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Abstract. Northern red oak (Quercus rubra L.) is widely distributed in the
eastern United States and southeastern Canada. It has also been introduced
to Europe, where it has become an economically important plantation spe-
cies now. Despite growing genomic resources, the number of available
EST-SSR (expressed sequence tag — simple sequence repeat) markers for
Q. rubra is still limited. Here, we used existing sequence information to
provide a new set of EST-SSRs for northern red oak. In total, we report 20
polymorphic EST-SSRs, for which performance was evaluated in three Q.
rubra populations from different regions in Michigan. We further tested the
transferability of these markers to six additional oak species of section Lo-
batae (Quercus ellipsoidalis E.J. Hill, and Quercus georgiana M.A. Curtis)
and Quercus (Quercus robur L., Quercus alba L., Quercus pedunculiflora
K. Koch, and Quercus petraea (Matt.) Liebl.), as well as to European beech
(Fagus sylvatica L.). The reported markers can be used in future population
genetic studies.
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vironmental conditions within its distribution
range (USDA NRCS 2002, Magni et al. 2005).

Northern red oak (Quercus rubra L.) is an It belongs to section Lobatae (red oaks),
important timber species that is widely dis- Wwhich members are native only to the Ameri-
tributed in the eastern United States and south-  cas. Northern read oak has been introduced to
eastern Canada, and grows under various en-  Europe, where it has become an economically
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important plantation species in several coun-
tries now.

Climate change is expected to significantly
impact forest ecosystems in Europe, influenc-
ing the vegetation period, growth, health, and
distribution of trees (European Environment
Agency (EEA) 2012). Forest management
can help forest ecosystems to adapt to these
new conditions (Bolte et al. 2009). One com-
ponent of adaptive forest management could
be the promotion of non-native tree species,
such as Q. rubra, that may be better adapted
to future environmental conditions (Roloff
& Grundmann 2008, Bolte et al. 2009). Cur-
rently, growing genomic and transcriptomic
resources are becoming available for northern
red oak (The Hardwood Genomics Project,
Konar et al. 2017). Resources such as tran-
scriptome data can be used to derive EST-SSR
(expressed sequence tag — simple sequence
repeat) markers. These markers usually show
high transferability rates among taxa (Ellis &
Burke 2007), and, due to their location in cod-
ing or closely linked regions, are candidates
for the study of local adaptation. For instance,
EST-SSRs can be used in genetic association
studies, in which markers are identified that
are significantly associated with adaptive traits
or environmental variables (Balding 2006,
Rellstab et al. 2015). Often these approaches
are combined with outlier analyses, in which
markers under selection show higher or low-
er differentiation among populations than ex-
pected under neutral assumptions (Helyar et
al. 2011, Narum & Hess 2011). The number of
available EST-SSRs for Q. rubra, however, is
still limited (Sullivan et al. 2013).

Therefore, the aim of our study was to take
advantage of available EST-SSR sequence
information, and provide a new set of EST-
SSR markers for northern red oak. The perfor-
mance of the markers was evaluated in three
Q. rubra populations from different regions in
Michigan. In total, we report 20 markers that
are polymorphic in Q. rubra. We further tested
the transferability of these markers to six other

oak species of section Lobatae (Quercus el-
212
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lipsoidalis E.J. Hill, Quercus georgiana M.A.
Curtis), and Quercus (Quercus robur L., Quer-
cus alba L., Quercus pedunculiflora K. Koch,
and Quercus petraea (Matt.) Liebl.), as well as
to European beech (Fagus sylvatica L.).

