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rule out any experimental influence of species-
specific primer design (Populus tremula vs.
the closely related model-species Populus
trichocarpa) on the detectability of SNPs.
Applying a species-optimized method, partial
sequences of 14 genes involved in xylem cell
development, xylogenesis, pectin formation, and
drought stress reaction were analyzed at the
genomic level. About 3 Mb of sequence informa-
tion were generated by Sanger sequencing
technology and 258 sequence variants were
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identified. 15 out of these represent
insertions/deletions located exclusively in non-
coding regions and the remaining 243 are SNPs
found in coding and non-coding regions of candi-
date genes.

The introduction of a species-specific SNP
detection pipeline will help to detect nucleotide
variants in P. tremula and to conduct associa-
tion mapping in natural P. tremula populations.

Key words: drought stress tolerance, natural popula-
tion, Populus tremula, SNP, xylem cell formation

Introduction

Within the last decade the genus Populus has
become one of the main research objects of
molecular genetics on woody plants. Poplar
species are easily to propagate compared to
other tree or shrub species, which facilitates the
cultivation of plants. In addition, the genome is
relatively small (2n=38, ca. 550 Mbp). Both are
favorable characteristics for a plant species to
become a model organism (STRAUSS and MARTIN,
2004).

European Aspen (Populus tremula, L.) is a
deciduous tree species widely distributed in the
Northern hemisphere (ECKENWALDER, 1996). Its
geographic distribution ranges from cool and
temperate regions in Northern Europe and
North Eastern Asia to warm and dry sites in
Southern Europe and North Africa (ECKEN-
WALDER, 1996). P. tremula belongs to the family
of Salicacea and is closely related to poplar
species that are mostly used for short rotation
forestry. Though, due to its comparably lower
biomass production P. tremula does not count
amongst the typical plantation tree species in
Europe. Nevertheless like other widely distrib-
uted tree species, adaptive genetic variation,
which might reflect the capability of a subpopu-
lation to adapt to different environmental con-
ditions (especially to drought) in combination
with an acceptable biomass production has to
be expected for European aspen which makes
this tree species an interesting object of investi-
gations.

One promising method for identification of
drought-adapted genotypes is an association
mapping approach based on the characteriza-
tion of SNPs (single nucleotide polymorphisms)
being located in candidate genes. SNP-loci have
been identified for a number of plant species
including forest trees (e.g. Populus tremula:

260

DOI:10.1515/sg-2015-0024
edited by Thinen Institute of Forest Genetics

Winkler et. al.-Silvae Genetica (2015) 64-5/6, 259-269

INGVARSSON, 2005; SEEB et al., 2011; SEIFERT et
al., 2012). Although most SNPs do behave selec-
tively neutral and can be used in population
genetic analysis in addition to or instead of
other neutral markers (SEIFERT et al., 2012), a
comparably small number of SNPs are likely to
be under selection and can be associated with
phenotypic traits (YOSHIURA et al., 2006;
SEIFERT et al., 2012).

In the present study, we introduce a reliable
and robust method for the detection of single
nucleotide polymorphisms within candidate
genes related to traits that are mainly involved
in drought stress tolerance in Populus tremula.
In contrast to Ingvarsson (2008), who investi-
gated a total of 77 amplicons distributed ran-
domly over the genome of European aspen, we
focused on selected candidate genes. For indi-
viduals selected from different populations and
environments this approach seemed to be a
promising method to detect SNP variation fast
and efficiently (CARDON and BELL, 2001; ING-
VARSSON, 2005) as a basis for a future associa-
tion mapping study and marker-assisted
selection.

Materials and methods

Sample collection

To cover a wide spectrum of environmental
conditions such as water availability and soil
conditions, 108 P. tremula genotypes were col-
lected from eleven natural sites in Germany (9
to 11 trees per subpopulation). Among these
eleven sites, ten sites were selected along a
North to South gradient beside and 50 km far
from the river Oder. Additionally one subpopu-
lation was sampled in the rocky area of the
Black Forest region (Figure 1). Only trees sepa-
rated by a distance of 1-2 km were collected to
ensure the sampling of genetically distinct
trees.

DNA extraction

Total genomic DNA was extracted from frozen
or dried leaves according to DOYLE and DOYLE
1987. Several DNA extractions from cambium
were done using the DNeasy plant mini-prep
kit (QIAGEN, Hilden, Germany). The amount
and the quality of the genomic DNA were ana-
lyzed in 0.8 % agarose gels. For subsequent PCR
applications genomic DNA was diluted 1 in 100
in water.



Figure 1. — Collection sites of individual trees of the
P. tremula natural collection in Germany. GPS data:

Greifswald: 54°6’N, 13°23’E; Usedom: 53°52’N,
13°55’E; Templin: 53°7'N, 13°30’E; Schwedt: 53°4'N,
14°17E; Berlin: 52°31'N, 13°24°E; Frankfurt/Oder:
52°21'N, 14°33’E; Finsterwalde: 51°38'N, 13°43’E;
Bad Muskau: 51°33'N, 14°43’E; Dippoldiswalde:
50°54’N, 13°40’E; Zittau: 50°51’'N, 14°48’E and
Schwarzwald: 48°28'N, 8°10’E.

