
Introduction

Recently, the increase of public genomic sequences
and Expressed Sequence Tag (EST) data has allowed
an effective approach for the identif ication of func-
tional polymorphic DNA markers, such as micro-
satellites (SSRs). The high allelic diversity and
abundance of SSRs in the forest tree species make
these co-dominant molecular markers particularly
useful for genetic mapping, diversity analysis and
genotyping (Brondani et al., 2002; Cupertino et al.,
2011). However, genomic sequence characterization
including molecular marker development and appli-
cation has been mainly studied in few Eucalyptus spe-
cies. In accordance with the expected sequence conser-

vation of transcribed regions of the genome, a sig-
nificant portion of the primer pairs designed on SSR
flanking regions is expected to possess a high potential
for cross-transferability in related species. Further-
more, transferability of SSR markers across species of
Symphyomyrtus has been proved (Glaubitz et al., 2001;
Brondani et al., 2002; Faria et al., 2010, 2011), even
in the case of the more distantly related Corymbia sub-
genera (Jones et al., 2001).

Many genomic studies have reported the analysis of
genes expressed during wood formation and xyloge-
nesis (reviewed by Foucart et al., 2006) and some im-
portant metabolic pathways are now well known. In
Eucalyptus, several structural and regulatory candidate
genes (CGs) involved in lignin biosynthesis were also
identified (Paux et al., 2004). Among these genes, there
are those encoding components of the common phenyl-
propanoid pathway, those of the monolignol specific
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pathway as well as lignin regulatory genes (Paux et al.,
2004). However, only few studies in most widely
cultivated species of Eucalyptus have analyzed CGs
underlying wood quality traits using QTL approaches
(Freeman et al., 2009; Thumma et al., 2010; Gion et
al., 2000, 2011). The use of already well-established
variable markers present in CGs for wood quality is an
interesting approach for mapping purposes and func-
tional diversity studies. In addition, they may be parti-
cularly useful to demonstrate if a given QTL trait such
as wood quality is governed by the same genes in dif-
ferent species (comparative QTL or association map-
ping). Furthermore, cross species amplif ication of
SSR-CGs loci is considered a cost-effective approach
for developing microsatellite markers for new species
with no or little DNA sequence information.

The present study reports the cross-transferability
analysis of SSR-CG for wood quality between Euca-
lyptus species.

Material and methods

Plant material and DNA extraction

Eight trees of E. globulus were used to check relia-
bility amplification and polymorphic status of the 21
selected primers from Acuña et al. (2012a) (Online
resource 1).

A total of 44 nonrelated individuals of six species
of Eucalyptus from the subgenus Symphyomyrtus were
sampled for the transferability analyses. These indivi-
duals came from three sections: E. grandis, E. saligna
(section Latoangulatae); E. dunnii, E. viminalis (sec-
tion Maidenaria); and E. camaldulensis, E. tereticornis
(section Exsertaria)

Total DNA was extracted from young leaves using
the CTAB method with modifications as described in
Marcucci Poltri et al. (2003).

Microsatellite selection and PCR
amplification

Microsatellites within CGs were selected from
previous studies (Acuña et al., 2012a,b).

For validation and transferability studies, 21 SSR
were identif ied in 19 CGs for wood quality (Acuña
et al. 2012a, Online resource 1). The selection was

made from the function assignment (BLASTX). To
assess the putative localization of these loci, we per-
formed a sequence BLASTN search (E-value ≤ 1e – 3)
against the Eucalyptus grandis genome database
(version 1.1 available in Phytozome 9.1, http://www.phy-
tozome.net/eucalyptus.php).

In addition, 8 polymorphic SSR in 7 CGs were incor-
porated in the transferability study (Acuña et al., 2012b).

Primers were designed to amplify these 21 regions.
PCR conditions were carried out in a final volume of
12 µl with 20 ng of genomic DNA, 0.25 µM of each
primer (Alpha DNA, Canada), 2mM MgCl2, 0.2 mM
of each dNTP, 1X reaction buffer and 1U Platinum Taq
polymerase (Invitrogen). A f inal concentration of
3 mM MgCl2 was used for the transferability analyses.

Amplifications were performed following a denatu-
ration step of 5 min at 94°C, 35 cycles of 1 min at 94°C,
1 min. at annealing temperature and 1 min at 72°C. The
final extension step was of 10 min at 72°C. Details of
primers sequences, SSR location, amplif ication
conditions, and product sizes are described in Table 1.
Fluorescent dye-labeled forward primers (Alpha DNA,
Canada) were used and fragments were separated on an
ABI3100 Genetic Analyzer (Applied Biosystems, USA).
Allele assignments were made by size comparison with
the standard allelic ladders, using the GenMapper ID
software provided by Applied Biosystems (USA).

