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Introduction

Meiotic recombination is a key process driving evolution and
selective breeding (Charlesworth ez al., 2009). While mutation
generates new allelic variants upon which natural selection acts,
recombination amplifies the existing genetic variation by
shuffling mutations into novel combinations. Furthermore,
recombination has been underscored as an important force in
driving some aspects of plant genome evolution by causing muta-
tion and influencing the strength of natural selection (Gaut ezal.,
2007). The recent milestone publication of the Eucalyprus grandis
genome (Myburg ezal, 2014) has now opened extraordinary
opportunities to advance the detailed investigation of the
genomic attributes that underlie the exceptional diversity of the
eucalypts. Understanding the genome-wide patterns of recombi-
nation and nucleotide diversity provides important insights into
the evolutionary processes that have shaped its genetic history
and has, together with demographic factors, a direct impact on
the extent of linkage disequilibrium (LD), the nonrandom
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Summary

e We used high-density single nucleotide polymorphism (SNP) data and whole-genome
pooled resequencing to examine the landscape of population recombination (p) and nucleo-
tide diversity (6,,), assess the extent of linkage disequilibrium () and build the highest density
linkage maps for Eucalyptus.

o At the genome-wide level, linkage disequilibrium (LD) decayed within c. 4-6 kb, slower
than previously reported from candidate gene studies, but showing considerable variation
from absence to complete LD up to 50 kb. A sharp decrease in the estimate of p was seen
when going from short to genome-wide inter-SNP distances, highlighting the dependence of
this parameter on the scale of observation adopted. Recombination was correlated with
nucleotide diversity, gene density and distance from the centromere, with hotspots of recom-
bination enriched for genes involved in chemical reactions and pathways of the normal
metabolic processes.

e The high nucleotide diversity (6,,=0.022) of E. grandis revealed that mutation is more
important than recombination in shaping its genomic diversity (p/6,, = 0.645). Chromosome-
wide ancestral recombination graphs allowed us to date the split of E. grandis (1.7-4.8 mil-
lion yr ago) and identify a scenario for the recent demographic history of the species.

e Our results have considerable practical importance to Genome Wide Association Studies
(GWAS), while indicating bright prospects for genomic prediction of complex phenotypes in
eucalypt breeding.

association of alleles at different loci. The extent of LD, in turn,
determines our ability to dissect quantitative traits by linkage or
association mapping and carry out accurate whole-genome
prediction of complex phenotypes (Goddard & Hayes, 2009).
Genetic map construction has been the standard approach to
study recombination by obtaining estimates in <M Mb™" per
generation. Ample variation in such rates exists among plant spe-
cies, from 0.75 for maize to 4.42 for Arabidopsis thaliana and
6.07 for Populus (Henderson, 2012). In E. grandis, the average
map-based recombination rate was estimated at 2.53 cM Mb ™'
(Grattapaglia & Sederoff, 1994), closely matching later estimates
based on higher density maps (Petroli ezal, 2012). Such direct
measurements of recombination, however, typically have low
resolution and limited representation of only a few individuals in
a single generation. Evolving from the map-based approach, indi-
rect but powerful statistical methods have been developed to
extract information about the patterns of recombination from
genetic variation data in samples of natural populations (Hudson,
1987; Stumpf & McVean, 2003). This approach became more
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accessible with the recent advances in high-throughput genotyp-
ing and sequencing. The genetic variation in a sample of
unrelated individuals derives from mutation and recombination
over many generations in the ancestors of that sample. Coales-
cent-based methods allow the estimation of the number of
crossover events that took place along the ancestry of a particular
genomic segment by a quantity called ‘population-scaled recom-
bination rate’, defined as p =4N.c¢, where ¢ is the probability of
crossover per base pair per generation occurring in the segment
and M, is the effective population size (McVean ez al., 2002). For
populations in approximate drift-mutation—recombination
equilibrium, N, can then be estimated by equating the estimate
of ¢ from genetic maps to the estimate of p from population data
(Hellenthal & Stephens, 2006). Population recombination rates
are known to be highly heterogeneous along eukaryotic genomes
(Petes, 2001), including the ubiquitous occurrence of recombina-
tion ‘hotspots’ (Mezard, 2006). Understanding the genome-wide
variability in recombination rates and extent of LD has been a
theme of interest in humans (McVean et al., 2004), Drosophila
(Chan eral., 2012) and a few plants for which extensive genomic
resources have been available, such as Arabidopsis (Kim eral.,
2007), Medicago (Branca et al., 2011; Paape et al., 2012), Populus
(Slavov etal., 2012), Zea mays (Bauer etal., 2013) and Mimulus
(Hellsten ezal., 2013). Results from such genome-wide studies
have corroborated the ample genome-wide variation in recombi-
nation rates and allowed estimation of the relative importance of
mutation to recombination (u/¢) in shaping genetic variation in
the species.

A number of studies have estimated the extent of LD
in forest tree genomes based on sampling polymorphisms in
short sequence stretches along genes. While early studies
in Pinus taeda showed LD dropping to 7 <0.2 within a ¢
1.5kb distance (Brown etal, 2004; Neale & Savolainen,
2004), later studies in the same species and other conifers
converged to a much faster decay of LD within a few
hundred bp (Gonzilez-Martinez ezal, 2011). A rapid decay
of intragenic LD within <1kb distances was also reported in
Populus (Neale & Ingvarsson, 2008) and Eucalyprus (Grattap-
aglia & Kirst, 2008; Denis eral, 2013). This picture, taken
as the consensus for outcrossed undomesticated forest trees,
has started to change in the last few years, as genome-wide
genotyping technologies have become available, allowing the
assessment of LD from a much larger number of two-point
estimates at variable SNP distances. Recent genome-wide
analyses in Populus have shown a substantally slower decline
of the average LD within 3-6kb (Slavov eral, 2012) when
compared with earlier reports in short genic tracts. A signifi-
cantly more extended LD (up to 110kb) was reported in
the conifer Cryptomeria japonica when LD was assessed across
longer genomic segments (Moritsuka ezal, 2012). More vari-
able LD was also reported in Norway spruce (Larsson ezal.,
2013), loblolly pine (Eckert eral, 2010) and Fagus (Lalague
eral, 2014), clearly highlighting the necessity to move
beyond the standard consensus that forest trees display very
low LD, and better investigate its extent at wider genomic
scales.
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Studies in humans (Frisse et al., 2001; Pritchard & Przeworski,
2001; Tenesa etal, 2007), Drosophila (Andolfatto & Woall,
2003) and Arabidopsis (Nordborg et al., 2005; Kim ez al., 2007)
have reported lower recombination but significant LD over
distances longer than those predicted by standard population
models, and higher recombination and less LD than would be
expected in short genomic segments. In other words, the short-
range LD is incompatible with the long-range pattern, with too
liccle of the former relative to the latter for the data to be
explained by a simple recombination model based exclusively on
crossing-over. Clearly, such a nonlinear relationship between
recombination and physical distances between sites indicates that
population recombination rate and, consequently, LD depend
upon the genomic scale of observation adopted. More important
than averaging p is understanding its variance as a function of the
spacing between heterozygous SNP sites over variable genomic
distances (Goldstein & Weale, 2001), similarly to what occurs
with the well-known variability of pairwise LD measures (Hill &
Weir, 1988). Features such as demographic fluctuations, local
variation in recombination rates and the impact of gene conver-
sion contribute to this apparent discrepancy (Pritchard &
Przeworski, 2001).