Materials and methods
Marker analysis

Initially, 40 EST-SSRs were tested for ampli-
fication and polymorphism in four Q. rubra
samples. Primer sequences were obtained
from the Hardwood Genomics Project (https://
www.hardwoodgenomics.org/Transcrip-
tome-assembly/1963023?tripal pane=group _
summary_tripalpane). Successfully amplified
polymorphic markers were further evaluated in
96 samples of three different Q. rubra popula-
tions (FC-A, HMR-IH, and MTU-1) located in
different regions in Michigan. DNA extracted
from leaf material of the populations was ob-
tained from a previous study (Lind & Gailing
2013). Population FC-A was located in the Bar-
aga Plains region (latitude: 46°39°9.407°N,
longitude: 88°30°6.962°W), the population
HMR-IH was located in the Huron Moun-
tain Reserve (latitude: 46°51°12.884’N, lon-
gitude: 87°50°42.824”W), and the MTU-1
population was located in Houghton (latitude:
47°6°24.649°N, longitude: 88°32°51.209”W).
Furthermore, the transferability of the markers
to six other oak species and European beech
was tested. The markers were tested in each
five samples of the species Q. ellipsoidalis,
0. georgiana, and Q. robur, as well as in two
samples of each Q. alba, Q. pedunculifiora, Q.
petraea, and F. sylvatica.

For genotyping, a PCR mix was prepared
consisting of 1l DNA (ca. 0.6 ng/ul), 1.5 pl
10x reaction buffer B (Solis BioDyne, Tartu,
Estonia), 1.5 pl MgClL, (25 mM), 1 ul dNTPs
(2.5 mM each dNTP), 0.2 ul (5 U/uL) HOT
FIREPol 7ag DNA polymerase (Solis Bio-
Dyne, Tartu, Estonia), 0.2 ul (5 picomole/pl)
tailed forward primer (Schuelke 2000, Kubi-
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siak et al. 2013), 0.5 pl (5 picomole/ul) PIG-
tailed reverse primer (Brownstein et al. 1996),
1ul (5 picomole/ul) dye labeled (6-FAM) M 13
primer, and 5.5 pl H,O. Fragments were sep-
arated on an ABI 3130xl Genetic Analyzer
(Applied Biosystems, Foster City, USA) us-
ing GS 500 ROX (Applied Biosystems, Foster
City, USA) as an internal size standard. Allele
scoring was conducted using the GeneMapper
4.1 software (Applied Biosystems, Foster City,
USA). The following touchdown PCR pro-
gram was used: an initial denaturation of 95 °C
for 15 min, followed by 10 touchdown cycles
of 94 °C for 1 min, 60 °C (-1 °C per cycle) for
1 min, and 72 °C for 1 min, 25 cycles of 94
°C for 1 min, 50 °C for 1 min, and 72 °C for 1
min, and a final extension step of 72 °C for 20
min. For genotyping of the successfully am-
plified markers, the loci were combined in five
different multiplexes (multiplex 1: Qr1423,
Qr2927, Qr6333b, and Qr6859; multiplex 2:
FS C1702, Qr0237, Qr0332, and Qr6783;
multiplex 3: FS C2361, Qrl266, Qr3552,
and Qr3173; multiplex 4: Qr0057, Qrl1824,
Qr5117, and Qr5623; multiplex 5: FS_C2660,
FS C2791, FS_C8183, and Qr2660).

Data analysis

The genetic diversity indices number of alleles
(M), observed heterozygosity (), and expect-
ed heterozygosity (H) for the different mark-
ers, as well as the fixation index (F,) among
populations were calculated with the GenAl-
Ex 6.501 software (Peakall & Smouse 2006,
2012). Significant differences of N, H , and
H, among populations were tested using the
Kruskal-Wallis test with multiple comparisons
implemented in the R package pgirmess 1.6.7
(Giraudoux 2017). The inbreeding coefficient
(F,¢) (Weir & Cockerham 1984) was calculated
with FSTAT 2.9.3 (Goudet 1995). P-values (a
= 0.05) were corrected for multiple compari-
sons using a sequential Bonferroni correction
(Rice 1989). Genepop 4.7 (Rousset 2008) was
used to calculate linkage disequilibrium (LD)
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for each pair of loci in the three populations
with the following parameters for the Mark-
ov chain: 10,000 dememorisation steps, 100
batches, and 5000 iterations per batch. A Bon-
ferroni correction on the original p-value (a =
0.05) was applied to correct for multiple test-
ing. Population structure was inferred using
the STRUCTURE 2.3.4 software (Pritchard et
al. 2000). The admixture model and correlated
allele frequencies were selected. A burn-in pe-
riod of 50,000 and Markov chain Monte Car-
lo (MCMC) replicates of 100,000 were used.
Potential clusters (K) from 1 to 6 were tested
using 10 iterations. The 4K method (Evanno
et al. 2005) was applied to infer the most like-
ly number of K with the STRUCTURE HAR-
VESTER 0.6.94 software (Earl & vonHoldt
2012). The CLUMPAK software (Kopelman
et al. 2015) was used for summation and
graphical representation of the STRUCTURE
results. Clustering of populations was further
analyzed using a principle coordinate analysis
(PCoA) with the covariance standardization
method implemented in GenAlEx (Peakall &
Smouse 2006, 2012). To detect potential de-
viations from neutral expectations, an outlier
analysis was performed using the LOSITAN
1.0 software (Antao et al. 2008). LOSITAN
was run with 70,000 simulations, the step-wise
mutation model, and a FDR (false discovery
rate) of 0.1. Annotation of the sequences, in
which the SSR loci were located, was per-
formed using similarity searches against the
NCBI (National Center for Biotechnology In-
formation) nucleotide collection (nr) database
with BLASTN 2.8.0+ (Altschul et al. 1997).

