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Zhou, Yongfeng, Demographic history and climatic adaptation in ecological
divergence between two closely related parapatric pine species.

University of Oulu Graduate School; University of Oulu, Faculty of Science, Department of
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Acta Univ. Oul. A 641, 2014

University of Oulu, P.O. Box 8000, FI-90014 University of Oulu, Finland

Abstract

Both demographic histories and natural selection complicate the speciation process. There is a
need to jointly study the effects of natural selection on so called magic traits that can cause
reproductive isolation such as climatic adaptation, and its interaction with neutral demographic
histories. Closely related incipient coniferous species offer us a great system for this effort.

| used genetic variation at one set of climate-related candidate genes and another set of
reference loci and cytoplasmic genomic fragments of two closely related parapatric pine species:
Pinus massoniana Lamb. and Pinus hwangshanensis Hisa. Population genetic analyses were used
to measure genetic variation and detect signals of ancient and recent selection. Speciation
parameters including migration rates and divergence times at candidate genes and reference loci
were compared under the Isolation with migration model. Hierarchical Approximate Bayesian
Computation (ABC) was used to define demographic and speciation models. Intra- and
interspecific genetic variation at cytoplasmic and nuclear intronic sequences were compared
between parapatric populations and allopatric populations to distinguish the effects of
introgression and incomplete lineage sorting in generating shared genetic variation between the
species.

The results showed that ancient selection were shared by the lineages leading to the species
while recent selection has been species-specific. Candidate genes had significant lower migration
rates compared to reference loci. Recent differential climatic selection might counteract against
gene flow at underlying genes, which therefore favors divergence between the two pines through
ecological speciation. Shared mitotypes were randomly distributed across species’ ranges, which
therefore supported the incomplete lineage sorting hypothesis, but the shared nuclear intronic
variation distributed more frequently in parapatric populations than in allopatric populations,
supported the introgression hypothesis. ABC and species’ distribution modeling also supported
the secondary gene flow model. The three genomes had different rates of mutation and gene flow
might mirror different phases of the speciation continuum. The results in this thesis are valuable
for understanding evolution in general and for other applied purposes such as tree breeding and
climate change adaptation.

Keywords: climatic adaptation, conifer, demographic history, ecological speciation,
gene flow, incomplete lineage sorting, introgression, Pinus hwangshanensis, Pinus
massoniana






Zhou, Yongfeng, Demografian ja ilmastoon sopeutumisen vaikutus kahden
lahisukuisen mantylajin ekologisessa erilaistumisessa.
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Tiivistelma

Luonnonvalinta ja populaatioiden historian demografia tekevit lajiutumisesta monimutkaisen
tapahtumaketjun. Luonnonvalinnan ja demografisten tekijoiden vuorovaikutusta on paras tutkia
samanaikaisesti kun tarkastellaan lajiutumiseen vaikuttavia ominaisuuksia. Tallaisia ovat esi-
merkiksi ilmastoon sopeutumiseen liittyvdt ominaisuudet. L&hisukuiset havupuulajit tarjoavat
erinomaiset mahdollisuudet tdhan tyéhon. Tutkin geneettistd muuntelua yht&alt4 ilmastosopeutu-
miseen liittyvissd ns. ehdokasgeeneissa ja toisaalta neutraaleiksi oletetuissa verrokkigeeneissé
seké sytoplasman genomeissa kahdessa lahisukuisessa mantylajissa Pinus massoniana Lamb. ja
Pinus hwangshanensis Hisa, joiden populaatiot esiintyvét joskus erilladn toisistaan (allopatrises-
ti), toisinaan vierekkain (parapatrisesti). Mittasin muuntelun maéra ja etsin merkkeja valinnan
vaikutuksesta. Vertasin erilaisia lajiutumismallien parametrejé verrokki- ja ehdokasgeeneissé.
Ké&ytin simulaatioita etsidakseni parhaat demografiset ja lajiutumiseen liittyvat mallit. Vertasin
kloroplastien ja mitokondrioiden genomien sekvenssien lajinsisdistd ja lajien vélistd muuntelua
allopatrisissa ja parapatrisissa populaatioissa tutkiakseni onko lajien yhteinen muuntelu seuraus-
ta siitd etté lajien eriytymisestd on kulunut vain vahén aikaa vai siita ettd sen jalkeen on tapahtu-
nut geenivirtaa. Kauan sitten tapahtunut valinta on vaikuttanut samalla tavalla kumpaankin
lajiin, osin koska tutkimus kohdistui myés niiden yhteiseen edeltajalinjaan. Askettsinen valinta
taas oli suuremmassa méarin kummallekin lajille ominaista. Viime aikojen ilmastoon liittyva
valinta on voinut vahent&a geenivirtaa ehdokasgeeneissd, mika voisi edistad ekologista lajiutu-
mista. Tuman DNA:n muuntelu jakautuminen tuki sitd mahdollisuutta etté lajien yhteinen
geneettinen muuntelu johtuu askettéisesta geenivirrasta, ei vain siitd etta lajiutuminen on niin
varhaisessa vaiheessa. Mitokondrioiden geeneissé lajeilla yhta paljon yhteistd muuntelua seké
allopatrisissa ettd parapatrisissa populaatioissa, mika tukee sen sijaan eriytymisen jélkeisté epa-
taydellistd muuntelun erilaistumista. Eri genomit heijastavat lajiutumisprosessin eri vaiheita.
Vaitoskirjan tulokset ovat osaltaan tuottaneet uutta tietoa lajiutumisesta ja valinnasta. Liséksi
niilla on merkityst4 ilmastomuutoksen vaikutusten ymmértdmisessa ja metsanjalostuksessa.

Asiasanat: demografia, ekologinen lajiutuminen, geenivirta, havupuu, ilmastoon
sopeutuminen, introgressio, Pinus hwangshanensis, Pinus massoniana, populaation
historia
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1 Introduction

Understanding the speciation continuum has been a long-standing goal for
evolutionary biologist. Speciation is by-products of various processes between
diverging populations, such as development of genomic incompatibilities
(Bateson 1909; Dobzhansky 1936; Muller 1939), genetic drift (Rice & Hostert
1993; Coyne & Orr 2004), hybridization or polyploidy (Mallet 2007; Soltis &
Soltis 2009; Abbott et al. 2013) and divergent natural selection (i.e. ecological
speciation, Nosil 2012). In line with Darwin’s perspective (Darwin 1859),
ecological speciation has recently been indicated as a common speciation model
(Nosil 2012). Local adaptation is evolutionary processes by which populations
become better suited to their own environments through genetic change. When
populations inhabit heterogeneous environments, selective pressure on traits such
as phenology, soil, and climate may differ spatially across the distribution range
(Kawecki & Ebert 2004). Climate is one of most important drivers for adaptive
evolution in forest trees (Aitken et al. 2008; Alberto et al. 2013). Climatic
selection has contributed greatly to genetic differentiation among populations
within species (Grivet ef al. 2011; Kujala & Savolainen 2012; Chen ef al. 2012),
but we still poorly know whether climatic selection can also give rise to
reproductive barrier between populations from heterogeneous environments
through ecological speciation. Closely related incipient coniferous species are
well adapted to their environment and on the way of speciation, and therefore
offer a unique opportunity to study the effects and interplays of gene flow and
selection during divergence. However, the investigation of gene flow is
complicated by incomplete lineage sorting, and the confusion of both processes
can lead to inaccurate inference on evolutionary histories (e.g. Rieseberg et al.
1999; Charlesworth et al. 2005; Sousa & Hey 2013; Huerta-Sanchez et al. 2014).

