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Population genetics: 4 evolutionary forces

random genomic processes
(mutation, duplication, recombination, gene conversion)

|

molecular diversity
natural
selection
random spatial random demographic
process (migration) process (drift)

Population genetics investigates the laws governing the genetic structure of

populations, and changes in allele frequencies over time
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Color code

Color code:

Red = Important result or definition

Purple: exercise to do

Green: some bits of maths




Definition coevolution

Evolution = changes between generations of frequency of

characters, traits or alleles

Coevolution = reciprocal changes between generations of
frequency of characters, traits or alleles in hosts and

parasites

coevolution 1s defined as evolution in two or more
evolutionary entities brought about by reciprocal selective

effects between the entities.



Definition coevolution

» coevolution can occur if part of the environment of a species is shaped by a
spectfic set of genes of one or several other species the intensity (i.e. the fitness
effects) and frequency (i.e. the spatial and temporal patterns) of the interaction are

important parameters for coevolution
» only if both parameters are high do we expect highly specialised

» interactions to coevolve
» otherwise the interactions can be quite diffuse (but they may nevertheless

sometimes also lead to big effects)

» extended phenotype all effects of a gene upon the world. As always, 'effect’ of a
gene 1s understood as meaning in comparison with the other alleles
» the ‘conventional’ phenotype is a special case in which the effects are
regarded as being confined to the individual body in which the gene sits
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Definition coevolution

> involved frequency dependent selection between two types of players in an
evolutionary ""game". The "game theory" underlying this idea could be either
between species (as 1n interspecific competition) or within species (different morphs
of the same species) competing for a resource

» coevolutionary interactions can be classified in the following types:

mutualism (+/+) =
parasite-host, predator-prey (+/-)

o __ narrow-sense coevolution: both partners
competition (-/-)

evolve in response to the other

commensalism (0/+) — .
broad-sense coevolution only one of
by-product (0/-)

_ the partner evolves in response to the
other




Definition coevolution

Types of coevolution

In specific coevolution, or coevolution in the narrow sense, in which one species
interacts closely with another, and changes in one species induce adaptive changes in
the other, and vice-versa. In some cases, this adaptation may be polygenic; in
other cases, there may be gene-for-gene coevolution, in which the mutual
interactions are between individual loci in the two species.

Specific coevolution may of course be short-lived, but if the interaction is very close,
as in many host-parasite systems, concordant speciation or cospeciation may result;
where the speciation in one form causes speciation in another. Of course, cospeciation
doesn't necessarily require coevolution. For example, a very unimportant but highly
host-restricted parasite may always speciate whenever its host speciates, without the
parasite causing any evolutionary reaction in the host.
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Definition coevolution

Types of coevolution

In diffuse coevolution, also called guild coevolution, whole groups of species interact
with other groups of species, leading to changes that cannot really be identified as
examples of specific, pairwise coevolution between two species. For example, a group
of plant species may be fed on by a particular family of insects, which may frequently
(in evolutionary time) change hosts. The plants may evolve defensive adaptations, such
as defensive chemistry, or physical defenses such as spines, which work against large
numbers of the species. In time, some of the insects may be able to overcome the

plant's defences, leading to further evolution by the plant, and so on.



Definition coevolution

» the costs and benefits of the interactions between the partners can be difficult to
measure and they may depend on the environment

» the interactions may vary spatially and temporally
» a species may coevolve with another species over only part of its range
and/or
» only part of the time
» complete spatial and temporal overlap is unlikely the condition at the origin
of an interaction and not the most frequent case

» similar life histories facilitate coevolution between partners
> the interactions may vary in symmetry
» understanding the signs and strengths of coevolutionaty interactions may require

sampling over several populations
» and thus gene flow between these populations is important



Definition coevolution

> levels of coevolution

genetic elements within organisms
ancient symbioses

males and females

parents and offspring

coevolving species

coevolving clades

coevolution of genes and culture

vV V V VYV VY V VY V

coevolution can be inter- or intra-specific



Examples of coevolution

o
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Plants and pollinators - o

the star orchid (Angraecum sesquipedale)

from Madagascar has an extremely long
floral tube (28-32 cm)

based on its examination Darwin in 1862
hypothesised that this floral tube had
evolved as a consequence of coevolution

he predicted that there must exist a
moth with similarly long proboscis

his suggestion was ridiculed by
entomologists

S e R e T R W b O B IR

From: A Very Victorian Passion: The Orchid Paintings of John Day.



