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Abstract: Heterosis, a phenomenon characterized by the superior performance of hybrid individuals
relative to their parents, has been widely utilized in livestock and crop breeding, while the underlying
genetic basis remains elusive in chickens. Here, we performed a reciprocal crossing experiment with
broiler and layer chickens and conducted RNA sequencing on liver tissues for reciprocal crosses
and their parental lines to identify inheritance patterns of gene expression. Our results showed that
heterosis of the abdominal fat percentage was 69.28%–154.71% in reciprocal crosses. Over-dominant
genes of reciprocal crosses were significantly enriched in three biological pathways, namely, butanoate
metabolism, the synthesis and degradation of ketone bodies, and valine, leucine, and isoleucine
degradation. Among these shared over-dominant genes, we found that a lipid-related gene, HMGCL,
was enriched in these pathways. Furthermore, we validated this gene as over-dominant using
qRT-PCR. Although no shared significant pathway was detected in the high-parent dominant genes
of reciprocal crosses, high-parent dominant gene expression was the major gene inheritance pattern in
reciprocal crosses and we could not exclude the effect of high-parent dominant genes. These findings
suggest that non-additive genes play important roles in the heterosis of important traits in chickens
and have important implications regarding our understanding of heterosis.

Keywords: heterosis; abdominal fat deposition; gene expression patterns; over-dominant genes;
high-parent dominant genes; chicken

1. Introduction

Heterosis or, more narrowly, hybrid vigor refers to the phenomenon in which progenies
exhibit greater biomass, speed of development, or fertility than their parents [1]. Plant and animal
breeders exploit heterosis by mating two different pure-bred lines with certain desirable traits, and
have driven unprecedented improvements in performance or viability in crops and livestock [2,3].
However, heterosis does not always imply superiority, as it depends on the trait’s biological significance
and production preference. Several studies demonstrated that maize and wheat exhibiting heterosis
for height had weaker lodging resistance than shorter individuals [4,5]. It is also well understood that
a greater cocoon shell thickness affects the hatching of silkworms [6,7].
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Broilers and layers are two distinct, modern, commercial chicken types, which are selected for
body weight and egg production, respectively [8]. Abundant evidence has reported the existence of
heterosis for abdominal fat deposition in crossing progenies when parental lines have distinct genetic
differences [9–11]. Excessive fat deposition is an unfavorable trait in chickens since it reduces feed
efficiency, reduces the yield of edible carcass, and affects consumer acceptance [12]. In mammals,
de novo fatty acid synthesis occurs mainly in adipose, liver, and mammary tissues [13]. In chickens,
95% of fatty acids are synthesized in the liver, which plays an important role in fat deposition and
metabolism [14].

Dominance and over-dominance are two classic hypotheses that have been proposed to explain
heterosis [15,16]. The dominance hypothesis suggests that deleterious alleles at different loci in
homozygous parents are complemented in heterozygous progenies [17]. The over-dominance
hypothesis states that the improved performance of progenies relative to their parents is a consequence
of allelic interactions at heterozygous loci that outperform the homozygous state [18]. More recently,
the two classic hypotheses were reinterpreted in terms of non-additivity, which was further categorized
into high-parent dominance, low-parent dominance, over-dominance, and under-dominance [19].

With the help of high-throughput sequencing technology, RNA sequencing provides an
opportunity to analyze the relationship between heterosis and differences in gene expression of
reciprocal crosses and their parents [20,21]. In this study, two distinct chicken breeds, Cornish (C) and
Rhode Island White (R), which were selected for growth and egg production, respectively, were used
as parents to produce purebred (CC and RR) and crossbred (CR and RC) progenies. Liver tissues were
employed for RNA sequencing to identify transcriptomic differences in gene expression for reciprocal
crosses and their parental lines. The objective of this study was to provide insight into the genetic basis
of the heterosis of abdominal fat deposition in chickens.

2. Materials and Methods

2.1. Experimental Populations and Phenotypic Measurement

All procedures were performed according to guidelines established by the Animal Care and Use
Committee of China Agricultural University (approval No. SYXK [Jing] 2013-0013).

