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Zusammenfassung 

Evolutionsstudien haben sich die enorme Menge genomischer Daten zunutze                 

gemacht, die nach der Revolution der Next-Generation-Sequencing             

Plattformen generiert wurden. Dieses Momentum ging einher mit bedeutenden                 

Entwicklungen bei der DNA-Isolation, Protokollen zur Herstellung von               

Sequenzier-Bibliotheken, sowie einem stetigen Anstieg der Rechenkapazität für               

die Verarbeitung großer Datensätze. Da Evolution die Untersuchung der                 

Akkumulation genetischer Variation über die Zeit ist, kann der direkte Zugang                     

zu Momentaufnahmen genetischer Variation in verschiedenen historischen             

Perioden die Genauigkeit und das Verständnis evolutionärer Rückschlüsse               

bemerkenswert erhöhen. Dies wurde durch die Sequenzier-Revolution             

ermöglicht, da nun der technischen Zugang zu Genomen alter und historischer                     

Proben, z.B. subfossiler Aufzeichnungen, Museumspräparate und           

Herbariumsbelege, erschlossen wurde. 

Durch die Studie sogenannter ‘ancient DNA’ (alter DNA) aus                 

verschiedenen Quellen habe ich die phylogenomische Verwandtschaft und die                 

demographische Geschichte in zwei verschiedenen Systemen untersucht. Zum               

einen nutzte ich Museumspräparate ausgestorbener ​Oryctes​-Skarabäuskäfer aus             

den Maskarenen um in Kombination mit frischen Präparaten und den daraus                     

ermittelten hochwertigen Genom-Assemblierungen deren phylogenomische         

Verwandtschaft zu untersuchen. Dies erlaubte mir erstmalig, die evolutionären                 

Beziehungen zwischen diesen Käfern mit Hilfe der molekularen Phylogenetik                 

sowie D-Statistiken zu beschreiben. Darüber hinaus entdeckte ich auf der                   

Grundlage dieser Rekonstruktion zwei vermutlich unabhängige Kolonisationen             

der Insel Reunión durch diese Käfergattung, platzierte eine zuvor nicht zur                     

Gruppe gehörende Art innerhalb der Gattung, und terminierte den Verlust                   

ihrer Flugfähigkeit und ihres Zwergwuchses auf einen Zeitraum nach der                   

Kolonisierung. Diese Ergebnisse sind wegweisend für die Verwendung von                 

‘ancient DNA’ aus Museumspräparaten ausgestorbener Arten bei der               

Untersuchung der Phylogenomik von Insekten. 

Darüber hinaus habe ich die Populationsstruktur und die demographische                 

Geschichte des Reisbohrpilzes ​Magnaporthe oryzae studiert. Dazu nutze ich eine                   

zeitliche Serie von herbarisierten infizierten Reisblättern und die daraus                 
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entschlüsselten Genome zusammen mit einem globalen Datensatz. Ich konnte                 

zeigen, dass die aktuelle Populationsstruktur des Pilzes in drei pandemische                   

klonale Linien aufgeteilt ist, sowie in ein Cluster rekombinierender Individuen                   

nahe des postulierten Ursprungszentrums. Anhand der Herbariumsbelege             

konnte ich die Entstehung der pandemischen klonalen Linien auf vor weniger                     

als 400 Jahre abschätzen. Durch die Untersuchung des Repertoires von                   

Effektorgenen in den untersuchten Genomen konnte ich zeigen, dass                 

verschiedene Muster ihres Verlusts und Gewinns mit den verschiedenen                 

klonalen Linien assoziiert sind. Diese Effektorgene können nun funktionell                 

untersucht werden bezüglich ihrer Auswirkung auf die Fitness des Pathogens.   
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Abstract 

Evolutionary studies have taken advantage of the massive amount of genomic                     

data produced after the revolution of the next generation sequencing platforms.                     

This momentum has been accompanied by major developments in DNA                   

isolation methods, library preparation protocols and a steady increase in                   

computational capacity to handle big datasets. Because evolution is the study of                       

the accumulation of genetic variation through time, the direct access to                     

snapshots of genetic variation through different historical periods can                 

remarkably increase the accuracy and understanding of evolutionary               

inferences. Ancient DNA research has profited from the sequencing revolution                   

by enabling the technical access to the genomes of ancient and historical                       

sources e.g., subfossil records, museum specimens and herbarium samples. 

Making use of ancient DNA sources, I investigated the phylogenomic                   

relationships and demographic histories in two different systems. First, with the                     

combined use of extinct pinned insect museum specimens and high-quality                   

sequenced reads and assemblies derived from present-day specimens, I sought                   

to investigate the phylogenomic relations between the ​Oryctes ​scarab beetles in                     

the Mascarene islands. For the first time, I ascertained the evolutionary                     

relationships among those beetles using molecular phylogenetics and site                 

patterns-based ​D​-statistics. Moreover, and based on this reconstruction, I                 

discovered two likely independent colonization events in the Reunión island                   

and, a post-colonization case of dwarfism and loss of flight ability in one of the                             

species, before classified as an outgroup. These results pave the way on the use                           

of ancient DNA and extinct museum specimens in the study of insect                       

phylogenomics as one of the most biologically important yet underrepresented                   

taxa. 

Additionally, I analyzed the population structure and demographic history of                   

the rice blast fungus ​Magnaporthe oryzae​. By combining the temporal resolution                     

of genomes from infected rice leaf herbarium samples together with a                     

worldwide dataset, I showed that the current population structure of the                     

pathogen is grouped in three pandemic clonal lineages and a cluster of                       

recombining individuals mainly grouped in their likely centre or origin. With                     

the use of the herbarium samples, I estimated the time of origin of the                           
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pandemic clonal lineages to less than 400 years ago. Finally, by inspecting the                         

repertoire of effector genes of the isolates, I showed different patterns of loss                         

and gains of effector genes associated with the different clonal lineages. This                       

work opens the way to functional tests about the role of effector gains and loss                             

through time and their effect on the overall pathogen fitness.   
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Prologue 

This thesis is organized as follows. Initially, I will introduce the theoretical                       

background relevant to the work presented here, including particular aspects of                     

ancient DNA research in the context of phylogenomics and population genetics                     

In particular, I will briefly present a historical overview about ancient DNA                       

(aDNA) research. This perspective will allow me to explain the unique                     

contribution of aDNA research to evolutionary studies, the technical challenges                   

derived from the degraded nature of aDNA, as well as state-of-the-art molecular                       

biology and computational methods to sequence and analyze aDNA.                 

Subsequently, I will introduce specific phylogenomic developments relevant for                 

the work presented here. I will finalize the introduction, by describing the                       

significance of different population genomic analyses to quantify genetic                 

diversity and infer the different evolutionary forces that gave rise to the                       

observed patterns. The introduction is followed by two chapters, each of which                       

will have its own introductory section relevant for its scope and biological                       

studied system. Consequently, each chapter will have its own Materials and                     

Methods sections, as well as its results, discussions and particular conclusions. I                       

will conclude this thesis by discussing altogether, the most relevant conclusions                     

and the major outlook of my dissertation in a broader context.   
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1. Introduction 

The basis for evolutionary studies is the accumulation of genetic variation                     

through time. However, as in many fields, the discrepancy between the real                       

phenomena and the measurements heavily relies on theoretical developments,                 

as well as on the advances of methods and technologies. 

Traditionally, analyses with high organisms used morphological             

differences as well as enzymatic profiles and few genetic marker genes to build                         

evolutionary and phylogenetic relations among them. The reason behind the                   

study of morphological and biochemical properties of proteins is that they were                       

easily quantifiable and, at the same time, are a good proxy for the underlying                           

molecular processes that were difficult to measure at that time. 

With the rapid development of the DNA isolation protocols, as well as                       

with the development of DNA sequencing through, at least, three major                     

technological leaps, the use of genomic data as the primary source of                       

information has become a gold standard to understand and study evolution.                     

Nowadays, decreasing costs of Whole Genome Sequences (WGS), have made                   

possible to harness and improve existing methods while opening the possibility                     

to explore new niches for genomic information e.g., subfossil records, museum                     

specimens and herbaria samples. In fact, taking advantage of those                   

developments, ancient DNA (aDNA) studies are complementing evolutionary               

studies and shedding light into a diverse set of evolutionary questions. 

1.1. Ancient DNA 

Advances in high throughput sequencing technologies have allowed the                 

sequencing of whole-genome sequences from multiple individuals from               

different taxa. Along with the increasing amount of available data, evolutionary                     

studies have shifted from few phenotypic and molecular markers to                   

genome-wide markers and genomes, which improve the accuracy of                 

evolutionary inferences. Nevertheless, modern genomic information provides             

only indirect evidence about the past and the underlying historical processes                     

that gave rise to present-day diversity ​(Hofreiter, Serre, et al., 2001)​. Hence, the                         
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possibility to sample and sequence DNA retrieved from historical and ancient                     

samples increases the confidence of evolutionary inference. 

The aDNA-based framework has recently emerged as a real solution because it                       

opens the potential of a great variety of historical sources from which it is                           

possible to retrieve DNA, e.g: subfossil records, historical museum specimens                   

and herbaria samples. Through these precious samples, it is possible to examine                       

directly the genetic diversity at a given specific time in the past. There is                           

however a major tradeoff by working with aDNA: greater temporal signal in the                         

data at the expense of reduced DNA quality due to the degraded nature of the                             

DNA retrieved from old sources. Therefore, some experimental cautions and                   

methodological corrections should be considered when working with aDNA. 

Once an organism dies, its organic molecules start a decay phase and in the                           

specific case of nucleic acid molecules, different processes contribute to DNA                     

degradation. Three main types of biochemical reactions take place when DNA is                       

exposed to both environmental conditions and the action of endonucleases: i)                     

oxidative damage ​(Höss et al., 1996)​, ii) depurination and, iii) hydrolytic damage                       

(Hofreiter, Serre, et al., 2001)​. Those reactions leave specific and distinctive                     

footprints on the molecules of aDNA. 

Particularly, as a consequence of the combined action of the hydrolytic                     

depurination, aDNA molecules suffer a process of β'-elimination, generating                 

patterns of single-strand breaks and fragmentation of the DNA molecules                   

(Lindahl, 1993)​. Moreover, both oxidative damage of the nucleotides ​(Höss et al.,                       

1996) and cross-links between DNA and other macromolecules like proteins                   

(Poinar et al., 1998) can cause blocking lesions that prevent                   

polymerase-mediated DNA synthesis. However, blocking lesions have been               

found to be less frequent than originally assumed ​(Heyn et al., 2010)​. Finally,                         

one of the most important signatures that is a specific type of hydrolytic                         

damage is cytosine deamination: a process in which cytosine residues (C)                     

become uracil residues (U) due to the loss of the amino group. As a                           

consequence, adenine residues (A) are incorporated during DNA replication                 

leading to apparent C to T substitutions when DNA molecules are sequenced                       

(Dabney, Meyer, et al., 2013; Hofreiter, Serre, et al., 2001)​ (Figure 1). 
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Figure 1. Hydrolytic deamination of cytosine residues. ​The red star indicates the amino group                           

where the hydrolytic reaction takes place. 

 

The described biochemical properties of aDNA molecules have direct                 

consequences in the way DNA extractions, genomic libraries and sequencing                   

protocols are implemented. In particular, the short fragment size caused mainly                     

by the action of depurination has led to the implementation of protocols that                         

retrieve ultra-short DNA fragments, and index-based library preparations               

suitable to be tailored with second-generation sequencing technologies like                 

Illumina ​(Dabney, Knapp, et al., 2013; Gutaker et al., 2017; Kircher et al., 2012;                           

M. Meyer & Kircher, 2010)​. An extra advantage, particularly for the analysis of                         

short DNA molecules, is that pair-ended libraries will increase base calling                     

confidence since each molecule is likely to be covered twice during sequencing                       

due to their short length ​(Kircher, 2012)​. 

Once molecules have been sequenced and the genomic raw data is available,                       

another type of aDNA characteristic becomes more relevant. Indeed, cytosine                   

deamination represents the most important source of error for aDNA genomic                     

data. As mentioned before, after the sequencing of aDNA molecules, an excess                       

of C-to-T transitions is observed because U’s coming from deaminated C’s                     

residues are sequenced as apparent T’s ​(Briggs et al., 2007)​. This characteristic                       

has been shown to be enriched towards the extremes of DNA molecules since                         

single-stranded DNA hangouts are more likely to suffer deamination ​(Hofreiter,                   
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Jaenicke, et al., 2001; Lindahl et al., 1977; Pääbo et al., 2004)​. Distinguishing                         

between deamination-caused transitions from true substitutions poses a               

challenge which can be addressed either using molecular biology protocols or                     

bioinformatic approaches. 

When the effect caused by deamination is either pervasive or undesired in the                         

downstream analyses, biochemical enzymatic steps can be incorporated during                 

the library construction process. The use of Uracil DNA Glycosylase (UDG)                     

(Lindahl et al., 1977)​, can remove the uracil residues caused by deamination. The                         

use of UDG reduces the majority of apparent C-to-T transitions while removing                       

the main source of systematic error for downstream genomic analyses ​(Briggs                     

et al., 2010)​.. 

Authentication and computational tools for aDNA 

Although the unique features of aDNA molecules generate challenges for                   

genomic analysis, such aDNA-specific features can be used to authenticate                   

historical samples and differentiate their genomic information from external                 

sources of contamination: microorganisms that have colonized the sample                 

post-mortem​; technical contamination that arises during sample or handling                 

stages; as well as crossed contamination during the DNA isolation and library                       

preparation ​(Cooper & Poinar, 2000)​. 

By taking advantage on the temporal footprints of DNA decay, aDNA genomic                       

data can be authenticated by inspecting: i) depurination signatures , ii) small                       

fragment sizes that lead to DNA fragmentation and ii) presence of enriched                       

cytosine deamination patterns manifested as C-to-T substitutions (Figure 2). 
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Figure 2. Unique aDNA characteristics used to authenticate historic samples. (A) ​Purines                       

(adenines and guanines) are enriched at DNA breakpoints in the reference genome used for                           

mapping.. The figure depicts ​t ​ypical breaking points in aDNA molecules (plot produced with                         

MapDamage 2.0 ​(Jónsson et al., 2013) using a historic sample of ​Magnaporthe oryzae ​collected in                             

1891). ​(B) ​In consequence, distribution of aDNA fragment lengths are short. ​(C) ​The red line                             

depicts ​cytosine to thymine substitutions when fragments are aligned to a reference genome. Blue                           

lines depict guanine to adenine substitutions, and grey lines represent other substitutions. ​(​B. and                           

C. ​adapted from Gutaker and Burbano ​(Gutaker & Burbano, 2016)​). 
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The assessment of the before mentioned signatures, require the existence of a                       

relatively close reference genome to which the data should be aligned and                       

therefore computational mapping methods suitable to work with the intrinsic                   

aDNA characteristics ​(Prüfer et al., 2010; Schubert et al., 2012)​. 

Most of the commonly used reference mapping software and pipelines are                     

heuristic methods. Such methods rely on the presence of a small-sized exact                       

match (seed) from which the mapping extension will begin ​(Schubert et al.,                       

2012)​. Due to the fact that in aDNA molecules, most of the deamination-driven                         

C-to-T substitutions are expected to be enriched towards the extremes of the                       

reads, the possibility of finding exact matches will decrease in proportion to the                         

level of deamination. Hence, the use of mapping algorithms that relax the                       

stringency in the seed or positional dependence substitution matrices are                   

suitable to handle aDNA genome mapping and aligning ​(Kircher, 2012;                   

Schubert et al., 2012)​. 

Moreover, since the basis of genomic evolutionary studies heavily relies on a                       

robust assessment of nucleotide differences between ortholog regions, it is                   

fundamental to reduce as possible the main source of genetic false-positive                     

polymorphic signal originated from deamination. The use of simulation of                   

deamination and decay process on modern genomic data implemented in                   

gargammel ​(Renaud et al., 2016)​, the recalibration by downgrading the mapping                     

quality scores in the extremes of the reads where deamination is more prone to                           

happen performed by ​mapDamage 2.0 ​(Jónsson et al., 2013)​, the use of optimized                         

variant callers for aDNA data like ​snapAD ​(Prüfer, 2018)​, as well as the                         

ascertainment of variable positions with curated datasets, are part of a useful                       

toolbox warranted to be utilized in aDNA research. Several software suites and                       

pipelines aimed to handle aDNA-type genomic information have been                 

developed in the last decade ​(Hanghøj et al., 2016; Jónsson et al., 2013; Peltzer et                             

al., 2016; Schubert et al., 2014; Skoglund et al., 2014)​. 

1.2. Ancient DNA and phylogenomics 

Understanding the relationship and common histories between lineages and                 

species is one of the major and most important challenges for evolutionary                       

studies. The way different lineages adapt to a variety of pressures and                       
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environmental conditions with physiological changes but also with the                 

underlying dynamics in their genomic-scale changes are a cornerstone of the                     

evolutionary analysis. 

Thanks to the new advances in genomic sequencing technologies, the                   

availability of full species genomes has opened the possibility to increase the                       

level of resolution in the inference of phylogenetic relationships between                   

lineages and species ​(Eisen, 1998; Philippe et al., 2005)​. The fact that all exonic                           

and intronic regions can be included in a phylogenetic framework, reduces the                       

sampling error associated with the selection of few genes for phylogenetic                     

reconstruction. The potential consequences of reconstructing erroneous             

phylogenetic relationships due to the high variance of mutation rates along the                       

genome can get significantly reduced by increasing the amount of data input,                       

e.g. whole genome sequences ​(Philippe et al., 2005)​. For instance, the resolution                       

of the true phylogenetic relationship between gorillas, chimpanzees and                 

humans, was only possible when a longer genomic region of non-coding DNA                       

(10.8 kb) was utilized ​(Miyamoto et al., 1988)​, after unsuccessful attempts by                       

inspecting single genes ​(Koop et al., 1986)​. During the last decade, empirical                       

studies have studied the probability of calculating incongruent phylogenetic                 

topologies as a result of genomic sampling ​(Rokas et al., 2003)​. Moreover,                       

because the evolutionary course can be expressed as a function of time, a better                           

understanding of the main evolutionary forces enables a better inference of                     

temporal events, like speciation or lineage coalescence. Thus, more information                   

coming from bigger genomic regions encode more and a better temporal                     

signal. 

The reasoning behind the presence of a sequence-embedded temporal signal is                     

that mutations accumulate at different rates in different lineages. The fidelity in                       

which DNA is replicated and repaired varies across different taxa, enabling                     

some lineages to accumulate mutations at a faster pace than their counterparts                       

in the tree of life ​(Lynch, 2010)​. While some small fraction of those mutations                           

can be beneficial, it has been shown that most of them have either neutral or                             

slightly deleterious effects ​(Drake, 2006; T. Ohta, 1973; Tomoko Ohta, 2002)​.                     

Nevertheless, because mutations are the ultimate source of all variation,                   

organisms with limited survival strategies e.g. prokaryotes with small genome                   
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sizes and high effective population sizes, display, in general, high mutation                     

rates. 

Because mutations are the ultimate source of all variation ​(Lynch, 2010; Lynch                       

& Conery, 2003)​, phylogenetic reconstructions are heavily impacted by their                   

accumulation. Therefore, phylogenetic analyses can be utilized as estimators of                   

relative time units between lineages: specifically, in an evolutionary neutral                   

scenario, the length of the branches are expected to be a good estimator of the                             

time separating different leaves and nodes in a given topology. Indeed, the idea                         

that substitutions were accumulated in a clockwise manner, was first highlighted                     

by analyzing aminoacid substitutions in both albumin and hemoglobin data                   

collected from primates ​(Wilson & Sarich, 1969)​. 

Dating a phylogenetic reconstruction 

Since phylogenies encode a measure of a relative temporal signal on their                       

topology, the conversion from relative time units to absolute time, can be                       

performed by three different ways: ​i​) with the addition of prior information on                         

the substitution rate, ​ii​) by informing about divergence times on the internal                       

nodes of the tree generally by the use of dated fossil records and, ​iii​) through                             

the incorporation of heterochronous data or time-stamped samples ​(Heled &                   

Drummond, 2012)​. 

In a scenario in which individuals from the same species are analyzed or in                           

which the phylogenetic distance among the lineages is close enough, it is fair to                           

assume that mutation rate is stable through the whole tree in a way that the                             

above mentioned ​a posteriori ​dating strategies will effectively convert the                   

relative time encoded in branch lengths into absolute time. The use of both                         

mutation rates and information about dates in fossil records ​(Heled &                     

Drummond, 2012; Ho et al., 2011) can be modelled as prior distributions in                         

Bayesian frameworks and their power will be heavily dependent on the                     

accuracy of the estimations. For example, the discordance between displayed                   

morphological characters in fossil records and evolutionary information from                 

genomic sequences can lead to incorrect temporal inferences ​(Ronquist et al.,                     

2016; C. Zhang & Wang, 2019)​. 

With the progressive accumulation of time-series data in genomic databases, it                     

was possible to use individuals from the same species or genetic group yet                         
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sampled in different years. It was shown, that especially in organisms in which                         

their mutation rate is fast, like viruses, a few years of sampling difference was                           

enough to make it possible to calibrate trees and therefore estimate mutation                       

rates ​(Rambaut, 2000)​. Because the collected information was assigned to                   

calibrate the tips of a given topology with the precision of the sampling date, in                             

contrast to an estimated range of time from fossil records, this strategy is                         

becoming a powerful tool to estimate absolute time events ​(Rieux & Balloux,                       

2016)​. Briefly, if the sampling time difference between two lineages is                     

significant enough relative to their relation to an outgroup, it is possible to use                           

the observed genetic distance of these two lineages to estimate an evolutionary                       

rate (Figure 3). 

 

 

Figure 3. Schematics for tip-dating calibration. ​In the given phylogenetic tree, the evolutionary                         

rate can be inferred from the relative genetic distance from an ​O ​utgroup to both ​X and ​Y ​divided                                   

by the sampling differential time between ​X and ​Y ​: μ = (​d​(OX) - ​d​(OY)) / (​t​X - ​t ​Y​). Adapted from                                       

(Rieux & Balloux, 2016) ​. 
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Because the uniformity of the evolutionary rate between lineages is an                     

important assumption, the addition of more distant taxa to this phylogenetic                     

approach, can both underestimate and overestimate branch lengths for some                   

lineages in which their mutation rates are slower or faster. Thus, adaptations                       

and extensions that allow different parts of the topology to have different                       

molecular clock models (relaxed clock models), have better estimation accuracy                   

(Alexei J. Drummond et al., 2006; Heled & Drummond, 2012)​. Furthermore,                     

even when analyzing single species, it has been shown that rates of evolution                         

can have extraordinary variability, as is the case of ​Yersinia pestis ​(Cui et al., 2013)​. 

Finally, because the proposed tip-dating strategy was limited to the historical                     

records in databases and especially to organisms with fast mutation rates, it is                         

possible to use the power of aDNA to increase the resolution and power of                           

detection of temporal parameters by directly sampling the observed diversity in                     

the past ​(Green & Shapiro, 2013; Gutaker & Burbano, 2016; Yoshida et al., 2014)​.                           

For example, with the use of a mitochondrial aDNA dataset with a temporal                         

resolution spanning 40.000 years, it was possible to both improve the                     

estimation of mitochondrial mutation rate in humans and calculate divergence                   

times in human populations with high accuracy ​(Q. Fu et al., 2013)​. Moreover,                         

the use of this framework enables the reconstruction of historical demographic                     

histories on different lineages. For instance, the relation between the drastic                     

environmental changes associated with the last glacial cycle and the population                     

decimation of megafauna has been possible to be reconstructed due to the use                         

of aDNA samples of extinct Bisons ​(Beth Shapiro et al., 2004) and Cave Bears                           

(Stiller et al., 2010)​. The reconstruction of the dynamics of Effective Population                       

Sizes gains accuracy with the temporal information embedded in aDNA                   

samples. Finally, by taking advantage of the vast collections represented in                     

worldwide herbarium samples and insect museum collections ​(Tegelberg et al.,                   

2014)​, it is possible to expand the reconstruction of aDNA evolutionary histories                       

of a diverse set of species ​(Lang et al., 2019)​. 

