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Reduction in maternal Polycomb levels contributes to
transgenerational inheritance of a response to toxic
stress in flies

Shay Stern, Orli Snir, Eran Mizrachi, Matana Galili, Inbal Zaltsman and Yoav Soen

Department of Biological Chemistry, Weizmann Institute of Science, Rehovot 76100, Israel

Key points

e Previous work on epigenetic transgenerational phenomena focused on chromatin
modifications or small RNAs as potential carriers of non-genetic transgenerational influence.

e We describe a hitherto non-appreciated mode of trans-generational influence by which physio-
logical stress in one generation can impact multiple generations of non-exposed offspring.

e This mode of transfer involves persistent changes in the composition of maternal RNA in the
early offspring embryos.

e In particular we show that reduction in maternal Polycomb gene levels have a functional
contribution to trans-generational inheritance of induced gene expression.

e Qur findings extend the mechanistic repertoire of epigenetic inheritance by providing
evidence connecting changes in maternal RNA with trans-generational inheritance of induced
phenotypes.

Abstract Transgenerational persistence of parental responses to environmental stimuli has
been reported in various organisms, but the underlying mechanisms remain underexplored.
In one of these reported examples, we have shown that exposure of fly larvae to G418 anti-
biotic leads to non-Mendelian inheritance of ectopic induction of certain developmental genes.
Here we investigate if this inheritance involves changes in mRNA composition within the early,
maternal-stage offspring embryos of exposed flies. Exposure to G418 in F1 modified the maternal
RNA levels of many genes in their early (F2) embryos. This includes reduction of maternal Poly-
comb group genes which persisted in the following generation of embryos (F3). To investigate
the functional meaning of this reduction, we compared genetically normal embryos of Poly-
comb mutant females to normal embryos of normal females. Analysis with two different alleles
of Polycomb, Pcl and Pc3, revealed that maternal reduction in Polycomb gene dosage has a
positive influence on the inheritance of induced expression. Together, this shows that exposure to
G418 stress reduces the maternal levels of Polycomb in the offspring embryos and this reduction
contributes to the inheritance of induced expression.
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Rando & Verstrepen, 2007; Xing ef al. 2007; Heijmans
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2011; Ashe et al. 2012; Buckley et al. 2012; Daxinger
& Whitelaw, 2012; Jablonka, 2012; Lim & Brunet,

Recent evidence of transgenerational epigenetic
phenomena in various species (Jablonka & Lamb, 1989;
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2013) suggests that environmental stimuli can induce
developmental (Morgan ef al. 1999; Anway et al. 2005;
Cropley et al. 2006; Seong et al. 2011; Stern et al. 2012)
and metabolic changes (Cropley et al. 2006; Carone et al.
2010; Crews ef al. 2012) which persist in non-exposed
offspring. Yet, the scope, mechanisms and potential
implications for offspring health and adaptation are not
clear.

Recently, we introduced an experimental model
system for confronting the development of the
fruit-fly, Drosophila melanogaster, with patterns of toxic
G418-mediated stress that are not expected to occur
during fly development (Stern ef al. 2012). In this system,
we supplemented the larval food with G418 and placed
a foreign resistance gene fused to GFP (neoGFP) under
the regulation of arbitrary, spatio-temporally restricted
developmental promoters. This leads to toxic stress in
tissues that are exposed to G418 but do not express
sufficient levels of neoGFP. Under a wide range of
promoter::neoGFP scenarios, this stress led to modified
developmental features, including ectopic induction of
gene expression and longer time for pupation. We also
showed that the ectopic induction of gene expression was
assisted by suppression of Polycomb group (PcG) genes in
the gut of stressed larvae. This stress-mediated suppression
of Polycomb leads to de-repression of developmental
regulators and their expression in new domains. Some
of these G418-induced phenotypes were inherited by sub-
sequent generations of non-exposed progenies (Stern et al.
2012).

In addition to the direct effect of G418 toxicity on the
fly tissues, G418 may also modify the microbiome of the
fly. The involvement of the microbiome in the inheritance
of one of the induced phenotypes (delay in development)
is described elsewhere (Y. Fridmann-Sirkis et al. 2014).
Here we focus on molecular changes occurring in the
germline of exposed flies and their functional involvement
in the inheritance of the stress-induced phenotypes. We
show that exposure of larvae in F1 modifies the maternal
RNA levels in early-stage (F2) embryos and that reduction
in maternal Polycomb dosage supports the inheritance of
induced gene expression in the larval foregut, but not the
inheritance of the delay in development.