Two chicken breeds, Cornish and Rhode Island White, were used as parents in this study to
produce purebred and crossbred progenies. Cornish chickens originated from Cornwall, England,
and are widely used in the meat industry. Rhode Island White chickens originated from Rhode Island,
US; this breed is dual-purpose, suitable for both meat and egg production. The birds used in our study
were kept at the farm of Beijing Huadu Yukou Poultry Industry Co., Ltd. of China. The C line was
selected for body weight after 42 days for 7 generations, and the R line was selected mainly for total
egg production at 44 weeks of age for 15 generations. In total, 10 males and 120 females from the
8th generation of the C line and 10 males and 80 females from the 16th generation of the R line were
selected as parents and reared in individual cages in the same poultry facility. Each male of C and R
was mated with six C and four R females by artificial insemination, and eggs were collected for ten
days. A total of 347 female and 285 male chicks were hatched on the same day and reared in cages
with food and water ad libitum.

Given that modern broilers are mostly marketed at six weeks of age, 41 females (8, 8, 10, and 15 for
CC, RR, CR, and RC, respectively) and 44 males (10, 9, 15, and 10 for CC, RR, CR, and RC, respectively)
from different half-sib families were randomly selected to be euthanized by cervical dislocation and
measured for abdominal fat content (surrounding the gizzard, cloaca, and adjacent abdominal muscles)
at six weeks of age (Supplementary Figure S1). The abdominal fat percentage (AFP) was calculated as
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the percentage of abdominal fat weight of the total body weight at six weeks of age. Heterosis (as a
percentage, H%) of the AFP (%) was calculated according to the following equation:

H% =
F1 −

(
P1 + P2

)
/2(

P1 + P2
)
/2

× 100% (1)

where F1, P1, and P2 are the average phenotypes of the F1 reciprocal crosses and their two parental
lines, respectively. Student’s t-value was calculated following the formula of Wu et al. [22] to evaluate
the significance of H%:

t =
H%

2

√∑
(F1i−F1)

2

n1−1 /
[(

P1 + P2
)
×
√

n1
] (2)

where F1i is the phenotype of chicken i from RC or CR and n1 is the number of chickens in RC or CR.
Based on the t-value and degrees of freedom, we obtained the p-value using the pt function in the R
project (https://www.r-project.org/). H% was considered significant if the p-value was <0.05, and a
p-value of <0.01 was considered extremely significant.

2.2. Sample Collection, RNA Extraction, and RNA Sequencing

Six female offspring from four to six half-sibling families of each of the groups, except for RC
(n = 5), were randomly selected for sample collection. Six liver tissues were collected from RR, CR,
and CC groups and five liver tissues were obtained from the RC group. Samples were immediately
placed in liquid nitrogen and stored at −80 ◦C until RNA extraction.

TRIzol®Reagent (Invitrogen, Carlsbad, CA, USA) was used for total RNA extraction. To ensure
successful RNA isolation, the total RNA was detected by 1% agarose gel electrophoresis. The RNA
integrity number (RIN) was determined using the RNA Nano 6000 Assay Kit and the Bioanalyzer 2100
system (Agilent Technologies, Santa Clara, CA, USA). The RNA concentration was evaluated using the
Qubit®RNA Assay Kit and the Qubit®2.0 Flurometer (Life Technologies, Grand Island, NY, USA).
The RNA purity was assessed using a NanoPhotometer®spectrophotometer (IMPLEN, Westlake
Village, CA, USA). The NEBNext®UltraTM RNA Library Prep Kit (Illumina, San Diego, CA, USA)
was used for RNA-seq library construction according to the manufacturer’s guide. The mRNA-seq
libraries were sequenced on an Illumina Hiseq X Ten platform.

2.3. Differentially Expressed Gene Identification

The chicken reference genome (galGal5, fasta format) and annotation files (gtf format) were
downloaded from the Ensemble database (ftp://ftp.ensembl.org/pub/release-91/). High-quality reads
were obtained from raw reads by excluding reads with more than 50% low-quality bases (Qphred ≤ 20).
Hisat2 (v2.0.5) was used for aligning high-quality reads to the reference genome [23]. The mapped
reads of each sample were assembled by StringTie (v.1.3.3b) [24], and FPKM values were extracted from
the StringTie outputs. The genes with an average FPKM of <1 were removed to enhance the statistical
power for differentially expressed genes (DEGs). The DESeq2 package (v.1.16.1) [25] was used for
differential expression analysis between the two purebred lines (CC vs. RR) and between reciprocal
crosses and purebred lines (CR vs. CC, CR vs. RR, RC vs. CC, and RC vs. RR). Genes with an adjusted
p-value of < 0.05 (BH multiple test correction) were considered to be differentially expressed genes.