1.1 Local adaptation to climate

Adaptation is evolutionary process by which populations become better suited to
their own environments through genetic change. When populations inhabit
heterogeneous environments, selective pressure on traits such as phenology, cold
hardiness and drought tolerance may differ spatially across the distribution range.
As a result, populations may become locally adapted, meaning that at each site,
the local population has higher fitness than other introduced populations would
have (Kawecki & Ebert 2004). Detecting the footprints of local selection at
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sequence level is difficult, because demographic histories such as population
expansions, bottlenecks and subdivisions generate similar patterns of genetic
variation (Tajima 1989; Zeng et al. 2007). However, local selection functions at
restricted genomic islands underlying specific selective pressures while
demographic histories affect genome-wide variation and differentiation (Wright &
Gaut 2005; Excoffier 2009).

As the detection of selection at the molecular level is often complicated by
confounding effects of demographic histories, several approaches should be used
in complementary ways to ascertain the targeted genes (e.g. Wright & Gaut,
2005). In detecting recent selection, a compound site frequency spectrum (SFS)
test, DHEW has been proved to be relatively insensitive to demography or
population structure (Zeng et al. 2007). Nielsen et al. (2005) introduced the
composite likelihood ratio method (CLR) to model the allele frequency spectrum
to detect signals of selection. Genetic differentiation (Fst) based methods have
been widely used in indicating the outliers that have been targeted by local
selection (Lewontin & Krakauer 1973; Beaumont & Nichols 1996; Akey et al.
2002; Beaumont 2005; Foll & Gaggiotti, 2008; Excoffier et al. 2009). However,
Fsr is highly variable over loci under neutrality and depends on the allele
frequency of the SNPs before selection (De Mita ef al. 2013). Other kinds of
methods based on linkage disequilibrium (LD) and extended haplotype
heterozygosity (EHH) was designed to detect recent selective sweeps (Sabeti et
al. 2007; Tang et al. 2007). Recently, powerful methods based on the maximum
frequency of derived mutations (MFDM) to examine the extent of unbalance of
the population tree of a locus (Li 2011). The MFDM method is free from the
confounding effects of demography and population structure with a very high
statistical power. Association analyses between genetic data and environmental
variants have been efficiently used to detect selection at candidate genes with
using neutral makers as control (e.g. Parisod & Christin 2008, Grivet et al. 2011;
Coop 2010). Model based methods, such as Approximate Bayesian Computation
(ABC) have also been used in detecting selection by examining the fit of
candidate genes statistics to posterior distributions of specific summary statistics
of appropriate demographic models built using neutral makers (e. g. Keller et al.
2011). Footprints of ancient selection can be detected by comparing within
species polymorphism and among species divergence using the Hudson—
Kreitman—Aguadé (HKA) tests (Hudson et al. 1987), the McDonald—Kreitman
(MK) tests (McDonald & Kreitman 1991) and their extensions: maximum
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likelihood HKA tests (MLHKA, Wright & Charlesworth 2004) and McDonald-
Krietman Poisson Random Field (MKPRF) test (Bustamante et al. 2002).

Climate is one of the most important drivers for adaptive evolution in forest
trees (Aitken et al. 2008; Alberto et al. 2013). Local adaptation to climate had
been extensively investigated in Populus (e.g. Ma et al. 2011; Keller et al. 2011;
Keller et al. 2012; Evans et al. 2014). There are much evidence of climatic
selection in coniferous trees (e.g. Savolainen et al. 2007; Kujala & Savolainen
2012; Chen et al. 2012; Chen et al. 2014). Several candidate genes in conifers
have been suggested to be under local selection, such as drought-stress in Pinus
taeda (Gonzalez-Martinez et al. 2006), Pinus pinaster (Eveno et al. 2008; Grivet
et al. 2009; Grivet et al. 2011) and Pinus halepensis (Grivet et al. 2011), and cold
tolerance in Pinus sylvestris (Pyhéjarvi et al. 2007; Wachowiak et al. 2009;
Kujala & Savolainen 2012) and Picea abies (Chen et al. 2012; 2014). It has been
shown that genetic variation at climate-related candidate genes in many conifers
is associated with climatic variables (Eckert et al. 2010, Grivet et al. 2011; Chen
et al. 2012). Reciprocal transplant experiments have shown that populations of
the Pinus densata with a hybrid origin have the highest fitness at its native sites at
Qinghai-Tibetan Plateau rather than at its parents’ ranges (Zhao et al. 2014).

1.2 Demographic histories

Neutral genomic variation offers us the data to track population histories.
Population genetic methods provide opportunities for evaluating demographic
hypotheses of constant population size through time, of population expansions or
bottlenecks, of the rate of growth or decline, and of migration and population size
changes in subdivided populations. The core of many of these methods is Monte
Carlo approaches based on coalescent theory. With the development of genome
sequencing technologies, big data sets from multiple populations will improve the
estimations of demographic parameters for complicated models (e.g.
Nadachowska-Brzyska ef al. 2013).

Natural populations have been affected by past climate change. Populations
were restricted to one or subdivided into several refugee during glacial periods. At
interglacial periods, population recolonized to their preferred habitats with
potential secondary contact among isolated populations (Taberlet & Cheddadi
2002; Hewitt 2000). Demographic parameters inference had its potential to shed
light on the conservation strategies for endangered species and historical
biogeographic changes. Demographic inferences can also be used to study
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speciation scenarios between closely related species, but it becomes complicated
when there is much structure among conspecific populations.

With the development of population genetics, approaches such as
Approximate Bayesian Computation (ABC, Beaumont et al. 2002, Kuhner 2009,
Csillery et al. 2010, Sunnaker ef al. 2013) and Isolation with migration model
(IMa, Wakeley & Hey 1998; Nielsen & Wakeley 2001; Hey 2010) have been
successfully used to define demographic and speciation histories. ABC allows
inference from complex models by substituting data simulated under a given a
model under investigation for its respective intractable likelihood function
(Beaumont et al. 2002) while IMa is based on full likelihood.

