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Abstract The development and application of genomic
tools to loblolly pine (Pinus taeda L.) offer promising
insights into the organization and structure of conifer
genomes. The application of a high-throughput genotyping
assay across diverse forest tree species, however, is
currently limited taxonomically. This is despite the ongoing
development of genome-scale projects aiming at the
construction of expressed sequence tag (EST) libraries and

the resequencing of EST-derived unigenes for a diverse
array of forest tree species. In this paper, we report on the
application of Illumina’s high-throughput GoldenGate™
SNP genotyping assay to a loblolly pine mapping popula-
tion. Single nucleotide polymorphisms (SNPs) were iden-
tified through resequencing of previously identified wood
quality, drought tolerance, and disease resistance candidate
genes prior to genotyping. From that effort, a 384 multi-
plexed SNP assay was developed for high-throughput
genotyping. Approximately 67% of the 384 SNPs queried
converted into high-quality genotypes for the 48 progeny
samples. Of those 257 successfully genotyped SNPs, 70 were
segregating within the mapping population. A total of 27
candidate genes were subsequently mapped onto the existing
loblolly pine consensus map, which consists of 12 linkage
groups spanning a total map distance of 1,227.6 cM. The
ability of SNPs to be mapped to the same position as
fragment-based markers previously developed within the
same candidate genes, as well as the pivotal role that SNPs
currently play in the dissection of complex phenotypic traits,
illustrate the usefulness of high-throughput SNP genotyping
technologies to the continued development of pine genomics.
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Introduction

Genomic approaches to the understanding of genetic variation
rely on the ability to contextualize the genomic location of a
marker. Most often, that understanding is geared toward the
dissection of complex traits into their genetic components. For
example, the continued development of genetic marker types
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and technologies to rapidly assess those markers has resulted
in the construction of genetic linkage maps for a number of
conifer species. Those maps have played key roles in the
dissection of quantitative traits (Jermstad et al. 2001; Sewell
et al. 2000, 2002) and facilitated the development of
comparative linkage mapping and genomics (Krutovsky et
al. 2004; Pavy et al. 2008). The power of such approaches as
applied to conifers where genome sizes range from approx-
imately 10 to 30 Gb (Murray 1998; Ahuja and Neale 2005)
is highly dependent on the ability to genotype large numbers
of loci. Technological advances in the ability to discover and
genotype single nucleotide polymorphisms (SNPs) for
conifers offer a promising solution to this deficiency.

The centrality of loblolly pine (Pinus taeda L.) to the
development of pine genetics, genomics, and the US forest
products industry positions it as the prime candidate for the
application of high-throughput sequencing and genotyping
technologies. The genetic map for loblolly pine is one of
the most developed for conifers. Linkage maps with
comparable or greater marker densities are available for
only a few additional conifers—Cryptomeria japonica
D. Don (Tani et al. 2003), Picea abies (L.) Karst. (Acheré
et al. 2004), Pinus pinaster Ait. (Ritter et al. 2002), and
Pinus sylvestris L. (Komulainen et al. 2003). Loblolly pine
is a diploid (2n=24), long-lived, and largely outcrossing
member of the genus Pinus with a natural range extending
throughout southeastern North America. It is the foremost
species harvested for timber and paper production in the
United States with a farm gate value second only to maize.
Its central role in the US forest products industry has
motivated the creation of several breeding programs over the
last 50 years, as well as the numerous molecular genetic and
genomic projects currently underway (cf. http://dendrome.
ucdavis.edu). Vital to those efforts, however, is the production
of increasingly detailed genetic maps.

Isozymes were used to produce the first genetic maps for
loblolly pine (Adams and Joly 1980; Conkle 1981).
Linkage groups in those maps were defined using 12 to
20 markers with the first map representing linkage relation-
ships between just three loci all within a single linkage
group (Adams and Joly 1980). Additional isozyme markers
extended the number of detected linkage groups to five
(Conkle 1981). Subsequent developments in DNA-based
marker technologies dramatically increasedmarker availability
with concomitant increases in the ability to detect linkage
groups. For example, the first DNA-based markers, restriction
fragment length polymorphisms (RFLPs), expanded the
loblolly pine linkage map to a density of approximately 70
markers with further increases to 191 using randomly
amplified DNA (RAPDs) markers and to 508 using amplified
fragment length polymorphism (AFLPs) markers (Devey et al.
1994; Remington et al. 1999). Those increases in marker
availability were instrumental to the convergence of inferred

maps to approximately the same number of linkage groups as
the haploid number of chromosomes for loblolly pine.
Increasingly novel marker types also facilitated the construc-
tion of integrated consensus maps (Sewell et al. 1999; Brown
et al. 2001) and the testing of several evolutionary hypotheses
concerning genome organization (Kinlaw and Neale 1997;
Zhou et al. 2002).