1.3. Population genomics 

Population assessment 
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Analysis of genetic populations conceptually assumes the existence of formed                   

populations. It also suggests a historical origin and a process of differentiation                       

into the extant populations which are the target of the analyses. 

In order to both understand the origins of populations and analyse their                       

evolutionary course, Fisher ​(R. A. Fisher, 1931) and Wright ​(S. Wright, 1931)                       

proposed a model in which population dynamics are studied from a theoretical                       

standpoint. This model assumes a population of constant size in which                     

individuals are hermaphrodites and no mating restrictions or biases are present.                     

This ideal panmictic population and its characteristics can be used to estimate                       

the expected change of allele frequencies in a scenario where no selection takes                         

part, i.e. just the action of the arrival of random mutations and their shuffling                           

via recombination through generations. This is, in fact, a null model from                       

which deviations driven by different types of evolutionary processes can be                     

analyzed. 

Furthermore, because of the action of demographic events that generate                   

population subdivision, once individuals are isolated from its main population,                   

the stochastic accumulation of mutations in incipient subpopulations together                 

with a random sampling of reproducing individuals - better known as ​genetic                       

drift - will ultimately give rise to new populations. The genomic manifestation                       

of these processes can be quantified as a reduction or deficit of the frequency of                             

heterozygous alleles, an observation known as the Wahlund effect ​(Wahlund,                   

1928)​. 

Since both, the gaining of new mutations and reduction of frequency of                       

heterozygous alleles are continuous and progressive processes, any attempt to                   

identify and separate individuals in populations will resort, in some degree, to                       

ad hoc thresholds. Thus, different methods that can establish thresholds to                     

classify individuals into genetic groups or populations have been developed.                   

These methods take advantage of the increased power of genome-wide genetic                     

variation by either using dimensionality reduction multivariate techniques or                 

analyzing patterns of allele sharing. 

As part of the dimensionality reduction methods, Principal Component                 

Analysis (PCA) is suitable for coarse-grained population analysis in large and                     

complex datasets ​(Jolliffe, 2002)​. Particularly, whole-genome SNP datasets can                 
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be considered as data matrices that reflect the genomic relatedness among                     

individuals. Hence, a PCA can be used to infer any type of underlying structure                           

in an unsupervised manner ​(Patterson et al., 2006)​. The robustness and quality                       

of the identified clusters can be assessed ​a posteriori by methods based on the                           

properties of cohesion and separation between clusters like Silhouette Scores                   

(Lovmar et al., 2005; Rousseeuw, 1987) or k-means based algorithms like                     

Discriminant Analysis of Principal Components ​(Jombart et al., 2010)​.                 

Moreover, the identification of genetic clusters or populations can be carried                     

out by using the shared evolutionary history between individuals. Specifically,                   

f3-outgroup statistics measure the amount of shared derived alleles of two                     

individuals since they diverged from a common outgroup and therefore                   

f3-outgroup statistics can be interpreted as a measure of pairwise genetic                     

distance between individuals relative to an outgroup species ​(Raghavan et al.,                     

2014)​. Finally, another possibility is to infer populations by identifying                   

individuals from which their allele frequencies are consistent with                 

Hardy–Weinberg equilibrium, as this theoretical stage, assumes no intervention                 

from non-neutral evolutionary forces and therefore it can be used as a proxy to                           

identify the genetic structure ​(Pritchard et al., 2000; Rosenberg et al., 2002;                       

Tang et al., 2005)​. 

Population genomics metrics 

Even though the definition of populations and subpopulations can be artificial                     

to some degree, there are also common characteristics shared by the members                       

of a given genetic cluster. Their relative distances within and among clusters,                       

the composition of their variation and the distinctive footprint of different                     

evolutionary processes, are some of the characteristics that give uniqueness to                     

each population. 

A major informative metric is the degree of genetic diversity within each                       

population. In fact, the amount of time and generations that a population has                         

experienced and the presence of any disruptive process like selection or                     

different types of demographic histories, have consequences in both the                   

amount and the type of exhibited variation within each population. The                     

parameter ​theta ​(𝛉) describes and summarizes the diversity of a population                     
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assuming neutrality and proxies of 𝛉 can be inferred directly from genomic                       

data. 

Two approximations to estimate 𝛉 from genomic data can take advantage of the                         

sum of pairwise polymorphic sites in a given set of sequences ((𝝅 or 𝛉​𝝅​) ​(Nei &                               

Li, 1979)​) or the total number of segregating sites ((𝛉​W​) ​(Watterson, 1975)​). Under                         

a model of neutral-equilibrium, both estimators should be equal and be                     

themselves a good estimator of the theoretical 𝛉. Different implementations of                     

these estimators have been recently developed, tailoring their calculations with                   

the actual data sizes from new sequencing platforms while taking into account                       

missing data ​(Begun et al., 2007; Ferretti et al., 2012)​. Moreover, another way of                           

comparing diversity between different populations is by measuring the amount                   

of Wahlund effect, that is, the proportion of deficit of heterozygotes from a                         

neutral-equilibrium expectation between two populations. In other words the                 

correlations between alleles within subpopulations relative to the whole                 

population ​(Holsinger & Weir, 2009)​. The Fixation Index (F​ST​) ​(Sewall Wright, 1949)​, was                         

developed with such purpose and has become a standard tool in the analysis of                           

population differentiation. Genome-wide outlier values of F​ST can indicate                 

regions under positive selection. 

Although the above-mentioned estimators can give an idea of the amount of                       

diversity within and between populations, other types of statistics and                   

estimators can give more information regarding the nature and characteristics                   

of the observed diversity based on the Allele Frequency Spectrum or the Site                         

Frequency Spectrum (SFS) ​(Braverman et al., 1995)​. By computing the                   

frequencies of minor or derived alleles in a population, it is possible to infer                           

whether the population have the expected frequencies under neutrality, i.e.,                   

only affected by mutation and drift ​(Evans et al., 2007)​, or whether the                         

frequencies deviate from expectations, suggesting the indirect effect of selection                   

- linked selection - on allele frequencies. Moreover, summary statistics derived                     

from the SFS have been commonly used to describe such deviations. Using the                         

difference between different estimators of 𝛉, the Tajima’s ​D genetic test is                       

effective in detecting deviations from expected allele frequencies in the                   

presence of selection or non-equilibrium demographic histories ​(Tajima, 1989)​. 

A common characteristic of the above-mentioned tests is that all them detect                       

changes in the frequency of alleles or in the overall genetic diversity. Such                         
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changes are driven by evolutionary processes that affect the parameter 𝛉. There                       

is, however, an important biological process that can have the same apparent                       

manifestation, although its underlying cause is the creation of new haplotype                     

diversity while maintaining allele frequencies. Indeed, in the presence of                   

recombination, the gamete sorting process will generate a rearrangement of                   

haplotypes that are only possible to differentiate from other evolutionary forces                     

because of the display of four gamete sets. Assuming two loci with two alleles                           

each, the only possibility to generate four gametes is under recombination (or                       

recurrent mutations). Based on this observation, Hudson and Kaplan ​(Hudson &                     

Kaplan, 1985) and later Myers and Griffiths ​(S. R. Myers & Griffiths, 2003)                         

developed the basis of the four-gamete test by estimating the minimum                     

number of recombination events that must have occurred in a sample, so four                         

gamete sets can be observed in the genetic sequences. 

Signatures of population genomic measures in clonal and recombinant                 

populations 

Analysis of genome-wide variation between and among populations permit to                   

describe among others, the preferred strategy of reproduction of different types                     

of organisms. Whether individuals grouped in a population are experiencing                   

sexual recombination or instead asexuality or clonality; whether those                 

populations are experiencing reduction or expansion of their population size.                   

Those are relevant questions that the before explained analyses and theoretical                     

body can help to understand. 

Specifically, sexual recombination has been extensively studied and its footprint                   

on different genomic analysis are well described ​(Felsenstein, 1974; Griffiths,                   

1981; Hudson & Kaplan, 1985)​. One of the most appreciable signatures of                       

recombination is the breakage of physically linked regions across                 

chromosomes. As a consequence, specific polymorphic sites in which                 

four-gamete sets are present are more likely to happen in populations where                       

there is sexual recombination, hence there is an expected surplus of the number                         

of violations of the four-gamete test. Conversely, clonal reproducing                 

populations will have in contrast a lower number of violations detected by the                         

four-gamete test, being the captured ones, most likely, a consequence of                     

recurrent mutations or sequencing errors. 
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In addition, the combined analysis of nucleotide diversity and SFS-based                   

analyses like Tajima’s ​D ​can tell about both demographic and selection events.                       

For instance, assuming a constant mutation rate between populations, reduced                   

nucleotide diversity in companion with a prevalence of acquisition of rare                     

alleles suggested by negative Tajima’s ​D values, are typical signatures of                     

populations experiencing a growth phase after either a drastic population                   

bottleneck or the existence of a founder effect. Alternatively, negative Tajima’s                     

D observations can also be caused by selective sweeps. Conversely, positive                     

Tajima’s ​D is a consequence of intermediate frequency alleles in the                     

populations and thus, its interpretations can be associated either with abrupt                     

population contractions or the presence of a balancing selection, which                   

maintains the diversity levels. 

Introgression between populations 

Until now, I have discussed the acquisition of diversity within populations                     

mainly through the way that mutations and drift act at the population level.                         

However, because of migration and/or absence of geographical barriers,                 

populations can experience the introduction of new allele diversity in the form                       

of gene flow or introgression from external populations, regardless of their                     

overall consequence will have neutral, negative or positive fitness effects in the                       

recipient population. In practice, introgression has been shown to be an                     

important source of genetic variation and diversity, with great impact in                     

environmental adaptation, e.g. toll-like receptors which enhanced modern               

humans defence against pathogenic bacteria, fungi and parasites and were                   

acquired through introgression from Denisovan and Neardenthal-like             

populations ​(Dannemann et al., 2016)​; colour pattern loci adaptive introgression                   

in ​Heliconius butterflies between recently diverged species ​(Heliconius Genome                 

Consortium, 2012; Pardo-Diaz et al., 2012; W. Zhang et al., 2016)​; and the                         

contribution of domestication traits via introgression from wild relatives into                   

sunflower modern cultivars ​(Baute et al., 2015)​. 

Detection of gene flow or introgression can be however confounded with any                       

other signal that creates discordance between the species and gene phylogenies,                     

being Incomplete Lineage Sorting (ILS) a big source of discordance ​(Degnan &                       

Rosenberg, 2009; Maddison, 1997)​. Indeed, ILS is the phenomenon in which the                       

lineages from a given population do not coalesce among them prior to their                         
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coalesce into an ancestral population ​(Avise et al., 1983)​. In other words,                       

discordances due to ILS are a consequence of the lack of time for the lineages to                               

sort all their alleles as a population. For this reason, when divergence times                         

between lineages/species are short, a significant proportion of alleles or genes                     

are expected to be discordant, obscuring the detection of introgression events.                     

However, ILS and introgression differ both in the arrangement and length of                       

their genomic footprints. ILS is characterized by randomly distributed events                   

along the genome ​(Pease & Hahn, 2015)​, while introgression is manifested by                       

longer genomic stretches. 

Following this rationale, Green et al ​(Green et al., 2010)​, created a test that can                             

differentiate whether the presence of a genome-wide discordant signal is likely                     

explained by introgression rather than the manifestation of ILS, which is,                     

instead, used as a null hypothesis. Given a four-taxon conformation                   

(((X,Y),T),O), where ​O is a true outgroup and therefore defines the ancestrality                       

(A), the test will inspect for specific site patterns where the lineage ​T has a                             

derived allele (B) (Figure 4). In the absence of discordance events, the site                         

pattern expectations will follow the lineage genealogy, so lineages ​X and ​Y will                         

always have the same allele (Figure 4A,B). In contrast, in the presence of                         

discordant events, lineages ​X and ​Y ​will have different site patterns, and the                         

overall site pattern will not follow the genealogy (Figure 4C,D). Moreover, in the                         

presence of ILS, the proportions of the discordant site patterns are expected to                         

be equal, and therefore the statistic will not be significant (​Patterson’s D = 0).                           

However, if the proportions of ABBA sites are higher (Figure 4C), there will be                           

genomic-wide evidence of recombination between lineages ​T and ​Y (​Patterson’s                   

D > 0). Conversely, if the proportions of BABA sites are higher (Figure 4D),                           

there will be genomic-wide evidence of introgression between lineages ​T and ​X                       

(​Patterson’s D​ < 0). 
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Figure 4. The rationale for Patterson’s ​D statistic calculation. ​The true genealogy of a four-taxon                             

group with an (O)utgroup is depicted by the black trees (((X,Y) ,T),O). Allele trees and site patterns                                 

are depicted as coloured lines where blue corresponds to the ancestral state (A) and red                             

corresponds to the derivative state (B). Mutation occurrence is represented by a start. There are                             

two possible concordant site patterns (​A. ​and B. ​). In the presence of Incomplete Lineage Sorting                             

(ILS), site patterns with the configuration ABBA (​C. ​) and BABA (​D. ​) are expected to occur with the                                 

same proportion. In a scenario of introgression, ABBA sites (​C. ​) are more likely to happen if there                                 

is gene flow between T and Y, while BABA sites (​D. ​) are expected to happen if there is gene flow                                       

between T and X. 

1.4. Objectives of this work 

As highlighted in this introductory section, I will make use of ancient DNA as a                             

powerful source of information to inform and complement phylogenomics and                   

population genomics approaches. By studying two different eukaryotic               

biological systems, a fungus and insect, I will describe the population history,                       

evolutionary relationships and evolutionary forces that have shaped present                 

historical and present-day diversity. 

The first objective will be to describe and resolve the phylogenetic relationships                       

among scarab beetles from the Mascarene Islands, some of which are most                       
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likely extinct. To address this goal, I will combine whole genomic data from                         

museum pinned-specimens together with high quality reads and assemblies                 

from two extant beetle species. I will ascertain the evolutionary relationships by                       

building a molecular phylogeny and by using site patterns based on ​D​-statistics.                       

Furthemore, I will estimate divergence times and analyze them in the light of                         

the Mascarene Plateau geological events. Finally, I will use morphological                   

standard observations to jointly analyze the estimated molecular-based               

phylogeny. For the first time I will propose a robust phylogenetic relationship                       

of this important insect taxa by using whole genome markers instead of the                         

until now used gene markers and morphological data. 

The second objective will be to describe the present genetic history of the rice                           

blast fungus, ​Magnaporthe oryzae​. To address this goal, I will combine different                       

datasets: I will use the two recent and largest genomic datasets publicly                       

available, which have a worldwide geographical coverage. I also will generate                     

new genomic data from present-day isolates coming from Europe, in order to                       

fill this underrepresented region in the mentioned studies. And finally, I will                       

make use of historic herbarium infected rice leaves which have been collected                       

from 1891 to 1948 and therefore enhance the dataset with a temporal resolution                         

of more than one century. I will define the current population structure of the                           

pathogen by utilizing different methods that exploit different genomic features                   

like allele sharing patterns, as well as genetic distances. Subsequently, I will                       

describe the characteristics associated with the previously identified genetic                 

groups. At this stage, I will use the information to build the phylogenetic                         

relations and reconstruct the demographic history by using again different yet                     

complementary phylogenetic approaches. Finally, by inspecting the repertoire               

of effectors as the most important proteins involved in the disease recognition                       

by the host, I will jointly analyze the patterns of presence and absence in the                             

light of the previously described genetic structure. By accomplishing the                   

described objectives, this work will hopefully shed light and new hypotheses                     

about candidate functional units involved in the adaptive process of the                     

pathogen to different hosts, geographical regions and timescales.   
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2. Museum phylogenomics of extinct         

Oryctes​ beetles from the Mascarene Islands 

Contributions 

This chapter consists in the manuscript entitled: “Museum phylogenomics of                   

extinct ​Oryctes beetles reveal independent colonization of a young volcanic                   

island” available as a ​bioRxiv preprint (doi: 10.1101/2020.02.19.954339). The                 

following people have contributed to the work presented in this chapter:                     

Hernán A. Burbano (HAB), Ralf J. Sommer (RJS) and myself conceived and                       

designed the project with input from Matthias Herrmann (MH) and Christian                     

Rödelsperger (CR). I carried out DNA extractions and library preparations of                     

historical museum specimens. Andreea Dréau (AD) and Waltraud Röseler                 

performed linked-read library preparations. AD and CR carried out ​de novo                     

assembly of extant genomes. MH and M.J. Paulsen performed morphological                   

analyses and contributed entomological expertise. I performed the               

phylogenomic and population history analyses, developed the software               

application, analyzed the data and prepared all the figures with input from                       

HAB. RJS, HAB and myself wrote the manuscript with input from all authors. 

Abstract 

The sheer size of insect museum collections and the possibility to sequence                       

genomes from historical insect specimens present an unique opportunity to                   

address phylogenetic and population history questions in light of increasing                   

biodiversity loss. On islands, for instance, extreme morphological diversity,                 

high endemism and high extinction rates make evolutionary inference difficult.                   

Although it is evident that historical specimens could fill in for recently extinct                         

taxa, they have not yet been widely harnessed for phylogenomic                   

reconstructions. Here, we generated genomes from historical museum               

specimens from the Mascarene Islands to reconstruct the evolutionary                 

relationships of three extinct species of the rhinoceros beetle genus ​Oryctes​. We                       

compared their genomes with those of an extant ​Oryctes species from the island                         

of Réunion, as well as a flightless Réunion-based species previously placed into                       

the supposedly unrelated genus ​Marronus​. We found that contrary to the                     
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previously proposed phylogeny based on morphological characters, ​Marronus               

borbonicus belongs instead to the genus ​Oryctes​. Moreover, the two                   

Réunion-based species (​O. borbonicus and ​M. borbonicus​) are not sister taxa,                     

suggesting two independent colonizations. The divergence time between them                 

(<3Myr) overlaps with the volcanic formation of Réunion, likely indicating that                     

M. borbonicus became flightless in situ. Our study showcases the power of                       

combining present-day and historical genomes to inform phylogenetic               

inference and paves the way for the inclusion of insect historical genomes in                         

short-term longitudinal studies. 

2.1. Introduction 

Insects are the most diverse taxon on Earth and, thus, provide essential services                         

to ecosystems. These services are currently under threat due to anthropogenic                     

activities that have led to insect population declines and extinctions ​(Cardoso et                       

al., 2020)​. In spite of their relevance, and given their diversity, insects are to                           

date underrepresented in global change studies ​(Kharouba et al., 2018)​. To                     

quantify the scale of biodiversity loss, ascertain its causes and formulate                     

conservation strategies, it is fundamental to have a short-term record of                     

diversity change spanning the last century. Fortunately, the sheer size of insect                       

historical collections curated in natural history museums provide a window into                     

the past to study, for instance, geographical ranges as well as phenotypic and                         

phenological changes of both extant and extinct insect species (Kharouba et al.,                       

2018). Due to recent developments in the retrieval and sequencing of ancient                       

DNA (aDNA) ​(B. Shapiro & Hofreiter, 2014)​, it is now possible to sequence                         

complete genomes of historical and ancient specimens. However, these                 

approaches, with very few exceptions ​(Cridland et al., 2018; Mikheyev et al.,                       

2015)​, are not yet widely spread in insect evolutionary genomics. Here, we                       

applied state-of-the-art aDNA techniques to address phylogenomic and               

population history questions harnessing whole-genomes retrieved from             

historical specimens of extinct beetle species. 

Coleoptera (beetles) are the most diverse order in metazoans with almost                     

400,000 described species ​(Hammond, 1992)​. Some lineages have given rise to                     

spectacular forms that have fascinated humans for millennia. For example,                   

illustrations featuring rhinoceros beetles have been found in Crete from the                     
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Minoan period (2000-1600 BC) ​(Paulian, 1985)​. Large and comprehensive                 

museum collections of insect specimens exist throughout the world and the                     

overall beetle phylogeny has been studied in great detail using both                     

morphological and molecular tools based on a handful of loci ​(Hunt et al., 2007;                           

Jin et al., 2016)​. The rhinoceros beetle genus ​Oryctes includes some of the largest                           

beetles, such as ​O. gigas ​(Dechambre & Lachaume, 2001)​, a species well known                         

for its impressive horns ​(Hu et al., 2019)​. In total, Oryctes contains 42 valid                           

species distributed in Africa, Southeast Asia and the Indian Ocean ​(Dechambre                     

& Lachaume, 2001)​. The genus displays extremely high levels of endemism on                       

islands in the Indian Ocean, which are considered major terrestrial biodiversity                     

hotspots ​(N. Myers et al., 2000)​. For instance, Madagascar and the Mascarene                       

Islands (Réunion, Mauritius and Rodrigues) alone harbor 16 species, some of                     

which have gone extinct due to extreme habitat loss, i.e. ​O. tarandus and ​O.                           

chevrolatii on Mauritius and ​O. minor on Rodrigues (Figure 2.1A). While several                       

systematic classifications have been suggested based on morphological               

characters, no molecular phylogeny is available because traditionally used                 

PCR-based methods are not suitable for highly-degraded DNA present in                   

historical museum specimens, and state-of-the-art library-based methods have               

not been employed for phylogenomic studies in extinct insect species. Given                     

the distribution and diversity of rhinoceros beetles across the Mascarene                   

Islands, establishing their evolutionary relationships is fundamental to               

understanding how geological processes, such as landmass emergence and                 

submergence, have shaped the Mascarene’s endemic biodiversity. 

Réunion, the youngest of the Mascarene islands, harbors ​O. borbonicus, ​and an                       

additional rhinoceros beetle that was placed in the monotypic genus ​Marronus                     

based on morphological analyses ​(Endrődi & Others, 1985)​. This genus has been                       

included in the tribe Pentodontini, and presumed to be distantly related to                       

Oryctes ​in the tribe Oryctini. Like many island beetles, ​M. borbonicus (hereafter                       

referred to as ​Marronus to avoid confusion with ​Oryctes borbonicus​) is a flightless                         

species that has undergone dwarfism. The creation of the monotypic genus                     

Marronus based only on morphology is problematic since morphological                 

features are often lost, and frequently convergent, in dwarf species. Moreover,                     

the high prevalence of character displacement in islands can obscure                   

morphological synapomorphies. Both ​O. borbonicus and ​Marronus are hosts of                   

the nematode ​Pristioncus pacificus​, a well-studied model organism for integrative                   
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evolutionary biology ​(Sommer & McGaughran, 2013)​. Thus, understanding the                 

phylogenetic relationship between these two sympatric species might also shed                   

light on the evolutionary history of the association between Réunion-based                   

beetles and ​P. pacificus​. 

To investigate the phylogenetic relationships among ​Oryctes species from the                   

Mascarene Islands and between them and ​Marronus​, we used Illumina                   

sequencing and 10X Genomics to refine the draft genome of ​O. borbonicus​, and                         

generated a new draft genome of ​Marronus​. Furthermore, we used minute                     

amounts of tissue from pinned beetle museum specimens to generate for the                       

first time genome-wide data from extinct insect species from Mauritius and                     

Rodrigues. The combined analysis of extant and extinct genomes permitted us                     

to infer phylogenetic relationships, divergence times, and the colonization                 

history of ​Oryctes​ beetles of the Mascarene Islands. 

2.2. Results 

2.2.1. De novo assembly of Reunion’s ​Oryctes borbonicus and                 

Marronus borbonicus 

Despite the large number of beetle species (~400,000), genome sequences of                     

only 20 species have been reported ​(D. D. McKenna, 2018; D. D. McKenna et al.,                             

2019)​. Available genomic data includes a draft assembly of ​O. borbonicus ​(J. M.                         

Meyer et al., 2016)​. Here, we sequenced DNA from two specimens of ​O.                         

borbonicus and ​Marronus​, the two extant endemic beetles from Réunion, on the                       

10X Genomics platform to improve the draft genome of ​O. borbonicus​, and to                         

generate a draft genome of ​Marronus​. Both libraries were individually                   

sequenced on the Illumina HiSeq 3000 platform yielding 330 million paired                     

end reads (2x150bp), which translates into roughly 120X coverage per genome.                     

