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Abstract
Background There are two genetically distinct subspecies of cattle, Bos taurus taurus and Bos taurus
indicus, which arose from independent domestication events. The two types of cattle show substantial
phenotypic differences, some of which emerge during fetal development and are re�ected in birth
outcomes, including birth weight. We explored gene expression pro�les in the placenta and four fetal
tissues at mid-gestation from one taurine (Bos taurus taurus; Angus) and one indicine (Bos taurus
indicus; Brahman) breed and their reciprocal crosses.

Results A total of 6,456 differentially expressed genes (DEGs) were identi�ed between the two purebreds
in at least one fetal tissue of which 110 genes were differentially expressed in all �ve tissues examined.
DEGs shared across tissues were enriched for pathways related to immune and stress response
functions. Only the liver had a substantial number of DEGs when reciprocal crossed were compared
among which 310 DEGs were found to be in common with DEGs identi�ed between purebred livers; these
DEGs were signi�cantly enriched for metabolic process GO terms. Analysis of DEGs across purebred and
crossbred tissues suggested an additive expression pattern for most genes, where both paternal and
maternal alleles contributed to variation in gene expression levels. However, expression of 5% of DEGs in
each tissue was consistent with parent of origin effects, with both paternal and maternal dominance
effects identi�ed.

Conclusions These data identify candidate genes potentially driving the tissue-speci�c breed differences
and provide biological insight into parental genome effects underlying phenotypic differences in bovine
fetal development.

Background
There are substantial phenotypic and genetic differences among cattle breeds, in particular between
indicine and taurine breeds (Bovine HapMap Consortium 2009). The taurine and indicine subspecies of
cattle arose from independent domestication events resulting in a high degree of genetic divergence [1].
Phenotypically, indicine cattle are more tolerant of hot, humid environments and show greater resistance
to parasites such as ticks; hence they are better adapted to survive in tropical areas [2]. However, the
productivity of indicine cattle is lower than taurine cattle across a range of traits when measured in
temperate zones, including growth and meat quality. Crossbreeding has been used to harness the positive
traits of the two types to improve the performance of cattle in tropical environments [3]. Genes such as
MSRB3 and PLAG1, which are involved in energy and muscle metabolism, have been shown to have
subspecies-speci�c alleles that affect weight and body condition [4]. However, the genetic factors
involved in adaptation to tropical conditions remain largely unknown.

Phenotypic differences between indicine and taurine breeds emerge during fetal development [5] and are
re�ected in birth outcomes, including birth weight. Fetal growth rate accelerates after mid-gestation (~ 
day 150) [6], and fetal tissue phenotypes, such as fetal bone and muscle weight, differ between Brahman
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(indicine), and Angus (taurine) fetuses, and in their reciprocal crosses at mid-gestation [7, 8]. Maternally
inherited genes have been shown to contribute disproportionately to myo�ber development and muscle
mass in reciprocal crosses, suggesting parent-of-origin imprinting effects [7, 8].

Advances in genome sequencing technology have facilitated the detailed exploration of transcriptome
complexity and dynamics. Studies of gene expression in adult bovine tissues, including muscle [9], liver
[10, 11], mammary gland [12] and adipose tissue [13] have identi�ed genetic variation associated with
differences in feed e�ciency, milk composition and deposition of intramuscular fat. However, there is
little information available on differences in gene expression between breeds during fetal development. A
comparison of gene expression between taurine and indicine breeds may provide biological insights into
the origin of their phenotypic differences.

This study investigated the transcriptome of the placenta and four somatic tissues at mid-gestation from
two cattle breeds (Angus and Brahman) and their reciprocal crosses. The differentially expressed genes
(DEGs) detected between the breeds and between the reciprocal crosses at this fetal stage represent
candidates that may be involved in establishing phenotypic differences between the cattle subspecies.

Results
Expression pro�les of �ve tissues

Brain, liver, lung, muscle and placenta samples were analysed from of the 4 genetic combinations with 3
males and 3 female samples in each group for a total of 120 samples. Between 60-100M 100bp PE
reads, or 90-130M 75bp PE reads per sample passed quality control. Reads were aligned to the extended
Brahman reference genome (UOA_brahman_1 plus non-PAR Y chromosome from UOA_angus_1) using
hisat2 with default settings, giving an average mapping rate of 89%. The total number of expressed
genes among samples ranged from 16,368 to 17,013 and showed no substantial variation between
tissues. There was a high correlation coe�cient between pure breed Bi and Bt expression of the same
genes in each tissue (Supplementary �gure 1a-e).  There were 14,143 genes expressed in all tissues
(Supplementary �gure 1f) with 5 genes consistently highly expressed in all �ve tissues: Insulin-Like
Growth Factor 2 (IGF2), Eukaryotic Translation Elongation Factor 1 Alpha 1 (EEF1A1), Collagen Type III
Alpha 1 Chain (COL3A1), Actin Beta (ACTB) and the paternally expressed gene 3 (PEG3).  

