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SYNTHE SIS

In this dion, | explorethe processof evolution in tropical
rainforeds. | perform asurvey of the lit erature and review the
building of diversity in Amazonia, as well as the gructuring of
genetic diversity in neotropical trees | also present important
notions d population and quantit ativ e geneti csand intro duce

the main methods to study population evolution. This dionis
composel of two parts, molecuar and phenaypic evolution
respediv ely. The main PhD resuts are simmarized into orange
boxes
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INT RODUCTIO N - Evolution in Amazonia

1.Short overview of the Amazmian rainforest
Climate:

7KH $PD]JRQ:V FOLPDWH LV LQIOXH:QHeHeGp&ratuted/sfeWURSL
globally stable (27°C in average), precipitations are abundant (28000mm/year), and
relative air humidity is high (80 to 90% of saturation). The seasonality is lnénced by the
latitudinal movements of the inter-tropical convergence zone (the belt low pressures
where the northeast and southeast winds come together causing cumulonspiith two
main seasons: the dry season (July to
November in Guiana), and the rainy season
(November to July interspersed by a short dry
season during March in Guiana). The intensity
of the dry season in Amazonia varies across
years, and cyclic intense drought events (due to
fEl ninoevents) occurred every 4 to 8 years
(Figure ).

Figure 1: Annual global temperature anomalies and El ni
events (1950-2012). From http://www.ncdc.noaa.gov.

Carbon storage and biodiversity

The tropical rainforest of Amazonia is one of the most important wildernesseas
of the world (Cincotta et al.2000, Anhufet al.2006 Figure 2). Spread over 7.3 million km?,
Amazonia is home for a luxurious tropical rainforest that covers 9 countriddrdzil, Peru,

Bolivia, Colombia, Ecuador, Venezuela, Guyana, Suriname, and Frenchaga plus parts

12



of Venezuela, Brazil and Columbig)figure 3 The Amazonian Basin is composed of 43
ecoregionsfigure 3, in which the Guiana shield (French Guiana, Suriname and Guyana)
FRUUHVSRQGY WR WKH *XLDQDQ PRLVW IRUHVW:- HFRUHJLF
Tropical rainforests constitute an important store of carbon (about 40% oéttotal
carbon store in the terrestrial biomass, Anhugt al.2006, ter Seeget al.2006). The total
carbon stored by tropical rainforests is estimated to 247 PgC (withamnual net primary
production of 17.8 PgC, Fieldt al. 1998 Figure 4). Moreover, the tropical rainforest of
$PD]RQLD LV RQH RI1 W KtbreZ & bi@iseryityJ(téHSedfet A1.2006, Hoorn
et al.2010), including insects, mammals, amphibians, and plafigigre5). In particular, the
tropical rainforest of Amazonia is home for ~50000 vascular plant species, gmahich
~12500 tree species (Hubbetl al.2008). Moreover, in undisturbed forests, tree species
diversity may easily reach 100 tree species /ha, as currentlyeoled in French Guiana
(Figure 6).

Figure 3: Tree cover map (per cent) and ecoregions across the Amazon b&sam Mayle & Power 2008

Figure 2: Major Biodiversity hotspots (red) and wilderness areas (grgeFrom Cincotta et al.2000

13



Figure 4 Net primary production (in grams of C per square meter per year). Forrield et al.1998.

Figure 5 Global diversity of mammal (left) and amphibian (right) specie6n number of species). From Olsoet al.2001 and the IUCT
Red List 2009.
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Figure 6 Tree species diversity (number of tree species/ha) in several plof two
experimental devices of French Guiana (Nouragues and Parac@ata from Paracou and
Nouragues inventories (UMR EcoFoG).
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2.Thebuilding of biodiversity in Amazmia

The building of biodiversity in Amazonia through
geological ages has been studied for a long time, and both
geologi@l and climatic histories of the Amazonian region allow
understanding the present diversity. In particulartectonic
events (Andean Uplift during the Tertiary) and climatic changes
(quaternary glaciations) had a crucial role inspecies

diversification in Amazonia

Figure 7: Continental drift. (from http://www.geopedia.fr/derive-
continents.htm)

Tertiary - Andean Uplift : (H oorn et al.2010)

Andes formations began when continents broke-up (from -135 to -100 hédfore
presentfigure?7). From -65to- 0\ SDOHRJHQH WHFWRGPD HRHDWY LC
region (the region corresponding to modern Amazonia) formed a sub-andean riyestesm.

North and Nort-West of pan-amazonia were submitted to the alternance of flaliand

marine conditions (due to marine introgressionsijigure 8.

Figure 8: Geologic history of Amazonia from -65My to -23My (from Hoorret al.2010)
15



During this period, South America was colonized by xenarthrans, reptilians, and
plant groups through the gondwana connection with Austlia and Antartica figure 9A),
and floral diversity varied with temperatures (with decreases in plant @iksity during cool

periods)

Figure 9: Biotic changes in Amazonia through time (from Hoorret al.2010).

The first peak of the Andean mountain
appeared around -23 My, and coincides with the
diversification of modern montane plant and birds
genera figure 9B and figure 1Q. During Neogene
the coupling of tectonic and climatic processes
strongly affected the biodiversity in Amazonia. As
mountain raised, rainfall increased along the
eastern flank. In parallel, a large wetland of lakes
and swamps developed in Western Amazonia
(figure 1CC).

Lake formation was accompanied by mollusk
and reptilian diversification igure 9). The
Amazonia was thus composed by a wetland and a Figure 10 Andean Uplift (from Hoorn et al.2010)

diverse forest comparable with the modern forest.
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Pollen recorded revealed a peak of plant diversity at -13My atehd of the middle Miocene
climatic optimum (-20 to -10 My). From 10 My, Andean uplift phasexcelerated and
Andean sediments reached the Atlantidigure 1D). Western Amazonia changed from a
lacustrine to a fluvial system that corresponds to modern Amazonia river. Accal@ns in
Andean building induced spectacular radiations of highland plants, arabfii-plains became
covered by grasses. Moreover, the Andes became a barrier foridabpainforest trees,
because many lowland organisms were unable to disperse adhessnountain (Cavers&
Dick 2013). The transition from lake to fluvial conditions also affectede diversity of
endemic marine animals (mollusks) unable to adapt to new conditioriigg(ire 9).

From -7 to -2.5 My, Andean sediment supply created terrestriahditions in west

Figure 11Geologic history of Amazonia fran -23/y to -7My (from Hoorn et al.2010)

Amazonia (figure 12. Until the Pliocene, bats and plants (Malpighiaceae, Fabageae
$QQRQDFHDH 5XELD RFrehbbdreotropical eFIANIHI5 My ago, the closure of

the Panama isthmus allowed migration and diversification of taxa from NrAmerica.

Figure 12 Geologic history of Amazonia from -7My to present (from Hoorret al.2010)
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Quaternaryice ages:

The Pleistocene was characterized by repeated glacial perigdsyhich the last
glacial maximum occurred (LGM) at 20 000 years figure 13. Glacial periods were
associated witha decrease in temperature in Amazonia, ranging from 2 to 6°C during the
LGM (Broccoli 2000, Anhutket al.2006) figure 14 Cooler periods were also associated with
adecrease in precipitations (between 20 and 30% during the LGM, S¢tite.1995, Cowling
et al.2001, Anhuf et al. 2006), leading to a drier climate in Amazonia.

Species evolution in Amazonia through ice ages has been strongly debdied.
main hypotheseshave emerged: he fegfuge hypothesis - and the WsHAHY UHassodation
hypothesis :

Figure 13Glacial and interglacial cycles
Pleistocene (from Wikipedia).

Figure 14 Map of annual mean surface ¢
temperature difference between LGM ai
modern integrations, in Kelvin (fronr
Broccoli 2000).
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7TKH TUHIXJH Kugdgeatd Kndt\thheMtropical rainforest was fragmented into
refuge islands during dry periods: the Amazonian basin changed into savannacfuated
with isolated patches of tropical rainforest (i.e. movements of the wle plant
communities). LAl was probably lower in a large area of the Amazon Bashan today
(Cowling 2001). Anhufet al.(2006) used pollen records to map South America and Africa
vegetation during the LGM figure 19. They suggest that Amazon evergreen forest was
located 200km further south and 300 km further north than the newd forest. More
recently, Mayle & Power (208) described sites that show signs of transition from forest to
Savannas during the mid-Holocene. Isolation between these islandsild have led to high
rates of allopatric speciation and is supposed to be responsible foragaditerns of species

diversity and endemism (Haffer 1969).

Figure 15 Vegetation map during the LGM (from Anhufet al.2006): evergreen forests (black),
semideciduous forests (dark grey), dry forest or savannah (grey).

The TV S H F-IDAAV RIFHhppstheRi§) suggests that cooling induced changes in
species compositions but not in biomes: because species respond indilyduo
physiological constraints (Collinvauxet al.2000), climate change would have impacted the
abundance of species (and species distributions), leading to species re-associ@imsis&

De Oliveira 2006). For example, the abundance of mountain taxa would hdeereased

while lowland pollen taxa have increased in Peruvian Andes during th®1G (Bush et al.

2004). However, this hypothas suggess that tree cover remained stable. In particular,

pollen records show a continuum of forest pollen through the LGMigure 16 Colinvaux

et al.2000, Da Silveira Lobo Sternberg 2001), even with an increasing alnoedaf grass in
19



many areas that not necessarily traduces a drier climate (Colinxaai al.2000).
Both hypotheses agree that the forest was different from today, hesm it

experienced transformations in floristic composition during the glaciations
Much of Neotropical diversity was primarily influenced by Tertiary (Andean
Uplift) and Quaternary (climatic changes) events. However, the adual triggers of

speciation are probably more complex, involving factors such as adatation to habitat
heterogeneity and biotic interactions.

Figure 36: Pollen diagram from a lowland tropical forest in Brazil (bm Colinvaux et al.2000).
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3.The maintenance of diversity in Amazonia: a subtle combination of chance and

determinism

Two main theories are evoked to explain community assembly and the mairgece
of high diversity across tropical rainforest landscapes: Neutralism and Dretenism. The
contrast between the neutralist and the determinist theories of communitgeasibly is quite
comparable to the contrast between neutral and adaptive (molecular) atioh of
populations.

Under the unified neutral theory of biodiversity (Hubbell 2001), meta-commity
dynamics is governed by the speciation-extinction equilibrium in which ¢hsize of
populations changesUDQGRPO\ YHFRORJLFDO GULIW: HYHQWXDOC
populations exchange individuals according with dispersal distance bestw them (Ricklefs,
2006). Thus, species assemblagesrarelom subsets of the available pool of species able to
spread in a given area (Tuomisto & Ruokolainen 199FEyven if this model is often
unrealistic (Ricklefs, 2006), it accounts for most of the observedttprns of species
abundance in tropical communities, suggesting that neutral process play a cruclaliro
community assembly (Chavset al, 2003). From an evolutionary point of view, populations
may evolve neutrally (under the combination of random mutation, migration, genetlrift
and demographic events). In theory, populations may diverge into aegie species ifjene
flow isrestricted, either by a biogeographic barrier, or by the geographic distabesveen
populations (also called isolation-by-distance). In such casesabbbpatric speciation, the
probability to observe a given species in a given area is thusirection of the dispersal
abilities of the neighborhood populations of this species (Latimetr al.2005) The great
diversity observed in Amazonia, by comparison with temperate f@te, is commonly
explained by differences in speciation-extinction rates that are thems=\dependent on the
size of the climatically similar area. The main hypothesis is &h there is a positive
relationship between an ecoclimatic zone and the geographic range efza species.
Subsequently, two main hypotheses could explain the great divisrsof the tropics:
P XVHKP -and fRID3BI (Chown & Gaston 2000, Mittelbachet al.2007, Arita & Vazquez-
Domingez 2008) 7KH fPXVHXP:- K\SRWKHVLV SRVWNOLHDOHDW WKWK
between the geographic range size of a species and its likelihood of dwimcThis is
because large ranges should buffer species against extinction by reducingrtebility of
range wide catastrophes and because large population sizes would migithie chance of

extinction due to stochastic reasons. Because large species range sizegiaad of the
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tropics, tropics should act as a museum of diversity with low extinction ratesth older

WD[D E\ FRPSDULVRQ ZLWK WHPSHUDWH WXXODW H X HV KBPWD @/
a positive relationship between the geographic range size of @iggeand the likelihood of

its speciation. This is because species with larger ranges are nikely to undergo allopatric

speciation resulting from isolationdyy-distance or isolations by biogeographic barriers.

Tropic may thus be viewed as cradles of diversity, with high speciation rates.

In the THQYLURQPHQWD O , Idp€exidsHddie@blaged/ re Ranhtrolled by
determinist factors involving abiotic and biotic interactions (Wright 2002)In particular,
habitat heterogeneity (Terborgh et al.2002) and local interactions (mainly competition and
predation) are commonly evoked as important drivers of diversity in tropicklndscapes
Environmental filtering exerted by both abiotic and biotic factors wad have led toniche
partitioning and habitat specialization in tropical rainforest trees From an evolutionary
point of view, the evolution of populations and the divergence between specnesy have
been driven by selective pressures exerted by environmerttaterogeneity $ympatric
speciation). Moreover, habitat heterogeneity is associated to disturbance gradients
(particularly logging, ard tree-fall gaps). Under thedisturbance hypothesis, species
diversity is enhanced by intermediate levels of disturbance,dsserved in French Guiana
(Molino et al.2001). Another determinist hypothesis evokdensity-dependant mortality
around mother trees. This hypothesis was formulated by Janze®7) who observed a
decrease in seedlings mortality with the distance to the mother trepspbably due to
allelopathic chemical compounds do density-dependent predation. This process leads
fJDSV RI UHIHQHUDWLRQ:- DURXQG PRWKHU W WUWHWS/HALMQER Z
and preventing mono-specific assembly. However, this process remaioerly understood
and documented

Neutrality and determinism probably act in pair in governing species eutibn and
assembly structuring (Graveét al.2006, Jabadt al.2008), and their relative effects probably
vary across geographical scales and study areas (Grawval.2006, Jabagt al.2008). In the
following section, |1 will focus on spatial heterogeneity in tropical landscapes (and
particularly that observed at local scales) without, however, excluding the existeruf

neutral processes
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4. Spatial heterogeneity in the Amazonian rainforest

Environmental heterogeneity across forests landscapes

At continental and regional scales, both precipitations and the intensaf the dry
season are the main causes of climatic variations across the Amazofoesst landscape:
while temperatures are quite homogeneous, precipitations show lavgeations among
regions (ranging from 1000 to 3000 mm per ydgure 17 with a precipitation gradient that
increases from Southeast to Northwest Amazonia (Mayle & Power 2008). Maver, the
intensity of the dry season is more pronounced at the extreme of the gradiemtisere
precipitations are the most abundant. French Guiana also exhibits a large gradof

precipitations that increases from west to ea$igure B (Wagner 2011).

Figure : Annual precipitations and precipitations during the driest thremonths in the Amazonian basin, ir
mm. From Mayle & Power 2008.

Figure 18: Annual precipitations in French Guian
in mm/yr. From Wagner 2011.
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At local scale, large environmental variations are caused by sadtbrs relatedto
topography figure 19. Despite its apparent homogeneity, the tropical landscape of
Amazonia displays complex habitat patchiness due to the alternatioh water-logged
bottomlands and terra-firma. Local topography causes strong eliéfnces in environmental
factors (including water, light, and nutrient availability) among local micro-hatats.

In bottomlands, plant communities are established on hygromorphic saigmitted
to seasonal or permanent water-logging and frequent flooding events. ildemperate
ecosystems, water-logging is a major constraint for tree regeneration and growtilater-
logging decreases the solubility and transfer of 02 in the soils. Duecit and soil microbial
respiration, oxygen quickly decreases in soils; leading to hypoxia and accumulation of CO2
(Ponnamperuma 1972, Kozlowski 1997) that in turn affects root amdrobial respiration
(Epron et al.2006). Moreover, water-logging leads to production of reactive oxygen species
by roots that causes oxidative stress (mainly, H202 is producedrbyochondria when
respiration slow down), Peratat al.2011n parallel, hypoxia causea decreases in the root
permeability that subsequently affect water and nutrient uptake fromhe soil, causing
stomatal closure an@decrease in photosynthesis (Perathal.2011)On the contrary, terra-
firme (slopes and hilltops) are display ferralitic and well-drainec#s allowing important
vertical and lateral drainage. Thus, terra-firme soils usuallysg@lay lower water content
than bottomlands. Tree communities, particularly seedlings unabledioectly uptake water
from the ground water table, may experience seasonal drought stresstalee depletion

of water from at least the upper soil layers (Bonet al.2000, Dawst al.2002figure 20.

Figure B: Soil properties along
topography gradients (from
Sabatieret al.1997). Mainly,
DVD=deep vertical drainage,
Alt=red alloteriet, SLD=
superficial lateral drainage and
SH= hydromorphic soil.

Figure 20 Seasonal variations of st
metric potential in different soil
types (circles=bottomlanc
squares=slopes, triangle=platee
From Dawset al.200z
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Moreover, soil fertility varies from hilltops to bottomland. Reuctions in soil
respiration affect nitrogen cycling in bottomlands (Luizaeet al. 2004) that commonly
contain less nitrogen than hilltops or slopesfigure 2) but frequently contain more
phosphorous than hilltops (Ferret al.2010)Last, topography gradients are associated with
variations in irradiance transmitted below the canopy. As the soiliisstable in slopes and
water-logged soils, tree-fall gaps occur more frequently in slepand bottomlands
(Marthews et al.2008, Fernet al.2010)figure 22

Figure Z& Net nitrification during 10 days of soil incubation il Figure Z Tree fall gap. From Matthewset al.
different soil types. From Luiza et al.2004 2008

Consequences of spatial heterogeneity on plant communities

At regional scale, the structure and composition of plant communities magry
along rainfall gradients, as proposed by numerous studies (Givnid®99, Engelbrect&
Kursar, 2003, Condiet al.2004). However, discerning whether adaptive or neutral processes
are involved is a complex issue at such large scales. Ingh#icular case of Amazonia
rainfall is supposed to exert a small effect on species dsigr, whereas a strong effect of
local patchiness is evident (ter Steege & Hammond 2001).

At local scale, large variations of plant community composition and diversiaary
along topographic gradients. The most obvious variation of plant communitisghe large
increasdn palm biomass in bottomlands (Kahn 198gure 23 and variationsin tree species
composition. Indeed, numerous palm and tree species are significaribgociated to a
particular habitat-type (Clark et al. 1999Vormisto et al.2004, Baralotet al.2007). This
statement is commonly invoked as a result of adaptive radiations aaivy topography
leading to niche partitioning and habitat specialization. However, severaldies suggested
that the majority of species is generalists regarding to local habiféggre 24 Webb & Peart
2000, Valenciat al2004) and their distribution is probably constrained by dispersal vwotlt

being influencedby habitat heterogeneity
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Figure & Schematic representation of plant communities alo

a topography gradient. From Kahet al.1987. Figure 24 Venn diagram showing associations of tree

species to three local habitats (from Webb & Peart 20(
Circle intercepts show species encountered in differel
habitats.

Figure & Left: Canonical correspondence analysis for environmentariables: soil types, topographical positior
slope and elevation (from Clarlet al 1999); Right: Vegetation ordination after correspondence gsisl symbols
indicates different soil types differing in drainage and hygromohg: (from Sabatieret al 1997)

Several topographic and soil variables are however particularlyexgnt for
explaining tree community composition and structuring (ter Steegd al.1993, Clarlet al.
1999, Sabatieet al. 1997, Kanagaragt al. 2011), including slope, elevation, soil water
availability, drainage, and water loggindigures 2.

Even if a majority of studies focus on one or several environmenfaktors or
topographic variables, the structure of plant communities probablysudts from a complex
superposition of factors (among which local irradiance, nutrient availabiljitwater-logging
and drought). Thus significant habitat-associations are commonly explaineg &pecies
sensitivity to the underlying constraints: Engelbrechét al.(2005, 2007) and Poortet al.
(2009 proposed drought, Paliottet al.(Palmiotto et al.2004) suggested irradiandeopezet
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al.(Lopez & Kursar 2003) proposed both flood and drought, whereas Bawalbal.(Baraloto
et al.2005) proposed both nutrients and light. For example, a field expentmevealed a
reversal of performance ranking among species between local situati@eraloto et al.
2005), suggesting different degrees of sensitivity to constraints among speci@us,
adaptation to a particular habitat may partly explain the differences icommunity

composition and species abundance among micro-habitat.

Local habitat patchiness is also associated with large variatiohsree biomass and
functional traits. In bottomlands, tree biomass is lower than in terfama (Kahn 1987,
Ferry et al. 20L0), probably because soil instability constrains a more superfic@dt
anchorage and limits tree growth. Moreover, Kraft et al. (Kratt al. 2008) founda
significant structuring of functional traits at the community level in Ecuador, wikh is also
consistent with a role of habitat filtering figure 26. Another kind of phenotypic structuring
commonly observed in tropical rainforest
is the ability of trees to develop
morphological particularities, particularly
in bottomlands. For example, buttress or
stilt roots prevent constraints due to soil
instability, whereas adventitious roots,
lenticels, and aerenchyma tissues allow
partial maintenance of root respiration in
water-logged habitats, by allowing

oxygen uptake directly from the air and

oxygen transport to roots (KOZIOWSk' Figure 26 Distribution of SLA (expressed as a devianc

from null distribution) in relation with local topography
1997, Parelle 2010). From Kraft et al.2008.

The entire forest dynamics vary along topographic gradients: canopy opening events
created by frequent tree-fall gaps are also proposedaadriver of diversity in meta-
communities (Schnitzer 2001, Robert 2003), by allowing establishmenigbt-demanding
pioneer species and thus, creating patches of regenerations in the middlenature
communities composed by a majority of shade-tolerant tree species (Dmm<et al. 1987,
Schnitzer 2001, Fermgt al.2010). Quesad al.(2009) categorized forest dynamics according

to a function of disturbance from soils, seféggure 27.
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Figure 27 Variations in forest dynamics in relation with soil type in Amazom. From Quesadat al.2009

Consequences of spatial heterogeneity on population evolution & species diverge

As quickly evoked previously (The maintenance of diversity in Amazonia,
population evolution is driven by a combination of neutral (mutation, recombination
genetic drift, migration, reproduction, demography) and adaptive (naturgklection)
processes. Populations may diverge into new species, eithetaisolation-by-distance that
may be caused by populations isolation into refuges or biogeograplaiciers @llopatric
speciation), or by local adgtation to habitat heterogeneity fympatric speciation).
However, the drivers of populations evolution and speciation proses in tropical
rainforest trees are poorly known, partly because the boundariessptcies are often
confused, and many species are organized in species coraplewith incomplete
reproductive isolation between species and cryptic species (Caversiék2013)

At regional scale, many phylogeographic analyses revealed pasieof genetic
divergence structured by the biogeographic history of the specieg] amainly dispersal
constraints that occurred during tertiary and quaternary. For examplacaranda copasa
widespread in the Amazon basin and comprises two sub-speaas:subspecies widespread
from Central America to Bolivia and another one distributed in th&uiana shield. In a
recent study, Scotti-Saintagnet al.(2012showed that the geographical patterns of genetic
diversity in these two Jacaranda copasab-species were largely shaped by Pleistocene
climatic changes that isolated ancestral species into refuges, with a cesftdiversification
in Central Amazonia probably due to a secondary contact zone. Moreovke absence of
cross-Andean disjunction suggested that the Andean uplift was not arteairto dispersal,
probably becausdacaranda copasa wind-dispersed pioneer species, favored by canopy

gaps and disturbances, and able to tolerate relatively donditions. Another example is
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provided by theCarapaspecies complex (Duminiket al.2006, Scotti-Saintagnet al.2012)
Scotti-Saintagneet al.suggested that the biogeographic history of t\@arapaspecies was a
combination of tertiary and quaternary events, including Pliocene Andeaplifts, and then
late Miocene development of Amazon drainage, but was also influenced plgridization

and introgressions during the Quaternaryigure 28.

Figure 28 Bayesian clustering analysis for the tree Genus Carapa in the Neotrofficem Scotti-Saintagneet al.2012
Maps indicate the structuring of genetic diversity at continentaind regional scales.

In an original study (Fine & Kembel
2010), Fineet al.evoked the large influence of
specialization to habitat type in driving the
phylogenetic divergence between species. They
analyzed the phylogenetic structure of
Amazonian communities involving 1972 taxa
across habitat types in Peru (white-sands that
were widespread before Andean uplift and terra-
firme forests composed by Cretaceous
sediments that were laid down during Miocene)
They compared the relative effects of habitat
type and geographic distances between

communities on the phylogenetic distances Figure 29 Phylogenetic tree linking 1972 taxa in

Amazonia. Thick lineages indicate lineages containing

more descendant taxa associated to terra-firme (green)

and wite-sand (blue) habitats than expected by chanc
(Fine & Kembel 2010)

between taxa. They concluded that both
dispersal limitation and habitat specialization

influenced species divergence in tropical forests,
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but the effect of habitat specialization was greater than distancéween communities
figure 29 They remaired however, cautious about the age of divergence: both
biogeographic history of habitat types and receint situ adaptive radiations governed by

habitat heterogeneity would be involved in clade divergence.

Taken together, these results reveal that thimgeographic history of speciesisoften
insufficient to cach all the processes that structured the genetic diversity and induced
speciation in Amazonian landscapes. | n particular, morerecent specialization to constraints

would also be involved in species evolution and divergence, particulany a local scale.

At local scale, several studies revedlstrong evidence of habitat specialization
among closely related species. Baraletcal.analyzed the distribution of four pairs of species
from the same genus and observed divergent local habitat-associatizetween closely-
related species (Baralotet al.2007). They proposed that specialization to local habitat may
explain patterns of adaptive radiation in many tree genera. Similarly, Tudsto et al.
(Tuomisto 2006) observed strong evidence of niche specializatitm local edaphic
constraints (soil texture, soil cation content, inundation) between species of Baybotrya
genus in northwestern Amazonia

Even if numerous studies evoked the influence of local variatioims shaping the
genetic diversity of tropical plants andn driving sympatric speciation no study yet
provided molecular evidences of local adaptation at intra-specific lewe Amazonia. In
temperate and boreal plant communities, local adaptation has been lgngekestigated and
provides a wide range of examples: local adaptation to altitudinal gratbe(Bavolainen
2011), to water-logging (Parelket al.2010 HWA«HH VHFWLRQ JOROHFXODU H
tropical rainforests, however, the relative influence of local adaptatiand neutral processes
in structuring the genetic diversity over short spatial scales reimalargely misunderstood

and requires much attention, particularly in the current context of climate @hge
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5. T ree species model, researchquestions and study sites

In this study, | address the question of population evolution at local seatithin
continuous populations of a dominant tree species widespread in Fre@Gchana Eperua
falcata(a complete description of the species is given page 35). | addresgedmain

guestions:

1) How isthe genetic diversity of Epeua falcaa structured in the forest landscgpes of
French Guiana?

2) W hich evolutionary driversarerelevant to explain the structure of genetic diversity
atlocal scale?

3) Does local adaptation contribute to structure the genetic diversity a local scde

within contin uous populations?

| analyzed the patterns of genetic diversity distribution within continuousofest
landscapes of French Guiana through a global approach integrating leathphysiological
(phenotypic) and population genetics (molecular) approaches that are treatguhrately.

Figure 3 (page349 provides a complete overview of the methods, the specific questions

and future prospects.

Molecular evolution:
The section fOROHFXORUOX &ihhsR & - (i) analyzing patterns of genetic

differentiation among local habitats, (ii) identifying which evolutionary divers structure

the local genetic diversity ofEperua falcafaand (iii) testing for local adaptation by (iiia)
detecting outlier loci under diversifying selection among local habitats andlgiiestimating
the extent of (divergent) natural selection in the genome &perua falcataThis section
involves two main approaches:

- a candidate gene approach in which targeted genes of known functiastptially
involved in adaptive genetic differentiation among local habitats) were segced
aguaporins, catalase, farnesyltransferadé W F «

- agenome-scan approach in which | genotyped a large number of (anamnysh AFLP
markers spread over the genome.

The candidate gene approach was developed during the PhD of Delpifindigeos |

participate to this work during my Master degree by developing genetic markers aoyl

contributing to genetic analyses. The AFLPs approach was set-up during t#hD.
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In parallel to population genetics, | worked on creating a large datsdafEperua
falcataexpressed sequences (cDNA) that were sequenced by 454-pyrosenngeprior to
this PhD. | realized the bioinformatics assembly and post-procesggd characterize genes
and identify polymorphism. Sucha database will be useful for further high-throughput re-

sequencing or genotyping of candidate loci.

The different results obtained are detailed in the research ddg; but the main
results are summariegd LQWR WKLV V\QW K H VIh¥ prdspedt® @ thel stady jareV -
discussed in the sectiod) LVFXVVLRQ -

Phenotypic evolution:
In the section {3KHQRW\SLF HYROXWLRQ:- , DQDO\]HG L ZKF

(inherently) structured by local habitats, and (ii) whether habitat pehiness may have

shaped tree sensitivity to environmental constraints (with a particuléocus here on water
stresses, including drought and water-logging). This section involves thre@eriments:
1- a provenance test under controlled and non-limiting condition[FRPPRQ JDUGHQ -
2- aprovenance test under constraining conditions in which different water tteents
were applied (drought and water-logging),
3- areciprocal transplant experiment in natural conditions.
The two first experiments were designed, and their realization supised by D. Bonal
& |. Scotti from 2006 to 2008. The reciprocal transplant experiment was getru2011 at the
beginning of this PhD. | designed and set up this third experiment &ksampling, sowing,
and seedlings transplant), and followed seedling growth from 2011 to 2013.
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Figure 30 Complete overview of the methods with their specific quaeshs and future opportunities (in grey boxes)
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Continental distribution:

E. falcatais widespread in the
Guiana shield. Its native
distribution covers the whole
Guiana shield (French Guiana,
Suriname, Guyana) plus the

North of Brazil and Venezuela.

Eperudalcaa (Aublet.)

Taxonomy: Fam. Fabaceae, Subfam.

Caesalpinioideae

Succesdonal status and physiology:

E. falcatds an evergreen canopy-dominant tree species whi
often emerges above the canopyW L féstigrofiing late
suwesgonal VSHAHY (Bonal et al. 2007): it displays lower

carbon assimilation rates, leaf nitrogen and SLA than earl
successional species, but higher SLA and leaf nitrogen th
slow-growing late-successional species. As it emerges ab
the canopy, it is considered asstiade hemitolerant species, a
group displaying higher water use efficiency than heliophilic
or shade tolerant species that is considered as an adaptive t
to high evaporative demand prevailing in the emerging tre
crowns. Because emergent trees are commonly not shaded
other trees and becauge falcataeaches large circumferences
it displays high sapflow densities (Granieet al.1996). It is
well tolerant to drought: assimilation balance of adult trees
remains positive under moderate to severe drought (Bonal
Guehl 2001) and leaf physiology is not affected by seaso
soil drought (Bond et al.2000). It displays amanisohydric
behavior in relation to soil drought: trees are deep roote
(with tap roots below 3 m, Bonagt al.2000) and the stomata
conductance of seedlings diaplay a limited sensitivity t
drought (Bonal & Guehl 2001).




Study sites
Four study sites were used along the different approaches anceergents,figure 3L

Three were located on the coast of French Guiana (Laussat, €awaand Regina), whereas
the site of Nourragues was the most continental. The study sites displasge differences
in water-regime, with and annual mean precipitations ranging from 250@qssat) to 4000

(Regina) mm/year.

Figure & Location of the study sites.

) ) p° Area Epeua falcata Coexistence with
Site Location _ _ )
(mm/year) (ha  populaton density other Epeua species
Laussat Coastal (W) 2500 4.3 48.1 No
Paraou Coastal (center) 2700 6.25 42.7 E. grandiflora
Regina Coastal (East) 4000 6.7 29.9 E. rubiginosa
Nourragues Continental (E) 3000 1 NA NA

The different plots cover different habitat types, from bottomlad to terra-firme, but
display several topographic differences. Laussat and Nourragegperimental plots are
composed by a permanently water-logged bottomland and a larigégau of low elevation
and low slope (at Laussat, elevation ranges between 20 and 60 s)eRaracou is composed
of a seasonally water-logged bottomland surrounded by two hilltopad separated by

moderate slopes. At Regina, topography is more complex, leading toabitat patchiness
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composed by smaller patches more finely juxtaposed. Regina is compogéigh and thin

hilltops bordered by important slopes, with elevations ranging fron04o0 100 meters. A
complex hydrological network carries water toward a seasonally waterged bottomland

submitted to frequent flooding events during the rainy season. Initgpof these differences,
the soil properties of local habitats are quite similar between sitefi bottomlands are
characterized by hydromorphic soils with a large accumulation of orgamatter whereas
terra-firme are characterized by ferralitic soils undergoing importantainage due to their

sandy texture, probably leading to soil water deficits the dry season.
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PART 1- Moleaular evolution: population genetics and genomics

1.Popuation evolution

Evolution starts with the existence of genetic polymorphisms in the genenof
organisms due to mutatons VXEVWLWXWLRQ "'VLQJOH QXFOHRWLGH
insertions-deletions, copy number variaton " VLPSOH VHTXHQFH MutdatdhsDW 1 R U
occurred randomly during meiosis and are transmitted to theogeny by Mendelian
inheritance. Moreover, crossing over contributes to bredknkage disequilibrium between
two physically linked loci, and creates new combinations of alleles (gernmg) considering
the two loci simultaneously.

