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• Ecological genomics
• Various approaches and disciplines 
• Case studies
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Ecological genomics (EG) - definition 

“A unique combination of disciplines is emerging —
evolutionary and ecological functional genomics —
which focuses on the genes that affect ecological 
success and evolutionary fitness in natural 
environments and populations

Feder and Mitchell-Olds (2003) Nature Reviews Genetics

• “the focus is on organisms that inhabit 
natural environments and the goal of 
researchers is to explain variation in 
DARWINIAN FITNESS in populations, and 
variation in size, range, longevity and 
diversity among populations, species and 
higher taxa

• Identify gene or genes of interest

• This is challenging and requires multiple 
disciplines (ecology, evolution, functional 
biology and genomics)



An ideal model organism for EG

Feder and Mitchell-Olds (2003) Nature Reviews Genetics

Not many organisms
fit all these criteria



Genotypes Phenotypes Ecology
• Abiotic
• Biotic
• Short term / long term

• Genotype frequencies
• Genomic variations
• Population genomics
• Comparative genomics

Ecological genomics

• Phenotype frequencies
• Phenotype plasticity
• Development

Traditional model
organisms

Ecologists



Genotypes Phenotypes Ecology
• Abiotic
• Biotic
• Short term / long term

• Genotype frequencies
• Genomic variations
• Population genomics
• Comparative genomics

Ecological genomics

• Phenotype frequencies
• Phenotype plasticity
• Development

Traditional model
organisms

Ecologists
Advances in genomics
really kick off this field; rather 
than choose a model species we
can ask virtually any questions 
across all organisms



Conceptual framework for eco genomics

Ecological interactions 
between the organism, the 
population and community 
levels and the ecosystem

Interactions between the levels, with organismal 
responses affecting and being affected by its 
genotype, which in turn affects what genes are 
expressed and at what levels, which in turn has 
effects on the phenotype of the organism, 
ultimately leading to its overall response.

Ecological genomic studies seek to integrate these disciplines 
(orange arrows) through the use of functional genomics approaches.Ungerer et al (2007) Heredity 



Some questions in EG
• What are the genes that underlie traits that mediate ecological responses in nature?

• How does environmental variation influence mechanisms underlying organismal 
response? 

• Does adaptation and plasticity involve many genes of small effect or a few genes of 
large effect? 

• How does ecological context influence the evolution of genome structure and function? 

• How does genotypic variation within and among species influence evolutionary 
responses, and (or) population, community, or ecosystem dynamics? 

• How do microbial communities shift when environments change and how do these shifts 
influence ecological processes?

Morgan et al (2018) Genome 



Ecological genomics – a fungi perspective



https://www.etymonline.com/word/fungus

“The concept of a ‘‘fungus’’ has developed over many years, and the historic 
definition of fungi as nonphotosynthetic plants has been shown to be both too 
simplistic and phylogenetically inaccurate"

Bridge et al (2005) Advances in Botanical Research

Fungi – a definition 

https://www.etymonline.com/word/fungus


General Characteristics of Fungi

• Cell wall present, composed of cellulose and/or chitin. 
• Food storage - generally in the form of lipids and glycogen. 
• Eukaryotes - true nucleus and other organelles present. 
• Most fungi require water and oxygen (no obligate anaerobes). 
• Fungi grow in almost every habitat imaginable, as long as there is some type of 

organic matter present and the environment is not too extreme. 
• Diverse group, number of described species is ~70,000 (estimated 5.1 million 

species total).

