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Summary

� We used whole genome resequencing of pooled individuals to develop a high-density sin-

gle-nucleotide polymorphism (SNP) chip for Eucalyptus. Genomes of 240 trees of 12 species

were sequenced at 3.59 each, and 46 997 586 raw SNP variants were subject to multivariable

filtering metrics toward a multispecies, genome-wide distributed chip content.
� Of the 60 904 SNPs on the chip, 59 222 were genotyped and 51 204 were polymorphic

across 14 Eucalyptus species, providing a 96% genome-wide coverage with 1 SNP/12–20 kb,

and 47 069 SNPs at ≤ 10 kb from 30 444 of the 33 917 genes in the Eucalyptus genome.
� Given the EUChip60K multi-species genotyping flexibility, we show that both the sample

size and taxonomic composition of cluster files impact heterozygous call specificity and sensi-

tivity by benchmarking against ‘gold standard’ genotypes derived from deeply sequenced

individual tree genomes. Thousands of SNPs were shared across species, likely representing

ancient variants arisen before the split of these taxa, hinting to a recent eucalypt radiation.

We show that the variable SNP filtering constraints allowed coverage of the entire site fre-

quency spectrum, mitigating SNP ascertainment bias.
� The EUChip60K represents an outstanding tool with which to address population genomics

questions in Eucalyptus and to empower genomic selection, GWAS and the broader study of

complex trait variation in eucalypts.

Introduction

High-throughput, high-precision, low-cost genotyping systems
constitute an essential tool to understand the patterns and
dynamics of genetic variation in natural populations, and
advance selective breeding of domesticated plants and animals.
Genome-wide SNP genotyping has become more accessible in
recent years, due to dramatic progress in large-scale next genera-
tion sequencing (NGS) and dropping prices from increased com-
petition among array platforms. Discovery of SNPs was initially
performed on EST libraries (Novaes et al., 2008) but soon moved
to using different reduced genomic representation strategies
either based on restriction enzymes, such as RAD sequencing or
genotyping by sequencing (GbS) (Davey et al., 2011), or selective
sequence capture on arrays or in solution (Mamanova et al.,
2010). Such methods have also been useful for sequence-based
genotyping, mostly in inbred crops, where genotype imputation
of the large proportions of missing data (Poland & Rife, 2012;
Glaubitz et al., 2014), resulting from the inherent limitations of
GbS methods (Miller et al., 2012), can be performed. For large-
scale SNP genotyping of highly heterozygous genomes with rare

identical by descent (IBD) segments, no reference haplotypes are
available and thus little room exists for imputation. With current
technologies, heterozygous genomes therefore require a much
higher sequence depth to reach acceptable marker call rates and
genotype accuracy (Beissinger et al., 2013; Schilling et al., 2014),
and more so when trying to genotype the same SNPs across spe-
cies, challenging the cost effectiveness publicized for such
sequence-based genotyping methods.

The eucalypts are the most widely planted hardwoods in the
world due to their outstanding ability to adapt, grow and provide
quality wood for multiple applications (Myburg et al., 2007).
Amongst the now catalogued 894 taxa of Eucalyptus L’H�er.
(Myrtaceae), the ‘Big Nine’ species of subgenus Symphyomyrtus
account for > 95% of the world’s planted eucalypts (Harwood,
2011). These include E. grandis, E. urophylla, E. saligna and
E. pellita, members of section Latoangulatae, broadly planted in
tropical areas due to their fast growth and disease resistance;
E. globulus, E. nitens and E. dunnii, members of section
Maidenaria, species of choice in temperate regions with distinc-
tive wood chemical and physical properties for pulp production;
and E. camaldulensis and E. tereticornis, members of section
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Exsertaria, known for their drought tolerance and rapid growth
(Myburg et al., 2007). The wide intra- and interspecific diversity
and sexual compatibility across species of Symphyomyrtus has been
a major advantage to breeders. Blending of independently
evolved gene pools by interspecifc hybridization and backcross-
es has resulted in highly adapted hybrid planting material
(Grattapaglia & Kirst, 2008). The extensive opportunities to
exploit both intra- and interspecific variation has posed an
additional requirement on genotyping technologies in support of
population genetics studies and breeding practice. Not only do
markers have to provide robust performance in a single species,
but they are also expected to be informative across a wider phylo-
genetic range. By and large microsatellites were found to have this
attribute and became the main working tool for genetic analysis
of Eucalyptus (Grattapaglia et al., 2012). In recent years, however,
hybridization-based DArT arrays for eucalypts have supplied on
average 3000 informative markers across species, increasing by an
order of magnitude the ability to query polymorphisms across
the genome (Sansaloni et al., 2010). This has inaugurated
genome-wide mapping (Hudson et al., 2012; Petroli et al.,
2012), QTL detection (Freeman et al., 2013), association genet-
ics (Cappa et al., 2013) and genomic selection in eucalypts
(Resende et al., 2012). Nevertheless, the dominant behavior of
DArT markers, together with limitations in expanding their
number and distributing them equally across the genome,
became concerns when considering large-scale, fast turnaround
genotyping for operational molecular breeding.

Our initial SNP assay development in eucalypts clearly showed
that a large number of SNPs can be successfully genotyped in a
genome with high nucleotide diversity, given that systematic
SNP discovery with sequence context ascertainment is adopted
(Grattapaglia et al., 2011b). We also concluded that the develop-
ment of a much larger array of informative SNPs across multiple
Eucalyptus species would require a large and representative collec-
tion of sequences from all target species. With the recent
improvements in sequencing yields, it has now become possible
to move beyond reduced genomic representations for SNP dis-
covery in moderately sized plant genomes (< 1 Gbp). Shallow
resequencing data of whole genomes of several individuals in
pools, allows capture of low-frequency variants (Druley et al.,
2009; Marroni et al., 2011) and enables good estimates of allele
frequencies (Gautier et al., 2013; Schlotterer et al., 2014). Fol-
lowing recalibration of base quality to eliminate the inherent
biases of NGS (DePristo et al., 2011), this approach may mitigate
SNP ascertainment bias, maximize genome coverage and avoid
gaps or biases derived from the unequal distribution of restriction
enzyme-cut sites or capture probes. Parallel to improvements in
sequencing technologies, genotyping of thousands of SNPs for
thousands of samples has now become considerably more accessi-
ble given flexible multiplex levels and chip construction formats.
In routine analyses such as those required for operational geno-
mic selection in tree breeding, such ‘SNP chip’ platforms are cur-
rently the only ones that meet the requirements of high data
reproducibility (> 99%) across independent experiments and lab-
oratories. Furthermore, data for the exact same set of SNP mark-
ers can be easily shared across independent studies, enabling

