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Abstract

Uncovering the genes and molecular basis of phenotypic variation and adaptation is a
major goal in conservation and evolutionary genetics; it also sets the basis for future
operational breeding in commercial species, like forest trees. These taxa are character-
ized by their large size, growth habit and longevity, which hampers the use of reverse-
genetic approaches (ie. from gene function to phenotype) to pinpoint adaptive
molecular variants. In this chapter, we summarize the basis of the forward-genetic ap-
proaches (i.e. from phenotype to gene function) currently used in forest trees. For each
strategy, we provide a brief overview of the statistical approaches employed to identify
candidate genes, and then highlight the main findings of landmark studies that provide
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266 Juan P. Jaramillo-Correa et al.

evidence for adaptation in forest trees. Adaptive and commercial traits are generally
well inherited in trees, although they are mostly affected by the variation of multiple
genes, each one accounting for a small part of the phenotypic variance of each char-
acter. However, some individual and important genes involved in growth, phenology,
drought resistance and cold hardiness have been identified; many of them showing
evidence of selection across multiple taxa (sometimes including angiosperms and
gymnosperms). Future challenges for detecting the signatures and understanding
the molecular basis of adaptation in trees include more adequate and precise pheno-
type assessment in natural populations, and the inclusion of gene interactions and
epigenetic variations in current models. The implications of these findings in conserva-
tion and breeding of forest trees are finally discussed.

1. INTRODUCTION

Trees are woody vascular plants, angiosperms or gymnosperms that

share attributes like large size, growth habit, longevity and high reproductive

. i 33). Although they do not
belong to a unique phylogenetic group, they do conform to a particular
life form that has independently arisen at different geological times from

outcome (reviewed by }

non-tree ancestors by convergent evolution across unrelated clades
(reviewed by 1+ {19977,

; i5)). Individuals sharing this life
form can achleve dominance in a variety of terrestrial environments, form-
ing the base of entire ecosystems, which are often charactenzed by a tremen-

dous blomass accumulation and productivity (Fet :
£4). For such reason, trees have become the base of a whole

industry relymg on wood extraction, fruit production or the exploitation of
other nonwood products such as latex for rubber manufacturing, metabo-
lites with medical purposes (e.g. taxol) or oils for biofuel, among many

others (reviewed by Wi 14}). While often seen as undomesticated
species, forest trees have been submitted to genetlc improvement through
& Sa 2304), More

recently, they have been the subject of genomic-based studles aiming to un-

selective breeding for over 50 years (N

derstand the architecture of traits with commercial and adaptive interest,

o & Keemer

such as wood quality, cold hardiness or pest resistance (M

i1). Some of these studies have focused on the capacity of forest trees
for rapid physiological and molecular adaptation at different temporal and
spatial scales, and on their ability to undergo rapld range shifts in response
to environmental changes (Si : g\ :

While angiosperm and conlferous trees share many attributes that affect

their evolutionary trajectories (Feour & Ha , they also differ in
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several fundamentally important ways that are relevant to the search for the
genetic basis of adaptively important traits. Several trait differences separate
angiosperm from conifer trees, including their reproductive biology (e.g.
flowering and fruiting vs cone production), pollination syndromes, their
perennial or deciduous habits, as well as wood architectural traits such as
the composition of lignin and the ratio of cellulose/ hemlcellulose as

; 7).

Some of these traits have begun to be addressed by association genetics

well as the use of tracheids and vessels for water transport (Nikla

studies in both gymnosperm and angiosperm trees by using different
strategies (e.g. whole genome vs candidate gene studies), while others still
await comparative genomic data. From a strictly genomic point of view,
the most striking difference between gymnosperm and anglosperm trees
is the size and content of their genomes, which has great relevance for
performing studies aimed at discovering the genomic signatures of adapta-
tion. For instance, conifers have huge and highly complex genomes
(>20 Gb) characterized by the prohferatlon of repet1t1ve sequences frorn

transposable elements (e.g. ol oval, 2013 N

et all,

), while anglosperm trees generally have more compact and

)

Indeed, while conifer genomics has recently rece1ved a boost frorn pub-

less redundant genomes (e.g. My

lished draft genome assemblies of Norway spruce (Picea abies; ™
LRt ¢ 2013, and loblolly

ot g, 2014), anglosperm tree genomics has

), white spruce (Picea glauca;

CEod

pine (Pmus faeda,

benefited for nearly a decade from the first forest tree to have its whole
genome sequenced and annotated — the black cottonwood, Populus tricho-
carpa (Salicaceae) (Tasks “).

Progress in forest tree genomics appears nevertheless limited when

A

RN
§ h {
N N N

compared to that in model species such as Arabidopsis or maize. Advances
in forest tree genomics are hampered by the long generation times of species
and the lack of well-defined mutants for specific genes, which constrains the
use of reverse-genetic approaches. Such strategies rely on the prior knowl-
edge of gene functions and the study of their eftects on the phenotype of

mutants for those particular genes (but see Séguin, La 3 0
: . Instead, dissecting the genomic arch1tecture of

cornplex phenotypic traits in forest trees has principally relied on for-

ward-genetic approaches (& 1), and it is following that logic that this

chapter is organized. Forward genetlcs is based on the observation, selection
and intensive study of individuals exhibiting contrasting phenotypes (e.g.
height, wood quality, drought or pest resistance, etc.) to uncover the genes
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Figure 1 Schematic representation and illustrations of some the forward-genetics ap-
proaches used to detect candidate genes involved in adaptation in forest trees that are
discussed throughout this chapter. (See colour plate)

underlying such phenotype variation. Forward-genetic approaches can vary
from quantitative trait loci (QTL) detection and association mapping to
comparative transcriptome profiling (¥ & 1). In this chapter, we summa-
rize the rationale behind each one of these methods, together with an over-
view of the statistical approaches that are currently used to identify

candidate genes/alleles underlying trait variation. Then, we highlight the

main findings of landmark studies that provide evidence for adaptation in
forest trees.

2. QUANTITATIVE TRAITS VARIATION

Adaptation mostly arises from selection on phenotypes and their under-
lying genetic variants (i.c. alleles) that increase ﬁtness in a given set of environ-

mental conditions (X<




Adaptation in Forest Trees 269

Traditionally, genetic variation in adaptively important phenotypes in forest
trees has been studied by using reciprocal transplant experiments or common
garden tests (also called provenance trials in the forestry literature) using a

] v, 1994) that allows
estimation of trait heritability within populatlons and trait genetic differentia-

quantitative genetics framework (e.g. ¥

tion among populations (Qst). These approaches allow explicit quantification
of genetic versus environmental effects on the phenotypes, and can indirectly
#5).