2.4. Inheritance Mode Classification

Gene expression modes were divided into 12 types (I, II, III, IV, V, VI, VII, VIII, IX, X, XI, and XII;
for details, see Table S1) according to Swanson-Wagner et al. [19] and Rapp et al. [26]. DEGs were
further classified into additivity, high-parent dominance, low-parent dominance, over-dominance,
and under-dominance based on the level of gene expression exhibited by reciprocal crosses and parental
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lines. Additivity (I, XII) represented that the gene expression was significantly different between the
two parental lines (CC and RR, adjusted p-value < 0.05) and that the gene expression of reciprocal
crosses (CR or RC) was not significantly different to the mean of their parental lines (1/2(CC + RR)).
Gene expression in CR or RC that was not significantly different from one parental line but significantly
higher than the other parental line was regarded as high-parent dominance (II and IV). Low-parent
dominance (IX and XI) occurred when gene expression in CR or RC was not significantly different
from one parent but significantly lower than the other parental line. Gene expression in CR or RC that
was significantly higher than the paternal and maternal lines was regarded as over-dominance (V, VI,
and VIII). Gene expression in CR or RC that was significantly lower than the paternal and maternal
lines was viewed as under-dominance (III, VII, and X).

2.5. KEGG Pathway Analyses

The functions of the novel genes were annotated based on the Pfam database (v.31.0) [27].
To study the biological function of non-additive genes, Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis was performed using the Clusterprofiler package [28] in the R program.
KEGG pathways with an FDR of <0.05 (BH multiple test correction) were considered significant.

2.6. Real-Time PCR Analysis

Total RNA was reverse-transcribed into first-strand cDNA using EasyScript First-Strand cDNA
Synthesis SuperMix (TransGen, Beijng, China) for target gene detection. The primers used for qPCR
detection are listed in Table S2. Each reaction was performed in a final volume of 15µL with 1µL
of cDNA, 0.2µL of each primer (100 nM), and 1×PCR Mix (Power SYBR Green PCR Master Mix,
Applied Biosystems, Foster City, CA, USA). Each individual sample was run in triplicate. The qPCR
reactions were performed using an ABI 7500 system (Applied Biosystems, Foster City, CA, USA) with
the following program: 95 ◦C for 10 min and 40 cycles of 95 ◦C for 10 s, 57 ◦C for 20 s, and 72 ◦C
for 1 min. The relative expression of target genes was calculated with reference to the expression of
GAPDH. The results are described as the fold change determined by the 2−∆∆Ct method and expressed
as the mean ± standard deviation (SD).

3. Results

3.1. Heterosis of Abdominal Fat Percentage in Chickens

All progenies were reared in separate cages in the same environment with free access to feed
and water. In consideration of the fact that modern broilers are mostly marketed at six weeks of age,
85 chickens from four groups were randomly slaughtered for carcass composition analysis at the end
of six weeks of age. The AFP values of females in the CC, CR, RC, and RR groups were 1.86% ± 0.35%,
2.14% ± 0.40%, 1.65% ± 0.70%, and 0% ± 0.00%, respectively (Figure 1A). The AFP values of males in
the CC, CR, RC, and RR groups were 1.90% ± 0.37%, 1.61% ± 0.43%, 2.42% ± 0.45%, and 0% ± 0.00%,
respectively (Figure 1B). The AFP values of CR and RC were higher than the means of CC and RR.
Heterosis as a percentage for AFP was 130.43% (p < 0.01) for CR females and 77.78% (p < 0.01) for RC
females (Figure 1C). Positive heterosis for AFP was also observed in CR and RC males (Figure 1D).
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Figure 1. Boxplots for the abdominal fat percentages of the four groups: (A) females, (B) males.
Orange, green, yellow, and blue boxes represent the CC, CR, RC, and RR groups, respectively. Each dot
represents an individual. The central red point in each box represents the average value in the
corresponding group. The red dashed line represents the average of the two parental lines (termed the
mid-parent value). Heterosis of abdominal fat percentages for reciprocal crosses: (C) females, (D) males.
Green and yellow boxes represent the CR and RC groups, respectively. The values of heterosis for the
CR and RC groups are presented in the corresponding boxes. Significance was analyzed by Student’s
t-test and ** indicates that p-value is <0.01.