Methods
Drosophila stocks

Drosophila lines hairy-GAL4, Pc3 and Pcl were obtained
from the Bloomington Stock Center. The yw stock
was obtained from the laboratory of Dr Eli Arama
(Weizmann Institute of Science, Israel). The UAS-neoGFP
line was generated as described (Stern et al. 2012).
Unless specifically indicated, all F1 experiments were done
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using lines heterozygous for the GAL4 driver and the
UAS-neoGFP transgene.

Quantitative PCR analysis of RNA

About 500-600 adult flies were allowed to lay eggs for
2 h on a 10 cm agar plate. Total RNA was extracted
from embryos 0-2 and 8-10 h old. RNA was purified
using the RNeasy MinElute Cleanup Kit (Qiagen,
Valencia, CA, USA) and mRNA was converted to
c¢DNA using a high-capacity reverse transcription Kkit
(Applied Biosystems, Carlsbad, CA, USA). Transcript
levels were measured using real-time quantitative PCR
(qPCR) on a 7900HT Fast Real-Time PCR machine with
PerfeCTa SYBR green FastMix, ROX (Quanta Biosciences,
Gaithersburg, MD, USA). Specific primers used in this
study were: Act5C: 5'-CCCTCGTTCTTGGGAATGG-3/,
5'-CGGTGTTGGCATACAGATCCT-3'; Pc: 5'-AAATCA
TCCAAAAGCGCGTTA-3, 5-CCGGTTCCCAGGTGTT
GTAG-3'; Rfabg 5'-AAGGGGCCCAGCG TAATGGC-3,
5'-GCAAGCGTTTTCAGCATTTACAGCA-3; Aldh:
5'-AGAACTTCGCAGCAGCTGTTG-3/, 5'-TGTTGATAA
ATACCCCGGTGTAGA-3';  Ipod: 5'-TCATTCACTA
GCCGGGAACAG-3, 5-GAAGACCTTCATTTCAGCG
TTGA-3; Cralbp: 5-AGCGTGTGACGTGCTTGAAA-3/,
5-TCTGCGATTCGTTGGTTCTG-3'; Nplp2: 5-GGAC
GCGAAGAAGGTTGAGGGTC-3', 5'-GGATGCGGCTG
GTGCCTGAA-3'; dnrl: 5'-CAACGAGAGTGCCACGCG
CT-3, 5-GCGCCAAAGGGGATGCTCTG-3; TwdIL:
5'-AAAGATGCGCGCCTTCATCGTAATGT-3, 5'-TGGA
GTGTCCCACGGGCTGG-3'; Cpr65Ea: 5 -CAAGCTC
CTTCTCGTCGTCGCC-3, 5-AGGCGTAGGTGCCGTC
CGTA-3"; Mhe 5'-CGAGCGCGGAAGTTTTGGGC-3,
5-CGACTGGCTTCGGCATCTTGCT-3"; obst-E: 5'-TC
AATGGCTCTTGGCTCGCCG-3/, 5'-CGGACACAGCTT
CTCCACGGG-3’; Osil5:  5'-GCGCTACCTGGAGAC
CCACG-3/, 5'-CGCTTGCTGCGGGACTCATCC-3';
Ilp4: 5'-CGGTCCAGGGACGCCGAAAG-3/, 5-TTAGA
CGCACTGCTCCGCCTG-3'; hth: 5'-CCTCACCTGCCG
ATGCTCGC-3/, 5-GGCATCACCGCTTGCACTCGT-3';
cii 5-CGTCATTCTTGTTGTGGACTAACTTT-3, 5'-TG
GACGCTAAAAACTGCAATTC-3"; SxI: 5'-ATTTTGAT
ACTGTGACTCCCTGTTCGAC-3', 5'-CCCAAATCCAC
GCCCACCACT-3; Pcl: 5-CCAGTTGCCCTACCATG
CGGATA-3,  5-TTCCCGGTTTGCCGCAGTAGC-3';
gdl:  5'-CGGATGCAGGCGGAGAACGAG-3', 5'-AATG
TGGCGCAACTCCTCGGG-3'; knrl: 5'-TCAGACGTG
CAAGGTGTGTGGA-3',5-AGA AGGA CTT GCA GCCC
TCGC-3'; msl-2: 5'-CGCCAGACTCTTCTGCCCCC-3,
5-ATTGAAGCCCTGGTACTCGCCT-3; E(z): 5-CA
AGGATAATGGCCTGACTGTAAA-3/, 5- CACTGCGTA
CTGGTGATGTTCA-3'; trx: 5-GCCACCGCTATAAA
AAGGCG-3/, 5'-TCTTTGCTGACTGCTCAGGG-3';
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roX1: 5-GGCATCCCTCGGAAAGGAAA-3/,
GCGATTCTACGCCTG-3'.

