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Abstract Oaks (Quercus: Fagaceae) are ecological and
economic keystones of many forested ecosystems but effec-
tive genetic management strategies are hindered by high
levels of phenotypic plasticity within species and frequent
hybridization among them. These same features, however,
make oak communities suited for the study of speciation,
hybridization, and genetic adaptation. Efforts to develop
new and to adapt existing genomic resources to less-
studied members of this genus should not only improve
oak conservation and management but also aid the study
of fundamental evolutionary processes. Here, we present a
suite of 27 highly polymorphic simple sequence repeat
(SSR) markers tested in four North American red oak
(Quercus section Lobatae) species: Q. rubra, Q. ellipsoida-
lis, Q. coccinea, and Q. velutina. Five markers are genomic
SSRs (gSSRs) — four novel and one previously transferred
from Q. petraea — and 22 are gene-based SSRs derived
from Q. robur and Q. petraea expressed sequence tags
(EST-SSRs). Overall, levels of polymorphism detected with
these primer pairs were high, with gene diversity (He) aver-
aging 0.66 across all loci in natural populations. In addition,
we show that EST-SSR markers may have the potential to
detect divergent selection at stress-resistance candidate
genes among closely related oak species.
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Introduction

Oaks (Quercus: Fagaceae) comprise the most economically
important hardwood species in North America, Europe, and
the Russian Federation (UNECE/FAO 2011). Ecologically,
oaks drive the population dynamics of other organisms
(McShea et al. 2007) and can influence interactions between
disjunct trophic levels (e.g., Ostfeld et al. 1996; Forkner and
Hunter 2000; Clotfelter et al. 2007) through pulses in leaf,
bud, and mast availability. Increased exploitation coupled
with poorly understood environmental changes have led to
the apparent decline of many oak species, but insufficient
data exists to accurately assess the conservation status of the
majority of oak taxa (Oldfield and Eastwood 2007). Efforts
to manage oak gene pools have been hampered by their
characteristic phenotypic plasticity (Blue and Jensen 1988;
Bruschi et al. 2000) and complex patterns of genetic diver-
sity (e.g., Kremer et al. 2002; Curtu et al. 2007a). Sympatric
oaks retain distinct species identities despite relatively com-
mon intra-sectional hybridization (reviewed by Aldrich and
Cavender-Bares 2011). Furthermore, oak taxa frequently
exhibit weak interspecific differentiation at molecular
markers (e.g., Bodénès et al. 1997; Mariette et al. 2002;
Coart et al. 2002; Aldrich et al. 2003a). Although the often
unresolved taxonomies within oak sections complicate their
management, this attribute also makes sympatric Quercus
communities well suited for the investigation of speciation,
hybridization, and the molecular basis of adaptation (e.g.,
Scotti-Saintagne et al. 2004). Understanding patterns of
gene flow and genetic diversity within and among species
should not only improve oak conservation and management
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but also help to elucidate fundamental evolutionary processes
in natural populations.

Until recently, most studies have focused on the
European white oaks (Quercus section Quercus). Now, a
growing number of genomic resources for Quercus in gen-
eral have rapidly advanced our understanding of the genetic
structure in red oaks (Quercus section Lobatae), a group
indigenous to the Americas (Aldrich and Cavender-Bares
2011). Isozyme and dominant markers can detect patterns of
genetic diversity within and among the red oaks (e.g.,
Guttman and Weigt 1989; Hokanson et al. 1993; Sork et
al. 1993; Tomlinson et al. 2000), but the higher information
content of simple sequence repeats (SSRs; also microsatel-
lites) have made them the markers of choice in out crossing
forest trees. SSR markers are co-dominant, easily repro-
duced and scored, abundant throughout the genome, and
highly polymorphic (Zane et al. 2002). Expressed sequence
tags (ESTs) are an increasingly important source of SSRs
(EST-SSRs), principally because they are easily developed
from public databases (e.g., Zhu et al. 2012). Additionally,
EST-SSRs show promise as functional markers (Bouck and
Vision 2007). By virtue of their frequent occurrence in gene-
rich regions of the genome, the functional identity of an
EST-SSR locus can often be determined through compara-
tive analysis of protein databases. Designing primers around
SSRs in ESTs associated with a gene of interest may allow
for the direct characterization of adaptive genetic variation
(Vasemägi et al. 2005; Bouck and Vision 2007). Despite
these advantages, genomic SSRs (gSSRs), which normally
occur in non-coding regions, may be more appropriate for
analyses that assume selective neutrality, such as migration
rate and population size estimates, along with other demo-
graphic inferences.