The primary focus of early linkage mapping efforts was
the dissection of complex phenotypic traits. For example, a
large number of quantitative trait loci (QTL) has been
documented for several physical and chemical wood
property traits (Groover et al. 1994; Sewell et al. 1999,
2002; Neale et al. 2002; Brown et al. 2003). Intervals for
QTL in conifers, however, are often observed to be on the
order of 15 cM (Brown et al. 2003) where a single
centimorgan can represent up to 3,000 kb of DNA sequence
(González-Martínez et al. 2007). Such poor genomic
resolution makes the discovery of causative relationships
between genotype and phenotype impractical. Further devel-
opments in marker technologies were thus motivated by these
large intervals, as well as the need to identify orthologous loci
at the DNA sequence level (Brown et al. 2001). This resulted
in the production of the first DNA sequence-based markers
from expressed sequence tag (EST) libraries (Harry et al.
1998). Such markers, termed EST polymorphisms (ESTPs),
were subsequently integrated into exiting maps as anchor
points (Brown et al. 2001; Temesgen et al. 2001), thus
facilitating the development of comparative linkage mapping
across the Pinaceae (Krutovsky et al. 2004) and the
identification of candidate genes collocating with QTLs
(Brown et al. 2003).

The use of ESTPs, however, still did not facilitate the
precise mapping of complex phenotypes to genotypes,
which has only just begun to be addressed using association
genetic methodologies (Neale and Savolainen 2004). Those
methodologies rely on the discovery of SNPs within EST-
derived unigenes or putative candidate genes through the
process of resequencing within a small diversity panel
followed by the genotyping of discovered SNPs within a
large, unrelated sample of trees. Associations are then
inferred between variation at SNPs and the variation in a
quantitative phenotype (Long and Langley 1999; Cardon
and Bell 2001). Several significant associations of candidate
gene SNPs with wood quality (González-Martínez et al.
2007), drought tolerance (González-Martínez et al. 2008),
and disease resistance (Ersoz, unpublished dissertation)
phenotypes have already been found in loblolly pine.
Renewed interest now exists to understand the genomic
location and context of those significant associations, as
well as the linkage relationships among genes comprising
the entire functional gene space.

The ability to discover SNPs, associate them with
phenotypes of interest, and integrate them into existing
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linkage maps is dependent upon SNP genotyping technology.
That technology has progressed from single SNP assays (cf.
González-Martínez et al. 2007) to multiplexed, high-through-
put assays capable of genotyping hundreds to thousands of
SNPs at a time. Applications of the high-throughput
technologies to conifer species, however, are currently
limited taxonomically (cf. Pavy et al. 2008). In this paper,
we report the first application of a highly multiplexed, high-
throughput SNP genotyping platform to a species of Pinus
using 48 progeny from a loblolly pine pedigree in an effort to
map wood quality, drought tolerance, and disease resistance
candidate genes. The results are subsequently extended to a
discussion of the importance of high-throughput SNP
genotyping platforms to the development of pine genomics.

Materials and methods

Plant material

Linkage mapping in loblolly pine has primarily been
conducted with progeny from two three-generation outbred
pedigrees constructed with unrelated first-generation selec-
tions obtained from the North Carolina State University—
Industry Cooperative Tree Improvement Program. Those
pedigrees have previously been used to map isozyme,
RAPD, RFLP, AFLP, ESTP, and single sequence repeat
(SSR) markers (Devey et al. 1994; Groover et al. 1994;
Remington et al. 1999; Sewell et al. 1999; Brown et al.
2001; Temesgen et al. 2001). The first of those pedigrees
consists of 95 full-sib progeny and is referred to as the base
pedigree. The second of those pedigrees consists of 172
full-sib progeny and is referred to as the qtl pedigree. A
random sample of 48 progeny from the qtl pedigree were
selected for the SNP genotyping assay.