meta-analyses to be carried out effortlessly; such a task would be
difficult or likely impossible to carry out with sequence-based
genotyping data in highly heterozygous genomes. The clear
advantages of SNP chips have boosted their development for the
major grain (Ganal et al., 2011; Bekele et al., 2013; Song et al.,
2013; Wang et al., 2014), vegetable (Felcher et al., 2012; Sim
et al., 2012), fruit (Chagne et al., 2012; Verde et al., 2012) and
tree (Chancerel et al., 2013; Geraldes et al., 2013; Pavy et al.,
2013) species, following those built for the main domestic ani-
mals (Matukumalli et al., 2009; Ramos et al., 2009; Groenen
et al., 2011; Tosser-Klopp et al., 2014).

After the landmark publication of the Eucalyptus grandis
genome sequence (Myburg et al., 2014), we reasoned that the
development of a high throughput SNP genotyping platform
for the eucalypts would be a key contribution to enhance both
basic and applied genetics research for species of the genus.
Besides facilitating low cost, high marker density, polymor-
phism and speed of data generation, the platform would sati-
dfy the essential requirements of high genotype call accuracy
and reproducibility, and full public access to the SNP content.
Furthermore, to make the chip widely useful to the breadth of
the international community, we set forth an additional goal,
not yet deliberately achieved in any other plant or animal spe-
cies, to the best of our knowledge. A truly useful eucalypt
SNP chip had to provide high-quality, genome-wide data for
all ‘big nine’ Eucalyptus species and possibly for related
Myrtaceae taxa. In this work we describe the experimental and
analytical steps taken to reach these goals. We successfully
developed the EUChip60K, a multi-species Eucalyptus chip
with 59 222 SNPs. It provides data for thousands of SNPs in
all the major eucalypt species and some related taxa. We car-
ried out a detailed analysis of the accuracy of genotype calling
as a function of the composition of the cluster file used to call
genotypes by benchmarking against ‘gold standard’ genotypes,
and assessed the level of ascertainment bias of the chip con-
tent. This large validated SNP collection provides a powerful
tool for molecular breeding and population genetics investiga-
tion within and across Eucalyptus species.

Materials and Methods

Plant material and DNA samples

Twenty genomic DNA pools composed of 12 unrelated individ-
uals each, totaling 240 genetically unrelated trees, were assembled
to provide a representative sample of the main plantation species
of Eucalyptus covering three subgenera and the related genus
Corymbia. Each pool was composed of equimolar amounts of
DNA as measured using a Q-bit 2.0 (Invitrogen). A single library
for each DNA pool was prepared and shotgun sequenced
(29 100) across 20 lanes in three different flow cells on a Hiseq
2000. Sequencing was carried out at the Biotechnology Center of
the University of Illinois Urbana-Champaign (USA). Subgenus
Symphyomyrtus, the largest one in the genus Eucalyptus was the
most highly represented with 10 species. Samples of E. pilularis
(subgenus Eucalyptus), E. cloeziana (subgenus Idiogenes) and the
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related genus Corymbia were also sequenced. The 240 trees
sequenced and the 1498 trees later genotyped for chip validation,
were sampled either from wild or elite breeding populations
(Supporting Information Table S1).

SNP discovery and ascertainment

Version 1.1 of the Eucalyptus grandis genome sequence (http://
phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org_Egrandis)
was used as for read alignment. Sequence data were subject to
an analytical pipeline involving specialized softwares (Fig. S1).
GATK (McKenna et al., 2010) was used for simultaneous SNP
variant discovery and genotyping using datasets of five flagship
Eucalyptus species (GRA, GLO, URO, CAM, TER) (Table
S1). Variant quality score recalibration (DePristo et al., 2011)
was carried out using a high confidence set of 162 244 SNP
variants derived from ultra-deep RAD-Sequencing (Grattapa-
glia et al., 2011a). A 90.0 truth sensitivity threshold was
selected by inspection of the expected Ti/Tv ratio and VQS-
LOD score and likely false positives SNPs marked to be fil-
tered. SNP variants were annotated with Vcftools (Danecek
et al., 2011) to mark clusters of two or more SNPs in a 30-bp
sequence run. Genotype filters were built using GATK Select-
Variants tool to retain variant SNPs displaying polymorphism
in the largest number of species. To be retained, a SNP had to
provide accurate genotype call supported by > 4 high-quality
reads of each alternative base in each species. SNP variants
were assigned scores into five categories used to prioritize the
final set of SNPs (Methods S1).

Genotype data acquisition

EUChip60K manufacture and intensity data (.idat files) were
obtained through GENESEEK (Lincoln, NE, USA). SNP geno-
types were called using GenomeStudio (Illumina Inc., San Diego,
CA, USA) following the standard genotyping and quality control
procedures (Illumina, 2010). Poorly performing samples identi-
fied based on scatter plot analysis with call rate < 90% and Gen-
Call10 < 0.2 were excluded. SNPs were re-clustered using 100
retained samples and filtered for quality. Only SNPs that passed
the following multi-variable metrics criteria were retained: (1)
≥ 80% samples with GenCall > 0.15; (2) genotype clusters sepa-
ration > 0.3; (3) mean normalized intensity (R) value of the het-
erozygote cluster > 0.2; (4) mean normalized theta of the
heterozygote cluster between 0.2 and 0.8; (5) Mendelian allelic
inheritance concordance > 95% (one inconsistency allowed in 24
allelic transmissions in 12 parent-offspring tests); (6) 100%
reproducibility across four replicated samples. SNP that did not
pass these cutoff criteria were zeroed from further analyses. No
manual editing of clusters was attempted to avoid introduction
of subjective bias into the dataset. SNP and sample statistics fol-
lowing this procedure were: average SNP call frequency across all
samples > 90% and sample call rates across all SNPs > 97%. The
cluster file built following these SNP quality filtering steps was
exported and used in the subsequent analyses. These same strin-
gent filtering steps to eliminate poorly performing samples and

SNPs were used to build all species-specific, section-specific and
multi-section cluster files.

