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Abstract 

The oomycete Phytophthora infestans is a plant pathogen responsible for late blight of potato 

and tomato. This rapidly evolving pathogen is of persistent concern because of the damage it 

has caused since the infamous Irish potato famine of 1845. Although many P. infestans 

genetic studies have been completed, the actual center of origin and famine-era strain has not 

been determined with certainty. We built genome libraries and sequenced 108 present-day 

isolates of P. infestans from six different locations of Mexico. We assembled 107 resequenced 

mitochondrial (mtDNA) genome sequences with 80 previously studied sequences from the 

global sources for our phylogenomic analysis. We also used 14 high-depth genomic sequences 

for effector gene analysis. The major objectives of this study are: to complete a phylogenomic 

analysis of P. infestans isolates from mitochondrial genome sequences (n = 187), and to 

characterize novel RXLR gene sequences assembled from the high-depth nuclear genome (n = 

14) sequencing data. The phylogenomic analysis led us to observe that HERB-1 haplotypes 

are actually very common in Mexico. Toluca, which is often considered to harbor the most 

genetically diverse populations and to be the center of origin of the pathogen, is not found to 

be especially genetically diverse in the mitochondrial genome, because there we found a 

predominance of only the Ia mtDNA lineage. Our study also finds that the Ib mtDNA lineage 

is rare in recent times. In contrast to previous studies, our results do not support the claim of 

divergence of type I and type II lineage in South America. We name a new mtDNA lineage as 

lineage III, which is common in the study of isolates from Michoacán, and we suspect these 

isolates to belong to the ‘aggressive lineage of global origin’ (AGG). We discovered 10 novel 

RXLR genes in this study from an assembly of unmapped nuclear genome sequence reads. 

Cluster analysis reveals that most of these novel genes belong to a large cluster consisting of 

the RXLR genes that according to the P. infestans reference genome annotation are not 

classified as secreted RXLR effector gene families. This cluster is the largest, and new RXLR 

genes discovered belong to this cluster, indicating the cluster to be highly dynamic in nature.  

Keywords: Phytophthora infestans, late blight, Irish potato famine, Mexico, phylogenetics, 

mtDNA, lineages, HERB-1, RXLR, cluster analysis 
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C H A P T E R  1  

Introduction 

1.1 Background information and relevant theory 

Plant diseases caused by oomycetes are a major threat to worldwide food security [1]. Late 

blight of potato caused by Phytophthora infestans, an oomycete, has been a serious issue since 

1845. Millions of people died during that period (the famine era, 1845-1849) in Ireland due to 

potato famine [2]. Every year millions of dollars are spent on fungicides in controlling the 

pathogen [3]. Regardless, it still exists as a major threat possibly due to its rapid evolutionary 

mechanisms [4].  

There are few features that make P. infestans and its disease emergence of extreme 

interest and importance. Firstly, the devastating Irish potato famine caused by the pathogen 

took the lives of millions of people. This led to curiosity about the disease. Secondly, the 

devastating disease caused by the pathogen regularly appears in surprising new locations and 

with increased intensity. Thirdly, due to the rapid flux of P. infestans globally, the proper 

disease control has been a major issue [5].  

Many recent studies have revealed new interesting findings as well as raised a few 

questions about this pathogen. Studies performing genome sequencing of this pathogen to 

look at the evolutionary history and the geographical distribution of different haplotypes have 

tried to answer various questions like the pathogen’s center of origin, migration pattern of the 

pathogen and the famine-era strain [6–8]. However, those answers were based on only a few 

genome sequences from samples of the global origin (limited number of Mexican samples).  

Therefore, this thesis will focus on the study of the evolutionary history of the 

pathogen through mitochondrial genome phylogenetic analysis, including more 

comprehensive sampling from Mexico (the probable location of P. infestans’ center of origin) 

and all previously sequenced samples of global origin. Similarly, another focus is on the 

characterization of effector genes (which encode effector proteins) implicated in host-

pathogen interactions [9]. For the pathogen to invade plant cell, it secretes effector proteins 

leading to effector triggered susceptibility [10,11]. We particularly focus on the 
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characterization of RXLR effectors. Hundreds of them are present in P. infestans genome 

[12,13], and we focus on the discovery and characterization of novel ones not found in the 

reference genome annotation. 

 

 

 

 

1.1.1 Biology of P. infestans 

In the tree of life, oomycetes are classified within the Stramenopiles lineage of the supergroup 

Chromalveolates of the eukaryotes [1,15]. Initially, P. infestans and other oomycetes were 

classified as a fungus due to their filamentous growth nature, feed upon by absorption and 

reproduction by spore [4,16]. However, after the development of molecular techniques 

oomycetes were found to be distantly related to fungi and assigned to a separate group [4]. 

Phytophthora infestans is a heterothallic organism and consists of two mating types, A1 and 

A2, and both sexual and asexual reproduction takes place [17,18]. The onset of late blight 

occurs with certain symptoms which can be observed on both tubers and foliages [19] (Fig 

1.1).  

Fig 1. 1 (a) Black wilted, winded, necrotic lesion on potato leaf (b) Black necrotic lesion on potato 

stem (c) Rotted potato tuber infected by late blight pathogen (d) Tomato foliage and fruit affected by 

P. infestans [14] . 
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1.1.2 Host-pathogen interaction 

For pathogens to invade plant cells, pathogens secrete effector proteins that can manipulate 

host defense response leading to effector triggered susceptibility [10,20]. When a resistant 

protein in plant recognizes an effector, effector-triggered immunity is activated, often 

resulting in a hypersensitive response. The effector, in this case, acts as an avirulence factor 

[19]. Effectors of P. infestans are of two types based on their expression of effector proteins 

within the host: extracellular (apoplastic) or cytoplasmic [11]. Apoplastic effectors are divided 

into three groups: small cysteine-rich proteins, enzyme inhibitors, and the Nep-1 like (NPL) 

family. Most of them target plant defense-related proteins, proteases and glucanases [21–23]. 

Similarly, cytoplasmic effectors are divided into two classes: the RXLR protein family and 

the Crinkler protein family. Both are delivered inside the plant cell via a haustorium [24]. The 

RXLR effector is major cytoplasmic effector, and hundreds of them are present in the P. 

infestans genome [12,13]. The RXLR family protein can be categorized into two groups: IPIO 

and AVR3a. The IPIO group consists of three classes (I, II and III) [25,26]. Similarly, RXLR 

effector AVR3a has two different forms AVR3aKI (containing amino acid C19, K80, and 

I103) and AVR3AEM (containing amino acid S19, E80 and M103) [27].  

 Particular characteristics of RXLR (Arg-X-Leu-Arg, where X is any amino acid) 

effectors are the presence of the conserved N-terminus and highly divergent C-terminus in the 

amino acid sequence of the protein [12]. The conserved N-terminus end consists of a signal 

peptide and RXLR motif [12]. In addition to RXLR motif, dEER or EER motif is present 

downstream of RXLR [28]. N-terminal signal peptide is responsible for the secretion and 

RXLR motif is responsible for translocation inside the cytoplasm whereas, the C- terminal 

domain has an effector function [12,24]. Both the E’s in EER is replaced by D, and R is 

replaced by K in some of the RXLR effector proteins [12]. A meticulous bioinformatic 

examination (on the basis of the Hidden Markov Model (HMM) score and MEME search 

result) [28] of the C-terminal end of the effector has revealed the presence of three conserved 

W-Y-L motifs, often present in the repeated fashion [13,29]. They are arranged as a module 

and repeated up to eight times [28]. The W motif has tryptophan residue at position 5 and is 

25 amino acids long and is found in about 60% of the RXLR superfamily members. In about 

95% of RXLR effectors, the W motif is followed by Y and/or L motif having a length of 22 

and 33 amino acids, respectively [28] 
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1.1.3 Origin of the pathogen and famine-era strain  

The late blight of potato (and tomato) appeared quite suddenly in the 19th century, but it was 

unclear from where the pathogen came [30,31]. There has been an increasing number of 

research in recent years to find out the probable location of pathogen’s origin, with the debate 

focused on whether it is Central Mexico or South America [32]. Mexico is regarded as the 

center of origin of the pathogen based on three grounds [33]. First, P. ipomoeae and P. 

mirabilis, which are closely related to P. infestans, are both endemic to central Mexico and 

cause disease in Ipomoea spp. and Mirabilis jalapa respectively [34,35]. Second, genetically 

diverse populations of P. infestans are present in the Toluca Valley of Mexico and contain 

both mating types (A1 and A2) at an approximately 1:1 ratio. Third, migration of P. infestans 

from Mexico to Europe occurred in the 19th century. Prior to that, only mating type A1 was 

found worldwide outside Mexico [36,37], limiting these populations to asexual reproduction. 

Similarly, the hypothesis that South American is the center of origin of the pathogen is based 

on four lines of evidence. First, the presence of resistant genes in endogenous and wild 

Solanum species indicates the presence of P. infestans species in South American Andes for 

centuries (Hawkes 1990). Second, based on the rooted gene genealogies of nuclear RAS locus 

and mitochondrial P3 and P4 region Gloss et al (2014) reported the pathogen origin to be in 

the Andes. Third, Martin et al. (2014) found the type II mitochondrial DNA lineage out of two 

lineages to be ancestral lineage and found in South America. Fourth, the nucleotide diversity 

was found to be more in South American isolates than Mexican isolates [40].  

Initially, it was proposed a single haplotype of P. infestans (Ib) was responsible for the 

19th-century epidemics, and this lineage was thought to be predominant in recent times [41]. 

However, genetic analysis revealed that the 19th-century potato famine was caused by 

mitochondrial lineage Ia and the introduction of Ib lineage came later, in the 20th century 

[2,42]. The mtDNA lineage Ia in the 19th century was predominant not only in Toluca Valley 

of Mexico [4,43,44] but also found in South America [45]. South- America is thought to be 

the center of origin of 19th-century Ib lineage which later spread in North America and 

Europe. Three mtDNA SNPs were studied to draw this conclusion [2,42]. Further data on the 

famine-era strains were obtained by two parallel studies comparing herbarium samples 

collected between 1845 to 1896 with diverse modern isolates [46,47].  Yoshida et al. (2013) 

sequenced ancient DNA and modern genomes and found that 19th-century epidemic was 
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caused by HERB-1 mtDNA lineage. They further stated that nowadays the HERB-1 genotype 

is rare or hardly present [47]. But, in a separate study using phylogenetic analysis, Martin et 

al. (2014) identified HERB-1 lineage in modern populations from both South America and 

Mexico.  