Nothing is known about population recombination rates in
Eucalyptus, and there is very little information about the extent of
LD. No attempt has been made to use LD data to describe past
demographic events and thus contribute to the standing debate
regarding the evolutionary history of the eucalypts (Ladiges &
Urdovicic, 2005). The few available LD studies to date were
carried out along short genic segments showing a rapid LD decay
after 500-1500 bp in E. grandis (Grattapaglia & Kirst, 2008),
Eucalyptus urophylla  (Denis eral., 2013), Eucalyptus globulus
(Thavamanikumar ezal, 2011) and Eucalyptus nitens (Thumma
eral., 2005). Similarly, nucleotide diversity has only been
described in Eucalyptus within a limited set of genes by Sanger
sequencing (Poke eral, 2003; Thavamanikumar ezal, 2011;
Mandrou et al., 2014) or by next-generation pooled sequencing
(Novaes ez al., 2008; Kulheim ezal., 2009), revealing generally
high but variable rates between 0.006 and 0.05.

In this study we characterized the genomic landscape of popu-
lation-scaled recombination rate and nucleotide diversity of
E. grandis using data from two different SNP sources, Infinium
genotyping and pooled whole-genome resequencing. Genome-
wide estimates of map-based recombination rates were obtained
from the highest density linkage maps ever built for eucalypts. At
the genome-wide level, we show that LD decays considerably
more slowly than previously reported. We also examined the
relationship between population recombination rates and
genomic features while showing that recombination varies with
the pairwise SNP distance range at which it is measured. The
estimates of p in turn allowed inferences on the demographic his-
tory of E. grandis, both recent and in the more distant past.
Besides providing the first genomic-based examination of the
evolutionary history of E. grandis, our results have significant
implications for the study of complex trait variation and the
application of Genome Wide Association Studies (GWAS) and

genomic prediction to modern breeding.
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Materials and Methods

Plant material, Infinium SNP genotyping and whole-
genome pooled resequencing

We studied a sample of 48 unrelated Eucalyprus grandis Hill ex
Maiden trees, 24 from each one of two wild populations in
Australia (Atherton, 17°15'S, 145°28'E; Coffs Harbor, 30°18’S,
153°07’E). Genome-wide SNP data were obtained with the Infi-
nium EuCHIP60K (Silva-Junior ezal, 2015). Whole-genome
resequencing data for 36 of the 48 E. grandis trees (18 per natural
population) were obtained in three pools of 12 trees each,
without sample barcoding, with an estimated ¢. 3.5 coverage of
each haploid genome by shotgun sequencing (Hiseq paired-end
2 x 1005 ¢. 500 bp insert size). Linkage maps were built using the
reference hybrid mapping population of 189 F; individuals used
earlier (Petroli et al., 2012).

High-density linkage map construction using EUChip60K
SNP data

Independent linkage maps were built for the two parents using
Infinium SNPs segregating 1:1 following a pseudo-testcross
(Grattapaglia & Sederoff, 1994) (Supporting Information Meth-
ods S1). Markers were grouped (LOD >20.0) and genotype data
phased using JoINMar v3.0 (Van Ooijen & Voorrips, 2001).
Phased SNP genotype data for each linkage group separately
were exported from JoiNMar and entered into RECORD (Van Os
etal., 2005) for marker ordering using Kosambi’s mapping func-
tion. Linkage maps were drawn using MaPCHART (Voorrips,
2002). The relationships between the genetic and physical posi-
tions of the mapped SNPs on the E. grandis genome were repre-
sented by MaReY maps (Chakravarti, 1991). Linkage map-based
recombination rates (in ¢cM Mb ™) were estimated for every
5 Mb windows using linear regression in R (version 3.1.0) after
analyzing the residuals plot against the fitted values to remove
outlier markers.

Linkage disequilibrium from genome-wide EUChip60K SNP
data

Pairwise estimates of LD measured by the squared correlation
of allele frequencies (#) were obtained using SNPs with
minor allele frequency (MAF)>0.05 and call rate>95%
(21517 SNPs in total) for each chromosome separately. LD
analysis was performed using LDCOrRSV (Mangin etal., 2012)
to estimate # and 7%, that is, corrected for population struc-
ture and relatedness. Population structure analysis was
performed with STRUCTURE v2.3.1 (Pritchard ezal, 2000)
using a subset of 600 evenly spaced SNPs randomly taken at
a rate of 1 SNPMb !, The most probable value of K (K=2)
was defined by AK (Evanno eral., 2005). A realized kinship
matrix based on marker data was calculated using Synbreed
(Wimmer etal., 2012). Decay curves of # and ”SZV were fitted
using a nonlinear regression of pairwise LD based on the
expectation of 7 and 73, for driftc-recombination equilibrium
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(Hill & Weir, 1988) using the R script by Marroni ezal.
2011).

Population-scaled recombination rate from genome-wide
EUChip60K SNP data

We used coalescent-based methods implemented by LDHAT
(McVean etal., 2002) and HotspoTTER (Li & Stephens, 2003)
to estimate the population-scaled recombination rate, p=4
N.¢, by which the underlying recombination rate is directly
related to the pattern of LD considering all sites simultaneously
instead of only pairs of sites. LDHAT, a widely used program,
uses a ‘composite likelihood” and works well if there is little
LD among SNP pairs. However, it has been shown not to be
particularly efficient in capturing the fact that markers may be
in weak LD with neighboring markers, but in strong LD with
more distant ones (Li & Stephens, 2003). HOTSPOTTER, on the
other hand, develops a parsimonial method to model LD,
exploring its variable patterns under different scenarios without
assuming loci to be independent. Genotypic SNP data gathered
with the EUChip60K were converted to VCF files which were
processed in sliding windows containing a fixed number of
sites (15 or 105) with adjacent windows overlapping by
5 SNPs. PHASE 2.1.1 (Stephens ezal, 2001) was used to esti-
mate the haplotypes within each SNP window and the pro-
grams [nterval in LDHAT version 2.2 and Rholike in
HOTSPOTTER were used to obtain estimates of p (Methods S2).
Additionally, a third approach was used to estimate p, relying
directly on the measure of 73, obtained for pairwise distances
from 0.1 kb up to 50 kb according to a model of drift—recom-
bination equilibrium (Hill & Weir, 1988).

