
ORIGINAL PAPER

Genes regulating lipid and protein metabolism are highly
expressed in mammary gland of lactating dairy goats

Hengbo Shi & Jiangjiang Zhu & Jun Luo & Wenting Cao &

Huaiping Shi & Dawei Yao & Jun Li & Yuting Sun &

Huifen Xu & Kang Yu & Juan J. Loor

Received: 20 July 2014 /Revised: 17 November 2014 /Accepted: 20 November 2014 /Published online: 30 November 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract Dairy goats serve as an important source of milk
and also fulfill agricultural and economic roles in developing
countries. Understanding the genetic background of goat
mammary gland is important for research on the regulatory
mechanisms controlling tissue function and the synthesis of
milk components. We collected tissue at four different stages
of goat mammary gland development and generated approx-
imately 25 GB of data from Illumina de novo RNA sequenc-
ing. The combined reads were assembled into 51,361
unigenes, and approximately 60.07 % of the unigenes had
homology to other proteins in the NCBI non-redundant pro-
tein database (NR). Functional classification through eukary-
otic Ortholog Groups of Protein (KOG), gene ontology (GO),
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
revealed that the unigenes from goat mammary glands are
involved in a wide range of biological processes and metabol-
ic pathways, including lipid metabolism and lactose metabo-
lism. The results of qPCR revealed that genes encoding
FABP3, FASN, SCD, PLIN2, whey proteins (LALBA and
BLG), and caseins (CSN1S1, CSN1S2, CSN2 and CSN3) at

100 and 310 days postpartum increased significantly com-
pared with the non-lactating period. In addition to their role in
lipid and protein synthesis, the higher expression at 310 days
postpartum could contribute to mammary cell turnover during
pregnancy. In conclusion, this is the first study to characterize
the complete transcriptome of goat mammary glands and
constitutes a comprehensive genomic resource available for
further studies of ruminant lactation.
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Introduction

Goat milk has been recognized as beneficial for human nutri-
tion (Finocchiaro and van Kaam 2004) and possesses medic-
inal properties (Beppu et al. 2006; Haenlein 2004; Pellerin
2001).The nutritional value of goat milk is mainly attributable
to the fat and protein fractions secreted from mammary
glands. Previous studies demonstrated that the biochemical
pathways in mammary glands related to biosynthesis and
secretion of lipid, lactose, and proteins are regulated by com-
plex gene networks (Andres and Djonov 2010; Rudolph et al.
2007b). Improving goat milk quality through the alteration of
milk composition to maximally benefit human health is one of
the major goals of goat farming. Despite the nutritional and
biological importance of goat milk, breeding and genetics
studies have been hindered by the lack of transcriptome-
wide information from mammary glands.

Next-generation sequencing technologies provide a unique
opportunity for functional genomic research, e.g., gene ex-
pression profiling, genome annotation, and profiling and de-
tection of aberrant transcription (Mardis 2008; Metzker 2010).
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As one approach, RNA sequencing (RNA-seq) is powerful for
mapping and quantifying transcriptomes developed to analyze
global gene expression (Hitzemann et al. 2013; Marston et al.
2013). Taking advantage of this approach, the transcriptome
profiling of human milk (Lemay et al. 2013b), cow milk
(Wickramasinghe et al. 2011, 2012), and mammary glands
(Finucane et al. 2008; Swanson et al. 2009) has been per-
formed and helped uncover global insights on gene expression
during lactation.

From a functional standpoint, however, the composition of
fat, lactose, and fatty acids differs between cow and goat milk
(Wilken-Jensen 1984), suggesting that there may be substantial
and important differences in regulatory gene networks between
these species. Thus, data on cow or sheep mammary transcript
could not be used as a reference for goat mammarymetabolism.
We believe that a first step toward improving the yield and
composition of goat milk must be based on a thorough under-
standing of transcriptome-wide expression of the goat mamma-
ry gland. Even though some work has been performed to study
the genetic information in goat mammary glands (Brenaut et al.
2012; Faucon et al. 2009; Genini et al. 2011; LeProvost et al.
1996; Leroux et al. 2003; Ollier et al. 2007, 2008), a compre-
hensive dataset on gene profiles is not available.

We utilized a de novo RNA-seq approach using Illumina
(Illumina, San Diego, CA, USA) to better understand the
biochemical processes in the goat mammary gland.Mammary
tissue from four physiological stages was pooled to maximize
the chance of revealing as many genes as possible. A total of
98,864 transcripts were obtained and assembled into 51,361
unique sequences. Genes related to fatty acid metabolism and
protein synthesis were identified.

