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Abstract

Pathogens  of  the  genus  Phytophthora are  the  etiological  agents  of  many  devastating

diseases in several high-value crops and forestry species such as potato, tomato, cocoa, and

oak among many others. Phytophthora betacei is a novel species that causes the late blight

of the tree tomato instead of Phytophthora infestans that causes the disease in potato crops

and other Solanaceae. Since both species coexist in the same geographic region, it is of

high interest to understand the genomic mechanisms that make these two closely related

species  to  elicit  similar  diseases  in  such a  divergent  host range.  This  study reports  the

assembly and annotation of the genome of P. betacei strain P8084, the first of its species,

and  a  Colombian  strain  of  P.  infestans (RC1-10),  using  long-read  SMRT  sequencing

technology. The assemblies obtained in this study show a high degree of contiguity and

orthologous gene content relative to other species of the genus, thus making them high-

quality  genomic  resources.  Phytophthora infestans harbors  a  much greater  transposable

element (TE) content relative to  P. betacei, but the abundance proportions of TE classes

and orders remain constant. P. betacei genome expansion is driven by an increase in gene

content, not by an augment of transposable elements or simple repeats, as evidenced from

genome  masking  of  the  genome.  The  total  effector  gene  repertoire  remains  largely

unaltered by the gene expansion in P. betacei, although a larger number of RXLR effector

genes has been observed relative to  P. infestans.  Additionally,  the architecture of gene-

dense  and  gene-sparse  regions  previously  studied  in  P.  infestans is  also  present  in  P.

betacei, despite the different contribution of genes and repetitive elements to the genome of

the latter species.
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assembly, third-generation sequencing.
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Introduction

Pathogens of the genus Phytophthora are the etiological agents of many devastating

diseases in a wide range of plant hosts, that include several high-value crops and forestry

species  such  as  potato,  tomato,  cocoa,  and  oak  among  many  others  (Cline,  Farr,  &

Rossman, 2008). A notorious species of the genus is P. infestans, the causal agent of late

blight of potatoes and tomatoes, disease that caused the Irish famine, a phenomenon that

caused the  exodus and death  of  millions  of  people in  Ireland during the  19th Century

(Turner, 2005).  In recent years, the southern region of Colombia has been affected by an

increased incidence of late blight leading to devastating economic losses in tree tomato

(Solanum betaceum) crops, however Mideros et al., (2018) described the novel species P.

betacei  as the causing agent of late blight of the tree tomato instead of the sympatrically

occurring P. infestans that causes the disease in potato crops.

Phytophthora betacei species was erected and distinguished from P. infestans  and

its closely related species P. andina, using morphological, physiological, molecular, and

host-specificity evidence (Mideros et al., 2018). The molecular evidence based on simple

sequence  repeat  (SSR)  and  genotyping-by-sequencing  (GBS)  markers  allowed  the

classification of the individuals of the putative P. betacei species as those belonging to the

EC-3 clonal  lineage.  Data revealed  a  clear  genetic  structure among the three evaluated

species, except for 2 individuals (likely misclassified) of  P. andina which clusters within

the EC-3 lineage along with P. betacei individuals. This suggests that P. infestans and P.

betacei are genetic differentiated groups with negligible gene flow between them (Mideros

et  al.,  2018).  Although GBS is  a  good approach to  provide genome-wide evidence  for

speciation, there is still no public reference genomic sequence for the putative  P. betacei

isolates  in  order  to  do  a  structural  analysis  to  support  the  claims  and  to  improve  the

knowledge of its genetic mechanisms of pathogenicity. In the same study mentioned above,

an  estimate  of  the  nuclear  DNA content  of  P.  betacei isolate  P8084 revealed  it  to  be

roughly twice as big as that of the reference strain P. infestans T30-4 (Mideros et al., 2018).

The  nuclear  genome of  Phytophthora species  is  highly  plastic  and due  to  their

evolutionary dynamics, similar to other filamentous plant pathogens, the term “two-speed

genomes” has been coined (Dong, Raffaele, & Kamoun, 2015). This term means that the
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core orthologous housekeeping genes of the individual are distributed in gene-rich regions

under  purifying  selection,  whereas  its  pathogenicity  and  virulence  related  genes  are

distributed  along  gene-sparse  regions  with  high  content  of  transposable  elements  and

repeats under positive selection (Dong, Raffaele, & Kamoun, 2015; Raffaele, Win, Cano, &

Kamoun,  2010).  It  has  been  observed  that  extensive  gene  duplication,  gene  loss,  and

genomic rearrangements have occurred in the genomes of  P. infestans,  P. sojae, and  P.

ramorum,  particularly  in  gene-sparse  regions  where  effector  genes  are  located,  and

evidence  points to bursts  of lineage-specific  transposon activation  as the cause of such

phenomena (Raffaele et al., 2010; van Hooff, Snel, & Seidl, 2014). 

The  amount  of  repetitive  content  of  the  genomes  of  Phytophthora  species,

particularly in the gene-sparse regions described above, represents an important fraction of

the total  genomic content accounting up to 74% of the sequenced bases in  P. infestans

(Haas et al., 2009). This also represents a big challenge for accurate assembly with short-

read sequencing technologies (Treangen & Salzberg, 2012) used, up to date, to reconstruct

the representative assemblies of all the members of the genus (Govers & Gijzen,  2006;

Haas et al., 2009; Yang, Tyler, & Hong, 2017). The emergence in recent years of long-read

sequencing  technologies,  such  as  PacBio  SMRT  sequencing  or  Oxford  Nanopore,  has

unveiled a whole new panorama for Phytophthora genomics, since they are more robust to

algorithmic artifacts that might collapse highly repetitive regions as it commonly happens

in second-generation sequencing, as well as the elimination of sub-representation of GC-

rich and low-complexity genomic regions due to PCR amplification biases (Nakano et al.,

2017).

Despite the former, long-read sequencing poses the problem of a much higher error

rate  than  the  one  achieved  with  short-read  sequencing.  PacBio  SMRT  sequencing

technology  reads  possess  an  estimated  error  rate  of  ~13–15%,  mainly  comprised  by

randomly distributed indels throughout the read, in comparison to ~0.1% of mismatches

found  in  Illumina  sequencing  (Ardui,  Ameur,  Vermeesch,  &  Hestand,  2018).  Even

considering  that  the  randomness  of  the  errors  and  the  sequencing  flow of  the  PacBio

platform enable highly accurate consensus reads, the use of hybrid sequencing approaches

with high-quality short-sequencing reads allows for improving the assemblies by resolving
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small  indels, wrongly called bases, and other sequencing artifacts  that might limit  gene

prediction (Walker et al., 2014).

In addition to the computational challenges and limitations to assemble oomycete

genomes,  the  fast-evolving  regions  of  the  Phytophthora genomes  may  be  dramatically

different even among individuals of the same species. Even trisomy, and loss of complete

chromosomes  has  been  observed  within  a  population  of  P.  infestans,  probably  as  a

mechanism to generate or maintain genetic diversity (van der Lee, Testa, Robold, Klooster,

& Govers, 2004). Thus, ideally, genome comparisons among Phytophthora species should

be carried out with geographically/phylogenetically close individuals in order to capture

information of recent evolutionary timescales.