Previously, several gSSR markers have been developed
in Q. rubra (14 loci, Aldrich et al. 2002; 16 loci, Aldrich et
al. 2003b) or transferred to this and other red oaks from
section Quercus (Fernández et al. 2000; Steinkellner et al.
2003). Largely replacing the use of isozymes, these markers
have been used, for example, to study: hybridization and
post-zygotic selection (Moran et al. 2012); demographic and
spatial genetic structure (Aldrich et al. 2005); loss of genetic
diversity following historic deforestation (Gerwein and
Kesseli 2006); and the management implications of mor-
phologically determined species assignments (Aldrich et al.
2003a). While the number of available gSSR loci may be
sufficient for many analyses, additional markers will help
elucidate the genomic structure of section Lobatae taxa
through the creation of dense genetic linkage maps. These
maps can be applied to comparative studies of genomic
structure, shedding light on the processes shaping genome
evolution (e.g., Barreneche et al. 2004) and to the identifica-
tion of candidate genes underlying important traits through
quantitative trait locus (QTL) mapping.

To our knowledge, no published set of EST-SSR markers
for section Lobatae exists, despite the abundance of untested
primer sequences (http://fagaceae.org/markers). As
functional markers, they may allow characterization of
variation at loci involved in stress responses and flowering
time, traits of particular interest because of their potential
role in speciation. These same traits are also of interest to
managers establishing germplasm banks, implementing re-
forestation and restoration programs, and delineating seed
orchard zones.

We present a panel of 27 genomic and EST-derived SSR
markers for the red oaks. Of these, 22 are EST-SSRs adapted
from Q. robur (Durand et al. 2010), four are novel gSSRs
developed from Q. rubra (northern red oak), and one is a
newly characterized, but previously adapted, gSSR from Q.
petraea (Steinkellner et al. 2003). We report genetic diver-
sity metrics for these markers in natural populations of Q.
rubra, Q. ellipsoidals, Q. velutina, and Q. coccinea and
evaluate the ability of EST-SSRs to detect divergent selec-
tion at loci with known or putative functions in the red oaks.

Material and Methods

In brief, we developed four novel gSSRs from an enriched
genomic library and assessed the transferability of 90 EST-
SSRs to section Lobatae. Markers were assessed for
Mendelian segregation patterns using the parents and seven
full-sibs from a Q. rubra mapping population. To assess the
ability of these markers to detect differentiation between a
notoriously taxonomically difficult species, Q. ellipsoidalis,
and species with which it forms putative hybrids, Q. rubra
(Hipp and Weber 2008), we characterized the four novel
gSSRs, a previously adapted gSSR (QpZAG15; Steinkellner
et al. 2003), and four of the EST-SSRs in a Q. rubra and Q.
ellipsoidalis population pair. The remaining 18 EST-SSRs
were characterized in population samples of Q. rubra, Q.
ellipsoidalis, Q. coccinea, and Q. velutina. Among these
four interfertile species, we considered markers with FST

values significantly deviating from neutral expectations as
potentially under selection (Beaumont and Nichols 1996;
Beaumont 2005).

Plant Material

A Q. rubra mapping family comprising about 500 full-sibs
was identified from the progeny of an open-pollinated tree
(SM1) located on the Purdue University campus in West
Lafayette, Indiana, USA. Paternity exclusion analysis was
conducted in program CERVUS (Slate et al. 2000) using all 29
potential male parents located within a 200-m radius of the
female parent. Potential male parents were genotyped at six
previously published gSSR loci (Aldrich et al. 2002) to

232 Plant Mol Biol Rep (2013) 31:231–239

http://fagaceae.org/markers


www.manaraa.com

identify probable full-sib progeny. Subsequent analysis us-
ing 13 to 18 additional gSSRs markers (Aldrich et al. 2002,
2003b) produced genotypes consistent with the initial deter-
mination and excluded all but one candidate male parent
(Romero-Severson et al. unpublished results). The two
crossing parents (SM1, female parent; SM2, male parent)
and seven full-sibs were used for the initial screening of
transferred SSRs and for an assessment of Mendelian seg-
regation patterns in all presented markers.