Materials and methods

Goat mammary gland tissue collection and RNA extraction

All animal collection and utility protocols were approved by
the Animal Care and Use Committee of the Northwest A&F
University. Xinong Saanen dairy goats (Lin et al. 2013) from
the experimental farm of Northwest Agricultural University,
Shaanxi, China, were used in the study. Mammary gland
tissue from goats (n=3 biological replicates from each stage)
at 270 days of age (non-pregnant), peak lactation (100 days
postpartum; three-year old animals), late-lactation (310 days
postpartum; 3-year-old animals) and the non-lactating period
(multiparous, non-lactation and non-pregnant period; 3-year-
old animals) were collected by a professional veterinarian
after slaughter. All the tissue samples were obtained under
sterile conditions, harvested within 20 min of slaughter, and
immediately frozen in liquid nitrogen until RNA extraction.

Total RNA extraction, messenger RNA (mRNA) purifica-
tion, and complementary DNA (cDNA) library construction

were conducted by LC Sciences (Houston, TX, USA). In brief,
total RNA was obtained from mammary tissue using the total
RNA purification kit (LC Sciences, Houston , TX, USA ) as
instructed, treated with RNase-free DNase, and re-purified with
the RNAeasy kit (Qiagen, Valencia, CA, USA) following the
manufacturer’s protocol. The total RNA quantity and purity
were analyzed by Bioanalyzer 2100 and RNA 6000 Nano Lab
Chip Kit (Agilent, CA, USA). The total RNAwas extracted for
both RNA-seq and quantitative real-time PCR (qPCR).

cDNA library construction and Illumina sequencing

Total RNA was mixed together in equal quantities (1 μg
mRNA from each stage). Subsequently, mRNA was isolated
with poly-T-oligo-attached magnetic beads (Invitrogen,
USA). Following purification, the mRNA was fragmented
into small pieces using divalent cations at high temperature.
Then, the cleaved RNA fragments were reverse transcribed to
create the final cDNA library, purified by AMPure XP beads
in accordance with the protocol for the mRNA-seq sample
preparation kit (Illumina, San Diego, USA). The average
insert size for the paired-end libraries was 200 bp (±20 bp).
Paired-end sequencing was then performed on an Illumina
HiSeq 2500 equipment following the vendor’s recommended
protocol after quality identification.

Data filtering and de novo assembly

The raw reads were first filtered by removing the adapter
sequences and potential contaminations, which are reads with
unknown base greater than 5 % and also low-quality se-
quences (<Q30) (Lohse et al. 2012). De novo assembly of
clean reads was carried out using Trinity software (Grabherr
et al. 2011). A final assembly was generated after removing
contigs shorter than 200 bp. In order to exclude the interfer-
ence from alternative splicing of transcripts, we first clustered
all transcripts that matched the same reference gene; then, we
removed redundant transcripts and only preserved the longest
transcript of each cluster to represent a unique gene. Only
unigenes were considered in the following bioinformatics
analysis. Partial and complete open reading frames (ORFs)
of unigenes were predicted using the transdecoder script
available in the Trinity package.

Gene annotation and classification

We first constructed a reference dataset for gene annotation
without reference genome information. Assembled unigenes
were annotated to the reference dataset using BLAST. Those
data included Annotated and Reviewed Protein Sequence
Database (SWISS-PROT), NCBI non-redundant protein se-
quence database (NR), Pfam database, and Kyoto Encyclope-
dia of Genes and Genomes (KEGG) under an E-value cutoff
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of 1E-10. Gene ontology (GO) categories (Balakrishnan et al.
2013) and KEGG (Kanehisa and Goto 2000) were performed
for gene annotation. KEGG and eukaryotic Ortholog Groups
of Protein (KOG) classification (Moon et al. 2008) was per-
formed using the Blast 2 GO pipelines with the default pa-
rameters. GO was used to classify the functions of unigenes.

Abundance analysis of gene expression

Bowtie 0.12.8 was used for abundance analysis of gene ex-
pression. The mappingmethod of single end was used for read
analysis; one read was allowed to be compared to multiple
genes. Reads per kilobase of exon model per million mapped
reads (RPKM) was used for measuring gene expression.

Quantitative real-time PCR

According to the manufacturer’s instructions, the cDNAwas
synthesized from 0.5μg of total RNA using the PrimeScript™
RT kit with gDNA Eraser (Takara, Japan) which removes
genomic DNA contamination. The qPCR was performed
according to manufacturer’s instructions using SYBR green
(SYBR® Premix Ex Taq™ II, Perfect Real Time, Takara,
Japan). The sequences for the primers of fatty acid synthase
(FASN), stearoyl-CoA desaturase (SCD), fatty acid binding
protein 3 (FABP3), perilipin 2 (PLIN2),beta-casein (CSN2),
alpha-S1-casein (CSN1S1), alpha-S2-casein (CSN1S2),
kappa-casein (CSN3), beta-lactoglobulin (BLG), and alpha-
lactalbumin (LALBA) were described previously (Faucon et al.
2009; Shi et al. 2013b). Ribosomal protein S15 (RPS15),
ribosomal protein S9 (RPS9), and ubiquitously expressed
transcript isoform 2 (UXT) were chosen as the three internal
control genes, and their sequences were reported previously
(Bionaz and Loor 2007). Three independent biological repli-
cates for each sample were analyzed by qPCR. The expression
of selected unigenes was normalized using the geometric
mean of the three internal control genes (Bionaz and Loor
2008a). PCR-normalized data are reported as n-fold change
relative to the non-lactating mammary sample. The relative
gene expression was calculated using the 2-ΔΔC t method
(Zhou et al. 2012). Significance for RNA expression between
lactation stages was determined by one-way ANOVA. Signif-
icance was declared at P<0.05.