Blackwell 2011



Fungi are eukaryotes



Fungi are heterotrophs (‘other food’)
• i.e., acquire nutrients by absorption

• Three main types:
• Saprophytes or saprobes - absorb nutrients from dead organic 

material
• Parasitic fungi - absorb nutrients from cells of living hosts; some are 

pathogenic
• Mutualistic fungi - absorb nutrients from a host, but reciprocate to 

benefit the host

Credit: UWA 2005



Generalized Life Cycle of a Fungus



Fungal diversity in different environments

Nilsson et al (2018) Nature Reviews Microbiology



Ecological impacts of fungi

• Beneficial Effects of Fungi
• Many organisms depend on/utilise fungi
• Decomposition - nutrient and carbon recycling. 
• Biosynthetic factories. Can be used to produce drugs, antibiotics, alcohol, acids, food (e.g., 

fermented products, mushrooms). 
• Traffic network for microorganisms and host
• Model organisms for biochemical and genetic studies.

• (Host) Harmful Effects of Fungi
• Destruction of food, lumber, paper, and cloth. 
• Animal and human diseases, including allergies. 
• Toxins produced by poisonous mushrooms and within food (e.g., grain, cheese, etc.). 
• Plant diseases. 



How fungi are engaged in ecosystem processes

Fungi in Ecosystem Processes (2nd Edition) CRC Press 



PLANT–FUNGAL MUTUALISMS

1. Endophytes
can be beneficial to plant 
growth, especially in harsh 
environments

2. Mycorrhizas.
key benefits to terrestrial 
ecosystems, including: (i) 
enhanced nutrient uptake, 
(ii) soil structure; and (iii) 
carbon sequestration, 



Mycorrhizae
• “Fungus roots”
• Mutualism between:

• Fungus (nutrient & water uptake for plant)
• Plant (carbohydrate for fungus)

• Several kinds
• Zygomycota – hyphae invade root cells
• Ascomycota & Basidiomycota – hyphae 

invade root but don’t penetrate cells

• Extremely important ecological role 
of fungi!

Russula
mushroom 
mycorrhizas on 
Western 
Hemlock root



Main types of Mycorrhizae and their plant partners



Fisher et al (2013) Nature



Plant pathogens

Mareike Möller & Eva H. Stukenbrock (2017) Nature Microbiology Review



Plant pathogens

Mareike Möller & Eva H. Stukenbrock (2017) Nature Microbiology Review



Corn smut Ustilago

Nutritional Requirements of the Edible Gall-producing Fungus Ustilago esculenta
黑胡桃網路閣 https://blackwalnut.npust.edu.tw/archives/325221

Photo by David Cohen/flickr/CC BY 2.0

Zizania latifolia infected by 
Ustilago esculenta

https://blackwalnut.npust.edu.tw/archives/325221


Fisher et al (2013) Nature

Animal pathogens



Fisher et al (2018) Science



Fisher et al (2018) Science

Fungal species with reported antifungal resistance, by country



Fisher et al (2018) Science

Evolutionary drivers of antifungal resistance



So how do we study all of these traits at once?

Genome reference
• Genome assembly

Compare different species (inter-species comparisons)
• Phylogenomics
• Comparative genomics

• Gene family evolution
• Gain/loss
• Expansion/Contraction

Compare different strains (intra-species comparisons)
• Population genomics
• QTL
• GWAS

Ecological modeling



First – you need to sequence genomes



Advances in sequencing



Fungal genomes



Second – assign orthology and phylogenetic 
position of the species



The term homology was first coined before Darwin

“the same organ in different animals under every 
variety of form and function” – Richard Owen 

Owen 1843, p.379
https://en.wikipedia.org/wiki/Homology_(biology)



Darwin later reformulated homology as a result of
“descent with modification” , i.e., share ancestry

http://darwin-online.org.uk/

http://darwin-online.org.uk/


1929 - 2011

(1970)

Refining how homologous genes are related



From homology to orthology

Homologues are sequences derived from a common ancestor... 
• What are then orthologues? and paralogues? 

Original definition of orthology and paralogy by Walter Fitch 
(1970, Systematic Zoology 19:99-113): 

"Where the homology is the result of gene duplication so that both copies have 
descended side by side during the history of an organism, (for example, alpha and 
beta hemoglobin) the genes should be called paralogous (para = in parallel). 