 

1.1.4 Evolutionary ability of P. infestans 

Mutation, population size, mode of reproduction, migration, and selection play major roles in 

the evolutionary ability of pathogens [48]. One of the prime examples of the evolutionary 

potential of the pathogen is an appearance of an aggressive clonal lineage 13_A2 in Europe in 

the early 21st century [49]. This aggressive genotype has more recently become pandemic and 

has caused severe outbreaks in India [50] and China [51]. This aggressive clonal lineage 

outcompetes other aggressive lineages in the potato field and is not susceptible to plant host 

resistance [52]. The genome of P. infestans is organized in a unique way,  having both gene-

dense and gene-sparse regions [13]. In the gene sparse regions, the level of repeat content is 

high [13]. These gene-sparse regions show high copy number variation, silent or replacement 

(missense and nonsense) mutations [49], and are involved in pathogenesis through secreted 

proteins [53]. Similarly, mode of reproduction is also an important factor for the evolution of 

pathogens, and affects the gene distribution among the species [48]. Sexual reproduction in 

the pathogen enhances the survival mechanism; it also acts as a source of variation [48]. In 

addition, migration also plays a crucial role in the evolution of this pathogen. Migration of the 

A2 mating type into regions where only A1 was initially present led to sexual reproduction 

[54]. There are three theories that describe the migration patterns of P. infestans [55]. 

According to the first theory, migration of the pathogen took place from Mexico to the United 

States and then to Europe in the mid-19th century [37]. The second theory suggested the 

migration of the pathogen from the Andean region (near Peru) to the United States and then to 

Europe [56]. The third theory suggested migration of pathogen from Mexico to Peru to the 

United States and then to Europe [30].  

Several impactful studies focus on population structure and genetic diversity of P. 

infestans in Toluca Valley of Mexico [32,44,57,58] whereas fewer target also to other 

locations of Mexico [59–61] and most studies use non-genomic methods. The dynamics of the 

P. infestans worldwide have been impacted by the population biology of P. infestans in the 
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central highland of Mexico [61]. Yet, it is not possible to predict the diversity of P. infestans 

by looking at the population structure of only one region (Toluca valley) of Mexico. Goodwin 

et al. (1992) used DNA fingerprinting and allozyme analysis to investigate the diversity of P. 

infestans between Central and Northern Mexico. A more recent study found sexual 

reproduction and high level of genetic diversity of P. infestans on potato crop in the Mexican 

states of Michoacán, Tlaxaca, and Toluca by using SSR genotyping and gene flow [61]. Wang 

et al. (2017) further suggested that P. infestans exists as a metapopulation in Toluca Valley 

and is the source of genetic diversity in other locations of Mexico.  

 

1.1.5 Phylogenetic analysis 

The mitochondrial genome is often used in the study of evolutionary relatedness among 

Phytophthora isolates [62], because it is reasonable in size, exists in multiple copies in each 

cell, is resistant to degradation, lacks recombination, and has high substitution rate [63]. In 

contrast, the nuclear genome does not have a high substitution rate, but a high recombination 

rate leads to genetic diversity [64]. There are various methods for inferring phylogenetic trees 

(including neighbour-joining, maximum parsimony, maximum likelihood and Bayesian 

Inference (BI)) (Felenstein 2004). The neighbour-joining method constructs a phylogenetic 

tree based on evolutionary distance data  [66]. Maximum parsimony finds a tree with a 

minimum number of evolutionary changes [67]. Standard statistical techniques are used by the 

maximum likelihood approach for inferring probability distribution in order to assign 

probabilities to a particular phylogenetic tree [68]. In this method bases of all the sequences at 

each site are considered as independent, and then the log- likelihood of having these bases for 

a given topology is computed by using the same evolutionary model [69]. The Bayesian 

inference is a branch of statistical inference which uses prior knowledge in assessing the 

probability of model parameter in the presence of new data [70]. BEAST is a software for 

phylogenetic analysis of molecular data, which estimates rooted, time measured phylogenies 

based on various model parameters [70].  
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1.2 Study Objectives 

General Objectives  

1) Perform a phylogenomic analysis of mitochondrial genome sequences from all available P. 

infestans isolates to find the evolutionary relatedness among the isolates. 

2) Characterize novel RXLR effectors from nuclear genome sequences of a subsample of 

Mexican isolates based on conserved motifs and gene cluster analysis. 

Specific Objectives  

1) Perform low-depth genome sequencing (Illumina Next-generation sequencing platform) of 

present-day isolates from Mexico.  

2) Determine mitogenome sequences from these samples and previously published samples 

from global sources. 

3) Characterize the diversity of mtDNA haplotypes in each of the six Mexican study locations. 

4) Perform high-depth genome sequencing of at least two isolates from each of the six 

Mexican study areas. 

5) Assemble novel RXLR sequences and then categorize them with a gene cluster analysis. 
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C H A P T E R  2  

Materials and Methods  

The samples studied (these samples will be termed as ‘study samples/isolates’ hereafter) in 

this project were 112 DNA extracts of P. infestans cultures isolated from potato infected by 

the late blight from six different regions of Mexico (Fig 2.2). The provenance of these 

samples (Table A.1) is described in Wang et al. (2017) [61]. Together, 16 samples were 

isolated from Chapingo (9 (2015), 7 (2016)), 14 samples were isolated from Toluca in 2015, 

18 samples were isolated from Michoacán in 2007, 26 samples were isolated from Juchitepec 

(11 (2015), 15 (2016)), 19 samples were isolated from Tlaxcala (4 (2001), 15(2015)), and 19 

samples were collected from San Geronimo (16 (2015), 3 (2016)). Out of the 112 total 

samples provided by collaborators in the US, only 108 samples were pooled for sequencing 

(Isolates CHCL14, CHCL18, CHCL19, and CHG1 were not prepared for sequencing because 

of their extremely low DNA concentrations) (Table 2.1). Different methods were followed 

until the preparation of indexed DNA libraries that could be pooled and send it to the 

sequencing centre in Oslo. After approximately one month, the raw data was provided by the 

sequencing centre. Methods followed in the laboratory and the bioinformatics softwares 

applied in the study are described below. 

Fig 2. 1 General layout of the laboratory project from fragmentation of DNA to sequencing and read 

alignment to reference genome [71] 
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2.1. Sonication and quantification of extracted DNA 

Sonication (shearing) of DNA was done to reduce the genomic DNA fragments to 

approximately 350 to 400 bp length. For this Bioruptor Pico instrument was used. After 

bringing the sample volume to 100 µl using EB buffer, 12 samples were sheared 

simultaneously using 7 sonication cycles at 15 sec on and 90 sec off format. After the double-

strand breaking of DNA by sonication, the DNA extracts were checked if they were 

fragmented to the size we had expected (350-400 bp) on a 2% agarose gel stained with SYBR 

Safe DNA Stain. The Qubit2.0 fluorometer was used with the Qubit HS (High Sensitivity) 

and BR (Broad Range) assay kits to estimate the concentration of double-stranded DNA using 

2 µl samples of the sheared DNA extracts. 

Fig 2. 2 Representation of the geographical distribution of the study isolates in six different regions of 

Mexico. Different colors are used to represent different regions Tlaxcala (Red), Toluca (Pink), 

Chapingo (Yellow), San Geronimo (Green), Michoacán (Faint Blue) and Juchitepec (Dark Blue). 
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Table 2. 1 Table representing the region, host, year of isolation of those DNA extracts and number of 

isolates collected in each year (four samples not included for sequencing not included in the table). 

Regions  

 

Host Collection year Number of isolates  

Chapingo Potato 2015 9 

2016 3 

Toluca Potato 2015 14 

Tlaxcala Potato 

 

2015 15 

2001 4 

Michoacan Potato 2007 18 

Juchitepec Potato 2015 11 

2016 15 

San Geronimo Potato 2015 16 

2016 3 

Total   108 

 

2.2 Single-tube library preparation and amplification 

The BEST 2.0 single-tube protocol was followed for preparing blunt-end, shotgun Illumina 

libraries [72]. The reagents and buffers used in library preparation methods were enzymes (T4 

Polynucleotide kinase, T4 DNA polymerase, T4 DNA ligase, Bst 2.0 Warmstart polymerase), 

buffers (ligase buffer, isothermal amplification buffer) and other reagents (dNTPs, molecular 

grade water, PEG-4000, Tween 20, NaCl solution) etc. The BEST library preparation method 

has three major steps namely end-repair, ligation, and fill-in process. Hence, three different 

master mixes; end-repair master mix, ligase master mix, and fill-in master mix were used 

during the process. The end-repair master mix was used to repair the blunt end and overhangs 

present in fragmented DNA. The ligase master mix was used to ligate the adapters to the DNA 

and fill-in master mix was used to fill-in the space created during the ligation. 32 µl of EBT 

was used to elute the purified libraries. 

SPRI beads were used to purify the built libraries. A SPRI beads to DNA volume ratio 

of 1:1 was used to remove DNA fragment shorter than approximately 100bp from the 

libraries. The clean-up of the library was done both on the 16 places magnetic rack as well as 

96 well magnetic plate. First, 60 µl of built library sample was mixed with 60 µl of SPRI 
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beads. Care was taken to slowly pipette in and out because SPRI beads solution is highly 

viscous. The mixture was incubated at RT for 5 minutes and kept in the magnetic rack for few 

minutes. The supernatant was discarded, and the beads were washed twice with freshly 

prepared 80% ethanol. The beads were then allowed to dry for approx. 5 minutes at RT but 

not over dried because over drying may lead to fragmentation of DNA.  The tubes were taken 

out of the magnetic rack and beads were eluted with EBT buffer. Finally, tubes were again put 

back in the magnetic rack, allowed the beads to be attracted towards the magnet and 

supernatant was pipetted out as a purified library. 

A quantitative PCR analysis was performed on each library to test the newly built 

libraries and to estimate the number of cycles required for optimal amplification in indexing 

PCR. The purified libraries were diluted 1:20 (1 µl of library template and 19 µl of EBT was 

added) for quantitative PCR analysis. Other reagents used for qPCR were dNTPs, IS7 and IS8 

primers AmpliTaq Gold buffer, MgCl2, AmpliTaq Gold polymerase, SYBR Green mix, and 

molecular biology H2O. The qPCR conditions were set beforehand loading the samples in the 

qPCR. The conditions were; start for 10 min at 95°C, denature for 30 sec at 95°C, annealing 

for 1 min at 60°C, an extension for 45 secs at 72°C. The conditions from denaturing to the 

extension were repeated for 40 cycles, followed by a melt curve. The qPCR quantifies the 

amplifiable DNA present in each of the samples. Amplification of purified library was done to 

find the exact number of cycles needed for each sample in the indexing PCR.  

After estimating the number of cycles required to give to each of the samples by the 

help of qPCR, the unamplified libraries were subjected to indexing PCR. In this process, each 

of the samples was indexed (barcoded) using unique forward (P5) and reverse (P7) primers. 