In a population of infinite, and thus constant, size (i.e. no genetic drifino
demographic changes), if reproduction is panmictic among individuals (i.eatmg is
random) and if there is no selection, the populatios at the Hardy-W einberg equil ibrium:
allelic and genotypic frequencies remain stable across generations. Raradlelic locus
homozygotes (A/A), (a/a) and heterozygotes (A/a) occur in proportion p?, g2and 2pq
respectively; where p and q correspond to allelic frequencies the alleles (A) and (a)
figure® The expected heterozygosity under Hardy-Weinberg equilibrium is thesjual to
2pq or 1-(p?+q?). This index is calletl @ ~\Wiversity index and may be extended to multi-
allelic loci, given:-D L s F
AB:=HHAHE?;~

On the contrary, the future of
mutations in populations may vary
across  generations, driven by
evolutionary drivers: genetic drift,
gene flow, and natural selection. | also
include mating system as well as the
demographic history of populations as
drivers of evolution
M ating (selfing and inbreeding)

Figure 32 Genotypic frequencies as a function of allelic
IUHTXHQFLHY LQ D SRSXODWLRQ DW WKH }
refer to allelic frequencies for the alleles (A) and (a)
respectively, where q=f-
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Mating between organisms within populations is an important point to understad
population evolution, particularly in plants in which selfing is common and becauplants
are immobile and thus more
susceptible to be affected by
consanguinity.  Mating  affects
genotypic frequencies, by decreasing
heterozygosis (i.e. the proportion of
heterozygotes in the population),
without affecting allelic frequencies
Selfing drastically affect genetic
diversity, by decreasing the

frequency of heterozygotes across

generations. In a population where Figure 33Variations in genotypic frequencies across
generations in a theoretical 100% selfing populationcohstant

all individuals are 100% selfing, population size (each organism produces one descendant ¢
generation).
heterozygosis decreases in
proportion 1/2 each generatigriigure 33
Inbreeding also affects heterozygosis, depending on the inbreeding coeffiqiEis).
One definition of the inbreeding coefficients the difference between the expected (under
Hardy Weinberg equilibrium) and the
observed heterozygosis divided by the
expected heterozygis: (EO L
*AF *K;o* A(Hartl & Clark 2007).
A positive Fis indicates a deficit in
heterozygotes due to inbreeding,

whereas a negative value indicates an

excess of heterozygotes. In
populations, inbreeding affect

genotypic frequencies, given

f(AJA)=p2+pq*Fis, f(A/a)=2pQg-

Figure 34 Genotypic frequencies as a function of allelic

2pqg*Fis and f(a/a)=qg2+pqg*Fis, figure frequency under the HW equilibrium (Fis=0) and in
populations submitted to inbreeding (Fis=0.1 and Fis=0.25).
34
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BOX 12THEORY
Apprehending genetic diversity from AFLP markers

"$PSOLILHG IUDJPHQW OHQJWK SRO\PRU®PKMWKRG 3¥RB VG HWH B WHRBR-HOU PRQ
populations, by allowing the analysis of numerous markers spreadtie genome very quickly with a limited
cost. The technique consists in digesting the genome with one or savenzymes (frequently two enzymes)

and by amplifying digested fragments by PCR. The amplifidan of a fragment produces a band bI/
genotyping, whereas the absence of band traduces a polymorphishprevents enzyme clipping at this sitg
(Vos et al. 1995). Thus, AFLPs are poorly informative dominant markeesven if the absence o& band

necessary traduces a homozygote (0/0), the presence aoband confounds homozygotes (1/1) arjd
heterozygotes (1/0). Thus, estimating allelic and genotypic frequerscia populations from AFLPs requires
either the assumption that the population is at equilibrium, or aipr knowledge about the inbreeding
coefficient (Fis) in populations estimated from other kinds aholecular markers (such as SNPs).

For each marker j, the frequency of homozygotes (0/0) is estinditey:

Brr;yL M~EMJ (EO

where p and q expresse the frequency of the allele (1) andé8pectively, with p=1-q, leading to:

Brr;yL:sF (EQ® §E :(EOUM:s F (EQ $E k(EOyO MBrr;yL r

2¢ U0 ith 4ol (EO~ F 3svFI(E@ k F:Briyo ?

Thus, M L 6 U :5:20;22

0:rs;yL t U QU M t U Orr;ywhere N corresponds to the number of phenotypes available for tiis
marker (with removal of missing values)

This method was applied for estimating genotypic frequencia®in the AFLP dataset obtained during thig
PhD (Article n°2. A mean Fis was estimated from genes sequenced during the candidatee gapproach]
(Articlen®)).

In the species-rich tropical rainforest, numerous tree species are monoecaubs
occurat low population densitiesThis observation originally led botanists to predict that
tree species should be highly self-fertilizing and inbretlowever, recent investigations
revealed that dioecy is consistently more frequent in tropical than in tempex trees (>20%
of tropical tree species, Waret al.2005, Dicket al.2008), while estimates of outcrossing
revealed that tropical tree species are mainly outcrossing (Watcal.2005)figure 35 High
outcrossing rates, even in hermaphrodic species, may be a result of incobiiiy
mechanisms preventing selfing, and inbreeding depression (i.e. the fithessetied seedling
is lower than the fithess of outbred seedlings, see the followipgragraph on fiatural
selection). However, mixed mating remains frequent in several species. Outsing
GHSHQGV RQ WKH EDODQFH EHWZHHQ BRQMHHI BFav&H UV DO
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between crowns. Thus, selfings favored in populations of very low density, whereas
outcrossing is favored by high population density. However, in specieigh an aggregative
distribution -as it is the case inEperua falcatamating would occur principally among
neighbors, leading to local inbreeding between trees (Detkal.2003).

Figure 35Estimated outcrossing rates (tm) in several tropical tree spediesom Ward et al.2005, Hardyet al.2006, Dicket
al.2008 and all references within).

Genetic drift
In a finite population, the random sampling of gametes causes variations in allelic

frequencies across generations. Genetic drift may be modddgdhe Wright-Fisher model
in which each generation is constructed by random sampling from a poajametes. Alleles
frequencies vary randomly across generatigrigsading either to allele fixation (p=1) oto
allele loss (p=0). In small populations, allelic frequenciesosh strong variations across
generations, and allelic fixation or loss occurs more quickly than in large plagpions, figure
36 In general, trees are characterized by high fecundity (by compan with animals)
leading to large population sizes (Petit & Hampe 2006). Thus, genetic disfisupposed to
be low in continuous tree populations. However, low population dgties encountered in
numerous tropical trees, as well as frequent asynchronism of flowerggong trees of a

given species, may reinforce genetic drift (Waret al.2005, Dicket al.2008).
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Figure 36 Allelic frequencies (p) for 7 loci under the Wright-Fisher model simated using the simulation engine
available at: http://darwin.eeb.uconn.edu/simulations/drift.html

Gene flow
Gene flow refers to the movements of genes within or between populago In
plants, gene flow occurs through movements of haploid gamefpallen flow), and diploid
zygotes &eed dispersal). Moreover, gene flow is not only a function of dispersal, but also
the success of migrants in different habitats (i.e. natural seleat directly impacts the
T UH D @dngHI@Vv). Gene flow is commonly estimated through paternity andaternity
tests or indirectly inferred from the analysis of the fine-scale metic structure of
populations (seeVHFWLRQ Y1HXUDO JH QHé&¥d displai high leveR uWgebaV LR Q -
flow in both temperate and tropical ecosystems (Pegit al.2006, Savolainest al.2007), and

pollen flow is globally higher than seed dispersal in the latter (Diek al.2008) figure 37.

Figure 37 Estimates of pollen flow and seed dispersal in several temperatd tropical tree species (realize
from Ward et al. 2005, Hardyet al2006, Petit & Hampe 2006, Dic&t al.2008, and references within).

Pollen flow is high in tropical tree species, even in animal-pollinated species] an

ranges from 200m to 19km (Wareét al.2005). Indeed, tropical tree species are mainly
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animal-pollinated (70% of the species), because

high air humidity and frequent precipitations

prevent wind-pollination. One of the rare

examples of wind-pollination is provided by

the pioneer species from the genuSecropia

able to disperse pollen to several kilometers (6-

14 km inC. obtusifoliaKaufman et al. 1998)

figure 3. Other examples of long-distance

pollen flow are provided by the bat-pollinated Figure 38 Cecrobia obtusifolirticaceae)
Ceiba pentandrable to disperse pollen up to 18 km, and the wasp-pollinapédcies from
the Ficusgenus able to spread pollen from 6 to 15 km (Nastral.1998). Howeverlong-

distance pollen flowis not the norm for all tree species, and the extent of gene flow may be

modulated by population density and species behavior as evoked WKH fPDWL.QJ-

Moreover, habitat fragmentation may increase pollen flow, suggestingatitropical tree

species would be more adaptable to forest fragmentation than expedte8wietenia humilis

White et al.(White et al.2002) reported that pollen flow was 10 times larger in fragmented

habitats than previous results in undisturbed populations. In the samvay, Dicket al.(Dick

et al.2003) found strong differences in pollen dispersal between undistdrfppean = 212 m)

and fragmented habitats (mean = 1509 m) in the African tropical t®iginia excelsia
Contrary to pollen flow, seed dispersal

occurs principally at local scale in tropical

rainforests and is commonly below 100 m, with

maximum at ~400 m inSimarouba amafblardesty

et al.2006). Hardyet al.(Hardy et al.2006) founda

relation between seed dispersers and total gene flow

(including both pollen and seed dispersal): tree

species dispersed by monkeys or birds have mc Figure 39:Ceiba pentandialvaceae) callec

effective gene flow than trees dispersed by gravit IRED Jt:jitlé goftOW(L)c\,/g,H Jpoot

(as it is the case foEperua falcata and E. grandiflonand or rodents. They also suggested

that limited seed dispersal would indirectly affect pollen dispershly increasing local

population densities. Moreover, rare events of extreme long-dista dispersal have already

been reported and, even if rare, such extreme dispersal may be imgbia the colonization

of new areas. For example, a cross-Atlantic dispersal event wobklve allowed the
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colonization of Africa from the neotropics byCeiba pentand(®ick et al.2007) figure 3.

N atural selection
Natural selection acts on genetic diversity through fithness-related pheyyt traits.

Contrary to genome-wide neutral processes, natural selection acts on targegedes
involved in fithess-related traits, and affects the frequency ofellks in a population across
generations. Fitness may be defined as the property for a genotype to garand produce
a fertile progeny. Mathematically, fitness is the ratio betweed number of descendant
produced by a given genotype and that produced by the genotygl the greater fitness.
For a bi-allelic locus, fitness is called Y, W aa and Waafor the genotypes (AA), (Aa), and

(aa). Genotypic frequencies at the following generation is thus (Hamilton 2009):
UUQ@aacia@HD:UDaaciag
B0

B:C AJKPilsA

where 9raduces the marginal fitness or the frequency-weighted relative fitness of
genotypes: 90 L B##, . HO## EB#=5.HO9#5E B=5.H9:=535

Thus, the future for an allele under selection may be easily gsed. Variations in
the frequencies of the allele (A) depend on the fitness of the differemngtypes figure 40,
The frequency of the allele (A) increases after selection if homozygotés\j are favored
but decreases if homozygotes (aa) are favaréigure 41 When heterozygotes have the
greatest or the lowest fitness, variations of allelic frequencies mustdher positive or
negative, depending on allelic frequency before selection. If homozggohave equal
fithess, selection will lead to equilibrating allelic frequencies arour@5 (if no drift).
However, natural selection may also impact neutral loci (leading any advantage

disadvantage to the different genotypes) because of a physical linkbgeveen them

% LWRKINQ)).

Figure 40: Variation in
the frequency of thi
allele (A) after selectiol
1'H O WaPa &unctior

of the frequency of th
allele (A) before selectio
1S DQG W
fithess of the genotype
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Figure 4t Variations of allelic and phenotypic frequencies across genaras under selection (without genetic d

Three kinds of natural selection may be distinguisheBRositi ve selection favors an
advantageous allele that will increase in frequency across generatioris fixation , figure
42 Under selection, allele fixation is expected to occur quickly than wittrift only.
Negaive (or purifying) selection eliminates deleterious mutations until thie complete
disappearance. Both positive and negative selection leads to an exdasse alleles at a
polymorphic locus by comparison with neutral expectationsBalancing selection favors
several alleles of equal contributions, leading to an excess of allefe intermediate
frequencies than expected under neutralityThe figure 42 shows a conceptual allele
frequency spectrum at a single locus that represents the patterhallelic frequencies at a
locus submitted to natural selection by comparison with the expettpattern under

neutrality of this locus.

Figure 42 Conceptual allele frequency spectrum at a multi-allelic locus wndheutrality and under selectiot
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Traditionally, two main approaches allow searching for footprints of natural
VHOH Feandidka® gatfe- D @&ofiescan- DSSURDFKHY ,Q WKH IRUPHU
natural selection are searched at individual loci using single-locus selectistsielassically
based on analyzing levels of diversity or allele-frequencySHFWUXPV |IRU H[DPSOH
test), figure 43 Targeted genes are empirically chosen based on prior knowledge or
assumptions. These genes may either be quantitative trait loci (QgLi.e. loci involved in
variations of phenotypic traits) or genes encoding for proteins involved in a candidate
metabolic pathway or biological process (and eventually expressedargé amount in
response to particular constraints). The latter (genome scan) ahwes the analysis of
numerous molecular markers, with no necessary known function. $tarts from the
hypothesis that the majority of polymorphisms in the genome is selealy neutral (box 2)
and that genetic diversity ata locus submitted to selection would be different from the
global genetic diversity apprehended overall genome. Tests fdest#on based on genome
scans allow identifying outliers by characterizing the (neutral) disbution of particular
statistics among loci, mainly linkage disequilibrium, synonymous/non-symymous ratio
of mutations, or differentiation (Fst),figure 43 This approach is probably being the most
popular because it allows identifying footprints of natural selection freeofn neutral
processes with genome-wide effects (such as demographic chandéejeover, next
generation sequencingenotyping, ande-sequencing technologies are going to merge these
two approaches, as they provide genetic information about large numlzéri®ci of known
function VHH S DU VWgenerdtibiddefuencing, RW\SLQJ DQG QHZ RSSRUWX
Demography

Figure 43 Overview of the methods for detecting selection (Sicét al.2010).
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The genetic structure of populations is also influenced by past (eg. ages), recent
(eg. pre-colombian occupation), or current demographic changks French Guiana,
Stephanie Barthe (2012) found large demographic changes concordant \agh giimatic
changes figure 44), but she did not detect demographic variations concordant with pre
colombian human occupatioyBarthe 2015he also found that several tree species may have
different demographic history among regions, as it is the case Wmuacapoua americaana

Demography attracts a particular attention, not only in biogeographbat also in

Figure 4: Past demographic events in several species of French Gui&nam Stéphanie Barthe (2012). Maps indicate
structuring of genetic diversity at regional scale, schemes indicateieth demographic scenario were experienced by tl
populations of different species (constant size, bottleneck, or exgan).
adaptation studies. Indeed, the demographic history of populations mimibe effects of
natural selection at a given locus. A population expansion commonly prodiiaa excess of
rare alleles, and may be confounded with positive and purifying selecti@m the contrary,
aSRSXODWLRQ GHFUHDVH YERWWOHQHFN: LDUWRHG KIEEBHVXBIQ FH |
and may be confounded with balancing selection. That is why genome-scamragches are
highly powerful to identify targets of natural selection, becausigey identify loci free from

genome-wide neutral processes such as past demographic changes.

47



BOX 2 2THEORY
Adaptive and Neutral evolution: from Darwin to Kimura

Charles Darwin (1809-1882) was one of the first to accept that species can ehariginally from the
observation that species phenotypic traits vary geographicatlyfunction of the environment they inhabit.
He was the first to propose that favorable variations tend to beeperved, whereas unfavorable ones tend fo
be destroyed through selectiomhe hypothesis of adaptation was evoked by Darwin whitgregor M endel
(1822-1884) was discovering the principlésl LQKHULWD QF K théofydackbd) ZtLtis time,a
satisfactory theory of heredity. During the 20 century, Ronald Fisher, J. Haldane and Sewal Wright showdd
that natural selection operates through Mendelian inheritangeconciling Mendelism and Darwinism in the
1V \Q Wikeadiywaf evolution-RU TP R G H U Q. NeoeD'Wirtisvhlbecame widely accepted, even if mo

attention was focused on adaptation. Several authors, howeirdgroduced other evolutionary forces as driver,

—

of evolution: The Wright-Fisher model of random fixation introducedhe notion of genetic drift figure 45),

while Dobzansky and Huxley introduced gene flow as they sug¢es that geographically separate

populations would evolve ito new species.
At the end of the 28 century (1983Moto Kimura properly wrote the neutral theory of evolutionj
(Kimura 1983). He proposed that evolution is in majority dew by neutral processs mainly mutation and

drift. His theory is based on the idea that the majority of polyarphisms are selectively neutral: whilg

deleterious mutations are quickly eliminated by purifying settion, numerous mutations affect un-codin
regions (introns) or numerous mutations affect coding regions withoutfa€ting the amino acid encode]
(silent mutation) or without affecting the protein function (conserative mutation).

+RZHYHU KH GLGQ - -W RhHe mhpatomatual sdIpEtionl @ He proposed that only seveighly
deleterious mutations are eliminated by natural selection. Thisgament was used to explain why:

(1) Non-coding DNA regions (introns) generally accumulate mations more easily than coding ones (exong.
(2) Proteins constitutive for cells never mutate and mutatisnrarely affect the active sites of protein
(implying that natural selection prevents all deleterious mutians in genes encoding constitutive proteins g

in protein active sites)

Now, it is widely accepted thet the majority of polymorphisms observed in the genomeis selectively
neutral. However, it is not excluded that several loci would be modeled by natural selection. More, the
conciliation between adaptive and neutral theory has led to the emergence of a new method for identifying
sdected loci and apprehending the extent of natural sdection: the genome scan approach.
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Figure 4 Evolution according with Darwin and Wright. From Koonin & Wolf 2009.
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2.Popuation differentiation: the complex interplay between geneflow, selection, and
drift.

Figure 46: Conceptual framework of population differentiation.

*HQHWLF GLIIHUHQWLDWLRQ EHWZHHQ §R&XO/D WLRRQ W K
subtle interplay between evolutionary drivers, mainly gene flowdrift, and natural
selection figure 46. Migration (pollen flow and seed dispersal in the case of trees) temals
homogenize the genetic diversity among populations (Lenormand 2002, Bolir&ckosil
2007). Thus, populations connected by an extensive gene flow in theeabs of strong
disruptive or directional selection are expected to be poorly diffetiated: the entire
population is thus submitted to drift, demographic changes and sliaing selection, and
these process act similarly in the whole population, Ridley 2003, Hartl &lark 2007
Hamilton 2009

When migration is restricted between demes, they may diverge intdospopulations
through the action of demographic events (if the sub-populations expaced different
demographic history) and genetic drift (depending on the effective sipé each sub-
population): differentiation depends in this case on the couphaigration-drift (see
IROORZLQJ SDUDJUDSK f1HXWUDO GLIIHUHQWLDWLRQ -

However, gene flow does not necessarily prevent differentiatioim the particular
case ofdivergent selection caused by habitat heterogeneity, natural selection may drive
genetic differentiation in spite of low distances between sub-populatsonbecause

propagules from a particular habitat are unable to establish in othditsis particular cagis
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calledlocal adgptation, and is widely documented in both animal and plant species, Kaki
& Ebert 2004, Leimu & Fisher 2008, Savolainen 200Adre, | define "local adatation pas
the genetic divergence that occurs over shorter distances than potential gene flow due to
divergent selection among contraded habitats.

To quantify the extent of population subdivisions, S. Wright (1921) defohehe
fixation index (Hartl & Clark 2007). This index expresses the reduction in heterozygsi
expected (under Hardy-Weinberg equilibrium) at any level of a pafation hierarchy
relative to another. In a hierarchical model of population subdiieg, let Hs define the
average Nei Vindex (heterozygosity expected under Hardy-Weinberg) within sub-
populations, Hr the average Nei Yhdex within regions, and Hr the Nei - Yhdex of the total
study area. Three different : WKW )-statistics allow quantifying the extent of
differentiation, figure 47 (Hartl & Clark 2007, Excoffier et al. 209).

Figure 47 : U L J K\atatistigs of differentiation.

x Fsr Differentiation between sub-populations within regions relative to

differentiation between regions (jg L AA;AA[l]
A

x Frr: Differentiation between regions relative to the diversity in the totgbopulation

Ap? Ax
(e L =572

x Fst: Differentiation between sub-populations within regions relative to thaiversity

in the total population (j; L AA;AAA[g]

These three indexes are linked by the relations F {j; L :s Fi&;:s F £i;[4]
Comparing Rt and Fsr allows assessing if there is more variation among regions (as

measured by kr) than there is among sub-populations within regions ¢F).
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3.Neutral differentiation

Neutral genetic differentiation is commonly modeled under the coupirigration-
drift using migrations models figure 48), among which theidand modd is probably the

most popular.

Figure 48 Classic models of population subdivision. (a)
Continent-island model, (b) island model, (c) and (d)
stepping-stone model in one or two dimensions. (From
Hamilton 2009)

In the island model, a large population is split into many sub-pogtibns (demes),
and migration is assumed to be symmetrical between demes (thepprtion of migrants
from each deme into each other is thus 1/d, where d is the m@nof demes). Under the
island model, the differentiation between sub-populations is damed as a function of Ne

(effective size of the meta-population) and m (the migration load theeen demes):(j; N

5
5>81g @ a

increases when Ne decreases, as a result of genetic drift within sub-populsatidro

. It is thus intuitive that Fst decreasessdhe migration rate (m) increases. ralso

illustrate the relationship between &, Ne and m, | simulated theoretical populations using
the (D V\SsBfsvare (Balloux D0), figure 49 In large populations, differentiation
decreases when migration increases, leading to an absence of differentiabormf0.05.

Small populations are differentiated even for m=0.05 (Fst closehe Fst obtained without

Figure 49 Differentiation between sub-
populations obtained under different
scenarios of effective population size and
PLIJUDWLRQ UDWH XVLQJ
(Balloux 2001).
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gene flow in large populations after 100 generations), and Fst burstee complete absence
of migration (close to 1 after 100 generations), because isolatedpspblations evolve
independently through strong genetic drift.

Dick et al. (Dick et al. 2008) reviewed the estimates of differentiation in both
temperate and tropical tree species and found that tropical tree specigdajisa larger
genetic differentiation among
populations (mean Fst = 0.177) than their
counterparts in the temperate zone
(mean Fst = 0.116). Strong genetic
differentiation in tropical trees is
probably the result of mixed mating
systems, restricted seed dispersal and
high levels of local inbreeding.

Moreover, they suggested that the

extent of differentiation is independent Figure 50 Fst estimates in tropical and temperate zone tree
to the canopy stature of tree specie (Dick, 2009.

(understory, canopy, emergentfigure .

At fine spatial scales, a restricted gene flow due to limited sedidpersal as it is
frequently the case in tropical rainforest trees, may cause a spa@iletic structuring over
short geographical scales, even in populations of large size, becausgemies are
geographically grouped (Dicket al.2008, Hardyet al.2(006). Moreover, mating among
neighbors in aggregative tree species causes local inbreeding that reinforcespiiel

structuring, leading to strong genetic divergence over short spatial scéiggre 51, Hamilton

Figure 8 Mating among neighbors causes spatial clumping of germég and therefore clumping of allele
frequencies (from Hamilton 2009). Genetic structuring after @@enerations under random mating (left) an
mating among neighbors (right).
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2009 Thus, assessing fine-scale spatial genetic structure (S®& 3 is one of the most

popular methods to assess whether neutral processes drive the gedifzentiation in

continuous areas (Hardyet al.2006).

Figure 2 Method for analyzing fine-scale SGS and estimating gene flow.
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Significant fine-scale genetic structuring is common in both temperate and tropical
zones In temperate tree populations for example, significant SGS had been repoited
Fagus crenai®ddou-Muratorio et al.2010)Fagus sylvatic@/ornamet al.2004, Jumget al.
2006 Oddou-Muratorio et al.2010, Jump & Penuel@)12)Quercus petraeand Q. robur
(Streiff et al.1998). The tropical zone also provides numerous examples of fine-gpaletic
structuring in both dominant and pioneer tree species. | presented an oxamof the main
published papers in the following table. The most spectaculaatgl structure was found in
Aucoumea Kklaineaif@abon) populations that display a significant relatedness between
individuals up to 5 kilometers. A significant structure was also found itne insect-
pollinated Eperua grandiflorégr which gene dispersal was estimated to ~320 meters in spite

of its heavy seeds dispersed by gravity (Hardyt al.2006).

Spedes Family Location SGS References
ﬁ:;?gg;nnza Bursrseracea Gabon * (5km) Born et al.2008
Carapa guianensi Meliaceae Brazil *(100m) Cloutier et al.2006, Cloutieret al.2007
Carapa procera  Meliaceae gﬁggz low Doligez & Joly 1996, Hardyet al.2006
tﬁ;‘;ﬂ?;:;e Caryggarace Brazil * (8m) Collevatti et al.2001, Collevattet al.2010
oct:)?lfsrgg:; Moraceae  Mexico * Kaufman et al.1998
Chrys_o phyllum Sapotaceae Frgnch * Hardy et al.2006
sanguino lentum Guiana
Dicorynia Fabaceae French * (160m) Latouche-Halléet al.2004, Caverst al.
guianensis Guiana 2005, Hardyet al.2006
Dipteryx alata Fabaceae Brazil ns Collevatti et al.2010
Eperua fdcata Fabaceae (F;’uelnaﬁ'; * (30-5am) THIS STUDY
Eperua grandiflor: Fabaceae g[ﬁggg * Hardy et al.2006
Glyricidia sepium  Fabaceae Guagema * (50m) Dawsonet al.1997
Neoﬁ?r?]ﬁcarpus Dlp;iré);::rp Malaysia low Konumaet al.2000
. French N Caverset al. 2005, Veroret al.2005,
Sextonia rubra  Lauraceae Guiana (400m) Hardy et al.2006, Cloutieret al.2007
rf;’:’;g&:‘)‘/‘i‘la Meliaceae Cr:f;a * (100-110m) Lowe et al.2003, Caverst al.2005
Symphonia . French . ) Aldrich & Hamrock 1998, Degeet al.
globulifera Clusiaceae Guiana (180-200m) 2004, Caverst al.2005, Hardyet al.2006
Tg););;rzlga Matlg(?:;oema Brazil *(3m) Collevatti et al.2010
V;’mugﬁig‘;:a Fabaceae gﬁ;gg * (100-300m) Dutech et al.2002, Hardyet al2006

Several authors have already reviewed the processes of fine-scalgetigestructuring
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due to gene flow in tropical forests (Hardet al.2006, Wardet al.2005, Dicket al.2008).
Taken together, it is now possible to draw a global scheme & frocesses driving neutral
differentiation over short spatial scales in tropical rainforestiigure 53

During this PhD, | investigated the spatial genetic structure diperua falcatéo
assess whether the genetic diversity in wild populations may be#luenced by neutral
forces, mainly limited gene flow and local inbreeding. A synthetic sumary of the main

results is presented in the following page, while complete residre given in thearticlen°2

Figure 8 Process of neutral genetic differentiation and local structuring frees.
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Summary of PhD results:
Limited genedispersal and local inbreeding causesthe (neutral) genetic differentiation over
short spati al scales in Epeua falcda (see article n°2).

| investigated the spatial genetic structuring in two populations &. faclcatapread
across different local habitats types (Laussat & Regina) using AFLPs datl9¢ markers
figure 54

Spatial autocorrelations revealed significant relatedness between irdiials until 30
and 56 meters for Regina and Laussat respectivigure 5. Gene flow varied between 45§
(Laussat) to 64.4 meters (Regina). Surprisingly, gene flow estimatezte was lower than
gene flow in the congeneric speci&€perua grandiflo@23 meters, Hardgt al.2006) in spite
of the heavy seeds of the latter.

Eperua falcatéss an aggregative species that generally occurs in high populagon
densities. Mating among neighbors probably influences high levels ofdbmbreeding in
this species. Seeds are dispersed through an explosive dehisoémpoels around crowns o
maternal trees, leading to a highly restricted gene dispersal amdrng) genetic structuring

over short spatial scales due to clumping of the progenfégure 56
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Figure & Spatial autocorrelations using Kinship relatedness coefficientsbd on 1711 ar
1810 tree pairs in Laussat and Regina respectively.

Figure %: Blinded analysis of genetic structuring in Regina. The mostobable number of genetic clusters
was found for K=7 clusters (maximum deltaK) that probably cosponds to different progenies or clusters
of related trees. The different clusters are geographically clumpedygasting the existence of neutral
structuring over short geographical scales due to restricted dispersabainty reinforced by local

inbreeding.
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4. Adaptive differentiation

Methodological considerations

In populations spread across contrasted habitats, natural selecti@y nirive genetic
differentiation in spite of low distances between the sub-populationSdaptation to local
environment has been observed experimentally in many organismst, #he genetic basis of
local adaptation remains poorly known. Two main approaches are comnyonked to
identify molecular footprints of divergent selection:

- Gendic-environment associdions: (GEAS) search for significant relationships
between (quantitative) environmental variables and allelic frequenciedten using
candidate genes (Bierne et al.201)

- fFst-based methods: usesgenome scans to identify RMIHU GH-for which the
observed differentiation between (discrete) populations is diffetefrom the overall
(and supposed selectively neutral) genetic differentiation. A central teredgtNeo-
Darwinism is that evolution of adaptive traits involves allelic substitiions with
small effects for a large number of loci. However, experimentldies revealed that
the number, size and distribution of such genomic regions varies subttdly
among studies: several studies have provided cases in which adaptaigon
attributable to a small number of genes with large effects, whit¢her studies
demonstrated adaptations for a large number of genes of small effelctdeed, the
extent of natural selection is dependent on the genetic architecture of taleded
traits, and genome-scans at molecular levels allow assessirgetkient of natural
selection without information about the phenotypic traits targeted by natural
selection Storz 2005).

Because | used Fst-based methods for studying local adaptatidperua falcafhdevote
more methodological attention to Fst-based selection tests than to othethods such a
GEAs.

Two kinds Fst-based methods can be distinguished

o Codescent methods use coalescence to simulate populations and draw an
expected joint distribution of Fst vs. heterozygosity that may be datty
compared with observationgbox 4).

o Bayesian methodspartition observed Fst into a population- and a loci-specific
component (box 5. These coefficients are directly inferred through a

Bayesian modeling approach.
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Fst-selection tests of genome-scan data have several advantbgesomparison for
example with QTL mapping (Storz 2005)(1) Genome scans may be applied to natural
populations of any species (not restricted to species that can be crassbe lab. (2) While
QTL mapping in crossed lines typically found locwith large effects, molecular genome
scans are capable of identifying loci that have experieneagieak selection (loci with small
effects), Stapleyet al.2010Indeed, natural populations result from long-time selective
pressures. The cumulative effects of small selections olarg times can produce a signal
detectable by genome-scans. (3) They allow identifying seéxttloci without having
information about the selected traits. (4) They are robust to a rangkenon-equilibrium
situations. (5) Even if the original coalescent method proposed by Beautm®rNichols
(1996) is sensitive to bottlenecked populations, Bayesian methods (Beatr& Balding
2004) are robust to many demographic scenarios (Beaumont 2005).
However, these methods have also several limits, mainly be@atisey may detect
several false-positives (type | error), or fail to detect true-posi (false-negative or type Il
errors). Type | errors (false-positive) -that is probabla more serious risk than type |l
errors- may have different causes. First, correlated alleleguencies due to co-ancestry may
inflate the differentiation (Fst) under the island model. That isvhy, the Bayesian method
developed by Foll & Gaggiotti (Foll & Gaggiotti 2008) uses a model ofngéc
differentiation with co-ancestry (inspired from Falushet al.2003) that allows admixture
between lineages. Moreover, genetic incompatibility (i.e. the intrinsic incompaltity
between genetic groups) that constitutes an intrinsic barrier of gene flow mayoalsflate
differentiation. Last, the use of a classical island model in the easf hierarchically
structured sub-populations may also bias the analysis (becanggation between demes of
a same region is expected to be larger than migration between regiongatTis why,
Excoffier et al.(Excoffier et al.2009, Excoffier & Lischer 2010) implemented the software
TSUOHTXLQ:- ZLWK D KLHUDUFKLFDO LV ODRKG FPIRG: 6BE\VOLEBQN W
Independently, Narum & Hess (2011) and Vilast al.(Vilas et al.2012) tested the
power of different methods by simulating populations with a known maber of genes under
VHOHFWLRQ 7KH\ IRXQG WKDW %D\HVLDQ PHWKRRGM T%$<
HITLFLHQWO\ WKDQ FRDOHVFHQW RQHDU W)as7é8 a.20Q G T')',6
ORUHRYHU 9f$UOHTXLQ:- FRDOHVFHQW PR®K® GSURGHKEF HDGKR.
W\SH , DQG W\SH ,, HUURUV WKDQ 1)'.§yDDbQBERBREMPH @
1%$<(6&3$1- 1&MXF2011. Last, the Bayesian method produces thedomenber
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of Type I errors Narum & Hess 2011n spite of these limits, these methods remain the best

way to identify targets of divergent selection in wild populations, antrossing results from

different approaches is recommended.




Figure ¥: Principle of Fst-based selection tests using coalescent masho
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Figure B: Principle of Fst-based selection tests using Bayesi
methods.
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Evidences of adaptation in temperate and tropical plant populations

All methods confounded, the literature provides numerous moleculavidences of

adaptive divergence in plant species, mainly across broad climatic gradients.

Figure 59 Influence of temperature and precipitation on the distributioof alleles linked to fitness
(Fournier-levelet al.2011).