Inferring the demographic histories of speciation with gene flow is
complicated by incomplete lineage sorting and introgression. IMa (Wakeley &
Hey 1998; Nielsen & Wakeley 2001; Hey 2010) and coalescent genealogy
samplers using ABC (Beaumont ef al. 2002) can be used in test alternative
evolutionary hypotheses. Because allele frequency changes due to genetic drift in
different populations should not be correlated (Reich er al. 2009; 2012), new
methods such as the f3, the f4-ratio and the D statistics have been successfully
used in inferring signals, proportions and directions of mixture events (Reich et
al. 2009; Green et al. 2010; Durand et al. 2011; Patterson et al. 2012; Jeong et al.
2014). Admixture induced LD decay with genetic distance has also been
successfully used in dating historical mixture events in human populations
(Moorjani et al. 2011; Patterson et al. 2012; Loh et al 2013). When the
geographic distribution information is available, these two hypotheses can be
distinguished by comparing patterns of genetic variation between neighboring
populations and among distantly located ones (Muir & Schlotterer 2005, Huerta-
Sanchez et al. 2014). Introgression is expected to happen between neighboring
populations, which therefore result in higher levels of intraspecific genetic
diversity and lower levels of interspecific genetic differentiation in geographic
neighboring populations relative to distantly located ones, because introgression
should bring foreign diversity and reduce genetic differentiation (Petit &
Excoffier 2009).

1.3 Ecological speciation with gene flow

Adaptation and speciation are closely related (Darwin, 1859). As a result of
selection for local adaptation, differentiation and sometimes reproductive
isolation can occur (Mayr 1963; Michalak et al. 2001; Lenormand 2002). This
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process is called ecological speciation (Rundle & Nosil 2005; Sobel et al. 2010;
Nosil 2012; Arnegard et al. 2014). The signal of selection in ecological speciation
can be revealed by evaluating the correlation between levels of adaptive
phenotypic and genetic differentiations across pairwise population comparisons
(Funk et al. 2011). In early phases of ecological speciation, divergence can be
hastened by reducing of gene flow due to spatial separation (i.e. isolation by
distance, IBD) and/or natural selection against maladapted immigrants (i.e.
isolation by environment, IBE) (Barton & Bengtsson 1986; Gavrilets & Cruzan
1998; Andrew et al. 2012). The effects of IBD can be accessed by using
correlation analysis between genetic distances and geographic distances while the
effects of IBE can be accessed by correlation between genetic distances and
environmental variables.

Ecological speciation can even occur in the face of gene flow (de Leon et al.
2010; Nosil 2012). The process consists of four phases: firstly, genes of
ecologically relevant traits are targeted by direct selection and gene exchange at
these loci is restricted; secondly, gene exchange is restricted in gene regions
linked to loci undergoing divergent selection, which is called divergent
hitchhiking. Then, this limitation of migration extended to the whole genome
because of linkage disequilibrium, i.e. genome hitchhiking. Eventually, the barrier
to gene flow between species evolves before post speciation divergence (Wu
2001; Wu & Ting, 2004; Feder et al. 2012). Speciation with gene flow has been
commonly indicated in many organisms (e. g. Ma et al. 2006; Wachowiak et al.
2011 and Zhou et al. 2014 in pines; Chen ef al. 2009; Li et al. 2010; Zou et al. in
spruce; Zhou et al. 2012 in frogs; Niemiller et al. 2008 in salamanders and
Cristescu et al. 2012 in Daphnia). And, selection for climatic adaptation has also
been indicated in many cases (e.g. Fournier-Level ef al. 2011; Grivet ef al. 2011),
but it is less clear whether such climatic adaptation is also an important driver of
tree speciation through ecological speciation. Divergent selection and/or species-
specific selection due to climatic pressures might counteract interspecific gene
flow at underlying genes between closely related species with contrasting climatic
preferences (Hua & Wiens 2013), and give rise to earlier estimated divergence
times and lower estimated migration for these genes than presumably neutral
reference genes (which are not related to the traits of interests).
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1.4 Coniferous trees as a study system for ecological genomics

Conifers are group of about 670 ecologically and economically important tree
species. They have experienced past climate oscillation since the Carboniferous
Period (360-286 million years ago, MYA) (Miller, 1977). During this time, they
have adapted to different climatic conditions and they have given rise to new
species while undergoing many demographic events, such as range and
population size expansions, bottlenecks and variable gene flow (e.g. Li et al
2012; Zhou et al. 2014). Closely related conifers are still commonly partly
sharing their gene pools (Ren et al. 2012; Li et al. 2010a; Ma et al. 2006;
Wachowiak et al. 2011), meaning that the speciation and adaptation processes are
going on simultaneously (e. g. Ma et al. 2006; Zhou et al. 2014). This history and
the closely related species pairs of conifers offer us a precious opportunity to
investigate the effects of selection and gene flow and interactions between them
during the speciation process.

In conifers, mitochondrial, chloroplast and nuclear genomes were
maternally, paternally or bi-parentally inherited though seed, pollen or both,
respectively (Wagner et al. 1987; Neale & Sederoff 1988). Pollen flow is more
efficient in connecting conspecific populations than seed flow (Ennos 1994;
Liepelt et al. 2002). cp DNAs therefore show species specific genetic diversity
while mt DNA genetic diversity is commonly shared among species (Du et al.
2009; Zhou et al. 2010). Complicated patterns of intra- and interspecific genetic
diversity at the three genomes of conifers might be explained by different rates of
gene flow and mutation.

Pines have an origin in the Early Cretaceous (Millar 1998). There are about
110 pine species occurring mainly in the northern hemisphere (Richardson 2000;
Gernandt et al. 2005). There are about 20 hard pines in the subsection Pinus that
are widely distributed in Eurasia. In particular, there are few hard pines present in
Europe but 12 of them occur in China (Richardson 2000). Each species in China
is distributed in a specific habitat, for example Pinus densata in the high Qinghai-
Tibetan plateau (QTP) and P. tabulaeformis in the dry northern China, but in
southeast China two pairs of species (P. massoniana & P. hwangshanensis and P.
densiflora & P. thunbergii) have overlapping distributions with different
preference of elevations (Fu ef al. 1999).

