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Abstract

We have designed two highly polymorphic microsatellite multiplexes for Larix decidua Mill (European larch), a coniferous
tree species with a fragmented distribution across Europe. The multiplexes combine microsatellites previously designed
for the sister species L. kaempferi and newly identified microsatellites obtained by pyrosequencing of an enriched micro-
satellite library and subsequent marker candidate selection. As we wanted to target highly polymorphic markers, only
microsatellite motifs with a high number of repeats (=12) were selected. An important proportion of the marker candidates
presented multiple bands, bad amplification or insufficient polymorphism. Such difficulties were expected owing to the
large genome size of the studied species. Our strategy for marker validation followed most recent recommendations for
microsatellite development, for example verifying marker quality in terms of polymorphism and accurate allele binning
before multiplexing. The most promising loci were combined in two multiplexes, a 7-plex and a 6-plex. These were tested
on a sample of 413 individuals from 18 populations distributed across the natural range. The 13 loci had from 9 to 36 alleles.
Markers were successfully tested in another laboratory, confirming robustness of the marker protocols. We also tested
transferability on six other larch species from Asia and North America. Overall, this study shows that, even in species with
large genome size and relatively low overall polymorphism, microsatellites can be successfully developed using next-gen-
eration sequencing technologies, provided that some additional precautions are taken compared to species lacking these

characteristics.

Keywords: large genome size, Larix decidua, microsatellite, next-generation sequencing, polymorphism

Received 27 October 2011; revision received 27 January 2012; accepted 6 February 2012

Introduction

Larix decidua is an endemic European conifer with a
highly fragmented montane to subalpine distribution in
the Alps, the Sudety, the Tatra and the Carpathians as
well as some exceptional lowland occurrences in Poland
(Rubner 1953; McComb 1955). As these regions, espe-
cially the mountainous ones (e.g. Tinner & Kaltenrieder
2005; Colombaroli et al. 2010), are strongly exposed to cli-
mate change, there is a need for detailed range-wide
genetic studies that can provide information for preser-
vation of valuable genetic resources and sustainable for-
est management. So far, range-wide genetic studies
based on nuclear markers in L. decidua have exclusively
relied on allozyme markers. Such studies have yielded
useful information about genetic relationships among
populations (Lewandowski & Mejnartowicz 1991a,b;
Lewandowski ef al. 1991; Maier 1992). However, there is
a need for increased resolution to better understand the
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past population dynamics of the species. We have there-
fore endeavoured to develop highly polymorphic nuclear
microsatellites. The development was based on the trans-
fer of existing markers from sister species, and the selec-
tion and design of new markers based on 454
pyrosequencing. First, we tested existing markers from
the Asian sister species L. kaempferi (Isoda & Watanabe
2006) and the North American species L. occidentalis
(Khasa et al. 2000; Chen et al. 2009). As this did not lead
to a satisfactory number of markers matching recom-
mended quality criteria, for example sufficient polymor-
phism and clear binning of alleles (Guichoux et al.
2011a), we developed new markers based on pyrose-
quencing of an enriched microsatellite library. This
approach can be substantially more cost-effective as the
conventional method based on the screening of cloned
libraries by Sanger sequencing (e.g. Santana et al. 2009).
However, in our study, we had to face two difficulties.
First, initial tests had shown that markers with <12
repeats (i.e. for the individual that was initially
sequenced) were characterized by low variation. This
low variation might in part be attributed to the fact that
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trees and shrubs, which have relatively long generation
times, generally show lower rates of molecular evolution
than related herbaceous plants (Smith & Donoghue
2008). As microsatellite polymorphism increases expo-
nentially with the number of microsatellite repeats (Elle-
gren 2000; Kelkar etal. 2008), we focused on
microsatellites with a high number of repeats (=12) to
increase the chances to find variable markers. Second, in
coniferous species with large genomes such as L. decidua
(11 198 Mb, Greibhuber 1986), a large proportion of mi-
crosatellites can be expected to be located within repeti-
tive DNA sequences, leading to marker candidates that
are difficult to amplify (e.g. Pfeiffer et al. 1997). We there-
fore targeted a large number of marker candidates to
select those showing both the clear amplification profiles
and sufficient polymorphism. Finally, we decided to
combine the markers in multiplex reactions, that is, PCR
amplifying several markers simultaneously, because
once such multiplexes are established, they enormously
reduce laboratory costs and labour time and thus enable
high-throughput analyses and promote accuracy and
precision of the genetic result (Guichoux et al. 2011a,b;
Lefevre et al. 2011). By following all these steps, we
obtained two highly variable multiplex for Larix decidua
(one 7-plex and one 6-plex).

