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Abstract 

Recurrent epidemics of coffee leaf rust, caused by the fungal pathogen Hemileia vastatrix, have 

constrained the sustainable production of Arabica coffee for over 150 years. The ability of H. 

vastatrix to overcome resistance in coffee cultivars and evolve new races is inexplicable for a 
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pathogen that supposedly only utilizes clonal reproduction. Understanding the evolutionary 

complexity between H. vastatrix and its only known host, including determining how the 

pathogen evolves virulence so rapidly is crucial for disease management. Achieving such goals 

relies on the availability of a comprehensive and high-quality genome reference assembly. To 

date, two reference genomes have been assembled and published for H. vastatrix that, while 

useful, remain fragmented and do not represent chromosomal scaffolds. Here, we present a 

complete scaffolded pseudochromosome-level genome resource for H. vastatrix strain 178a 

(Hv178a). Our initial assembly revealed an unusually high degree of gene duplication (over 

50% BUSCO basidiomycota_odb10 genes). Upon inspection, this was predominantly due to a 

single scaffold that itself showed 91.9% BUSCO Completeness. Taxonomic analysis of 

predicted BUSCO genes placed this scaffold in Exobasidiomycetes and suggests it is a distinct 

genome, which we have named Hv178a associated fungal genome (Hv178a AFG). The high 

depth of coverage and close association with Hv178a raises the prospect of symbiosis, although 

we cannot completely rule out contamination at this time. The main Ca. 546 Mbp Hv178a 

genome was primarily (97.7%) localised to 11 pseudochromosomes (51.5 Mb N50), building 

the foundation for future advanced studies of genome structure and organization. 

Key words: coffee, rust, Hv178a, Coffea arabica, plant pathogen 

Introduction 

The specialized fungal pathogen Hemileia vastatrix Berk. & Broome (phylum Basidiomycota, 

class Pucciniomycetes, order Pucciniales), causing the devastating disease coffee leaf rust 

(CLR), has been the major constraint to Arabica coffee (Coffea arabica) production for more 

than one and a half centuries (McCook and Vandermeer 2015; Cabral et al. 2016; Talhinhas et 

al. 2017a). First recorded by an English explorer in 1861 near Lake Victoria (East Africa) on 

wild Coffea species, CLR wiped out Arabica coffee cultivation from Ceylon (Sri Lanka) only 
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five years later, with devastating social and economic consequences (Morris 1880). Since this 

historical first outbreak, the disease gained a worldwide distribution, spreading progressively 

through coffee production areas of Asia and Africa, and, finally, crossing the Atlantic Ocean 

where it expanded across Latin America (McCook 2006). With the recent detection of CLR in 

Hawaii in 2020 (Keith et al. 2021), the disease became endemic in all coffee producing regions 

of the world. Although the development and cultivation of rust resistant varieties has 

successfully contributed to CLR control, high adaptation in the fungus shaped by the dynamic 

system of host-pathogen co-evolution has led to recurrent and severe epidemics resulting in 

heavy yield and revenue losses. Latest reports estimate production losses in excess of $1 billion 

annually worldwide (Kahn 2019). Furthermore, during the last decade, a cluster of epidemic 

outbreaks known as “the big rust” burst out across Latin America and the Caribbean on a level 

similar to the one observed in Ceylon; this extended both the temporal and spatial range of the 

disease, conferring to CLR the status of “natural disaster” in the tropics (Avelino et al. 2015; 

McCook and Vandermeer 2015; Silva et al. 2022).  

The global dissemination of H. vastatrix across continents seems to be intimately linked to the 

historical evolution of the global coffee industry. Only recently, the worldwide genetic 

population structure of this pathogen was uncovered by genome-wide SNP data, which 

revealed strong local adaptation driven by coffee hosts (Rodrigues et al. 2022). As a result of 

the high ability of the pathogen to respond rapidly to selection pressure, more than 55 

physiological races have been identified to date (Silva et al. 2022). However, no direct link 

between such high phenotypic diversity and molecular diversity has yet been found, and no 

virulence locus has characterized so far (Talhinhas et al. 2017b; Silva et al. 2022) . 

The rapid evolution of H. vastatrix to overcome resistance in coffee cultivars is even more 

puzzling considering that the pathogen exists almost exclusively in the asexual urediniospore 
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stage of its life cycle and that the dikaryotic urediniospores are the only known functional 

propagules (Talhinhas et al. 2017b; Silva et al. 2018, 2022; Koutouleas et al. 2019a). Hemileia 

vastatrix is a hemicyclic fungus producing urediniospores, teliospores and basidiospores, but 

teliospores occur very rarely (Chinnappa and Sreenivasan 1965; Coutinho et al. 1995; 

Fernandes et al. 2009) and basidiospores do not re‐infect coffee (Rodrigues et al. 1980; 

Kushalappa and Eskes 1989). This led some authors to hypothesize that H. vastatrix is a 

heteroecious rust (Gopalkrishnan 1951; Petersen 1974), although no alternate host was ever 

found despite numerous efforts (Koutouleas et al. 2019b). Given that H. vastatrix belongs to 

the earliest rust lineages within the Pucciniales (family Mikronegeriaceae) (Catherine Aime 

2006; McTaggart et al. 2016; Aime and McTaggart 2021), it is possible that it has lost the 

ability to produce sexual spores during evolution because adaptation to survival would have 

favored the uredinial stage. Although life cycle reduction and predominance of the asexual 

stage may represent an evolutionary dead-end (Aime and McTaggart 2021), H. vastatrix must 

have found alternative strategies to generate genetic variability because evidence of meiosis 

within urediniospores (Carvalho et al. 2011) and signatures of recombination retrieved from 

DNA marker and genomic data (Maia et al. 2013; Cabral et al. 2016; Silva et al. 2018) has 

been reported, as well as introgression footprints (Silva et al. 2018). 

