timing across different taxa, from plants and insects

o birds and mammals. We first briefly describe the different epige-

etic mechanisms before we review the evidence for epigenetic mod-

fications being involved in seasonal timing in different organismal

roups. 

Epigenetic modifications 

NA methylation is the addition, or removal, of a methyl-group pre-

ominantly at the fifth residue of cytosine in DNA and often leads to
transcriptional changes depending on the gene region (e.g. promoter,

TSS, and intron) [ 33 , 34 ] and sequence context (i.e. the combination

of nucleotides next to a cytosine) [ 35 , 36 ]. In vertebrates, DNA methy-

lation in gene promoters or TSS regions can have silencing effect on

gene expression [ 37 ] whereas in other genomic locations (e.g. gene

bodies) the effect of methylation on gene expression is more complex,

although methylation in the gene body does play an important role

for tissue specific expression patterns and transposable element si-

lencing [ 29 ]. In plants, DNA methylation in non-CpG contexts occur

more frequently than in vertebrates and plants also use methylation

to silence transposable elements [ 38 ]. In invertebrates, DNA methy-

lation is generally low [ 35 ] but shows considerable variation across

species [ 39 ]. DNA methylation is labile and is controlled by a set of

DNA methyltransferases [ 40 ] and removal of methylation marks can

be either passive through repression of DNA methyltransferases [ 41 ]

or active through a variety of enzymes, of which TET enzymes are

most common [ 42 ]. 

Post-transcriptional modification of histone molecules of the nucle-

osome affect the compactness of chromatin and how accessible it is to

transcription or the DNA repair machinery [ 43 , 44 ]. There are multiple

different modifications, such as methylation, acetylation, phosphory-

lation, ubiquitinylation, sumoylation, ADP ribosylation and deamina-

tion, and the effect to transcription (activating or repressing) is de-

pendent on the location of the modification in the histone subunit tail

and in which genomic context it is [ 45 ]. DNA methylation and histone

modifications often work in concert to regulate gene expression in eu-

karyotes [ 46 ]. 

Noncoding RNA molecules are also important epigenetic regulators.

These are characterized based on their length from small (miRNA,

pirRNA, and siRNA) to long noncoding RNA (lncRNA) [ 47 ]. Small non-

coding RNA molecules are involved in chromatin modifying functions

and regulation of gene expression through RNA interference whereas

lncRNA usually facilitate the accumulation of chromatin modifying

enzymes to specific genomic loci [ 48 ]. 
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Epigenetic mechanisms involved in timing of 

flowering in plants 

ransition to flowering is a major developmental switch in the plant

ife cycle and some of the earliest evidence that epigenetic regulation

s involved came from experiments with late-flowering Arabidopsis

nd Thlaspi lines [ 49 ]. Burn et al . [ 49 ] demonstrated that treatment

ith a DNA demethylating agent (5-azacytidine) had the same effect

or flowering as did vernalization (cold treatment), but not in plants

hich were unresponsive for vernalization, suggesting that vernal-

zation released DNA methylation prevented flowering in unsuitable

onditions. Subsequent work on Arabidopsis have demonstrated that

pigenetic mechanisms play a critical role in the regulation of key

owering time genes ( FRI and FLC ) through chromatin modifications

nd long noncoding RNA [ 50 ]. 

The involvement of DNA methylation in flowering has also been

escribed in other species. For example, in clonally reproducing dan-

elion, treatment with a cytosine (DNA) demethylating agent syn-

hronized the clonally inherited patterns in timing of flowering be-

ween lineages [ 51 ]. Although use of DNA demethylating chemicals

o generate phenotypic changes are frequently criticized for their

otential side-effects [ 52 , 53 ] similar results linking DNA methylation

o flowering time have been obtained also in experimental set-ups

n nature. For example, Cortijo et al. [ 54 ] created isogenic Arabidop-

is lines by crossing a recessive ddm1–2 mutation line with wild

ype and subsequent backcrossing of F1 to wild type and then self-

ng of F2. These epigenetic recombinant inbred lines (epiRILs) con-

ained Mendelian-inherited DNA methylation differences, which ex-

lained 86.78% of the variation flowering time between isogenic

ines. In Azalea [ 55 ], where changes in photoperiod and temper-

ture during the rest period affected not only flowering time but

lso global DNA methylation patterns in flower buds across the

eason. These results indicate that DNA methylation as a mech-

nism responds to multiple environmental cues in order to time

eproduction. 

