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Increasing evidence indicates that paternal diet can result in metabolic
changes in offspring, but the definite mechanism remains unclear in birds.
Here, we fed breeder cocks five different diets containing 0, 0.25, 1.25, 2.50
and 5.00 mg kg−1 folate throughout life. Paternal folate supplementation
(FS) was beneficial to the growth and organ development of broiler off-
spring. Most importantly, the lipid and glucose metabolism of breeder
cocks and broiler offspring were affected by paternal FS, according to bio-
chemical and metabolomic analyses. We further employed global analyses
of hepatic and spermatozoal messenger RNA (mRNA), long non-coding
RNA (lncRNA) and micro RNA (miRNA). Some key genes involved in
the glycolysis or gluconeogenesis pathway and the PPAR signalling path-
way, including PEPCK, ANGPTL4 and THRSP, were regulated by
differentially expressed hepatic and spermatozoal miRNAs and lncRNAs
in breeder cocks and broiler offspring. Moreover, the expression of
ANGPTL4 could also be regulated by differentially expressed miRNAs and
lncRNAs in spermatozoa via competitive endogenous RNA (ceRNA) mech-
anisms. Overall, this model suggests that paternal folate could
transgenerationally regulate lipid and glucose metabolism in broiler off-
spring and the epigenetic transmission may involve altered spermatozoal
miRNAs and lncRNAs.
1. Background
Increasing evidence from Drosophila melanogaster, zebrafish and mammals
suggests that epigenetic marks passed on by the sperm allow for the inheritance
of information on paternal environmental exposure [1–3]. Mechanistically,
altered DNA methylation, histone modifications and chromatin state have
been reported to mediate transgenerational effects [2–4]. Recently, several
studies have reported the transgenerational transmission of maternal experi-
ences in chickens and other birds and implied that DNA methylation could
mediate the maternal transgenerational effect [5,6]. However, detailed
information on paternal transgenerational regulatory effects, especially the
epigenetic marks that mediate paternal transgenerational effects, is still
not yet illustrated in birds. Micro RNAs (miRNAs) regulate DNA methylation,
histone modifications and messenger RNA (mRNA) expression and can induce
non-Mendelian transgenerational inheritance in mammals [7]. Long non-coding
RNAs (lncRNAs) could also regulate several epigenetic modifications, including
miRNA and mRNA expression [8,9]. Moreover, changes in environmental
exposure, especially altered nutritional supplementation, could also change
lncRNA expression and further influence target gene expression [10]. Thus, the
miRNAs or lncRNAs could serve as the underlying paternal transgenerational
epigenetic mechanism in birds.
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Folate could serve as an important carrier ofmethyl groups
in one carbon metabolism pathway and further influence epi-
genetic processes, amino acid metabolism, nucleotide
synthesis and lipid metabolism [11]. It has been well estab-
lished that maternal folate supplementation (FS) during
pregnancy could regulate the development and health of off-
spring [12]. Additionally, a recent study identified that
paternal folate deficiency is associated with increased birth
defects, and DNA methylation could serve as the epigenetic
marker passed on by the sperm [13]. However, the underlying
mechanism through which epigenetic modification acts in the
intergenerational inheritance of paternal folate metabolism
needs to be further studied.

Hence, we hypothesized that miRNAs and lncRNAs
could show altered expression profiles in response to differ-
ent paternal diets and transmit certain metabolic changes
from father to offspring. By using a chicken model that
was fed different concentrations of folate throughout life,
we addressed how paternal FS exerts a transgenerational
effect on birds, and we further studied the underlying
mechanisms.
1653
2. Material and methods
(a) Animals and experimental design
A total of 200 1-day-old Arbor Acres breeder cocks (Beijing
Arbor Acres Poultry Breeding Co. Ltd. China) were randomly
assigned to five treatments with five replicates per treatment
and eight birds per replicate. The breeder cocks from each treat-
ment were fed a standard diet mainly consisting of corn and soya
bean meal (electronic supplementary material, table S1). The
only difference among treatments was the concentration of
folate (Sigma, USA) in the feed (0, 0.25, 1.25, 2.50 and 5.00 mg
folate kg−1 feed, named the CON, FS1, FS2, FS3 and FS4
groups, respectively). Additionally, 600 1-day-old Arbor Acres
breeder hens were synchronously fed corn–soya bean meals con-
taining 1.2 mg kg−1 folate. At 32 weeks of age, one cock from
each replicate was selected and mated with 16 hens by artificial
insemination. At 35 weeks of age, the fertile eggs of five consecu-
tive days from each replication of each treatment were collected
and then artificially hatched. The newborn broilers were grouped
according to their paternal diets (eight randomly selected off-
spring birds from the same cocks were fed as a replicate) and
raised to 21 days by feeding corn–soya bean meal (electronic sup-
plementary material, table S2) without extra folate. The water,
diet and photoperiod were set according to the recommendations
established by Aviagen Broiler Breeders Company, USA. The
body weight (BW) was recorded. The fertilization rate and hatch-
ability of fertile eggs were recorded. At 35 weeks of age, four
breeder cocks from each replicate were randomly selected.
Semen samples were collected, and then the volume of ejacula-
tion and the spermatozoa quality were immediately measured
according to Hu et al. [14].

