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†Programa de Cîencias Genômicas e Biotecnologia, Universidade Cat�olica de Bras�ılia, SGAN 916, Brasilia, DF 70790-160, Brazil,

‡Laborat�orio de Bioinform�atica, EMBRAPA Recursos Gen�eticos e Biotecnologia, PqEB, Brasilia, DF 70770-970, Brazil

Abstract

Keystone species in their native ranges, eucalypts, are ecologically and genetically very diverse, growing naturally

along extensive latitudinal and altitudinal ranges and variable environments. Besides their ecological importance,

eucalypts are also the most widely planted trees for sustainable forestry in the world. We report the development of

a novel collection of 535 microsatellites for species of Eucalyptus, 494 designed from ESTs and 41 from genomic

libraries. A selected subset of 223 was evaluated for individual identification, parentage testing, and ancestral infor-

mation content in the two most extensively studied species, Eucalyptus grandis and Eucalyptus globulus. Microsatel-

lites showed high transferability and overlapping allele size range, suggesting they have arisen still in their common

ancestor and confirming the extensive genome conservation between these two species. A consensus linkage map

with 437 microsatellites, the most comprehensive microsatellite-only genetic map for Eucalyptus, was built by assem-

bling segregation data from three mapping populations and anchored to the Eucalyptus genome. An overall colinear-

ity between recombination-based and physical positioning of 84% of the mapped microsatellites was observed, with

some ordering discrepancies and sporadic locus duplications, consistent with the recently described whole genome

duplication events in Eucalyptus. The linkage map covered 95.2% of the 605.8-Mbp assembled genome sequence,

placing one microsatellite every 1.55 Mbp on average, and an overall estimate of physical to recombination distance

of 618 kbp/cM. The genetic parameters estimates together with linkage and physical position data for this large set

of microsatellites should assist marker choice for genome-wide population genetics and comparative mapping in

Eucalyptus.
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Introduction

Species of the genus Eucalyptus L’H�er. (Myrtaceae) are

woody perennials native to Australia and adjacent

islands. The most recent formal taxonomic revision of

eucalypts (Brooker 2000) recognizes some 700 species in

13 subgenera among which the tallest flowering plant E.

regnans (99.6 m) (Doughty 2000). Eucalypts are keystone

species in their native ranges and ecologically very

diverse, growing from tropical to temperate latitudes, in

high rainfall to arid zones, and from the sea level to

alpine altitudes (Pryor & Johnson 1981). Symphyomyrtus

is the largest subgenus with 474 species, including the 20

or so most broadly used hardwood trees for plantation

forestry in the world, among which the tropical E. grandis,

member of section Latoangulatae, and E. globulus in

section Maidenaria, stand out (Myburg et al. 2007). The

wide interspecific diversity and sexual compatibility

within subgenus Symphyomyrtus have been a major bonus

to breeders. Combination of separately evolved gene

pools by interspecifc hybridization has resulted in highly

adapted hybrid planting material that currently cover

large areas of sustainable plantation forestry (Rezende

et al. 2014).

The unique species diversity and hybrid composition

of some natural populations and breeding programmes

have posed an additional challenge and an opportunity

when developing molecular tools in support of popula-

tion genetics analyses and breeding. The development
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and validation of molecular markers are usually done

across more than one species covering a wider phyloge-

netic range, in a way that markers can be readily trans-

ferred across species. While early types of markers such

as RAPD and AFLP did not offer such attributes, micro-

satellites provided these key features and quickly

became the main working tool for a number of applica-

tions in genetic analysis of Eucalyptus. Microsatellites

marker development in Eucalyptus has evolved over the

years in parallel with the increased availability of

sequence information. While the first sets were derived

from enriched genomic libraries (Byrne et al. 1996; Bron-

dani et al. 1998, 2002; Steane et al. 2001), in the last few

years, microsatellite markers have been designed after

mining the increasingly larger EST (Expressed Sequence

Tags) collections deposited in sequence databases. Nev-

ertheless, only part of those new markers were effec-

tively wet-lab evaluated for polymorphism in some

species (Faria et al. 2010, 2011; He et al. 2012; Zhou et al.

2014), and for none of them, genome-wide linkage and

physical mapping location were provided, somewhat

limiting their applicability for more comprehensive and

refined genome-wide applications now possible with the

availability of its reference genome sequence (Myburg

et al. 2014)

Besides population genetics studies, easily assayable

microsatellites have been particularly useful in

Eucalyptus to connect phenotypic to genotypic variation

by linkage mapping and for comparative genomics

experiments. Following the first genetic maps built for

species of Eucalyptus using RAPD and RFLPs, around 26

additional genetic linkage maps were constructed for six

different species of Eucalyptus (reviewed by Grattapaglia

et al. 2012). It was the availability of larger sets of trans-

ferable microsatellites, however, that allowed such

development and significantly enhanced the value of

genetic mapping information in the genus. Genetic link-

age maps including robust sets of microsatellites were

essential resources for comparative genome analysis

(Hudson et al. 2012b), whole genome assembly (Kullan

et al. 2012; Petroli et al. 2012), QTL mapping (Freeman

et al. 2009; Gion et al. 2011; Bartholome et al. 2013) and

QTL validation across pedigrees (Mamani et al. 2010;

Freeman et al. 2013). Additionally, dense microsatellite-

based genetic maps have provided the necessary frame-

work to map large numbers of markers derived from

higher throughput but lower information content tech-

nologies such as biallelic single nucleotide polymor-

phisms (SNPs) (Lima et al. 2011) and dominant

presence/absence variants genotyped with microarray-

based Diversity Array Technology (DArT) (Sansaloni

et al. 2010; Hudson et al. 2012a; Petroli et al. 2012) or

sequence-based DArT-seq genotyping (Sansaloni et al.