While much work has only considered DNA methylation there is

rowing support for chromatin modifications as a key mechanism in

he regulation of onset of reproduction in plants (i.e. onset of cell mat-

ration towards flowering, so-called vegetative-flowering transition).

or example, the flowering locus C (FLC) system has been identified

s a central core for regulation of flowering [ 22 ] and vernalization

 12 ]. Spring photoperiod and temperatures release the repression of

LC, which opens a window for flowering gene expression. The pro-

ess of vernalization is induced by prolonged periods of low temper-

tures and in essence reverses the histone methylation status of FLC

efore next year reproductive period [ 50 ]. Although the histone mod-

fications are in response to temperature, the mechanism by which

emperature sensing is mediated to alter histone modifications is still

nresolved. In Arabidopsis halleri gemmifera levels of H3K27me3 and

3K4me3 were measured biweekly in AhgFLC gene for over 2 years

 56 ]. These data showed that histone marks had differential response

o temperature, such that H3K27me3 in the distal nucleation region

f AhgFLC is responsible for its upregulated expression in spring with

nsensitivity to cold, whereas H3K4me3 in the same genomic region

esponds to cold in summer and winter when H3K27me3 is mostly

bsent. 

Inherently linked to chromatin modifications are also lncRNA,

hich have been described for the FLC complex in Arabidopsis . An-

isense transcript of FLC is strongly cold induced and participates in
silencing of the FLC by incorporating silencing histone methylation 

marks in the gene region [ 57 ]. Genome-wide screens in chickpea, [ 58 ] 

orange, [ 59 ] and Cajanus scarabaeoides [ 60 ] have also characterized 

the potential of lncRNA to control flowering time as the molecules 

contain targets for flowering-related transcription factors as well as 

differential patterns of expression across tissues. 

In conclusion, research in plants, especially rice and Arabidop- 

sis , demonstrate an increasingly important role of epigenetic reg- 

ulation for timing of flowering and the mechanism by which the 

environment modulate epigenetic changes is also starting to be 

understood. 

Epigenetic mechanisms involved in reproduction 

in invertebrates 

There are now many examples where epigenetic mechanisms are 

involved in reproductive stage transitions also in invertebrates (e.g. 

[ 61 ]). This is interesting because compared to vertebrates, DNA methy- 

lation levels are in general lower and methylation is mainly concen- 

trated to gene bodies and to regions of the genome with functional 

importance [ 62 ]. One example of the involvement of DNA methyla- 

tion in reproductive stage transitions is found in Nasonia vitripennis , 

where females exposed to short or long day light cycles showed differ- 

ences in DNA methylation pattern and diapause response [ 63 ]. Using a 

pharmacological inhibitor to block DNA methylation as well as RNAi 

to knock down DNMT1a enzymes resulted in an abolishment of the 

photoperiod induced diapause response [ 63 ]. This result shows the 

potential of DNA methylation as a mechanism for photoperiodic re- 

sponse in invertebrates. Another example that DNA methylation can 

be an important mechanism for phenotypic variation in invertebrates 

is the transition between reproductive queen and nonreproductive 

workers in honey bee, which is determined by DNA methylation pat- 

terns in brain during development as a result of dietary differences 

[ 64 ]. Similarly in ants, differential DNA methylation was identified be- 

tween reproductive and worker casts and at different developmental 

stages [ 65 ]. 