Validation of SNP chip genotypes against sequence-based
‘gold standard’ SNP genotypes

A key aspect of the overall performance of chip-based SNP geno-
typing is the task of deriving genotype classes by clustering raw
intensity data. A training set of reference samples for the species
or population to be genotyped is used to generate a cluster file,
and this file is then used to genotype samples coming from that
species or population. Although for human SNPs genotyping the
recommendation to build a cluster file is to use c. 100 samples
(Illumina, 2010), no recommendations exist for genomes with
much higher nucleotide diversity. Given the multi-species geno-
typing flexibility intended for the Eucalyptus chip, we therefore
assessed the impact of the sample size and taxonomic composi-
tion of the DNA samples used to build the cluster files. Three
validation parameters were used: the number of SNPs genotyped,
the genotype call rate and the accuracy of the declared SNP geno-
types. Validation of these three parameters was performed by
comparing chip-based SNP genotypes to their correspondent
sequence-based SNP genotypes, herein adopted as ‘gold stan-
dard’. These ‘gold standard’ SNP genotypes were obtained from
the analysis of deep (≥920) whole-genome resequencing data of
seven E. grandis individuals (Methods S2).

SNP conversion and genome annotation

SNP conversion rates, that is, the overall call frequency across
samples, with a minimum set at ≥ 90% and the Minimum Allele
Frequency (MAF) set at ≥ 0.01, were estimated using a validation
panel of 1498 genetically unrelated samples of 14 Eucalyptus spe-
cies, three hybrid breeding populations and two species of differ-
ent genera of Myrtaceae, Corymbia and Psidium. Converted SNP
loci were annotated based on their genomic most probable place-
ment, in order to categorize the effects resulting from base substi-
tutions as compared to the annotated reference genome using
SnpEff (Cingolani et al., 2012). A variant file in VCF was built
based on the EUChip60K manifest file and used as input to
SnpEff with the Eucalyptus grandis annotation v2.1 downloaded
from the SnpEff website.

Assessment of the EUChip60K ascertainment bias (AB)

In order to assess the extent of AB of the EUChip60K we com-
pared its site frequency spectrum(SFS) to the whole-genome SFS
derived from the pooled sequencing data of 36 E. grandis individ-
uals (72 chromosomes), a sample size close to the adequate range
for good estimates of allele frequency (Schlotterer et al., 2014).
To estimate the SFS of the whole-genome pooled sample, we ran
SNAPE-POOLED (Raineri et al., 2012) on a pileup formatted
file built from the alignments of the sequences on the Eucalyptus
grandis genome using samtools mpileup. SNAPE-POOLED
options used were: divergence 0.01, prior nucleotide diversity
0.02 and folded spectrum, using the Bayesian method to
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compute the posterior distribution of allele frequency based on a
flat prior. A posterior probability that alleles are actually segregat-
ing at a particular site was calculated and a threshold of P ≥ 0.9
was used to retain SNPs in the pool. The extent of AB of the SFS
of the EUChip60k was assessed by testing the equality of the
one-dimensional distribution of SNP proportions in each 0.025
MAF class above MAF> 0.05 against the SFS of the whole-
genome SNP set using a nonparametric Kolmogorov–Smirnov
(KS) test. Additionally a KS test was used to test the equality of
the distributions of the direct SNP counts between the EU-
Chip60K and the average SNP counts of 1000 equally chip-sized
samples of SNPs randomly extracted from the entire whole-
genome SNP set.

SNP-based population structure analysis

Population samples of unrelated trees of two provenances each
for E. grandis (n = 23 for Atherton and n = 23 for Coffs Harbor),
E. globulus (n = 22 for Jeeralang and n = 12 for Flinders Island)
and E. camaldulensis (n = 10 for Walsh River and n = 12 for
Kennedy River) were used for population structure analyses. For
E. urophylla a set of n = 12 from Flores Island (Indonesia) and 24
elite breeding trees considered as pure E. urophylla were also stud-
ied. To assess the EUChip60K information content for species
and provenance differentiation, Fst was estimated for all geno-
typed SNPs with call rate > 95% and MAF> 0.01. The power of
the EUChip60K SNP content to assign individual trees to species
and provenances was assessed using STRUCTURE v2.3.1 (Prit-
chard et al., 2000) using a subset of 600 evenly spaced SNPs ran-
domly taken at a rate of 1 SNP/Mb. STRUCTURE was run
applying a burn-in period of 100 000 and 200 000 iterations for
data collection with K ranging from two to eight inferred clusters,
performed with ten independent runs each. The most probable
value of K was defined by DK (Evanno et al., 2005) and displays
of population structure were implemented using Structure Har-
vester (Earl & Vonholdt, 2012).

Results

Sequence analysis and SNP selection for chip manufacture

A total of c. 920.9 billion bp of raw sequence data (1522
E. grandis genome equivalents) were obtained, and 511.9 billion
high-quality bases (846 genome equivalents) aligned for SNP dis-
covery (Table 1). Average aligned sequence coverage for each one
of the 240 trees was c. 93.5, and coverage per species varied from
c. 942 for secondary species up to 984 for E. globulus and 9210
for E. grandis (Table S1). A total of 46 997 586 raw SNP variants
were discovered and following variant recalibration with 162 244
high-confidence SNPs, 20 043 471 SNPs were retained and sub-
mitted to flanking sequence filtering, a criterion earlier found to
significantly drive successful SNP conversion (Grattapaglia et al.,
2011b). This filtering step discarded 89% of the SNPs, retaining
2 247 471 SNPs polymorphic both between and within species –
that is, including those fixed within any one species but polymor-
phic in relation to another. When a variant position was required

with no additional SNPs within a 30-bp flanking window, only
20.5% of the SNPs were retained (461 028), and only 60 523 of
them had the Illumina-recommended 60-bp flanking window
free of SNPs. As additional SNP filtering steps were to come, we
had to keep all 461 028 SNPs, out of which 208 834 were type II
Infinium SNPs (A/C; A/G; T/C; T/G), which require a single
bead type, making the chip more cost-effective, and 194 152 of
them had an Illumina Assay Design Tool (ADT) score ≥ 0.6.
When the final filtering parameter of genome-wide distribution
was applied (≥ 3 SNPs for every 43.5 kb genomic bin), only
52 402 SNPs were retained. To meet the target of having a final
set of 60 000 assayed SNPs on the chip, we therefore had to
allow the inclusion of 18 080 SNPs that failed the soft GATK re-
calibration filter but were still classified as D30 and were poly-
morphic within species. A total of 70 482 SNPs were eventually
selected, filling 13 421 genomic bins, (96% bin coverage) with
only 692 bins (4%) left empty, most of them corresponding to
regions of still undetermined sequence (long stretches of Ns) in
the Eucalyptus genome assembly. For the 4518 genomic bins
(32%) where only one SNP could be selected following the filter-
ing criteria, the SNP was listed twice for manufacture to increase
its probability of eventually being present on the chip. Thus, a
final list of 70 482 unique SNPs and 4518 replicated SNPs,
totaling 75 000 SNPs, was sent to chip manufacture (Table 1).