2011).

Clearly, while higher throughput marker technologies

are becoming available for Eucalyptus (Grattapaglia et al.

2011; Sansaloni et al. 2011), a rich source of laboratory-

validated, genetically and physically mapped multi-alle-

lic microsatellites should continue to be a valuable

resource for genetic analysis in species of the genus. The

objectives of this study therefore were (i) to develop a

large set of microsatellite markers for Eucalyptus, to be

particularly useful across phylogenetically distant spe-

cies within subgenus Symphyomyrtus; (ii) to estimate and

compare population genetic and ancestry information

content of microsatellites designed from ESTs vs. random

shotgun genomic sequences for the two most widely

studied Eucalyptus species; (iii) to generate a comprehen-

sive microsatellite-only linkage map for Eucalyptus

aligned to the Eucalyptus reference genome sequence to

provide linkage-to-physical position for a large number

of microsatellites to assist future population genetics,

population genomics and comparative mapping studies.

Material and methods

Microsatellite discovery and primer design

Microsatellites (2–6 base SSR motifs) were mined from a

multispecies collection of 88 000 50-end EST sequences as

described earlier (Faria et al. 2010). Primer pairs were

designed targeting primers 18–21 bases long, amplicon

sizes between 80 and 350 bp and annealing temperature

of 60°C. Genomic microsatellites were mined from a

shotgun genomic library built and sequenced as part of

the Genolytpus project (Grattapaglia 2004). Regular non-

labelled primer pairs were synthesized for an initial

screening for amplification success, interspecific transfer-

ability and polymorphism in agarose and polyacryl-

amide gels electrophoresis. For a selected set of primer

pairs following screening, the forward primer of each

pair was resynthesized labelled with different fluoro-

chromes (HEX, 6-FAM, NED) to allow precision geno-

typing.

Microsatellite screening, genotyping and
characterization

Initial microsatellite screening was carried out using 12

unrelated trees of five different species (E. grandis,

E. urophylla, E. globulus, E. camaldulensis and E. dunnii)

and 2 hybrids (E. dunnii 9 E. grandis and E. urophy-

lla 9 E. globulus). PCR parameters, agarose and poly-

acrylamide gel electrophoresis conditions were

described earlier (Brondani et al. 1998). Genotyping of

selected microsatellites was then carried out by semi-

automatic fluorescence detection in an ABI 3100XL

genetic analyser as described earlier, using multiplexed
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systems with at least three loci per PCR (Faria et al. 2010,

2011), using a home-made ROX labelled size standard

(Brondani & Grattapaglia 2001). Data were collected

under dye set D spectral calibration using Genescan and

analysed with Genotyper (Applied Biosystems, Foster

City, CA). A set of 223 selected microsatellites, 182 EST

and 41 genomic, were characterized for population and

parentage testing parameters (PE, probability of pater-

nity exclusion and PI, probability of identity) using pop-

ulation samples of E. grandis (Section Latoangulatae)

(n = 16) and E. globulus (Section Maidenaria) (n = 16), as

described earlier (Faria et al. 2011). Species differentia-

tion at the locus level was estimated based on allele iden-

tity (Wright’s Fixation index FST) and allele size variation

under the stepwise-mutation model (RST). Arlequin 3.5

(Excoffier & Lischer 2010) and its function ‘locus-by-

locus AMOVA’ for genotypic data was used to estimate

FST and test its significance by permuting individual

genotypes among populations. SPAGeDi 1.4 (Hardy &

Vekemans 2002) was used to estimate RST and its signifi-

cance by permuting individuals’ genotypes between the

two populations. A false discovery rate (q value ≤ 0.05)

was used to declare microsatellite loci displaying signifi-

cant genetic differentiation between the two species. Sep-

arate analyses were carried out for EST and genomic

microsatellites.