Results

Illumina sequencing and de novo assembly

Illumina sequencing of dairy goat mammary tissue yielded a
total of 251,176,146 clean reads with 100 % valid data. Using
de novo assembly, we integrated the sequence overlaps and

eliminated redundancies. The final assembly included 98,864
transcripts with an N50 length of 2538 bps and a mean length
of 1438 bps, where 51,361 unigenes were included with an
N50 length of 2281 bps and a mean length of 1219 bps. The
sequencing information is presented in Table 1, and the length
distribution of unigenes is shown in Fig. 1. All sequence reads
are deposited at NCBI (accession number SPR040710). All
the final assembly unigene sequences are presented as
supporting information (Supporting files 1 and 2).

Unigene annotation

To study the sequence conservation among species, we used
BLAST (Zhou et al. 2012) to align unigenes to the NR of the
NCBI using an E value threshold of 1E−10. Of all unigenes,
30,853 genes (60.07 %) had BLAST hits in NR. Blasted with
NR, the majority of annotated dairy goat mammary gland
transcriptome corresponded to sequences of Ovi saries with
a match of 31.2 %, followed by Bos tarurus (15.7 %), Bos
grunniens (11.3 %), Homo sapiens (2.9 %), Orcinus orca
(2.6 %), and Ceratotherium simum (2.4 %) (Fig. 2). A total
of 29,270 (56.99%), 28,580 (55.65%), 27,279 (53.11%), and
16,846 (32.8 %) unigenes were annotated to KEGG, SWISS-
PROT, KOG, and Pfam, respectively (Fig. 3).

GO annotation

GO is widely used to standardize representation of genes
across species and provides a set of structured and controlled
vocabularies for annotating genes, gene products, and se-
quences (Blake et al. 2013). In total, 28,690 unique transcripts
were assigned to 60 level 2 GO terms, which were summa-
rized under three main GO categories, including cellular com-
ponent, molecular function, and biological process (Fig. 4).
Within the GO category of cellular components, 20 level 2
categories were identified, and the extracellular region, mito-
chondrion, nucleoplasm, nucleolus, and endoplasmic reticu-
lum membrane were the most abundant. Within the GO cat-
egory of molecular function, 20 level 2 categories were iden-
tified, and the metal ion binding was the most abundant. For
biological process function, 20 level 2 categories were identi-
fied, and the gene number among terms was not significantly
different. The top two terms, in terms of gene number, were
related to apoptosis and protein transport.

KOG classification

According to the results of KOG comparison, 31,657
unigenes of dairy goat mammary glands were annotated to
25 classifications (Fig. 5). The genes related to general func-
tion prediction took the largest part, which was followed by
signal transduction mechanisms, and the genes related to cell
motility take the least part (Fig. 5). Among these
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classifications, 582 unigenes were annotated to the lipid trans-
port and metabolism category, while 1283 unigenes were
annotated to the intracellular trafficking, secretion, and vesic-
ular transport category (Fig. 5). Tables 2 and 3 give the detail
of top 15 genes related to the two categories. As shown in
Table 2, FABP3, FASN, and SCD are three top genes related to
lipid transport and metabolism, with the RPKM=300.133,
276.273, and 263.212, respectively. Translocon-associated
protein subunit delta had the highest expression among genes
related to trafficking, secretion, and vesicular transport in goat
mammary gland (RPKM=240.674) (Table 3). Lipid droplet
formation protein PLIN2 is related to trafficking and secretion
of lipid (RPKM=170).

KEGG analysis

Potential biological pathways represented in goat mammary
gland transcriptome were identified by KEGG (Kanehisa and
Goto 2000; Ogata et al. 1999). A total of 29,270 unigenes
were assigned to 128 KEGG pathways. These annotations
provide a valuable resource for investigating specific process-
es, functions, and pathways in goat mammary gland research.
Among these pathways, about 48 and 32 genes were annotat-
ed to fatty acid metabolism and galactose metabolism path-
ways, respectively. Table 4 contains the top 15 genes related

fatty acid metabolism signal pathway in KEGG, respectively.
Aldehyde dehydrogenase 2 (ALDH2), acetyl-CoA acetyl-
transferase (ACAT), and long-chain acyl-CoA synthetase iso-
form 1 (ACSL1) are the top three expressed genes in the fatty
acid metabolism pathway.