Detailed descriptions of DNA isolation protocols for
needle tissue from all progeny can be found elsewhere
(Devey et al. 1994; Sewell et al. 1999). In brief, DNA was
isolated using a modified hexadecyltrimethylammonium
bromide procedure, quantified using the PicoGreen assay
(Invitrogen, Carlsbad, CA, USA), and standardized to
Illumina-specified concentrations for SNP genotyping
(50–250 ng/μL).

Development of SNP markers

Identification and characterization of SNP markers is fully
described elsewhere (Brown et al. 2004; González-Martínez
et al. 2006; Ersoz, unpublished dissertation). Candidate
genes for wood quality, drought tolerance, and disease
resistance phenotypes were selected based on the following
criteria: colocation with a QTL, plausible physiological
function, and previous identification as causative of the

phenotype of interest in another plant species. Haploid
megagametophyte DNA samples obtained from 32 trees
sampled across the natural range of loblolly pine were
subsequently resequenced for SNP discovery. Alignment
and SNP identification were conducted manually with
established software (e.g., Phred, Phrap, Consed). A total
of 1,008 SNPs were discovered across 79 candidate genes.
The first set of 384 SNPs which were discovered were
subsequently chosen for genotyping. Those 384 SNPs were
submitted to Illumina to obtain design scores, which
provide a reliability metric for whether or not a particular
SNP will convert into genotype data using the Golden-
Gate™ assay. The 384 selected SNPs are collectively
referred to as the loblolly pine 384 OPA.

Marker nomenclature and informatics

Markers were named following the guidelines established
for the TreeGenes database. Each marker is designated by a
standardized name that conveys unique information linking
together the type of marker, the database in which that
marker has been deposited (e.g., dbSNP), the laboratory in
which the marker was developed, a locus-specific name or
number, and/or a species code. Detailed information on
these naming conventions can be found at the forest tree
Comparative Mapping Database website (CMAP; http://
dendrome.ucdavis.edu/cmap/).

SNP genotyping

Multiplexed genotyping was carried out using Illumina’s
GoldenGate™ assay according to the manufacturer’s
protocol (cf. Landegren et al. 1988; Oliphant et al. 2002;
Fan et al. 2003). In brief, the assay involves generating
hundreds of templates with specific target and address
sequences using allele-specific extension followed by ligation
and amplification with universal primers. Fluorescent prod-
ucts are hybridized to precoded beads on an array matrix from
which the signal intensities are subsequently determined using
Illumina’s BeadArray Reader.

Signal intensities were quantified and matched to specific
alleles using BeadStudio software v 3.1.14 (Illumina). A
minimum threshold of 0.35 for the GenCall50 score (GCS)
was chosen for inclusion of SNP genotypes. The GCS for
each SNP was based on the median score across all 48
genotyped progeny. The GCS is a quality metric that was
used to assess the reliability of progeny samples to be
grouped into genotypic clusters with values near 1
indicating high reliability. We correlated the GCS with the
Illumina design score using simple linear regression to
better understand the relationship between realized data
quality and the design score. This analysis was carried out
using the lm and anova.lm functions in R (Ihaka and
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Gentleman 1996). Manual reclustering of homozygous and
heterozygous clusters was performed when necessary
using heritability information and positive controls
obtained from four randomly replicated progeny samples.
Genotyping was conducted at the DNA Technologies Core
Facility located at the University of California at Davis
(http://www.genomecenter.ucdavis.edu).

Map construction

All SNP loci were assessed for conformity to Mendelian
segregation ratios prior to linkage mapping. Goodness-of-
fit χ2 tests were conducted using expected Mendelian ratios
of 1:2:1 and 1:1 for SNPs that were heterozygous in both
parents or in just a single parent, respectively. Markers of
the former type were termed both informative (BI), while
those of the latter type were termed maternally informative
(MI) or paternally (PI) informative depending on whether it
was the mother or father tree that was heterozygous. Multi-
allelic markers (i.e., non-SNP markers) can also segregate
in a 1:1:1:1 ratio if the parents are heterozygous for
different diploid sets of alleles. Markers of that type were
termed fully informative (FI). All tests were conducted
using a significance threshold of P=0.05. Loci showing
extreme segregation distortion (i.e., P<0.001) were omitted
from further analysis.