Here, we employed a pair of closely related pines, P massoniana and P.
hwangshanensis (Pinus subgenus Pinus subsection Pinus, Gernandt et al. 2005)
coexisting in southeast China with different preference of elevations (Fig. 1).
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Both species are ecologically and economically important for Southeast China. P,
massoniana tends to present at altitude below 1000m at the base of the mountains
while P. hwangshanensis mainly occurs at altitudes above 900m to the treeline of
the mountains (Fu et al. 1999). Previous investigations based on genetic variation
suggested that lineage sorting between the two species is still incomplete (Luo et
al. 2000; Zhang et al. 2014). Within their distribution ranges, no other pine
species from the same subsection are present, suggesting that present-day
hybridization with other pine species does not occur. Phylogeographic analysis
used cpDNA sequence data has been conducted previously on P. hiwangshanensis
(Chiang et al. 2006) and P. massoniana (Ge et al. 2012), which suggested that
conspecific populations have weak hierarchical structure. Seed germination rate
in the hybrid zones was lower than 50% compared to natural populations of P,
massoniana and P. hwangshanensis, suggesting some level of reproductive barrier
evolved between the species (Li ef al. 2010b). The two closely related pines with
overlapping distributions offer us a precious opportunity to investigate the
balance between local selection and gene flow during divergence between them
and looking for footprints of selection for local adaptation at climate related
candidate genes.

1.5 Aim of the study

In this study, we sequenced 25 climatic related candidate genes (drought and cold
hardiness) and 12 other loci (not related to climatic adaptation), in 15 and 11
populations across the ranges of P. massoniana, P. hwangshanensis, respectively.
We also sequenced three chloroplast and two mitochondrial gene fragments for a
wider sampling (Figure 1 in paper II). Firstly, we compared patterns of intra- and
interspecific genetic diversity at cp, mt and nu makers between parapatric and
allopatric populations of the two species to distinguish ILS and introgression
(paper II and III). Second, we used ABC to define demographic history of each
species and speciation models between them with consideration of the
complicating processes of ILS and introgression (paper III). Third, multiple
approaches were used to detect the signals of recent and ancient selection at
candidate genes and reference loci. Population genetic parameters were estimated
under isolation with migration model for reference loci and candidate genes
(Paper I). In particular, we were addressing the following questions:

1) Is the difference in the size of the geographical distribution of P. massoiniana
and P. hwangshanensis reflected in effective population sizes and thus in patterns
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of genetic diversity and linkage disequilibrium (Paper III)? In other words, does
P. massoniana have higher levels of silent nucleotide diversity and higher rates of
recombination than P. hwangshanenesis because of its wider distribution and
possibly higher Ne?

2) How do the different rates of pollen and seed flow influence the patterns of
cpDNA and mtDNA variation? In particular, what is the influence on species
boundaries, through the effects on introgression and linage sorting? With higher
rates of pollen flow, does cp DNA variation show clearer species boundaries
compared to mt DNA? If yes, do higher rates of gene flow dilute the introgressed
foreign alleles or facilitate lineage sorting rates (Paper II)?

3) Does incomplete lineage sorting or introgression explain the shared genetic
variation between the species (Paper III)? Given the different opportunities for
gene exchange, how does the distribution of nuclear genetic variation in
parapatric and allopatric populations compare to that of cytoplasmic genetic
variation (Paper III)?

4) Do recent and ancient selection influence the same loci and how do they relate
to climate adaptation? (Paper 1)?

5) Does differential recent selection between environments give rise to reduced
gene exchange? Is the observed pattern of climate related candidate genes and
reference loci in line with ecological speciation by divergent climatic selection
(Paper 1)?
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2 Materials and methods

Materials and methods are only described briefly here, more details were included
in papers

21 Study materials

We collected both needles and cones with mature seeds of 6-15 individuals across
11 and 19 natural populations from P. hwangshanensis and P. massoniana,
respectively. We analyzed all the sampled individuals using cp and mt DNA
fragments (Fig.1 in paper I). All the P. hwangshanensis populations but only 15 of
P. massoniana populations were analyzed using nuclear genetic variation (Fig. 1).
Two individuals of Pinus koraiensis (subgenus Strobus) from northeast China
(Mohe, Heilongjiang, 53° 03’ N, 122° 22’ E) were sampled for use as an
outgroup.
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Fig. 1. Geographic distributions and focal populations of P. massoniana and P.
hwangshanensis.
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2.2 Experiments

DNA for cytoplasmic genetic analysis (paper II) was isolated from silica-gel dried
needles according to a CTAB procedure (Doyle & Doyle 1987) with an electric
tissue homogenizer (QIAGEN, manufactured by Retsch). Nuclear DNA for
population genetic analysis (paper I and III) was extracted from haploid
megagametophytes of germinated seeds using a QIAGEN DNeasy Plant Mini
Kits (QIAGEN, Inc., Valencia, CA, USA), with PVP added to the buffer (final
concentration, 1%).

We amplified and sequenced two mitochondrial and three chloroplast gene
fragments using primers described by previous studies (Gamache et al. 2003;
Dumolin-Lapegue et al. 1997; Small et al. 1998; Demesure et al. 1995; and Wang
et al. 1998; Paper II). A set of 25 candidate genes (Table 1 in paper I) were chosen
considering previous studies in pines at candidate genes related to climatic
adaptation to cold (P. sylvestris, Wachowiak et al. 2009) and drought (P. taeda,
Gonzalez-Martinez et al. 2006; P. pinaster, Eveno et al. 2008, Grivet ef al. 2011).
All of these genes were first identified by analyses of gene expression patterns in
plants under cold and drought stress (e.g. Joosen et al. 2006; Lorenz et al. 2006).
Similarly, a set of 12 loci (Dvornyk et al. 2002; Brown et al. 2004; Ma et al.
2006; Wachowiak et al. 2011; Ren et al. 2012) assumed to be neutral were
selected for use as reference loci to compare with candidate genes and define
demographic histories. Primers were designed using the primer3 software
(http://frodo.wi.mit.edu/primer3/) based on available genomic sequences of
conifers.

PCR reactions were detailed in paper I and II. PCR products were purified
using a TIANquick Midi Purification Kit (Tiangen, Beijing, China) and
Sequenced with the forward and reverse PCR primers for all amplicons, using an
ABI Prism BigDye Terminator Cycle Version 3.1 Sequencing Kit and an
ABI3130x] Genetic Analyzer (Applied Biosystems) at Lanzhou University or an
ABI3730x1 Genetic Analyzer at Beijing Genome Institute (BGI).

Singletons were verified by resequencing the reamplified fragments from the
same individual. Only sequences with single peaks were retained. We aligned
DNA sequences using ClustalX (Thompson et al. 1997) or MUSCLE (Edgar
2004) implemented in Mega 5 (Tamura et al. 2011). All putative polymorphic
sites were further confirmed by visual inspection of the chromatograms. Coding
and non-coding regions (introns and untranslated regions) were annotated on the
basis of National Center for Biotechnology Information
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(http://www.ncbi.nlm.nih.gov/). Haplotype sequences of each locus was deposited
in the GenBank under accession numbers: FJ906698-FJ906722 and KJ921127—
KJ921496.