Where the homology is the result of speciation so that the history of the gene 
reflects the history of the species (for example alpha hemoglobin in man and mouse) 
the genes should be called orthologous (ortho = exact)." 



Tekaia (2016)



Search for similarity , collinearity, conservation of 
morphological characters

Slide of Fred Tekaia



How to detect orthologous genes?
- The most intuitive way: Best Reciprocal Hit (RBH)

Slide of Fred Tekaia



Sequence by clustering

Slide of Fred Tekaia

Produce clusters (gene families) using
different inflation parameter



Orthology prediction methods

Similarity
Rely on genome comparisons and clustering of highly similar genes to identify 

orthologous groups (suitable for large genome datasets)

Phylogeny
use candidate gene families determined by similarity and then rely on the 
reconciliation of the phylogeny of these genes with their corresponding species 
phylogeny to determine the subset of orthologs
(Good and more interpretable for small set of genomes)

Others
Combination of (1) and (2)
Some uses synteny



From gene trees to species tree
Supertree methods infer the best topology for each 
gene (using the same phylogenetic method for each), 
and then a topological consensus is obtained. Such 
methods are able to make consensus trees even if the 
number of leaves among gene trees differs but overlaps to 
some extent, for example when a gene has not been 
sequenced for some taxa



A step beyond supertrees is the use of methods that take 
into consideration specific evolutionary processes that 
may be responsible for differences in gene topologies, 
and then estimate the species tree which would most 
likely have generated such gene trees, under different 
scenarios

From gene trees to species tree



Importance of genomics in fungi - Phylogeny

The accelerating pace of fungal genome sequencing by a 
number of large-scale sequencing projects paved the 
way for assembling larger and taxon-specific datasets 
that clarified some of the puzzling fungalrelationships.

• sister relationship between the Leotiomycetes and 
Sordariomycetes

• resolved the position of the Xylonomycetes, a small 
class of leaf endophytes,as a sister group to the 
Lecanoromycetes and Eurotiomycetes.

Resolving ancient divergences poses significant 
challenges even for phylogenomic datasets. For example, 
the definition of the fungal kingdom and the placement of 
the Microsporidia as fungi or nonfungal eukaryotes have 
been debated. (to be discussed in the next lecture)

Nagy and Szollosi (2017) Fungal Phylogenetics and Phylogenomics



3rd – Comparative genomics



Why comparative genomics? 

Compare multiple genomes now a norm
Similarity and differences between genomes
Reveal the evolutionary relationships among species
Link evolutionary processes with function

Use genomes to study evolution of these species:
• At various resolution (whole genome, chromosomes, 

regions, genes, base pairs)
• Identify the genomic basis of key phenotypes 



Comparing genomes



Evolution process of a genome

Tekaia (2016)



Sources of gene innovation 
(Intuitive as genome gain genes of new functions)

Slides of Antonis Rokas



Importance of genomics in fungi - Comparative

• Comparative genomics analysis of S. cerevisiae and 
closely related species has contributed to our 
understanding of how new species emerge and has 
shed light on the various mechanisms that contribute 
to reproductive isolation.

• Genomic analysis of Saccharomyces yeasts has provided 
a better understanding of the mechanisms underlying 
large-scale genomic changes, such as polyploidy, and 
their consequences for genome evolution and cell 
physiology.

• Genomic approaches are increasingly contributing to our 
understanding of how budding yeasts adapt to natural 
environments by identifying the genes that are involved in 
adaptation within natural substrates.

Marsit et al (2017) Nature Genetics Review
Dujon and Louis (2017) Genetics



Importance of genomics in fungi - Comparative

Rokas et al (2018) Nature Reviews Microbiology

• Fungi contain a remarkable diversity of 
both primary and secondary metabolic 
pathways involved in ecologically 
specialized or accessory functions. 

• Genes in these pathways are 
frequently physically linked on fungal 
chromosomes, forming metabolic gene 
clusters (MGCs).