Since P. betacei coexists sympatrically with P. infestans, which is able to infect a

broader host range, it is of high interest to understand the genomic mechanisms allowing

these two closely related genetic groups to elicit similar diseases in such a divergent host

range. Thus, sequencing the genome of P. betacei and a Colombian strain of P. infestans is

a  crucial  step to infer their  evolutionary  history in terms of the causes of the genomic

expansions and synteny loss in the speciation process, along with genetic pathogenicity

determinants  in  the  novel  species.  Furthermore,  in  order  to  capture  a  more  contiguous

representation of the genome, without the assembly artifacts due to repetitive content seen

in  short-read  sequencing,  it  is  imperative  to  perform genome assembly  using the  most

recent long-read sequencing approaches.

The  goal  of  this  study  is  to  perform genome  assembly  and  annotation  of  two

colombian strains,  P. betacei  (P8084) and  P. infestans (RC1-10), using long-read SMRT

sequencing  technologies,  to  analyze  the  effects  of  coding,  transposable  and  repetitive

elements  in  the  genome  architecture  as  a  first  step  in  the  understanding  of  the  their

pathogenicity determinants and the evolution of both species.
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Results

The workflow of this study is shown schematically in  Figure 1, starting from the

raw data received from the sequencing facilities, and is explained in detail in the Methods

section of this document.

Genome sequencing and polishing

The complete sequencing dataset for P. betacei P8084 was comprised by ~17.5 Gb

represented in uncorrected PacBio Sequel subreads and ~22.7 Gb of Illumina paired-end

(PE) clean reads from a previous sequencing effort (Mideros et al., 2018). For P. infestans

RC1-10 only PacBio Sequel sequencing was done and the base yield of the uncorrected

subreads was ~9.2 Gb. The parameters used for Canu assembly (Koren et al., 2017) were

the defaults, except for those relative to computing resource usage (30 cores, 128 GB of

RAM). The required genome size value, used in the assembler’s correction step, was set to

230 Mb for P. infestans RC1-10 given the length of the RefSeq assembly for the species,

and 400 Mb for  P. betacei P8084 based on the flow cytometry genome size estimations

made in Mideros et al. (2018) that showed twice as much of total DNA content relative to

that of P. infestans T30-4. 

Given the noisy nature of the long-read third-generation sequencing technologies,

we took a two-step polishing approach with different sequencing read datasets in order to

correct for indels and misassigned bases in the assemblies that could affect downstream

analyses. An assessment of single-copy orthologous genes of the Stramenopila-Alveolata

group of protists,  as implemented in BUSCO (Waterhouse et  al.,  2018), was used as a

metric of assembly improvement throughout the polishing process. After the first polishing

step for  P. betacei P8084,  carried  out  by aligning the uncorrected  subreads  to  the raw

assembly and performing variant correction with Arrow software, a very modest reduction

of  the  amount  of  missing  orthologs  was  observed  even  though  the  original  assembly

contained only 4 missing genes (Figure 2A). The second polishing step for this genome

used alignments  from the Illumina  PE dataset,  performed variant  calling  on the Arrow

corrected assembly, and replaced the variant positions in the genome with the alternative
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homozygous alleles as implemented in NGSEP v. 3.3.0 (Duitama et al., 2014). This step

neither  improved the recovery of the missing orthologs nor affected  any other  relevant

metric  in  the assessment  (Figure 2A),  thus  subsequent  processing of  the assembly  was

performed  with  the  double  corrected  version.  It  is  interesting  to  notice  that  extensive

duplication of orthologs could be observed in this stage of the assembly. 

The same first polishing step approach was taken for  P. infestans RC1-10 and a

reduction  of  a  single  missing  ortholog  gene  was  observed  (Figure  2B),  as  well  as  an

increase  in  the  number  of  duplicated  genes  indicating  a  higher  gene  recovery  in  the

assembly. The second polishing step for this strain was carried out aligning the corrected

and trimmed subreads used by Canu to perform the assembly (due to their lower error rate

compared to uncorrected subreads) and using NGSEP to do the correction. Interestingly, an

increase in the number of missing and fragmented orthologs was observed along with an

augment in the amount  of duplicated genes (Figure 2B).  We used the double corrected

version of the genome for the rest of the study.

The  assembly  statistics  of  the  polished  genomes  were  obtained  with  QUAST

(Gurevich, Saveliev, Vyahhi, & Tesler, 2013). The assembly obtained for P. betacei P8084

was  the  largest  and  most  contiguous  among  both  strains  with  a  total  size  of  339 Mb

compared to 240 Mb of  P. infestans RC1-10 (Table 1). 1120 (58%) of 1922 contigs of

P8084 were larger than 50 kb, as opposed to 1194 (26%) of 4568 contigs in  P. infestans

RC1-10 with such length. The largest contig of P8084 had a length of 4.14 Mb while the

largest of RC1-10 had only 0.87 Mb, and the N50 for P8084 was 501 Kb compared to 85

Kb of RC1-10. Despite the differences in size and contiguity the GC content was very close

to  51% in both cases,  and no N’s  were observed in  the assembly  as  measured by the

number of N’s per 100 kb (Table 1).

Haploid representation of the genomes

A brief assessment over the Illumina data obtained for P. betacei P8084 (Figure 3)

showed a very likely scenario for a diploid organism as two clear peaks appeared in the k-

mer coverage plot with the one corresponding to haploid being the tallest one, followed by
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the putative diploid peak, at exactly twice the coverage value. The analysis also showed a

high heterozygosity rate of 3.5%. In order to address the problem of unphased assembly for

a highly heterozygous organism, we performed haplotig  curation using Purge Haplotigs

pipeline (Roach, Schmidt, & Borneman, 2018).  We took different approaches for haplotig

purging for each one of the genomes: two rounds of purging for  P. betacei P8084 with

increasing stringency given its extensive duplication levels, and a single purging step for P.

infestans RC1-10 due the number of missing genes and low ortholog duplication.

The Purge Haplotigs pipeline uses uncorrected subreads aligned to the assembly in

order to estimate a per contig coverage rate, and requires the manual selection of thresholds

for discarding low- and high- coverage contigs that are assumed to be either sequencing

errors or potentially misassembled highly repeated regions. For P. betacei P8084 the low-

coverage threshold was set to 10X and the high-coverage threshold was set to 115X, with

the average coverage being around 42X (data not shown). The same thresholds were kept

for both purging steps. Once the coverage filter has been applied, the pipeline performs all-

against-all  contig  alignments  and  calculates  all  the  paired  alignment  scores  for  the

assembly; then a filter is applied with a user-defined alignment threshold “t” in which only

the largest contig is kept for all the contig pairs with alignment scores ≥ t. We evaluated the

performance of three alignment thresholds for the first purging step: 60%, 70%, and 80%.

