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DNA methylation changes induced by long and short
photoperiods in Nasonia
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Many organisms monitor the annual change in day length and use this information for the timing of their seasonal response.

However, the molecular mechanisms underlying photoperiodic timing are largely unknown. The wasp Nasonia vitripennis is
an emerging model organism that exhibits a strong photoperiodic response: Short autumnal days experienced by

females lead to the induction of developmental arrest (diapause) in their progeny, allowing winter survival of the larvae.

How female Nasonia control the developmental trajectory of their offspring is unclear. Here, we took advantage of the

recent discovery that DNA methylation is pervasive in Nasonia and tested its role in photoperiodism. We used reduced rep-

resentation bisulfite sequencing (RRBS) to profile DNA methylation in adult female wasps subjected to different photope-

riods and identified substantial differential methylation at the single base level. We also show that knocking down DNA
methyltransferase 1a (Dnmt1a), Dnmt3, or blocking DNAmethylation pharmacologically, largely disrupts the photoperiodic dia-

pause response of the wasps. To our knowledge, this is the first example for a role of DNA methylation in insect photope-

riodic timing.

[Supplemental material is available for this article.]

Seasonal timing is a key survival process formany organisms, espe-
cially in temperate regions. In most cases, light is the primary cue,
and the seasonal change in day length is monitored by a so-called
“photoperiodic clock” (Bradshaw and Holzapfel 2010). Despite in-
tensive study of the photoperiodic clock for the last 80 years at the
phenomenological level, the “black box” approach has provided
almost no information about the underlying molecular mecha-
nisms (Saunders et al. 2004). This is in marked contrast to our
level of understanding of the circadian clock that regulates daily
rhythms, in which studies in various model organisms have led
to the discovery of general principles and a detailed understanding
of the underlying molecules, which are highly conserved across
diverse phyla (Hogenesch and Ueda 2011).

Nasonia is a typical temperate-zone insect, in which short
photoperiods experienced by females during autumn induce
developmental arrest (diapause) in the progeny at the larval stage
(Saunders 1965), an adaptation that allows the species to survive
the winter. However, how the photoperiodic information is trans-
ferred frommothers to their progeny remains unknown, but other
studies of the transgenerational transfer of phenotypes (Ho and
Burggren 2010) suggest a possible role for epigenetic encoding
(e.g., DNA methylation).

The recent sequencing of the Nasonia genome has revealed a
comprehensive kit of DNA methylation machinery (Werren et al.
2010), including five DNA methyltransferase genes (Dnmt1-3).
In a recent survey of methylation in Nasonia (Park et al. 2011),
18 genes were analyzed using bisulfite sequencing. On average,
30% of CpGsweremethylated, indicating substantial methylation
in theNasonia genome, and aswith other insects, thismethylation

wasmainly found in gene bodies. The degree ofmethylation of the
small subset of genes studied in Nasonia mirrored that seen for
orthologous genes in other Hymenoptera (Zemach et al. 2010);
and given the role of DNA methylation in phenotypic plasticity
in honeybees (Kucharski et al. 2008), this process may well have
an important role in regulating aspects of life history in Nasonia
as well. Indeed, recent work exploring the RNAi silencing of
Dnmt1a inNasonia resulted in embryonic lethality, demonstrating
a critical role of methylation in the control of development (Zwier
et al. 2012).

The robust photoperiodic response of Nasonia provides us
with the opportunity to test the role of DNA methylation in sea-
sonal timing. Some evidence already alludes to this as a potential
mechanism (Alvarado et al. 2014). For example, it has been shown
that the timing of flowering in plants (induced by seasonal chang-
es in day length) involves various epigenetic modifications, in-
cluding DNA methylation (Yaish et al. 2011). Moreover, in mam-
mals, DNA methylation of the type III deiodinase (dio3) gene
has recently been shown to be critical for measuring photoperiod
(Stevenson and Prendergast 2013).