In order to characterize the markers in natural popula-
tions, leaves were collected from a total of 210 individuals
comprising six populations and four species: 26 from a pure
Q. rubra stand in the Nicolet-Chequamegon National
Forest, Wisconsin (45°20′N, 88° 23′W), 49 from a Q. rubra
stand and 77 from a neighboring Q. ellipsoidalis stand both
located in the Ford Research Forest, Michigan (46°39′N,
88°30′W), 18 from a Q. ellipsoidalis population in northern
Wisconsin (44°40′N, 88°5′W), 20 from a Q. velutina popu-
lation in the Manistee National Forest, Michigan (43°26′N,
85°37′W), and 20 from a Q. coccinea population in the
Shawnee National Forest, Illinois (37°36′N, 88°16′W).
Species identities were previously determined through ge-
netic admixture analyses using either AFLP markers in the
case of the Q. ellipsoidalis population located in Wisconsin
and the Q. velutina and Q. coccinea populations (Hipp and
Weber 2008) or seven EST-SSR and eight gSSR markers for
the remaining populations (Lind and Gailing, submitted).

Development of gSSRs for Q. rubra

Total genomic DNA extracted from a single Q. rubra indi-
vidual was sent to Genetic Identification Services
(Chatsworth, CA, USA) for the construction of microsatel-
lite libraries enriched in (CA)n repeats. Enriched genomic
fragments of 350–700 bp were ligated into the pUC19
vector, electrotransformed into Escherichia coli strain
DH5α cells, and cultured on selective medium. Positive
clones enriched for (CA)n repeats were amplified using
M13 universal primers and sequenced.1 Primer pairs were
designed in consensus sequences with the program PRIMER3

v. 0.4.0 (Rozen and Skaletsky 2000) and optimized follow-
ing the methods of Aldrich et al. (2002).

DNA Analysis

Total genomic DNAwas isolated from ~1 cm2 of frozen leaf
tissue using the DNeasy® 96 Plant Kit according to the
manufacturer’s protocol (Qiagen, Hilden, Germany).

Polymerase chain reactions (PCR) were carried out in a
10-μl solution comprising: 2 μl of 5× HOT FIREPol®
Blend Master Mix Ready to Load containing 10 mM
MgCl2, 0.4 U of HOT FIREPol® Taq polymerase, and
2 mM dNTPs (Solis BioDyne, Estonia), 10 pmol of each
primer (Sigma Aldrich, St. Louis, MO and Applied
Biosystems, Foster City, CA), 2.5 μl deionized RNase-free
water, and 1.5 μl genomic DNA (~1.8 ng/μl). The PCR
profile consisted of an initial denaturation at 95 °C for
15 min followed by 35 cycles of 94 °C for 45 s, annealing
at Ta (Table 1) for 45 s, and 72 °C for 45 s. Final extension
of amplified DNA occurred at 72 °C for 20 min. All PCR
reactions were carried out in a Peltier Thermal Cycler
(GeneAmp® PCR system 2700, Applied Biosystems).

Marker Transferability Tests

Ninety EST-SSRs (Durand et al. 2010) developed in Q.
robur were selected based on linkage group position
(Durand et al. 2010), associated gene function, and anneal-
ing temperature for screening in two Q. rubra mapping
parents. Putative functions associated with EST-SSR
markers were obtained by performing a homology search
of the translational products of reassembled ESTs (Durand
et al. 2010) against gene family members in the nonredun-
dant (nr) NCBI database using the BLASTx algorithm
(Altschul et al. 1997). Results with expect-values ≤10−4

and with similarity over >55 % of the sequence were con-
sidered significant.

Markers were first screened in the two Q. rubra mapping
parents to test for the presence of amplicons. PCR products
were separated on 2.5 % agarose gels and stained with
ethidium bromide. Primer pairs producing visible amplicons
within the expected size range were amplified in seven full-
sibs and resolved electrophoretically on the QIAxcel System
using the QIAxcel DNA High Resolution Kit (Qiagen) to
assess polymorphisms and Mendelian segregation patterns.
Primer pairs were considered transferable and polymorphic
if: (1) at least two different alleles were detected in the
mapping parents, (2) only parental fragments were observed
in the offspring, and (3) if allelic fragments were easily
reproduced and interpreted. Of the successfully transferable
pairs, 22 EST-SSRs were selected for characterization in
population samples on the basis of linkage group position
and putative function. Primer sequences, repeat motifs, link-
age group position in Q. robur (Durand et al. 2010), anneal-
ing temperatures, observed size ranges, and putative protein
products are presented in Table 1.

Marker Characterization

All five gSSR markers and four EST-SSRs (PIE040, GOT004,
FIR004 and GOT021) were characterized in the Q. rubra–Q.