Although a modest reduction in the duplication levels relative to the polished assembly was

observed at 70%, the amount of missing genes was the least of the three values considered,

with the maximal information loss observed at 60% as measured by missing gene increase

and duplicate reduction. The 80% threshold showed poor duplicate gene reduction, but no

increase  in  missing  genes  was  observed  (Figure  4A).  For  the  second  purging  round a

similar analysis was performed with 70% and 80% as the evaluated alignment thresholds,

selecting the second value as the final threshold since no increase in missing orthologs was

observed, although not significant reduction in duplicates could be evidenced (Figure 4B).

For P. infestans RC1-10 coverage filters, the low-coverage threshold was set to 3X

and the high-coverage threshold was set to 120X, with an average coverage of 23X (data

not  shown).  The  same  alignment  thresholds  evaluated  for  the  first  purging  step  of  P.

betacei  P8084 were assessed for this strain, however for the 60% threshold the option of
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discarding  low-coverage  contigs  was  deactivated  due  to  an  increase  in  the  missing

orthologs  value  (data  not  shown).  The 80% threshold  showed the  best  performance as

measured  by the  least  increase  in  missing orthologs  and an important  reduction  in  the

amount of duplicate genes relative to the polished assembly (Figure 5).

The outputs of the purging pipeline with the evaluated parameters were used as the

definitive assemblies for the rest of this study.

Assembly and single-copy orthologous gene content comparison among genomes of the

genus

As a first step towards a comparative genomics analysis, it is important to estimate

the quality of the obtained assemblies relative to other species of the genus. In our case, the

comparison with the RefSeq genome of P. infestans T30-4 served as the gold standard for

comparison of our assemblies since it belongs to the same species of strain RC1-10, and is

highly phylogenetically close to P. betacei (Mideros et al., 2018). We also browsed NCBI’s

Genome database looking for the most contiguously assembled genomes of the genus, and

then  selected  P.  parasitica and  P.  sojae RefSeq  assemblies  and  P.  ramorum strain

CDFA1418886 genome as comparison references. 

Some of the final assembly statistics can be seen in Table 2. P. betacei P8084 has

the largest genome size (270 Mb) of all the evaluated assemblies distributed among 802

contigs, with the majority of the sequenced bases (98.29%) contained in contigs larger than

50 kb. P. infestans RC1-10 is smaller but more fragmented with a total genome size of 203

Mb contained in 2902 contigs, but only 76.9% of the sequenced bases are present in contigs

larger  than 50 kb. The contig number of P.  betacei  P8084 is  within the same order of

magnitude than P. parasitica and P. ramorum, as well as their contiguity as measured by

the N50.  P. sojae  assembly metrics show the greatest contiguity in the evaluated panel,

showing the largest N50 value, the smallest contig number, and largest percentage of bases

sequenced present contigs >= 50 kb, with  P. betacei in the second place for two of such

statistics. The assemblies of P. infestans were the least contiguous showing a higher contig

count and lower values for bases present in large contigs, but the RefSeq assembly showed
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a much higher N50 than RC1-10, thus making the latter the worst performing assembly.

However, despite the quality differences among the assemblies generated in this study, both

genomes evaluated have 0 N’s per 100 kb, compared to up to 34% of the bases in the P.

parasitica genome.

 We  evaluated  also  the  semantic  content  of  the  genomes,  in  order  to  have  an

estimate of gene recovery for each assembly. Of all the Phytophthora genomes evaluated

for presence of single-copy orthologs in a Stramenopila-Alveolata dataset, P. betacei P8084

showed the least number of missing genes, followed by P. sojae and P. infestans RefSeq

(T30-4), and the highest duplication extent of all the evaluated panel. P. infestans RC1-10

showed a missing gene content greater than the other genomes except for P. ramorum, and

has comparable metrics of fragmented and duplicated genes relative to all the other species

(Figure 6).

Whole genome alignment analysis

MUMmer 4 was used to perform pairwise alignments between the two assembled

genomes and  P. infestans T30-4 as the comparison standard. The alignment between  P.

betacei P8084 and P. infestans RC1-10 yielded aligned sequence rates over 99 % showing

a high degree of identity (97%) both in unique and multiple alignments between the strains

(Table  3).  Only  4% of  the  bases  in  P8084  could  not  be  aligned  to  RC1-10  with  3%

unaligned bases in the reciprocal case. P. infestans RC1-10 showed the highest alignment

rate per sequence (99.97%) and per base number (98.93%) relative to P. infestans T30-4 in

all the comparisons. However, in the reciprocal case, T30-4 showed up to 20% of unaligned

bases,  a  rate  that  was  also  observed  for  P.  betacei P8084.  A very  similar  amount  of

unaligned bases were observed when comparing T30-4 to both assemblies, which leads to

think that such bases are the same for both comparisons, also, close to the number of “N’s”

in  the  T30-4  assembly.  Statistics  regarding  the  length  of  unique  (1-to-1)  and  multiple

alignment  blocks  are  very  similar  across  comparisons.  A  dot-plot  visualization  of  the

alignment  showed  us  that  there  is  a  large  sequence  identity  between  the  assemblies

generated in this study, as well as with P. infestans T30-4 (Figure 7). 
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Transposable and repetitive elements annotation

In order  to  investigate  their  in  the genome,  non-redundant  transposable  element

(TE) and simple sequence repeat  (SSR) libraries  for  P. betacei P8084 and  P. infestans

RC1-10 were obtained. TEs and SSRs comprise 47.31% of the P. betacei P8084 genome,

and 68.85% of the P. infestans RC1-10 genome, accounting for 128 Mb in the first species

and 141 Mb in the second. The total number of TE fragments annotated in the genome was

63842  for  P8084  and  65956  for  RC1-10  of  which  only  the  20.7%  and  the  19.6%,

respectively, were full-length TE copies (Table 4). Six different orders of retrotransposons

(Class  I  transposons)  could  be  identified  in  both  genomes,  and  five  orders  of  DNA

transposons (Class II transposons) could be recovered. Before filtering potential chimeric

elements and potential host genes, Class I transposons comprise 19.6% and 43% of the total

diversity of the non-redundant TE catalog for  P. betacei P8084 and P. infestans RC1-10,

respectively. Class II transposons represent 52.4% and 38.9% of the total number of non-

redundant  elements  in  P.  betacei P8084  and  P.  infestans RC1-10,  respectively.  The

contribution of unclassified repetitive elements in the genome adds up to 19.3% in P8084

and 14.8% in RC1-10, underscoring the potential of novel TE discovery in these organisms.

Complete details about the different categories of repetitive and transposable elements can

be found in Table 4.

For all TE classes examined in the non-redundant library, including uncategorized

and potential chimeric elements, P. infestans RC1-10 consistently shows a greater number

of transposons than  P. betacei P8084, up to an additional order of magnitude, despite its

smaller genome size (Figure 8A). Long terminal repeats (LTR) retrotransposons appear to

be the most abundant type of Class I transposons in the non-redundant libraries of both

species,  supporting  the  claims  of  (Haas  et  al.,  2009)  for  P.  infestans  T30-4  (RefSeq)

genome. For the other types of retroelements the abundance proportions are quite similar,

although  the  absolute  values  are  much  higher  for  RC1-10  (Figure  8B).  In  Class  II

transposons, those belonging to the Terminal Inverted Repeats (TIR) order are the most

abundant  in  the  non-redundant  library  for  both  genomes,  and  the  proportions  are  also

similar  in  other  orders  of  DNA elements,  except  for  Helitrons  that  appear  to  be  more
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represented in P. infestans RC1-10 relative to the total amount of elements compared to the

number found in P. betacei P8084 (Figure 8C).