Segregating SNPs were subsequently combined with
290 other markers (62 ESTP, 11 isozyme, 26 RAPD, 182
RFLP, eight SSR markers) to infer an integrated sex-
averaged linkage map for the qtl pedigree (n=172
progeny) using JOINMAP v 1.4 (Stam 1993; Grattapaglia
and Sederoff 1994). Only 48 of the 172 progeny had SNP
genotype data. Marker data were obtained from the
previously published maps of Devey et al. (1994), Sewell
et al. (1999), Brown et al. (2001, 2003), and Krutovsky et al.
(2004), as well as from unpublished SSR data kindly
provided by C. Dana Nelson and C. Echt.

The map for the qtl pedigree was subsequently combined
with a sex-averaged, integrated linkage map for the base
pedigree (n=95 progeny) to produce a consensus linkage
map as described by Sewell et al. (1999) and Krutovsky et al.
(2004). The sex-averaged map for the base pedigree was
constructed from 95 markers (34 ESTP, five isozyme, 56
RFLP markers). During the construction of all maps, markers
were assigned to tentative linkage groups by comparing
linkages formed at limit of detection (LOD) thresholds of 3.0
to 8.0 at increments of 0.5. Markers were grouped at a LOD
threshold of 4.0 and ordered within linkage groups using a
LOD threshold of 0.1. The order of markers was forced to
conform to previously published linkage maps when neces-
sary. Recombination frequencies were converted to map
distances in centiMorgans (cM) using the Kosambi mapping
function (Kosambi 1944). Linkage map results are deposited

and freely available at the forest tree CMAP database website
(TreeGenes accession: TG944).

Results

Data summary

Of the 384 SNPs queried with the GoldenGate™ assay, 351
had GCS scores greater than 0.35, and of those, 257
(66.9%) were successfully genotyped. Of those 257 SNPs,
70 were clearly segregating within the qtl pedigree. Patterns
of segregation for those 70 SNPs were consistent with
heritability information (Fig. 1) and the median quality of
genotype calls was high (GCSmedian=0.772; Fig. 2). Eleven
of the 70 segregating SNPs had GCS less than 0.70, which
required manual reclustering and interpretation. Only a
single SNP had a call frequency less than 1.0 with that
frequency being 0.98. The call frequency refers to the
fraction of samples for which a genotype could be declared
for each SNP locus. Of the 314 SNPs not segregating in the
qtl pedigree, 187 were monomorphic, 109 were difficult to
cluster or were at odds with heritability information, and 18
failed to convert in the assay. The relationship between
GCS and the design score for SNPs with GCS greater than
0.35 was not significant (F1,349=1.205, P=0.273). The 70
segregating SNPs represent variation within 31 candidate
genes, each of which was represented by one to eight SNPs
(Table S1 of the Electronic supplementary material).

Linkage analysis

Minimal segregation distortion was found for the 70
segregating SNPs (n=4; χ2

max=17.53; Pmin=0.0002). On
average, SNPs within the same candidate gene mapped to
the same linkage group and general area within that linkage
group. The exceptions (n=10) to these patterns were
typically correlated with segregation distortion, low GCS,
or putative paralogs. These exceptions were removed prior
to the construction of the final linkage maps. An additional
20 SNPs were mapped to the same position (i.e., <0.5 cM
apart) as other SNPs within the same candidate gene. These
SNPs were also removed prior to the construction of the
final linkage maps due to their redundancy. Therefore, a
total of 30 of the 70 segregating SNPs were removed prior
to the construction of the final linkage maps.

The resultant sex-averaged linkage map for the qtl
pedigree contained 15 linkage groups defined by 325
markers. This map had a total length of 1,145.0 cM.
Parent-specific maps were generally similar in structure and
marker ordering to the sex-averaged map. Both the
maternal and paternal maps had 15 linkage groups with
the maternal map having a total length of 975.3 cM and the
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paternal map having a total length of 857.0 cM. Four of the
31 candidate genes were not incorporated into the sex-
averaged map inferred for the qtl pedigree with two further
candidate genes forming the basis of small (i.e., four
markers in length) linkage groups. Linkage group organi-
zation and map length for the sex-averaged and paternal
maps inferred for the base pedigree were similar to those
presented by Sewell et al. (1999).