1 Sequence data have been deposited in the GenBank, DDBJ
Nucleotide Sequence Database and EMBL databases under the acces-
sion numbers JQ929659 (locus 1P10), JQ929660 (2P24), JQ929661
(3A05), and JQ929662 (3D15).
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ellipsoidalis population pair originating from the Ford
Research Forest, Michigan. The remaining 18 EST-SSR
markers were characterized in the Q. rubra and Q.
ellipsoidalis populations originating in Wisconsin and the
Q. velutina andQ. coccinea populations. Population samples
were amplified using fluorescently labeled primers and
resolved on an ABI Prism® Genetic Analyzer 3730
using the GeneScan™ LIZ-500 internal size standard
(Applied Biosystems). All fragments were scored using
GeneMapper® v. 4.0 and PeakScanner™ Software v. 1.0
(Applied Biosystems).

Data Analysis and Interpretation

Allelic richness was calculated using program HP-RARE v.
1.0 and rarefacted to the smallest population size (n018,
Wisconsin Q. ellipsoidalis population) to allow for compar-
isons among unequal sample sizes (Kalinowski 2004,
2005). Observed and expected heterozygosities (Ho, He)
were calculated by locus for each population separately.
The inbreeding coefficient FIS was computed following
standard ANOVA (Weir and Cockerham 1984) and tested
for significant deviation from Hardy–Weinberg proportions

Table 1 Characteristics of 26 simple sequence repeat (SSR) markers

Locus Repeat motif L.G. Forward primer
sequence (5′–3′)

Reverse primer
sequence (5′–3′)

Ta
(°C)

Range (bp) BLASTx sequence
description

1P10 (TG)12GCC
(TG)3

– atttctgatgcagggtgtcg taggccaaggaccagagacc 62 237-265 –

2P24 CA14 – gcaagagatcacacacaaactagc ctttgggttcaccaaacagc 62 136–164 –

3A05 CA11CT2 – aacgtgacctctctcacagc agtgctggagtgctcatgg 62 138–160 –

3D15 CA15 – ggtggtggcagatacactgg gactcagacaaccaacttcagg 62 208–236 –

FIR004 CT18 3 tctctctcagggcagcttct aaccaaactcagatccagattca 59 128–180 No hit

FIR024 CCT6 5 cgcttctcctcatcctcaag ctcaaaaggcacgattctcc 56 214–229 DNA gyrase subunit a

FIR030 AG7 7 ggacatatttatctaggagacgaggt atgtcccatagcacagagca 56 161–179 NADH dehydrogenase

FIR031 TC7 11 acgagtccaacggaagttgt cacaacttcacaaggcaagg 56 139–174 5-Adenylylsulfate
reductase

FIR039 CT7 1 gagcctctttcatcgctcac tcaacaccccaaaactccat 56 109–123 Histone deacetylase

FIR048 CT9 2 tgcaccaaaattggaggatg ttgatgcaaggtgcagtttc 56 187–219 Cell division protein

FIR053 GTG7 5 agtttccccacatttgttgc taccatgcaccaagcaattc 56 126–150 Glutaredoxin c9

FIR104 GGT7 11 ttaactcggtttgcgactca agcacgtgactcgacctgta 56 206–221 r2r3-myb transcription
factor

FIR110† AG12 6 acttgctcgcttcaaccttc attcctcctcatcaggctca 56 191–239 Protein transport
protein sec23

GOT004 TG12 7 gggcatattgatcgcttagg tgacgattcatacattccatgat 59 266–292 Tonoplast intrinsic protein

GOT009 TC7 12 cacctcactaagcaacctgtca ttttggaggcggagataatg 56 228–248 Uncharacterized protein

GOT021 AT13 3 agaaagttccagggaaagca cttcgtccccagttgaatgt 59 95–101 Histidine kinase 4-like

GOT037 CT11 5 ccatccttttcattctttcca tgttgttgttgctgttgtcg 56 239–265 5-Nucleotidase sure-like

GOT040 GA11 6 aaggcactcgtcgctttcta accgatttgaagctcgagaa 56 234–254 40s ribosomal protein s16

PIE039 CTT8 12 cctcaccctctgcggtct cagaaagggctgcaaagc 56 157–178 Uncharacterized protein

PIE040 TTC8 – gtgagagagagagagacaaa
gaagaaaaa

aaattctccgccacattgag 59 155-174 Basic leucine zipper
transcription factor-
like protein

PIE099 TC9 8 gtaaaacgacggccagtgtggc
taccgactactaccacttc

cggtggacccaatatgtaac 56 178-202 Uncharacterized protein

PIE125 GGAAGC3 6 aatacaaatcgcaggaggtg ctaacccatcgttcatggag 56 147-162 dnaj-like protein