Unique barcoded primers were used so that it would be possible to demultiplex the sequences 

after Illumina sequencing. The PCR reactions were performed in volumes of 50 µl and 

contained dNTPs (final conc. 0.2 µM, F index primer (final conc. 0.2 µM), R index primer 

(final conc. 0.2 µM), AmpliTaq Gold Polymerase (final conc. 0.05 U/µl), PCR buffer II (final 

conc. 1X), MgCl2 (final conc. 2.5 mM), BSA (final conc. 0.4 mg/ml), 5 µl of undiluted library 

template, and molecular biology water. Initial denaturation was performed at 95°C for 10 min, 

then denaturation at 95°C for 30 sec, the annealing temperature was set at 60°C for 1 min and 

the extension temperature of 72°C for 45 sec. The steps from denaturation to extension was 

repeated 14-22 times according to the values calculated from qPCR. The final holding 
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temperature for the samples was set at 4°C. The indexed libraries were purified using Qiagen 

QIAquick column and eluted in 32 µl EB buffer.  

 

2.3 Library pool preparation and sequencing 

An Agilent 2100 BioAnalyzer was used to estimate the distribution of DNA fragment lengths, 

concentration, and molarity of each purified, indexed library. Indexed libraries were pooled 

for sequencing in the desired proportion using the DNA molarity values estimated from the 

BioAnalyzer and Qubit measurements. The pooled samples were sequenced both at the 

NTNU University Museum and at the Norwegian National Sequencing Center in Oslo on 

various Illumina sequencing platforms. Data was generated in several runs: MiniSeq 150-bp 

SR (Single-Read), NextSeq 500 75-bp SR, HiSeq X 150-bp PE (Paired-End), and HiSeq4000 

150-bp PE.  

 

2.4 Sequence data processing and mapping 

Shotgun genomic sequencing data from all previously published and publicly available P. 

infestans and P. andina samples were obtained from the European Nucleotide Archive via 

accession codes PRJEB2285 (Raffaele et al. 2010), PRJEB2282 (Raffaele et al. 2010), 

PRJEB2284 (Raffaele et al. 2010), PRJEB2285 (Raffaele et al. 2010), ERS226850 (Cooke et 

al. 2012), PRJEB4015 (Martin et al. 2013), PRJEB1717 (Yoshida et al. 2013), PRJEB1877 

(Yoshida et al. 2013), PRJEB1879 (Yoshida et al. 2013), PRJNA275926 (Martin et al. 2016), 

PRJNA52431, and PRJEB20998. This raw sequence data, along with the sequence data 

generated in this study, was processed using the PALEOMIX software pipeline [73]. This 

pipeline simplifies the removal of library adapter contamination and performs mapping and 

filtering of sequence reads. Low-quality bases and residual adapter sequences were trimmed 

with the software AdapterRemoval v2.2 [74]. Paired reads overlapping by at least 11 bp were 

collapsed into a single read with a re-calibrated base quality. After trimming, reads shorter 

than 25 bp were discarded. Independent mapping against the draft reference nuclear and 

mitochondrial genome assemblies of P. infestans strain T30-4 (Haas et al. 2009) was 

performed with the backtrack algorithm of the software BWA v0.7.16 [75]. BWA’s default 

settings were used, except that seeding was deactivated for historical samples. The 
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MarkDuplicates function of Picard v2.9.1 was used to remove PCR duplicates. Reads with 

mapping quality (MAPQ) scores <30 were discarded. Read alignments around 

insertion/deletion events were optimized with the RealignerTargetCreator and IndelRealigner 

tools included in the Genome Analysis Toolkit (GATK) v3.7 [76]. To reduce the damage 

pattern of ancient DNA sequenced from the historical samples, MapDamage2 [77] was used 

to recalibrate base qualities of aligned sequence reads. Statistics on genome and exome 

sequencing depth and amplified library clonality were generated by PALEOMIX. 

 

2.5 Variant discovery and genotyping 

The UnifiedGenotyper algorithm within the Genome Analysis Toolkit (GATK) v3.8 was used 

to discover SNPs in the resulting aligned sequence data simultaneously in all individual BAM 

(Binary sequence Alignment Map) file, using parameters minGQ=30 and minQ=30. The 

ploidy level was assumed to be 2n for the nuclear genome and 1n for the mitochondrial 

genome. The maximum allowed number of alternate alleles was set to 3. INDELs were 

included in the resulting VCF (Variant Call Format) file. A custom Python script was used to 

convert the resulting genotype calls into multiple sequence alignments (MSA) in FASTA 

format. During this process, INDELs and genotypes with a quality score (GQ) of less than 20 

were masked with N, and heterozygous genotypes were converted to the corresponding 

IUPAC ambiguity codes. An MSA of the entire mitochondrial genome region was generated. 

For the nuclear genome, to reduce the time of phylogenetic inference, only the first 1.5 Mbp 

of the coding regions of the largest supercontig in the P. infestans genome assembly were 

included in the MSA. Because of their extremely low depth in these regions, the samples 

JFH89, Pi1845B, and KM177497 were excluded from further analysis. 

 

2.6 Phylogenetic analyses 

In total 187 samples were included in the phylogenetic analysis. These included 107 study 

samples, 80 previously published samples (including reference genome T30-4), including six 

unpublished samples collected in Denmark (Pinf_B_13_8_35, Pinf_D_13_3_5, 

Pinf_F_13_7_33, Pinf_A_13_5_10, Pinf_E_13_8_102 and Pinf_C_13_7_28). BEAST v1.8.2 

(which comes with BEAST, Beauti, and LogfileTracer) was used for the phylogenomic 
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analysis of the mitochondrial genome. Beauti v1.8.2 was used to prepare the Beast input file 

with the following run parameters: HKY+G nucleotide substitution model, strict clock as rate 

variation among branches, and tree prior set as flexible skyride coalescent. For this model, the 

MCMC was run for 40M generations and sampled every 4000 generations. The first 4M 

generations of the run were discarded as burn-in. The posterior distribution of parameters was 

estimated by Markov Chain Monte Carlo (MCMC) sampling. Samples were drawn every 

4000 MCMC steps over a total of 40,000,000 steps. The summary statistics from the Beast 

analysis were visualized using LogfileTracer. The resulting phylogenetic tree was visualized 

in FigTree v1.4.0. The node support (posterior probability) at the point of branching was 

visualized, and the scale axis option was used to visualize the evolutionary date of divergence 

of each isolate from the most recent common ancestor. The mtDNA lineages of the previously 

published reference samples and posterior probability support at the node was used as a basis 

for the categorization of the isolates into different mtDNA lineages. 

 

2.7 Assembly of novel RXLR effectors 

Genomes of 14 Mexican samples were sequenced high depth to study novel effector genes. 

These samples were: CHG3 and CH02 from Chapingo, TG10 and TF1 from Tlaxcala, JFH99, 

JFH109, and JFH32 from Juchitepec, Mich7006 and Mich7014 from Michoacán, SGFX and 

SGF78 from San Geronimo, and T11, T12 and T17 from Toluca. Sequences not mapping to 

the reference genome were used to discover non-reference genes (absent from the T30-4 

genome annotation) encoding novel RXLR proteins in the high-depth resequenced sample 

genomes. For each of these samples, sequences that did not map to the T30-4 reference 

genome assembly were used as input to a de novo assembly performed with ABySS v2.0 [78] 

using a k-mer length of 85. The total assembly length and the N50 statistic were used to 

quantify the completed assemblies. N50 is the size of a contig such that 50% of the sequence 

assembly of a particular contig is equal to or larger than the size of N50. The N50 helps us find 

the quality of our genome assembly since they are distributed into contigs of different sizes. A 

custom script was used to translate all assembled contig nucleotide sequence to amino acid 

sequence for six possible reading frames. Then these amino acids sequences were searched for 

all the ORFs (Open Reading Frames) with lengths of at least 70 residues [49]. SignalP v4.1 

was used to detect signal peptides characteristic of secreted effector proteins. All the amino 
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acid sequences were then sorted based on SignalP discrimination score (D-score ≥ 0.9) and 

signal peptide within residues 1-30 were searched for RXLR motifs within residues 25-60. X 

here stands for any amino acid. In this way, different probable peptide sequences for each 

sample were produced. These proteins were used for server-based BLAST against the T30-4 

reference genome and other recently available reference genomes available in the gene bank. 

This removes the non-Phytophthora hits with E-value greater than 1e-10 and any perfect 

matches to reference genome including T30-4. 

 

2.8 RXLR gene cluster analysis  

An RXLR gene cluster analysis was performed, including our newly discovered genes along 

with all previously known RXLR genes from the T30-4 reference genome assembly. We used 

software mcl [79] with an inflation value of 1.5 to cluster annotate RXLR effectors into tribes. 

As input for the RXLR gene clustering, we used the result of protein-protein self-BLAST 

analysis (cutoff E-value of 10-5) of the entire T30-4 RXLR arsenal in addition to the novel 

RXLR amino acid sequences discovered by Martin et al. (2013), Cooke et al. (2012) and Yin 

et al. (2013) and against itself [80]. 
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C H A P T E R  3  

Results  

3.1 Results from sequencing  

We were interested to look at some of the important parameters such as retained nucleotides, 

depth of coverage and fraction of the PCR duplicates. For the majority of the isolates, the total 

amount of sequencing data generated was approximately 2 Gbp (Fig 3.1). Sample JFH32 

received approximately 34 Gbp. We also compared the achieved nuclear genome sequencing 

depth (mean number of reads overlapping every position in the reference genome) for all the 

samples. This value ranged between 3 and 45, with sample JFH32 being the highest (Fig 3.2). 

 

Fig 3. 1 Comparison of total nucleotides retained in all samples. 

 

Fig 3. 2 Comparison of the nuclear genome sequencing depth achieved in all samples.  
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Likewise, a comparison of average sequencing depth was performed for both nuclear and 

mitochondrial genomes. As predicted due to its higher copy number, the average sequencing 

depth for the mitochondrial genome was higher than that of the nuclear genome. The average 

sequencing depths for nuclear and mitochondrial genomes were 5.23 (s.d. = 7.66) and 529.27 

(s.d. = 667) respectively (Fig. 3.3). Similarly, the proportion of reads that were PCR 

duplicates for mitochondrial and nuclear genomes were 0.27 (s.d = 0.17) and 0.13 (s.d = 

0.05), respectively (Fig 3.4). 

Fig 3. 3 Comparison of average sequencing depth of nuclear and mitochondrial genomes. The 

whiskers indicate the standard deviation from the mean. 

 

 

Fig 3. 4 Fraction of reads those are PCR duplicates for both mitochondrial and nuclear genome. 