These data were assembled into 411 Mb for ​O. borbonicus and 413 Mb for                           

Marronus (Supplementary Table 2.1). In comparison to the previously published                   

draft genome of ​O. borbonicus ​(J. M. Meyer et al., 2016)​, this led to a huge                               

reduction in contig number from over 150,000 to 9,526 and an 80-fold                       

increased contiguity, i.e. N50 was raised from 105kb to 8.4Mb (Supplementary                     

Table 2.1). Coverage analysis of the previous ​O. borbonicus assembly, revealed a                       

high abundance of genomic regions with half the expected coverage possibly                     
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pointing towards a problem of allelism, i.e. two divergent haplotypes were                     

assembled separately ​(Barrière et al., 2009; J. M. Meyer et al., 2016)​. Indeed,                         

sequencing of linked reads allowed the new ​O. borbonicus assembly to be                       

resolved into pseudohaplotypes ​(Weisenfeld et al., 2017)​. Consequently, the                 

coverage profile of the new assembly is substantially shifted towards higher                     

coverage, most likely autosomal regions (Supplementary Figure 2.1) indicating                 

that the increased size of the previous assembly was largely due to separate                         

assembly of divergent haplotypes. In total, 17,736 and 14,738 protein coding                     

genes were annotated in the assemblies of ​O. borbonicus and ​Marronus​,                     

respectively. Comparison of protein sequence identity between 9,656               

orthologous pairs revealed a median percentage identity of 98%, indicating that                     

O. borbonicus and ​Marronus are closely related. Indeed, further phylogenomic                   

analysis in the context of 13 phylogenetically broad Coleopteran genomes                   

indicated that ​O. borbonicus and ​Marronus are closely related, similar in                     

phylogenetic distance to that between ​Hycleus phaleratus and ​Hycleus cichorii​, two                     

members of the same genus (Supplementary Figure 2.2). 

2.2.2. Sampling and sequencing of historical beetle genomes 

As three other endemic ​Oryctes species from both Mauritius (​O. tarandus and ​O.                         

chevrolatii​) and Rodrigues (​O. minor​) are extinct, the only way to robustly                       

reconstruct their evolutionary relationships is by retrieving genomes from                 

historical museum specimens. To this purpose we obtained pinned museum                   

specimens from these three extinct species, and also from ​O. mayottensis from                       

Mayotte Island (as an outgroup for the Mascarene species), and an ​O. borbonicus                         

museum specimen for comparison (Figure 2.1 and Supplementary Table 2.2).                   

The age range of the museum specimens was between 53 and 99 years old.                           

Although museum specimens from insects have been used before for                   

phylogenetic analyses, this was mainly by PCR-based methods that aimed at                     

amplifying one or a handful of loci ​(Goldstein & Desalle, 2003; Thomsen et al.,                           

2009)​. In general, PCR amplifications have failed when using samples older                     

than 50 years ​(Watts et al., 2007)​. In contrast, whole-genome data derived from                         

beetle museum specimens have not been used for phylogenetic analyses. To                     

minimize the degree of sample destruction, we extracted DNA from one leg                       

from each museum specimen amounting to ~7-23 mg of tissue (Supplementary                     

Figure 2.3A-E). The DNA extractions ​(Gutaker et al., 2017) and library                     
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preparations were carried out in a clean room facility to avoid contamination                       

from exogenous DNA. Shallow sequencing of the libraries showed damage                   

patterns and length distributions typical of ancient DNA (aDNA)                 

(Supplementary Figure 2.3F-G) ​(Briggs et al., 2007)​, and endogenous beetle                   

DNA percentage varied from 5 to 85% (Supplementary Figure 2.3H). The                     

variation in the percentage of endogenous DNA did not correlate with the                       

distance of each species to the draft genomes of either ​O. borbonicus or ​Marronus                           

(Supplementary Figure 2.3I). The same DNA extracts were used to generate                     

chemically repaired libraries with significantly reduced ancient DNA-associated               

damage ​(Briggs et al., 2010) (Supplementary Figure 2.4), which were sequenced                     

using the Illumina platform achieving on average 1X coverage (Supplementary                   

Table 2.3). Only sequencing data derived from these chemical repaired libraries                     

were used for subsequent analysis. 

 

Figure 2.1. Provenance of fresh and museum rhinoceros beetle specimens. ​(A) The map displays                           

beetle species endemic to different islands in the Indian Ocean on the coast of East Africa. The                                 

largest island is Madagascar. From west to east the sampled species included ​Oryctes mayottensis in                             

Mayotte, ​Oryctes borbonicus and ​Marronus borbonicus in Réunion, ​Oryctes chevrolatii ​and ​Oryctes                       

tarandus in Mauritius, and ​Oryctes minor in Rodrigues. Réunion, Mauritius and Rodrigues                       

comprise the Mascarene Archipelago. ​O. chevrolatii ​, ​O. tarandus and ​O. minor have not been                           

observed in decades and are presumably extinct. ​(B-F) ​Beetle museum specimens used in this                           

study. ​(B) ​O. borbonicus ​(C) ​O. tarandus ​(D) ​O. chevrolatii ​(E) ​O. minor ​(F) O. mayottensis ​(G) ​Fresh                                   

specimen of ​ ​M. borbonicus ​. 
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2.2.3 Evolutionary relationships and divergence times of             

Oryctes​ spp. and ​Marronus borbonicus 

To establish the evolutionary relationship among all beetle species, we first                     

mapped the sequenced reads to the updated ​O. borbonicus draft genome, which                       

provides a common coordinate system for all beetle species. To ascertain single                       

nucleotide polymorphisms (SNPs) for each sample, we randomly selected one                   

base at each segregating site. This method, also known as                   

“pseudo-haploidization”, is commonly applied to low-coverage aDNA datasets,               

allowing the estimation of genetic relatedness from low-coverage data ​(Green et                     

al., 2010) (See Materials and Methods). Implementing this methodology, we                   

identified a total of 1,541,675 SNPs. 

Initially, we summarized the genetic variation among beetle species using                   

principal components analysis (PCA), which showed that PC1 does not separate                     

species by genera but, instead, clusters together ​Oryctes and ​Marronus beetles                     

from Réunion and Mauritius, and separates the species from Mayotte and                     

Rodrigues (​O. mayottensis and ​O. minor​) from each other, and from the species                         

from Réunion and Mauritius (Supplementary Figure 2.5A). This separation                 

suggests that the vast majority of SNPs might have occurred in the lineages                         

leading to ​O. mayottensis and ​O. minor​. To test this hypothesis, we implemented a                           

Minor Allele Frequency (MAF) filter that requires the SNPs to be segregating in                         

at least two out of the seven samples (2/7). This filtering step reduced both the                             

number of SNPs to 304,417, and the percentage of variance explained by PC2 in                           

30%. Indirectly, this reduction along the PC2 axis increased the separation                     

among the beetles from Réunion and Mauritius (Figure 2.2A and                   

Supplementary Figure 2.5). These observations support the hypothesis that the                   

variance explained by PC2 was driven by variation that is private to either ​O.                           

mayottensis or ​O. minor ​(Supplementary Figure 2.5A). Thus, after implementing                   

the MAF filtering, the PC2 further separated beetle species. Importantly, PC2                     

also grouped together ​O. borbonicus from fresh and museum samples, which                     

demonstrates that the use of chemically-repaired libraries and the appropriate                   

identification of SNPs permit the accurate clustering of species, independent of                     
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their present-day or historical origin (Figure 2.2A and Supplementary Figure                   

2.6). 
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Figure 2.2. Evolutionary relations among rhinoceros beetles. (A) ​Principal component analysis                     

plot based on 304,417 SNPs. Genetic distances between beetle samples are projected onto the first                             

two PCs. Axis labels indicate the fraction of total variation explained by each PC. ​(B) Phylogenetic                               

network based on 304,417 SNPs using the neighbor-net method. ​(C) Testing the robustness of                           

phylogenetic relations among scarab beetle species using ​D ​-statistics of the type ​D​(B,A; ​Marronus                         

borbonicus ​, outgroup), as depicted in the phylogenetic tree. ​O. mayottensis was used as an outgroup.                             

Each row ( ​i-vi ​) shows a different ​D ​-statistic configuration. A negative ​D ​-statistic indicates that ​M.                           

borbonicus is closer to species A, whereas a positive ​D ​-statistic indicates that ​M. borbonicus is closer                               

to species B. The points depict the result of each ​D ​-statistic test and the lines their respective 95%                                   

confidence intervals. Rows ​i-iii show that ​M. borbonicus is closer to the ​Oryctes spp. from Réunion                               

and Mauritius. Rows ​v-vi show that ​M. borbonicus is closer to both ​O. borbonicus and ​O. tarandus                                 

than to ​O. chevrolatii​. Finally, row ​iv shows the closest ​D ​-statistic to zero, which indicates that ​M.                                 

borbonicus is slightly closer to ​O. tarandus ​than to ​O. borbonicus and ​(D) ​SVDquartets species tree.                               

Numbers at nodes indicate bootstrap support (1000 replicates). 

 

To further refine the evolutionary relationships among these Mascarene                 

beetles, we built phylogenetic networks using either of the two SNP sets, i.e.                         

with and without MAF filtering. As expected from the PCA analysis, the use of                           

the MAF filtering reduced the branch lengths of ​O. mayottensis and ​O. minor​,                         

while preserving the network topology (Figure 2.2B and Supplementary Figure                   

2.6A-B). To focus on the evolutionary relationships among Réunion and                   

Mauritius beetles, from here on, we carried out all analyses implementing the                       

MAF 2/7 filtering. The phylogenetic networks revealed that (i) sympatric species                     

pairs from Réunion and Mauritius do not cluster together but, instead, ​O.                       

borbonicus and ​O. tarandus appear as sister groups, (ii) ​Marronus falls within the                         

Oryctes genus, and (iii) ​O. mayottensis and ​O. minor​, as suggested by the PCA                           

analysis, are outgroups for beetles from Réunion and Mauritius. The absence of                       

pervasive reticulation in the phylogenetic network might suggest that                 

introgression is not substantial between Mascarene beetles. 

In order to test the phylogenetic relationships (the “treeness”) suggested by the                       

phylogenetic network, we used ​D​-statistics ​(Durand et al., 2011; Green et al.,                       

2010)​. We employed ​D​-statistics of the following form: ​D​(Outgroup, ​Marronus​;                   

species A, species B), using ​O. mayottensis as an outgroup and different                       

configurations of the four ​Oryctes species from Réunion and Mauritius as                     

species A and B (Figure 2.2C). The first three rows (​i-iii​) of Figure 2.2C indicated                             

that ​Marronus is closer to ​Oryctes species from Reunión and Mauritius than to ​O.                           
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minor from Rodrigues, whereas the last two rows (​v-vi​) showed that ​Marronus is                         

closer to both ​O. borbonicus and ​O. tarandus than to ​O. chevrolatii​. The extreme                           

negative and positive ​D​-statistics of rows ​i-ii and ​v-vi indicated that the tested                         

phylogenetic hypotheses are likely incorrect. Finally, row ​iv​, where the                   

D​-statistic is the closest to zero, showed that ​Marronus is slightly closer to ​O.                           

tarandus than to ​O. borbonicus​, which could be explained by post-speciation                     

introgression between ​Marronus and ​O. tarandus​. To evaluate the influence of                     

genome reference bias in our phylogenomic inferences, we repeated the                   

D​-statistic analyses but instead of mapping the reads to the ​O. borbonicus draft                         

genome, we mapped the reads to the ​Marronus genome. ​D​-statistics values for                       

configurations presented in all rows but row ​iv showed qualitatively similar                     

results, very negative for rows ​i-iii and very positive for rows ​v-vi (Figure 2.2C                           

and Supplementary Figure 2.8C). Also consistent with previous analysis, row ​iv                     

had the ​D​-statistics closest to zero but this time with a positive value, which                           

indicates a closer relationship between ​Marronus and ​O. borbonicus that again                     

could be caused by post-speciation introgression, this time between ​Marronus                   

and ​O. borbonicus​. The fact that the sign of the ​D​-statistic in row ​iv switched                             

between negative and positive depending on the reference genome used very                     

likely indicates that ​Marronus is equally distant to both ​O. borbonicus and ​O.                         

tarandus and that the true value would overlap zero. A ​D​-statistic not different                         

from zero likely suggests that negligible or no post-speciation introgression                   

took place between ​Marronus and either ​O. borbonicus and ​O. tarandus​, thus any                         

segment of the genome showing a discordant phylogeny is most likely the                       

result of incomplete lineage sorting ​(Green et al., 2010)​. The lack of pervasive                         

introgression suggested by both the lack of reticulations in the phylogenetic                     

network and the ​D​-statistics prompted us to carry out a phylogenetic analysis                       

using genome-wide SNPs. First, we generated a species tree using a                     

quartet-based method that analyzes sequencing data on a SNP-by-SNP basis                   

(Chifman & Kubatko, 2014) (Figure 2.2D). Second, we carried out phylogenetic                     

inferences using concatenated SNPs under both Maximum Likelihood and                 

Bayesian frameworks (Supplementary Figure 2.7). Both the SNP-by-SNP               

method and the concatenation approach confirmed that ​Marronus indeed                 

belongs to the genus ​Oryctes and, thus, do not warrant a monotypic genus.                         

Additionally, the fact that ​O. borbonicus and ​O. tarandus​, although endemic to                       

different islands, are sister groups, and that ​Marronus is an outgroup to both of                           
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them, likely indicates that Réunion was colonized independently by ​O.                   

borbonicus and ​Marronus​. All our results (Figure 2.2) proved to be robust to the                           

choice of reference genome (Supplementary Figure 2.8). 

To relate the speciation events with the geological processes that gave rise to the                           

Mascarene Islands, we set out to calculate the divergence times between                     

Mascarene’s beetles. Initially, to investigate the variation of DNA sequence                   

divergence along the genome, we analyzed the nucleotide divergence of all                     

species relative to the ​O. borbonicus draft genome using 100 kb windows (Figure                         

2.3A). As suggested by their phylogenetic relationship as outgroups for Réunion                     

and Mauritius beetles, ​O. minor and ​O. mayottensis displayed the highest                     

nucleotide divergence relative ​O. borbonicus​, with medians of 3 and 3.8%,                     

respectively. The use of pairwise genetic differences reflected the true genetic                     

distance between ​O. borbonicus and both ​O. mayottensis ​and ​O. minor as shown in                           

the non-MAF filtered genetic network (Supplementary Figure 2.6A). The                 

distributions of nucleotide divergences between ​O. borbonicus and Réunion                 

(​Marronus​) and Mauritius (​O. tarandus and ​O. chevrolatii​) beetles showed a high                       

degree of overlap (Figure 2.3A), reflecting very close divergence times, as                     

expected given their close phylogenetic relationships. Although, we found that                   

mean pairwise nucleotide divergence does not perfectly correlate with the                   

inferred phylogenetic relationships between beetle species, we expect that mean                   

sequence divergence will provide a rough estimate of sequence divergence                   

times. To translate mean sequence divergence between all sequenced beetle                   

species and ​O. borbonicus​, we used the most commonly used insect mutation                       

rate: 1.15% (1.1%-1.2%) per million years ​(Brower, 1994)​. Although this rate was                       

calculated using mitochondrial DNA (mtDNA) from a different insect order                   

(Lepidoptera) ​(Brower, 1994)​, a recent attempt to calibrate the insect molecular                     

clock using beetle mtDNA estimated a rate very similar to the                     

Lepidoptera-based one ​(Papadopoulou et al., 2010)​. Moreover, it has been                   

suggested that mtDNA and nuclear mutation rates are very similar in insects                       

(Papadopoulou et al., 2010; Sharp & Li, 1989)​. 

 

41 

https://paperpile.com/c/yelLZJ/bNB3b
https://paperpile.com/c/yelLZJ/bNB3b
https://paperpile.com/c/yelLZJ/K5fqx
https://paperpile.com/c/yelLZJ/oV4ir+K5fqx


 

 

Figure 2.3. ​Nucleotide divergence of rhinoceros beetles. (A) ​Distribution of nucleotide                     

divergence from the ​Oryctes borbonicus genome among genomic segments of 100 kb (N=1,553). ​(B)                           

Divergence times of rhinoceros beetles relative to the ​O. borbonicus genome. The distributions of                           

nucleotide divergences from (A) were converted into divergence times in million years using a                           

constant substitution rate of 1.15 (1.1 - 1.2) % pairwise sequence divergence per million years per                               

lineage ​(Brower, 1994) ​. The horizontal bars indicate upper and lower bounds for the divergence                           

times based on the confidence intervals of the substitution rate. The x-axis shows the timing of                               

major geological events in the Mascarene plateau, including the emergence of present-day                       

Mascarene Islands. 

 

The translation of mean sequence divergence resulted in sequence divergence                   

times (in million years) of 1.70 (1.63-1.68) for ​O. chevrolatii​, 1.90 (1.82-1.99) for ​O.                           
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tarandus and 1.79 (1.77-1.87) for Marronus (Figure 2.3B). Thus, all sequence                     

divergence times between Réunion and Mauritius beetles relative to ​O.                   

borbonicus are younger than 2 million years, and close in time to each other,                           

showing overlapping confidence intervals in the case of ​Marronus and ​O.                     

tarandus​. Note that our approach to calculate sequence divergence times                   

overestimates population divergence times, since sequence divergence times               

include the coalescence within the common ancestor of two species, while the                       

population divergence - the point at which species stop exchanging genes -                       

takes place much later in time. However, our estimated divergence times                     

provide approximate estimates that can be overlaid with the geology of the                       

Mascarene Islands. This overlay suggests that ​Marronus diverged from the                   

common ancestor of ​O. borbonicus and ​O. tarandus at a time posterior to the                           

emergence of Réunion (Figure 2.3B). These results imply that ​Marronus became                     

flightless ​in situ​, since it is less likely for a flightless species to be able to colonize                                 

an island, as has been proposed for the flightless Rodrigues solitaire ​(Beth                       

Shapiro et al., 2002)​. 

2.2.4. Morphological analysis of ​Marronus borbonicus and its               

relation to ​Oryctes​ spp. 

In light of the phylogenomic analyses presented here that locate ​Marronus                     

within the genus ​Oryctes​, we revisited the morphological evidence that placed ​M.                       

borbonicus in its own monotypic genus. ​Marronus has previously been classified                     

in the tribe Pentodontini, separated from the Oryctini by the form of the apex                           

of the metatibiae (truncate vs. toothed, respectively) and by the more                     

pronounced sexual dimorphism of oryctines ​(Endrödi, 1969)​. However, these                 

characters doubtlessly have evolved numerous times independently and are not                   

taxonomically robust, leaving the monophyly of the tribes in doubt ​(Ratcliffe et                       

al., 2013)​. Truncate metatibiae are a frequent accompaniment to the suite of                       

characters that are related to flightlessness, e.g. dwarfism, atrophied wings,                   

reduced eyes, and thickened legs. Other island flightless rhinoceros beetles                   

purported to be genera of Pentodontini such as ​Neoryctes Arrow (Galapagos                     

Islands) and ​Mellissius Wollaston (St. Helena) display truncate metatibiae, as do                     

numerous other flightless scarabaeoid beetles ​(Scholtz, 2000)​. Most               

importantly, ​Marronus displays the same sexually dimorphic characters found                 

in ​Oryctes species, just in a reduced form (Figure 2.4). These consist of a frontal                             
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horn and distinct anterior pronotal fovea in males and a frontal tubercle and                         

smaller pronotal fovea in females. The pronotal fovea of male ​Oryctes is often                         

bordered behind by a bifurcate process and laterally by coarse punctures, and                       

these structures can also be found in males of ​Marronus ​in reduced form. Thus,                           

the morphology of ​Marronus is consistent with that of ​Oryctes ​species, agreeing                       

with our phylogenomic analyses, and therefore, ​Marronus ​should be transferred                   

to ​Oryctes​. As two species of the same genus cannot retain identical names, a                           

replacement name will be designated elsewhere. 

 

 

Figure 2.4. ​Morphological analysis of ​Oryctes borbonicus and ​Marronus borbonicus ​. (A) ​Similarities                       

in male specimens of ​M. borbonicus (left) and ​O. borbonicus (right). Roman numbers and red lines                               

point to the presence of analogous morphological characters: ​i) horn, ​ii) pronotal fovea, ​iii)                           

bifurcate process, and ​iv) coarse punctures. (B) ​Similarities in female specimens of ​M. borbonicus                           

(left) and ​O. borbonicus (right). Roman numbers and red lines point the presence of analogous                             

morphological characters: ​i ​) bidentate clypeus, ​ii) ​central tubercle, ​iii) ​anterior margin of                       

pronotum thickened medially, and ​iv​) flattened area anteromedially with transverse rugae. ​(C)                       

Wings of ​M. borbonicus (upper) and ​O. borbonicus (lower). While the ​O. borbonicus wing shows                             

venation, size and shape typical of a functional beetle wing, ​M. borbonicus wing size and venation                               

are highly reduced. 
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2.3. Discussion 

Current studies of biodiversity are challenged by rapid environmental change                   

driven by factors such as increased pollution, widespread habitat loss and                     

fragmentation, and unprecedented climate change, which has resulted in                 

increasing extinction rates ​(De Vos et al., 2015)​. Island ecosystems are                     

particularly vulnerable to these threats due to their isolation and ecological                     

uniqueness, which is characterized by high levels of endemism. It is estimated                       

that 80% of species extinctions have taken place in islands and 45% of Red List                             

endangered species also inhabit islands. Thus, while characterizing biodiversity                 

and the evolutionary relationships among different groups of organisms is                   

today more relevant than ever, species are vanishing from Earth at a higher rate                           

than our capacity to study them. Hence, it is becoming necessary to take a                           

retrospective approach to the study of biodiversity that resides in the global                       

archive provided by natural history collections ​(Kharouba et al., 2018)​. 

Here, we took such a retrospective approach to study the phylogenetic                     

relationships among extant and extinct beetles from the Mascarene Islands. In                     

contrast to most aDNA studies, which usually investigate species that went                     

extinct thousands (e.g. mammoths ​(Pečnerová et al., 2017)​) or hundreds of years                       

ago (e.g. moas ​(Allentoft et al., 2014)​), we studied species that went extinct only a                             

few decades ago. Comparisons between recent extinctions and closely-related                 

extant relatives will shed light on the genetic and ecological factors driving                       

either extinction or persistence of species. To generate genome-wide datasets                   

from historical pinned insect museum specimens, we used state-of-the-art                 

ancient genomics methods including the use of preventive measures to avoid                     

contamination by exogenous DNA, an extraction protocol that enriches for                   

short DNA fragments ​(Gutaker et al., 2017)​, and library preparation methods                     

tailored for aDNA ​(Briggs et al., 2010; M. Meyer & Kircher, 2010)​.                       

Methodologically, we go beyond previous studies, since the use of these                     

methods permits responsible analysis of precious historical samples with                 

minimal tissue destruction and to present positive evidence of the historical                     

nature of the sequenced DNA ​(Weiß et al., 2015)​. 

Our phylogenomic analyses support two independent colonizations of               

rhinoceros beetles to Réunion island and suggest that ​Marronus became                   
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flightless ​in situ​. Importantly, estimated sequence divergence times are in                   

agreement with the well accepted geological age of Réunion. Réunion is                     

believed to have emerged about 3 mya and several biological reasons suggest                       

that it has been colonized after Mauritius and Rodrigues, i.e. the absence of                         

flightless birds only on Réunion. In contrast to Réunion, our estimated                     

sequence divergence time for ​O. minor from Rodrigues disagrees with the                     

generally accepted geological age of this island. Specifically, our data suggest                     

that ​O. minor emerged around 5 mya, a finding that is consistent with data on                             

other biota on the island ​(Cheke & Hume, 2010)​. Importantly, previous                     

geological studies have recently been contradicted by discoveries of older relicts                     

of lava that support an age of Rodrigues similar to that of Mauritius ​(Cheke &                             

Hume, 2010)​. These recent findings are also more in agreement with our                       

estimated divergence times. Thus, phylogenomics combining extant and extinct                 

species can provide important biological support for the geology and                   

colonization of islands with limited or contrasting geological data. 