POR003 CT8 3 ctcgctctcctcccctaatc agctttgatcgagtccgaaa 56 91-113 Uncharacterized protein

POR016 GGT6 6 agcaacagcagagccaaaat cagcggctttgaggtaattc 56 115-119 Tetratricopeptide repeat-like

VIT057 AACTC3 9 tcagcaaaatcccaactttgt acacttcgctgttcctcgat 56 133-147 Ethylene-responsive
transcription factor-like

VIT107 TA13 3 tgatcacagattggagcttaaca cccccacttaggaaagaagc 56 127-139 lhca2 protein

The first five markers are novel genomic SSRs while the remainder are gene-based EST-SSR markers developed in Q. robur (Durand et al. 2010)
and transferred to section Lobatae. L.G. denotes the linkage group on which the EST-SSR is located in Q. robur (Durand et al. 2010). BLASTx
descriptions are reported only for sequences with expect values ≤10−4 and with similarity over >55 % of the sequence
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using the Markov chain (MC) algorithm with the default
parameters as implemented in program GENEPOP v. 4.0.10
(Raymond and Rousset 1995). Population differentiation
was estimated by FST (Weir and Cockerham 1984) and
assessed for significant deviation from zero using the exact
G test in GENEPOP v. 4.0.10 (Raymond and Rousset 1995).

MICROCHECKER v. 2.2.3 was employed to check for potential
genotyping errors arising from null alleles, large allele drop-
out, and stuttering (van Oosterhout et al. 2004). Bonferroni
adjustments were applied to p values to correct for multiple
comparisons (Rice 1989).

Divergent selection among the four red oak species was
inferred though pairwise analysis of variance in FST esti-
mates following the approach of Beaumont and Nichols
(1996) as implemented in LOSITAN (Antao et al. 2008).
This method of outlier loci detection simulates an expected
distribution of FST as a function of expected heterozygosity
under an island model of migration. Loci more strongly
differentiated than expected under neutral conditions
were considered potentially under divergent selection
(Beaumont and Nichols 1996; Beaumont 2005). First,
we conducted 50,000 coalescent simulations assuming a
stepwise mutational model to detect loci potentially
under selection. Loci falling outside the 95 % confi-
dence envelope were removed and FST was recomputed
in order to obtain the best approximation of mean
neutral FST (Beaumont and Nichols 1996). Then, we reran
the simulations using all loci and the approximated mean
neutral FST to identify the final panel of candidate loci poten-
tially under divergent selection.

Results and Discussion

Transferability of Markers

Of the 90 EST-SSR primer pairs tested, 81 % [73] amplified
a single product of expected size and 42 % [38] showed
polymorphism in at least one Q. rubra mapping parent (see
online supplementary material). While the percentage of Q.
robur-derived EST-SSRs producing allelic amplicons was
high and comparable to values reported for other intragene-
ric transfers (reviewed by Ellis and Burke 2007), the per-
centage of polymorphic, and therefore useful, markers was
closer to the transferability rates observed in gSSRs
(Steinkellner et al. 2003; Fernández et al. 2000; Aldrich et
al. 2003b; Barreneche et al. 2004). While using more than
two individuals for the initial marker screening may have
detected more polymorphic primer pairs, our method
yielded a panel of EST-SSRs (Na07, rarefacted to 18 indi-
viduals), on average, as multiallelic as the novel gSSRs
(Na07).

Assessment of Mendelian segregation of EST-SSR prod-
ucts in the seven Q. rubra full-sibs revealed a null allele at
locus GOT037, as inferred from the homozygous genotypes
of two progeny that can only be explained by the presence
of a null allele in a crossing parent. However, null alleles are
apparently rare in natural populations for this marker: FIS

values showed no significant deviation fromHardy–Weinberg
equilibrium, suggesting that the number of genotyping
errors made due to null alleles were low. Furthermore, the

MICROCHECKER analysis did not find evidence for the presence
of null alleles at locus GOT037 in any of the four character-
ized populations. The FIR110 primer pair amplified two reg-
ularly segregating loci. For these two loci, an overlap in allele
sizes of 1–6 (mean03, SD02) bp was observed in the six
characterized populations, which could lead to genotyping
errors due to erroneous assignment of fragments to loci.
Indeed, the MICROCHECKER analysis indicated possible geno-
typing errors leading to an apparent excess of homozygotes at
this marker in the Q. velutina and Wisconsin Q. ellipsoidalis
populations but not in the Q. coccinea or Wisconsin Q. rubra
populations.