3.2. Divergence of Gene Expression between Reciprocal Crosses and Parental Lines

Twenty three RNA sequencing libraries from livers were constructed and sequenced. After quality
control and mapping, over 100 million high-quality reads were aligned to the chicken reference
genome. For each sample, over 80% of the clean reads were uniquely mapped to the reference
genome. Approximately 78%, 7%, and 15% of the high-quality reads for each sample were assigned to
exons, introns, and intergenic regions, respectively (Table S3). We performed principal component
analysis (PCA), which revealed that the four groups were well separated in gene expression (Figure S2).
The numbers of DEGs were 1861 (RR vs. CC), 366 (CR vs. CC), 936 (RC vs. CC), 450 (RC vs.
RR), and 721 (CR vs. RR) (Figure 2A). These DEGs were divided into 12 types (I, II, III, IV, V, VI,
VII, VIII, IX, X, XI, and XII). The number of DEGs within the 12 types were 577, 402, 0, 225, 3, 1,
28, 45, 136, 3, 435, and 608 in RC, respectively, and 717, 355, 1, 181, 0, 0, 11, 30, 128, 0, 305, and
587 in CR, respectively (Table S4). The 12 types were further classified into five main categories,
namely, additivity (I, XII), high-parent dominance (II and IV), low-parent dominance (IX and XI),
over-dominance (V, VI, and VIII), and under-dominance (III, VII, and X). High-/low-parent dominance
and over-/under-dominance were considered non-additivity. The numbers of high-/low-parent
dominant and over-/under-dominant genes in the RC group were 627, 571, 49, and 31, respectively.
Further, 536, 433, 30, and 12, high-/low-parent dominant and over-/under-dominant genes were
detected in the CR group, respectively. High-/low-parent dominant and over-/under-dominant
genes in the RC group accounted for 49.06%, 44.68%, 2.43%, and 3.83% of non-additive genes,
respectively.High-/low-parent dominant and over-/under-dominant genes in the CR group accounted
for 53.02%, 42.83%, 2.97%, and 1.19% of non-additive genes, respectively (Figure 2B).
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Figure 2. Analysis of gene expression patterns. (A) The number of differentially expressed genes (DEGs)
among F1 progenies, and (B) the proportions of high-/low-parent dominant and over-/under-dominant
genes in non-additive genes.

3.3. Functional Analysis of Non-Additive Genes

We found that three lipid metabolism-related pathways—butanoate metabolism, synthesis and
degradation of ketone bodies, and valine, leucine, and isoleucine degradation—were significantly
enriched in over-dominant genes for both the RC and CR groups (Figure 3 and Table S5).
Although steroid biosynthesis and ribosome pathways were significantly identified in high-parent
dominant genes for the RC and CR groups, respectively (Figure S3A,B), no shared pathway was
identified for high-parent dominant genes in the RC and CR groups. Meanwhile, no shared pathway
was identified in low-parent dominant and under-dominant genes for the RC and CR groups
(Figure S3C–F), despite cell cycle, DNA replication, p53 signaling, and oocyte meiosis pathways being
significantly enriched in low-parent dominant genes for the CR group (Figure S3D). Three pathways,
namely those associated with cholesterol metabolism, glycerolipid metabolism, and PPAR signaling,
were significantly enriched in under-dominant genes for the CR group (Figure S3F).

Figure 3. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of over-dominant
genes for the RC and CR groups. Each KEGG pathway is represented by a dot. The area of a dot
represents the number of genes enriched in the pathway. The dashed orange lines represent significant
levels (adjusted p-value < 0.05). Dots that pass the blue dashed line represent significant KEGG
pathways. Descriptions of the significant pathway are displayed above the dots.

3.4. Quantitative RT-PCR Validation for RNA Sequencing Data

To validate the RNA sequencing results, we randomly detected 10 DEGs within four groups,
which included up- and down-regulated genes between any two of the four groups, using quantitative
reverse transcription PCR (qRT-PCR). The gene names and primer sequences are shown in Table S2.
More than 85% of the DEGs between any two of the four groups of qPCR results showed the same



Genes 2019, 10, 824 7 of 12

up- and down-regulation trends as the RNA sequencing results (Figure 4A). A high R2 of the gene
expression level was detected between the RNA sequencing and qPCR results (R2 = 0.90), indicating
that the RNA-seq data obtained in this study were reliable (Figure 4B).

Figure 4. qRT-PCR validation of differentially expressed genes (DEGs) in four groups. (A) Comparison
of log2(fold change) in ten DEGs between qRT-PCR and RNA-seq, and (B) regression analysis of
log2(fold change) values between qRT-PCR and RNA-seq. A high R2 indicated that the RNA-seq data
were considered to be of a high accuracy.