Genetic Analyses

The number and frequency of alleles, as well as the
observed heterozygosity (Ho), were determined using
the GenAlEx 6.4 program (Peakall & Smouse, 2006).

The polymorphism information content (PIC) of each
marker was calculated according to Botstein et al. (1980).

Shared Allele Distance (DAS), defined as one minus
half the average number of shared alleles per locus,
was implemented between individuals using the soft-
ware POPULATIONS 1.2.28 (Langella, 2002).

Cluster analysis was implemented based on distance
matrices using the unweighted pair group method
arithmetic average (UPGMA), and the corresponding
phenogram was constructed.

Results and discussion

From the 21 SSR-CGs involved in phenylpropanoid
biosynthesis, cellulose biosynthetic process and me-
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thionine metabolism that has not been previously
validated, nine markers (43%) generated reproducible
and reliable amplicon patterns in the E. globulus
sample tested. From these nine markers, five markers
were monomorphic and four polymorphic in this small
sample. Furthermore, these loci were physically aligned
to a unique position on the chromosome scaffolds 3,
7, 8 and 11 (Table 1). The polymorphism rate was
similar to those described by Torales et al. (2012), in
Nothofagus (19%) but lower than those described by
Faria et al. (2011), (39%) and Acuña et al. (2012a),
(46%) in Eucalyptus.

In this work, we also assessed the cross trans-
ferability of 12 SSR-CG by using new and previously
validated primers: four polymorphic primers validated
here and other eight primers previously validated in

Acuña et al., (2012b). A high cross transferability
(92% to 100%) was found in E. grandis, E. saligna, E.
dunnii, E. viminalis, E. tereticornis and E. camal-
dulensis. As the primers were designed from genic
regions, it is reasonable that they have a high potential
for cross-transferability in related species. In fact, in
a recent study, similar cross-species transferability of
SSR markers was already reported for species of the
subgenus Symphyomyrtus (Zhou et al., 2013).

Nine out of 12 loci showed polymorphic patterns
within all species analyzed, while XTH2, HMTe and
HMTi loci were monomorphic in some species (Ta-
ble 2). However, their classification as monomorphic
loci is still preliminary because of the relatively limited
number of species and trees that were tested per spe-
cies. Furthermore, average values of number of alleles
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Table 1. Description of validated SSR-CG for wood quality in E. globulus. Table includes primer names, putative homology
BLASTX, sequence name, Eucalyptus grandis chromosome scaffold and position (bp), motif and number of repeat within
the sequence, SSR location forward (F) and reverse (R), primers annealing temperature (AT), observed product size (bp)
and polymorphism

Primer Sequence Sequence 
Scaffold Motif

Primers F and 
AT

Amplicon
Polymorphism

name description name R (5´-3´) size

Cellulose biosynthesis process

CesA5 cellulose synthase 5 ES593659
Scaffold 3

(tat)4
F:TTCACAGTTGGCTCCTGTTG

60-50 292 monomorphic
53,198,448- 53,198,558 R:ACTGTTAAATGCCGGACTCG

PME pectin methylesterase ES594767
Scaffold 8

(cct)6
F:GCTCAAACCAGAAAACCGAG

60-50 159 monomorphic
13,309,313- 13,308,591 R:GAGTGCCTTGGCAGGTAGAG

Phenylpropanoid biosynthesis

PAL phenylalanine ammonia-lyase ES591880
Scaffold 7

(cgct)3
F:GGGACTTGACAGTTTCGGTC

60-50 147 monomorphic
46,739,431- 46,739,980 R:GCCTGAGAAGAGGAGTCGAA

COMT caffeic acid o-methyltransferase Contig675
Scaffold 11

(gagag)3
F:TCTCGCGGAAGAGAGAGAAG

60-50 184 monomorphic
870,379-870,805 R:GCCATGATCTCGAGGAGGT

PER peroxidase atp19a ES588966
Scaffold 3

(attt)3
F:CGTTTCGTGTGCTGACATCT

60-50 262-270 polymorphic
52,638,684- 52,639,176 R:ATGATACGTGTGGCCAATCA

Methionine metabolism

HMTe homocysteine S-methyltransferase ES588789
Scaffold 8

(ctc)5
F:TTCTTCCGCGTACAAAATCC

60-50 229 polymorphic
50,171,470- 50,171,798 R:GGGTGAAGTGATGAGGCACT

Pentose phosphate pathway

SMT 24-sterol c-methyltransferase (SMT1) Contig334
Scaffold 7

(ct)7
F:GATTCCCGGGATCTTTGACT

60-50 172 monomorphic
51,714,466- 51,714,397 R:ACGTCGCTCTTGTCCATCTT

Plant development and stress responses

GAD_a glutamate decarboxylase Contig557
Scaffold 8

(caag)3
F:TAAAGCGAAAGCAAAACCGT

60-50 248-257 polymorphic
8,127,112- 8,126,841 R:AATTGCGGACGTATCTGGAG

GAD_b glutamate decarboxylase Contig557
Scaffold 8

(aaga)3
F:AAAGCCAACTTCCCCTGTCT

60-50 175-189 polymorphic
8,127,112- 8,126,841 R:AGAATTGCGGACGTATCTGG



(Na), Heterozygosity (Ho) and PIC were found across
the seven species. The 12 microsatellite loci revealed
202 alleles and the averages of Na, Ho and PICs for each
combination specie/SSR were 5.5, 0.58 and 0.64,