Marker Characterization

Mean observed heterozygosity across all loci and popula-
tions was moderate (Ho00.65; Tables 2 and 3) and within
the range reported for gSSRs characterized in other oak
communities (e.g., Curtu et al. 2007b). Genomic SSRs
detected significantly higher levels of genetic diversity than
EST-SSRs (He00.79, 0.65, respectively; two-tailed t-test; p
<0.05), a result commonly reported in other studies (e.g.,
Liewlaksaneeyanawin et al. 2004). Expected levels of het-
erozygosity were not as consistently high at EST-SSR loci,
with He ranging from 0.04 to 0.92 versus 0.64 to 0.86 for
gSSRs (Tables 2 and 3). Mean expected levels of heterozy-
gosity at EST-SSR loci for all six red oak populations (mean
He00.65) were lower than reported for Q. petraea (Durand
et al. 2010), a species closely related to the source species,
Q. robur (section Quercus). Reduced polymorphism in
transferred SSRs is expected because portable markers tend
to be located in genomic regions less tolerant of mutation
(e.g., Castillo et al. 2010).

After applying Bonferroni corrections, two gSSR loci
(2P24 and 3A05) and two EST-SSR loci (FIR004 and
GOT004) showed significant deviations from Hardy–
Weinberg proportions in the adjacent Q. rubra–Q. ellipsoi-
dalis population pair (Table 2; p<0.05). Apparent homozy-
gote excess may result from technical problems with primer
pairs, such as point mutations in the annealing sites leading
to null alleles and allelic dropout (Pompanon et al. 2005).
Consistent with the presence of such technical artifacts,
analysis with MICROCHECKER indicated the possibility of null
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alleles at these loci. However, further characterization of
these two populations using these and an additional three
EST-SSRs and three gSSRs indicated a significant deviation
from Hardy–Weinberg proportions in both these populations
due to homozygote excess (Lind and Gailing, submitted;
HW exact test p<0.05). Because the null allele estimation
algorithms employed by MICROCHECKER are not applicable
to populations deviating from panmixia (van Oosterhout et
al. 2006), we conclude that homozygote excess at these
markers predominately reflects the population structure
rather than null alleles or allelic dropout.

Conversely, locus VIT107 significantly deviated from
Hardy–Weinberg proportions due to heterozygote excess
(FIS0−0.50; Table 3) in the Q. coccinea population.
Additionally, FIS estimates for this locus were relatively
low, although nonsignificant, in the Q. rubra, Q. ellipsoida-
lis, and Q. velutina populations. FIS estimates for locus
POR016 (FIS0−0.62 to −0.11; Table 3) were also low in
all populations, although the null hypothesis of random
union of gametes could not be rejected. Markers exhibiting
such FIS patterns may be located in or linked to a gene
subject to some form of balancing selection (Charlesworth
2006). We suggest these preliminary results provide justifi-
cation for further investigation of the mechanisms shaping
polymorphism at these loci.

The suite of 18 EST-SSR markers characterized in Q.
rubra, Q. ellipsoidalis, Q. velutina, and Q. coccinea
revealed similar levels of genetic diversity among all four
species (Table 3; average He00.65, SD00.03). The panel of
four EST-SSRs and five gSSRs applied to the Q. rubra–Q.

ellipsoidalis population pair suggested higher levels of ge-
netic diversity (average He00.73, SD00.05), consistent
with the higher levels of polymorphism detected by gSSRs
(Table 2). Mean Na was consistent among all six popula-
tions, ranging from an average of six to eight alleles per
locus (Tables 2 and 3).

Genetic differentiation between the neighboring Q. rubra
and Q. ellipsoidalis populations was low but significant
(FST00.08, p<0.05). Seven of the nine loci were signifi-
cantly differentiated (Table 2), but pairwise differentiation
varied by locus from low (PIE040, FST00.01) to relatively
high differentiation (GOT021, FST00.29). EST-SSRs were
not more strongly differentiated than gSSRs (two-tailed t-
test, p>0.05). In the Q. rubra, Q. ellipsoidalis, Q. coccinea,
and Q. velutina populations characterized with the panel of
18 EST-SSRs (Table 3), significant differentiation was ob-
served at 89 % [16] of loci and overall differentiation was
relatively low but significant (FST00.01, p<0.05).