Estimation of nucleotide diversity and population-scaled
recombination from whole-genome pooled resequencing
data

Sequence alignment information to the reference genome gener-
ated by Novoalign was extracted as pileup files from the full read
alignment using SamToors mpileup (Li ezal, 2009). We used
Popoolation (Kofler ezal., 2011) to calculate the genome-wide
nucleotide diversity, that is, the population-scaled mutation rate
per site, O,=4 N.u (Watterson, 1975) along chromosomes
using nonoverlapping sliding windows of 100 kb with default
parameters. We used mlRho (Haubold ez a4l., 2010) to estimate p
for SNP sets at variable pairwise distances, based on maximum
likelihood estimators for © and sequencing error. As mIRho was
developed to analyze data from a single individual and our data
came from a pool, we first performed an SNP identification step
using SNAPE-POOLED (Raineri ez al., 2012) (Methods S3). Having
the profiles for the alignment positions in the pileups we used the
FORMATPRO program (with minimum profile coverage=4) for
subsequent analysis with mIRho. The scaled mutation rate © =4
Npt was computed for all positions looked at individually
(mIRho —m0). To obtain the estimates of p we evaluated the
zygosity (A) at all pairwise distances up to 50 kb along each one
of the chromosomes in the reference genome.

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust



New
Phytologist

Effective population size (N,) and time to the most recent
common ancestor (TMRCA) of E. grandis

Estimates of N, were derived from the computed values of p by
equating p to the recombination rate ¢ estimated by linkage
mapping (p =4 N.¢). The estimates of IV, O, ft (mutation rate
per generation) and the phased haplotype sequences were used to
obtain estimates of the TMRCA from ancestral recombination
graphs (ARGs). Because of time limitations in running this
analysis, only chromosomes 8 and 10 were used, involving, nev-
ertheless, 110 Mb of genomic sequence. ARGWEAVER (Rasmussen
etal., 2014) was used to sample ARGs for the genomic regions
described by the 105-SNP windows in an alignment of the
sequences representing the phased haplotypes (Methods S4).

Recombination hotspot detection and annotation

Phased Infinium SNP data for the sliding windows of 105 SNPs
were used to infer the location of recombination hotspots from
patterns of LD using LDHOT 0.4 (Auton ez al., 2014). By default
LDHOT assesses the significance of the localized peaks within
previously recorded recombination rate estimates and tests for
the presence of hotspots by constructing overlapping 3 kb
subwindows that are separated by 1 kb across any particular SNP
window region (Methods S5). To gain initial biological insight
about the gene content of putative hotspots, we used a gene
ontology (GO) categories enrichment analysis to record the
distribution of GO terms of the genes within those regions and
searched for the high-frequency (and low-frequency) terms
compared with the rest of the genome (Methods S6).

Genomic correlates of recombination

Pearson’s correlations along windows of 100 kb were calculated
between recombination rates and the following genomic features:
nucleotide diversity (6,,), gene density (measured as the propor-
tion of base pairs of the window falling into coding regions), GC
content (%) and distance from the centromere to the tip of each
chromosome arm (in kb). As no information exists regarding the
exact position of centromeres in the Eucalyptus chromosomes,
and no relationship has been yet established between the pseudo-
chromosomes and the chromosomes in cytological observations,
all chromosomes were assumed to be metacentric. Correlation
significance was assessed by comparing the calculated values with
those of 5000 permuted data sets that maintained the chromo-
somal order of all observations but that shuffled the relative
positions of the two variables (Nordborg ezal., 2005) using the
function ‘sample’ in R.

Results
Linkage map alignment to the E. grandis genome and
map-based estimates of recombination

The two linkage maps built with independent sets of SNPs
contained 4396 SNPs for E. grandis and 3991 for E. urophylla,
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covering similar total recombination distances (Fig. 1; Table S1;
Notes S1). A total of 192 (2.3%) nonsyntenic SNPs, were
excluded, that is SNPs that mapped to linkage groups different
from the expected ones based on their genome position. The
alignment of the E. grandis maps to the current genome version
1.1 revealed assembly inconsistencies on several chromosomes,
more notably on chromosomes 1, 2, 4 and 8 (Figs1, 2, SI).
Map-based estimates of recombination rates were similar for the
two species, 3.18 £ 1.1 and 3.55 £ 0.8 cM Mb™! (Table S1).
The Marey maps (Figs 2, S1) revealed a fairly similar slope of
recombination rate across all chromosomes, and only modest
plateaus of recombination were seen, for example, on chromo-
somes 4, 9 and 10.

Extent of genome-wide linkage disequilibrium in E. grandis

Pairwise estimates of #* were obtained from haplotype proba-
bilities for all pairwise distances among the Infinium SNPs on
each chromosome. A total of 21 351 SNPs, an average of 1941
SNPs per chromosome, with pairwise distances varying from
135 bp up to several Mb, were used in the calculations, result-
ing in nearly two million pairwise estimates of ” per chromo-
some and over 21 million at the genome-wide scale for 72
sampled genomes of E. grandis. Owing to the very large num-
ber of estimates of #* and because the LD decay curves become
an asymptote thereafter, LD decay plots are shown only up to
50kb distances. Average genome-wide LD was #=0.131,
decaying to <0.2 within ¢ 5.7kb (half-decay within 4.3 kb)
while 7%, =0.123, showing a slightly faster decay within «
4.9kb (half-decay within 3.7 kb) (Fig. 3). The small difference
between raw and corrected 7 is consistent with the lack of
population structure between the two E. grandis provenances as
indicated by the low F,=0.041 £ 0.06 previously calculated
based on 28 658 genome-wide SNPs (Silva-Junior ezal., 2015).
LD was also estimated among the ¢ 4000 linkage mapped
markers in E. grandis and # plotted against the distance in
cM. With map resolution of ¢ 0.3 cM, corresponding to c.
106 kb, no 7 estimate was larger than 0.2, consistent with the
decay observed at ¢. 4-6kb (Fig. S2). No impact of the few
assembly inconsistencies of the E. grandis genome version 1.1
was seen on the pattern of LD decay and no difference was
observed when rarer SNPs with MAF >0.01 were included in
the estimation of 7 (Fig. S3).