Here, we test whether a similar encoding of environmental
cues by DNA methylation underpins seasonal timing in insects.
First, we provide a detailed genomic description of methylation
in Nasonia vitripennis, which augments the recently published
data sets (Wang et al. 2013; Beeler et al. 2014). Second, we identify
differentially methylated sites in females associated with experi-
ence of long or short days. We predict that themajor developmen-
tal decision of direct development versus diapause of offspring
should involve genes in a number of pathways, some of which
may respond to day length by increased methylation and some
by decreased methylation. Third, we experimentally manipulate
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DNAmethylation in females and observe
how these manipulations influence off-
spring diapause. We use two indepen-
dent techniques that influence genome-
wide methylation in different ways:
(1) RNA-interference knockdown of
Dnmt1a–c andDnmt3; and (2) pharmaco-
logical knockdown using the methyla-
tion inhibitor 5-aza-2′-deoxycytidine.

Results

The Nasonia methylome

To identify DNA methylation changes
induced by photoperiod, we quantified
DNA methylation in genomic DNA ex-
tracted from whole female Nasonia
vitripennis wasps kept in either long-
or short-day conditions. We used re-
duced representation bisulfite sequenc-
ing (RRBS) (Gu et al. 2011) to achieve
single-nucleotide resolution of DNA
methylation of CpG dinucleotides dis-
tributed throughout theNasonia genome
at high coverage.

After removal of low-quality reads,
we obtained 27,255,357 reads (1.06
Gbp) from the long-day sample (LD)
and 30,818,609 reads (1.25 Gbp) from
the short-day sample (SD). The mapping
efficiency of these reads to the Nasonia
reference genome was 84.1% (LD) and
83.2% (SD). The average coverage depth
of the reads was 92.6× for the short-
day sample and 86.4× for the long-day
sample. By the same metric, 4.53%
(1,270,716) of CpG sites in the genome
were covered by both samples at an aver-
age depth of 95.72× for the SD sample
and 88.97× for the LD sample. The
LD reads covered 1,304,087 CpG sites
(4.65% of all genomic CpGs), whereas
the SD reads covered 1,385,067 CpG
(4.94%). We detected 1618 and 2018
methyl CpGs in the LD and SD samples,
respectively, using a 1% false discovery
rate (FDR) (see Methods), comprising 0.124% and 0.146% of the
cytosines with sequence coverage that were analyzed.

Although most of the methylated cytosines were in a CpG
context (Fig. 1A), a small fraction (<6.7%) of these were in non-
CpG context (mCHG and mCHH, where H =C,T, or A) in both
the LD and SD samples (Fig. 1A). CpG methylation shows a large
amount of overlap between the two samples (Fig. 1B), whereas
the other contexts show little (CHH; 1/125 sites), or no overlap
(CHG), which may suggest that detected non-CpG methylation
largely represents experimental noise (see Methods).

The methylation of CpG sites shows a bimodal distribution
(Fig. 1C): CpGs seem to be either heavily methylated or lightly
methylated (the methylation level of a cytosine is here defined
as the percentage of reads that are methylated). Similar bimodality
has been observed in both the honeybee and silk moth (Zemach

et al. 2010), and methylation is negatively correlated with the
CpG observed/expected ratio (a measure of CpG methylation),
which is also bimodal in honeybees (Sarda et al. 2012) and
Nasonia (Park et al. 2011). The majority (83.6%) of the methylated
CpGs were located in exons, whereas only 9.8%were located in in-
trons, 1.1% in promoter regions, and 5.5% in intergenic regions
(Fig. 1D,E).

Identification of differentially methylated genes

Of the 12,055 genes with annotated mRNAs in the Nvit_2.0 build,
5972 (49.54%) had at least five covered CpG sites, and 5032
(41.74%) had at least 10 covered CpG sites. We used Fisher’s
exact tests to compare methylation in long and short photo-
periods and identified 51 differentially methylated CpG sites