Deconstructing the evolutionary complexity between H. vastatrix and its only known host and 

understanding how the pathogen evolves virulence rapidly are crucial to devise options for 

sustainable disease control. However, achieving such key goals relies on the availability of a 

comprehensive and high-quality genome reference assembly. Previous research efforts 

reported two H. vastatrix genome assemblies based on a combined sequencing strategy of 454 

and Illumina and of PacBio RSII and Illumina, respectively (Cristancho et al. 2014; Porto et 

al. 2019). These genomes provided important new knowledge on the high content of repetitive 

elements and on candidate effector genes. Cristancho et al. (2014) generated a partial hybrid 
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assembly of 333 Mbp comprising eight distinct H. vastatrix isolates occurring in Colombia. 

Although a significant advance, this resource was of limited assistance for genomic data 

analyses given the high proportion of repetitive content (ca. 75%) and the predicted genome 

size of ca. 800 Mbp (Tavares et al. 2014),. Later, Porto et al. (2019) produced an improved 

assembly of 547 Mbp with a contig N50 of ~10 Kbp, containing about 82% repetitive elements, 

of a local Brazilian H. vastatrix isolate (race XXXIII). While this assembly is useful, it is highly 

fragmented, at 116,756 contigs. Here, we report a pseudochromosome-level genome assembly 

of H. vastatrix (strain CIFC Hv178a), including a complete circularised sequence of the 

mitochondrial genome, as a high-quality resource for advancing knowledge on the complex 

coffee rust pathogen. We include an unusual finding of an 18 Mbp fungal scaffold that appears 

to be associated with this strain. We make no conclusions about this but name it as an Hv178a 

associated fungal genome (Hv178a AFG) for future investigations. 

Chromosome-level Hemileia vastatrix (CIFC Hv178a) assembly 

Fungal material, DNA extraction and sequencing 

Hemileia vastatrix isolate CIFC Hv178a (type specimen of race XIV: genotype v2,3,4,5), 

maintained at the spore collection of Centro de Investigação das Ferrugens do Cafeeiro (CIFC), 

Instituto Superior de Agronomia, Universidade de Lisboa, was used in this work. This isolate 

is a mutant strain obtained in 1960 from CIFC´s greenhouse complex derived from isolate 

CIFC Hv178 (race VIII: genotype v2,3,5), collected in India (Balehonnur, Coffee Research 

Station) in 1958 from Coffea arabica S.288-23. CIFC Hv178a was multiplied on its differential 

host plant (C. arabica accession CIFC H147/1, carrying the resistance factors SH2, SH3, SH4 

and SH5), as previously described (d’Oliveira 1954). Single uredospore pustules were collected, 

frozen in liquid nitrogen, and stored at -80˚C until further processing. High molecular weight 

(HMW) genomic DNA was extracted using a cetyltrimethylammonium bromide (CTAB)-
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based protocol modified from Schwessinger and Rathjen (2017). DNA samples were further 

purified using Pacific Biosciences (PacBio) SampleNet – Shared Protocol 

(https://www.pacb.com/wp-content/uploads/2015/09/SharedProtocol-Extracting-DNA-

usinig-Phenol-Chloroform.pdf). DNA concentration and purity were measured using a 

Multiskan SkyHigh Microplate Spectrophotometer (Thermofisher Scientific) and a Qubit 4 

Fluorometer (Thermofisher Scientific), and its quality checked on an agarose gel. Ten 

micrograms of high-quality HMW DNA were sent to CD Genomics (New York, USA) for 

SMRT bell size select long read library preparation and PacBio Sequel II sequencing 

(continuous long read runs). The same sample of HMW DNA was used for library construction 

with TruSeq DNA PCR-Free kit, following manufacturer’s recommendations, and resequencing 

with paired-end 151 bp reads at CD Genomics on Illumina an NovaSeq platform.  

Draft genome assembly 

We received raw PacBio Sequel (Menlo Park, California, USA) SMRT™ continuous long 

reads (CLR) from CD Genomics (New York, USA). Prior to correction we had 7,539,679 reads 

(166 Gigabases), with median read length of 17,992. This provided approximately 200 times 

coverage on an expected genome size of 800 Mb, based on flow cytometry (Tavares et al. 

2014). An initial assembly using Canu version 1.9 (Koren et al. 2016) on the University of 

Sydney high performance compute cluster, Artemis, running PBS-Pro (v 13.1.0.160576) was 

run with the following parameters including default corOutCoverage; genomeSize=800m, 

correctedErrorRate=0.040, batOptions="-dg 3 -db 3 -dr 1 -ca 500 -cp 50" and built a diploid 

assembly of 1.6 Gb with 7,374 contigs, an N50 of 62,8510 and L50 of 458. Following this we 

tested Canu version 2.1 using these parameters; genomeSize=800m, corOutCoverage=100, 

corMaxEvidenceErate=0.15, correctedErrorRate=0.040, batOptions="-dg 3 -db 3 -dr 1 -ca 500 

-cp 50". These options produced an assembly of 1.71 Gb with 6,088 contigs, an N50 of 74,5640 

and L50 of 438. A final assembly using Canu version 2.0 was run on Australia’s National 
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Compute Infrastructure (NCI) using the following parameters to maximise coverage; 

genomeSize=1.6g corOutCoverage=1000 "batOptions=-dg 3 -db 3 -dr 1 -ca 500 -cp 50". This 

step produced trimmed reads that were assembled with Canu version 2.1 on Artemis to produce 

an assembly of 1.9 Gb with 6,602 contigs, an N50 of 62,8510 and L50 of 458. After testing 

genome outputs for contiguity with Quast version 5.0.2 (Gurevich et al. 2013), and conserved 

single copy gene completeness with BUSCO version 3.0 (Simão et al. 2015) with the 

basidiomycota_odb9 database, we found optimal results from the high coverage (>200 X) final 

assembly. We used this output, named CR_2103 (coffee rust and date), going forward.   