5-ATG

Deep sequencing analysis of RNA (RNA-seq)

Deep sequencing analysis of RNA was performed
in the biological services unit of the Weizmann
Institute of Science (Rehovot, Israel) using Illumina
Genome Analyzer IIx (GA IIx). Sample was pre-
pared using an Illumina mRNA-seq sample prep
kit (Illumina, RS-100-0801). Coding and non-coding
transcripts were enriched by applying Duplex-Specific
Nuclease (DSN) treatment (Zhulidov et al. 2004) which
reduces rRNA content. For sequencing we used the
following experimental kits and reagents: Standard Cluster
Generation Kit (#GD-103-4001, Illumina, San Diego, CA,
USA) containing all reagents necessary to load the samples
on to the flowcell and to perform the bridge amplification,
and the Illumina Sequencing Kit v5 (TruSeq SBS Kit v5
GA (36-cycles), FC-104-5001) which contains the reagents
for the sequencing runs. The GA IIx Sequencing Control
Software version SCS 2.8 was used to control the sequencer.
Sequencing was based on 80 bp unpaired reads.

Reads were mapped to the Ensembl D. melanogaster
genome assembly release BDGP5.25.63 (Flicek et al.
2011). Tophat (Trapnell et al. 2009) was used to map
the reads to the genome assembly and map splice
junctions. The genome assembly FASTA file was indexed
using: bowtie-build -o 2. Tophat version 1.3.3 was run
using the following flags: —solexal.3-quals, —bowtie-n
and —no-convert-bam. The GTF annotations from the
Ensembl release (BDGP5.25.63) were also supplied to
tophat using the -G flag to allow Tophat to utilize known
splice junctions. The output of Tophat identifies the
loci of each read. Reads were assigned to known trans-
cripts by a custom program. This program reads the
Tophat SAM output and the RefSeq gene annotations
downloaded from the UCSC genome browser database
(http://genome.ucsc.edu/, April 2006 assembly, dm3,
BDGP Release 5). The results are imported into matlab
(by readRaw.m) and normalized to RPKM (reads per
kilobase of exon model per million mapped reads) as
follows (Mortazavi et al. 2008):

RPKM =
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downloaded from the UCSC genome browser database
(Celniker & Rubin, 2003) using Bowtie, version 0.12.7
(Langmead et al. 2009).

Genetic analysis of maternal Polycomb effects

UAS-neoGFP/+;hairy-GAL4/Pc3  or  UAS-neoGFP/+;
hairy-GAL4/Pcl larvae were reared with or without
400 mg ml~! G418. Pupae were isolated to verify
collection of virgin females. These females were crossed
to UAS-neoGFP/UAS-neoGFP;hairy-GAL4/TM6b, Tb
males. Eggs were laid in vials without G418. Only
UAS-neoGFP/UAS-neoGFEP;hairy-GAL4/TM6Db, Tb offspr-
ing were selected for analysis. We compared neoGFP
expression in offspring of G418-exposed and non-exposed
mutant mothers to the expression in offspring of
non-mutant mothers.

Statistical analyses

Statistical tests were performed using MATLAB
(MathWorks) and SAS software (SAS Institute Inc., Cary,
NC, USA). Student’s t test (see Figs 3, 5 and 6) and
two-way analysis of variance (ANOVA; Fig. 6) were used
for evaluating statistical significance of differences in mean
values. The ANOVA tested the significance of the inter-
action between the maternal Pc mutation (either Pc3 or
Pcl) and history of exposure to G418. For Fig. 5B, the
significance of the Pearson’s correlation was numerically
calculated using a permutation test, as follows: F2 and F3
fold-changes were randomly shuffled 10,000 times. In each
iteration we computed the Pearson’s correlation between
the two shuffled fold-change vectors. Significance was
determined based on the percentage of iterations in which
this correlation coefficient was equal to or higher than the
correlation in the non-shuffled data (R = 0.4, P < 0.001).
Analysis of enrichment of gene ontology annotations
in sets of up- and down-regulated genes (Fig. 2)
was done using the DAVID web tool with Benjamini
correction for multiple hypothesis testing (Huang et al.
2009a,b).

reads mapped to ref seq transcript

total reads mapped in sample (millions) x ref seq transcript length (kb)

Here, ‘total reads mapped’ used for the RPKM
normalization represents the total number of reads
mapped to mRNA genes, so as to avoid including
reads mapped to rRNA in the normalization. Similar
findings were made when reads were mapped to RefSeq
RNA sequences from the April 2006 assembly of
the D. melanogaster genome (dm3, BDGP Release 5),