Table 1 Summary of the number of single-nucleotide polymorphisms
(SNPs) recovered following the consecutive analytical steps aimed at
discovery, ascertainment and selection of SNPs, to populate and optimize
the construction of the EUChip60K

Total bases of raw sequence bases used for SNP
discovery

920 872 681 000

Total high quality aligned bases used for SNP discovery 511 906 738 694
Raw SNP variants discovered using GATK default
parameters

46 997 586

SNPs that passed GATK score following recalibration
with RAD sequencing data at ts = 90.00 (E category)

20 043 471

SNPs with ≥ 30 bp flanking windows free of secondary
SNP (D30 score)

2247 480

Polymorphic SNP in ≥ 1 species with D30 score 461 028
Infinium II SNPs (only A/G, A/C, T/G and T/C
variants)

208 834

Illumina Infinium Assay Design Tool SNPs with (ADT)
score ≥ 0.6

194 152

Unique SNPs selected for chip manufacture 70 482
Replicated SNPs targeting genomic bins that had only
1 SNP/bin

4518

Total number of SNPs sent to chip manufacture 75 000
SNP effectively manufactured on the chip (includes
3735 replicated SNPs)

64 639

Unique SNPs effectively manufactured on the chip 60 904
Successfully genotyped SNPs in a multi-species panel
of samples

59 222

Converted SNPs (MAF ≥ 0.01) within one or more 14
Eucalyptus species

51 204

Converted SNPs located at ≤ 10 kb from 30 444
annotated gene models

47 069

Converted SNPs located inside 14 116 annotated gene
models

26 346

Following chipmanufacture steps the four last entries correspond to the
statistics of SNP validation and conversion in the 14 Eucalyptus species studied.
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Optimizing the size and taxonomic composition of
genotyping cluster files

We tested the impact of using progressively smaller training sam-
ple sets (n = 100, 90, 80, etc. down to 10) to generate a cluster
file, using E. grandis as a test case for which we had ‘gold stan-
dard’ samples as a benchmark. A reduction of the total number
of SNPs genotyped was observed as more samples were used to
build cluster files, going from c. 56 000 down to c. 50 000. How-
ever, both the SNP call rate and the genotype concordance rate
with the ‘gold standards’ increased as more samples were
included, and reached a maximum at 97% and 94.4%, respec-
tively, when n = 60 samples were used to train the clustering algo-
rithm, and did not improve significantly afterwards. These results
indicated that for a high-diversity genome a sample size of 60–70
appears to be optimal to build cluster files that provide the best
compromise between the number of SNPs genotyped, the geno-
type call rate and genotype accuracy (Fig. 1a). Furthermore, the
analysis of genotype discordances showed that the number of dis-
cordant genotypes in the homozygous (sequence) vs heterozygous
(chip) comparison decreased by 42% when going from n = 10 to
n = 70 samples with little reduction afterwards, whereas the other
two genotype comparisons showed only a small change with
increasing sample size (Table 2). Based on these results we
adopted a sample size n = 60 whenever available, to build cluster
files when validating SNPs for all other species studied. Given
that the chip is intended to genotype additional Eucalyptus spe-
cies besides the ones contemplated in this study, we also evalu-
ated the effect of the taxonomic composition of the cluster file.
Results showed that the E. grandis-specific, Latoangulatae-specific
and multi-section cluster files provided essentially the same call
rates and overall genotype concordance in E. grandis. When clus-
ter files built with samples of other sections were used, genotype
call rates were only slightly reduced, from 97% to 94%, although
a small loss of c. 1000 SNPs was observed (Fig. 1b; Table 3). Het-
erozygous call specificity and sensitivity showed only a minor
change when cluster files with different taxonomic compositions
were used (Table S2).

EUChip60K genotyping performance across Eucalyptus
species and genera ofMyrtaceae

Of the 75 000 total SNPs sent for chip manufacture, 64 639
SNPs were effectively assembled (60 904 unique and 3735 repli-
cated), that is, 86% of the total sent; this is well within the

Table 2 Statistics of the impact of the number of samples used to build a cluster file on the numbers of single-nucleotide polymorphisms (SNPs) genotyped,
genotype call and genotype concordance rates provided by the EUChip60K for Eucalyptus grandis

No.
samples

No. SNP
genotyped

Genotype
call rate
(%)

No. SNPs
compared

No.
genotypes
compared

No. discordant
genotypes Het
(seq)9Homo (chip)

No. discordant
genotypes Homo
(seq)9Het (chip)

No. discordant
genotypes Homo
(seq)9Homo (chip)

Concordance
rate (%)

10 56 907 94.7 27 248 181 526 3367 8557 1911 92.4
20 56 631 95.4 27 218 182 313 3116 8602 1923 92.5
30 56 002 96.1 27 003 181 625 2851 7920 2231 92.8
40 55 065 96.4 26 681 179 930 2773 7176 2308 93.2
50 53 764 96.8 26 253 177 623 2664 6072 2368 93.7
60 51 958 97.0 25 804 174 886 2573 4912 2310 94.4
70 51 248 97.2 25 566 173 560 2447 4564 2249 94.7
80 50 826 97.3 25 407 172 665 2384 4493 2197 94.7
90 50 459 97.4 25 250 171 778 2329 4381 2175 94.8
100 49 794 97.5 24 938 169 872 2274 4193 2192 94.9