Non-redundant  TE  and  repetitive  libraries  only  describe  the  diversity  of  the

elements found but do not explain the contribution of such elements to the genome size of a

certain organism. After matching the TE and SSR library to the genome to find the actual

copies  of  each  element,  we calculated  the  distribution  of  bases  belonging  to  repetitive

elements in 10 kb non-overlapping windows (Figure 9). The distributions show that there is

a  very  important  number  of  regions  that  are  both  enriched  and  depleted  for  repetitive

elements as seen by the two peaks at 0 and 10000. A high amount of regions in P. betacei

P8084  that  do  not  have  TEs  or  SSRs  was  observed  relative  to  P.  infestans  RC1-10.

Consistently,  a  lower  number  of  windows  in  P.  betacei P8084  are  part  of  repetitive

elements.

Gene prediction and annotation

MAKER  2  gene  prediction  and  annotation  pipeline  was  executed  for  both  P.

betacei P8084 and P. infestans RC1-10 with the transcriptome and proteome of P. infestans

T30-4 as evidence to support gene prediction. The prediction yielded a total of 43344 genes

for P. betacei P8084, of which 20540 are located inside transposon sequences, and 31701

genes  for  P. infestans RC1-10 of which  26286 are located inside transposons.  A close

examination of gene length distributions show statistically significant differences among

genomes  (p  <  0.01  for  all-against-all  paired  Kolmogorov-Smirnov  tests  with  multiple

testing correction) with the median value for both assemblies below 1 kb (911 bp for P8084

and 840 bp for RC1-10) while P. infestans T30-4 showed a median gene length of 1133 bp.

A high frequency of gene length values below 50 bp exists for the assemblies generated in

this study (Figure 10A). Statistical differences exist for exon length distributions (p < 0.01)

but the relationship is quite inverse: in this case  P. infestans T30-4 displays the smallest

exon lengths with a median of 215 bp while  P. betacei P8084 shows a median length of

295  bp  and  P.  infestans RC1-10  shows  a  median  length  of  277 bp (Figure  10B).  No

statistical differences (P > 0.96) were observed for exon number distributions for the three

compared isolates, with a median exon number of 1 observed in P8084 and RC1-10, and 2
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for  T30-4 (Figure  10C).  Protein  length  size distributions  also showed high congruency

among the three genomes without statistical differences (Figure 10D).

Gene-rich and gene-sparse genomic architecture analysis

In  order  to  evaluate  if  the  architecture  of  gene-rich  and  gene-sparse  regions

observed in other species of the genus is also present in P. betacei P8084, we measured the

5' and 3' distances between genes and also performed the same measurements for TEs. As

observed in Figure 11, a bimodal distribution can be observed for gene distances in both

genomes, revealing groupings of genes at distances ~103 bp and another small peak at ~105

showing more separated genes. A more interesting distribution shape was observed for TE

distances: for P. infestans RC1-10 a large peak is observed around ~100 bp supporting the

idea of tightly clustered TEs, with a small peak around ~103 bp that might correspond to the

distances  measured at  the boundaries  of  the  gene-sparse transposon-rich  regions.  In  P.

betacei P8084 the same peaks are observed, but the one at ~103 bp is much higher, and the

peak at ~100 bp is smaller when compared to the distribution of RC1-10.

Effector gene repertoire of P. betacei P8084 and P. infestans RC1-10

A comparison between the effector gene repertoire of both species was carried out

in order to generate hypotheses regarding plant-pathogen interaction. In general terms, very

modest differences were observed in seven of the evaluated categories between P. betacei

P8084 and  P. infestans RC1-10, with slight increased in gene count favoring the former

species. RXLR effectors, however, increased from 761 in P. infestans RC1-10 to 1092 in

P. betacei P8084 (Figure 12). 

Discussion and conclusions

In this study we assembled, and annotated coding and repetitive elements of the

novel species P. betacei strain P8084 and the Colombian isolate P. infestans RC1-10, using

long-read SMRT sequencing technology. We performed comparisons among the genomes
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to determine the similarities and differences in genome architecture to observe structural

phenomena that could aid in the understanding of the pathogenic potential and evolutionary

history of both species.

Previous  studies  on  the  expansion  of  Phytophthora genome  sizes  and  species

diversification  have  concluded  that  the  main  force  behind  such  phenomenon  is  the

activation of transposable elements that create novel copies of themselves in the genomes,

opening new opportunities for genetic variability in the pathogens (Dong et al., 2015; Haas

et al., 2009; van Hooff et al., 2014). This kind of extensive repetitive content require long

range data to overcome the traditional algorithmic assembly challenges with short sequence

data (Raffaele  et  al.,  2010).  The genome assemblies  obtained in this  study confirm the

potential of technologies such as PacBio SMRT sequencing by showing a high degree of

contiguity relative to other high quality assemblies of the genus, such as  P. sojae  and P.

infestans T30-4, that required large international consortia and years of sequencing effort to

obtain a comparable quality. 

Assembly statistics are not reliable as the only criteria to evaluate the quality of a

genome, since greater length and contiguity may arise by misassembly of the sequencing

data  due  to  algorithmic  and  sequencing  issues  (Jiao  et  al.,  2017)  such  as  parameter

selection, poorly corrected data or insufficient long-read length. To provide further lines of

evidence of assembly quality, we also performed a semantic analysis of the genomes using

BUSCO ortholog search whose results position P. betacei P8084 among the most complete

assemblies for the genus after the polishing rounds. Although P. infestans RC1-10 did not

achieve such level of ortholog completeness, and despite the fact that a higher missing gene

rate was observed after the second polishing round, the gene recovery improved in certain

regions of the genome as shown by an increase in duplicate orthologs, and thus we used the

double polished versions for the rest of the study.

The extensive duplication observed in the BUSCO assessments of P. betacei P8084

may  arise,  in  part,  due  to  the  assembly  in  separate  contigs  of  unphased  haplotypes

(haplotigs) in the case of highly heterozygous individuals (Koren et al., 2018), and it can be

critical in the case of unphased assemblers such as Canu. To further investigate if ortholog

gene duplication is due to haplotig redundancy or due to real biological duplication, ploidy
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assessments  and  heterozygosity  estimations  coupled  with  efficient  haplotig  separation

and/or classification are needed for an adequate genome assembly. Chromosome and ploidy

information for P. infestans and closely related Phytophthora species has been long elusive

due  to  the  difficulties  of  obtaining  suitable  cells  for  cytogenetic  analyses  (Brasier  &

Brasier, 1978), electrophoresis limitations  (Tooley & Carras, 1992), or extreme variations

in the DNA content and ploidy of the individuals (van der Lee, De Witte, Drenth, Alfonso,

& Govers, 1997; Whittaker, Shattock, & Shaw, 1991). Such limitations have prevented the

community to reconstruct high-quality genetic maps or chromosome-scale linkage groups,

but  possibly  this  limitation  can  be  overcome  with  long-read  sequencing  coupled  to

chromatin-conformation capturing techniques, that will likely help to bind contigs together.