Results

Of the 40 initially tested EST-SSRs, 20 mark-
ers were polymorphic, 5 were monomorphic
(Table 1), and 15 markers did not amplify
(Table S1 - Supporting Information). The 20
polymorphic markers were used to genotype
96 individuals of three Q. rubra populations
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from different regions in Michigan. The num-
ber of alleles (N ) for the different loci ranged
from 2 to 13 in population FC-A (mean N :
5.0), from 2 to 13 in population HMR-IH
(mean N : 5.8), and from 2 to 15 in popula-
tion MTU-1 (mean N : 5.5) (Table 2). The ob-
served heterozygosity (H ) ranged from 0.147
for marker Qr2361 in population MTU-1 to
0.939 for marker Qr6783 in the same pop-
ulation. The mean values of H over all loci
were 0.483 for FC-A, 0.620 for HMR-IH, and
0.566 for MTU-1. The expected heterozygosi-
ty (H)) ranged from 0.136 for marker Qr2361
in population MTU-1 to 0.907 for marker
Qr6783 in population HMR-IH. The mean
values of H, were 0.597 for FC-A, 0.623 for
HMR-IH, and 0.618 for MTU-1 (Table 2). All
genetic diversity indices were not significant-
ly different among populations. The F ¢ value

Research article

was significantly different from zero only for
marker Qr5623 in population MTU-1. Over
all loci, the F ¢ values of the populations FC-A
and MTU-1 were significantly different from
zero (Table 2). Genetic differentiation (F,)
among populations ranged from 0.002 for
marker Qr5623 to 0.127 for marker Qr1266.
The mean differentiation among populations
was 0.041 (p<0.05) (Table 2). No F',- outlier
loci were detected. Differentiation among pop-
ulations was also detected with the STRUC-
TURE and principle coordinate analyses. The
STRUCTURE analysis revealed a most likely
number of clusters of K =2 (Fig. S1 - Support-
ing Information). Population FC-A was clear-
ly separated from HMR-IH and MTU-1 (Fig.
1). A separation of FC-A from the other two
populations was also revealed by the PCoA,
albeit less pronounced (Fig. 2). Significant