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Results

Exposure to G418 modifies gene expression in the
early offspring embryos

We used the G418 stress paradigm described by Stern
et al. (2012) to investigate if this stress modifies the
germline and to identify changes that may be involved
in the inheritance of induced phenotypes. Specifically,
we exposed hairy-GAL4/UAS-neoGFP larvae to a high
dosage of G418 in the fly’s food. This exposure leads (with
high penetrance) to heritable delay in larval development
and heritable induction of neoGFP expression in the
proventriculus gut region of the larva (Stern et al. 2012).
To test if this toxic stress can also modify the offspring
embryos, we compared RNA isolated from F2 embryos
of F1, G418-exposed and non-exposed flies (Fig. 1).
Development of the fly embryo is initially guided by
maternal RNA deposited in the egg by the mother. The
maternal RNA is degraded within about 2 h after egg laying
(AEL), and expression is then based on transcription
from the newly synthesized DNA of the embryo (zygotic
transcription) (De Renzis et al. 2007; Thomsen et al.
2010). Most of the RNA at this early time window of
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2 his maternal and therefore takes part in two generations
(mothers and their embryos). As such, it may serve as a
proxy for inherited changes in the germline. We extracted
largely maternal (0-2 h AEL) and zygotic RNA (8-10 h
AEL) from embryos of previously G418-exposed and
non-exposed hairy::neoGFPflies. In each case, we analysed
the genome-wide transcriptional profiles of these embryos
using RNA-seq (Fig. 2). For some of the genes, we also
examined the persistence of changes in the following
generation of embryos (F3, Fig. 1). In each generation,
we compared embryos with the same genotype, reared in
the same environment, but having a different history of
environment in F1. As a quality control, we first analysed
all pairwise correlations between transcriptional profiles
of F2 embryonic samples. As expected, the similarities
between transcriptional profiles corresponding to the
same embryonic stage were higher than those between
samples from different stages. Analysis of replicates
further revealed a clear correlation with respect to mRNA
fold-change.

Comparison of embryos of exposed and non-exposed
flies identified many up- and down-regulated genes as
determined by all or most exonic reads of the genes
(Fig. 2A—D). Maternal-stage (0-2 h) embryos exhibited

F1
Exposed

RNA measurements
(0-2h, 8-10h)

Figure 1. Scheme for analyzing the
impact of G418 exposure in F1 on gene
expression in F2 offspring embryos
RNA was collected from non-exposed
offspring embryos (F2, F3) of
G418-exposed and non-exposed F1
hairy::neoGFP flies. Transcriptional profiles
corresponding to two developmental
intervals (0-2 and 8-10 h AEL) were
analysed. Profiles in decedents of
G418-exposed flies were compared to
profiles of embryos from the same
generation, but without past exposure in

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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a considerably larger extent of gene expression changes
than zygotic-stage (8—10 h) embryos (Fig. 2A and C vs.
Fig. 2B and D). The maternal changes also exhibited
a strong preference for up-regulation of transcripts in
embryos of exposed flies; 1785 maternal genes were
induced above 1.5-fold versus only 193 genes that
were repressed to the same extent (Fig. 2C). On the
other hand, the zygotic differences were limited to 152
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induced genes and 154 repressed genes (Fig. 2D). Gene
Ontology (GO) analysis of the changes in maternal RNA
revealed statistically significant functional enrichments
within sets of down-regulated and up-regulated trans-
cripts (Fig. 2E and Supplementary Table S1). In particular,
the set of down-regulated transcripts was enriched with
developmental genes and up-regulated transcripts were
enriched with metabolic genes. Thus, exposure to G418
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Figure 2. Exposure to G418 in F1 induces widespread changes in the composition of maternal RNA in

the early F2 embryos

A, scatter plot of RPKM values of maternal RNA (0-2 h AEL) in F2 embryos of exposed versus non-exposed F1 flies.
Each dot represents the corresponding transcription level for a particular gene in each case. Red lines indicate a
difference of 1.5-fold between RPKM values. RPKM, reads per kilobase of exon model per million mapped reads.
B, same as A for RPKM values measured in the zygotic stage (810 h AEL). C, number of genes changed (left)
and distributions of differences (right) in levels of maternal RNA (0-2 h AEL) in F2 embryos of exposed versus
non-exposed flies. Fractions of genes that were up- and down-regulated over 1.5-fold are labelled red and blue,
respectively. Values are based on average measurements in two biological replicates. D, same as C for changes
observed in the zygotic stage (8-10 h AEL). £, examples of enrichments of specific Gene Ontology (GO) annotations
in the groups of genes that were up- (red) and down- (blue) regulated in the maternal stage. P-values, corrected
for multiple testing using the DAVID web tool with Benjamini correction (Huang da et al. 2009b; Huang da et al.

2009a).
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led to widespread changes in the levels of metabolic and
developmental genes in early-stage embryos of exposed
flies compared to embryos of non-exposed flies. These
early changes may influence later-stage developmental and
metabolic modifications.