Individual and consensus genetic map construction

Genotyping and genetic mapping of microsatellite mark-

ers were carried out on two mapping populations of

188 F1 individuals each. One population was derived

from a cross between a female E. grandis (clone G38) and

a male E. urophylla (clone U15) (G38 9 U15 pedigree),

while the other population had been generated from a

cross between two hybrids parents, a female (E. dun-

nii 9 E. grandis) and a male (E. urophylla 9 E. globulus)

(DG 9 UGL pedigree). Polymorphic microsatellites

between the two parents in each mapping population

were genotyped and data tested for adherence to the

expected Mendelian segregation ratios, either a 1:1 when

only one of the parents was heterozygous, 1:2:1 follow-

ing a phase-unknown F2 configuration with both parents

equally heterozygous for the same genotype, or in a fully

informative 1:1:1:1 configuration with three or four

different alleles segregating from both heterozygous par-

ents. Linkage analysis was carried out using JoinMap

v3.0 (Van Ooijen & Voorrips 2001). Markers were

assigned to linkage groups by applying the maximum-

likelihood algorithm of JoinMap with population type

CP; initial grouping at LOD > 15.0 followed by some

individual markers fitted at LOD 10, recombination

fraction ≤0.4; ripple value=1; jump in goodness-of-fit

threshold (the normalized difference in goodness-of-fit

chi-square before and after adding a locus) equal to 5

under a Kosambi mapping function. Marker ordering

with JoinMap was carried out by simulated annealing,

fitting all markers to the linkage map by the third and

final round of JoinMap so as to provide map position for

all segregating microsatellites. Linkage group numbering

followed the established consensus (Brondani et al.

2006), which is also the numbering adopted for the 11

main chromosome scaffolds of the reference genome

sequence. Data gathered in these two mapping popula-

tions were then combined with the existing reference E.

grandis 9 E. urophylla linkage map data (Brondani et al.

2006), to construct a single consensus genetic linkage

map. This multipedigree consensus map was built based

on common markers using JoinMap by estimating mean

recombination frequencies and combined LOD scores.

For each pair of loci, the (virtual) numbers of recombi-

nant and nonrecombinant gametes in each individual

population are calculated from the estimated recombina-

tion frequencies and corresponding LOD scores. The

total numbers of recombinant and nonrecombinant

gametes over all populations were then calculated by

totalling the numbers of the individual populations (Van

Ooijen & Voorrips 2001). Map figures were constructed

using Mapchart v2.2 (Voorrips 2002).

Positioning of microsatellites and alignment of the
linkage map onto the Eucalyptus reference genome
sequence

To assess the consistency between the ordering of marker

loci in the linkage map and their physical position in the

genome, to provide a genomic location for the mapped

microsatellites and to estimate the effective genome cov-

erage provided by the map, all the available original

cDNA or genomic sequences where from the microsatel-

lites were derived were aligned onto the masked Euca-

lyptus grandis genome sequence (version 1.0 available in

Phytozome 9.1 – http://www.phytozome.net/) using

BLASTN. For some microsatellites, the primers were

used because the original sequences were not available.

Annotation of the genomic region corresponding to the

microsatellite was provided using BLASTX reporting the

best hit. When more than one hit was observed, possibly

corresponding to duplicated regions in the genome, we

reported the hit with the lowest e-value.

Results

Microsatellite marker development

Data mining of 22 298 EST unigenes resulted in 1765

sequences matching the simple sequence repeat search

criteria. In the EST sequences 54% of the SSRs were
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trinucleotide repeats, followed by dinucleotides (24%).

Of the 7395 shotgun genomic sequences analysed, 807

contained microsatellites matching the criteria, with

dinucleotides as the most frequent repeats (48%) followed

by trinucleotides (20%). Primers could be designed for

1244 (70.5%) of the 1765 microsatellite sequences identi-

fied in the ESTs and for only 178 (22%) of the 807 shot-

gun genomic sequences (Table 1). From the 1244 primer

pairs designed for the EST loci, 759 were selected for

screening prioritizing those microsatellites that dis-

played the largest number of tandemly repeated units.

Following primer screening, 494 (65%) amplified discrete

amplicons showing length polymorphism among Euca-

lyptus species in agarose gels. The complete source

sequence of each one of these 494 EST loci was submitted

to GenBank, and the corresponding primers sequences,

motif, expected amplicon size (bp) and GenBank Acces-

sion nos are provided (Table S1, Supporting informa-

tion). Among the 494 EST microsatellite loci, 182

displaying the clearest polymorphism in the screening

step were selected and fluorochrome-labelled forward

primers synthesized for downstream use in genetic map-

ping and population analysis. For the microsatellites

from shotgun genomic sequences, all 178 primer pairs

were tested, 111 amplified single amplicons, 53 (47.7%)

displayed polymorphism in the screening step, and

eventually 41 were selected for further characterization

using fluorescence detection. Original sequences, prim-

ers, motif and Accession nos for these markers are also

provided (Table S1, Supporting information). From a

total of 535 microsatellites reported in this study (494

EST and 41 genomic), 22 are based on hexanucleotide

repeats, 13 on pentanucleotides, 43 on tetranucleotides,

255 on trinucleotides and 201 on dinucleotides. All hexa,

penta and tetranucleotide repeat microsatellites were

EST derived but three tetranucleotides, which were

genomic derived. Annotation of the Eucalyptus EST mi-

crosatellites following BLASTX against the Eucalyptus

grandis reference genome (http://www.phytozome.net/

Eucalyptus.php – accessed in March, 2014) is also pro-

vided (Table S2, Supporting information). For 16 EST mi-

crosatellites, no hit was found to any predicted gene

model, and for 49, a hit was obtained, but no functional

annotation exists for this locus yet. Therefore, of the 494

EST microsatellites, 437 of them could allow mapping a

known predicted gene model in future mapping experi-

ments. For 21 of these microsatellites, best hits with

e-values of 0 were seen to one of the additional small still

unanchored scaffolds of the genome assembly (e.g.

