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Abstract

Integration of fluorescent-dUTP in polymerase chain
reaction (PCR) appears to be a sound method for fluores-
cence labelling of amplicons in genotyping with simple
sequence repeats (SSRs) using an automated sequence

analyser. However, the method has not been explored in
terms of performance optimisation and cost control. In
this paper, we optimised the protocol for fluorescent-
dUTP based SSR genotyping in a case study with Euca-
lyptus. A combination of low dNTP concentration (25 μM
each) in PCR reaction and a touchdown PCR pro-
gramme contributed to increase dramatically the fluo-
rescent intensity of SSR amplicons, thereby facilitating
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accurate and multiplexed scoring of SSR alleles. The
usefulness of the optimised protocol was demonstrated
in its application to genetic mapping of SSR loci onto 
E. urophylla and E. tereticornis linkage maps construct-
ed previously. The protocol optimised here would pro-
vide a reliable and economical assay for sequencer-based
SSR genotyping in a wide range of biological applica-
tions. 

Key words: Simple sequence repeats (SSRs), genotyping, fluo-
rescent-dUTP, Eucalyptus, genetic mapping.

Introduction

Simple sequence repeats (SSRs), or microsatellites,
are among the most important categories of molecular
markers owing to their co-dominant, reproducible and
highly polymorphic nature (TAUZ, 1989; POWELL et al.,
1996; SCHLÖTTERER, 2004). They comprise the core
marker system of the polymerase chain reaction (PCR)
based molecular markers and have become the marker
of choice for a wide range of biological applications
(NGUYEN and WU, 2005; PASHLEY et al., 2006). However,
detection of SSR alleles in an accurate, economical and
high-throughput way appears to remain an important
challenge. 

As accuracy and throughput are concerned, detection
of SSRs has been preferentially directed towards a fluo-
rescent dye based high-throughput system using an
automated sequence analyser (NGUYEN and WU, 2005).
In this context, a number of methods have emerged for
fluorescence labelling of SSR amplicons, including fluo-
rophore modification of a PCR ingredient, e.g. primer,
universal M13 primer or dNTP (dATP, dTTP, dCTP or
dGTP), and post-PCR labelling (SCHUELKE, 2000;
NGUYEN and WU, 2005). However, these methods are
cost expensive (e.g. primer labelling), imprecise in esti-
mating amplicon size (e.g. dNTP labelling due to vari-
ability in the number of incorporated fluorescent
nucleotides) or inconvenient to implement (e.g. post-
PCR labelling). In contrast, integration of fluorescent-
dUTP (F-dUTP) in PCR reaction appears to be a sound
choice for fluorescence labelling of amplicons in SSR
genotyping (MAGNUSSON et al., 1996), and has been effec-
tively applied in several reports (KLEVYTSKA et al., 2001;
NAGARAJU et al., 2002; GILMORE and PEAKALL, 2003;
WILLIAMS and DEWOODY, 2003; MACAVOY et al., 2007;
WOOLBRIGHT et al., 2008; BUSCH et al., 2009). However,
the majority of previous reports adopted the routine
reaction composition and/or normal PCR programme,
and the possibility of multiplexed detection on a
sequencer has not been explored thoroughly. Thus, the
method needs to be optimised in terms of performance
optimisation and cost control.

The genus Eucalyptus constitutes the most widely
planted hardwoods in the world, with a global total of
plantations more than 17.8 million ha (FAO, 2000). Its
importance has evoked many efforts in genetic and
genomic studies. To date, a large number of SSRs have
been developed and widely used in studies with Euca-
lyptus species (GRATTAPAGLIA and KIRST, 2008; YASODHA

et al., 2008). Although several approaches have been
successfully used for eucalypt SSR genotyping, includ-
ing Metaphor agarose gel electrophoresis (MAGE; BRON-

DANI et al., 1998; AGRAMA et al., 2002), polyacrylamide
gel electrophoresis (PAGE; BRONDANI et al., 1998;
THAMARUS et al., 2002), fluorescent primer assay (JONES

et al., 2002; THAMARUS et al., 2002; OTTEWELL et al.,
2005) and universal fluorescent M13 primer assay
(OTTEWELL et al., 2005), they are still limited in through-
put (e.g. MAGE and PAGE) as well as other aspects as
stated above.