Most quantitative genet1cs stud1es in forest trees have long focused in traits

test if trait evolution has been driven by local adaptation (}

ofeconom1c1nterest( Y RO
2000), although height, d1ameter pest resistance, cold hard1ness wood qual—

1ty and bud phenology (mostly bud flush and bud set t1m1ngs) are the most

commonly surveyed characters (e.g. ¥ 3 i &

, : R AR He1ght and d1ameter can be affected
by many factors such as local chmate or soils, and reflect the overall perfor-
mance of a tree in a test site. Because of this, heritability estimates for these
traits are usually low to moderate (i.e. h < O 2) and Vary across sites, pop-

2.

ulatlons and tree age (e g.
. & T e

On the other hand, characters such as pest resistance, cold hard1ness

wood dens1ty and bud phenology usually exhibit moderate to h1gh herita-

Wthh suggests that abundant genet1c vari-

, 1, 361),

ation exists for these traits, and therefore can be shaped by selection.
Quantitative genetic theory shows that trait differentiation among popu-

lations (QsT) 1s expected to be equlvalent to allele frequency differentiation at

molecular markers (Fst or Ggr; Nt 1) if selection is not

acting; thus, the comparison of these two estimates is thought to test for the

- ANy T avew
e, No UM

occurrence of local adaptation in phenotyplc traits (Lc

& ). As with her1tab111ty, most traits exh1b1t1ng h1gh QST estimates
(ie. above 0.3) are those related to phenology and defence, while traits asso-
ciated with the general form of an individual (i.e. diameter, branch number)

mostly have lower QST values (below 0.2; reviewed by iei 0
' ' Lasea v 31). It must be noted, however

that several authors argue that QST versus FgT comparisons may not be valid
under all situations (M &

.A 2). The discrepancy between these
two measures may reflect differences in their genetic architecture. That is,
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Qs for most quantitative traits results from the combined action (and inter-
action) of many genetic variants, each of which may contribute a small
amount to the total variance of a trait. These many small effect variants
may experience strong patterns of covariance or statistical linkage disequilib-
rium (LD) across populations that shift trait means more than would be pre-

dicted from the combined frequency changes at individual loci (Kraoer & Lo
- I MeKay &8 2). On the other hand, Fsy is typically esti-
mated from phy51cally unlinked molecular markers and does not incorporate

covariances or statistical LD among loci.

Comparisons of Qg estimates across studies must be interpreted with
caution, since they will necessarily depend on the breadth of population sam-
pling and the age and ecolog1cal conditions at which quantitative traits were
evaluated (¥4 i, .
Picea mariana populatlons in a latitudinal transect in northeastern Canada, a
Qst of 0.91 was estimated for bud set (M ;
lower estimate (Qgp = 0.22) was obtamed for thlS trait when surveymg
1311). Similarly, low Qgr values were determmed for cold hardmess

oy & Altken, 2 For instance, after sampling

&3, while a much

more southern populations (V¢

(O 02—0. 32) in Picea sitchensis populations from an island (C
the whole species distribution was surveyed (¥

, while a much higher estimate (0.89) was obtained when

ation in Qg estimates has also been observed among test sites when evaluatmg
the same provenances. For instance, phenotypic differentiation for susceptibil-
ity to Mycosphaerella leaf disease varied between 0.05 and 0.25 in five different
trials of Eucalyptus globulus in Tasmania; these Values were partlally correlated

oXe

ot al, 2013). Never-

to the severity of the infection at each test site (¥ &
theless, in spite of these caveats, Qs is still regarded as a useful mean to distin-
guish whether population differentiation in complex polygenic traits has been
driven by selective or stochastic factors, particularly in genome-wide contexts
that allow establishing a more accurate link between molecular and pheno-
typic variation (see i

31 for a review).

3. LINKAGE MAPPING AND QTL DETECTION

While a quantitative genetics framework allows studying genetic vari-
ation and inferring selection on phenotypes, a more mechanistic under-
standing of adaptive evolution requires knowing the genomic architecture
of adaptive traits and linking molecular and phenotypic variation. From
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this point of view, identifying QTL in a linkage map is often the first step.
This relies on identifying genetic markers that co-segregate with morpho-
logical variation in a linkage genetic map built from the progeny of individ-
uals exhlbltmg contrastlng phenotypes (usually an F2 or a backcross;
).

tao Ky However, this method can be troublesome
for long hved species hke forest trees, for which the establishment of exper-

imental mapping populations can be expensive and attaining the number of
generations can take from years to decades.

The first linkage maps for forest trees (and other taxa) were bullt based
on dommant markers hke RAPDS or AFLPS (e.g. v for,
4). Later they 1ncorporated

codommant and gene- der1ved markers such as SSRs, ESTPs and SNPs,
which facilitated the co-location of QTLs and the identification of the
putative coding genes involved; they also allowed comparisons across
closely related taxa in cases where markers were transferable ~among

L al ). These studles have mainly almed to dec1—
pher the genetlc archltecture and location of genome regions underlying
quantitative traits with economlcal interest, mdudmg wood yield and
quahty or pest resistance (e.g. WX Stentder '

4). However, QTLs for adaptatlon to abiotic condltlons hke tempera-

ture or water availability have been also investigated. For instance, in Picea

glauca a genetlc map that has been steadily developed since 2006 (¥

TE .:‘\‘

SN i . 5, i i) has
allowed the 1dent1ﬁcat10n of several regions 1nvolved in cold adaptatlon

3o
ol c.‘s\ [

these reglons contain from 8 to 38 loci, and are spread across the genome

G

tumn and sprmg cold hardiness were located in a Pseudotsuga menziensii

1). Similarly, between 11 and 15 QTLs involved in au-

cvoall

linkage map (}

Many other examples of adaptive

QTL studles exist for comfers (e.g. 3; reviewed by

1}); however, most of them have the unfortunate draw-

back that each individual QTL identified usually accounts only for a very
small part of the total adaptive variation, and altogether they rarely explain
we 25 see also

more than 10% of the phenotypic variance (PVE; see Figus
2 {2014} for a remarkable exception of a QTL for water-

use efﬁc1ency accountmg for 60% of the phenotypic variation). This last
point should be particularly highlighted given that the rather low popula-
tion size used in these studles (<300 trees) have certainly led to overesti-
mated QTL effects (Ku, 233),
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Figure 2 Number of quantitative trait loci (QTL), and percentage of the variance
explained (PVE) by each individual QTL for various phenotypic and adaptlve traits in
a coIIectlon of 85 studies in forest trees reported herein and in ! a 3
{ 3). Boxes denote interquartile ranges, whiskers 95% conﬁdence |ntervals and
horlzontal lines within boxes represent the mean.

In angiosperm trees, several studies have obtained similar results to those
in conifers. For instance, 32 QTLs related to bud burst timing were placed
on a Quercus tobur hnkage map, each one explaining 3—11% of the pheno-
typic variance ({3ero i, 2010), while 31 locd involved in bud set were
identified in Castcmea sativa, \mth weak to medium PVE (4—17%) (<.
st ai, 20804). Other studies have found fewer QTLs associated with adaptive
traits (Sas p et al, ). For example, in Q. robur 2— 10 QTLs related
to water-logging tolerance were identified (+*: 4]

GG

sl 2047), while six
regions associated with cold adaptation were mapped ina Populus hybrid
cross, each one having a low to medium phenotypic eftect (PVE = 5—
18%; Feewagn ot ai, 20G%), Equally low QTL numbers but with higher
PVE were observed for other traits, such as resistance to leaf bhght in the
tropical rubber tree Hevea spp. (5 QTLs with PVE = 4—44%;

al, 2000), or to pathogen moulds in Theobroma cacao (6 QTLS with
PVE = 12—28%; Hsonice 5 Ngoran : ).
Thus, the number of QTLS involved, and thelr effect size, seems more

)

related to variability among different traits than to differences in angio-
sperm/conifer evolution.

Altogether, QTL mapping studies have shown that the genes related to
adaptation in forest trees are often spread over the entire genome, they are
seldom co-located across closely related species and each one of them has a
low to medium phenotypic etfect. However, given the usually large ge-
nomes of many tree taxa, and the few generations of recombination possible
in most linkage mapping studies in trees (due to long generation time), this
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approach is best suited to identifying broad linkage blocks associated with an
adaptive trait, and rarely allows pinpointing the specific polymorphisms,
sequences or even genes involved in adaptation. They are thus mostly useful
for delineating candidate genomic regions encompassing adaptive variation
that can be targeted with other approaches, such as genotype—phenotype
association mapping.