Each tissue formed a tight cluster by multi-dimensional scaling analysis of the 5 tissues which are
distinct and well separated from the others, irrespective of the genetic group (Figure 1a). A multi-factor
model was used to account for and remove tissue effects, after which a PCA separated the samples by
genetic groups in the �rst principle component (x-axis) and by sex in the second principle component (y-
axis) (Figure 1b). The pattern of expression for each tissue from each genetic type showed the same
pattern within sex, with the 2 purebred groups separated for all tissues, and the reciprocal crosses less
well separated (Supplementary Figure 2a-e). The 20 most highly expressed genes in each tissue are
reported in Supplementary Table 1.
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Differential gene expression between purebred groups

There were 1,085, 1,495, 1,935, 2,515 and 2,645 genes for which the normalized average number of
mapped reads (CPM) differed signi�cantly between purebred Bt and Bi brain, placenta, lung, liver and
muscle, respectively. We designated these as differentially expressed genes (DEGs).  A similar number of
genes showed higher or lower average transcript abundance in Bt as Bi for all �ve tissues.  Muscle had
the largest number of DEGs among the tissues studied, but about 84% of these showed a fold change
(FC) < 2, while in other tissues ~62-72% showed a FC < 2. The most signi�cantly enriched gene ontology
(GO) biological process and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways in muscle
included collagen metabolic process (GO:0032963); collagen �bril organization (GO:0030199); amino
sugar and nucleotide sugar metabolism (bta00520) and glycine, serine and threonine metabolism
(bta00260).  Genes in all four of these pathways had higher expression in Bt than in Bi.

Among the DEGs, ~10% in each tissue were lncRNAs. About 92% of DE lncRNAs had the opposite
transcriptional direction to differentially expressed genes located within 100 kb.

DEGs common to all �ve tissues in pure-bred groups

There were 110 DEGs between Bi and Bt in common for all �ve tissues, comprising 50 annotated protein-
coding genes, 42 genes lacking annotation in the reference genome and 18 lncRNAs (Figure 2a).
Alignment of the unannotated protein-coding genes to known genes in other cattle and ruminant
reference genomes facilitated the annotation of 37 of the unnamed DEGs, based on >90% sequence
identity. Of the 87 genes for which annotation was obtained and that were DE in all �ve tissues between
the purebred animals, 84 had consistent relative abundance between subspecies Bt and Bi with respect to
genotype in all tissues. The 3 exceptions were Aldehyde Oxidase 1 (AOX1), Choline Dehydrogenase
(CHDH), Syntaxin 11 (STX11), whose expression was in a different direction (Bt vs Bi) in the liver
compared with the other 4 tissues.

GO pathway analysis of the set of 87 annotated genes showed that they were signi�cantly enriched in 10
GO terms, including oxidation-reduction process (GO:0055114), intracellular protein transport
(GO:0006886), glycogen catabolic process (GO:0005980), positive regulation of protein
autophosphorylation (GO:0031954) (Figure 2b).

Tissue-speci�c genes between purebred groups

Genes that were DE between purebred Bt and Bi in only one of the �ve tissues examined were considered
tissue speci�c DEGs. Using a FDR cut-off of <0.05, liver and muscle had a substantially higher number of
unique DEGs compared with brain, placenta, or lung (see Figure 2a). After �ltering for an absolute FC ≥ 2,
two thirds of the tissue-speci�c DEGs were removed, leaving 187, 328, 289, 388 and 191 tissue-speci�c
DEGs in each of the tissues respectively, and liver and muscle no longer had substantially higher numbers
of unique DEGs. GO biological process pathway enrichment analysis for these �ltered tissue-speci�c
DEGs identi�ed 54 GO terms (Supplementary Table 2). The liver-speci�c DEGs were enriched for 6 GO
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terms including ion binding and primary metabolic processes. Muscle was enriched for 9 GO terms
including the collagen �bril organization pathway. Brain was also enriched for 9 GO terms that included
pathways involved with detection of stimulus and nervous system processes. Lung was enriched for 10
GO terms, most of which were related to fundamental biological processes, including regulation of
molecular function and cellular response to endogenous stimulus.  Placenta was enriched for 20 GO
terms which were linked to proton-transporting V-type ATPase and V1 domain small molecule metabolic
process.

Differential gene expression between crossbred groups

Comparison of transcript abundance between the reciprocal cross-bred groups (Bt x Bi and Bi x Bt) did
not reveal a substantial number of DEGs (<20/tissue at FDR <0.05), except for liver which had 2,473
DEGs. However, only 143 (5.8%) of the liver DEGs had a fold change greater than 2.  We performed GO
biological process pathway enrichment analysis and KEGG pathway enrichment analysis for the protein
coding DE genes with >2-fold change. The GO analysis showed that DEGs were signi�cantly enriched in 6
GO terms, including: macromolecule metabolic process (GO:0043170), primary metabolic process
(GO:0044238), cellular metabolic process (GO:0044237), metabolic process (GO:0008152), nitrogen
compound metabolic process (GO:0006807) and organic substance metabolic process (GO:0071704)
which are all involved in metabolic processes. The only signi�cantly enriched KEGG pathway was
metabolic pathways (path: bta01100).

Pairwise comparisons of the DEGs in liver for the 4 genetic groups were performed to explore
relationships in expression patterns between pure bred and crossbred concepti. The sire dominated the
liver expression pattern in Bt-sired crossbred (Bt x Bi) liver which had 1,276 DEGs when compared to
purebred Bi liver, versus 219 DEG when compared with purebred Bt liver. However, the dam breed appears
to dominate expression pattern in Bi-sired crossbreds, with 317 DEGs in the Bi x Bt crossbred compared
with purebred Bt, but 150 DEGs when compared with purebred Bi liver transcripts.