Materials and methods

Plant material and DNA isolation

In 2010, we collected phloem and needle samples from 18
populations forming a gradient over the natural distribu-

tion range (Table 1). Eight had been collected in situ and
10 ex situ in four German provenance trials. In the latter
case, each population sample (consisting in 24 individu-
als) originated from one single trial. Further samples for
marker validation as well as for transferability tests were
provided by colleagues. These included six progenies
(each comprising one female parent and seven offspring)
that were collected in a progeny trial (Planches, France).
Note that progeny tests in this study only give a rough
insight into Mendelian segregation but should help
detect null alleles. Originally, we planned to start with 12
progenies (12 female parents and 7 offspring) based on
seeds. Due to problems with material, we were had to
work with the six progenies described above. Further-
more, we obtained DNA samples of another six Larix spe-
cies. These were L. sibirica (21 individuals from one
population), L. kaempferi (12 individuals from 12 popula-
tions) and L. gmelinii var. japonica (12 individuals from 12
populations), all from Eurasia. From North America, we
obtained samples from L. laricina (10 individuals from 10
populations), L. lyallii (four individuals from four popu-
lations) and L. occidentalis (four individuals from four
populations). For the samples that we collected our-
selves, we mostly relied on phloem as tree height (up to
40 m in the trials) made it difficult to collect needles.
Phloem was sampled by using a hammer and small
leather punch (@ = 1 cm, length = 10 cm). The sampling
technique we developed was rapid and easy. The leather
punch was positioned between the bark scales (which
can be very thick), and with one to three slight hammer
strokes, a small but sufficient sample (&J = 1 cm, depth
1.5 cm) was recovered. Damage to the tree was minimal,

Table 1 Geographical origin of the 18 Larix decidua populations used in this study

No. of individuals

Pop ID Provenance Country Lat Long Altitude Trial name analysed
4 Fernpass Austria 47.37 10.90 1150 Miinden 24
8 Semmering Austria 47.63 15.77 1200 Riedesel 20
9 Lammerau Austria 48.11 15.93 610 Miinden 21
10 Neulengbach Austria 48.05 15.93 560 Winnefeld 21
21 Pragelato Italy 45.02 4.93 1900 Riedesel 22
24 Briancon/Montgenevre France 44.93 6.72 1730 Riedesel 22
39 Zabteh-Dubicko Czech Republic 49.83 16.97 400 Riedesel 24
40 Ruda Czech Republic 49.98 16.90 480 Riedesel 24
42 Gora Chelmova Poland 50.80 21.10 347 Sellhorn 24
43 Blizyn Poland 51.07 20.73 330 Sellhorn 24
72 Rekowo Poland 54.08 17.46 184 In situ 20
73 Ruciane Nida Poland 53.64 21.54 132 In situ 24
79 Brusturjany Ukraine 48.42 24.02 1100 In situ 24
81 Vallée de la Tinée France 44.09 7.09 1070 In situ 24
82 Sils Maria Switzerland 46.43 9.77 2000 In situ 24
83 Zinal Switzerland 46.11 7.64 2000 In situ 23
84 Sinaia Forest Romania 45.33 25.50 1500 In situ 24
85 Voineasa Forest Romania 45.37 23.93 1000 In situ 24
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and fast regeneration was ensured by sampling during
the growing season. Samples were then put into tea bags
that were stored in sealed plastic bags with 10 g of silica
gel. We isolated DNA from all individuals using 96-well
plates. Starting material was mostly phloem (1-cm disc,
0.5 mm thick), but in some cases, needles were used (1-3
needles, cut into 2-mm pieces). For material disruption,
we added two 4 mm-tungsten beads to the wells with the
starting material. The plates were frozen during 1 min in
liquid nitrogen before a 1:30 min disruption by a Mixer
Mill (Retsch, Germany). This step was repeated once. An
Invisorb DNA 96 plant HTS kit (Invitek, Germany) was
then used for DNA isolation following the manufacturer
protocol. After isolation, DNA quality was evaluated on
a 1% (w/v) agarose gel stained with GelRed (Biotium,
USA). DNA concentration was determined by an eight-
channel NanoDrop spectrometer and adjusted to
10 ng/pL on a STARTIlet 8-channel robot (Hamilton,
USA).