4. ASSOCIATION MAPPING
Also known as LD mapping, this method has proven to be a good

alternative to QTL mapping in forest trees, as it can be readily used in natural
populations without prior controlled crosses or experimental designs. Asso-
clation mapping methods take advantage of the genetic diversity existing in
natural stands to test for genotype—phenotype correlations in individuals,
while controlling for background eftects of population structure and kinship.
The presence of historical recombination in natural populations allows for
much greater precision at identifying genotype—phenotype associations,
since markers must be in very tight LD with causal variants (Soio-Cord
& Ok .
scattered all over the genome (Nesl

'\.

Such covariation is usually detected by surveying loci
: ir, 2004), although associ-
ation studies performed with a few specific (and carefully selected) candidate

genes or genomic regions have also provided good results for traits for which

the potentlal causal genes are known (e. g N

When used in combination with dense high-throughput genotyping
(e.g. SNPs identified from next-generation sequencing), genome-wide
association studies (GWAS) can detect loci closely associated with causal var-
iants, or even the quantitative trait nucleotides themselves, especially for

‘\\

lineages with high recombination rates like forest trees (Scto-Ced
{ 10). However, caution is needed, given that GWAS inferences

can be biased by population structure and admlxture genetlc drift and/or
ot al, 2013), which
must all be taken into account through a series statlstlcal corrections to avoid

environmental variation through time (e.g. |

the detection of false positives. For example, population structure can pro-
duce a high rate of false positives in association studies when there is a cor-
respondence between trait variation and the axes of ancestry across
populations (e.g. } oy &S 111). Consequently, the use of
generalized linear models (GLM), unified mixed models (UMM; Y
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3), that allow

) or Bayesian approaches (G D,
controlling for population and famlly structure, has become regular pract1ce

<loal,

N

In association studies (e.g. ) , WS U
R4 3 greatly decreased the number

21, 2G13). For instance, {
of spurious SNP-associations \mth growth and wood properties in E. globulus
after performing such corrections with an UMM.
Another way to increase statistical power for identifying genotype—
phenotype associations is to con51der haplotypes rather than single-SNP
: oo,

variation (Skoy, {i 1), For example, only six marker—trait
pairs explaining between 01 and 15% of the phenotypic variation were
detected in Populus nigra when analyzing associations between chemical
wood properties and individual SNPs, while the number of significant asso-
ciations and PVE largely 1ncreased when these variants were concatenated in
haplotypes ({5 i, 2013). Similar results were obtained in P. tricho-
carpa when using the same strategy (We ot ab ).

In forest trees, GWAS employing thousands to millions of markers

spread across the genome have allowed the identification of multiple

loci related to traits with ecological and economic importance. Therefore,
the discovery of associations is not dictated by the choice of candidate
genes, but instead by the density of the markers employed. The most
powerful GWAS study performed to date in a tree was based on whole
genome re-sequencing (c. 18 million SNPs) in P. trichocarpa (Fxax
314). In this study, the strongest candidate selected regions associations
were the FT2 paralog of FLOWERING LOCUS T, which correlated
with continued height growth and bud set, and the PHYTOCHROME
AND FLOWERING TIME 1 gene (PFT1), which was associated
with bud flush timing. This study further showed that the genetic architec-
ture of most trait associations involved SNPs in intronic or intergenic

Vi o
R S

regions, suggesting that regulatory regions make up a large fraction of the

standing genetic variance influencing adaptive phenotypes in natural
populations.

Further surveys in Populus include extensive phenotyping etforts fol-
lowed by GWAS, which made it possible to infer the genetic architecture
underlyrng complex traits in provenance tr1als and common gardens

example a series of association tests for phenolog1cal traits revealed a h1gh
degree of genetic complexity in P. trichocarpa involving over 70 genes,
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each one explammg 1— 13% of the phenotypic variance of each trait

oy .. i4). Other studies identified genes underlymg
fungal resistance, leaf drop and cellulose content (REVOLUTA, ,
Riapitd, Skvbe, Lav ot al, 2413), or stomatal variation (PHABULOSA
BRASSIN OSTEROID INSENSITIVE 2) and wound/disease response
(GLUTAMATE—CYSTEINE LIGASE; NMoRown, Guy, o al, 201d),
while a GWAS involving 29,333 SNPs across 3543 candldate genes reported
significant associations with cell wall sugars, lignin and ultrastructure traits for
141 SNPs distributed across all 19 Populus chromosomes (ot

Nkyba, Hannemann v o, 2013), This large number of associations, each
explaining a small portion of the phenotypic variance (4—6%), is consistent
with the highly polygenic architecture for wood characteristics.

The strong genetic basis of the traits above suggests that prospects are
excellent for ongoing GWAS studies on whole genome re-sequencing in
species that are candidates for woody biomass production and that have
newly developed reference genome sequences, such as willow (Salix pur-
purea v1.0, DOE-JGI) or Eucalyptus (Myi
GWAS can also be used to disentangle the complex genetic architecture un-

Y

wg oot sl 2014). However,

derlying phenotyplc traits when a reference genome is not available. For
example, Pavobovas et al, 2y used 95,000 SNPs identified by genotyping
by sequencing and Bayesmn GLM to identity 11 loci associated with serotiny
in lodgepole pine (Pinus contorta). Serotiny is considered a key adaptation in
conifers inhabiting environments with frequent fire regimes, and its vari-
ability and inheritance seems to be far more complex than previously
thought (Farchimman et ai, 3013).

Assoc1at10n tests using fewer markers (i.e. a few 100—~ 1000 SNPs) have
also retrieved interesting associations with phenotypic traits. For example,
six SNPs were related to wood quality and pollen cone production in Cryp-
tomeria japonica (1.5} :
ations with the phenotyplc variation of 20 secondary metabolites in P. faeda
(Hcken ¢
these 24 SNPs explamed more than 50% of the phenotypic variation of

oXe

w et i, 2013), while 24 markers exhibited associ-

oy

{2). When considered jointly in a multi-locus approach,

some compounds’ concentration, thus indicating that the interaction of
genes may be more important to explain metabolome phenotypes than in-
3ot al (2103} identified 18 loci related to
growth and wood properties, two of which physically mapped closely to a

dividual genes. In Eucalyptus, <.

gene coding for the enzyme F5H (coniferaldehyde 5-hydroxylase) that has a
key role in the lignin synthesis pathway.
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Studies using a more modest quantity of markers (i.e. tens to hundreds of
SNPs) can also provide promising results when these are located in carefully
selected candidate genes or in regions encompassing QTL. For example,
SNPs located in three candidates from the photoperiod pathway accounted
for up to 15% of the phenotyplc variation in growth cessation in Populus
tremula (M Wt H 2314y, while SNPs in the
CAD and SAM 2 genes accounted for 7— 20% of the total genetic variance
for earlywood specific grawty in P. taeda (G 2] 5 W =
rser, Nabon, & Neal 7). Similarly, haplotype variation in a smgle
gene (CESA4) explamed 2—5% of the variance of growth and some

Ny

wood properties in Populus tomentosa ({3¢ ¢v sl, 2013), while another
gene (CCR) explamed over 3% of the lignin composition in Eucalyptus uro-
phylla (M:
tions w1th microfibril angle in two other Eucalyptus taxa (T

dehver mterestmg results for more complex characters when a larger number

N

w et al, 3012). This last gene also exhibited strong associa-

-
:/

. The candidate gene approach can also

of genes are considered. For instance, in P. faeda, associations of 1—2% per
SNP were observed when the variation at 41 stress-inducible genes was

correlated with carbon isotope discrimination ({

E S . However, for such traits involving countless
metabohc pathways, a whole-genome re-sequencing in a much larger sam-

ple of individuals might be required to account for larger portions of the
phenotypic variance.