The top 15 genes related to lactose metabolism are present-
ed in Table 5, and lactose synthase B protein (LALBA), beta-1,
4-galactosyltransferase I (B4GT1), and UTP—glucose-1-
phosphate uridylyltransferase (UGPA) were the top three
genes in this pathway (Table 5). LALBA was the highest-
expressed gene in this pathway (RPKM=14,059.643).
Unigenes corresponding to the abundant milk proteins
CSN2, CSN3, CSN1S1, CSN1S2, LALBA, and LGB were the
most abundant in goat mammary gland transcriptome. These
unigenes accounted for 42 % of all mRNA transcripts in the
samples. CSN2 was the highest-expressed gene in the entire
dataset (RPKM=84,829), followed by CSN1S1, LGB, CSN3,
CSN1S2, and LALBA.

Expression of genes encoding enzymes of milk fat
metabolism

Compared with the non-lactating period, the mRNA expres-
sion of FABP3, FASN, and SCD at 100 and 310 days postpar-
tum increased significantly. The fold change of FABP3 ex-
pression was far greater than that of FASN and SCD. Relative
to the non-lactating period, the expression of FASN and
FABP3 at 270 days of age decreased while that of SCD
increased. Relative to the non-lactating period, the mRNA
expression of PLIN2 was almost undetectable at 270 days of
age and increased significantly at 100 and 310 days postpar-
tum (Fig. 6a).

Expression of genes encoding caseins, whey proteins,
and enzymes in lactose synthesis

Genes encoding whey proteins (LALBA and BLG) and ca-
seins (CSN1S1, CSN1S2, CSN2, and CSN3) were markedly

Table 1 Summary of assembled transcripts and unigenes of dairy goat
mammary glands

Total clean data 25.12 GB

Total clean reads 251,176,146

Total transcripts 98,864

Transcripts mean length 1438 bp

Transcripts N50 2538 bp

Unigenes 51361

Unigene mean length 1219 bp

Unigenes N50 2281 bp

Fig. 1 Length distribution of
unigenes in base pairs. The
numbers of unigenes are shown
on top of each bar
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upregulated during lactation compared with the non-lactating
period. Relative to 100 days postpartum, the gene expression
for CSN1S1, CSN1S2, and LALBAwas decreased at 310 day
postpartum, while there was no significant change for BLG,
CSN2, and CSN3. Compared with the non-lactating period,
the fold change for CSN1S1, CSN1S2, and LALBA during
lactation was more than 1000 (Fig. 6b).

Discussion

In modern civilized society, milk and dairy products from
ruminants occupy an important role in the human daily diet.
Goat milk, rich in unsaturated fatty acids and short and
medium-chain fatty acids, is an important source of these
nutrients for humans. Further, studies demonstrated that goat
milk has medicinal properties for patients with intestinal

disorders (Beppu et al. 2006; Haenlein 2004; Pellerin 2001).
Exploring the gene profiling of goat mammary glands will
help understand the molecular mechanism of its mammary
metabolism and secretion.

Dong et al. were the first to publish genome information of
goat including the transcriptome from 10 tissues, e.g., the
brain, kidney, lung, muscle, spleen, bladder, heart, liver,
lymph, and ovary (Dong et al. 2013). However, to date, there
is still no global information about goat mammary gland
transcriptome, which hinders studies of dairy goat metabolism
particularly during lactation. In this study, we explored the
transcriptome profile of the dairy goat mammary gland using
de novo RNA sequencing, supporting 51,361 unigenes.

Most mammary gland transcriptomic studies in bovine
sequenced the pooled cDNA samples only from peak lactation
period or assembled transcriptomic data using sequencing
reads from different lactation periods (Finucane et al. 2008).
Although accurate transcriptomics data across different lacta-
tion stages can be obtained using this strategy, the entire
transcriptome of mammary glands can only be evaluated
during various stages of lactation, involution, and the period
when the animal is not lactating (Khokha andWerb 2011). On
account of this, we sequenced mRNA pools from four differ-
ent stages of goat mammary gland to obtain transcriptome
information covering growth and development and also lac-
tation periods. An N50 length is commonly used for assembly
evaluation, and a higher number suggests high-quality assem-
bly (Lander et al. 2001). The N50 length of our assembly is
higher than other ruminant transcriptome data with a higher
overall number of unique transcripts (Wickramasinghe et al.
2011, 2012). The transcriptome in our study will provide a
comprehensive reference dataset of gene expression profiling
for future goat mammary gland research.