In  the  present,  statistical  methods  based  in  variant-calling  from  NGS  data  such  as

GenomeScope and others  (Augusto Corrêa dos Santos, Goldman, & Riaño-Pachón, 2017;

Vurture  et  al.,  2017;  Weiß,  Pais,  Cano,  Kamoun,  & Burbano,  2018),  aim to  solve  the

problem of ploidy and heterozygosity inference and can be used in sequencing projects in

order to estimate the curation effort needed to obtain faithful phased or unphased haploid

representations  of  genomes.  In  our  study,  P.  betacei P8084  showed  to  be  a  diploid

organism with high heterozygosity rate, and therefore an intensive haplotype curation was

required. A similarly intensive process was followed for  P. infestans RC1-10 in order to

make  the  assemblies  comparable,  however  the  lack  of  Illumina  data  did  not  allow an

accurate estimation of ploidy and heterozygosity for the strain and the analyses were done

assuming diploidy.

Once an haploid representation of each genome was reached, the comparison of

assembly statistics and BUSCO profiles of the genomes here obtained with the ones of

other  Phytophthora species revealed that  P. betacei P8084 can be considered one of the

most complete genomes of the genus to date. P. infestans RC1-10 did not show improved

statistics relative to the RefSeq assembly (P. infestans T30-4), but still can be considered a

valuable  resource  to  study the  genomic  diversity  of  the  species.  This  notion  is  further

supported by the whole genome alignment results that show a high degree of sequence

conservation  between the  assemblies  compared  to  P.  infestans T30-4,  but  with  several

regions unique to the novel genomes that deserve a more detailed look in order to generate

hypothesis about speciation processes and pathogenicity differences between species.
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 When examining the architecture of the Phytophthora infestans genome a particular

compartmentalization of genes can be observed: TE-enriched regions with highly repetitive

DNA content and pathogenicity effector genes, and gene-rich regions where most of the

coding elements cluster together (Dong et al., 2015; Haas et al., 2009). It is believed that

such genome architecture allows for higher genetic variability in pathogen populations that

will result  in avoiding plant resistance (Raffaele et al.,  2010). This phenomenon is also

observed in other species of the genus and distant  filamentous plant pathogens such as

Blumeria mildew  (Spanu  et  al.,  2010).  However,  upon  genome-wide  analysis  of  the

transposon  content,  most  of  the  P.  betacei assembly  is  comprised  by  non-transposon

content, suggesting that its larger genome size may arise from gene duplication instead of

TE expansion.  Similar cases have been observed In the fungus  Armillaria an increase in

genome size was produced by a modest expansion of transposons, but also by duplication

of genes involved in sustaining its saprophytic life style (Sipos et al., 2017). 

The conservation of the gene-rich and gene-sparse architecture in P. betacei hints at

a potential evolutionary constraint of these genomic regions in several species of the genus.

Raffaele & Kamoun, (2012) have suggested that increased mutation rates in gene-sparse

transposon-rich  islands  also  affect  RXLR effectors  subject  to  positive  selection.  Since

effectors  plays  a  crucial  role  in  the  pathogenicity  of  Phytophthora  species,  and

consequently in their fitness, it may be beneficial for the pathogen to keep using the same

strategy.  Interestingly,  only  RXLR  effectors  showed  a  considerable  increase  in  copy

number in the genome of P. betacei relative to P. infestans, raising questions about the role

of these additional pathogenicity genes in the high host-specificity of the pathogen and how

exactly  the genome architecture  correlates  with the pathogenic  behavior  of the species.

More detailed on the functional component of effector and non-effector genes will allow us

to draw more elaborated hypotheses and conclusions regarding the basic biology of  P.

betacei  and its implications for disease management and the evolutionary history of the

species.

With a larger number of coding elements in the genome of P. betacei and a greater

spacing among TEs relative to  P. infestans, it can be considered that  that there are novel

gene-rich  compartments  arising  in  the  former  species. Whether  these  novel  gene-rich

16



regions  surged  in  P.  betacei,  mainly  comprised  by  housekeeping  genes  not  directly

involved in  host-defense evasion, are  under  any kind of  selection,  it  is  something  that

remains to be studied given that genome-wide evolutionary analyses (substitution rates or

orthologous genes analyses) were not attempted in this work. As an additional final note,

the similar proportions of TE element categories in the non-redundant libraries for both

assemblies, but the variability of unclassified elements, also hints at repetitive elements that

remain to be discovered in the individuals.

Materials and Methods

Isolates and Sequencing

Phytophthora betacei P8084 is a single zoospore isolate obtained from a late blight-

affected tree tomato (S. betaceum) plant in the municipality  of Colón, Putumayo in the

southern region of Colombia as described in Mideros et al., (2018). P. infestans RC1-10 is

a single zoospore isolate obtained from an affected potato plant in the municipality of El

Rosal, Cundinamarca, Colombia, and belongs to the reference microorganism collection of

the Museum of Natural History of Universidad de los Andes. 

The mycelium of each isolate was grown in Plich liquid medium (van der Lee et al.,

1997) for 15 – 20 days in the dark at 20°C, then harvested, washed, and disrupted in liquid

nitrogen.  DNA  extraction  from  the  disrupted  mycelium  samples  and  PacBio  Sequel

sequencing  was  carried  out  by  Novogene  Corporation  (Hong Kong,  China)  for  isolate

P8084 and by BGI (Hong Kong, China) for isolate RC1-10. The raw sequencing yield was

~17.5 Gb for P8084 and ~9.2 Gb for RC1-10. Additionally, an Illumina PE 100 bp library

for P8084 containing ~22.7 Gb sequenced by Mideros et al. (2018) was used for assembly

polishing and further analyses.

Genome assembly and polishing

17



Long reads of both isolates were corrected and assembled using Canu v. 1.6 (Koren 

et al., 2017) with the default parameters for an estimated genome size of 400 Mb for P8084 

and 230 Mb for RC1-10.

Two polishing rounds were performed for each assembly. For the first polishing

round,  the  sequencing  subreads  were  aligned  to  the  assembly  using  pbmm2

(https://github.com/PacificBiosciences/pbmm2, v. 0.9.0) wrapper for minimap2 aligner (Li,

2018). Variant  calling  and  reference  correction  was  performed  using  Arrow  v.  2.2.2

(Pacific  Biosciences)  with  the  option  for  detection  of  diploid  heterozygous  variants

enabled. Two different approaches were used for the second polishing round: first, Illumina

paired reads were aligned to the polished assembly of P8084 with Bowtie2 (Langmead &

Salzberg,  2012) and variant  calling and reference correction was done using NGSEP v.

3.3.0 (Duitama et al., 2014); second, the corrected-trimmed subreads obtained from Canu

were aligned to the polished assembly of RC1-10, and variant calling and correction was

also  done  with  NGSEP.  Genome  quality  improvement  was  evaluated  by  single-copy

ortholog analysis with BUSCO v. 3.0.2 (Waterhouse et al., 2018) with the Stramenopila-

Alveolata orthologous gene set, and several assembly statistics were assessed with  QUAST

v. 4.4 (Gurevich et al., 2013).