(b) Sample collection
From 32 to 40 weeks of age, the semen from the selected cocks
was gathered and immediately frozen in liquid nitrogen every
two weeks, and five semen samples from the same bird were
equally mixed together for further analyses.

In order to collect enough blood sample from the newborn
chicks for further analysis, four 1-day-old offspring chicks from
the same replicate were selected for sample collection. Herein,
the blood and tissue samples of 40-week-old cocks (one bird
per replicate), 1-day-old offspring chicks (four birds per
replicate) and 21-day-old broiler offspring (one bird per replicate)
were gathered. The bird from each replicate was randomly
selected and weighed after fasting for 12 h. Blood samples
were collected from the brachial vein and withdrawn into hepar-
inized tubes. Plasma samples were separated by centrifugation at
3500g for 15 min at 4°C, and the supernatant was dispensed into
1.5 ml centrifuge tubes. Specifically, the plasma sample of four 1-
day-old offspring chicks from same replicate were equally and
equably mixed into one. Then, these birds were euthanized by
exsanguination after the intravenous administration of 3%
sodium pentobarbital (25 mg kg−1 BW; Sigma, USA) and
immediately dissected. The organs (liver, thymus, spleen and
bursa) were collected and immediately weighed. Organ indexes
were expressed relative to BW (g kg−1). The left lobe of the
livers at the same position without blood contamination were
collected and immediately frozen in liquid nitrogen. The length
of the duodenal, jejunal, ileal and caecal segments were recorded
and expressed relative to BW. Furthermore, by removing the con-
taminating intestinal contents, the middle complete duodenal,
jejunal and ileal segments with a length of 3 cm were collected
and fixed in 10% buffered formalin for at least 48 h for further
histology processing.

(c) Intestinal morphology
After fixation, the fixed samples were dehydrated and cleared.
Then, intestinal samples were cut and inserted into cassettes
that were embedded in liquid paraffin. Then, a 5 µm paraffin sec-
tion was obtained using a microtome and stained with
haematoxylin-eosin. Villus height and crypt depth were then
determined [15]. Briefly, the height or depth of three different
villi or crypts of each microscopic field and 10 microscopic
fields for each fixed sample were measured.

(d) Biochemical assay of liver and plasma samples
The concentration of total protein, malondialdehyde, total
glyceride (TG), total cholesterol (TC), high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol
(LDL-C), very low-density lipoprotein cholesterol (VLDL-C),
and free fatty acid (FFA), the total antioxidant capacity
(T-AOC), and the activities of phosphoenolpyruvate carboxyki-
nase (PEPCK), 6-phosphofructokinase (PFK), pyruvate kinase
(PK), hexokinase (HK) and citroyl synthetase (CS), were
measured with spectrophotometric methods using commercial
kits (Jiancheng Biological Engineering Research Institute,
China). The concentrations of leptin, adiponectin, carnitine,
malate dehydrogenase (MDH) and hepatic lipase (HL) were
measured with ELISA commercial kits (Cloud-Clone Corporation,
Houston, USA).

(e) Gas chromatography-mass spectrometry
metabolomic quantification of liver samples

Approximately 50 mg liver samples of breeder cocks and 1-day-
old and 21-day-old broiler offspring from the CON and FS2 treat-
ments were preprocessed for metabolomic analyses. The
derivatives of the sample were analysed and the acquired gas
chromatography-mass spectrometry data were processed as
described in a previous study [16].