Figure 1. The Nasonia methylome. (A) Distribution of mCs identified in different sequence contexts
(mCG, mCHG, and mCHH, where H = non-G). (B) Venn diagram showing that a substantial proportion
of the mCGs are methylated under both long- and short-day conditions in contrast to other sequence
contexts that shownegligible overlap (see text), suggesting that non-CpGmethylation represents largely
experimental noise. (C) The methylation level of CpG sites (percentage of covering reads that are meth-
ylated) shows a bimodal distribution. This bimodality is not seen in CHG or CHH (shaded yellow and or-
ange) methylation contexts. (D) Fraction of mCGs identified in exon, intron, promoters (2-kb upstream
of genes), and intergenic regions. (E) A snapshot of the methylome (751-kb region) is depicted overlaid
with the raw long-day methylation data (scaled to 0%–2% methylation).
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(DMCs; Benjamini-Hochberg multiple testing, FDR < 0.05)
(Benjamini andHochberg 1995),whichweremapped to 37 unique
genes (Fig. 2A; Supplemental Table S1). Approximately half of
the DMCs (23/51) showed reduced methylation in long day com-
pared to short day (i.e., hypomethylation), whereas the other
showed the opposite trend. Because the annotation of the
Nasonia genome is still in its infancy, we were able to assign
gene ontology (GO) terms only to 25 genes in our list. The terms
assigned to the genes represented a wide range of functions,
such as GTPase activity, protein binding, and transferase activity

(acyl and glycosyl groups). A few of these genes harbored multiple
DMCs, including heixuedian (heix), an ubiA prenyltransferase
domain containing protein 1 gene. Of the 42 CpG sites in this
gene that were covered by our library, six were significantly more
methylated in the short-day sample (Fig. 2B). In contrast, the
gene misshapen (msn), encoding a protein kinase, was represented
by seven CpGs sites in our reads, five of which showed increased
methylation in the long-day sample (at the FDR-corrected q < 0.01)
(Fig. 2C). We have validated the differential methylation of
specific CpG sites in the genes WDR36, (CG9799, WD repeat-

Figure 2. Differential DNA methylation associated with photoperiod in Nasonia. (A) The methylation is shown across the five chromosomes and the un-
placed (U) scaffolds. From the outer to inner circle, the data tracks are short-day methylated CpGs (red), long-day methylated CpGs (blue), methylation
difference (red/blue), and significantly differentially methylated sites (q < 0.05, dark gray). The lack of differential methylation in the U scaffolds is probably
because they encompass substantially fewer genes. (B) Differential methylation in the heix (LOC100118618) gene. Of 42 CpG sites that were covered, six
(∗) were significantly more methylated in short day (q < 0.05). (C ) Differential methylation in msn indicates increased methylation in long day: There are
seven covered CpG sites on this gene, of which five (∗) are methylated at q < 0.01.
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containing protein 36, putative), LOC100117390 (CG11148,
PERQ amino-acid rich with GYF domain-containing protein),
and LOC100117821 (zinc finger protein 615) using a qPCR ap-
proach (Thomassin et al. 2004). In all three cases, we found a sig-
nificant increase in methylation in long-day compared to short-
day females, consistent with the RRBS analysis (three biological
replicates, 2000 permutations, P < 0.0001) (Supplemental Fig. S1).

During bisulfite conversion, 5-hmC has been shown to
behave like its precursor, 5-mC (Huang et al. 2010).Wehave there-
fore sought to test for the presence of 5hmC in our data. Recent
studies in mammals have shown that 5hmC is made from a
5mC precursor, a reaction which is mediated by ten-eleven trans-
location (TET) proteins (Tahiliani et al. 2009; Ito et al. 2010).
We have analyzed the Nasonia genome and identified a single pu-
tative Tet ortholog. Although the overall level of identity to hu-
man TET2 is rather low (0.25), the 925-bp Tet motif (Pfam ID:
Tet_JBP) in the Nasonia gene results in a highly significant blast
score (E = 4.9 × 10−60), suggesting it is a bona fide Tet ortholog.
We carried out hydroxymethylated DNA immunoprecipitation
(hMeDIP), using Nasonia gDNA that was spiked with mouse
DNA (Thomson et al. 2013), and tested for the presence of three
candidate genes in the enriched 5-hmC fractions by qPCR
(Supplemental Fig. S2). The percent recovery (enriched/total in-
put) of the genesmsn and heixwas <1%, similar to the mouse neg-
ative control, whereas the gene Cact-2 was present at moderate
level (1.1%–2.3%) compared to the positive control. Thus, func-
tional 5-hMCmight exist inNasonia but is unlikely to play a signif-
icant role in the photoperiodic response. The complete survey of
5-hMC in Nasonia will be published elsewhere.