Our study showcases an integrative taxonomic approach that combines                 

traditional morphological analyses with genome-wide variation from extant               

and extinct species. In light of current global environmental challenges, and                     

given the vast number of plant and animal collections curated in natural history                         

collections, the widespread use of this approach will be fundamental to                     

catalogue Earth’s biodiversity through space and at different timescales.                 

Furthermore, we envision that the approach presented here will be also used in                         

more applied fields such as the study of insect pests and insect invasive species. 

2.4. Materials and Methods 

2.4.1. Materials and laboratory methods 

Biological material of fresh specimens 

Samples from ​Marronus​ and ​Oryctes borbonicus​ were collected in Réunion.  

DNA extraction of fresh specimens 

In order to recover DNA from beetle specimens, two legs plus one thoracic                         

muscle were manually extracted by tweezers from one male specimen of an ​O.                         

borbonicus beetle and three legs plus one thoracic muscle for ​Marronus​. The                       
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beetle material was ground in liquid nitrogen and processed further according                     

to the QIAGEN Genomic DNA Kit using the 100/G Genomic-tips. DNA was                       

precipitated with 7µl of GlycoBlue (Invitrogen, 15mg/ml) and resuspended in                   

35µl of EB Buffer (Qiagen). DNA quality was checked by Nanodrop, Qubit and                         

Pulse Field. 

Library preparation and sequencing of fresh specimens 

The preparation of the linked-read sequencing library was done as described                     

previously ​(Dréau et al., 2019)​. Raw sequences were assembled into draft                     

assemblies with the help of SuperNova ​(Weisenfeld et al., 2018) (v. 2.0.1). ​SuperNova                         

was run on the full sequencing data set as well as multiple downsampled read                           

sets. In terms of assembly contiguity, the best results were obtained using                       

around 170 million single reads, which translates into roughly 60X coverage per                       

genome. To guide gene annotation, we generated a transcriptome of a male                       

Marronus individual by grinding several legs in liquid nitrogen and used the                       

Zymo Direct-zol RNA Miniprep Kit according to the manufacturer’s                 

instructions to extract RNA, which was then eluted in 25µl dH​2​0. We followed                         

previously described methods ​(Rödelsperger et al., 2018) to prepare an RNA-seq                     

library and sequenced it on a multiplexed run on a Illumina HiSeq 3000                         

resulting in 24 million paired end reads (2 x 150bp). 

Biological material of museum specimens 

Museum sample provenances are provided in Supplementary Table 2.2. 

DNA Extraction of museum specimens 

To prevent contamination by exogenous DNA, museum samples were handled                   

using standard ancient DNA precaution measures, i.e. sterilization with UV light                     

of all equipment, surfaces and hoods after each extraction round, and the use of                           

different hoods for handling of samples, reagents and DNA extracts, and of                       

protective gear by researchers. DNA extractions were carried out in the                     

clean-room facility at the Institute of Archeological Sciences at the University of                       

Tübingen. The tissue (one leg per specimen) was ground inside a microtube                       

with a stainless steel pestle until finely powdered and a N-phenacylthiazolium                     

bromide (PTB) and Qiagen Plant DNEasy® Mini Kit (Qiagen)-based protocol                   
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was used to isolate the DNA ​(Gutaker et al., 2017)​. A microtube without tissue                           

was used as negative DNA extraction control. 

Library preparation and sequencing of museum specimens 

Genomic libraries for all museum specimens were prepared in a DNA                     

clean-room facility taking the same preventive measures described in the DNA                     

extraction section. 

Non-UDG treated library preparation of museum specimens 

We used a protocol that permits the preparation of indexed sequencing ancient                       

DNA libraries ​(M. Meyer & Kircher, 2010)​. After adapter ligation in the                       

clear-room facility, the indexing and PCR amplification of the libraries were                     

performed in a different laboratory, located in a separate building. Briefly, the                       

libraries were indexed using two barcoded primers ​(Kircher et al., 2012) during                       

10 cycles of PCR amplification using AccuPrime™ Pfx polymerase (Thermo                   

Fisher Scientific). The MinElute PCR Purification Kit (Qiagen) was used to clean                       

PCR residues and samples were pooled in equimolar concentrations. The                   

samples were sequenced at the Genome Center facility located at the Max                       

Planck Institute for Developmental Biology, with the Illumina MiSeq Platform                   

using MiSeq Reagent Kit v2, 300 cycles (Illumina). Together with the prepared                       

libraries, both aDNA extraction and a library preparation negative controls were                     

sequenced. All non-UDG library sequences were used only for authentication                   

purposes and not included in any further analyses. 

UDG treated library preparation of museum specimens 

In spite of the fact that cytosine to thymine (C-to-T) substitutions are useful for                           

the authentication of the samples, they are not desirable in the phylogenomic                       

inferences ​(Briggs et al., 2007; Hofreiter, Serre, et al., 2001)​. Thus, in order to                           

reduce the effect of C-to-T substitutions, we prepared new DNAlibraries adding                     

uracil-DNA glycosylase (USER™ enzyme (New England Biolabs)) during the                 

blunting step ​(Briggs et al., 2010)​. The rest of the steps were done as described in                               

the non-UDG treated library section. Finally, after measuring the final DNA                     

concentration per sample and assessing the DNA endogenous concentration                 

(Supplementary Figure 2.3H), we prepared a pool with a calculated equimolar                     

content of endogenous molecules. Sequencing was done using the Illumina                   
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HiSeq 3000 platform (Illumina) located at the Genome Center facility at the                       

Max Planck Institute for Developmental Biology. 

2.4.2. Bioinformatic analyses 

Assembly of fresh specimens reads 

Assembly quality was assessed using an approach based on benchmarking of                     

universal single copy orthologs (BUSCO ​(Simão et al., 2015)​). The raw genome                       

assemblies as well as a data set of 1658 orthologous genes from 42 insect species                             

(insecta_odb9) were taken as input of the program ​run_BUSCO.py (v. 3.0.1). To                       

analyse the coverage profile of the previous and current ​O. borbonicus                     

assemblies, we aligned raw reads to both assemblies with the help of the ​mem                           

program of the ​BWA software suite (v. 0.7.17, default options) ​(Li & Durbin,                         

2009)​. Coverage profiles were calculated by the ​samtools depth program (v. 0.1.18,                       

default options) ​(Li et al., 2009)​. 

Gene annotation and comparative genomic analysis of fresh specimens 

Transcriptomic data for ​Marronus and reads from a transcriptomic library of ​O.                       

borbonicus ​(J. M. Meyer et al., 2016) were assembled by the software ​Trinity (v.                           

2.2.0, default settings) ​(Grabherr et al., 2011)​. Full or partial open reading frames                         

were called as described previously ​(Rödelsperger et al., 2018)​. In cases where                       

Trinity annotated multiple isoforms, the isoform with the longest ORF was                     

chosen as a representative isoform for subsequent analysis. The resulting ORFs                     

and protein sequences were mapped against their reference assemblies by the                     

protein2genome program of the ​exonerate package (version 2.2.0, --bestn 1                   

--dnawordlen 20 --maxintron 20000 ) ​(Slater & Birney, 2005)​. Among all gene                       

annotations which share an identical exon, the annotation resulting in the                     

longest protein product was taken as representative annotation. Pairwise                 

BLASTP (v. 2.6.0, e-value 0.00001) searches were done between proteins of                     

Marronus and ​O. borbonicus and best reciprocal hits were extracted to estimate                       

the median protein sequence identity between orthologous gene pairs. For                   

further comparative genomic analyses, we obtained protein sequences for                 

Nicrophorus vespilloides and ​Aethina tumida from the i5k website                 

(https://i5k.nal.usda.gov/, accessed July, 12th 2019) ​(Poelchau et al., 2015)​,                 

Anoplophora glabripennis​, ​Dendroctonus ponderosae​, ​Tribolium castaneum from             
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Ensembl Metazoa (release 44), ​Protaetia brevitarsis​, ​Pyrocoelia pectoralis​, ​Hycleus                 

cichorii and ​Hycleus phaleratus from GigaDB ​(X. Fu et al., 2017; Wang et al., 2019;                             

Wu et al., 2018)​, ​Onthophagus taurus from the U.S. Department of Agriculture                       

website (https://data.nal.usda.gov, accessed July, 12th 2019), ​Agrilus planipennis               

and ​Leptinotarsa decemlineata ​(Schoville et al., 2018) from the ftp server of the                         

Human Genome Sequencing Center of the Baylor College of Medicine                   

(ftp://ftp.hgsc.bcm.tmc.edu/I5K-pilot/, accessed July, 12th 2019), and           

Hypothenemus hampei from the website of the NYU Center for Health                     

Informatics and Bioinformatics (https://genome.med.nyu.edu/) ​(Vega et al.,             

2015)​. In cases of multiple isoforms per gene, the sequence corresponding to the                         

longest protein was taken for further analysis. Assignment of protein sequences                     

into orthologous clusters, concatenation, and phylogenetic reconstruction were               

performed as described previously ​(Rödelsperger et al., 2018)​. 

Pre-processing of reads of museum specimens 

Raw reads were trimmed and merged with ​AdapterRemoval (v. 2.2.2) ​(Schubert et                       

al., 2016)​. Merged reads were aligned to the ​O. borbonicus and ​M. borbonicus                         

assemblies presented here using ​bwa mem (v. 0.7.12) ​(Li & Durbin, 2009)​.                       

Subsequently, PCR duplicates were removed with ​picard tools​ (v. 2.8.1). 

Museum specimens authentication 

Ancient DNA (aDNA) has multiple signatures which can be used to its                       

authentication: i) C-to-T substitutions are expected to be enriched at the ends of                         

reads with a decay towards the inner part of the molecule, ii) aDNA is expected                             

to have shorter fragments than fresh DNA molecules and, iii) aDNA is expected                         

to be a mixture between endogenous DNA and non-endogenous DNA ​(Dabney,                     

Meyer, et al., 2013; Gutaker & Burbano, 2016)​. We used ​MapDamage (v. 2.0)                         

(Jónsson et al., 2013) to analyse both the C-to-T misincorporation patterns and                       

fragment lengths. We also calculated the endogenous DNA content by dividing                     

the number of mapped reads by the total number of reads. All museum samples                           

displayed the expected signatures of museum / historical samples                 

(Supplementary Figure 2.3). 

Identification of segregating positions 
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To achieve a comparable coverage between historical and fresh samples, four                     

million raw reads from both fresh ​O. borbonicus ​and ​Marronus were subsampled                       

with the program ​samtools view (v. 1.4) ​(Li et al., 2009)​. Together with the                           

museum mapped reads, we created a single bam file with the program ​samtools                         

merge ​(v. 1.4) ​(Li et al., 2009) and used it as the input for the discovery of variant                                   

positions using the program ​bsh-denovo ​(Weiß, 2019)​. Only positions with full                     

information were considered (flag ​-m = 1​) and the alternative allele was                       

randomly sampled (flag ​-a = 0.001​). To account for the effect of the Minimum                           

Allele Frequency (MAF) in the evolutionary relationships, we filtered the                   

positions with both 1/7 and 2/7. Since a MAF of 1/7 favours variant sites privative                             

to the more genetically distinct individuals, we used a MAF of 2/7 for all                           

downstream analyses (Supplementary Figures 2.5 and 2.6). 

Phylogenetic analysis 

A matrix of pairwise Hamming distances between the individuals was calculated                     

using ​Plink (v. 1.9) ​(Purcell et al., 2007) and PCA was computed with the function                             

prcomp from the ​R package ​stats V. 3.4.4 ​(R Core Team, 2018)​. Neighbor-net                         

analysis and NJ tree calculations were performed using ​SplitsTree ​(v. 4.14.6)                     

(Huson & Bryant, 2006)​. To test the phylogenetic relations among the species,                       

we used ​D​-statistics ​(Durand et al., 2011; Green et al., 2010)​. Based on the results                             

of the previous analysis, we fixed ​Oryctes mayottensis ​as outgroup species while                       

testing for the relations between ​Marronus ​and the rest of the beetles denoted as                           

A and B in the following configuration: ​D​(((A, B), ​Marronus​), ​O. mayottensis​).                       

D​-statistics were calculated using ​popstats ​(Skoglund et al., 2015)​. Finally, we                     

formally assessed the phylogeny of the scarab beetles by generating a species                       

tree using ​SVDquartets ​(Chifman & Kubatko, 2014, 2015)​, a SNP-by-SNP                   

quartet-based method. We used ​SVDquartets implementation in ​PAUP ​V4.0a                 

(Swofford, 2002)​. We examined all possible quartets (N = 35) and assessed the                         

node support by performing a bootstrap of 1000 replicates. Finally we                     

generated species trees using the concatenated variant sites for implementing                   

both a Maximum Likelihood and Bayesian-based methods. ​RAxML-NG (v.                 

0.9.0) ​(Kozlov et al., 2019) was used for the reconstruction of a ML-based                         

phylogeny. We chose a GTR+G4 substitution model ​(Abadi et al., 2019) and                       

performed 200 bootstrap replicates. We also performed a               

Markov-Chain-Monte-Carlo-based phylogenetic reconstruction using ​BEAST         
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(v. 2.6) ​(Bouckaert et al., 2019)​. To reduce the complexity of the model we chose                             

a Strict Clock and to reduce the effect of demographic history assumptions we                         

chose a Coalescent Extended Bayesian Skyline approach ​(A. J. Drummond et al.,                       

2005)​. Both logs and trees from four independent MCMC chains of 10 million                         

each, with ESS values over 200, were merged using ​LogCombiner​. Finally, the                       

Maximum Clade Credibility Tree was computed using ​TreeAnnotator. 

In order to discard biases due to the effect of the chosen reference genome, we                             

used the mapped reads to the ​Marronus reference genome (here presented) and                       

repeated all the analysis following the same methodologies we described here                     

(Supplementary Figure 2.8). 

Divergence and time estimation 

We calculated nucleotide divergence from each individual against the ​O.                   

borbonicus reference genome. The values were calculated within               

non-overlapping windows of 100kb as Number of variant positions / Total                     

number of positions. Only bases with a sequence support of >= 3X were                         

selected. Nucleotide divergences were converted into time estimates using the                   

reported estimates for arthropods ​(Brower, 1994)​. 

Data and materials availability: 

Both sequencing raw data and genome assemblies for ​O. borbonicus ​and ​M.                       

borbonicus have been uploaded to the European Nucleotide Archive (ENA) under                     

the study accession number PRJEB34604. Museum specimens raw data for both                     

UDG and non-UDG treated libraries, have been uploaded under the study                     

accession number PRJEB36751 (Supplementary Table 2.2). Pipelines and scripts                 

are available at:     

https://gitlab.com/smlatorreo/museum_phylogenomics_extinct_oryctes_beetl

es 
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3. Genetic history if the rice blast fungus 

Contributions 

Parts of the content of this chapter have also been published in the article                           

“Differential loss of effector genes in three recently expanded pandemic clonal                     

lineages of the rice blast fungus” ​BMC Biology 2020                 

doi:10.1186/s12915-020-00818-z. This chapter also includes newly sequenced             

present-day and herbarium samples. The results presented in the paper have                     

been updated accordingly. 

Sophien Kamoun (SK), Hernán A. Burbano (HAB) and myself conceived the                     

study. Claudia Sarai Reyes-Avila, Angus Malmgren (AM) and Joe Win generated                     

the effector database and called the presence and absence of the effectors in                         

most of the isolates. AM and myself analyzed the profiles of effector presence                         

and absence in the isolates. I performed the population history, developed the                       

software application, analyzed the data and designed all the figures with input                       

from SK and HAB. SK, HAB and myself wrote the paper. All authors read and                             

approved the final manuscript. 

Abstract 

Background: ​Understanding the mechanisms and timescales of plant pathogen                 

outbreaks requires a detailed genome-scale analysis of their population history.                   

The fungus ​Magnaporthe (Syn. ​Pyricularia​) ​oryzae ​—the causal agent of blast                     

disease of cereals— is among the most destructive plant pathogens to world                       

agriculture and a major threat to the production of rice, wheat and other                         

cereals. Although ​M. oryzae is a multihost pathogen that infects more than 50                         

species of cereals and grasses, all rice-infecting isolates belong to a single                       

genetically defined lineage. Here, we combined the two largest published                   

genomic datasets together with newly sequenced herbarium and contemporary                 

isolates to reconstruct the genetic history of the rice-infecting lineage of ​M.                       

oryzae​ based on 149 isolates from 23 countries. 

Results: ​The global population of the rice blast fungus consists mainly of three                         

well-defined genetic groups and a diverse set of individuals. Multiple                   
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population genetic tests revealed that the rice-infecting lineage of the blast                     

fungus probably originated from a recombining diverse group in South East                     

Asia followed by three independent clonal expansions that started ~400 years                     

ago. Analysis of historical herbarium samples showed that one of the clonal                       

lineages was already present in Europe during the XIX century, revealing                     

genetic continuity of the rice blast fungus population in Europe for at least 124                           

years. Moreover, patterns of allele sharing identified a subpopulation from the                     

recombining diverse group that introgressed with one of the clonal lineages                     

before its global expansion. Remarkably, the four genetic lineages of the rice                       

blast fungus vary in the number and patterns of presence and absence of                         

candidate effector genes. These genes encode secreted proteins that modulate                   

plant defense and allow pathogen colonization. In particular, two clonal lineages                     

carry a reduced repertoire of effector genes compared with the diverse group,                       

and specific combinations of presence and absence of effector genes define                     

each of the pandemic clonal lineages. 

Conclusions: ​Our analyses reconstruct the genetic history of the rice-infecting                   

lineage of ​M. oryzae revealing three clonal lineages associated with rice blast                       

pandemics. The inclusion of historical herbarium isolates revealed the genetic                   

continuity of one of the clonal lineages in Europe for at least the last 124 years.                               

Each of these clonal lineages displays a specific pattern of presence and absence                         

of effector genes that may have shaped their adaptation to the rice host and                           

their evolutionary history. 

3.1. Introduction 

Plant diseases are a persistent threat to food production due to a notable                         

increase in the emergence and spread of new pathogens ​(M. C. Fisher et al.,                           

2012; Savary et al., 2019)​. Understanding the mechanisms and timescales                   

associated with new epidemics is essential for both basic studies and the                       

implementation of effective response measures ​(Carvajal-Yepes et al., 2019)​. A                   

fundamental component of this knowledge is a detailed genome-scale                 

understanding of the population structure and dynamics of global plant                   

pathogen populations ​(Croll & Laine, 2016; Grandaubert et al., 2019; Terauchi &                       

Yoshida, 2010)​. Population genetic information drives the selection of isolates                   

for activities as diverse as basic mechanistic research and plant germplasm                     
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screening for disease resistance. It also helps to pinpoint the origin of pandemic                         

strains and the evolutionary potential of different pathogen populations ​(Cooke                   

et al., 2012; Goss et al., 2009; Hubbard et al., 2015; Islam et al., 2016;                             

Radhakrishnan et al., 2019; Saunders et al., 2019)​. A thorough understanding of                       

the global population structure is essential for any surveillance program that                     

aims at rapidly detecting pathogen incursions into new geographical areas. In                     

addition, the recent knowledge gained in the biology of pathogen effectors                     

—secreted molecules that modulate host responses— brings yet another                 

dimension to the population genetics framework, as it enables the                   

reconstruction of the evolutionary history of virulence traits and helps guide                     

the deployment of disease resistant cultivars ​(Cooke et al., 2012; Mohd-Assaad et                       

al., 2019; Rietman et al., 2012; Vleeshouwers et al., 2008; Vleeshouwers & Oliver,                         

2014)​. 

Fungal plant pathogens account for ~10-80% of crop losses in agriculture and are                         

viewed as a major threat to global food security ​(Bebber et al., 2014; Bebber &                             

Gurr, 2015; M. C. Fisher et al., 2012; Savary et al., 2019)​. Cereal crops like rice,                               

oat, millet, barley and wheat have provided the foundation of modern                     

agriculture and the success of humankind. Today’s agriculture is facing the                     

challenge of ensuring global food security for an ever-expanding world                   

population, which is estimated to exceed 9 billion within the next 30 years                         

(Nations & United Nations, 2019)​. The ascomycete fungus ​Magnaporthe (Syn.                   

Pyricularia​) ​oryzae​, the causal agent of blast disease of cereals, is often ranked as                           

the most destructive fungal pathogen, causing losses in rice production that, if                       

mitigated, could feed several hundred million people ​(R. Dean et al., 2012; M. C.                           

Fisher et al., 2012)​. Despite its Linnean name, ​M. oryzae is a multihost pathogen                           

that can also cause the blast disease on other cereal crops, notably on wheat                           

where it has recently spread from South America to Bangladesh resulting in                       

destructive outbreaks ​(Inoue et al., 2017; Islam et al., 2016, 2019)​. ​M. oryzae                         

reproduces mainly asexually and field isolates of ​M. oryzae are haploid. Asexual                       

reproduction is the predominant mode of reproduction in almost all                   

rice-growing regions, however, population genetics evidence has identified               

sexually reproducing populations in Southeast Asia, indicating that ​M. oryzae                   

likely lost sexual reproduction outside of its center of origin ​(Saleh et al., 2012)​. 
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Comparative genomics analyses provided insights into the population structure                 

and host-specialization of ​M. oryzae ​(Chiapello et al., 2015; Gladieux, Condon, et                       

al., 2018; Yoshida et al., 2016)​. This pathogen consists of a complex assemblage                         

of genetically distinct lineages that tend to be associated with particular host                       

genera ​(Gladieux, Condon, et al., 2018)​. Remarkably, all rice-infecting isolates                   

belong to a single genetic lineage that is thought to have originated from                         

isolates infecting foxtail millet (​Setaria italica and ​Setaria viridis​). ​M. oryzae                     

host-specific lineages exhibit limited gene flow but recurrent gene gain/loss                   

particularly in regions of the genome linked to transposable elements                   

(Chiapello et al., 2015; Yoshida et al., 2016)​. As in many other plant pathogens,                           

effector genes exhibit a high degree of presence and absence polymorphisms                     

and signatures of adaptive evolution (e.g. higher rate of non-synonymous over                     

synonymous mutations) ​(Yoshida et al., 2016)​. Loss of so-called AVR effector                     

genes —activators of host immunoresponses— can dramatically impact the                 

fitness of the blast fungus by enabling virulence on resistant host genotypes                       

(Białas et al., 2018; Inoue et al., 2017; Yoshida et al., 2009)​. 

Although the genome sequence of the ​M. oryzae strain 70-15 was at the time of                             

its publication the first fungal plant pathogen genome to be described ​(R. A.                         

Dean et al., 2005)​, it took about a decade before comparative genomics analyses                         

of this pathogen started to be reported ​(Chiapello et al., 2015; Xue et al., 2012;                             

Yoshida et al., 2016)​. Until recently, understanding of the population genomics                     

structure of the rice blast fungus has remained limited. In 2018, two studies                         

reported whole genome sequences from non-overlapping sets of globally                 

distributed rice-infecting ​M. oryzae ​isolates ​(Gladieux, Ravel, et al., 2018; Zhong                     

et al., 2018)​. Both studies suggested the presence of a diverse Southeast Asian                         

population and two major clonal groups. However, due to sampling or                     

analytical limitations the two studies reached different conclusions about the                   

composition of worldwide populations, i.e. the number of genetic groups, their                     

temporal distribution and the historical processes that gave rise to them. 

Here, we performed a combined analysis that builds on the studies of Gladieux                         

et al​. ​(Gladieux, Ravel, et al., 2018) and Zhong ​et al​. ​(Zhong et al., 2018) and                               

incorporates a new dataset composed by individuals isolated from rice infected                     

herbarium leaves and modern individuals from the same geographic region.                   

Our analyses permitted us to reconcile the two published datasets and increase                       
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the number of examined ​M. oryzae individuals to 149 isolates from 23 countries.                         