In Arabidopsis thaliapa genome-wide association study revealed that fithess-related loci
(growth and fruit production) exhibit signatures of local adaptation linked talimatic
variables across Europe (Fournier-levet al.2011¥figure 59 In black spruce Picea mariana
several genes involved in growth, response to constraints (cold anoudiht) show patterns
of differentiation concordant with diversifying selection among both climaticand
precipitation partitioning in Québec (Prunieret al.2011). IrPinus pinastefEveno et al.
(Evenoet al. 20Q7analyzed the structure of genetic diversity across the maritime pine range
for SNPs within genes candidates for drought stress tolerance. Severate identified as
TR XW O L H U whdes diveisilyiegGelection. In Lobolly pine Rinus taedaseveral genes
involved in responses to biotic and abiotic constraints were strued by aridity in the
United States (Eckertet al.2010). Similarly, Richardsost al.(Richardsonet al.2009) found
that 70% of the genetic variations (obtained from anonymous AFLPis) explained by
climate in Pinus monticolahabiting the west coasbf USA.

Altitudinal gradients also provide molecular evidence of local adaptatioln white
spruce, Namroudet al. (Namroud et al. 2008) found patterns of genetic differentiation
concordant with divergent selection among populations of different edions for genes
involved in flowering time, oxidative stress and nitrogen uptake. In the coastal Qatdaan
montains, Jumpet al. Jump & Penuelas 2006) detected significant variation in gene

frequencies related to temperatures Fagus sylvatica
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However, the question of plant adaptation to environmental conditions eghly
neglected in tropical rainforests: there is, up to nofew study dealing with adgptation in
tropical trees. Moreover, the great majority of studies that provides moleculariéence of
adaptation in trees of temperate zones are focusing on broad climatic gradients aeting
large spatial scales. On the contrary, only few studies/kgrovided evidence of adaptation
to local constraints (such as edaphic constraints among micro-habitats or Iduatic
constraints). Burgarellaet al. (Burgarellaet al.2012) detected footprints of diversifying
selection for taxol-related genes (involved in defense against predgton Taxus baccaia
Spain mountains. They suggested that local selective pressuresteaeby predators and
host-enemy co-evolution would have ledo genetic divergence among uplands. In an
original study, Manel et al.analyzed patterns of adaptation in a mountain planAfabis
alping across geographical scales (Manet al.2010). Surprisingly, they found a higher
proportion of loci of ecological relevance @based outliers) at local scale. At regional
scales, temperature and precipitations were identified as the magbivers of allele
distribution, but it was less clear at local scale in which environmenteriations are
characterized by topography-related variations rather than climatoes. They suggested
that there may be two different types of adaptive responses actingAralpina a site-specific
local adaptation (caused by topography-related variations) and arengeneral adaptive
response at larger geographic scales (caused by large climatic gradreatiiding both
temperatures and precipitations).

In this study, | used both candidate genes (based on SNPs markers) ge&gome
scan (based on anonymous AFLPs markers) to test for adaptation in thetropical tree
Eperua falcataver very short geographical scales (hundreds meters), see balmharticles
n°1 and 2.
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Summary of PhD results:
In Epeua falcaa, both candidate genes and genom scan approaches revealed foatprints of

divergent selection among local habitats (see articles n°1and n°2).

During this PhD, two main approaches were carried out to identify footpts of
natural selection driven by local habitat heterogeneity Eperua falcatd he candidate gene
approach involved trees inhabiting the sites of Paracou and Nourragues, wheréaes

genome scan approach involved the sites of Laussat and Regina.

t

—4

In the first approach @rticle n°J), a collection of candidate genes for diverge
selection combined with several genes of unknown function was sequeniedlentify
Single nucleotide polymorphisms (SNPs). A coalescent method (under araml model)
revealed that several genes were probably submitted to diest selection between waterg
logged bottomlands and well-drained terra-firma, among which twgenes encoding
proteins involved in plant response to stresses: a catalase thatvslued in the response tq
oxidative stresses frequently experienced during water-logging, and tharnésyl-
transferase which plays a role in the regulation of stomatal caicthnce figure 60. On the
contrary, genes encoding aquaporins were either neutral (Paracou) bnstied to uniform
selection (Nourragues).

In the second approachafticles n°2), a large panel of anonymous markers (1396
AFLPs) was genotyped to estimate the extent of divergent selection in gfemome oEperuz]

falcatain the study sites of Laussat and Regina. Both Coalescent (hierarchitahdsmodel)
and Bayesian methods were used. Both methods revealed thatagdifferentiation among
local habitats was very low (ranging between 0.02 and 0.04 depending emtathod used)
but concordant with the average Fst estimated from candidate genBse Coalescent

method detected 21 outliers under uniform selection, while the Bayegieocedure (which

S

is more stringent than coalescent methods, Narum & Hess 2011, \4iaal.2012) detecte
from one to three outliers depending on the dataset used (all regior by-site analysis)
Eleven of the detected outliers show similar patterns of genotypicquency among loca
habitats in the two study sites, and are concordant with the hypothes@me alleles arg

favored or exclude by a particular habitatigure 61
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Figure 80: Fst Vs Heterozygosity distribution. Points indicate observed valuehiereas lines represen
95% neutral envelop estimated through coalescent method.

Figure 6L Fst-based outlier detection using both coalescent (left) and &sign (right) approaches using AFLF
data (from Laussat and Regina study sites)

69



| performed a literature survey for a relationship between the gesgghical scale of
the different studies and the proportion of outliers detected through Fst-basestmods, by
reviewing a number of published studies searching footprints of divergent selection using
Fst-based methods at both inter- and intra-specific levels across gelaange of animal and
plant models The following table summarizes them, with the following abbreviations:
YJRU WKH FROXPQ YORGHO:- $ DQLPDO 3 SODQW
JRU WKH FROXPQ fODUNHU- $ $)/3V $0 $OOR]J\PHV 0 PLFUR
JRU WKH FROXP QB&y@siaw, ICRGBales@ént, O=Other

Marker Metho Outliers

Biological model M odel Study scale Reference
d (%)
Ovis aries A (mammal) 4300km M (o] 18.95 Joostet al.2007
Ovis aries A (mammal) 4300km M C 28.57 Joostet al.2007
Populus tremula P (tree) 4000km M C 17.14 De Carvalhoet al.2010
Hylobius abietis A (insect) 3800km A o 13.25 Joostet al.2007
Hylobius abietis A (insect) 3800km A c 482 Joostet al.2007
Picea abies P (tree) 3000km A'M, S C 1.97 Achéréet al.2005
Gasterosteus aculeatus A (fish) 2200km M B 8.77 Makinen et al.2008
Phytomyza glabricola A (insect) 2100km A C 11.11 Scheffer& Hawthorne2007
Pinus taeda P (tree) 2000km S c 0.78 Eckertet al.2010
Pseudotsuga menziesii P (tree) 2000km S o 6.61 Eckertet al.2009
Pinus monticola P (tree) 1800km A C 12.12 Richardsonet al.2009
Heliantus annus, H. debilic P 1600km M C 3.41 Scascitelliet al.20L0
Cryptomeria japonica P 1400km S C 3.38 Tsumura et al.2007
Heliantus annus, H. P 1300km M,S c 41 Yatabeet al. 2007
petiolaris
Heliantus annus, H P 1300km s B 3.3 Strasburget al.2009
petiolaris
Neochlamisus bebbinae A (insect) 950km A c 10.51 Eganet al.2008
Neochlamisus bebbinae A (insect) 950km A c 4.03 Eganet al.2008
Neochlamisus bebbinae A (insect) 950km A c 5.15 Eganet al.2008
Neochlamisus bebbinae A (insect) 950km A c 112 Eganet al.2008
Neochlamisus bebbinae A (insect) 950km A c 8.72 Eganet al.2008
Capra hircus A (mammal) 900km S C 11.11 Parisetet al.2009
Picea glauca P (tree) 750km S C 3.56 Namroud et al.2008
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Arabis alpina P 730km A 10 Manel et al.2010
Picea mariana P (tree) 700km S 0.26 Prunier et al.2011
Picea mariana P (tree) 700km S 1.17 Prunier et al.2011
Picea mariana P (tree) 700km S 0.13 Prunier et al.2011
Picea mariana P (tree) 700km S 1.43 Prunier et al.2011
Salmon Trutta A (fish) 600km M 2.7 Meier et al.2011
Peromyscus maniculatus A (mammal) 500km Al 8.33 Storz & Dubach 2004
Populus alba, P. tremula P (tree) 500km various 35.48 Lexeret al.2010
Crassostrea virginica A 300km AR 1.33 Murray & Hare 2006
Crassostrea virginica A 300km AR 0 Murray & Hare 2006
Arabidopsis hatie P 200km A 3.99 Meyer et al.2009
Arabis alpina P 150km A 2.95 Manel et al.2010
Arabis alpina P 150km A 9.45 Poncetet al.2010
Arabis alpina P 150km A 7.39 Poncetet al.2010
Arabis alpina P 150km A 2.55 Poncetet al.2010
Coregonus clupeaformis A (fish) 130km A 3.18 Campbell& Bernatchez 2004
Rana temporaria A 100km A 1.53 Bonin et al.2006
Littorina saxatilis A 70km A 33 Galindo et al.2009
Zostera marina P 50km M 12 Oetjen & Reusch 2007
Quercus robur, Q. petraes P (tree) 36km various 12.08 Scotti-Saintagneet al. 2004
Diabrotica virgifera A (insect) 32km A 1.19 Miller et al.2007
Littorina saxatilis A 26km A 4.9 Wilding et al.2001
Viola cazorlensis P 23km A 2.44 Herrera & Bazaga2008
Arabis alpina P 20km A 2.55 Manel et al.2010
Arabis alpina P 20km A 15.66 Manel et al.2010
Arabis alpina P 20km A 17.18 Manel et al.2010
Fagus sylvatica P (tree) 10km A 0.39 Jump & Penuelas 2006
Howea belmoreana, H. p (paim) 10km A 1.46 Savolainenet al.2006
fosteriana
Timema cristinae A (insect) 5km A 14.61 Nosil et al. 2008
Eperua filcta P (tree) 05km A 176 THIS STUDY (Articlen°?
Eperua filcta P (tree) 05km A 026 THIS STUDY (Articlen°d
Eperua filcta P (tree) 0.Xm S 351 THIS STUDY (Articlen°)
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This overview of literature suggests that the proportion of outliers slightly higher
in inter-specific comparisons (involving closely-related plant species) thim intra-specific
ones, and revealed a large variability among biological models (all esalonfounded)
figure 62

The relationship between geographical distance and proportion of lieus is not

Figure 6 Variations in the proportion of outlier between inter- and intrapecific levels and between
biological models (drawn from papers quoted in the table aledv

clear and certainly non-linear. A regression with the logarithm of distarse@igure 63 left)
suggests that the proportion of outliers is lower at intermediate geaginical distances.
However, this trend disappeared when includingperua falcatstudies at very short spatial
scale (right). Last, Soto-Cerdat al.(2013) provided the most extreme case (not included in
the plots) as no outler wasdetected in the plant specidsnum usitatissurm a world-wide
analysis; suggesting thus the probable absence of relationskigvéen geographical scales

and the extent of adaptation in the genome of organisms.

Figure 683 Relationship between the proportions of outliers detected and gepdical scales.

Even if comparing the number of outliers detected between studiesdimes
common (Luikart et al.2003, Nosil & Ortiz-Barrientos 2009, Strasbueg al.2012)such
comparisons should be taken with caution. Indeed, the different studieg wlifferent kinds
of molecular markers, and we can expect that the proportion of outlieveuld be more
frequent in candidate genes approaches than in genome-scans involvinghyanous

markers. Molecular markers also differed in tliremutation rates, making the comparison
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between microsatellites and SNPs difficult, for example. Last, the meth used for
detecting loci under selection may also bias the comparison, as Bayesidhads are known
to be more robust to demographic scenarios and to detect feweefalssitives (Narum&

Hess 2011, Vilast al.2012). Thughe literature is, up to now, not sufficiently rich to properly
realize such surveys, but the current popularity of Fst-bdsmethods will probably provide

sufficient examples in a close future.
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5.Next generation sequencing / genotyping and new opportunities

Modern evolutionary ecology is currently progressing rapidly besuof advances in
genomics technologies (Staplest al.2010). Next-generation technologies refer to the panel
of new sequencing/genotyping technologies, such as Roche 454-pyrosequentingina
(High-Seq), lllumina micro-DUUD\V HW F «

Next-generation sequencing (NGS) attracts a particular attention becauses more
cost-effective than classical Sanger sequencing (Morozataal.2009), given the large
amount of DNA sequenced, such as transcriptomes and more recerympletes genomes.
Complementary DNA (cDNA synthetized from mRNA by reverse transcription) or
genomic DNA (gDNA) is sequenced by fragments of varying size depending on the
technologies QD P H G 1 Uht¢Bagienced fragments need to be assembled into contigs
HLWKHU XVLQJ D f1GH QRYR-:
assembly method or by
mapping against a reference.

Next-generation  sequencing
proved to be useful forgene
characterization, gene
expression profiling and for
identifying  polymorphisms,
such as SNPs (Listeret al.
2009). Blast and functional
annotations allow the
characterization of contigs
FDOOHG TXQLJHQHV- RQFH
characterized). Blast allows
confronting assembled
sequences to public databases,
while functional annotation
allow determining in which
biological processes the protein
encoded is involved. Gene
expression profiling allows 2 Figure 64: Common methods used to identify loci in non-model

guantification of RNA organisms and how they have been improved by NGS (from Staplet,
al. 2010).
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expressed in organs and tissuelast, and when next-generation sequencing allow a
sufficient depth (i.e. number of reads for a single site that equas the number of
sequencing repetitions for this site), it is possible to identify polymorptms, (such as
SNPs) giving valuable information for both evolutionary biologists and guétative
geneticists (Ganakt al.2009, Rafalski 2002, Picoult-Newbeegyal.2011, Tasset al.2008)
figure 64. For example next-generation sequencing technologies alloselecting good
candidate genes for adaptations studies: polymorphic genes involved in biological proesss
of interest or (possibly non-annotated) polymorphic genes expressed inhhigvels in
response to particular constraintsThey enable to track genetic loci under selection for
adaptation innon-model organisms.

Candidate genes may be high-throughput sequenced or their palypihisms genotyped,
as next-generation sequencing also allows the sequencing of targetedesegs (by-capture
sequencing, re-sequencing) and the simultaneous genotyping of large awsoof targeted
SNPs.

Thus, novel sequencing
technologies are going to extend
genome scan approaches, by
providing better coverage of
transcriptomes or genomes, and
adaptation studies using TZKROH
JHQRPH Wik prQbebly appear
in the next years Moreover, NGS
provides a very large amount of
characterized genes by comparison
with AFLPs that suffer from the Figure & Subjective view of the importance of genotyping
major limitation that outliers are strategies for non-model organisms (Seebal.2011).
anonymous figure 65

However, next-generation technologies have several disadvantages (8taet al.
2010):
(1) The first limitation is informatics. Due to the large amount of dataq@duced, data
manipulation is complicated and post-treatment requires autontiof all steps of
analyses. +RZHYHU WKH GRPDLQ VXIIHUVIUUR@GOD\ -OWRNRC

(hardware, software, algorithms).
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(2) They are less accurate than Sanger sequencing as they produce enwes of base
calls that can result in false-positive polymorphisms (De Pristt al.2011). They
require a careful post-processing assembly and cleaning to bpgnly interpretable,
and the integration of individual base quality is required ewéf it is often neglected.

(3) Short- UHDGV FDQ EH GLIIte¥v® W WWR DIMVKREWHJH IHUHQFH
in whole genome sequencing of non-model organisms due to the largewarh of
repeated DNA in the genome.

(4) Distinguishing a real polymorphism in a single gene versus a genetic &aon
between two duplicated genes is challenging. Applying stringent assemtriyeria
would limit the risk of false-positive discovery, but may mult in an under-
estimation of the true diversity as several fe¢negative would be excluded.

(5) Obtaining complete coverage of the transcriptome can be difficult due toet
disparity in expression of different genes and between tissues.

(6) Population genomics uses pooled samples to minimize sequencing costsliaectly
infer allelic frequencies (Futschik & Schlotterer 2010, Turnetral.2010).

(7) Population genomics commonly involve population genetics models that gained
complexity over the past 10 years. However, the majority of the w&pread
population genetics approaches (such as those involving genome scansjdwiai
complicated in the case of large datasets provided by NGS, as theyoften time-
consuming even in small datasets (Nielsest al.2@5).

During this PhD, | analyzed the transcriptome of seedlings &perua falcatéplus
three other species without interest in this manuscript) sequenced4B4-pyrosequencing,
providing the first example of NGS application to non-model tropical treepscies. It
allowed the massive characterization of potential candidate genaic¢le n°3). | wrote a
complete suite of R scripts that deal with next generation data and figaié their
manipulation and post-procgdng (including assembly cleaning and SNP detection). The
complete suite of R scripts is described in the secti®hD Results & Jdbs -and will be soon

packaged into R.
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Summary of PhD results:
Hi gh-throughput transcriptome sequencing alowed the massive characterization of
expressed genes and polymorphism (SNPs) discovery (see article n°3).

| analyzed the transcriptome of 4 neotropical tree species widespraadrench
Guiana. Total mMRNA were extracted from leaves, stems and roofdwo vigorous seedlings
per species, and converted into cDNA. cDNA libraries were sequenced B%4-
pyrosequencing.

In E. falcata 153,551 reads (out of (224554) were assembled into 23390 coftigs. |
characterize 16159 unigenes that returned a blast result with aalee\below 10-25. Afte[
contaminant removal (removal of contigs that never blasted into a greelant species
among their 10-top hits), 15664 unigenes remained and 11240 were adifotathe protein
encoded was associated to particular biological processes).

| analyzed transcription profiles within each organ (leaves, stems, rootsgd used
a permutation test to identify biological processes particularly relexan a particular organ
(biological processes represented by contigs over-expressedo@rticular organ, based of
the number of reads that brought specific organ-tagged within each contig E. falcatal
identified between 7 (leaves) and 26 (roots) biological processes oepresentedn that
organ,figure 66.

Prior to polymorphism detection, | cleaned the assemblies foling a stringent
procedure:

-Individual bases were masked using several criterions, including minimwallele number,
minimum allele frequency, depth, and individual base qualitfigure 67.

-Sites (assembly columns) composed by masked bases and deletionsnarly removed.
A total of 5713 SNPs were identified, among which

- 2657 high quality SNPs (substitutions of only two variants) for a transition/tranersion
ratio Ti/tv= 1.66.

- 2992 insertion-deletion

- 64 SNPs with more than two variants

At last, 1283 contigs were polymorphic (only 5.5% of assembled contigs, ynginl
because numerous contigs lacked a sufficient depth for searching SNi@s)a total SNP
density of 0.95 per 100 bp.
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Even if the true diversity that may be encountered in wild populatiois probably
higher than the polymorphism detected from two seedlings (4 gam@iethis databasg
provides useful information for future investigations. In particular, it ppvides a large pang
of candidate genes (expressed genes of known function). Several of these datedi will be
high-throughput genotyped or re-sequenced in seedlings currentlgnsplanted in wild
conditions (reciprocal transplants) and in their adult trees. It will Edw extending the
present study by including pedigree analyses, association genetics sudred by expanding

the genome scan approach for testing selection by including SNPs contained in geh¢s

NQRZQ IXQFWMWRY HH 1
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PART Il - Phenotypic evolution and quantit ativ e gendics

Studying adaptation based on (quantitative) phenotypic traits attracts a particular
attention because natural selection sorts phenotypic variations, thus optimizthe mean
fitness of populations. In wild populations, many traits show phenotypiariations among
individuals (genotypes) and among habitats, because both genetic ofactand
environmental conditions affect the phenotype expressed by a genotypeaingiven

environment.

1.Causes of phenotypic variation

Even if several traits show discrete variations, most traits arentiouously distributed
for two reasons: most traits have a complex genetic architecture inwodymore than one
locus, and they are also affected by other sources of phenotypitations (environmental
variations, maternal effects). Phenotypic variations may thus be p&oned into genetic
andenvironmental factors, according to a classical linear model:

| LJE s EqEsYqE ¢
where G represents the global phenotypic differentiation among genotypes, E giebal
effect of environment (i.e. phenotypic plasticity common to all genotypesind lexe the
genotypeby-environment interactions. Significant kxe show that different genotypes are
differentially affected by the environment (i.e. genetic divergencamong genotypes causes
variations in phenotypic plasticity) figure 68. Genetic factors may describe the genetic

divergence between genotypes, progeny arrays (families), provenancepecies.

Figure @8: Partition of phenotypic value
into genetic and environmental factors
(plus their interactions). Plots show
different possible patterns of phenotypic
value (ordinate) of two genotypes (red ani
yellow) within two environments (E1 and
E2 in abscise). Significant factors are give
at the top of each plot.
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1.1 Genetic variatian

Since the discovery of Mendelian inheritance, the genetic basis of pbtgpic
expressionis evident. Originally, Mendel discovered that the proportion of {dcrete)
phenotypes after breeding may be predicted in the case of traitstrmdled by a limited
number of loci. Given a character controlled by a single locus, theossing of two
homozygotes (A/A) produces 100% of homozygotes (A/A) with the same phenotytan
parents. The crossing of two heterozygotes (A/B) produces a progeny congablsy 25% of
homozygotes (A/A) that display the same phenotype than the parentedmozygote (A/A),
25% of homozygotes (B/B) that display the same phenotype than the parental homozygot
(B/B), and 50% of heterozygotes (A/B) that display either an intermediatehenotype
(additivity) or the same phenotype than one of the pareconplete dominance).

Numerically, phenotypic variations for quantitative traits in a given evironment
may be expressed using a linear model restricted to genetic factors:

| LIJESsSE.

Genetically-based phenotypic variations caused by one of the undaedygenes may
thus be partitioned intoadditivity, dominance andepistasis effect: ) L # E & E, leading
too | LIJEmMEpEUE ¢

Considering two alleles (A)
and (B) for a given locus,
addtivity simply describes how
allelic states may  affect
phenotypic values apprehended
among homozygotes genotypeq: i
may be numerically assessed by
the relation |4 = |Paa-Pad / 2.
Dominance refers to the
interactions between alleles of the
locus that may influence the
phenotypic value of heterozygotes:
in the case where there is no
dominance, heterozygotes display
an intermediate phenotype Figure 8: Gene action on the phenotypic value expressed for a giv

. trait: a=additivity, d=dominance.
corresponding to the mean
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phenotypic value of the two homozygotes. In the case of dominance, on toatrary,
heterozygotes phenotype deviates from the intermediate phenotyfigure 69 Last,
epistasis corresponds to the interactions with other loci controlling the phenotypic trait.

Genetically-driven phenotypic variations are commonly quantified thouderit ability,
box 6.

BOX 6 2THEORY
Herit ability

Heritability measures the proportion of observable differences antrait between individuals that is
due to genetic differences. Many methods allow estimating trafteritability, among which parent-offspring
regression and variance partitioning.

Using parent-offspring regressim, heritability is defined as the slope of the regression between mfd-
parents (mean phenotypic value of the two parents) and sgfing phenotypic valuesfigure 70. When the
slope is high, offspring have phenotypic value close to thearents; suggesting that a high proportion o
phenotypic variance is passed down from parents to offspriffgernandez & Miller 1995).

Heritability is also defined as the proportion of total phenotypic vanmee that is attributable to
variations in additive (narrow-sense heritability) or total genetic Vaes (broad-sense heritability)
Heritability may also be estimated by partitioning total phenotypicariations into genetic and environmenta
sources of variations using linear models.

Broad-sense heritability (hg) is thus defined as the fraction of phenotypic variance attritable to
genetic factors without distinction between additive effects, domance or epistasis, while narrow-senge
heritability is defined as the fraction of total variations attribtable to additive genetic variance (R3.
14 LIS EI4Elg3qE l~m W Zw Ll (5
1IN LIEI5EIREIgElg3qEl~m Y Z3LlIiv iy

When using related individuals instead of clones of the differentigatypes, additive genetic varianc]
I

may be estimated through the relation: 1~ L—f’ U 1gwhere r isthe relatedness coefficient (r) (Cotteri

10
IU‘SJ| where r = 1/2 for full-sibs, and r = 1/4 for half-sibs.

1987). ThusZ 5 L

Variance component are thus estimated using classical varianceyes®d (ANOVA) that calculates
variance componentsis mean squares of each factor (sush squares of each factor divided by the number pf
degree of freedom) or directly inferred using Bayesian modeling.

It has to be noticed that there is not a unique value of heritability far species and a given traitg

because heritability may vary among environments (additive varie@ estimated in a single environment maj
vary between environmental conditions when gen@-environment interactions are significant) and amond

ontogenetic stagedgjgure 71
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Figure 0: Parents-offspring regression for body size and plumage cdiorain two bird
species (from Wiggins 1989, Roulin & Dijkstra 2003

Figure 7t Age trends in individual heritability for latewood proportionin Pinus
radiata (from Zamudioet al.2005).
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Tree species commonly display significant differences in phenotypic was between
genotypes and progenies, suggesting that many traits are commonlyitdigle (i.e. a
significant part of phenotypic variation is due to genetic factors). Theymmonly display
high heritability for morphometric traits (growth traits, wood propertiesand leaf traits,
figure 72) but lower heritability for fitness-related traits (Cornelius 1994, ¥scheret al.
2008), as natural selection negatively affects heritability by reducing additigenetic
variance (see sectionBKHRWSIF HYFROMR). Cornelius (Cornelius 1994) reviewed 67
studies and found evidence of higher heritability for height and straigless than for

diameter and volume.

Figure 72 Narrow-sense heritability estimates for fitness, growth, leaind wood properties in several tempere
and tropical tree species. Orange stars indicate tropical tree species.
References: Hodge & White 1992, Haaparetral.1997, Weir & Borralho 1997, Hannrwgt al.1998, Brendedt al.
2002, De Souza Goncalvesal.2005, Zamudiet al.2005, Johnson & Gartner 2006, Baltunis et al. 2008, Call
& Collins 2008, Wardet al.2008, Scottet al.2010.

In this study, | investigated whether functional traits were diverge between
progeny arrays oEperua falcata controlled and non-limiting conditions, and | measured
the extent of phenotypic variations due to the relatedness betmeseedlings progenies. A
synthetic summary of the results is presented below; complegsults and discussion are

described in thaarticle n°4.
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Summary of PhD results:
A common garden experiment revealslargephenotypic variationsamong seedlings progeny
arrays for growth and leaf traits (see article n°4).

A common garden experiment was used to measure the extent of gendyichlven
phenotypic variations for growth (stems dimensions, biomass accumulatermd allocation)
and leaf traits (leaf composition, leaf structure, leaf photosymsis and carbon isotopi
discrimination) in two Eperuaspecies:iE. falcataand E. grandiflora44 progeny arrays
(harvested around mother trees) grew 24 months in a shade-house am-limiting
conditions.

For all studied traits, significant differences between progenies were detd. Large
variations in seedlings growth between progeny arrays led to higls/ \#p for growth traits
(biomass accumulation, height, diameter)figure 73 Growth traits displayed higher
\c/ \*Fpthan leaf trait, probably because theye complex traits that integrate all propertie
of individual meristems, leaves and branches. We did not estted narrow-senss
heritability for two reasons:

(D we did not know the true proportion of full- and half- sibs in the progeny arrays,

(2) we were unable to exclude the fraction 0¥ caused by (non-genetic) maternal effect

o7

7
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However, statistical quantitative genetics consideWwW KH JHQRPH DV D fEODF!
does not require any information about the identity of the genes inveld in the phenotypic
variations) andit cannot address important questions concerning the genetic architecture
of phenotypic traits: What genes affect a given trait? Where are thegated in the genome?
What is the mode of gene action (additivity, dominance, epistasis)? A particulachaique
RI TXDQWLWDWLYH JHQHWLFVY FDOOHG Y47/ PWSO®LGHFWORF
guantitative traits, by (1) creating a genetic map covering the entire gendmyecrossing
divergent populations, most often inbred lines, and (2) searching forasations between
DOOHOLF VWDWHY DW PDSSHG ORFL DQWISKWHQRIWXFADSBD Q.
often reveals the complex genetic architecture of many phenotypic traits. Hawer, this

technique is out of the scope of this manuscript.

1.2. Environmental variation:

Environmentally-driven phenotypic variations
are closely related with the concept gbhenotypic
plagicity . Plasticity is defined as the ability of a
genotype to produce different phenotypes (Pigliucet
al. 2006). In other words, it refers to the ability of an
organism to alter its physiology, morphology, and life-
history traits in response to the conditions it
experiences (Nussegt al.2007). Plasticity is also calte
aclimation or accommodaion depending on its
reversibility and the kind of changes: acclimation is
often used to describe reversible physiological changes
while accommodation often describes non-reversible
morphological changes. The function describing the
FKDQJH LQ D pher@fpie \\lde \across ar Figure 74: Framework model for signal
environmental graGLHQW L VreaEtiorO 6oehG ”a”Sd“C“g?]gg g’t”aelfzsog‘g_'a”ts (from
(Nijhout 2003, Sarkar & Fuller 2003, Nussey al.2007).
Two kinds of phenotypic plasticity may be distinguished: passive pliagty refers to
the passive reduction in growth due to environmental stresses, wigsractive plasticity
requires a specific signal perception-transduction system allowing an organto respond

by changing its development (Van Kleunen & Fischer 2Q0%\ctive plant response to

87



stresses involves complex mechanisms with many signaling molexs)l transcription
factors and stress-responsive genes and proteifigure 74 & 75 Schliting & Smith
(Schlichting & Smith 2002) distinguished molecular and phenotypic plasticity: therimer
refers to the abilityof a genotype to produce different levels or isoforms of transcriptome
and proteome, while the latters the ability of a genotype to produce different phenotypes
resulting from all molecular changegigure 76.

Figure & The hierarchy of gene expression underlying phenotypic plasticitydi Schlichting & Smith
2002).

Figure ®: The complexity of stres:
adaptation (from Cushman &
Bonhert 2000).
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1.3. Gendy-environment interactions:

In a set of individuals, the global effect of the environment (E) twhesthe mean
phenotypic change of the different genotypes, while gebg-environment interactions
(Iexe) expresses that the different genotypes display different phenatyplasticity. The
fact that different genotypes display different reaction norms in sponse to constraints
suggest that plasticity may be heritabld=igure 77 for example shows different effects of

flooding on net photosynthesis rates of 13 hybrid poplar clones.

Figure 8: Genetic map locating QTL loci involved
in response to drought ilPopulus deltoidasdP.
trichocarpapecies (from Streeét al.2006).

Figure 77: Net photosynthesis rates (umol.rs?) of 13 hybrid
poplar clones under control and flooding conditions (from Gi
etal. 2011).
Because proteins are encoded by genes, proteins involmgghenotypic plasticity may

potentially be mutated causing differences in the extent of morphologiead physiological
responses between genotypes

QTL mapping helps identifying such genes. For example, Parefieal. (Parelleet al.
2010) reviewed the studies that located QTL involved in the tolerance to saiter-logging
in many plant species. In the same way, Street al.(2006) identified numerous QTL
involved in the response to drought iRPopulusfigure 78.

At the population level, significant provenancéy-environment interactions are
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commonly interpreted as a result of local adaptation (see sectfpn 3 KHQRW\SLF HYRO.

in populations-

1.4. Maternal effects

Genetic variation must be distinguished from maternal effects thate defined as the
causal influence of the maternal genotype or phenotype on the offsprpigenotype (Wolf
& Wade 2009). Maternal effects have themselves both genetic andirenmental
components For example, seed stored reserve compounds may influence growthhef t
progeny. In trees, this maternal effect is influenced by eneimmental effects, such as
resource availability and successional status of mother trees (usttey, emergent), but
also by genetic effects, as different mother trees may produce seédsifferent quality.
Seed properties are also influenced by the ontogeny of mother trasseed production may
vary across lifetimes. Thats why seed mass is commonly included as co-factor in linear
models of phenotypic value decomposition.
Epigenetic inheritance is also a major maternal effect/ KH WHUP {fHSLBMWDWLRC
the methylation of coding DNA that prevents its transcription into mRNA. Epigengc
changes may be induced by particular environmental conditions and &mnsmitted from
mothers to their progeny. However, such changes in DNA structureave to be
GLVWLQJXLVKHG WR TWUXH P XwoDaffettRn® UNA f2ueheeSLP XWDW L F
Because of their environmental control, maternal effects may bewssl as a trans-
generational phenotypic plasticity, or a reaction norm that extends across gatiens
(Mousseau & Fox 1998).
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2. Phenotypic evolution in popuations

Contrary to neutral processes, natural selection affects genetic diver&iyfiltering
genotypes across generations according with their fithess that is modulatsd the
phenotypic valueof adaptive traits. Anadaptive trait may be defined as beingariable,
herit able andfunctional (Howe & Bruner 2005)A ffunctional trait -is any morphological,
physiological, or phenological trait that influences plant fithess (Gebetral.2003). Thus, it
refers to a broad range of individual-level and organ-levedits, figure 79. In some cases,
phenotypic plasticity for fitness-related traits may also be adaptivimdeed, phenotypic
plasticity is highly important in plants because they are immobilend migration toward a
more favorable environment requires the establishment of anneopulation (Shaoet al.
2007). Phenotypic plasticity is thus primordial for plants to cope witenvironmental
heterogeneity and phenotypic plasticity for some traits may be linkedth plant fithess
(Van Kleunen & Fischer 2005). However, the developmental cost ofivae responsedo
stresses prevents the appearance of Darwinian monsters with irtBnplasticity (Pigliucci
21. Considering phenotypic plasticity as a functional trait underlies that thelationship
between plasticity and fitness is probably non-linear (increasing plasticity wdube
beneficial until a limit above which increasing costs of the plasticity altptant fitness). For
these reasons, the outcome of evolution is often a reduction in plastifiyDOOHG JfJHQHW
D V VL P L)Oéxd¥pt F@hanging environments in which phenotypic plasticity may be

selected for and conserved across generations.

Figure P: Short overview of major functional traits in plants.