2.3 Statistical analyses

Genetic diversity was compared between the two species at both cytoplasmic and
nuclear makers considering demographic histories and effective population size
(paper I and III). Hierarchical ABC was employed to define demographic
histories of each species and further to model speciation scenarios between the
two species using intronic genomic sequences (paper III). Multiple
complementary approaches were used to detect ancient and recent selection
signals at climate-related candidate genes (paper I). Population genetic parameters
were compared between climate-related candidate genes and reference loci based
on IM model (Hey 2010) to test the hypothesis that recent species specific
selection might have counteracted against gene flow and favored divergence
between the two species (paper ). We compared genetic diversity at allopatric
and parapatric populations of the two species to investigate the complicated
processes of ILS and gene flow as sources of shared genetic variation, accompany
with ABC model selection and species distribution modeling (Paper II and III).
We also compared patterns of genetic diversity at cp, mt and nuclear makers
(Paper II and III).

2.3.1 Inter- and intraspecific genetic diversity

Population genetic statistics including the number of segregating sites (S),
nucleotide diversity statistics (z, Nei 1987; 6,, , Watterson 1975), the number of
haplotypes (K), and haplotypic diversity (Hy, Nei 1987) for all sites, silent sites
and nosynonymous sites were computed to measure the diversity within the two
species. Divergence statistics including average divergence per site for all sites
(KT) nonsynonymous sites (K,) and silent sites (K;), number of net nucleotide
substitutions per site (D,, Nei 1987) were used to indicate divergence between the
two closely related species. Hierarchical genetic differentiation among
populations within species (Fsr) and between both species (Fcr) at all three types
of markers were used to measure genetic differentiation. The ratio of replacement
and synonymous polymorphism (m,/z;) in each species and the ratio of
replacement divergence and synonymous divergence (K,/K;) between both
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species and between each species and outgroup were calculated. All summary
statistics were computed for each locus in the program DnaSP v5 (Librado &
Rozas 2009).

Because LD patterns are related to demography and sometimes to selection.
The level of LD was measured as the correlation coefficient 7 (Hill & Robertson
1968) using informative sites. Indels and sites with three-nucleotide variants were
excluded from the analysis. Under the mutation-drift-equilibrium model, the
decay of LD with physical distance was estimated using non-linear regression of
#* between polymorphic sites and the distance (in base pairs) between sites as
detailed in Pyhajarvi ef al. (2007). The nonlinear least-squares (nls) estimate of p
(p = 4N.c, where N, is effective population size, ¢ is the recombination rate)
between adjacent sites was fitted by the nls-function implemented in the R
statistical package (http: //www. r-project.org).

The genetic structure within and between the two closely related species was
assessed at both candidate gens and reference loci using Structure v. 2.3.3 (Hubisz
et al. 2009). To infer the structure of the sampled populations, the likelihood of
each number of clusters, K, where 1 _ K 8, was assessed and allowance made
for the correlation of allele frequencies between clusters under an admixture
model. We performed 6 runs with 100,000 burnin steps and 1,000,000 iterations.
Because each run give similar results, we just retained those with highest
likelihoods.

2.3.2 Detecting signals of historical and recent climatic selection

As shown in Fig. 2 and in paper I, signals of natural selection were detected from
three different evolutionary timescales: within each species (recent selection),
between the two species (which diverged about 3 million years ago, MYA, Table
5 in paper I) and in the lineages leading to these two species (i.e. PM-PK and PH-
PK), by comparing them to the outgroup (which diverged 45-85 MYA, Willyard
et al. 2007).

28



Recent selection:
Within PM and PH, tests for the deviation from the
neutrality

PM

PH The MDFM test (Li 2011) and the compound neutrality

test (Zeng et al. 2007)

Ancient selection:

PM-PH, PM-PK and PH-PK
pk  Comparing polymophisms within species and
divergence between species

45-85 MYA 3-5 MYA The MK and HKA tests and their extensions

Fig. 2. Selection test at three different time scales.

Within the species, recent selection signals were detected using the DHEW
neutrality test (A compound of Tajima’s D, Fay & Wu’s H and the Ewens-
Watterson (EW) test (based on haplotype frequency spectrum, Watterson 1978).
Zeng et al. 2007) conducted in the DH software (http://zeng-
lab.group.shef.ac.uk/wordpress/?page id=28) and Maximum Frequency of
Derived Mutations (MFDM, Li 2011) tests in MFDM vl.1 software
(http://www.picb.ac.cn/evolgen/softwares/softwares.html).

At longer evolutionary time scales, PM-PH, PM-PK and PH-PK in Fig. 2,
ancient selection were detected by comparing diversity within species and
divergence between the species among multiple-locus, using MK and HKA tests
and their extensions (McDonald & Kreitman 1991; Bustamante et al. 2002;
Hudson et al. 1987; Wright & Charlesworth 2004, detailed in Paper I).

2.3.3 Demographic histories

Neutral genetic diversity and recombination are related effective population sizes
Ne. We compared genetic diversity at cp, mt and intronic sequences between the
species (Paper II and IIT). We further used hierarchical ABC (detailed in paper III)
for inference on demographic histories of each species and speciation model
between the species (Fig. 1 in paper III). Within each species, we tested three
“single-population models”: the standard neutral model (SNM or Wright-Fisher
model, Fisher 1930; Wright 1931) with the effective population size N as only
parameter, a change of population size model (CNe) where the ancestral
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population size N, changes to N at time 7, in the past, and a bottleneck model
(Bnk) where N is reduced to N, during 4N,*0.01 generations at time Tb. Based on
the “single-population models”, we inferred the best speciation scenario amongst
four “two-population models” (Figure 1b in Paper III), all derived from the
‘classical’ IM model (Nielsen & Wakeley 2001).

We sequenced a set of 37 loci distributed across the genome (paper I). Some
of the loci showed deviation from standard neutral model in either or both of the
species when we analyzed full sequences of the genes (Zhou et al. 2014). Here,
we only used intronic sequences of the loci aiming at reducing the confounding
effects of demography and natural selection. Four intronic loci showing Tajima’s
D values deviating strongly from zero, and therefore potentially affected strongly
by selection, were excluded in ABC modeling. We discuss the potential effect of
selection on demographic and speciation model inferences in paper I11.