Functional assays demonstrating a causative role

of DNA methylation

To test the functional role of DNAmethylation inmediating short-
day-induced diapause, we knocked down Dnmt1a-c and Dnmt3 by
injectingdouble-strandedRNA (dsRNAi) of these genes into female
pupae of thewild-typeN. vitripennis strain AsymC.Control females
were injected with dsRNAi targeting the green fluorescent protein
(GFP). We verified the knockdowns by qPCR of mRNA extracted
from the injected females (Supplemental Fig. S3). Although the
complete knockdown of Dnmt1a is lethal (Zwier et al. 2012), our
protocol induced a partial knockdown (∼60%) and resulted in
the successful eclosion of adult females that were then tested for
their photoperiodic responses. The diapause response of progeny
of injected females is shown in Figure 3A. RNAi knockdown of
Dnmt1a leads to females producing diapause offspring regardless
of day length. Although control females exhibited the strong pho-
toperiodic response typical of Nasonia, with increased diapause
level in short days (t = 3.57, df = 28.6, P = 0.0012), the response
of Dnmt1a-dsRNAi-injected females was similar in both long and
short days (t = 1.45, df = 36, P = 0.15), with a substantial increase
in diapause-induction in progeny of females maintained under
long-day conditions. SilencingDnmt3 (Fig. 3B) resulted inanonsig-
nificant difference in diapause response, although this result is
close to significance, suggesting that the effect of Dnmt3 is much
weaker or harder to resolve (t = 1.96, df = 36, P = 0.055). This effect
of the dsRNAi was observed within 10 d of injection. For progeny
laid 10–15 d after injection, diapause frequencies reverted to nor-
mal levels again (i.e., low diapause incidence in long days; data
not shown). We have also attempted the knockdown of Dnmt1b
andDnmt1c, but the progenyof the injectedwasps showednormal
photoperiodic response (Supplemental Fig. S4).

We verified the effect of the RNAi knockdown on CpGmeth-
ylation by using qPCR (MethyQuant), 9–10 d post injection (5 d
after eclosion) We analyzed the status of highly methylated CpG
sites in three different genes (Supplemental Fig. S4): CG11148
(LOC100117390), WDR36 (CG9799), and LOC100117821.
Knockdown of Dnmt1 resulted in a significant reduction of meth-
ylation (P < 0.05, calculated by permutation) in both the WDR36
and LOC100117821 loci, whereas forDnmt3 knockdown, the level
of methylation was reduced in the treated group (DNMTs-dsRNAi)
compared to the control group (GFP-dsRNAi) in each of the tested
genes (P < 0.05).

We also tested the impact of DNA methylation pharmaco-
logically. We used the DNAmethylation inhibitor 5-aza-2′-deoxy-
cytidine (5-aza-dC), a potent inhibitor of DNA methylation
(Christman 2002), and tested the female response to varying pho-
toperiods. Although control females fed with sugar solution
showed the normal photoperiodic response (again with a substan-
tial difference between long- and short-day females; W = 338,
P < 0.001) (Fig. 4A), wasps fed with 10 μM 5-aza-dC (a nonlethal
dose), responded similarly to long and short days (W= 707,
P = 0.47). Intriguingly, in this case, we observed a reduction of dia-
pause in the progeny of wasps maintained in short day (median
drop from 35% to 25%), accompanied by an increase in long-day
progeny (8% to 20%). We verified the impact of the drug on
DNA methylation of CpG sites in four different genes (Fig. 4B):

