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Genome	organization



Rice

Maize

Rice	and	maize	genomes	have	different	size	
but	about	the	same	gene	content



Anatomy	of	a	gene

Transcription	initiation	site Transcription	termination	site



Intron - A	DNA	sequence	that	interrupts	the	sequences	coding	for	a	gene	product	(exon).	
Most	genes	in	eukaryotes	contain	introns.
Exon - A	DNA	sequence	in	a	gene	that	codes	for	a	gene	product
5’-UTR		and	3’-UTR	- Untranslated	regions	of	the	first	and	last	exons	
Transcription	initiation	site	- The	first	nucleotide	of	a	transcribed	DNA	sequence	where	RNA	
polymerase	II	begins	synthesizing	mRNA	molecule.
Transcription	termination	site - The	last	nucleotide	of	a	transcribed	DNA	sequence	after	
which	RNA	polymerase	stops	mRNA	synthesis
Promoter – segment	of	DNA	that	initiates	transcription	of	a	gene.	

Other	regulatory	elements:
Enhancer	– region	of	DNA	located	that	bind	transcription	factors	increasing	gene	expression;	
Silencers	- regions	of	DNA	that	bind	transcription	factors	decreasing	gene	expression;	
Poly-A	tail	- A	string	of	adenine	nucleotides	added	to	the	3'	end	of	eukaryotic	mRNA	after	
transcription
5’-cap	- A	methylated	guanine	residue	added	in	reverse	polarity	to	the	5'	end	of	eukaryotic	
mRNA	during	transcription	initiation.	The	cap	binds	a	cap	binding	protein	and	acts	as	an	
initial	binding	site	for	ribosomes	during	translation.

Anatomy	of	a	gene



Arranging	exons	in	different	patterns,	called	
alternative	splicing,	enables	cells	to	make	different	
proteins	from	a	single	gene.	In	plants	about	45%	of	
genes	showed	evidence	of	alternative	splicing.

Alternative	splicing



Wheat	stem	rust	resistance	gene	Sr35	has	
two	isoforms
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Fig. S6. 
Alternative splicing forms of Sr35. (A) The CNL9 gene has two transcribed exons (in gray) and 
three exons and three introns in the 3’ UTR. The gene encodes two isoforms that differ in the 
absence (main form) or presence (isoform 2) of the third intron (2nd intron of the 3’ UTR). The 
positions of the isoform-specific primers are indicated with red half arrows. (B) Validation of 
isoform-specific primers for RT-PCR. PCR was performed using cDNAs from G2919 seedlings, 
G2919 genomic DNA, and DNAs from BAC clones 245M16 (CNL9) and 64A22 (CNL4). Left 
panel: primers NL9_F22 and NL9Main_rv_2 are specific for the main CNL9 isoform and only 
amplify from cDNA samples (273 bp product). Right panel: Isoform 2 specific primers NL9_F22 
and NL9_iso_intron_rv_2 amplify products of 302 bp from cDNA and 390 bp from genomic 
DNA due to the presence of an additional intron. Note the specificity of these primers for the 
BAC containing CNL9. Primers are listed in Table S5. 
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Meta-dimensional analysis
An approach whereby all 
scales of data are combined 
simultaneously to produce 
complex models defined  
as multiple variables from 
multiple scales of data.

Multi-staged analysis
A stepwise or hierarchical 
analysis method that reduces 
the search space through 
different stages of analysis.

Systems genomics
An analysis approach that 
models the complex inter- and 
intra-individual variations  
of traits and diseases using 
data from next-generation 
omic data.

Data integration
The incorporation of 
multi-omic information in  
a meaningful way to provide a 
more comprehensive analysis 
of a biological point of interest.

In this Review, we describe the principles of meta-
dimensional analysis and multi-staged analysis, and 
provide an overview of some of the approaches that 
are used to predict a given quantitative or categorical 
outcome, the tools available to implement these analy-
ses, and the various strengths and weaknesses of these 
strategies. In addition, we describe the analytical chal-
lenges that emerge with data sets of this magnitude, and 
provide our perspective on how such systems genomic 
analyses might develop in the future.