Expression pattern of DEGs from the purebred groups in comparison with crossbred groups

The expression pattern of the 6,456 DEGs between tissues of purebred animals was examined in the
reciprocal crossbred groups. Of these DEGs 5,784 (~90%) showed an additive expression pattern where
both paternal and maternal genomes contributed to the gene expression levels in the crossbred groups
(Figure 3a), as suggested by the transcript abundance falling approximately midway between that of the
two purebred classes. However, transcript abundance of some DEGs (672) was more consistent with
parent-of-origin driven expression (Figure 3b-i).  Different types of such effects were observed,
predominantly maternal/paternal dominance and Bt or Bi allele derived dominance. The abundance of
DEGs between crossbred groups fell into three general categories: co-dominant, dominant and recessive
expression patterns, with dominance in some cases driven by either the male or the female (Figure 3) the
number of genes falling into each category are given in Table 1.
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GO analysis of the DEGs that overlapped between tissues showed that they were signi�cantly enriched in
19 GO terms including positive regulation of cellular metabolic process, positive regulation of nitrogen
compound metabolic process and membrane-enclosed lumen. The transcript levels of the DEGs involved
in these signi�cantly enriched pathways had exclusively higher expression in the purebred Bt compared
with the purebred Bi.

Boxplots illustrating the different expression patterns observed among the 4 genetics groups: Bt x Bt, Bi x
Bt, Bt x Bi and Bi x Bi (sire breed given �rst). Y-axis is expression level (counts per million) in a log2 scale.
a) Taurus driven additive expression, irrespective of parent. b) Maternal genome driven indicine
dominance. c) Maternal genome driven taurine dominance. d) Paternal genome driven indicine
dominance. e) Paternal genome driven taurine dominance. f) Taurine dominant – activation. g) Taurine
dominant - inhibition. h) Indicine dominant - activation. i) Indicine dominant – inhibition. j) complex
inheritance. 

Table 1: Number of genes showing a parent of origin effect on expression patterns in �ve tissues.

  Brain Liver Lung Muscle Placenta

Maternal genome driven - Taurine 0 12 2 16 0

Maternal genome driven - Indicine 0 11 4 11 5

Paternal genome driven – Taurine 6 24 9 16 7

Paternal genome driven - Indicine 5 36 13 13 12

Taurine dominant – activation 27 65 40 33 25

Taurine dominant – inhibition 7 30 24 10 12

Indicine dominant – activation 13 38 17 15 10

Indicine dominant - inhibition 2 22 3 15 5

 

Discussion
The study of gene expression in prenatal development will help to understand the regulation of fetal
tissue-speci�c growth and development. Our hypothesis was that phenotypic differences between
subspecies of cattle may be due, in part, to differential gene expression during mid-gestation. Consistent
with this hypothesis, in this study we observed substantial differences in expression between breeds of
cattle from the two genetically distinct sub-species Bos taurus taurus (Angus) and Bos taurus indicus
(Brahman). In addition, we observed differential expression of genes in reciprocal crosses between these
subspecies, some of which revealed parent-of-origin and breed-of-origin effects in gene expression in �ve
tissues at mid-gestation.
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We found that �ve genes had high levels of expression in all �ve tissues at this developmental stage
(IGF2, EEF1A1, COL3A1, ACTB and PEG3). These genes play a crucial role in embryonic development and
fetal growth, as shown by loss-of-function mutations which result in developmental delay and several
diseases including intellectual disability, immune system abnormalities, cerebral abnormalities and
abnormally large abdominal organs [23–27]. EEF1A1 is a member of the eukaryotic elongation factor
family that regulates protein synthesis, that is expressed in brain, placenta, lung, liver, kidney, and
pancreas in human adults [28]. COL3A1 is expressed in extensible connective tissues, such as skin and
lung. A mutation in COL3A1 has been linked to vascular disease [29].

Other highly abundant transcripts showed tissue-speci�c expression levels which were related to tissue
function. Alpha-Fetoprotein (AFP) had liver-speci�c expression and encodes a major plasma protein
produced by the liver during fetal development [30]. Two genes that were highly expressed in the muscle
were the muscle structural protein genes Myosin Heavy Chain 3 (MYH3) and Myosin Binding Protein C,
Slow Type (MYBPC1) ([31, 32]. Genes that play an important role in neurodevelopment including
Adenylate Cyclase 1 (ADCY1), Stathmin 2 (STMN2) and Tubulin Beta 3 Class III (TUBB3) were highly
expressed and speci�c to the brain [33–35]. All of these genes had high levels of expression in both pure
breeds and their crosses. The lung was the only tissue that did not have any highly expressed tissue-
speci�c genes (cut off Log2CPM > 10) at this developmental stage.

Intrauterine stress increases the risk of adult disease through fetal programming mechanisms. Increased
oxidative stress during embryonic and fetal growth can be caused by environmental and physiological
conditions [36], and may affect key transcription factors that can alter gene expression during
development [37]. From the GO pathway analysis in the current study, oxidation-reduction processes and
oxidoreductase activity were found to be signi�cantly associated with the DEGs between the two pure
breeds that were in common to all �ve tissues.

Heat shock leads to oxidative stress which has been associated with reduced production performance in
Bos taurus indicus [38]. During heat stress the steady-state concentration of free radicals is disturbed,
resulting in both cellular and mitochondrial oxidative damage [39]. A study of the effects of oxidative
stress on cattle fertility indicated that in tropical areas, Bos taurus taurus bulls have a higher level of
reactive oxygen species (ROS) in their semen than Bos taurus indicus bulls [40]. It has been suggested
that these high levels of ROS cause major sperm defects in heat stressed Bos taurus taurus bulls [40]. In
our study, TXNRD2, a nuclear genome encoded mitochondrial protein that scavenges reactive oxygen
species, had a higher level of expression in Bi than Bt in all tissues. It is possible that TXNRD2 mediated
protection of mitochondrial function may help indicine cattle to better adapt to hot environments.