Genome deduplication 

We ran Purge Haplotigs version 1.0 (Roach et al. 2018) to deduplicate the 1.9 Gb genome 

using these counts per read depth; -l 32  -m 115  -h 170 after mapping with Minimap2 version 

2.3 (Li 2018). We used these purge parameters for the cut-offs; -I 250M -a 70, after testing 

percent cut-offs of 65, 75, 80 and 85 percent for expected genome size and BUSCO 

completeness. We produced two genome fasta outputs with the following BUSCO statistics; 

C:94.7%[S:59.5%,D:35.2%],F:2.2%,M:3.1% and C:82.4%[S:62.5%, 

D:19.9%],F:4.3%,M:13.3% for the primary (553M) and haplotig (813M) assemblies. The 

BUSCO statistics indicated difficulties in separating the haplotypes, with large numbers of 

duplicated conserved genes in each genome. We proceeded with scaffolding using Hi-C data, 

described below, with the most suitable genome based on expected size and completeness. 

Cross-linking of spores and chromatin conformation capture (Hi-C) sequencing 

To improve the scaffolding of our genome assembly we obtained chromatin conformation 

sequence data. About 400 mg of CIFC Hv178a urediniospores were crosslinked in a 1% 

formaldehyde solution for 20 min at room temperature. Crosslinking was quenched by adding 

glycine to a final concentration of 125 mM. The fixed tissue was then ground in liquid nitrogen 
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and the stored frozen powder sent to Phase Genomics (Seattle, WA) for nuclei isolation, Hi-C 

library preparation and sequencing. Data was generated using a Phase Genomics (Seattle, WA) 

Proximo Hi-C 4.0 Kit, which is a commercially available version of the Hi-C protocol 

(Lieberman-Aiden et al. 2009). Following the manufacturer's instructions for the kit, intact 

cells from two samples were crosslinked using a formaldehyde solution, digested using the 

DPNII restriction enzyme, and proximity ligated with biotinylated nucleotides to create 

chimeric molecules composed of fragments from different regions of the genome that were 

physically proximal in vivo. Continuing with the manufacturer's protocol, molecules were 

pulled down with streptavidin beads and processed into an Illumina-compatible sequencing 

library. Sequencing was performed on an Illumina HiSeq 4000, generating a total of 31,666,891 

PE150 read pairs. 

Chromosome-scale scaffolding with Hi-C reads 

The deduplicated primary assembly was scaffolded by Phase Genomics (Seattle, WA). Reads 

were aligned to the draft assembly (CR_2103_70) following the manufacturer's 

recommendations (Phase Genomics 2019). Briefly, reads were aligned using BWA-MEM (Li 

and Durbin 2010) with the -5SP and -t 8 options specified, and all other options default. 

SAMBLASTER (Faust and Hall 2014) was used to flag PCR duplicates, which were later 

excluded from analysis. Alignments were then filtered with samtools (Li et al. 2009) using the 

-F 2304 filtering flag to remove non-primary and secondary alignments.   

Phase Genomics' Proximo Hi-C genome scaffolding platform was used to generate 

chromosome-scale scaffolds following the single-phase scaffolding procedure described in 

Bickhart et al. (2017). As in the LACHESIS method (Burton et al. 2013), this process computes 

a contact frequency matrix from the aligned Hi-C read pairs, normalized by the number of 

DPNII restriction sites (GATC) on each contig, and constructs scaffolds in such a way as to 
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optimize expected contact frequency and other statistical patterns in Hi-C data. Approximately 

20,000 separate Proximo runs were performed to optimize the number and construction of 

scaffolds in order to make them as concordant with the observed Hi-C data as possible. This 

process resulted in a set of 12 chromosome-scale scaffolds containing 543.9 Mbp of sequence 

(94.8% of the corrected assembly). Juicebox (Rao et al. 2014; Durand et al. 2016) was then 

used to correct scaffolding errors. The final pseudochromosome assembly included 12 

scaffolds spanning 552.8 Mbp (96% of input) with a scaffold N50 of 49.4 Mbp. 

Mitochondrial genome assembly 

In order to build the complete mitochondrial organelle genome, we ran Novoplasty 

(Dierckxsens et al. 2017) version 4.3.1, using the PE Illumina resequencing reads and the 

Hemileia vastatrix cytochrome b (cytb) gene, (NCBI accession DQ209282.1) as the seed 

(Grasso et al. 2006). Config specifications included genome size range=100-200 kb, kmer 

size=33 and all other defaults. These settings produced a complete circularised mitochondrial 

sequence at ~171 kb in size. NUMTFinder (Edwards et al. 2021) identified a 51,490 bp contig 

with 51,449 bp (99.9%) identity to a 51,476 bp chunk of the mtDNA genome. This contig was 

removed from the assembly. 

Genome quality assessment 

We estimated the functional completeness of the genome using BUSCO (Simão et al. 2015) 

version 5.1.2 in genome mode with the database, basidiomycota_odb10, and Metaeuk (Levy 

Karin et al. 2020) gene predictions. Basic genome statistics were determined with Quast 

(Gurevich et al. 2013) version 5.0.2. Kmer-based genome sequence completeness and accuracy 

was estimated with Merqury v1.3 (Rhie et al. 2020). 
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Taxonomic contamination assessment and filtering 

BUSCO proteins were assigned to taxonomic groups using Taxolotl v0.1.2 

(https://github.com/slimsuite/taxolotl). Additional protein predictions were made using 

GeMoMa v1.7.1 (Keilwagen et al. 2019) homology-based annotation based on Ensembl 

Release 50 reference genomes for available Basidiomycota species: Cryptococcus neoformans, 

Microbotryum violaceum, Puccinia graminis, Puccinia striiformis, Puccinia triticin, 

Sporisorium reilianum, and Ustilago maydis. Maximum intron size was set to 200 kb. Proteins 

were searched against NCBInr using MMSeqs2 v13-45111 (Mirdita et al. 2021) and Taxolotl 

output visualised with Pavian (Breitwieser and Salzberg 2020). The whole genome assembly 

protein homology, Figure 1A, shows divergence at Class level to Exobasidiomycetes and 

Pucciniomycetes. When we separate out the associated fungal genome the taxonomic 

homology is more concordant for two lineages, Figure 1B and C.    