Candidate gene selection

Candidate genes were selected for their physi-
ological function in the context of drought adap-
tive behavior. Table 1 summarizes the genes,
which were chosen as candidates. First we
focused on genes that are reported to be directly
up-regulated upon water deficiency. These were
Drought-sensitive 1 (drsl), stable protein (Spl)
and Metallothionein 2A (Mt2a). SLACI and
erecta homologues are involved in regulation
and movement of stomata in leaves as a
response to humidity changes, whereas the
aquaporin PIP2.5-gene is directly involved in
water transport. Alpha-expansin (a-exp) regu-
lates cell-wall extension and stress relaxation.
Secondly, other candidate genes were chosen
due to their function in xylogenesis, xylem cell
development and pectin formation, among these
are the K channel protein kpt1, the high-affin-
ity potassium uptake transporter kupl, the
potassium channel ptk2, an outward rectifying
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potassium channel ptork, a MADS box protein
ptm5, UDP-glucose dehydrogenase (UGDH),
and UDP-glucose pyrophosphorylase (UGP). In
the course of this study, we identified P. tremula
homologues of Drsl1, erecta, mt2a, and SLACI
(Accession numbers: drsl, KC768063; erecta,
KC768064; mtla, KC768065; SLACI,
KC768066).

P. tremula-specific PCR design

Since P. tremula-specific whole genome infor-
mation is not published yet, protein sequences
of candidate genes as summarized in Table 1
were obtained from Genbank and Refseq,
respectively. Protein sequences were blasted
against the P. ¢richocarpa genome (TUSKAN et
al., 2006), making use of the tools of the Phyto-
zome project (GOODSTEIN et al., 2012: JGI v2.2,
Populus genome assembly: http://www.phyto-
zome.net/poplar.php). Identified candidate loci
(blast hits) were manually examined for a) any
duplicated sequence, b) for potential paralogs
within the P. trichocarpa genome, and c) for the
correct annotation of the candidate gene. If
more than one candidate locus was identified
for one gene, protein and nucleotide sequence
comparisons were performed for these hits
using CLUSTALW and the closest homologue
was chosen for amplicon design.

P, trichocarpa-specific PCR primers were
designed using the primer3-tool (ROZEN and
SKALETSKY, 2000) applying these criteria: (1)
PCR fragments are designed that allow
sequencing over internally located primer bind-
ing sites that subsequently represent a refer-
ence for P. tremula-specific primer pairs, (2)
primers which are located adjacent to exons to
screen as much coding region as possible, (3) if
gene annotation allows, primer pairs are
designed which are located in coding sequences
but not in functional domains to avoid unspe-
cific binding based on high sequence conserva-
tion between functional domains. An overview
of all primers (trichocarpa-specific, tremula-spe-
cific and tremula specific sequencing primers) is
summarized in Table 2.