• Improved knowledge of the 
evolutionary life cycle of MGCs will 
advance our understanding of the 
ecology of specialized metabolism and 
of the interplay between the lifestyle of 
an organism and genome architecture.



Importance of genomics in fungi - Comparative (example)

Shen et al (2018) Cell

Highlights
•332 genomes, including 220 newly 
sequenced, covering ∼1/3 of known budding 
yeasts

•Genome-scale inference of robust 
phylogeny and time tree of budding yeast 
subphylum

•Reconstruction of 45 metabolic traits infers 
complex budding yeast common ancestor

•Reductive evolution of traits and genes is a 
major mode of evolutionary diversification



Importance of genomics in fungi – plant pathogens

• The genomes of fungal plant pathogens can vary in size and 
composition, even between closely related species. Differences in 
the content of transposable elements cause variation in genome 
architecture.

• Variation in genome architecture results from differences in 
population genetic factors, including effective population size and 
the strength of genetic drift.

• During periods of low effective population size, non-adaptive 
mutations, such as transposable elements, can invade genomes 
and shape their architecture.

• Transposable elements contribute to the establishment and 
maintenance of rapidly evolving genome compartments that can 
comprise virulence genes. High mutation rates in these 
compartments support the evolution of new virulence phenotypes.

Mareike Möller & Eva H. Stukenbrock (2017) Nature Microbiology Review





Importance of genomics in fungi – plant pathogens
• The genomes of fungal plant pathogens can vary in size and 

composition, even between closely related species. Differences in 
the content of transposable elements cause variation in genome 
architecture..

Mareike Möller & Eva H. Stukenbrock (2017) Nature Microbiology Review



Importance of genomics in fungi – plant pathogens
• The genomes of fungal plant pathogens can vary in size and 

composition, even between closely related species. Differences in 
the content of transposable elements cause variation in genome 
architecture..

Mareike Möller & Eva H. Stukenbrock (2017) Nature Microbiology Review



Moving onto intraspecies variation - population genomics



Importance of genomics in fungi - Population

• Population genomics and comparative 
genomics of Saccharomyces yeasts have 
revealed that hybridization occurred 
frequently throughout, and has had 
substantial effects on, yeast evolution. 
Hybridization could itself be a mechanism 
of adaptation and speciation.

• Genomic analysis of yeast strains 
associated with humans has revealed the 
history of yeast domestication and the 
mechanisms that have contributed to its 
adaptation to anthropogenic environments.

Marsit et al (2017) Nature Genetics Review



Once collection is available: genetic mapping Finding the 
gene of interest

Sardi and Gasch (2017) FEMS Yeast Research



Genome-wide association study (GWAS) in microbes

Need to control for possible confounding effects of 
genomic relatednessFalush (2016) Nature Microbiology

Manhattan plot



Quantitative trait locus (QTL) mapping in yeast

Wilkening et al (2013) Genetics Reciprocal hemizygosity scanning



Quantitative trait locus (QTL) mapping in yeast

Wilkening et al (2013) Genetics



Community and microbial ecology
(already taught by previous lectures) 



Main steps in a fungal metabarcoding project

Nilsson et al (2018) Nature Reviews Microbiology



Biogeography and emerging views of fungal diversity

Peay et al (2016) Nature Reviews Microbiology



The evolution of new species or genetic diversity in fungi is 
often associated with dispersal or migration into new 
habitats

Peay et al (2016) Nature Reviews Microbiology



Moving towards functions



An ideal model organism for EG

Feder and Mitchell-Olds (2003) Nature Reviews Genetics

Not many organisms
fit all these criteria



Model organisms

https://www.yourgenome.org/facts/what-are-model-organisms

• Easy to maintain and breed in a laboratory setting.
• Many model organisms can breed in large numbers.
• Some have a very short generation time, which is the 

time between being born and being able to reproduce, 
so several generations can be followed at once

• Mutants allow scientists to study certain characteristics 
or diseases. 