A 
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B

 
C 

 

Figure 1. Taxonomic homology-based Taxolotl (v0.1.2) plots of the Hv178a genome with annotation from GeMoMa (v1.7.1) 
protein predictions for A) Complete sequence assembly, B) Hv178a genome and C) Hv178a associated fungal genome (AFG). 
Scale bar lettering represents Kingdom, Phyla. Class, Order, Family, Genus and species. 

Read depth genome size prediction and copy number analysis 

Genome size predictions were made with DepthSizer v1.6.3 

(https://github.com/slimsuite/depthsizer), using partitioned PacBio reads (see below) mapped 
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with Minimap v2.4 (Li 2018) and BUSCO v5 (Simão et al. 2015) gene predictions (see above). 

Read depth statistics and predicted copy numbers were generated using DepthKopy v1.0.3 

(Chen et al. 2022).  

Read partitioning 

Following the identification of contig 002765F as putative mtDNA and SCAFF12 as a possible 

accessory genome, reads were partitioned into three subsets: Hv178a, Hv AFG, Hv178a 

mtDNA, and unmapped reads. PacBio long reads were mapped to the complete assembly using 

Minimap2 v2.22 (Li 2018). Illumina paired end reads were mapped using BWA-mem v0.7.17 

(Li and Durbin 2010) . Samtools v1.15 (Li et al. 2009) was then used to extract BAM files of 

aligned reads and fastq files of full-length mapped reads for each assembly subset.  

Post-scaffolding polishing, contamination removal and cleanup 

Genome polishing was attempted with Pilon (Walker et al. 2014), HyPo v1.0.3 (Breitwieser 

and Salzberg 2020) and Racon v1.4.5 (Vaser et al. 2017) and assessed using BUCO v5.3.0 

(Simão et al. 2015) completeness. No polishing strategy was found to improve BUSCO 

Genome Completeness. Vector screening and removal of low-quality scaffolds was performed 

with Diploidocus v1.3.1 (Chen et al. 2022) using partitioned Hv178a reads and BUSCO results. 

Initial NCBI screening identified possible Daucus carota (wild carrot) contamination, 

restricted to a single contig of Scaffold 1. This contig was added to the Univec contamination 

database for Diploidocus contamination screening. Six contigs identified by Taxolotl as 

bacterial contaminants were removed prior to tidying. Diploidocus filtered 24 contigs from the 

genome as low quality, and a further 64 as probable haplotig false duplications. 
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Repeat family annotation 

Transposable elements and simple sequence repeats were annotated with Repeat Modeler 

v2.0.1 (Smit and Hubley 2019) and Repeat Masker v4.1.0 (Smit et al. 2019). Initial repeat 

libraries were constructed for the complete draft assembly. Partitioned Hv178a and Hv178a 

AFG genomes were then annotated independently using the corresponding full haplotype 

repeat library. 

rDNA prediction 

Ribosomal rDNA genes were predicted with barrnap v0.9 

(https://github.com/tseemann/barrnap (kingdom = eukaryote). Full-length rDNA repeats were 

identified by extracting annotations for 5.8S, 18S and 28S rRNA genes, excluding partial 

predictions, and identifying scaffolds containing multiple copies of all three. Full-length rDNA 

repeats were found on Hv178a scaffold 7, Hv178a AFG (scaffold 12), and an additional twenty 

contigs flagged as repetitive by Diploidocus. Predicted rRNA genes were searched against the 

NCBInr nt database with BLAST+ v2.11.0 blastn, confirming most contigs (and scaffold 7) as 

Hemileia vastatrix. Hv178a AFG returned high identity hits to the genus Sympodiomycopsis 

and Malassezia, giving possible insight into the taxonomic placement of this unknown yeast. 

Two contigs, CTG001507A and CTG001646A, had top-ranked hit to Golovinomyces 

cichoracearum mitochondrion (18S) and Jaminaea angkoriensis mitochondrion (28S). These 

contigs could represent unidentified Hv178a AFG mitochondrial sequence or may indicate that 

a low level of contamination may remain. One contig, CTG002427A, appears to contain rRNA 

repeats from a Planococcus species. 
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Hemileia vastatrix (CIFC Hv178a) scaffolded assembly statistics 

The set of 11 ‘core’ scaffolds, plus an Hv178a associated fungal genome (Hv178a AFG, see 

below), as scaffold 12, were initially designated as the assembly and made available at 

10.5281/zenodo.6757928 (v1.1). The Hi-C heatmap (Figure 2) showed that the Hv178a AFG 

scaffold has no interaction with the other scaffolds, indicating a likely second genome or 

subcellular compartment. Following further decontamination, the genome assembly, not 

incorporating the Hv178a AFG scaffold, was made available at 10.5281/zenodo.6816635 

(v1.2) as detailed in the data availability section. The genome incorporates the fully circularised 

171 kb mitochondrial DNA sequence as the final scaffold. 

 

Figure 2. Image from Juicebox visualisation software (v 1.11.08) of the scaffolded Hemileia vastatrix (strain Hv178a) 
assembly heatmap shows 11 scaffolds and an additional 12th scaffold that has no interaction with the other scaffolds, here 
termed Hv178a AFG (an associated fungal genome). Hi-C coverage is represented in blue. 

