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SUMMARY

For more than a century,  Coffee Leaf Rust caused by the biotrophic fungus  Hemileia vastatrix  
(Berkeley & Broome), has increasingly stood out as one of the major factors hampering Arabica 
coffee production. Since its first historical outburst in the 19th century in Sri Lanka, this disease has 
rapidly spread worldwide and currently occurs in nearly all the regions of the world where coffee is 
grown. Despite its widespread distribution and negative economic impact, little is known about the 
pathogen's evolutionary origin and phylogenetic placement in the fungal tree of life. Attaining this 
knowledge, however, would provide fundamental insights on the evolutionary context in which H. 
vastatrix emerged, which in turn could have important implications to understand the evolution of 
pathogenicity in this fungus and in other rusts as well. With this in mind, we are undertaking a 
genome-scale approach on 32 fungal species to allow H. vastatrix and other rust fungi to be placed 
in  the  fungal  tree  of  life  with  unprecedented  details.  The  complete  proteomes  of  three 
Pucciniomycotina  species  as  well  as  of  11  other  Basidiomycetes  and  nine  Ascomycetes, 
approximately 250 000 publicly available EST sequences from several Pucciniomycotina species 
and transcriptome data recently obtained for  H. vastatrix  were used. A high quality matrix that 
includes orthologs, co-orthologs and recent paralogs was prepared with a sophisticated orthology 
detection strategy. On a first approach, we were able to identify at least 378 single-copy orthologs 
that  were  used  for  the  phylogenetic  analyses.  Providing  robust  and  resolved  phylogenetic 
relationships will lay the ground for the identification of genes or gene families that are exclusive to 
H. vastatrix as well as genes of rapid evolution and/or under positive selection, which would be 
prime targets for functional studies aiming at disease control and prevention. This information will 
ultimately contribute significantly to advance our knowledge on H. vastatrix’s pathogenicity.

INTRODUCTION

Hemileia vastatrix  (Berkeley & Broome), the causal agent of Coffee Leaf Rust, is a biotrophic 
fungus  considered  to  be  one  of  the  major  burdens  to  Arabica  coffee  production  world-wide. 
However, despite the growing relevance of its devastating impact on the sustainable production of 
coffee  crops,  very  little  has  been  investigated  on  the  evolutionary  origin  and  phylogenetic 
relationships  of  H.  vastatrix  with  its  related  taxa.  Hemileia  vastatrix,  which  belongs  to  the 
Basidiomycota phylum of fungi, order Pucciniales (rust fungi), has only been included in a few 
phylogenetic studies of the rust fungi that employ a small number of loci [1-3]. Following major  
revisions that rejected the original hypothesis that the evolutionary primitive rust fungi were those 
occurring in ferns [4], these phylogenetic studies consistently place H. vastatrix as the one of the 
most primitive lineages of the Pucciniales. 
In the last few years, the continuous generation of genomic data for several fungal species in the last 



few years is creating unprecedented opportunities of going beyond and studying, for instance, the 
evolutionary drivers leading to the formation of pathogenic species [5,6]. Since genomes hold a vast 
and intricate record of their carriers' evolutionary history, it is now becoming possible to harness 
this informative potential and go beyond the phylogenetic reconstruction of species. By employing 
hundreds or thousands of loci in a comparative framework across multiple species, large regions of 
the genome can be screened for signatures of natural selection in specific historical periods of target 
species or group of species with greater detail and robustness [7]. These data can also be integrated 
with information from the fossil record to produce precise and accurate time-calibrated phylogenies, 
in which the phenotypic evolution of key pathogenic traits  can be mapped and correlated with 
available  environmental  data  from  past  geologic  eras.   However,  due  to  the  relatively  recent 
availability of such genomic resources and scalable computational methods to analyze this amount 
of data, such integrative effort is still lacking.