Whiskers indicate standard deviations from the mean.  
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3.2 Phylogenetic analysis 

The Bayesian phylogenetic tree for the mitochondrial genome (Fig 3.5) shows the 

categorization of isolates in six different lineages (IIa, IIb, III, US-1/1b, Ia and HERB-1). Two 

Phytophthora isolates (Pand_PaX (P. andina) and Pand_EC3425 (P. mirabilis)) were 

included as outgroups in this phylogenetic analysis. The root of the tree was dated to 640 

(95% HPD (highest posterior density): 475-800) years ago. Similarly, the most recent 

common ancestor (MRCA) of lineage Ia dates 134 years ago (95% HPD: 100-150), and 

MRCA of HERB-1 lineage dates 234 years ago (95% HPD: 225-375). Likewise, the MRCA 

of lineage III dates 79 years ago (95% HPD: 50-100), MRCA of US-1/Ib dates 213 years ago 

(95% HPD: 180-260). In the same way, MRCA of IIa and IIb lineage dates to 143 (95% HPD: 

100-200) and 256 (95% HPD: 200-320) years ago respectively.  

Only one isolate (P10127) was categorized as mtDNA lineage IIb, which has 100% 

posterior support at the node (Fig 3.6). Other samples (PCZ098, PCO033, and PCO038) 

previously categorized as IIb [6] are now grouped in IIa lineage. Our study samples JFH43, 

SGFX, JFH48 and JFH100, Mich7035 and TL14, including two of the unpublished samples 

from Denmark (Pinf_C_13_7_28 and Pinf_E_13_8_102) group within the lineage IIa. 

Only a few samples group within the lineage US-1/Ib (Fig 3.7). None of our study 

samples grouped in this category. All the samples under this lineage were also categorized as 

US-1/Ib in the previous studies [6,47]. Lineage Ib diverged from lineages Ia and HERB-1 

with 99% posterior probability support at the node. Lineage Ia and HERB-1 were separated 

with posterior probability support of 99% at the node. From Fig 3.5, we can see that 

divergence of these two lineages occurred 254 years ago (95% HPD: 205-350). Many of our 

study samples grouped in the lineage Ia. However, none of the samples from Michoacán 

belong to this lineage. As can be seen in Table 3.1, six isolates from Juchitepec, seven isolates 

from San Geronimo, 12 isolates from Toluca, eight isolates from Tlaxcala, and two isolates 

from Chapingo group within lineage Ia. All the samples previously categorized as Ia [6,47] 

were also categorized as Ia in this study. In addition, the samples PIC97605, P8143, P6635, 

P6636, PIC97207, P3681 and P8144 which were previously ungrouped as a distinct lineage, 

group together with Ia lineage samples (Fig 3.8).  
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As mentioned previously, lineage HERB-1 diverged from all other lineages with 99% 

posterior probability support at the node. Clearly, the sample Pand_EC3394 (the red branch 

shown in the phylogenetic tree below (Fig 3.8)) was well differentiated, as its divergence from 

the rest of the group receives 99% posterior probability support at the node. This lineage was 

the most geographically diverse, with the samples from all six sampled regions of Mexico 

(Table 3.1). Altogether, 16 isolates from Juchitepec, two from Toluca, 10 from San-

Geronimo, five from Tlaxcala, seven from Chapingo, and three from Michoacán group within 

lineage HERB-1 (Table 3.1). All the samples categorized as HERB-1 in the previous studies 

[6,7] were also categorized as HERB-1 in this study.  

A unique lineage name was designated to one of the clade (just below lineage IIa) 

where most of the samples from Michoacán belong. The lineage, which was previously not 

given any lineage name [6], was designated as lineage III (Fig 3.6).  Fourteen of our 18 

isolates from Michoacán group within this lineage. In addition, three isolates from Chapingo, 

one from San-Geronimo, and five isolates from Tlaxcala group in this lineage. Thus, in total 

23 study samples from four locations of Mexico group under this lineage (Table 3.1).  
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Fig 3. 5 The mitochondrial DNA phylogeny of P. infestans isolates from Mexico and other previously 

studied samples using Bayesian dating analysis. The major mtDNA lineages are indicated by the 

brackets on the right side of the tree. Red branches indicate P. andina isolates with P. infestans-like 

mitogenomes. The orange dotted lines indicate the position of two outgroups included in this analysis 

(branch length does not represent the true length). The posterior probability support is indicated by 

different coloured ovals at the node (90-100% represented by red, 75-90% indicated by yellow, and 

50-75% indicated by green). The phylogenetic tree is partitioned into four parts (A, B, C and D) as 

shown on the right side for easier visualization of individual parts (see Fig 3.6, Fig 3.7, Fig 3.8, Fig 

3.9). The sample ID of the isolates are removed because they are hard to visualize. The time scale of 

nodes and branch lengths is shown at the bottom of the tree (years before 2016). 

 

 

 

Fig 3. 6 Section of the phylogenetic tree representing mtDNA lineages IIb, IIa and III. This section is 

represented by A in Fig 3.5. The scale axis is not included to make it easier to visualize. The colour of 

isolates corresponds to the geographical locations where they were collected (Fig 2.2). 
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Fig 3. 7 Section of the phylogenetic tree representing mtDNA lineages US-1/Ib and a part of lineage 

Ia. This section is represented by the B in Fig 3.5. The scale axis is not included to make it easier to 

visualize. The colour of isolates corresponds to the geographical locations where they were collected 

(Fig 2.2). 
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Fig 3. 8 Section of the phylogenetic tree representing part of mtDNA lineage Ia and part of HERB-1. 

This section is represented by the C in Fig 3.5. The scale axis is not included to make it easier to 

visualize. The colour of isolates corresponds to the geographical locations where they were collected 

(Fig 2.2). 
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Fig 3. 9 Section of the phylogenetic tree representing a part of mtDNA lineage HERB-1. This section 

is represented by D in Fig 3.5. The scale axis is not included to make it easier to visualize. The colour 

of isolates corresponds to the geographical locations where they were collected (Fig 2.2). 
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3.3 Categorization of study isolates according to mtDNA lineages  

 

 

Fig 3. 10 The pie chart represents the categorization of mtDNA lineages in each of the six 

Mexican regions where our study samples come from. Also displayed is the number of isolates 

carrying each major mtDNA lineage in each location. 
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Table 3. 1 Table showing grouping of all the samples from different geographical locations to their 

respective mitochondrial DNA lineages. 

 

A unique pattern of sample distribution was observed in Juchitepec, Toluca, and Michoacán. 

In Juchitepec, 16 of 25 isolates belong to the HERB-1 mtDNA lineage (Fig 3.10). Similarly, 

in Toluca 12 of 14 samples belong to the Ia mtDNA lineage. In the same way, a unique 

pattern of sample distribution was seen in Michoacán. Out of the 18 samples taken into 

consideration for our study 14 of them were found to be closely related to the previously 

Locations of 

sample 

collection 

Mitochondrial DNA lineages 

US-

1/Ib 

IIb IIa Ia HERB-1 III 

Chapingo - - - CHC19, CHCL20 CHC78, CH04, CHG32, 

CHG12, CHG16, 

CHG10, CH02 

CHG3,  

CHG6,  

CHG21 

Juchitepec - - JFH48, 

JFH43, 

JFH100 

JFH7, JFH153, 

JFH14, JFH99, 

JFH63, JFH51, 

JFH122, JFH59, JFH104, 

JFH108, JFH168, 

JFH121, JFH3, JFH8, 

JFH93, JFH32, JFH109, 

JFH41, JFH49, JFH163, 

JFH54, JFH135 

 

 

 

- 

San-

Geronimo 

- - SGFX SGFY, SGF67, 

SGF83, SGF48, 

SGF60, SGF27, 

SGF40 

SGF1, SGF18, SGF84, 

SGF78, SGF66, SGF37, 

SGF21, SGF39, SGF79, 

SGF57 

SGF65 

Toluca - - - T13, T8, T26, 

T17, T12, T20, 

T7, T25, T23, 

T21, T3, T11 

T18, T24  

 

- 

Tlaxcala - - TL14 TT22, TL6, 

TG20, TG15, 

TL1, TG11, TL4, 

TF1 

TL13, TF4, TG10,  

TL10, TL3 

TF2, J107, J204-1,  

J604-2, J707 

Michoacan - - Mich703

5 

 

 

 

 

 

- 

Mich7054,  

Mich7030-2,  

Mich7012 

Mich7057, Mich7033, 

Mich7038, Mich7059, 

Mich7045, Mich7029, 

Mich7006, Mich7002-2, 

Mich7014, Mich7058, 

Mich7019, Mich7007, 

Mich7041, Mich7055 
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categorized mtDNA samples without any lineage and are now placed under lineage III (see 

also Table 3.1). Thus, in total none of the study samples was categorized as IIb and US-1/Ib, 

six samples were categorized as IIa, 35 isolates were categorized as Ia, and a substantial 

portion of isolates (43) were categorized as HERB-1. 

 

3.4 Characterization of novel RXLR effectors 

Shotgun sequencing data from the 14 genomes sequenced to high depth was used for the 

identification of novel RXLR effector genes via de novo assembly of unmapped reads. For 

each of these samples, the number of input unmapped reads, assembly N50, the number of 

assembled contigs having a length more than 200bp, length of the longest contig, and the total 

length of the assembled contig (bp) were calculated (Table 3.2). The N50 (weighted median 

contig size) for all samples ranged between 300-500 bp. The total length of assembled contigs 

for each sample was between 18-36 Mbp. 

Table 3. 2 Statistics for de novo assemblies of the unmapped reads. 

Assembly Number of 

input 

unmapped 

reads 

Assembly N50 

(bp) 

Number of 

assembled 

contigs longer 

than 200bp 

Largest contig 

length (bp) 

Total length 

(Mbp) 

CHG3 446,219 404 86,894 14,524 34.5 

SGF78 742,467 459 73,144 20,153 32.9 

CHO2 1,226,892 466 75,173 27,419 34.1 

JFH109 228,666 432 64,880 41,545 28.0 

SGFX 830,196 464 78,992 39,643 36.0 

T11 435,869 449 55,192 56,568 24.7 

JFH32 1,589,115 480 76,649 27,189 35.7 

JFH99 152,569 367 63,309 14,483 23.7 

T17 128,229 383 66,230 18,466 26.0 

Mich7014 152,146 407 56,415 28,698 23.2 

T12 172,105 401 66,877 14,767 26.8 

TG10 53,771 385 69,609 13,830 27.3 

Mich7006 80,427 336 51,845 10,763 18.2 

TF1 230,516 442 62,160 22,627 27.3 
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There were altogether 18 ORFs that satisfied the criteria of D score ≥ 0.9, signal peptide 

within 1-30 residues and RXLR motif within 25-60 residues. However, after the BLAST 

search, there were only 10 peptide sequences not having a perfect match to the reference 

genomes, which is strong support of these genes encoding novel RXLR proteins.  