Population-scaled recombination rate in E. grandis

Three approaches to obtain genome-wide estimates of p were
undertaken using two independent experimental data sets encom-
passing nearly 13 million SNPs from the pooled sequence data
and over 21 000 Infinium SNPs. Chromosome-specific estimates
of p were obtained for different genomic window sizes in terms
of SNP numbers with LDHAT and HotsporTER (Table 1).
Estimates were computed across all chromosomes in 2402
overlapping bins of 15 SNPs (mean bin size, 250 kb; SNP
density, 1/16.7 kb) and in 242 overlapping bins of 105 SNPs
(mean bin size, 2500 kb; SNP density, 1/23.81kb). Little
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variation was seen between the two estimates and across chromo-
somes. Estimates obtained by HOTSPOTTER were in general twice
as large as those from LDHAT, probably reflecting the different
assumptions regarding the LD model of the two estimation
methods. Consequently, the genome-wide estimates of effective
population sizes obtained by equating p to the recombination
rate ¢ were also twice as large with HotspoTTER. The genome-
wide estimates of p obtained with Infinium SNPs converged to
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Fig. 1 Linkage maps of Eucalyptus grandis
(green bars) (4396 single nucleotide
polymorphisms (SNPs), 1310.2 ¢cM) and
Eucalyptus urophylla (red bars) (3991 SNPs;
1,352.8 cM) aligned to the Eucalyptus
reference genome 1.1 (white bars). The scale
on the left corresponds simultaneously to cM
distances for the linkage map and to Mb of
sequence for the chromosome scaffolds. SNP
positions in centiMorgan along the maps and
their corresponding base pair position in the
genome are provided (Supplementary
Information Notes S1).

essentially equivalent values and magnitudes to the estimate
obtained with the pooled sequencing data using mIRho as well as
to estimates derived from population-level LD (Table2).
Although some degree of sampling bias intrinsic to the method
seems to be present when comparing the estimates of p from
HotspoTTER and mIRho and also between the estimates from
LDHAT and population-level LD, the values did not differ by
>30%. Nevertheless, the latter two estimates are two to three

© 2015 The Authors
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Fig.2 Marey maps showing the correspondence between the physical position (x-axis, Mb) and the recombination-based position (y-axis, cM) on the 11
chromosomes of the Eucalyptus reference genome 1.1 for two independent sets of single nucleotide polymorphisms (SNPs) mapped on separate linkage
maps, Eucalyptus grandis in green and Eucalyptus urophylla in red.

times smaller than the first two. All estimates of p have large stan-
dard deviations, reflecting the anticipated genome-wide variation
in recombination, and particularly so for the estimate from
sequencing data, possibly as a result of the much larger number
of nucleotides inspected.

Population recombination rates at variable pairwise SNP
distances

The large sampling variance of p observed for the sequencing
data was further investigated by plotting the estimates of p at

© 2015 The Authors
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variable pairwise physical distances from 1bp up to 50kb. A
rapid decay of p with physical distance was seen from 10" to
102 within ¢. 6-8 kb (Fig. 4). The same pattern was seen when
p was estimated directly from LD as # estimated from Infinium
SNP data using Hill & Weir formula, evidently not covering dis-
tances <200 bp as a result of the inherent limitations of SNP
spacing with Infinium genotyping. We also summarized the esti-
mates of p at short (0-0.1 kb), moderate (0-2 kb) and genome-
wide (0-50 kb) scales (Table 3). Although little variation was seen
across chromosomes, drops of orders of magnitude were seen in
recombination rate going from the short to the genome-wide
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10 20 30 40 50
Pairwise SNP distance (kb)

Fig. 3 Genome-wide pattern of decay of linkage disequilibrium (LD) in
Eucalyptus grandis up to 50 kb pairwise single nucleotide polymorphism
(SNP) distances. Decay curves without correction for structure and
relatedness (black dots and regression line) and adjusted for structure and
relatedness using LDcorSV (green dots and regression line).

range. More important, however, was the behavior of the associ-
ated variance. A considerably larger sampling variance was seen
when p was estimated between closely spaced SNPs
(0.142 £0.171) as compared with the estimates obtained at
moderate (0.0143 + 0.005) and genome-wide
(0.0015 £ 0.00075) distance ranges. When the variable estimates
of p obtained at different pairwise distance scales were used to
calculate the effective population sizes, a corresponding variation
was seen. A considerably larger estimate of N, =1116352 was
obtained when recombination was measured at the short range
(0-100 bp), diminishing to N,=112421 at moderate range (0—
2kb) and further dropping to N,=11557 when all distances
were taken into account, this last estimate consistent with the
genome-wide estimate obtained with the EuCHIP60K data using
HotspOTTER (N, = 8842).
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Genome-wide nucleotide diversity in E. grandis

Measures of nucleotide diversity (6,,) with both mlRho and
Popoolation were obtained from the whole set of sequence align-
ments that included ¢ 13 million SNPs. Genome-wide and
chromosome-specific estimates of nucleotide diversity obtained
by the two methods were essentially equivalent, 0.024 bp~" and
0.022 bpfl, respectively, corresponding to an overall SNP fre-
quency ¢. 1 SNP/45 bp with little variation among chromosomes
(Table 3). The genome-wide estimates of O, obtained with
PoPOOLATION were used to derive estimates of mutation rate per
generation, ~which  varied between 4.96 x 107 and
4.8 x 107" bp " per generation, depending on the scale of pair-
wise SNP distance adopted. Assuming a generation time of 10 yr
for E. grandis in natural environments (Eldridge ez al., 1993), the
corresponding  annual mutation rate varied between
4.96x 107" and 4.8 x 107 ®bp ™" yr~ " with a more credible
estimate from the moderate pairwise range (0-2kb) at
493 x 107 bp71 yf1 (see later). Using the estimate in the
moderate pairwise range, the ratio between mutation and recom-
bination rates (1/c) given by Oy, /p (4N.u/4N.c) was p/c=1.55 or
p/O,,=0.645 (Table 3).

Inferences on the demographic history of E. grandis

Ancestral recombination graphs were summarized in terms of the
branch length at each genomic position and the estimated poster-
ior expected values of time to the TMRCA. Posterior mean and
95% credible intervals were also computed per genomic position
(Table 4). The results derive from a data set of 66 sequences of
2 Mb length listed in terms of 11 positions along chromosome 8
of E. grandis. The same analysis was carried out for chromosome
10 (data not shown) delivering equivalent results. V. was set to
reflect an ancestral effective population size Ny (138 177) and a
current effective population size N, (9658), both estimated for

Table 1 Mean population-scaled recombination rates (p) for the 11 Eucalyptus grandis chromosomes and genome-wide (GW), based on genomic windows
of 15 and 105 Infinium-genotyped single nucleotide polymorphisms (SNPs) estimated using two alternative models implemented by LDHAT and HoTspoTTer

