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Presenter
Presentation Notes
Greetings.
I will talk about this a recent paper, organ evolution in angiosperms driven by correlated divergence of gene sequences and expression pattern.



Why I Think You Should Know 
About This Work 

The authors examined the relationships between 
organ evolution among three plants and found: 
• Transcriptional network is less conserved at 

the organ level compared with animal;  
• Genes expressed in reproductive organ evolve 

faster than in other organs; 
• Genes expressed in multiple organs evolve 

slower than tissue-specific genes 
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Why I think it is worthy to know this work,…




Why I am Interested in This Work 
 
My project: 
Developing tools for prediction of gene function based on omics 
data. The target organisms are energy-related plants such as Poplar, Sorghum and Medicago. 

 
A fundamental question: How the plant genome evolves? 
 
This paper shows some interesting findings from gene expression 
data. More importantly, it shows how information can be 
extracted from currently available data.  
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My project is …
Before this prediction can be well-done, a fundamental question is ….
How the genome evolve?
How the duplicated gene keep old function and develop new one?
Does the expression diverges dependent of sequence?





Understand the difference between species 
quantitatively/systematically 

 
1)Compare gene sequence (dN, dS, identity) 
2)Compare gene expression profile (Correlation) 
3)Compare phenotype 
4)Compare gene/protein interaction network 
5)Compare protein abundance 
6)Compare molecular modification 
… 
 
Or the correlation among those factors 

Background 
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Generally speaking, this paper is about understanding the difference between species at a systems level.
Here is a list of approaches, …we can compare gene sequence between two species.
…we can also study the relationship among those factors. Any relationship among those factors might be a good point to explain the why the two species are different



60 mya 

200 mya 

The divergence of 
rice and maize 

The divergence of 
monocot-dicot 

Three species used in this paper 
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Presentation Notes
In this work, the authors studied three plants. Rice , maize and arabidopsis.
The divergence of rice and maize is about 60 million years ago. While the divergence between arabidopsis is about 200 mya. 




4117 orthologs are on the microarrays 
 
15 tissues, 63 samples for Arabidopsis:Schmid et al., 2005  
14 tissues, 75 samples for Rice:Wang et al., 2010  
17 tissues, 60 samples for Maize:Sekhon et al., 2011  
 
4117 rows X 198 columns (63+75+60) 
 
• Step1: median based scaling normalization, to make global expression comparable 

of each column 
• Step2: quantile normalization, to get a uniform distribution of each column  
• Step3: use the median value to represent the expression level for a tissue 
 
4117 rows X 46 columns (15+14+17) 
 

Data preparation 
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Here is the pipeline of this paper, how the authors collected and prepared the data.
First, 4117 genes …
The gene expression data are from three previous studies, …
Then, we got a table of 4117x198
Three steps were applied to reduce the noise in this table.
1)…2)…3)…finally, a table of 4117x46. this is the data table for the following analysis. All the results of this work is based on this table.





Global pattern of gene expression  

The first two principle components cumulatively 
explained 63% of the total variance. 
 
 

The gene expression is more conserved 
at the species level. 
This is inconsistent with animal data 
(Brawand et al., 2011) 
 
This pattern can be the result of highly species-specific 
expression? 
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Presentation Notes
Here is the global pattern of gene expression between all the tissues. As we can see, the different shape represents different plants. Different color represent different tissue. So, in this figure, the different tissues of the same plants clustered together, suggesting the gene expression is more conserved at the species level. This is inconsistent…



Brawand et al., 2011, Nature 

10 animals x 6 tissues 
5636 orthologs 
 
A table of 60 columns and 5636 rows 
 
PCA shows the same tissue clustered together, 
suggesting gene expression is more conserved at the 
tissue level than species level. 
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In 2011, brawand et al., examined the gene expression profile among 6 tissues of 10 animals. They found samples of the same tissue tend to be more similar to each other.




PCA based on the 1000 most stably expressed 
genes gives the same result  

tissue 
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Arabidopsis rice maize 

 
Using the stably expressed genes across the three plants to rule out the species-
specific bias. 
 
CV=SD/Mean 
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The pattern of plants might be the result of highly species-specific expression. 
As you can see in this figure, the two colored lines represent two gene expression profiles. The blue one has very high expression in maize. So the observed pattern might be a result of this kind of highly species specific genes.
The authors also did a PCA based on the 1000 most stably expressed genes. The pattern does not change.




dendrogram of the 46 tissue groups with hierarchical clustering  

Hierarchical clustering of all the tissues 
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This heatmap also shows the gene expression profiles is high within a species while it is very low between species.
A hierarchical clustering of all the columns shows homologous tissues tend to have more similar gene expression profiles.