The evolution of the distribution of phenotypic values in populations undselection
depends on the relationship between trait and fithess. Commonly, ftiooal traits are
relatedto fitness through a polynomial model:

9gL =g E >3E ?
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where W represents the individual fithess and P the individughenotype. The signR1 D -
determines the kind of selection:directional when a=0, stabilizing when a<0 and
diversifying when a>0.
| simulated the evolution of population mean phenotypic values for anictional trait
under natural selection using a simplified model of phenotypic evolutiotire functional
trait is controlled by a single locus (with 4 alleles) assuming no genetrdtcand constant
population size (N=1000), figure 80.
(1) Each genotype is characterized &ySKHQRW\SLF YDOXH FDOOHG TJHQI
The model assumes additivity without dominance between alleles
(2) Individual phenotypic values (F) are drawn from a normal law of sd=0.5
241 0:) (A B4 Where &84 is the residual variability, among which phenotypic
plasticity.

(3) Individual fitness is estimated according a9 gL =& E > gE ?
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(4) The next generation is produced according with the mean fithess of thefefiént

genotypes.

Figure 8: Phenotypic evolution under three kinds of natural selectionréctional, balancing and diversifying. The first line
describes the relationship between the phenotypic value of a trait (PYl &ime fithess (W). The second line shows the
distribution of phenotypic value after 20 generations.

Despite its simplicity, the model is able to illustrate how naturaelection would drive
the mean phenotypic value in populationDirectional selection shifts the population mean
toward low or high phenotypic values and reduces the phenotypic imace in the
population.Stabilizing selection results in a population with the same population mean than
the original population but with restricted phenotypic variance whildiversifying selection

increases phenotypic variance by favoring genotypes with extreme phenotypic values.
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3.Phenotypic differentiation

If the relationship between traits and
fitness varies among habitats, natural
selection drives the genetic structuring of
functional traits and results in an inherent
phenotypic differentiation between
populations  submitted to divergent
selective pressures, figure 81

Because natural selection commonly
structures phenotypic traits and because
current patterns of phenotypic
differentiation result from past evolution,
analyzing paterns of phenotypic trait
distribution in popuations distributed
along environmental gradierts is one of the
most efficient ways to study local

adagation with phenotypic traits. It

Figure 81 Phenotypic divergence among habitats
submitted to divergent selection (i.e. different direction

selection within populations). and environmental sources of phenotypic

requires however to distinguish the genetic

variation through specific experiments such ggovenance tests and reciprocal transplant
experiments (box 7) asa phenotypic differentiation between sub-populations observied
situ may result from different plastic response without implying angenetic differentiation
(and then no local adaptation).

The structuring of phenotypic traits across natural landscapes is ldyggocumented
in both woody and non-woody plant populations: the literature isch with examples of
adaptations based on phenotypic traits that involve a wide range of eanmental gradients

(altitude, latitude) or specific constraints (temperature, water availaity, light, pathogens).
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BOX 7- THEORY
Studying patt ernsof phenoty pic divergencefrom provenancetests and reciprocal transplant

experiment

Several experiments may help apprehending genetically-driveimenotypic variability. They consist

LQ VXEPLWWLQJ GLIIHUHQW JHQHWLF JH® XSV RF RODISHERGWODIWLRQV D

conditions or to a panel of environmental conditions.

Provenance tests in common garden aim at quantifying the extent of genetically-driven phenotypid
variations in a single environment. In these experiments, phengig variation is attributable to genetic|
variability among provenances, according with the model P=p+G+r€ammon gardens are often realizeji
under non-limiting conditions that allow the expression of genetly-driven phenotypic divergence among
genetic groups, even if these conditions differ from the natunditions encountered in the wild.

Even if provenance tests in common (often non-limiting) catitions allow inferring patterns of
genetically-driven phenotypic variations, they cannot concluddout the implication of local adaptation ing
patterns of phenotypic differentiation among populations.

Both provenance tests in multiple conditions and reciprocal transplants aim at dissociating genetidg
and environmental sources of phenotypic variations, acdorg to the model P=pu+G+E+kxet+res These

experiments allow estimating the relative influence of environméal and genetic factors on total phenotypi

variability. Mainly, they allow distinguishing the global differentigion between genetic groups over
environmental conditions (G) from the differentiation in the me&n response to constraints (including bot
passive and active plasticity) among the genetic groupsxf). 1*H@OMVHQYLURQPHQW - L
particularly important when studying local adaptation, as w&ould expect significant kxe for fithess-related
traits when different populations are locally adapted to the wronmental conditions.

Provenance tests in multiple (and often constraining) conditions allow testing the sensitivity of
provenance to specific constraints by targeting one or severalismmnmental constraints. However, thesq
experiments cannot test all environmental factors encountered intur& (with all their interactions), leading
to non-generalizable resultReciprocal transplants, on the contrary, aim at testing local adaptation situ
even if identifying the environmental factors involved beawme highly difficult as natural gradients are
commonly associated with variations in numerous factorsahmay be inter-correlated.

Two main approaches are commonly involved for interpreting I(x&) and to infer the contribution
of local adaptation:

- HocalversusForeigner- HPSKDVL]HV WKH FRpogutiony RQ BEHWRHHQDQFHYV -
local populations are expected to shavhigher fitness than foreign demes.

- H ome versusAway -emphasizes the comparison of & R S X O DitvelsRe@ro¥s habitats.

However, these propositions are not equally relevant for testingcéd adaptation. Indeed, thef OR F [p
IRUHLJQHU - FU lebiheleffiRiEehcyodb @udrgevitvselection relative to other dutionary processes

WHUDFW

ZLWKLQ

O YV

ZKHUHDV TKRPH YV DZD\:- FRQIRXQ ®H WKHRIDI IZH AWKV HRY YA IUYRHIRIHH@WYDOHH | | |

quality for example (Kawecki 2004).
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Adaptation across latitudinal gradients

In the biological modelArabidopsis thalianBantaet al.(2007)
revealed significant differences among populations originating
from different latitudes in Europe for several vegetative traits
(bolting time, number of rosette leaves and rosette diameter).
Their results are largely consistent with adaptation as they found
an ordered gradient of phenotypic differentiation according with
the latitude of origin, figure 82 Moreover, they found a
significant geneby-environment interaction (region of origin X
growth chamber differing in light photoperiod) for a fitness trait
(number of fruits). However, interactions patterns did not reveal
a clear adaptive advantage of seedlings that naturally experienced
a given photoperiod comparetb others, making the result hard

Figure & Variations for to interpret ecologically. InPicea sitchensislimura & Aitken
vegetative traits across regions
origins (from Banta et al. 2007) (2010) found significant differences among provenances
originating from different latitudes of the Pacific coast of North
America for bud set, seedlings biomass and growth peridigjure 83 They also found
significant geneby-environment interactions (region of origin X growth chamber
simulating temperature and photoperiod of the different provenancseges) for height

LQFUHPHQW DQG JURZWK UDWH LQFUHPHQW FR@QFRUGDQW .

Figure 8 Phenotypic clines in selected
growth response variables in three
chamber environments by population o
provenance (from Mimura & Aitken
2010).
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Adaptation across altitudinal gradients

Altitudinal gradients also provide great examples of local adaptation in snéints.
Gonzalo-Turpin & Hazard (2009) useé reciprocal transplant experiment to study local
adaptation in the mountain plantFesuca eskiaThey found significant differences in
survival rate, growth traits (height, diameter), leaf traits (LDMC, SLA),and reproductive
traits (reproductive output allocation, spike
number, seed weight) among provenances
originating from different altitudes of the
Pyrenees mountains: plants from low
altitudes displayed lower survival, higher
height and diameter, smaller SLA and higher
reproductive fitness than plants from high
altitudes. They suggested that selection
favored higher SLA at high elevation (that

subsequently increased their efficiency of

. . . . . Figure 84: Effect of altitude in transplanted-. eskia
light interception and carbon gain). Producing .o, three different altitudes (from Gonzalo-Turpin

low-cost leaves at high elevation would permit & Hazard 2009).

plants to overcome constraints of short-growing season. Moreover, they fowighificant
geneby-environment interactions for survival and seed weight: plants fio middle and
KLJK DOWLWXGHY DSSHDUHG ZHOO DGOIWHRE WVOR FDKOH YW HF
criteria for survival, figure 84, while plants from low altitudes growing at their home
altitude produced heavier seeds than the others.

In a similar experiment, Byarset al.(2007) provided evidence of local adaptation in
Poa hiematd hey found significant differences among provenances for circumfererared
leaf length, with larger stem circumference and shorter leaf lengthsplants originating
from high altitudes. They suggested that these traits have underggmest directional
selection even if the exact reason why shorter leaves and wideruwinference were selected
for at high elevations is not obvious. They also found significant gebg-environment
interactions for survival: genotypes tended to survive better aetame altitude from which

they originated, suggesting a fithess advantage for populations growing at their heite
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Tree populations also
provide clear examples of inherent
phenotypic differentiation along
altitudinal gradients. In the
GymnospermPicea abie®leksyn
et al. (1998) found significant
relationship between phenotypic
traits and the elevation of the
native provenances for growth
(Height and DBH increment),

biomass allocation and carbon Figure 85 Relationship between altitude of provenance and

assimilation using a common seedling growth in a common garden (from Oleksyet al.1998)

garden experimentfigure 85. Significant relationships were also found between these traits
and the mean annual temperature of the provenance sites, suggestiagthe phenotypic
structuring may be partly adaptive and driven by temperatures.
Even if studies based on natural gradients provide clear exampldeadl adaptation,
the ecological interpretation of the observed variation in traits is often compted as
natural gradients are complex and associated with changes in many bietitabiotic factors
PRLVWXUH WHPSHUDWXUH H[SRVXUH Z21H)GDWRRQ ARG LV

cannot be isolated from each other.

Adaptation to drought

In Impatiens capensideschel & Riginos (2005) revealed significant differences in
water use efficiency (WUE) as well as in stomatal conductance (gs)daleaf size among
provenances when submitted to drought: they found that populationsgsniating from dry
sites decreased their stomatal conductance to a larger extent than latipns from wet sites
when submitted to soil water deficit by comparison with a well-wated treatment.
Moreover, plants from dry sites had smaller leaves in well-waggr conditions but equal leaf
size than plants from wet sites when submitted to soil water deficitast, plants from dry
populations flowered earlier and produced more flowers andifs than plants from wet
sites whatever the soil water availability. They suggested thatritay be adaptive fod.
capensifo maximize carbon assimilation through early-flowering for plants aginating

from dry sites. Similarly, Rajakuraet al.(2003) observed that races lodsthenia californica
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from dry sites were able to maintain reproductive fithess undesw water availability,
suggesting they were quite well adaptatido soil water deficits

In the tree specieRinus pinasteNguyens-Queyrens & Bouchet-Lannat (2003) found
that the negative relationship between relative water content anchadic adjustment in
needles varied between provenances originating from sites differing imaal rainfall,
figure 86. They suggested that the different populations probably devedopdivergent
strategies, some limiting water loss by stomatal closure (wetopenances), and others
favoring water circulation with the help of an integrated whole-plant sttagy of which
osmotic adjustment represents one mechanism (dry provenances).

In Fagus sylvaticaMeier & Leuschner (2008) revealed that populations from drier

sites of Germany allocated more carbon to roots and displayed a lafigerroot turnover.

Figure 86 Osmotic adjustment of five provenances (left). Relationghbetween the slope of the second phase of
osmotic adjustment curves and mean annual rainfall at the site of arigight). From Nguyen-Queyrens &
Bouchet-Lannat 2003.

Adaptation to other constraints (light, herbivores)

In the Mediterranean Fagaced@uercs cocciferaBalagueret al.(2001) revealed that
populations of the Iberian Peninsula differed in their phenotypic plasty in response to
irradiance for nutrient content and partitioning, leaf size, leaf area ratio afar crown
architecture. These differences suggested ecotypic differentiatidoward a lower
phenotypic plasticity in the most homogeneous irradiance environment (foreby
comparison with garrigue and rock provenances)

In Quercus rubrgopulations occupying a Missouri oak-hickory forest, seedlings
showed less herbivore damage when planted at the site of ta¢éarmal plant figure 87 (Sork
et al.1998
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Adaptation in tropical rainforests?

The literature is however poorer in tropical
than in temperate ecosystemSeveral studies hae
already reported a structuring of phenotypic traits
among trees originating from different areas
(Guazuma crinita(Rochon et al. 2007) and
Calycophyllum spruceany®otelo Montes et al.
2007) in Peruvian AmazonSwietenia macrophylla
(Wightman et al.2007) andCedrela odorat@Vard
et al.2008 in the Yucatan Peninsula of Mexico) but
the aim of these studies was mainly to select
varieties with interesting wood properties By
contrast, only few studies addresslthe question of
local adaptation in driving phenotypic divergence
across forest landscapes in tropical areas.

In  Eucalyptus marginata populations
HVWDEOLVKHG LQ $XaV/(@o0rpfaubd 2-%ULHQ
that trees from low rainfall sites had smaller stenr  Figure 87 Percentage of leaf damage

depending on population origin and

diameter. They suggestd that lower growth may  transplant sites (from Sorket al.1993)
be a strategy to prevent drought stress. Moreover, they foundttiseedlings from high
rainfall sites had poorer survival in drier sites than seedlings originatifigm these sites,
suggesting that adaptation to drought may be involved. [@edrela odoratestablished in
Costa rica, Navarroet al.found that seedlings from the dry areas were taller, had higher
diameter and had higher leaflets than those from wet sites. Rlagrowth would facilitate
plant survival during the dry season after short wet periods. In thgee species
Parapiptadenia rigidsstablished in Brazil, Silva et al. (2010) found evidence of ecotypic
differentiation in relation to flooding for root properties, aerenchymérmation, growth
recovery after flooding and leaf production. In the LamiaceAegiphila sellowian&edri et
al. (2011) found that plant surviving to flood were genetically distinctofn plant not
surviving.

In this study, | used provenance tests in both controlled (shadehes)sand wild

conditions (reciprocal transplants) to by decompose phenotypic variations into genatid
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environmental factors and to assess whether growth and leafittavere structured in
relation to local environmental patchiness ikperua falcatésee below for an overview of

the main results, complete results and discussion are describe in thel@n°4).
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Summary of PhD results:
Local habitat patchinessis asodated with astrong genetic divergencefor phenotypic traits

in seedlings growing in non-limiting conditions (see article n°4).

As described previously, we used a common garden experiment im-fimitin g
conditions to study phenotypic differentiation within continuous populations occymg
different habitats for two congeneric, sympatric, and ecologically divergent drgpecies
(Eperua falcatandE. grandifloraFabaceae). We tested (a) whether conspecific populatig
growing in different habitats diverge at functional traits and (b) whethethey diverge in
the same way as congeneric species having different habitat preferences.

In both species, seedling populations native of different habitats deymd
phenotypic divergence for several traits (including seedling growth, biass allocation, leaf
chemistry, photosynthesis and carbon isotope compositipfijgure 88. This may occur
through heritable genetic variation or other maternally inherited effect©ur results
indicate that mother trees from different habitats transmit divergent traialues to their
progeny, and suggest that local environmental variation selects forfeli€nt trait optima
even at a very local spatial scale. Traits for which differentiation within spesi@llows the
same pattern as differentiation between species indicate that the samigioal processe;

underlie intra- and interspecific variation.

Seadling native from dif ferent native habitats are equally affected by drought and water-

logging congtraint s (see article n°5).

In parallel of the common garden experiment in non-limiting conditions, asof
seedlings was submitted to six months of highlgonstraining hydric conditions: severe
drought and water-logging. We hypothesized that local heterogeneity magve drivena
divergence in seedlings sensitivity to hydric constraints between sub-plagions coming
from different habitat types.

The results revealed a significant effect of provenance (as alreatgerved in non-
limiting conditions) as well as strong effects of the treatment common to allqvenances.
However, no differences between provenances were detectetbimstraining conditions for

any growth or leaf trait
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For example, both constraints affected seedling growth (by decreasing a';ml
growth rate and total biomass in the case of drought), induced a shift in biomalscation
to leaves by decreasing seedlings LMR, and induced a change in lea$ pasarea thaf
increased in a greater degree in response to wébgging than in response to drough
While drought induced no change in RMR, water-logging induced a significant dexse in
biomass allocation to roots, probably because of the death of thaeat root system that
was replaced by adventitious rootgigure 89).

However, no differences between provenances were detectedcamstraining
conditions for any recorded traits, thus revealing that the seedlirgsming from different
habitat types were equally affecteloly drought and water-logging. These resulésiggest the
genetically-driven phenotypic differentiation between the provenancesrnst a result of
local adaptation to hydric conditions. This experiment does not allow, hovesy to
completely exclude the influence of local adaptation in driving the genetic stturing
between local conditions, as (i) micro-habitats differ not only in hydric coittbns, but also
in a variety of other environmental factors including many abiotic and biatifactors and
(ii) the constraints exerted may have been too severe, and wek lsnformation about the

reaction norm of the different provenance to each constraint.

Dissecting genetic and environmental sources of in situ phenoty pic variationsis gaing to be

assessed through areciprocal transplant experiment (see Preliminary results of reciprocal

WEQSDOM.

In a third time, we realized a reciprocal transplant experiment invong the two
study sites of Laussat and Regina to test the local adaptation hypothesis id @anditions.
We sampled seeds from two habitat types (bottomland and tefrane) in the two study
sites and transplanted young seedlings in all sites and micro-habitahditons. This
experiment was set up at the beginning of this PhD and will be followed until 2015.

Up to now, significant effects of provenances and transplant sitevere detected o
seedling growth at both regional and local scales, but any provendmgéransplant
interaction was detected. Subsequently, we detected any differencevéen local andj
foreigners in the different transplant sites. However, the seedlings greery slowly in the
wild by comparison with those placed in shade houses, andythee probably too young tq

detect clear effects. It is thus too early to interpret propetlyis experiment and reciproca
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Figure 8: Phenotypic differentiation among habitat types for growth, binass allocation and
leaf traits for two species sampled at Paracou. Bayesian depes of each group from the global
mean are shown as boxes; error bars show the 95% credible intertakbadstimated parameters.

For each plot: left box=hilltop, middle box=slope, right bokettomland.
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Figure 8: Bayesian estimates
(with 95% credible intervals)
of phenotypic values
displayed by the different
provenances (habitat types) in
the different hydric

conditions (drought, control,
water-logging) for a subset of
the recorded traits: total
biomass, leaf mass per area
(LMA), leaf mass ratio

(LMR) and root mass ratio
(RMR).



DISCUSSION

1.Neutralism and adgptation in Epeua falcaa

The study of species evolution and genetic diversification in tropical rainfotes
remain a vast and difficult topic. The combination of an immense divsity of species, the
few number of studies available and the difficulties in studying specesd populations in
such diverse (and sometimes hostile) environment has largéipited the comprehension
of the mechanisms involved. However, more research efforts hdneen made during the
twenty past years and help understanding how species evolve irchsiparticular
environments.

Recent biogeographic and phylogeographic studies have investigatedbtiiding of
biodiversity in Amazonia through geological ages, mainly through the studyf past
processes of colonization of species from other continents and of spetiversification
caused by orogenic and climatic (ice agetjanges (eg. Hoorret al.2010, Scotti-Saintagne
et al 2012, Duminiet al.2006) Moreover, several community ecology studies have observed
profound changes in forest community structure and compositions in relation to
environmental conditions (eg. Kahn 1987, Kraét al. 2008); and have highligled the
probable influence of adaptive radiation in speciation processes (eg. Baraloah.2007). In
particular, many tree genera are composed by species differingtheir ecological
preferences to particular environmental conditions, among which locallditat patchiness
caused by topography attracts a particular attention.

Even if the processes causing the spatial genetic structurimgree populations are
well documented in temperate zones, tropical rainforests suffer framack of knowledge
about the process of populations evolution and the genetic structuringreé populations at
intra-specific level (at a level of genetic differentiation more recent thanetdivergence
between species), Savolainest al.2007. Many studies have already provided evidence of
genetic differentiation in temperate plant populations caused by bathutral and adaptive
processes involving a large variety of environmental gradients and jsgbnt ecological
factors such as climatic factors (temperature, precipitation), edapfactors (soil properties
among which soil water availability, nutrients), and biotic interactions competition,
SUHGDWLRQ PXVCAISO® & WRtondWeE &978, Gonzalez-Martinez et al. 2006,
Savolainenet al.2007, Leimu & Fischer 2008, Sktial.2008, Savolaineat al 2011, Strasburg
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et al.2011, Le Corre & Kremer 20kPthe tropical rainforest of Amazonia, many studies
have already addressed the question of neutral differentiation causedisricted gene flow
and local inbreeding (Wardet al.2005, Hardyet al.2006, Dicket al.2008), but no study has
yet integrated both neutral and adaptive aspects of populations evoluta intra-specific

level in Amazonia.

In this study, | used a common tree species of the Guiana shidigh¢rua falcajao
study how evolution has structured the genetic diversity in Neotropictorest landscapes.
Both molecular and phenotypic approaches provide evidencasifong genetic structuring
over very local spdtial scales (only several hundred of meters) due ta combination of
neutral (mainly limited seed dispersal and probably local inbreedjrapnd adapti ve processes

(driven by environmental factors associated local habitat patchiness).

Based on more than one thousand AFLPs loartjcle n°2), a genome-scan approach
revealed a strong fine-scale genetic structuring (SGS) with a strong relatesinbetween
adult trees closer than few dozens of meters to each other in the wtites of Laussat and
Regina. This result was corroborated by the blind analysis of genedicucturing within
sites, revealing that related trees are geographically grouped armdptitobable clumping of
progeny arrays, as it is the case in numerous Neotropical tree spe@iéard et al.2005,
Hardy et al.2006, Dicket al.2008). Moreover, gene dispersal distances were estimated to be
very low in these two populations (~46 and ~64 meters in Laussat Regina respectively).
Thus, a combination ofa restricted gene flow with high local densities may have driven
neutral genetic differentiation at very local scales (hundreds of meters) timese two
populations. We can also easily imagine that such clumping would be remckd by local
inbreeding, as mating would occur mainly among neighbors in populations afjth
population densities This structuring of genetic diversity results in a significant, albeit
small, genetic differentiation among local habitat types in these two studies (Fst~0.03 in
Regina and Fst~0.04 in Laussat).

Even if the major part & the genetic differentiation among local habitats
(bottomlands and terra-firm@ may be attributable to neutral processes, the genome scan
approach revealed that several loci (between 0.3% and 1.8%) mapwever structured by
selective processes associated with variations in topography and pooperties. In

particular, many outliers displayed similar patterns of band fregoncy variations among
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local habitats in the two study sites. Moreover, local adaptation may cobtrie to explain
the very low estimated gene flow, as all genotypes are not neaelysable to establish in all
micro-habitats. The proportion of outliers detected here is however ydow, probably
because local adaptation has a minor contribution in governing the genetic difigetion
over short spatial scales. It is however possible that the tfwints of natural selection
detected here do not catch the entire extent of divergent selection amloegl habitats. In
some cases, when many loci are involved in local adaptation, and whatural selection
models the genetic correlations between loci rather than fixing allek individual loci, the
differentiation at selected loci @fstorL ) IS close to the neutral genetic differentiation
estimated overall loci (Fst) and results in a lack of power ¢ietect outliers using Fst-based
selection tests (Le Corre & Kremer 2012). Because local adaptation maynadmplex traits
(i.e. traits controlled by a complex genetic architecture), it is possitthat we fail to detect
many selected lociHowever, the main limit of this approach is that the molecular markers
analyzed are anonymous and cannot provide any information about the ejen role
potentially played by outlier loci.

A candidate gene approach (articlen®]) revealed that divergent selection among local
habitats affect SNPs within two genes of functional importance (a farnesyhksferase and
a catalase) and within one las of unknown function in the study sites of Paracou and
Nouragues (Audigeos 2010, Audigeetsal.2018 The identity of the genes submitted to
divergent selection is an important piece of information for understanding whidactors
are involved in the process of local adaptation. The farnesyltréarase gene is a negative
regulator of absissic acid signal transduction in guard cell that is a major hormone inwexdiv
in stomatal closure during drought stress (Cutlezt al. 1996, Schroedest al. 2001). The
catalase, on the contrary, may be related to oxidative stresses indlubg hypoxia
(Willekens et al.1997, Mittler 2002, Blokhinat al.2003): as soil aeration and root respiration
decrease during water-logging, and hydrogen peroxide is produced by chibmdria and
accumulated into root cells. The catalase contributes to detoxify thedrogen peroxide
through the reaction: 2HO> o O2+2HO. However, this study involved too few loci to
prove adaptation ofEperua falcataub-populations to particular soil water constraints and
associated stresses (mainly drought and hypoxia), and would be comgldtg a study
including many other candidate genes.

Even if both genome scan and candidate gene approaches haezadwnits, they

converge toward the idea that local adaptation to constraints associatédl wpography
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and soil properties contributes to structure a fraction of the genoofe&Eperua falcatd hese
results motivate further investigations in the genetics of divergemcThe analysis of the
transcriptome by 454-pyrosequencingarticle n°3 allowed the identification and the
characterization of thousands of expressed genes, among which some apeces to be
polymorphic. This database provides a valuable source of candid@atees for developing a
genome-scan approach integrating a large panel of genes of known functiamgusext-

generation sequencing or genotyping technologies.

Thelocal genetic structuring in forest landscapes observed at themolecular level was

also evident a the phenotypic level.

A common garden experiment in non-limiting condition s (article n°4) revealed that
the native habitat of the mother trees explained a significant fraction of pluypic
differentiation for the majority of growth and leaf-traits. Even if seedhass was taken into
account, we cannot completely exclude that a part of these divergenmnay be due to other
maternal effects. 1 remain however probable that a part of them could be truly geneticsl
thus result from the action of local evolutionary processes. Thssudy did not allow
affirming that the inherent phenotypic differentiation observed here was &gn by natural
selection rather than by other (and neutral) evolutionary proses. There are however some
indications that it may be:

(1) The plot we studied (in the experimental site of Paracou) is an enviraental mosaic
where a single bottomland is bordered by two slopes and two hilltofhss poorly probable
that random neutral processes would have driven such mirrordikand thus symmetrical)
phenotypic differentiation on both sides of the bottomland.

(2)  The different micro-habitats are potentially connected by gene flow, e distance
between closed habitats is lower than the expected gene flaus thus poorly probable that
the different sub-populations would have experienced different historiemnsidering both
their demography and the genetic drift.

(3)  The patterns of phenotypic differentiation were surprisingly similar whin the two
Eperuaspecies. In particular, | have chosen a hierarchical model for estimating thectfbf
native habitat within the two species independently rather than testingrfa global effect
of native habitat. The fact that two species unrelated by gene flow displayse patterns of

phenotypic differentiation preferentially suggest the influence of lat adaptation rather
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than neutral processes. However, we cannot exclude that maternaté@f not taken into
account (such as seed quality) and common to both species would bem&ibuted to model
similar patterns within the two species.

Last, the growth conditions during experiment were very different tmatural
conditions encountered by seedlings in the wild, and we may not camg about the
maintenance of such phenotypic differentiatiom situ

A second experiment in which seedlings native from different micsoabitats were
experimentally submitted to drought and water-loggingagticle n°5) revealed that different
provenances were equally sensitive to severe constraints: theawgh rate decreased when
submitted to constraining conditionsbut resulted in similar growth rate between
provenances. This result revealed the absence of differentidhptation to drought and
water-logging of the different provenances, suggesting that the geneticalliven
phenotypic differentiation between the provenances is not a resoftlocal adaptation to
hydric conditions or to hydric conditions alone. Because micro-habitats diffeot only in
hydric constraints but also in a variety of abiotic (soil and litter cha@oal composition, light)
and biotic factors (community composition, predation), we can suppos$igat other
environmental factors not tested here (or a combination of them) may hawaused the
phenotypic differentiation between sub-populations observed in non-limg conditions.
Moreover, this experiment do not allow to completely exclude the laénce of hydric
constraints in driving local adaptation, as the constraints exerted may haverb®o severe,
and we lack information about the reaction norm of the different pvenance to each

constraint  Indeed, we
observed two extreme
states corresponding to
non-limiting  conditions
and extreme drought ad
water-logging after six
months of stress
However, without
information about the
evolution of growth at
Figure 90: Possible reaction norms leading to the observed states. intermediate  levels  of

constraints, we cannot properly conclude that seedlings from diffetanative habitats are
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equally sensitive to hydric constraintsfigure 90.

Reciprocal transplants will helps testing the hypothesis of local adaptation in natural
conditions (see Beliminary results). Up to now, the experiment is however too young to
be discussed as the seedlings grow very slowly and remain vemall two years after
sowing. A significant, albeit small, effect of the local provenance was detetfer some
traits (mainly survival), but any geneby-environment interactions was detected at early
developmental stages. Moreover, any differences between lomatl foreigners were
detected in each transplant conditions as the seedlings remain very snmallthe effects not
clear. This experiment will however be followed until 2015, atite span of the recorded
traits will be extended to many other growth (total biomass accumtitan and allocation to
leaves stems and roots) and leaf traits (chlorophyll content, camband nitrogen content

leaf thickness).

Taken together, these results suggest that the genetic diversity of Epeua falcata is
structured at very local scale (in the order of several hundredsof meters), mainly by neutral
processes. However, local habitat patchiness and asodated divergent selective pressures

may contri bute to enhance the genetic structuring over very short spatial scales.

Figure 91 The local structuring of genetic diversity irEperua falcata
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2.0pen questions and perspectives

This study helped understanding how evolution operates in Neopical tree
populations over short spatial scales, in the order of several huddog meters. Several
guestions remain however widely opened:

(1) How restricted gene flow and local inbreeding govern the spatial dynas of
Eperua falcatpopulations (demography) and the structuring of genetic diversity
over short spatial scales?

(2) Have the different demes (sub-populations inhabiting different micro-hahts)
and populations (inhabiting the different study sites) experienced thense
demographic history or not?

(3) What is the real extent of local adaptation in the whole genome Bperua falcata

(4) Do different populations adapt to the same agent of selection (i.e. cible
environmental factors) in a same way or local adaptation involves diféet traits
and genes depending on the study site?

(5) Is local adaptation responsible for the phenotypic differentiation observed
seedling in non-limiting conditions?

(5a) What is the genetic architecture of the structured traits?
(5b) Do these genes show footprints of natural selection or not?

(6) Is there a phenotypic differentiation also visible on adult trees? (And how ¢ope
with populations composed by trees of different ages with different ogenic
histories?)

All these questions motivate further investigations, on both adufee populations and
the recruited seedlings.

Some of these questions will be completed through two years of posttoiate. As
the reciprocal transplants will be followed until 2015, the exp®nt will be coupled with
advanced genetic investigations based on both adult trees and transplantedlisge In
particular, | plan to use NGS technologies to re-sequence hundredsesfes (or genotype
SNPs within) chosen among the unigenes described from 454 analysigic{e n°3). This
work will be useful for:

- Searching the pedigrees of the transplant seedlings and search for fatheémother

trees among the whole populations of adults.

- Estimating the realized gene flow from one generation (the adult treeattfructified
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in 2011) to another (the seedlings recruited in 2011) in Laussat and Regiratjmoyu

- Measuring the extent of inbreeding in the generation of seedlings.

- Developing an association genetics approach that will aim at identifyingetgenes

controlling the phenotypic traits studied.

In parallel to the reciprocal transplant experiment, | used the Hi§#lumina technology
to sequence the whole-genome of 40 adult trees inhabiting LaussatRegina study sites
(10 trees within each micro-habitat and site). The assembly of the velhprt reads obtained
will be facilitated by the already available transcriptome (eithby mapping the short-reads
on the assembled transcriptome of by realizing a hybrid asseynbbmbining both long
reads from 454-pyrosequencing and short reads from lllumina teclogy). This
experiment will help me to estimate the genetic differentiationetween micro-habitats and
the real extent of divergent selections in the whole genomé Bperua falcataAs the
assembled unigenes will be blasted and annotated, it will leadrore precise conclusions
about the identity of the genes targeted by natural selection in the twopplations of
Laussat and Regina.
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3.Importance of assessing genetic diversity in a changing world

Contemporary changes and predictions

As it is the case in numerous regions of the world, the Amazon basing@ing to
experience strong climatic changes. Since the mid-1970s, all tropical forestsnediave
experienced a warming at a mean rate of 0.26+0.05°C per defigdee 92 (Malhi & Wright
2004) In the particular case of French Guiana, temperatures showmaikr trend, with an
increase of about 0.25°C per decade (Wagner 2011). Since 1970s, precipiatiars &0 have
declined in tropical forest regions at a rate of 1.0+£0.8% per decade witHouwever,a
significant trend in Amazonia. However,Li et al.(2008) revealed a significant increase in
the frequency of dry events for the period 1970-1999, while Aeized. (2011) have reported a
decrease in cloudiness with an increase in solar irradiance in Amazonia for ool 1987-
2007. Moreover, the majority of models from the IPCC scenarios exp a significant
decrease in precipitation
in the Amazon region,
and a drier climate for
the 21 century (Johnset
al. 2003, Burket al.2006.

Understanding the Figure @ Rate of temperature change (°C per decade) in each tropical fore
limits of populations subregions (a) for the period 1960-1998; (b) for the period 1998- (from

Malhi & Wright 2004)
persistence

Climate-based species distribution models predict a redistributiohtree species in
the world during the next century (Aitken et al. 2008). These models postulate that
environmental conditions are the primary determinant of species distributionspecies
future range distributions are predicted by projecting the presesdological niches of the
species on maps representing future climate scenarios. Howetleese models are often
unrealistic as they take into account neither the potential of species éneir populations
to evolve, nor their true dispersal abilities with an evolutionary point of we
Thus, understanding if and how species would be able to overeorapid climate changes
require understanding the limits of population persistence (Chewvat al.2010, Hoffman &
Sgro 2011).

(QYLURQPHQWDO FKDQJHV WKUHDWHQ ®$BySafecbWLRQV
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S R S X O Dsi¥d, Reglvig to strong genetic drift. Combined together, the reduction of
population size reinforced by genetic drift erodes the genetic diversity mdpulations

1 ERW W O H QlebVrihg tHemHineMY vulnerable to changes. Two mechanisms may allow
populations to avoid extinctionmigraion andadagation (Aitken et al.2008, Cheviret al.
2010). Thus predicting the ability of populations to overcome enviroemal changes
requires assessing the ability of populations to adapt locally to new atads, or to migrate

toward other favorable areas.