• Easy and cheap genetic manipulation
• Some model organisms have orthologs to humans.
• Model organisms can be used to create highly detailed 

genetic maps.
• Or they may occupy a pivotal position in the 

evolutionary tree

https://www.yourgenome.org/facts/what-are-model-organisms


Research in other model fungi

Perez-Nadales et al (2014) Fungal Genetics and Biology

• All have genome sequence 
available

• Most are animal/plant pathogens
• So much emphasis put on study 

of virulence



Research in model yeast Saccharomyces cerevisiae 

• Biotechnology
• Fermentation
• Synthetic biology
• High-throughput / Systematic
• Light sensing 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3213361/pdf/695.pdf

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3213361/pdf/695.pdf


Case studies: Origin of Saccharomyces cerevisiae

74



S. cerevisiae arguably one of the most domesticated 
species for its fermentation product

75
https://www.singerinstruments.com/resource/what-is-yeast/

https://www.singerinstruments.com/resource/what-is-yeast/


76https://www.youtube.com/watch?time_continue=2&v=ypenv68qt5s

https://www.youtube.com/watch%3Ftime_continue=2&v=ypenv68qt5s


77

True ecology of Saccharomyces cerevisiae?



ARTICLERESEARCH

2µ plasmid ORFs, mitochondrial genome, ribosomal DNA and repeti-
tive elements such as Ty and Y′.

In parallel, 971 strains were phenotyped in different conditions 
that affect various physiological and cellular responses (Methods and 
Supplementary Table 2). In total, we analysed 34,956 phenotypic meas-
urements that covered 36 traits, providing a comprehensive analysis of 
their inheritance patterns. Most of the traits vary continuously across 
the population in a manner consistent with their genetic complexity 
(Supplementary Fig. 5). However, some traits—such as resistance to 
copper sulfate (CuSO4) or anisomycin18—follow a bimodal distribution 
model, and therefore a Mendelian inheritance pattern. Estimates of the 
narrow-sense heritability, h2, from genome-wide SNPs genotyped19 
show a substantial amount of variance explained across all the traits, 
with a mean of 0.69, which suggests the feasibility of performing GWAS 
(Supplementary Fig. 6).

Population structure supports out-of-China origin
The phylogenetic tree of the 1,011 strains shows well-defined clades, 
loose clusters and isolated branches (Fig. 1). Most of the strains  
(813 in total) fall into 26 clades, and another 150 strains belong to 

three groups of poorly related strains (Supplementary Information 
note 1). Our data revealed a complex pattern of genetic differentiation 
with distinct lineages that correlate with geography, environmental 
niche and the degree of human association, as has previously been 
reported8,9,11,12,20. Domesticated and wild clades largely fall into two 
well-delineated sides of the tree, and are separated by a large group 
of mosaic strains. The main exceptions are the wild Mediterranean 
oak strains, which group with the domesticated clades, and the sake 
strains, which group with wild clades. However, the Mediterranean 
oak lineage groups together with the other wild lineages on the basis 
of ORF-content strain clustering (Supplementary Fig. 7).

We used ADMIXTURE21 to investigate ancestry in the genomes of 
individual strains. Mosaic strains are characterized by admixture from 
two or more lineages derived by outbreeding3,4 and frequently mani-
fest as isolated branches in the phylogenetic tree. We identified three 
groups of mosaic strains that are mostly associated with human-related 
environments (Fig. 1). Population structure analysis revealed different 
sources of ancestry and degrees of mosaicism, consistent with multiple 
hybridization events (Supplementary Fig. 8). These findings under-
score the role of human-driven admixture in shaping the population 
structure of S. cerevisiae.