This has enabled us to assess the global genetic structure of rice-infecting ​M.                         

oryzae more comprehensively than the prior separate analyses of the two                     

datasets. Moreover, the use of time-stamped herbaria samples permitted an                   

accurate estimate of ​M. orzyae​’s mutation rate and the recalculation of                     

divergence times among major lineages. We discovered that the global                   

population of the rice blast fungus consists mainly of three well-defined genetic                       

groups and a diverse set of individuals. Multiple population genetic tests                     

revealed that the rice blast fungus probably originated from a recombining                     

population in South East Asia followed by three independent clonal expansions                     

that took place over the last ~200-400 years. The assignment of all the                         

European historical samples to one of the clonal lineages, revealed the genetic                       

continuity of the rice blast fungal population for at least 124 years. Patterns of                           

allele sharing identified a subpopulation from the recombining group that                   

introgressed with one of the clonal lineages before its global expansion.                     

Remarkably, the genetic lineages of the rice blast fungus vary in the number                         

and patterns of presence and absence of secreted protein predicted as effectors.                       

In particular, two clonal lineages are defined by specific sets of effectors that                         

may have shaped their adaptation to the rice host and their evolutionary                       

history. 

3.2. Results and discussion 

3.2.1. The global population structure of rice-infecting             

Magnaporthe oryzae consists of three well defined genetic               

groups and a diverse set of individuals 

To complement the published genomic datasets presented below, we generated                   

new genome-wide genetic information from both present-day diversity and                 

historical herbarium samples with lesions compatible with rice blast infection.                   

Harnessing minute amounts of infected herbarium leaves, we used state-of-art                   

protocols for DNA isolation and library construction to generate historical rice                     

blast fungus genomes  (Materials and Methods and Supplementary Figure 3.1).  

To assess the global population structure of rice-infecting ​M. oryzae​, we                     

combined the new generated data from present-day samples (N=9) and                   
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herbarium samples (N=9) with genome sequences from Gladieux ​et al​. (N=43)                     

(Gladieux, Ravel, et al., 2018) and Zhong ​et al​. (N=88) ​(Zhong et al., 2018) for a                               

total dataset of 149 genome sequences (Supplementary Table 3.1). The                   

combined use of samples from different geographical locations and time spans                     

increases not only the number of ​M. oryzae samples but also their geographical                         

spread and temporal distribution (Figure 3.2B-C and Supplementary Table 3.1).                   

We identified a total of 48,484 Single Nucleotide Polymorphism (SNPs) (see the                       

“Methods” section). For subsequent analyses, we only used SNPs ascertained in                     

all samples (“full information”) (N=8,379 SNPs). 

We first sought to investigate the number of distinct genetic groups in our                         

global sample of ​M. oryzae given previous discrepancies in the number of clades                         

or lineages identified in the two studies. We identified three well-defined                     

groups and a diverse set of individuals based on two lines of evidence. First, we                             

used f3-outgroup statistics ​(Raghavan et al., 2014) to evaluate the pairwise                     

relatedness between ​M. oryzae samples relative to an outgroup. The f3-outgroup                     

statistics measure the amount of shared evolutionary history between samples,                   

which can be interpreted as shared genetic drift (always relative to an outgroup).                         

We summarized the results of all tests by performing hierarchical clustering                     

based on pairwise shared genetic drift comparisons, i.e. z-scores derived from                     

f3-outgroup statistic tests (​Figure 3.1​). Additionally, we calculated pairwise                 

Hamming genetic distances between all samples and summarized the                 

information using Principal Component Analysis (PCA). The samples clustered                 

again in three distinct groups and one diverse set of individuals using PC1 and 2,                             

which together explained ~90% of the variance (Supplementary ​Figure 3.2A​).                   

We assessed the robustness of these clusters using Silhouette scores, which                     

indicate how similar an individual is to its own cluster compared to other                         

clusters ​(Lovmar et al., 2005)​. We found that the best mean Silhouette scores                         

were obtained when the dataset was divided into four clusters (Supplementary                     

Figure 3.2B​). 

 

 

 

58 

https://paperpile.com/c/yelLZJ/FYMDs
https://paperpile.com/c/yelLZJ/o8drY
https://paperpile.com/c/yelLZJ/EhBkW
https://docs.google.com/document/d/1jT-m8dSnACoq1i6zasqO2XtwzrYHxU3gDlXNN6xiu38/edit#bookmark=id.xoultrpcpl4i
https://paperpile.com/c/yelLZJ/9PnYO
https://docs.google.com/document/d/1jT-m8dSnACoq1i6zasqO2XtwzrYHxU3gDlXNN6xiu38/edit#bookmark=id.xoultrpcpl4i


 

 

Figure 3.1. Genetic clustering of ​Magnaporthe oryzae reveals three defined groups and a diverse                           

set of individuals ​. The pairwise relatedness between ​M. oryzae samples (X and Y) was estimated                             

using f3-outgroup statistics of the form ​f3​(X, Y; Outgroup), which measures the amount of shared                             

genetic history (genetic drift) between X and Y after the divergence from an outgroup (​M. oryzae                               

strain from ​Setaria​). The hierarchical clustering is based on ​f3-scores resulting from f3-outgroup                         

statistic calculations. Darker colors indicate more shared drift. 

 

Since our two approaches consistently revealed the presence of four groups, we                       

named them group I, II, III and IV. Whereas group II and III are geographically                             

widespread, Group I is mainly located in South-East Asia and group IV in the                           

Indian subcontinent (​Figure 2​). The correspondence between our classification                 

and previously described nomenclatures can be found in Supplementary Table                   

3.2. Our grouping very likely recapitulates the four lineages proposed by Saleh                       

et al​. based on microsatellite data ​(Saleh et al., 2014)​. Although it is not possible                             

to directly link the microsatellite data with our analysis, we linked the                       

correspondence between groups indirectly through the analysis presented in                 

Gladieux ​et al​., the same group that previously performed the microsatellite                     

analysis. Zhong ​et al​. ​(Zhong et al., 2018) divided their dataset in three groups                           

(I-III) but did not identify group IV, since their dataset only included one                         

individual from this group. In addition to groups I-IV, Gladieux ​et al​. ​(Gladieux,                         
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Ravel, et al., 2018) identified two additional lineages based on a set of                         

phylogenetic analyses. The combined analysis presented here showed that these                   

additional lineages from Gladieux ​et al​. are within the genetic diversity of group                         

I, thus splitting of group I is not warranted. Remarkably, the fact that all                           

historical and present-day samples from Europe belong to the genetic group II,                       

suggests a process of genetic continuity in the European rice blast fungal                       

populations for at least 124 years. 

 

 

Figure 3.2. Geographic location of ​Magnaporthe oryzae isolates shows global distribution of                       

defined genetic groups (II-III) and a preferential South-East Asian location for the diverse                         

group (I) ​. ​(A) Dendrogram showing the hierarchical clustering based on pairwise f3 values (same                           

as ​Fig. 1 ​). Prefixes of the isolate names correspond to the database source: G = Gladieux ​et al. ​, 2018                                     

(Gladieux, Ravel, et al., 2018)​; Z = Zhong ​et al.​, 2018 ​(Zhong et al., 2018)​; HB = This work. ​(B)                                       

Country of origin for ​M. oryzae isolates. The overall size of the boxes represents the total number                                 
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of samples within each genetic group. The size of each internal box is proportional to the number                                 

of isolates per country. Countries are represented as three-letter codes (ISO 3166-1 alpha-3):                         

BDI=Burundi, BRA=Brazil, CHN=China, CIV=Côte d'Ivoire, COL=Colombia, ESP=Spain,             

GHA=Ghana, HUN=Hungary, IND=India, ITA=Italy, JPN=Japan, LAO=Lao People's Democratic               

Republic, MAR=Morocco, MDG=Madagascar, MLI=Mali, NPL=Nepal, PHL=Philippines,           

PRT=Portugal, ROU=Romania, SUR=Suriname, THA=Thailand, TWN=Taiwan, Province of             

China, USA=United States of America. ​(C) Geographical origin of samples used in this study. A                             

random jitter was used on the coordinates of geographical-close samples for better visualization. 

 

3.2.2. Global population of rice-infecting ​Magnaporthe oryzae             

probably arose from a recombining South East Asian               

population followed by clonal expansions 

To determine the evolutionary origin of the four ​M. oryzae groups identified in                         

this study, we used a set of statistics that evaluate genetic diversity,                       

recombination and population differentiation. Initially, we visualized the               

relationships among samples using a phylogenetic network, which are more                   

appropriate for visualizing reticulate evolution (​Figure 3.3A​) ​(Huson & Bryant,                   

2006)​. We found that group I exhibited a high degree of reticulation. In                         

contrast, the phylogenetic network showed long internal branches with terminal                   

star-shape phylogenetic configurations almost devoid of reticulations for the                 

well-defined groups II, III and IV (​Figure 3.3A​). Such configurations are typical                       

of expanding populations after genetic bottlenecks, driven, for instance, by                   

clonal expansions ​(Exposito-Alonso et al., 2018)​. We, therefore, queried whether                   

genetic diversity levels and recombination rates support clonality in groups II,                     

III, and IV. Two lines of evidence support clonality in these groups compared                         

with the diverse group I: i) reduced nucleotide diversity measured as pi (𝝅) ​(Nei                           

& Li, 1979) (​Figure 3.3B​); ii) lower detectable recombination events calculated                     

using the four-gamete test ​(Hudson & Kaplan, 1985) (​Figure 3.3C​). The reduced                       

levels of diversity in groups II, III, and IV in conjunction with their star-like                           

phylogenies are tell-tale signs of populations that have experienced a strong                     

reduction of diversity followed by a population expansion. Reductions in                   

diversity followed by population expansion are typical of both demographic                   

bottlenecks or founder effects (i.e., the establishment of a new population from                       

a reduced number of individuals). Independent of the exact nature of the                       
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demographic processes and evolutionary forces that gave rise to the changes in                       

population size, the diversity and phylogenetic patterns that we observed are                     

mostly driven by the population expansion phase. To calculate a proxy for                       

recombination we used the four-gamete test, which puts a bound to the                       

minimum number of recombination events in a sample ​(Hudson & Kaplan,                     

1985)​. Although it is known that this test underestimates recombination events,                     

it is a simple and useful proxy for differences in recombination between                       

populations. Our results showed that groups II, III and IV have on average                         

~5-fold less recombination events than the diverse group I. In agreement with                       

these analyses, we characterized ​M. oryzae​’s mating types based on the breadth                       

of coverage of the ​MAT-1 and ​MAT-2 genes (Materials and Methods) and found                         

the presence of only one mating type in the groups II, III and IV, whereas two                               

mating types were segregating in the diverse group I (Supplementary Figure 3.3                       

and Supplementary Table 3.1). In sum, we conclude that group II, III and IV are                             

likely clonal lineages, while group I consists of genetically diverse and                     

recombining individuals (​Figure 3.3A-C​). The original microsatellite-based             

study by Saleh ​et al​. ​(Saleh et al., 2014) reported a high level of genetic                             

variability in group IV, however both our analyses and the ones carried out by                           

Gladieux ​et al​. ​(Gladieux, Ravel, et al., 2018) supported the clonal nature of this                           

group. 
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Figure 3.3. ​Magnaporthe oryzae population structure is driven by recombination and global                       

clonal expansions ​. ​(A) Phylogenetic network showing the three well-defined groups (green, blue                       

and red) and the diverse set of individuals (orange) from ​figure 1 ​. ​(B) ​Within-population                           

comparisons of nucleotide diversity measured as π. ​(C) Recombination proxy calculated by                       

dividing the number of violations of the Four-gamete Test by the total number of SNPs. ​(D)                               

Genetic distances between groups measured as Fixation Indices (F ​st​). The box colors depict the                           

pairwise comparisons between groups. ​(E)​ Tajima’s ​D. 

 

To further investigate the relationships and demographic history of ​M. oryzae                     

groups, we measured population differentiation among groups and leveraged                 

the site frequency spectrum (SFS) for each group individually. To measure                     

population differentiation we used F​ST ​(Weir & Cockerham, 1984) and found                     

that when clonal groups II, III, and IV are compared among them, their F​ST                           

distances were the highest. Although a fraction of the allele frequency                     

differences that resulted in high F​ST values could have been driven by selection,                         

the fact that on average F​ST values are much higher among clonal groups likely                           

reflects a long history of independent drift. In contrast, whenever the diverse                       

group I is compared with any of the clonal groups, the F​ST ​distances decreased,                           

suggesting that group I is a common source of genetic diversity for all clonal                           

lineages (​Figure 3.3D​). Subsequently, for every group we investigated their                   

corresponding SFS using Tajima’s ​D ​(Tajima, 1989)​, as this statistic records                     

changes in allele frequencies driven, for instance, by variation in population                     

sizes. We found that Tajima’s ​D values for all clonal lineages were negative                         

(Figure 3.3E​). A demographic interpretation of negative Tajima’s ​D values is                     

consistent with population bottlenecks or founder effects followed by                 

population expansions and a concurrent accumulation of rare alleles. Negative                   

Tajima’s ​D values are consistent with star-like phylogenies, as new mutations                     

that occurred during the expansion phase accumulate in terminal branches                   

lowering Tajima’s ​D values. The inspection of the SFS also revealed an excess of                           

high-frequency derived alleles, a feature of the SFS found mostly in rapidly                       

adaptive populations, and that is particularly strong in asexual organisms or in                       

organisms where meiotic recombination happen infrequently ​(Neher, 2013)               

(Supplementary Figure 3.4). By using multiple outgroups, we discarded that our                     

observation is caused by misassignemnt of the ancestral allele. We believe,                     

instead, that the excess of high-frequency derived alleles might be driven by a                         

process dubbed genetic draft, i.e. the random association of alleles with genetic                       
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backgrounds of different fitness ​(Gillespie, 2000)​. Thus, although the SFS is                     

mainly driven by genetic drift during the population expansion phase - as                       

manifested by the negative Tajima’s ​D -, linked selection via genetic draft                       

contributes to the fate of neutral alleles. Further theoretical work is needed to                         

quantify  the role of genetic draft in clonal populations of ​M. oryzae​. 

Overall, our results are consistent with a model where south-east Asia is a likely                           

centre of origin of rice-infecting ​M. oryzae and in which three distinct clonal                         

lineages arose from this ancestral population. These findings are consistent with                     

previous models of the evolution of the rice lineage of ​M. oryzae ​(Saleh et al.,                             

2014)​. 

3.2.3. The expansion of Magnaporthe oryzae rice-infecting             

clonal lineages started  400 years ago 

To estimate the divergence time of the clonal expansions of ​M. oryzae​, we first                           

used a Bayesian phylogenetic analysis leveraging the sampling dates of the                     

combined dataset of herbarium and modern samples, which span 124 years.                     

Such dates were used for tip-calibration ​(Alexei J. Drummond & Bouckaert,                     

2015; Heled & Drummond, 2012)​. To carry out the analysis, we first removed                         

the diverse group I and used only the three clonal lineages, as the recombining                           

group violates the assumptions of phylogenetic reconstruction. We used a                   

concatenation approach including SNPs in the input pseudo-alignment. We also                   

codified the amount of invariant sites in the configuration file, since the                       

exclusion of invariant sites will lead to deeper divergence times. We estimated                       

an evolutionary rate of 2.27 e-8 substitutions/site/year (1.93 e-8 - 2.63 e-8 HPD                         

95%), which was similar and contains in its HPD 95% a previously calculated rate                           

(1.98e-8 substitutions/site/year) ​(Gladieux, Ravel, et al., 2018)​. Our approach of                   

including only the clonal lineages permitted the reconstruction of a robust                     

phylogeny and a more accurate estimation of divergence times, as reflected in                       

the high posterior probabilities supporting the nodes and the narrow HPD 95%                       

confidence intervals of node ages (​Figure 3.4​). This contrasts with previous                     

studies that included individuals from the diverse recombining group I in the                       

phylogenetic analysis and produced broader HPD 95% confidence intervals                 

(Gladieux et al., 2018: Fig. 5 ​(Gladieux, Ravel, et al., 2018)​). 
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Figure 3.4. Clonal expansions of ​Magnaporthe oryzae ​took place in the last 400 years ​. Bayesian tip                               

calibrated phylogenetic tree using individuals belonging to clonal lineages. Average, and HPD 95%                         

confidence intervals are shown in calendar years. The Bayesian posterior probability is shown in                           

red for nodes leading to the clonal lineage expansions. 

 

The phylogenetic reconstructions revealed that all three clonal expansions                 

occurred relatively recently over the last 400 years (243-372) (​Fig. 3.4​). These                       

expansions happened concomitant with an increase of the effective population                   

size of all clonal lineages (Supplementary Figure 3.5). 

To assess the robustness of the phylogenetic reconstruction we carried out a                       

coalescent-based method for multi-locus unlinked data, that infers the quartet                   

trees for all subsets of isolates, and then combines the quartets in a single tree                             
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(Chifman & Kubatko, 2014, 2015) (Supplementary Figure 3.7). This analysis                   

confirmed the monophyly of each clonal group.   

3.2.4. Patterns of allele frequency sharing identify             

introgression between a subpopulation of the diverse group I                 

and clonal lineage II 

Since the identification of admixture between populations facilitates the                 

reconstruction of the evolutionary history of populations, we investigated the                   

admixture history of ​M. oryzae using ​D-statistics ​(Durand et al., 2011; Green et al.,                           

2010)​. This test employs counts of site patterns, which are patterns of alternative                         

alleles at a given genomic position and evaluates whether these site patterns                       

support one of two alternative discordant topologies. The ​D​-statistics will return                     

a value of zero if the two discordant phylogenies are supported equally, whereas                         

positive or negative values indicate asymmetric support and, therefore,                 

introgression. We test the three possible configurations of the following form:                     

D​(Outgroup, Diverse Group I; Clonal lineage X, Clonal lineage Y) (tree insets in                         

Figure 3.5A-C​). Whilst for clonal lineages II, III, and VI we used a strain                           

representative for each clonal lineage, we performed a test for every one of the                           

22 members of the diverse group I. The test will retrieve positive values when                           

the diverse group I is closer to clonal lineage Y and negative values when the                             

diverse group I is closer to clonal lineage X. We found that group II has drifted                               

farther apart from the diverse group I than the two other clonal lineages, as                           

manifested from positive ​D​-statistics when group II was included (as clonal                     

lineage X) in the comparisons (​Figure 3.5B-C​). This accumulation of genetic                     

drift is consistent with the fact that group II was the clonal lineage that diverged                             

earliest from the recombining diverse group (​Figure 3.4​). We retrieved positive                     

D-​statistics in tests including almost all individuals of the diverse group I, with                         

the exception of two individuals collected in China —​CH1016 ​(Gladieux, Ravel,                     

et al., 2018) and ​HB-LTH18 ​(Zhong et al., 2018)​— that showed strong signals of                           

genetic introgression with the clonal lineage II, as manifested by negative                     

D​-statistic values (​Figure 3.5B-C​). Since we detected introgression between these                   

two Chinese samples and all members of group II, including herbarium isolates,                       

regardless of their geographic origin (Supplementary Figure ​3.8​), we inferred                   

that the admixture should have taken place before the clonal expansion that                       
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gave rise to group II about 372 years ago (​Figure 3.4​). Previous attempts to                           

detect interlineage recombination were not statistically robust and plagued with                   

false positives ​(Gladieux, Ravel, et al., 2018)​. In contrast, ​D​-statistics provide a                       

statistically robust framework that reliably permits distinguishing between               

introgression and incomplete lineage sorting using genome-wide SNPs ​(Durand                 

et al., 2011; Green et al., 2010)​. 

 

 

Figure 3.5. Patterns of allele frequency sharing identify introgression between a Chinese                       

Magnaporthe oryzae ​subpopulation and clonal lineage II ​. ​D ​-statistics using three different                     

phylogenetic configurations (depicted as colored inset trees). ​(A) ​D​(Outgroup, Orange; Blue, Red).                       

(B) ​D​(Outgroup, Orange; Green, Red). ​(C) ​D​(Outgroup, Orange; Green, Blue). In all cases, a ​M.                             

oryzae strain from wheat was used as an outgroup and a fixed individual was selected as                               

representative from each clonal lineage (Blue, Orange, Red). Points represent ​D​-statistic tests for                         

each of the 22 individuals assigned to the diverse clade (Orange), and lines depict 95% confidence                               

intervals. Purple dots in ​B. and ​C. correspond to Chinese individuals ​CH1016 and ​HB-LTH18​,                           

which are the closest individuals to the Green clonal lineage. 

 

To further investigate the extent and location of the introgression between                     

group II and the two Chinese Group I individuals (​CH1016/HB-LTH18​), we                     

segmented the genomes of the two Chinese individuals based on their similarity                       

at segregating sites to either Group I or Group II (Supplementary Figure 3.9​B​).                         

This analysis revealed that the genome-wide percentage of Group II-like                   

fragments in the Chinese individuals is 44.58%, including a ~4 Mb region in                         

chromosome 3 (Supplementary Figure 3.9​B​). To test whether those fragments                   

are a good proxy for the percentage of introgression we carried out two                         

additional tests. First, we repeated the ​D​-statistic test presented in ​figure 3.5B                       
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and ​supplementary figure 3.9A​, but this time removing the candidate                   

introgressed fragments. In contrast to the outcome of the test with                     

whole-genome data, this time the test did not indicate introgression, i.e., it was                         

not different from zero (Supplementary Figure 3.9​C​). Second, we estimated the                     

proportion of introgression by using a f4-ratio test ​(Patterson et al., 2012) with                         

the following setup: (Group III, Group II, Group I (without introgressed Chinese                       

individuals), Outgroup) / (Group III, Group II, Chinese introgressed individuals,                   

Outgroup). This test estimated the mixture proportion to be ~31.68%, a lower                       

but similar value to the overall percentage of identified Group II-like fragments                       

in the Chinese individuals. 

3.2.5. Lineages of ​Magnaporthe oryzae​ show distinct patterns of 

presence and absence of effector genes 

In ​M. oryzae​, regions of the genome containing effector genes exhibit a high rate                           

of structural variation as illustrated by presence and absence polymorphisms                   

(Yoshida et al., 2016)​. We investigated the distribution of known and predicted                       

effector genes within the population structure framework we defined for the                     

rice lineage of ​M. oryzae​. We mapped the genome sequences of the 149 isolates                           

to the sequences of 178 known and candidate effectors predicted from the                       

genomes of ​M. oryzae from hosts as diverse as rice, wheat, finger millet, foxtail                           

millet, oat and ​Digitaria spp. ​(Petit-Houdenot et al., 2019)​. This pan-effectorome                     

set enabled us to capture as much effector gene diversity as possible. In total,                           

134 effectors were identified in the 149 isolates (Supplementary Table 3.3).                     

Remarkably, the number of effectors per isolate varied from 111 to 128 with                         

clonal lineages III and IV carrying a reduced repertoire of effector genes                       

compared with the diverse genetic group (​Figure 3.6A-B​). In the particular case                       

of clonal lineage II, there is also evidence of a substantial loss of effectors, yet                             

counterbalanced by the presence of effectors at high population frequencies.                   

Such effectors are either absent or segregate at low frequencies in the rest                         

genetic groups. This indicates that clonal-expansion-driven bottlenecks not               

only reduced the overall genetic diversity of all pandemic clonal lineages but                       

are associated with a less diverse repertoire of dispensable genes such as                       

effectors. In pathogenic bacteria, a reduction in the effectiveness of purifying                     

selection has been associated with an increase in gene loss ​(Hershberg et al.,                         

2007)​. Moreover, gene loss is particularly prevalent in clonal pathogenic                   
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bacteria and has been postulated as a source of phenotypic variation in these                         

otherwise genetically similar species ​(Bolotin & Hershberg, 2015)​. The                 

association between gene loss and reduced purifying selection in bacteria is a                       

consequence of their strong deletional bias, i.e. bacteria with reduced effective                     

population size experience genome reduction ​(Mira et al., 2001)​. In contrast,                     

eukaryotes with small effective population sizes have larger genomes ​(Lynch &                     

Conery, 2003) and filamentous plant pathogens are notorious for having                   

repeat-driven genome expansions associated that display a “two-speed”               

architecture ​(Dong et al., 2015; Raffaele & Kamoun, 2012)​. This relation is,                       

however, more complex in the rice blast fungal phylum Ascomycota, where                     

both genome expansions and reductions have been observed ​(Kelkar &                   

Ochman, 2012)​. It remains to be tested if the concurrent loss of genetic diversity                           

and dispensable/non-core genes is a widespread consequence of               

clonality-driven bottlenecks in eukaryotic pathogens that undergo clonal               

expansions, or if (adaptive) phenotypic novelty resulting from gene loss drives                     

clonal expansions. 
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Figure 3.6. Rice blast genetic lineages vary in the number and patterns of presence and absence                               

of candidate effector genes ​. ​(A) Clonal lineages carry a reduced repertoire of effector genes                           

compared with the diverse group I. ​(B) ​The box-and-whisker plots show the distribution of                           

effector number per isolate for each genetic group. Asterisks represent a p-value < 0.01 for a                               

one-tailed Wilcoxon non-parametric test. ​(C) The dendrogram shows the clustering based on                       

f3-outgroup statistic (as in Figure 3.1 ​). Light and dark colors on the rows, represent absence and                               

presence of effectors, respectively. Rows were grouped using a hierarchical clustering algorithm.                       