Adaptation to new conditions would primarily depend on the strength of selection
exerted by both abiotic (climate change) and biotic factors (such as ingpecific
competition with species that recently colonized the area). Secondly, adaptato new
conditions would depend on both (1) the available genetic diversity fdimate-related
functional traits in the population and (2) the ratio between the rate of eronmental
change and the rate of adaptation that include both the fecundity and theegation time
of the species considered. Tree populations commonly display laggaetic variations for
functional traits as they display large heritability values. Moreovethe genetic diversity is
often spatially structured by local evolutionary processes (suchlaeea adatation) that
contribute to maintain high levels of genetic diversity in forest landscapes (Dirzo & Raven
2003, Kawecki & Ebert 2004however, directional selection is subsequently supposed to
affect the genetic diversity for such climate-related genes, Ve populations more
vulnerable to future changes (Jump & Penuelas 2005). Last, inter-spelifiiridization,
which is common in tropical rainforests, is also of major importance, as shghridizations
may produce new genotypes with higher fithess than parental speciesffbiud et al.2003,
Aitken et al. 2008)

In this study, the glasshouse experiments revealed that the mayoaf growth and
leaf traits vary significantly between seedlings progenies, leading tohhigaternal family-
to-total variance ratios (*m/ \#p) and probably high heritability values in the congeneric
speciesEperua falcatand E. grandifloraMoreover, both neutral and adaptive processes
contribute to structure the genetic diversity over short spatial scalestimazonia, and thus
to maintain high levels of genetic diversity in large areas. Thessuts suggest the existence
of an extensive genetic variability for phenotypic traits in widespread natuiadpulations
of Eperuathat would be beneficDO IRU IXWXUH SRSXODWLRQV:- DGDSW

climate change.
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Migration toward anew area (i.e. the establishment of a new population in a new
area in the case of plant species) requires that the distance tdhmmdfavorable habitat
would be lower than seed dispersal. It depends both on thecsps properties to realize long-
distance dispersal and on the fragmentation of the habitat: testablishment of a new
population inanew area requires that a favorable environmieof sufficient area would be

DYDLODEOH LQ WKH OLPLWYV RI W KMor8dwes, Xhe bowniAat@n/of GLV SH L
a new area requires a sufficient number of founders (Huffoet al.2003), because a new
population composed by too few founders (and thus with a poor genetiedsity) would

be submitted to strong genetic drift and thus may not establish durably.

Analysing the fine-scale genetic structuring ikperua falcateevealed that gene flow
is highly restricted (less than hundreds of meters), that is lowergwious estimates of gene
flow in the congenericE. grandifloraSuch limitations of gene flow would be critical for this
species to colonize new areas in the current context of rapid climatanges. However, this

study did not investigate the process of rare long-distance gene flovigirfalcata

Last, phenoty pic pladicity may also be of major importance, &may contribute to
buffer populations against extinction. Accordingo Pigliucci (Pigliucci 2001), phenotypic
plasticity may be viewed as a proximate cause of developmental chaiipe. ability of a
species to develop phenotypic plasticity (i.e. the ability of some imidiuals composing the
population to overcome environmental changes by altering either their giology or their
morphology) may prevent local extinction of the populations, at least atoshterm before
adaptation Moreover, once small founder populations are established in a reeea, the
phenotypic plasticity of founders may allow for the persistence of the nigwestablished
populations (Aitken et al.2@8).

Submitting E. falcataseedlings to soil water content constraints revealed that growth
was significantly affected by both drought and water-logging by compaon with non-
limiting conditions. Moreover, soil constraints induced changes in leaf traisuggesting that
E. falcatds able to develop plastic response to environmental constraiatepng which soil
water depletion In addition to previous studies revealing thdE. falcatas well tolerant to
drought (Bonal et al.2011), this study revealed its ability to develop phenotypic plasticity
that may contribute to prevent local extinctions in the context of global warming in

Amazonia.

115



Even if studying each species of the Amazonia remain impossible, ma@search
efforts -at least on the more abundant tree species- should ledpecting the capacity of
neotropical trees to deal with rapid climate change. In particular, studyitige process of
evolution in tropical forest landscape allows:

I estimating the ability of species to migrate toward new habitats and theirgration
rate,

T estimating the extent of phenotypic variations for traits involved in plarresponse
to stresses (mainly droughtfigure 93 and assessing the extent of genetic diversity

for the underlying climate-related genes.

Figure 93 Mechanisms of plant response to drought stress. (from Chaetsl.2003)
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Published in: Journal of Evolutionary Biology (20128 p 52%44(doi: 10.1111/jeb.13069

Abstract

Unveiling the genetic basis of local adaptation to environmental variation is ajor
goal in molecular ecology. In rugged landscapes characterizee@iyironmental mosaics,
living populations and communities can experience steep ecological gradients oeey
short geographical distances. In lowland tropical forests, interspecific divergein edaphic
specializaton IRU VHDVRQDOO\ ARRGHG ERWWRPODQGV KIDQG VHD
been proven by ecological studies on adaptive traits. Some speceesavertheless capable
RI' FRYHULQJ WKH HQWLUH VSDQ RI WKFfr adap@ioeH QW LQW
contrasting conditions may explain the distribution of such ecological generalists.eW
investigated whether local divergence happens at small spatialessin two stands oEperua
falcata(Fabaceae), a widespread tree species of the Guiana Shield. Westigaatded Single
Nucleotide Polymorphisms (SNP) and sequence divergence as well patial genetic
structure (SGS) at four genes putatively involved in stress responsel dhree genes with
XQNQRZQ IXQFWLRQ 6LJQLAF D Q Vobdetv@dhdng s@tpapdlatisnd W L D W |
within stands, and eight SNP loci showed patterns compatible with distiyg selection.
SGS analysis showed genetic turnover along the gradients at three loci, aintkast one
haplotype was found to be in repulsion with one habitat. Taken togethéhese results
suygJHVW JHQHWLF GLIIHUHQWLDWLRQ DW VPDIywtheS§2eWLDO V
that heterogeneous environments may cause molecular divergepossibly associated to

local adaptation inE. falcata
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Introduction

Environmental gradients 2 the more or less continuous spatial variations of biotic
and abiotic conditions? and environmental patchiness produce spatially variable stie
pressure on biological populations, inducing KHLU JHQHWLF GLYHUVLAFDWL
adaptation (Antonovics 1971, Linhart & Grant 1996, Kawecki &Ebert 2004pBawen « al.
2004, Fineet al. 2005, Hedrick 2006, Namrouekt al. 2008). Correlation between
environmental variables and frequencies of adaptive genetic variamés been repeatedly
observed, and such patterns have generally been interpretedigizatures of selection
forcing genetic pools to adjust to local environment (Storz & Kelly 2008, edgdrick 2006).
The observation of adaptive genetic divergence between populationsupging different
parts of an environmental gradient is therefore suggestive of theiactof disruptive
selection in favor of local adaptation.

The study of how genetic diversity is coupled with environmental gdients rests on
solid theory, and stems from the rather intuitive idea that genetiturn-over can be
TXDQWLAHG WKURXJKIFKDXQHEVLHY DID@AH OWKDW LI D JUDGL
frequencies, then an association should be present between the (fmpersm 2003).
$OWKRXJK ZLWK FRQVLGHUDEOH UHWAI BB evdlkdicdl-D SSUR L
genetic gradients (Bergmann 1978, Ingvarssgiral.2005, Joost al.2007, Ingvarsson 2008,
Eckertet al.2009, Coopet al.2010, Eckert al. 2010 Fournier-Levelet al.2011, Montesinos-
Navarro et al.2011, Hancockt al.2011, Chent al.2012), including those of populations
inhabiting contrasting habitats.

Conventionally, the effect of environmental gradients has been sought les that
go from regional to continental (Achee et al.2005, Tsumurat al.2007, Evenet al.2008,
Namroud et al. 2008), implicitly assuming that at shorter scales migration will
systematically overwhelm selection. Nevertheless, there aeasons to think that disruptive
selection acts even at very local scales. Even in the absence eftsat gradients, genetic
relatedness tends to be spatially structured in plant populatidiasd particularly in trees)
because of preferential dispersal in the close neighborhood. Litiotes to dispersal can
therefore reinforce differential, spatially structured disruptive edection. Conversely,
PRGHUDWH OHYHOV RI JHQH A&ptatdi, hy@rablHdive-enwrgadcée) DW H F
of novel multilocus genotypes and by exposing alleles to multiplaveonments, thus
facilitating the action of selective Aters (Goudet et al.2009, Kremer & Le Corre, 2012).

Finally, most plant populations produce a large excess of seedssaedllings each season,
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which should set the stage for very strong selection, even if it is paltyf confounded by
random processes. The existence of local adaptation in spiedHQH ARZ KDV EHHQ UH
atthe very short spatial scale in animals (Storz, 2006LQDUWLAFLDO SORWYV IRU RX
pollinated annual plants (Freelanét al.2010) but also on larger scales for wind-pollinated
trees (Savolaineret al.2007, Evenet al.2008, Eckeret al.2009, Eckeret al.201 Jump &
Penuelas (2005) have reviewed proofs that intra-population genetic variatior traits and
genes related to response to climatic gradients exists in plant spediasir analysis rests
on a long tradition of studies on local adaptation to patchy or continuously varying
environments, of which clear examples are found in annual plants at bdle landscape
(Angert & Schemske, 2005, Manet al.2010, Poncett al.2010) and within-population scale
(Schmitt & Gamble 1990). FoLQVWDQFH ORFDO DGDSWDWhoRQIaDY EHH
level for tree species within a range of less than 3 km (Juetml.2006), and parapatric or
sympatric speciation for palms has likely occurred on a single 12 istand (Savolainenet
al. 2006, Babilet al.2009). Thus, even for long-lived organisms, such as trees and paitn
is possible to observe genetic divergence at a very local siragpite of the (real or expected)
SUHVHQFH RI UHFXUU H Qonhen@aHatcReE oDgdRiaS ofthe gradient.
It is therefore legitimate to ask whether locally variable selection ¢tobutes to the
G L Y Hativr_ ok sub-populations and to the build-up and maintenance of gendii@rsity
and adaptive potential in tree species.

With the development of genomic methods, several strategies for testing the
association of Expressed Sequence Tags (EST), Single Nucleotide Polymorph(Sh&°>s)
or anonymous markers with traits and/or eco-logical preferences (associatioapming;
population genomics) have been introduced (Luikagt al.2003, Neale & Savolainen 2004,
Gonzalez-Martinez et al.2006, Eckeret al.2009). These methods usually require a priori
information that may not be easily accessible for nonmodel taxa (Luikat al.2003), while
enabling gene-level selection studies without prior knowledge about tiedationship of
phenotype to genotype or the precise function of candidate loci (Storz 20G&semagi &
Primmer 2005). Higher (or lower)-than-expected levels of @ikgence among populations at
a given locus is then taken as suggestive of disruptive (otbdiaing) selection (Beaumont
& Nichols 1996, Luikartet al. 2003, Beaumont & Balding 2004, Storz 2005, Gonzalez-
Martinez et al.2006, Riebleet al.2008). This strategy can be applied at the genome level,
when extensive genomic information is available, or to sets of candidaenegs (Phillips

2005, Wright & Gaut 2005) when a particular ecological and physiological psces
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targeted.
When environmental factors are spatially structured, for exampla the case of
habitat patches or gradients, the study of Spatial Genetic Structure (SGS) cao &islp
testing the association of genotypes and environ-mental conditions. SGS caultdrom a
variety of processes, including spatially structured selection anchited dispersal (Condit
et al.1996, Clarlet al.1998, Plotkiret al.2000). It is therefore necessary to distin-guish the
relative role of the different evolutionary forces (Heywood 199Manel et al. 2003,
Vekemans & Hardy 2004). In structured environments, the distribution of getypes
relative to habitat gradients can be compared with the overall distribution @&rptypes (or
to a null distribution). 6 SHFLAFDOO\ D W -@R Belectich GtHdJex@eactédHthiat
turnover of alleles is steeper along the gradient than in any other direat(and between
ecologically contrasted zones than between randomly drawn zones; Oden & Sokal, 1986).
Landscapes with abrupt habitat changes occurring over short spacdles and with an
alternation of eco-logically divergent habitat patches provide a suitablg@ogunity for the
study of the strength of selectivel RUFHV OHDGLQJ WR ORFDO d@sDSWDW
lowland forests of the Guiana shield occur in a rugged landscaparabterized by small
creeks alternating with small hills, where edaphic (i.e. related toilscharacteristics)
conditions can vary steeply from bottomlands to the top of hills andllbicks, resulting in
environmental mosaics (Baraloto & Couteron 2010). Therefore, forest tpampulations
growing in this region provide the opportunity to test the occurrence of locadlaptation
phenomena. Habitat specialization has been repeatedly observed in tropicakt(@lotkin
et al.2000, Harmset al.2001, Lopez & Kursar 2003, Palmiog&bal.2004, Johret al.2007).
Several studies have tested responses to edaphic constraints in fr@esthe Guiana shield
(Baralotoet al.2005, 2006, 2007) aathlyzed WKH LQWHUVSHFLAF YDULDELOLW
edaphic stress response (Boredlal.2000, Bonal & Guehl 2001, Cogteal.2005, Bonatt al.
2007; Scottet al. EXW WKH SUHVHQ F HadRptatieh\W spbcieS ¢t&ulpyirg ORF D C
several habitats (and its possible genetic base) have never bested. The present work
focuses on populations dt. falcataa common tree species of the Fabaceae family growing
in relatively dense clusters of up to several hundreds of treed dansities of up to 40 stems
(diameter at breast height > 10 cm) per hectare. Seed disperbataghore and pollination
is mostly performed by batsE. falcatazDV IRXQG WR EH VLJQLAFDQWO\ SR
with Aoded forest (Collinet 1997, Baralotd al.2005, 2007). However, distribution maps

show that it can occur on a large spectrum of edaphic conditions, uphiittops, thus
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showing a somewhat generalist behavior and therefore potential for local aakigm.

The present study focuses on three main edaphic habitats occupiethis species:
ERWWRPODQGYV VH DhéartaddurnB tRex&ng s&adson; slopes, with thin
soil and highly variable soil water content and terr&me plateaus, with deep, well-drained
soil possibly prone to drought during the dry season (Wright 199¥¢ have analyzed
genetic diversity in a set of seven genes of which four have a knofwnction related to
response to hypoxic stress (Catalase), drought stress (Farnesyltransferase plant water
balance (two aquaporins; Audigeas al.2010) and three were randomly drawn from an EST
library obtained fromVHHGOLQJV IURP RQH RI WKH ¥HeS&1S8Xavd VW X G
performed multilocus scans for genetic differentiation at small spatial sc@le6 ha), in two
forest plots presenting environmental patchiness. We tested local diffietiation of E.
falcata populations as a function of variation of edaphic conditions and found loci

potentially undergoing disruptive selection.
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M aerials and methods

Sampling and DNA isolation

Trees were sampled from two forest inventory plots in French Guignane with an
environmental mosaic (Paracowig. 13 and one with two homogeneous patches of strongly
contrasted environments (Nouraguedsig. b). The Paracou experimental station, 50 km
IURP .RXURX f -1 f -15 plbt¥ of B.REPHd GdaNet-Fleuey al.

2004). The1RXUDJXHV UHVHDUFK VWDWLRQ areafof over 100 hA, - K
subdivided in 1-ha square plots. Both sites represent retjivaccessible but undisturbed

forest areas. At both sites, the study area was subdivided based on eetlscategorization

(Ferry et al.2010) of environmental (and particularly edaphic) conditionBig. 1): vertical

drainage (VD) corUHVSRQGLQJ WR WHUUD AUPH |Rwhékexgoing ZLWK
GURXJKW DQG QHYHU X@u@dtd) hrelaQdrairageR(SLDY Jvhich could
experience drought during the dry season due to its very variab@@l water-content and

surface hydromorphy (SH) corresponding to seasor@\ ARRGHG IRUHVMteZ LWK VR
with water to the surface, undergoing hypoxic stress during the raingason. This
environmental partition loosely corresponds also to topography claskks plateau, slope

and bottomland respectively. In Paracou, Plot 6 (of an are®®5 ha) was chosen. The three
environmental conditions described above are represented in this plbtg. 13. In

Nouragues, six contiguous 1-ha plots crossed by a river (103,0K,J11K, 10L, 11L), for a total
area of 6 ha, approximatel H TXLYDOHQW WR 3DUDFRX:-V 3&#8ldyical 2QO0\ W
conditions were found at the Nouragues study sit&i¢. ). The majority of Nouragues

individuals are found in VD zones and a few in SH zones. Cambium wasllected from

440E. falcatarees with a diameter larger than 10 cm at breast height: 258 in Par@&u.72
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and 38 in the SH, SLD and VD zones respectively) and 182 in Nouragues (291&8dn the
SH and VD zones respectively) and DNA was extracted following a CAB method (Doyle
& Doyle 1987, Colpaeret al.2005).

Amplicon choice, sequencing and polymorphism detection

To study evolutionary processes responsible of genetic diversityEn falcata we
analyzed sequences with a putative role in the response to stesstated to edaphic
conditions and sequences with unknown function. Of the seven loci used in the stuayg t
were aquaporin gene fragments, PIP1.1 and PIP1.2 characterizead previous study
(Audigeos et al., 2010), whereas the other nuclear fragmentewbtained by sequencing
clones from both cDNA and genomicOLEUDULHY 7KH AYH DGGLWLRQDO V
fragment of the gene coding for Catalase (CAT), involved in the respssto oxidative
VWUHVV FDXV H GragmeAtRPRI®lgéng cdiing for Farnesyltransferase (FTase),
involved in the abscissic acid (ABA) metabolic pathway; a DNA fragmeé coding for a
hypothetical protein (HYP5) and two ESTs with unknown function (UNK7 and UNK14).
The chosen loci represent a mix of candidates for a putative role in the cege to edaphic
constraints (Cat, FTase), genes with a housekeeping function in plardter balance (PIPs)
D Qréndpmly drawn- JHQH IXQFWLRQV +<3 81. 81. $OWKRXJIK Z
that any of these sequenceB UH fQHXWUDO:- LQ W&ve nd Hp@diblr&adonvdd Q VH -
think that they undergo disruptive selection in this particular habitagradient, with the
notable exception of CAT and FTase. Therefore, we consider te@mpled gene panel as
representative of the general behavior of the transcriptome with respicthis particular
gradient. Moreover, we decided to make use only of EST sequenceausecother kinds of
regions, such as anonymous genomic sequences or microsatellites, maag different
molecular properties (e.g. different substitution rates, nucleotide goosition and linkage
disequilibrium levels for the former, different mutation modelnd rates for the latter),
making the data set inhomogeneous from the evolutionary point of view. Bystraining our
analysis to only one kind of sequence type, we have tried to avaity bias in data
interpretation that may arise from comparisons between data setth different underlying
structures. The libraries were obtained using the Lambda ZAP it KStratagene, La Jolla,
&% 863% IROORZLQJ WKH PDQXIDFW XU HUWerk SgRrwd a0 $ER
their putative function assigned based on their comparison with public datadmsising
BLASTNn and BLASTX. A set of 47 sequences with length between 300 and &86lpairs
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(bp) was selected, including: proteins with known function, retrotransposorgpothetical
proteins or sequences without match in public databases. Primerseméesigned using
PRIMER - BLAST (www.ncbi.nim.nih|gov/tools/primer-blast/) and OLIGO - CALC

http://www |basic.northwestern.edu/biotools/oligocalc.html).  Preliminary tests for
DPSOLAFDWLRQ ZHUH ERGGXEHXGORQ)WMMHHQ IUDJPHQWYV

ampli-cons; PCR and sequencing on 16 individuals were performe@\valuate sequence

guality and polymorphism level. Five chosen fragments plus th&o aquaporin genes were
then sequenced in all samples. Haplotypes have been deposited mB@ek under accession
numbers JQ8017486JQ801745T@ble J).

PCRs were carried
out in a 15 lyL volume
containingl5 ng of DNA, 1x
Taq buffer, 2 mM MgCl 2 ,
0.25 mM of each dNTP, 0.3
U Taq polymerase (all
products from New
England Biolabs) and 0.5
UM of each primer. An
initial denaturation at 94 ° C
for 10 min was followed by 35 cycles of (45 s at 94°C; 20 s atrtheading temperature
shown inTableZ 1 min30sat 7y DQG D AQDO H[VCHRTR pRucH Were f
SXULAHG ZLW-K (USBs@oBporation). Sequencing reactions were performed with
the BigDye®Terminatorv3.1 cycle sequencing kit (Applied Biosystenrsa total volume of
10 pL containing 0.5 pL of Big Dye,1.5 pL of Buffer, 1 pL of 2 uM primer,af pleaned-up
PCR product and 3 pL of milli-Q water. All fragments wereequenced in both directions.
SequencingUHDFWLRQV ZHUH WKHQ SXUL AntiGedieneeVdatDv@R O SX U
obtained on an ABI 3130xIcapillary sequencer (Applied Biosystems)eRadling and contig
assembly were done using CODONCODE ALIGNER V 2.0.1 (Codoncode Corporation,
Dedham, MA, USA). All polymorphisms were visually checkedAs DNA sample were
GLSORLG WKH LGHQ pes Ad Beguemrvariants)dd Ddditiuals with more
than one SNP was performed using PHASE (Stephees al.2001, Stephens & Donnelly
2003) implemented in DNASP V 5 (Librado & Rozas,2009) to produce two lbap

sequences per individual.
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Data analyses
We performed our analysesDW WKH VLW H -ar@ HN¥UiaQues} Brid @t-tReX

TKDELWDW - O Han#i&H) withineal site. We use the terms throughout the article:
f{DPSOLFRQ:- WR UHIHUIWRI RHHQWNQ KOG SIBBEW\SH:- IRU WKH
VHTXHQFH YDULDQWY DQG 1613(ntRdihghndeid. SRO\PRUSKLF VL)

X Molecular diversity and differentiation

Nucleotide diversity of each amplicon was estimated by bofk (Watterson 1975), based
on the number of segregating sites an@l §Nei, 1987), based on the average number of
pairwise nucleotide differences between sequences in a santpémlotype diversity Hd
(Nei 1987) was also calculated for each amplicon. Analyses of diversityevamnducted in
DNASP V 5 (Librado & Rozas 2009). Linkage disequilibrium among amplicomwas
estimated only for haplotypes occurring with > 5%frequency, using alikood ratio test
(Slatkin & ([F R 1 A8PB) as implemented in ARLEQUINV 3.5([FRIAHU /LVFKHU
Linkage disequilibrium (LD) within amplicons and departure from Hady-Weinberg
equilibrium were tested on a contingency table of observed vsedicted genotype
frequencies usinga M G LA H G @Baih KkaRddvm walk algorithm as described by Guo &
7TKRPSVRQ DQG LPSOHPHQWHG LQ $5/(48,1 FDRBW WHYV
before and after applying the sequential Bonferroni correction for fiple testing. We also
computed the LD descriptive statistic r? (Hill & Robertson 1968), dassummarizes both
recombination and mutation history and it is less sensitive to sampdeze than other
comPRQ /' VWDWL VW LHint-GafcfaleKalR003): r 2 was calculated on SNPs using
DNASP V5 and statistical VL J Q L A F D @45 IdorRputedowith a one-tailed LVKHU -V H[DFW
test and applying Bonferroni corrections for multiple testing. The decay &D with
physical distance was estimated using nonlinear regression of LD between SNBto
their distance in base pairs (Remingtogt al.2001; Ingvarsson 2005). The expected value of
r 2 under drift-recombination equilibrium, taking mutation into account, was comyed
according to Hill & Weir (1988). The genetic structure of populations wasviestigated by
the analysis of molecular variance 029 $ ([FR | A&tHdl 1992) implemented in
ARLEQUIN V 3.5. AMOVA was estimated among sites and among environments within
site, for each amplicon as Nst (Pons & Petit 1996) and for all amplicon$-sis(Weir &
Cockerham 1984).
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X "HWHFWLRQ RI fRXWOLHU- ORFL
Departures from the standard neutral model of molecular evolution reeinvestigated
by two different methods: the frequentist method described by &emont & Nichols (1996)
DQG WKH PRUH UHAQH Glesoribéti M LER&YmMENH & Rakdag (2004). To
compae the results obtained with the two methods, we assignddRQAGHQFH OHYHOV F
and 90% for FDIST 2 and BAYESFST 7KH XVH RI WKHVH WZR \tanfapsL AFDQF |

comparable false discovery rates to the two methods (Beaumont & Baldi2@04).

, G H Q Vibh AffpBlymorphisms carrying a possible signature of natur HOHFWLRQ fTRXW
ORFL ZDV AUVW SH BDRT2PIbGram | Wiikh MgéSHhe summary-statistics
approach described in Beaumont & Nichols (1996) and further developeBeaumont &
Balding (2004).Twenty-thousand coalescent simulations were performeih three and
two populations of 50 individuals for Paracou and Nouragues respedyivBecause sample
size was unequal between sub-populations at each site, and lsecanly one sample size
can be entered as a parameter in FDIST 2, we also ran the analyses widetphopulations,
sample size 170 and two populations, sample size 150, for ParawmbuNauragues
respectively; this corresponds to the largest sample size for edth $he numbers of
populations and samples to simulate were chosen to model asetjoas possible the
populations that have been analyzed at each site. Expectedfdt simulations was
determined as the mean of observed: Fvalues. To comply with the assumption of
independence of loci required for the estimation of population diversity axdergence,
three independent subsets of 21 SNPs (three per amplicon) with zero pagWwI3 were used
to compute Rt -V 7 kKd.1d three independent simulations, each of which is based on 21
statistically independent loci; as these are statistically uncorrelatag consider them as
being effectively independent loci, although they come from astacted number of physical
genome locations. The neutral envelop was constructed for each simutatb the 99%
FRQAGHQFH OHYHO $oWthiqed Byr$eldc@ngHrCeRcE dE/@raity bin computed
by the algorithm, the most conservative &values (i.e. the largest upper bound and the
smallest lower bound). Loci with a & value exceeding the upper limit of the neutral envelop
conditional on heterozygosity were considered as potentially under divargeelection. The
Bayesian inference method implemented in the BAYESFST program (Beaumoft
Balding 2004) was also used to identify genes under selection. This dlgorirelies on a
Bayesian model to identify locusV S H Fopufation divergence between samples, by

implementing a Metropolis-Hastings Markov Chain Monte Carlo (MCMC) process based
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on the likelihood of allele counts. It has the advantage of disentangllocus effect (D),

population effect (F) and optional interaction between locus and population effect§)( A

positive value of D indicates the presence of disruptive selection at the locus, whereas

negative value suggests balancing selection. TheV s®t@ve an interpretation in terms of

selection: a large positive] could indicate a potentially advantageous mutation that would

be locally adapted in a particular population (Beaumont & Balding 2004). Detfgrior

distributions were used to generate 10 000 parameter series amgegence was checked

using the CODA package of R version 2.10.1. Outlier values dand § ZHUH LGHQWLAH
VHWWLQJ WKH RRIDAGHQFH OHYHO

X Spatial analyses

We tested whether the distribution of genotypes was likely to haegisen by chance,
given the spatial structure of stems and habitats, using a method adapted from Hagtal.
(2001). We compared the relative abundance of each haplotypeaoh habitat to its
expectation under the null hypothesis of random distribution of p#otypes. The null
GLVWULEXWLRQ RI HDFK KDSO Rs$\ SitdulatedU by OLD WAOYHIS-D E X Q G
translations of stem locations to conserve their spatial pattern. Theits of the neutral
FRQAGH@WHUYDO ZHUH GHAQHG DV higbedtéamtNovwesRalies If Q J R
the relative frequency of a genotype, determined from the true habitap, wa soutside the
FRQAGHQFH L QW I tovisideredwo el statistisally Bssociated with the habitat (if
the frequency had a positive value) or dissociated from thebitat (negative value). Habitat
association of haplotypes and genotypes for each amplicon and of SNPstested for each
site. Spatial genetic structure was assessed at plot scale using iinadt spatial
autocorrelation analyses (Epperson Rl WKH SDLUZLVH NhepwéoLS FRH]I
individuals (fj; Loiselle et al.1995), which was computed for haplotypes and individual
SNPs. Calculations were performed by SPAGEDI (Hardy & Vekemans 200Zinship
FRHIAFLHQW Y DO X Hith azddtlbHnieRe SixvieHiStance intervals (from Oto

P DQG WKH VLJQLAFD Q &s+h RrictwhkoHgao@@pBidal dstahce was

tested based on the permutation procedure implemented in SPAGEDI with@00
SHUPXWDWLRQV 6L JQ kldped(@dridatirR Ithgt gehbtly/ dinildrity decreases
with geo-graphical distance) was tested at one-tailed a = 5%with Bonferoamrection for
multiple tests. Directional autocorrelation was performed by takingito account all and
only the pairs of points connected by a segment aligned in the desuedction, with a

tolerance ofpi/12 radians on each side. The matrix of distances for suitable paif points
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was computed using an R script written for this purpose and avalalirom the Authors.
Autocorrelation was performed: (a) for Paracou: along the (orthogonal) Xdathe Y axes
indicated inFig. 1a and omni directionally, for the whole plot as well as for its Northerits
Eastern halvesKig. 1a these sub-plots were included in the analyses becausenspection
of the landscape revealed that they contained a habitat gradient along @inthe axes); (b)
in Nouragues, along the X and Y axes indicated Fig. b and omnidirectionally. The Y
axis corresponds to the presumed direction of the environ-mental gradiér all cases
except the Northern half of the Paracou plot, where the presumdide direction is the X
axis (for the whole plot in Paracou, despite the ruggedness of the pattére proportion of
points sampled in the VD condition steadily increases along the Y axfg. 13. SGS was
conservatively considered as anisotropic (i.e. strength of autocorrelatvaried between
directions) when the slope ofifvalues with GLVWDQFH ZDV VLJQLAFDQW LQ
other, of the mono-directional tests, although some degree of autoglation is expected to
occur in all directions due to neutral processes, such as limitatidasseed and pollen

dispersal.
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Results

DNA polymorphism

Sequence polymorphism data
obtained from the seven EST loci for
the two experimental sites are shown in
Table 2 The total number of
polymorphic sites per amplicon ranged
from 6 for HYP5 to 31 for FTase and the
number of haplotypes per amplicon
ranged from 12for PIP1.2 to 36 for FTase.
The average nucleotide diversitylsacross polymorphic fragments was 0.00254 and varied
from 0.00111 for PIP1.2 to 0.00445 for PIP1.1.The average digher (0.0041) than h p;
values ranged from 0.00188 for PIP1.2 to 0.01126 for FTase, whithehaighest number of
SNPs and haplotypes. In this amplicon, the great majority of SNPs aremsynonymous
(18), one was triallelic and one was a heterozygous singleton coding ferraination codon

that shortens the protein sequence of the last 10 amino acids.

Linkage disequilibrium
‘H GLG QRW AQG DQ\ FOHDU HYLGHQFH RI
tight linkage dis-equilibrium  among
amplicons. Three loci (CAT, PIP1.1and
3,3 VKRZHG VLIQLAFDQW OLQNDJH

disequilibrium after Bonferroni correction:

CAT and PIP1.1 were associated in

Nouragues; PIP1.1 and PIP1.2 in Paracou. As

none was in LD in both Nouragues and

Paracou, all loci were considered as

independent. Between 2% (FTase) and 40%

(HYP5) of within-amplicon linkage

disequilibrium tests between SNP loci were

VLJQLAPRIDI D3l of linkage disequilibrium within amplicons was rapkig 2).
1RQOLQHDU AW W L €oireRtiomMbKatel¥ fFeqebdie¢&r? as a function of distance
EHWZHHQ 613V VKRZHG H[SHFWHG YDOXHV HRIAZLHQWWR U B/
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Ated modelR2 = 3.5%). It has to be noted that the locus with thghbst density of SNPs
(FTase) also shows the lowest level of linkage disequilibriurhuis excluding the possibility
that high levels of polymorphism are due too DPSOLAFDWLRQ RI WZR GLIIHUH

would cause strong linkage disequilibrium between variants belonginghe two loci).