LDHAT HoTsPOTTER
p P p p
x1073bp™" x103bp™" N, N, x1073bp™" x103bp™" N, N,
Chromosome  No. of SNPs  Window size (kb) 15 SNPs 105 SNPs 15SNPs  105SNPs 15 SNPs 105 SNPs 15SNPs 105 SNPs
1 2526 359.5 0.490 0.473 3852 3719 1.46 0.877 11452 6897
2 3790 381.2 0.649 0.824 5102 6478 1.40 1.39 10982 10935
3 3686 485.2 0.637 0.709 5008 5574 1.24 1.22 9776 9556
4 2526 379.4 0.530 0.444 4167 3491 0.966 0.836 7593 6575
5 3515 478.8 0.424 0.398 3333 3129 0.705 0.728 5544 5723
6 3803 319.6 0.542 0.228 4261 1792 0.922 0.915 7246 7192
7 3041 3755 0.567 0.662 4458 5204 1.43 1.13 11279 8891
8 4657 355.6 0.600 0.538 4717 4230 1.33 1.24 10436 9722
9 2618 329.0 0.444 0.237 3491 1863 0.870 0.962 6836 7560
10 2726 333.4 0.478 0.351 3758 2759 1.11 0.995 8713 7821
11 3132 325.0 0.459 0.355 3608 2791 0.865 0.950 6802 7467
cw 36020 375 0.530 0.444 4167 3491 1.12 1.03 8842 8120

Corresponding estimates of effective population sizes (N.) were calculated from p=4N,c, using c, the linkage map-based recombination rate cbp~" per

generation.
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Table 2 Summary of the genome-wide estimates of population-scaled
recombination rate (p) and corresponding SD obtained using different sin-
gle nucleotide polymorphism (SNP) data sets and estimation methods for
Eucalyptus grandis

Data No. of SNPs  Estimation p(x1072 SD(x1073

set type surveyed method bp™™ bp™

Infinium 21351  HOTSPOTTER 1.125 1.69
SNPs

Infinium 21351 LDHAT 0.530 0.460
SNPs

Infinium 21351 LD — Hill & Weir  0.690 0.156
SNPs

Pooled 13000000 mlIRho 1.470 10.0
sequencing
SNPs

chromosome 8 (Table 3). Both values of N, were assumed to be
constant in building the sample ARGs. Using N,, the mean
TMRCA over all positions was 2463.4 thousand yr ago (ka) with
estimates at each position generating wider confidence intervals,
reflecting a large variability in the ARGs. Using N, the mean
TMRCA over all positions was ¢. 500 ka with a considerably nar-
row confidence interval (Table 4). The larger dispersion on the
estimates of TMRCA at NN, is expected by the algorithm used to
sample ARGs, as those are impacted to a greater extent by the
lower ratio ©/p=1.17 than the estimates at /N. where
O /p=16.8 (Rasmussen ez al., 2014). Besides the dependence on
the ratio ©/p, coding sequences show prominent reduction in
ARG-based TMRCA with minimal values in exons and gradually
increasing with distance from exon boundaries (Rasmussen et al.,
2014). Regarding this issue, we noted a negative correlation,
although not significant, between the estimates of TMRCA and
gene density along the analyzed positions (r=—0.381;
P=0.248). Considering these two aspects, we reasoned that the
estimates for the branch 53.08-56.20 Mb (N, =3271.17 ka;
N,=469.46ka)  containing narrow credible intervals
(Ny=1739.18-4803.17 ka; N.=434.70-504.23 ka) and the
lowest gene density (0.002) should reflect more closely a
situation in which the influence of genes on the patterns of neu-
tral diversity was probably small and the variability in the ARG
sampling process was therefore lower.

Correlates and hotspots of recombination

Correlations calculated based on 6122 windows of 100 kb
revealed that p is significantly positively correlated, albeit in
decreasing magnitude, with nucleotide diversity, gene density,
distance from the centromere and GC content (Table 5). The
chromosome-wide landscapes of recombination showed recombi-
nation peaks located mostly toward the extremes of the chromo-
somes (e.g. chromosomes 1, 3, 4 and 6), corroborated by the
higher positive correlations (Table S2), although more centrally
located peaks were observed on chromosomes 7 and 10 for which
correlations were negative (Table S2; Fig. 5). Again no significant
impact of the localized assembly inconsistencies of the E. grandis
genome version 1.1 was seen on the genome-wide profiles of

© 2015 The Authors
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Fig. 4 Decay of population-scaled recombination rate (p) with increasing
pairwise single nucleotide polymorphism (SNP) distance. Estimates of p
were obtained based on whole-genome pooled sequencing SNP data
using mIRho (blue curve) and EuCHIPE0K Infinium SNP data by fitting the
estimates of pairwise r* obtained with LDcorSV into the Hill & Weir (1988)
regression formula (red curve).

population recombination rate (Fig. S4) and the chromosome-
specific estimates of p (Fig. S5). The profiles of gene density also
showed higher values toward the tips of the chromosomes and
significant positive correlations with the distance from the centro-
mere were seen for all chromosome except no. 9 (Table S2). In
opposite to those spiky patterns, very homogeneous degrees of
nucleotide diversity were seen across the entire genome and, as
expected, O,, was strongly negatively correlated with gene density
and positively correlated with GC content. A total of 179
hotspots of recombination were detected in the E. grandis
genome. When compared with the rest of the genome, the hot-
spot regions were found to be significantly enriched for GO
terms associated with chemical reactions and pathways that are
part of the normal metabolic processes, while terms associated
with regulation, signal transduction and response were signifi-
cantly underrepresented (Table 6).

Discussion

A combination of whole-genome pooled resequencing and high-
density SNP genotyping was used to report the first genome-wide
examination of key features of the Eucalyptus genome that have a
profound impact on the understanding of fundamental evolu-
tionary issues and on the practice of molecular breeding: nucleo-
tide diversity, population recombination and extent of LD. We
corroborated previous results showing that E. grandis displays one
of the highest nucleotide diversities in plants in general, and for-
est trees in particular (O, = 0.022), consistent with its exceptional
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41.99422
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4.93
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GW

4Nc using the linkage map-based recombination rate c bp~" per generation. Mutation rates (1) per generation

were estimated from the estimates of Watterson nucleotide diversity ©6,, = 4N¢u. Estimates of nucleotide diversity were obtained with mIRho and Popoolation.

Corresponding estimates of effective population sizes (N.) were estimated from p
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genetic and phenotypic variation (Grattapaglia eral, 2012),
resulting from a high estimated genome-wide mutation rate
(4.9 %1078 bp71 per generation). The genomic landscape of
recombination showed that the 11 Eucalyptus chromosomes dis-
play a relatively similar rate of recombination, which in turn was
found to be significantly positively correlated with nucleotide
diversity, gene density, distance from the centromere and GC
content. This picture was consistent with the fairly constant
recombination rates seen along the linkage maps. Both Infinium
and sequence-based SNP data converged to essentially equiva-
lent measures of genome-wide population recombination rate
(p=0.53-1.47 x 10 bp ") using alternative estimation meth-
ods. Thus, at the genome-wide scale, mutation was found to be
¢. 1.5 times more important than recombination in shaping the
genomic diversity of E. grandis. When a closer look was taken at
the larger variance associated with the genome-wide estimate of
p obtained from sequence data, a surprisingly variable pattern
emerged. A progressive decrease of p by two orders of magnitude
was seen when going from the short (0-100 bp) pairwise SNP
distance range to the genome-wide scale (050 kb). Perhaps not
so surprisingly, given recent reports showing variable extents of
LD in other forest trees, we provide compelling evidence that
the extent of LD in Eucalyptus, when assessed at the genome-
wide scale, decays considerably more slowly (¢. 4-6kb) when
compared with previous reports based on the analysis of short
sequence stretches in candidate genes.