respectively (Table 2). These values are similar to the
polymorphic patterns described in an study of EST-
SSRs in E. urophylla and E. tereticornis (He et al.,
2012) and other in E. grandis (Zhou et al., 2013).
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Table 2. Descriptive statistics of 12 polymorphic SSR-CGs markers. Estimates are reported for each Eucalyptus species
separately including: tree sample sizes (N); number of alleles (Na); allele size range in base pairs; Observed Heterozygosity
(Ho) and Polymorphism Information Content (PIC); Averages are presented for each marker across the seven species and for
each species averaging for all markers. (*) published in Acuña et al. 2012b. M, NA and NC stand for Monomorphic, No
Amplification and Not Calculated respectively

pCCR* CesA3_A* CesA3_B* LIM* HMTi* HMTe SK* XTH2* GST* GAD_A GAD_B PER
Species 

averages

SSR
promoter promoter promoter promoter intron exon exon exon exon exon exon exon

position

E. camaldulensis N 7,000 7,000 7,000 7,000 6,000 7,000 NA 7,000 7,000 7,000 7,000 7,000 6.90
Na 7,000 8,000 8,000 8,000 9,000 M NA 2,000 7,000 4,000 4,000 5,000 6.20

size 170-231 282-312 334-352 157-196 411-457 221 NA 129-130 86-137 248-255 185-191 259-267
Ho 0.860 0.570 1,000 0.710 0.670 NC NA 0.140 0.290 0.570 0.710 0.570 0.61

PIC 0.770 0.790 0.820 0.820 0.850 NC NA 0.120 0.730 0.550 0.550 0.590 0.66

E. dunnii N 6,000 5,000 5,000 5,000 5,000 6,000 7,000 7,000 7,000 6,000 6,000 5,000 5.80
Na 4,000 5,000 6,000 5,000 4,000 3,000 7,000 3,000 6,000 5,000 3,000 3,000 4.50

size 169-200 290-300 346-371 159-179 431-437 221-224 333-380 129-139 90-116 249-264 186-190 264-270
Ho 0.500 0.800 1,000 0.200 0.600 0.670 0.710 0.290 0.290 1,000 0.500 0.800 0.61

PIC 0.650 0.79 0.770 0.700 0.680 0.540 0.820 0.240 0.720 0.740 0.360 0.590 0.63

E. grandis N 7,000 7,000 7,000 8,000 8,000 6,000 7,000 8,000 8,000 8,000 8,000 8,000 7.50
Na 6,000 2,000 6,000 5,000 M 2,000 5,000 M 7,000 4,000 3,000 3,000 4.30

size 169-231 289-290 339-356 161-174 411 221-222 341-369 129 90-124 245-258 186-188 263-265
Ho 0.860 0.140 0.710 0.620 NC 0.170 0.570 NC 0.500 0.750 0.630 0.370 0.53

PIC 0.710 0.350 0.700 0.720 NC 0.140 0.620 NC 0.760 0.580 0.460 0.370 0.54

E. saligna N 6,000 6,000 6,000 6,000 4,000 2,000 5,000 6,000 6,000 6,000 6,000 6,000 5.40
Na 6,000 3,000 9,000 8,000 4,000 M 2,000 M 5,000 6,000 5,000 4,000 5.20

size 168-231 289-293 336-373 161-180 411-448 221 353-367 129 92-113 248-260 185-189 263-266
Ho 0.330 0.830 1,000 1,000 0,000 NC 0,000 NC 0.170 0.670 0.830 0.330 0.52

PIC 0.746 0.535 0.862 0.830 0.703 NC 0.269 NC 0.643 0.763 0.726 0.639 0.67

E. tereticornis N 7,000 8,000 8,000 8,000 6,000 8,000 3,000 8,000 8,000 7,000 8,000 8,000 7.30
Na 7,000 7,000 10,000 9,000 8,000 3,000 4,000 M 9,000 6,000 6,000 7,000 6.90

size 168-231 289-305 336-363 153-205 413-445 208-222 325-371 129 75-140 248-260 185-191 259-267
Ho 0.570 0.370 1,000 0.880 0.500 0.250 0.330 NC 0.620 0.710 0.750 0.880 0.62