DNA methylation levels seem to be highly variable in insects [ 39 ] 

and notably near absent in some insect models such as Drosophila 

[ 66 ]. Other epigenetic mechanisms such as histone modifications and 

ncRNA also play an important role in many traits related to reproduc- 

tive stage transitions or timing. In mosquitos ( Culex pipiens ), expres- 

sion of miRNAs related to ovarian development and lipid metabolism 

was lower in diapause-destined females than in nondiapausing fe- 

males [ 67 ]. In the European map butterfly ( Araschnia levana ) experi- 

mental manipulation of day length during metamorphosis resulted in 

differential expression of miRNAs between the experimental groups, 

which indicates that miRNA are likely involved in seasonal pheno- 

types, i.e. the spring or summer imagoes, in the species [ 68 ]. Also, 

lncRNA have been observed in Harpegnathos and Camponotus ants, 

and in Harpegnathos differential lncRNA expression was identified 

to be involved in caste transition from a nonreproductive worker to 

an egg-laying queen [ 69 ]. In eusocial insects, histone modifications 

have been associated with caste determination in Camponotus flori- 

danus ants [ 70 ] as well as in honey bees, Apis mellifera, [ 71 ]. In both

species, H3K27ac was associated with caste identity. In the ant, a more 

foraging oriented worker class, called minor, is observed along with 

a more protective worker class, called major. Admission of histone 

deacetylase inhibitor trichostatin A to eclosed major workers induced 



4 | Environmental Epigenetics, 2026, Volume 12, Issue 1

a  

t  

t  

w  

v  

t  

i  

d  

t

B  

s  

t  

a  

r  

h  

t  

s  

r  

d

 

a  

p  

l  

o  

l  

g  

s  

s  

c  

a  

c  

l  

L  

i  

i  

r  

e  

c  

i  

c  

l  

m  

s

 

g  

m  

i  

s  

D  

c  

l  

m

 

b  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/eep/article/12/1/dvag008/8509302 by Turun Yliopiston Kirjasto user on 15 April 2026
 change in behavior to become more like foraging minors, [ 72 ] and

his shift in behavior was also seen in gene expression patterns in

reated major workers becoming more similar to a natural minor

orker, [ 73 ] indicating that the behavior can be plastically changed

ia histone acetylation. In Drosophila melanogaster tissue specific his-

one methylation patterns (H3K4me3 and H3K36me1) are involved

n phenotypic plasticity of reproductive diapause and thus further

emonstrate how epigenetic mechanism can be important for adap-

ation to changing environments [ 74 ]. 

DNA methylation and timing of breeding in 

vertebrates 

reeding in vertebrates requires maturation of the reproductive tis-

ues, which is achieved during puberty. Histone methylation is a mas-

er switch in the process of puberty and DNA methylation addition-

lly affect genes up- and downstream of the focal region of the neu-

oendocrine regulators “released” by the conformation change of the

istone backbone [ 75 ]. For example, in rats ( Rattus norvegicus domes-

icus ), pharmacological inhibition of DNMTs significantly delayed on-

et of puberty and more specifically genes involved with expression

epressing polycomb group showed altered promoter methylation at

ifferent stages of puberty progression [ 75 ]. 