Maternal transcripts of PcG genes are reduced in F2
and F3 embryonic offspring of G418-exposed versus
non-exposed flies

The maternal transcripts that were down-regulated in
F2 embryos were particularly enriched with regulatory
functions. Among these down-regulated transcripts, we
identified PcG genes known to maintain an epigenetically
repressed state of the chromatin in somatic tissues: Poly-
comb (Pc), Polycomblike (Pcl) and Enhancer of Zetse (E(z))
(Fig. 3A, left). Pcl and E(z) are members of Polycomb
Repressive Complex 2 (PRC2) and E(z) is responsible
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for the trimethylation of H3K27me3. The Pc gene, in
turn, is a PRC1 member with a chromodomain, which
recognizes the H3K27me3 mark (Schuettengruber et al.
2007). Higher resolution analysis of all the reads along
each of these three genes revealed consistent reduction
throughout almost all the genomic regions of the genes
(Fig. 3B). This reduction in maternally deposited trans-
cripts of PcG genes was further validated using qPCR
(Fig. 3A, right). The changes in PcG genes are particularly
noteworthy because we have previously shown that
down-regulation of PcG genes in the gut of G418-exposed
flies contributes to the induction of neoGFP expression in
this region (Stern et al. 2012).

Changes which contribute to the transgenerational
inheritance are expected to persist in subsequent
generations (>F2) of non-exposed embryos. We therefore
checked if the reduction in PcG genes persists in the F3
generation. F2 embryos of exposed and non-exposed flies
were developed to adulthood without G418 and these F2
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Figure 3. Exposure to G418 in F1 reduces the maternal levels of PcG genes in the F2 embryos

A, left: RNA-seg-based measurements of differences in maternal levels of the PcG genes Pc, Pc/ and E(z) in F2
embryos of G418-exposed flies versus embryos of non-exposed flies. Values are mean fold-change 4 SEM in two
biological replicates. Right: gPCR-based validation of the RNA-seg-based data on the left. Values are mean fold
change + SEM in three biological replicates. *P < 0.05, **P < 0.01 (Student’s t test). B, Representative RNA-seq
profiles of Pc, Pc/ and E(z), indicating reduction in reads throughout these gene loci. Results were normalized
and displayed as reads per kilobase of exon model per million mapped reads (RPKM). Bottom track in each panel
corresponds to RPKM differences between embryos of G418-exposed versus non-exposed flies.
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flies were allowed to lay eggs for 2 h (0-2 h AEL). We
used qPCR to examine the persistence of changes in these
F3 embryos (two generations after exposure to G418).
Analysis of maternal RNA revealed lower levels of Pc, Pcl
and E(z) in F3 embryos that descended from flies that
were exposed in F1 compared to the case of no exposure
in F1 (Fig. 4A). These results indicate that, in addition to
the suppressive effect of G418 on PcG gene expression in
the exposed F1 larval gut (Stern et al. 2012), exposure to
G418 leads to persistent reduction of maternal PcG RNA
in subsequent generations.

To test the persistence of changes in the expression of
other genes, we analysed the F3 maternal levels of 23
developmental and metabolic genes that we have initially
chosen for validating the RNA-seq data. For these genes,
we evaluated the expression difference by qPCR and
examined the persistence of the changes in the F3 embryos.
We found a significant correlation between the changes in
F2 and F3, with 18 out of the 23 genes (78%) exhibiting
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correlated changes (P < 107%; Fig. 4B). Ten genes that
were down-regulated in F2 were also down-regulated in
the F3 generation following G418 exposurein F1 (Fig. 4C).
Eight genes that were up-regulated in the F2 generation
were also up-regulated in the F3 generation (Fig. 4D).
Despite the statistically significant consistency between
the two generations with respect to the overall direction
of change, the changes in F3 were much more variable,
suggesting gradual reversal of changes in the absence of
further exposure to the stress.

Reduction in maternal gene dosage of Polycomb
contributes to the inheritance of induced neoGFP
expression in the proventriculus

Next, we sought to investigate whether the reduction
in maternal Polycomb RNA is causally involved in the
inheritance of induced responses to G418. Polycomb
mutant mothers have been shown to exhibit maternal
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Figure 4. Changes in maternal RNA in F2 embryos of G418-exposed flies tend to persist in the following

generation (F3)