EMBRA872 and EMBRA898) (Table S2, Supporting

Table 1 Statistics of microsatellite development steps and summary of genetic information content of 223 (182 EST and 41 Genomic)

newly developed microsatellites in two phylogenetically contrasting Eucalyptus species (see Tables S3 and S4, Supporting information

for individual locus estimates)

Microsatellite development step EST microsatellites Genomic microsatellites

Total number of sequences mined 22 298 7395

Number of sequences containing microsatellites 1765 807

Microsatellites for which primers could be designed 1244 178

Primers pairs screened 759 178

Primer pairs amplifying discrete amplicons 494 111

Microsatellites selected for characterization 182 41

Parameters for polymorphic microsatellites Eucalyptus grandis Eucalyptus globulus Eucalyptus grandis Eucalyptus globulus

No. markers 167 165 40 41

Average no. alleles 4.9 � 2.3 5.2 � 2.5 7.6 � 3.7 6.4 � 2.8

Average Hobs 0.514 � 0.246 0.514 � 0.266 0.623 � 0.226 0.475 � 0.227

Average Hesp 0.620 � 0.197 0.619 � 0.215 0.738 � 0.196 0.680 � 0.207

Average PIC 0.555 � 0.195 0.552 � 0.208 0.681 � 0.199 0.620 � 0.206

Average PE 0.390 � 0.188 0.389 � 0.193 0.530 � 0.210 0.454 � 0.202

Average PI 0.241 � 0.188 0.365 � 0.254 0.150 � 0.174 0.193 � 0.176

No. markers in HWE (q value ≤ 0.05) 136 137 34 22

Range of single locus FST 0–0.937 0.018–0.743

No. markers with significant

FST (q value ≤ 0.05)

139 of 177 (79%) 41 of 41 (100%)

Range of single locus RST �0.104 to 0.992 �0.041 to 0.940

No. markers with significant

RST (q value ≤ 0.05)

95 of 177 (54%) 22 of 41 (54%)

No. markers with significant

FST and RST (q value ≤ 0.05)

94 22
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information). The identities between the original micro-

satellite containing sequence and the genome sequence

were generally high, with only 20 loci displaying values

below 80% possibly resulting from higher rates of

sequence polymorphism between the reference genome

and the original tree where from the microsatellite

containing sequence was isolated.

Microsatellite characterization

Over 90% of the 182 EST microsatellites tested were con-

firmed polymorphic in each species studied, 167 in

E. grandis and 165 in E. globulus, and 155 were simulta-

neously polymorphic in the two species (Table 1). In the

population samples analysed, 10 microsatellites were

monomorphic in E. grandis, and 12 in E. globulus, while

only five markers were monomorphic in both species

samples (Table S3, Supporting information). All tested

genomic derived microsatellites were polymorphic in

E. globulus and 40 of 41 in E. grandis. More than 80% of

the EST markers were in HWE in both species. As for the

genomic markers, 85% were in HWE in E. grandis but

only 54% in E. globulus. Deviation from HWE was

always due to a lower than expected heterozygosity. The

average number of alleles was similar in the two species

for the EST markers, but higher for the genomic markers

in E. grandis when compared to E. globulus. Genomic

markers had between 23 and 55% more alleles in both

species when compared to those from ESTs. The higher

hypervariability of genomic microsatellites resulted in

higher heterozygosities, both observed and expected,

higher information content for genetic mapping (PIC),

and higher power of parentage exclusion and individual

discrimination, as revealed by higher estimates of PE

and lower PI (Table S4, Supporting information). Signifi-

cant genetic differentiation between the two species was

seen at the majority of the EST microsatellites (139 of 177;

79%) and at all 41 genomic loci based on allele identity

(FST), while only at 54% of the loci when based on allele

size variation (RST), both for EST (95 in 177) and genomic

markers (22 in 41). Significant differentiation measured

both by FST and RST was seen at 94 EST and 22 genomic

microsatellites.

The allele size range for all EST microsatellites was

essentially overlapping between the two species with

only 11 of the 182 loci displaying a nonoverlapping size

range accompanied by a high and significant estimate of

RST (EMBRA904, EMBRA922, EMBRA925, EMBRA997,

EMBRA1307, EMBRA1362, EMBRA1363, EMBRA1428,

EMBRA1578, EMBRA1757 and EMBRA1973). A similar

proportion (3 in 41) of genomic markers had such a

behaviour (EMBRA653, EMBRA691 and EMBRA695)

(Tables S3 and S4, Supporting information). The frequen-

cies of null alleles at all loci were estimated under the

individual inbreeding model by which an estimate of null

allele frequency is considered significantly different from

zero only when the locus deviates from HWE expecta-

tions and not based on its absolute estimated value. Of

the 31 EST loci deviating from HWE, 28 had null allele

frequency higher than 0.1 in E. grandis and 23 of 28 in

E. globulus. All six genomic markers deviating from HWE

had null allele frequencies greater than 0.1 in E. grandis

and 18 of 19 in E. globulus. Seven EST loci (EMBRA1063,

EMBRA1367, EMBRA1469, EMBRA1474, EMBRA1625,

EMBRA1679 and EMBRA1945) and three genomic loci

(EMBRA640, EMBRA705 and EMBRA710) had such fea-

tures in both species. These loci are likely more subject to

the occurrence of null alleles, which could complicate

genetic analysis especially in parentage testing.