Table 3. 3 Table indicating de novo assembly of unmapped reads for the detection of novel, non-

reference RXLR proteins. The RXLR and DER motifs are highlighted. Also, amino acids S, K and Q 

at position 19, 80 and 103 respectively of amino acid sequences are highlighted.  

Novel 

gene ID 

Note      Closest match  Peptide 

Length 

Peptide sequence  

Gene ID  Amino 

acid 

identity 

(%) 

PiRXLR

1 

Found 

in 

isolate 

CHG3 

Pex5025

9_Cooke

etal2012 

42.52 153 MPLYLFVWLSVIALLLAASSARATNSDFYRSLRWSREIP

TTRFPQDSNALSLENDERAGIPVSAIEKIKALLQMSSVSP

KTLRHWVNKGKSKNAVFIRLKLDQAGDNLLSNPQFVT

WVAYADDFNAKFSEKATPLLSTLKAQYRDEVLSEILIA

GKKVPSTEKLASRLQAEQLEGWVIAKLPKGEVFKLLKL

NDKLETFLTNPQLSTWVEYMEKFVKKYPDEKTPMIKEL

TKSYGNEMLARMLATADSYVKDCPDGGLESQWEIP 

PiRXLR

2 

Found 

in 

isolate 

CHO2 

PiRXLR

d_Martin

etal2013 

95.45 196 MRFMRLLLLLIAFAMLNIAKAAELDHTSSDCGGRQLRT

ITTNDKEQRSLSIPSAIESGITRWRIKIWMRNKMPDHSVL

EKLSLAGVTEKTLTRDPKFKIFQKVKVESWLKEKASTT

KVWEKLGLHRLPITDVEKADEFSTFVKYVAALNEKAK

NIQFKKWPKPFEGGSPEEMAAKSYILKKLKRNDIDRRIM

LGVFM 

PiRXLR

3 

Found 

in 

isolate 

CHO2 

PITG_15

032T0 

41.21 264 MPLYLFVWLSVIALLLAASSARATNSDFYRSLRWSREIP

TTRFPQDSNALSLENDERAGIPVSAIEKIKALLQMSSVSP

KTLRHWVNKGKSKNAVFIRLKLDQAGDNLLSNPQFVT

WVAYADDFNAKFSEKATPLLSTLKAQYRDEVLSEILIA

GKKVPSTEKLASRLQAEQLEGWVIAKLPKGEVFKLLKL

NDKLETFLTNPQLSTWVEYMEKFVKKYPDEKTPMIKEL

TKSYGNEMLARMLATADSYVKDCPDGGLESQWEIP 

 

PiRXLR

4 

Found 

in 

isolate 

PiRXLR

d_Martin

etal2013 

97.12 196 MRFMRLLLLLMAFAMLNITKAAELDHTSSDCGGRQLR

TITTNDKEQRSLSIPSAIESGITRWRIKIWMRNKMPDHSV

LEKLSLAGVTEKTLTRDPKFKIFQKVKVESWLKEKAST
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JFH99  TKVWENLGMHRLPFTDVEKADEFSTFVKYVAALNEKA

KNIQFKKWPKPFEGGSPEEMAAKSYILKKLKRNDIDRRI

MLGVFM 

PiRXLR

5 

 

 

 

 

 

 

 

Found 

in 

isolate 

JFH109 

PITG_16

283T0 

38.64 260 MPLYLFVWLSVIALLLTASSARATNSDFYRSLRWSREIP

TTRFPQDSNALSLENDERAGIPVSAIEKIKALLQMSSVSP

KTLRHWVNKGKSKNAVFIRLKLDQAGDNLLSNPQFVT

WVAYADDFNAKFSEKATPLLSTLKAQYRDEVLSEILIA

GKKVPSTEKLASRLQAEQLEGWVIAKLPKGEVQVNDK

LETFLTNPQLSTWVEYMEKFVKKYPDEKTPMIKELTKS

YGNEMLARMLATADSYVKDCPDGGLESQWEIP 

PiRXLR

6 

Found 

in 

isolate 

JFH109 

PiRXLR

d_Martin

etal2013 

95.45 196 MRFMRLLLLLIAFAMLNIAKAAELDHTSSDCGGRQLRT

ITTNDKEQRSLSIPSAIESGITRWRIKIWMRNKMPDHSVL

EKLSLAGVTEKTLTRDPKFKIFQKVKVESWLKEKASTT

KVWEKLGLHRLPITDVEKADEFSTFVKYVAALNEKAK

NIQFKKWPKPFEGGSPEEMAAKSYILKKLKRNDIDRRIM

LGVFM 

PiRXLR

7 

Found 

in 

isolate 

SGF78 

PiRXLR

d_Martin

etal2013 

95.45 196 MRFMRLLLLLIAFAMLNIAKAAELDHTSSDCGGRQLRT

ITTNDKEQRSLSIPSAIESGITRWRIKIWMRNKMPDHSVL

EKLSLAGVTEKTLTRDPKFKIFQKVKVESWLKEKASTT

KVWEKLGLHRLPITDVEKADEFSTFVKYVAALNEKAK

NIQFKKWPKPFEGGSPEEMAAKSYILKKLKRNDIDRRIM

LGVFM 

PiRXLR

8 

Found 

in 

isolate 

SGF78 

PITG_16

283T0 

38.64 260 MPLYLFVWLSVIALLLTASSARATNSDFYRSLRWSREIP

TTRFPQDSNALSLENDERAGIPVSAIEKIKALLQMSSVSP

KTLRHWVNKGKSKNAVFIRLKLDQAGDNLLSNPQFVT

WVAYADDFNAKFSEKATPLLSTLKAQYRDEVLSEILIA

GKKVPSTEKLASRLQAEQLEGWVIAKLPKGEVQVNDK

LETFLTNPQLSTWVEYMEKFVKKYPDEKTPMIKELTKS

YGNEMLARMLATADSYVKDCPDGGLESQWEIP 

 

PiRXLR

9 

Found 

in 

isolate 

T11 

PITG_16

283T0 

38.64 264 MPLYLFVWLSVIALLLAASSARATNSDFYRSLRWSREIP

TTRFPQDSNALSLENDERAGIPVSAIEKIKALLQMSSVSP

KTLRHWVNKGKSKNAVFIRLKLDQAGDNLLSNPQFVT

WVAYADDFNAKFSEKATPLLSTLKAQYRDEVLSEILIA

GKKVPSTEKLASRLQAEQLEGWVIAKLPKGEVFKLLKL

NDKLETFLTNPQLSTWVEYMEKFVKKYPDEKTPMIKEL

TKSYGNEMLARMLATADSYVKDCPDGGLESQWEIP 

PiRXLR

10 

Found 

in 

PITG_15

032T0 

41.21 264 MPLYLFVWLSVIALLLAASSARATNSDFYRSLRWSREIP

TTRFPQDSNALSLENDERAGIPVSAIEKIKALLQMSSVSP
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isolate 

T12 

KTLRHWVNKGKSKNAVFIRLKLDQAGDNLLSNPQFVT

WVAYADDFNAKFSEKATPLLSTLKAQYRDEVLSEILIA

GKKVPSTEKLASRLQAEQLEGWVIAKLPKGEVFKLLKL

NDKLETFLTNPQLSTWVEYMEKFVKKYPDEKTPMIKEL

TKSYGNEMLARMLATADSYVKDCPDGGLESQWEIP 

 

 

Novel RXLR effectors were identified in only seven (CHG3, CH02, JFH99, JFH109, SGF78, 

T11, and T12) of 14 high-depth nuclear genome sequences analyzed in this study (Table 3.3). 

A unique ID was given to each of these putative RXLR effectors. Ten genes from these seven 

isolates’ nuclear genomes were identified as putative novel RXLRs (Table 3.3). All the novel 

genes with encoded proteins have an RXLR motif occurring between 25-60 residues. 

However, none of the novel RXLR proteins has dEER or EER motif in the N-terminus. Six of 

the 10 novel effector proteins (PiRXLR1, PiRXLR3, PiRXLR5, PiRXLR8, PiRXLR9, and 

PiRXLR10) have an RXLR motif as well as a DER motif (rather than an EER motif) in the N-

terminal. The RXLR-DER motif is the N-terminal conserved motif in RXLR effector protein 

sequences. However, in four of our novel RXLR protein sequences (PiRXLR2, PiRXLR4, 

PiRXLR6, and PiRXLR7), we only found the RXLR motif, but not the dEER or EER motif.  

In all the novel effector proteins with N-terminal RXLR-DER motifs, a unique pattern of 

amino acid S (19), K (80) and Q (103) (amino acid S at position 19, K at position 80 and Q at 

position (103)) were identified. In addition, we characterized these novel RXLR effectors by 

determining the RXLR families/classes to which our novel RXLR genes belong. Altogether, 

90 RXLR gene clusters were discovered in the T30-4 reference genome annotation (Fig 3.11). 

Of our 10 novel RXLR gene sequences, six belong to the largest RXLR gene cluster, which 

consists of 49 genes. The remaining four novel RXLR gene sequences belong to a smaller 

RXLR gene cluster consisting of 7 genes. 
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Fig 3. 11 Graph showing number of the gene clusters. The red and green bars show the gene clusters to 

which our novel RXLR effector proteins belong. The red cluster contains six effector genes, and the 

green cluster contains four effector genes. 
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C H A P T E R  4  

Discussion 

The majority of genetic studies that have examined P. infestans are limited to only the Toluca 

Valley region, which is considered to be the centre of origin of this pathogen. Only very few 

studies encompass samples from different locations of Mexico (not just Toluca Valley), and 

all of them have used traditional, non-genomic methods to draw their conclusions. This study 

has expanded a previous phylogenomic analysis of P. infestans (Martin et al. 2016) from 

global sources to incorporate present-day P. infestans samples from six different locations in 

Mexico. In addition, this study has also discovered and characterized novel RXLR effectors 

(from nuclear genome sequences) from deep-sequenced samples present in six different 

locations of Mexico. 

 

4.1 Phylogenetic analysis  

We generated and assembled genomic data from 187 samples (107 present-day Mexican 

isolates and 80 previously sequenced genomes) for this study. This is by far the largest 

number of mitochondrial genome sequences assembled for a phylogenetic analysis of P. 

infestans. Previously, Martin et al. (2016) analyzed 71 mitochondrial sequences from global 

sources for their study of mtDNA phylogenetics.  