3.5. Gene Expression Levels of Over-Dominant Genes

Given that the pathways of butanoate metabolism, synthesis and degradation of ketone bodies,
and valine, leucine, and isoleucine degradation were significantly enriched in over-dominant genes
for both the CR and RC groups, we focused on genes exhibiting over-dominance in the CR and RC
groups and found that the number of over-dominant genes was 30 in the CR group and 49 in the RC
group (Table S6). Among these over-dominant genes, there were seven shared over-dominant genes
(Figure 5A and Table S7). Gene cluster analysis showed that seven over-dominant genes were highly
expressed in the CR and RC groups and expressed at much lower levels in the CC and RR groups
(Figure 5B). Among the seven over-dominant genes, HMGCL was significantly enriched in the three
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aforementioned pathways. We further detected the gene expression levels of HMGCL within the four
groups by qRT-PCR, validating it as an over-dominant gene (Figure 5C).

Figure 5. Analysis of over-dominant genes for the CR and RC groups. (A) Statistical analysis of the
number of over-dominant genes for the CR and RC groups. Each yellow or green dot represents
an over-dominant gene for CR or RC, respectively. Red dots represent the shared over-dominant
genes for the CR and RC groups. (B) Gene expression levels of shared over-dominance for the four
groups. The orange, green, yellow, and blue rectangles above the graph represent the RR, RC, CR,
and CC groups, respectively. The names of the shared over-dominant genes are displayed on the
right-hand side of the graph. Genes with high and low expression levels are displayed in red and
blue, respectively. (C) qRT-PCR validated the gene expression modes of over-dominance for HMGCL.
Because HMGCL was the shared gene of the CR and RC groups, which was significantly enriched in
pathways of butanoate metabolism; synthesis and degradation of ketone bodies; and valine, leucine,
and isoleucine degradation, we performed qRT-PCR to validate the gene expression modes. Differences
between the two groups were analyzed by Student’s t-test with the SAS system. The data are expressed
as the mean ± SD. * p < 0.05; ** p < 0.01.

4. Discussion

Heterosis is of great importance for agriculture and is widely exploited in plant and animal breeding.
However, the genetic mechanisms underlying this phenomenon remain elusive. Many studies have
revealed that divergent patterns of gene expression between F1 crosses and their parents play significant
roles in heterosis. In order to eliminate the interference of cytoplasmic inheritance, broilers and layers
were used as parents to produce pure progenies and reciprocal crosses. Genome-wide transcript
profiles of livers were applied to gain a global view of gene expression in the reciprocal crosses and
parental lines to reveal the genetic basis of heterosis for AFP in chickens. We found that over-dominant
and high-parent dominant genes were of great significance in heterosis.

In our study, both females and males exhibited great heterosis of abdominal fat deposition.
Similar results were reported by Sun et al. [9], Abasht et al. [10], and Sutherland et al. [11].
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Modern broilers are mostly marketed at six weeks of age. In birds, the allosomes of males are
ZZ, and those of females are ZW [29], which could provide more genetic information. The liver is
the major tissue site for fat deposition and metabolism in chickens. Therefore, the livers of females
obtained at six weeks of age were used for RNA sequencing. A large number of DEGs were identified
between reciprocal crosses and parental lines, indicating that heterosis is a consequence of polygenic
effects; this was consistent with results given by previous studies [30,31].