Even though most of unigenes (58.2 %) were annotated to
ruminants (Fig. 2), there were still many unigenes annotated to
Homo sapiens, Orcinus orca, Ceratotherium simum, and
others. In total, 48 species were represented including Mus

Fig. 2 Species distribution of the
top BLAST hits

Fig. 3 Venn map of unigenes distributed in SWISS-PROT, NCBI non-
redundant protein sequences database (NR), Pfam, and Kyoto Encyclo-
pedia of Genes and Genomes (KEGG)
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musculus (1.6 %) and Capra hircus (0.6 %), etc. (Supporting
file 5). Various reasons could account for this effect, for
instance, deficiency of assembly technology. In this study,
we performed de novo sequencing and assembled transcripts
without relying on any specific genome. This would cause
some sequences not being assembled as accurately as possi-
ble. Annotation of unigenes to other species has been reported
in previous work similar to ours (Rismani-Yazdi et al. 2011;
Zhou et al. 2012). It also could be possible that these are new
unigenes to ruminants. Some of them are only described in the

human transcriptome, which is better defined. Whether or
how these unigenes play a role in the goat mammary gland
is currently unknown. Future work will have to address this
issue.

Among mammalian species, the lactating mammary gland
is the most lipogenic organ of the body (Chong et al. 2011).
Lipids in milk supply the majority of the calories required for
neonatal growth in many species (Oftedal 2000) and are a
primary source of the essential fatty acids needed for neonatal
membrane synthesis and synthesis of eicosanoids and other
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Fig. 4 Gene ontology (GO) classifications of goat mammary gland unigenes. Distribution of the GO categories assigned to the goat mammary gland
transcriptome. Unigenes were classified into three categories: cellular components, molecular functions, and biological processes

Fig. 5 euKaryotic Ortholog Groups of Protein (KOG) classification of goat mammary gland unigenes. Unigenes of dairy goat mammary glands were
annotated to 25 classifications. The numbers of unigenes are shown on top of each bar



bioactive lipid signaling molecules (Koletzko and Rodriguez-
Palmero 1999). The complex gene networks related to lipid
metabolism in mammary glands have been investigated in rats
(Rudolph et al. 2007a) and bovines (Bionaz and Loor 2008a;
Kadegowda et al. 2009). In our data, about 582 genes related
to lipid metabolism were identified within KOG categories.
Among these genes,FABP3 had the highest expression, which
agrees with previous data demonstrating that FABP3 is one of
the most abundant isoforms in bovine mammary tissue
(Bionaz and Loor 2008b). In addition, fatty acid binding
protein 4 (FABP4), another member of the FABP family,
was also highly expressed in goat mammary gland tissue
(Table 2). The biological function of FABPs is to transport

fatty acids from the plasma membrane to the sites of triacyl-
glycerol or phospholipid synthesis (Calvo et al. 2004;
McArthur et al. 1999). The high expression of FABP3 and
FABP4 indicates their essentiality for uptake and trafficking of
fatty acids by mammary gland tissue.

About half of the total fatty acids in bovine milk are
synthesized within the mammary cells (James 2012). The
enzyme FASN, a rate-limited enzyme for fatty acid de novo
biosynthesis during lactation (Bionaz and Loor 2008a), also
had a high expression inmammary glands (RPKM=276.273).
The high expression of FASN could partly explain why goat
milk is rich in short and medium-chain fatty acids (Morris
et al. 2007; Silanikove et al. 2010). The enzyme SCD is an

Table 2 Top 15 genes in lipid transport and metabolism category of KOG

Number Gene Length Description RPKM

1 comp11096_c1_seq1 2167 Fatty acid binding protein 3 300.133

2 comp44657_c0_seq1 8870 Fatty acid synthase 276.273

3 comp45341_c0_seq1 5401 Stearoyl-CoA desaturase 263.212

4 comp38982_c0_seq1 2700 Proactivator polypeptide isoform 1 182.182

5 comp45827_c0_seq1 6191 3-Beta-hydroxysteroid-Delta(8),Delta(7)-isomerase 103.266

6 comp27572_c0_seq1 645 Acyl-CoA-binding protein 94.771

7 comp42739_c0_seq9 3152 Acetyl-coenzyme A synthetase, cytoplasmic-like isoform 1 74.039

8 comp45904_c0_seq1 4315 Vigilin 62.967

9 comp27637_c0_seq1 1305 Fatty acid-binding protein 4 62.618

10 comp11140_c0_seq1 1200 Very-long-chain enoyl-CoA reductase isoform 1 50.598

11 comp46274_c1_seq7 6799 Glycerol-3-phosphate acyltransferase 1 46.726

12 comp34058_c0_seq4 727 Ancient ubiquitous protein 1 43.871

13 comp43091_c0_seq1 2766 Glycerol-3-phosphate acyltransferase 4 43.094

14 comp49204_c0_seq1 2474 Arginyl aminopeptidase-like 1 40.105

15 comp36575_c0_seq1 2222 1-Acyl-sn-glycerol-3-phosphate acyltransferase alpha 34.367

Table 3 Top 15 genes in the intracellular trafficking, secretion, and vesicular transport category of KOG

Number Gene Length Description RPKM

1 comp11448_c0_seq1 789 Translocon-associated protein subunit delta 240.674

2 comp39118_c0_seq1 1452 Annexin A2 173.068

3 comp47165_c0_seq1 1073 Translocon-associated protein subunit beta isoform 1 90.978