Some heterogeneity inFSTestimates across loci is expected
due to the random effects of genetic drift, but this pattern
could also result from selection on some loci. When accom-
panied by differential reduction in genetic variation — as
observed at loci GOT021 (Table 2), FIR039, and FIR053
(Table 3) — such a pattern may indicate a selective sweep,
that is, a reduction in diversity in the flanking regions of
beneficial mutations due to strong and recent selection to-
wards different optima (Maynard Smith and Haigh 1974).
Selective sweeps have been reported in the European white
oak speciesQ. robur andQ. petreaea (e.g., Scotti-Saintagne et
al. 2004), including at a locus mapping to leaf QTLs

Table 2 Genetic variation at nine microsatellite loci as characterized in a Q. rubra and Q. ellipsoidalis population pair located in the Ford Forestry
Center, Michigan

Q. rubra Q. ellipsoidalis

Locus FST Na Ho He FIS Na Ho He FIS

Parameter estimates by locus and population

3D15 0.11 9 0.71 0.84 0.16 5 0.80 0.69 −0.15

1P10 0.02 9 0.82 0.83 0.03 9 0.75 0.80 0.07

2P24 0.05 7 0.61 0.83 0.27 8 0.61 0.81 0.26

3A05 0.21 7 0.50 0.75 0.34 5 0.44 0.64 0.32

QpZAG15 0.06 10 0.76 0.86 0.13 11 0.82 0.84 0.03

PIE040 0.01 7 0.57 0.66 0.14 5 0.70 0.67 0.04

GOT004 0.04 8 0.63 0.78 0.21 8 0.59 0.84 0.31

FIR004 0.02 12 0.52 0.89 0.42 15 0.68 0.92 0.27

GOT021 0.29 2 0.55 0.44 −0.25 2 0.04 0.04 −0.01

Parameter estimates by population

0.08 8 0.63 0.76 0.16 8 0.60 0.69 0.13

For each locus, the following parameters were calculated: pairwise genetic differentiation (FST), observed heterozygosity (Ho), expected
heterozygosity (He), inbreeding coefficents (FIS), and number of alleles rarefacted to 18 individuals (Na). Mean values of He, Ho, Na and FIS were
calculated across all loci for each species. Mutlilocus FST values are given as population-level estimates of population differentiation. Values in bold
indicate significant (α00.05) deviations from zero after applying Bonferroni corrections
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differentiating between the two species (Muir and Schlötterer
2005). The significance of this relationship between FST and
heterozygosity can be determined through simulation-based
outlier tests, such as that of Beaumont and Nichols (1996).
Using this method of selection detection, our screen of all 27
markers indicated that GOT021, FIR039 and FIR053 were
significantly more differentiated than expected under neutral
expectations in at least one pairwise assessment. All three of
these potential outlier loci are associated with genes involved
in abiotic stress resistance, a result consistent with the distri-
bution of these four Lobatae species along water and nutrient
gradients.

Locus FIR039 is putatively associated with a gene encod-
ing a HD2-class histone deacetylase (Table 1), a class of
enzymes involved in drought stress responses (Sridha and
Wu 2006) through the post-translational modification of his-
tone tails. Allele frequencies at this locus were potentially
differentially favored between Q. rubra and Q. velutina
(FST00.25, neutral FST00.09, p<0.05), which are among
the least and most drought-tolerant, respectively, of the eastern

North American red oaks (Abrams 1990). Similarly, locus
GOT021, putatively encoding a protein similar to the stress-
responsive histidine kinase-4 (Tran et al. 2007), appeared to be
under divergent selection between Q. ellipsoidalis, the most
tolerant of drought and nutrient stress of all the red oaks
(Abrams 1988), and the more mesic Q. rubra (FST00.27,
neutral FST00.08, p<0.05). Locus FIR053, associated with
a gene encoding a glutaredoxin-like protein (Table 1), was an
outlier locus between Q. ellipsoidalis and Q. coccinea
(FST00.35, neutral FST00.08, p<0.05). Gluteradoxins are
important in drought and salinity responses through their role
in antioxidative response systems (Guo et al. 2010). Both
Q. ellisoidalis and Q. coccinea are found on relatively
xeric sites (Abrams 1990), but to our knowledge no compar-
ison of the antioxidative systems of these species exists.