Population structure

Population differentiation analyses are presented Thable 3 The average level of
genetic differentiation between sites was very low {F E X Weavitly Hiferént
from zero (P<18). N« values at the amplicon level ranged from -0.01 to 0.03, wiiteé
DPSOLFRQV KDYLQJ D YDOXH V2eil CAFErase/and UNKLAHTHH QW [ UF
level of global genetic differentiation among habitats within Paracou wasite similar, with
anoverall it VLJQLAFDQWOI1Y B @aXiek & the amplicon level ranged from 0.00to
0.04, with two amplLFRQV VKRZLQJ V Leh@atighF OATVandGHTidsd.UThe
situation is similar for pairwise comparisons between environmentsjith sig QLAFD QW
divergence for CAT in three cases and for FTase in two cases. In Kagues, the mean level
of genetic differentiation was null. N; values varied between -0.10 and 0.10 among
amplicons, with two amplicons (FTase andUNK14) showinyd LJQLAFDQW SRVLWLYH

Outlier detection
The summary-statistic simulation method implemented. Q )',67 LGHQWLAHG \

SNPs of 74 and six of 60 as outliers showing footprints of disruptive selection a#38%
FRQAGHQFH OHYHO LQ XDadié&tiRely FgQ3G TheRoXtliem Joxiktl for the
Paracou site belong to two amplicons (CAT and UNK7). Outlier detection byairs of

habitats in Paracou Supdementary Fig. S shows that the results obtained in the global
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analysis are mainly due to divergence between VD and SHh4 six outliers detected in

Nouragues belong to three amplicons (CAT, FTase and UNK14). One SNPAT S355)

ZDV D VLJQLAFDQ WsitesXatizt detdctdibaBearl \bhKsimulations with larger

samples sizes provided much more liberal resuspplementary Fig. S2). The more robust

Bayesian method, implemented in BAYESFST, provided different reésiat a comparable
FRQAGHQFH OHYZDO/ VIR BUBFDQWO\ GLII&kpetQigis.|IURP Q|

However, the SNPs detected a&/ L J Q L A F D QodaleBdenivbiéddéd method showed the

highest D values with the Bayesian method.
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Spatial genetic structure
7TRUXV WUDQVODWLRQ WHVWY GHWHFWHG VIQRWAFDQ

counting for tightly linked SNP loci): nine in Nouragues, 11 in Paracou, of which 13 for

haplotypes and seven for SNPs, of 454 tests (4%) at two-tailB& 5%; one remained
V L J €t After Bonferroni correction Table 4 and Suppl. Table J).
Six associations with SLD and with VD, as well as
one with SH, were detectedSuppl. Table 1), along
with six cases of repulsion with SLD and one with
VD (no case of repulsion with SH was detected).
The most frequent haplotype at the FTase locus (h1)
showed strong association with SH and repulsion
with SLD in Paracou, and was associated with VD in Nouragues, together with two SNPs
of the same gene. In Paracou, one PIP1.1 haplotype (h15) was assoeititeSLD and
3,3 -V PRVW FRPPRQ KDSORW\SH K DV ZZ2HJMH MW RROA. B W
with VD. The repulsion between FTase haplotype H1 and SLD in Pamau was the only
VLIQLAFDQW afterH Bonferr@nH Icdfrection. Directional and omnidirectional
autocorrelation was tested for each individual SNP, and for all amplicoat the haplotype
level, at the two sites. After Bonferroni correction, 26 autocorretagns (of a total of 894,
or3%), involving six SNPs and four amplicons, showe® VLJQLAFDQW QHJDWLYH
Bx5% threshold Suppl. Table2). In eight caseslFig. 4, Suppl. T able2), there was signikant
autocorrelation along the direction of the gradient (Y axis for all tests et for Paracou,
Northern Half), but not for the direction orthogonal to the gradient. Two of these test
involved amplicon UNK14 in Nouragues, for one SNP (UNK14_194) and for tiwhole
amplicon; four involved amplicon HYPS5 in Paracou, two for one SNP (HYP5_160) awd
for the whole amplicon; two involved amplicon CAT in Paracou, one for@NP (CAT_299)

and one for the whole amplicon.
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Discussion

The results presented here show patterns of genetic diffgration associated with
micro-geographical habitaty DULDW LR QV &l iA Qodulstisrid VEL fRl@taThese
results were obtained with four independent methods and suggesttttiivergent selection
may be strong even between sub-populations belonging to a continuous ptipalaThe
results obtained for each amplicon and each kind of analysis amarsarized in Table 5
Analysis of molecular variance Table 3 shows that the Catalase and Farnesyltransferase
genes can reach very high levels of sub-population divergence withircd (several SNPs

displayed strongly negative & values in Nouragues).

Because the SH population is much smaller than the VD, both demogrigally and
in surface, this may imply that the lower portion of the VD populatio is more similar to
SH, at neutral loci, than it is similar to the upper part of VD, due to neutré&GS. This
would have the consequence of generating negativeife. closer relatedness between alleles
from different populations than from the same population). Coalesceb&sed outlier
detection methods revealed eight SNPs under disruptive selection belonging dor f
amplicons (although none was/ LJQLAFDQW ZL W Kvativi BayR®ad Hpfdac)V H U
Directional autocorrelaton LGHQWLAHG WKUHH 613V DQG WKdads DPSOLI
VLIQLAFDQWO\ DVVRFLDWHG WtRe WadientHalhelLgwree v@&s UHFW L

associated to the orthogonal direction). Finally, allele (or genotydgy-habitat association
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WHVWYVY REWDLQHG E\ WRUXV SHUPXWDW LR DRail€dH59W L AH G
threshold; one of thesstJ HPDLQHG VLIJQLAFDQW DI WThle3sR@dtidl URQL F
at least six SNP variants, haplotypesoDPSOLFRQV WXUQHG RXW WR EH VL
two independent analyses. The Catalase amplicon show#d JQLAFDQW UHVXOWV
Paracou) both at the amplicon and at the SNP variant levels; one SNPtled Catalase
ampliFRQ &$7B6 ZDV D VL J®Qhof FbpDistions XPardekyiransferase
displayedVLIJQLAFDQW UHVXOWYV DW D O GvalBNRF vhdavitsBI@@ing Q E R W K
VLIQLAFDQW U Hdexaion\and i tarus Yednutdtibns. The latter analysis, both

at the haplotype and at the SNP level, indicates that generally theéet¢ed variants are less
represented than expected in drought-prone SLD habitats: all significantseshow either
association with VD or SH, or repulsion with SLD;theonyHV X OWV WKDW UHPDLQV
after Bonferroni correction is the repulsion of haplotype 1 and SLD in Rasa. HYP5 also

shows a SNP variant with clear trends of habitat association, as well as thHK14

amplicon. These results suggest that forces behind the differentiatibetween sub-
populations are very strong even at short spatial distances, and ttiese forces are
structured by variation in habitat rather than by neutral dispersplocesses. The processes
underlying the observed divergence occur over distances in the oafeiew hundreds of

meters 2 well within gene dispersal distances predicted for the genus (Hwaret al.2006).

Therefore, it is likely that at least part of the observed diffamgation is caused by disruptive

selection (Linhart & Grant 2Q RQH KDQG RXU AQGLQJV VXSSR
environmental heterogeneity generates genetic heterogeneity within populatio®n the

other hand, the contrast between results observed in Nouragues Rachcou suggests that

the contrasts we have studied are of different kinds. The structwEthe gradients may

differ between the two plots, as suggested by their differencegopography. Moreover,

and more generally, it is likely that environmental conditions, other thamé limited set of

edaphic properties that we have taken into account, differentiatebhats in the two sites.
Differences among the results obtained with the three methods sugdkat each captured

different aspects of the distribution of genetic diversity. For instancepth the outlier

detection and torus permutation tests stress the idea of differenceg@me frequencies

between (sub)populations, but the latter also takes into account tpat&l distribution of

genotypes; moreover, autocorrelation rests on the explicit spatialdut of pairwise

individual relatedness, while ignoring population-level distributiongexcept for the

determination of neutral envelopes). Thus, the three methods may besdbldetect different
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patterns, which in turn may be the result of different dynamic prosses: outlier detection

methods stress the quantitative difference between the effects ellestion and drift on

divergence between groups; torus-based tests also compare groupstress departures

from random distribution of individual variants; autocorrelation methods detect departures

from the random distribution of individual relationships and testsontinuous turnover of

genotypes. As our analyses are based on seven loci only, algessurce of incoherence

among results obtained with the three methods may also lie in limiteobustness. Seven

loci certainly are far from providing a satisfactory representan of the whole
transcriptome, let alone of the genome. Even without the ambition to evaille genome-level

processes, our study nevertheless proves that genetic divergezan be detected at the
within-stand level, at least for some loci. Moreover, the robusess of each of the three

methods used here resides (i) in the number of SNPs (not ESTSs) for outlitection, (ii)

in the number of genotypes per locus (not in the number of loci, wh are analyzed
individually) for torus-translation and (iii) autocorrelation analyseskor the latter analysis,

it is not uncommon to obtan UHVXOWYV IURP GDWD VHWY FRQAWDLQLQJ
(Collevatti & Hay 2011; Oddou-Muratoriet al.2010).The partial incoherence shown by the

results suggests a pattern of moderate divergence affectingtiplal loci, occurring at the
micro-geographical scale in relation with habitat conditions. It is impomato underline

that the diffuse signal of divergence that we observe must not be ipteted as
straightforward indication of disruptive selection acting upon the obsexvdoci. Other
mechanisms, such as isolation by adaptation (Nostlal.2008), genomic hitch-hiking (Via

& West 2008) or partial restrictions to mating (e.g. by envirorHQWDOO\ FXHG ARZH
time differences) may produce moderate levels of divergence at neuimdi. Such

divergence is observed against a background of overall weak dfitise SGS patterns

(Suppl. Table 2 omnidirectional autocorrelation is sSignAFDQW IRRIFIDOQ WKUHH FD
four), probably caused by limited pollen and seed dispersel,already observed at Paracou

in a closely related species (Hardst al.2006). Population structuring is not, however, strong

enough to prevent long-term genetic mixing, as shown by the rate efcdy of intragenic

linkage disequilibrium. The pattern shown irFFig. 2 indicates that historical genetic mixing

at the population (and species) level is globally as intense as in omgiosperm tree species

(e.g. Ingvarsson 2008) and at least as intense as in most conifers (Bretval. 2004;
Gonzalez-Martinez et al. 2006, Heuertzet al. 2006). Current mixing at the stand level

appears to be relatively intense, becauBeQ O\ D PLQRULW\ Rl ORFL VKRZHG V
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autocorrelation and because:fvalues between sub-populations were overall small. This is

not inconsistent with the possibility that the observed divergence is sad by selection,
because moderate levels of gerew may facilitate divergence, as indicated by theoretical
SUHGLFWLRQV RI GLYHUJHQF &t af 2000K KIEHE & L drre * FOXXE H W
Moreover, it is actually possible that the weak but detectablack-ground spatial genetic
structure contributes to create the conditions for divergence to operate: preferentiting
between spatially close trees would tend to enrich sub-populationshwibcally adapted
genotypes, thus HQKDQFLQJ WKH RXWFRPH RI| HEARNR SUDO AOW
population divergence. This hypothesis can be put to test by bing spatially explicit,
individual-based models describing simultaneously pollination, sedidpersal and selection

in divergent habitat patches (e.g. by building combinations of models fasmkrsal)and
selection in continuous environmental patches (Debarre & Gandon 24 for pollen and

seed dispersal (Klein & Oddou-Muratorio 2011). The indication of the actadrliversifying
processes, observed kh falcatamotivates further studies in the genetics of divergence, that

will need to take advantage of population genomic approaches (Luikatrtal.2003) now
accessible to nonmodel species in general (Ekblom & Galindo 2011) anel® in particular
(Gonzalez-Martinez et al. 2006). To take advantage of the wealth of data that can be
produced by genomic approaches, these studies will need to atimed by breakthroughs

in the modeling of processes of divetd QFH ZLWK JHQH A Ri@n oftkdarefi¢alP E L Q D
advances and large data sets will permit to disclose the maddras underlying patterns of
ecological-genetic divergence such as those demonstratecEinfalcata and perhaps
ultimately provide the key to the understanding of the maintenancerefservoirs of adaptive

variation in natural populations.
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Article n°1 2Supdementary text

Description of genes and polymorphisms for genes with known functions

Catalase is related to detoxification during oxidative stress (Mittler 200¥illekens
et al. 1997) which may be induced by hypoxia or anoxia during the raieason in SH
environment (Blokhina et al. 2003) or by drought during the dry seasovi environment
(Moran et al. 1994). Farnesyltransferase is related to the ABA signalindpaty (Cutler et
al. 1996; Pei et al. 1998) which could be induced by severak baod abiotic stresses
including drought (Raghavendra et al. 2010; Wilkinson& Davies 20@2IP 1.1 and 1.2 are
members of the multi-gene aquaporin family, involved in transmerrdme water transport,
DQG EHORQJ WR WKH "SODVPDPHPEUDQE&UPHBPEWXOEIBHNFLOKF
molecular effects of SNPs with significant habitat structure are the follamg: CAT_s221
and CAT_s355 are located in intronic regions; FTase_s36 is a nonsynorgmutation,
replacing a polar and positively charged amino acid (Arginin) by a polardauncharged
amino acid (Glutamine); FTase_s242 is a nonsynonymous tri-allellic SNRe most
frequent amino acid is Aspartic acid (polar and negatively charged)lemgd by Asparagin
(polar and uncharged) or Histidin (polar and positively charged); FTas269 is a
synonymous mutation; PIP1.2_s145 is a non-synonymous mutation replacifigrasine

with a Cysteine (both polar aminoacids).
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Article n°1 2Suppdementary figures

Figure St Distribution of observed Fr values for each locusy(axis) as a function of its heterozygosity 9 (x axis) for
pairs of habitats at the Paracou site (see Figure 1). The simulatediame(dotted line) and 99% neutral envelop
confidence limits (dashed lines), obtained by coalescent siatidn, are shown. The names of loci lying outside the
neutral envelop are displayed. SH: surface hydromorphy; SLD: suddateral drainage; VD: vertical drainag&lote
that the scale on thg axis differs between plots.
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Figure S2 Outlier detection tests (a) for Paracou with sample sidé= 170 and (b) for
Nouragues with sample siz&l = 150
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Article n°1- Supplementary tables

Table S1: Results of toroidal permutation tests: list of individual SNPs andaplotypes having shown at
least one significant habitat association. Type: type of locus / vani being tested: H = single haplotypes
withinloc XV 6 613 ORFL WKH DVVRFLDWLRQ RIPRVWRIZHTNHJH-QV
D QG 1 UH S Xt@ovthilRd). =5%). Tests significant DI WHU % RQIHUURQL FRUUHFWLRQ DU
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T able S2: Slopes of spatial autocorrelation plot®nly results for loci whose tests provided at least one negati
significant slope are displayed;: interval (minimum, maximum) of kinship observed in omnidirectimal tests.
OMNI: omnidirectional autocorrelation; X: autocorrelation in the X diection; Y: autocorrelation in the Y direction

d: autocorrelation plotted against linear distancke(d): autocorrelation plotted against logarithm of distance. The

number of tests carried out for SNPs is indicated in parentheses forhepiot (the total does not correspond to the

total number of polymorphism because some loci were monomorphic at onéhe other site and because some lo

were excluded from the analyses due to missing data). Loci that stisgctional correlation along the Y axis, but nc
along the X axis, are indicated in bold.
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Articlen® 2- Gename s@n reveds fine-scale genetic gructure and
suggess hghly local adaptation in a N edropical tree gedes
(Epeuafalcab, Fabacese)

Louise BROUSSEAU? Matthieu FOLL3 lvan SCOTTI !

,15$ 805 (FRORJLH GHV )RUH@WV GH *X%3BQH- -38&DPSXV
Kourou cedex, French Guiana
2. INRA, UMR 1 ( FoBi®et Ecophysiologie Forestiéd H V - &KDPSHQRX[ )UDQF
3. Computational and Molecular Population Genetics (CMPG), Institute of Eagy and

Evolution, University of Bern, Baltzerstrasse 6, CH-3012 Bern, Switzerland

Abstract

Populations undergoing divergent ecological constraints may diverge gerdlicue
to the effect of directional selection. The outcome of divergence ps®s depends on the
balance between selection, drift and gene flow. If selection idfisiently strong, it can
overcome the blurring effects of the other two forces, and popida divergence can be
observed at the phenotypic and molecular level. Genome scans mveal loci under
divergent selection and permit to estimate the portion of the genome invad in
divergence. Although genome scan approaches are now widsshrthey have never been
applied to megadiverse tropical rainforests and to conditions where egmal divergence
RFFXUV DW YHU\ VKRUW VSDWLDO GLZWEHEHQHAHMQYKUWRKQ®H «
turnover occurs well within the range of gene flow).

We have applied and AFLP-based genome scan to population of teetkbpical tree,
Eperua falcat@rabaceae) in the Guiana Shield, where it grows in dense stands ¢hags the
boundaries between starkly contrasting habitats such as seasonally or peentdy flooded
swamps and well-drained plateaus. We have found that, despite shert spatial distances
and the presence of gene flow, habitat-structured subpopulatioingerge at a substantial
number of loci. Simulation analyses show that the observed leveldf divergence are
compatible with strong directional selection. Intense selective processeay rtherefore
maintain genetic and phenotypic variability within rainforest tree populations; sh
adaptive diversity may constitute the fuel that feeds the great divigysharbored by these

communities.
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Introduction

Environmental heterogeneity influences the distribution of plant genetdiversity
across habitat types. Forest trees provide numerous examples of atlaptato
environmental variations at both phenotypic and molecular levelSavolainenet al.2007)
Several provenance tests performed in common gardens and recgroansplants have
revealed that tree populations undergo phenotypic divergence untlee pressure of
ecological gradients and contrasts (Petit & Hampe 2006). Such patterns lenotypic
divergence are often interpreted as a result of divergent selectionedr by environmental
heterogeneity that may be caused by biotic and abiotic factors. At thelecular level,
numerous studies reported footprints of divergent selection in the genoaidorest trees
among habitats using both genome scans (Juei@l.2006) and candidate genes approaches
(Evenoet al.2008, Audiegeost al.2013)

Amazonian lowland rainforests are characterized by complex habitmtchiness,
whereby environmental variations occurs at a very small spatiable The succession of
waterlogged bottomlands and well-drainederra firme contributes to explain the
maintenance of high tree diversity in such forests. The structure of treemmunities
strongly differs among habitat types, with variations in tree and palm biona@han 1987,
Ferry et al.2010), and differentiation in some phenotypic traits (Kradt al.2008). It has been
suggested that divergent selective pressures among habitat typag have driven niche
differentiation and specialization of trees to local conditions: significant haltissociations
within species complexes are supposed to result from adaptive radiaialong topography
gradients (Baraloto & Couteron 2010). At the population level, a recsnitdy has revealed
footprints of divergent selection between local populations, occupying distinct hats, for
genes putatively involved in plant responses to environmental stres¢eatalase, farnesyl-
transferase, Audigeoset al. 2013) in the canopy tree speciEperua falcataGenetic
differentiation was accompanied by weak but consistent phenotydigergences for growth
and leaf physiology at the seedling stage (Brousseawal.2013). These results suggest that
adaptive phenomena may be widespread and may affect a substantzdtiobn of the
genome, even when divergence occurs at highly local scales, in conditiornghich gene
flow may easily erase the effects of weak selective forces.

The evolutionary mechanisms driving the large diversity of tropical najorests are
still poorly understood and to date genome scan approaches have not been applied to the

study of the extent of habitat-driven adaptive differentiation in any tropicalainforest
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ecosystem.

Genome scans allow screening the genome to detect locus-specific siggmitof
population divergence, which are taken as suggestive of natural selec{torz 2005)
Because most of the genome is supposed selectively neutral (Kimw8)1ci identified in
genome-wide analyses, whose differentiation is higher than tla@erage genome-wide
estimate, can be interpreted as being under divergent selection. This camtumust be
taken with caution, however, because excess divergence does notmatically mean
selection at or near the divergent locus (Nost al.2008, Excoffieret al.2009, Hermisson
2009, Bierneet al. 2011), but the identification of divergence outlier loci is suggestive,
nevertheless, of non-neutral differentiation processes, if departuré®m neutral
demographic and spatial patterns can be excluded (Bieeh@l.2013). AFLP markers (Vos
& Bleeker 1995) are particularly effective in such genome-watelysis, because they are
cost-intensive and universal (Boniret al.2007, Meudt & Clarke 2007), although they are
dominant and thus require prior genetic knowledge (such as inbreedingffocent, Fis) for
proper interpretation.

Here, we investigated whether sub-populations growing in contrasting
environments display signatures of potential divergent selection at thenome level. We
did this in two populations of a canopy tree specieSferua falcajaof the coastal Guiana
Shield, and we used a genome scan approach involving AFLP marketsdicthe hypothesis
Eperua falcatéas a canopy-dominant tree species widely distributed in FrenGuiana.
Because of its generalist behaviotelative to environmental heterogeneity and of its high
population densities, it is a good model to analyse the genetic structuramgong local
habitats within continuous tree populations over short geographical sealéVe detected
0.3% and 1.8% outlier markers, and simulations based on the atguals of divergence
observed in the populations show that such loci may be under sédeciof moderate

strength.
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M aerials and methods

Study sites and sampling

Figure I Geographical and topographic situation of the study sites. Goted dots: trees sampled for genotyping.

Our study includes two populations ofEperua falcatastablished in the costal shield of
JUHQFK *XLDQD /DXVVDW:-:f ;- f- -DQG 5pJL@GD: - (--- <

f - -Fig. . They are submitted to contrasted levels of precipitations, withraean
annual precipitation of 2500 mm and 3500 mm (in years 2010 and 2011) respectively.
Both sites harbour different habitat types, from a bottomland terra firme but differ in
landscape raggedness. At Laussat a permanently water-loggetbimtdnd lies next to a
plateau of low elevation (trees elevation at this site ranges betw&eadd 60 meters). At
Régina, a seasonally water-logged bottomland with flooding events lasthe foot of
hilltops of higher-elevation plateaus with steeper slopes (treésvation ranges between 43
and 109 meters). At both sites, bottomlands are characterized by hygromorgdils with a
large accumulation of organic matter up to a depth of 1 metre. On the cawtréerra firme
have well-drained ferralitic soils rich in iron oxides with a sand-clagxture allowing free
vertical drainage.

All trees of diameter at breast height (d.b.h.) > 20 cm dbh wenrapped in a
continuous area of 6.7 ha in Régina, and in two areas of 2.5ha and, lo8kain the
bottomland and one in the plateau, in Laussdtig. 1. Population density varied between
29.9 adult trees/ha and 48.1 trees/ha in Régina and Laussat, respectinedpach study site,
two groups of 30 trees, one for each habitat, were sampled for genetic analysis.

Molecular methods
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Fresh leaves were sampled and frozen at -80°C. Genomic DNA was estad from
leaves using a CTAB protocol (Doyle & Doyle 1987, Colpa&t al.2@5), and each sample
was extracted twice independently. Amplified fragment length polymphisms (AFLPS)
profiling was performed on all of the 240 samples according to the protot®/os & Bleeker
(1995). DNA was digested usingst and Msd restriction enzymes. Restriction fragments
were amplified using two selective PCRs with respectively one artdree selective
nucleotides. Fifteen primer combinations were analyzed (SEable 1. The whole protocol
was applied to each duplicate of all samples to obtain a completdiaate for each
individual.

Peak profiles were scanned using PeakScanner v1.0 and the binesetmgated using
RawGeno v2.0. The complete method of AFLP scoring and data cleaningvilable in
supplementary methods. After data cleaning, 1196 markers weraimed for further

analysis.

Table 1 List of Primer used for AFLP profiling.

General statistical analysis

X Linkage disequilibrium analysis
Pairwise statistical disequilibrium between 0/1 AFLP scores atnsanf markers was
estimated, within each study site, based on two-way contingency tahlesgaFisher exact
test.

x Estimation of inbreedingsfFcoefficients
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We used SNPs data from a previous study (Audigeas al. 2013) to estimate
inbreeding coefficients Eis). We used ARLEQUIN v3.5.1.2 (Excoffier & Lischer 2011@)
compute observed and expected heterozygosity in two study sites at SN#Pkars for which
differentiation (Fst) between local habitats were not significant. For each site, theamé&s
(across loci) revealed an excess of heterozygotes varying from -0.200.689. We use@
mean Fis of -0.14 for the present genetic analysis.

X Genetic structure and spatial genetic structure analysis (SGS)

A Bayesian clustering analysis was performed on AFLP data using STRIURE
v2.3.4 (Pritchard et al. 2000, Falushal.2007) both at the regional and the local scale. The
analyses wereSHUIRUPHG ZLWK WKH "DGPL[WXUH PREHQELBIQ@G "F
settings. A burn-in of 10000 iterations was followed by 10000 iteratiohsenty runs were
performed for allK (number of clusters) values fronkK=1 toK=9. The true number of genetic
groups was assessadosterionising the method proposed by Evanrat al.(2005).

Fine-scale genetic structuring and gene dispersal were assessed usingpdiml
autocorrelation method based on kinship coefficients, developed byrdya& Vekemans
(1999) and implemented in SPAGeDi v1.3 (Hardy & Vekemans 2002). Withactk site, the
spatial autocorrelation of the kinship coefficientKj) was analysed over twenty evenly
spaced distance classes between 0 and 500 mn@8%onfidence intervals were obtained
through 1000 random permutations of individuals among geographical atmmns.
Neighbourhood size K) and gene dispersal §) with prior knowledge about population
densities in the study site were also estimated using SPAGeDi. Thepgb of the regression
of relatednessKjj) against geographic distancelj) were also computed, along with their
standard error estimated by Jackniffing over loci, and allowed the gtification of SGS
intensity: S=b/( Fayl) whereFq) is the average kinship coefficient between individuals
separated by distances belonging to the first distance class.

X $VVLIQPHQW RFLP\GeoWHeH WL F

Expected heterozygote frequencies within each study site and local hahitare
computed based on the inbreeding coefficient estimated from SNPsad&ir each sub-
population, by solving the equations relating the inbreeding coefficient aatlele and
genotype frequencies: for each marker j, withindicating relative frequencies andN
indicating absolute frequencies:

BrriyL:sF w0 $ME W M< s F w0 ME k(W) 80 F Brr;yLr
where § - LV WKH 'DEVHQFH Ris BéiBlatiue Dequahtp el they Qalkele
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solving for g;

2 Vazy . . ~ . ] By
60:5?¢M"¥h Lk (E@&F >vi$ F (EQ kFBr;y0?

M L

The expected absolute frequency of heterozygotes is:
O:rs;yL t U QU WF t U Orr;ywhere N is sample size for this marker. FinallyN (01)
fragment-carrying samples were randomly selected and assigtieel heterozygote (01)
genotype. The remaining fragment-carrying samples were assigned thenidant (11)
genotype.

x Detection of loci under selection

Adaptive divergence within populations inhabiting contrasting habitats was
assessed based on tWer-based approaches: (a)
we used the coalescent-based FDIST method (Excoffier & Foll 200B)plemented in
ARLEQUIN v3.5.1.2 (Excoffier & Lischer 2010). This method simulates samsplader a
hierarchical island model by the coalescent and compares the aolesergenetic
differentiation for each locus to theaull distribution obtained from simulations. (b) we used
the Bayesian method implemented in BAYESCAN to detect outliers (Fod Gaggiotti
2008). The method relies on a logistic regression model that partiticie genetic
differentiation at each locus within each population into two components:papulation-
specific component (beta) common to all loci, and a locus-specific compaiialpha); if the
latter is significantly non-zero, this is interpreted as a departurem neutrality at the locus.

We looked for loci under selection between local habitats within each stugitgs and
between the two local habitats without distinction of the study site (localabitat

partitioning).
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Results

Blind Bayesian clustering

At regional scale, three clusters were detected with a maximui for K=3 (Fig. 2).
The first cluster included all individuals from Regina, the secondluster included
individuals from the plateau of Laussat ant the third cluster inaded trees inhabiting the
bottomland of Laussat. For K=2, the two groups corresponding to the two stailgs were

retrieved

Figure 2 Bayesian clustering analysis on the whole data set. Upper pan€values. Lower pane:
individual Dvalues forK=2 andK=3.

Within Laussat, two peaks for' K were detected, for K=2 and K=@&{pplementary

Fig. S3. At K=2, inferred clusters are geographically grouped in agreemeith\ocal habitat
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structuring and with the spatial subdivision of the sample, except fotrees belonging to
the hilltop and that were assigned to the same clustsrindividuals from bottomland. At

WZR YfPDMRU:- JUR XS Vthé ruviilde Fondliadul DagdiyGe dRE) were in
accordance with local habitats, whereas the remaining clusters included sevedatiduals
from both habitats.

At Regina, a maximum' K was found for K=7 Supplementary Fig. S2. Individuals
assigned to the different clusters were geographically grouped.e&and peak of' K was
found at K=3: one cluster of trees from the bottomland, one clustetreés from the hilltop,
and a large cluster of trees scattered across the site. As in lapssdividuals were
associated to a cluster in agreement with local habitat structuring and spatemple
subdivision for K=2.

Fine-scale SGS Analysis and gene dispersal estimation

Spatial genetic structuring was
assessed by estimating relative
relatedness between 1711 pairs of
individuals in Regina and 1810 pairs in
Laussat. The mean number of pairs by
distance class was 86 in Laussat and 92
in Regina. Significant SGS was
detected in both sites Kig. 3, with
kinship declining with increasing
geographical distance. In Laussat,
spatial autocorrelation was
significantly positive until 56 m, and it
became significantly negative from 230
m onward. In Regina, autocorrelation
was positive and significant until 30 m
and became negative and significant
after 250 m. Gene dispersal wa

estimated at 45.7 and 64.39 m in the two

Figure 3 Spatial genetic structure analysis based on all AFL

markers. sites respectively Table 2).
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Table2 SGS and gene dispersal parameters estimated by Spa(

Figure 4: Fst values for all comparisons (boxes) with thei

. . confidence intervals (bars).
Outlier detection (bars)

Overall Fst was 0.039 among the four sub-populations, 3&@nd 0.026 between
habitats within site for Laussat and Régina, respectivekig. 4).
A total of 24 loci were detected as outliers being under divergent selection ieaxt

one analysis and are summarized Thable 3

Table3 Summary of outliers detected in at least one analysis.
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Under the coalescent model, the between-sites outlier search (Fct) dete 16 loci
with excess divergence (1.34 %) and 53 loci (4.43%) with a divergesficg P d0.01). Tests
involving sub-populations within regions (Fst) based on the hierarchicaland model
detected 21 loci with significantly large divergence (1.75%) and 31 loci (2.60%) with
significantly small divergence P d.01) Fig. 5.

The Bayesian analysis within each site detected four outliers (M86,A63M485 and
M624, FDR=0.084 and FNDR=0.092) at Laussat, and two outlier (M313 and Nf@6250.01
and FNDR=0.091) at Regindig. 6). Fisher exact tests on AFLP score frequencies revealed
significant statistical linkage between the markers M345, M485 and Mi24aussat P=0.03
between M345 and M488=0.0003 for M345/M624 an@=0.0004 for M485/M624)Fig. S5
Three outliers detected by the Bayesian analysis in Laussat (M34885 and M624) were
also detected by the coalescent approach at a p-valQé1. Many outliers (12/1196) showed

D VLPLODU SDWWHUQ RI EDQG SUHVHQBWLB&E&WORHWRAHHY -

habitats in the two study sites. For M222, M233, M624, M668, M672 and MB&4and
frequency was higher in hilltop than in
bottomland in both sites. For M313, M485,
M605, M742, M757 and M785, the band
frequency was higher in bottomland than in
hilltop in both sites. M345, M451, M463 and
M687 were detected as outliers but an AFLP
band was only present in one habitat of one
of the study sites and may not be considered
DV D fWUXH RXWOLHU-

Figure 5 Results of the coalescent outlier search. Blt
dashed line: 95% neutral envelop; red dashed line: ¢
neutral envelop.

Figure 6: Results of the Bayesian outli
search
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Discussion

Bayesian clustering

At the regional scale, the large genetic differentiation between study si{f€=2) can
easily be explained by isolation by distance. Nevertheless,etimost likely number of
clusters was K=3, with one group for Regina, and two groups for Laussag from the
bottomland and one from the platead his suggests a larger differentiation betweearoups
inhabiting contrasting habitats, or belonging to distinct spatial groups, in Laussat than
Regina, as also revealed by estimates of within-dier values Fig. 4). Within both sites
with K=2, individuals from different local habitats formed sepata clusters. This result
suggests overall restriction to genetic mixing at short distances, wittarther genetic

subdivision, as shown by K peaks at K=3 and K=7 in Laussat and Regina respectively.

Fine-scale SGS and gene dispersal

To evaluate the roleof neutral processes in shaping within-population genetic
structure, we investigated the fine-scale genetic structuring overlatli within each study
sites. Kinship coefficients decreased quickly with geographical distanceshia two study
sites as expected under the isolatidry-distance model: significant relatedness between
individuals became non-significant at 56 and 30 meters for LaussatRagina respectively.
The structure was globally flat, with kinship values never exceedi®g04 above or below
the population average, indicating that the spatial distribution of relatednesgelatively
uniform (as a term of comparison, kinship values are 10-fold larger Bayesian outliers;
Supplementary Fig. S3. Similar SGS patterns have already been observed in several
temperate (Leonardi & Menozzi 1996, Streét al.1998Vekemans & Hardy 2004, Vornam
et al.2004, Jump & Penuelas 2007, Chybiekial.2011, Hampet al2010Oddou-Muratorio
et al.2010, Jumpt al.2012) and tropical tree species (Statyal. 1996, Doligez & Joly 1997,
Konuma et al.2000, Dicket al.2003, Lowest al.2003, Cloutieret al.2006, Borret al.2008,
Collevati et al.2010), including in the Guiana shield (Dutectt al.2002, Degeet al.2004,
Latouche-Haléet al 2004, Caverst al.2005, Hardyet al.2006).

Significant, albeit weak, spatial genetic autocorrelation is commonly explaineg &
restricted gene flow by seed and pollen, because it can leadsignificant genetic
differentiation within continuous stands (Caverset al.2005). Even if the strength d8GS
may be influenced by some AFLPs submitted to divergent natural selectacross habitats

(Jumpet al.2012), significant spatial autocorrelations observed over all loci within esith
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is more likely to be caused by neutral processes In tropical rainforegene dispersal is
commonly restricted to short distances, as observed in numerous EsigWard et al.2005,
Hardy et al.2006, Dicket al.2008, and all references within). I&. falcatagene dispersal
estimates (\§ ranging from 45.7 to 64.4 meters depending on the study site) are concordant
with the hypothesisof limited gene flow and local inbreeding, as in other tropical and
temperate trees (Heuertet al.2003, Oddou-Muratoricet al.2010). Nevertheless, a previous
study (Audigeoset al.2013) found similar patterns in this species, but showed thategie
turnover occurs at shorter distances in the direction of environmental giexats than within
environmentally homogeneous patches. This suggests that at Igast of the observed SGS

is linked to environmental filters.