2.3.4 Species distribution modelling

Along with ABC inferences of speciation scenarios, we modeled the dynamics of
changes in species distributions during the Last Glacial Maximum (LGM;
~21,000 years BP) and the Last inter-glacial (LIG; ~120,000 - 140,000 years BP).
We used geographical information system (GIS) based methods with layers of
historical and current environmental variables under the maximum entropy model
implemented in maxent 3.3.3 (Phillips et al. 2006; Phillips & Dudik 2008). GPS
data from 123 and 109 localities were used to generate species’ distribution
modeling of P massoniana and P. hwangshanensis, respectively. We used 19
environmental variables from the WorldClim database with spatial resolutions of
2.5 m (Hijmans et al. 2005) for the current and the LGM and 1 km for LIG (Otto-
Bliesner et al. 2008) as environment layers (detailed in Paper III).

2.3.5 ILS and introgression

Speciation with gene flow is common (Nosil 2008). However the process is
complicated by introgression and incomplete lineage sorting, both processes
generate similar patterns of shared genetic variation. We analyzed cp, mt and
intronic genetic variation for both parapatric and allopatric populations of the two
species. First, we compared patterns of genetic diversity, population admixture
and LD patterns between parapatric and allopatric populations of both species.
Additionally, we inferred the occurrence, proportions and dates of admixture of
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parapatric populations using allele frequency correlation and admixture-induced
LD decay based analyses. We then conducted a hierarchical ABC analysis to infer
the best demography and speciation scenario between the two species. Along with
the demographic modeling, we used ecological niche modeling to track
distribution changes of the two species during the Pleistocene climate change
(paper I1I).
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3 Results and discussion

I investigated the roles of climatic adaptation, demographic histories and gene
flow in the speciation continuum of two closely related parapatric pine species in
Southeast China using biogeography, population genetics and landscape genetics.
Both species can occur at same mountains with different altitudinal preferences
(parapatric populations) or at different mountains at species-specific altitudes
(allopatric populations). Based on analyses of intra- and interspecific genetic
variation at cp, mt and nuclear sequences, we made the following findings. Both
recent positive selection and ancient balancing selection have contributed to
climate adaptation in the two pines; Further, multiple SNPs showed significant
correlations with altitudes (one of the most important diversifying ecological
factors between the species) in the two species in the Bayenv analyses (Coop ef
al. 2010); Third, ancient climatic selection signals were mostly shared by the two
lineages leading to the species because of shared evolutionary histories, but recent
climatic selection signals were species-specific that select against maladapted
migrants from the other species and played an important role in ecological
speciation between the two pines; Further, We compared distributions of genetic
variation between parapatric populations and allopatric populations considering
incomplete lineage shorting (ILS) and introgression as dual causes of shared
genetic variation. The results showed that mitotypes were highly shared with no
difference between parapatric and allopatric population, supporting the ILS
hypothesis; cp DNA types were highly species-specific; few climate adaptation
related genes harbored fixed sites between species and shared nuclear genetic
variation found more frequent in parapatric populations (supported introgression
hypothesis). Considering different rates of gene flow (intraspecific) and mutation,
genetic variation at mt, cp and nu genomes might mirror different phases of the
speciation continuum between the species.

3.1 Climatic adaptation

Plant adaptation to different climates has recently became a major topic, due to
potential effects of present global climate changes on agriculture and biodiversity
(Manel et al. 2010). Studying climatic adaptation of coniferous trees has its
potential to solve problems raised by global warming, since conifers play a
dominant role in global carbon fixation (Canovas et al. 2007). This study may
help to point to loci that partly govern the variation in climatic adaptation.
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The dn/ds ratio in conifers (Pinus-Picea, diverged about 140 MYA, e.g. Wang
et al. 2000) might be higher than that in angiosperms (Arabidopsis-Populus,
diverged about 110 MYA, Bell et al. 2010) (Buschiazzo et al. 2012). We found
high K,/K; ratios at candidate genes, but not at reference loci, between the two
species studied here (section Pinus) and outgroup (P. koraiensis, section Strobus)
(0.344, 0.360 for massoniana-koraiensis and hwangshanensis-koraiensis,
respectively) with divergence time of 45 -85 MYA (Willyard et al. 2007).
Between the two closely related species K,/K; was 0.401, (same subsection,
diverged within 5 MYA) and z,/7, was also high within each species (0.438, 0.429
for massoniana and hwangshanensis, respectively). The climate related candidate
genes might be firstly shaped by selection during the past climate change. Some
of the candidate genes and one reference locus had K,/K; ratios above 1 (Paper 1),
meaning that the genes might be targeted by positive selection.

The genes indicated under selection using complementary methods were
compatible in all three evolutionary scales. Within P. massoniana, two candidate
genes (AGP4-2, aqua-MIP) and probably other loci, including eight candidate
genes (a3ip2, ccoaomt, dhn7, dhn9, GI, Glu, PHYO and Pod) and two reference
loci (c3h and LHCA4) were found to be influenced by recent positive selection.
Within P hwangshanensis, six candidate genes (aqua-MIP, comt, dhnl, dhn7,
Glu and PHYO) and one reference locus (PAL) were identified under recent
positive selection. Different genes of SNPs were targeted by recent positive
selection in the two species (i.e. divergent selection, Paper I). In an analysis
comparing the two species, seven candidate genes (43ip2, ccoaomt, dhnl, dhn7,
LEA, PHYO, and RD21) and two reference loci (LHCA4 and pt-1) had some
signals of selection. In a longer evolutionary scale, between each species and
outgroup, similar sets of genes were ascertained under positive selection in the
two species (PHYO, dhnl, ccoaomt, HIhil, Glu, POD, comt), the sharing likely
due to long common evolutionary history.

Candidate genes, such as PHYO, dehydrins (dhnl and dhn7) AGP4-2 and
aqua-MIP have been frequently detected to be under selection. Phytochrome O
(PHYO): homologues of the Arabidopsis thaliana PHYA (Garcia-Gil et al. 2003),
have a central role in mediating photoperiodic reactions (Smith, 2000; Quail,
2002). PHYA was indicated under selective sweeps in northern populations of
Arabidopsis lyrata (Toivainen et al. 2014). Here, PHYO was detected under
selection in three evolutionary time scales. Dehydrins play a major role in cell
protection against desiccation. These proteins are produced in response to any
type of stress that causes dehydration at the cellular level, such as cold, drought,
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or salinity (Close 1997). Arabinogalactan (4GP4-2) plays important role in cell
wall formation, gene expression studies show downregulation by water stress in
P. pinaster roots (Dubos et al. 2003). Aquaporins (Aqua-MIP) are membrane pore
proteins (i.e. water channels) that play a critical role in controlling the water
content of cells (Cruz et al. 1992). Interestingly, the same set of genes has also
been found to be under selection in other conifers, such as Gonzalez-Martinez et
al. 2006 in P. taeda (aqua-MIP), Eveno et al. 2008 (AGP4-2 and dhnl) and
Grivet et al. 2009 (dhnl and aqua-MIP), 2011 (dhn2) in P. pinaster, and
Wachowiak et al. 2009 in P. sylvestris (dhnl). These genes might play important
roles for climatic adaptation during climate oscillation in conifers.