A, qPCR-based measurements of RNA of the PcG genes Pc, Pc/ and E(z) in 0-2 h embryos of the F2 and F3
generations. Shown are relative levels in decedents of G418-exposed versus non-exposed F1 flies. Values are mean
fold-change &+ SEM based on three biological replicates. B, correlation between measurements in the F2 and F3
generations. Shown are fold-change gqPCR-based measurements of maternal RNA corresponding to 23 genes.
Fold-change refers to the difference between decedents of G418-exposed and non-exposed F1 flies. Genes that
were up- and down-regulated in both generations are highlighted in red and blue, respectively. Significance of
the positive correlation (P < 1073) was determined by a random permutation test (see Methods). C, fold-change
of maternal RNA levels for the blue highlighted genes in B. Values are mean fold-change + SEM based on three
biological replicates. D, as in C for red highlighted genes. *P < 0.05, **P < 0.01, ***P < 0.001 (Student’s t test).
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Figure 5. Genetic reduction in maternal Polycomb dosage enhances the inheritance of induced
expression

A, a genetic scheme for assessing the impact of changing maternal Polycomb dosage on the inheritance of
G418-induced phenotypes (induced expression of neoGFP in the larval proventriculus and delay in pupation time).
Differences were analyzed with and without exposure to G418 in F1. B, top: representative proventriculus images
of non-exposed progeny produced by wild-type (+/+) or Polycomb heterozygous mutant females (+/Pc3). Shown
are examples with and without exposure to G418 in F1. Bottom: statistics of neoGFP expression corresponding
to the four categories in the upper panel. Values are mean neoGFP intensity = SEM in the proventriculi of
hairy::neoGFP larval offspring of exposed (n = 76) and non-exposed wild-type flies (n = 45), and exposed (1 = 53)
and non-exposed flies with +/Pc3 females (n = 34). *P < 0.05, **P < 0.001 (Student's t test). Significance of the
interaction between maternal Pc3 mutation and history of parental exposure to G418 was evaluated by two-way
ANOVA (Pinteraction < 0.018). C, Same as B for the Pc7 mutation. Values are mean neoGFP levels & SEM in the
proventriculi of larval offspring of exposed (n = 85) and non-exposed wild-type flies (n = 57), and exposed (n = 86)
and non-exposed flies with +/Pc7 females (n = 88). *P < 0.05, ***P < 0.001 (Student's t test). Pinteraction < 0.001
(two-way ANOVA).
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effects in their progeny (Denell, 1982). We therefore used
Polycomb heterozygous mutants to test if the reduction
in maternal Polycomb gene dosage influences inheritance
in the F2 generation (Fig. 5A). We crossed hairy::neoGFP
females carrying a Polycomb loss-of-function allele (Pc3
or Pcl) to non-mutant hairy::neoGFP males and analysed
the 50% of the progeny that did not genetically inherit
the Polycomb mutation. We compared larval progenies of
Polycomb mutant mothers to larvae of the same genotype
which were produced by non-mutant males and females.
This comparison was performed with or without G418
exposure of both parents in F1 (Fig. 5A).

Analysis of neoGFP expression in the proventriculli of
third-instar hairy::neoGFP, F2 larvae revealed significantly
higher levels in offspring of exposed Pc3 females compared
to offspring of exposed females with normal Polycomb
gene dosage (Fig. 5B). Similar findings were observed
using the Pcl mutant line (Fig. 5C), indicating that the
difference in the progeny indeed reflects the reduction
in maternal Polycomb gene dosage and not potentially
other line-specific factors. Notably, the observed difference
between the progeny of Polycomb mutant and normal
mothers depended on past exposure to G418 and was
not observed without the exposure in F1 (Fig. 5B and
C). This suggests that the phenotypic difference between
these progeny does not reflect potential genetic variations
between them.

In contrast to the effect of maternal Polycomb gene
dosage on the inheritance of neoGFP induction, the
reduction in Polycomb had no effect on the inheritance

A

B F2 (no past exposure), +/+ mother

F2 (no past exposure), +/Pc3 mother
B F2 (exposed in F1), +/+ mother
M F2 (exposed in F1), +/Pc3 mother

Fraction of pupae

Time (days)
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of delayed development; we found no clear difference
in pupation time between offspring of exposed Pc3
or Pcl females and offspring of exposed females with
normal Polycomb gene dosage (Fig. 6A and B). This
lack of difference in pupation time suggests strongly
that the mechanisms underlying the inheritance of
induced expression do not fully overlap with the
mechanisms responsible for the inheritance of the
delay in development. Additionally, our data indicate
that the stress-induced suppression of maternal Poly-
comb contributes to the transgenerational inheritance of
induced neoGFP expression in the foregut, but not to the
inheritance of delayed development.