High-density SNP mapping reveals fairly similar
recombination rates across chromosomes in Eucalyptus

The EUChip60K genotyping platform (Silva-Junior eral.,
2015) allowed the construction of the two highest density link-
age maps for Eucalyptus (Fig. 1; Table S1). Both maps indi-
cated a few, but clear, assembly inconsistencies in the current
genome version, in line with our previous report (Petroli ez al,
2012), which also pinpointed problems especially on chromo-
somes 1 and 4 (see Fig.2 of that report). A recent mapping
study highlighted the same facts, and corrected the assembly
inconsistencies in a version 2.0 genome available in PHYTOZOME
(Bartholome eral, 2014). Smoother Marey map profiles for
chromosomes 1, 4 and 8 were observed when we aligned our
E. grandis map to this new assembly version (Fig. S2). The
high marker density provided by our much higher density link-
age maps could further help to improve the reference genome
in future assembly efforts. Our mapping work also demon-
strates that the EUChip60K provides a powerful SNP genotyp-
ing platform for any future linkage mapping project. Because
the EUChip60K contains a robust genome-wide set of SNPs
transferable across Eucalyprus species (Silva-Junior ez al., 2015),
it will allow detailed interspecific studies of genome structure
beyond those reported to date (Hudson ezal., 2012). Further-
more, with > 80% of the SNPs at <10 kb from 30444 anno-
tated genes in the Eucalyptus genome, gene discovery from
high-resolution quantitative trait locus mapping becomes a true
possibility. The E. grandis linkage map reported provided a
genome-wide average recombination rate of ¢. 3.18 cM Mb 1,

© 2015 The Authors
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Table 4 Molecular dating of the time to the most recent common ancestor (TMRCA) of Eucalyptus grandis

No= 138177 (0-2 kb)

N.=9658 (0-50 kb)

Genomic segment Mean TMRCA 95% credible Mean TMRCA 95% credible

position (Mb) Gene density (ka) intervals (ka) (ka) intervals (ka)

6.09-9.06 0.005 2917.79 972.07-4863.52 480.94 442.49-519.38
9.00-11.09 0.055 3422.91 1431.92-5413.91 504.99 466.03-543.96
12.65-14.85 0.014 4174.02 2932.34-5415.71 521.41 485.95-556.87
14.71-16.58 0.011 1121.79 994.85-1248.73 488.20 457.93-518.47
33.72-36.59 0.068 1704.83 1242.83-2166.83 463.23 433.44-493.02
39.47-41.65 0.049 2819.61 164.99-5474.22 546.30 498.06-594.55
43.69-46.20 0.070 1904.34 800.95-3007.72 504.47 467.73-541.21
53.08-56.20 0.002 3271.17 1739.18-4803.17 469.46 434.70-504.23
57.69-59.52 0.059 1396.30 590.69-2201.90 523.20 486.59-559.80
59.47-62.70 0.033 1104.92 271.66-1938.19 483.85 452.05-515.66
62.47-64.45 0.010 3260.15 3174.91-3345.39 502.15 468.53-535.78

Estimates were obtained from ancestral recombination graphs (ARGs) along chromosome 8. Gene density as the proportion of the window containing
coding sequence. The estimated TMRCAs in thousands of yr ago (ka) were obtained assuming a 10 yr generation time. Ny, ancestral effective population
size; N, current effective population size.

Table 5 Pearson’s correlations among genome-wide recombination rate
and genomic features based on 6122 100 kb windows in Eucalyptus

grandis
Distance
from centromere
to the tip of
Gene GC chromosome
Oy density content arm
o 0.101 0.064 0.037 0.040
(0.0000) (0.0000) (0.005) (0.0000)
O - —0.443 —0.245 0.009
(0.0000) (0.0000) (1.0000)
Gene - 0.378 0.116
density (0.0000) (0.0000)
GC - 0.126
content (0.0000)
Distance to -
centromere

Significance values (P-values in parentheses) were obtained using a per-
mutation test to account for the spatial autocorrelation among the 100 kb
windows. p, population recombination rate; 6,,, Watterson nucleotide

diversity.

somewhat higher than earlier estimates from DArT mapping
(Petroli ezal., 2012), and a fairly similar recombination pattern
across chromosomes with no major recombination deserts as
typically evidenced by extensive plateaus of recombination in
other plant genomes (Sim ezal, 2012; Bauer etal., 2013; Lee
etal, 2013).

Genome-wide analysis in Eucalyptus supports a fresh look
at the extent of LD in forest trees

Recent genome-wide analyses in Populus have shown the average
LD declining to #<0.2 within ¢ 3-6kb, substantially more
slowly than previous estimates from candidate gene studies

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust

(Slavov ezal., 2012). LD up to 110 kb was also reported when
longer sequence regions of Crypromeria japonica (Moritsuka
etal., 2012) were surveyed, and earlier reports in Populus (Olson
etal., 2010), Fagus (Lalague etal, 2014) and flagship conifers
(Heuertz etal, 2006; Eckert etal, 2010; Larsson etal, 2013)
have also indicated somewhat variable extents of LD when
SNPs at variable distances were surveyed in longer candidate
gene stretches. Our analysis in E. grandis provides solid evidence
at a truly genome-wide scale to support a new picture on the
extent of LD in an outcrossed undomesticated forest tree
genome. By genotyping several thousand SNPs positioned at
fairly regularly spaced intervals along the entire genome, across
coding and noncoding regions, we were able to capture both
moderate and long-range LD. At such a genome-wide scale, 7
between pairs of SNPs fell to half its initial value within ¢ 3.7-
5.7 kb (Figs 3, S3). LD was, however, quite variable across the
genome and pairwise estimates of 7 spanned the entire range of
values, from absence to complete LD even up to 50 kb distances
(Fig. 3). No difference was seen in the genome-wide extent of
LD decay whether using SNPs filtered at MAF>0.05 or
MAF >0.01 (Fig. S3), although rare SNPs are known to tend
to have lower pairwise #-values (Pritchard & Przeworski,
2001). This result suggests, however, that our genome-wide esti-
mates of LD based on a relatively large sample of 72 genomes
and over 21 000 SNPs are less sensitive to MAF, at least down
to 0.01, than LD estimates in short sequence stretches (Lalague
etal., 2014), although the true properties of LD around very
rare SNPs (MAF <0.01) still represent an unsettled issue (Pe’er
etal., 20006).