Our analysis grouped our study isolates into six major mtDNA lineages (Fig 3.5). A 

unique mtDNA lineage name (III) was given to one of the lineages, which includes the 

majority of isolates from Michoacán (Fig 3.6). The clade also contains previously studied 

samples IN2009T1_US22, RS2009P1 and P17777. These three samples were not given any 

mitogenome lineage name by previous studies [6,8]. Similarly, Yoshida et al. (2013) also had 

not categorized the sample P17777 into any mitogenome lineage. Martin et al. (2016) 

categorized IN2009T1_US22, RS2009P1, and P17777) into group AGG (“aggressive isolates 

of global origin”) according to a nuclear genome phylogeny. From this, we can speculate that 

the study samples under mtDNA lineage III, which includes most samples from Michoacán, 

are related to other, well known aggressive P. infestans isolates. However, to reach a firm 
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conclusion this needs to be confirmed with a phylogenetic analysis of the nuclear genomes in 

our study group.  

One major discrepancy between this study and previous work is the grouping of 

particular samples within lineage IIb and IIa. Three samples (PCZ098, PCZ033, and PCO038) 

previously categorized as IIb by Martin et al. (2016) were instead categorized by us as IIa. In 

our phylogenetic tree (Fig 3.6), these samples are closely related to samples like PCZ026 and 

P13198 from the IIa lineage. For instance, PCZ033 and P1398 diverge from each other with 

only 30% posterior node support, which indicates they are genetically related (rather than 

distinct). PCZ026 and PCZ098 diverge from a common node with 100% node support. 

However, these two samples diverge from the rest of the IIa lineage with only 44% posterior 

support, indicating they should be grouped together with the samples from IIa lineage. 

Moreover, samples PCZ033, PCO038 and PCZ098 lie in the same clade as samples from the 

IIa lineage, indicating their genetic nearness. 

However, in this phylogenetic analysis, we used only one set of Bayesian model 

parameters (HKY+G nucleotide substitution, flexible skyride coalescent model for prior 

distribution and a strict molecular clock) to generate the phylogenetic tree, but the choice of 

prior distribution can strongly affect the posterior (result). Therefore, it is important to test the 

sensitivity of our phylogenetic analysis to different prior distributions [70]. In a similar study, 

Yoshida et al. (2013) tested five different models and used evolutionary birth-death model 

(which better suited their data) to generate their results. Thus, drawing firm conclusions about 

the correct phylogenetic topology and node dating necessitates further analysis of our data 

with different choices of prior distributions. 

Our study is consistent with several previous studies in that we find the US-1/Ib 

haplotype to be rare in Mexico (Fig 3.7). Nine of the 11 samples (Kew123, Kew126, Kew122, 

DDR7602, LBUS5, P13626, P6515, P8844, P6096, P8141) which were also previously 

published [6,8] and categorized under the lineage Ib are from the non-Mexican sources 

(P8141 and P1362 being an exception). This is consistent with previous findings that US-1/Ib 

haplotypes are not found widely in the extant Mexican population of P. infestans [43,44,57]. 

This finding is also consistent with a study by Garay-Serrano et al. (2007). They studied 14 

samples of P. infestans from central Mexico and found only two of them carried the Ib 

haplotype. The basis of their haplotype determination was amplification and digestion of P2 
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and P4 regions and comparison of amplicons to reference strains of a known haplotype. On 

the other hand, our Bayesian phylogeny supports the fact that the Ia and HERB-1 lineages are 

more closely related than the HERB-1 and US-1/Ib lineages. However, a recent review article 

claims that US-1/Ib emerged from HERB-1 lineage [81]. Our claim is based on the fact that 

most common ancestor from which the Ia and HERB-1 emerge is relatively younger (254 

years ago) than that of common ancestor where US-1/Ib and HERB-1 emerge (285 years ago). 

This claim is further supported by the earlier branching of US-1/b and other two lineages 

(HERB-1 and Ia) with 99% posterior support at their ancestral node. This is consistent with 

recent findings by Martin et al. (2014) and Martin et al. (2016). 

Twelve of 14 study samples from Toluca fall within the Ia mtDNA lineage (Fig 3.10). 

The remaining two Tolucan samples grouped within HERB-1 mtDNA lineage. This result is 

consistent with previous findings that the predominant population in the central highlands of 

Mexico (Toluca) is mtDNA lineage Ia [44]. This conclusion was drawn from a study of 

mtDNA haplotypes based on restriction fragment patterns of 170 isolates collected from three 

locations of Toluca, which concluded that all of them belong to the Ia mtDNA lineage [44]. A 

similar result was obtained by Gavino and Fry (2002); they found mtDNA haplotype Ia was 

the dominant P. infestans haplotype in the samples from Toluca. Our study also demands the 

reassessment of the previous hypothesis that Toluca Valley contains the most diverse 

populations of P. infestans [58]. Our study clearly highlights that the other five Mexican P. 

infestans populations (rather than Toluca) are more diverse (Table 3.1/Fig 3.10), at least 

according to their mtDNA haplotypes. However, we only analyzed 14 samples from Toluca. 

A larger population genetic analysis would be required before countering previous claims that 

the Toluca Valley P. infestans population is the most diverse [41,82,83]. On the other hand, 

our study is consistent with previous work showing that isolates with Ia mtDNA haplotypes 

are observed in many locations world-wide [43,84,85]. We found high frequencies of Ia 

haplotypes in our five different Mexican study locations as well as world-wide (Table 3.1, see 

also Table A.1).  

Our study further bolsters previous findings that the HERB-1 lineage is neither extinct 

nor rare [6,8]. This assertion is based on the observation that 40% of our Mexican samples 

were categorized within the HERB-1 mtDNA lineage (Table 3.1), which contrasts with the 

claim of Yoshida et al. (2013). In their article, they claimed that the HERB-1 lineage is extinct 
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or rarely present in modern times. Our study also agrees with the finding of Martin et al. 

(2014) that HERB-1 mitogenomes diverged before their introduction to Europe. This 

agreement is based on two observations. First, two 19th-century historic samples (Pi1845A 

and Pi1889, dating to 1845 and 1889, respectively) diverged earlier than other HERB-1 

lineage samples. Second, the estimated age of most recent common ancestor (MRCA) of the 

HERB-1 lineage is 234 (95% HPD: 225-375) years. This age of MRCA HERB-1 lineage is 

older than the first appearance of late blight in the U.S (1843) [86] and Europe (1845) [87] 

(this age (234 years) is also older by 52 years than the 182-years estimate by Yoshida et al. 

(2013). Furthermore, our study is consistent with some previous studies that HERB-1 

haplotype was the predominant haplotype in historical late blight epidemics [6,8,46,47]. This 

assertion is based on two findings in our study. First, the historical specimens collected from 

the time of late blight epidemics included in our study, group within HERB-1 lineage. Second, 

40% of our study samples, as well as other previously studied samples grouped in this lineage, 

are from the diverse global sources.  

The root of our phylogenetic tree (common ancestor of all P. infestans mitogenomes) 

dates to 640 years ago (95% HPD: 475-800) (Fig 3.5). This age does not correspond with the 

result of Yoshida et al. (2013), where the root dated to 460 years ago (95% HPD: 853-1,863). 

However, our result agrees better with the result of Martin et al. (2016), where the root of the 

phylogenetic tree from mitogenome sequences from the global sources dated to 650 years ago. 

Also, this result concurs with the previous result where the phylogenetic tree was rooted back 

to 1470 A.D (638 years ago, 95% HPD: 313-1,022) [8]. However, the 95% HPD of Yoshida 

et al. (2013) overlaps with our 95% HPD range. There are several factors that can lead 

evolutionary rates to be high or low when they are calibrated using the sample age [88,89]. 

Some of the factors that affect the evolutionary rate are mutation over very short time scales, 

selection, random genetic drift, and high levels of homoplasy [90]. An alternative explanation 

for this inconsistency might be that we used the flexible skyride coalescent for prior 

distribution and did not partition our sequence data before phylogenetic analysis. This may 

affect the estimation of the evolutionary age of the tree [70].  A possible reason for this is that 

different parts of the genome evolve at different rates and with different patterns (e.g. 

nucleotide substitution rates and base composition biases) [91–93]. In addition, lateral gene 
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transfer, gene duplication and loss, and ancestral polymorphism affect the evolutionary rate 

[94,95].  

This mtDNA phylogenomic study provides useful insights into past patterns of 

migration of this important pathogen. In this study, the most divergent mtDNA lineage (type 

II), basal to all others, contains samples from Mexico, South America, the United States, as 

well as Europe (Fig 3.6, see also Table A.1), which does not support the previous findings, 

based on much more limited genetic data and number of samples, that lineage I and lineage II 

necessarily diverged in South America [40,96]. Two recent studies (Martin et al. 2014; Martin 

et al. 2016) also implicitly agree with the claim that lineage type I and type II diverged in 

South America. These studies probably reached this conclusion because none of the samples 

from Mexico grouped under the type II lineage. We claim that divergence of type I and II 

lineage did not take place in South America because our study found six Mexican isolates 

grouped in the lineage IIa. All lineages except IIb can be found in Mexico, and the ages of all 

the lineages are different, the oldest being IIb (MRCA 257 years ago) and HERB-1 (MRCA 

234 years ago). Still, we cannot say with confidence where the divergence of lineage I and 

lineage II took place.  

 

4.2 Characterization of novel RXLR effectors 

We discovered 10 novel RXLR effector genes from high-depth sequenced nuclear genomes in 

this study (Table 3.3). However, validation of the putative novel RXLR effectors by PCR was 

not done as in the previous study [46], which is one of the limitations of this study. None of 

our novel effectors follows the classical definition of RXLR gene [97], as none contain a 

dEER or EER motif. As a principle, N-terminal end of the RXLR effector should have RXLR-

EER (or RXLR-dEER motifs). Six of our 10 novel RXLR effectors sequences contain a 

RXLR-DER in the N-terminal motif (DER rather than EER) (Table 3.3). We followed the 

selection of RXLR effectors based on RXLR-DER as done by Haas et al. (2009) in their 

studies [13]. However, Haas et al. (2009) used a flexible method where they selected RXLR 

effectors even if E’s in EER motif replaced by D, and R replaced by K. Furthermore, the gene 

cluster analysis using software mcl led us to obtain 90 RXLR gene clusters. This number is 

slightly larger than previous RXLR clusters analysis by (Martin et al. 2013), which identified 
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84 RXLR gene clusters). The likely reason for this discrepancy is that we also included in our 

cluster analysis new RXLR genes discovered more recently (Martin et al. 2013; Cooke et al. 

2012). In our six novel RXLR effectors with RXLR-DER motifs, a unique pattern of amino 

acid was observed (S19 K80 Q103, where superscript refers to the position of amino acids in the 

RXLR effector peptide sequence). This pattern is similar to the amino acid pattern of two 

alleles of AVR3a effector, AVR3aEM (S19 E80 M103) and AVR3aKI (C19 K80 I103) [23,98]. 