Discussion

We have previously shown that exposure of fly larvae
to G418 toxicity induces multiple phenotypes that are
inherited across several generations of non-exposed
offspring (Stern et al. 2012). We have also shown that
some of the phenotypes were induced by down-regulation
of PcG genes in the gut of stressed larvae (Stern et al. 2012).
Here, we investigated molecular events associated with
the inheritance of one of the induced phenotypes, namely
induced expression of neoGFP under regulation of the
hairy promoter. As a starting point for this investigation
we analysed embryos containing mostly maternal RNA
(0-2 h AEL), aiming to evaluate the possibility of trans-
generational influence by differential loading of maternal
transcripts into the embryos. While the RNA in the
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Figure 6. Maternal reduction of Polycomb gene dosage does not affect the inheritance of the delay in

development

A, growth kinetics of F2 larval offspring (+/+) of wild-type (+/+) or Polycomb mutant females (+/Pc3) with and
without exposure to G418 in F1. Values are mean fraction of pupae + SEM in at least 36 vials pooled from
three biological replicates. Inset: statistical analysis of differences between fractions of pupae (FOP) on day 7.
B, same as A for the PcT mutation. Values are mean fraction of pupae + SEM in at least 18 vials pooled from
two biological replicates. Inset: statistical analysis of differences between fractions of pupae (FOP) on day 7.

4P < 0.001 (Student's t test).

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society



2352

0-2 h interval is dominated by maternal RNA, it also
includes lower levels of zygotic transcripts (Thomsen
et al. 2010). Still, the difference in the RNA content
at the mostly maternal (0-2 h) stage was substantially
larger than the difference observed in the purely zygotic
(8-10 h stage). This suggests that the extent of change by
differential deposition of maternal transcripts following
the G418 stress exceeds the extent of change by differential
expression of zygotic genes.

Among the changes in the 0-2 h interval we identified
reduction in RNA levels of PcG genes. This shows that, in
addition to the effect of G418 on the levels of PcG genes
in the gut, G418 also reduces the levels of PcG transcripts
in the early-stage embryos of exposed flies. Unlike the
down-regulation of PcG gene levels in the gut (Stern et al.
2012), the reduction of PcG genes in the early embryo
persisted for at least another generation without exposure
to G418. Independent analysis with Polycomb mutant lines
further indicated that reduction of maternal Polycomb
gene dosage enhances the inheritance of induced neoGFP
expression in the larval foregut. These findings show that
the effect of G418 on the levels of PcG genes is not limited
to the foregut and that reduction of PcG gene levels in
different tissues leads to related but nonetheless distinct
effects. Specifically, the down-regulation of PcG genes in
the gut promotes the induction of expression (Stern et al.
2012), while the reduction of Polycomb levels in the early
embryos contributes to the inheritance of this induction.

Polycomb and other regulators have been previously
implicated in transgenerational epigenetic phenomena
(Cavalli & Paro, 1998; Katz et al. 2009; Greer et al. 2011;
Seong et al. 2011). Additional mechanisms that have
been shown to mediate transgenerational phenomena in
various organisms include DNA methylation (Cubas et al.
1999; Morgan et al. 1999; Rakyan et al. 2002; Lane et al.
2003; Xing et al. 2007; Dunn & Bale, 2009; Franklin et al.
2010; Ng et al. 2010), histone modifications (Hammoud
et al. 2009; Katz et al. 2009; Brykczynska et al. 2010;
Carone et al. 2010; Furuhashi et al. 2010; Rechtsteiner
et al. 2010; Arico et al. 2011; Burton et al. 2011; Greer
et al. 2011; Buckley et al. 2012; Gu et al. 2012; Shirayama
et al. 2012) and non-coding RNAs such as piRNA (Ashe
et al. 2012; Bagijn et al. 2012; de Vanssay et al. 2012;
Grentzinger et al. 2012; Lee et al. 2012; Shirayama et al.
2012), miRNA (Rassoulzadegan et al. 2006; Wagner et al.
2008; Grandjean et al. 2009; Carone et al. 2010; Morgan
& Bale, 2011; Halfmann et al. 2012) and siRNA (Grishok
et al. 2000; Vastenhouw et al. 2006; Alcazar et al. 2008;
Burton et al. 2011; Rechavi et al. 2011; Buckley ef al.
2012; Gu et al. 2012). Here we extend this repertoire by
providing evidence connecting changes in maternal RNA
levels of Polycomb with transgenerational inheritance of
environmentally induced gene expression in flies.