5. GENOME SCANS

Association methods can also be used at the range-wide level to iden-
tity clinal variation between allele frequencies and environmental variables.
This approach is often complemented by methods that test markers for
extreme population genetic structure (i.e. outlier methods). Both kinds of
strategies rely on the premise that differential selective pressures in popula-
tions subjected to contrasting environmental conditions result in a significant
differentiation of allele frequencies at the loci targeted by selection (and their
linked loci). The outlier methods address this by estimating genetic differen-
tiation (e.g. Fst) across loci and looking for those exhibiting significantly
higher or lower values than those expected under various stochastic neutral
models; these outlier loci are then assumed to be potentially aftected by

dlrectlonal or balancmg selection, respectively (;

3). Genotype—environment association (GEA)
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methods, on the other hand, allow the inference of local adaptation along
environmental gradients, perhaps even when selection is not strong enough
to produce Fst outliers (oo ot al,, ). Both, the outlier and GEA
methods have the drawback of being prone to significant bias when popu-

lations are not at demographic equilibrium, for example when they are hi-
erarchically structured, show isolation by distance and/or when mutation
rates are highly heterogeneous across loci (e.g. 3o M ot &, 213,
Some approaches are available to correct some of this potent1al bias (e.g.

o~

Ber & Coop, 2013), but currently, most authors prefer to combine

different strategies when scanning the genome for putatively adaptive genes
and give greater conﬁdence to those loci that are 1dent1ﬁed by multlple

methods (e.g.

i Tnoaly an .\4) .

Another caveat that both the outlier and GEA approaches have in com-
mon is that they are most sensitive to detecting locally adapted alleles that
are evolving through antagonistic pleiotropy; that is, alleles that are beneficial

in one environment but deleterious in another one (i

4). However, studies in model species have shown that locally
favoured alleles actually tend to be neutral elsewhere in the specles range

(e.g. L 2l !
such cond1tlonal neutrality circumstances, the power for detectlng local

\‘\

adaptatlon will be greatly diminished for both kinds of methods (see ¥

).

be to test for environmental association and deviations from neutral

A potential way to circumvent this problem could

expectatlons on individual genes populatlons or gene clusters (e g G

The first genome scan that employed an outlier approach in forest trees
was performed to identify regions potent1ally involved in the d1vergence of
two closely related oak species in Europe (S¢ eyl 4
this study, the authors pinpointed over 47 loc1 (a cornblnatlon of AFLPs

isozymes and SSRs) exhibiting significantly high Fsp values between
taxa, and which were distributed in most of the linkage groups of the spe-
cies pair. Other early surveys in forest trees include one in P. abies, where 37
outliers (AFLPS ESTPS and SSRs) dlstnbuted across its genome were
detected (Acher 33 NENI %
Japonica, that found ﬁve CAPS (cleaved amplified polymorphlsms devel—

), another one in C.

oped from ESTs) exhibiting significantly high Fsp values (Tsu RS
7), and a survey in populations of P. glauca from eastern Canada that




278 Juan P. Jaramillo-Correa et al.

reported a hst ot 49 outlier SNPs from coding genes (Namiroud, e

e, & <),
stud1es d1d not take populatlon structure or differences in the mutation rate
across loci into account, the candidates they report should be taken with
caution.

IO

among others. However, as these early

\.\\ LG

More recent studies (summarized in Tabic 1) that do correct for such
potential bias tend to combine outlier and environmental association
approaches and report lists of candidates that overlap across methods. In
conifers, these surveys have been performed for different species in genus
Pinus and Picea, and for C. japonica (1abl
comparative study in coniferous taxa frorn the Alps also included Abies

alba and Larix decidua (N

1); although an interesting

SIS Z). In angiosperms other than
oaks, genome scans have been carr1ed out in Fagus, Eucalyptus, Populus,
1). The

identity of candidates generally differs across studies and species, even

Alnus and in the tropical tree Eperua falcata, among others (°

when they are co-distributed in the same reglon For instance, in the
L i no candidate outlier

above-mentioned survey by Mosca ot . )
SNPs were shared by the four Alpine taxa analyzed while there were
only seven loci in common between species pairs, only one of which
(located in a heat-shock protein 101) was associated with the same envi-

ot i ). Similarly, two spruce
species co-distributed in eastern Canada only shared three of the 25 and 49
outlier genes respectively detected for each taxa (3 of al, 1),
while two environmental gradients surveyed for associations in Quercus pet-

ronmental variable in two pines (&

rae only had a few SNPs in common (A

When candidate comparisons across taxa and stud1es are eXpanded to the
gene tamily or function levels, several interesting patterns begin to arise. For
instance, transcription factors, especially those of the MYB, C3HL, C2H2
zinc finger and HD-ZIP gene families recurrently appear as outliers in spe-
cies as varied as P. mariana, Q. petrae or C. japonica, among others, where they
further show slgnlﬁcant correlatlons \mth temperature and prec1p1tatlon

bevio ot sl 3 P al. 1 Toonnara et all :2). Other
gene farnlhes such as the dehydnns the 60S r1bosornal and heat shock pro-
teins or 4CL also have shown associations w1th environment across taxa (e.g.

L ¢ ot sl 2047, while other genes cod-
ing for proteins involved in rnernbrane transport abiotic stress response,
lignin biosynthesis or plant development are also recurrent outliers in
many studies ({abie !




Table 1 Number of Candidate Gene-Makers Detected with Outlier (i.e. Fst Based) and Correlation (i.e. Genotype—Environment
Associations; GEA) Methods in Various Studies in Forest Trees. The Fsr Range and the Identity of the Environmental Factors
Associated with the Markers Are also Included

No. Outliers (Fsr)*/

No. Candidates

Environmental

Species No. Markers Fst Range (GEA)® Factor References
Angiosperms
Alnus glutinosa 57/1990 0.05—0.12 20 Temperature
2 Precipitation
Castanopsis fargesii 7/32 0.15—0.20 5 Precipitation n
Eperua falcata 8/74 0.04—0.15 4 Habitat type
Eucalyptus camaldulensis 5/76 0.21-042 4 Climate
Fagus sylvatica 5/546 0.27—-030 — Elevation
Populus balsamifera 26/747 0.22/0.94 45 Climate
Populus trichocarpa 1130/=18 x 10° 0.12—0.37 194 Temperature
157 Precipitation
Quercus petraea 28/384 0.01—0.11 5 Elevation Aiberio et
3 Latitude
Quercus robur— Q. petraea  60/262 0.22—0.93 — — G al
Conifers
Abies alba N.A./249 N.A. 4 Climate
Cryptomeria japonica 20/1026 0.11-0.22 9 Temperature
2 Precipitation
4 Sun radiation
Larix decidua N.A./267 N.A. 6 Climate Vins

(Continued)
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Table 1 Number of Candidate Gene-Makers Detected with Outlier (i.e. Fst Based) and Correlation (i.e. Genotype—Environment Associations;
GEA) Methods in Various Studies in Forest Trees. The Fst Range and the Identity of the Environmental Factors Associated with the Markers
Are also Included—cont'd

No. Outliers (Fsr)°/ No. Candidates Environmental
Species No. Markers Fst Range (GEA)® Factor References
Picea abies 29/445 0.10—0.17 18 Latitude
Picea glauca 20/768 0.04—0.13 - -
P. glauca— Picea engelmannii  7/311 0.08—0.18 17 Climate
Picea mariana 10/99 0.04—0.16 14 Precipitation
10 Temperature
Picea obovata 13/356 0.03—0.05 22 Latitude
Picea rubens 4/33 0.03—0.12 7 Climate
3 Pollution
Pinus banksiana 1/472 N.A. 3 Temperature
Pinus cembra N.A./459 N.A. 11 Climate
Pinus contorta 8/472 N.A. 14 Temperature
Pinus mugo N.A./693 N.A. 18 Climate
Pinus taeda 24/3059 0.14—0.27 5 Aridity

*Only markers detected with Bayesian (i.e. Bayescan) methods at P < 0.01 (i.e. BF = 2) or higher are reported.
bOnly markers detected with regression methods that correct for population structure are included.