4 comp40682_c0_seq1 1926 mKIAA0109 protein 86.460

5 comp24981_c0_seq1 1055 Clathrin light chain A isoform 4 85.168

6 comp34152_c0_seq1 1831 ADP-ribosylation factor 1 isoform 5 83.161

7 comp25213_c0_seq1 823 Signal peptidase complex catalytic subunit SEC11C 74.151

8 comp47598_c0_seq1 913 Charged multivesicular body protein 2a isoform 3 72.375

9 comp25691_c0_seq1 842 Prenylated Rab acceptor protein 1 67.295

10 comp44367_c0_seq1 3212 Protein transport protein Sec61 subunit alpha isoform 1 64.056

11 comp32172_c0_seq1 1148 Epsilon subunit of coatomer protein complex 61.446

12 comp25649_c0_seq1 935 Translocon-associated protein subunit gamma 57.670

13 comp38255_c0_seq1 2987 Signal recognition particle receptor subunit alpha 51.907

14 comp35640_c0_seq1 3043 Transmembrane emp24 domain-containing protein 2 precursor 51.368

15 comp11182_c0_seq1 448 Mitochondrial import receptor subunit TOM7 homolog isoform 1 49.837
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endoplasmic-reticulum-bound enzyme that catalyzes the
desaturation of saturated fatty acyl-CoAs (Miyazaki and
Ntambi 2003), which can directly affect the composition of
unsaturated fatty acids in milk (Macciotta et al. 2008). Fol-
lowing FABP3 and FASN, SCD was also highly expressed,
which further supports our previous hypothesis that SCD
plays an important role in goat mammary glands (Shi et al.
2013a). Even though the expression of these three genes was
high in the pooled sample, the qPCR data revealed that they
had the highest expression in mammary glands during lacta-
tion. These results agree with previous data (Faucon et al.
2009).

The high expression of FASN, ADRP, FABP3, and SCD at
310 days postpartum was unexpected because previous data
reported that genes related to lipid metabolism in late lactation
were downregulated in cow mammary glands (Bionaz and
Loor 2008a). But, they were likely to agree with the data in
pregnant goat mammary glands (Faucon et al. 2009). This
may be due to cell proliferation during pregnancy (Norgaard
et al. 2008), which requires the synthesis of many membra-
nous lipids composed of long-chain fatty acids (Mellenberger
et al. 2009). Lipid synthesis activity observed in pregnant goat
mammary glands would not be dedicated to milk synthesis
and secretion but rather to the cell proliferation associated

Table 5 Top 15 genes related to the lactose metabolism signal pathway in KEGG

Number Gene Length Description RPKM

1 comp35711_c0_seq1 848 Lactalbumin 14,059.643

2 comp39734_c0_seq1 2745 Beta-1,4-galactosyltransferase I 70.244

3 comp45192_c0_seq4 2699 UTP—glucose-1-phosphate uridylyltransferase 26.489

4 comp46241_c0_seq39 3421 Glucokinase isoform 1 24.029

5 comp44820_c0_seq1 3611 Hexokinase 1 16.858

6 comp45310_c0_seq1 2859 6-Phosphofructokinase 15.407

7 comp40947_c0_seq2 1863 Beta-1,4-galactosyltransferase 2 10.162

8 comp43995_c0_seq1 2357 Galactosidase, beta 1 10.099

9 comp69636_c0_seq1 1351 Aldose reductase 9.3394

10 comp41240_c0_seq2 997 Beta-1,4-galactosyltransferase 2 8.6872

11 comp39736_c0_seq1 2439 Phosphoglucomutase-1 8.6634

12 comp44082_c0_seq2 2672 Phosphofructokinase, platelet isoform 2 8.0936

13 comp34519_c0_seq2 1514 UDP-glucose 4-epimerase 7.8591

14 comp30144_c0_seq3 1297 Galactose-1-phosphate uridylyltransferase 7.074

15 comp43055_c0_seq1 4024 Lysosomal alpha-glucosidase precursor 5.3115

Table 4 Top 15 genes related to the fatty acid metabolism signal pathway in KEGG

Number Gene Length Description RPKM

1 comp39716_c0_seq1 2019 Aldehyde dehydrogenase 2 32.734

2 comp35738_c0_seq1 1579 Acetyl-CoA acetyltransferase 26.531

3 comp45232_c0_seq2 3987 Long-chain acyl-CoA synthetase isoform 1 23.657

4 comp33309_c0_seq1 1776 Hydroxyacyl-coenzyme A dehydrogenase 22.404

5 comp35617_c0_seq1 2748 Enoyl-coenzyme A hydratase alpha subunit 22.030

6 comp42657_c0_seq1 2262 Enoyl-CoA hydratase 19.389

7 comp42171_c0_seq3 1389 Fatty aldehyde dehydrogenase 18.418

8 comp42079_c0_seq2 2221 Very long-chain specific acyl-CoA dehydrogenase 18.247

9 comp35214_c0_seq2 1568 3-ketoacyl-CoA thiolase 18.193

10 comp40861_c0_seq1 1693 Alcohol dehydrogenase class-3 16.797

11 comp43705_c0_seq1 1603 Acetyl-CoA acyltransferase 1 16.613

12 comp42079_c0_seq4 2650 Very long-chain specific acyl-CoA dehydrogenase isoform 2 15.150