Examples of coevolution

Plants and pollinators

a candidate hawkmoth (Xanthopan morganii praedicta) was described
in 1903 but the first observations of the actual pollination
behaviour were made only recently

Figure 2.8 The Madagascar star
orchid (Angraecum sesquepedale) is
pollinated by a hawkmaoth
(Xanthapan morgani praedicta)
whose existence and long probaoscis
were predicted by Darwin from the
morphology of the orchid,. The
||-'|“lh al the orchid's nectary has
evolved to fit the length of the
hawk's proboscis. (Photo courtesy

of L. T. Wasserthal.)

from Stearns & Hoekstra 2005



Examples of coevolution
Plants and pollinators

- in another orchid species (Plathanthera bifolia) the floral tube length
does affect the reproductive success

* so tubes that accommodate the entire tongue are advantageous for the orchids
because they lead to more efficient pollen transfer
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Figure 2.9 The sexual performance of a species of Swedish orchid, Platanthera bifolia, as a function
of the lengths of its floral tubes. The longer the tubes, the more pollinia were removed and more
stigmas were pollinated. Experiments were performed on two different years, 1986 and 1987. (From

Nilsson 1988, reproduced by kind permission of the author and Nature.)
from Stearns & Hoekstra 2005



Examples of coevolution

Plants and pollinators

- so why should an exaggerated floral tube length evolve?

* the moths may evolve a longer tongue than needed to forage efficiently
- pollen transfer could carry costs

* close contact to the flower due to a matching tongue length could lead to higher
predation on moths by ambush predators that sit on the flowers

* there must be a benefit for the orchid if the moth has a too short tongue
* does it pay for the orchid to cheat by economising on nectar?

* is the pollen export improved if the moth has to try harder?




Examples of coevolution

Batesian mimicry

> in Batesian mimicry an edible species (the mimic) evolves to resemble a warningly
coloured noxious species (the model)

» selection on Batesian mimicry is mediated by predators that avoid mimics because they
are trying to avoid the models

» the convergence of the mimic to the model is limited by the sensory system of the
predator
> thus the fact that many mimics are quite accurate copies of their models suggests
that predators have sophisticated sensory systems
> the cost of eating a model must be higher than be benefit of eating a mimic
» may lead to the evolution of learning in the predator

> the fitness advantages for the mimic are frequency-dependent

» has evolved many times independently



Examples of coevolution

Batesian mimicry
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Figure 186 The mocker swallowtails of Africa (Papilio dardanus) are ane of the maost remarkable
cages of Batesian rimicry known, The fermabes mimic different toxic models in differant geographical
reglons, with the result thal they look very different bath fram the males of their cwn species and
from the temales of their speces in other geographical ragions, The males are not mimics, and on
Madagascar, whe e no toxic madels are availlable, the females are not mimics and resemble the males,
Tog rowe: Left, malle; right, female from Madagascar. In the remaining rowrs the mimicking female is on
the ket and the towxic modal is on the right of each pair. Sacond row: left pair, laft spacimen,

P dardanus var. planemaides female {mimic); nght specimen, Semalistes pogged (model) from Kenya,
nght pair, keft specimen, # dardanus var, trophonius fermale (mimic); ight specimen, Danaurs
chrysippus (mode I} from South Africa, Third row: left pain, left specimen, £ dardanus var. mobe female
imimic); rght specimen, Bemalistes teflis (madeld from Sudan; rght palr, el specmen, P dadanus
var. hippocoonides female (mimich, nght specimen, Amauirs albimaculata imodel) from Maozambigue.
Fourth sew lafl pein lafl specimen, 7 dardane van Mippeaser famale (mimis); ight spasiman,
Amauris naivivs raivivs imodel) from Great Lakes region: right pair, left specimen, P dardanus var
raneg female (mimic) righr specimen, Ameuns echaria (model) from South Africa, The models are in
the family Mymiphalidae, the mimics are in the family Papilionidae. The papilionid mimics accurately
reproduce the patterns that evolution elicits from the mymphalid ground plan (Figure 7.2}, (Butterfly
pheotos credit to Terry Dagradi; specinvens courtesy of the Peabody Museum, Yake University, arranged
vy Raymend Pupedis, Curatorial Assistant in Entamology.)



Examples of coevolution

» Predator-prey coevolution

» Predators have obviously evolved to exploit their prey, with hunting ability
being at a premium. Mammalian predators, for example, must be fast, strong
and cunning enough to be able to catch their prey. Itis almost as obvious that
prey have evolved to protect themselves from predators.