Multiplex optimization

Multiplex optimization followed the recommendations
given by Guichoux et al. (2011a) to guarantee high mar-
ker quality, sufficient polymorphism and unambiguous
allele binning. Screening for marker candidates started
by a literature search of available markers from the clos-
est sister species Larix kaempferi (Isoda & Watanabe 2006)
and the North American species L. occidentalis (Khasa
et al. 2000; Chen et al. 2009). These were tested in simplex
reactions. As this did not lead to a sufficient number of
suitable candidates, we designed new markers based on
454 sequencing of an enriched microsatellite library.
Sequencing was performed by the Swiss company ecogern-
ics GmbH. In this sequencing approach, fragments were
selected according to their size from genomic DNA
enriched with simple sequence repeat (SSR) motifs by
using magnetic streptavidin beads and biotin-labelled CT
and GT repeat oligonucleotides. The SSR-enriched library
was analysed on a Roche 454 platform using the GS FLX
Titanium reagents. We worked on 1/16th of a 454 run.
For the selection of candidate markers, we used as main
criterion the number of dinucleotide repeats (=12). Note
that this decision was taken after a failed attempt based
on 454 sequencing of another enriched library produced
by another company (data not shown). The problem was
that most of the marker candidates had <12 repeats and
were monomorphic or displayed limited variation (<4
alleles). Those having 12 or more repeats (15 out of 100)
showed bad amplification or multiple bands. Hence, this
experiment was abandoned. The main reason for the fail-
ure of the first experiment seemed to be poor sequencing
quality and insufficient read length, making it difficult to
design primers in the flanking regions of microsatellites

© 2012 Blackwell Publishing Ltd

with the targeted repeat unit number. In the second
attempt, more candidates were obtained. Polymorphism
and profile quality were first checked in simplex reac-
tions using the M13 technique (Schuelke 2000). The PCR
products were separated on a capillary sequencer (ABI-
3730; Applied Biosystems, USA). Each marker was tested
on seven individuals from across the range and on an
additional DNA pool composed of 12 individuals from
different geographical origins. Markers with low poly-
morphism (<5 alleles/seven individuals, unless addi-
tional alleles could be found in the pooled DNA sample)
and profiles of low quality (multiple bands, bad amplifi-
cation) were discarded. Second, the remaining candidates
were tested for the presence of null alleles and for large
allele dropout (e.g. nonamplification of the longer allele
due to differential amplification success) by using segre-
gation analyses. For this purpose, six families composed
of the female parent and seven offspring were screened.
Third, based on the observations of optimal annealing
temperature for the markers and by taking into account
the size range of each locus, we composed the two multi-
plexes. For the multiplex reaction, we used the Qiagen
Multiplex PCR kit (Qiagen, Germany). Final volume and
final concentration of Mastermix were optimized to
reduce final costs (Guichoux et al. 2011a). PCR mix for
both multiplexes was composed of 4.75 pL of sterile
water, 4 pL of Qiagen Multiplex Buffer (2x), 1.25 pL of
primer premix and 3 pL of DNA (10 ng/uL). Concentra-
tions of the primer pairs in the primer premix are given
in Table 2. The cycling conditions for the two multiplexes
differed only in the number of PCR cycles and were as
follows: an initial step at 95 °C for 15 min; then 35 (multi-
plex 1)/30 (multiplex 2) cycles at 94 °C for 30 s, 56 °C for
1 min and 72 °C for 60 s; and a final incubation at 60 °C
for 30 min. PCR products were separated on 3% agarose
gels stained with GelRed (Biotium, USA) and diluted 18
times in pure water for genotyping with the internal lane
size standard LIZ600 on an ABI 3730 (Applied Biosys-
tems, USA). This optimized protocol was communicated
to a collaborating laboratory (INRA Orléans, France) to
test its robustness. We also tested transferability on the
six other larch species from Asia and North America
(Table 3).