Haploid representation of the genomes

Illumina  PE  data  from  Phytophthora  betacei P8084  was  analyzed  with

GenomeScope  suite  (Vurture  et  al.,  2017)  to  obtain  an  estimation  of  ploidy  and

heterozygosity  with a selected k-mer size of 21. Assembly curation to obtain a haploid

representation  of  each genome was carried  out  using  Purge  Haplotigs  pipeline  (Roach,

Schmidt,  &  Borneman,  2018).  Sequencing  subreads  were  aligned  to  the  polished

assemblies  with  pbmm2,  the  coverage  cutoff  values  to  exclude  high-coverage

misassembled  repeats  and  low-coverage  contigs  were  selected  manually  following  the

package documentation. For P. betacei P8084 two curation rounds were carried out. In the

first round three alignment cutoff values, namely 60%, 70%, and 80%, were evaluated for

their effectivity in haplotig reduction with BUSCO. For the second round the same steps

were  followed  but  the  alignment  cutoffs  evaluated  were  only  70%  and  80%.  For  P.
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infestans RC1-10 a single purging step was carried out with the same three alignment cutoff

values mentioned above, but deactivating the coverage contig filtering option for the 60%

alignment cutoff.

External data sources

The  assemblies  of  P.  infestans strain  T30-4  (GenBank  Accession:

GCA_000142945.1),  P.  parasitica  strain  INRA-310  (GenBank  Accession:

GCA_000247585.2),  P. sojae  V. 3.0 (GenBank Accession:  GCA_000149755.2), and  P.

ramorum strain  CDFA1418886  (GenBank  Accession:  GCA_002968915.1)  were

downloaded  from  the  NCBI  Assembly  repository.  Additionally,  P.  infestans T30-4

transcriptome and proteome files were downloaded as evidence for annotation tasks.

Whole genome alignment analysis

MUMmer 4 package (Marçais et al., 2018) was used for whole genome alignments. 

Pairwise alignments between P. betacei P8084, P. infestans RC1-10, and P. infestans T30-

4 were done with the nucmer algorithm included in the package. The dnadiff program was 

used to obtain the differences between the aligned genomes. For visualization purposes, the

alignment output.delta files were filtered with the program delta-filter to include only 

alignment blocks greater than 10 kb, and mummerplot was used to generate the plots.

Transposable and repetitive elements annotation

A  curated  non-redundant  library  of  transposable  elements  (TEs)  and  repetitive

regions  in both  P. betacei  P8084 and  P. infestans RC1-10 genomes was obtained with

REPET TEdenovo v.2.5 (Quesneville et al., 2005) discovery pipeline. Briefly, this pipeline

performs structural and sequence similarity searches to find putative TEs, then performs

sequence  clustering  and  functional  domain  annotation  to  discard  false  positives  and

building  a  final  non-redundant  library.  The  final  step  involves  taking  into  account  the

domain  annotation  to  classify  the  TEs  by type.  The annotation  of  the  elements  in  the
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genome was done by running REPET TEannot pipeline on the assembly using the non-

redundant library, filtering all those elements classified as potential host genes and potential

chimeric  elements.  Short-sequence  repeats  (SSRs)  were  annotated  in  the  genome  by

running RepeatMasker (Smit & Hubley, 2017). The resulting GFF3 files belonging to each

pipeline  were  merged  to  build  the  final  repetitive  element  catalog,  and  statistics  were

obtained with TEannot.

Gene prediction and annotation

MAKER 2 (Holt & Yandell, 2011) annotation pipeline was used to perform gene prediction

and annotation of both P. betacei P8084 and P. infestans RC1-10. Within the pipeline, ab

initio gene  predictions  were  performed  using  AUGUSTUS  (Stanke,  Schöffmann,

Morgenstern, & Waack, 2006) on a repeat masked genome, and further refining of gene

models was done using P. infestans T30-4 transcriptome and proteome.

Gene-rich and gene-sparse genomic architecture analysis

The regions with annotated TEs were subtracted from the GFF3 files containing the gene

annotation for each genome using BEDTools v. 2.25.0 (Quinlan & Hall, 2010) to obtain a

file that only included TEs and other file containing only genes that were not contained

within TE regions. The distances among TE elements and genes were calculated from the

resulting  GFF3  files  using  the  custom  script  tableElementsDistance5and3.py

(Supplementary Script).

Effector gene repertoire of P. betacei P8084 and P. infestans RC1-10

Functional  annotations  were  determined  for  the  predicted  genes  in  each  genome using

InterProScan v. 5.25-64.0 (Jones et al., 2014) and integrated to the current annotation using

the iprscan2gff3 script included in MAKER2. Eight types of effector genes were searched

in the resulting GFF3 files following the classification proposed in Armitage et al. (2018):

Crinklers  (CRNs),  cutinases,  elicitins,  necrosis-inducing  effectors  (NLPs),  phytotoxins,
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protease inhibitors, RxLR effectors, and other virulence-related proteins. The gene search

was done with GNU grep command line tool using specific search terms for each category

(Supplementary file 1) that included InterPro ontology terms, Pfam terms, and gene names

among others.

Statistics

All  statistical  analysis  and  plots  were  generated  using  the  stats,  base,  and  ggpubr

(https://github.com/kassambara/ggpubr) packages of R Statistical Computing Language v.

3.5.1 (R Core Team, 2018) unless otherwise specified.
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Tables and figures

FIGURE CAPTIONS

FIGURE 1. Overview of the workflow and software packages used in this study.

FIGURE 2. BUSCO assessments of A. Phytophthora betacei P8084 and B. Phytophthora infestans

RC1-10  assembly throughout the polishing process. The query orthologs used in the searches were

Stramenopila-Alveolata BUSCOs.

FIGURE 3. GenomeScope plot of k-mer coverage for Illumina data from  Phytophthora betacei

P8084.

FIGURE 4. BUSCO assessments  of  the  Phytophthora betacei P8084 assembly throughout  the

haplotig purging process.  A. Orthologous gene content evaluated for three alignment thresholds

used  in  haplotig  removal  in  the  first  round.  B. Orthologous  gene  content  evaluated  for  two

alignment thresholds used in haplotig removal in the second round. The query orthologs used in the

searches were Stramenopila-Alveolata BUSCOs.

FIGURE 5. BUSCO assessments of the Phytophthora infestans RC1-10 assembly throughout the

haplotig purging process. Orthologous gene content evaluated for three alignment thresholds and

contig removal (junking) strategies used in haplotig removal. No junk refers to keeping contigs

even though they fail to pass coverage thresholds. The query orthologs used in the searches were

Stramenopila-Alveolata BUSCOs.

FIGURE 6: BUSCO assessment of Phytophthora betacei P8084 and Phytophthora infestans RC1-

10 compared to contiguous RefSeq assemblies for other species in the genus (see Methods for

GenBank accession numbers).