In this study, we optimised a protocol for F-dUTP
based SSR genotyping with an objective to establish a
reliable procedure for economical, accurate and fast
detection of SSR alleles using an automated sequence
analyser. The usefulness of the protocol was demon-
strated in efficient application to genetic mapping of
SSRs in Eucalyptus.

Materials and Methods

Plant material and DNA extraction

A mapping population of E. urophylla (P1, UX-30) x
E. tereticornis (P2, T4305) reported previously (GAN et
al., 2003) was employed in this study. The maternal par-
ent (P1) was used for PCR optimisation in F-dUTP based
SSR detection. The mapping population was used for
genetic mapping of SSR loci, and its size decreased from
82 to 54 sibs due to lethal damages by diseases, pests
and other reasons during field conservation. Genomic
DNA was extracted using a CTAB procedure (DOYLE and
DOYLE, 1990) modified by adding 5% polyvinylpyrroli-
done (PVP) and 2% �-mercaptoethanol to the extraction
buffer (GAN et al., 2003), and DNA concentration was
determined by electrophoresis on 1.0% agarose gel
stained with 1:20 GoldView (a substitute of ethidium
bromide; SBS Genetech Co., Beijing, China) with com-
parisons made to GeneRulerTM 100 bp DNA Ladder
(Fermentas International Inc., Burlington, Canada).

SSR markers and PCR optimisation

A total of 12 SSR markers that could generate appar-
ently single fragment against P1 in PCR under a routine
reaction composition and a normal programme were
used in this study (Table 1). The repeat motif, primer
sequences and GenBank accession number of each SSR
were as described in BRONDANI et al. (2006). Primers
were synthesized by Invitrogen Co. (Shanghai, China).
The routine reaction of 10 µL was composed of 1x buffer
(100 mM Tris-HCl pH9.0, 80 mM (NH4)2SO4, 100 mM
KCl and 0.5% NP-40), 2.0 mM MgCl2, 200 µM each
dNTP, 0.5 µM forward primer, 0.5 µM reverse primer,
1 U Taq DNA polymerase (Biocolors Technology Co.,
Shanghai, China) and about 5 ng DNA template of P1.
Amplification was performed on a DNA Engine thermal
cycler (Bio-Rad, Hercules, CA, USA) following the nor-
mal programme of 94° for 4 min; 35 cycles of 94° for
30 s, 56° or 60° for 30 s and 72° for 1 min; and a final
extension at 72° for 10 min. The PCR products were
checked through electrophoresis on 1.5% agarose gels
containing 1:20 GoldView (SBS Genetech Co.) and pho-
tographed with Photoprint 215SD (Vilber Lourmat Co.,
Marne la Vallée, France).

Optimisation of PCR procedure for F-dUTP based SSR
genotyping was conducted for two factors, dNTP concen-
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tration and PCR programme. Four dNTP concentrations
200, 100, 50 and 25 µM were tested for the above reac-
tion modified by additional integration of 10 pmol  F-
dUTP (Fermentas International Inc.), and a touchdown
PCR programme was compared with the above normal
one. The touchdown programme consisted of 94° for 4
min; 20 cycles of 94° for 30 s, 70–60° or 66–56° for 30 s
with a decrease of 0.5° per cycle and 72° for 1 min; 26
cycles of 94° for 30 s, 60° or 56° for 30 s and 72° for
1 min; and a final extension at 72° for 10 min. The PCR
products (5 µL) were initially checked through agarose
gel electrophoresis as mentioned above.