PCR and sequencing of PCR fragments has
been performed as described in WINKLER et al.
(2011). P. trichocarpa-derived primer pairs were
tested on genomic DNA of one P. trichocarpa
and eleven P. tremula trees. PCRs were done in
a total volume of 10 ul containing 2 uM primer,
2 mM MgCl,, 0,2 utM dNTP each, 25 mM
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Accession Cienomic position
Geng Mumber F. . L o 5 Screened exon Physiological function Reference
(P. trichncarpa v2.2
tremuila
exon 3
Drsl KC7a8063 LG 18 12,658,160 - 12,659,729 Response to water deprivation, ubiguitin ligase complex Leeetal, 2008
exon 4
exon 23-24 Transpiration, transmembrane receplor protein kinase Masle et al., 2003; Hamanishi et al
Erecta KC768064 LG 6: 22,390,775 - 22,393,386 P  HAL e prorp ' R i "
exon 25-26 activiey 2012
LG 1: 24,014,878 — 24,017,296 | . . .
2 AY435 N P W E g (7 ay-] al., 2004
a-exp AY435099 LG 0: 4301229 - 4,303,484 not done Cell-wall extension and stress relaxation Gray-Mitsumune et al,, 2004
. o + 4. 14901 &7 - - Inward potassium channel, potassium dependent a
Kpid AJ344623 LG 4: 14,291,677 - 14.292,374 exon 7-10 xylogenesis Langer et al., 2002
LG 3: 13,771.063 - 13,771,674 exon 2-3 " -
Kup! AJ290422 Polassium 1rm]:,|.10rle1..luplalwl:.._p.olnssmm dependent Langer et al, 2002
LG 3: 13,767,144 — 13,767,87 exon 9 rylogenesis
o . - A - Street et al,, 2006; Wilkins et al.,
M2 16,215,377 - 6,215,95 = ” it etal,, 2006; ]
Mit2a KCTa8065 L6 6,215,377 - 6,215,954 exon 2 Metallothionein, abiotic stress response 3009, Yeh et al., 1995
LG 16: 6,990,700 — 6,991,987 B . . . .
ok AJR4032 A , A . farianovic et al. 2005
PIP2 5 AJ849328 LG 9: 2,408.396 — 2,409,368 not done Aquaporin, water conduction Marjanovic et al,, 2005
P AJIT1447 LG 3: 1,122,870 1,123,791 not done (7-8) Voltage pated potassium channel, patassium dependent Langer et al., 2002; Arend et al.,
2 4 ; 5 1
LG 3: 1,122,122 1,122,548 exon 9-10 ¥ylogenesis 2005
LG 14: 5,289,861 - 5,200,477 exon | . TP
Pims AT377868 MADS-box Pmlb.l.n.-ﬂlr:m:”?li?n Laetor activity, wood Cseke et al., 2003
LG 14: 5,263,399 - 5,284 908 exon 3-4 vaseular development
LG 123,217,585 - 3,218,200 exon 3-4 B . P .
Prort AJ271446 Outward re-clll")tmg pnlnasm.um th]ljl.le]‘ potassium Langer et al,, 2002
LG 12: 3,214,335 - 3,214,910 exon §-9 dependent xylogenesis
C4-dicarboxylate transporter/malic acid transport
SLACT KOTaR0G66 LG 15 6,085,516 - 6,085,885 exon 2-3 protein, regulation of stomatal movements (humidity Wahisalu et al., 2008
response)
Spl-1 AJ276317 LG10: 15,141,391 - 15,142,213 exon |-2 Heat stabl " honse {0 siress stimuli
cat stable protein, response to stress stimuli Wang et al., 2002
. . 1 (temperature, salt), water transport
Spl-2 AJ276517 LG 10: 14,928,636 — 14,929,429 nol done
- s LG 4: 10,620,227 - 10,621.029" ) UDP-glucose 6-dehyvdrogenase activity, formation of 20
UDGH AFQ53973 LG 17: 12927539 12.928.338 exon 1 pectin Johansson et al., 2002
- LG 6,008,392 — 6,013,141 . :
G AY2 e e - SE Py las M 2 Johansson et al., 2002
uGP AY 260746 LG17: 967.805 - 972,302 not done UDP-glucose pyrophosphorylase, formation of pectin ohansson et al., 200
! Duplicated region.

2 Gene family of aquaporins that consists of more than two very similar versions.

3 PCR failed.
4 Partially duplicated sp1 locus.

5 Specific primers for UDGH homolog are located on LG4.

tricine, 85 mM ammoniumacetate, 7% glycerol,
1,6% DMSO, 0,5 U Taqg-polymerase, 5—50 ng
genomic DNA. Cycling conditions for the PCRs
were as follows: 94°C for 2 min, 30 cycles of
94°C for 30 sec, 57°C (or primer optimized
annealing temperature) for 20 sec, 72°C for
1 min, and a final extension at 72°C for 10 min.
The resulting PCR fragments were visualized
and quantified on 1% agarose gels, diluted to a
final concentration of 10-20 ng/ul and directly
used for DNA Sequencing (Sanger big dye ter-
minator technology). Sanger sequencing was
performed according to the manufacturers’ pro-
tocol making use of low input conditions. The
sequencing reaction contains 2-5 ng template
DNA, 0.2 pl big dye terminator, 0,4 ul 5x
sequencing buffer, and 2 uM sequencing primer
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in a total volume of 8 ul. Cycling was performed
as follows: 96°C for 1 min, 30 cycles of 96°C for
10 sec, 52°C for 5 sec, 60°C for 3 min. Sanger
sequencing was performed on an AB3730XL
DNA sequencer.

If PCR results were either unspecific or failed
in P. tremula samples, PCR conditions were
optimized for the annealing temperature. If het-
erozygous indels were found that were not
resolved by any of the sequencing primers,
internal P. tremula-specific sequencing primers
were designed to cover as much information as
possible.

DNA sequences of all tested individuals were
compared and analyzed for differences between
both species (cross-species variances) as well as
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Table 2. — P. tremula and P. trichocarpa-specific primer sequences and location of the primer in annotated locus.

