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The transcriptome is the readout of the genome. Identifying common
features in it across distant species can reveal fundamental principles.
To this end, the ENCODE and modENCODE consortia have generated
large amounts of matched RNA-sequencing data for human, worm
and fly. Uniform processing and comprehensive annotation of these
data allow comparison across metazoan phyla, extending beyond ear-
lier within-phylum transcriptome comparisons and revealing ancient,
conserved features1–6. Specifically, we discover co-expression modules
shared across animals, many of which are enriched in developmental
genes. Moreover, we use expression patterns to align the stages in worm
and fly development and find a novel pairing between worm embryo
and fly pupae, in addition to the embryo-to-embryo and larvae-to-
larvae pairings. Furthermore, we find that the extent of non-canonical,
non-coding transcription is similar in each organism, per base pair.
Finally, we find in all three organisms that the gene-expression levels,
both coding and non-coding, can be quantitatively predicted from

chromatin features at the promoter using a ‘universal model’ based
on a single set of organism-independent parameters.

Our comparison used the ENCODE–modENCODE RNA resource
(Extended Data Fig. 1). This resource comprises: deeply sequenced RNA-
sequencing (RNA-seq) data from many distinct samples from all three
organisms; comprehensive annotation of transcribed elements; and uni-
formly processed, standardized analysis files, focusing on non-coding
transcription and expression patterns. Where practical, these data sets
match comparable samples across organisms and to other types of func-
tional genomics data. In total, the resource contains 575 different exper-
iments containing .67 billion sequence reads. It encompasses many
different RNA types, including poly(A)1, poly(A)-, ribosomal-RNA-
depleted, short and long RNA.

The annotation in the resource represents a capstone for the decade-
long efforts in human, worm and fly. The new annotation sets have
numbers, sizes and families of protein-coding genes similar to previous
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ENCODE/modENCODE RNA Resource 

• 575 experiments 
• 380 New 

• >65 billion reads 
• >50% New 
• Illumina GAIIx  
•  HiSeq2000  

• Experimental conditions  
• 116 worm 
• 254 fly 
• 41 cell lines human  

Extended Data Figure 1 | Overview of the data. a, Schematic of the RNA-seq
data generated for human (red), worm (green) and fly (blue), showing how
it samples developmental stages and various tissues and cell lines. b, The
number and size of data sets generated. The amount of new data beyond that in

the previous ENCODE publications8,11,22 is indicated by white bars, with
previous ENCODE data indicated by solid bars. (See Supplementary
Information, section B.2, for a detailed description of these data.)

22. Graveley, B. R. et al. The developmental transcriptome of Drosophila
melanogaster. Nature 471, 473–479 (2011).
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ncRNA annotation
“only a subset of ncRNAs, are annotated consistently 

across organisms”

comparable 
ncRNAs

ncRNAs
inconsistently

described across species

perviously un-annotated 
genomics regions

=> new ncRNA predictions



comparable RNAs
5 biotypes for gold-standard annotations : 

• CDS, UTR, canonical ncRNAs (include miRNA, 
tRNA, rRNA, snRNA, and snoRNA), lncRNA,  and 
ancestral repeats for human & unexpressed 
intergenic regions for worm and fly 
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Table S2g - Annotation source. 
 
 Human Fly Worm 

Gold-standard 
(Coding sequence, 
UTR, etc) 

Gencode V10  
(level 1 and 2) 
 

FlyBase R5.45 
(confirmed) 
  

WormBase WS220 
(confirmed) 
 

Gold-standard 
(ncRNA) 

Gencode V10  
(level 1 and 2) 

FlyBase R5.45 
(with support of 
EST, cDNA 
expression, etc) 

WormBase WS220 
(lncRNAs from 
[25]) 

Extended 
annotation 

Gencode V10 
(all levels) 

modENCODE 
freeze 

modENCODE 
freeze 

 
 
 

Table S2h - Intersection of enhancers and distal HOT regions with TARs and incRNAs. 
 

Intersection 
Human Worm Fly 
Overlapa Ratiob Z-scorec Overlap Ratio Z-score Overlap Ratio Z-score 

Enhancer vs. 
TARs 

128,400 1.7 250 15,863 1.0 11 10,380 1.4 46 

Enhancer vs. 
incRNA 

14,357 2.8 125 590 1.7 13 229 3.5 20 

Distal HOT vs. 
TARs 

23,073 1.7 113 520 1.1 4 435 1.4 11 

Distal HOT vs. 
incRNA 

4,604 4.6 116 49 4.1 11 7 2.6 3 

a. The observed number of overlap between enhancers or distal HOT regions and TARs or incRNAs. 
b. The ratio of observed overlap to the overlap from randomization. 
c. The z-scores of the observed overlaps. 