Our results indicate that reduction in Polycomb levels
at a stage preceding the bulk of zygotic transcription
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affects the expression of genes at a much later stage
(post-embryonic, third-instar larva). Although the main
function of Polycomb occurs during zygotic transcription
(Negre et al. 2006), maternal effects of PcG genes (Struhl,
1981; Denell, 1982; Haynie, 1983; Phillips & Shearn,
1990; Martin & Adler, 1993) and trithorax have also
been described (Ingham & Whittle, 1980). In particular,
the Pc3 allele included in this study was shown to
have a stronger maternal effect than other Polycomb
mutant alleles (Denell, 1982). This suggests that the
impact of the maternal effect might depend on the
degree of reduction in Polycomb function. Our results
are consistent with this suggestion. We found that the
maternal reduction of Polycomb dosage was consequential
for the inheritance of neoGFP expression in the offspring
only when the parents were exposed to G418. In this
case, the reduction in maternal PcG gene levels combines
with the genetic reduction in Pc gene dosage, resulting
in increased shortage in maternal Polycomb function.
Yet, the lack of an observed maternal effect without a
history of exposure to G418 suggests that additional,
stress-dependent factors are also required to support the
maternal effect of Polycomb on the inheritance. Together,
the evidence suggests that parental environment may
influence the development of offspring by modifying the
maternal RNA levels of key epigenetic regulators. This
evidence for functional involvement of maternal RNA
does not exclude the possibility of additional contribution
of stress-induced modifications in the male, which could
persist in the offspring by means that are different from
maternal deposition of RNA.

In addition to the change in PcG genes, we observed
broad changes in the milieu of maternal RNAs in progenies
of flies that were exposed to the toxic stress. The affected
genes are involved in a wide range of biological processes,
including developmental, metabolic and stress responses.
This indicates that, in addition to the effect of G418
toxicity on somatic tissues, it has a broad influence on
the germline. This influence might reflect direct exposure
of the germline to G418 and/or indirect interactions with
somatic tissues that have been exposed to G418. The
persistence of some of the changes following another
generation (i.e. in F3) indicates that at least some of the
modifications in the germline are not caused by direct
exposure to G418. This probably reflects mechanisms
which preserve the altered state of development in the
F2 generation. Further studies are required to determine if
this persistence can be enhanced by successive exposure
to the stress, and if the inheritance is mediated solely
by changes in maternal RNA or involves additional
epigenetic, metabolic and other types of changes that are
not completely reset between generations.

Involvement of additional mechanisms of inheritance
is indeed supported by the apparent lack of influence of
Polycomb on the inheritance of the delay in development.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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While the reduction in maternal Polycomb gene dosage
contributed to the induced expression in the gut of
the offspring larvae (Fig. 5), it had no clear effect on
the rate of development of these larvae (Fig. 6). This
suggests that inheritance of the delay is mediated by
other mechanisms. In line with this suggestion, we have
recently uncovered involvement of the commensal micro-
biome in the inheritance of this delay in development (Y.
Fridmann-Sirkis et al. 2014). Specifically, we have found
that in addition to the effect of G418 on the host tissue,
it also depletes Acetobacter species from the gut. This
depletion was itself heritable but it did not change the
levels of Polycomb in the gut and it did not induce the
expression of the resistance gene (Y. Fridmann-Sirkis et al.
2014). Nonetheless, the depletion of Acetobacter species
in F1 led to a considerable delay in larval development
in F2. We showed that this transgenerational effect of
bacterial depletion was responsible for the inheritance of
the delay in development following exposure to G418 in
F1 (Y. Fridmann-Sirkis ef al. 2014). Together, the current
work and the study of Y. Fridmann-Sirkis et al. portray
two separate modes of transgenerational influence, each
contributing to the inheritance of a different phenotype,
namely: the reduction of maternal levels of Polycomb has
a positive effect on the inheritance of induced expression
while the disruption of the microbiome is responsible for
the inheritance of the delay in larval development.
Having more than one mechanism of non-Mendelian
inheritance in a single setting of stress suggests that the
inheritance of environmentally induced phenotypes is
probably more prevalent than often assumed. Although we
identified involvement of maternal RNA and commensal
bacteria in transgenerational inheritance of induced
responses in flies, these modes of transgenerational
influence may be broadly relevant to many other animals.
Indeed, early development of many animal species,
including in mammals, is guided and influenced by
RNA and other cytoplasmic determinants deposited by
the mother prior to the onset of zygotic transcription
(Telford et al. 1990; Tadros & Lipshitz, 2009). How
this deposition is affected by maternal physiology and
history of environmental exposures is largely unknown.
It is also unknown if this influence can be used to
prepare the organism for an anticipated change in the
environment and whether these maternal influences can
accumulate and contribute to offspring adaption over time
in the altered environment. Similar considerations apply
to the potential involvement of the commensal micro-
biome, which is an integral part of the physiology and
development of many if not all organisms, including
all mammals. These host-intrinsic (e.g. epigenetic) and
extrinsic (i.e. microbiome-mediated) examples offer sub-
stantial infrastructure for influence that may extend
well beyond one generation, thus providing a hitherto
under-appreciated bridge between physiological responses
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and the much larger time scales of genetic adaptation.
Deciphering how the environment influences physiology
on time scales of multiple generations and whether this
might feedback on the host genome may add another
dimension to our understanding of gene regulation,
inheritance, adaptation and evolution.
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