( f ) RNA isolation
Total RNA from the sperm samples of breeder cocks and the
liver samples of breeder cocks and 1-day-old broilers from the
CON and FS2 groups were separately extracted using Phenol
Water (Solarbio, Beijing, China) and TRIzol reagent (Invitrogen,
CA, USA).
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(g) miRNAs, lncRNAs and mRNAs sequencing and
integrated analysis

Approximately 3 µg of total RNA was used to prepare an
lncRNA and mRNA library for paired-end sequencing (2 ×
150 bp) on an Illumina Hiseq2500 in accordance with a previous
study [17]. The screening of differentially expressed mRNAs
(DEmRs) and lncRNAs (DElRs) (with criteria of p-value < 0.05
and log2foldchange >1 or <−1) as well as the prediction of
target genes of DElRs were performed in accordance with the
previous description [18]. Then, approximately 1 µg of total
RNA from each prepared RNA sample was used to prepare
small RNA libraries and perform single-end sequencing (1 ×
50 bp). The identification of differentially expressed miRNAs
(DEmiRs) (with criteria of p-value <0.05 and log2foldchange >1
or <−1) as well as the prediction of target genes of DEmiRs
were performed according to previously described methods
[7,19]. Functional annotation was performed based on the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database
by using KOBAS software [20], and the significance threshold
was set as p < 0.05. Furthermore, the competitive endogenous
RNA (ceRNA) mechanism among hepatic DEmRs of offspring
and spermatozoal DEmiRs and DElRs of breeder cocks were
identified [21]. Specifically, the details for all different bioinfor-
matic analysis and the detailed parameters used in each step
for miRNA, mRNA and lncRNA sequencing analyses are all
shown in the electronic supplementary material, figure S1.

(h) 30untranslated region luciferase reporter assays
The 30untranslated region (UTR) of PEPCK or ANGPTL4 mRNA
containing the binding site of PC-5p-30232_97 or PC-3p-448507_5,
respectively, was amplified from the breeder cock livers’ comp-
lementary DNA (cDNA) by polymerase chain reaction (PCR)
with the primers shown in the electronic supplementary material,
table S3. The fragments were cloned into psiCHECKTM-2 vectors
(Promega, Madison, WI, USA) at the 30 end of the Renilla gene
using XhoI and NotI restriction sites. After co-transfection of
500 ng of vector constructs with either 50 nM of PC-5p-30232_97
and PC-3p-448507_5 mimic or miR-NTC (RIBO Bio, Guangzhou,
China) using 2.0 µl X-tremeGENE siRNA Transfection Reagent
(Roche, USA) into HEK-293 T cells, the expression levels of
PC-5p-30232_97 and PC-3p-448507_5 in cells were measured
by quantitative real time-PCR (qRT-PCR) and then luciferase
reporter experiments were performed [19].

(i) Culture of primary chicken hepatocytes and
transfection of miRNA mimics

Hepatocytes were isolated from newly hatched male chickens
and then cultured according to a previous description [22].
Either 50 nM of PC-5p-30232_97 and PC-3p-448507_5 mimic or
miR-NTC (RIBO Bio, Guangzhou, China) was transfected into pri-
mary chicken hepatocytes, and the cells in the control group were
left untreated. The expression levels of PC-5p-30232_97 or PC-3p-
448507_5 and their targets (PEPCK or ANGPTL4) in the cells from
the control, miR-NTC and miR-mimic (PC-5p-30232_97 or PC-3p-
448507_5) groups were measured by qRT-PCR.

( j) Real-time quantitative polymerase chain reaction
The miRNA was reverse transcribed using a Bulge-Loop™
miRNA miR-Reverse Primer Set (RIBO Bio, China). The mRNA
and lncRNA were reverse transcribed using a Prime Script® RT
reagent Kit (Takara, China). Quantification was performed
with iCycler IQ™ 5 (Bio-Rad, USA) using SYBR® Premix Ex
Taq™ II (Takara, China). U6 and β-actin were separately used
as internal normalization controls. The specific primers for the
qRT-PCR of miRNAs were provided by the Bulge-Loop™
miRNA qRT-PCR Primer Set. The specific primers for the qRT-
PCR of lncRNAs and mRNAs are listed in the electronic sup-
plementary material, table S3. All samples were examined in
triplicate. All data were analysed using the 2−ΔΔCt method [23].