08¢
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Table 2 Short List of Candidate Genes or Gene Families Associated with Adaptive Traits in Various (i.e. At least Two) Forest Tree Species
through Some of the Methods Discussed in the Text

Gene/Gene
Family

Biological Function

Species

Associated Trait

Evidence®

References

4CL

Aquaporin

AUX-IAA

o~ and B-
TUBULIN

CAD

Plant defence/lignin
biosynthesis

Membrane transport

Growth regulation

Membrane transport

Plant defence/lignin
biosynthesis

Picea glauca
Picea rubens

Picea sitchensis
Pinus pinaster

Quercus petraea

Eucalyptus camaldulensis

Picea mariana
Picea sitchensis

Picea sitchensis
Picea glauca

Pinus pinaster
Pinus taeda

Populus nigra
Picea glauca

Pins taeda

Growth, pest
resistance
Air pollution

Cold hardiness
Drought resistance

Bud phenology
Drought resistance
Bud set

Bud set

Cold hardiness
Wood quality

Wood quality

Wood quality
Growth, pest
resistance
Wood quality

Gene expression/

QTL mapping
GWAS

Gene expression
GEA

GWAS
GEA

GWAS
GWAS

GWAS
GWAS, gene

expression
GEA

GWAS, NT

GWAS

Gene expression/
QTL mapping

GLM, NT

(Continued)
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Table 2 Short List of Candidate Genes or Gene Families Associated with Adaptive Traits in Various (i.e. At least Two) Forest Tree Species

through Some of the Methods Discussed in the Text—cont'd

Gene/Gene
Family Biological Function Species Associated Trait Evidence® References
CCoAOMT  Plant defence Picea glauca Growth, pest Gene expression/ Porth eo sl
resistance QTL mapping
Pinus taeda Drought resistance GWAS
Populus nigra Wood quality GWAS
Popuus trichocarpa Bud set, growth GWAS
CCR Plant defence/lignin  Eucalyptus grandis Wood quality LD-mapping, GWAS 7
biosynthesis Eucalyptus nitens Wood quality LD-mapping, GWAS
Eucalyptus urophylla ~ Wood quality GWAS
CESA Cellulose synthesis/  Pinus pinaster — NT
plant defence Pinus radiata — NT
Populus nigra Wood quality GWAS
Populus fomentosa Growth, wood quality GWAS
Popuus trichocarpa Bud set, growth, GWAS
biomass
DHN Macromolecule Eucalyptus gunnii Cold hardiness Gene expression
protection Picea sitchensis Cold hardiness Gene expression

Pinus pinaster
Pinus taeda

Populus tremula X
Popuilus tremuloides

Popuus trichocarpa

Prunus persica

Drought resistance GWAS
Photosynthesis GWAS
efficiency

Cold hardiness Gene expression

Leaf drop GWAS

Cold hardiness Gene expression

8¢
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o~ and B-
EXPANSIN

FT2/FTL2/
PTFT

GIGANTEA

Growth regulation

Photoperiod response,

flowering time

Circadian clock

Pseudotsuga
menziesii
Picea glauca

Picea sitchensis
Pinus radiata
Picea abies
Picea obovata
Picea abies

Picea glauca

Pinus sylvestris

Populus tremula X
P. tremuloides

Populus trichocarpa

Prunus domestica

Picea abies

Picea obovata

Picea sitchensis
Populus balsamifera

Wood quality

Cold hardiness
Wood quality
Bud set

Bud set

Bud set
Bud set

Growth, bud
phenology,
flowering

Bud set, growth

Growth, bud
phenology,
flowering

Bud set

Bud set

NT

GWAS, gene
expression

GWAS

GWAS

GEA, GWAS

Gene expression
Gene expression
Gene expression/

GWAS

Transgenic plants,
gene expression

GEA/GWAS/Gene
expression
Transgenic plants

GEA, GWAS

GWAS
GWAS

(Continued)
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Table 2 Short List of Candidate Genes or Gene Families Associated with Adaptive Traits in Various (i.e. At least Two) Forest Tree Species
through Some of the Methods Discussed in the Text—cont'd

Gene/Gene
Family Biological Function Species Associated Trait Evidence® References
Bud set, cold
hardiness
Heat-shock  Drought resistance Picea rubens Air pollution GWAS
protein
Picea mariana Growth GWAS
Picea sitchensis Cold hardiness Gene expression
Pinus pinaster Drought resistance GEA
MYB Gene regulation Cryptomeria japonica ~ Growth GEA
Eucalyptus gunnii Cold hardiness Gene expression
Picea glauca Growth, pest Gene expression/
resistance QTL mapping
Picea glauca Growth, plant defense Gene expression/
transgenic plants
Picea mariana Bud set, growth GWAS
Picea sitchensis Cold hardiness Gene expression
Pinus pinaster Drought resistance, ~ Gene expression/
photosynthesis QTL mapping
efficiency
Populus tremula X Cold hardiness Gene expression
P. tremuloides
Popuus trichocarpa Bud set, growth GWAS
PAL Plant defence/lignin  Picea sitchensis Bud set GWAS
biosynthesis Picea glauca Growth/Pest Gene expression/

resistance QTL mapping

¥8¢
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PHYA/PHYB

PRR/PaRR

Xiloglucan
glucosyl
transferase

Ribosomal
protein

Circadian clock

Circadian clock

Plant defence

Gene regulation

Pinus radiata
Picea sitchensis
Populus tremula

Populus tremula X
P. tremuloides

Picea abies/ Picea obovata

Picea abies
Populus trichocarpa
Popuus trichocarpa

Picea sitchensis
Picea sitchensis
Populus tremula X
P. tremuloides
Popuus trichocarpa

Eucalyptus gunnii
Quercus petraea
Pinus pinaster

Wood density
Bud set
Bud set

Gorwth, cold
hardiness
Bud set

Temperature response

Bud set, growth,
biomass

Bud set

Cold hardiness

Wood formation

Bud set, growth,
biomass

Cold hardiness

Bud phenology

Drought resistance

GWAS
GWAS
GWAS, NT

Transgenic plants
GEA, GWAS

NT
GEA
GWAS

GWAS

GWAS

Gene expression/
transgenic plants

GWAS

Gene expression
GWAS
GEA

*GEA = Genotype-environment associations (e.g. Bayenv, MatSAM, etc.); GWAS = Genome-wide association studies (e.g. general linear models, linear-mixed

models, unfied-mixed models, etc.); NT = Neutrality tests; QTL = Quantitative trait loci.
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286 Juan P. Jaramillo-Correa et al.