Detection of each SSR was then performed on an ABI
3130xl genetic analyser (Applied Biosystems, Foster
City, CA, USA). The PCR products (1 µL) were diluted
1:10.5 with loading buffer [9.34 µL deionized formamide
and 0.16 µL internal standard GeneScan 500LIZ (ABI)]
and then denatured at 95° for 5 min followed by rapid
cooling on ice. The detection procedure was followed the
standard module using software GeneMapper 4.0 (ABI),
and each allele and its fluorescence intensity (units)
were verified by visual inspection.

Six SSRs were chosen for subsequent multiplexed
detection of PCR products on the basis that their alleles
were unlikely to overlap in size with each other. PCR
products of two to six SSRs were mixed with certain vol-
umes depending on amplicon concentration and then
diluted to 10.5 µL with loading buffer [V µL PCR prod-
uct mixture, 10.25–V µL deionized formamide and
0.25 µL GeneScan 500LIZ (ABI)]. SSR genotyping was
conducted as described above.

SSR genotyping over the mapping population

The SSR markers that could be genotyped successfully
in above experiments were initially screened against
two parents and six sibs of the mapping population, and
those resulting in one to four segregating alleles among
the sibs were then used for genotyping over the whole

population. PCR and post-PCR detection were carried
out as optimised above.

Data analysis

The PCR optimisation experiment was treated as a
randomised complete block design, with dNTP concen-
tration, PCR programme and SSR marker as treatments
and each allele per marker as replicate. Statistical
analyses were conducted using the software SAS/STAT®

version 6.0 (SAS Institute Inc., Cary, NC, USA). Proc
Univariate was employed to test normality of the allele
fluorescence intensity values detected. Proc GLM proce-
dure (method SS1) was performed following the below
mixed linear model to estimate the significance of effects
of different factors (treatments) and their interactions:

Yijkl = µ + Di + Pj + Sk + DPik + PSjk + DPSijk + Al + Eijkl

where Yijkl is the fluorescence intensity of the kth SSR
marker at the lth allele (replicate) under the ith dNTP
concentration and the jth PCR programme; µ is an over-
all mean; Di is the effect of the ith dNTP concentration;
Pj is the effect of the jth PCR programme; Sk is the effect
of the kth SSR marker; DPij is the interaction effect
between the ith dNTP concentration and the jth PCR
programme; DSik is the interaction between the ith
dNTP concentration and the kth SSR marker; PSjk is the
interaction between the jth PCR programme and the kth
SSR marker; DPSijk is the interaction among the ith
dNTP concentration, the jth PCR programme and the
kth SSR marker; Al is the fixed effect of the lth allele
(replicate) and Eijkl is the residual error. In addition,
CORR procedure was used to calculate the correlations
between dNTP concentration and allele fluorescent
intensity as well as, in post-PCR multiplexed detection,
between the uni-plex fluorescence intensity and the
mean over a specific multiplexing level. 

The segregating SSR markers were tested for
Mendelian inheritance using good-of-fit �2 test (P < 0.05)

Table 1. – SSR markers and their segregations among the mapping population of E. urophylla
(P1) × E. tereticornis (P2). P-values indicate the significance of the segregation deviation of a
SSR marker from the expected Mendelian inheritance. The repeat motif, primer sequences and
GenBank accession number of each SSR could be found in BRONDANI et al. (2006). No allele flu-
orescent signal was detected in Embra177, and only a monomorphic allele was shown in
Embra333 over the mapping population.
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and then integrated in linkage analysis with random
amplified polymorphic DNA markers (RAPDs) mapped
previously (GAN et al., 2003). Significant linkages were
determined at a minimal LOD of 3.0 and a maximal
recombination fraction (�) of 0.35 under the backcross
model using the software Mapmaker (LINCOLN et al.,
1992). When necessary, the order of RAPD loci was
forced to conform to previously published linkage maps
of E. urophylla and E. tereticornis (GAN et al., 2003).