Table 1. Hemileia vastatrix (strain Hv178a) Hi-C scaffolded genome assembly statistics using Quast (Gurevich et al. 2013) 
and BUSCO v. 5.1.2 (Simão et al. 2015) with basidiomycete_odb10 database. Hv178a plus AFG (an associated fungal 
genome) statistics are included as shaded cells.   
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Genome  

Contigs 

(Scaffolds) Total Length Largest scaffold N50 L50 GC (%) 

Hv178a 57 (11) 546,464,377 95,899,683 51,490,964 4 33.35 

Hv178a plus AFG 58 (12) 565,096,666 95,899,683 51,490,964 4 34.15 

BUSCO results Complete Single copy Duplicated Fragmented Missing Total(n) 

Hv178a 1,241 

(70.4%) 

1,222 

(69.3%) 

19 

(1.1%) 

53 

(3.0%) 

470 

(26.6%) 

1,764 

Hv178a plus AFG 1,692 

(95.9%) 

799 

(45.3%) 

893 

(50.6%) 

13 

(0.7%) 

59 

(3.4%) 

1,764 

 

Discussion  

The Hemileia vastatrix (CIFC Hv178a) genome size conforms to Hv33 

Our assembled genome represents 11 large pseudochromosomes with a total mean GC content 

of 33.35%. An additional 18 Mbp Hv178a associated fungal (AFG) scaffold was also 

assembled and is retained in our genome analyses. While our initial genome size estimate used 

the predicted 1C calculation determined with flow cytometry (FCM) of 796 Mb (Tavares et al. 

2014), we consistently found our assemblies conforming to ~ 540 Mbp, in accordance with 

Porto et al. (2019). Given that Tavares et al. (2014) also worked with the Hv178a isolate 

(http://www.zbi.ee/fungal-genomesize/?q#bobx) the size discrepancy is intriguing, but could 

relate to known errors that can occur using FCM for genome size estimation that are dependent 

on cell-cycle stage, the relative genome size for the host plant, and the nucleic acid stain (Wang 

et al. 2015; Ortega-Ortega et al. 2019). It is also possible that this is due to collapsing of highly 

repetitive regions during the assembly and scaffolding process. Statistics indicate that the 
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Hv178a genome is 546 Mbp, when the scaffold containing the Hv178a AFG is excluded (Table 

2).   

Hv178a chromosome numbers align with cytological studies 

The final Hv178a assembly has 11 pseudochromosomes. H. vastatrix is an ancestral rust, from 

the family Mikronegeriaceae. Up to now, chromosome numbers have not been clearly assigned 

to this evolutionary group of rust-forming basidiomycetes. An earlier cytological study 

reported the difficulty in determining a conclusive number of chromosomes for H. vastatrix 

and suggested as the best resolved data the presence of 14 chromosomes (Chinnappa and 

Sreenivasan 1965). More recently, Tavares et al. (2013) determined between 7-13 

chromosomes using both electrophoretic and cytological karyotyping, as well as fluorescence 

in-situ hybridization of two races of H. vastatrix (race II - isolate 1065 and race VI - isolate 71) 

from the CIFC/ISA collection. While several distantly related rust fungi within the 

Pucciniamycotina subdivision are known to have 18 haploid chromosomes (Schwessinger et 

al. 2020; Wu et al. 2021; Edwards et al. 2022), a much greater variation in chromosome number 

may be expected among the Pucciniales, particularly in ancient rusts.  

A Hv178a associated fungal genome (AFG) incorporates many conserved genes 

The Hv178a AFG scaffold is an intriguing but unexplained finding from this assembly. We did 

not find this scaffold in a search within the genome of the Hv33 strain. While the taxonomic 

analysis and heatmap (Figures 1 and 2) and the BUSCO statistics (Table 3) suggest that this 

scaffold is a contaminant, we could not unambiguously attribute the sequence data to another 

organism. The scaffold shares taxonomic conservation with exobasidiomycetes and shares 

conserved BUSCO genes with basidiomycetes. Phylogenomic analysis with using BUSCO 

genes from Ensembl fungal genomes most closely associated Hv178a AFG with 

Pseudomicrostroma glucosiphilum (Kijpornyongpan and Aime 2017), a yeast (data not 
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shown), whilst blastn analysis of predicted rRNA genes suggests it is a relative of 

Sympodiomycopsis or Malassezia. However, contamination was not detected with universal 

ITS primers during DNA preparation, nor was a second mitochondrial sequence observed 

within the total genome data, despite attempting to assemble using a seed read input from P. 

glucosiphilum cytochrome c oxidase (NCBI accession XM_025490016.1). Another interesting 

observation is that the removal of this scaffold led to incomplete conserved gene reporting for 

the Hv178a genome (Table 4), despite very high coverage of long read assembly data. Indeed, 

it appears that this scaffold was the source of the very high duplication rates hindering the 

initial deduplication with Purge Haplotigs software. We expect that further investigation is 

required to resolve the nature of this finding. 

Conclusion 

We have assembled and curated the first scaffolded genome for the coffee leaf rust causing 

pathogen, Hemileia vastatrix. Our genome assembly for the strain CIFC Hv178a has shown 

that there are likely 11 haploid chromosomes. The genome resource, including a full 

mitochondrial sequence, will facilitate advances in understanding the pathogenicity of this 

virulent pathogen on Coffea arabica. 

Acknowledgements 

Funding for the research was provided by PORLisboa, Portugal2020 and European Union 

through FEDER funds (LISBOA-01-0145-FEDER-029189) and by the Foundation for Science 

and Technology (FCT) through Portuguese funds (PTDC/ASP-PLA/29189/2017).  

We thank Ana Paula Pereira and the technical staff from CIFC/ISA, namely Célia Lopes, 

Idalina Gomes and Miguel Ribeiro, for the support provided on isolate multiplication and 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


pathotype testing, as well as for the maintenance of coffee plants and preservation of CIFC rust 

collection. 

Author contributions 

PAT assembled nuclear and mitochondrial genome assemblie, ran analyses, wrote much of the 

manuscript. RJE curated the genome data, ran analyses, prepared figures, contributed to the 

methods and results of the manuscript writing.  PS ran genome assemblies. VI participated in 

the extraction and purification of HMW DNA. VV and MCS provided spore samples from 

CIFC´s collection, coordinated isolate multiplication and characterization, and contributed to 

the manuscript. HM scaffolded the genome. RFP supported the study and contributed to the 

manuscript. DB initiated and led the research, sourced grant funding, prepared samples for 

PacBio sequencing and for Hi-C and wrote much of the manuscript. All authors contributed to 

and read the manuscript.  