Figure 3. DNAmethylation is required for photoperiodic-mediated dia-
pause response. (A) The progeny of control females (GFP dsRNAi-injected)
exhibit thenormal photoperiodic response typical ofNasonia: lowdiapause
incidence induced in long day (LD: 18-h light, white box) compared with
short day (SD: 6-h light, gray box), as tested after 5 d at 18°C. (∗∗∗) P <
0.01. In females injected with dsRNAi targeting Dnmt1a (B) and Dnmt3
(C ), the difference in diapause levels between long and short day is abol-
ished (18–20 females in each group, progeny of each female collected
from two hosts, average n = 24 larvae per female). The line inside each
box represents the median; the top and the bottom represent the 75th
and 25th percentiles, respectively. (D) Nasonia developing pupae (yellow)
and diapausing larvae (dark).
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LOC100121005 (CG4049, Helicase ARIP4), LOC100118618 (heix),
LOC100679542 (CG14322, Zinc finger protein 106), and
LOC100122664 (CG5886, Alpha-taxilin-like). A mixed effects
model ANOVA (with the fixed effects Gene and Treatment, and
replicate fitted as a random effect) revealed a significant reduction
in methylation due to the drug (F(1,8) = 9.45, P = 0.015). All genes
exhibited the same response (interaction: F(3,8) = 0.74, P = 0.56).
We also tested the effect of 5-aza-dC on msn by cloning a 335-bp
fragment of the gene using DNA from either treated or control fe-
males. Comparing the overall methylation in four CpG sites that
were identified by RRBS revealed a significant reduction in the
drug-treated group (n = 10 clones analyzed) compared to the con-
trol group (n = 9 clones): one methylated and 39 unmethylated
sites compared to six methylated and 30 unmethylated sites
(Fisher’s exact test P = 0.048).

Discussion

Here, we have shown that DNAmethylation is associated with en-
coding the seasonal photoperiod in Nasonia vitripennis. Patterns of

methylation across the genome change with photoperiod, and
manipulation of the methylome via either the disruption of a
key maintenance methyltransferase (Dnmt1a) or via a potent in-
hibitor of methylation (5-aza-dC) changes how female Nasonia re-
spond to photoperiod. In addition, we have obtained a single-
nucleotide resolution snapshot of the methylome of Nasonia
that adds to the number of recently published insect methylomes,
including the honeybee Apis mellifera (Lyko et al. 2010), the ants
Camponotus floridanus and Harpegnathos saltator (Bonasio et al.
2012), the silk moth Bombyx mori (Xiang et al. 2010), and the lo-
cust Schistocerca gregaria (Falckenhayn et al. 2013). Moreover, the
pattern of methylation in the wasp mirrors that of other insects,
i.e., relatively low-density methylation, mostly mapped to gene
bodies, particularly exons. Indeed, this seems to be an ancient
property of eukaryotic genomes (Zemach et al. 2010), which is pre-
sumably involved in the regulation of alternative splicing (Lyko
et al. 2010; Foret et al. 2012).

Profiling of DNA methylation by RRBS provides only a snap-
shot of the epigenome (Gu et al. 2011). It is therefore likely that
the actual extent of differential methylation across the genome
associated with the change in photoperiod is more substantial
than that reported here (perhaps up to 20-fold higher, given our
CpG coverage). It is also likely that our use of the whole body for
methylation profiling hindered the detection of photoperiodic
DMCs that may well be restricted to specific cell clusters in the
brain or other tissues.

Of course, many of the DMCs we have identified may not
necessarily be involved in the photoperiodic response (i.e., in in-
ducing offspring diapause) because there are other physiological
processes that might changewith day length (for instance, involv-
ing changes in host-finding or resource allocation). Here, our goal
has been to demonstrate that differentialmethylationwith respect
to photoperiod is present (although the link between a specific
critical methylated locus and the photoperiodic circuit may be
quite distant). Yet, some of the DMCs in our list may serve as can-
didates to follow. For instance, the genemsn has been shown to be
involved in development inDrosophila,where it interacts with the
JNK pathway; intriguingly, it is important for the neural develop-
ment of photoreceptors (Treisman et al. 1997) and therefore may
play a role in photoperiodic light reception.

Crucially, the disruption of the normal photoperiodic re-
sponse by the knockdown of Dnmt1a demonstrates the causative
role of DNA methylation in the photoperiodic response (Fig. 3).
The observed abnormal increase in diapause incidence under
long-day conditions following the RNAi manipulation suggests
that under normal conditions, methylation of key photoresponse
genes prevents diapause when days are long. However, the more
pervasive pharmacological reduction of methylation by 5-aza-dC
leads to diapause development under both long- and short-day
conditions. In both cases, the photoperiodic response has been
abolished, but not in quite the same way. This may be due to the
fact that 5-aza-dChas a broad impact onDNAmethylation (in con-
trast to Dnmt1a RNAi). As such, the differences in response in the
two experiments may reflect multiple pathways and targets of
DNAmethylation with various effects on diapause, which are like-
ly to be locus- and tissue-specific. Consistent with the fact that the
change in day length is associated with both hyper- and hypo-
methylation (Fig. 2), the 5-aza-dC blocking is expected to impact
both long- and short-day response.