The HSD11B1L encoded protein catalyses the interconversion of inactive to active glucocorticoids, e.g.
the conversion of inactive cortisone to the active forms: corticosterone and cortisol. These are key
hormones that regulate a variety of physiologic responses to stress through the hypothalamus-pituitary-
adrenal (HPA) axis that is responsible for the adaptation of stress responses to restore homeostasis [41].
Higher levels of HSD11B1L transcripts were found in all Bi tissues compared with Bt, which may allow
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indicus cattle to respond more rapidly than taurine cattle to stressful situations, including environmental
and biological challenges.

Most of the genes that were DE in all �ve tissues showed changes in the level of expression in the same
direction for all tissues. There were 3 exceptions with different directions of expression in the liver
compared with the other 4 tissues. The liver plays an important role in metabolic processes and in
immune system function which affects the response to many diseases [42, 43]. We found that the
expression of AOX1 was higher in all Bi tissues except liver, where it was lower. AOX1 produces hydrogen
peroxide and catalyses the formation of superoxide. Levels of AOX1 increase in mouse liver following
infection [44] suggesting a role in immune response by stimulating host immunity, in�ammation and
coagulation. Indicine cattle are generally less susceptible to disease than taurine cattle [45, 46]. For
example, they are more resistant to ticks [47] and tuberculosis [48]. Interestingly AOX1 had lower levels of
expression in Bi than Bt in tissues other than liver. The signi�cance of this is unclear. The GO terms
including genes that were DE between purebreds in this study showed that those involved in metabolic
processes generally had signi�cantly higher expression in Bt compared with Bi. Low metabolic rate has
been associated with thermotolerance of Bos taurus indicus [49].

Interestingly, the genes that were DE between the liver of the pure-bred concepti, that were also
differentially expressed between the reciprocal crossbred concepti, showed a higher expression when the
sire was taurine for both sexes. For example, a critical nuclear receptor NR4A1 had a higher level of
expression in pure Bt and in the crossbred concepti when the sire was Bt. NR4A1 is involved in
in�ammation, apoptosis, and glucose metabolism and also regulates a paternally imprinted gene,
SNRPN, which affects neurological and spine development [50]. NR4A1 regulates energetic competence
of mitochondria and promotes neuronal plasticity. However, studies in animal models and of
neuropathologies in humans have shown that sustained expression of this gene results in increased
sensitive to chronic stress [51]. Higher levels of expression in Bt may be related to a reduced stress
tolerance including heat and drought conditions.

Genomic imprinting has been described in various mammalian species and results in a biased level of
expression of one of the 2 autosomal gene copies, depending on the parent of origin. Both insulin-like
growth factor (IGF2) and paternally expressed gene 3 (PEG3) are imprinted genes, which are paternally
expressed during prenatal life, with expression declining rapidly after birth [52]. Both genes play an
important role in controlling fetal growth rate and nurturing behaviours in mammals. In the present study,
IGF2 and PEG3 were highly expressed in all samples across the 4 pure and crossbred groups in all �ve
tissues, suggesting that both PEG3 and IGF2 functions are essential at mid-gestation. The overall levels
of PEG3 and IGF2 transcripts did not differ between breeds or the direction of the cross, although we were
unable to assign transcripts to a parent of origin to test for imprinting.

Conclusion
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This study identi�ed a large number of genes that showed a signi�cant breed difference in tissue-speci�c
expression. These genes were found to participate in pathways related to tissue-speci�c function. Genes
that were differentially expressed between Angus and Brahman in all tissues were found to relate to
functions such as immune response and stress response, that may to some extent explain the higher
resilience of Bi cattle. This study also identi�ed genes that putatively have parent or breed of origin-
controlled expression patterns. Exploring these further would require e.g. long read Iso-seq data to resolve
haplotype speci�c expression. The current data provide a basis for future research on parental genome
effects underlying phenotypic differences in cattle fetal development. Taking these factors into account
in breeding and management may improve the welfare and productivity of cross-bred cattle in tropical
environments.

Material And Methods
Animals and sample collection

All animal experiments and procedures described in this study were compliant with national guidelines
and approved by the University of Adelaide Animal Ethics Committee which follows ARRIVE Guidelines
(https://arriveguidelines.org/) for approval and monitoring all studies involving live animals (Approval
No. S-094-2005). The animals and semen used were pure bred Angus (Bos taurus taurus) and Brahman
(Bos taurus indicus) cattle, subsequently referred to as Bt and Bi respectively. Purebred Bt and Bi females
(heifers) of approximately 16-20 months of age were maintained on pasture supplemented with silage.
The heifers were inseminated with semen of purebred Bt or Bi sires and pregnancy tested by ultrasound
scanning. Pregnant heifers and their concepti were humanely sacri�ced at day 153 +/-1 of gestation and
the conceptus dissected. Tissues were snap-frozen in liquid nitrogen and then stored at -80oC as
previously described [7]. The �ve tissues used in this study, brain, liver, lung, muscle and placenta, were
taken from 3 male and 3 female concepti, from each of the 4 genetic combinations (Bt x Bt, Bi x Bt, Bt x
Bi, Bi x Bi; paternal genome listed �rst), giving a total of 24 samples per tissue.