Data availability 

Raw data is available at the following BioProject accession number at the National Centre for 

Biotechnology Information (NCBI): PRJNA837996. The complete genome, 

Hv178a_A.v1.2.fasta.gz, and associated fungal genome, Hv178a_AFG_A.v1.2.fasta.gz, are 

available here: 10.5281/zenodo.6816635. Note that the version A.v1.2 is the current genome 

for this organism. 

References 

Aime, M. C., and A. R. McTaggart, 2021 A higher-rank classification for rust fungi, with notes 

on genera. Fungal Syst. Evol. 7: 21–47. 

Avelino, J., M. Cristancho, S. Georgiou, P. Imbach, L. Aguilar et al., 2015 The coffee rust 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


crises in Colombia and Central America (2008–2013): impacts, plausible causes and 

proposed solutions. Food Secur. 7: 303–321. 

Bickhart, D. M., B. D. Rosen, S. Koren, B. L. Sayre, A. R. Hastie et al., 2017 Single-molecule 

sequencing and chromatin conformation capture enable de novo reference assembly of the 

domestic goat genome. Nat. Genet. 49: 643–650. 

Breitwieser, F. P., and S. L. Salzberg, 2020 Pavian: interactive analysis of metagenomics data 

for microbiome studies and pathogen identification. Bioinformatics 36: 1303–1304. 

Burton, J. N., A. Adey, R. P. Patwardhan, R. Qiu, J. O. Kitzman et al., 2013 Chromosome-

scale scaffolding of de novo genome assemblies based on chromatin interactions. Nat. 

Biotechnol. 31: 1119–1125. 

Cabral, P. G. C., E. Maciel-Zambolim, S. A. S. Oliveira, E. T. Caixeta, and L. Zambolim, 2016 

Genetic diversity and structure of Hemileia vastatrix populations on Coffea spp. Plant 

Pathol. 65: 196–204. 

Carvalho, C. R., R. C. Fernandes, G. M. A. Carvalho, R. W. Barreto, and H. C. Evans, 2011 

Cryptosexuality and the Genetic Diversity Paradox in Coffee Rust, Hemileia vastatrix. 

PLoS One 6: 1–7. 

Catherine Aime, M., 2006 Toward resolving family-level relationships in rust fungi 

(Uredinales). Mycoscience 47: 112–122. 

Chen, S. H., M. Rossetto, M. van der Merwe, P. Lu-Irving, J. Y. S. Yap et al., 2022 

Chromosome-level de novo genome assembly of Telopea speciosissima (New South 

Wales waratah) using long-reads, linked-reads and Hi-C. Mol. Ecol. Resour. 1–19. 

Chinnappa, C. C., and M. S. Sreenivasan, 1965 Cytological Studies on Germinating 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


Teliospores of Hemileia Vastatrix. Caryologia 18: 625–631. 

Coutinho, T. A., F. H. J. Rijkenberg, and M. A. J. Van Asch, 1995 Teliospores of Hemileia 

vastatrix. Mycol. Res. 99: 932–934. 

Cristancho, M. A., D. O. Botero-Rozo, W. Giraldo, J. Tabima, D. M. Riaño-Pachón et al., 2014 

Annotation of a hybrid partial genome of the coffee rust (Hemileia vastatrix) contributes 

to the gene repertoire catalog of the Pucciniales. Front. Plant Sci. 5: 1–11. 

d’ Oliveira, B., 1954 As ferrugens do cafeeiro. Rev. Café Port 1: 5–13. 

Dierckxsens, N., P. Mardulyn, and G. Smits, 2017 NOVOPlasty: De novo assembly of 

organelle genomes from whole genome data. Nucleic Acids Res. 45:. 

Duan, H., A. W. Jones, T. Hewitt, A. Mackenzie, Y. Hu et al., 2022 Physical separation of 

haplotypes in dikaryons allows benchmarking of phasing accuracy in Nanopore and HiFi 

assemblies with Hi-C data. Genome Biol. 23: 1–27. 

Durand, N. C., J. T. Robinson, M. S. Shamim, I. Machol, J. P. Mesirov et al., 2016a Juicebox 

Provides a Visualization System for Hi-C Contact Maps with Unlimited Zoom Tool. Cell 

Syst. 3: 99–101. 

Durand, N. C., M. S. Shamim, I. Machol, S. S. P. Rao, M. H. Huntley et al., 2016b Juicer 

Provides a One-Click System for Analyzing Loop-Resolution Hi-C Experiments. Cell 

Syst. 3: 95–98. 

Edwards, R. J., C. Dong, R. F. Park, and P. A. Tobias, 2022 A phased chromosome-level 

genome and full mitochondrial sequence for the dikaryotic myrtle rust pathogen, 

Austropuccinia psidii. bioRxiv 2022.04.22.489119. 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


Edwards, R. J., M. A. Field, J. M. Ferguson, O. Dudchenko, J. Keilwagen et al., 2021 

Chromosome-length genome assembly and structural variations of the primal Basenji dog 

(Canis lupus familiaris) genome. BMC Genomics 22: 1–19. 

Faust, G. G., and I. M. Hall, 2014 SAMBLASTER: Fast duplicate marking and structural 

variant read extraction. Bioinformatics 30: 2503–2505. 

Fernandes, R. D. C., R. D. C. Fernandes, H. C. Evans, H. C. Evans, R. W. Barreto et al., 2009 

Confirmation of the occurrence of teliospores of. Plant Pathol. 34: 108–113. 

Gopalkrishnan, K. S., 1951 Notes on the Morphology of the Genus Hemileia. Mycologia 43: 

271–283. 

Grasso, V., S. Palermo, H. Sierotzki, A. Garibaldi, and U. Gisi, 2006 Cytochrome b gene 

structure and consequences for resistance to Qo inhibitor fungicides in plant pathogens. 