13 comp41821_c0_seq1 2053 Trifunctional enzyme subunit beta 14.641

14 comp42045_c0_seq1 3603 Alpha-aminoadipic semialdehyde dehydrogenase 12.323

15 comp43901_c1_seq7 704 Enoyl-CoA delta isomerase 2 11.176
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with mammary gland development (Faucon et al. 2009). On
the other hand, the sampling is also a potential factor

contributing to these results. Even when we invited a profes-
sional veterinarian to perform a dissection of the mammary

Fig. 6 Expression changes in
genes related to lipid metabolism,
lipid droplet trafficking, protein
biosynthesis, and lactose
biosynthesis among different
periods. a Genes related to lipid
metabolism (FASN, FABP3, and
SCD) and lipid droplet trafficking
(PLIN2). b Genes related to
lactose biosynthesis (LALBA) and
protein synthesis (CSN1S1,
CSN1S2, CNS2, CNS3, and
BLG). Values are means±SEM.
qPCR data were expressed
relative to the non-lactating
period. The different superscripts
denote significant (P<0.05)
differences in expression among
periods

Fig. 7 Model of the networks of
factors (proteins, hormones, and
enzymes) potentially involved in
the regulation of milk fat, protein,
and lactose biosynthesis in goat
mammary tissue. The network
includes the transport of fatty
acids, amino acids, and glucose;
insulin and prolactin signaling
pathway; and milk fat, milk
protein, and milk lactose
biosynthesis processes. The
detailed description of the
network is also reported in
Supporting file 6. The gene
symbols used in this model and
their description are reported in
Supporting file 6
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gland, the lobulo-alveolar epithelium develops within a stro-
mal compartment composed of multiple cell types, e.g., epi-
thelia, adipocytes, and stromal cells (Capuco et al. 2003;
Faucon et al. 2009). Thus, molecular cross-talk exists among
these cell compartments, and gene expression measurements
in such heterogeneous tissues make it difficult to identify the
contributions of specific cell types usingmammary tissue. The
latest study reported that RNA extracted from macaque milk
fat and milk cell fractions more accurately represented RNA
from mammary epithelial cells than did RNA from whole
mammary tissue (Lemay et al. 2013a). Isolated pure or
enriched populations of goat mammary epithelial cells, e.g.,
laser capture microdissection (Bevilacqua et al. 2010), will
further improve the quality of transcripts and representative-
ness of MEC contributing to the milk secretion in the future.

During lactation, fatty acids are esterified into triacylglyc-
erol within mammary cells. Among the genes related to lipid
metabolism, we observed that genes related to triacylglycerol
biosynthesis also had high expression, e.g., glycerol-3-
phosphate acyltransferase 1 (GPAT1), glycerol-3-phosphate
acyltransferase 4 (GPAT4), and 1-acyl-sn-glycerol-3-phos-
phate acyltransferase alpha (AGPAT1).

Lactose, commonly referred to as milk sugar, is the major
carbohydrate in milk. Ruminant milk is a rich source of
lactose, while goat milk has less lactose than cow milk (Jelert
1984), which makes goat milk better for people with intestinal
disorders (Pieniak-Lendzion and Niedziolka 2004). As report-
ed in Table 5, in general, the expression of genes related to
lactose metabolism was far less than those related to lipid
metabolism except for LALBA. LALBA, a classical marker
of lactation, had the highest expression, which also has been
reported in bovines (Wickramasinghe et al. 2012) and human
(Lemay et al. 2013b) mammary tissue.

In ruminant milk, more than 95 % of the proteins are
encoded by six genes, i.e., CSN1S1, CSN2, CSN1S2, CSN3,
LALBA, and LBG (Martin et al. 2002). Their transcripts often
account for 70–80 % of all mRNA transcripts in the lactating
ruminant mammary gland (Lemay et al. 2013a). Our data
revealed that these six genes related to protein and lactose
synthesis were the top six genes in the whole dataset and
shared similar expression patterns in the different physiolog-
ical stages compared. Their average accounted for 42 % of all
mRNA transcripts, which is lower than previously reported in
lactation cow mammary glands (Lemay et al. 2013a). The
qPCR confirmed that the expression of these six genes at
270 days of age and non-lactating period was far lower than
that at 100 and 310 days postpartum (Fig. 6b).

