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Transcription start site (TSS) annotation is 
lacking in livestock genomes

Cattle Pig Chicken Human
Protein-coding 

genes
19,994 21,607 15,508 19,814

Protein-coding 
transcripts

22,118 25,511 16,354 79,712

Transcripts per 
gene 1.1 1.2 1.1 4.0

Data source Bos_Taurus.UMD3.1.85.gtf Sus_scrofa.Sscrofa10.2.85.gtf Gallus_gallus.Galgal4.85.gtf Homo_sapiens.GRCh38.85.gtf



RAMPAGE
5’ complete sequencing

Objectives
• Identify transcription start sites 

(TSS) genome-wide
Tissue-specific TSS, ‘Novel’ TSS, Alternative TSS

• Reconstruct partial transcript 
models for TSS of interest
Genes associated with multiple TSS

• Quantify transcript expression 
using 5’ signal at TSS
Compare with RNA-seq expression data
Obtain TSS-specific expression values
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Bioinformatics Pipeline:
1. Align reads to genome (STAR)
2. Remove PCR duplicates (STAR)
3. Call TSS (custom script from Batut & Gingeras)
4. Attribute TSS to annotated transcripts
5. Filter to remove low-confidence TSS

• CAP Immunoprecipitation

AAAAAAAAA

• Template switching
• Exonuclease digestion

RNA Annotation and Mapping of Promoters 
for Analysis of Gene Expression



Sequencing data

Raw reads
Uniquely Mapped 

Reads (%)
Deduplicated reads 

for TSS calling
32 Cattle tissues
(Average ± SEM)

1,823,954,572
(13,923,317 ± 1,118,716)

1,026,704,029
(56.29 ± 1.4%)

336,439,806
(3,266,406 ± 242,341)

16 Pig tissues
(Average ± SEM)

60,505,377
(2,881,208 ± 367,019)

42,196,450
(69.74 ± 3.4%)

17,261,511
(756,894 ± 107,805)



Transcription start site detected

Overall TSS detected

Conserved between biological 
replicates 66,411

Conserved TSS that are ‘novel’
(>50 bp from annotated 5’ end)

55,023 (83%)

Overall genes associated with TSS

Detected in both biological 
replicates 15,960 (80%)

All 18,504 (93%)

Total genes detected TSS Ratio

18,504 68,039 3.68

7%

15%

24%

16%

15%

7%

16%
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% of genes with TSS alternatives



Transcription start site usage across tissues
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Transcription start site usage across tissues

Overall TSS detected

Conserved between biological 
replicates 66,411

Conserved TSS that are ‘novel’
(>50 bp from annotated 5’ end)

55,023 (83%)

Overall genes associated with TSS

Detected in both biological 
replicates 15,960 (80%)

All 18,504 (93%)

Total genes detected TSS Ratio

18,504 68,039 3.68

TSS localization relative to currently 
annotated 5’ transcript ends



Calculating expression from 5’ signal at TSS

Count reads whose 5’ ends fall 
within a TSS of a given gene

Raw expression values per gene

Normalize using DESeq2

Variance-stabilizing 
transformation

Normalized expression counts 
per gene



Normalized expression from 5’ signal at TSS

Top 1000 genes by variance
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alized count

GI Tract CNS
Pre-

stomachs Muscle



PCA of normalized gene counts from 5’ signal
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Gene expression is correlated across assays

Pearson Correlation Coefficient



Batut et al. (2013)

Accurate quantification of relative expression

Pearson Correlation Coefficient



K-means clustering by 5’ signal at TSS

575 Testes-specific expressed genes
Top 5 enriched gene ontology terms
Term Benjamini
Spermatogenesis 1.4E-16
Spermatid development 1.5E-16
Acrosomal vesicle 6.8E-16
Cilium movement 4.8E-10
Sperm motility 5.3E-9



MYCBP Associated Protein
(Testis Secretory Sperm-Binding Protein Li 214e)



K-means clustering by 5’ signal at TSS

209 Muscle-specific expressed genes
Top 5 enriched gene ontology terms
Term Benjamini
Z disc 3.5E-27
Skeletal muscle contraction 8.4E-18
Sarcomere organization 1.1E-12
Muscle contraction 7.1E-10
Myofibril 2.7E-10



Myopalladin



K-means clustering by 5’ signal at TSS

306 Brain-specific expressed genes
Top 5 enriched gene ontology terms
Term Benjamini
Cell junction 2.1E-12
Neuronal cell body 3.7E-10
Synapse 1.6E-9
Axon 1.9E-9
Neuron projection 2.2E-9



Seizure Related 6 Homolog Like 2



Improving the Bovine Annotation

• Using 32 tissues, TSS 
were identified for 93% 
of bovine genes

• Over 80% of these TSS 
are novel annotations

Cattle 
(old)

Cattle 
(new) Human

Protein-coding 
genes 19,994 18,504 19,814

Protein-coding 
transcripts 22,118 68,039 79,712

Transcripts per 
gene 1.1 3.7 4.0

Data source Bos_Taurus.
UMD3.1.85.gtf

UC Davis 
RAMPAGE

Homo_sapiens.
GRCh38.85.gtf



Next:

• Currently analyzing RAMPAGE sequencing data for 16 
pig tissues

• In the process of generating chicken tissue RAMPAGE 
data

• Integrate RAMPAGE TSS Data with Iso-seq sequencing
• Use TSS information to inform ChIP-seq data for 

defining promoter states in different tissues
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