Results and Discussion

PCR optimisation

Of the 12 SSR markers selected, 11 could be geno-
typed successfully by F-dUTP labelling method, with the
exceptional case in Embra177 that did not show any flu-
orescent signal under all conditions. The reason for the
failure in F-dUTP labelling with Embra177 was
unknown and needed to be explored further. Probably,
higher F-dUTP dosage will increase its competitive
incorporation into PCR products and thus lead to
improved fluorescent signal.

PCR programme, dNTP concentration and SSR mark-
er did have significant effects on allele fluorescence
intensity (P < 0.001), while their interactions were not
significant (P > 0.05; Table 2). The touchdown PCR pro-

gramme resulted always in stronger fluorescent signals
than the normal one, and dNTP concentration was nega-
tively significantly correlated with fluorescence intensi-
ty (r = –0.37, P < 0.001). The touchdown PCR pro-
gramme and low dNTP concentration may help to accel-
erate the competitive integration of F-dUTP over dTTP
into DNA molecules in amplification and thereby
improve the fluorescence intensity of amplicons. Thus,
the optimal condition for F-dUTP based SSR genotyping
could be a combination of 25 µM dNTP in PCR reaction
and a touchdown amplification programme. Compared
with previous reports (Table 3; MAGNUSSON et al., 1996;
KLEVYTSKA et al., 2001; NAGARAJU et al., 2002; GILMORE

and PEAKALL, 2003; WILLIAMS and DEWOODY, 2003;
MACAVOY et al., 2007; WOOLBRIGHT et al., 2008; BUSCH et
al., 2009), our protocol can improve significantly the sig-
nal intensity and should thus be valuable for effective
detection of SSR alleles that may be otherwise biased or
missed due to weak or nil fluorescence. Figure 1 shows
the comparison between PCR programmes and among
dNTP concentrations in allele fluorescence intensity for
marker Embra189. 

In addition, we tested F-dUTP from Roche Diagnostics
GmbH (Mannheim, Germany) under the optimal condi-
tion illustrated above, and found that the signal intensi-
ty is nearly equivalent to that of Fermentas (data not

Table 2. – Variance analysis of the effects of PCR programme, dNTP concentration, SSR mark-
er and their interactions on allele fluorescence intensity in F-dUTP incorporated PCR optimi-
sation. Asterisks indicate significance at 0.001 level. NS, non-significance at 0.05 level.

Table 3. – Comparison of the protocols used for F-dUTP based SSR genotyping. The normal and touchdown PCR programmes cited
may differ from those of this paper in number of cycles as well as temperature and time designated for each step. The maximal
multiplex of 2 by GILMORE and PEAKALL (2003) is based on 2 types of F-dUTP, each labelled with a specific fluorescent dye. PE,
Perkin-Elmer (Foster City, USA). ABI, Applied Biosystems. NS, not specified. 
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shown) though the latter was much cheaper, that is,
about US$ 120 and 350 per 25 nmol of Fermentas and
Roche, respectively.

The major advantage of F-dUTP method over primer
labelling in automated SSR genotyping is to forego the
considerable expense on fluorescent primers for markers
that are not yet known to be polymorphic (WILLIAMS and
DEWOODY, 2003), and the method is therefore extremely
attractive in screening polymorphic SSRs (KLEVYTSKA et
al., 2001; GILMORE and PEAKALL, 2003; BUSCH et al.,
2009). Also, in case that the sample size is not very
large, such an advantage holds true even compared with
the universal M13 primer labelling, an economical
method recognized widely. Taking Fermentas F-dUTP
for example, for a given SSR marker, the cost for 100
samples (10 pmol per sample) is only US $4.8, which is
still slightly less than that of M13 primer method in
which the dosage of fluorescent primer (US $100–130
per 50 nmol) costs at least US $2.0 and the fusion of
M13 primer sequence with one of the original SSR
primers does about US $3.0. 