(k) Statistical analysis
The statistical evaluation was performed by Student’s t or ANOVA
test using SPSS 21.0. If a significant treatment effect was observed
by the ANOVA, the significance of the differences between treat-
ments was identified by Duncan’s multiple comparisons test.
All data are expressed as the mean and standard error. Differences
were considered to be statistically significant at p < 0.05.
3. Results and discussion
(a) Phenotypic changes in breeder cocks and their

broiler offspring resulted from the dietary folate
supplementation of breeder cocks

Breeder cocks with extra folate exhibited a reduced BW
(figure 1a) and increased organ indexes of the liver and
bursa of Fabricius (figure 1c). Additionally, duodenum mor-
phology, namely, the villus height and the radio of the
villus height to crypt depth (V/C), was significantly
increased in the FS groups (figure 1e,f ). Regarding the broiler
offspring, the birth weight of the 1-day-old broilers in the
paternal folate supplementation (PFS) groups was signifi-
cantly increased (figure 1b). Moreover, the organ index of
the bursa of Fabricius of 1-day-old and 21-day-old broiler off-
spring was significantly increased in PFS groups, but the
indexes of the livers and hearts of 21-day-old broiler offspring
were significantly decreased (figure 1d ). Furthermore, we
also found that the intestinal development of the broiler off-
spring in the PFS groups, including the villus height of the
jejunum and the relative caecum length of 1-day-old broiler
offspring, were all significantly increased (figure 1g,h).

Considering that these phenotypic changes might result
from the effect of folate on sperm quality [24], the fertilization
rate of the hatching eggs and all the sperm characteristic of
the breeder cocks were measured, but were found to not be
significantly affected (electronic supplementary material,
table S4). However, the hatchability of fertile eggs was signifi-
cantly increased in the PFS groups (electronic supplementary
material, table S4). Overall, the roles of folate in transgenera-
tionally regulating the development of the fetus was also
identified, which again proved that PFS was crucial to
embryonic development [12,13].

(b) Dietary folate supplementation causes the
transgenerational inheritance of changes in lipid
and glucose metabolism

The differences in the hepatic metabolome of the chickens
were separately compared and a dramatic difference between
the livers of the CON and FS2 groups was identified (elec-
tronic supplementary material, figure S2). A total of 16, 15
and seven significantly differential hepatic metabolites were
separately identified, and most altered metabolites were
involved in lipid and glucose metabolic processes
(figure 2a–c). Several altered pathways, including the pentose
phosphate pathway, purine metabolism, pantothenate and
CoA biosynthesis, and the glycolysis or gluconeogenesis
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Figure 1. Transgenerational developmental changes in breeder cocks and their broiler offspring induced by dietary FS in breeder cocks. (a,b) Effects on BW. (c,d)
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pathways in breeder cocks (figure 2d ), fructose and mannose
metabolism, glycolysis or gluconeogenesis, and biotin metab-
olism pathways in 1-day-old broiler offspring (figure 2e), and
linoleic acid metabolism, purine metabolism, starch and
sucrose metabolism, and glycerolipid metabolism pathways
in 21-day-old broiler offspring (figure 2f ), were identified
across generations. Taken together, the data suggest that PFS
could mainly regulate or transgenerationally affect lipid metab-
olism and glycometabolism in breeder cock and broiler
offspring.