Labels in green and blue font denote effectors missing in Clonal Group II and III, respectively.  
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We next mapped the distribution of the subset of 69 effectors that display                         

presence and absence polymorphisms across all strains (​Figure 3.6C​). The                   

resulting matrix clearly shows that there are distinct patterns of presence and                       

absence of effectors across the genetically defined groups. For example, a set of                         

three effectors (Avr-Pia-M, Avr-Rmg8 and TH16-00119491) are absent in Group                   

III. Likewise, PWL3, INA168-3317 and FR13-00107561-M are absent in Groups                   

III and IV; GY11-00110071-M is absent in Group II and FR13-00028961 is absent                         

in Group IV (​Figure 3.6C​, Supplementary Table 3.4). 

To determine which effectors have the strongest association with the defined                     

genetic structure, we conducted two separate analyses based on the presence                     

and absence effector repertoire per isolate. First, a PCA and effector loadings                       

analysis revealed a set of 13 effectors that explained 90% of the variance of both                             

PC1 and PC2 (Supplementary ​Figure 3.10A-B​). ​Similarly, by using extremely                   

randomized trees (a classification machine learning technique), we identified a                   

set of 16 effectors that explained 90% of the variance (​Supplementary ​Figure                       

3.10​12C​)​. Although the two methods produced different rankings of the impact                     

of each effector gene, we found an overlap of 92.3% between the top 13 effectors                             

found in the two subsets. In both cases the top effectors reproduced the                         

separation of the isolates in the described genetic clusters (Supplementary                   

Figure 3.10D-E​). A close inspection of this group of top effectors, which were                         

selected in an unbiased way, revealed that they are differentially (almost)                     

present or (almost) absent in the four ​M. oryzae genetic groups (Supplementary                       

Table 3.4). Thus, this group of effectors might have played an important role in                           

the initial adaptation of ​M. oryzae clonal expansions to different rice subspecies                       

and varieties. 

The matrix in ​Figure 3.6C indicates that patterns of presence and absence of                         

effector genes reflect different timescales in the evolution of the clonal lineages                       

of ​M. oryzae​. AVR effectors, such as AVR-Pita and AVR-Pii, show a patchy                         

distribution within the clonal lineages. Their recurrent deletion in ​M. oryzae                     

populations has generated virulent races ​(Yoshida et al., 2009)​. This may reflect                       

the fact that their matching resistance genes have been repeatedly bred and                       

deployed into rice cultivars. Other candidate effectors that display a similar                     
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patchy distribution may be candidate AVR effectors that are detected by one of                         

the dozens of blast resistance genes that have been bred into rice cultivars. 

We also compare the presence and absence distribution between herbaria                   

isolates and modern samples from the same geographical region (Italy and                     

Romania) (Figure 3.7). Notwithstanding the relatively short amount of time                   

between historical and modern isolates (~90 years), we found striking changes                     

in their effector genes repertoire. In particular, the effector BR29-00008131 was                     

completely absent in historical samples and present in all present-day samples.                     

This pattern either supports gain of this effector in present-day Italian samples,                       

or a loss of it in historical samples. The latter will require the existence of an                               

unsampled population, where BR29-00008131 was still segregating. Moreover,               

the presence and absence pattern of other effector genes might indicate that                       

they are on its way to fixation or deletion in the European subpopulations of                           

the clonal lineage II (e.g. Avr-Pia-M, Avr-Pii, US71-00114911, GY11-00094941-M)                 

(Figure 3.7). 

 

Figure 3.7. Differential presence and absence of effectors in herbarium and modern isolates. ​A                           

subset of the matrix displayed in Figure 3.6C shows the different repertoire of polymorphic                           

effector genes between herbaria and modern isolates from the same geographical region (Italy                         

and Romania). Sample HB0067 was removed due to low coverage. 
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Our finding that the clonal lineages of rice-infecting ​M. oryzae display distinct                       

repertoires of effectors raises a number of interesting questions. It is possible                       

that this reflects the distinct genotype of the founding individual of the given                         

clone. It is also possible that the absence of a given AVR effector(s) has                           

facilitated the spread of the clonal lineage to otherwise resistant host genotypes                       

as previously noted in ​M. oryzae ​(Huang et al., 2014; Inoue et al., 2017; Xue et al.,                                 

2012; Yoshida et al., 2016)​. In the future, it would be interesting to test the extent                               

to which effectors that define the clonal lineages are detected by particular                       

resistance genes. For example, AVR-Rmg8, which is known in wheat blast                     

isolates to mediate avirulence on Rmg8 containing wheat varieties, may also be                       

detected by a rice resistance gene. Future experiments will tease out the degree                         

to which the distinct effector repertoires of the clonal lineages of ​M. oryzae                         

reflect their adaptation to the rice host and their evolutionary history. Such                       

analyses will require new genomic resources that permit a more accurate                     

identification of effectors in canonical chromosomes and mini-chromosomes               

(Langner et al., 2020; Peng et al., 2019)​. To this aim, it will be fundamental to                               

generate multiple reference genomes sequenced with long-read technologies in                 

conjunction with a detailed characterization of structural variation and genomic                   

rearrangements, which will include a per isolate inventory of                 

mini-chromosome repertoires. 

3.3. Conclusion 

Our analyses reconstruct the genetic history of the rice-infecting lineage of ​M.                       

oryzae revealing three clonal lineages that have emerged over the last ~400 years                         

and have been associated with rice blast pandemics. These lineages display                     

differential loss of effector genes that may have shaped their adaptation to the                         

rice host and their evolutionary history. These findings provide a framework                     

for further comparative analyses of the genomes of rice-infecting ​M. oryzae​.                     

One particular interesting research avenue will be to establish the degree to                       

which structural variation, notably mini-chromosomes, have impacted the               

evolution of this lineage. Moreover, the inclusion of historical herbarium                   

samples demonstrated the genetic continuity of the clonal lineage II in Europe                       

for at least 124 years. The temporal resolution provided by the herbarium                       

samples, also permitted to formulate testable hypotheses based on the                   
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time-stamped differential patterns of presence and absence of effector genes.                   

Thus, this framework opens the possibility to functionally test the role of gains                         

and loss of effectors in planta in order to understand in greater detail the                           

coevolution between rice and the rice blast fungus. 

3.4. Materials and Methods 

Herbarium samples DNA extraction 

To prevent contamination by exogenous DNA, all the herbarium samples were                     

handled using standard ancient DNA precaution measures, i.e. sterilization with                   

UV light of all equipment, surfaces and hoods after each extraction round, and                         

the use of different hoods for handling of samples, reagents and DNA extracts,                         

and of protective gear by researchers. DNA extractions were carried out in the                         

clean-room facility at the Institute of Archeological Sciences at the University of                       

Tübingen. We used leaves with clear signs of tissue infection or lesions,                       

previously described as ​M. oryzae​. The tissue was ground inside a microtube                       

with a stainless steel pestle until finely powdered and a N-phenacylthiazolium                     

bromide (PTB) and Qiagen Plant DNEasy® Mini Kit (Qiagen)-based protocol                   

was used to isolate the DNA ​(Gutaker et al., 2017)​. A microtube without tissue                           

was used as negative DNA extraction control. 

Library preparation and sequencing of herbarium samples 

Genomic libraries for all herbarium samples were prepared in a DNA                     

clean-room facility taking the same preventive measures described in the DNA                     

extraction section. 

Non-UDG treated library preparation of herbarium samples 

We used a protocol that permits the preparation of indexed sequencing ancient                       

DNA libraries ​(M. Meyer & Kircher, 2010)​. After adapter ligation in the                       

clear-room facility, the indexing and PCR amplification of the libraries were                     

performed in a different laboratory, located in a separate building. Briefly, the                       

libraries were indexed using two barcoded primers ​(Kircher et al., 2012) during                       

10 cycles of PCR amplification using AccuPrime™ Pfx polymerase (Thermo                   

Fisher Scientific). The MinElute PCR Purification Kit (Qiagen) was used to clean                       

PCR residues and samples were pooled in equimolar concentrations. The                   
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samples were sequenced at the Genome Center facility located at the Max                       

Planck Institute for Developmental Biology, with the Illumina MiSeq Platform                   

using MiSeq Reagent Kit v2, 300 cycles (Illumina). Together with the prepared                       

libraries, both aDNA extraction and a library preparation negative controls were                     

sequenced. All non-UDG library sequences were used only for authentication                   

purposes (Supplementary Figure 3.1) and not included in any further analyses. 

UDG treated library preparation of herbarium samples 

Cytosine to thymine (C-to-T) substitutions are useful for the authentication of                     

the samples but they can mislead evolutionary inferences ​(Briggs et al., 2007)​.                       

Thus, in order to reduce the effect of C-to-T substitutions, we prepared new                         

DNAlibraries adding uracil-DNA glycosylase (USER™ enzyme (New England               

Biolabs)) during the blunting step ​(Briggs et al., 2010)​. The rest of the steps were                             

done as described in the non-UDG treated library section. Finally, after                     

measuring the final DNA concentration per sample and assessing the DNA                     

endogenous concentration, we prepared a pool with a calculated equimolar                   

content of endogenous molecules. Sequencing was done using the Illumina                   

HiSeq 3000 platform (Illumina) located at the Genome Center facility at the                       

Max Planck Institute for Developmental Biology. 

Herbarium specimens authentication 

Ancient DNA has multiple signatures which can be used to its authentication: i)                         

C-to-T substitutions are expected to be enriched at the ends of reads with a                           

decay towards the inner part of the molecule and, ii) aDNA is expected to have                             

shorter fragments than their contemporary counterparts due to depurination                 

and further breakage of the DNA molecule ​(Dabney, Meyer, et al., 2013;                       

Gutaker & Burbano, 2016)​. This depurination-driven breakage leaves signatures                 

that can be analyzed after mapping reads to a reference genome ​(Briggs et al.,                           

2007)​. We used MapDamage (v. 2.0) ​(Jónsson et al., 2013)​to analyse both the                         

C-to-T misincorporation patterns and fragment lengths. We also calculated the                   

endogenous DNA content by dividing the number of mapped reads by the total                         

number of reads. All herbarium samples displayed the expected signatures of                     

historical samples (Supplementary Figure 3.1). 

Library preparation of modern samples 
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Genomic high molecular weight DNA was used as input for a modified ​(Karasov                         

et al., 2018) Nextera protocol ​(Caruccio, 2011)​. Sequencing was done using the                       

Illumina HiSeq 3000 platform (Illumina) located at the Genome Center facility                     

at the Max Planck Institute for Developmental Biology. 

Pre-processing of reads 

Raw reads were trimmed with AdapterRemoval (v. 2.2.2) ​(Schubert et al., 2016)​.                       

In addition, reads from herbarium samples were also merged with the same                       

software. Trimmed and / or merged reads were aligned to the ​M. oryzae                         

reference genome (GUY-11 PacBio assembly) ​(Bao et al., 2017) using bwa-mem                     

V.0.7.12 (Li and Durbin, 2009) with default parameters. 

Datasets and mapping 

We used ​M. oryzae Illumina reads from two recent resequencing studies (43                       

samples from Gladieux ​et al. ​(Gladieux, Ravel, et al., 2018)​, and 88 samples from                           

Zhong ​et al. ​(Zhong et al., 2018) (Supplementary Table 3.1)). Raw sequencing                       

reads were downloaded and mapped to the ​M. oryzae reference genome (​GUY-11                       

PacBio assembly ​(Bao et al., 2017)​) using bwa-mem V.0.7.12 ​(Li & Durbin, 2009)                         

with default parameters. 

Variant identification and filtering 

De novo variants were identified using ​GATK ​V.3.8.0 ​(A. McKenna et al., 2010)​.                         

The following set of filters were applied: QD < 5.0; QUAL < 5000.0; MQ < 20.0;                               

-2.0 < ReadPosRankSum < 2.0; -2.0 < MQRankSum < 2.0; -2.0 <                       

BaseQRankSum < 2.0. In all subsequent analyses we used only biallelic SNPs                       

present in all samples (“full information”). 

Characterization of ​Magnaporte oryzae​’s mating types 

Raw reads were mapped to a reference genome built from sequences of both                         

mating type complete CDSs (MAT1-1 Genbank: AB080668.2 and MAT1-2                 

Genbank: AB080669.2) using ​bwa-mem V.0.7.12 ​(Li & Durbin, 2009) with default                     

parameters. Coverage in both contigs was estimated using ​samtools depth V1.6 ​(Li                       

et al., 2009)​mating types were assessed accordingly (Supplementary Table 3.2). 

Population Structure Analyses 
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To assess the global population structure of ​M. oryzae we first determined                       

patterns of allele sharing using f3-outgroup statistics ​(Raghavan et al., 2014)​. We                       

performed the test using the program ​qp3Pop from the ​AdmixTools package                     

(Patterson et al., 2012)​. The test was used to establish the pairwise relatedness                         

between ​M. oryzae samples (X and Y) after divergence from an outgroup: ​f3​(X, Y;                           

Outgroup). We used a deeply diverged ​Setaria​-infecting ​M. oryzae strain HB0075                     

as an outgroup. We calculated z-scores for every possible pairwise sample                     

comparison included in the f3-statistics test (N=20,458). Subsequently, we                 

carried out hierarchical clustering using the function ​hclust ​from the ​R package                       

stats ​(R Core Team, 2018)​. As input we used a distance matrix generated from                           

the f3-statistics-derived z-scores (​Figure 3.1A​). 

Additionally, we determined the level of population structure using genetic                   

distances coupled with dimensionality reduction methods. We calculated               

pairwise Hamming distances using ​Plink V.1.9 ​(Purcell et al., 2007)​. Such                     

distances were used as input for Principal Component Analysis (PCA) using the                       

function ​prcomp ​from the ​R package ​stats ​(R Core Team, 2018) (Supplementary                       

Figure 3.2​A​). To assess the robustness of the clusters, PCA coordinates were                       

used to compute silhouette scores using the function ​silhouette ​from the ​R                       

package ​cluster ​(Maechler et al., 2012)​. We calculated mean silhouette scores for                       

different number of clusters (K=2-6) and found that the highest mean silhouette                       

scores were obtained when K=4. We also used Discriminant Analysis of                     

Principal Components (DAPC) ​(Jombart et al., 2010)​, implemented in the                   

adegenet ​R package. The analysis was carried out by capturing the variance in                         

the 10 first PC’s. The Bayesian Information Criterion (BIC) indicated that the                       

best number of groups was K=4 (Supplementary Figure 3.2​C-D​). We used the                       

grouping of individuals in four clusters for subsequent analyses. 

Population genetics analyses 

We constructed a neighbor network using the program ​SplitsTree V.4.14.6                   

(Huson & Bryant, 2006)​. As a proxy for recombination within each of the                         

clusters, we used the four-gamete test ​(Hudson & Kaplan, 1985) as implemented                       

in ​RminCutter ​(Ross-Ibarra, 2009)​. To this aim, we created consensus ​fasta                     

sequences from the contigs 1 to 7 using the filtered vcf file with ​bcftools V. 1.3.1                               

(​Bcftools by samtools​, n.d.)​. The summary statistic was calculated by dividing the                       

total number of violation events of the four-gamete test by the total number of                           
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SNPs. Nucleotide diversity (​𝝅 ​), Fixation Indices F​ST and Tajima’s ​D values were                       

calculated using ​vcftools ​V.0.5.15 ​(Danecek et al., 2011)​. We calculated the                     

unfolded Site Spectrum (SFS) for each genetic group using custom scripts.                     

Ancestral alleles were ascertained requiring concordance between a ​Setaria​- and                   

a wheat-infecting outgroup strain (SA05-144 ​(Yoshida et al., 2016) and                   

BTJP-4(12) ​(Soanes et al., 2017)​). 

We computed ​D​-statistic values ​(Green et al., 2010)​ as: 

(O, ; , ) D T X Y =  (p  − p ) (p  − p )O T X Y
(p  + p −  2p p ) (p  + p −  2p p )O T O T X Y X Y

 

where P​O​, P​T​, P​X​, and P​Y ​are frequencies of randomly selected alleles in                         

populations (O)utgroup, (T)est, X, and Y at each locus. The reported 95%                       

confidence intervals were calculated as where the Standard Error          ±(SE ×1.96)D          

was computed using a jackknife weighted by the number of SNPs for each 5 Mb                             

block in the genome ​(Reich et al., 2009)​. We performed the calculations using                         

popstats​ ​(Skoglund et al., 2015)​. 

Genomic segmentation analysis 

Based on the ​D​-statistic results, two isolates from the diverse group I (CH1016                         

and HB-LTH18) showed genome-wide introgression evidence with the clonal                 

lineage II. In order to identify which regions of the genomes of CH1016 and                           

HB-LTH18 show higher nucleotide similarity to clonal lineage II than to                     

members of the diverse group I, we performed a window-based similarity                     

analysis. These regions, especially if they overlap between CH1016 and                   

HB-LTH18, will be strong candidates for being introgressed from the clonal                     

lineage II. Consequently, we performed window-based pairwise nucleotide               

similarity comparisons between an example isolate of clonal lineage II                   

(TW-PT3-1) and the two Chinese individuals (CH1016 and HB-LTH18). To this                     

end we divided the seven chromosomes in 400 windows, each of which had the                           

same number of SNPs. To ascertain the basal level of similarity among clonal                         

lineage II individuals we compared our example clonal lineage II isolate                     

TW-PT3-1 with another clonal lineage II isolate (BR0026). Finally, to ascertain                     

the nucleotide similarity between clonal lineage II and non-introgressed                 

individuals from the diverse group I, we compared our example clonal lineage                       

II isolate TW-PT3-1 with diverse group I isolates CH0532 and CH0333. 
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Phylogenetic analysis 

We first carried out a Bayesian tip-dated phylogenetic analysis. To perform this                       

analysis, we first removed individuals from the diverse group I, as these                       

recombining group of individuals do not comply with the assumptions of any                       

phylogenetic analysis (​Figure 3.2C​). We kept only biallelic variant positions to                     

perform a Markov-Chain-Monte-Carlo-based phylogenetic reconstruction         

using ​BEAST V.2.4.8 ​(Bouckaert et al., 2014)​. We used the isolates’ collection                       

dates (Supplementary Table 3.1) as prior information for the estimation of                     

divergence times. We used ​ModelTest-NG ​(Darriba et al., n.d.) to assess the best                         

suitable substitution model. Based on the lowest Akaike Information Criterion                   

(AIC), we selected the General Time Reversible model. Since the calculation was                       

performed with non-recombining individuals from the same species, we used a                     

strict clock rate with a prior value of 1.98 e-8 substitutions/site/year, which was                         

the rate ascertained in Gladieux ​et al​. ​(Gladieux, Ravel, et al., 2018)​. To test the                             

hypothesis of a non-clocklike data, we estimated the coefficient of variation in a                         

model relaxed clock log normal model to be 0.0042, suggesting strong evidence                       

for a clock-like data ​(Alexei J. Drummond et al., 2006)​. In order to reduce the                             

effect of demographic history assumptions, and to calculate the dynamics of the                       

population size through time, we also chose a Coalescent Extended Bayesian                     

Skyline approach ​(A. J. Drummond et al., 2005)​. Invariant sites were explicitly                       

considered in the model by adding a “​constantSiteWeights​” tag in the XML                       

configuration file. We combined the output of four independent MCMC chains.                     

Each chain had a length of 10 million iterations and was logged every 1000                           

iterations. We only used chains with overall ESS values above 200 and                       

summarized a maximum clade credibility tree with ​TreeAnnotator​. We                 

summarized Effective Population Size through time using an Extended                 

Bayesian Skyline Plot (Supplementary Figure 3.5). Configuration and log files                   

are provided in our repository (see code and data availability). 

To assess the robustness of the phylogenetic reconstruction to different sources                     

of tree dicordances, we carried out several additional analyses. First, to illustrate                       

the effect of recombination in the phylogeny, we included all the individuals                       

from the genetic group I, who displayed signatures of sexual recombination                     

(Figure 3.2C) and computed a new phylogeny following the same approach                     

employed for the clonal groups (Supplementary Figure 3.6). As an alternative to                       

79 

https://docs.google.com/document/d/1jT-m8dSnACoq1i6zasqO2XtwzrYHxU3gDlXNN6xiu38/edit#bookmark=id.os5ycrgz792n
https://paperpile.com/c/yelLZJ/JJ6H6
https://paperpile.com/c/yelLZJ/6ZR32
https://paperpile.com/c/yelLZJ/FYMDs
https://paperpile.com/c/yelLZJ/wzeH6
https://paperpile.com/c/yelLZJ/UqbDK


 

our described concatenation approach, we implemented a full phylogenetic                 

method that takes into account Incomplete Lineage Sorting and assumes free                     

recombination between variant sites. We used SVDquartets ​(Chifman &                 

Kubatko, 2014, 2015) with its implementation in PAUP V4.0a. ​(Swofford, 2002)​.                     

We selected a multispecies coalescent tree with an exhaustive examination of all                       

possible quartets (N = 10,334,625). To assess node support, a bootstrap with 100                         

replicates was implemented (Supplementary Figure 3.7). 

Effector genes repertoire 

To determine the effector gene repertoire for each of 149 ​M. oryzae isolates                         

described in Supplementary Table 3.1, we mapped the publicly available                   

genomic short read sequences from these isolates to a reference set of diverse                         

effector candidate sequences. We used the recently reported database from                   

Petit-Houdenot and colleagues ​(Petit-Houdenot et al., 2019)​, which is composed                   

by 195 candidates with similarity to both AVR and MAX effectors from isolates                         

infecting a wide variety of hosts (e.g. rice, wheat, finger millet, foxtail millet, oat                           

and other ​Digitaria ​species). We reduced the redundancy of the reference by                       

removing highly similar sequences (≥ 90% identity). The final reference set                     

included 178 coding DNA sequences for candidate effectors (Supplementary                 

Table 3.5) from different ​M. oryzae lineages infecting hosts such as rice, wheat,                         

oat, millet, and wild grasses. The coordinates of the reference effector genes                       

corresponding to ​M. oryzae PacBio genome GUY-11 (GenBank accession                 

GCA_002368485.1) are stored in the Gitlab repository (see availability od data                     

and materials). We used elongation factor 2 mRNA sequence (GenBank                   

accession XM_003714691.1) from ​M. oryzae as a positive control for presence of                       

a gene, and a secreted protein gene ​CoMC69 from the fungus ​Colletotrichum                       

orbiculare as a negative control for absence of a gene in the reference for short                             

read mapping. 

Mapping was performed with ​bwa-mem ​V.0.7.15 ​(Li, 2013)​. An effector was                     

deemed present if more than 80% of its sequence was recovered with a                         

minimum depth of 3x, using ​SAMtools​ V1.6 ​(Li et al., 2009)​. 