However, the above advantage will diminish with the
increase of sample size, especially when an expensive
source of F-dUTP is included, such as ABI (around US
$400 per 25 nmol). Further, the F-dUTP method is dis-
advantageous in that the usually used dye appears blue
and loci are indistinguishable on the basis of fluores-
cence colour when visualized on an automated
sequencer (WILLIAMS and DEWOODY, 2003). This would
be unfavourable for post-PCR multiplexed detection,
especially when the fluorescent signal is relatively weak
following the routine PCR protocols, and thereby com-
promise its economic strength stated above. These are
probably the reasons that some authors used fluorescent
primers to investigate a larger size of samples though F-
dUTP (ABI) was employed in screening marker poly-
morphisms (KLEVYTSKA et al., 2001; GILMORE and
PEAKALL, 2003; BUSCH et al., 2009). Nevertheless, as
demonstrated by NAGARAJU et al. (2002) and in this
study (see below), the method can be improved for mul-
tiplexing if various SSR markers be size-fractionated
sufficiently and fluorescence intensity of the alleles be

Figure 1. – Effects of dNTP concentration and PCR programme on allele fluorescent intensity of
SSR marker Embra189 amplified with P1. The two alleles were 110 bp and 118 bp in size. 
A−D, normal PCR programme; E−H, touchdown PCR programme; A and E, 200 μM dNTP in
PCR reaction; B and F, 100 μM dNTP; C and G, 50 μM dNTP; D and H, 25 μM dNTP. IS: inter-
nal standard.
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strong enough. In addition, utilization of two or more F-
dUTP types, each labelled with a specific fluorescent
colour (maybe more expensive than the blue dye), would
do help in this respect (NAGARAJU et al., 2002; BUSCH et
al., 2009). 

Post-PCR multiplexed detection

Despite that the volume of PCR products applied to
multiplexed detection was half (0.5 µL; Embra227 and
Embra147), equivalent (1.0 µL; Embra116 and
Embra189) or double (2.0 µL; Embra203 and Embra29)
of that of the uni-plex set, all the alleles decreased dra-
matically in fluorescence intensity with increased multi-
plexing level (Table 4), though there were some fluctua-
tions with marker combination. Moreover, the mean
allele fluorescent intensity over a multiplexing level was
significantly correlated with the uni-plex performance,
with r = 0.71–0.98 (P < 0.02) except for 4-plexed case
with r = 0.64 (P = 0.08). 

As signals with less than 100 fluorescence units were
usually ambiguous in sequencer-based SSR scoring, a
multiplexing level could be acceptable only if all of the
alleles involved, besides sufficient fractioning of their
size, would retain the minimal fluorescence intensity as
required. Based upon the multiplexing results (Table 4),
the uni-plex fluorescence, especially that of the weaker
allele of a marker when applicable, should be a critical
factor allowing the maximal multiplexing level, and a
principle guideline would be of hexa- (or higher), penta-,
tetra-, tri-, di- and uni-plexing for markers with > 2000,
1500–2000, 1000–1500, 500–1000, 200–500 and < 200
fluorescence units, respectively. Therefore, it was recom-
mended for the 11 SSR markers detectable in this study
to be uni- or multi-plexed into five panels, including
Panel I (uni-plexed) for Embra173, Panel II (uni-plexed)
for Embra203, Panel III (di-plexed) for Embra29 and
Embra139, Panel IV (tri-plexed) for Embra147,
Embra116 and Embra333 and Panel V (hexa-plexed) for
Embra186, Embra189, Embra219 and Embra227. Nev-
ertheless, Embra189 and Embra147 could be tetra-
plexed if appropriate markers were adequately included.

The maximal multiplexing level reported here is high-
er than those described previously for F-dUTP based
SSR genotyping (Table 3; MAGNUSSON et al., 1996;

KLEVYTSKA et al., 2001; NAGARAJU et al., 2002; GILMORE

and PEAKALL, 2003; WILLIAMS and DEWOODY, 2003;
MACAVOY et al., 2007; WOOLBRIGHT et al., 2008; BUSCH et
al., 2009). This would thus contribute greatly to increase
the throughput of genotyping and decrease the expense
on sequencer-related reagents and consumables, includ-
ing internal standard, gel and capillary array. For
instance, a mean of tri-plex will save up to US $0.67 per
reaction (one sample x one marker) as compared with
the commonly used uni-plex detection (about US $1.0)
on 3130xl (ABI).