Annotation & refinement 
• lncRNA subdivision: 

• lncRNA overlapping with > 1bp, know gold standard biotypes were 
reclassified with the respective labels  

• antisense lncRNA — have >50% sequence overlapping known CDS on 
the opposite strand 

• intronic lncRNA — fully embedded in protein coding gene introns on the 
same stand  

• ambiguous ncRNA — overlap know biotypes but do not fulfil criteria for 
reclassification   

• miRNA: 
• pre-miRNA known annotations : 1,756 in human, 221 in worm and 235 fly. 
• pre-miRNA hairpins from miRBase v18  
• mirtrons : Genome Res 22, 1634-45, (2012)  

• pri-miRNA collected from RefSeq & literature 

• short ncRNA: 
• extracted from the know annotations from GENCODE, FlyBase and 

WormBase



miRNA annotation in 
GENCODE

•  Common miRNA annotation in different GENCODE versions are 
determined by their transcript id’s. 

•  V10 is the version used in comparative genomics paper, while v19 
is the latest version for hg19, and v24 is the current version for 
hg38.

V10 V19 V24
V10 1,756 1,558 1,474
V19 3,055 2,765
V24 4,093



GENCODE vs miRBase
GENCODE v19  

(2013-12-05, hg19) 
miRBase v19  

(2012-07-23, hg19)1,349 

miRBase v21  
(2014-06-22, hg38)1,745

GENCODE v24  
(2015-12-09, hg38)

1,881 pre-miRNAs

1,595 pre-miRNAs3,055 pre-miRNAs

4,093 pre-miRNAs



non-comparable ncRNA
• ribosomal RNA 

• inconsistency of cross species annotations   

• piwi-interacting RNA 
• cross species annotation using human piRNA clusters 
• refinement of previous annotation with respect to ~100M human 

testis small RNA reads 
•  88 human loci, 27 fly loci, and 35329 worm loci as piRNA 

clusters 

• others: mitochondrial RNAs, piRNAs, rRNAs, Y RNAs, and 
misc_RNA 



Length distribution in coding and 
non coding annotated human RNAs
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Fig. S2 – Figures Giving More Details on “ncRNAs & 
Non-canonical Transcription”. 
 

Fig. S2a - Comparison of poly(A)+, total RNA and short RNA for 
detecting ncRNAs.  
 

Fig. S2a1 - Distributions of lengths of various annotated human 
coding and non-coding RNAs.   
Clearly the majority of annotated [pre-]miRNAs, tRNAs, rRNAs, snRNAs, and snoRNAs are <200nt in 
length and are therefore within the size range of RNA fragments that will be sequenced in a short-
totalRNA-seq experiment but would likely be removed by the size selection performed for a long total- or 
poly(A)-RNA-seq experiment.  However lincRNAs are sufficiently large to be retained by the long total- 
or poly(A)-RNA-seq fragment size selection.  
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Fig. S2a3 - K562 RNA sample preparation comparison.  
Effect of poly(A) RNA purification, during sample-prep, on ability to detect coding and non-coding 
RNAs in the K562 ENCODE (human) cell-line. Poly(A) RNA-seq data, obtained for the majority of the 
modENCODE samples, perform poorly compared to short-total RNA-seq at detecting miRNAs, tRNAs, 
snRNAs and snoRNAs, but are much better able to detect lincRNAs and mRNAs. 
 
 
 

 Effect of poly(A) RNA purification, during 
sample-prep, on ability to detect coding 

and non-coding RNAs 

Poly(A) RNA-seq data perform poorly compared to short-total RNA-seq at detecting miRNAs, 
tRNAs, snRNAs and snoRNAs, but are much better able to detect lincRNAs and mRNAs.



Summary of Annotated 
ncRNAs 
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Summary of  
Annotation + Novel TranscriptionExtended Data Table 1 | Summary of annotated non-coding RNAs, TARs and non-coding RNA predictions in each species

The number of elements, the base pairs covered and the fraction of the genome for each class are shown (see also Supplementary Information, section C). There are comparable numbers of transfer RNAs (tRNAs)
in humans and worms but about half as many in fly. Although the number of long non-coding RNAs (lncRNAs) in human is more than an order of magnitude greater than in either worms or flies, the fractional
genomic coverage in all three species is similar. Finally, humans have at least fivefold more microRNAs (miRNAs), small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs) compared to worm or fly. The
fraction of the genome coveredby TARs (highlighted squares) for each species is similar. A large amount of non-canonical transcription occurs in the introns of annotated genes, presumably representing a mixture
of unprocessed mRNAs and internally initiated transcripts. The remaining non-canonical transcription (249 Mb, 16 Mb and 14 Mb in human, worm and fly, respectively) is intergenic and occurs at low levels,
comparable to that observed for introns (Supplementary Table 2). Overall, the fraction of the genome transcribed—including intronic, exonic and non-canonical transcription—is consistent with that previously
reported for human despite the methodological differences in the analysis (Supplementary Fig. 2 and Supplementary Information, section C).
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