The level of alpha s1-casein in goat milk ranges from 0 to
7 g/L, which is associated with polymorphisms within the
CSN1S1 (Martin et al. 2002). However, the mRNA expression
of CSN1S1was high in our study. It also was reported that the
goat CSN1S1 polymorphism has a significant effect on milk
protein yield and lipid composition (Ollier et al. 2008). In

lactation, the four casein transcripts (CSN1S1, CSN1S2,
CSN2, and CSN3) occur at the same level of abundance in
the goat, sheep, and cow mammary tissue (Bevilacqua et al.
2006; Colitti and Pulina 2010; Sigl et al. 2012), whereas the
amounts of the corresponding proteins are different, suggest-
ing that the four casein mRNAs are not translated with the
same efficiency (Bevilacqua et al. 2006). Our qPCR data
agree with the lower expression for these genes in late preg-
nancy (Bionaz and Loor 2011). The high expression of caseins
and whey protein genes at 310 days of parturition seemed to
partly agree with previous data demonstrating that casein-
encoding genes are highly expressed in goat mammary glands
at every stage of lactation (Bevilacqua et al. 2006). The
mechanism behind the upregulation during pregnancy is un-
known. We speculate that these genes might also play an
important role in cell turnover of pregnant mammary glands.
Additional experiments in the future should be performed to
explore this hypothesis.

Many of the milk components such as proteins, lactose, and
citrate are secreted via vesicle trafficking (Lu et al. 2014;
McManaman and Neville 2003). Thus, the analysis of these
membrane proteins related to trafficking, transport, and secre-
tion could help understand further the control of secretion of
milk components. In mammalian cells, secretory proteins are
typically translocated across the endoplasmic reticulum (ER)
membrane in a co-translational mode by the ER protein
translocon, comprising the protein-conducting channel
Sec61, additional complexes involved in nascent chain pro-
cessing and translocon-associated protein complex (Koji et al.
2007). The mammalian translocon-associated protein (TRAP)
complex comprises four transmembrane protein subunits in
the ER, including α-,β-, γ-, and δ-subunits (Koji et al. 2007).

Intracellular trafficking, transport, and secretion of protein,
lactose, and lipid droplets are highly essential in mammary
epithelial cells (Chong et al. 2011). In this study, we annotated
about 1283 unigenes related to this process. The mRNA
expression of Sec61α and four isoforms of TRAPs were all
in the top 20 in this classification. Even though a few papers
have reported the potential role of TRAPs in trafficking and
secretion of ER-related vesicles in other mammalian cells
(Fons et al. 2003; Mesbah et al. 2006; Yamaguchi et al.
2011), its role in secretory mammary cells is still unclear.
Clearly, the huge number of unigenes annotated to intracellu-
lar trafficking, transport, and secretion classification under-
scores the complexity and importance of this process in mam-
mary glands. The identification of these genes in this process
will help understand the mechanism of secretion in mammary
glands.

The milk fat fraction contains PLIN2, a protein that coats
lipid droplets and is involved in milk fat globule trafficking
and secretion (Chong et al. 2011; Lemay et al. 2013a). In this
study, the expression of PLIN2 in mammary glands at
270 days of age was almost undetectable. Relative to non-
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lactation, the fold change of PLIN mRNA in lactation was
small, which agrees with results in dairy cow (Bionaz and
Loor 2008a). The transcript of PLIN2 is among the most
abundant mRNAs in the lactating mouse mammary gland,
equivalent in level to that of other secreted milk proteins such
as the caseins (Rudolph et al. 2003). However, our results
indicated that the expression of PLIN2was far less than that of
caseins. This difference could be associated with inherent
species differences. Additionally, the different methods of
sampling tissue might also partly contribute to different re-
sults. Indeed, compared with adult ruminant mammary
glands, the mouse mammary gland contains a marked amount
of adipose tissue (Rudolph et al. 2003, 2007a). PLIN2 is
highly induced during differentiation of adipocytes
(Brasaemle et al. 1997; Jiang and Serrero 1992); thus, the
high expression of PLIN2 in adipocyte cells infiltrating the
mouse mammary gland influences the results.

Taken together, our findings allowed for the development
of an up-to-date model of milk fat, protein, and lactose syn-
thesis regulation in goat mammary tissue (Fig. 7). The model
incorporates the most recent information available, including
our data, on enzymes involved in milk fat, protein, and lactose
synthesis. This is the first published study on the global
expression profiling of genes in heterogeneous samples of
goat mammary gland tissue using next-generation sequenc-
ing. A total of 51,361 unique sequences represent a major
transcriptomic level resource for goat mammary gland and
provide considerable insight into goat mammary gland and its
underlying genetic mechanisms. Besides their active role in
lipid metabolism and protein synthesis during lactation, their
higher expression at 310 days postpartum also could contrib-
ute to mammary cell turnover during pregnancy. Further ex-
periments need to be performed to address the functions of
genes in mammary gland development and lactation.
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