The recent discovery of highly diverged wild Chinese lineages  
suggests that East Asia may represent the geographic origin of  
S. cerevisiae22. The Taiwanese wild lineage represents the most diver-
gent population that has yet been described (average of 1.1% sequence 
divergence to non-Taiwanese strains). This lineage also contains an 
extremely divergent 2µ plasmid that shares only 80% of identity with 
known plasmid variants (Supplementary Fig. 9 and Supplementary 
Information note 2). We used a subset of highly contiguous de novo 
assemblies that sample the main S. cerevisiae lineages and closely 
related Saccharomyces species23,24 to generate a rooted phylogenetic 
tree (Fig. 2). The outgroup species branched off near the Taiwanese 
and Chinese lineages, which strongly supports a Chinese origin for  
S. cerevisiae. This scenario is also consistent with the isolation of closely 
related Saccharomyces species such as S. mikatae and S. arboricola25,26, 
which are restricted to East Asia, and the broad genetic diversity of the 
Japanese S. kudriavzevii populations27. Together, these observations 
suggest an Asian origin for the whole Saccharomyces species complex. 
We then tested the number of out-of-China events by investigating the 
relationship of non-Chinese strains to the genetic structure of Chinese 
strains. We performed a principal component analysis on SNPs that 
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Fig. 1 | Neighbour-joining tree built using the biallelic SNPs. We 
identified 26 clades (numbered clockwise from 1 to 26) and three mosaic 
groups (M1–M3). The pie charts represent the ecological origins of the 
clade: domesticated (red), wild (green) and human (cyan). The colour 
of the clade name indicates its assignment: domesticated (red) and wild 
(green). The top left inset represents a magnification of the wine/European 
clade with four major subclades highlighted.
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Fig. 2 | Chinese origin of S. cerevisiae. Maximum-likelihood rooted 
tree of the Saccharomyces complex, based on the alignment of 2,018 
concatenated conserved genes. Heat maps display the distance from the 
last common ancestor of S. cerevisiae (Sc)–S. paradoxus (Sp) (white–blue), 
and the number of introgressed S. paradoxus ORFs (white–red). The map 
shows the geographical origins of the strains.

N A T U R E | www.nature.com/nature
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

“The Taiwanese wild lineage represents the
most divergent population that has yet
been described (average of 1.1% sequence
divergence to non-Taiwanese strains).”
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• long-read sequencing to 
generate end-to-end 
genome assemblies for 
12 strains representing 
major subpopulations of 
the partially domesticated 
yeast Saccharomyces 
cerevisiae and its wild 
relative S. paradoxus. 

Nature Genetics volume 49, pages 913–924 (2017)



• enable precise definition of chromosomal 
boundaries between cores and subtelomeres

• S. paradoxus shows faster accumulation of 
balanced rearrangements (inversions, reciprocal 
translocations and transpositions), S. cerevisiae
accumulates unbalanced rearrangements (novel 
insertions, deletions and duplications) more 
rapidly. 

• Such striking contrasts between wild and 
domesticated yeasts are likely to reflect the 
influence of human activities on structural 
genome evolution.

Nature Genetics volume 49, pages 913–924 (2017)



Case study I

Hartmann et al (2017) ISME



Case study

Hartmann et al (2017) ISME

Fungal pathogens can rapidly evolve virulence towards resistant crops in agricultural ecosystems. Gains in 
virulence are often mediated by the mutation or deletion of a gene encoding a protein recognized by the plant 
immune system. However, the loci and the mechanisms of genome evolution enabling rapid virulence 
evolution are poorly understood. We performed genome-wide association mapping on a global collection of 
106 strains of Zymoseptoria tritici, the most damaging pathogen of wheat in Europe, to identify 
polymorphisms linked to virulence on two wheat varieties. We found 25 distinct genomic loci associated with 
reproductive success of the pathogen. However, no locus was shared between the host genotypes, 
suggesting host specialization. The main locus associated with virulence encoded a highly expressed, 
small secreted protein. Population genomic analyses showed that the gain in virulence was explained by 
a segregating gene deletion polymorphism. The deletion was likely adaptive by preventing detection of the 
encoded protein. Comparative genomics of closely related species showed that the locus emerged de novo
since speciation. A large cluster of transposable elements in direct proximity to the locus generated extensive 
rearrangements leading to multiple independent gene losses. Our study demonstrates that rapid turnover in 
the chromosomal structure of a pathogen can drive host specialization.