To summarize effector content per isolate, we built a presence and absence                       

matrix indicating presence and absence of effector genes with 1 and 0,                       

respectively (​Figure 3.6A-B and Supplementary Table 6). For subsequent                 

80 

https://paperpile.com/c/yelLZJ/ogLLq+VhV6k
https://paperpile.com/c/yelLZJ/ogLLq+VhV6k
https://paperpile.com/c/yelLZJ/JdhnQ
https://paperpile.com/c/yelLZJ/pz173
https://paperpile.com/c/yelLZJ/pZ0S8
https://paperpile.com/c/yelLZJ/MA33t
https://docs.google.com/document/d/1jT-m8dSnACoq1i6zasqO2XtwzrYHxU3gDlXNN6xiu38/edit#bookmark=id.aretx92rxesg


 

analyses we excluded effector genes that were either present or absent in all                         

lineages, as they are uninformative for clustering algorithms. This filtering                   

resulted in a presence and absence matrix that contains a set of 69 informative                           

effectors. We organized the columns of this matrix according to the                     

dendrogram of genetic groups (​Figure 3.1​), while the rows were sorted using                       

hierarchical clustering with the function ​hclust ​from ​R ​stats package ​(R Core                       

Team, 2018)​. 

To determine which effectors have the strongest association with the defined                     

genetic structure of ​M. oryzae​, we conducted PCA and loading analysis using the                         

presence and absence matrix per isolate as input. Analyses were carried out with                         

the ​princomp ​function of the R stats ​package ​(R Core Team, 2018)​. Then, by                           

multiplying the absolute value of X and Y coordinates of each loading vector in                           

PC1 and PC2, we assessed the strength of importance per effector                     

(Supplementary Figure 3.10​A​). We selected a subset of effectors that contains                     

the 13 most important effectors (i.e. loading vectors with the highest                     

magnitudes), as they together explained 90% of the variance (Supplementary                   

Figure 3.10​C​). We recalculated the PCA using only this subset of 13 effectors,                         

which resulted in an increase from 44.8% to 73.8% (total increase of 29%) of the                             

variance explained by PC1 and PC2 together. 

A similar analysis was also carried out using the Extremely Randomized Trees                       

algorithm implemented in the ​Python scikit-learn module ​(Pedregosa et al., 2012)​,                     

with 100 trees per forest, and trained using all the effector presence and absence                           

data. The feature importances were extracted from the trained model. This                     

process was repeated 2,500 times to ensure consistency, and the mean effector                       

importance for reconstructing the population structure was calculated in order                   

to rank the effectors. Using this method, 90% of the variance was explained by                           

16 effectors (Supplementary Figure 3.10​C​). 

Availability of data and materials 

The datasets and scripts generated during and/or analysed during the current                     

study are available in the Gitlab repository,             

https://gitlab.com/smlatorreo/genetic_history_of_rice-infecting_magnaporthe

_oryzae ​(Latorre et al., 2020)​.   
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4. Conclusions and Outlook 

During the last decade, evolutionary studies have been transitioning to whole                     

genomic information as the primary source for the evolutionary inferences.                   

This major change has only been possible due to simultaneous technological                     

developments and decreasing costs of DNA isolation methods ​(Gutaker et al.,                     

2017; Kistler, 2012; Rogers & Bendich, 1985; Rohland & Hofreiter, 2007)​, library                       

preparation protocols ​(Caruccio, 2011; Gansauge et al., 2017; Gansauge & Meyer,                     

2013; M. Meyer & Kircher, 2010)​, WGS technologies ​(Kircher & Kelso, 2010;                       

Metzker, 2005, 2010; Jun Zhang et al., 2011) and increasing computational                     

capacity to analyze big datasets ​(Stein, 2011)​. Taking advantage of this major                       

leap, ancient DNA-based studies have led to the incorporation of temporal                     

information into evolutionary studies. While evolutionary studies have been                 

interpreting past events by inferring them from contemporary genetic variance,                   

aDNA studies can directly use the temporal information associated with                   

subfossil records, museum specimens and herbarium samples. These sources                 

provide timepoint anchors from which past events can be calibrated and                     

translated into absolute time ​(Heled & Drummond, 2012; Ho et al., 2011;                       

Rambaut, 2000; Rieux & Balloux, 2016)​. 

During my doctorate, I used aDNA to understand phylogenomic relations                   

between species, as well as describing the demographic history of different                     

populations from the same species. The combined use of historical samples                     

(pinned insect museum specimens and herbarium leaves), together with                 

present-day datasets, enabled me to better study the colonization of the                     

Mascarene islands by scarab beetles, and describe the population structure as                     

well as the demographic history of global populations of the the rice blast                         

fungus. 

In particular, with the incorporation of museum specimens from extinct                   

rhinoceros beetles from the genus ​Oryctes​, I ascertained their evolutionary                   

relationships by building for the first time, a molecular phylogeny using site                       

patterns-based ​D​-statistics. Previous efforts were hindered by the recent                 

extinctions within the genus, and by the implicit problems of                   

morphological-based phylogenies. Moreover, I showed that the unrelated               
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monotypic genus ​Marronus ​(species ​M. borbonicus​) falls instead inside the                   

observed variation of the genus ​Oryctes​, requiring a taxonomic reclassification,                   

which will be presented elsewhere. Furthermore, by analyzing their speciation                   

history in the light of the geological events that took place in the the Mascarene                             

islands, I inferred: i) two independent colonization events that took place in the                         

Réunion island and, ii) a case of loss of flight ability and dwarfism after the                             

colonization of Réunion by ​M. borbonicus​. 

As shown with scarab beetles from the Mascarene islands, the inclusion of                       

recently extinct taxa by sequencing whole-genome data from museum                 

specimens can significantly improve the reconstruction of the tree of life. In the                         

particular case of insects, which are the most diverse taxon on earth, most of its                             

taxonomic and phylogenetic studies have been ascertained using morphological                 

characters and/or a handful of molecular markers ​(Hunt et al., 2007; Jin et al.,                           

2016)​. As I demonstrated here, morphological characters can be obscured or                     

hidden, especially when adaptive radiations take place ​(Brower, 1994; D. D.                     

McKenna et al., 2019; Pease et al., 2016; Jing Zhang et al., 2019)​, while                           

phylogenetic trees based on few genetic markers might not reflect the                     

relationships between lineages or species ​(Philippe et al., 2005)​. The inspection                     

of whole genome datasets will encourage a vast revision of the tree of life.                           

Furthermore, because of the rapid extinction rate of species, particularly in                     

islands, retrospective approaches are necessary to gather a full picture from                     

extinct, yet informative lineages. Indeed, fundamental knowledge has been                 

gained by analyzing the genetic contributions from extinct species and                   

populations to the extant lineages, specifically in the adaptive and non-adaptive                     

roles played by introgression ​(Dannemann et al., 2016; Speidel et al., 2019;                       

Vattathil & Akey, 2015; Vernot & Akey, 2014)​. 

In this work, I also used a combined dataset of historical samples and                         

contemporary diversity to unveil the population structure and demographic                 

history of the rice blast pathogen ​Magnaporthe oryzae​. I concluded that the                       

current diversity of the pathogen is organized in three main clonal lineages and                         

a set of recombining individuals, which are the likely source of genetic                       

diversity. I described a process by which, after experiencing a bottleneck, the                       

three clonal lineages acquired population-specific genetic diversity in the recent                   

past (~ 400 years ago). These population-specific differences seem to be                     
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partially correlated to the genetic make-up of the host organism (​Oryza sativa​).                       

Moreover, because effector secreted proteins are a fundamental part of the                     

coevolutionary process between host and pathogen - since they participate in                     

protein-protein interactions between them -, I analyzed the presence and                   

absence of effector secreted proteins among the different ​M. oryzae isolates.                     

Their different patterns suggest that the arms race between plants and their                       

pathogens has shaped the effector repertoire of ​M. oryzae​’s clonal lineages.                     

Furthermore, the incorporation of historical samples permitted a better                 

estimation of the above-mentioned characteristics, as well as enabled to                   

ascertain the divergence times of different lineages in the demographic history                     

of the pathogen, and to formulate hypotheses that warrant to be tested with                         

functional assays. 

It is still unknown whether genetic drift is the predominant evolutionary force                       

in clonally expanding ​M. oryzae populations, or whether different events like                     

introgression, structural variation and retention of extrachromosomal material               

like mini-chromosomes, are important sources of diversity and functional                 

adaptation among different lineages. Further studies integrating short- and                 

long-read technologies will be fundamental to quantify the role played by these                       

sources of variation. 

Finally, the anthropic footprint and its associated consequences on climate                   

change and other drivers of environmental change, are endangering entire                   

ecosystems and biodiversity hotspots worldwide, which directly translates into                 

an increase of the already high rate of species extinction ​(De Vos et al., 2015;                             

McLaughlin et al., 2002; Veron et al., 2019)​. A full comprehension of past                         

extinctions of lineages should not just analyze the environmental triggers and                     

causes, but also the consequences at genomic levels over the extinct and extant                         

lineages. Evolutionary adaptation processes in extreme and harsh               

environmental scenarios, can shed light into predicting, preventing and                 

therefore contributing to informing conservation efforts of biodiversity               

hotspots and their associated species ​(Carlson et al., 2014; Exposito-Alonso et al.,                       

2020; Lewin et al., 2018; Tigano & Friesen, 2016; Waldvogel et al., 2020)​. 

With a study case, I have demonstrated the power of combining phylogenomics                       

and aDNA to understand colonization and phylogenetic relationships between                 

different species with shared histories in the Mascarene islands, one of the most                         
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endangered biodiversity hotspots. This study paves the way for harnessing the                     

rich and valuable information present/found in natural museum collections                 

around the world, to study the genetic footprints of extinction and adaptation                       

(Tegelberg et al., 2014) in insects, since they are an ecologically important, yet                         

understudied taxa ​(Warren et al., 2018)​. 

As the temperature increases different populations are predicted to migrate                   

ladituninally. Moreover, important anthropic activities such as agriculture               

exploitations are expected to follow the same trajectory, expanding the spectra                     

of migrations to crop associated organisms, particularly pests and pathogens                   

(Bebber et al., 2013; Lindner et al., 2010)​. Consequently, plant pathogen                     

pandemics are expected to increase together with the expected migration                   

trajectories ​(Thomas et al., 2004; Warren et al., 2018)​. In a case study, I have                             

utilized historical and present-day samples from the most important rice                   

pathogen. As concluded, similar frameworks can differentially analyze the                 

genetic diversity with special effort on those geographical regions where big                     

population sizes are expected to arise. Understanding already established                 

populations in those regions, can help to forecast and elucidate different                     

mechanisms used by pests and pathogens to adapt to new environments.   
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Supplementary Material 

Supplementary Material for Chapter 2 

 

 

Supplementary Figure 2.1. Coverage analysis of different ​Oryctes borbonicus assemblies. Raw                     

reads from two different whole genome sequencing libraries were aligned to the current and the                             

previously published ​O. borbonicus ​assembly ​(J. M. Meyer et al., 2016)​. For both data sets, the                               

previously published assembly shows a more pronounced peak at half of the expected coverage                           

pointing at the potential problem of allelism in the old assembly. 
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Supplementary Figure 2.2. Phylogenetic tree based on genome data from 15 beetle species.                         

Protein sequences from 363 orthologous genes were concatenated. A Maximum likelihood tree                       

was calculated based on the resulting alignment of 107,398 amino acids (100 bootstrap                         

pseudoreplicates). ​Subtree coloring was chosen for easier comparison with the phylogeny by                       

McKenna et al. ​(D. D. McKenna et al., 2019)​. ​The two focal species, ​Oryctes borbonicus and ​Marronus                                 

borbonicus​, display similar levels of divergence as two species of the same genera, ​Hycleus cichorii                             

and ​H. phaleratus​. 
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Supplementary Figure 2.3. Ancient DNA characteristics and edit distances of museum                     

specimens. (A-E) ​Pictures of samples used for the DNA extraction: ​(A) ​Oryctes chevrolatii ​, ​(B) ​O.                             

tarandus​, ​(C) ​O. borbonicus ​, ​(D) ​O. mayottensis ​, ​(E) ​O. minor​. ​(F) ​Cytosine to Thymine and Guanine to                                 

Adenine substitutions at the 5’- and 3’-end, respectively. (G) ​Distribution of fragment lengths of                           

merged reads. Dotted lines indicate the mean value of each distribution. ​(H) ​Percentage of                           

merged reads that mapped to the ​O. borbonicus genome. ​(I) ​Distribution of edit distances of reads                               

mapped to the ​O. borbonicus​ genome ​. 
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Supplementary Figure 2.4. Cytosine to Thymine and Guanine to Adenine substitutions at the                         

5’- and 3’-end, before and after uracil enzymatic library repair. (A) ​Described substitutions                         

present in museum specimens before enzymatic repair (same as Supplementary Figure 2.3F). ​(B)                         

Described ​ ​Substitution after enzymatic library reparation.   
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Supplementary Figure 2.5. Effect of Minimum Allele Frequency (MAF) filter on the genetic                         

distances. ​Hamming distances-based PCAs show the effect of the MAF on the separation of the                             

endemic beetles from Réunion and Mauritius. ​(A) ​MAF of 1/7 with 2,144,289 SNPs and ​(B) ​MAF of                                 

2/7 with 304,417 SNPs.   
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Supplementary Figure 2.6. Effect of Minimum Allele Frequency (MAF) filter on the                       

evolutionary relationships and branch lengths. ​The phylogenetic networks show a similar                     

topology and relations between samples but different branch lengths. ​(A) ​MAF of 1/7 with                           

2,144,289 SNPs and ​(B) ​MAF of 2/7 with 304,417 SNPs.   
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Supplementary Figure 2.7. Concatenated Bayesian and Maximum Likelihood phylogenetic                 

trees. (A) Bayesian phylogenetic reconstruction. Maximum clade credibility tree from 36,000                     

trees. Numbers at the nodes indicate posterior probability support. ​(B) ​Concatenated Maximum                       

Likelihood phylogenetic tree. Numbers at nodes indicate bootstrap support (200 replicates). In                       

both ​A and ​B ​, only sites with complete information were included, leaving 304,417 sites in the                               

final dataset.   
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Supplementary Figure 2.8. Robustness of evolutionary relations among scarab beetles. ​The                     

figures represent the same analyses shown in Figure 2.2. In order to discard the possible effect of                                 

ascertainment bias due to the selection of ​Oryctes borbonicus ​as reference genome, we repeated the                             

analysis by mapping the raw reads to a ​Marronus borbonicus assembly. ​(A) ​Principal component                           

analysis plot based on 330,529 SNPs. Genetic distances between beetle samples are projected onto                           

125 



 

the first two PCs. Axis labels indicate the fraction of total variation explained by each PC. ​(B)                                 

Phylogenetic network based on 330,529 SNPs using the neighbor-net method. ​(C) Testing the                         

robustness of phylogenetic relations among scarab beetle species using ​D​-statistics of the type                         

D​(B,A; ​Marronus borbonicus ​, outgroup), as depicted in the phylogenetic tree. ​O. mayottensis was used                           

as an outgroup. Each row (​i-vi​) shows a different ​D ​-statistic configuration. A negative ​D ​-statistic                           

indicates that ​M. borbonicus is closer to species B, whereas a positive ​D​-statistic indicates that ​M.                               

borbonicus is closer to species A. The points depict the result of each ​D ​-statistic test and the lines                                   

their respective 95% confidence intervals. Rows ​i-iii show that ​M. borbonicus is closer to the ​Oryctes                               

spp. from Réunion and Mauritius. Rows ​v-vi show that ​M. borbonicus is closer to both ​O. borbonicus                                 

and ​O. tarandus than to ​O. chevrolatii ​. Finally, row ​iv shows the closest ​D ​-statistic to zero, which                                 

indicates that ​M. borbonicus is slightly closer to ​O. borbonicus ​than to ​O. tarandus ​. ​(D) ​SVDquartets                               

species tree. Numbers at nodes indicate bootstrap support (1000 replicates). 
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Supplementary Table 2.1. Overview of genome sequencing and assembly of extant beetle                       

specimens. 
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Species  Ref  Number of 

Scaffolds 

Genome 

size 

(assembled) 

 [Mb] 

N50 

 [Mb] 

BUSCO 

Complete 

single copy 

 [%] 

O. borbonicus  (Meyer et al. 

2016) 

150,243  494.4  0.1  95.3 

O. borbonicus  This study  9,526  411.2  8.4  95.9 

M. 

borbonicus 

This study  9,046  412.6  12.4  95.8 



 

Supplementary Table 2.2. Samples information 

1​NHMG (Natural History Museum Geneva); NHML (Natural History Museum London); MPI (Max                       

Planck Institute for Developmental Biology, Tuebingen). 
2​ ENA accession numbers. 
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ID 

(M)useu

m / 

(F)resh  Species 

Collectio

n 

Year 

Collectio

n​1  Collector 

Non-UDG 

treated 

libraries​2 

UDG 

treated 

libraries​2 

HB007

8  M 

Oryctes 

chevrolatii  1963  NHMG  Rouillard  ERR3932721 

ERR393271

6 

HB007

9  M 

Oryctes 

tarandus  1966  NHMG 

Yves 

Gomy 

ERR393272

2 

ERR393271

7 

HB008

0  M 

Oryctes 

borbonicus  1966  NHMG 

Yves 

Gomy 

ERR393272

3 

ERR393271

8 

HB008

7  M 

Oryctes 

mayottensis  2010  MPI  NA 

ERR393272

4 

ERR393271

9 

HB008

9  M 

Oryctes 

minor  1918  NHML 

Snell & 

Thomasset 

ERR393272

5 

ERR393272

0 

-  F 

Oryctes 

borbonicus  2017   MPI 

Matthias 

Herrmann 

ERR3685131 

- 

ERR3685134  NA 

-  F 

Marronus 

borbonicus  2017  MPI 

Matthias 

Herrmann 

ERR3685135 

- 

ERR3685138  NA 



 

Supplementary Table 2.3. Average depth in museum specimens mapped to the ​Oryctes                       

borbonicus​ draft genome 
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Sample  Average depth (X) 

Oryctes borbonicus  1.16 

Oryctes tarandus  1 

Oryctes chevrolatii  0.79 

Oryctes mayottensis  0.8 

Oryctes minor  1.38 



 

Supplementary Material for Chapter 3 

 

Supplementary Figure 3.1. Ancient DNA characteristics of herbarium isolates. ​(A) Pictures of                       

samples used for the DNA extraction. ​(B) ​Cytosine to Thymine,Guanine to Adenine and other                           

substitutions at the 5’ end of the reads. ​(C) Percentage of reads aligned to either the host plant                                   

Oryza sativa or the rice blast ​Magaporthe oryzae ​reference genomes. ​(D) Distribution of fragment                           

lengths of merged reads.   
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Supplementary Figure 3.2. Principal component analysis (PCA) reveals four defined groups ​. ​(A)                       

PCA based on pairwise Hamming distances. ​(B) Silhouette score analysis shows best averages per                           

group scores when ​K= ​4. ​(C) Discriminant Analysis of Principal Components (DAPC) shows                       

stabilization of the Bayesian Information Criterion (BIC) when ​K​=4. ​(D) BIC from DAPC versus                           

mean silhouette scores shows an optimal number of groups when ​K ​=4.   
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Supplementary Figure 3.3. Relation between genetic groups and sample mating type ​. PCA                       

based on pairwise Hamming distances (same coordinates as Supp. Fig. 3.2). The color scheme                           

codifies the assessed mating type.   
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Supplementary Figure 3.4. The unfolded Site Frequency Spectrum (SFS). ​The SFS was                       

calculated independently for each genetic group using genome-wide segregating sites, or only                       

segregating sites within annotated genes or intergenic regions (see inset). The ancestral allele was                           

ascertained using two different outgroups (see 3.4. Materials and Methods). The gray line shows                           

the expected distribution of the SFS assuming no linked selection.   
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Supplementary Figure 3.5. Recent increase of population size in clonal lineages of ​Magnaporthe                         

oryzae​. ​An Extended Bayesian Skyline Plot was calculated from the Bayesian tip calibrated                         

phylogeny (Figure 3.4). The thick line depicts the median Effective Population Size and the light                             

colored silhouette represents its 95 HPD interval.   
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Supplementary Figure 3.6 ​. ​Effect of recombination on the ​Magnaporthe oryzae phylogeny                     

construction. Comparison between phylogenies with ​(A) and without ​(B) the diverse recombining                       

group. Grey diffused lines depict all calculated trees, whereas the black lines represent the                           

maximum clade credibility tree.   

135 



 

 

 

Supplementary Figure 3.7. Phylogenetic inference using SVDquartets. ​The combination of the                     

sets of all possible quartets of isolates is represented in a single phylogenetic tree. The values on                                 

the nodes indicate the bootstrap support after 100 replications.   
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Supplementary Figure 3.8. Two Chinese individuals display consistent introgression with the                     

clonal lineage II ​. ​D ​-statistics using different phylogenetic configurations depicted as colored inset                       

trees. The green box with the asterisk represents a position in which all individuals from the                               

clonal lineage II were placed in an iterative way. Red boxes represent a fixed individual from the                                 

clonal lineage IV. ​(A) ​D ​(Outgroup, CH1016, Lineage II individual, Lineage IV individual). ​(B)                         

D​(Outgroup, HB-LT18, Lineage II individual, Lineage IV individual). Points represent ​D ​-statistic                     

tests, and lines depict 95% confidence intervals.   
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Supplementary Figure 3.9. Ancestry-based genomic segmentation of Chinese individuals                 

CH1016 and ​HB-LTH18 reveals a 4 Mb putative introgressed region on chromosome 3 ​. ​(A) The                             

inset tree shows the ​D​-statistics configuration, ​D​(Outgroup, Orange; Green, Red), used to detect                         

introgression between clonal lineage II and two individuals (​CH1016 and ​HB-LTH18 ​) from the                         

diverse group I (as in ​Fig 3.5B ​). Introgression is inferred based on the significant negative                             

D​-statistics. ​(B) Each panel shows homologous chromosomes from ​CH1016 and ​HB-LTH18 in                       

addition to the control individuals from the diverse group I (CH033 and CH0532) and the clonal                               

lineage II (BR0026), segmented according to their ancestry. The color coding represents the level                           

of SNP similarity between each individual and the chosen clonal lineage II individual (TW-PT3)                           

for that particular segment. Chromosome 3 shows a 4 Mb segment inferred to be introgressed                             

between the clonal lineage II and both ​CH1016 and ​HB-LTH18 (boxed area). ​(C) The same                             

D​-statistic test as in A. was carried out after all putative introgressed fragments (in red) with a                                 

percentage similarity value of >= 60 were removed. The test was not significant, i.e., no different                               

from zero.   
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Supplementary Figure 3.10. Effector loadings reveal major effector loss in clonal lineage III​. ​(A)                           

Biplot based on the presence/ and absence effector matrix (​Figure 3.6C​). Dots represent isolates                           

color-coded by their genetic group. Vectors and labels correspond to the effector loadings for PC1                             

and PC2. All vectors were scaled by 3X for better representation. ​(B) The barplot represents the                               

absolute value of the product of the PC1 and PC2 coordinates for each loading vector. The                               

horizontal red line represents the cumulative sum of 90% of the data. ​(C) The set of boxplots                                 

summarize the distribution of the importance of each effector as decision factors for the genetic                             

group assignment under 2,500 iterations of the extremely randomized trees algorithm. The                       

horizontal red line represents the cumulative 90% of the data based on the mean values. ​(D)                               

Hierarchical cluster-based dendrogram built by subsetting the 13 first effectors showed in B. ​(E)                           

Hierarchical cluster-based dendrogram built by subsetting the 16 first effectors showed in ​C. 
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Supplementary Table 3.1. Samples information. 

