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1. Summary of Results
One of the aims of the BovReg project is to improve the genomic resources that are
available for cattle. Transcription Start Sites (TSS) tell us where each gene starts in the
genome. Mapping of TSS is a key first step in understanding transcript regulation and
diversity. For the work in T2.1 as documented in D2.2, Cap Analysis Gene Expression
(CAGE) sequencing performed for 109 tissue samples collected by BovReg partners, from
two neonatal Holstein animals from Belgium (ULIEGE), two juvenile Kinsella composite
animals from Canada (UALBERTA) and two Charolais x German Holstein F2 adult animals
from Germany (FBN) to perform a global analysis of TSS. CAGE libraries were prepared
and sequenced, and 109 BAM files generated.
The BAM files have been made available to partners within BovReg via its private data
portal. All mapping was performed against the ARS‐UCD2.1_Btau5.0.1Y assembly (1000
Bull Genome project reference file). Preliminary analysis revealed that a large percentage
of CAGE tags mapped to intronic regions, indicating the gene models in the current
annotation could be improved to better capture novel transcript and isoform complexity.
The CAGE data generated for D2.2 will be combined with RNA‐Seq and small RNA‐Seq
from ULIEGE to generate a high‐resolution transcriptome map that will significantly
improve the annotation information available for cattle.
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2. Introduction
The Deliverable D2.2 “BAM files for CAGE libraries”, is related to the work described in
task 2.1 of the BovReg project. Mapping of transcription start sites (TSS) is a key first step
in understanding transcript regulation and diversity. TSS mapping can provide
information about complex promotor activity, pervasive transcription and tissue‐specific
promotor usage in farmed animal tissues [1,2]. Currently, the functional annotation of the
bovine genome (ARS‐UCD1.2) lacks precise transcription start sites and includes a low
number of transcripts in comparison to human and mouse [1].
To remedy this for D2.2 Cap Analysis Gene Expression (CAGE) sequencing was used for
109 tissue samples collected from two neonatal Holstein animals from Belgium (ULIEGE),
two juvenile Kinsella composite animals from Canada (UALBERTA) and two Charolais x
German Holstein F2 adult animals from Germany (FBN) to perform a global analysis of
TSS. CAGE measures RNA expression by 5’ cap‐trapping to identify the 5’ ends of both
polyadenylated and non‐polyadenylated RNAs including lncRNAs and miRNAs, and has
been specifically designed to allow the characterization of TSS within promoters and
enhancers to single‐nucleotide resolution [3].
The level of resolution provided by CAGE allows investigation of the regulatory inputs
driving transcript expression, and construction of transcriptional maps. The aim of
Deliverable 2.2 was to generate Binary Alignment Map (BAM) files for the 109 CAGE
sequencing libraries. These BAM files would then be used in D2.3 to provide a map of
transcription start sites in the bovine reference genome (ARS‐UCD1.2_Btau5.0.1Y).
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3. Core Report
Tissue Samples
CAGE‐sequencing was performed on 24 tissues (Table 1) from six animals. Two animals
were included (one of each gender) from a beef breed, a dairy breed and a beef/dairy
(Charolais x Holstein) crossbreed. Tissues had been collected and archived for RNA
extraction and library preparation by partners FBN, ULIEGE and UALBERTA prior to the
start of the BovReg project. The tissues assayed were predominantly FAANG priority
tissues (Tier 1 and 2 tissues), and were chosen because they were particularly relevant to
BovReg traits (e.g. mammary gland, liver and ovary). All RNA was isolated at ULIEGE
(BovReg technician) and shipped to UEDIN. Generation of 144 CAGE libraries was planned
for Deliverable 2.2 but for some animals tissue samples were either not available or there
was insufficient tissue or RNA (Table 1). As such 109 CAGE libraries were prepared and
the associated BAM files generated. These 109 samples include tissue samples from all
the major organ systems and capture the vast majority of transcriptional diversity.
Table 1: Details of tissue samples provided for CAGE sequencing, including information
relating to any missing samples.