Linkage map construction

Of the 223 newly developed microsatellites for which

labelled primers were synthesized, 178 were polymor-

phic between the parents of the two mapping popula-

tions and were mapped, while 45 loci were not

informative. Of the 178 newly mapped microsatellites,

142 were from ESTs and 36 from genomic sequences.

Mapping statistics for the DGxUGL and the G38xU15

pedigree maps are provided (Table S5, Supporting infor-

mation). For the G44xU28 pedigree, the original segrega-

tion data (Brondani et al. 2006) were used to build a new

version of a linkage map. A consensus map was then

built by combining each corresponding linkage group of

the three populations. A map with 437 microsatellites

(295 genomic SSRs and 142 EST-SSRs) was constructed,

covering 1065 cM with an average distance between

adjacent markers equal to 2.6 cM (Table S5, Supporting

information Fig. 1 and Data S1, Supporting information).

Of the 437 linkage mapped microsatellites, seven

revealed two separately segregating loci mapped to dif-

ferent linkage groups (EMBRA22, EMBRA91, EM-

BRA135, EMBRA157, EMBRA195, EMBRA205 and

ES140). The two loci for each EMBRA marker were

labelled with an additional subscript ‘a’ and ‘b’, where

‘a’ was assigned to the locus mapped to the same linkage

group as originally defined in the microsatellite reference

map (Brondani et al. 2006), unless the physical mapping

position indicated otherwise. The final linkage map

therefore had 423 microsatellites positioned at a unique

locus and 7 at two independent loci (Fig. 1).

Alignment of the microsatellite linkage map to the
reference genome sequence

Of the 437 mapped microsatellite loci, 414 (94.7%) were

physically assigned to the Eucalyptus grandis reference

genome assembly, therefore allowing successful
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alignment of the linkage map to the genome sequence

(Fig. 1 and Supporting Information Data S1). Of the 414

loci, 380 were physically assigned to a chromosome scaf-

fold whose number matched the linkage group number

while 57 did not. These 57 loci were classified as follows;

(i) 27 were physically assigned to a chromosome num-

bered differently than the linkage group number to

which it was mapped; these 27 loci likely represent

duplicated genomic regions in the genome; (ii) 5 were

physically assigned to one of the 4941 additional small
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Fig. 1 Alignment of the multipedigree consensus linkage map (green bars) to the Eucalyptus grandis reference genome sequence (red

bars). Microsatellites that were both linkage and physically mapped consistently to the chromosome scaffold corresponding to the link-

age group number are connected by lines and are underlined. The scale on the left corresponds simultaneously to centiMorgan (cM) dis-

tances for the linkage map and to Mbp of sequence for the chromosome scaffolds.
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scaffolds numbered beyond e 11 main chromosome scaf-

folds; these small scaffolds likely correspond to the un-

assembled alternative haplotype at the same locus; (iii)

25 microsatellites could not be physically assigned to

any chromosome scaffold, noting, however, that for 23

of them the original sequence was not available and the

alignment could only be attempted using the primer

sequences (e.g. microsatellites named EG, EN and ES

Byrne et al. 1996) (Table S6, Supporting information). Of

the 380 loci assigned to the 11 chromosomes, 376 loci

had a unique physical position and four microsatellites,

for which a second locus was linkage mapped, were

physically mapped to a second position still on one of

the 11 main chromosome scaffolds (EMBRA91, EM-

BRA157, EMBRA195 and EMBRA205). Finally, 28 of the

380 loci consistently assigned to the 11 linkage groups

and corresponding chromosomes, additionally physi-

cally mapped to one of 4941 small scaffolds, likely corre-

sponding to the unassembled alternative haplotype at

the same locus. Jointly, these 28 markers therefore pro-

vided evidence to locate 21 small scaffolds, totalling 1.27

Mbp of still unanchored sequence, to the 11 main chro-

mosomes of the genome assembly (Table S7, Supporting

information). Overall, the linear ordering of the micro-

satellites along the linkage map agreed well with their

relative physical position in the genome, although some

sparse order inconsistencies were observed mainly on

chromosomes 5 and 8 (Fig. 1). The alignment of 380 mi-

crosatellites that were both linkage and physically

mapped to the genome sequence spanned 576.4 Mbp

(95.2%) of the 605.8-Mbp genome sequence assembled

into the 11 chromosomes, with a microsatellite physi-

cally mapped, on average, every 1.55 � 0.4 Mbp. The

ratio between physical sequence length in Mbp and

genetic distance in cM, calculated by dividing the aver-

age Mbp intermarker distance by the average cM inter-

marker distance per chromosome, varied from 0.405

Mbp/cM for chromosome 9 to 0.841 Mbp/cM for chro-

mosome 7 with an estimated overall average of 0.618

Mbp/cM (Table 2).