7 organs - homologous tissues 
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Presentation Notes
Then the authors grouped tissues into 7 organs. For example, the root of rice includes two tissues, root and radicle.
The purpose of this is to compare the gene expression pattern at the organ’s level.



An organ can be represented as a vector of 4117 elements(averaged expression 
value) 
The expression divergence of an organ between two plants can be represented as 
the PCC of two vectors. 
The expression divergence of an organ among three plants can be represented as 
the average PCC of 3 pairs of vectors.(A-R, A-M, R-M) 
 
Since one organ contains several tissues, we can use the average value, or  
Authors’ trick: use the average value of all the possible combinations of tissues  

Root 
Leaf 

Seedling 
Stem 

Flower 
Stamen 

seed 

Root 
Leaf 

Seedling 
Stem 

Flower 
Stamen 

seed 

Arabidopsis Rice  

Which organ diverges most rapidly? 
At the level of gene expression 

Root 
Leaf 

Seedling 
Stem 

Flower 
Stamen 

seed 

Maize 

organ 
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So which organ diverges most rapidly. From the animal study, the reproductive organ evolves the most fast. Is it true for plants. Let first discuss how to determine the divergence of organs in plants.



Expression divergence of an organ 

Example: calculate the expression 
divergence of stem among three 
species: 
 
Arabidopsis: Stem, Hypocotyl  
Rice: Stem, Plumule  
Maize: Stem, Internode, Cob  
 
Average of: 
1)A-stem, R-stem, M-stem; 
2)A-stem, R-plumule, M-internode 
3)A-stem, R-plumule, M-cob 
… 
12)A-hypocotyl, R-plumule, M-cob 
 
 
 
 
 
 

vegetative tissues: shorter terminal branches, 
reproductive tissues: longer terminal branches 
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Presentation Notes
Here is an example of how to calculate the expression divergence of stem…
This NJ tree shows the distance of different tissues. …



Rapid evolution of the reproductive tissues  
This is the same in animals(Khaitovich et al., 2006). 

The root has the most conserved gene expression pattern among three plants 
 

Expression divergence of an organ 

Expression divergence = 1-PCC 
 
Stamen is the pollen-producing 
reproductive organ of a flower 
 
Seedling is the young plant sporophyte 
developing out of a plant embryo from a 
seed.  
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Here is the result of the calculation. It shows the reproductive organ, the stamen diverges most rapidly. ….while the root is the most conserved organ in terms of expression …
The authors also did this analysis for TF only, it shows similar result.



In other words, 
 
The root of these three plants has the most conserved expression. 
The stamen of these three plants has the most diverged  expression. 
 

• One-to-one ortholog among three plants 
• Conserved gene in flowering plants 
• Static expression 

• Ignore any paraologs 
• Ignore species-specific gene 
• Ignore development 

Keep in mind: 
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In other words,…
…In my opinion, very naively:
It makes sense because, compared with stamen, 1) the shape of root from different plants is similar; 2) the function of root from different plants is similar
But we should keep in mind that the con



I want to know how the organ evolution is driven by the evolution of gene 
sequence and gene expression (together or not). 
 
Ideally, I’d like to get a list of genes for each organ: tissue-specific genes 
Then, I can study the relationship between the sequence divergence and expression 
divergence. 
If there is a positive correlation, it suggests these two factors drive organ evolution 
together. 
If there is no correlation, it suggests these two factors drive organ evolution 
independently. 
 
For each ortholog, sequence divergence can be measured by counting nucleotide 
substitution rate (dN, dS);  
Expression divergence can be measured by calculating the correlation between two 
expression profiles(a profile of seven expression value) 
 

Authors’ logic: understand why organ evolves at different speed 

Presenter
Presentation Notes
In this slides, I want to share with you the authors’ logic of the following analysis….



Sequence 
evolution 

Expression 
evolution 

Organ evolution 

Genes expressed in the 
organ 

Authors’ logic 
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The organ divergence can be considered as the result of sequence divergence and expression divergence. Now the authors want to know whether these two factors are independent or not.



Identify tissue-specific genes 

GFP can tell if the gene is expressed  

Gene microarray hardly tell if the gene is 
expressed  

In most cases, it only tells us the relative 
expression abundance among all the genes 

of the array 

Generally, the fold change of a gene can be used to measure 
the contribution of this gene to the tested sample. 
 
For example, the 2-fold change of root compared with shoot 
can be considered as the cutoff for the root-specific gene 

Presenter
Presentation Notes
First let us discuss how to identify tissue specific gene. The GFP…microarray can hardly…



The trick used by the authors: 
The contribution of a gene to the organ, relative to the gene’s expression in other 
organ, was then defined as its organ specificity 

Each of the 4117 genes has seven TS scores, showing its contribution to each of the 
seven tissues. 