CAGE library preparation and sequencing (performed by the Clinical Research Facility,
University of Edinburgh)
Library Preparation
CAGE libraries were prepared at the Clinical Research Facility at UEDIN from 5μg each of
total RNA sample according to the protocol published by [3] with some modification of
oligonucleotide sequences to allow libraries to be sequenced on Illumina paired‐read flow
cells such as those used on a NextSeq 500/550 instrument.
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Briefly, cDNA was reverse transcribed with PrimeScript reverse transcriptase (Takara)
using a random primer including the EcoP15I sequence and polyadenylated and non‐
polyadenylated RNA as template. Cap and 3’ ends are biotinylated, and after RNase
digestion of nonhybridised single‐stranded RNA, 5’ complete cDNAs hybridised to
biotinylated capped RNAs are captured by MPG streptavidin‐coated magnetic beads
(Takara). The cDNA was next released from RNA and ligated to a 5’ linker including a 6‐
base barcoded sequence and EcoP15I sequence. 5’ linker ligated cDNA samples are then
pooled and purified with Agencourt AMPure XP beads (Beckman Coulter) before double‐
strand 5’ linkers are denatured to allow the biotin‐modified second SOL primer to anneal
to the single‐stranded cDNA and prime second‐strand cDNA synthesis. Subsequently,
cDNA was digested with EcoP15I (NEB), which cleaves 27bp inside the 5’ end of the cDNA.
Next, a 3’ linker containing the 3’ Illumina primer sequence was ligated at the 3’ end. The
CAGE tags (around 106bp) were amplified (9 cycles) with the forward primer and reverse
primer that are both compatible with the Illumina paired‐read flow cell surface.
Treatment with Exonuclease I degrades excess primers but not the double‐stranded CAGE
tags. Final CAGE tag pools were then purified with the MinElute PCR purification kit
(QIAGEN).
Sequencing
Sequencing was performed using the NextSeq 500/550 High‐Output v2.5 (75 cycles) Kit
on the NextSeq 550 platform (Illumina Inc) over seven flow cells. Library molarity for
sequencing was calculated using Qubit dsDNA quantification results and the fragment size
information from Bioanalyser results. A custom sequencing primer was spiked in to the
Illumina sequencing primers to allow sequencing of the CAGE tags. As the first part of
each read contains identical sequence i.e. very low sequence diversity, PhiX v3 Control
Library (Illumina) was spiked in to the CAGE tag pools at a concentration of 25% to
increase library diversity and improve cluster resolution.
Processing and mapping of CAGE libraries
All sequence data were processed using in house scripting (bash and R) on the UEDIN high
performance computing facility (Mazdak Salavati). The analysis protocol for CAGE is
available via the FAANG Data Portal
https://data.faang.org/api/fire_api/analysis/ROSLIN_SOP_CAGE_analysis_pipeline_201
91029.pdf .
To de‐multiplex the data UEDIN used the FastX toolkit version 0.014 [4] for short read pre‐
processing. TagDust2 v.2.33 was then used [5] to extract mappable reads from the raw
data and for read clean‐up to remove the EcoP1 site and barcode, according to the
recommendations of the FANTOM5 consortium e.g. [6]. This process resulted in cleaned
approximately 27nt reads (hereafter referred to as CAGE tags) which were mapped to the
ARS‐UCD1.2_Btau5.0.1Y reference genome using Bowtie2 v.2.3.5.1 in ‐‐very‐sensitive
mode equivalent to options ‐D 20 ‐R 3 ‐N 0 ‐L 20 ‐i S,1,0.50 [7]. Multi‐mapped reads were
identified using Bowtie2 v.2.3.5.1 in ‐‐very‐sensitive mode and excluded from the rest of
the analysis. The mapped BAM files were then processed for base pair resolution strand
specific read counts using bedtools v.2.29.0 [8]. On average 15 million trimmed reads
were generated per tissue. The only exceptions were four pancreas samples (two from
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FBN and two from UALBERTA) where the number of reads was less than 1 million per
sample. Mapping rates to ARS‐UCD1.2_Btau5.0.1Y were on average 94% across tissues.
In order for the bedGraph files to be used in the CAGEfightR package they were converted
to bigWig format using UCSCs tool BedGraphToBigWig [9].
Normalisation and mapping of CAGE tags
For normalisation and clustering of CAGE tags (as CAGE Tags‐Per‐Million Mapped: CTPM)
the software package CAGEfightR v.1.10.0 [10] was used. The normalisation was
performed by dividing CAGE tag counts in each predicted cluster by the total mapped
CAGE tags in the sample, multiplied by 1.0e6. To perform these analyses a custom
BSgenome object (a container of the genomic sequence) was created for cattle from ARS‐
UCD1.2_Btau5.0.1Y using the BSgenome Bioconductor package v.1.58.0 [11]. Distribution
metrics of CAGE tags across the genome were annotated and analysed using the TxDB
transcript ID assignment and Genomic Features package v.1.42.1 [12]. The TxDB object
was created using the Ensemblv102 gff3 gene annotation file from:
http://ftp.ensembl.org/pub/release‐102/gff3/bos_taurus/Bos_taurus.ARS‐
UCD1.2.102.gff3.gz).
The gene annotation track was lifted over to ARS‐UCD1.2_Btau5.0.1Y using liftOff v1.5.2
pipeline [13]. The distribution of CAGE tags within genomic features is shown in Figure
1A. The high proportion of CAGE tags mapping to intronic and intergenic tags relates to
the lack of annotation for alternative isoforms and novel genes in the current annotation
of ARS‐UCD2.1. The transcriptome map BovReg will generate for D2.3, integrating the
CAGE dataset with the other functional information generated for BovReg in work
package 2 will remedy this. Using the CAGE data more than 15,000 genes and 29,000
transcripts have been annotated per tissue (Figure 1B). These results are very similar to
those generated by [1] who used 5’‐sequencing technologies to map TSS in two male and
two female Holstein‐Friesian cattle.

Figure 1. A: The average percentage of CAGE tags mapping to each genomic region;
B: the total number of genes and transcripts annotated using CAGE tags for each tissue.
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Data and Code Availability
The raw data and BAM files have been uploaded to the ENA accession number
PRJEB43235 and are accessible to all partners in BovReg via the private data portal.
UEDIN published the analysis pipeline recently [2] and it is available via
https://msalavati@bitbucket.org/msalavat/cagewrap_public.git. They are currently
working to transfer this pipeline to Nextflow to facilitate sharing with other partners in
the BovReg consortium and the other EURO‐FAANG projects e.g. [14].

4. Conclusions
For this deliverable CAGE libraries have been generated from 109 bovine tissue samples
and provided as BAM files. These BAM files are accessible to all partners in BovReg via the
private data portal. UEDIN is currently performing clustering of CAGE tags to annotate TSS
across tissues. The results of the clustering will then be used for D2.3 to provide a high‐
resolution map of the transcribed regions of the cattle genome. Based on preliminary
analysis of TSS annotated in the ARS‐UCD1.2 genome, the map of transcribed regions to
be generated within BovReg will be a significant improvement on the current gene
annotation information which is available for cattle.
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