RNA isolation, library preparation and sequencing

Total RNA was isolated from tissues using the RiboZero Gold kit, in accordance with the manufacturer’s
recommendations (Illumina, San Diego, CA). Sequencing libraries were prepared with a KAPA Stranded
RNA-Seq Library Preparation Kit following the Illumina paired-end library preparation protocol (Illumina,
San Diego, CA). Paired-end (PE) sequence reads were produced on an Illumina NextSeq500 platform,
2x75 bp for placenta, lung and brain and 2x100bp for liver and muscle.

Data analysis

FastQC [14] was used to assess read quality and adaptor sequences were removed using cutadapt
(Martin, 2011). An extended bovine Brahman reference genome, consisting of the autosomes and X
chromosome from UOA_Brahman_1 and the non-PAR Y chromosome from UOA_Angus_1
(GCA_003369695.2; GCA_003369685.2) was used. Reads were aligned to this reference using hisat2 [15].
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The number of annotated clean reads for each gene was calculated using feature counts from the
Rsubread package [16] with gene de�nitions from Refseq and Ensembl annotation v97. Genes with a
count per million (CPM) reads below 0.5 were excluded. Multi-dimensional scaling (MDS) plots were
created using plotMDS from the limma R package. The expression of genes was normalised across the
libraries by the Trimmed Mean of M-values (TMM) [17], and variation among different batches of
samples was standardised using RemoveBatchEffect in the limma package. Differentially expressed
genes (DEGs) with a false discovery rate (FDR) < 0.05 after down-weighting high variation replicates, were
identi�ed using the limma-voom R package [18, 19]. Sequences identi�ed as protein-coding genes in the
assembly but lacking names were annotated using BLASTN with the nucleotide collection nr/nt [20],
selecting the top annotated gene if it had more than 90% identity with the unknown gene.

Functional analysis of DEGs

To facilitate functional analysis of DEGs, cattle gene IDs were converted to homologous human Ensembl
gene IDs using BioMart R packages [21]. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
and Gene Ontology (GO) enrichment analyses of DEGs were performed using the limma R package [22].
GO terms for molecular functions (MF), biological processes (BP) and cellular components (CC) were
interrogated. Fisher’s exact tests were carried out and an adjusted P value calculated using the Benjamini-
Hochberg procedure for multiple tests (FDR). GO and KEGG terms with an adjusted P value < 0.05 were
considered to be signi�cantly enriched pathways. GSEA software was used to de�ne and plot the
pathway networks for DEGs.

Identi�cation of Brahman and Angus gene expression pattern in crossbred groups

Some phenotypes differed depending on which was the paternal breed in Bt and Bi reciprocal crosses,
e.g. birth weight and mature size. We tested whether this difference was re�ected in gene expression
differences during fetal development. Genes where total abundance of transcripts was dominated by
paternal breed were de�ned as paternally-driven, or when abundance was dominated by the maternal
breed to be maternally-driven. To identify such genes, we used the difference in expression between
purebred concepti to de�ne breed-speci�c transcript abundance. Speci�cally, the absolute difference of
transcript abundance in Bt versus Bi provided a “normalization” of expected abundance for a crossbred
conceptus. Using that difference as denominator, we then used the absolute difference in abundance
between the reciprocal crosses to identify genes in�uenced by parental origin. 

For example, if we assume a transcript has a difference in abundance between Angus and Brahman (Bt x
Bt / Bi x Bi) of 3.0 (i.e. higher in Angus) and the difference in abundance in Angus-sired crossbreds
compared with Brahman-sired crossbreds is 2.7, the ratio of differences is 0.9 and is consistent with
parental-driven expression. We use an arbitrary threshold of >0.8 to designate parental-driven expression.
We then use the differences in expression between the purebreds and crossbreds to determine if the gene
is maternally or paternally driven. For convenience, we de�ne the four genetic groups, i.e., the purebreds
and crossbreds, by digits, with Bt xBt, Bi x Bt, Bt x Bi, and Bi x Bi labelled as 1, 2, 3 and 4 respectively. All
combinations of pairs of groups were compared, and for each gene the above ratio was calculated. Six
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combinations of expression differences were obtained: diff1-2, diff1-3, diff1-4, diff2-3, diff2-4 and diff3-4.
The threshold was adjusted to identify genes in the following patterns:

1. Maternally driven-taurine: diff2-3/diff1-4 > 0.8, diff1-2/diff1-4 < 0.2, diff3-4/diff1-4 < 0.2, high
expression level in Bt

2. Maternally driven-indicine: diff2-3/diff1-4 > 0.8, diff1-2/diff1-4 < 0.2, diff3-4/diff1-4 < 0.2, high
expression level in Bi

3. Paternally driven-taurine: diff2-3/diff1-4 > 0.8, diff1-3/diff1-4 < 0.2, diff2-4/diff1-4 < 0.2, high
expression level in Bt

4. Paternally driven-indicine: diff2-3/diff1-4 > 0.8, diff1-3/diff1-4 < 0.2, diff2-4/diff1-4 < 0.2, high
expression level in Bi

5. Taurine dominant-Inhibition: diff2-3/diff1--4 < 0.2, diff24/ diff1-4 < 0.8, diff3-4/diff1-4 < 0.8, high
expression level in Bi

�. Taurine dominant-Activation: diff2-3/diff1-4 < 0.2, diff2-4/ diff1-4 < 0.8, diff3-4/diff1-4 < 0.8, high
expression level in Bt

7. Indicine dominant-Inhibition: diff2-3/diff1-4 < 0.2, diff1-2/diff1-4 < 0.8, diff1-3/diff1-4 < 0.8, high
expression level in Bt

�. Indicine dominant-Inhibition: diff2-3/diff1-4 < 0.2, diff1-2/diff1-4 < 0.8, diff1-3/diff1-4 < 0.8, high
expression level in Bi

Demonstrations of Bi and Bt gene expression patterns in crossbred groups are shown in Supplementary
Figure 3.