The inferred loblolly pine consensus map had 12 linkage
groups incorporating 373 markers with a total length of
1,227.6 cM (Table S2 of the Electronic supplementary
material; Fig. 3). Forty-seven of those markers were shared
across pedigrees with a range of zero to eight shared
markers per linkage group (mean=4, SD=2). The average
number of markers and the spacing between those markers
per linkage group were 31±11 and 3.9±1.6 cM, respec-
tively. Of those 372 markers, 35 were SNPs representing 27
candidate genes. The distribution of mapped candidate
genes across linkage groups was variable, ranging from a
low of zero for linkage groups 2, 4, and 12 to a high of six
for linkage group 6. Four of the 31 candidate genes (nac-1,
lp3-3, ptlim-2, myb-2) represented by five SNPs were not
incorporated into one of the 12 linkage groups.

Discussion

Detailed genetic maps are crucial to the empirical under-
standing of genetic variation, especially for organisms
without reference genome sequences. The level of genomic
detail and usefulness of those maps, however, is dependent
on the ability to genotype a large number of functional and
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putatively adaptive genetic markers. In this paper, we have
shown that the high-throughput, multiplexed GoldenGate™
genotyping assay recovers approximately 67% of queried
SNP loci and that many of those loci can be placed on
existing linkage maps.

The GoldenGate™ assay was originally designed for
high-throughput genotyping in model organisms or those
with reference genome sequences. For example, the first
phase of SNP genotyping for the International HapMap
project was largely completed using this technology. The
benefits of such large datasets are clear with HapMap SNP
data being downloaded greater than 500,000 times from the
project’s website (Thorisson et al. 2005). Those data have
aided in exploring the human genome for signatures of
positive selection (Sabeti et al. 2007), recombination
hotspots (Myers et al. 2005), and SNPs associated with
common disease phenotypes (Clayton et al. 2005). The
transfer of this technology outside of model organisms has
been slow, but the genetic and genomic implications of

similar data types for conifers, and forest trees in general,
are the same as those in model organisms. This is especially
true given the large effective population sizes, rapid decay
of linkage disequilibrium, relatively little population struc-
ture, and ample amounts of genetic diversity often observed
in conifer populations, all of which make conifer popula-
tions amenable to dissection of complex traits using
association genetic methodologies (Neale and Savolainen
2004; Neale 2007).

Data obtained from the GoldenGate™ assay reported in
this paper suggest that this assay performs well within the
complex and large genome of pines. For example, 66.9% of
the queried SNPs translated into easily interpreted geno-
typic clusters consistent with heritability information and
positive controls (Fig. 1). The observation that approxi-
mately 27% (70/257=0.272) of the successfully genotyped
SNPs were segregating within the qtl pedigree, moreover, is
consistent with expected heterozygosity (He) estimates
previously reported for diverse conifer species and for
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LG1 LG2 LG3 LG4

Fig. 3 Consensus linkage map for loblolly pine derived from the qtl
and base pedigrees. This map was inferred from the sex-averaged
linkage map from each pedigree (see the “Materials and methods”
section). Markers are named according to the guidelines available at

the CMAP database website (http://dendrome.ucdavis.edu/cmap/).
Bold type identifies SNPs. Centimorgan distances (Kosambi) are
indicated to the left of each linkage group
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loblolly pine in particular (loblolly pine He=0.282–0.362;
Ledig 1998). The reported conversion rate is also very
similar to a recent application of the GoldenGate™ platform
in two spruce species where 69.2% and 77.1% of the queried
SNPs converted (Pavy et al. 2008). Conversion rates for
both of the applications in conifers, however, were lower
than applications in barley (Rostoks et al. 2006), bovines
(McKay et al. 2007), and soybean (Hyten et al. 2008).