Discussion

In this work, we have provided a novel genomic

resource for species of Eucalyptus, consisting of 535

microsatellites, 494 designed from ESTs and 41 from

shotgun genomic libraries. Of the 494 EST microsatel-

lites, 453 are novel, and 41 had been previously reported

(Faria et al. 2010, 2011), but no attempt was made to link-

age map them. Of this set of markers, 223 were charac-

terized for transferability and population parameters in

two contrasting Eucalyptus species of subgenus Symphyo-

myrtus. Additionally 178 of them were linkage mapped

on a consensus map built by compiling segregation and T
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linkage mapping data of microsatellites in three indepen-

dent pedigrees. This consensus map, with 437 microsat-

ellite markers, is the most comprehensive microsatellite-

only genetic map for Eucalyptus and for any forest tree

species to date. Finally, this linkage map was aligned to

the Eucalyptus grandis genome sequence providing infor-

mation on the genome-wide distribution and physical

position of 380 microsatellites, including already widely

used ones (Brondani et al. 1998, 2006) and 178 new ones

developed in this study.

Microsatellite hypervariability and conservation across
Eucalyptus species

A total of 223 microsatellites were effectively character-

ized for polymorphism in two phylogenetically contrast-

ing Eucalyptus species. Experience from our and others’

transferability experiments (Kirst et al. 1997; Steane et al.

2001; Shepherd et al. 2006; Faria et al. 2010; He et al. 2012;

Zhou et al. 2014), however, strongly points to the fact

that more than 80% of the 494 new markers should trans-

fer well and be polymorphic across a wide spectrum of

Eucalyptus species and even related genera. This should

be the case particularly for the 453 markers designed

from more conserved transcribed sequences, reminding

that all the microsatellites were most likely derived from

the 50 untranslated region of the EST, given that they

were designed from 50 sequenced ESTs and that simple

sequence repeats in exonic regions would hardly be hy-

pervariable. Of the 182 characterized EST microsatellites,

155 were simultaneously polymorphic in the two species

considered, 22 were polymorphic in only one of them

and only five were monomorphic in the population sam-

ples analysed, although these could still prove polymor-

phic in larger samples sizes. These results clearly

corroborate the high level of microsatellite hypervariabil-

ity and sequence diversity observed for Eucalyptus spe-

cies. A significantly higher average number of alleles

was seen for the genomic microsatellites when compared

to those designed from EST sequences, both in E. grandis

(p = 4.6 9 10�5) and E. globulus (p = 0.0138) consistent

with theoretical expectations. Although this had been

suggested earlier based on subjective assessment

between studies (Faria et al. 2010), no experimental com-

parison was ever carried out by genotyping a large num-

ber of loci in the same individuals like it was done in this

study.

The high level of microsatellite transferability and

the overlapping allele size ranges observed for 209 of

the 223 characterized microsatellites substantiate the

conservation and genome synteny between these two

species as observed by comparative mapping (Hudson

et al. 2012b). These results also suggest that these

microsatellites most likely evolved in the common

ancestor of the two Eucalyptus species representative of

two most divergent sections within subgenus Symphyo-

myrtus, therefore pre-dating species radiation, is consis-

tent with molecular dating estimates suggesting a

relatively recent radiation of Symphyomyrtus species

taking place between 10 and 36 MYA (Crisp et al.

2004). Nevertheless, one should not overlook that com-

plex mutational patterns and high levels of allele size

homoplasy are common occurrences in microsatellites,

resulting from the replication slippage-based mutation

process, so that alleles identical by size may not be

identical by descent (Lia et al. 2007). The microsatellite

resource presented in this study can thus be very use-

ful for genetic analysis within and across the two and

other closely related species of Symphyomyrtus, as the

same allelic size range can be expected, a feature that

facilitates microsatellite multiplexing. However, the

unknown patterns of sequence mutation and size

homoplasy do not support their use for interspecific

phylogenetic inferences.

While the vast majority (> 80%) of the EST-derived

microsatellites were in HWE in both species, the pro-

portion of genomic microsatellites in HWE was consid-

erably smaller in E. globulus (22 in 41; 54%) than E.

grandis (34 in 40; 75%) (Table S3, Supporting informa-

tion). As expected, a coincidence was seen between

loci that deviated from HWE expectations due to het-

erozygosity deficiency and loci with increased esti-

mates of null allele frequencies. PCR primers for these

markers are possibly located on genomic regions har-

bouring relatively frequent sequence polymorphisms

that cause amplification failure resulting in null alleles

and apparent homozygous genotypes. Two issues

should be considered in this comparison. First, these

results are coherent with expectations that microsatel-

lites whose primers are designed on more conserved

genic regions should be less prone to the occurrence

of null alleles due to sequence polymorphism in the

priming sites when compared to microsatellites

designed from nongenic and therefore more polymor-

phic genomic regions. Second, since the genomic shot-

gun sequences used for primer design of the genomic

microsatellites were from E. grandis, the higher propor-

tion of microsatellites not fitting to HWE when analy-

sed in E. globulus can be explained by interspecific

sequence polymorphism causing null alleles. Although

simulation studies had found that the incidence of null

alleles does not significantly impact overall estimates

of exclusion probabilities, the use of such markers in

experimental studies may lead to considerable errors

in individual parentage assignments, notably the dec-

laration of mistaken parentage exclusions (Dakin &

Avise 2004). Our results therefore indicate that while

most EST-derived microsatellites would be less subject

© 2014 John Wiley & Sons Ltd
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to null alleles, and as such could be confidently used