PIC 0.730 0.810 0.840 0.820 0.850 0.370 0.670 NC 0.830 0.660 0.760 0.770 0.74

E. viminalis N 8,000 7,000 8,000 8,000 7,000 8,000 8,000 7,000 8,000 7,000 8,000 6,000 7.50
Na 11,000 11,000 8,000 8,000 10,000 3,000 6,000 M 8,000 2,000 4,000 3,000 6.70

size 167-214 274-314 343-363 155-194 398-454 208-224 340-364 129 99-128 252-257 185-190 263-265
Ho 1,000 0.710 0.870 0.750 0.860 0.250 0.880 NC 0.620 0.290 0.500 0.830 0.69

PIC 0.880 0.860 0.830 0.820 0.880 0.220 0.730 NC 0.800 0.210 0.390 0.580 0.65

E. globulus N 7,000 7,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 8,000 7.80
Na 5,000 5,000 6,000 5,000 7,000 2,000 7,000 3,000 6,000 2,000 2,000 6,000 4.70

size 182-216 288-306 346-365 159-177 417-439 221-224 331-359 122-134 83-116 248-256 185-189 264-269
Ho 0.290 0.570 0.870 0.750 0.870 0.120 0.620 0.500 0.620 0.120 0.250 0.500 0.51

PIC 0.450 0.660 0.760 0.670 0.840 0.110 0.770 0.350 0.730 0.340 0.300 0.750 0.56

Microsatellite average Na 6.600 5.900 7.600 6.900 7.000 2.600 5.20 2.700 6.900 4.100 3.900 4.400 5.50
Ho 0.630 0.570 0.920 0.700 0.580 0.290 0.520 0.310 0.440 0.590 0.600 0.610 0.58

PIC 0.710 0.690 0.800 0.770 0.800 0.280 0.650 0.240 0.740 0.550 0.510 0.610 0.64



However, the values found in the present study are
lower than those described by Faria et al., (2010), also
in E. grandis. These lower results could be explained
because of the difference in selection criteria. While
Farias et al., (2010) based their selection on poly-
morphism level, we selected the loci according to their
putative function in wood quality development.

In general, in the current study the average number
of alleles (Na) as well as the average observed hetero-
zygosities (Ho) and PICs were higher in SSRs located
within predicted promoter or intron regions (6.8, 0.68
and 0.75, respectively) than in exons (4.3, 0.48 and
0.51, respectively). Analyzing across species, we found
the largest number of alleles for E. tereticornis, E.
viminalis and E. camaldulensis. The SSRs charac-

terized in the current study may be useful for popula-
tion genetic studies in these species. This is particularly
useful, since a few SSR markers have been reported
until now for these species (Yasodha et al., 2008; Acu-
ña et al., 2012a).

The 12 SSR-CG markers distinctively fingerprinted
the 52 genotypes analyzed, allowing the construction
of individual molecular identification patterns. This
was corroborated with a genetic distance analysis bet-
ween all 52 individuals that showed a mean of 0.78 and
only 4 pairs of trees with distances lower than 0.25.
These results reflect the high resolution capacity of
microsatellites.

Estimates of average shared allele distance (DAS)
among individuals within species ranged from 0.48 to
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Figure 1. Cluster analysis. Phenogram of Eucalyptus spp. sample obtained by UPGMA cluster analyses based on shared allele
distance (DAS) calculated with the 12 SSR-CG. E.g.: E. grandis, Es: E. saligna, Ed: E. dunnii, Ev: E. viminalis, Ec: E. camaldulensis,
Et: E. tereticornis, Egl: E. globulus.



0.71 (E. camaldulensis (0.62), E. dunnii (0.67), E.
grandis (0.48), E. saligna (0.68), E. tereticornis (0.71),
E. viminalis (0.62) and E. globulus (0.59)), similar to
those found in Faria et al. (2011). As expected, these
values increased when considering DAS between
individuals of different species (82% of pairwise data
were higher than 0.7).

Finally, the cluster analysis showed that this set of
markers allowed a clear-cut discrimination among all
individuals, reflecting a high resolution capacity of
microsatellites (Fig. 1). For E. globulus, E. viminalis
and E. grandis, the individuals of the same species
grouped together. Other clusters observed were con-
gruent with taxonomic relationships described by
Steane et al. (2011): individuals of E. tereticornis and
E. camaldulensis (section Exsertaria) grouped together
with E. saligna and E. grandis (section Latoangulatae).

Conclusion

High cross species transferability (92% to 100%) of
this polymorphic SSR-CGs was demonstrated. Poten-
tially, these markers may contribute to the verification
of synteny and collinearity between different Euca-
lyptus maps. Furthermore, they would also allow the
validation of gene and QTL positions in multiple
pedigrees in the botanical sections to which most of
the commercially planted eucalypt species belong:
Maidenaria, Exsertaria, and Latoangulatae.
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