gene, exon primer pairs P. frichocarpa location primer pairs P. tremula location | Internal sequencing primer P. fremufa | location
Drsi. 3 5 AGAGAAGAGGGAATTTGAGGG exon 5 TGTTCGCGTTTCTGTGGAGT intron
' 5 AGGATTAAACGAGCACTTGTC intron | 5' AGAACACTGCGGTATGATAAAG | intron
et 4 5 GGCCACTAGTTCCTCAGATGC exon | 5 GCCCACTTTAATTTGGAGAG intron
' 5 ATCATGTCCAGGAAGATTGG intron | 5' TGATGCCCTTCAATGGAACC intron
rocta 23v04 | 8 CAGAGCGAGGTATTCAGATG exon | 5 CGGTAATACCTTTTCTGCAG intron | 5 GTAGGTGCATGCAAG GAGAG ntron
: 5 CTCGATACTGCTCTGCTTTG 3UTR | 5 CCAGGACTACAATCATGGTG exon | 5 TAATTTTCAACTCCAAGACTATC | intron
Erocta 25426 | 5 CAAGGATATTCCCTGTCACG exon | § TCTCCTTGCATGCACCTAC imtron | 2 AT G o exon
5 GCTTCTCGTGGTCCTACAG 3UTR | 5 CTCGATACTGCTCTGCTTTG intron | & o o eaGn infron
o1 710 | 8 ATCAATGTTTGCCCAGTTIC intron | 5 GCAGAACGAAGCTCCTACAG exon
pit, - 5 GTTTCGCTATCCTCAACTGC intron | 5 CTTTCTTGTAGCCTTTGATCC exen
Kot 2v3 | 5 TCCAATARATCATGGTACGC SUTR | 5 TGTCTTGATCGTTGCTCTTG ntron
P, 5 GGTAATAAACACAGCAGCAC exon | 5 CAAACTTCTTGAACCGAGATG exon
Kt 9 5 GAAAGCTGTTCTTACCTTTGE intron | 5 AMAGCTGATGTTGCTACTACC intron
P, 5 CTGCTCTCCTTATTGCCATC exon | 5 TCAGATGACCTCACAACTGC exon
\iza 122" | 8 CACTTCGCGCAGTTTCC SUTR | 5 TTGCAGGGATAAGCATGACG intron
= 5 AGAGCTGCAAATCCAAGAAG FUTR | 5 ACAAGAGACAAGAGACAACC | 3UTR?
5 TGTGATCTTATGTGCCTAACG ntron
Pk2, 748 5 AATTCCCATGCATGTTCTG intron | ot done
P2 9010 | 5 GATTCCCACCTACTGATTCG intron | 5 AGGACATGAAGAGTGTGTGG exon
' 5 CATGAGGTGCATTCTTGTTC exon | 5' GCACCGCTCATTACTAGC exon
5 AAGCTCTCGTGGGTTTATTG SUTR | 5 TCCCTCCACTTTCTIACCTC nron | )
Ptmb, 1 5 ATTATTGGAACGGGCAAAG intron | 5' GAGAGAGAGAGAGGCACACAC | intron | ¥ ATCAAAGGAGCCAGACACG intron
oo, aea | 5 TGTTGTAGATGCTTGCGAAC intron | 5 ATAGGATAAGGG TGGAAGG exon
- 5' ACATGCAACTGTTGACGAC intron | 5 TTCTCTACAGCCTTTGGTTTC intron
ok 3+4 | & CATTGCCATTAGGTCTGTACC exon | 5 GAAATCTCGGTTCTIGGTIG exon
3 5 CGTGGATTTGTCTAGCAATG intron | 5 TGCCACTCATCTGGACTTC intran
ok 80| 8 CCTGTCTCTGAGTGTGTTGG intron | 5 GCAAACCTATAGCTCATTTGG exon
' 5 TAATGCAACGGTTCAAGTTC intron | 5' AGCCTTGTTAGGATCTGCTC exon
SLAC 203 | B ATGTCAGGAGGACAGAGAAGG | exon | 5 TATATTTCTGTCATGGACATIC | intron
3 5 GAGGTCCTGGAGTACGAAT exon | 5 GTACGAATGCGTGCACT exon
o7 102 5 GGACATTAGGCGTGGARAG SUTR | 5 GGCAGAGCATCATGCAG 5UTR
o1, 5 TATCGATGCTGGTTCTTTCC JUTR | 5 AGCTCATTCGAGGATAATGG FUTR
5 GGCGGGTCTACCACCAC intron
Spt, short | 5 C ACAAACAAGATCAAGACACG intron | NOtdone
UDGH 1 5 ATCTACAACGGCAGGTTAGC intron | 5 TGAATTTCCCTTCTTTCAGG ntron
= 5 CCAACACTAGCATTCAAGAAC exon | 5 TCCTTTCCAACAGCATAGGC exon

I A nested PCR approach was used to amplify exon 2 of Mt2a: inner primers were used to amplify from the PCR

fragment generated by the outer primer set.

2 Untranslated regions: considered are 500 bp upstream or downstream of coding sequence since annotation was
mostly missing. Bold: Nucleotides that differ in the primer binding sites of P. tremula and P. trichocarpa, shown

is P. tremula sequence.

between P. tremula individuals (within-species
variances). P. trichocarpa-derived primers
served as templates for the design of P. tremula-
specific primer pairs. These primer pairs were
tested again for specificity and performance on
the P. tremula trees. An overview of all designed
primer pairs including sequencing primers is
presented in Table 2.