The number of SNPs and genotypes that were compared between the chip and the ‘gold standard’ sequence-based data are listed, as well as the numbers
of discordant genotypes in the three possible comparisons.
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Fig. 1 (a) Impact of the number of samples used to build a genotyping
cluster file on the average call rate and genotype concordance (left y-axis)
and total number of single-nucleotide polymorphisms (SNPs) genotyped
(right y-axis). (b) Impact of the cluster file samples’ genetic composition on
average SNP call rate, genotype concordance and total number of SNPs
genotyped (right y-axis) in the ‘gold standard’ Eucalyptus grandis samples
(see the Materials and Methods section).
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Illumina announced rates, consistent with the random nature of
the assembly of beads into wells and the redundancy threshold
required for each SNP to pass Illumina manufacture QC. Out of
the 60 904 unique SNPs (Table S3), 59 222 (97.2%) passed the
multi-variable metrics criteria, and 51 204 were polymorphic
within one or more of the 14 Eucalyptus species, a conversion rate
of 84.1% (Table S4). The 51 204 species-wide converted SNPs
provide an average genome-wide coverage of 1 SNP every
11.8 kb. At the section level the numbers of converted SNPs in
the validation samples were 37 932 for Latoangulatae, 37 793 for
Exsertaria and 29 334 for Maidenaria, with corresponding aver-
age densities of 1 SNP every 16 kb for the first two sections and
every 20 kb for Maidenaria (Fig. 2). More interestingly, however,
is the fact that 90% of the effective inter-marker distances were
smaller than 10 kb (Fig. S2A). Besides a homogeneous genome
coverage, the EUChip60K efficiently interrogates variation in the

gene space of the Eucalyptus genome as revealed by a strong and
significant linear correlation (r = 0.782; P < 0.0000) between the
number of converted SNPs and the number of genes in every
500-kb genomic segment (Fig. S2B), while supplying 47 069
SNPs located at ≤ 10 kb from 30 444 of the 33 917 (89.7%)
annotated gene models in the 11 Eucalyptus chromosomes and
26 343 of them inside 14 166 genes (Table 1).

The EUChip60K consistently genotyped on average of 53 031
to 56 022 unique SNPs in all 12 species of Symphyomyrtus
(Table 4), with average 99.1% reproducibility between replicated
SNPs on the chip (Table S5). For species of different Eucalyptus
subgenera (E. pilularis and E. cloeziana) between 46 000 and
48 000 SNPs were genotyped. For phylogenetically more distant
taxa, the numbers of successfully genotyped SNPs were consider-
ably lower (27 876 for Corymbia and 18 006 for Psidium) but still
satisfactory considering that these species were not included in

Fig. 2 Heatmap of the density distribution of
the 51 204 converted single-nucleotide
polymorphisms (SNPs) along the 11
Eucalyptus chromosomes in the three main
phylogenetic sections of subgenus
Symphyomyrtus (LAT, Latoangulatae; MAI,
Maidenaria; EXT, Exsertaria) and all 14
Eucalyptus species evaluated, with the
corresponding density of annotated gene
models in the E. grandis reference genome.

Table 3 Statistics of the impact of genetic composition of the samples used to build a cluster file on the numbers of single-nucleotide polymorphisms (SNPs)
genotyped, genotype call and genotype concordance rates provided by the EUChip60K for Eucalyptus grandis

Genetic
composition

No. SNP
genotyped

Genotype
call rate

No. SNP
compared

No.
genotypes
compared

No. discordant SNP
Het (seq)9Homo
(chip)

No. discordant SNP
Homo (seq)9Het
(chip)

No. discordant SNP
Homo (seq)9Homo
(chip)

Concordance
rate (%)

E. grandis 51 248 97.2 25 566 173 560 2447 4564 2249 94.7
Latoangulatae 50 852 97.3 25 345 163 065 2338 4939 2002 94.6
Multi-taxa 49 152 97.2 24 530 156 794 2083 6288 1496 94.1
Exsertaria 50 074 94.9 24 518 155 376 2196 5715 1574 94.2
Maidenaria 50 096 93.6 24 603 154 967 2243 5040 1640 94.6

The number of SNPs and genotypes that were compared between the chip and the ‘gold standard’ sequence-based data are listed, as well as the numbers
of discordant genotypes in the three possible comparisons.
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the SNP discovery panel and no SNP resources exist for these
‘orphan’ taxa. For these distant genera, however, the use of a spe-
cies-specific cluster file is mandatory to maximize the output of
high-quality SNP data. The number of polymorphic SNPs varied
across species and a decline in the number of polymorphic SNPs
was observed when cluster files with a progressively more distant
genetic composition from the target species being genotyped were
used, further highlighting the importance of adopting species-
specific cluster files (Table 3).

It is important to note that the numbers of called and poly-
morphic SNPs reported using species-specific cluster files built
with < 60 individuals should be viewed with caution. Numbers
of SNPs listed for E. camaldulensis with n = 42 and those for all
species with n = 12 tend to be slightly overestimated and, more
importantly, suffer from a lower genotype concordance rate as
observed in a sensitivity analysis carried out for E. grandis
(Fig. 1). For E. camaldulensis, whereas 52 621 SNPs were called
using a species-specific cluster file built with n = 42 samples, only
49 975 were called when using a section-specific cluster file that
involved n = 61 samples. A similar trend was observed for
E. nitens, E. dunnii and E. viminalis, all of them showing a reduc-
tion from c. 54 000 to c. 48 000 SNPs (Table 4). It is expected,
however, that such reductions of SNP numbers will be
accompanied by an increase in genotype concordance rate, as
seen for E. grandis (Fig. 1). For the taxa for which no section-
specific cluster file could be built (E. pilularis, E. cloeziana,
Corymbia and Psidium), the multi-section cluster file provides
the best approximation of the EUChip60K performance,
although taxa-specific cluster files and benchmarking against
‘gold standard’ genotypes should be used to obtain an accurate

estimate of the performance of this genotyping platform for these
species.