Abbreviations
Bi, Bos taurus taurus; Bt, Bos taurus indicus; DEG, differentially expressed genes; PE reads. paired end
reads; MDS, multi-dimensional scaling; PCA principle components analysis; CPM counts per million.

Declarations
Ethics approval

All animal work was approved by the University of Adelaide Animal Ethics Committee, approval No. S-
094-2005.

Availability of data and materials

Sequence data is available from the GEO under accession number GSE148909.

Competing interests

The authors declare no competing interests.



Page 13/19

Funding

The study was funded from the JS Davies bequest through the Davies Research Centre, and by USDA-
ARS Project 3040-31000-100-00-D

Authors’ contributions

JLW, SH and TPLS conceived and managed the project. SH designed and obtained Bos taurus and Bos
indicus fetal resources. DAT and TC extracted RNA samples and performed QC. TPLS produced sequence
data. RL analysed RNA seq data; RL, RT and WYL interpreted data. RL and JLW drafted the manuscript
and all authors read, edited, and approved the �nal manuscript.

Acknowledgements

We thank Kelsey McClure, Kristen Kuhn, William Thompson, and Bob Lee for technical support. Mention
of trade names or commercial products in this publication is solely for information and does not imply
recommendation or endorsement by USDA. USDA is an equal opportunity provider and employer.

Consent for publication

Not Applicable

References
1. Pitt D, Sevane N, Nicolazzi EL, MacHugh DE, Park SDE, Colli L, Martinez R, Bruford MW, Orozco-

terWengel P: Domestication of cattle: Two or three events? Evol Appl 2019, 12(1):123–136.

2. Zeng L, Cao Y, Wu Z, Huang M, Zhang G, Lei C, Zhao Y: A Missense Mutation of the HSPB7 Gene
Associated with Heat Tolerance in Chinese Indicine Cattle. Animals (Basel) 2019, 9(8).

3. Menéndez-Buxadera A, Palacios-Espinosa A, Espinosa-Villavicencio JL, Guerra-Iglesias D: Genotype
Environment interactions for milk production traits in Holstein and crossbred Holstein-Zebu cattle
populations estimated by a character state multibreed model. Livestock Science 2016, 191:108–116.

4. Porto-Neto LR, Reverter A, Prayaga KC, Chan EK, Johnston DJ, Hawken RJ, Fordyce G, Garcia JF,
Sonstegard TS, Bolormaa S: The genetic architecture of climatic adaptation of tropical cattle. Plos
one 2014, 9(11).

5. Mao W, Albrecht E, Teuscher F, Yang Q, Zhao R, Wegner J: Growth-and breed-related changes of fetal
development in cattle. Asian-Australasian Journal of Animal Sciences 2008, 21(5):640–647.

�. Krog CH, Agerholm JS, Nielsen SS: Fetal age assessment for Holstein cattle. PloS one 2018, 13(11).

7. Xiang R, Ghanipoor-Samami M, Johns WH, Eindorf T, Rutley DL, Kruk ZA, Fitzsimmons CJ, Thomsen
DA, Roberts CT, Burns BM: Maternal and paternal genomes differentially affect myo�bre
characteristics and muscle weights of bovine fetuses at midgestation. PLoS One 2013, 8(1).



Page 14/19

�. Xiang R, Lee AM, Eindorf T, Javadmanesh A, Ghanipoor-Samami M, Gugger M, Fitzsimmons CJ, Kruk
ZA, Pitchford WS, Leviton AJ: Widespread Differential Maternal and Paternal Genome Effects on
Fetal Bone Phenotype at Mid‐Gestation. Journal of Bone and Mineral Research 2014, 29(11):2392–
2404.

9. Berton MP, Fonseca LF, Gimenez DF, Utembergue BL, Cesar AS, Coutinho LL, de Lemos MVA,
Aboujaoude C, Pereira AS, Rafael MdO: Gene expression pro�le of intramuscular muscle in Nellore
cattle with extreme values of fatty acid. BMC genomics 2016, 17(1):972.

10. Alexandre PA, Kogelman LJ, Santana MH, Passarelli D, Pulz LH, Fantinato-Neto P, Silva PL, Leme PR,
Strefezzi RF, Coutinho LL: Liver transcriptomic networks reveal main biological processes associated
with feed e�ciency in beef cattle. BMC genomics 2015, 16(1):1073.

11. Mukiibi R, Vinsky M, Keogh KA, Fitzsimmons C, Stothard P, Waters SM, Li C: Transcriptome analyses
reveal reduced hepatic lipid synthesis and accumulation in more feed e�cient beef cattle. Scienti�c
reports 2018, 8(1):1–12.

12. Cui X, Hou Y, Yang S, Xie Y, Zhang S, Zhang Y, Zhang Q, Lu X, Liu GE, Sun D: Transcriptional pro�ling
of mammary gland in Holstein cows with extremely different milk protein and fat percentage using
RNA sequencing. BMC genomics 2014, 15(1):226.

13. Sheng X, Ni H, Liu Y, Li J, Zhang L, Guo Y: RNA-seq analysis of bovine intramuscular, subcutaneous
and perirenal adipose tissues. Molecular biology reports 2014, 41(3):1631–1637.