However, BLAST search of these RXLR genes with previously known RXLR gene do not 

match to any of the known Avr3a or Avr3a-like RXLR genes. On top of this, the cluster 

analysis reveals that none of these genes having Avr3a-like pattern (amino acid pattern like 

Avr3a genes) cluster with known Avr3a like genes. All these six RXLR effectors fall in the 

larger cluster having 49 RXLR genes (Fig 3.11) and all other genes in this cluster are not 

classified as any secreted RXLR effector family. We also speculate that this larger cluster is 

highly dynamic and that surveying more isolates would identify many new genes belonging to 

this cluster. In addition, the clustering of four putative novel RXLR effectors (without the N-

terminal EER or DER motif) with the RXLR gene not having EER motif (PiRXLRd) by 

Martin et al. (2013) signifies that they are related. They form a small cluster of seven genes 

including our novel genes (Fig 3.11). Two of them are from the reference genome T30-4 

(PITG_06432 and PITG_16663), and they also do not have N-terminal EER motif. 

PITG_16663 is registered as an Avr1 RXLR gene in the NCBI gene bank and forms a cluster 

with our four novel RXLR genes (without EER or DER motifs), indicating those novel 

proteins are encoded by Avr1-like RXLR genes. However, this needs to be verified by further 

RXLR gene analysis. To date, there has been no characterization of the C-terminal region (W-

Y-L domain) of RXLR effectors without the use of motif finding software (e.g. HMM and/or 

MEME) [13,28,99]. Due to lack of available time, we could not use these methods to 

characterize our putative novel RXLR effectors based on C-terminal conserved motifs.  

 

4.3 Limitations of the study 

The mitochondrial genome phylogenomic analysis in BEAST extended our knowledge on the 

evolutionary history and migration pattern of P. infestans using only a single combination of 

parameters (HKY+G nucleotide substitution, flexible skyride coalescent prior and strict 

molecular clock without the partitioning of data). But, a comparison of results from a panel of 
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multiple parameters (e.g. multiple coalescent models) may have provided a more confident 

estimation of the samples’ evolutionary relatedness and may have resolved the contradictory 

phylogenetic root node age in comparison with a previous study. Verification of the IIa/IIb 

discrepancy of three samples (Fig 3.6) in comparison according to previous studies might be 

performed by using a panel of different parameters in BEAST as well as by using a 

maximum-likelihood phylogenetic method. A study of the nuclear genome phylogeny would 

have given us more confidence in finding whether samples grouping in type III lineage 

belongs to the AGG nuclear genome cluster. On the other hand, we were able to discover 10 

novel RXLR effector genes and categorized them manually. However, use of motifs searching 

software like MEME and HMM would have made categorizing the RXLR effectors more 

efficient.  

 

4.4 Recommendations for future work 

The results of this study present us with various possibilities for further research. The tree 

topology can be further verified by using maximum-likelihood phylogenetic analysis of the 

mitogenome sequences (as in Martin et al. (2014) and Martin et al. (2016)). Similarly, it might 

also be possible to estimate the node ages of the of phylogenetic tree root and MRCA of 

various lineages with higher precision by partitioning the sequence data (as in Martin et al. 

(2014) and Martin et al. (2016)). Moreover, evolutionary histories may also vary among genes 

because of various processes like lateral gene transfer, gene duplication and loss, and due to 

ancestral polymorphism [94,95]. Therefore, when dealing with large molecular data, it is 

important to partition the genomic data into various parts (e.g. three codon positions, tRNA, 

rRNA, and intragenic sites as done by Martin et al. (2014) and Martin et al. (2016)) to account 

for diversity of evolutionary characteristics across different regions of genome [100,101]. 

However, partitioning of molecular data is not always the solution for the best estimate of the 

phylogenetic tree. Phylogenies generated from partitioned data are subjected to sampling 

variation [102]. This means that estimates from partitioned data are more variable. This also 

means that it is hard to find the same taxonomic grouping from estimates from different 

partitions. Therefore, heterogeneity of molecular data should be considered when partitioning 

them [102]. Since the model used for priors might affect the tree topology and age, we suggest 

to carry out the BEAST analysis using different models and then select the best model for the 
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study [81]. On the other hand, the novel RXLR effector genes discovered could be verified 

using direct PCR amplification (as in Martin et al. (2013)). We also recommend the use of 

software such as MEME and HMM, which assist in the efficient categorization of the RXLR 

effector genes motifs (e.g. C-terminal conserved W-Y-L motifs) [103].  
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C H A P T E R  5  

Conclusion 

The root of our phylogenetic tree (640 years ago) was very close to recent similar studies. 

Three samples formerly categorized in lineage IIb were categorized as IIa based on node 

support value and their clustering in a single clade with other members of the IIa lineage. In 

addition, we assigned a new mtDNA lineage name (III) to describe a group of samples 

(mostly from Michoacán) that was previously unnamed. Since three previously studied 

samples under this lineage were described as AGG (aggressive isolates of the global sources), 

we expect that the samples within this lineage will also be assigned to the AGG nuclear 

genome cluster. This study further supports previous findings that HERB-1 haplotypes are 

neither rare nor extinct. Moreover, our work supports a few recent studies finding that Ib and 

HERB-1 lineages are more distant than HERB-1 and Ia. In agreement with previous studies, 

we also found that Mexico’s Toluca Valley is enriched with the mtDNA lineage Ia, but is not 

exceptionally genetically diverse as previously suggested. From our results, we suggest that 

the divergence of lineage I and II did not take place in South America as previously 

suggested, and we cannot say with confidence where the divergence took place. Another 

important finding of this thesis is that we discovered and characterized 10 novel RXLR genes, 

which we further characterized using amino acid motifs and cluster analysis.  
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Appendix 

Table A. 1 Provenance and necessary information regarding Phytophthora spp. samples used in this 

study. Pi, Phytophthora infestans. Pa, Phytophthora andina. Pp, Phytophthora ipomoeae. Pm P. 

mirabilis. ENA, European Nucleotide Archive. M2013, Martin et al. (2013). Y2013, Yoshida et al. 

(2013). R2010, Raffael et al. (2010). C2012, Cooke et al. (2012). WPC, World Phytophthora 

collection. H, Host herbarium specimen. M, Mycleium.  

Sample ID 
 

Alternate IDs Species Host Location Collection 
date 

Tissue 
source 

RFLP 
genotype 

and/or 
mtDNA 
lineage 

Sequence reads 
source 

Pi1845A K91 Pi S. 
tuberosum 

Audenard
e, Belgium 

1845 H HERB-1 M2013 

KM177500  Pi S. 
tuberosum 

England 1845 H HERB-1 Y2013 

KM177513  Pi S. 
tuberosum 

Ireland 1846 H HERB-1 Y2013 

KM177514  Pi S. 
tuberosum 

Ireland 1847 H HERB-1 Y2013 

KM177548  Pi S. 
tuberosum 

England 1847 H HERB-1 Y2013 

KM177509  Pi S. 
tuberosum 

England 1865 H HERB-1 Y2013 

M-0182900  Pi S. 
lycopersicu

m 

Germany 1873 H HERB-1 Y2013 

KM177517  Pi S. 
tuberosum 

Wales 1875 H HERB-1 Y2013 

M-0182907  Pi S. 
tuberosum 

Germany 1875 H HERB-1 Y2013 

Pi1876 UPS 1; Up1 Pi S. 
tuberosum 

Skårop, 
Denmark 

1876 H HERB-1 M2013 

M-0182896  Pi S. 
tuberosum 

Germany 1877 H HERB-1 Y2013 

M-0182906  Pi S. 
tuberosum 

Germany 1877 H HERB-1 Y2013 

Pi1882 UPS 2; Up2 Pi S. 
tuberosum 

Stockholm
, Sweden 

1882 H HERB-1 M2013 

Pi1889 K 79 Pi S. 
tuberosum 

Germany 1889 H HERB-1 M2013 

M-0182903  Pi S. 
tuberosum 

Canada 1896 H HERB-1 Y2013 

Kew126  Pi S. 
tuberosum 

Britain 1952 H US-1/1b This report 

Kew122  Pi S. 
tuberosum 

Britain 1955 H US-1/1b This report 

Kew123  Pi S. 
tuberosum 

Ireland 1955 H US-1/1b This report 

M-0182898  Pi S. 
tuberosum 

Germany before 
1863 

H HERB-1 Y2013 

KM177512  Pi S. 
tuberosum 

England Unknown H HERB-1 Y2013 

Pi1845B K16 Pi S. 
tuberosum 

Great 
Britain 1845 

H HERB-1 M2013 

DDR7602  Pi S. 
tuberosum 

Germany 1976 M US-1/1b Y2013 

P1362  Pi S. 
tuberosum 

Mexico 1979 M US-1/Ib Y2013 

P8844 Hohl, Pineda 151 Pi S. 
tuberosum 

Peru 1982 M US-1/Ib Martin et al 
2016 
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P3681 Tooley 529 Pi S. 
tuberosum 