Table 2 Genetic diversity indices based on EST-SSRs for the populations

FC-A HMR-IH MTU-1

Macke F, N NH H F. N N H H F N N H H F

FS_C1702 0.038* 28 5 0.500 0.679 0.281 32 5 0.750 0.693 -0.067 34 6 0.647 0.593 -0.077
FS_C2361 0.108* 26 2 0.538 0473 -0.118 33 2 0303 0257 -0.164 34 2 0.147 0.136 -0.065
FS_C2660 0.062* 28 5 0.500 0.582 0.158 33 5 0.818 0.732 -0.103 35 5 0.771 0.769 0.011
FS_C2791 0.018 28 2 0.286 0245 -0.149 33 3 0424 0404 -0.033 35 2 0400 0.382 -0.033
FS_C8183 0.011 28 5 0.571 0.582 0.036 33 6 0.758 0.697 -0.071 35 5 0.600 0.638 0.073
Q0057 0.022 26 6 0462 0.652 0310 33 5 0758 0.647 -0.155 34 7 0.706 0.743 0.064
Qr0237  0.051* 23 7 0.391 0494 0230 33 8§ 0788 0.793 0.022 34 8 0.735 0.730 0.007
Qr0332  0.046* 26 5 0.577 0.708 0.204 33 6 0727 0.733 0.023 34 6 0.765 0.716 -0.053
Qri266  0.127* 26 3 0.385 0.508 0.261 33 3 0424 0430 0.028 34 4 0382 0.544 0310
Qrl423  0.025 27 3 0185 0497 0.639 33 3 0273 0330 0.189 34 3 0353 0.424 0.182
Qri824  0.045% 24 9 0.583 0.857 0338 33 11 0.788 0.801 0.031 34 11 0.824 0.846 0.042
Q2927 0013 21 3 0381 0439 0.156 32 4 0531 0482 -0.087 34 3 0382 0436 0.139
Q3173 0.073* 26 6 0462 0511 0.116 32 8 0906 0.805 -0.111 32 7 0.781 0.811 0.053
Qr3552 0028 20 3 0.200 0515 0.627 32 3 0.156 0.330 0.537 33 3 0333 0417 0216
Q5117 0.033 26 3 0462 0.607 0257 33 6 0545 0.625 0.143 34 5 0.765 0.730 -0.033
Qrs439 0037 28 4 0.607 0.654 0.089 33 6 0.636 0.718 0.128 35 6 0.743 0.762 0.040
Qrs623 0002 28 4 0321 0.601 0.479 33 5 0424 0.579 0281 35 4 0.286 0.565 0.505%
Qr6333b  0.031* 28 8 0.857 0.835 -0.008 32 9 0.906 0.867 -0.030 34 10 0.765 0.859 0.125
Q6783 0.041* 23 13 0.826 0.875 0.078 33 13 0.879 0.907 0.047 33 15 0.939 0.888 -0.043
Q6859 0.020 28 4 0.571 0.635 0.118 33 4 0.606 0.629 0.053 35 4 0.543 0.698 0.236
zﬁeﬁ)‘zi 0.041% 259 5 0483 0.597 0.210* 32.8 5.8 0.620 0.623 0.020 30.9 5.5 0.566 0.618 0.079*

Note. Abbreviations: F, - fixation index, N - number of individuals, N, - number of alleles, /- observed hete-
rozygosity, H, - expected heterozygosity, F - inbreeding coefficient, *F; or F significantly different from zero

after Bonferroni correction.
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Figure 1 Clustering of individuals of the three populations

Discussion

The performance of 20
successfully amplified
and polymorphic EST-

* FC-A

Coord. 2

SSR markers was eval-
uated in three Q. rubra
populations from differ-
ent regions in Michigan.
A high genetic diversity

B HMR-IH
A MTU-1

Coord. 1

Figure 2 Principal coordinates analysis

LD was only observed between the markers
Qr2791 and Qr3173 in population FC-A, and
between markers Qr2927 and Qr6783 in pop-
ulation HMR-IH.

The transferability of the 20 polymorphic
markers in Q. rubra to six other oak species
and European beech was successfully tested
(Table 3). All loci, except for marker Qr3552
to Q. robur, were successfully transferred
to all tested oak species (Q. ellipsoidalis, Q.
georgiana, Q. robur, Q. alba, Q. pedunculiflo-
ra, and Q. petraea), and most of the markers
were polymorphic. In total, 13 of the 20 mark-
ers (65 %) were transferable to F. sylvatica,
and five of them were polymorphic. Markers
FS C1702, FS_C2361, FS_C2660, FS 2791,
and FS 8183 have been tested for amplifica-
tion in F sylvatica before. Like in our study,
all of these markers amplified in F. sylvatica,
but only FS_C2361 was polymorphic.