Simultaneous detection of outlier loci using multiple selec-
tion detection strategies (e.g., Vasemägi et al. 2005) and
incorporation of additional populations from each species
would reduce the risk of false positives. Nevertheless, we
demonstrate that outlier screens of EST-SSRs may provide

Table 3 Characterization of 18 EST-SSR loci in Q. rubra, Q. ellipsoidalis, Q. coccinea, and Q. veultina populations

Q. rubra Q. ellipsoidalis Q. coccinea Q. velutina

Locus FST Na Ho He FIS Na Ho He FIS Na Ho He FIS Na Ho He FIS

parameter estimates by locus and population

FIR024 0.14 5 0.52 0.55 0.08 3 0.67 0.53 −0.24 5 0.42 0.47 0.13 4 0.47 0.53 0.13

FIR030 0.05 7 0.46 0.50 0.10 4 0.61 0.57 −0.04 3 0.50 0.64 0.24 5 0.60 0.54 −0.08

FIR031 0.08 13 0.88 0.85 −0.02 13 0.78 0.84 0.10 7 0.68 0.79 0.16 11 0.80 0.84 0.08

FIR039 0.25 5 0.54 0.73 0.28 5 0.39 0.45 0.16 3 0.70 0.52 −0.31 3 0.20 0.19 −0.06

FIR048 0.03 12 0.77 0.84 0.10 14 0.89 0.89 0.03 11 0.95 0.87 −0.07 10 0.90 0.83 −0.05

FIR053 0.15 5 0.69 0.71 0.05 4 0.44 0.37 −0.17 3 0.50 0.56 0.13 5 0.75 0.69 −0.06

FIR104 0.15 3 0.38 0.38 −0.01 3 0.72 0.57 −0.23 3 0.55 0.64 0.16 5 0.60 0.67 0.13

FIR110 0.05 10 0.88 0.84 −0.03 11 0.61 0.88 0.33 8 0.85 0.78 −0.07 11 0.70 0.89 0.23

FIR110† 0.14 7 0.81 0.76 −0.04 11 0.67 0.74 0.12 15 0.90 0.91 0.04 7 0.45 0.46 0.05

GOT009 0.08 10 0.77 0.84 0.11 7 0.72 0.66 −0.07 6 0.65 0.65 0.02 8 0.60 0.77 0.25

GOT037 0.03 12 0.96 0.88 −0.07 9 0.72 0.84 0.17 12 0.95 0.90 −0.03 9 0.85 0.80 −0.03

GOT040 0.17 7 0.73 0.73 0.02 3 0.17 0.16 −0.04 2 0.05 0.05 −0.03 6 0.45 0.48 0.08

PIE039 0.06 6 0.69 0.69 0.02 4 0.67 0.68 0.04 6 0.50 0.51 0.05 7 0.60 0.58 −0.01

PIE099 0.03 12 0.85 0.89 0.07 9 0.67 0.81 0.21 14 0.90 0.89 0.02 11 0.65 0.80 0.21

PIE125 0.18 5 0.60 0.68 0.14 3 0.44 0.50 0.13 4 0.60 0.52 −0.13 3 0.50 0.49 −0.01

POR003 0.04 11 0.85 0.83 −0.01 10 0.89 0.84 −0.03 11 1.00 0.88 −0.11 11 0.95 0.82 −0.13

POR016 0.04 2 0.35 0.29 −0.19 2 0.78 0.48 −0.62 3 0.60 0.43 −0.36 5 0.55 0.45 −0.21

VIT057 0.03 3 0.27 0.30 0.13 4 0.50 0.54 0.11 4 0.45 0.50 0.13 4 0.55 0.56 0.04

VIT107 0.08 7 0.88 0.78 −0.11 6 0.83 0.73 −0.11 5 0.95 0.63 −0.50 5 0.95 0.66 −0.42

parameter estimates by population

0.01 7 0.70 0.70 0.03 7 0.60 0.60 −0.01 6 0.67 0.60 −0.03 7 0.60 0.60 0.01

Genetic differentiation (FST), observed heterozygosity (Ho), expected heterozygosity (He), inbreeding coefficents (FIS), and number of alleles
rarefacted to 18 individuals (Na) were calculated for each locus. Population-level diversity parameters were calculated means across all loci for He,
Ho, Na, and FIS and as a mutlilocus estimate for FST. Values in bold indicate significant (α00.05) deviations from zero after applying Bonferroni
corrections for multiple comparisions
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one way to assign putative functions to genomic regions under
divergent selection in the red oaks. Further investigation of
sequence variation among oak species at these three drought
response candidate genes is warranted.

Our initial evaluation of a panel of EST-SSR and gSSR
markers developed from heterologous sources within the
Quercus genus demonstrates that both marker types perform
well within section Lobatae. These highly polymorphic,
multiallelic loci will be useful in the study of population
dynamics and adaptive variation in the red oaks of North
America.
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