3.2 Ecological speciation by divergent climatic selection

Species delimitation can be facilitated by the barrier to interspecific gene flow
created by selection against maladapted immigrants (Gavrilets & Cruzan 1998).
Intraspecific genetic diversity is lower while interspecific genetic divergence is
higher at selection-targeted genes: PHYO, dehydrins (dhnl and dhn7), AGP4-2
and aqua-MIP than those of other loci, thus, these genes show higher species
identity. Two genes: dhnl and aqua-MIP can clearly delimit the two closely
related pines. Furthermore, the NJ trees of these genes consist of two clear clades,
one clade for each species, with limited immigrations (Supporting Figure S1 in
paper I).

Whether a species maintains a cohesive unit depends on the homogenizing
intraspecific gene flow connecting conspecific populations and efficient selection
that prevents interspecific gene flow (introgression). Although all unlinked
markers having the same mode of inheritance should experience similar rates of
gene flow, selection can greatly modify the allelic frequencies within and between
species. We detected multiple candidate genes under selection of climatic
pressures, i.e. ecological adaptation. Interspecific gene flow at the targeted genes
was limited. It seems selection was effective in preventing alleles from
interspecific gene flow. Under the Isolation with migration model, climate related
candidate genes show more limited migration than reference loci. The IM model
in fact assumes neutral loci. The differences between candidate and neutral genes
reflect the fact that some loci deviate from this assumption (Sousa et al. 2013).

Closely related pines always occur in ecologically isolated habitats with large
population size. Environment related selection might be a major issue in evolving
differentiation among closely related species. And efficient intraspecific gene

35



flow might maintain the links among conspecific populations. The interaction
between interspecific gene flow and selection is poorly investigated. But a
negative relationship between intra- and interspecific gene flow was recently
modeled (Currat et al. 2008). Intraspecific gene flow might dilute the introgressed
alleles. Both divergent selection and intraspecific gene flow have negative effects
on interspecific gene flow and play important role in conserving the homogeneity
of species. A recent study compared genetic diversity at genomic islands of five
pair of closely related species suggested that genomic islands of divergence are
due to reduced diversity instead of reduced gene flow (Cruickshank & Hahn
2014). Our results also showed that both Dy, and Fcr were higher at climate-
related candidate genes than reference loci, but our simulations based on IMa
analysis showed lower rates of migration at candidate genes than at reference loci.
Association between the selection targeted candidate genes and
environmental variation can be investigated in the future, not only species’ range
wide but also along the elevations. The speciation process of the two closely
related pines is still at its early phase, the time since divergence is about 3N,
between both species. This is less than the 9-12 N, required for full lineage
sorting between allopatric populations (Hudson & Coyne 2002). Clearly,
demographic history, adaptation, and gene flow should be jointly investigated.

3.3 Joint study demography and selection

We obtained the shape of the distribution of neutral diversity and divergence
under the best demographic model and speciation scenario (SNM within each
species and secondary contact speciation model, Paper III). Simulated
distributions under neutrality were then compared with the observed values for
the climate-related genes for several statistics (within species SFS Tajima’s D and
between species Fcr, and number of biallelic sites or in other words two allelic
variants segregating in the species). Within both species, the candidate genes
detected here is a subset of genes detected using the DHEW tests and the MDFM
tests.
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Table 1. Fitting of interspecific site frequency spectrum (Tajima’s D) and intraspecific

genetic divergence (Fcr and number of biallelic sites) at all candidate genes and

reference loci to the posterior distributions from approximate Bayesian computation

(ABC) demographic models with the highest posterior probability based on intronic

sequences.

locus Tajima's D_masso Tajima's D_hwang  Fcr nb of biallelic sites
PtIFG2009 -0.9634 -0.836 -0.8564 0.7286
a3ip2 -0.045* 0.7218 0.1271 0.0968
agp4 -0.0162* 0.5996 0.1551 0.5832
aqua-MIP -0.003** 0.9944 0.0661 0.269
agp-like 0.6724 0.692 -0.7752 -0.6336
araH 0.2604 -0.1212 0.1806 0.0134*
araR -1.1472 -1.138 -0.7484 -0.1904
c3h -0.1176 0.8234 -0.9871 -0.7924
c4h2 -0.256 0.2746 0.1383 -0.8254
ccoaomt -0.224 0.5752 0.3921 -0.02*
cesA2 -0.432 0.1134 0.0838 0.0972
dhn1 -0.0336* -0.1288 0.1988 4e-04**
dhn2 0.0328* -0.4194 0.0941 0.2136
dhn7 -0.2746 -0.707 0.4786 0.2274
dhn9 -0.9792 -0.9798 0.0747 -0.8024
erd3 0.3168 -0.7086 0.3833 -0.1276
GapCP -0.1558 0.6204 0.1596 -0.1598
Gl -0.3428 -0.933 0.0257* -1.058
Glu -0.1322 -0.2656 0.0184* 0.6498
hlh1 -0.3546 0.5128 0.0381* -0.0112*
Ino3 -0.7576 0.8946 0.226 -0.0306*
LEA 0.3942 -0.499 -0.751 0.8426
LHCA4 -0.3996 -0.3146 0.175 0.5282
Ip3-1 0.6864 0.4804 -0.5128 0.0304*
MdhA 0.6112 -0.5242 0.1149 -0.6154
pho -0.5614 -0.8292 -0.5 -0.1218
PHYO -0.5196 -0.0562 0.0143* -0.0992
Pod 0.8346 -0.1994 0.1632 -0.7738
pp2c -0.454 0.8194 0.2641 0.526
ptlim-1 0.7572 0.135 -0.7299 -0.1046
ptlim-2 0.1082 0.1576 -0.9842 0.097
RD21A 0.3402 0.448 0.1582 0.0168*
WD40 0.9556 0.7116 -0.9829 0.7354
comt 0.9656 -0.2606 -0.5572 -0.6406
nir 0.8562 0.6246 -0.9123 -0.986
PAL 0.8846 -0.0766 -0.8526 -0.7846
ppap12 0.3064 0.021* -0.7715 0.9838

*, P <0.05;**, P <0.01; **, P <0.001
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Different genes showed deviation from the neutral distributions, which was in
line with the results based on other detection methods (Paper I). Between the
species, different loci were found to deviate from neutral distribution, except hlhl
genes shared by both Fcr and number of biallelic sites. The genes detected by the
HKA and MLHKA tests were a subset of genes detected here.