was revealed for all pop-
ulations (Table 2). Other
studies, however, showed
slightly higher genetic di-
versity estimates for the same and other Q. ru-
bra populations. For instance, based on seven
EST-SSRs, Lind & Gailing (2013) reported a
mean number of alleles per locus of 11, a mean
observed heterozygosity of 0.610, and a mean
expected heterozygosity (unbiased expected
heterozygosity (Peakall & Smouse 2006) of
0.700. Based on 18 EST-SSRs, also Sullivan
et al. (2013) reported slightly higher values
(mean N : 7, mean H : 0.700, mean H : 0.700).
Hence, the EST-SSRs tested in our study, seem
on average to be slightly less variable than pre-
viously reported EST-SSRs for Q. rubra, but
variable enough for future population genetic
studies. Over all loci, the F; values of the pop-
ulations FC-A and MTU-1 were significantly
different from zero. Nevertheless, since all
markers (except Qr5623 for MTU-1) showed
F; values not different from zero, the popu-
lations are likely not affected by inbreeding.
A low but significant genetic differentiation
among populations was detected (F,: 0.041,
p<0.05). This is in agreement with other stud-
ies in forest tree species including Q. rubra
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, (e.g., Lind & Gailing 2013, Sullivan et
=g f al. 2013, Lalagiie et al. 2014, Miiller &
Q .
EEgovvoagaguuuaagaa Finkeldey 2016). The STRUCTURE
<O BT AAQAST Vv B AQAAQAAQ .
analysis and, at a lower level, the PCoA,
R R R o S oo ® showed a separation of population FC-A
i) O X O O © v el .
2 |@aeqaqgaq aq q from the other two populations, HMR-IH
N S o> — A NN N N N N A
7 RS 83Y (88888 L %l and MTU-1. The reason for this differen-
" tiation remains open.
g2 The transferability of the reported
£ = EST-SSR markers in Q. rubra to six oth-
AT [mommma i maa e er oak species and European beech was
s s successfully tested. In general, a high
=2 = =2 S transferability of EST-SSRs is expect-
SEN = SEN = .
= § S s [= S S 5 ed among taxa (Ellis & Burke 2007). In
S B S Q9 g S B~ S Q9 8 . . .
EY¥Ss3SES8F3sS8 agreement with this, all loci were suc-
= ) = S S =
T HET R %ﬁ% S %ET R éﬁé cessfully transferred to all tested oak
8 § § § § § § 3 § § § § § § 2 species (except marker Qr3552 to Q. ro-
§ S YS9 S Y3 TS T burThus the amph.ﬁcatlon success was
@ QIQIQIQIQAIQIR| QI QI QI QI generally not lower in oaks belonging to
- - o section Quercus (Q. alba, Q. robur, and
2 ® il 0. pedunculiflora), despite the markers
S g 8 were transferred from Q. rubra, which
belongs to section Lobatae. The transfer-
= - 3 ability to F sylvatica, however, was low-
g2 Sl N ale oo o el e Intotal, 13 of 20 markers (65 %) were
<82 v B AAAQ|EE S A QA S| transferable to this species. The transfer-
— ability rates are in agreement with other
S 1§33 185 studies. For instance, Steinkellner et al.
é AIITASLIIEL2R2R (1997) found transferability rates for
(o B o\ N e BEo\NEe BN o\Na | Ko\ I e Iie BN o\ N o\ NN o\ NN .
SSRs developed in Q. petraea of 100 %
5 8 for Q. robur and Q. pubescens Willd., of
€= 64 % for Quercus cerris L., of 47 % for
Z%5 et ot emenmfn Quercus palustris Miinchh., Q. rubra and
N N Castanea sativa Mill., and of 24 % for F.
@ 5 “ 5 sylvatica. Barreneche et al. (2004) found
§ § % N § § % N that SSRs developed for Q. rubra, Q. pe-
S B 5 SRR 5 SIS traea, and Quercus macrocarpa Michx,
SSEST55ESEST5 | showed 100 % transferability to O. ro-
6) e zooobleezs s os| buranda transferability of 70 % to C
Sl 5 |§EEEEE|Eggggg g o andnnsienDiy of AR T
S| 8 |ST ST ST HSSS S5 S g Sava
=1 2, T2 ¥R R YRRy Th .
g SIS IS IS IS IS I SIS IS IS IS IS IS e reported set of 20 polymorphic
§ EST-SSRs can be used in future popula-
2 - ° - tion genetic studies. Since all EST-SSRs
'3 2 & g were successfully annotated (Table 1),
% § 5 S they might be especially useful for the
= investigation of adaptive processes in Q.
rubra.
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