Detection of sequence variation and statistical
analysis of SNPs in the P. tremula natural
populations

PCR fragments were amplified and sequenced
from the P. tremula collection making use of
P. tremula-specific PCR and sequencing
primers. SNPs in these regions were detected
automatically by the Polyphred software pack-
age that uses Phred-based base calling and
quality assignments with subsequent detection
of heterozygous peaks in sequence assemblies
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performed by Phred, conditions are as follows:
the peak drop ratio is 0.55, a second peak ratio
of 0.15 and an average sequence quality of 30
(NICKERSON et al., 1997; BHANGALE et al., 2006).
Small and resolvable indels of 1 to 100 bp in
size were detected on sequence alignments
(CLUSTALW) making use of the MacVector
sequence analysis tool (MacVector, Inc., North
Carolina, US). Sequence variation was docu-
mented for each individual of the P. tremula col-
lection. For each SNP in the total population
the genetic diversity was estimated by calculat-
ing the observed and expected heterozygosities
and p-values. All calculations were performed
with PowerMarker version 3.25. Tests for
Hardy-Weinberg equilibrium (HWE) were
performed for each SNP using the exact test
implemented in PowerMarker version 3.25 (LU
and Musg, 2005). Application of Bonferroni
correction was done in a conservative manner
(corrected a-level: 0.05/243 = 0.0002).
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Determination of an allele bias caused
by cross-species primer and PCR conditions

The effect of cross-species PCR and sequenc-
ing conditions (P. trichocarpa-derived primers
on P. tremula individuals) on SNP detection was
compared to within-species conditions (P. trem-
ula-derived primers on P. tremula individuals).
For this experiment, four sets of P. trichocarpa-
(representing cross-species and tremula-specific
primer pairs representing three different genes
(drs1 exon 3, drsl exon 4, erecta exon 23+24,
mt2a exon 2) were amplified and sequenced
from the P. tremula collection. Three independ-
ent rounds of PCR were performed with P. trem-
ula-specific primers and two independent
rounds with P. trichocarpa-specific primers. Dif-
ferences within one data set (PCR- and
sequence-derived errors, inner-species dataset)
and between P. trichocarpa- and P. tremula-
specific data were determined. The observed
and expected heterozygosity values were calcu-
lated for each locus (data not shown). The
inbreeding coefficient (F;g) and the number of
loci that deviate significantly from HWE expec-
tations after conservative Bonferroni correction
(corrected «-level: 0.05/81 =0.0006) are given
for each amplicon. All calculations were done
with the software PowerMarker version 3.25
(Table 3)

Table 3. — Heterozygosity of the wild population,
inbreeding coefficient and deviation from HWE for the
tested amplicons.

cens | exon Total No. Heterozygosity . Out of
of SNPs Is HWE'
exp Obs
3 14 0.204 | 0180 | 0125 0
Drst 4 19 0203 | 0,134 | 0443 4
23424 | 29 0,246 | 0,183 | 0,232 1
Erecta | 55426 | 19 | 0224 | 0221 | 0008 | 0
Kot1 | 7-10 17 0275 | 0260 | 0,024 0
243 4 0,097 | 0,092 | 0,025 0
Kupt | g 5 0332 | 0321 | o012 | o
M2a | 2 21 0239 | 0225 | 0,017 0
Ptk2 | 9+10 16 0,284 | 0237 | 0,159 3
1 18 0143 | 0411 | 0,132 0
UL 17 0,182 | 0,156 | 0,189 0
344 12 0318 | 0245 | 0,282 3
Plork | g4g 10 0117 | 0,113 | 0015 0
SLACT | 2+3 12 0042 | 0043 |-0022| 0
Sp1 | 12 14 0137 | 0133 | 0,026 0
UDGH | 1 16 0153 | 0,141 | 0,053 0

I Total number of SNPs that deviate from HWE after
multiple test correction.
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Results
PCR design

We identified 3 candidate genes as not being
suitable for a specific PCR-based screen. The
candidate genes Alpha-expansin, UDGP, and
UDGH are found in two almost identical copies
in the P. trichocarpa genome (Alpha-expansin:
92,5 % identity of coding sequence, LG 1 and 9;
UDGP: 93,7% identity of coding sequence, LG 4
and 17, UDGH: 92,9% identity of coding
sequence, LG 4 and 17). Alpha-expansin and
UDGP do not allow any copy-specific primer
design and therefore failed our PCR criteria.
However, for UDGH we managed to specifically
target the gene copy that is located on LG 4.
Another candidate gene PIP2.5 belongs to the
gene family of aquaporins of which several par-
alogs are found in the P. trichocarpa genome.
Since it was not possible to resolve the gene
orthology for PIP2.5, this gene was not used
further in this study. The stable protein Sp1 is
found in two copies both located in close
proximity on LG 10. Since the SpI locus is
duplicated only partially, P. ¢richocarpa- and
P. tremula-specific primers for both gene prod-
ucts were designed.