The estimates of the numbers of polymorphic SNPs provided
by the EUChip60K (Table 4) should be considered as low-end
estimates, reflecting the partial intraspecific variation sampled so
far. As more individuals are genotyped and more intra-popula-
tion and inter-provenance variation gets sampled for any particu-
lar species, it is likely that more SNPs will turn out to be
polymorphic. Furthermore, the numbers of polymorphic SNPs
depend on the evolutionary history of each species. For example,
although 75% of the genotyped SNPs were polymorphic in the
most widespread eucalypt in the Australian continent,
E. camaldulensis (Butcher et al., 2009), with only n = 42 individu-
als genotyped, only 23.5% of the SNPs were polymorphic in
E. benthamii, with n = 558 genotyped, a rare species known for
its restricted occurrence and genetic vulnerability (Butcher et al.,
2005). As expected, hybrid populations ARA-B and ARA-C, that
involve up to four different species in their composition, showed
the largest proportions of polymorphic SNPs, likely capturing
those additional SNPs fixed within species but polymorphic in
hybrid individuals. A considerably smaller proportion of poly-
morphic SNPs (10–13%) was observed for species of different
subgenera, consistent with a decline in the rate of common vari-
ant SNP positions with increased phylogenetic distance. Interest-
ingly, Corymbia showed a high (42%) proportion of
polymorphic SNPs, but most of them had MAF < 0.15, a result
that will require further scrutiny using a species-specific cluster
file and validation using ‘gold standard’ sequence-based geno-
types. In the joint analysis of species and sections, 42 755 SNPs
were successfully genotyped and 10 079 of them were

Table 4 Genotyping performance of the EUChip60K as measured by call rate, total numbers of single-nucleotide polymorphisms (SNPs) successfully
genotyped, total numbers of polymorphic SNPs (MAF > 0.01) and average observed heterozygosity across 19 taxa, including 14 pure Eucalyptus species,
three hybrid populations and species of two different genera (Corymbia and Psidium) based on variable genetic compositions of the genotyping cluster files
used to call genotypes from raw intensity data

Taxon N

Species-specific cluster Section-specific cluster Multi-section cluster

%
Call
rate

No.
SNP
called

No. SNP
MAF
> 0.01 Aver.Hobs

%
Call
rate

No.
SNP
called

No. SNP
MAF
> 0.01 Hobs

%
Call
rate

No.
SNP
called

No. SNP
MAF
> 0.01 Hobs

E. grandis 79 98.6 51 028 30 040 0.274 98.3 52 593 31 116 0.282 98.5 50 880 30 592 0.304
E. urophylla 297 98.6 50 011 30 196 0.319 98.1 50 933 30 421 0.317 98.3 50 219 30 612 0.333
E. saligna 12 98.8 56 022 28 105 0.379 99.0 49 151 22 331 0.296 99.0 49 870 23 423 0.317
E. pellita 300 98.8 51 152 19 360 0.253 98.4 50 539 18 867 0.257 98.6 49 037 18 721 0.273
E. camaldulensis 42 98.5 52 621 39 525 0.272 98.7 49 975 37 049 0.243 98.5 50 612 37 258 0.236
E. tereticornis 12 98.0 54 118 23 726 0.412 98.4 49 076 19 347 0.352 97.4 49 686 19 647 0.336
E. brassiana 7 98.7 55 443 31 942 0.394 99.3 47 929 28 366 0.312 99.0 49 152 28 830 0.326
E. globulus 131 98.9 50 851 19 299 0.276 98.8 51 630 19 921 0.289 98.6 49 578 19 124 0.300
E. benthamii 558 98.8 51 154 12 048 0.305 98.6 51 237 11 769 0.319 98.6 48 355 11 102 0.334
E. dunnii 12 98.8 54 867 17 014 0.462 98.9 49 037 12 739 0.349 98.8 48 718 12 534 0.361
E. viminalis 12 98.5 54 859 22 238 0.386 98.4 48 960 17 716 0.271 98.3 48 854 17 756 0.284
E. nitens 12 98.7 54 248 18 172 0.360 98.3 48 183 12 674 0.231 98.2 47 899 12 860 0.243
Hybrid ARA-B 956 98.5 51 463 34 966 0.312 98.1 53 133 34 980 0.311 98.6 48 556 33 447 0.328
Hybrid ARA-C 914 98.3 50 722 34 375 0.331 97.5 53 133 35 394 0.328 98.4 48 462 33 617 0.346
Hybrid CEN 763 98.6 52 699 26 069 0.366 97.7 53 133 26 115 0.364 98.9 47 967 24 468 0.387
E. pilularis 12 98.5 48 140 6380 0.458 – – – – 97.9 38 517 3266 0.292
E. cloeziana 12 99.4 46 938 4600 0.587 – – – – 99.3 37 203 1864 0.398
Corymbia 12 98.0 27 876 11 785 0.139 – – – – 97.3 19 220 6344 0.075
Psidium sp. 11 98.7 18 006 4024 0.205 – – – – 95.1 8893 1150 0.150

� 2015 The Authors

New Phytologist� 2015 New Phytologist Trust
New Phytologist (2015)

www.newphytologist.com

New
Phytologist Research 7



simultaneously polymorphic in the four main Eucalyptus species.
At the section level within Symphyomyrtus, 47 919 were geno-
typed and 19 890 were simultaneously polymorphic in the three
sections, with several thousand more informative SNPs when any
two or three species were considered concurrently (Fig. 3a). The
distribution of MAF classes showed similar enrichment for rare
SNPs (MAF > 0–0.1) in all four main species and decreasing fre-
quencies of SNPs toward higher MAF (Fig. 3b).

Ascertainment bias in E. grandis

No significant difference was seen between the site frequency
spectra of the 24 035 EUChip60K SNPs and the whole-genome
set of 19 432 790 SNP (MAF> 0.05) discovered in the E. grandis
pooled sample (P = 0.709; KS test). Likewise no difference was

seen when the SFS comparison was carried out between direct
SNP counts and the average counts of 1000 random SNP sets
(P = 0.710) (see data in Table S6). These results and the equiva-
lent patterns of the SFS (Fig. 4) provide evidence for a consider-
able reduction of the ascertainment bias when genotyping
E. grandis with the EUChip60K, although slight differences in
the SNP proportions are observed at the extremes of the distribu-
tions.

Annotation of the EUChip60K SNP effects

The snpEff annotation of the 59 222 genotyped SNP resulted in
a substitution rate of 1/10 230 bp, a Ti/Tv ratio (47 166/12 056)
of 3.9 with transitions corresponding to c. 80% of the substitu-
tions. Such a high Ti/Tv ratio is taken as a general indication of
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high accuracy in variant calling (Liu et al., 2012). Synonymous
and nonsynonymous SNPs were 10 127 and 4610 (respectively),
the latter ones leading to amino acid changes in 4046 predicted
genes. These substitutions would, in turn, lead to 14 250 and
6020 predicted effects (respectively), considering that a single
SNP variant may lead to multiple effects depending on the num-
ber of transcripts predicted for the gene. SNPs were also anno-
tated in other categories. Variants annotation also was done
based on genomic locations, showing a total of 26 346 SNPs
located within 14 116 predicted protein coding genes and 32 876
intergenic SNPs. The total number of changes affecting the
whole genome was estimated at 122 028, acknowledging that
these effects were annotated assuming that all predicted genes in
the genome annotation are truly protein coding genes (Table 5).