» 'They may have a variety of defenses:
» Large size and strength
» Protective coverings such as shells or hard bony plates
» Defensive weapons, such as stings or horns
» Defensive coloration (see mimicty lecture)
» Unpalatability and nastiness



Examples of coevolution

Two of the most famous are figs and fig-wasps, and Yxeca and Yucca moths

(Tegeticula).

In both cases, the larvae are seed/flower eaters, which reduce the fertility of the
flowers or inflorescences they infest.

In both cases, the plant 1s completely dependent on its herbivore for

pollination. The arrangement 1s therefore a tightly coevolved mutualism, in which
the plant relies exclusively on the insect for pollination, and the insect relies
exclusively on the plant for food.

In the case of the Yucca moth the mutualism has sometimes broken down, and
some clades of the moth have reverted to a parasitic mode of life -- they oviposit
in the plant, but do not pollinate -- the ancestral condition for the moths.

These examples are interesting because they represent cases where mutualisms have
become so specific that they almost rival the ancient prokaryotic mutualisms of
mitochondria and chloroplasts with archaebacterial cells, to produce what we now
know as eukaryotes



Examples of coevolution

Importance in agriculture and for human health



Interactions host-parasites

» Examples of new emergent diseases on animals and plants

Table 1 | Major fungal organisms posing threats to animal and plant spedes.

Emerging fungal threats to animal, plant
and ecosystem health

Matthew C. Fisher', Daniel A. Henk', Cheryl J. Briggs®, John S. Brownstein®, Lawrence C. Madoff!, Sarah L. McCraw®
& Sarah I. Gurr®

The past two decades have seen an in ing number of virulent infectious diseases in natural populations and managed
landscapes. In both animals and plants, an unprecedented number of fungal and fungal-like diseases have recently
caused some of the most severe die-offs and extinctions ever witnessed in wild species, and are jeopardizing food
security. Human activity is intensifyving fungal disease dispersal by modifying natural environments and thus creating
new opportunities for evolution. We argue that nascent fungal infections will cause increasing attrition of biodiversity,
with wider implications for human and ecosystem health, unless steps are taken to tighten biosecurity worldwide.
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Interactions host-parasites

» Examples of plant-parasite coevolution

M. mgs152=18000 dyfds o= 0.049

T,=22.300 Figure 1. Species tree of M. graminicola, S1, $2, and S. passerinii. Circles
indicate the number of genomes sequenced in each species. In our anal-
yses we used the reference sequence of M. graminicola marked as a dark
green circle. The lower panels of the figure summarize the ability of each
spedies to infect the five grass species ( T.a.) Trticum aestivum, (E.r.) Elymus
repens, (D.g.) Dactylis glomerata, (L.m.) Lolium multiflorum, and (Lp.) Lolium
perenne. The extent of host adaptation was estimated as percentage of leaf
area covered by pycnidia among the different host species. Colors corre-
sponding to the degree of infection are shown as 0%—-20% (light green),
21%-40% (brownish green), 41%-60% (yellow), 61%-80% (orange),
81%-100% (red). We used a coalescence approach to estimate the split

dyfel 5= 0.038
N, 1y, =9000

- = — between M. graminicola and 51 (T,) and the more ancient split between
Al gy = 0.045 dufds 5= 0.041 dufdssp= 0.047 52 and the f« graminicola-S1 branch (T,). The popu Iationpsizes of the
Qg = 0.35 a; =034 a.,=-0.17 ancestral species are indicated as Nangs1 and Newgs s2 parameters. The
f. =0.05 f,, =0.05 f., =008 evolutionary rate is estimated as the ratio of nonsynonymous to synon-
& ] ymous mutation rates dy/ds for each branch. Shown are also estimates
\ N,.,= 3684 | N,c,= 3946 of the parameter o quantifying the extent of adaptive evolution and

I

N, s = 5260 Iy P
o ME @ @ . . L . the parameter fas a measure of the strength of purifying selection in each

of the branches of M. graminicola, $1, and 52 using 5. passerinii as the
outgroup species. Contemporary effective population sizes were esti-

M. graminicola 51 5. passerinii mated from polymorphism data for each species and are given as Ne g
e 2 Megq, and M.
Er 55% Er 50%
D I g BR Dg 0%
Lm | 0% Lm | 20%
Lp | 30% Lp | 2% Lp | 8%

Stuckenbrock ef a/l. 2011, Evolution of Mycosphaerella graminicola pathogen of wheat