14. Andrew S: FastQC, a quality control tool for high throughput sequence data. Retrieved October 4,
2015. In.; 2010.

15. Kim D, Langmead B, Salzberg S: hisat2. Nature methods 2015.

1�. Liao Y, Smyth GK, Shi W: The R package Rsubread is easier, faster, cheaper and better for alignment
and quanti�cation of RNA sequencing reads. Nucleic acids research 2019, 47(8):e47-e47.

17. Robinson MD, Oshlack A: A scaling normalization method for differential expression analysis of
RNA-seq data. Genome biology 2010, 11(3):R25.

1�. Law CW, Chen Y, Shi W, Smyth GK: voom: Precision weights unlock linear model analysis tools for
RNA-seq read counts. Genome biology 2014, 15(2):R29.

19. Liu R, Holik AZ, Su S, Jansz N, Chen K, Leong HS, Blewitt ME, Asselin-Labat M-L, Smyth GK, Ritchie
ME: Why weight? Modelling sample and observational level variability improves power in RNA-seq
analyses. Nucleic acids research 2015, 43(15):e97-e97.

20. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, Bealer K, Madden TL: BLAST+:
architecture and applications. BMC bioinformatics 2009, 10(1):421.

21. Durinck S, Spellman PT, Birney E, Huber W: Mapping identi�ers for the integration of genomic
datasets with the R/Bioconductor package biomaRt. Nature protocols 2009, 4(8):1184.

22. Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, Smyth GK: limma powers differential expression
analyses for RNA-sequencing and microarray studies. Nucleic acids research 2015, 43(7):e47-e47.



Page 15/19

23. Curley JP, Barton S, Surani A, Keverne EB: Coadaptation in mother and infant regulated by a
paternally expressed imprinted gene. Proceedings of the Royal Society of London Series B: Biological
Sciences 2004, 271(1545):1303–1309.

24. Abbas W, Kumar A, Herbein G: The eEF1A proteins: at the crossroads of oncogenesis, apoptosis, and
viral infections. Frontiers in oncology 2015, 5:75.

25. Horn D, Siebert E, Seidel U, Rost I, Mayer K, Abou Jamra R, Mitter D, Kornak U: Biallelic COL3A1
mutations result in a clinical spectrum of speci�c structural brain anomalies and connective tissue
abnormalities. American Journal of Medical Genetics Part A 2017, 173(9):2534–2538.

2�. Cuvertino S, Stuart HM, Chandler KE, Roberts NA, Armstrong R, Bernardini L, Bhaskar S, Callewaert B,
Clayton-Smith J, Davalillo CH: ACTB loss-of-function mutations result in a pleiotropic developmental
disorder. The American Journal of Human Genetics 2017, 101(6):1021–1033.

27. Azzi S, Habib WA, Netchine I: Beckwith–Wiedemann and Russell–Silver Syndromes: From new
molecular insights to the comprehension of imprinting regulation. Current Opinion in Endocrinology,
Diabetes and Obesity 2014, 21(1):30–38.

2�. Hamey JJ, Wilkins MR: Methylation of elongation factor 1A: where, who, and why? Trends in
biochemical sciences 2018, 43(3):211–223.

29. Cortini F, Marinelli B, Romi S, Seresini A, Pesatori AC, Seia M, Montano N, Bassotti A: A new COL3A1
mutation in Ehlers-Danlos syndrome Vascular type with different phenotypes in the same family.
Vascular and endovascular surgery 2017, 51(3):141–145.

30. Petit FM, Hébert M, Picone O, Brisset S, Maurin M-L, Parisot F, Capel L, Benattar C, Sénat M-V,
Tachdjian G: A new mutation in the AFP gene responsible for a total absence of alpha feto-protein on
second trimester maternal serum screening for Down syndrome. European journal of human
genetics 2009, 17(3):387–390.

31. Zieba J, Zhang W, Chong JX, Forlenza KN, Martin JH, Heard K, Grange DK, Butler MG, Kleefstra T,
Lachman RS: A postnatal role for embryonic myosin revealed by MYH3 mutations that alter TGFβ
signaling and cause autosomal dominant spondylocarpotarsal synostosis. Scienti�c reports 2017,
7:41803.

32. Ha K, Buchan JG, Alvarado DM, Mccall K, Vydyanath A, Luther PK, Goldsmith MI, Dobbs MB, Gurnett
CA: MYBPC1 mutations impair skeletal muscle function in zebra�sh models of arthrogryposis.
Human molecular genetics 2013, 22(24):4967–4977.

33. Wang H, Ferguson GD, Pineda VV, Cundiff PE, Storm DR: Overexpression of type-1 adenylyl cyclase in
mouse forebrain enhances recognition memory and LTP. Nature neuroscience 2004, 7(6):635–642.

34. Wang Q, Zhang Y, Wang M, Song W-M, Shen Q, McKenzie A, Choi I, Zhou X, Pan P-Y, Yue Z: The
landscape of multiscale transcriptomic networks and key regulators in Parkinson’s disease. Nature
communications 2019, 10(1):1–15.

35. Fukumura S, Kato M, Kawamura K, Tsuzuki A, Tsutsumi H: A Mutation in the Tubulin-Encoding
TUBB3 Gene Causes Complex Cortical Malformations and Unilateral Hypohidrosis. Child neurology
open 2016, 3:2329048 × 16665758.



Page 16/19

3�. Thompson LP, Al-Hasan Y: Impact of oxidative stress in fetal programming. Journal of pregnancy
2012, 2012.

37. Dennery PA: Role of redox in fetal development and neonatal diseases. Antioxidants and Redox
Signaling 2004, 6(1):147–153.