across species, this is not the case for microsatellites

designed from genomic sequences. Out of those micro-

satellites that deviated from HWE, eleven from EST

sequences (EMBRA870, EMBRA1056, EMBRA1063,

EMBRA1319, EMBRA1329, EMBRA1367, EMBRA1469,

EMBRA1474, EMBRA1625, EMBRA1679 and EM-

BRA1945) and 3 from genomic sequences (EMBRA640,

EMBRA705 and EMBRA710) did so in both species.

These are definitely markers that should be used with

caution or possibly avoided for parentage testing. It is

important to note that due to the relatively high levels

of nucleotide diversity in the Eucalyptus genome, it is

likely that most microsatellites will suffer to some

extent from the occurrence of null alleles requiring

adequate treatment of genotype data such as allowing

a certain level of parent-offspring mismatches (Slavov

et al. 2005) when establishing threshold LOD scores to

assign parentage.

Genetic divergence at microsatellites and ancestry
informative markers

Significant genetic divergence was seen at most micro-

satellites consistent with the taxonomically established

separation of the two species. After applying a false

discovery rate (q value ≤0.05), more EST microsatel-

lites displaying genetic divergence were detected

based on FST (139) than RST (95), and 94 loci revealed

significant divergence by both measures (Table 2).

Both measures of differentiation when applied to mi-

crosatellite data are known to have limitations. While

the assumption of low mutation rate used to estimate

FST does not apply to microsatellites, it is also true

that the mutational processes at such loci are known

to deviate more or less strongly from an ideal step-

wise- or generalized mutation model, which may lead

to biased estimates of RST (Hardy et al. 2003). Never-

theless, comparisons of FST and RST values on micro-

satellite data have been used as a means to infer the

relative importance of mutation vs. migration rates

within species. When genetic differentiation is high, a

higher RST relative to FST is generally found, indicating

that mutation explains more of the differentiation

(Hardy et al. 2003). For 72 of the 94 (77%), EST micro-

satellites showing significant differentiation between

the two species by both measures, the estimate of RST

was nominally larger than FST (Table S3, Supporting

information). Similar trend was observed for the geno-

mic microsatellites. This result is entirely consistent

with the unambiguous differentiation between the two

species, including the considerable genome size differ-

ence between E. grandis (640 Mbp) and E. globulus (530

Mbp) (Grattapaglia & Bradshaw 1994), recently found

to be derived from more dynamic genome size

evolution beyond standard transposable element activ-

ity (J. Tibbits unpublished data).

No difference in the proportion of microsatellites

showing significant FST or RST was seen among the 11

chromosomes. This proportion varied between 0.73 and

1.00 and a linear regression of the number of markers

displaying significant differentiation on the total number

of markers resulted in an R2 of 0.948 with no clear outlier

linkage group. Given the sparse nature of the data in

hand, with large differences in the total numbers of

markers assayed per linkage group, we really do not

have enough data to speculate any further about gen-

ome-wide genetic differentiation between the two spe-

cies. Our objective was only to provide information

about the markers themselves, not on the underlying

genomic segment. This will require much higher density

genotyping along the genome. From the practical stand-

point, the interspecific genetic differentiation captured

by the newly developed microsatellites allows one to

select a set of ancestry informative markers (AIM) to be

used for genome-wide ancestry estimation in hybrids

derived from these two species. The estimate of FST has

been shown to be strongly correlated with the first prin-

cipal component in a PCA and therefore an adequate

metric to select AIMs (McVean 2009; Sawler et al. 2013).

From the 94 EST microsatellites displaying significant

FST and RST, it is possible to select, for example, a set of

31 loci in HWE in both species, mapping to 7 of the 11

chromosomes having an FST> 0.3 and RST > 0.7, to be

used for genomic ancestry determination in hybrids of

these two species. Similar sets of AIM could be identified

once genotype data for population samples of other spe-

cies are collected for these microsatellites.

Linkage-to-physical mapping of microsatellites

Extensive colinearity between the genome of Eucalyptus

species belonging to subgenus Symphyomyrtus had been

suggested since the first linkage mapping experiments

that used small sets of transferable microsatellites

(Marques et al. 2002). Recently reported higher density

linkage maps based on DArT markers confirmed and

expanded those same findings at a much higher resolu-

tion (Hudson et al. 2012a,b; Petroli et al. 2012). This fact

allowed us to confidently integrate linkage map data

from the three independent mapping populations into a

microsatellite-only consensus linkage map. It is notewor-

thy, however, that despite the large number of DArT

markers mapped to a recently reported reference linkage

map (Hudson et al. 2012a), only 81 DArT markers out of

3880 (~2%) could actually be mapped to two or more of

the seven independent mapping populations used to

generate the consensus map. The key resource that effec-
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tively allowed the construction of the consensus map