FIGURE  7: Pairwise  whole  genome  alignments  between  Phytophthora  betacei P8084,

Phytophthora infestans RC1-10, and P. infestans T30-4 assemblies obtained with MUMmer 4.  A.

P. betacei P8084 vs.  P. infestans T30-4,  B. P. infestans RC1-10 vs.  P. infestans T30-4,  C. P.
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infestans RC1-10  vs P. betacei P8084. Red dots indicate an alignment match in the same strand.

Blue dots indicate alignment matches in the reverse strand.

FIGURE 8. General  statistics  of  the  non-redundant  library  obtained  for  Phytophthora  betacei

P8084 and  Phytophthora infestans RC1-10.  A. Number of transposable elements per class in the

library. B. Subcategories of Class I (RNA transposons or retrotransposons) elements. 

C. Subcategories of Class II (DNA transposons) elements.

FIGURE 9. Distribution of bases annotated as transposable element (TE) or short sequence repeat

(SSR) in 10 kb windows for Phytophthora betacei P8084 and Phytophthora infestans RC1-10.

FIGURE  10.  Comparison  of  the  basic  annotation  statistics  for Phytophthora betacei P8084,

Phytophthora infestans RC1-10,  and  P. infestans  T30-4.  A. Gene length distributions,  B. Exon

length distributions,  C. Number of exons per gene distributions,  D. Protein length distributions.

Significant differences among the distributions found in  A. and  B. as evaluated by Kolmogorov-

Smirnov test for whole distributions with Bonferroni correction for multiple testing.

FIGURE 11. Bivariate distributions of the 5’ and 3’ distances to closest elements of the same type

for  genes  and  transposable  elements  (TEs)  in  Phytophthora  betacei P8084  and  Phytophthora

infestans RC1-10.  Gray  dotted  lines  serve  as  a  reference  to  observe  differences  in  the  mode

frequencies of the 5’ distributions.

FIGURE 12. General statistics of several types of effector and pathogenicity-related genes in the

current annotation of Phytophthora betacei P8084 and Phytophthora infestans RC1-10 genomes. 
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TABLE CAPTIONS

TABLE 1: QUAST assembly metrics of Phytophthora betacei P8084 and P. infestans RC1-10 after

two polishing rounds.

TABLE  2:  Assembly  statistics  of  P.  betacei P8084  and  P.  infestans RC1-10  compared  to

contiguous RefSeq assemblies of other species in the genus. Source: NCBI

TABLE 3:  Statistics obtained by whole genome paired alignments between P. betacei P8084,  P.

infestans RC1-10, and P. infestans T30-4 assemblies obtained with MUMmer 4. 

TABLE 4:  Statistics of the non-redundant Transposable-element (TE) library obtained with the

TEdenovo pipeline  of  REPET for  each  genome.  DIRS:  Tyrosine  recombinase  (TY)  of

DIRS  type,  LARD:  Large  Retrotransposon  Derivative-type,  LINE:  Long  Interspersed

Nuclear Elements, LTR: Long Terminal Repeats-type, SINE: Short Interspersed Nuclear

Elements,  TRIM:  Terminal-Repeat  Retrotransposons  in  Miniature,  MITE:  Miniature

Inverted-repeat Transposable Elements, TIR: Terminal Inverted Repeats-type. Percentages

indicate the amount of elements of a given category relative to the total elements recovered

for the genome.
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TABLE 1

43

# contigs (>= 0 bp) 1,922 4,568

# contigs (>= 1000 bp) 1,922 4,568

# contigs (>= 5000 bp) 1,893 4,447

# contigs (>= 10000 bp) 1,879 4,326

# contigs (>= 25000 bp) 1,686 2,907

# contigs (>= 50000 bp) 1,120 1,194

Total length (>= 1000 bp) 339,385,240 246,512,313

Total length (>= 5000 bp) 339,316,595 246,203,236

Total length (>= 10000 bp) 339,204,098 245,214,680

Total length (>= 25000 bp) 335,552,449 219,166,212

Total length (>= 50000 bp) 314,472,279 159,865,397

Largest contig 4,148,670 879,822

Total length 339,385,240 246,512,313

GC (%) 51.43 51.26

N50 501,143 85,669

N75 176,995 37,012

L50 160 627

L75 444 1,781

# N's per 100 kbp 0 0

P. betacei P8084 – Arrow + NGSEP correction P. infestans RC1-10 – Arrow + NGSEP correction
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TABLE 3.

45

Total sequences 2,902 802 2,902 4,921 802 4,921

Aligned sequences 2,887 (99.48%) 800 (99.75%) 2,901 (99.97%) 4,691 (95.33%) 799 (99.63%) 4,696 (95.43%)

Unaligned sequences 15 (0.52%) 2 (0.25%) 1 (0.03%) 230 (4.67%) 3 (0.37%) 225 (4.57%)

Total bases 203,291,745 270,893,651 203,291,745 228,543,505 270,893,651 228,543,505

Aligned bases 197,029,000 (96.92%) 259,844,817 (95.92%) 201,110,429 (98.93%) 182,335,615 (79.78%) 259,744,718 (95.88%) 181,731,234 (79.52%)

Unaligned bases 6,262,745 (3.08%) 11,048,834 (4.08%) 2,181,316 (1.07%) 46,207,890 (20.22%) 11,148,933 (4.12%) 46,812,271 (20.48%)

1-to-1 alignment blocks 11,779 11,779 14,078 14,078 17,457 17,457

Total length (bp) 147,720,023 147,745,061 142,009,128 142,014,608 133,616,690 133,592,010

Average length (bp) 12,540.96 12,543.09 10,087.31 10,087.70 7,654.05 7,652.63

Average identity (bp) 98.79 98.79 99.08 99.08 98.57 98.57

Multiple-to-multiple alignment blocks 94,872 94,872 78,458 78,458 136,168 136,168

Total length (bp) 363,349,792 363,497,374 288,069,127 288,144,509 368,346,572 368,237,832

Average length (bp) 3,829.89 3,831.45 3,671.63 3,672.60 2,705.09 2,704.29

Average identity (bp) 97.11 97.11 98.08 98.08 96.78 96.78

P. infestans RC1-10 vs. P. betacei 8084 P. infestans RC1-10 vs. P. infestans T30-4 P. betacei 8084 vs. P. infestans T30-4

P. infestans RC1-10 P. betacei 8084 P. infestans RC1-10 P. infestans T30-4 P. betacei 8084 P. infestans T30-4



TABLE 4.

