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1. Introduction  

This deliverable will be divided in two sections that will address phenotypic innovation at two 
different levels using the most appropriate experimental model: phenotypic innovation at the 
population level in the TEV model and at the regulatory network level in the E. coli model. 

2. Phenotypic innovation at the population level in the TEV 
experimental model  

What do we understand by phenotypic innovation in the case of RNA viruses?  The phenotype of a 
virus is the effect it causes on its host, that is, the ability to infect a host (infectivity) and the severity 
of symptoms induced (virulence).  In this Deliverable, we have proceeded to characterize the 
interaction between TEV and the host transcriptome, which at the end, is the determinant of the 
phenotype of infection.  Furthermore, the transcriptome itself can be seen as a ÒmolecularÓ 
phenotype.  We have compared the transcriptomic profiles of different ecotypes of Arabidopsis 
thaliana, that differ in their susceptibility to infection, after infection with TEV lineages previously 
adapted to each one of them (Hillung et al., 2014).  Some ecotypes had selected for specialist 
viruses whereas others selected for generalists (Hillung et al., 2014). 

2.1. Local adaptation  and the extent of phenotypic innovation  

The first question tackled was whether the transcriptomic profiles from plants infected with viruses 
locally evolved were more similar among them than from those observed for plants from the same 
ecotype but infected with foreign viral lineages.  We quantified the similarity between all possible 
pairs of expression profiles using PearsonÕs correlation coefficient.  To visualize the similarity in 
gene expression induced by infection with the evolved viral lineages, Fig. 1.1a shows a 
dendrogram based on these coefficients.  Overall, two significant groups of virus-ecotype 
interactions exist.  In the first group, lineages evolved in Ler-0 and Di-2 formed a cluster, which is 
subsequently divided into two branches, each one grouping lineages of corresponding ecotype.  
The second cluster incorporated lineages evolved in Ei-2, St-0 and Wt-1, though they segregated 
in separated ecotype-defined subgroups.  Within this second cluster, Wt-1- and Ei-2-evolved 
lineages were more similar in their interaction with the hosts than St-0-evolved lineages. 
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Fig. 1.1.   Similarity in the response of local host to their local viruses.  (a) Dendrogram grouping 
transcriptomic responses to infection with each of the evolved viruses on their corresponding 
local hosts.  (b) Dendrogram grouping functional profiles obtained after infecting each of the 
evolved viruses on their corresponding local hosts.  Red numbers represent the approximately 
unbiased support of each cluster (percentage P-value) computed by multiscale bootstrapping.  
Green numbers represent the support of each cluster based on a standard bootstrapping.  Grey 
numbers indicate the node label. 

Next, a gene set analysis was performed to identify functional categories of altered host genes.  
Comparing ranked lists of genes in a pairwise manner, we looked for sets of genes whose 
enrichment was different from a healthy plant.  Then, we looked for blocks of overrepresented 
genes that shared functions and we could identify enriched functional categories (GO terms) for 
each ecotype.  Furthermore, the analyses generated two levels of results: (1) all significant GO 
terms and (2) a group constituted only by significant more specific non-redundant GO terms.  To 
identify consistent features among lineages and ecotypes we evaluated the intersections of non-
redundant functions.  For over-expressed genes, the number of ecotype-specific enriched 
functional categories ranged between 11 (for Wt-1-evolved lineages) and 64 (for St-0-evolved 
lineages) and there were only 2 functional categories shared by all five ecotypes-evolved lineages 
(Fig. 1.2a).  These categories are response to cadmium ion and photorespiration.  For down-
regulated categories, the number of ecotype-specific enriched GO terms ranged between 2 (Ei-2-
evolved lineages) and 76 (Di-2-evolved lineages) and there were no common functional categories 
shared by all ecotypes, but some cases between pairs of ecotypes.  The larger similarity in down-
regulated GO terms was for Ler-0 and Di-2 (24), while Ei-2, Ler-0 and Wt-1 share 20 up-regulated 
functional categories.  The same number is also shared between ecotypes Ei-2 and St-0. 
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Fig. 1.2.   Venn Diagrams of enriched functional categories in ecotypes infected with local 
evolved viral lineage in contrast to corresponding mock-infected ecotypes.  (a) For up-regulated 
functional categories and (b) for down-regulated functional categories. 

To further explore the similarities and differences in terms of functional annotations, we computed 
PearsonÕs correlation coefficients between the lists of enriched GO terms generated for each 
evolved viral lineage on each plant ecotype.  Pairwise correlation coefficients were used to build a 
dendrogram that shows the similarity among viral lineages in the lists of GO terms generated on 
each ecotype (Fig. 1.1b).  Viral lineages evolved in St-0 had functionally different expression 
pattern than the other ecotypes, thus forming a clearly independent cluster.  The rest of ecotypes 
form a second cluster whereas no ecotypes were more similar to each other, as the cluster had a 
nested structure.  It is noteworthy that this functional clustering was different from the clustering 
generated from the transcriptomic profiles, and from the clustering generated using the functional 
response data of plants infected with the ancestral strain TEV-At17b (Hillung et al., 2012). 

From these set of analyses, we concluded that the expression profiles of hostÕs mRNAs and their 
corresponding functional profiles were heterogeneous among ecotypes, although a significant 
degree of parallelism exist among lineages evolved in the same ecotype.  Overall, two different 
types of transcriptomic response could be identified that are similar to the responses observed 
when plants were infected with the ancestral TEV-At17b (Hillung et al., 2012).  These observations 
suggest that the extent of innovation in virus-host interactions was restricted by the genetic 
characteristics of the host. 

2.2. Disentangling ecotype -specific from universal  drivers of innovation . 

In this second set of analyses we aimed to identify ecotype-specific and universal drivers of 
innovation: we are comparing the response of each given ecotype to infection with the locally-
adapted viral lineages with their response to the infection with the ancestral TEV-At17b isolate.  
The lists of host genes whose expression is different in plants infected with the ancestral and the 
evolved viruses were compared in search of commonalities.  Fig. 1.3 shows the number of genes 
whose expression was significantly different between ecotypes infected with evolved and ancestral 
lineages.  Plants infected with viral lineages evolved in ecotypes Di-2 (37) and Ler-0 (3) have the 
lowest number of differentially expressed genes compared to infection with the ancestral virus.  By 






