P. tremula-specific PCR optimization

We designed 18 P. trichocarpa-derived primer
pairs covering 11 candidate genes and tested
them on genomic DNA derived from a batch of
10 P. tremula trees and one P. trichocarpa tree.
16 primer pairs resulted in successful amplifica-
tion of tremula-specific PCR fragments that
were eventually sequenced and analyzed. Two
primer sets (ptk2, exon 7 and 8, sp1, short frag-
ment) failed in P. tremula indicating significant
sequence differences between both species.
Sequence information derived from each species
was compared and in case of differences in the
sequence, primers specific for P. tremula were
designed. These P. tremula specific primers
flanked the coding region (exons) of our candi-
date gene and expanded circa 50 to 200 bp into
the adjacent sequence of the intron. We estab-
lished PCR and sequencing conditions for 16
P. tremula-specific PCR primer pairs and 6
additional sequencing primers (Table 2). Among
these 38 primers, 10 showed sequence differ-
ences between both species exhibiting 1 to 3
nucleotide mismatches or even a deletion of 6
nucleotides. Most of these primers (9 of 10)
were located in non-coding sequence (introns,



UTRs, and non-genic regions) of the gene locus
and flanked the informative exons.

Species-specific PCR design is required
to reduce any allele bias

Due to our screening focus on informative cod-
ing sequence, 63% of our P. tremula-specific
primer binding sites are located in non-coding
regions such as introns and UTRs that are
expected to be less conserved than the coding
sequence. Indeed 9 of 24 non-coding primer
binding sites actually showed differences in the
nucleotide sequence when comparing P. tremula
and P. trichocarpa, whereas only 1 of 14 primer
binding sites differed in coding sequence (Table
2). To test if even minor nucleotide variation in
the primer binding sites could result in an
allele-specific amplification bias, we detected
SNPs for four amplicons making use of either
P tremula or P. trichocarpa derived primer
pairs. These primer binding sites differed either
in one, two, or three nucleotides (drsl, exon 3;
drsl, exon 4; erecta, exon 23 and 24) or they
span a species-specific indel in the 3’ region of
the reverse primer (mt2a). P. trichocarpa- or
P. tremula-specific primer pairs were applied to
the P. tremula collection. All four primer sets
amplified fragments with PCR failure rates
between 1.1 and 5.7% irrespective of which
primer pairs were used (Table 4).

To determine any potential allele-specific bias
in the identification of SNPs, we screened all
trees individually for SNPs and did an initial
statistical analysis to judge the quality of data
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in our collection (Table 5). We identified differ-
ent numbers of SNPs for a given amplicon when
using either tremula- or trichocarpa-specific
primers. Considering that the SNPs amplified
in three independent experiments by the trem-
ula-specific primers are “real” SNPs in the
P. tremula collection, the trichocarpa-specific
primers identified a total of nine additional
SNPs and missed twelve SNPs compared to the
tremula-specific data sets. We assume that
sequence differences in the primer binding sites
between trichocarpa and tremula lead to the
biased amplification of one of two tremula-alle-
les. This allele-specific PCR bias results in the
relatively large number of SNPs missed by the
trichocarpa-specific  primers.  Alternatively,
additional and unspecific primer binding sites
could result in the observed miscalling of SNPs.

Analyzing these SNPs and their distribution
among the collection in more detail, we
observed that a total of 47 P. ¢trichocarpa-ampli-
fied SNPs deviate from the Hardy-Weinberg-
Equilibrium (HWE) compared to 7 SNPs
amplified with the P. tremula specific primers.
The inbreeding coefficient per amplicon over the
collection showed a significantly higher propor-
tion of homozygous alleles for the P. iri-
chocarpa- compared to P tremula-amplified
SNPs. As the trees were collected from different
habitats around Germany (Figure 1), we would
not expect significant levels of inbreeding and
loss of heterozygosity for this collection. These
effects are actually observed when applying the
P. trichocarpa-specific PCR and sequencing con-
ditions. The P. tremula-specific SNP detection

Table 4. — SNPs identified by ¢richocarpa- and tremula-specific PCR conditions, com-
parison of PCR failure, false-positive and false-negative SNPs, inbreeding coefficient,

and Hardy-Weinberg equilibrium.

- Failed | No. of | Additional | Missed 3 Out of

Gene, exon PCR specific for PCRs | sSNPs SNPs' SNPs2 Fis HWE*
Drs1, exon 3 P. trichocarpa 5 16 4 2 0,523 11
P. tremula 1 14 0,095 0
Drs1, exon 4 P. trichocarpa 4 21 4 2 0,675 13
P. tremula 3 19 0,438 3
Erecta, exon 23+24 | P. trichocarpa 1 24 0 5 0,549 16
P. tremula 5 29 0,243 4
Mt2a, exon 2 P. trichocarpa 2 17 1 3 0,360 7
P. tremula 2 19 0,030 0

1 SNPs identified by ¢richocarpa-specific but not by tremula-specific primers.
2SNPs missed by trichocarpa-specific primers but identified by tremula-specific

primers.