* Samples HB0075 and HB0076 correspond to ​Setaria​-infecting individuals 

Study: (H)erbaria This work ; (M)odern This work ; (G)ladieux ​et al​., 2018 ; (Z)hong ​et al ​., 2018 

142 

Study  ID  Year  Country  Loc1  Loc2  Asserted 
MAT 
Type 

H  HB0059  NA  ITA  NA  NA  1 

H  HB0060  NA  ITA  NA  NA  1 

H  HB0061  1891  ITA  NA  NA  1 

H  HB0062  1891  ITA  NA  NA  1 

H  HB0064  1937  ROU  NA  NA  1 

H  HB0066  1963  ROU  NA  NA  1 

H  HB0067  1891  ITA  NA  NA  1 

H  HB0068  1891  ITA  NA  NA  1 

H  HB0073  1937  ROU  NA  NA  1 

H  HB0075  1948  ROU  NA  NA  NA 

H  HB0076  1948  ROU  NA  NA  NA 

M  HB0846  2010  ITA  Sozzago_No  NA  1 

M  HB0847  2011  ITA  Vigevano_Pv  NA  1 

M  HB0848  2011  ITA  Ferrara  NA  1 

M  HB0850  2011  ITA  Olcenengo_Vc  NA  1 

M  HB0851  2011  ITA  Verceli_Vc  NA  1 

M  HB0852  2011  ITA  Siziano_Pv  NA  1 

M  HB0853  NA  ITA  Oristano  NA  1 

M  HB0854  2003  ITA  Dossena  NA  1 

M  HB0855  2001  ITA  NA  NA  1 

G  I-BD0024  1989  BDI  Burundi  Noebe  2 

G  I-BR0026  1987  BRA  Mato_Grosso_Do
_Sul 

Fazenda_Progresso  1 

G  I-CD0073  1981  CIV  Côte_d'Ivoire  Bouake  2 

G  I-CD0203  2003  CIV  Côte_d'Ivoire  Tiassalé  2 

G  I-CH0052  1991  CHN  Hunan  NA  1 
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G  I-CH0063  1985  CHN  Hunan  NA  1 

G  I-CH0092  1983  CHN  Zhejiang  NA  1 

G  I-CH0328  1998  CHN  Hunan  Anhua_Yanxi  2 

G  I-CH0333  1998  CHN  Hunan  Yanxi  1 

G  I-CH0532  1995  CHN  Yunnan  Baoshan  2 

G  I-CH0549  1995  CHN  Yunnan  Baoshan  2 

G  I-CH0595  1997  CHN  Yunnan  Yiliang  2 

G  I-CH0680  2001  CHN  Hunan  Anhua_Yanxi  2 

G  I-CH0689  2001  CHN  Hunan  Anhua_Yanxi  1 

G  I-CH0701  2001  CHN  Hunan  Anhua_Yanxi  1 

G  I-CH0860  2006  CHN  Yunnan  Wenshan_Dehou  1 

G  I-CH0999  2008  CHN  Yunnan  Yule  1 

G  I-CH1016  2008  CHN  Yunnan  Yule  2 

G  I-CH1019  2008  CHN  Yunnan  Yule  2 

G  I-CL0026  1989  COL  Meta  Villavicencio  2 

G  I-CL3-6-7  2000  COL  Meta  Villavicencio  2 

G  I-HN0001  1993  HUN  Hungary  Szarvas  1 

G  I-IN0072  1992  IND  NA  NA  1 

G  I-IN0082  1992  IND  NA  NA  1 

G  I-IN0094  1993  IND  NA  NA  1 

G  I-JP0010  1986  JPN  NA  Fukushima  1 

G  I-LA0005  2009  LAO  Luang 
prabang 

Silalek  1 

G  I-LA0021  2009  LAO  Luang 
prabang 

Silalek  2 

G  I-MC0016  1997  MAR  NA  Tazi  1 

G  I-MD0929  2005  MDG  NA  Andranomanelatra  2 

G  I-ML0025  1986  MLI  NA  Niema  2 

G  I-NP0037  2009  NPL  Kaski  Begnas  1 

G  I-NP0041  2009  NPL  Kaski  Begnas  2 

G  I-NP0052  2008  NPL  Kathmandu  Sangle_VDC9  1 
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G  I-NP0061  2008  NPL  Kathmandu  Sangle_VDC9  2 

G  I-PH0103  NA  PHL  NA  NA  2 

G  I-PH0118  NA  PHL  NA  NA  2 

G  I-PR0009  1991  PRT  NA  Sado_Torre_Do_Cl
eri 

1 

G  I-SP0005  1994  ESP  Catalonia  Amposta_Salats  1 

G  I-TH0014  1987  THA  NA  NA  2 

G  I-TH0017  1987  THA  NA  NA  2 

G  I-US0031  1967  USA  Louisiana  NA  1 

G  I-US0098  1992  USA  Arkansas  Lonoke  1 

Z  Z-13FM-16-1  2013  CHN  Yunnan  NA  2 

Z  Z-13FM-24-1  2013  CHN  Yunnan  NA  2 

Z  Z-13FM-3-2  2013  CHN  Yunnan  NA  1 

Z  Z-13FM-5-1  2013  CHN  Yunnan  NA  2 

Z  Z-13FM-9-1  2013  CHN  Yunnan  NA  1 

Z  Z-AV1-1-1  2015  GHA  Aveyime  NA  2 

Z  Z-BJ08-8-1  1980s  CHN  Beijing  NA  1 

Z  Z-BJ-90-611  1990s  CHN  Beijing  NA  1 

Z  Z-DB11-621  2011  CHN  Liaoning  NA  1 

Z  Z-FJ0204804  2002  CHN  Fujian  NA  2 

Z  Z-FJ11SH-527-1  2011  CHN  Fujian  Shanghang  2 

Z  Z-FJ11YD-673-1  2011  CHN  Fujian  Yongding  2 

Z  Z-FJ12JN-084-3  2012  CHN  Fujian  Jianning  2 

Z  Z-FJ13SH05-2  2013  CHN  Fujian  Shanghang  2 

Z  Z-FJ2000-62A  2000  CHN  Fujian  NA  2 

Z  Z-FJ2000-69A  2000  CHN  Fujian  NA  2 

Z  Z-FJ2001-112B  2001  CHN  Fujian  NA  2 

Z  Z-FJ2003-001A1  2003  CHN  Fujian  NA  2 

Z  Z-FJ2005113B  2005  CHN  Fujian  NA  2 

Z  Z-FJ2006-60A3  2006  CHN  Fujian  NA  2 



 

145 

Z  Z-FJ43ZB15-68  1992  CHN  Fujian  Youxi  1 

Z  Z-FJ72ZC7-77  1992  CHN  Fujian  Jianyang  2 

Z  Z-FJ78-JJ  1978  CHN  Fujian  Jinjiang  1 

Z  Z-FJ81221ZB11-14  1981  CHN  Fujian  Fuzhou  1 

Z  Z-FJ81-JY  1981  CHN  Fujian  Jianyang  1 

Z  Z-FJ81-MH  1981  CHN  Fujian  Minhou  1 

Z  Z-FJ81-SW  1981  CHN  Fujian  Shaowu  1 

Z  Z-FJ81-ZP  1981  CHN  Fujian  Zhangpu  1 

Z  Z-FJ86061ZE3-39  1986  CHN  Fujian  Shaowu  1 

Z  Z-FJ86-CT  1986  CHN  Fujian  Changting  1 

Z  Z-FJ95054B  1995  CHN  Fujian  Changting  1 

Z  Z-FJ95085AZB13-116  1995  CHN  Fujian  Longyan  2 

Z  Z-FJ98099  1998  CHN  Fujian  Changting  2 

Z  Z-FJ99138  1999  CHN  Fujian  NA  2 

Z  Z-FJSH0703  2007  CHN  Fujian  Shanghang  2 

Z  Z-GD-05-029b  2005  CHN  Guandong  Conghua  2 

Z  Z-GD06-53  2006  CHN  Guandong  Jiexi  2 

Z  Z-GD08-2025  2008  CHN  Guandong  Wengyuan  2 

Z  Z-HB-14  2009  CHN  Hubei  Xianfeng  1 

Z  Z-HB-LTH18  2009  CHN  Hubei  Xianfeng  1 

Z  Z-HN-0812-3  2008  CHN  Hunan  Taojiang  1 

Z  Z-HN10-1604  2010  CHN  Hunan  Taojiang  2 

Z  Z-HN-158  2009  CHN  Hunan  Taojiang  2 

Z  Z-JS08-611  2008  CHN  Jiangsu  NA  1 

Z  Z-JS09-138  2009  CHN  Jiangsu  NA  1 

Z  Z-JS-10-6-1-2  2010  CHN  Jiangsu  NA  1 

Z  Z-JX-09Z116-1  2009  CHN  Jiangxi  Wanan  1 

Z  Z-JX10-102  2010  CHN  Jiangxi  Fengcheng  1 

Z  Z-JX11-141  2011  CHN  Jiangxi  Jiangxi  1 
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Z  Z-KA1-3-1  2015  GHA  Ghana  Kade-abaam  2 

Z  Z-KA2-1-1  2015  GHA  Ghana  Kade-abaam  2 

Z  Z-Nich-2-3-2  2014  SUR  Suriname  Nickerie  2 

Z  Z-Nich-2-7-4  2014  SUR  Suriname  Nickerie  2 

Z  Z-Sar-2-20-1  2013  SUR  Suriname  Saramacca  2 

Z  Z-Sar-AD3-5  2013  SUR  Suriname  Nickerie  2 

Z  Z-SC-10-120-65-2  2010  CHN  Sichuan  Nanbu  2 

Z  Z-SC-10-25-44-1  2010  CHN  Sichuan  Nanbu  2 

Z  Z-TW-1-1-1-B-1  2005  TWN  Kaohsiung  NA  1 

Z  Z-TW-12CY-TB1-2  2012  TWN  Chiayi  NA  1 

Z  Z-TW-12HL-DF1-2  2012  TWN  Hualien  NA  1 

Z  Z-TW-12HL-YL2-1  2012  TWN  Hualien  NA  1 

Z  Z-TW-12TD-RH1-1  2012  TWN  Taitung  NA  1 

Z  Z-TW-12TN-HB2-2  2012  TWN  Tainan  NA  1 

Z  Z-TW-12YL-DL3-2  2012  TWN  Yunlin  NA  1 

Z  Z-TW-12YL-DP1-1  2012  TWN  Yunlin  NA  1 

Z  Z-TW-12YL-TT4-1  2012  TWN  Yunlin  NA  1 

Z  Z-TW-2-7-2-A-1  2005  TWN  Pingtung  NA  1 

Z  Z-TW-6-2-2-B-1  2005  TWN  Chiayi  NA  1 

Z  Z-TW-6-43-1  2005  TWN  Chiayi  NA  1 

Z  Z-TW-CYBP1-3  2011  TWN  Chiayi  NA  1 

Z  Z-TW-PT1-1  2011  TWN  Pingtung  NA  1 

Z  Z-TW-PT3-1  2011  TWN  Pingtung  NA  1 

Z  Z-TW-PT6-1  2011  TWN  Pingtung  NA  1 

Z  Z-TW-TN4-2  2011  TWN  Tainan  NA  1 

Z  Z-WD-3-1  2015  GHA  Ghana  Weed-dabala  2 

Z  Z-YN07205e  2007  CHN  Yunnan  NA  2 

Z  Z-YN072310  2007  CHN  Yunnan  NA  1 

Z  Z-YN072311  2007  CHN  Yunnan  NA  1 

Z  Z-YN072313  2007  CHN  Yunnan  NA  1 
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Z  Z-YN08181e  2008  CHN  Yunnan  NA  1 

Z  Z-YN08182c  2008  CHN  Yunnan  NA  2 

Z  Z-YN126311  2012  CHN  Yunnan  NA  1 

Z  Z-YN126441  2012  CHN  Yunnan  NA  1 

Z  Z-YN8773-19  1987  CHN  Yunnan  NA  2 

Z  Z-YN8773R-27  1987  CHN  Yunnan  NA  1 

Z  Z-ZJ00-10  2000  CHN  Zhejiang  NA  1 

Z  Z-ZJ08-41  2008  CHN  Zhejiang  NA  1 

Z  Z-ZJ2011-7-1  2011  CHN  Zhejiang  NA  1 



 

Supplementary Table 3.2. New classification assessed in this study. 

Study: (H)erbaria This work ; (M)odern This work ; (G)ladieux ​et al​., 2018 ; (Z)hong ​et al ​., 2018 
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Dataset  ID  Lineage 
(Gladieux ​et 
al​., 2018) 

Clade 
(Zhong ​et al​., 
2018) 

Classification 

G  CH0333  5  NA  I 

G  CH0532  5  NA  I 

G  CH0999  1  NA  I 

G  CH1016  6  NA  I 

G  CH1019  1  NA  I 

G  LA0005  1  NA  I 

G  LA0021  1  NA  I 

G  TH0014  1  NA  I 

G  TH0017  1  NA  I 

Z  13FM-16-1  NA  1  I 

Z  13FM-24-1  NA  1  I 

Z  13FM-5-1  NA  1  I 

Z  HB-LTH18  NA  1  I 

Z  KA2-1-1  NA  1  I 

Z  Nich-2-3-2  NA  1  I 

Z  Nich-2-7-4  NA  1  I 

Z  Sar-AD3-5  NA  1  I 

Z  YN072313  NA  1  I 

Z  YN08181e  NA  1  I 

Z  YN08182c  NA  1  I 

Z  YN8773-19  NA  1  I 

Z  YN8773R-27  NA  1  I 

G  BR0026  2  NA  II 

G  CH0052  2  NA  II 

G  CH0063  2  NA  II 

G  CH0092  2  NA  II 
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G  CH0689  2  NA  II 

G  CH0860  2  NA  II 

G  HN0001  2  NA  II 

G  JP0010  2  NA  II 

G  MC0016  2  NA  II 

G  NP0052  2  NA  II 

G  PR0009  2  NA  II 

G  SP0005  2  NA  II 

G  US0098  2  NA  II 

H  HB0059  NA  NA  II 

H  HB0060  NA  NA  II 

H  HB0061  NA  NA  II 

H  HB0062  NA  NA  II 

H  HB0064  NA  NA  II 

H  HB0066  NA  NA  II 

H  HB0067  NA  NA  II 

H  HB0068  NA  NA  II 

H  HB0073  NA  NA  II 

M  HB0846  NA  NA  II 

M  HB0847  NA  NA  II 

M  HB0848  NA  NA  II 

M  HB0850  NA  NA  II 

M  HB0851  NA  NA  II 

M  HB0852  NA  NA  II 

M  HB0853  NA  NA  II 

M  HB0854  NA  NA  II 

M  HB0855  NA  NA  II 

Z  13FM-3-2  NA  3  II 

Z  13FM-9-1  NA  3  II 

Z  BJ08-8-1  NA  3  II 
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Z  BJ-90-611  NA  3  II 

Z  DB11-621  NA  3  II 

Z  FJ43ZB15-68  NA  3  II 

Z  FJ78-JJ  NA  3  II 

Z  FJ81221ZB11-14  NA  3  II 

Z  FJ81-JY  NA  3  II 

Z  FJ81-MH  NA  3  II 

Z  FJ81-SW  NA  3  II 

Z  FJ81-ZP  NA  3  II 

Z  FJ86061ZE3-39  NA  3  II 

Z  FJ86-CT  NA  3  II 

Z  FJ95054B  NA  3  II 

Z  HN-0812-3  NA  3  II 

Z  JS08-611  NA  3  II 

Z  JS09-138  NA  3  II 

Z  JS-10-6-1-2  NA  3  II 

Z  JX-09Z116-1  NA  3  II 

Z  JX10-102  NA  3  II 

Z  JX11-141  NA  3  II 

Z  TW-1-1-1-B-1  NA  3  II 

Z  TW-12CY-TB1-2  NA  3  II 

Z  TW-12HL-DF1-2  NA  3  II 

Z  TW-12HL-YL2-1  NA  3  II 

Z  TW-12TD-RH1-1  NA  3  II 

Z  TW-12TN-HB2-2  NA  3  II 

Z  TW-12YL-DL3-2  NA  3  II 

Z  TW-12YL-DP1-1  NA  3  II 

Z  TW-12YL-TT4-1  NA  3  II 

Z  TW-2-7-2-A-1  NA  3  II 

Z  TW-6-2-2-B-1  NA  3  II 
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Z  TW-6-43-1  NA  3  II 

Z  TW-CYBP1-3  NA  3  II 

Z  TW-PT1-1  NA  3  II 

Z  TW-PT3-1  NA  3  II 

Z  TW-PT6-1  NA  3  II 

Z  TW-TN4-2  NA  3  II 

Z  YN072310  NA  3  II 

Z  YN072311  NA  3  II 

Z  YN126311  NA  3  II 

Z  YN126441  NA  3  II 

Z  ZJ00-10  NA  3  II 

Z  ZJ08-41  NA  3  II 

Z  ZJ2011-7-1  NA  3  II 

G  BD0024  3  NA  III 

G  CD0073  3  NA  III 

G  CD0203  3  NA  III 

G  CH0328  3  NA  III 

G  CH0549  3  NA  III 

G  CH0595  3  NA  III 

G  CH0680  3  NA  III 

G  CL0026  3  NA  III 

G  CL3-6-7  3  NA  III 

G  MD0929  3  NA  III 

G  ML0025  3  NA  III 

G  NP0041  3  NA  III 

G  NP0061  3  NA  III 

G  PH0103  3  NA  III 

G  PH0118  3  NA  III 

Z  AV1-1-1  NA  2  III 

Z  FJ0204804  NA  2  III 
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Z  FJ11SH-527-1  NA  2  III 

Z  FJ11YD-673-1  NA  2  III 

Z  FJ12JN-084-3  NA  2  III 

Z  FJ13SH05-2  NA  2  III 

Z  FJ2000-62A  NA  2  III 

Z  FJ2000-69A  NA  2  III 

Z  FJ2001-112B  NA  2  III 

Z  FJ2003-001A1  NA  2  III 

Z  FJ2005113B  NA  2  III 

Z  FJ2006-60A3  NA  2  III 

Z  FJ72ZC7-77  NA  2  III 

Z  FJ95085AZB13-116  NA  2  III 

Z  FJ98099  NA  2  III 

Z  FJ99138  NA  2  III 

Z  FJSH0703  NA  2  III 

Z  GD-05-029b  NA  2  III 

Z  GD06-53  NA  2  III 

Z  GD08-2025  NA  2  III 

Z  HN10-1604  NA  2  III 

Z  HN-158  NA  2  III 

Z  KA1-3-1  NA  2  III 

Z  Sar-2-20-1  NA  2  III 

Z  SC-10-120-65-2  NA  2  III 

Z  SC-10-25-44-1  NA  2  III 

Z  WD-3-1  NA  2  III 

Z  YN07205e  NA  2  III 

G  CH0701  4  NA  IV 

G  IN0072  4  NA  IV 

G  IN0082  4  NA  IV 

G  IN0094  4  NA  IV 
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G  NP0037  4  NA  IV 

G  US0031  4  NA  IV 

Z  HB-14  NA  1  IV 



 

Supplementary Table 3.3. Members of the pan-effectorome that are present or absent in all 131                             

Magnaporthe oryzae isolates used in this study along with the effectors showing presence and                           

absence polymorphism. 
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Present in all isolates 
(69 effectors) 

Absent in all isolates 
(40 effectors) 

Effectors showing presence and 
Absence polymorphism (70 effectors) 

Avr-Pi54  FR13-00089161-M  APikL3-M  APikL1-M  FR13-00118791 

Avr-Pi9  FR13-00093031-M  BR29-00004921-M  Avr-CO39-M  FR13-00128431-M 

BR32-00003601-M  FR13-00094721-M  BR29-00026641-M  Avr-Pex75-M  FR13-00144271 

BR32-00040381  FR13-00094761  BR29-00027131-M  Avr-Pia-M  GY11-00072321-M 

BR32-00066181-M  FR13-00099751-M  BR29-00043011-M  Avr-Pib  GY11-00074021-M 

BR32-00081411-M  FR13-00101061  BR29-00052161-M  Avr-Pii  GY11-00076911 

BR32-00101991-M  FR13-00107801-M  BR29-00081821-M  Avr-Pik-M  GY11-00083821-M 

BR32-00117431-M  FR13-00108711-M  BR29-00089541  Avr-Pita3  GY11-00094941-M 

BR32-00131211-M  FR13-00114581-M  BR29-00091361-M  Avr-Pita  GY11-00096851 

BR32-00132551  FR13-00122001-M  BR29-00091381-M  Avr-Pizt  GY11-00108681-M 

BR32-00133701-M  FR13-00143751-M  BR29-00091681-M  Avr-Rmg8  GY11-00110071-M 

BR32-00141021-M  GY11-00054591-M  BR29-00092011  BR29-00008131  GY11-00124331-M 

BR32-00141031-M  GY11-00060011  BR29-00094821-M  BR32-00090231-M  GY11-00128391-M 

BR32-00141181-M  GY11-00067931  BR29-00096171-M  BR32-00090371-M  GY11-00128491-M 

BR48G12130  GY11-00069551-M  BR29-00096401  BR32-00101921-M  GY11-00148071-M 

BR48G630  GY11-00121271-M  BR29-00096771-M  BR32-00101931-M  GY11-00186121-M 

BR48G9741  GY11-00130301-M  BR29-00097421  BR32-00101951-M  GY11-00199991 

BR58-G4698  GY11-00137731-M  BR29-00105021-M  BR32-00104751  INA168-G2457 

CD156-00095711-M  GY11-00138681-M  BR29-00105921  BR32-00106861  INA168-G2700 

CD156-00118721  INA168-G4590  BR29-00106461-M  BR32-00128081-M  INA168-G3317 

CD156-00122701-M  MGDIG41  BR29-00107161  BR32-00131951-M  INA168-G3585 

CD156-00131711-M  MOBR58  BR29-00107301  BR32-00135781-M  INA168-G4175 

CD156-00138051-M  TH12-00085091-M  BR29-00112111-M  BR32-00143481  INA168-G4671 

FR13-00001281-M  TH12-00121641-M  BR29-00114891-M  BR48G12309  PH14-00186401 

FR13-00003821-M  TH16-00079081-M  BR29-00115871  BR48G4458  PWL2 

FR13-00004061-M  TH16-00100711-1-M  BR29-00115881  BR48G5743  PWL3 
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Present in all isolates 
(69 effectors) 

Absent in all isolates 
(40 effectors) 

Effectors showing presence and 
Absence polymorphism (70 effectors) 

FR13-00019851-M  TH16-00118381-M  BR29-00117591-M  BR58-G2338  TH16-00106651-M 

FR13-00020841-M  US71-00065681-M  BR29-00118801-M  CD156-00113531  TH16-00119491 

FR13-00035971  US71-00116921-M  BR29-00119471  CD156-00121281  US71-00000121-M 

FR13-00041321-M    BR29-00119491-M  CD156-00133411  US71-00114911 

FR13-00057121-M    BR29-00119511-M  FR13-00013421-M   

FR13-00057131-M    BR29-00121041-M  FR13-00028961   

FR13-00066391-M    BR29-00121721  FR13-00076421-M   

FR13-00067231    BR29-00125251-M  FR13-00087831   

FR13-00068741-M    BR32-00102581  FR13-00097581   

FR13-00069491    BR32-00120141  FR13-00104931-M   

FR13-00070821-M    DIG41-G5801  FR13-00107561-M   

FR13-00080861-M    DIG41-G7456  FR13-00110721   

FR13-00081261-M    FR13-00109161  FR13-00116451-M   

FR13-00088361-M    GFSI-G1776  FR13-00117221   



 

Supplementary Table 3.4. Patterns of effector presence and absence polymorphism in                     

Magnaporthe oryzae ​ isolates 
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Pattern  Group showing 
presence 

Group showing 
absence 

Effector 

Lineage/group specific  I, II, IV  III  TH16.00119491* 
FR13.00013421.M* 
Avr-Rmg8* 
CD156.00121281* 

  I, II  III, IV  PWL3* 
INA168.G3317* 
FR13-00107561.M* 

  I, II, III  IV  FR13.00028961* 

  I, III, IV  II  GY11.00110071.M* 

  I  II, III, IV (with a 
few exceptions) 

GY11.00199991* 

Patchy distribution  Varies  Varies  Avr-Pia.M 
Avr-Pii 

Partial gene loss within a 
group 

I, III, IV  II  PH14.00186401* 
GY11.00094941.M 
GY11.00121271.M* 
INA168.G2457* 
US71.00114911* 

Near-complete gene loss 
across all groups 

Varies  Varies  FR13.00109161 
APikL1 
CD156.00133411 
Avr-CO39.M 
BR32.00090231.M 
BR29.00008131 
GFSI.G1776 