As briefly mentioned above, genome scans are powerful tools for study-
ing the introgression and divergence patterns between closely related spe-

cies palrs For instance, other than the early survey by St

ot oall

4y, introgression between the early successional Q. robur and

the late successional Q. petrae was analysed with outlier and non-outlier
loci, with the former showing a pattern that is coincident with the pre-
dicted introgression from the late-successional species into the early succes-

51onal one, and the later showing no particular pattern (i .
113). An analogous study in the hybrid zone between the coastal Picea
sitchensis and the continental P. glauca in western Canada revealed a far

AOUX O

more complex story, with separate sets of outliers introgressing more
than expected under a neutral pattern from the coast into the continent
and vice versa, and other loci exhibiting less introgression than predicted
(Flarniites +13). Similarly complex patterns were observed
on the other side of the Canadlan Rockies between the mountain spec1es

v, Loxey, ev by

Pinus contorta var. latifolia and the interior taxa P. baksiana (. :
L, 4), while in Europe, an in-depth genome scan
in the sympatric but ecologically divergent Populus alba and P. tremula

; \;,‘\\ & U

revealed long shared genomic blocks, particularly within a region contain-
ing an incipient sex chromosome, which suggests that 1ntrogre551on is

being favoured by balancing selection in this species pair (8¢

2013)

6. SURVEYING SEQUENCE VARIATION AT CANDIDATE
GENES

Much of the studies discussed so far focused on a genome-wide strat-
egy, in which a large amount (i.e. from several hundreds to some thousands)

of markers are surveyed to identify either genomic regions (i.e. QTL map-
ping) or specific polymorphisms covarying with phenotypic traits or envi-
ronmental conditions (GWAS, GEA). However, most pinpointed
regions/polymorphisms are usually assumed to be linked to instead of being
the causal variant targeted by selection, which often remains unknown
(Neale & 85 1, 2044), The candidate gene approach is a powerful
way to ﬁll this gap, as it focuses on these specific regions, particularly those

containing genes of known functions. In addition, this strategy can be
directly applied in natural populations of undomesticated species with no
other prior knowledge than the location (i.e. flanking DNA sequence) of
the region/gene itself. The candidate gene approach has been favoured in
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forest trees because of their mostly outcrossing nature and high genome-
wide recombmatlon rates, which makes LD decay rapidly, mostly within

gene limits (Neals i1). Therefore, if one assumes that genomes
evolve in haplotype blocks, the blocks to explore should be smaller in forest
trees than in other spec1es with dlfferent biological traits, like selfers or

Early candidate gene studies focused on model organisms and the knowl-
edge of biochemical and regulatory basis of specific traits to target the genes

involved (&

restricted endemics (Neale & Save

& . ). However, in non-model organisms these
methods are not easﬂy applied, and candidate gene discovery has taken
several complementary approaches for these taxa, like QTL cloning, or
comparative and functionally based genomics. QTL cloning focusses on
the extensive sequencing of regions previously associated with quantitative
trait variation in linkage mapping surveys. This approach has been useful
in species with small and completely sequenced genomes, but for taxa
with larger genomes this method can be applied only when LD is strong
(v L 2007)

only a few genes Unfortunately, the size of such intervals in trees make po-

‘.-

& and QTL intervals are narrow enough to contain
sitional cloning impractical, even for species with completely sequenced ge-
nomes like Eucalyptus, Populus, Picea or Pinus. So far, only the annotation of
genes contained in QTLS can provide short lists of candidates to survey by
direct sequencing (e.g. } noatal, 1 cooal, 20455

Another strategy is to survey the genomic resources already avallable for
forest trees (e.g. annotated genes and transcriptomes) and identify potential

candidate genes by comparison with model species. For instance, if one as-
sumes that the orthologous gene coding for an enzyme involved in a specific
biochemical pathway in a model species, like the biosynthesis of lignin or
other secondary metabolites, could be aftecting the variation of wood qual-
ity or pest resistance in a forest tree, then the genomic resources of the model
taxa can be used to identify and design primers to test this ortholog for se-
lectron 51gnals in the forest tree spec1es (e g < 1

This comparative genomics approach is, however, limited by the availability
of genomic resources in the target species, the gene transferability (i.e. ortho-
log identification) across unrelated taxa and the prior knowledge of the
biochemical pathways in the model species. Consequently, if a gene that
plays a major adaptive role in a target species belongs to a gene family or
a biochemical pathway that does not exist in a model species, it cannot be
surveyed until it has been identified de novo through functional surveys.
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For instance, the diversity and adaptive value of taxol-related genes in Taxus

could only be evaluated once the genes 1nvolved in its blosynthetlc pathways

S PORHDOWY i

were completely outhned (e g !

)-

Once a potential candidate gene has been identified, there is a number of
methods or neutrality tests (NT) to infer if its variation deviates from the ex-

pectatlons of the neutral theory of molecular evolution (see ;
sl {3 for reviews). Some 1nvolve

an examination of its site- frequency spectrum (SES) and compare different
estimators of diversity (f) with those produced by coalescent simulations
that the take the underlying demographlc history of the species/population

of interest into account (e.g. < ¢ al, ), while others rely on the
ratio of non-synonymous to synonymous substitution rates (w = dn/ds),

and allow detecting selection at dlfferent evolutionary tlmescales and acting

w1th1n or among species (e.g. }
3 :)

The earliest candidate gene studies in forest trees date from about a

decade ago and, as with previous approaches, they mostly concentrated in
economically important characters, like growth, wood formation, stress
tolerance and phenology, and focused on commerc1al taxa such as pines,

spruces Eucalyptus and poplars. For instance, Wi,

E 34} tested for selection on the SFS (usmg Tajlma S D) in 19
candldate genes in P. faeda and found no deviations from neutral expecta-
tions. Later on, some of these genes and other candidates for drought toler-
ance (selected after verifying homology with drought-response genes in
model taxa) were surveyed in this same species through additional NT,
and signals of selective sweeps and balancing selection were inferred for
the ERD3 and CCOAMT-1 genes, respectively (i o

~ ). A similar study performed on wood formation candidates in

two other pines (Pinus pinaster and Pinus radiata) also revealed the putative
action of balancing selection in a cellulose-synthase gene (CESA3) and of
posmve selection in a member of the KORRIGAN gene family (ot

245), while an extensive study based on compound tests and ABC
simulations on photoperiod-related genes in P. abies showed that the circa-
dian clock gene PaPRR3 is a ! strong candidate for divergent selection and

local adaptation (¥ 4). This same approach was used to infer
positive selection in six cold hardiness candidates in Pseudotsuga menziesii,
most of them encoding structural components or proteins associated with

the cellular membrane (¥«
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In P. tremula, the candidate gene approach uncovered strong associations
between bud set and the PHYBZ2 and the LATE-ELONGATED HYPO-
COTYL genes 1nvolved in the c1rcad1an clock (paralogs LH YI and

ad » The PHYBZ gene, wh1ch was selected
from prev1ous QTL surveys, addltlonally exhibited a strong latitudinal allele
frequency cline that mirrored the phenotyplc clinal variation in bud set
measured in a common garden ({rigv: 3.
sons across species, either on phylogenetlc or coalescent frameworks, also

Further compari-

allowed inferring the action of positive selection on particular candidate
genes (see Tabie 3), such as CCOAMT-1 (cafteoylCoA O-methyltranster-
ase) in P. trichocarpa and P. nigra, CESA3 (cellulose synthase A3) in P. to-
mentosa and several members of the dehydnn and KNOX families in pines
and spruces respectlvely (eg ; vet ot al, 3014

ak, 2015 S1m1larly, the companson of 23 genes from four
blosynthetlc pathways of secondary metabolites across four Eucalyptus taxa
revealed that two of them (both from the 1-deoxyxylulose-5-phosphate
synthase famlly) were likely affected by purifying selection in all species

wyoet al, 204%), Altogether, these results highlighted how sub-
functlonahzatlon can foster the action of selection in recently duplicated

genes by allowing the quick evolution of adaptation across taxa.

There is evidence suggesting that convergent evolution often involves
separate genes and various evolutionary paths. For instance, closely related
Populus species showed different genetic architecture for bud set, despite
exhibiting similar phenotypic clines with latitude. Unlike the above-
mentioned example in P. tremula, P. balsamifera showed little segregating
covariation with bud set in phytochrome genes, including PHYBZ2 (K« iis

2011); instead, significant associations
were most prominent for SNPs in the GIGAN TEA (G)), EARLY FLOW-
ERING 3 (ELF3) and LEAFY (LFY) genes ({xson ey wi, 201%). This
curious case for parallel evolution became even more 1nterest1ng when P tri-

v Odleove -
oveern, & ARVARIREOE, XS \'\‘u} &1
Ny > B

chocarpa was surveyed (Lvans at al, 2014 MoKown, SGoy, o al,

oK WY, Kiag ‘\ &, et al,

2314). This species has recently d1verged from
P balsamifera (c. 75 000 years) with whom it still shares high amounts of
ancestral polymorphism (Levsen, Tilin, & Olsorny
trichocarpa there was a notable absence of associations between bud set

2). However, in P.

and the previously implicated genes in either P. balsamifera or the more
distantly related P. tremula (PHYB2, LHY1, LHY2, GI, ELF3, LFY). A
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similar case was observed for associations with climate in co-distributed
boreal spruces, which only shared a few number of genes show1ng hornol—

ogous adaptive responses in Canada and Eurasia (Uhen oval | &

).