In  this  work  we  report  the  first  preliminary  results  of  a  phylogenomics  project aiming  at  an 
integrative approach including a wider range of fungal species, here mainly centered in H. vastatrix  
and the rust fungi

MATERIALS AND METHODS

Sequence data  from 23 complete  genomes,  including the comprehensive analyses  of  rust  fungi 
genomes  [8] and  9  EST databases  were  collected  from multiple  public  sources  and  from  H. 
vastatrix's  transcriptome  sequencing  project  [9,10].  Putative  orthology  relationships  were  first 
assessed using the  deduced proteomes of  the  23 complete  genomes  (171,987 proteins)  using a 
Markov  Clustering  algorithm  (MCL).  Selected  clusters  were  used  as  core  orthologs  to  be 
complemented with EST data. Only those clusters that contained sequences of  H. vastatrix  were 
selected. The resulting clusters containing both genomic and EST protein data were then aligned 

Figure 1. Maximum Likelihood tree estimate of the 378 gene data set for 32 fungal taxa using RAxML. Values above branches represent bootstrap 
values from 250 replicates. Taxa with an asterisk (*) appended are represented by EST data, otherwise they are represented by a complete genome. 
On the right, the first set of grey bars contains the taxonomic order while the second contains the sub-phylum.



with  MAFFT v6.903b.  To  better  explore  our  data  set,  two  approaches  were  followed  for  the 
phylogenomic analyses. First, a Maximum Likelihood (ML) tree estimation was performed with 
RAxML using the rapid bootstrap algorithm (“-f a -x”), the PROTCATWAG substitution model and 
250 bootstrap replicates. Second, a phylogenomic network was constructed with SplitsTree 4 using 
the NeighbourNet algorithm in order to visualize potential conflicting signals in the data.

RESULTS AND DISCUSSION

From the orthology assessment strategy employed in this work, 378 clusters (single-copy orthologs) 
were  identified  after  the  initial  processing  of  the  MCL output,  completion  with  EST data  and 
subsequent selection of clusters that would maximize the presence of H. vastatrix in the data matrix. 
This  data  matrix  was remarkably complete  for  the complete  genome taxa  (average of  148,371 
aligned sites) and patchy for the EST taxa (average of 9,161 aligned sites; 17,504 aligned sites for 
H. vastatrix). Even though the proportion of aligned data for EST taxa relatively low compared to 
complete genome taxa, it still represents a large absolute number of aligned sites for a group of taxa 
that is commonly analysed with a few loci. 

Our ML tree reconstruction resulted in an exceptionally resolved and well supported phylogeny, 
particularly within the Pucciniales, compared to other recent attempts [11] (Fig 1). These results 
support the traditional view that H. vastatrix occupies a basal position within the order [2] and also 
highlight  the  polyphyletic  relationships  of  the  Uromyces  genus  [12].  In  addition,  it  is  also 
noteworthy  that  the  relationships  recovered  by  the  ML approach  among  the  three  sub-phyla 

Figure 2. Neighbour-net based on the 378 gene data set for 32 fungal species. All supraclass and most supraordinal1 relationships are clearly 
defined by wide bosses, indicating limited conflict in the data. However, there is a substantial conflicting signal within the Pucciniales and there is 
uncertainty on the position of the Ustilaginomycotina relative to the Pucciniomycotina and Agaricomycotina



Ustilaginomycotina,  Pucciniomycotina,  Agaricomycotina,  which  were  not  resolved  until  very 
recently [11] already challenge the current view by placing the Ustilaginomycotina as a sister group 
of the Pucciniomycotina instead of the Agaricomycotina.  Using the alternative approach of the 
NeighbourNet algorithm implemented in SplitsTree, the same general pattern is recovered with two 
additional notes (Fig 2). First, there are considerably more possible splits within the Pucciniales, 
which could indicate a source of genuine conflicting phylogenetic signal in our data or simply 
reflect the higher proportion of missing data for this group with the inclusion of EST data. Second, 
the position of the Ustilaginomycotina is again ambiguous in relation to the other two sub-phyla. 
Solving these problems will most likely require that addition of more high quality data from further  
loci and taxa and the application of additional filtering and quality control steps on the data matrix 
[13,14].  Establishing a  robust  and well  resolved phylogeny will  then ensure the first  and most 
important step in our project, by laying the basis from which further analyses can be undertaken 
such as divergence time estimation, detection of natural selection and mapping of pathogenic traits 
or evolution of gene families on the evolutionary history of the rust fungi and H. vastatrix.
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