Outlier detection

Fst values found between sub-populations within sites were rather larget{een
2.6% and 3.9%), considering the small distance of the sampled graugach site (up to 200
m). This suggests the presence of mechanisms inducing divergencelaghly local scale.
The most likely candidates are neutral processes (drift, inbreedirestricted gene flow, and
demographic events); differentiation outliers are suggestive of the action dtliional
evolutionary processes, such as various forms of selection, that makethese loci depart
from the neutral average distribution (Beaumont & Balding 2004, Foll & Gagdid2008,
Excoffier et al.2009); alternatively, they may indicate the presence of some otheirauat
mechanisms inducing genetic divergence, that may or may not be direatiyated to
environmental filters (Excoffier et al.2009, Hermisson 2009, Biere¢al.2013). Oultlier tests
based on a differentiation indexHst) are robust to inter-locus variations, and theoretical
models show that footprints of natural selection persist longer ket differentiation
indices (Fst) than in intra-population estimators of genetic diversity (Storz 200%kr-based
methods are also supposed to be robust to many demographic scen@emuimont 2005,
Bonin et al.2006), partly because demographic events affect the genome in a hameogs
manner (Evenoet al.2007). However, the inclusion of bottlenecked populations may bias
the method (Storz 2005), and the degree to which these tests are tebwemography has
not been fully explored (Nielseret al.2005).

Both the coalescent and the Bayesian method detected outliers at thge leeal scale
we studied (between sub-populations separated by few hundred mset# most). Three

outliers were detected by both methods (M345, M485 and M624). Meeeomany markers
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(M222, M233, M313, M485, M605, M624, M668, M672, M742, M757, M788 aépishowed
a similar pattern of band frequency variations between local habitatghe two study sites;
markers 345, 451, 463 and 880\ QRW EHHQ FRQVLGHUHG DV IibDthEWUXH R
Results section. Tere were fewer outliers with excess divergence between sites than
between sub-populations within site. This suggests that factors drividgzergence among
regions are not necessarily stronger than those occurring between loghpopulations
growing in different habitats. As the effects of dispersal limitation caonly increase with
distance, it seems unlikely that this kind of neutral process be stronggeeally than at the
regional level, suggesting that highly local divergence may hedo selective forces. In this
study we have found a lower proportion of outliers than in Audigees al.(2013) in the same
species at two different sites. However, both the kind and theimber of marker used
differed between the two studies, as Audigees al.(2013) focused on few hundred SNPs
markers, by using a combination of candidate genes and anonymous loci, thay have
been enriched for loci undergoing divergent selection. Yet, the proportion of outliésund
in our study was surprisingly high when considering the very locatae studied here. Scans
for outlier detection at varying geographical scales in a variety of biological misde
(including animals and plants, both aquatic and terrestrial) are aband in the literature.
Table 4 displays a survey of such studies.
We found 21 outliers (1.8%) with the coalescent method and 6 outliers (0\bih)
T able4: Detection of outliers for selection in several studies varyirg biological models and geographical scales. Mod
A/P = animal/plant; W/T = aquatic/terrestrial; d = geographical distarce (Km) (e: elevation); Method: C: coalescence;
Bayesian; SS: summary statistics (software used, in parentheBés:BAYEFST; BS: BAYESCAN; D: DFDIST; F:

FDIST2; FS: FstSNP); N: Number of markers; P: proportion of oudérs (e: elevation; B: Bayesian; C: coalescent; SS:
summary statistics; T: temperature gradient; R: rainfall gradient)
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the Bayesian method. 3 outliers (0.3%) were detected by both methods. Anadiroutliers,

12 (1%) showed a similar pattern of band frequency variations betweeal loabitats in the
two study sites. These estimates are of the same order of magnitasiéhose detected in
studies comparing populations separated by larger distances, siggethat the same
processes that occur with a larger degree of spatial separation in otheziep may occur at
very short distances irkE. falcataHow should the observed divergence be interpreted? It is
customary to interpret directly outliers as loci under directional seleati or tightly linked

to loci under selection; however, this logic has been criticised (Bieetal.2011, Biernet al.
2013, Hermisson 2009) and the methods shown to be sensitive totigestaucture and
demography (Excoffieret al.2009). To assess how confident we can be in weighing the role
of selection in the generation of outliers, we need to check our biologgstem against
possible departures from the theoretical model underlying the teddserneet al.(2013)ist
HIKDXVWLYHO\ WKH SRVVLEOH DVVXPSWRRQUNVXYIRWDWLRQD
model: we have sampled continuous populations, which can confidentiynsidered as
equivalent to a continuous island model (Hardy & Vekemans 1999); @@riations in
recombination rate around loci: although this cannot be excluded, we hased entirely
anonymous markers of a single type, which lets us think that thereosifd be no systematic
bias; (c) selective sweeps: this cannot be excluded and we havefoonration about it; (d)
cryptic hybrid zones: this is rather unlikely, given that the sub-pomatlons we have sampled
from different habitats belong to a well-defines botanical argknetic species that has a
clustered distribution, with each cluster covering both habitats; (e)rpasive selection:
although this cannot be excluded priorj it seems highly unlikely that the AFLP markers
used here are massively selected; (f) genome-wide effectgy@fetic incompatibilities:
surely we cannot exclude all effects of some restriction to matingtween trees from
different habitats (beyond plain restriction of dispersal); for examplalifferences in
resource availability (e.g. water may be available at differesidites in different habitats)
may cause shifts in flowering phenology, so that trees from the sahabitat may mate more
frequently; or flowering traits, influencing pollinator behaviour, may beorrelated to other
physiological traits, which may be in turn ecologically divergent. In blotases, there would
be pre]\JRWLF EDUULHUV WR K\EULGLVDWLRQ ZKWL FKRDZ\RKIR® \I
described by Bierneet al.(2011). However, although flowering phenology is irregular, we
have not detected time shifts between habitats at the same site5ofalcataand flower trait

dimorphism has so far not been reported. In conclusion, with the egtien of point (c), it
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seems unlikely that our experimental design violates in any major wiye assumptions b
"VHOHFWLRQ RXWOLHUpu GHWHFWLRQ PHWKRGVVHWKWHHUG IRU
divergence is caused by some form of directional or disruptiselection. InE. falcataa
common garden experiment has further revealed intrinsic differencesseedling growth
and leaf physiology between subpopulations from divergent hab#téBrousseatet al.2013)
which suggests some form of adaptive divergence for complex traits. Bedective agency
behind the observed divergence needs to be proven experimgnatid functionally, in
particular by showing that the putatively selected polymorphisnt®ntrol adaptive traits; if
it is the case, one should expect that the selected loci have nedfects on traits, because in
the case of the classical polygenic model it is not expected that quatingatrait loci
underlying traits under divergent selection be more divergent than neutiati (Kremer &
Le Corre 2012, Le Corre & Kremer 2012). The observation of patteraévefgence at the
highly local scale studied here indicates that major evolutionaryeews can occur even

within continuous populations.
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Article n°2- Supplementary methods

Supplementary methods | - AFLP scoring

x Reading of Peak profiles
We used PeakScanner to read peak profiles within the range 50-500 bp.
x Thresholds definition
We analyzed peaks profiles in both negative controls and sample pesfiin the whole
analysis window (50-500 bp) for defining detection thresholds. For eaombination, we
analyzed all peaks contained in negative controls and
GHILQHG "OLP PB% quanily oMgéaks height
within negative control. Thus, we suggest that the 5%
Rl KLJKHU SHDNV LQ QHJDWLYH FRQWUI
due to contaminations, while 95% of peaks contained in
QHJDWLYH FRQWUROV PD\ EH FRQVL
background noise.
Then, we analyzed the distribution of all peaks higher
WKDQ "OLP PD[ p LQ VDPSOH SURILOF
"OLP PLQ p WKUHVKROG FRUUHVSRQG
distribution of peaks height outside background noise.
e e debun S0 U0 7KHVH WKUHVKROGY ZLOO EH XVHG WR
profiles (bottom). in the further steps.
X Binset definition
Binset was defined using RawGeno (Arrigo 2009) with parameters: maxime2bp,
minimum bin width=1bp, range=50- ES :H XVHG "OLP PLQ p DV WKUHVKR
'H GLGQ-W XVH WKH i Wwd \Revitdd o BalyWwée Réreplicates of each
sample independently before doing consensus. Binset was manualsected and exported.
Last, we searched for peaks within bins and used the intensity of each $amjithin each
bin for data cleaning and scoring steps.
x Data Pre-cleaning
We pre-cleaned data by removing, for each combination, samples fdrich the two
replicates were not available due to problems during genotyping (stfale size standard or
profile of bad quality).

X Scoring and consensus
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‘H DVVLIJIQHG " p "1p RU ~ p WR HDFK SHDN DFFRUGLQJ ZLW

3HDN " OLP PD]J T
limmax.0<3HDN OLP PLQ "1
3HDN =« OLP PLQ T
and defined consensus as follow:
RU 1 ~u ZH FRQVLGHUHG WKH %K HispIRyaH\ bl péaks L1 WK F

ZLWKLQ EDFNJURXQG QRLVH RU RQH SHDN ZLYHKDRUEBIFNJ
intensity lower than lim.min.1).
M
1 “1p RU ~p LI D VPDOO SHDN RXWVLiGH geakDQgh "1y  ZD
intensity in the replicate (peak intensity within the 0.5 upper quantile gieaks intensity
distribution within samples, see above).
M "W LQGLFDWHG D PLVPDWEFK
11 T "MW LQGLFDWHG DQ DPELIJXLWWHG WZR ISH DWAR RMXVE
background noise but intensity lower than lim.min.1)
x Data post-cleaning
Data were post-cleaned by eliminating
markers for which a peak of intensity
higher than lim.min.1 was found in a
least one negative control
(contaminant).
We also remarked that peak intensity
decreased within the 50-500bp window
Floure: Masking step and that it was variable among profiles
W UHVXOWHG LQ QXPHURXV DQG PLVVLQQ GDWILOHQWOX G\
would result in assigning false- ¢ WR DQ DEVHQFH RI SHDN 7R DYRLG LW
We PDVNHG DWOWKH HQG RI HDFK SURILOH “"1pu XQWLO D WU
We UHPRYHG DOO PDUNHUV GLVSOD\LQJ DQ\ " p RU DQ\ "
We UHPRYHG WKH ODVW PDUNHUV IRU ZKLFK WHiNIWBIOD(R SRUWLF
“1n ° p DQwWeré higherthantKk H PHDQ SURSRUW LsBQ v&RueS inbisO XV PL
of the whole dataset
/IDVW ZH UHPRYHG DOO PDUNHUV WKDWD GXIBVQRWUXIH S @DR
H IRU HDFK VLWH DQG ORFDO KDELWDW
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x Data fusion
Last we merged datasets from the different combinations. Samples thatevabsent from a
combination (because one of the two replicates failed) were noted NA @pposition with
missing values due to posW UHDWPHQW “"1u "~ nu DQG "

Supplementary method8 Genotypes allocations

For each sub-population inhabiting each local habitat, we estimated the fesuy of

homozygote (11) and heterozygotes (01) under the different values afistigy the observed
frequency of individuals displaying the phenotype [0] that necessarigprresponds to the
genotype (00).

For each marker j,

Brr;yvL:sF (EQ® $E :(EOUM:s F (EQ@ $E k (EO¢O MBrr;y L rwhere q

traduces the frequency of the allele (0).

Thus,

M ?2¢.Vaz
60:5?2;Ue;

With ¢yL (EO~ F >svFJ(E® k F:Br;yo ?
Thus,
O:rs;yL t U QU F t U Orr;ywhere N, corresponds to the number of phenotypes

available for this marker (with removal of missing values)
Last, we assigned the genotype (00) for individuals displaying the phenotjle We also
randomly assigned (01) or (11) for individuals displaying the phenotyplejith respect with

the expected number of heterozygotes (NO1) and homozygotes (N11) estimated.
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Article n°2- Supplementary figures

Figure SL Bayesian clustering analysis on the Régina data set. Left upper paKevalues. Left lower
pane: individual Dvalues forK=2 andk=6. Right pane: geographical distribution of individuals
belonging to the main clusters (see text).
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Figure S2 Bayesian clustering analysis on the Laussat data set. Left upper paikezalues. Left lower pane:
individual Dvalues forK=2,K=3 andK=7. Right pane: geographical distribution of individuals leglging to the
main clusters (see text).
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Figure S3% DQG SUHVHQFH SKHQRW\SH ¢ - VWHMBEXOKQ F\/ DRXY WKW JO R
Blue bars: bottomlands; orange bars: hilltops
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Figure S4 Spatial genetic structure analysis for Bayesian outliers.

Figure S5 /LQNDJH GLVHTXLOLEULXP EHWZHHQ INXG\SYILWM
polygon indicates a significant pY DOXH S ZKHUHDV D "JUH\H SRO\VJRQ LQC
significantp-YDOXH S
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Bioinfor matic tools- RRngs- A suite of R functions to easily deal
with next-generation (454)sequencing data and post-process

assanbly and annotation reaults.

1.Introduction to bioinformatics

Next generation sequencing technologies are now able to produce large atrmfugenetic
data with reduced cost and time. However, dealing with such datzseneeds to be
automatized and requires specific tools often difficult to use

Assembly. Next-generation sequencing allows sequencing large amounts of DNA
templates, but produces small sequenced fragments (reads) that teéé assembled into
contigs. In 454-pyrosequencing for example, DNA libraries are sequehlog fragments of
200 to 500 bases, and each portion of the genome/transcriptome magdpgeaced one or
several times Fig. ). Numerous software packages allow the assembly of NGS reads into

contigs, among which the most popular are probably MIRA, Newbler, and €A.

Figure 2 Example of assembled data from 454pyrosequencing.

Blagz and functional annotations. Once reads are assembled into contigs, blast and
functional annotations allow the characterization of unigenes among contigs.adl
compares the assembled sequence of each contig to public datatimsksling encoded
proteins, dna sequences, and ESTs sequences). In a second stegijofual annotation
allows identifying the biological processes and metabolic pathways ihi@h each unigene

is LQYROYHG E\ DVVLJQLQJ *thfpwarnQisrier@RIdYy.gH)Ue V u
contigs that returned a blast result in the previous step. A widespad tool software used to
blast and annotate plant assemblies is B2G (Conesa & Gotz 2008

SNPs discovery. Genetic analyses start with the existence of polymorphisms in DNA
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sequences. Thus, identifying polymorphisms in characterized unigenesisaor feature of
evolutionary biology, quantitative genetics and QTL mappingt RZHYHU LGHQWLI\LQJ
polymorphisms remain challenging due to higher error rates in next-geagon sequencing

than classical Sanger sequencing of targeted sequences. It requires thénfijtef assembly
mismatches through the use of informative statistics. Numerous softwar@itomatize SNP

detection, but the large majority of them remain complex, incomplete (without taking into

account for individual bases qualities within the different reads) or expéres The package

presented here is largely inspired from SeqQual software.

2.Short description of fngs -

"5QVJu LV D &dpiswavelBdedduring this PhD that allows to easily postguess
NGS data from 454-pyrosequencing. Functions are coded in the widespre language to
be freely available and modifiable by users. Because Raisimplified programming
language, it is more accessible for evolutionary biologists than othemguages, such as

python or perl.

This package contains functions that help dealing with NGS data and outputs from
different widespread
softwares packages
(Fig. 2. The functions

are organized into

three categories:
"DVVHPEO\p "EODVW
DQQRWDWLRQu D

"613 GLVFRYHU\p

Figure2 2 YHMHZ R WHH QIV | XGRARQVDQGWHUACNVZ W

commoly-used softwares
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€LT

Category function Brief Description options I nputfile(s) Outputfile(s)
Assignation_MID_reads.function Search nucleotidic tagn read sequences. st:grsch: ;ugcsleo"dlc 1ags to search/lint’ vidowsizases) to fasta (rawdata) Assignation_MID_reads.txt
Assembly Assignation Contia MIDS.functi Count the number of reads that brought each tag tlml;l : mnm’e: r;.l?er otfa;e?ds /brllrrgng ggchtag Eﬂr fa::h contig) Assignation_MID_reads.txt / Contigs_Reads_Tags.txt /
Ssignation_ontg_ uncton the different assembled contigs ° ? accepted for s I_S K_:S e minmum nuMyet tags per info_contigreadlist.txt (MIRA output) Contigs_Tags.txt
contig accepted for statistics
: . . . . . Gene_ontology_database.txt (freely Go_hierarchy.txt and
Go_hierarchy.function & Go_hierarchy?2. function|Format Gene ontology database into matrix awilable inthe Gene Ortology Website) |Go._hierarchy2.txt
Extract annotation fomB2G, explore B2G anp nt:g/s :rth? t‘:t"_ﬂl? Hbfr _Of ?S dser;ft.)alfﬁd Cr?arr't s (; dinB2G Go hier 2 txt/ Blast2G gLt Contig_Annot_id.txt /
Blast & |[BP_split.function database to find all has part relatioships betweer p oject/ p OJ?C iy p oject loent f° ) 0? ierarchy2. astelo_trepping. Contig_Annot_names.txt /
Annotation GO-terns / splits information into a binary metrix selected_BL" : biological level to use / "thresholdblast e-value  |(edited by B2G) Cortios L BL splitted.bxt
otatio P Y threshold to keep both blast and annotation for timntig 95 _BL_sP )
Contaminant_detectionl.function rEeﬁL?t(: anonredundant ist of species fromblas Blast2Go_mapping.txt (edited by B2G) Species_list.txHft_species.txt
Contaminant_detection2.function Search contaminanbntigs Hit_species.txt/ Tree.phy Contaminant_by_contig.txt
) . . ) fasta (raw sequence data with tags L
) Split .ace into contig sequence and quality ) ( d ) g * it (.ace spiited into assembled
ACEspilit . clipped) / .qual (raw quality data with ) .
fles A sequence and quality matrices)
tags clipped) / .ace (assembly)
) . Analyzed the distribution of base quality in ) .
uality_anaysis * ixt uality by contig. txt
Quality_anays| the assembly Quality_by_contig
: : man : minimum allele number / maf: minimum allele *_cleaned.txt (cleaned assemble
Ascleaning Assembly cleaning - ) * it ) A
frequency / mg: minimum quality sequence and quality matrices)
SNP  |Consensus Consensus edition (IUPAC code) *_Cleaned.txt consensus_with_masking. txt
detection - min_dist : minimum distance to another SNP / min_depth
SNP_stats SNP stafistics " LOEPR 1 cleaned.txt SNP_stafs.txt
- minimum depth - -
. . nBase_Before: & nBase_After : numbe of bases inthe |consensus_with _masking.txt / .
SNP_design SNP design L - - "9 SNP_design.txt
flanking region SNP_stats. txt
) SNP vizualization by a PCA based on e
SNP_viewer L SNP_stats.txt tiff (figure
- several statistics ~ (fgure)
. estimate min, max, average contig depth ar| . | .
Contig_depth 9 ntg dep min_depth : minimum depth *_cleaned.txt Contig_depthstt

depth at each base of the contigs

SUOIPUNJ Y} JO MIIAIBAO LOYS'E



4. Detailed description of thefunctions

AAssignation MID reads.function :

Raw data from NSG are commonly delivered into .fasta and .fasjual file formats (or fastq
that combined both .fasta and .fastq information) containing the sequencesd base
gualities of each read. In NGS, identifying individuals or DNA pools of populatits
requires the addition of nucleotide tags to DNA libraries. This function aies identifying
which tag is brought by each read, by searching for strict nucleotigatterns in the
beginning of each read sequence (contained in the .fasta file). The windsize for tag
detection is defined by the user, and may vary from the strict length of teearched tags to
the whole read. Then, reads assembly requires the prior clippaigags that may disturb
reads assembly. Looking at the number of reads bringing an identified tag acdifésrent
window size may help deciding how many bases to clip: when increasing aaw size does
not affect the number of reads carrying an identified tag, applying longeipsl would
FRQWULEXWH WR ORVV D SDUW RI fWUXH VHTDRIGY FGIH G RWKV |

inappropriately.

B WIQDARBERMWIB) ' IXCAARY

This function counts the number of reads that brought each tag in the di#nt contigs.

This function was developed to deal with the output files provided BMIRA assembler

(Chevreux et al.2004) but will be extendd shortly to deal with several other assemblers.

This function merges W K Hread-tags association matrix edited by the
T$VVLIQDWLRQBO,'B WithD\® Ke¢drXi@iedtld &s€bciation matriwedited by

MIRA (hamed "LQIRVBFRQW L JUH® GQadtidnWexpdryy utwo .txt files:
‘Contigs_Reads_Tags.tyt FRQWDLQV IXOO Lkelfads PlowyHt ByQeabhEréad W W
ZLWKLQ HDFK E@sVTapysttiQ @ XPPDUL]J]HG WKH QXPEHU RI UHD:

each tag within each contig.

o herarchy.function -, 0 hierarchy2.Function - W3BSONXCRARD

T*RBKLHW@WRIYFERBKLHU Diht#oks allow formatting Gene-ontology databases
(that contains all GO-terms with their has partrelationships) into a tab-delimited matrix
QDPHG Y*RBKLHUDUFK\ W[W-

7KH I XQMBR IsiiQexfracts annotation results from B2G mapping table (named
1% ODVW *R B P a8dSskdpchedMfpMell GO-terms associated for all biological levels
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in the matrix-formatted Gene Ontology database. Two tables summarizéish GO-terms

are associated to each contig at different biological level: one cost@-term identifiers
T&RQWLIBSQQRWBLG W3§WO- WHUEP RIDH HFR QNBIRAW LIBSQQRW |

The function also allows splitting annotation for a given biological level intoinary matrix

(0/1) with contigs in lines and biological processes for a given levelaalumns. Several

options need to be specifiethe total number of contigs contained in the B2G project, the

project identifier, the desired biological level of analysis, the blastaue threshold to use

R.ROAP IAOODEBEHMAARD function - B.ROAP hant detection2function -

T&aRQWDPLQDQW G HW hbR-véduRdant listrbf gpecedivem the B2G mapping
WDEOH QDPHG 1% O D Vit *dariaihb $& kggdiedy MWich the different

blasted sequences belong td] 6 S H F L H V.Braoid. nowredd plnt list of species may be
LPSRUWHG LQWR 11&%, &RPPRQ 7TUHH
(http://www.ncbi.nim.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi ) to  search
phylogenetic relationship between the specietn particular, exporting only nodes
FRUUHVSRQGLQJ WR ’~ Jutbnhh{xing GeBeQrith \fqr pDsSildeRcantaminants

based on blast resutsWR H[SRUW LQ SK\OLS |LTheélfuQddddtedish7UHH St
matrix containing the list of species associated to each contigg+ LWBVSHFLHV W[W .

T& RQWDPLQD Q VWWetified/ ptdb¥ble Rdptaminant contigs by identifying contigs
for which any of the top blast result corresponds to a green plant.eXports a matrix that

resume if each contig is a contaminant or no.

A CEgsplit.function -

.ace file format is a universal format for assembled data fraWGS delivered by the most
popular assemblers. It contains numerous information about the assadbtontigs, in

particular:

- The list of reads belonging to each contig, including:
o0 Reads sequence
0 Read position within the assembled contig (beginning and end)
o Information about bases masked by the assembler (not taken intooacdt
during assembly)
- Contig consensus sequences

- Contig consensus base qualities (average base quality for each base obiitig).
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However, the .ace file format is difficult to use with this forma Moreover, the .ace file

excludes individual base qualities (the quality of each base athe read composing each

contig). This information is, however, of major importance when searchirigr SNPs due

to higher base calling error rateig NGS than in classical Sanger sequencing. Thus, base

guality of each read need to be recovered from raw quality dedatained in (tag clipped)

fasta.qual file. This function splits .ace and re-assembt®ontigs into matrix, and attributes

base quality scores for each base of each read. The resultslaesl én text files stored in a
GLUHFWRU\ QDPH Y5DZ GDWD- ZLWK WZR MHMWHTXOIDW HE \P DR

of assembled reads, and one contains quality scores matrix.

%5 6 RBDALQ] | XCPARD

Prior to SNP detection, assembled contig sequences and qualities nedaetoleaned to
PLQLPL]HGMDOVIHVFRYHU\ 9f$6FOHDQLQJ- DOORZV HOWDQLQ.
statstics including singletons, minimum allele frequency, and minimuimase quality. The

function screens all mismatches of the assembly, and followsrae procedure:

(1) The function masks alternative bases composed by a single read (singletons)

(2) The function masks alternative bases if their allele frequencylasver than a defined
threshold (for example 0.1)

(3) The function masks all bases with a quality lower than a defingdreshold (for
example 20)

4 /IDVW WKH IXQFWLRQ UHPRYH EDVHV PDWUL[ FROGXPQ\
PDVNHG E D Vhis\Minaflstep reduces contig length.

$1 SVHOKIXCAMRD € RMOXVIXCAMRD 51 3BA-MJIQIXCRARD  $1 3B HJ
Both f613VHDUFK:- DQG f&RQVHQVXV IXQFWLRQ:- VFUHHQ HDEFK

T&RQVHQVXV IXQFWLRQ- HGLWV WKH FRQiysHW@N KPATGHTXHQFI

codes).

1613VHDUFK:- VHDUFKHV IRU 613V LQ WKHs HhéenHhiy QadeBal DVV HPE
statistics (Contig, SNP position, variants, absolute and relative dde frequencies,

minimum allele frequency, maximum allele frequency, deptht ¢he base, and distance®

another SNP).

These two functions lead to two other functions:
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- 1613BYLHZHU IXQFWLRQ- DOORZV WKH YLVXDOL]DWLR
component analysis (PCA) based on several statistics

- 613BGHVLJQ IXQFWLRQ - SubhittinhQthvem6 b8 Wigh-Ritdughput
genotyping. SNPs variants are indicated under brackdlsQ G VHSDUBSWRAIG E\ " u
fODQNLQJ UHJLRQV DUH GHVLJQHG EDVHGQG &RQ,88 H& ¥R-Q
function. An option allows defining the length of flanking regions to desigreNPs
with insufficient flanking regions (within ends of contig) are automatically
discarded. Another option allows avoiding SNPs close to anotherdpecifying the

desired minimum distance (bases) between two targeted SNPs.

Other supplementary functions

Two other functions are also available:

Quality_anaysis | X Q F W L R G th® dsbikutipH of bases quality in the whole assembly

before cleaning. In particular, it may help assessing the global quality of sequmnc

Contig_depthl XQFWLRQ- DQDO\VHV W K Hand @lagexcBntiPd2pih s, 4P

well as the depth at each base of each contig.
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Articlen°3- High-throughput transcriptome segencing and

polymor phism dismvery in four Neotropical tree spedes.

Louise BROUSSEAU: T Alexandra TINAUT § Carline DURETS, Tiang LANG 88 Pauline
GARNIER-GEREEZ, and Ivan SCOTTI %

$INRA, UMR 0745 EcoFoG, Campus agronomique BP 709, F-97387 KOUROU Cedex,
France

+,15% 805 (() bOOpH GH O-$UERUHWXP &+$03(128;
88Key Laboratory of Tropical Forest Ecology, Xishuangbanna Tropical Botanical Gan,

Chinese Academy of Sciences, Mengla, Yunnan, 666303, China

£ INRA, UMR1202 BIOGECO, F-33610, Cestas, France; Univ. BordedBd)GECO,
UMR1202, F-33400, Talence, France

Abstract

The Amazonian rainforest is predicted to suffer from ongoing environmgl
changes. Despite the need to evaluate the impact of such changéseergenetic diversity,
we almost entirely lack genetic resources. In this study, we arsdy the transcriptome of
four tropical tree speciesGarapa guianensksperua falcafgssymphonia globulifesad Virola
michelij with contrasting ecological features, belonging to four widespread botahica
families (respectively Meliaceae, Fabaceae, Clusiaceae anddticaceae). We sequenced
cDNA libraries from three organs (leaves, stems, and roots) using 45#oggqguencing. We
have developed an R and bioperl-based bioinformatic procedure énavo assembly, gene
functional annotation and marker discovery. SNP discovery takes into accouinigte-base
guality values as well as the likelihood of false polymorphism as a functidrcontig depth
and number of sequenced chromosomes. Between 17103yfimphonia globulif¢r@nd 23390
(for Eperua falcajacontigs were assembled. We identified between 6885 (8mphonia
globuliferpand 12878 (fovirola surinamengikigh-quality SNPs. The resulting overall SNP
density was comprised between 1@3.(guianensisand 1.46 Y. surinamensisSNP/100bp.
These newly identified polymorphisms are a first step towards acgayg much needed

genomic resources for tropical tree species.
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Introduction

The Amazonian rainforest of Northern South America hosts one of the greatest
pools of terrestrial biodiversity, including very large tree species disgy (Hubbel et al.
2008, Hoornet al. 2010, Hawkinset al.2011). In forest genetics, most efforts have so far
focused on temperate and boreal tree species. While ongoing anthropogematdi change
is suspected to deeply affect the stability of Neotropical rainforegehillips et al.2009)
tropical tree species genetic resources and adaptive potential are still pokmigwn
(Savolainenet al.2007), although data for at least some species are now avail&bidigeos
et al.2010, Audigeost al.20L3). Identification of polymorphisms and robust estimates of
WURSLFDO WUHH VSHFLHV:- VWDQGLQJ JHOWWH Fr SQ QHUWDIEW
to environmental changes of populations and their ability to endure thddumpet al.2008,
Scotti 2010).

$ WKRURXJK DVVHVVPHQW RI WURSLFDO WWHXD WBHFLI
amounts of genomic data and informative molecular markers (Aitkex al.2008, Staplegt
al. 2010). Single-nucleotide polymorphisms (SNPs) have become the most pog@aome-
wide genetic markers (Seeét al.2011) and are increasingly used to characterize potentially
adaptive genetic variation (e.g. Schlotterer 2002, Eveth@l.2008, Eckerét al.2010).

High-throughput sequencing and genotyping methods are paving the way to
genomic studies in non-model species (Ellegren 2008, Allendzirfil.2010, Seeét al.2011)
Indeed, advances in next-generation sequencing (NGS) techniques allow céfsictve
parallel sequencing of millions of sequences and are now an efficientte for generating
very large genetic data collections. Thus, NGS provides a valwalstarting point for
identifying molecular markers in ron-model species (Hayest al.2007, Seeét al.2011).

While assembling whole-genome sequence reads without a refegesggquence can
be very complex and in the best cases incomplete, transcriptomeiseqging constitutes an
efficient alternative in information-poor organisms since it avoids dealing with arge
amount of repetitive sequences (usually outside the transcriptome; Rofalzberg 2008)
Transcriptomes also include a large number of loci with known or predickabjunctions
(Bouck & Todd 2006, Emrichet al.2007) and have been applied to comparative genomics
(Vera et al.2008), marker discovery (Novaest d. 2008), and population genomic studies
(Namroud et al.2008).

Among common NGS techniques, the Roche 454-pyrosequencing technolodlyes

one producing on average the longest reads (Wicle¢al.2006, Webeet al.2007, Emrichet
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al.2007), which makes de novo assembly easier in non-model species wiflrautgenomic
resources (e.g. in Eucalyptus grandis (Novaesal.2008), in Cucurbita pepo (Blancet al.
2011) and in Maruca vitrata (Margamt al.2011)). This technique also permits to identify
allelic variants by aligning assembled ESTs from different haplotypéBarbazuket al.2007)
and is commonly used for transcriptome analysis (gene expression firgfi by mRNA
identification and quantification; Morozova & Marco 2008).

We describe the transcriptome and its polymorphism in four widesgad
Neotropical tree genera chosen to represent different botanical famsilieecological
properties and patterns of local and range distribution (see Materials &hethods).

The objectives of the present study are (i) to describe the trangtymes of these
four tropical genera, (ii) to compare expression profiles among organayks, stems and

roots), and (iii) to identify expressed single nucleotide polymorphisms (SNPs).
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M aerial and methods

Study species and sampling

The four species studied Symphonia globuliferéL. f.) (Clusiaceae); Virola
surinamensigRol. ex Rotth.) Warb.); Carapa guianengi&ubl.) (Meliaceae); Eperua falcata
(Aubl.) (Fabaceae)) are characterized by contrasted ecologicaluiregents, spatial
structure and seed dispersal strategiegable 1. For each species, we collected about ten
VHHGYV I URP WKUHH GLITHUHQW VDPSOLQ-J(V ERaKaaarRIDUDFR X
V. surinamensis ODWLWL -f f --1.-( SIRMbulifera DQG 5RURWD- f

f - --( ClRWwanensisSeeds germinated and grew during twelve months in a

greenhouse under non-limiting light and water conditions as described in Baralet al.
(2007). Two vigorous seedlings of each species were selected fosdrgptome analyses.

Plant material was sampled from three organs: leaves, stems raxds.

Table I Species description.

cDNA library preparation and sequencing

Total RNA from each fresh sample was extracted using a CTAB protocab
described by Le Provost et al. (Le Provost al.2003). mMRNAs were converted to double
VWUDQGHG F'1$ XVLQJ OLQW F'1$ VIQWKHVLV NLFMWXYHRIWQ
instructions.

For each species, cDNA libraries from the different organs (leaves, steand roots)
were identified by a specific molecular identifier (MID) tag. Samplesdm the same organ
of different conspecific individuals were pooled for sequencing (MID1 = legy MID2 =
stems, MID3 = roots). Libraries of the different species were sequeshseparately (one run

per species) according to a standard Roche-454 protocol (Myer 2008).r&w data were
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submitted to the ENA database (study number: PRJEB3286;
http://lwww.ebi.ac.uk/ena/data/view/display=htmI&PRJEB3286) and given the acasion
numbers ERS177107 through to ERS177110.

Assembly and functional annotation

The bioinformatic flowchart includes the following stepsFig. 1.

For each species, .sff files were extracted into .fasta, .fasta.qual.tastq files using
the § VII| HHWUDFW - VF UL S Wnixdnmak. Q. &sBH eRtnActKX Thé/eRtractoh

was made both with and without
clipping of read ends. Adaptor and
MID sequences were identified in
fasta files (with unclipped ends)
by searching exact motifs of MID1,
MID2 and MID3 in the first
twenty bases of each read.
Reads were de novo
assembled into contigs using
MIRA v.3.4.0 that allows much
flexibility with a large range of
Figure 1 Bioinformatics flowchart parameters (Chevrewet al.2004)
and has been used efficiently for transcriptome assemblies (Kumar &@ér 2010). We
appliedtKkH "DFFXUDWHu PRGH ZLWK f{MRE- DWBHXPWRWYL PILG\H \
assembly of paralogous genes.