7. FUNCTIONAL GENETICS OF TREE ADAPTATION

Once a gene has been identified as candidate and has shown evidence
to be affected by selective forces, it must be validated through different stra-
tegies. A powerful approach to validation is provided by functional genetics,
which focuses on the expression levels or the phenotypic and physiological
effects of specific genes to decipher the genetic basis of adaptation. For
instance, functional genetics can be used to infer if a candidate gene changes
its expression levels when an organism is submitted to particular conditions
and/or to measure the extent of phenotypic or physiological variations in an
individual that has the eXpresslon of th1s gene modlﬁed through transgenlc
manipulations (e.g. Fiache faak { = '

The rationale beh1nd functlonal genomics stud1es is that the genes 1nvolved
in an adaptive response to a particular factor should be over-expressed dur-
ing the exposition to this factor, while other genes should keep their expres-
sion levels constant or even see them diminished. On the other hand,
individuals that have been modified to over-express these adaptive genes
should perform better when exposed to such a factor than those w1th the

same genes suppressed or expressing at normal levels (e.g.

Th1s last approach is usually employed w1th cloned plants, where the

o 1 N

5\\

gin
IS

physiological responses can be evaluated using a constant genomic back-
ground except for the modified gene. Such a procedure always relies on pre-
vious knowledge regarding the candidate gene to evaluate (see above), which
is usually gathered from model species like Arabidopsis. For instance, knowing
that bud set tlmlng is an important adaptive trait in boreal and temperate

trees, {er: ov al, {19971 produced transgenic clones of P. tremula X P. trem-
uloides that over-expressed a gene (PHYA) known for its role in the photo-
period control of flowering in Arabidopsis thaliana. Similarly, the tfunctional
roles of genes 1nvolved in dormancy have been evaluated in Prunus domestica
(Srinivaan, § . N
growth cessatlon and bacterlal resistance have been surveyed in Populus

1), while those

{2), and those implicated in

X




Adaptation in Forest Trees 291

ce,

onferrrng resistance to insects have been studied in Pinus radiata (Cs
3 ‘ K 3%, among many other examples

Changes in transcr1pt accumulatlon through time is usually investigated
among phenotypically different individuals submitted to specific controlled
conditions, and by surveying various tissues to verify if the response occurs
at the organ or organismal levels. Transcript accumulation of candidate genes
has been studied through classic methods, like northern blot or in situ hybrid-
ization, or by using more recent ones, like reverse- transcrlptlon quantitative
PCR (RT-qPCR). Examples (summarized in
sion of a dehydrin gene that had differential transcript accumulatlons in ever-
green and dec1duous genotypes of Prunus persica (Aviiin &

b 1997), some FT-like genes that are 1nvolved in bud phenology
and temperature adaptation in conifers, which changed their transcript

3) include the expres-

proﬁles under different photopenod and thermal conditions in Picea abies

& #¥7), or members of
the subgroup 4 of the R2R3 MYBs that were over- expressed after wound—

1ng jasmonic acid or cold treatments in P. glauca and Pinus taeda (Hesion ¢

£3), among many others.

Functional genomic approaches can also be used to discover new adap-
tive genes or those specific to non-model taxa, through microarray or whole
transcriptome sequencing (EST or RNA-seq) studies. Experiments based on
EST measurements can be 1mplemented by charactenzrng differentially

Wk Frerened 1),

although the most currently used strategy is to ﬁrst construct a gene catalog

YRR Y
&

expressed EST libraries (e.g.

from EST libraries of a variety of t1ssues and development stages that cover as

much genes as possible (e.g. K d v ) 5
20:5). Then, microarrays are developed by embedd1ng probes that target all

or most of these genes, and where RNA samples from individuals submitted
k& Vision, 20G7). Such kind of
resources are now available and have been used for a great variety of tree spe-

to various conditions can be tested (i<

cies of the genus Pmus Picea, Populus, Eucalyptus, Quercus and Castanea
(MNeale & 1),
Among many interesting results, the microarray approach has allowed

the clustering of genes in various expression profiles during the development
of freezing and cold tolerance of Populus tremula X P. alba and Eucalyptus gun-
nii, the development of bud set in Picea glauca or the physiological responses

that occurred between late summer and early winter in chea sztchenszs (i
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#37), among many others. These studies have pinpointed hundreds to
thousands of genes involved in cold response, including dehydrins, meta-
bolic proteins, signal transduction related genes, photoreceptors, transcrip-
tion factors and other metabolism regulators, which help corroborate the
2).

These surveys have also identified additional de novo genes with strong

results of previous GWAS or candidate gene-based studies (see 1:

adaptive or commercial value. This is the case in a recent study in P. glauca
that discovered a B-glucosidase gene, Pgﬂglu 1 that confers resistance against
spruce budworm (Choristoneura_fumiferana; s oen sl 2013).

It must be noted though, that the study of transcrlptome profiles

quickly brings us to the concept of internal phenotype, which involves
all internal states of an organism throughout its life, from the molecular
and cellular levels to its tissue and physiological properties (see Vi

\l:‘i‘.

#1). As such, the rates of transcript varia-

tion can be seen as an internal phenotype, with its own heritability, and
that is submitted to the same genetic and environmental controls as any
quantitative trait. Nevertheless, microarray or RNA-seq studies rarely
track the fraction of transcript expression that is transmitted across gener-
ations, which is where natural selection acts, thus leaving unexplored the
genetic basis of individual differences in gene expression. However, as
with any phenotype, the loci that co-segregate with expression variation
can be pinpointed in a linkage map by surveying the expression levels of
particular genes in a mapping population. In an adaptive context, these
regulating hotspots can be seen as keystone genes having pleiotropic ef-
fects on a more complex external phenotype, for example, bud
phenology. QTL mapping of these loci (eQTLs) is currently being con-
ducted in trees. To date, a few hotspots related to defence response against
whlte plne weev1l (stsodes strobz) have been found by eQTL mapping in
scarce in the forest trees llterature Hopefully, eQTL mapping will

1), but examples are still

become more common in the near future since next-gen sequencing
technologies applied to ¢cDNA, such as RNA-seq, simultaneously yield
transcript abundance and sequence polymorphisms of the genes expressed
in a sample.

8. APPLICATIONS IN BREEDING AND TREE SELECTION

Breeding is one of the first steps to maximize the income potential of

any renewable resource. In forestry and agriculture (among others), it is an
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iterative process that starts with the identification of individuals with
outstandlng phenotypes for economically important or adaptive characters

(v

quency of des1rable traits. However, as previously discussed, the long gener-

2 al, 2014), and then uses selective crossing to increase the fre-

ation times of forest trees have made selection and breeding tedious and
slow, particularly for complex characters with medium to low hentablhty
such as height, diameter or wood quality (Naals & v, Q0G4
tionally, the selection of individuals is made based on the1r phenotypes

however, with the development of high-throughput genotyping techniques
and the strategies for detecting candidate genes discussed so far, it has
become possible to predict the breeding value of individuals at an earlier
age based on genetic marker data (fcik, 25%14). This is particularly appealing
for forest tree breeders, given that marker-assisted selection (MAS) can
shorten the rotation age by more than 30%, diminish the required area to
establish field trials, limit phenotyping costs and open the pOSSlblhty for con-
trolhng both the inbreeding and gene diversity within populations (Muvarity
L.