Genetic polymorphism, population structure, and virulence phenotypes of 106 
Zymoseptoria tritici isolates

Hartmann et al (2017) ISME



GWAS

Hartmann et al (2017) ISME

No loci were shared 
between two hosts



Population genomic analyses for the 
most significant GWAS locus associated 
with virulence of Z. tritici

Hartmann et al (2017) ISME



The evolutionary history and structural 
variation at the major virulence locus 
detected by GWAS. 

Hartmann et al (2017) ISME



Case study II

Sardi et al (2018) PLOS Genetics



“One significant hurdle with regards to microbial fermentation is the presence of toxic compounds in the 
processed plant material, or hydrolysate, including weak acids, furans and phenolics released or generated by the 
pretreatment process.”

“We used genome-wide association (GWA) in S. cerevisiae strains responding to synthetic hydrolysate (SynH), 
both to identify new genes and processes important for HT tolerance and to explore the extent to which genetic 
background influences mechanism. 

We tested 20 genes associated with HT tolerance and swapped alleles across strains to validate several allele-
specific effects. However, in the process of allele exchange we discovered striking differences in gene 
contributions to the phenotype: out of 14 gene knockouts tested in two strains with opposing phenotypes, 8 (57%) 
had a statistically significant effect on HT tolerance in one of the backgrounds but little to no significant effect in 
the other background. 

In most of these cases, the specific allele had little observable contribution to the phenotype. Thus, although GWA 
successfully implicated new genes and processes involved in HT tolerance, the causal variation in the tested 
strains is not at the level of the allele but rather whether or not the gene’s function is important for the phenotype 
in that background. 
This raises important implications for considering natural variation in functional networks to explain phenotypic 
variation”

Sardi et al (2018) PLOS Genetics

Complex trait - hydrolysate-toxin (HT) tolerance



Strain-specific difference for SynH and HT tolerance

Sardi et al (2018) PLOS Genetics



Distribution of SNP alleles

Sardi et al (2018) PLOS Genetics



Knockout effects of genes containing SNPs found in GWA

Extensive background effects influence 
gene involvement in SynH tolerance

This indicates substantial epistatic interactions with the 
genetic background, such that the gene is important in 
one strain and but dispensable in anotherSardi et al (2018) PLOS Genetics



Case study III

Dal Grande et al (2017) BMC Evolutionary Biology



Dal Grande et al (2017) BMC Evolutionary Biology



Strong genetic structure separating lower altitude populations and rest

Dal Grande et al (2017) BMC Evolutionary Biology



Photosynthetic CO2gas exchange of L. pustulata highland (population 6;blue) 
and lowland population (populations 1 to 5;red) related to thallus water content (TWC).

Dal Grande et al (2017) BMC Evolutionary Biology

The genetic separation coincided with 
differences in physiological responses to 
thallus water content (WC)

“Future studies …, and quantitative trait locus 
mapping experiments of the candidate genes 
in controlled and field settings will help to 
elucidate the drivers of local adaptation in this 
and other fungal species.”



Genotypes Phenotypes Ecology
• Abiotic
• Biotic
• Short term / long term

• Genotype frequencies
• Genomic variations
• Population genomics
• Comparative genomics

Moving beyond EG

• Phenotype frequencies
• Phenotype plasticity
• Development

What’s next?



Rillig et al (2020) Science
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Factor in soil ecology experiments
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the number of global change factors alone might predict general trends in 
changes of biodiversity and ecosystem processes
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Effects on the soil fungal community of different global change factors applied singly 
and using different numbers of factors
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Predicting species’ responses to climate change
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When abundance of all species is not possible –
identify keystone species first

Predict biodiversity 
responses to GCC



Questions and knowledge gaps



Not covered but very important – phenotypic plasticity 

Morris and Rogers (2014) Ecological Genomics
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