In mammals, the function of DNMT1 is the maintenance of
DNA methylation. If this function is conserved in Nasonia, then
the effect of the knockdown would take place only in cells

Figure 4. Blocking DNA methylation by 5-aza-dC. (A) Control females
(n = 81) fed by sucrose solution exhibit the normal increased diapause in
short day (SD, gray box) compared to long day (LD, light, white box),
whereas females fed with 10 µM 5-aza-dC (n = 79) show aberrant photo-
periodic response: (∗∗∗) P < 0.01; (NS) not significant. (B) Reduction in the
level of CpG methylation after drug treatment. The qPCR threshold cycle
(log2 Ct) values for control (gray circles) and drug-treated groups (black cir-
cles) is shown for four different loci. A clear increase (in three of the four
loci) in Ct indicates reduced methylation (see text).
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undergoing DNA replication. The 5-aza-dC treatment would im-
pact bothmaintenance and de novomethylation, however, which
might explain the differences in the observed phenotypes (Fig. 3).
The de novo methylation might be accomplished by Dnmt3,
whose activity would be carried out both in dividing and nondi-
viding cells. Dnmt3 has been shown to be important for caste
determination in honeybees (Kucharski et al. 2008) via the regula-
tion of DNAmethylation levels and alternative splicing (Li-Byarlay
et al. 2013), and its role in the photoperiod response merits future
investigation.

In contrast to Dnmt1a, the RNAi knockdown of Dnamt1b-c
did not affect the photoperiodic response. This may be due to dif-
ferent expression patterns of the genes or different catalytic func-
tions for Dnmt1b-c, which would be rather interesting given
their sequence similarity. Similar functional differences were
suggested by Zwier et al. (2012), in which inhibition of Dnmt1a
(but not of Dnmt1c) during early embryogenesis led to develop-
mental arrest and lethality. It is also possible that differences
between the Dnmts are caused by their noncatalytic activity.
Such noncatalytic regulation of gene expression has been demon-
strated in the vertebrateDNMT1 (Clements et al. 2012). The specif-
ic functional role of each of the Nasonia Dnmts again awaits
further investigation.

Also noteworthy is that our methylome data show that pho-
toperiodic transitions induce both up- and down-regulation of
methylation, suggesting a complex regulation of methylation in-
volving various methylating (and possibly demethylating) agents.
Likewise, in honeybee caste determination, the methylation level
in the brains of workers and queen shows both up- and down-reg-
ulation in a gene-specific manner (Lyko et al. 2010), which cannot
be explained by merely the up-regulation of Dnmts in one of the
castes.

In summary, our experiments clearly demonstrate a signifi-
cant role of DNAmethylation in photoperiodic timing. How these
methylation changes underlie the maternal transfer of the photo-
periodic response to the progeny remains to be determined. The
fact that DNA methylation is involved in the photoperiodic clock
echoes the role of epigenetic regulation in the circadian clock
(Masri and Sassone-Corsi 2010; Ripperger and Merrow 2011).
Indeed, most of those studies (carried out in mammals) under-
scored the role of histone modifications, which was also recently
shown to be important for insect photoperiodism (Lu et al. 2013).

Whether photoperiodic timing is itself relying on the circadi-
an clock is still a subject of debate (O’Brien et al. 2011), but
some evidence suggests that this might be the case in Nasonia
(Saunders 1974). If such a link between the two clocks does exist,
it may involve light-induced epigenetic changes of Clock or Clock-
controlled genes. Revealing the genes and cells that underlying the
Nasonia circadian and photoperiodic clocks will soon allow a bet-
ter understanding of the epigenetic mechanisms associated with
these systems.