Interactions host-parasites

> Horizontal gene transfer from one species to another: ex of virulence factors in
parasite to favor host-jump

0,98 li FpAH]1 Fusarium pseudograminearum
PnAH1 Phaeosphaeria nodorum
0.89 gamma proteobacterium NORS1-B gi 254283038
Conexibacter woesel DSM 14684 ¢i 284044037
Saccharopolyspora spinosa NRRL18393 gi 348174306
Thermomicrobium roseum DSM5159 gi 221632416
Mycobacterium abscessus subsp, bolletii BD gi 363998200
TSTA_085400 Talaromyces stipitatus
FGSG_10599 Fusarium gramingarum
FPSE_00725 Fusarium pseudograminearum
Streptomyces violaceusniger Tud 113 gi345012272

Chloroflexus aggregans DSM9483 gi 219850264
Roseiflexus castenholzii DSM13941 gi 156742995
Sphaerobacter thermophilus DSM20745 gi 269837951
Bilophila wadsworthia 316 gi 317484224
Ralstonia metallidurans CH34 gi 94313258
uncultured marine microorganism HF4000 ANTWS3N21 gi 167042270
Burkholderia cenocepacia H111 gi 358072190
alpha proteobacterium BAL199 gi 163795866
Bacillus cereus BDRD-ST196 gi 229134282
Bacillus cereus Rock3=44 gi 229084906
Sporosarcina newyorkensis 2681 gi 340357565
Pirellula staleyi DSM6068 gi 283778582
0.9 Singulisphaera acidiphila DSM18658 gi 373479834

bacterium Ellin514 gi 223936145

Natranaerobius thermophilus JW/NM=-WN-LF gi 188586548

Bradyrhizobium japonicum USDAG6 gi 354954669

0.97

0,83/

0,83

Figure 2. Phylogram of fungal amidohydrolases found in F. pseudograminearum that appear to be of bacterial origin and a number
of bacterial amidohydrolases. Fungal sequences are highlighted in grey boxes. Numbers on branches indicate approximate likelihood mtio test
branch support values.

doi:10.1371/journal ppat. 1002852.9002

Gardiner ¢f al. 2012: horizontal gene transfer between fungal pathogens on wheat and
barley



Interactions host-parasites

» Evolution of human/animal parasites

1 3 40 ar ae
log|goographic distance}

Figure 1. Map of Most Likely Origin for Plasmodium falciparum

Grey circles represent the geographic locations of the populations analyzed, with the surface of the cirdes proportional to within-population genetic diver-
sity (6.). The background color represents the strength of the comrelation bety 1geographic dist: from various origins and genetic diversity, with light
shades representing more likely origins. The best supported origin is indicated by a blue dot We also represented the colonization routes from this origin
through landmasses to all populations analyzed (see Experimental Procedures). The inset represents the comelation between geographic distance
(measured as travel cost over friction routes) and genetic diversity for the best supported origin.

Tanabe ez al. 2010: Origin and population structure of Plasmodium faleiparnm (malaria)



Interactions host-parasites

» Evolution of human/animal parasites

[ Portuguese colonies ) Transatentic siave trade routes
[""1 Spanish colonies [ Main regione of origin of the elavas
@ Afrcan samples (this study) I African samples from ref. (8)

@ Asian samples (this study) [ Asian samples from ref. (8)
@ South American samples (this study) Bl South American samples from ref. (8)

Fig. 1. Sampling sites, main routes of the transatlantic slave trade, and major European Empires between the 16th and the 19th centuries in South America.
Circles represent populations sampled for this study: the MS dataset. Squares represent populations sampled in ref. 8. The MS+ dataset includes all pop-
ulations. Detailed information is in S/ Appendix, Table S1.

Yalcindag ef o/ 2012: Origin and population structure of
Plasmodium falciparum in South-America



Proof of coevolution

What constitutes evidence for coevolution?

> three criteria (in decreasing order of stringency)
> the selection criterion
» the evolution of the interaction is observed (ot reciprocal trait evolution
reconstructed on a phylogeny)
> the perturbation criterion
» an experimental perturbation leads to observable changes in the reproductive
success of the partners
» the functional criterion
» an interaction affects the reproductive success of both partners and is
beneficial for at least one (if not, it does not occur)

» many classical examples of coevolution only represent ‘adaptive story-
telling’
» in order show convincingly that an interaction has a coevolutionary
origin one must show that it has resulted from reciprocal
evolutionary change