The multiplexing level is also comparable to the fluo-
rescent primer based assay, e.g. hexa-plexing in a bac-
terium Yersinia pestis (KLEVYTSKA et al., 2001) as well as
tri- to tetra-plexing in pinyon jay (Gymnorhinus
cyanocephalus; BUSCH et al., 2009), and post-PCR multi-
plexed detection is thereafter not a disadvantage even
with a single type of F-dUTP. In other words, the eco-
nomic advantage of the F-dUTP method mentioned ear-
lier could be guaranteed, especially for a cheaper source
of F-dUTP and not very large sample size. For instance,
the cost of Fermentas F-dUTP for 2000 samples for a
certain marker (10 pmol per sample or reaction) would
be US $96, which is still less than that of labelling a flu-
orescent primer, albeit in rare cases do samples reach so
large a number of 2000.

Genetic mapping

Of the 11 SSR markers genotyped, nine and one pre-
sented allelic segregation for both parents and for only
the paternal E. tereticornis parent, respectively, while
one (Embra333) showed a monomorphic allele over the
mapping population (Table 1). The �2 test indicated that
three SSRs distorted significantly from expected
Mendelian segregation ratios (P < 0.05; Table 1), includ-
ing Embra139 that was also observed to segregate aber-
rantly in a mapping population of E. urophylla x

E. grandis (BRONDANI et al., 2006).

Totally six markers were mapped to four linkage
groups (Figure 2). Three markers Embra189, Embra173
and Embra186 were assigned to separate linkage groups
for both parental species while three other SSRs (Embra
116, Embra203 and Embra139) were mapped onto a sin-
gle linkage group (Et-LG12) of paternal E. tereticornis.

Table 4. – Mean allele fluorescence intensity (units) in post-PCR multiplexed detection of two
to six SSR markers. NA, not available due to absence at a specific multiplexed level.
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The four linkage groups corresponded to separate coun-
terparts of BRONDANI et al. (2006), indicating the poten-
tial of such consensus SSRs for comparative mapping
and comprehensive map construction in the genus Euca-
lyptus. However, the order of and the distances between
the three SSRs mapped to Et_LG12 were different from
the linkage group 8 of BRONDANI et al. (2006). Such a dif-
ference could be due to either sex or species effect or
sampling error (GION et al., 2000).

Conclusions

The protocol optimised here has the advantages in sig-
nificantly increased fluorescence intensity and relatively
low F-dUTP cost for sequencer-based SSR genotyping. It
is compatible with established systems for automated
high-throughput DNA fragment analysis, and has been
applied effectively to genetic mapping of SSR loci in
Eucalyptus. The increase in allele fluorescence intensity
will improve the reliability in scoring markers and allow
a higher level of multiplexing in post-PCR detection.
The protocol provides an economical and reliable high-
throughput alternative for SSR genotyping and will
have broad applications as the number of available SSR
markers is increasing and their utility continues to
expand for multiple species.
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Abstract

Spatial environmental heterogeneity are well known
characteristics of field forest genetic trials, even in small
experiments (<1ha) established under seemingly uni-
form conditions and intensive site management. In such
trials, it is commonly assumed that any simple type of
experimental field design based on randomization theo-
ry, as a completely randomized design (CRD), should
account for any of the minor site variability. However,
most published results indicate that in these types of
trials harbor a large component of the spatial variation
which commonly resides in the error term. Here we
applied a two-dimensional smoothed surface in an indi-
vidual-tree mixed model, using tensor product of linear,
quadratic and cubic B-spline bases with different and
equal number of knots for rows and columns, to account

Two-dimensional penalized splines via Gibbs sampling 
to account for spatial variability in forest genetic trials 

with small amount of information available
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