Why integrate data?
Data integration can have numerous meanings; however, 
in this Review, we use it to mean the process by which 
different types of omic data are combined as predictor 
variables to allow more thorough and comprehensive 
modelling of complex traits or phenotypes — which are 
likely to be the result of an elaborate interplay among 
biological variation at various levels of regulation — 
through the identification of more informative models. 
Data integration methods are now emerging that aim 
to bridge the gap between our ability to generate vast 
amounts of data and our understanding of biology, thus 

reflecting the complexity within biological systems. 
The primary motivation behind integrated data analy-
sis is to identify key genomic factors, and importantly 
their interactions, that explain or predict disease risk or 
other biological outcomes. The success in understand-
ing the genetic and genomic architecture of complex 
phenotypes has been modest, and this could be due to 
our limited exploration of the interactions among the 
genome, transcriptome, metabolome and so on. Data 
integration may provide improved power to identify 
the important genomic factors and their interactions 
(BOX 1). In addition, modelling the complexity of, and 
the interactions between, variation in DNA, gene 
expression, methylation, metabolites and proteins 
may improve our understanding of the mechanism 
or causal relationships of complex-trait architecture. 
There are two main approaches to data integration: 
multi-staged analysis, which involves integrating 
information using a stepwise or hierarchical analysis 
approach; and meta-dimensional analysis, which refers 
to the concept of integrating multiple different data 
types to build a multi variate model associated with a 
given outcome16–18.
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Figure 1 | Biological systems multi-omics from the genome, epigenome, 
transcriptome, proteome and metabolome to the phenome.  
Heterogeneous genomic data exist within and between levels, for example, 
single-nucleotide polymorphism (SNP), copy number variation (CNV), loss 
of heterozygosity (LOH) and genomic rearrangement, such as translocation, 
at the genome level; DNA methylation, histone modification, chromatin 
accessibility, transcription factor (TF) binding and micro RNA (miRNA) at the 

epigenome level; gene expression and alternative splicing at the 
transcriptome level; protein expression and post-translational modification 
at the proteome level; and metabolite profiling at the metabolome level. 
Arrows indicate the flow of genetic information from the genome level to 
the metabolome level and, ultimately, to the phenome level. The red crosses 
indicate inactivation of transcription or translation. CSF, cerebrospinal  
fluid; Me, methylation; TFBS, transcription factor-binding site.
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Information flow in biological systems



A. Simple	eukaryotic	transcriptional	unit	typically	found	in	unicellular	
eukaryotes	(upstream	activator	sequence	- UAS).	B.	Complex	metazoan	
transcriptional	control	modules	(initiator	sequences	(INR)	and	
downstream	promoter	elements	(DPE)).

Nature 424,	147-151	(10	July	2003)

Regulatory	sequences:	promoters	and	terminators



Nature 424,	147-151	(10	July	2003)

Multi-subunit	transcription	apparatus	

as a binding site for TBP (TATA-binding protein)11. In general,
promoters are selected for expression by the binding of TBP to the
TATA element. The regulation of TBP binding depends on upstream
activating sequences (UAS), which are usually composed of 2 or 3
closely linked binding sites for one or two different sequence-
specific transcription factors12. A few genes in the yeast genome,
such as HO, contain distal regulatory sequences13, but the vast
majority contains a single UAS located within a few hundred base
pairs of the TATA element.
Metazoan genes contain highly structured regulatory DNAs that

direct complex patterns of expression in many different cell types
during development (Fig. 1b)8. A typical animal gene is likely to
contain several enhancers that can be located in 5 0 and 3 0 regulatory
regions, as well as within introns. Each enhancer is responsible for a
subset of the total gene expression pattern; they usually mediate
expression within a specific tissue or cell type. A typical enhancer is
something like 500 bp in length and contains on the order of ten
binding sites for at least three different sequence-specific transcrip-
tion factors, most often two different activators and one repressor8.
The core promoter is compact and composed of,60 bp straddling
the transcription start site. There are at least three different sequence

elements that can recruit the TBP containing TFIID initiation
complex: TATA, initiator element (INR) and the downstream
promoter element (DPE)14. Many genes contain binding sites for
proximal regulatory factors located just 5’ of the core promoter.
These factors do not always function as classical activators or
repressors; instead, they might serve as ‘tethering elements’ that
recruit distal enhancers to the core promoter15,16. Finally, insulator
DNAs prevent enhancers associated with one gene from inappro-
priately regulating neighboring genes17. These regulatory DNAs,
enhancers, silencers and insulators are scattered over distances of
roughly 10 kb in fruitflies and 100 kb in mammals.

This elaborate organization of the regulatory DNA permits the
detailed control of gene expression. Indeed, a defining feature of
metazoan gene regulation is the use of multiple enhancers, silencers
and promoters to control the activities of a single transcription unit.
Enhancers were initially identified and characterized in mammalian
viruses and cultured cells18. They were shown to be composed of
multiple binding sites for different regulatory proteins. Subsequent
analyses in transgenic animals reveal an even greater level of
complexity8. Metazoan enhancers integrate different regulatory
inputs, such as those produced by multiple signalling pathways,
to direct stripes, bands, and tissue-specific patterns of gene
expression in Drosophila embryos and imaginal disks. Similarly
organized enhancers are responsible for the restricted expression of
the mouse Pit-1 gene in the anterior pituitary19, the localized
expression of Hox genes in rhombomeres of the vertebrate hind-
brain20 and the selective expression of immunoglobulin genes in
mammalian B lymphocytes21.