In plasma, significant decreases in HDL-C, LDL-C,
VLDL-C and adiponectin were identified in breeder cocks
and broiler offspring in the FS groups compared with those
in the control group. Moreover, significantly increased TG
and FFA were also identified in the 1-day-old broiler off-
spring of the PFS groups (electronic supplementary
material, table S5). In livers, significantly increased TC and
FFAwere identified in the breeder cocks and broiler offspring
in the FS groups compared with those in the control group.
Additionally, significant increases in TG, HDL-C and carni-
tine in breeder cocks and a significant increase in MDH in
1-day-old broiler offspring were observed in the FS groups
(electronic supplementary material, table S5). Regarding
hepatic glycometabolism, the activities of PEPCK in breeder
cocks and 1-day-old broiler offspring, PK in 1-day-old and
21-day-old broiler offspring, and CS in breeder cocks and
21-day-old broiler offspring were all significantly increased
in the FS groups (electronic supplementary material, table
S5). In parallel, antioxidant capacity could be influenced by
the pentose phosphate pathway and lipid metabolism [25].
The T-AOC of breeder cocks and 1-day-old and 21-day-old
broiler offspring were all increased in the FS groups. Moreover,
the concentration of malondialdehyde was not changed (elec-
tronic supplementary material, figure S3), which indicated that
the antioxidant ability of breeder cocks and their offspring in FS
groups were significantly enhanced.

The effect of dietary FS on lipid metabolism is widely dis-
puted [11]. Previous studies have mostly shown that folate
could promote lipoclastic activity by increasing the biosyn-
thesis of phosphatidylcholine and carnitine and by
decreasing the expression of lipid synthesis-related genes
[11]. However, several recent studies have found that chronic
FS could induce increased inactive folate in the body and
further induce lipopexia in the liver [26,27]. The present
study found that chronic FS could actually influence the
lipid metabolic process by influencing glycerophospholipid
metabolism, glycerolipid metabolism and fatty acid biosyn-
thesis. However, the hepatic TG contents were increased in
the breeder cocks and their offspring from the PFS groups,
which was in accordance with previous studies [26,27].
Additionally, enhanced glucose metabolic functions,
especially glycolysis and gluconeogenesis functions, were
identified in breeder cocks and their offspring from the FS
groups. Hence, chronic FS could improve energy use by
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increasing gluconeogenesis and glycolysis and by reducing
lipid catabolism.

(c) Folate supplementation induces transgenerational
changes in the hepatic transcriptome

A total of 42 and 82 DEmRs induced by FS were identified in
breeder cocks and 1-day-old broiler offspring (electronic
supplementary material, figure S4A and S4B). Moreover,
the qRT-PCR analyses proved that the transcriptomic ana-
lyses were reproducible and reliable (electronic
supplementary material, figure S4C and S4D). The KEGG
pathway analyses highlighted that the main changed path-
ways in breeder cocks and broiler offspring were related to
lipid and glucose metabolism, including the PPAR signalling
pathway, the FoxO signalling pathway, glycolysis/
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gluconeogenesis, pyruvate metabolism and the pentose phos-
phate pathway (figure 2g,h), which were consistent with the
previous biochemical indexes and metabolomic analyses.
Furthermore, the key genes involved in the effect of folate
on lipid and glucose metabolism were also identified, includ-
ing ALDH6, THRSP, PEPCK and ANGPTL4 in breeder cocks
and THRSP, UbI, ME3, FABP5, PEPCK and ANGPTL4 in broi-
ler offspring. Specifically, the PEPCK, ANGPTL4 and THRSP
genes were co-DEmRs in breeder cock and broiler offspring
(figure 2i).

The increased expression level or enzymatic activity of
PEPCK was shown to enhance hepatic gluconeogenesis,
which is consistent with our observations of enhanced gluco-
neogenesis in breeder cocks and broiler offspring from the FS
groups [28]. The THRSP gene could participate in fatty acid
synthesis and further influence fat deposition [29]. Similarly,
ANGPTL4 was also identified as an adipokine involved in
the regulation of lipid metabolism by inhibiting lipoprotein
lipase activity and stimulating the lipolysis of white adipose
tissue, resulting in increased levels of plasma triglycerides
and fatty acids [30]. Furthermore, the PPAR signalling path-
way [31] and the FoxO signalling pathway [32] are important
pathways involved in the regulation of hepatic insulin sensi-
tivity and lipid metabolism. Specifically, a previous study
proved that the activation of the PPAR pathway could increase
lipid storage and further enhance gluconeogenesis [31], which
was in accordancewith the increased hepatic TG concentration
and increased hepatic PEPCK and ATGPTL4 expression in the
present study. Overall, these results again indicated that
paternal chronic dietary FS leads to the transgenerational inheri-
tance of acquired glucose and lipidmetabolic changes in broilers
owing to the altered hepatic expression of PEPCK and
ANGPTL4 and changes in the related pathways, including the
PPARsignalling pathway, the FoxO signallingpathway, glycoly-
sis/gluconeogenesis, pyruvate metabolism and the pentose
phosphate pathway.
(d) Differential miRNA expression profiles contribute to
the intergenerational inheritance of the effects of
dietary folate supplementation on metabolism