3 Inbreeding coefficient (Fig) per amplicon, Fig>0 indiciates an excess of homozygous
individuals in the analyzed population (N =88).
4Total number of SNPs that deviate from HWE after multiple test correction (Bon-

ferronie correction o=0,05/81).
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Table 5. — Sequence variation in the P. tremula natural population.

fragment Variations. | 119658 | spe Coding sequence Non-coding sequence
Gene exon length total SNPs SNPs
(bp) total total | Length ron SNPs Frequency | Length (UTR SNPs | Freguency
(bp) synonymous synonymaus cds (bp) nongenic)z {intron) non-cds

Drst 3 631 15 1 14 408 3 4 58 223 a 7 32
4 555 22 3 19 99 1 1 50 456 0 17 27
Erecta 23+24 997 30 1 29 498 1° 3 125 499 a 25 20
25+26 1175 20 1 19 616’ 7 11 36 44" 0 1 22
Kpt1 7-10 698 18 1 17 397 <] 3 40 30 a 8 38
Kun1 243 577 4 a 4 394 1 1 187 183 a 2 92
P 9 731 5 a 5 676 2 3 135 55 a 0 0
Mi2a 1+2 665 22 1 21 237 4 2 40 428 11 4 29
Ptk2 9+10 427 18 2 16 333 5 7 28 94 a 4 24
Pimé 1 630 20 2 18 182 0 4 46 448 10 4 32
3+4 757 18 1 17 204 2 2 51 553 0 13 43
Ptork 3+4 407 13 1 12 343 1 4 80 64 a 3 k)l
8+9 576 10 0 10 337 4 3 48 239 0 7 80
SLAC 243 484 13 1 12 234 0 2 17 250 0 10 25
Sp1 142 869 14 0 14 347 1 2 116 522 9 2 47
UDGH 1 802 16 a 16 761 2 12 34 41 2 0 21

Total 29 11,190 258 15 243 6,122 40 64 4553 32 107

! Length of screened coding/non-coding sequence: this number represents the actually resolved and finally
screened bp, in case of erecta (exon 25+ 26) the amplified PCR fragment was sequenced only partially although
three different sequencing primers have been used. This is based on the large part of intronic sequence that
shows a high content of repetitive regions.

2 Untranslated regions, 5° UTR: mta2a, 160 bp; ptm5 exonl, 225 bp; spl, 75 bp; and UDGH, 41 bp upstream of
proposed translation initiation site considered. 3’'UTR: sp1, 200 bp downstream of stop codon considered.

3 SNP erecta_1_604 disrupts the 3’ donor position of the exon 24 splice site, which might influence the full-length
translation of the erecta peptide.

Non-synonymous substitutions lead to changes in the amino acid composition or affects predicted splice sites,
synonymous substitutions do not affect the amino acid composition, SNPs located in introns are considered as
silent mutations.

resulted in a much milder loss of heterozygosity = The overall frequency of SNPs is 1 SNP in 44
(0.030 to 0.438) and less individuals that devi-  bp, which is higher compared to recent studies
ate from HWE (Table 4) for the same batch. reporting 1 in 70 bp and 1 in 54 bp, respectively
(INGVARSSON, 2005; IsMAIL et al., 2012). On aver-
age, we identified twice the number of SNPs in
non-coding regions (140 SNPs with an average
frequency of 1 SNP in 35 bp) than in coding

In an initial set of fourteen candidate genes, regions (103 SNPs with an average frequency of
we focused on genes with a potential physiologi- 1 SNP in 76 bp) supporting the higher degree of
cal function during stress-mediated responses sequence conservation in coding compared to

Sequence variation within the P. tremula
collection

in the context of drought tolerance and xylogen- non-coding regions. However, the frequency of
esis (Table 1). We successfully established  SNPs varied between amplicons ranging from
P. tremula-specific amplification and resequenc- 1SNP in 20 bp in the non-coding region of
ing conditions for 29 exons representing 11 can- erecta (exon 23 and 24) to 1 in 197 bp in the
didate genes (circa 1/3 of all predicted exons). coding region of Kupl (exon 2 and 3). Six of

243 SNPs were found in more than two allelic
variants in our collection whereas all other
SNPs are bi-allelic.

The established 16 amplicons cover 6.1 kb of
coding sequence and additional 4.6 kb of non-
coding sequence (Table 5). Processing all ampli-
cons on this collection, we generated about 3 Mb To get some insights into the potential physio-
of sequence information. We identified 258  logical effect of a SNP located in the coding
genetic variants, 15 of these represent indels sequence, we translated the allelic variants
that are located exclusively in non-coding  based on the predicted annotation of our candi-
regions and 243 are SNPs that are found in cod-  date genes. We identified one SNP in the erecta
ing and non-coding regions of candidate genes. gene that affects the 3’ donor site of the pre-
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dicted splice site of exon 24, which might cause
an early termination of the gene product. In
addition, we found 40 SNPs that lead to
changes in the translated amino acids, which
are classified as non-synonymous substitutions.
64 SNPs in coding areas do not cause changes
in the amino acid composition (synonymous
substitution), along with 32 SNPs located in
UTRs and adjacent non-genic regions and 107
SNPs located in introns.