3�. Fedyaeva A, Stepanov A, Lyubushkina I, Pobezhimova T, Rikhvanov E: Heat shock induces
production of reactive oxygen species and increases inner mitochondrial membrane potential in
winter wheat cells. Biochemistry (Moscow) 2014, 79(11):1202–1210.

39. Belhadj Slimen I, Najar T, Ghram A, Abdrrabba M: Heat stress effects on livestock: molecular, cellular
and metabolic aspects, a review. Journal of Animal Physiology and Animal Nutrition 2016,
100(3):401–412.

40. Nichi M, Bols P, Züge RM, Barnabe VH, Goovaerts I, Barnabe RC, Cortada CNM: Seasonal variation in
semen quality in Bos indicus and Bos taurus bulls raised under tropical conditions. Theriogenology
2006, 66(4):822–828.

41. Walker JJ, Spiga F, Gupta R, Zhao Z, Lightman S, Terry J: Rapid intra-adrenal feedback regulation of
glucocorticoid synthesis. Journal of the Royal Society Interface 2015, 12(102):20140875.

42. MacParland SA, Liu JC, Ma X-Z, Innes BT, Bartczak AM, Gage BK, Manuel J, Khuu N, Echeverri J,
Linares I: Single cell RNA sequencing of human liver reveals distinct intrahepatic macrophage
populations. Nature communications 2018, 9(1):1–21.

43. Chang H, Meng H-y, Liu S-m, Wang Y, Yang X-x, Lu F, Wang H-y: Identi�cation of key metabolic
changes during liver �brosis progression in rats using a urine and serum metabolomics approach.
Scienti�c reports 2017, 7(1):1–12.

44. Maeda K, Ohno T, Igarashi S, Yoshimura T, Yamashiro K, Sakai M: Aldehyde oxidase 1 gene is
regulated by Nrf2 pathway. Gene 2012, 505(2):374–378.

45. Mackinnon M, Meyer K, Hetzel D: Genetic variation and covariation for growth, parasite resistance
and heat tolerance in tropical cattle. Livestock Production Science 1991, 27(2–3):105–122.

4�. Vajana E, Barbato M, Colli L, Milanesi M, Rochat E, Fabrizi E, Mukasa C, Del Corvo M, Masembe C,
Muwanika VB: Combining landscape genomics and ecological modelling to investigate local
adaptation of indigenous Ugandan cattle to East Coast fever. Frontiers in genetics 2018, 9:385.

47. Franzin AM, Maruyama SR, Garcia GR, Oliveira RP, Ribeiro JMC, Bishop R, Maia AAM, Moré DD,
Ferreira BR, de Miranda Santos IKF: Immune and biochemical responses in skin differ between
bovine hosts genetically susceptible and resistant to the cattle tick Rhipicephalus microplus.
Parasites & vectors 2017, 10(1):51.

4�. Vordermeier M, Ameni G, Berg S, Bishop R, Robertson BD, Aseffa A, Hewinson RG, Young DB: The
in�uence of cattle breed on susceptibility to bovine tuberculosis in Ethiopia. Comparative
immunology, microbiology and infectious diseases 2012, 35(3):227–232.

49. Hansen P: Physiological and cellular adaptations of zebu cattle to thermal stress. Animal
reproduction science 2004, 82:349–360.



Page 17/19

50. Li H, Zhao P, Xu Q, Shan S, Hu C, Qiu Z, Xu X: The autism-related gene SNRPN regulates cortical and
spine development via controlling nuclear receptor Nr4a1. Scienti�c reports 2016, 6:29878.

51. Jeanneteau F, Barrère C, Vos M, De Vries CJ, Rouillard C, Levesque D, Dromard Y, Moisan M-P, Duric V,
Franklin TC: The stress-induced transcription factor NR4A1 adjusts mitochondrial function and
synapse number in prefrontal cortex. Journal of Neuroscience 2018, 38(6):1335–1350.

52. Bergman D, Halje M, Nordin M, Engström W: Insulin-like growth factor 2 in development and disease:
a mini-review. Gerontology 2013, 59(3):240–249.

Figures

Figure 1

Multi-dimensional scaling (MDS) plot of sample expression pro�les in �ve tissues. a) The �rst two
dimensions separate the samples by tissue type. b) After accounting for the tissue source, samples are
separated by genetic group in the �rst dimension (X-axis) and by sex in the second dimension (Y-axis). (1-
pure Bt, 2-BtXBi, 3-BiXBt, 4-pure Bi. Male samples are shown in blue and female red).
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Figure 2

DEG across 5 tissues. a) Venn diagram depicting the distribution of DEGs across �ve tissues at FDR cut
off 0.05. b) Signi�cantly enriched gene ontology terms for biological process (purple), Molecular function
(red) and cellular component (blue) for 87 annotated DEGs genes that were in common across all �ve
tissues. Bars indicate the percentage of DEGs in the GO term.

Figure 3
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Examples of expression patterns among genotype groups Boxplots illustrating the different expression
patterns observed among the 4 genetics groups: Bt x Bt, Bi x Bt, Bt x Bi and Bi x Bi (sire breed given �rst).
Y-axis is expression level (counts per million) in a log2 scale. a) Taurus driven additive expression,
irrespective of parent. b) Maternal genome driven indicine dominance. c) Maternal genome driven taurine
dominance. d) Paternal genome driven indicine dominance. e) Paternal genome driven taurine
dominance. f) Taurine dominant – activation. g) Taurine dominant - inhibition. h) Indicine dominant -
activation. i) Indicine dominant – inhibition. j) complex inheritance.
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