The methods take into account both demography and selection. However,
previous studies have been mostly based on many loci of variable length which
brings statistical difficulties and inaccuracies in simulations (Keller ef al. 2011).
Population genomic data based on next generation sequencing might overcome
this difficulty. Sliding windows with different length along the chromosomes have
the potential to shed light on this question.

3.4 Complicating histories of ILS and introgression in speciation
with gene flow

Previously, we investigated cytoplasmic genetic differentiation between the two
pines and found out that chrolotypes were highly species-specific while mitotypes
were extensively shared (Zhou et al. 2010). As shown here, the nu DNA diversity
seems to present another picture, i.e. both species shared 38% of polymorphic
sites with 0.6% fixed sites (Paper III). As shared mitotypes are randomly
distributed among parapatric and allopatric populations, the cause of shared mt
DNA variation was thought to be the retention of ancestral polymorphism rather
than introgression. However, the distribution of nuclear genetic diversity showed
that shared polymorphism occurred preferentially between parapatric populations
which therefore is best explained by a secondary contact scenario.

Such conflicts of genetic variation associated with different sex were also
observed in other studies in other conifers (Lockwood et al. 2013), in bears
(Hailer et al. 2012), in humans (Poznik et al. 2013) and in other organisms (Petit
and Excoffier 2009; Toews & Brelsforo 2012). Most of them were explained by
sex-specific migration and introgression patterns (Petit and Excoffier 2009; Hailer
et al. 2012; Toews & Brelsforo 2012), but the lineage sorting process was
somehow neglected.
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Past

Present

Species A Species B

Fig. 3. The diagram shows divergence between species A and B with incomplete
lineage sorting and secondary gene flow. Mitochondrial, chloroplast and nuclear
genomic variation mirror at different phases of the speciation continuum.

Intraspecific gene flow has its roles in facilitating the rate of species lincage
sorting (Zhou et al. 2010). DNAs with higher levels of intraspecific gene flow are
more efficient in homogenize conspecific population gene pools than DNAs with
lower levels of gene flow, which facilitate the fixation of species-specific
advantageous alleles and even neutral genetic variation (Rieseberg et al. 2006).
DNAs associated with different sex harbour different rates of intraspecific gene
flow, and such gene flow has a role in diluting introgressed alleles from gene
pools of closely related species (Petit & Excoffier 2009). In a simulation study,
Currat et al. (2008) found that intraspecific gene flow was negatively related with
interspecific gene flow. Consequently, DNAs with higher levels of intraspecific
gene flow might have been less introgressed by foreign alleles and thus might
show less shared polymorphism. In conifers, mitochondrial, chloroplast and
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nuclear genomes are maternally, paternally or bi-parentally inherited through
seed, pollen or both, respectively (Wagner et al. 1987; Neale & Sederoff 1988;
Mogensen 1996). In addition, pollen flow is more efficient in connecting
conspecific populations than seed flow (Liepelt et al. 2002). The ratio of pollen
flow to seed flow is about 20-50 based on investigations in four pine species
(Ennos 1994). In mature forests, foreign alleles from pollen flow are easier than
that from seed flow to be involved in the local gene pools. In agreement with
these observations, cpDNAs show species specific genetic diversity whereas
mtDNA genetic diversity is commonly shared among species (Du et al. 2009;
Zhou et al. 2010; Wang et al. 2011).

In parallel to rates of gene flow, nucleotide substitution vary greatly among
mitochondrial, chloroplast and nuclear genomes (Wolfe et al. 1987). The effective
population size of cp, mt and nuDNAs is N, N and 2N, respectively. Thus,
different markers usually reflect evolutionary dynamics at different timescales.
Among the three genomes of conifers, the mitochondrial and nuclear genomes
harbour the lowest and highest rates of nucleotide substitution and gene flow,
respectively. In practice, mitochondrial genetic variation has been used very
efficiently to infer population structures and was found shared between closely
related coniferous species, while chloroplast makers have shown week population
structures but clear species boundaries (Petit et al. 2005; Du et al. 2009; Zhou et
al. 2010). As shown in Fig. 3, the three kinds of DNAs from coniferous trees
seem to provide sequential and complementary views of an evolutionary
continuum, which therefore offer us a great study system in evolutionary biology.
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4 Conclusions and future directions

The neutral demographic processes and selection at islands of the genome interact
in the speciation continuum. I studied genetic variation at cytoplasmic and nuclear
sequences of two closely related parapatric pine species: P. massoniana and P,
hwangshanensis. 1 found that ancient selection was shared by the lineages leading
to the species while recent selection was species-specific. Estimates of migration
rates for candidate genes were significantly lower than that for reference loci.
Recent differential climatic selection might counteract gene flow and favor
divergence between the two pines through ecological speciation. Shared
mitotypes were randomly distributed across species’ ranges, which therefore
supported the incomplete lincage sorting scenario, but the shared nuclear
variation distributed more frequent at parapatric population than at allopatric
population, supporting the gene flow scenario. ABC and species’ distribution
modeling also supported the secondary gene flow model. The three genomes had
different rates of mutation and gene flow might mirror different phases of the
speciation continuum.

The results in this thesis are valuable for understanding evolution in general
and for other applied purposes such as tree breeding and climate change
adaptation. Climate change drives speciation not only through shaping species’
distributions to generate geographic isolation of populations (i.e. niche
divergence), but also through divergent climatic selection facilitating the fixation
of different beneficial alleles in populations in different environmental conditions
(Hua & Wiens 2013). When populations of species recolonize their preferred
habitats during interglacial periods, sometimes secondary contact and
reinforcement favor reproductive isolation between them (Lukhtanov 2011).
Coniferous trees have experienced a long history of climate change since the
Carboniferous Period (360-286 million years ago, MYA, Miller, 1977). Both
demographic processes caused niche divergence and divergent climate selection
might have an influence of their own and interact during speciation of the two
closely related pines, and other closely related coniferous species. The
investigations based on cp, mt and nuclear sequences with different rates of gene
flow and mutation seem to give complementary views of the speciation
continuum. The early phases of speciation between the species has been found to
show a picture of incomplete lineage sorting as inferred by mitochondrial markers
while the later phases has been found to show a picture of secondary contact
inferred by nuclear markers. Several climate related genes have been detected to
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be under local selection for climatic adaptation, for example to different altitudes
of the species. These information can also be used for future landscape planning
and breeding under the background of global climate change.

Further studies should take advantages of NGS technology and published
genomic resources, such as loblolly pine reference genome (Neale et al. 2014) to
study local adaptation and divergence along altitudes at different mountains,
which could shed light on climate change adaptation, convergent adaptation and
speciation.
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