In many seasonally reproducing species the activation of gonads

t the start of the reproductive season seems to be mainly driven by

hotoperiod [ 13 , 24 ] and recent work have found that DNA methy-

ation can play an important role in the neuroendocrine regulation

f gonadal maturation [ 76–78 ]. Seasonal variation in DNA methy-

ation is expected [ 26 ] and has been demonstrated in a study on

reat tits ( Parus major ), where sampling of red blood cells from the

ame females over the course of 5 months during the breeding sea-

on found that nearly 10% of analysed CpG sites exhibited signifi-

ant variation [ 32 ]. When this seasonal variation in methylation was

nchored to the laying of the first egg, most variation in red blood

ell DNA methylation was found between the prelaying and post-

aying stages within a few candidate genes [including NR5A1 and

OC107215054 ( MYLK -like)] known to be involved in oviposition-

ng [ 79 ]. In the Siberian hamster ( Phodopus sungorus ), day length

s transmitted through melatonin levels and subsequently indirectly

egulates de novo DNA methyltransferase expression [ 76 ]. Current

vidence indicates that higher estrogen levels in long photoperiod

onditions induces hypothalamic Dnmt expression, [ 78 ] whereas tri-

odothyronine have little to no impact [ 80 ]. Long photoperiod in-

reases in Dnmt expression are associated with elevated DNA methy-

ation at the promoter region of DIO3 within the hypothalamus, which

ay facilitate reduced DIO3 expression and activation of a breeding

tate. 

A recent study in great tits also link hormonal levels to epi-

enetic changes as the authors found that manipulation of fe-

ale hormone levels (yolk testosterone) caused sex-specific changes

n DNA methylation levels at over 700 sites, many in genes as-

ociated with growth and reproduction [ 81 ]. Effects on global

NA methylation patterns in response to manipulation of corti-

ostrone in zebra finches has also been observed, [ 82 ] further high-

ighting interaction between hormonal regulation and epigenetic

odifications. 

Involvement of photoperiod on chromatin modifications has also

een reported in the gonads of the Siberian hamster [ 83 ]. Males
exposed to short day length exhibited increased levels of histone

deacetylase HDAC3 , which together with increased Dnmt3a expres-

sion [ 76 ] are involved in the regulation of seasonal changes in gonadal

function, such as gametogenesis and/or steroidogenesis. In females no

increase in ovarian HDAC expression was observed in response to day

length but in uterus short day lengths increased HDAC 2 expression

as a response to decreased ovarian steroid levels [ 83 ]. Taken together,

these data highlight dynamic changes in enzymes linked to epigenetic

modifications and that associated molecular changes occur across the

hypothalamo–gonadal axis. 

How do environment signals lead to epigenetic 

modification? 

As the above demonstrates, there are several studies across a wide

range of taxa that illustrate a role for epigenetic mechanisms to

regulate seasonal timing of reproduction. The key questions is how

such epigenetic modifications are altered by seasonal environmental

cues? 

Temperature, for example, alters histone methylation patterns in

the promotor of the BDNF gene in the hypothalamus in chickens ( Gal-

lus gallus ) exposed to temperature treatment at early age [ 84 ] and

in guinea pigs ( Cavia aperea ), temperature exposure of the father re-

sulted in DNA methylation differences in liver tissue between off-

spring sired prior to and after exposure (an example of transgenera-

tional effect of methylation) [ 85 ]. Other abiotic environmental condi-

tions can also affect methylation through stress response and the glu-

cocorticoid pathway. In the superb starling ( Lamprotornis superbus ) a

positive correlation between prebreeding rainfall and DNA methyla-

tion levels in the glucocorticoid receptor promoter region of 1-week-

old chicks was observed and it also affected breeding success of males

in adulthood [ 86 ]. In rice, cultivar-specific hypo- and hypermethyla-

tion patterns were measured after experimental exposure to drought

and salinity stress [ 87 ]. The cultivars which differed in regard to their

tolerance to drought or salinity also contained cytosine mutations af-

fecting methylation patterns in genes responsive to the stress treat-

ment. In honeybee ( A. mellifera ) the social context, namely presence or

absence of young adults or brood, affect the expression and propor-

tions of DNA methyltransferases over time highlighting the potential

for epigenetic regulation of the casts and social tasks in the colony [ 88 ].

In the ant Temnothorax longispinosus , histone acetylation is involved

in regulation of circadian rhythms, [ 89 ] in a similar manner to other

organisms [ 26 ]. In A. thaliana , the vernalization process is affected by

multiple temperature sensing inputs to be used to finetune flowering

to spring and interact with the FLC locus [ 90 ]. 