Pest Manag. Sci. 62: 465–472. 

Gurevich, A., V. Saveliev, N. Vyahhi, and G. Tesler, 2013 QUAST: Quality assessment tool 

for genome assemblies. Bioinformatics 29: 1072–1075. 

Kahn, L. H., 2019 Quantitative framework for coffee leaf rust (hemileia vastatrix), production 

and futures. Int. J. Agric. Extension; Vol 7, No 1 Int. J. Agric. Ext. 

Keilwagen, J., F. Hartung, and J. Grau, 2019 GeMoMa: Homology-Based Gene Prediction 

Utilizing Intron Position Conservation and RNA-seq Data BT  - Gene Prediction: Methods 

and Protocols, pp. 161–177 in edited by M. Kollmar. Springer New York, New York, NY. 

Keith, L. M., L. S. Sugiyama, E. Brill, B. L. Adams, M. Fukada et al., 2021 First Report of 

Coffee Leaf Rust Caused by Hemileia vastatrix on Coffee (Coffea arabica) in Hawaii. 

Plant Dis. 106: 761. 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


Kijpornyongpan, T., and M. C. Aime, 2017 Taxonomic revisions in the Microstromatales: two 

new yeast species, two new genera, and validation of Jaminaea and two 

Sympodiomycopsis species. Mycol. Prog. 16: 495–505. 

Koren, S., B. P. Walenz, K. Berlin, J. R. Miller, N. H. Bergman et al., 2016 Canu : scalable 

and accurate long-read assembly via adaptive k--mer weighting and repeat separation. 

Genome Res. 1–35. 

Koutouleas, A., H. Jørgen Lyngs Jørgensen, B. Jensen, J.-P. B. Lillesø, A. Junge et al., 2019a 

On the hunt for the alternate host of Hemileia vastatrix. Ecol. Evol. 9: 13619–13631. 

Koutouleas, A., H. Jørgen Lyngs Jørgensen, B. Jensen, J.-P. B. Lillesø, A. Junge et al., 2019b 

On the hunt for the alternate host of Hemileia vastatrix. Ecol. Evol. 9: 13619–13631. 

Kronenberg, Z. N., R. J. Hall, S. Hiendleder, T. P. L. Smith, S. T. Sullivan et al., 2018 

FALCON-Phase: Integrating PacBio and Hi-C data for phased diploid genomes. bioRxiv 

327064. 

Kushalappa, A. C., and A. B. Eskes, 1989 Advances in Coffee Rust Research. Annu. Rev. 

Phytopathol. 27: 503–531. 

Levy Karin, E., M. Mirdita, and J. Söding, 2020 MetaEuk-sensitive, high-throughput gene 

discovery, and annotation for large-scale eukaryotic metagenomics. Microbiome 8: 1–15. 

Li, H., 2018 Minimap2: Pairwise alignment for nucleotide sequences. Bioinformatics 34: 

3094–3100. 

Li, H., and R. Durbin, 2010 Fast and accurate long-read alignment with Burrows-Wheeler 

transform. Bioinformatics 26: 589–595. 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


Li, H., B. Handsaker, A. Wysoker, T. Fennell, J. Ruan et al., 2009 The Sequence 

Alignment/Map format and SAMtools. Bioinformatics 25: 2078–2079. 

Lieberman-aiden, E., N. L. Van Berkum, L. Williams, M. Imakaev, T. Ragoczy et al., 2009 

Comprehensive mapping of long range interactions reveals folding principles of the 

human genome. Science (80-. ). 326(5950): 289–294. 

Maia, T. A., E. Maciel-Zambolim, E. T. Caixeta, E. S. G. Mizubuti, and L. Zambolim, 2013 

The population structure of Hemileia vastatrix in Brazil inferred from AFLP. Australas. 

Plant Pathol. 42: 533–542. 

McCook, S., 2006 Global rust belt: Hemileia vastatrix and the ecological integration of world 

coffee production since 1850. J. Glob. Hist. 1: 177–195. 

McCook, S., and J. Vandermeer, 2015 The Big Rust and the Red Queen: Long-term 

perspectives on coffee rust research. Phytopathology 105: 1164–1173. 

Mctaggart, A. R., R. G. Shivas, M. A. van der Nest, J. Roux, B. D. Wingfield et al., 2016 Host 

jumps shaped the diversity of extant rust fungi (Pucciniales). New Phytol. 209: 1149–

1158. 

Mirdita, M., M. Steinegger, F. Breitwieser, J. Söding, and E. Levy Karin, 2021 Fast and 

sensitive taxonomic assignment to metagenomic contigs. Bioinformatics 37: 3029–3031. 

Morris, D., 1880 Note on the Structure and Habit of Hemileia vastatrix, the Coffee-leaf Disease 

of Ceylon and Southern India. Bot. J. Linn. Soc. 17: 512–517. 

Ortega-Ortega, J., F. A. Ramírez-Ortega, R. Ruiz-Medrano, and B. Xoconostle-Cázares, 2019 

Analysis of genome size of sixteen Coffea arabica cultivars using flow cytometry. 

HortScience 54: 998–1004. 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


Petersen, R. H., 1974 The Rust Fungus Life Cycle. Bot. Rev. 40: 453–513. 

Phase Genomics, 2019 HiC alignment and QC. phasegenomics.github. 

Porto, B. N., E. T. Caixeta, S. M. Mathioni, P. M. P. Vidigal, L. Zambolim et al., 2019 Genome 

sequencing and transcript analysis of Hemileia vastatrix reveal expression dynamics of 

candidate effectors dependent on host compatibility. PLoS One 14: 1–23. 

Rao, S. S. P., M. H. Huntley, N. C. Durand, E. K. Stamenova, I. D. Bochkov et al., 2014 A 3D 

map of the human genome at kilobase resolution reveals principles of chromatin looping. 

Cell 159: 1665–1680. 