Assembled contig consensus sequences were submitted to Blast2Goysasal
(http://www.blast2go.de/b2ghome) that allows large-scale blasting, mapg and
annotation of novel sequence data particularly in non-model plant species (Gan& Gotz
2008). Consensus showing Blast results with low e-value-@and valid functional
annotation were submitted to public databases (in process). We realizednai-seitomated
search for contaminants by verifying the organism identity of each blast tas follows:
NCBI Taxonomy CommonTree Browser
(http://www.ncbi.nlm.nih.gov/Taxonomy/CommonTree/wwwcmt.cgi) was searched
with a non-redundant list of species extracted from B2G. Among the ten higth the

lowest e-values (below 14, contigs having at least one hit with a sequence from a genus
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belonging to the "green plant” node of the generated tree were furtbensidered as non-
FRQWDPLQDQWY ZLWK FRQWLJV ZLWK QR “JUWH & DS\OHD®E) \I M
contaminants and excluded. Studied contigs were then assigned the bd#stmative
functional annotations from plant species hits, provided that their@lue was smaller than
102

The B2G analysis also allowed the matching of each contig with one evesal
ELRORJLFDO SURFHVVHV HLWKHU ~ p IRU D@® BDLVOWRIFR Q VW ILR/G
processes considered here at levels 3 and 4). Leval@pses were ranked by their number
of contigs and the cumulative distribution of the number of contigs as inspected.
ORUHRYHU FRQVLGHULQJ WKDW D FRQWIDIW\R @ RA EWIKIHRO R
expression of the corresponding gene (Webstral.2007, Torre®t al.2008, Frias-Lopeet al.
2008, Craftet al.2010), we used the number of reads belonging to contigs associated to
particular level 4 biological processes versus all other proesgs identify processes with
remarkable expression levels in the different organs considered atle species. These
particular processes were compared qualitatively among organs ircarse step. To identify
those processes, we used a permutation analysis as follows:
(1) For each organ, and for each level 4 biological process, both the numbreraos per
conttJ ZDV UHFRUGHG DQG LWV DVVRFLDWLRQ “~p RU QRW
(2)  The observed average number of reads across all contigs associates tbiological
process was computed; and this statistic was considered asstimator of the average
expression level of all genes involved in that biological process (contigsh zero counts
were excluded).
(3) Then, the number of reads per contig was permuted at random 10®@gs among
contigs, under the assumption that there was no particular assoti®@8@Q ~ p WR WKH WD
process. At each permutation, the average number of reads per consgcested to the
targeted biological process was computed again.
(4) The thousand averages obtained by permutation provided a nditribution of
average read counts per contig within that biological process.
(5) If, for that biological process, the observed average read countcpatig was larger
than 95% of the average values obtained by permutation, then the gadlgenes associated
to that biological process was considered as over-expressedcansequently the biological
process was considered functionally important for that organ.

Because a contig may be associated to different biological processgss (ii)-(Vv)
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above were performed for each biological process separately, ackumwng the fact that

some of these tests are therefore not all independent.

SNP discovery

Assemblies were post-processed using both bioperl scripts ftamSeqQual pipeline
(Lang et al. in preparation), and home-made R scripts that followeatious steps of filtering
the data by integrating a number of quality criteria. Both the SeqQual aRdscripts are
available on request from the authors. The different steps of theogedure used were as

follows:

X Splitting .ace assembly files and linking to quality

Assembled contig sequence files were extracted from the .ace fijien by MIRA

and linked to their original base quality scores contained in the .fasta.qulakf

X Assembly cleaning

Nucleotide differences were screened in assembled contigs and pdatidiases were

masked according to several criterions:

- being a singleton

- being a variant with a frequency lower than 0.IMH H DB@ngRing SNP statistics and
post-1 L O W Helbw J -

- having a quality value (PHRED score equivalent) lower than 20 faolgmorphic sites (i.e.
incorrect base call probability of 1/100).

JROORZLQJ WKLV JPDVNLQJ VWHS- D TFOHDQLHJ
corresponding to one base) of the assembled contigs that contained onlyl isnole masked
bases. This last step is particularly relevant for 454 data wlealse insertions due to
homopolymers were very common and drastically affect contig cemsus, hampering
further re-sequencing and SNP design for genotyping. Consensus (usind®ALC codes)
were edited from cleaned assembled data and used both fetrmating the total
transcriptome length obtained and for identifying quality SNPs for submigs to

databases.

x Computing SNP statistics and post-filtering

All potential SNP contained in the cleaned assemblies were used tibdbaisummary
statistics table (number of occurrences and frequency of the eliéfnt variants, depth, mean
guality, minimum allele frequency (maf)). This table was used talentify the highest

quality SNPs a posteriori (without affecting assembly and consengusr further SNP
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design and larger scale genotyping. In particular, we chose to avoid:

- SNPs adjacent to each other, because they are likely to be dsigeantefacts (Youet al.
2011).

- SNPs with lower-than-expected frequencies based on the numbegametes sequenced.
With two genotypes, four different gametes were sequenced d@hd probability of having

a variant was 0.25 at minimum. The following rationale can be applied tty aumber of
gametes N. The probability of observing a particular number of timesr(fewer) the
minority variant (1/2N) follows a binomial distribution. The probability of obseving the

variant exactly t times out of x reads is computed ds P, L Iio EM ? Sand the probability

of observing it t times or fewer is given byA§ L : P All polymorphisms that were present
in a configuration with a cumulative probability P < 0.05 (e.g. 3 variaataong 29 reads)
were considered as false positives and were discarded. Inginbu half the case, these
configurations had already been excluded based on the below @duéncy rule (see
1$VVHPEO\ FOHDQLQJ:- ,Q WKH RWKHU KDWLRIQW KZH IF DM HAD |
frequencies ranged from 0.1 to 0.15 but which had a probability bé&tvcould also be
excluded, therefore increasing the overall likelihood of the detected variants.

- SNPs having a depth lower than 8X, which can be considered as a stnhggteria, given
the 20 quality score for each base, a minimum SNP frequency of 2/850ere (since
singletons have been previously excluded), and the fact that tkisnfiguration has a
probability of 0.31 based on the binomial distribution rationale, whichwigll above the 5%
threshold chosen before.

Following the filtering steps described above, SNPs were counted argirtdensity
per base was computed as the total number of polymorphisms (inahgdSNPs at contig
ends that passed the quality and singleton filters) divided by tte#al number of bases where
the depth was at least 8 reads. Numbers of transitions, transversiars] deletions were

also reported.
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Results and Discussion
Assembly

Sequence data were obtained from all tissues and species &x&eglobuliferafor
which root cDNA library preparation failed. Between 167140 and 248145 weadsobtained
per species. More reads were associated with roots than with stemeawes T able2). This
is likely due to technical artefacts such as a more efficient RNAtection and/or cONA
amplification from roots than from other organs, and a lower RNA extractiogield in

leaves due to high concentrations of secondary metabolites.

Table 2 Partitioning of reads among different organs (leaves, stemsts) in each species cDNA library €.
guianensj&. falcataS. globulifa andV.surinamensig. Under brakets, the number of assembled reads.

Between 103433.( globuliferaand 15355C.( guianensjisreads were successfully
assembled into contigs and between 17103 and 23390 contigs were obtaieedindepn the
species Table 3. These figures are close to the average number of contigs comlgn
obtained in similar studies (Kumar & Blaxter 2010, Blanetaal.2011, Sloaet al.2012) and
suggest reasonable transcriptome coverage from the data if veeirag that the number of
FRQWLJY DSSUR[LPDWHYV WKH VSHFLHV:- XQLEHQHWHRYHUEJ
(E. falcatqand 523 bpQG. guianensig Supplementary Fig. S2.

Table 3 Assembly results.

A large number of contigs was solely associated to roots for the ¢hspeciesKig.
2), particularly in E. falcata (61% of contigs from roots only, compatto 29% and 37% for
C. guianensiand V. surinamengisThis probably resulted from the predominance of root-
tagged reads (MID3Table 2). In contrast, contigs exclusive to stems and leaves were in
much lower proportions in the three species with root data, varying frod% to 7% for
stems, and 3% to 12% for leavE®y( 2.
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Functional annotation

Functional annotation
based on BlastX and gene
ontology analyses  allowed
classifying contigs into biological
processes. A majority of contigs
returned a Blast hit result with e-

values below 10-25suppl. Fig.

Figure 2 Number of contigs associated with each organ (leave . ; 0
stems, roots) (Note: sequencing fror8. globuliferaoots failed). S3 for C. guianensi¢79%), E.

Carapa= Carapa guianensisperuas Eperua falcai&ymphonia falcata(69%),S. globulifer§74%)
Symphonia globulifekérola = Virola surinamensik, S and R '

indicate contigs specific to Leaf, Stem and Root, respectively and V. surinamensi§70%), but
combinations of sym:anﬂlstigloerroe%paonrf to contigs occurring in only between 48.1%E(. falcatal
and 64.1% . guianensjishad
functionally informative annotations (T able 4). Less than 3.1% of the characterized contigs
were identified as contaminants for any species (1.58%, 3.06%, 2.92%.29% inC.
guianensjsk. falcata V. surinamensigand S. globuliferarespectively). After removing
contaminants, from 12603( globulifefato 16912 unigene€ ( guianensjisvith an e-value
lower than 1&>were retained, that covered 4.65 Mbp (in S. globulifera) to 7.75a0\Mim C.
guianens)f the total transcriptome across specietdble 4).

The analysis of the cumulative distribution of contigs associated ¢éach biological
process (level 3) revealed that 50% of the contigs belonged to adi#?% of the same
biological processes across specikig(3. This corresponds to 8 biological processes (out
of 70 for C. guianensis an¥. surinamengisnd 9 biological processes (out of 73 and 75 for

E. falcataandS. globuliferaespectively).

Table4: BlastX statistics across species, performed on consensus segadrom MIRA.
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Figure 3 Cumulative percentage of contigs annotated by biological pess (level 3). Only non-contaminan
contigs with an e-value lower or equal to #0were retained for the analysis.

Permutation analyses allowed us to identify biological processesélet) showing a
significantly higher occurrence of contigs for a given organ, that could ingerpreted as a
higher expression of genes belonging to that process in that ordeig.(4).

In leaves, between fiveY. surinamengignd ten (C. guianensiiological processes
stood out Fig. 4 left column), eight of them being identified more than one species. Not
surprisingly, biological processes related to photosynthesis aathon cycle in leaves appear
LQ WKLV JURXS fFDUERKREHDWH BRAMDER®LE[DWLRQ:- TJHC
PHWDEROLWHY DQG HQHUJ\- fQLWURJHQ F\RCE R\ BVEKRHO\LLE
SURFHVV: YR[LGDWLRQ UHGXFWLRQ SURFMAMRQIJSKRWRV\Q\

In stems, we detected between eigl# (globulifereand twenty-five (V. surinamensis
relevant biological processedig.4 middle column), fifteen of them being shared among
GLIIHUHQW VSHFLHV $W OHDVW DDVXELRINMY QRN KNHKWHLVAH SSURR-RHA
COPSRQHQW PRYRPHD@QLF VXEVWDQFH ELRV\QWKHWLF SUR
FDWDEROLF fSHRRRENMWDEROLF SURFHVV: DUH SRWHQWL
differentiation events that occur during wood formation.

In roots, between seven ¢. guianens) and twenty-six (E. falcatq biological
processes appeared as particularly relevant, eleven being diayalifferent species. They
UHIOHFW WZR PDLQ IXQFWLRQV RI URRWMVZIBOWYH WRA QKW
VXEVWBHOHAMSRQVH WR YfRUJDQLF VXEVWDQFH WUDQVPHPE!

stresses caused by soil constraints, which fall in two clasg@$ soil water depletion (e.g.
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fUHVSRQVH WR RVPRWLF VWUHVV: ZKLFK IGHTIXPQWRM FGRF
season; (b R[LGDWLYH VWUHVVHV FDXVHG E\ VRHY KUBRFWWL Y\
R[\JHQ VSHFLHV PHWDEROLF SURFHVV: GIUHNSRRYWHHWRR RR [
FRQWDLQLQJ FRPSRXQG - -iBdudéd bypaxid W idaBticulatyRiRGIED i

water-logged bottomlands.

Figure 4 Differences between observed and randomized mean contig nemiif reads within each organ from 1000
permutations of the number of reads per contig across all contigs fackebiological processes (level 4) showing significi
over-expression in each organ.

(A) C. guianensid.eaves (nitrogen cycle metabolic process, carbon fixafiphotosynthesis, response to temperature stimulus, resge to cold, response to oxidative stress, carbohyenaietabolic proces
generation of precursor metabolites and energy, responsetbation, oxidation reduction process); Stems (ribon@dprotein complex biogenesis, microtubule based proces8ular component movemen
response to karrikin, negative regulation of moleculanriction, organic substance catabolic process, celluleioke metabolic process, regulation of metabolic processoisgary metabolic process), Roc
(aging, ribonucleoprotein complex biogenesis, negatregulation of molecular function, defense responseaitsmembrane traspat, response to oxygen containing compound, responseitganic substance
(B) E. falcataLeaves (carbon fixation, photosynthesis, generation apursor metabolites and energy, oxidation reduction prosesarbohydrate metabolic process, organic substanceybibetic process
cellular biosynthetic process), Stems (actin filament betb process, regulation of immune system process, retjoifeof innate immune response , activation of innate imame response, positive regulatic
of molecular function, reactive oxygen species metaboliopess, olefin metabolic process, cellular alkene metabptimcess, one carbon metabolic process, cellular compbn®vement, photosynthesis
ribonucleoprotein complex biogenesis, sulfur compound t@kolic process, single organism biosynthetic process,oselary metabolic process, carbohydrate metabolic processbohydrate derivative
metabolic process, organic substance biosynthetic procedhil@aebiosynthetic process), Roots (actin filament basgdocess, regulation of immune system process, activatmninnate immune responsi
positive regulation of molecular function, reactive nitragn species metabolic process, nitrogen cycle metabolic meaeactive oxygen species metabolic process, celllikame metabolic process, cell dee
one carbon metabolic process, cellular membrane orgditure response to heat, response to oxidative stresspmnse to inorganic substance, cellular response tonubel stimulus, oxidation reductior
process, single organism biosynthetic process, secondary metalpobicess, cellular ketone metabolic process, small mokceuétabolic process, glycosyl compound metabolic process, orgaristance
biosynthetic process, cellular biosynthetic process, response toaignstress, cellular catabolic process, cellular respomssttess);

(C) S. globuliferaLeaves(root morphogenesis, carbon fixation, photosynthesigrogen cycle metabolic process, generation of precursmtabolites and energy, oxidation reduction process, resgota
radiation), Stems (fruit ripening, reactive oxygen spees metabolic process, photosynthesis, response to oxigasiress, response to heat, secondary metabolic progeseration of precursor metabolits
and energy, defense response);

(D) V. surinamensis.eaves (photosynthesis, generation of precursor metabolées energy, carbon fixation, response to water deprivatj response to cold), Stems (activation of innate immunesponse
one carbon metabolic process, photosynthesis, ribonucleagirocomplex biogenesis,translational initiation, geretion of precursor metabolites and energy, response toestbrganism, defense respon
cellular response to chemical stimulus, response tddaive stress, reactive oxygen species metabolic procegspndary meabolic process, organic substance catabolic process, eeltdtabolic proces
single organism biosynthetic process, response to osmstiess, response to water stimulus, response to waggrization, response to oxygen containing compound, orgasibstance biosynthetic proce
cellular biosynthetic process, response to inorganic dabse, response to heat, response to temperature stisubrganic substance transport), Roots (activation of ineatmmune response, response
oxidative stress, reactive oxygen species metabolic processondary metabolic process, cellular catabolic procasglesorganism biosynthetic process ,response to osmoticsgreesponse to water stimult
response to water deprivation, response to oxygen contagncompound, response to organic substance, transmembieansport, positive regulation of biological procesgsponse to inorganic substanc
(Note: sequencing fronS. globuliferaoots failed).
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rRNA intron-encoded homing endonucleases were very abundant in tBefalcata
assembly (581 unigenes against 43, 39 and 17 unige@egtnanensis. globuliferandV.
surniamensigspectively). InE. falcatathese unigenes comprised between two and 920 reads
with a mean of 15.3 (s.d.=69.77). Among them, fourteen had more 1lfhreads, and 74 had
between 10 and 100 reads.

Homing endonucleases from group | introns are self-splicing genetic elememts
parasitic genes mostly found in organellar genomes (Chbal.1998, Burt & Koufopanou
2004). Among contigs that showed BLAST hits with rRNA-intron-encoded homing
endonucleases in E. falcata, 69 were polymorphic and contained from 1 ®NES with
many haplotypes (Yaharatal.2009). High transcription levels of such elements, combined
with the high numbers of mutations that they have accumulated, s@gts a massive but
ancient genome invasion event (Yaharat al.2009, Nystedtet al.2013) in theE. falcata
genome compared to the other three species. The evolutionary iogilons of transfers of
such elements remain poorly understood, because of th§WV X-3HQGHOLDQ- LQKHUL!
(such elements may be both vertically and horizontally transmétl; Koufopanouet al.
2002), and because they have no known function (Yaheral.2009).

SNP discovery

It has been shown that relaxed criteria for in silico SNP selection fromext-
generation sequencing data or previous EST databases lead to high failares in
subsequent highthroughput SNP genotyping (Huseet al.2007, De Pristet al.2011). We
have applied a stringent filtering process based on data quality ammtobabilistic argument
in order to decrease the frequency of false SNPs. SNP depth was significantiyiced after
the first masking steps: original depth Teble5 SNP detection.
was on average 1.31-1.53 times from ~20
to ~23 across species on average per
contig to a final average depth of ~16
to ~17 for the retained SNPs,
depending on the specieSyppl. Fig.
S). Between 4434 (fofS. globulifera
and 9076 (forV. surinamensiswere
retained after all the filtering steps

had been appliedTable 5. Between
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5.5% (E. falcata) and 8.3%/.(surinamensif contigs contained at least one SNFT gble
5.The great majority of polymorphisms (between 95.7% i@. guianensiand 99% inS.
globuliferp were bi-allelic, with a majority of indels Fig. 5. The transition/transversion
ratio (Ti/Tv) varied between 1.5 and 1.7, lower than those observadother exome
assemblies (De Pristet al.2011). Estimated SNP density across polymorphic contigs varied
between 0.89 per 100 bg.(guianensisand 1.05 per 100 by.(surinamensigTable 5).
However, these estimates are

based on only four haploid

genomes per species, so the

overall species-wide molecular

diversity is likely to be larger.

These estimates are, however, in

the same order of magnitude as

observed in other studies:

Parchman et al. (2010) reported

between 0.6 to 1.1 SNPs per 100 bp

in Pinus taedadepending on the

stringency of their filtering

Figure 5 Proportion of SNPs depending on allelic patternsf(-indicates
criteria. deletions).

Transcriptome polymorphism and its usefulness in population genetics studies

Next-generation sequencing, allowing massive de novo acquisition of molacu
data, provides a range of new potential applications for evolutionary and egal-genett
studies in non-model species. High-throughput SNP data have indebdwn their potential
for inferences about demographic and adaptive processes in natural lpgpos (Eckertet
al. 2010, Nielseret al.2005, Nielseret al.2009, Li & Wolfgang 2006, Sio% Barett 2010,
Turner et al.2010, Fournier-Levedt al.2011, Hancoakt al.2011). However, this assumes that
the identified polymorphisms are of high quality, which is why wéave tried to accomplish
here. The genomic resources obtained here will trigger new excitinglds of research on
tropical biodiversity. Providing a catalogue of putative functions for genomiegions with
a high potential diversity will help identifying useful candidate gees for further
resequencing or SNP genotyping (Listeatal. 2009, Morozovaet al.2009, Helyaret al.2011)

These genes belong to a large range of biological processes, including groegitoduction,
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light and nutrient acquisitions, as well as plant response to biotic anoictic stresses.
Focusing on genes potentially involved in adaptive processes in Neotropicaest tree
species will permit to test hypotheses about evolutionary preses underlying genome

evolution and the build-up of biological diversity in tropical forest ecosystems.
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Article n°3- Supplementary figures

Figure Sk Representation of SNP depths before and after the masking procedure.

Figure S2 Distribution of contig lengths within each assembly.
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Figure S3Number of contigs returning a blast result using different e-value thresheldl®, 169
10'5 1¢°and 16°
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Abstract

t ,Q KDELWDW PRVDLFV SODQW SRSXQMHWHR®N RDAH HKY
geographical distances. Such steep environmental gradients can indacelogical

divergence. Lowland rainforests of the Guiana Shield are characteribgdsharp, short-

distance environmental variations related to topography and Isoharacteristics (from
water-logged bottomlands on hydromorphic soils to well-drained tarfirme on ferralitic

soils). Continuous plant populations distributed along such gradientse an interesting

system to study intra-population divergence at highly local scales.this study, we tested

(a) whether conspecific populations growing in different habitats diverge fatnctional

traits and (b) whether they diverge in the same way as congenericcsge having different

habitat preferences.

+ H VWXGLHG SKHQRW\SLF GLIIHUHQW L DRVAFRGpdEferAhK LQ FR Q)
habitats for two congeneric, sympatric, and ecologically divergent tree specieserua

falcataand E. grandifloraFabaceae). Over 3000 seeds collected from three habitate wer
germinated and grown in a common garden experiment, and twenty-tarmorphological,

biomass, resource allocation and physiological traits were measured.

tf ,Q ERWK VSHFLHVY VHHGOLQJ SRSXODW£EGDRDW Q@ DBMKIHYQHR W | ¢
divergence for several traits (including seedling growth, biomass allocatiteaf chemistry,
photosynthesis and carbon isotope composition). This may occur throughitaéie genetic

variation or other maternally inherited effects. For a subset of traits, ehntraspecific
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divergence associated with environmental variation coincided with interspecific
divergence.

f 2XU UHVXOWY LQGLFDWH WKDW PRWKWUDRQVRHW IGRYHGL
values to their progeny, and suggest that local environmental variatiotests for different

trait optima even at a very local spatial scale. Traits for which difftiation within species

follows the same pattern as differentiation between species indicétatthe same ecological

processes underlie intra- and interspecific variation.
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Introduction

Environmental variation occurring at the local scale creates complexbitat
patchiness which has been found to contribute to shaping the great il observed in
tropical rainforests (Ricklefs, 1977, Wright 2002, Vincegttal.2011). A common explanation
for these diversity patterns is the divergence of preferences €daphic conditions among
tree species, as repeatedly shown throughout the Neotropics (g Steegeet al.(1993),
Sabatieret al.(1997), Clarket al.(1999 Valenciaet al.(2004), Baraloteet al.(2007), Johret
al. (2007), Kanagaraj et al. (2011)). Community-level differences in funwiatraits have
been found to underlie such differences (Kraft et al., 2008): for imste, Lopez & Kursar
(2003) and Engelbrecldt al.(2007) showed that divergence in species distribution between
hilltops and bottomlands are determined by variations in tolerante drought and water-
logging.

It has been shown that bottomland, slope, and hilltop habitats aaity differ in many
ways that may explain their impact on forest community composition. Genekabpeaking,
water availability in lowland tropical forests is strongly associated witopography and soil
characteristics (Sabatieet al. 1997). Large variations occur in soil drainage and moisture
between hilltops, slopes and bottomlands (Clagk al.1999, ter Steeg al.1993, Webb and
Peart 2000). Bottomland soils are subject to frequent periods obding and undergo
cyclical changes in O2 availability that strongly affect the metabolism of rootdiges and
thus tree establishment and growth (Kozlowski 1997, Peratal.2011, Ponnamperuma 1972).
In contrast, thin soils on slopes undergo lateral drainage, which incredbes susceptibility
to water shortage during dry periods (Sabatiat al. 1997). Finally, hilltops are usually
characterized by deep soils and display deep vertical drgmyawith strong seasonal
variations in soil water availability (Sabatieret al. 1997). Beside differences in water
availability constraints, these habitats also differ in nutrient content, witlower nitrogen
and higher phosphorus content in bottomlands than on plateaus (Fertyal.2010, Luizaet
al. 2004). Moreover, soil respiration decreases in bottomlands as root bisnaasl soil
carbon content decreases (Eprehal.2006). These variations in soil characteristics have an
additional impact on forest dynamics, with slopes and bottomlands exhibitingore
frequent light gaps than hilltops and therefore higher irradiance obéng the understory
(Ferry et al.2010).

The widespread links between gradients of soil properties and spespgecific

habitat preferences suggest that ecological specialisation has recurrearigen through
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evolutionary processes such as adaptation and species divergencedirid@77, Schluter,
2001, Rundle & Nosil 2005, Savolainetal.2007). Evolutionary dynamics may play a major
role in the build-up of lowland rainforest community diversity, andhe role of genetic
diversity (including sensu lato both allelic and gene expression iaility) in ecological
processes has been widely acknowledged (Ford 1964, Randaglhéket al.2008). In other
words, if ecological sorting of functional traits has occurred across diéfet habitats and
has led to the emergence of ecologically different species, it issd#a to expect that such
processes are also currently occurring within species. Therefore, in sgegith continuous
VWDQGV JURZLQJ LQ GLIITHUHQW FR QNVWIX RV HKDEH WKW K O X
intra-specific divergence (sensu Salvauda@t al.2008) between subpopulations submitted
to divergent local environmental conditions; moreover, we expect thaveligence between
intraspecific subpopulations growing in different habitats should co-occur witlivergence
between species with different ecological preferences for thosbitaés. Here, we use the
WHUP fKLJKO\ ORFDO- WR FKDUDFWWURVWHZEDWRNVHQQY VURK\
turnover occurs at shorter distances than gene flow (i.e. the ageralistance between
patches of different habitat types is shorter than the average genspelisal distance,
implying that gene flow occurs among different habitats).

Tree populations in general are known to harbour large amounts lwdritable
variation for several putatively adaptive characters (Cornelius 1994 n&aez-Martinezet
al. 2006); Neotropical rain forest trees are no exception (Scotti et al., 2010, Naedral.,
2004). If adaptation contributes to divergence between sub-populatiortaipging different
habitats, these sub-populations should be differentiated at potehtiadaptive traits (sensu
Howe & Brunner 2005). The goal of the present study was therefdoetest whether
populations of tree species growing as continuous stands across differeitdita could be
subdivided into habitat-associated sub-populations displaying pbsmic divergence for
such traits (i.e. divergence caused by differentiation in (multi-locuggene frequencies, by
PDWHUQDO HIIHFWV RU E\ LQKHULWDQFH R’IHYMWDBR®INY LIH
LQKHULWDQ Edtl was pétiérnrhedvin two congeneric rainforest tree species of the
Guiana Shield Eperua falcatand E. grandiflorg that display partially divergent habitat
preferences (Sabatiest al.1997, Baralotet al.2007) but occur, even in low abundance, in
multiple habitat types. InEperuaspecies, gene flow is expected to be restrickadainly due
to heavy seedg but still intense at the distances considered here (estimatengfan parent-

offspring distance forE. grandifloral66-343 m; Hardgt al.2006). In spite of such dispersal
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distances, a recent study, performed partly on the same pagiahs as those studied in the
present paper (Audigeogt al.2013), has shown that molecular divergence occursHin
falcatg at a highly local scale for genes involved in response to soitevacontent-related
stress, against an overall background of no genetic differentiation at other. loc

The specific questions asked in this study about phenotypic divergence msttwo
congeneric species are: (i) Do seedlings from different local habitht®rge phenotypically?
(i) Are patterns of intraspecific phenotypic divergence similar to those sérved at the

interspecific level?
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M aterial and methods
Study species

E. falcataand E. grandifloraare abundant in the Guiana Shield, and grow
sympatrically in different but partially overlapping habitats. Thisallowed us to compare
intraspecific and interspecific patterns of divergence in the same phylogenetintext and
ecological backgrounck. falcatalAubl.) (Fabaceae) has a preference for seasonally water-
logged bottomlands, whereds. grandiflorgAubl.) Benth (Fabaceae) is mostly restricted to
hilltops and slopes (Baralotet al.2007). The two species differ in several morphological
and functional traits, but their seedlings display similar degrees of talece to drought or
hypoxia under controlled conditions (Baraloto et al., 2007), indicating that theae potential
generalists for soil water conditions, at least at the younger life stageshBaptecies are bat-
pollinated (Cowan 1975) and disperse their heavy seeds by exmgaihiscence and gravity
at short distances of a few meters (Forget 1989). Gene disperstantis is about 150-350 m
for E. grandiflorgHardy et al.2006) and probably similar foE. falcata(O. Hardy, pers.
comm.), well beyond the size of the habitat patches studied hé&ata from nuclear genetic

markers (Audigeoset al. 2013) suggest thd. falcatais allogamous with no significant

selfing.
Study site
The experiment was performedin Plot@®W WKH 3DUDFRX IRUHVW LQYHQ
f -: Gourlet-Fleury et al.2004) located in an undisturbed forest in coastal French

Guiana, South America. The sampling area covers 9 ha and is charad by a rugged

landscape formed by the alternation of 40-50 m-high hills, slopes, hadlomlands, varying

in soil drainage type and water table depth (Gourlet-Fleuet al.2004). In such a habitat

mosaic, variations occur on geographical distances of the same order ghiale as pollen

and seed dispersal but do not occur monotonically (i.e. there iscoatinuous gradient in a

given spatial direction). Three habitat types have been identified in teudy area Suppl.

Fig. S3 based on elevation, soil drainage, and water-logging charactess(ieerry et al.

"%RWWRPODQGVH % ZLWK K\GURCR EFKNFHWHRL O @P® G

in depth depending on the seasorsSyppl. Fig. S1 "60ORSHVu 6 ZLWK VXUIDFF
FRQGLWLRQVY DQG D ZDWHU WDEOH FRQVLAOMEER Y88\ EHOR 2z

deep vertical drainage and a water table consistently below 150 cm.
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Seed sampling
Two-hundred and sixty-sevenE. falcatatrees and 67E. grandifloratrees were

identified in the study area. Operators visited the plot at least thrénes a week in
February-March 2006, 2007 and 2008 to hand collect seeds on thedgfimm 44 fruiting
trees. The choice of the mother tree set was based on severalderaions: (a) tree fertility;
(b) balanced sampling from all habitats; (c) non-overlapping treeowns. Pairwise distances
between same-habitat fruiting trees were not statistically smaller théetween trees in
different habitats Fig. J).

Figure 1 A) Pair-wise spatial distances between mother trees withindabetween micro-habitats. Boxes show the
standard deviation of each group. B) Boxplots showing thistribution of pair-wise spatial distance between moth
trees within and between all micro-habitats.

Seeds collected for our experimental study were assigned to the sarbiatas their
mother tree, thusfolUPLQJ WKUHH GLIITHUHQW QDWLYH KDELWDW W\
crowns of conspecific trees overlapped, seeds were collected@isie sides of the crown.
Each seed was assigned to a maternal family corresponding to its matieex. A total of 3122

seeds were collected over the three seed production years.

Glasshouse Experiment

The seeds were weighed and laid down in germination boxes that wetedilwith a
substrate made of river sand which was kept damp using an automaticngper system.
Germination success rate was about 60% for both species. Two monttes gkermination,
the seedlings were transplanted into individual 12-| pots filledgth a mixture of sand and
an A-horizon soil (30/70 v/v), then transferred to a glasshouse. Thelforizon had been

collected in the same plot as the seeds and contained about 1.4 kd-® @f nitrogen (Ferry
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et al.2010).

About 4% of the seedlings died before transfer to the glasshousee Témaining
seedlings were grown in the glasshouse for 24 months, until the stuadges; then they were
harvested. The 1637 seedlindgdupp. Table S) were randomly assigned to each of 103 16-
plant blocks. Each block contained four seedlings from each of feandomly drawn
maternal families, so that each family was combined randomly withdéferent set of other
families in each of the blocks in which it was represented (s&dppl. M ethod 1for details).
The seedlings were placed under non-limiting conditions, which prevendtboth drought
and hypoxia (expected to occur in the field on hilltops/slopes and in thmmlands,
respectively; see above). Moreover, seedlings grown in the glassh@xperienced higher
light levels and milder competition than in natural conditions, favouring optimal gvath.

A layer of neutral shade-cloth was used to reduce irradiance receiedbout 13% of full

sun (maximum photosynthetic phoVRQ 10X[ GHQVLW2 s8l) to simufaie Gol&
radiation levels received by seedlings in gap openings. Seedlings wetera2-3 times per
ZHHN WR PDLQWDLQ WKH VXEVWUDWH F3).RiWeHpotg Rededl H O G
fertilised every six months (5 g complete fertiliser per pot,/12/17/2 N/P/K/Mg). Pots

were distributed in the glasshouse following an incomplete randomizeddX layout (for

the details of the experimental design, s&eippl. M ethod J).

One-thousand-six-hundred-and-thirtyseven seedlings survived until month 24. For
measures taken at 24 months, the sample used in the preseilysivas restricted to 656
seedlings oE. falcataand 170 seedlings Bf grandiflordSuppl. T ables Sland S2), since two
thirds of the seedlings grown in this experiment were set aside for a gamion experiment
involving different soil water content treatments.

Phenotypic traits

We recorded twenty-three functional traits Table J related to plant growth,
biomass allocation, leaf structure and leaf physiology (photosynthetapacity and carbon
isotope composition). These traits are commonly used as proxies of planeks in general
(Kraft et al.2008) and their ecological significance as proxies of fitness in seedlings hams bee
established by several studies (Wrightt al.2004, Cornelissert al.2003, Westobyet al.
2002).

204

F






















































































































































































































