Population recombination rates depend on the genomic
scale of observation

The extensive genome-wide decay of LD in Eucalyprus was
further supported by the estimates of genome-wide population-
scaled recombination rate (Table2), one order of magnitude

New Phytologist (2015) 208: 830-845
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Fig. 5 Genome-wide landscape of population recombination rate (p) (red curve), Watterson nucleotide diversity O, (blue curve) and gene density (GD,
green curve) across the 11 Eucalyptus grandis chromosomes. Note the different scales of the parameters on the y-axes. Curves were fitted to the data
using locally weighted scatterplot smoothing (LOESS) polynomial regression with a smoothing parameters of 0.2 using R.

lower than the rates previously estimated in candidate genes in  found for Eucalyptus (Fig.4) is unexpectedly similar to what
angiosperm trees (Ingvarsson, 2008; Lalague eral, 2014) and  has been reported for Arabidopsis, where p displayed a sharp
conifers (Brown eral., 2004; Namroud ezal., 2010; Pavy ezal., decrease from 1072 to 2.5 x 10~ within ¢ 7kb (Kim etal,
2012). The genome-wide decay of p with pairwise distance ~ 2007). In Medicago, another inbred species, a genome-wide
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Table 6 Functional categories of the 237 over- and underrepresented annotated genes in the 179 hotspots of recombination detected in the Eucalyptus

grandis genome

Overrepresented in hotspots

Underrepresented in hotspots

GO term ID Description P-value GO term ID Description P-value
GO:0055085 Transmembrane transport 0.001 GO:0007165 Signal transduction 0.000
GO:0044238 Primary metabolic process 0.001 G0O:0023052 Signaling 0.000
GO:0019538 Protein metabolic process 0.002 GO:0016265 Death 0.001
GO:0009066 Aspartate family amino acid metabolic process 0.006 GO:0007154 Cell communication 0.002
GO:1902578 Single-organism localization 0.006 GO:0006915 Apoptotic process 0.002
GO:0006508 Proteolysis 0.006 GO:0050794 Regulation of cellular process 0.003
GO:0043170 Macromolecule metabolic process 0.007 GO:0002376 Immune system process 0.007
GO:0071704 Organic substance metabolic process 0.008 GO:0006955 Immune response 0.007
GO:0051179 Localization 0.015 GO:0065007 Biological regulation 0.012
GO:0006259 DNA metabolic process 0.022 GO:0050896 Response to stimulus 0.020
GO:0006413 Translational initiation 0.025 GO:0006952 Defense response 0.048
GO:1901135 Carbohydrate derivative metabolic process 0.028

GO:0044092 Negative regulation of molecular function 0.030

GO:0055086 Nucleobase-containing small molecule metabolic process 0.032

GO:0006555 Methionine metabolic process 0.032

GO:0006184 GTP catabolic process 0.033

GO:0015671 Oxygen transport 0.033

GO:0015669 Gas transport 0.033

GO:0018279 Protein N-linked glycosylation via asparagine 0.033

GO:0018196 Peptidyl-asparagine modification 0.033

GO, gene ontology.

estimate of p=1.8x 10 >bp~' was reported and LD also
decayed within ¢. 5kb (Branca eral, 2011). Such an unfore-
seen outcome was also pointed out by Slavov ezl (2012), and
among the several potential reasons to explain this result, the
one that remained is the same one we also propose: published
LD estimates based on limited stretches of sequence in a few
genes cannot provide accurate expectations of the genome-wide
extent of LD. In our study, we nevertheless provided further
evidence in support of this proposition: orders of magnitude
higher estimates of p were seen at the 0—100 bp range when
compared with longer ranges. This result corroborates early
studies in Arabidopsis, humans and Drosophila, where LD based
on closely spaced SNPs was deemed unsuitable for predicting
long-range LD (Frisse eral, 2001; Pritchard & Przeworski,
2001; Andolfatto & Wall, 2003; Nordborg etal., 2005; Kim
etal., 2007; Tenesa et al., 2007). Our study in E. grandis there-
fore emphasizes that, more important than estimating the aver-
age extent of LD, is understanding its variance as a function of
recombination over moderate to large genomic distances
(Goldstein & Weale, 2001). Among other things, variation in
recombination rates might result from the effect of gene con-
version-like-processes unaccompanied by crossovers. While it is
challenging to estimate the relative role of gene conversion
from genotyping or sequence data (Morrell eral, 2006), the
few attempts to assess its influence on the estimates of recom-
bination in Arabidopsis have shown a clear impact. Contribu-
tions at least equivalent to crossing over (Lu ezal., 2012) up to
a 130-fold higher (Yang eral, 2012) were reported, although
unquestionably occurring along short stretches of DNA (Wijn-
ker eral, 2013), corroborating initial propositions that gene
conversion may interrupt LD at short distances, while leaving

© 2015 The Authors
New Phytologist © 2015 New Phytologist Trust

LD largely unaffected at long distances (Andolfatto & Nord-
borg, 1998).

The evolutionary history of E. grandis

The variable rates of recombination observed at different pairwise
SNP distances are known to reflect fluctuations in the effective
population size (/NV.) over different timescales. In other words,
short-range LD is expected to reflect more ancestral V., while
longer-range LD is expected to reflect more recent N, (Hayes
etal., 2003; Tenesa eral., 2007; Rogers, 2014). Given the high
variance observed for p at the short distance range, we argue that
the resulting estimate of N, = 1116 352 is probably not very cred-
ible. Short-range recombination and LD data may, in fact, lead
to invalid inferences about population histories if gene
conversion is not taken into account (Frisse ezal, 2001). Addi-
tionally, estimates of p obtained at distances <250 bp were
shown to violate the assumptions of the neutral model (Lynch
eral., 2014). We therefore considered that the pairwise SNP
distances at moderate and long ranges were the ones providing
estimates most likely consistent with the past demographic
history of E. grandis, with N,=112421 reflecting the more
ancient past, and N, =11 557 informing demographic processes
in the more recent past. To the best of our knowledge, these are
the first estimates of NV, reported for eucalypts. Using the
estimates of effective population size for chromosome 8, we built
ARGs and dated the two corresponding events in the past evolu-
tionary history of E. grandis. The TMRCA estimated from N, at
the 02 kb range provided an estimate of 3.2 million yr ago (Ma)
with a credible interval of 1.7-4.8 Ma. This date probably marks
the lineage split of E. grandis, consistent with fossil records that