Gene Ontology (GO) analysis of the genes with top tissue specificity in the seven 
organs showed significantly differential enrichments that are relevant to the basic 
physiological function of an organ (see Supplemental Data Set 2 online). 

Authors’ method 

Fold change=Eroot/Eleaf 

Fold change=maxEroot/max(Eleaf, Eflower…) 

Presenter
Presentation Notes
…



For each tissue, there is a ranked gene list based on TS score. 
The x-axis is the overlap of 7 tissues 
For every addition of 50 genes, the box-plot represent the shared part among the 7 
tissues 

Each organ contains 400 to 500 genes with top ranks of tissue 
specificity unique to this organ. 



The relative evolutionary rate of an ortholog was measured by the average of 
the Poisson-corrected distances of three pairs of proteins 
Within each TS range, the seven organs had seven values indicating the rates of 
sequence divergence averaged from the genes expressed in the corresponding 
organs, as well as seven values indicating the rates of expression divergence of 
the seven organs deduced from NJ tree analysis.  

The relationship between evolutionary rate and expression 
divergence 
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For the top-1200 genes, the correlation is significant. It suggests about 20~30% genes govern the divergence of the seven organs.



The top 100 to 200 tissue-specific genes showed the highest evolutionary rates 
in all seven organs 

More and more genes were shared among the seven organs as tissue 
specificity decreased, the average evolutionary rates in the seven organs 
converged to 0.405, the average of all 4117 orthologs  

Stamen appeared to be the fastest evolving organ  
Root was the most conserved organ 

Tissue and/or organ evolution in plants occurs via the parallel evolution of both 
gene expression and gene sequence.  

Presenter
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The top800 gene shared between different organs



If 
Dinter/Dintra 

is higher in stamen  

Increased 
positive 
selection 

Authors’ logic of understanding why stamen evolves fast 

Decreased 
negative 
selection 

or 

Molecular 
evidence Measurement 
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Figure D shows no positive selection on stamen.
So the fasting evolving characteristic is due to decreased negative selection



Relaxed Functional Constraint Causes Rapid Evolution of 
Male Reproductive Genes in Plants 

A: no SNP bias 
 
B: no positive 
selection on organ 
 
B&C: stamen-specific 
genes evolves fast 
 
D: tissue-specific 
genes do not show bias 
in terms of inter-
species or intra-species 

114,000 SNPs associated with the 4117 orthologs identified from 80 
Arabidopsis strains to perform the comparison (Cao et al., 2011) 
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Dn/ds> 1 => positive selection
Dn/ds<1 => negative/purifying/stabilization selection



Coexpression Modules 

To understand the evolution of expression at the pathway level, iterative signature 
algorithm (ISA) was applied to identify bi-clusters for the 1917 dynamically expressed 
genes and 46 tissues. 
 

A gene can be assigned to several modules. 
A modules is a list of genes with similar expression among a list of samples 



• The number of organ is counted by the modules 
a gene is assigned to. 
 

• The FC is correlated to the number of genes in 
the module, the number of tissues in the module 
and the number of modules a gene is assigned 
to.  
 

• Small correlation existed(p<0.05) 
 

• This is consistent with the study in animal: 
widely expressed genes evolve slower (Gu and 
Su, 2007, tissue-driven hypothesis). 
 
 

Calculate eFC based on  coexpression modules 

The more modules, the more FC for a gene 
The more tissues, the more FC for a gene 
The more co-regulated genes, the more FC for a gene 
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It has been found in animals that genes expressed in multiple tissues usually evolve slower than those specifically expressed in a single tissue, plausibly due to the higher degree of functional constraint accumulated from multiple tissues than that from fewer tissues (Khaitovich et al., 2006). A tissue-driven hypothesis was also made to explain the differential rates of gene evolution (Gu and Su, 2007). 




Conclusions 
• They found correlated divergence of gene sequences and 

expression patterns, with distinct divergence rates that 
depend on the organ types in which a gene is expressed.  

• The different rates in organ evolution may be due to 
different degrees of functional constraint associated with the 
different physiological functions of plant organs  

• The evolutionary rate of a gene sequence is correlated with 
the breadth of its expression in terms of the number of 
tissues, the number of coregulation modules, and the 
number of species in which the gene is expressed, as well as 
the number of genes with which it may interact.  
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Take-Home Message 

• This paper supports the hypothesis that 
constitutively expressed genes may experience 
higher levels of functional constraint 
accumulated from multiple tissues than do tissue-
specific genes in plants 
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The number of genes shared among three plants 

? 

Presenter
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This figure shows us the number of genes shared among three plants, as can be seen, less than 6000 genes shared among them. That is about 5%, 10%, 20% of maize, rice and Arabidopsis
If we want to compare these plants at the gene level, only a small part of them can be compared.
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