Over-dominant genes accounted for a small amount of non-additive genes, while over-dominant
genes of reciprocal crosses were significantly annotated by the KEGG pathways of butanoate metabolism,
synthesis and degradation of ketone bodies, and valine, leucine, and isoleucine degradation, which have
been reported to be associated with lipid metabolism. Our results suggest that over-dominant genes
might contribute to heterosis specifically by biological function, as opposed to the number of genes.
Butyrate metabolism increases lipid synthesis via the β-hydroxy-β-methylglutaryl–CoA pathway,
which potentially contributes to obesity [32]. In vitro, butyrate was found to stimulate adipogenesis
and triglyceride storage [33]. Ketogenic substrates are mainly derived from fatty acids, and about 4%
of ketone bodies are generated from the catabolism of amino acids, particularly leucine [34]. One of
the three ketone body metabolic pathways is diversion to lipogenesis or sterol synthesis in the brain,
lactating mammary glands, and adipose tissue [35]. Moreover, some experimental findings demonstrated
that ketone bodies contributed to about half of newly synthesized lipids and up to 75% of newly
synthesized cholesterol [36,37]. Leucine, isoleucine, and valine metabolism is strongly regulated during
adipogenesis [38]. 3-hydroxy-3-methylglutaryl-CoA, a leucine degradation product, is one of the
intermediates of cholesterol synthesis [39]. Deficiency of isoleucine was shown to reduce sterol and
fatty acid de novo synthesis in cells [40]. Since over-dominant genes of both reciprocal crosses were
enriched in these three important pathways, we further analyzed the over-dominant genes of the reciprocal
crosses and found seven shared over-dominant genes. Among these, HMGCL [41] and four novel genes
annotated in the carboxylesterase family [42,43], FOXP coiled-coil domain [44,45], bZIP transcription
factor [46–48], and reverse transcriptase [49], respectively, were reported to be associated with lipid
metabolism. Interestingly, HMGCL was a shared over-dominant gene in the reciprocal crosses, which was
annotated by KEGG pathways of butanoate metabolism, synthesis and degradation of ketone bodies, and
valine, leucine, and isoleucine degradation, indicating that HMGCL plays important roles in heterosis.
Previous research reported that 3-hydroxy-3-methylglutaryl-coenzyme A2 lyase, an essential enzyme in
ketogenesis, plays important roles in lipid metabolism [50]. Genistein treatment for chickens significantly
upregulated transcriptional levels of HMGCL, which promoted ketone body formation and cholesterol
synthesis [51]. Moreover, HMGCL was validated as over-dominant by qRT-PCR.

The major gene expression pattern was high-parent dominance, which accounted for approximately
50% of non-additive genes in reciprocal crosses. It seems that high-parent dominant genes play
important roles in heterosis. A previous study showed that high-parent dominance was important in
the heterosis of Drosophila melanogaster, which contributed specifically to body weight heterosis [52].
A pathway of steroid biosynthesis was significantly enriched in high-parent dominant genes for the RC
group. Mu et al. [30] reported that steroid biosynthesis gene up-regulation increased fat deposition in
ovariectomized chickens. However, in our study, no shared significant KEGG pathway was enriched
in the high-parent dominant genes of reciprocal crosses. In consideration of the fact that the pathway
associated with lipid metabolism was significantly identified in high-parent dominant genes for the
RC group, we could not exclude the effects of high-parent dominance expression patterns.

Chicken production has a long history of crossing different breeds to combine different economic
characteristics. Heterosis of fat deposition is an unfavorable trait in chickens, which is recognized
as the main source of waste in poultry production [12]. Excessive fat deposition results in consumer
dissatisfaction and affects product sales [53]. Our results revealed that non-additive genes were
related to lipid metabolism, particularly over-dominant genes. These findings may help in the
development of effective therapies for the reduction of the heterosis of abdominal fat deposition.
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Our research focused on gene expression analysis for the heterosis of abdominal fat deposition in
females. Further experiments should be performed to explore the genetic basis for males.

5. Conclusions

In summary, this study revealed that over-dominant genes that are enriched in pathways related to
lipid metabolism play important roles regarding the heterosis of fat deposition in chickens. The results
of our study also showed that high-parent dominance gene expression was the typical expression
pattern related to heterosis in chickens. The effects of high-parent dominant genes should not be
ignored. These findings provide new insights into the genetic mechanisms of heterosis for abdominal
fat deposition in chickens.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4425/10/10/824/s1.
Figure S1: Pictures of chickens used in this experiment; Figure S2: Principal component analysis (PCA) for the
four groups; Figure S3: KEGG pathway analysis of high-/low-parent dominant and under-dominant genes for RC
and CR groups: (A,B) high-parent dominant genes, (C,D) low-parent dominant genes, and (E,F) under-dominant
genes; Table S1: Classification of gene expression patterns in reciprocal crosses; Table S2: Primers for genes used
in qRT-PCR; Table S3: Summary statistics for transcriptome sequencing data; Table S4: Summary statistics for
gene expression patterns in reciprocal crosses; Table S5: KEGG pathway analysis of over-dominant genes for the
RC and CR groups: (A) RC group, (B) CR group; Table S6: Detailed information of over-dominant genes in the RC
and CR groups: (A) RC group, (B) CR group; Table S7: Detailed information of overlaps for over-dominant genes
between the RC and CR groups.
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