As the above examples demonstrate, there are a variety of environ-

mental factors that can alter epigenetic marks—the question is how

do these different environmental sources modify the different epige-

netic mechanisms. 

All plants and animals have specific photoreceptors that sense

light and the photoreceptors interact with different transcription

factors, for example the phytochrome interacting factors (PIFs) in

plants, who integrate external signals such as photoperiod to con-

trol downstream gene regulation [ 91 ]. Arabidopsis , for example,

have several PIFs that interact with different photoreceptors as

well as with transcription factors to alter histone and methylation

patterns, both at specific genes as well as by large-scale genome

reorganization. 
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Taken together, these studies exemplify that both biotic and abiotic

actors can be conveyed to alter epigenetic patterns and that the mech-

nism by which this occur is starting to be elucidated. 

Future directions 

f we are to understand how organisms may adapt to changing en-

ironmental conditions, we need studies that bridge the current gap

f how environmental cues modify epigenetic change and leads to

hanges in epigeneic gene expression in the relevant tissues that ini-

iate seasonal timing of reproduction ( Fig. 1 ). There are now many

tudies that correlate epigenetic changes to seasonal timing of repro-

uction across a wide range of taxa, leaving little doubt that epige-

etic mechanisms are involved. What is not yet well understood is the

olecular mechanism by which environmental factors lead to these

pigenetic changes and how epigenetic changes in turn alters gene

ctivity and we see this is an area of research that needs urgent atten-

ion. 

An important caveat with many current studies is the lack of func-

ional assays to verify the involvement of the different epigenetic

odifications as they rely on correlation between DNA methylation

tatus, ncRNA, and histone modification patterns and the phenotype

 32 , 49 , 55 , 63 , 79 , 86 ]. While this is not a specific criticism against epi-

enetic studies and applies equally well to genome-wide association

tudies or gene expression studies, given the high interest and scrutiny

f epigenetic studies functional verification seems particularly pru-

ent in this field [ 92, 98 ]. 

The question in the field is thus no longer whether epigenetic mech-

nisms are involved but rather how they are modulated by environ-

ental factors. We therefore urgently need better insight into how

nvironmental information is perceived and transferred to the epi-

enetic machinery and how it ultimately modulates gene expression

atterns. There is no doubt that external cues can affect essential re-

roductive genes through epigenetic changes, [ 76 ], and it is important

o understand how such changes across time participate in creating

lasticity in seasonal timing. The ideal way to identify temporal pat-

erns of DNA methylation would be to examine tissues relevant for re-

roduction along the time axis of maturation and reproduction, and

elate the observed methylation changes to transcriptomic changes.

owever, at least in animals this is difficult as sampling of relevant

issues repeatedly and noninvasively is often not feasible [ 23 ] and,

nstead, secondary tissue types are often used (e.g. blood [ 93 ]). More-

ver, there are sex-differences in how environmental cues are per-

eived to time reproduction, [ 94 , 95 ] which together with emerging

vidence that DNA methylation is pivotal for the establishment of sex

ifferences in the brain, [ 96 ] suggest that environmental cues may

mpact male and female epigenetic patterns differently with impli-

ations for our understanding of seasonal timing and its inheritance.

hile DNA methylation is currently the easiest epigenetic mechanism

o examine in emerging model species other epigenetic mechanisms,

uch as histone modification and ncRNAs are equally important reg-

lators in model species [ 56 , 97 ] and in crop plants [ 58 , 59 ]. We there-

ore expect that as it becomes more feasible to study different types of

pigenetic modifications in an evolutionary ecology context a deeper

ole for epigenetic modifications in regulation of seasonal timing

ill surely emerge. Understanding how such epigenetic mechanisms

re controlled by external cues to modulate phenotypes will pro-
vide valuable insights into how species can adapt to rapidly changing 

environments. 
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