was a set of 213 microsatellites mapped, out of which 193

came from the original reference microsatellite map pub-

lished earlier (Brondani et al. 2006). These microsatellites

provided locus bridges among the several mapping ped-

igrees and by consequence among the different sets of

DArT markers mapped in each one of them. These

results are very illustrative of the limitations that such

high throughput but dominantly inherited markers have

for comparative mapping purposes, while at the same

time demonstrate the value of multi-allelic transferable

microsatellites providing fully informative segregation

configurations in multiple pedigrees. SNP markers,

although codominant, are biallelic as well and therefore

also limited for genetic mapping especially in single-gen-

eration pedigrees where markers segregating 1:2:1 in

phase-unknown configurations cannot be mapped. In

fact, we saw that of 768 SNPs, only around 30% segre-

gated in two mapping populations in a pseudo-testcross

configuration, providing no clear advantage over micro-

satellites besides the faster data generation (Lima et al.

2011). We therefore are confident that the novel microsat-

ellite resource presented in this work will be highly valu-

able for any future comparative genome mapping study

in eucalypts.

Recently, we provided linkage-to-physical data for

linkage mapped DArT markers, but microsatellites were

not contemplated (Petroli et al. 2012). This is therefore

the first study in Eucalyptus where microsatellites were

both linkage and physically mapped to the reference

genome. An overall colinearity between recombination-

based and physical positioning was observed for 84% of

the mapped microsatellites with 61 of 380 markers dis-

playing inverted orders (Fig. 1). For each linkage group,

we counted the number of markers that once removed

would make the remaining ones be in sequential order in

relation to the physical assembly. It should be pointed

out, however, that our intention was not to evaluate

whether the linkage mapping order matched the esti-

mated physical order in the genome. Rather, our objec-

tive was simply to check whether the microsatellite

assignment based on linkage mapping matched the

assignment based on sequence alignment. This is so

because we are aware of two basic limitations in trying

to do this: (i) the current assembly of the Eucalyptus gen-

ome might contain local mis-assemblies; (ii) our micro-

satellite data set would not provide sufficient marker

density to try to tackle local inconsistencies in any appro-

priate way. Furthermore, order inconsistencies seen can

generally be attributed to various sources of genotyping

inaccuracies, missing data and artefacts (Hackett &

Broadfoot 2003) and not to any major structural varia-

tion. Locus duplications along the same chromosome

and in independent chromosomes could, however,

explain, respectively, inverted orders between linkage

and physical positions, and nonsyntenic markers, that is

markers that linkage map to one chromosome but are

physically located to a different one. This would happen

when only one of the two repeated loci segregates and

gets linkage mapped while the best sequence alignment

to the genome is declared to the alternative locus. In fact,

although the majority of the microsatellites (380 of 437;

87%) could be genetically and physically located to a sin-

gle position, different patterns of locus duplications both

from the linkage and physical mapping perspectives

were also seen for the remaining microsatellites (detailed

in Results). These results are in line with previous obser-

vations in linkage mapping studies (Hudson et al. 2012b;

Petroli et al. 2012) and provide additional support to the

recent findings that the Eucalyptus genome underwent a

lineage-specific whole genome duplication event and has

the largest proportion of tandem duplications in any

plant genome (Myburg et al. 2014)

The alignment of the linkage map to the genome

sequence showed that the microsatellites grant a compre-

hensive coverage (95.2%) of the 605.8 assembled genome

sequence, place, on average, one microsatellite every 1.55

Mbp and converge to an overall estimate of physical to

recombination distance of 618 kbp/cM (Table 2), higher

than the previous estimate of 513.4 kbp/cM based on

high density DArT marker mapping (Petroli et al. 2012).

Likewise, this mapping experiment also provides evi-

dences in support of the completeness of the Eucalyptus

reference genome sequence. Only 25 microsatellites

could not be physically mapped at the thresholds used

for alignment, but for 23 of them, we did not have the

full sequence and therefore the poor alignment may

explain this result. Additionally only 21 of the 4941 small

unanchored scaffolds totalling 1.27 of the 85.4 Mbp of

sequence were captured by the mapped microsatellites.

As suggested earlier (Petroli et al. 2012), these small scaf-

folds possibly correspond to the alternative haplotypes

at the same loci and not to additional unrepresented

sequence in the assembly.

Conclusion

We reported a novel and comprehensive microsatellite

resource for Eucalyptus, including detailed information

on linkage map and physical genome location, as well as

polymorphism, information content and genetic diver-

gence for several hundred markers in the two most

widely studied species of the genus. The map and physi-

cal information provided should enhance population

genetics and genomics studies by allowing one to choose

informative microsatellites covering the whole Eucalyptus

genome or targeting specific genomic segments, depend-

ing on the application, while avoiding violations of the
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premise of independent segregation when that is needed.

In view of the generally high transferability of microsat-

ellites, this resource should be valuable for comparative

genomic and population studies involving additional

Eucalyptus species. Although high-throughput sequence-

based SNP and PAV (presence absence variant) marker

assays are increasingly becoming accessible, the simple

Mendelian inheritance, high multiallelism and low run-

ning cost of microsatellites still make them a very useful

and accessible tool for fast and precise genetic analysis in

Eucalyptus.
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