Mexico 1983 M Ia Martin et al 
2016 

P3683 Tooley 550 Pi S. 
stoloniferu

m 

Mexico 1983 M Ia Martin et al 
2016 

P3685 Tooley 533 Pi S. 
tuberosum 

Mexico 1983 M Ia Martin et al 
2016 

P6629 Tooley 511 Pi S. 
tuberosum 

Mexico 1983 M Ia Martin et al 
2016 

P6634 PD_02383; 
Speil543 

Pi S. 
tuberosum 

Mexico 1983 M Ia Martin et al 
2016 

P6635 PD_02388; Fry 580 Pi S. 
demissum 

Central 
Mexico 

1986 M Ia Martin et al 
2016 

P7036 Goodwin 575 Pi S. 
tuberosum 

Toluca, 
Mexico 

1986 M HERB-1 Martin et al 
2016 

P8140 PD_01946; 
P15103; Fry 572 

Pi S. 
tuberosum 

Toluca, 
Mexico 

1986 M HERB-1 Martin et al 
2016 

P8141 Fry 616 Pi S. 
tuberosum 

Toluca, 
Mexico 

1987 M US-1/1b Martin et al 
2016 

P8143 PD_01949; 
P15154; Fry 619 

Pi S. 
tuberosum 

Toluca, 
Mexico 

1987 M Ia Martin et al 
2016 

P8144 Fry 622 Pi S. 
tuberosum 

Toluca, 
Mexico 

1987 M Ia Martin et al 
2016 

T30-4 Broad_GA2 Pi S. 
tuberosum 

Netherlan
ds 

1988 M Ia R2010 

P6515 CIP 27 ; PD_00883; 
Fry 543 

Pi S. 
tuberosum 

Peru 1989 M US-1/Ib Martin et al 
2016 

P6570 Davidse 89018; 
P570 

Pi S. 
tuberosum 

Netherlan
ds 

1989 M IIa Martin et al 
2016 

90128  Pi S. 
tuberosum 

Netherlan
ds 

1990 M Ia R2010 

PHU006  Pi S. 
tuberosum 

Peru 1996 M EC-1, IIa Martin et al 
2016 

P12204  Pi S. 
tuberosum 

Scotland 1996 M Ia Y2013 

PCO038 PCO028 Pi S. 
tuberosum 

Peru 1997 M EC-1, IIa Martin et al 
2016 

PCZ026  Pi S. 
tuberosum 

Cusco, 
Peru 

1997 M PE-6, IIa Martin et al 
2016 

PCZ033  Pi S. 
tuberosum 

Cusco, 
Peru 

1997 M EC1.2, IIa Martin et al 
2016 

PCZ050  Pi S. 
tuberosum 

Peru 1997 M PE-3, Ia Martin et al 
2016 

PCZ098  Pi S. 
tuberosum 

Cusco, 
Peru 

1997 M EC1.3, IIa Martin et al 
2016 

PIC97207  Pi S. 
tuberosum 

Mexico 1997 M Ia Martin et al 
2016 

PIC97605  Pi S. 
tuberosum 

Mexico 1997 M Ia Martin et al 
2016 

PIC97630  Pi S. 
tuberosum 

Mexico 1997 M Ia Martin et al 
2016 

P10650 MX980099/ 
P10650_MDM 

Pi S. 
tuberosum 

Toluca, 
Mexico 

1998 M Ia Martin et al 
2016; 
Y2013 

P13198 CIP3198 tuq Pi S. 
tuquerrens

e 

Napo, 
Ecuador 

1998 M EC-1, IIa Martin et al 
2016 

PIC99189  Pi S. 
stoloniferu

m 

Mexico 1999 M Ia R2010 

P13346 CIP3346 col Pi S. 
colombianu

m 

Napo, 
Ecuador 

2001 M HERB-1 Martin et al 
2016 

P13527  Pi S. 
andreanum 

Ecuador 2002 M IIa Y2013 
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P10127  Pi S. 
lycopersicu

m 

USA 2002 M IIb Y2013 

P13626 CIP3626 tbr Pi S. 
tuberosum 

Ecuador 2003 M IIa Martin et al 
2016 

LBUS5  Pi Petunia 
hybrida 

South 
Africa 

2005 M US-1/Ib Y2013 

P3873 CIP3873 tbr Pi S. 
tuberosum 

Cañar, 
Ecuador 

2005 M IIa Martin et al 
2016 

06_3928A 06_3928 Pi S. 
tuberosum 

England 2006 M 13_A2, Ia C2012 

NL07434  Pi S. 
tuberosum 

Netherlan
ds 

2007 M IIa Y2013 

BL2009P4_2
3 

PA112 Pi S. 
tuberosum 

Pennsylva
nia, USA 

2009 M US-23, Ia M2013 

IN2009T1 PA114 Pi S. 
tuberosum 

Pennsylva
nia, USA 

2009 M US-22, Ia M2013 

P17777  Pi S. 
lycopersicu

m 

USA 2009 M US-22, Ia Y2013 

RS2009P1 PA117 Pi S. 
tuberosum 

Pennsylva
nia, USA 

2009 M US-8, Ia M2013 

P6636 PD_01096; 
Spelman 618 

Pi S. 
tuberosum 

Toluca, 
Mexico 

1987 M Ia Martin et al 
2016 

PIC98372  Pi S. 
demissum 

Mexico 1998 M Ia Martin et al 
2016 

P13803 CIP 3803 Pa S. 
betaceum 

Pichincha, 
Ecuador 

2004 M EC-3, 
HERB-1 

Martin et al 
2016 

P6096 CIP 17; Tooley 801 Pi S. 
tuberosum 

Paurcarta
mbo, Peru 

1984 M US-1/Ib Y2013 

Pinf_C_13_7
_28  Pi Solanum 

spp. 

Denmark 2013 

M 

IIa 

 

EC3394 P_andEC3394 Pa S. 
betaceum 

Tungurah
ua, 

Ecuador 

2001 M EC-3, 
HERB-1 

Martin et al 
2016 

EC3425 P_andEC3425 Pm S.  
brevifolium
   

  

Ecuador 1999 M  R2010;  
Y2013 

CHC19  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  Ia study Sample 

CHC78  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2016  HERB-1 study Sample 

CHCL20  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  Ia study Sample 

CHG10  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  HERB-1 study Sample 

CHG12  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  HERB-1 study Sample 

CHG16  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  HERB-1 study Sample 

CHG21  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  III study Sample 
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CHG3  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  III study Sample 

CHG32  Pi S. 
tuberosum 

Chapingo, 
Mexico 

2015  HERB-1 study Sample 

CHG6  Pi 
 
 

S. 
tuberosum 

Chapingo, 
Mexico 

2015  III study Sample 

CH02  Pi 
 
 

S. 
tuberosum 

Chapingo, 
Mexico 

2016  HERB-1 study Sample 

CH04  Pi 
 
 

S. 
tuberosum 

Chapingo, 
Mexico 

2016  HERB-1 study Sample 

JFH100  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  IIa study Sample 

JFH104  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 

JFH108  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 

JFH109  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 

JFH121  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

JFH122  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 

JFH135  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

JFH14  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  Ia study Sample 

JFH153  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  Ia study Sample 

JFH163  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

JFH168  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

JFH3  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

JFH32  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 

JFH41  Pi 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

 
JFH43 

 Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  IIa study Sample 

JFH48 
 
 

 Pi S. 
tuberosum 

Juchitepe
c, Mexico 

2016          IIa study Sample 

JFH49  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 
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JFH51  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016             Ia study Sample 

JFH54  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

JFH59  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 

JFH63  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015           Ia study Sample 

JFH7  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  Ia study Sample 

JFH8  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2015  HERB-1 study Sample 

JFH93  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  HERB-1 study Sample 

JFH99  Pi 
 
 

S. 
tuberosum 

Juchitepe
c, Mexico 

2016  Ia study Sample 

SGF(X)  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  IIa study Sample 

SGF(Y)  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  Ia study Sample 

SGF1  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

SGF18  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

SGF21  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

SGF27  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  Ia study Sample 

SGF37  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

SGF39  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2016  HERB-1 study Sample 

SGF40  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015            Ia study Sample 

SGF48  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2016  Ia study Sample 

SGF57  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2016  HERB-1 study Sample 

SGF60  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  Ia study Sample 

SGF65  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  III study Sample 

SGF66  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

SGF67  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  Ia study Sample 

SGF78  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

SGF79  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

SGF83  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  Ia study Sample 

SGF84  Pi 
 

S. 
tuberosum 

San_Gero
nimo 

2015  HERB-1 study Sample 

T11  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T12  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 
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T13  Pi 
 

S. 
tuberosum 

Toluca 2015           Ia study Sample 

T17  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T18  Pi 
 

S. 
tuberosum 

Toluca 2015  HERB-1 study Sample 

T20  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T21  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T23  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T24  Pi 
 

S. 
tuberosum 

Toluca 2015  HERB-1 study Sample 

T25  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T26  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T3  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T7  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

T8  Pi 
 

S. 
tuberosum 

Toluca 2015  Ia study Sample 

TF1  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

TF2  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  III study Sample 

TF4  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  HERB-1 study Sample 

TG10  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  HERB-1 study Sample 

TG11  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

TG15  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

TG20  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

TL1  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

TL10  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  HERB-1 study Sample 

TL13  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  HERB-1 study Sample 

TL14  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  IIa study Sample 

TL3  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  HERB-1 study Sample 

TL4  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

TL6  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

TT22  Pi 
 

S. 
tuberosum 

Tlaxcala 2015  Ia study Sample 

J107  Pi 
 

Solanum 
lycopersicu

m 

Tlaxcala 2001  III Wang et al 
2017 

J204-1 J204 Pi 
 

Solanum 
lycopersicu

m 

Tlaxcala 2001  III Wang et al 
2017 

J604-2 J604 Pi 
 

Solanum 
lycopersicu

m 

Tlaxcala 2001  III Wang et al 
2017 

J707  Pi 
 

Solanum 
lycopersicu

m 

Tlaxcala 2001  III Wang et al 
2017 
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Mich7002-2  Pi 
 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2017 

Mich7006  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2017 

Mich7007  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2017 

Mich7012  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  HERB-1 Wang et al 
2017 

Mich7014  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2017 

Mich7019  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2017 

Mich7029  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2017 

Mich7035 
 

 Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  IIa Wang et al 
2007 

Mich7038  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2007 

Mich7041  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2007 

Mich7045  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2007 

Mich7054  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  HERB-1 Wang et al 
2007 

Mich7055  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2007 

Mich7057  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2007 

Mich7058  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2007 

Mich7059  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  III Wang et al 
2007 

Mich7030-2  Pi 
 

S. 
tuberosum 

Michoaca
n 

2007  HERB-1 Wang et al 
2007 

P13873 P3873 Pi 
 

S. 
tuberosum 

Canar, 
Equador 

2005  IIa  

P11633   
 

Solanum 
lycopersicu

m 

Hungary 2005  IIa Y 2013 

P88069   
 

 Netherlan
ds 

1998  HERB-1  

P90128 90128  
 

Solanum 
spp. 

Netherlan
ds 

1990  Ia  

Pinf_B_13_8
_35 

  
Pi 

S. 
tuberosum 

Denmark 2013 M US-1/Ib  

Pinf_D_13_3
_5 

 Pi 
 

S. 
tuberosum 

Denmark 2013 M Ia  

Pinf_F_13_7
_33 

 Pi S. 
tuberosum 

Denmark 2013 M US-1/Ib  

H292_1929  
 

 
 

  1929  HERB-1  

186968_19
13a 

  
 

S. 
tuberosum 

Columbia 1913  HERB-1  

Pinf_A_13_5
_10 

 Pi S. 
tuberosum 

Denmark 2013 M HERB-1  

Mich7033  Pi S. 
tuberosum 

Mexico 2007  III  

Pand_Pax Pax Pa Solanum 
spp. 

 2009 M  Martin et al. 
2016 

Pinf_E_13_8
_102 

 

 Pi  Denmark 2013 M IIa  
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Pinf_C_13_7
_28 

 

 Pi  Denmark 2013 M IIa  
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Fig A. 1 Mitochondrial DNA phylogeny of P. infestans isolates from Mexico and other previously 

studied samples using Bayesian dating analysis. The major mtDNA lineages are indicated by the 

brackets on the right side of the tree. The tree also includes two outgroups, it shows the real age of the 

tree with inclusion of the outgroups. The posterior probability support is indicated by different 

coloured circles at the node (90-100% represented by red, 75-90% indicated by yellow, and 50-75% 

indicated by green). The sample ID of the isolates are removed because they are hard to visualize. The 

tree has a scale to visualize the age at the common node (shown at the bottom of the tree with time in 

years going back from the present time).  
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