Methods

Wasp strains

We used the wild-type strain, AsymC, whose genome has been se-
quenced (Werren et al. 2010). To test for diapause, newly eclosed
females were kept individually in glass vials containing two blow-
fly pupae (Phaenicia cuprina; hosts) at 18°C under various photope-
riods (using LED illumination) for 10 d. Hosts were replaced twice,
after 5 and 9 d, and kept in darkness at the same temperature for an

additional 20 d. At this stage hosts, were dissected and diapause
status of the progeny was determined (diapause larvae are easily
identified through their morphology).

RRBS library preparation

Newly eclosed females were maintained in either a long (18 h)
or short (6 h) photoperiod. After 10 d, 2 h after lights on,
genomic DNA was isolated from 10 females using the DNeasy kit
(Qiagen). The RRBS libraries were prepared as previously described
(Gu et al. 2011). Briefly, the gDNA (300 ng) was digested using
MspI and the resulting CpG-terminated fragments were purified,
and 3′ A-overhangs attached using Klenow fragment (3′-5′ exonu-
clease). The blunted end fragments were then ligated to methylat-
ed Illumina adapters (15 µM; Integrated DNA Technologies) that
also included a 6-nt unique barcode at the 3′ end, allowing se-
quencing the samples in a single Illumina lane (see below). To
obtain DNA fractions in the 40- to 200-bp range of MspI-digested
products, the adapter-ligated fractions were excised from a 3%
Nusieve gel. Bisulfite conversion was conducted using the
EpiTect kit (Qiagen), following the manufacturer’s instructions.
The final libraries were generated by PCR amplification using
PfuTurbo Cx Hotstart polymerase (2.5 U/µL; Agilent Technolo-
gies). The RRBS libraries were analyzed by an Agilent 2100 Bioana-
lyzer (Agilent Technologies).

RRBS sequencing and data analysis

The libraries were sequenced using an Illumina HiSeq 2000 ana-
lyzer (BGI). The raw sequencing data was obtained through
two Illumina sequencing runs on the same libraries, yielding
117,646,358 raw 50-bp reads in total. FastQC version 0.10.1
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc) was
used to provide data quality information at each step of the quality
control process. The data were taken through several preprocess-
ing steps before being aligned to the Nasonia genome (version
Nvit_2.0) using Bismark v.0.7.7 (Krueger and Andrews 2011).
These steps included de-multiplexing and barcode trimming, as
well as trimmingof lowqualitybasesandIlluminaadapter sequenc-
es fromthe3′ endof the reads, using theTrimgalorev0.2.5package.
Low quality reads (cutoff of 20 Phred score) were removed using
FASTX-Toolkit (0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/),
which was also used to remove potential noise (i.e., reads that
did not begin with YGG [where Y =C or T], as all RRBS reads are
expected to begin with either CGG or TGG, in the nonconverted
and converted cases, respectively). To facilitate downstream analy-
sis, the resulting Bismark SAM output was sorted by chromosome
and position using SAMtools version 0.1.18 (Li et al. 2009).

Once aligned to the genome, methylation sites were mapped
by identifyingC to T conversions produced by the bisulfite conver-
sion. The error rate of methylation calling was estimated for each
of the samples. Because the protocol uses unmethylated Cs for
the filling in of the MspI restriction site, Cs at this site should al-
ways appear as Ts in the sequencing data. Any Cs that do appear
in the sequencing data at this position are thus due to incomplete
bisulfite conversion or T > C sequencing error. Only reads that con-
tained the Illumina adapter and barcode at their 3′ end with an
overlap of 11 bases or more were used to estimate the error because
this was judged to be a good indication that the filled-in position
could be located within these reads. The error estimate (E) due to
incomplete bisulfite conversion and sequencing error is given by
E = nCf/(nCf + nTf), where nCf is the number of Cs found at the
filled-in position; and nTf is the number of Ts found at the
filled-in position. The error estimates for each sample were
0.0068 (LD) and 0.00622 (SD).
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To classify a cytosine asmethylated (mC), the binomial distri-
bution was used to calculate the probability of getting K successes
(methylated Cs) in N trials (read depth) with probability E of a suc-
cess (Lister et al. 2009). The P-values that had been generated in
this way for each site were adjusted using the Benjamini-
Hochberg method (Benjamini and Hochberg 1995), setting the
FDR at 1%.