Diversity of analyzed genes in the Populus
tremula collection

Since the P. tremula collection is a newly
established resource for potential breeding
approaches, we wanted to explore its hetero-
geneity to consider the suitability for ecological
and evolutionary studies. As parameters for the
genetic heterogeneity of a given population, the
expected and observed heterozygosities, and the
deviation from HWE were calculated for each
detected SNP marker (Table 3). Only 4.5% of all
detected SNPs deviate from HWE (a=0,0002
after Bonferroni correction). These eleven devi-
ating SNPs are concentrated mainly in three
different amplicons with 4 deviating SNPs in
drsl, exond (21%); 3 in ptk2, exon 9 and 10
(19%); and 3 in ptork, exon 3 and 4 (25%); in
addition, 1 deviating SNP is detected in erecta,
exon 23 and 24 (3.4 %).

Discussion

SNPs are considered as the basic detectable
unit of genetic variations, which are used as
DNA-based markers. Hence, informative SNPs
represent an attractive resource for genotyping
and breeding strategies due to their wide distri-
bution throughout the genome and the fact that
they are easy to score and amenable to large-
scale applications (GARVIN et al., 2010; SEEB et
al., 2011). Our approach was focused on the
detection of SNPs in informative regions of
eleven candidate genes that consist of coding
(57%) as well as exon-spanning non-coding
areas (43%). As stated by SLATE et al. (2009)
and GARVIN et al. (2010), the critical point of
this method is the design of species-specific
primers and PCR-optimization to avoid any bias
in the further analysis.

Applying the method described in the present
study on a total of fourteen candidate genes, we
managed to design species-specific primers for
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sixteen amplicons covering mainly coding
regions in eleven genes (Table 1 and 2). Three
genes failed in this approach since they are
either found as duplicates or exist as two
almost identical paralogs in the P. ¢richocarpa
genome, which is partially duplicated (TUSKAN
et al., 2006; RODGERS-MELNICK et al., 2012). We
started by using P. trichocarpa derived primers
to amplify from P. tremula genomic DNA. This
restrictive cross-species primer design strategy
resulted in 89% specific amplification products
compared to 14% or 61 to 67%, which have
been described for other than chloroplast loci in
P tremula and other poplar species (INGVARS-
SON, 2008; JosePH and LEXER, 2008; OLSON et
al., 2010; SCHROEDER et al., 2012). These
P. tremula derived amplification products pro-
vided the species-specific sequence information
that is used for the design and optimization of
specific P. tremula derived primers. The critical
step of our pipeline was the design and experi-
mental validation of P. tremula specific primers,
a procedure that was proposed for SNP detec-
tion in non-model species (SLATE et al., 2009;
GARVIN et al., 2010). The systematic comparison
of SNP data derived from individual P. tremula
trees after amplification with either P. tremula
or P. trichocarpa specific primers revealed a sig-
nificant allele-bias of discovered SNPs depend-
ing on the specificity of primers. Even minor
sequence variations (one and two nucleotides)
in the primer binding sites could lead to mis-
calling of heterozygous as well as homozygous
SNPs. These errors could consequentially result
in a misleading population structure for the
P. tremula collection. This effect was demon-
strated by the massive inbreeding tendency and
large number of HWE outliers when using
P. trichocarpa derived primer conditions that
represent cross-species conditions. This poten-
tially misleading population structure is mas-
sively reduced in our collection when using
P. tremula-specific primers indicating that a
careful design of species-specific PCR conditions
is an essential prerequisite for any robust and
reliable SNP detection approach no matter
which SNP discovery tool is used.

Conclusions

A prerequisite for reliable SNP discovery in
non-model organisms such as P. tremula is the
careful design of PCR amplicons that are highly
specific for the gene of interest in this species.
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We established a method that combines in silico
PCR design with experimental confirmation
and adjustment of data, which is required to
avoid any allele bias in the SNP data. Making
use of the present method, we established four-
teen new P. tremula specific genic regions.

Applying this approach to a newly established
collection of P. tremula trees led to the identifi-
cation of 243 SNPs in this population. A total of
95% of SNPs does not deviate from HWE,
which is consistent with the finding that the
majority of analyzed regions do not show a
significant in- or out-breeding behavior. This
initial analysis indicates that a robust species-
specific pipeline is required for the reliable
detection of SNPs that then can be used for the
detailed analysis of population structure and
potential adaptive behavior of SNP markers.
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