Population structure analysis

Estimates of Fst were obtained for a subset of 27 985 SNPs that
were polymorphic (MAF > 0.05) across the consolidated set of
114 trees of the four main species in their centers of origin. Aver-
age estimates of Fst for the six pair-wise species comparisons were
generally high as expected and consistent with their current phy-
logenetic standings, with GRA vs GLO showing the highest Fst at
0.376, followed by URO vs GLO 0.364, CAM vs GLO 0.300,
CAM vs GRA 0.297, URO vs GRA 0.274, CAM vs URO 0.258.
Within species a marked difference was observed in the frequency
spectrum of Fst estimates between provenances (Fig. 5). Although
the majority of SNPs displayed a low Fst between the two CAM

provenances, the opposite was seen for GLO. The STRUCTURE
analysis resolved the four species and detected a considerable
hybrid composition between E. urophylla and E. grandis in the set
of 24 elite breeding trees regarded as being pure E. urophylla
(Fig. 5c). The same 600 SNPs successfully resolved the prove-
nance variation in E. grandis and E. globulus but not in CAM,
consistent with the spectrum of Fst estimates. A larger set of 6000
SNPs did not improve the provenance separation in CAM (data
not shown), corroborating the close genetic proximity of these
two provenances.

Discussion

The EUChip60K provides the highest SNP genotyping density
and best genome-wide distribution for any forest tree genome to
date, while matching existing high-density SNP chips developed
for mainstream crops such as maize (Ganal et al., 2011) and soy-
bean (Song et al., 2013), although higher density chips are rap-
idly becoming available for such species (Unterseer et al., 2014).
More importantly, however, this high throughput genotyping
tool provides unprecedented flexibility to genotype multiple spe-
cies of the same genus, and demonstrates the technical feasibility
and advantages of deliberately developing a multi-species SNP
genotyping chip based on whole-genome pooled sequencing.
The success of our strategy was highly dependent on generating a
large amount of whole-genome sequence data for a large, diverse
and representative assembly of germplasm, coupled to a custom-
ized multi-step SNP discovery pipeline with stringent
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recalibration modeling. Such an approach to chip development
has now become possible with relatively modest budgets and effi-
ciently enhanced by the use of pooled sample sequencing that
substantially reduces library construction costs, while allowing
much larger numbers of individuals to be included with much
wider and deeper SNP sampling (Schlotterer et al., 2014). The
rapidly diminishing numbers of SNPs retained following each
one of the filtering steps (Table 1), further emphasizes the need
to start with a large and diverse sample of individuals for a suc-
cessful outcome in SNP genotyping and conversion. We believe
that this report, detailing all the SNP discovery, ascertainment
and validation strategies adopted, should provide a valuable road-
map for future developments of large-scale and flexible SNP
genotyping platforms for highly heterozygous genomes.

Shared SNPs across species hint to a recent species
radiation of the eucalypts

The availability of a high-quality reference genome coupled to
stringent SNP discovery parameters to resolve unique alignments,
despite the extensive tandem duplications in Eucalyptus (Myburg
et al., 2014), positively contributed to robust SNP genotyping
metrics. Only 1692 out of the 60 904 on the chip (2.8%), could
not be genotyped in any species, mostly due to diffuse clustering
patterns possibly indicating paralogous SNPs that passed the
mapping and filtering criteria, although the occasional deviations
from HWE assessed with GenomeStudio involved excess homo-
zygous and not heterozygous genotypes. On average c. 53 000
SNPs were genotyped with an overall call rate across samples
> 97% in all Eucalyptus species (Table 2). SNP transferability and
polymorphism across sections and species was high (Fig. 3a).
When more distantly related species are considered, several thou-
sand SNPs are also found to be simultaneously polymorphic

across subgenera (2662 GRA/PIL; 1579 GRA/CLO) and across
genera (5895 GRA/CIT; 1759 GRA/PSI) (estimates extracted
from MAF data in Table S4). Not surprisingly, the multi-species
SNP discovery strategy based on a large sample of 846 rese-
quenced genome equivalents, almost doubled the rate of poly-
morphic SNP transferable across species beyond our previous
estimates (Grattapaglia et al., 2011b). For example, the number
of shared SNPs between GRA and CAM went from 27.3% in
that previous study to 55.8% now, whereas for GRA vs GLO, it
went from 16.5% to 26.4%. These estimates are considerably
higher than the few published estimates of SNP transferability
across plant (Vezzulli et al., 2008; Pavy et al., 2013) and animal
species (Haynes & Latch, 2012; Hoffman et al., 2013). These
trans-species SNPs in eucalypts most likely represent ancient vari-
ants that arose before the split of these taxa and persisted in sepa-
rate lineages due to the presumably high effective population
sizes of these preferentially outcrossed and widespread tree spe-
cies. The relationship between successful transferability of SNPs
and divergence times between species has been investigated in
domestic animals (Miller et al., 2012). A linear decrease of 1.5%
in SNP call rate per million years and an exponential decay of
retention of polymorphisms was seen, with < 10% of SNPs with
retained polymorphism when the time to the last common ances-
tor was < 5Myr. The genome-wide SNP persistence we observed
across the eucalypt species and subgenera sampled may therefore
shed some light on the current debate about the dating of euca-
lypt divergence. Although evidently some level of ascertainment
bias does exist for polymorphism, the high rates of commonly
genotyped sites across species (> 90%) and the high proportions
of them (25–50%) with retained polymorphism, better fit the
proposed hypothesis of a recent species (< 2Myr ago) and section
(5–10Myr ago) radiation (Ladiges et al., 2003), rather than older
radiation dates based exclusively on ITS data (Crisp et al., 2004).