The lower conversion rate for pine, and conifers in general,
compared with the other plant and animal species assayed
using the GoldenGate™ platform can be explained by their
relatively high levels of nucleotide polymorphism (Brown et
al. 2004; González-Martínez et al. 2006; Savolainen and
Pyhäjärvi 2007). For example, Brown et al. (2004) reported
an average per site estimate of nucleotide diversity (π) at
silent sites of 0.00658 for loblolly pine, which is several
times greater than that of humans and many agriculture
plant species to which the GoldenGate™ technology has
been applied. Consistent with this argument are the similar
figures reported for Norway spruce [Picea abies (L.)
Karst], which also has moderate levels of nucleotide

diversity (Heuertz et al. 2006). Much of the dropout in
applications of this platform to conifers, therefore, is
likely to be a function of the common resequencing
strategy employed in these species where a small sample
of trees are used to discover SNPs and a much larger
sample of trees is genotyped for downstream analyses and
applications. The dropout then occurs due to the presence
of undetected SNPs within the primer regions for the
larger sample of trees being genotyped. This is consistent
with the nonexistent relationship between GCS and design
score. Given the cost per data point of this platform
(∼0.05 USD), however, a conversion rate around 70% still
gives an order of magnitude greater data quantity per unit
price than lower throughput and more expensive platforms
with higher conversion rates.

Successfully genotyped SNPs were also incorporated
into existing linkage maps for loblolly pine. Their integra-
tion into a consensus map based largely on anonymous
markers did not substantially change the inferred map
length, marker ordering, or linkage group organization as
that presented previously (Sewell et al. 1999; Brown et al.
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Fig. 3 (continued)
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2001, 2003; Krutovsky et al. 2004). The map positions of
only four candidate genes differed from those reported
previously (Brown et al. 2003, 2004; González-Martínez et
al. 2006; Ersoz, unpublished dissertation)—cesA7, lp3-3,
pAEOMT, and sod-chl. Previous studies were unable to
assign three of those four candidate genes (cesA7,
pAEOMT, sod-chl) to linkage groups. Those candidate
genes clearly mapped to linkage groups 6, 3, and 10 in this
study, respectively. Lastly, lp3-3 was placed in linkage
group 2 by González-Martínez et al. (2006) and remains
unlinked in the map presented in this paper. Those differ-
ences may be a function of the method used to genotype
polymorphisms, FP-TDI (Kwok 2001; Gill et al. 2003) in
previous studies and GoldenGate™ in this study or by the
inclusion of additional dominant markers in the map
presented in this study (Hu et al. 2004). In general, results
between the FP-TDI and GoldenGate™ platforms are
similar with differences largely attributable to the plat-
form-specific ability to design oligonucleotides in the
flanking regions of the target SNP (unpublished data).

In total, 27 candidate genes for wood quality, drought
tolerance, and disease resistance were placed within 12
linkage groups. Six of those 27 candidate genes are newly
incorporated in this version of the loblolly pine consensus
map. In several instances, those candidate genes were
mapped to the same linkage group using multiple marker
types. For example, the cinnamyl alcohol dehydrogenase
(cad) gene was mapped to linkage group 9 using isozyme

(isoCad_1), RFLP (rflpPitaNCS_CAD_08_A), ESTP (estP-
tIFG_2C11E_a), and SNP (snp11_cad_518, snp4_cad_204)
markers. The greatest map distance between any two of
those markers was only 2.4 cM.

The emergence of high-throughput low-cost sequencing
has begun to revolutionize the concept of the genetic map.
Recent efforts to characterize the entire functional gene
space of loblolly pine (cf. http://dendrome.ucdavis.edu/
adept2) through resequencing of EST-derived unigenes have
discovered a number of SNPs larger than even the highest
multiplexity of the GoldenGate™ assay. Those markers will
be instrumental in the integration of SNP genotyping with
current association (González-Martínez et al. 2007, 2008)
and previously completed QTL studies (Sewell et al. 1999,
2000, 2002; Brown et al. 2001, 2003) because now the set
of functional genes putatively associated with a QTL or
available for association tests is not solely limited by inferred
orthology to distantly related angiosperms. The results
presented in this study also open the door for applications
of even higher throughput technologies such as the Infinium
platform from Illumina (Steemers and Gunderson 2007).
The result for pine genetic mapping is that consensus maps will
ultimately be populated with as many functional markers as can
be genotyped and that segregate within established mapping
pedigrees. Information such as this will form the basis of a truly
genomic approach to the study of genome-wide variation
where the object of inquiry has now become the entire
functional gene space rather than a small set of candidate genes.
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