New Phytologist (2015) 208: 830-845
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place species radiation within subgenus Symphomyrtus at 2—5 Ma,
therefore strongly supporting the hypothesis of a more recent
divergence time of the eucalypts (Ladiges ez al., 2003), also coher-
ent with the high degrees of SN sharing with other species of
the subgenus (Silva-Junior ezal., 2015). The TMRCA based on
N, at the genome-wide level was dated at 469.5 ka (434.7—
504.2 ka), a timing consistent with the period of the first ice age
in the Southern Hemisphere (390-730 ka) (Fitzsimons & Col-
houn, 1991). Besides providing TMRCAs for E. grandis, the
ARG-based estimates allowed us to infer that the ancestral
decline in population size from N, to the current N, probably
occurred in a progressive fashion, instead of abruptly, as a conse-
quence of population bottlenecks. This is supported by the fact
that the estimated TMRCA at N, (434.70-504.23 ka) nearly
matches the mean coalescence time for a neutral mutation in a
population of constant size given by 4/, generations ago
(4 x 9658 x 10 yr per generation =386 ka) (Lynch ezal., 2014).
Such a proposition is also consistent with the fact that, while
additional glaciations and strong climatic fluctuations occurred
since the first ice age in other continents, notably in Europe, Aus-
tralia was largely unaffected by them, with minimal impact on
the flora (White, 1998), precluding the likelihood of major bot-

tleneck events.

Mutation is the main driver of genetic diversity in
Eucalyptus

Our genome-wide estimate of nucleotide diversity in E. grandis is
higher than earlier estimates from EST data (0.005) (Novaes
etal, 2008) and from a sample of seven lignification genes
(0.0065) (Mandrou et al., 2014), while consistent with estimates
from resequencing genomic segments of genes for range-wide
samples of other Eucalyptus species (0.16-0.03) (Kulheim ezal.,
2009). Our results further confirm that E. grandis is positioned at
the high end of diversity among plants in general, slightly higher
than Populus trichocarpa and an order of magnitude higher than
most conifers (Gonzalez-Martinez Dillon ez al., 2011). Using the
measures of recombination and mutation estimated at the
moderate pairwise distance range (0-2kb), we estimated a
genome-wide ratio of u/c=1.55 or p/O,, = 0.645, indicating that
mutation has a greater impact than recombination in shaping the
genomic diversity of E. grandis (Table 3). This result contrasts
with the much higher estimates of p/6,, reported from candidate
gene studies in Populus (4.47) (Ingvarsson ez al., 2008) and Fagus
(2.85) (Lalague eral., 2014), but in the same range of recent
genome-wide estimates for Mimulus (0.8) (Hellsten ezal., 2013)
and Medicago (0.29) (Branca eral., 2011).

Recombination as a driver of diversity in genes for normal
metabolic processes in Eucalyptus

Using sliding windows of 100 kb, recombination was found to be
significantly correlated with all genomic features analyzed,
although the magnitudes were generally small (Table5). The
positive gradient of recombination with increasing gene density
and distance from the centromere is consistent with reports in
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other plant genomes (Mezard, 2006; Gaut ezal., 2007; Slavov
etal., 2012). However, the low magnitudes of correlations in
E. grandis suggest that other factors unaccounted for in our study
might impact the distribution of recombination, granting analyses
of additional genomic features at finer scales. A relatively
conservative analysis of recombination hotspots was carried out
(Methods S5), resulting in a considerably smaller number of
regions (179) in E. grandis, when compared with estimates in
other plant genomes, 3235 in Mimulus (Hellsten ez al., 2013) and
606 in Populus (Slavov et al., 2012). The investigation of recombi-
nation hotspots at finer genomic scales and their relationship with
additional sequence features also await future studies. Neverthe-
less, a first look at the hotspots detected showed a statistically sig-
nificant enrichment for GO terms associated with chemical
reactions and pathways that are part of the normal metabolic pro-
cesses, while terms associated with cell communication, signaling
and response to stimuli were underrepresented (Table6). We
speculate that a lower recombination rate in genes involved in
responding to stimuli suggests that recombination does not play a
major role in the evolution of E. grandis in facing widespread and
rapid environmental changes. Mutation possibly occurs at a rate
rapid enough to prevent abrupt population decline, consistent
with our finding of p/6,, = 0.645. On the other hand, the amplifi-
cation of sequence variation in genes contained in hotspots is con-
sistent with the positive genome-wide correlation between p and
O,,, and fits well with biochemical and metabolic adaptations of
the species that may facilitate its survival under suboptimal envi-
ronmental conditions. This variation can be thought to provide
additional flexibility of plant metabolism that may help trees to
cope with unavoidable environmental changes imposed upon
them. This result is in striking contrast to recent findings in rice
(Si eral., 2015), probably reflecting key differences in adaptation
strategies between annual and perennial plants.

Conclusions and perspectives

Besides the fundamental aspects related to the evolutionary
history of the eucalypts, our genome-wide estimates of recombi-
nation and nucleotide diversity and the extensive LD found have
considerable practical importance to molecular breeding and the
overall study of complex trait variation. SNP density needed for
association studies and genomic prediction is dependent upon
the degree to which extrapolations from larger-scale estimates of
LD predict the degree of association between genetic markers
and causative mutations. With a genome-wide usable LD within
¢. 4-6kb, c. 10° tag SNPs should provide satisfactory coverage
for such applications in E. grandis. Genotyping at such density
has become technically accessible, warranting a more positive
outlook on the prospects of GWAS in eucalypts. We acknowl-
edge, however, that the slower LD decay will complicate the
precise pinpointing of the causative quantitative trait nucleotide
polymorphism, if such a feat will ever be possible (Rockman,
2012). The EuCHIPG60K used in this study, supplying on average
one polymorphic SNP every 20 kb, with 80% of the SNPs at
<10kb of a gene (Silva-Junior ezal, 2015), represents a good
start to empower upcoming GWAS experiments. Moreover, this
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genotyping density corresponds to ¢. 20 markers cM ™", leading
to expected accuracies of genomic selection above 0.80 even in
breeding populations with relatively large effective sizes (V. ~
100) (Grattapaglia & Resende, 2011). In elite breeding popula-
tions of smaller effective size (/V. & 20-30), where LD is extend-
ing even further, the current EuCHIP60K provides abundant
power to capture the majority of linked effects in predictive
models. For such elite breeding populations, lower-density
genotyping platforms on the order of 3000-5000 with well
distributed SNPs should provide suitable marker density for rou-
tine GS at considerably lower genotyping costs. In addition to
expanding our knowledge on key genomic features of the
E. grandis genome, this study also demonstrates the exceptional
perspectives that lie ahead in extending similar genome-wide
studies to the several other Eucalyptus species using pooled
whole-genome sequencing. Despite the data analysis challenges
involved, this cost-effective alternative to sequencing individuals
separately (Schlotterer ez al., 2014), coupled to the availability of
a high-quality genome and the extensive genomic collinearity
among the eucalypts, should prove very valuable to advance a
broad range of research questions in genome evolution, domesti-
cation and ecological genomics in species of the genus.
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