In livers, 31 and 23 DEmiRs between the FS2 and control
groups were identified in breeder cocks and broiler offspring,
respectively (electronic supplementary material, figure S5A
and S5B). Based on their targets, several significantly
enriched pathways involved in the regulation of lipid and
glucose metabolism were also detected, including fatty acid
metabolism, fatty acid elongation, TCA cycle and glycoly-
sis/gluconeogenesis in breeder cocks (figure 3a) and fatty
acid metabolism, steroid biosynthesis, propanoate metab-
olism, pyruvate metabolism and glycolysis/gluconeogenesis
in broiler offspring (figure 3b). Of these significantly enriched
pathways, fatty acid metabolism and glycolysis/gluconeo-
genesis were detected as significantly enriched pathways in
both breeder cock and broiler offspring (figure 3c).

miRNAs have been shown to regulate gene expression
after fertilization and may impact offspring development by
acting on oocyte stores of maternal mRNA [33]. In sperm,
81, 115, 208 and 92 DEmiRs and 4294, 4715, 5256 and 4389
targets were detected in the four FS groups compared with
the control group (electronic supplementary material, figure
S5CS5F). Furthermore, KEGG analysis based on the
DEmiRs of these four compared groups was performed and
proved that the DEmiRs of the four compared groups were
all be significantly enriched in several pathways related to
lipid and glucose metabolism (figure 3d–g). Specifically, the
glycolysis/gluconeogenesis, fatty acid metabolism, pyruvate
metabolism and PPAR signalling pathways were the co-
enriched pathways (figure 3h). Hence, we first confirmed
that hepatic and spermatozoal DEmiRs could contribute to
the regulation of DEmRs and related pathways of the fatty
acid metabolism and glycolysis/gluconeogenesis, which
were confirmed to be significantly enriched pathways based
on hepatic DEmRs. Furthermore, qRT-PCR analyses of
miRNAs in liver and sperm samples were performed and
proved that our miRNA sequencing analyses were reproduci-
ble and reliable (electronic supplementary material, figure
S5G). Overall, miRNAs are poised to be products of dynamic
paternal FS and to uniquely contribute to post-fertilization
gene expression, which is in accordance with a previous con-
clusion regarding paternal stress and trauma determined by
using miRNA sequencing [33,34].
(e) Differentially expressed lncRNAs contribute to the
potential transgenerational role of folate in
offspring glucose and lipid metabolism

There were 64 and 21 hepatic DElRs detected in breeder cocks
and broiler offspring, respectively (electronic supplementary
material, figure S4E and S4F). Of these 64 DElRs in breeder
cock livers, 29 DElRs could cis-regulate 46 DEmRs, and 64
DElRs could trans-regulate 42 DEmRs. Combining the trans-
regulated targets with the cis-regulated targets, further
KEGG analyses found that the identified lncRNAs could sig-
nificantly regulate glycolysis/gluconeogenesis, the PPAR
signalling pathway, the FoxO signalling pathway, phenyl-
alanine metabolism and histidine metabolism (figure 3i). In
1-day-old broiler offspring, 21 DElRs induced by paternal
dietary FS were also identified. Among these DElRs, 36
DEmRs could be cis-regulated by 15 DElRs, and 81 DEmRs
could be trans-regulated by 21 DElRs. Our KEGG analyses
also identified that these hepatic DElRs could regulate the
target DEmRs in glycolysis/gluconeogenesis, the PPAR sig-
nalling pathway, the FoxO signalling pathway and pyruvate
metabolism (figure 3j ); these pathways were also confirmed
to be significantly enriched pathways based on hepatic
DEmRs. Hence, the DElRs contribute to the potential role
of folate in glucose and lipid metabolism, which have been
previously proven [35].