Rhie, A., B. Walenz, S. Koren, and A. Phillippy, 2020 Merqury: reference-free quality, 

completeness, and phasing assessment for genome assemblies. 1–27. 

Roach, M. J., S. A. Schmidt, and A. R. Borneman, 2018 Purge Haplotigs: Synteny Reduction 

for Third-gen Diploid Genome Assemblies. BMC Bioinformatics 19: 286252. 

Rodrigues, C. J. J., L. Rijo, and E. F. Medeiros, 1980 Germinação anómala dos uredósporos de 

Hemileia vastatrix <i/> , o agente causal da ferrugem alaranjada do cafeeiro. Série Estud. 

Agronómicos 7: 17–20. 

Rodrigues, A. S., D. N. Silva, V. Várzea, O. S. Paulo, and D. Batista, 2022 Worldwide 

population structure of the coffee rust fungus Hemileia vastatrix is strongly shaped by 

local adaptation and breeding history. Phytopathology®. 

Schwessinger, B., Y. J. Chen, R. Tien, J. K. Vogt, J. Sperschneider et al., 2020 Distinct Life 

Histories Impact Dikaryotic Genome Evolution in the Rust Fungus Puccinia striiformis 

Causing Stripe Rust in Wheat. Genome Biol. Evol. 12: 597–617. 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


Schwessinger, B., and J. P. Rathjen, 2017 Extraction of high molecular weight DNA from 

fungal rust spores for long read sequencing, pp. 49–55 in Methods in Molecular Biology,. 

Silva, M. D. C., L. Guerra-Guimarães, I. Diniz, A. Loureiro, H. Azinheira et al., 2022 An 

Overview of the Mechanisms Involved in Coffee-Hemileia vastatrix Interactions: Plant 

and Pathogen Perspectives. Agronomy 12:. 

Silva, D. N., V. Várzea, O. S. Paulo, and D. Batista, 2018 Population genomic footprints of 

host adaptation, introgression and recombination in coffee leaf rust. Mol. Plant Pathol. 19: 

1742–1753. 

Simão, F. A., R. M. Waterhouse, P. Ioannidis, E. V. Kriventseva, and E. M. Zdobnov, 2015 

BUSCO: Assessing genome assembly and annotation completeness with single-copy 

orthologs. Bioinformatics 31: 3210–3212. 

Smit, A., and R. Hubley, 2019 RepeatModeler. 

Smit, A., R. Hubley, and P. Green, 2019 RepeatMasker. 

Talhinhas, P., D. Batista, I. Diniz, A. Vieira, D. N. Silva et al., 2017a The coffee leaf rust 

pathogen Hemileia vastatrix: one and a half centuries around the tropics. Mol. Plant 

Pathol. 18: 1039–1051. 

Talhinhas, P., D. Batista, I. Diniz, A. Vieira, D. N. Silva et al., 2017b The coffee leaf rust 

pathogen Hemileia vastatrix: one and a half centuries around the tropics. Mol. Plant 

Pathol. 18: 1039–1051. 

Tavares, S., A. Opiniao, H. G. Loreiro, M. C. Azinheira, and M. D. Silva, 2013 The Karyotype 

of Hemileia vastatrix, the Causal Agent of Coffee Leaf Rust, in Proceedings of the 24th 

International Conference on Coffee Science (ASIC), San José, Costa Rica. 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/


Tavares, S., A. P. Ramos, A. S. Pires, H. G. Azinheira, P. Caldeirinha et al., 2014 Genome size 

analyses of Pucciniales reveal the largest fungal genomes. Front. Plant Sci. 5: 422. 

Vaser, R., I. Sovic, N. Nagarajan, and M. Sikic, 2017 Fast and accurate de novo genome 

assembly from long uncorrected reads. Genome Res. . 

Walker, B. J., T. Abeel, T. Shea, M. Priest, A. Abouelliel et al., 2014 Pilon: An integrated tool 

for comprehensive microbial variant detection and genome assembly improvement. PLoS 

One 9:. 

Wang, J., J. Liu, and M. Kang, 2015 Quantitative testing of the methodology for genome size 

estimation in plants using flow cytometry: A case study of the Primulina genus. Front. 

Plant Sci. 6: 1–13. 

 Wu, J., L. Song, Y. Ding, C. Dong, M. Hasan, and R.F. Park, 2021 A chromosome-scale 

assembly of the wheat leaf rust pathogen Puccinia triticina provides insights into structural 

variations and genetic relationships with haplotype resolution. Front Microbiol 12:704253. 

DOI:10.3389/fmicb.2021.704253. 

 

.CC-BY-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted August 1, 2022. ; https://doi.org/10.1101/2022.07.29.502101doi: bioRxiv preprint 

http://dx.doi.org/10.3389/fmicb.2021.704253
https://doi.org/10.1101/2022.07.29.502101
http://creativecommons.org/licenses/by-nd/4.0/

	A chromosome-level genome resource for studying virulence mechanisms and evolution of the coffee rust pathogen Hemileia vastatrix
	Authors
	Abstract
	Introduction
	Chromosome-level Hemileia vastatrix (CIFC Hv178a) assembly
	Draft genome assembly
	Cross-linking of spores and chromatin conformation capture (Hi-C) sequencing
	Chromosome-scale scaffolding with Hi-C reads
	Mitochondrial genome assembly
	Genome quality assessment
	Taxonomic contamination assessment and filtering
	Read partitioning
	Post-scaffolding polishing, contamination removal and cleanup
	Repeat family annotation
	Hemileia vastatrix (CIFC Hv178a) scaffolded assembly statistics

	Discussion
	The Hemileia vastatrix (CIFC Hv178a) genome size conforms to Hv33
	Hv178a chromosome numbers align with cytological studies
	A Hv178a associated fungal genome (AFG) incorporates many conserved genes

	Conclusion
	Acknowledgements
	Author contributions
	Data availability
	References

	A chromosome-level genome resource for studying virulence mechanisms and evolution of the coffee rust pathogen Hemileia vastatrix
	Authors
	Abstract