46

Element type

Retrotransposons (Class I elements)
Class I - Uncategorized order 0 (0.00%)  2 (0.05%)
Class I - Classified in one order  145 (19.44%)  1,809 (42.84%)
Class I - Classified in several orders  1 (0.13%)  6 (0.14%)
Class I - Potential chimeric elements  26 (3.49%)  268 (6.35%)
Class I - Number of total elements (RXX)  146 (19.57%)  1,817 (43.03%)
DIRS - Complete elements  4 (0.54%)  18 (0.43%)
DIRS - Incomplete elements  4 (0.54%)  91 (2.15%)
DIRS - Potential chimeric elements  2 (0.27%)  86 (2.04%)
DIRS - Total number of elements (RYX)  8 (1.07%)  109 (2.58%)
LARD - Potential chimeric elements 0 (0.00%)  6 (0.14%)
LARD - Total number of elements (RXX-LARD)  1 (0.13%)  106 (2.51%)
LINE - Complete elements  4 (0.54%)  17 (0.40%)
LINE - Incomplete elements  3 (0.40%)  38 (0.90%)
LINE - Potential chimeric elements 0 (0.00%)  5 (0.12%)
LINE - Total number of elements (RIX)  7 (0.94%)  55 (1.30%)
LTR - Complete elements  42 (5.63%)  122 (2.89%)
LTR - Incomplete elements  82 (10.99%)  1,286 (30.45%)
LTR - Potential chimeric elements  23 (3.08%)  150 (3.55%)
LTR - Total number of elements (RLX)  124 (16.62%)  1,408 (33.34%)
SINE - Incomplete elements  1 (0.13%)  1 (0.02%)
SINE - Total number of elements (RSX)  1 (0.13%)  1 (0.02%)
TRIM - Potential chimeric elements 0 (0.00%)  15 (0.36%)
TRIM - Total number of elements (RXX-TRIM)  4 (0.54%)  130 (3.08%)

DNA transposons (Class I elements)
Class II - Uncategorized order  7 (0.94%)  22 (0.52%)
Class II - Classified in one order  384 (51.47%)  1,621 (38.39%)
Class I - Potential chimeric elements  41 (5.50%)  283 (6.70%)
Class II - Number of total elements (DXX)  391 (52.41%)  1,643 (38.91%)
Crypton - Complete elements  11 (1.47%)  51 (1.21%)
Crypton - Incomplete elements  9 (1.21%)  36 (0.85%)
Crypton - Potential chimeric elements  4 (0.54%)  22 (0.52%)
Crypton - Total number of elements (DYX)  20 (2.68%)  87 (2.06%)
Helitron - Complete elements 0 (0.00%)  98 (2.32%)
Helitron - Incomplete elements  4 (0.54%)  246 (5.83%)
Helitron - Potential chimeric elements 0 (0.00%)  27 (0.64%)
Helitron - Total number of elements (DHX)  4 (0.54%)  344 (8.15%)
MITE - Potential chimeric elements  1 (0.13%)  4 (0.09%)
MITE - Total number of elements (DXX-MITE)  23 (3.08%)  36 (0.85%)
Maverick - Incomplete elements  2 (0.27%)  52 (1.23%)
Maverick - Potential chimeric elements 0 (0.00%)  12 (0.28%)
Maverick - Total number of elements (DMX)  2 (0.27%)  52 (1.23%)
TIR - Complete elements  145 (19.44%)  246 (5.83%)
TIR - Incomplete elements  190 (25.47%)  856 (20.27%)
TIR - Potential chimeric elements  36 (4.83%)  218 (5.16%)
TIR - Total number of elements (DTX)  335 (44.91%)  1,102 (26.10%)

Total number of elements identified as Potential Host Genes  65 (8.71%)  92 (2.18%)
SSR - Total number of regions predicted 0 (0.00%)  1 (0.02%)

Unidentified class with several orders 0 (0.00%)  42 (0.99%)
Total of elements of several orders  1 (0.13%)  48 (1.14%)
Total number of potential chimeric elements  67 (8.98%)  593 (14.04%)
Number of uncategorized elements at class and order levels (noCat) 144 (19.30%)  628 (14.87%)

TE annotation
Cummulative TE coverage (bp) 128,165,366 141,368,243
Percentage of the genome covered by TE 47.31% 68.85%
Total number of TE fragments 75,950 85,415
Total number of full-length fragments 12,279 (16.17%) 11,954 (14.00%)
Total number of TE copies 63,842 65,956
Total number of full-length copies 13,245 (20.75%) 12,961 (19.65%)

P. betacei P8084 P. infestans RC1-10



SUPPLEMENTARY SCRIPT – tableElementsDistance5and3.py

#!/usr/bin/env python3
#Script for calculating the distances at 3' and 5' of the neighboring elements in a sorted GFF.

#Loading required modules
import sys

#Reading command line arguments
cmdargs = str(sys.argv)
gff_file = str(sys.argv[1])

#Initializing the required variables
previousLine = ""
currentLine = ""
lineExists = True
previous_5_distance = -1
previous_3_distance = -1
element_id = 1

#Printing the header of the output file
print("contig_name", "element_id", "5_prime_distance_closest_element", 

"3_prime_distance_closest_element",sep = "\t")

#Reading the GFF file line per line
with open(gff_file) as file:
#
    while (lineExists == True):
#
        lineRead = file.readline()
        line = lineRead.split("\t")  #Reading the new line and splitting it by tabs
#
        if not lineRead:                #If line is empty as in End of File
            lineExists = False
            previous_3_distance = -1    #In the case it is the last record in file, assign a non-

valid 3' distance
            print(previousLine[0], previousLine[2]+ "_" + str(element_id), previous_5_distance, 

previous_3_distance, sep = "\t") #Print the information of the previous line if any
# #
        elif(lineRead.startswith("#")):
             continue      #Skip the commented lines
# #
        elif(line[2] == "gene" or line[2] == "match" or line[2] == "dispersed_repeat"):
            currentLine = line          #If it is a valid record, assign it to current line
#
            if(previousLine == ""):     #If the previous line is empty, as in the beggining of the

file
                previousLine = currentLine    #Passing the current line as the previous line...
                previous_5_distance = -1      # and assign a non-valid 5' distance
#
            else:
                if(currentLine[0] == previousLine[0]):      #If the element belongs to the same 

contig than the previous one,
                   if(int(currentLine[3]) > int(previousLine[4])): # and if the elements are not 

overlapping.
                       previous_3_distance = int(currentLine[3]) - int(previousLine[4])
                   else:
                       continue         #If the elements overlap, go to the next line
                else:
                    previous_3_distance = -1
#
                print(previousLine[0], previousLine[2] + "_" + str(element_id), 

previous_5_distance, previous_3_distance, sep = "\t")
                previous_5_distance = previous_3_distance
                previousLine = currentLine
                element_id += 1
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SUPPLEMENTARY FILE 1 – List of search terms used for effector gene search per category

CRNs search terms:
Crinkler
CRN
PTHR33129
PTHR24362

Cutinases search terms:
Cutinase
PF01083
IPR000675

Elicitins search terms:
Elicitin
IPR002200
IPR036470
PF00964

NLPs search terms:
NLP
IPR008701
PF05630
Necrosis inducing
NPP1

Phytotoxins search terms:
Phytotoxin
PF09461
IPR018570
PcF

Protease inhibitors search terms:
Cystatin
IPR000010
IPR027214
IPR018073
IPR020381
IPR002350
Kazal
PF00050
PF07648
Cathepsin
IPR013201
EPIC
protease inhibitor

RXLRs search terms:
RXLR
IPR031825
PF16810

Other effectors search terms:
Avirulence
Effector
Avr

48


	Comparative genomics of Phytophthora betacei and Phytophthora infestans reveals genome expansion due to extensive gene duplication but not repetitive elements in a novel species.