Tissue-specific enhancers can work over distances of 100 kb or
more. There are numerous examples of long-range gene regulation
in flies and mammals. For example, the embryonic enhancers that
regulate the mouse and human Igf-2 gene map over 100 kb from the
transcription start site22,23. The wingmargin enhancer that regulates
theDrosophila cut genemaps at a similar distance24, while the tissue-
specific enhancers that regulate theDrosophila Decapentaplegic gene
(Dpp), and orthologous genes in vertebrates, map far downstream
of the transcription unit25,26. This type of long-range regulation is
not observed in yeast and might be a common feature of genes that
play critical roles in morphogenesis and are therefore subject to
stringent regulation.

Enhancers generate complex gene expression patterns
Different enhancers can work independently of one another to
direct composite patterns of gene expression when linked within a
common cis-regulatory region. For example, the seven stripes of
even-skipped expression in the Drosophila embryo depend on five
separate enhancers; two located 5 0 of the transcription start site and
three located 3 0 of the gene27,28. These enhancers function in an
autonomous fashion owing to short-range repression: sequence-
specific repressors bound to one enhancer do not interfere with the
activities of neighbouring enhancers. The repressors must bind
within 50–100 bp of an upstream activator or the core promoter in
order to inhibit expression29.

Additional diversity in gene regulation is achieved by the use of
multiple promoters for a single gene. For example, the segmentation
gene Hunchback contains a maternal promoter that is ubiquitously
expressed in the germline and a separate zygotic promoter, which
mediates restricted expression in the anterior half of early
embryos30.

A potential ‘trafficking’ problem arises from the fact that cis-
regulatory DNAs can map far from their target promoters. In some
cases the regulatory DNAs actually map closer to the ‘wrong’
promoter than the proper one25. There are at least three underlying
mechanisms for ensuring that the right enhancer interacts with the
right promoter: insulator DNAs, gene competition, and promoter-
proximal tethering elements that recruit distal enhancers.

Insulators are typically 300 bp to 2 kb in length and often contain

Figure 2 The multi-subunit general transcription apparatus: identification of tissue-
specific and gene-selective subunits. Diversified metazoan transcription initiation
complexes. a, The eukaryotic transcriptional apparatus can be subdivided into three
broad classes of multi-subunit ensembles that include the RNA polymerase II core
complex and associated general transcription factors (TFIIA, -B,-D,-E,-F and -H), multi-
subunit cofactors (mediator, CRSP, TRAP, ARC/DRIP, and so on) and various chromatin
modifying or remodelling complexes (SWI/SNF, PBAF, ACF, NURF and RSF).
b, c, Metazoan organisms have evolved multiple gene-selective and tissue-specific
TFIID-like assemblies by using alternative TAFs (TBP-associated factors such as the
ovarian-specific TAF105) as well as TRFs (TBP-related factors such as TRF2 in
Drosophila and mice) to mediate the formation of specialized RNA polymerase initiation
complexes that direct the transcription of tissue-specific and gene-selective
programmes of expression.
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Encyclopedia of DNA elements (ENCODE)

https://www.encodeproject.org/



ChIP	chip	/	ChIP	seq

ChIP – chromatin	immunoprecipitation
Used	to	study	of	gene	regulation	and	
finding	the	transcription	factor	binding	
sites



As	a	transcription	factor,	p53	regulates	
the	expression	of	genes	involved	in	a	
variety	of	cellular	functions,	including
cell-cycle	arrest,	DNA	repair,	and	
apoptosis



Experimental	design



Validation	of	PET-Cluster-Identified	p53	Binding	Loci

Enriched	motif

ChIP-qPCR	validation	in	the	50	
upstream	regions	of	CDKN1A



Encyclopedia of DNA elements (ENCODE)

https://www.encodeproject.org/



How to study chromatin structure?

What we learn?
Open-closed chromatin
Location of TFs



• Genome function is affected by the distribution of nucleosomes and 
DNA-associated proteins.

• Assays for wheat were optimized for: 
• MNase - Micrococcal nuclease 
• ATAC - assay for transposase-accessible chromatin

• Chinese Spring genome was analyzed using MNase-Seq
approach:

• Two digests with HIGH and LOW concentration of Mnase
• differential nuclease sensitivity = subtract the mean normalized 

depth (in reads per million) of the heavy digest replicates from 
those of the light digest replicates

Open chromatin structure assays 
for wheat



Open chromatin structure assays 
for wheat



Functionally active hypersensitive chromatin regions 
were found associated with regions upstream of  

transcription initiation sites

Fei He
Katie Jordan



Functional open chromatin regions explain most of the 
phenotypic variation in wheat

Rodgers-Melnick et al, 2016 Proc. Natl. Acad. Sci.