Devanapally et al. [36] reported that the non-coding RNAs
(ncRNAs) of somatic cells could be transferred to sperm cells
and further influence the target gene expression of the somatic
cells of offspring during fertilization. Hence, the roles of DElRs
in sperm were also confirmed. A total of 462, 633, 527 and 558
DElRs were identified in the four FS groups. Based on the 111,
261, 68 and 208 DEmRs identified in the four FS groups,
we further predicted the roles of DElRs by combining the
trans-regulated targets with the cis-regulated targets and
performing KEGG analyses. The identified DElRs regulated
the target mRNAs, which were mainly involved in glucose
and lipid metabolism (figure 3k). These results revealed
that spermatozoal lncRNAs could take part in the transgenera-
tional inheritance of acquired glucose and lipid metabolic
changes in broiler offspring in response to paternal FS.
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( f ) Integrated omics analysis
The PEPCK, ANGPTL4 and THRSP were co-differentially
expressed in breeder cock and broiler offspring. Additionally,
UbI, ME3 and FABP5, key genes in glycolysis/gluconeogenesis
and thePPARsignallingpathway,wereDEmRs in thebroileroff-
spring. These sixgenes expressions couldbe regulatedby the key
DEmiRs and DElRs in breeder cock sperm (electronic sup-
plementary material, table S6), which proved that the
spermatozoal DEmiRs and DElRs induced by FS in breeder
cocks could take part in the regulation of offspring gene
expression. Another possibility is that mechanisms other than
the direct effect of miRNAs and lncRNAs on target mRNA are
involved, such as a ceRNA mechanism [37]. The differentially
expressed mRNAs in the livers of offspring broilers, including
RET, ANKRD1, TSPAN8, SPON1, CLIC3, SLC16A7, ANGPTL4,
LIMK1, LAMA4, G0S2, ENPEP, TBC1D32 and SOAT1, could be
regulated by the spermatozoal DEmiRs and DElRs through a
ceRNAmechanism (figure 4a). Of these differentially expressed
mRNAs, the ANGPTL4 (ENSGALT00000000877) could be co-
regulated by PC-3p-448507_5 and 51 differentially expressed
spermatozoal lncRNAs through ceRNAmechanisms (electronic
supplementary material, table S7).
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The roles of two key miRNAs, PC-5p-30232_97 and PC-
3p-448507_5, in regulating the expression of predicted
target genes (PEPCK and ANGPTL4) were further tested.
The transfection of these two miRNA mimics significantly
increased their expression (figure 4b) and then separately
decreased PEPCK and ANGPTL4 expression in primary
chicken hepatocytes (figure 4c). Moreover, luciferase reporter
assays showed a significant decrease in luciferase activity
( p < 0.05) when the PEPCK or ANGPTL4 30UTR was co-trans-
fected in 293T cells with a PC-5p-30232_97 or PC-3p-
448507_5 mimic, respectively (figure 4d ). Overall, we lacked
suitable methods to directly detect the effect of differentially
expressed miRNAs and lncRNAs on the metabolic changes in
offspring broilers, such as the microinjection of miRNAs or
lncRNAs in the zygotes of mice [7,33]; we only studied the
effect of differentially expressed miRNAs and lncRNAs by
bioinformatics analysis and in vitro study [9], supporting
the idea that epigenetic marks in spermatogenesis are
dynamic and flexible and that they can thus be modified by
nutrition. Therefore, the direct detection of the effect of differ-
entially expressed miRNAs and lncRNA on the metabolic
changes in offspring broilers, such as the microinjection of
miRNAs or lncRNAs into the zygotes of mice, could be
further performed in future studies.
4. Conclusion
The transgenerational effects observed in this study provide, to
our knowledge, the first evidence that birds can modify their
miRNA and lncRNA expression in response to different FS
and transfer epigenetic changes through the male germline.
These epigenetic changes are associated with altered tran-
scriptomic and metabolomic profiles that lead to heritable
alterations in metabolism, which may subsequently potentially
affect the metabolism and growth of future generations. Thus,
the results of this study suggested that different nutritional
supplementation might induce long-lasting metabolic and
developmental changes, which indicated that it is crucial to
consider the transgenerational effect of nutritional supplemen-
tation when we study the suitable nutritional requirements of
breeder cocks. Furthermore, the result of this study will also
inform future transgenerational epigenetic research related
to the roles of miRNAs and lncRNAs in mediating paternal
transgenerational effects in birds.
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