Differentially methylated Cs were identified using methylKit
(Akalin et al. 2012) that uses the raw Bismark output data as an in-
put. For each CpG, the proportions of methylated reads in the two
photoperiods were compared using the Fisher’s exact test, and the
P-valueswere corrected to genomic-wide false discovery rate (FDR)-
based Q-values by using the SLIMmethod (Wang et al. 2011). The
methylated sites were mapped to genes using custom Perl scripts.

To test for 5-hydroxymethylation, we used the previously
published hmeDIP protocol (Thomson et al. 2013). Briefly, geno-
mic DNA (5 µg) was sonicated for 10 cycles, vacuum dried, and
was spiked with mouse liver DNA (300 ng). Immunoprecipitation
was carried with rabbit polyclonal antibody against hydroxy-
methylation (Active motif #39769) and purified (Qiagen).
Enrichment of 5-hmC was tested using SYBR green qPCR in a
25-µL reaction volume using a two-step cycling program (15 min
at 94°C and 45min at 60°C) for 45 cycles. The targetNasonia genes
were tested alongmouseGapdh and Tex19.1 (negative and positive
controls, respectively). Information about the tested genomic re-
gions and primer sequences are in Supplemental Table S2.

Validation of differential methylation by qPCR

We used the MethylQuant method (Thomassin et al. 2004) to val-
idate specific differentially methylated CpGs in candidate genes.
Following bisulfite conversion, the DNA was preamplified for
15 PCR cycles using nondiscriminatory (ND) primers (Supplemen-
tal Table S2). Three independent DNA samples were tested from
long and short day for RNAi validation, and two independent rep-
licates were used in testing the effect of the drug. The product was
purified and used in qPCR (25 µL reaction volume) using discrim-
inatory (D) primers harboring the methylation status-specific nu-
cleotide at the 3′ end (Supplemental Table S2). The fluorescence
data was analyzed using the qpcR library of the R statistical soft-
ware (Ritz and Spiess 2008). The PCR efficiencies were averaged
across replicates using the sliding window method, and ratios be-
tween the two conditions (long/short day) of a gene-of-interest
were calculated using normalization against the nondiscriminato-
ry qPCR data. Statistical significance for the ratios is calculated by a
permutation approach (n = 2000) of randomly reallocated versus
non-reallocated data (Ritz and Spiess 2008).

Functional assays

The protocol for generation of Dnmt1a, Dnmt3, and GFP double-
strand RNA and injection of pupae was previously described
(Lynch and Desplan 2006). For the oligonucleotide sequences,
see Supplemental Table S1. We verified that the dsRNAi fragments
do not match the transcripts of any other genes (off-targets) using
a custom-made off-target prediction tool, which we have made
available online (http://WaspAtlas.com) (Davies and Tauber
2015). The tool dices the RNA sequence into all possible 19-mers,
which are then matched against the Nasonia transcriptome
(Nvit_2.0) and its complement.

Following injection, surviving females were collected and
kept in different photoperiods as above. qPCR (SYBR green-based)
was carried to determine transcript levels of the targeted gene,
using the standard curve method. Aequeorin mRNA (a jellyfish
photoreceptor) was spiked to the RNA samples and served as an ex-

ogenous reference (Gilsbach et al. 2006), and the Nasonia RpL32
gene was used as an endogenous reference. Blocking DNAmethyl-
ation by 5-aza-2-deoxycytidine was carried out by keeping newly
eclosed female wasps individually at 25°C in LD 12:12 in the pres-
ence of 20% sucrose solution (200 µL) mixed with 10 µM of the
drug (without a host). After 2 d, each female was given two hosts
and transferred to 18°C at either a long- or short-day photoperiod.
Thehostswere collected after 5 d, and progenywere inspected after
20 d as above.

Data access

All high-throughput sequencing data from this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
http://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE44869. The DNA methylation data can also be browsed at
WaspAtlas (http://waspAtlas.com), our newNasonia genomic data-
base (Davies and Tauber 2015).
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