There are several strategies for MAS (reviewed by I

which range from simply detecting the individuals to be kept ina stand
based on their genotypes (i.e. population screening), to specific frameworks
of directed and recurrent crossings (or back crossings) of trees with particular
genotypes aiming to maximize the number of alleles of interest in their
progeny (e.g. gene pyramiding). These strategies can further involve the in-
clusion of marker and environmental information into pred1ct1ve models

for breeding values and expected phenotypes (i1
others.

The use of MAS has been particularly successtul in fruit trees, for which
there are various examples of improved lines developed from candldate gene

$), among

0

variation, partrcularly for agronomic characters in the Rosaceae (e.g.

A

14). However, the empirical examples of MAS in forest

trees are stlll scarce compared to their fruit crop counterparts. The issues un-
derlying this lack of MAS programs in forest trees are thoroughly discussed

by

elsewhere (Murant

, 4), but causes include their early stage of
domestication and the absence of sound cost/benefit analyses supporting
the advantage of MAS over other silvicultural techniques. In addition, there
are only a few examples of studies that report subsets of markers explaining
large parts of the phenotypic variance in forest trees (see above), and their
variation is seldom included in breedlng programs (at least to our knowl-
edge). Nevertheless, a recent study (i { ~
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highlighted that MAS in forest trees can be a good alternative to more
expensive strategies. In this work, a set of 18 SNPs associated with climate
in P. pinaster was successfully used to predict survival in a test trial under
extreme (hot and dry) conditions, which implies that variation at candidate
genes can be effectively included in breeding and reforestation
programmes.

The absence of markers explaining large parts of the phenotypic vari-
ance in forest trees is closely linked to the low levels of LD previously
observed in these taxa, and implies that the number of markers requlred

in

to pmpomt causative SNPs for a given phenotype is extremely large (3
h1gh throughput genotyping technologies applied to populations of limited

). A way to circumvent this problem derives from current

effective size (i.e. ‘training populations’), and focuses on predicting pheno-
types based on information from genome- -wide markers w1thout the prior
X ey & G . 28:01). Thus,
with a dense enough coverage of the genome, many QTLs underlying a

knowledge of associations (¥

trait of interest can be captured in the model through their LD with
genome-wide SNPs, without the need to identify individual SNP—trait as-
sociations. Simulations performed by assuming parameters similar to those
found in forest trees breeding programmes (e.g. LD extent, breeding pop-
ulation sizes and number of QTLs) have shown that a marker density as low
as two per cM can be enough to have over 50% of phenotype prediction
accuracy for populations with an eftective size lower than 30 individuals,
even for traits with low herltablhty (1 e ¥ =0.2) and controlled by as
many as 100 QTLs (< : wie, 24311, These first steps to-
wards the application of genomlc selectlon (GS) in forest trees enlighten

a very promising path for tree breeding, as these accuracies are similar to

those in programmes currently implemented in livestock (R«

i2). For instance, predictions in Pinus taeda were h1gh1y

variable, rangmg from 23 to 75% for fu51form rust disease resistance, and
growth (e.g. ; M s 2ED)
50 and 70% were obtamed for growth and wood traits in Picea glauca
(Fe a, bacerksen 4), and for
wood quahty in Eucalyptus (& : do {L 2012). However,
given that some of these models were Inconsistent across breeding
populations, it is likely that, in contrast to MAS, GS m1ght requlre popula—
tlon spec1ﬁc predictive models (13 £ : Resende o

, while predictions between

[ANCRN
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9. PERSPECTIVES AND CONCLUSIONS

Population genomics is being implemented in an increasing range of
forest tree species and 1s now helping relieve the genotyping bottleneck;
large genome-wide SNP datasets are being collected that promise to reveal
patterns of adaptive diversity with unprecedented detail. The challenge
moving forward will be assembling the many fragmented insights provided

by GWAS studies on the adaptive architecture of traits into something
coherent, not unlike the assembly of many short sequence reads into a

finished genome. This will require the integration of mcreasmgly sophlstl—
L& R <

cated approaches in marker-assisted and GS (G

~evd

1), including ‘multi-omics™ data sets (e.g. transcriptomics, proteomlcs
metabolomics), to generate more holistic predictions of plant phenotypes.
Another focus of the future should be on comparative population geno-
mics of forest trees, looking at the genetic architecture of adaption in parallel
across lineages inhabiting similar selection environments or at how changing
environments drive genomic modifications in interacting species that develop
new phenotypes (and genotypes). The need for this multispecies approach is
already being felt, and frameworks such systems genomics or landscape com-

mumty genomics are being proposed (1x , 0 N :
‘ 5); in forest trees these approaches could

be 1mplemented to study complex systems such as plant—insect interactions
or drought adaptation, particularly for subtropical and tropical taxa, whose
study is (again) lagging behind their temperate counterparts.

Connecting variability across the genome to functionally important trait
variation will remain challenging, as phenotyping continues to be costly,
time and space intensive, and the slow developmental pace of most trees
test the patience of researchers. Relieving these bottlenecks will take both
technological innovation, and the courage to leave the common garden
in favour of in situ phenotyping in the field. On the technology side,
high-resolution imaging and remote sensing analysis are promising sources
of innovation for high-throughput phenotyping of a diverse array of
ecophyswloglcal traits, especially those associated with forest canopies (e.g.
Brows ai, 2014). For example, hyperspectral and airborne sensors are,
at least in prmc1ple capable of phenotypmg phenology and forest structure
at the stand scale (Glensat 2313), as well as other properties of canopy
reflectance associated with Water stress, leat mtrogen content, insect herbiv-
ory and other traits (Mool ' ' fa-Ssaa, &
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{3). Finer scale data such as LIDAR can provide resolution at

the scale of 1nd1v1dual trees, yielding phenotypic data on a diversity of struc-
tural and growth traits. Field-based sensors are also being developed that can
simultaneously measure bud phenology and key environmental cues (e.g.
heat sums) directly on individual trees growing in the field (Kleinknecht,
Pers. Comm.). Together, this combination of field phenomics and genomics
can spur the emergence of models for adaptive trait variation that go beyond
genotype—phenotype mapping in trees growing under idealized common
garden conditions. With continued innovation in sensor-based phenotyping
and computational models for genomic prediction, forest tree genomics
should be poised to take genotype-phenotype mapping out of the garden
and into the field.

From the analytical point of view, the detection of candidate genes and
their integration into predictive models will benefit from incorporating
epistatic interactions between alleles. Some approaches are already being
developed in this sense and showing promising results in model species
data sets (e.g. Herg & Coop, 20
factors implicated in adaptlve responses and phenotypic plasticity must

4). Furthermore, the study of epigenetic

also be considered. Previous studies have already shown that epigenetic
variation can account for a significant proportion of the variance in adapta—

o, 3y,
while studies on the role of epigenetic factors have 51gn1ﬁcantly expanded
3). Lastly,
forward predictive models that integrate genotypes as fitness predictors after

tion to climate in Norway spruce (Yakeviev, Fossdall & K

during the last decade, particularly in model species (i

enwronmental changes at different geographical scales are also being
derived (e.g. v & U
quickly develop in species w1th rather limited dispersal, even when selec-

A

414), showing that local adaptation can

tion pressures are widespread. Such models could be thus readily applied
to foretell the fate of modern natural forest tree populations and to establish
mitigation measures on the onset of impeding environmental changes, once
the drivers of adaptation have been correctly identified at difterent ~omic
levels.
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