Table 5 Prediction of the EUChip60K single-nucleotide polymorphism (SNP) variant effects in Eucalyptus grandis according to the terminology adopted by
the SnpEff pipeline and the corresponding standardized terminology used by Sequence Ontology (SO) for assessing sequence changes

Sequence Ontology vocabulary term of the effect Note Impact
No. of
effects

downstream_gene_variant Downstream of a gene (up to 5Kb) MODIFIER 27 629
intergenic_region Variant is in an intergenic region MODIFIER 32 876
intron_variant Variant hits an intron MODIFIER 15 446
missense_variant Variant causes a codon that produces a different amino acid MODERATE 6020
splice_acceptor_variant Variant hits a splice acceptor site HIGH 17
splice_donor_variant variant hits a splice donor site HIGH 14
5_prime_UTR_premature_start_codon_gain_variant Variant hits 50UTR region and produces a three base sequence that can

be a START codon
LOW 173

start_lost Variant causes start codon to be mutated into a nonstart codon HIGH 10
stop_gained Variant causes a STOP codon HIGH 37
stop_lost Variant causes stop codon to be mutated into a nonstop codon HIGH 11
synonymous_variant Variant causes a codon that produces the same amino acid LOW 14 250
stop_retained_variant Variant causes stop codon to be mutated into another stop codon LOW 11
upstream_gene_variant Upstream of a gene (up to 20Kb) MODIFIER 21 932
3_prime_UTR_variant Variant hits 30UTR region MODIFIER 2597
5_prime_UTR_variant Variant hits 50UTR region MODIFIER 1005
Total 122 028

Impact categories do not predict whether a variant is producing phenotype changes but only represent significant variants in the context of gene level
changes.
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The large-scale whole-genome sequence-based SNP data we have
gathered will be valuable to help elucidate this issue further,
including the potential discovery of sites under balancing

selection (Delph & Kelly, 2014). From the applied standpoint,
these shared SNPs will be valuable for identity and parentage
analysis in breeding programs.
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Multi-species SNP discovery mitigated the SNP
ascertainment bias of the EUChip60K content

A commonly raised issue about fixed content SNP chips has been
the degree of SNP ascertainment bias (AB) introduced by the dis-
covery process, depending on how limited and genetically distant
the discovery panel was from the individuals to be genotyped.
Under such circumstances the discovery panel favors the detec-
tion of high-MAF SNPs, a problem which may compromise
diversity metrics that depend on allele frequency (Albrechtsen
et al., 2010). This becomes even more severe when cross-species
genotyping is attempted (Garvin et al., 2010). We assessed the
extent of AB in the EUChip60K by comparing the site frequency
spectrum (SFS) of the 24 035 polymorphic SNPs (MAF > 0.05)
in E. grandis with the SFS of the entire set of 19.4 million SNPs
discovered in the pooled sample of this same species (Table S6).
The lack of significant difference between these two distributions
suggests that the relative proportions of SNPs among MAF clas-
ses > 0.05 in the EUChip60K fit the distribution of randomly
sampled SNPs in the E. grandis genome (Fig. 4). Furthermore,
the SFS observed for the EUChip60k, enriched for rare variants,
is consistent with the distribution of random SNPs in humans
(Albrechtsen et al., 2010) and in poplar (Marroni et al., 2011),
while markedly different from the SFS of chips lacking rare vari-
ants developed from small discovery panels (Groenen et al.,
2011; Sim et al., 2012). When the comparison was carried out
between the direct SNP counts in the chip and the average SNP
counts of 1000 random samples of 24 035 SNPs, again no differ-
ence was seen. This second test effectively corresponded to com-
paring the EUChip60K SNP content to 1000 ‘simulated chips’
built using random subsets of all SNPs discovered in the pooled
sample without any prior selection as far as SNP position,
sequence context or polymorphism level besides MAF> 0.05.
Our results therefore suggest that the large and diverse pooled
sample used for SNP discovery, together with the variable SNP
selection constraints, alleviated strong selection on common
SNPs favoring sampling SNPs across most of the frequency range
for E. grandis. As for the other species, although our data do not
allow any valid test due to lack of sufficient size in the pooled
samples, the similar patterns of enrichment for rare SNPs
observed (Fig. 3b) also suggest a potential reduction of AB.

EUChip60K, a powerful tool for Eucalyptus genetics,
genomics and breeding

Although the main intended use for the EUChip60K is opera-
tional Genomic Selection and gene discovery by GWAS, we
believe that the chip should also be valuable for population
genomics. Nevertheless, because the EUChip60k cannot be con-
sidered AB-free, caution should be taken when using it to com-
pare SFS patterns across species or using them as a benchmark
for neutrality tests. Still, as a prelude to future population genetic
studies, the observed distribution of SNPs Fst among provenances
(Fig. 5b), clearly show that opportunities exist to use EU-
Chip60K data for genome-wide scans for signatures of selection
given the excellent gene-space coverage it provides. Additionally,

highly informative ancestry-informative marker panels could be
derived from the several hundred SNPs that are privately poly-
morphic or fixed in species and provenances, as indicated by their
high Fst both at the inter- and intraspecific levels. Such SNP pan-
els would provide powerful systems to identify and quantify
introgression and hybrid composition at the single-chromosome
level in individuals of wild and breeding populations, and to
understand patterns of species diversification at the whole-
genome level. The distribution of Fst estimates seen between
eucalypt provenances was consistent with their geographical ori-
gin and life history (Fig. 5). An Fst < 0.05 was estimated for
29 020 of the 31 931 (91%) SNPs between the two CAM prove-
nances located at a relatively close distance in northern Queens-
land, consistent with earlier reports based on RFLP and SSR,
showing that geographic proximity and not river system is the
main determinant of genetic similarity (Butcher et al., 2009). On
the other extreme, 28 138 out of 39 692 SNPs (71%) had
Fst > 0.05 between two GLO provenances that although geo-
graphically close, are separated by the Bass Strait in southeastern
Australia, confirming earlier microsatellite studies that showed a
highly structured genetic architecture of E. globulus populations
in southeastern Australia (Steane et al., 2006). Finally, even a very
modest randomly sampled set of 600 SNPs was much more pow-
erful than microsatellites (Faria et al., 2011) for detecting prove-
nance variation and hybrid composition. From the applied
breeding standpoint we are currently on the brink of operational
implementation of Genomic Selection in eucalypts. Chip-based
genotyping provides breeder-friendly, highly reproducible data
within and between laboratories, for the same SNPs across spe-
cies, with high call rates and no need for specialized bioinformat-
ics infrastructure and personnel. These are absolutely essential
conditions for considering the truly operational adoption of
molecular tree breeding. The powerful, flexible, user-friendly and
cost-effective genotyping platform provided by the EUChip60K,
represents a vital component of this process and should prove to
be easily integrated into routine breeding practice.
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