Genotype scoring and analyses

For subsequent genotype scoring and accurate allele
binning based on raw sizes (Guichoux ef al. 2011a,b), we
used STRand (http://www.vgl.ucdavis.edu/informatics/
strand.php) and Autobin (http:/ /www4.bordeaux-aquitaine.
inra.fr/biogeco/layout/set/print/Ressources/Logiciels/
Autobin). For each marker, clear reading rules were
defined and illustrated in a handout provided to
all readers to increase reading consistency. A first
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Table 2 Characteristics of multiplexes 1 and 2 based on 413 Larix decidua samples from across its distribution range

Locus* Reference Primer sequences (5'-3") Motif Dye [C] Size (bp) Ny Ho Hg Fis Fsr Mism.
Multiplex 1
Ld31 Thisstudy ~ F: TTGAACTAGGGAGATCCGGC (AQ)ys FAM 20 104147 23 0751 0776 0053 0.074 0

R: AATAAAATAGCATTCCATGTGTAGC

bcLK211 Isoda & F: CCATTCTCCATAGGTTCATTG
Watanabe R: ATGCTCCTTACTAAGTCAGATACAC
2006
Ld30 Thisstudy ~ F: TTGTAGGTGTGTATGAAAGTTCTG
R: TGCCACTCTATTTCCTTAATGCC
bcLK228 Isoda & F: CCCTAACCCTAGAATCCAATAA
Watanabe = R: GAGGAAGGCGACAAGTCATT
2006
Ld50 This study ~ F: GAAGGCGACTTTACATGCCC
R: TCCATCTTTATGTCTCTTCCATGC
bcLK189 Isoda & F: ACCATACGCATACCCAATAGA
Watanabe  R: AGTTTTCCTTTCCCACACAAT
2006
bcLK253 Isoda & F: AACACCATAGTGCAATGTGC
Watanabe  R: TCCTCTTGTTGATGCCACTT
2006
Multiplex 2
Ld58 Thisstudy ~ F: AATGGCAAGAGCAGCAATCC
R: TCCAGGAATGATTTATCGAGAGC
Ld45 Thisstudy ~ F: TGTGGGAGGTATAGCTTGGC
R: AGTAGGATGGAATGATGGAAACAC
Ld42 This study ~ F: TCGTATGCATTGTCCAAATTTCC
R: TCCAAGTGAGGTCACACGAG
bcLK263 Isoda & F: CGATTGGTATAGTGGTCATTGT
Watanabe = R: CCATCATACCTTCTTGAAGAG
2006
Ld101 This study ~ F: ACACCAAGGACTCTCTGACTAC
R: GGTGATTCCAGAAGCAGGTG
Ld56 This study ~ F: AGCCATCGTGGTTCTTCTTTG

R: CTTGTAACTGTGCACCCACC

FAM 2.5 174242 28 0.746 0.745 0.037 0.052 0

(AC)5 VIC 1.68 100-138 17 0.674 0.730 0.100 0.133 2
(AG)ys VIC 0.6 165-215 15 0.869 0.837 —0.013 0.064 0
(CA)s PET 2.2 157-205 19 0729 0.761 0.066 0.069 2

(AG)17AT(AG)s NED 12 142-172 15 0733 0.789 0.09 0.074 2

(AG),7 NED 1.1 195-227 17 0.821 0.806 0.006 0.071 0
(AC)5 FAM 21 131-183 25 0.775 0.815 0.077 0.073 0
(CA)3 FAM 2.25 198-216 12 0.653 0.723 0.121 0.092 2

VIC 1.8 167-191 9 0551 0590 0.084 0.134 1

PET 3.2 185-259 36 0.801 0.868 0.099 0.056 2

(AQ)» NED 13 179-215 15 0382 0395 0.057 0.080 0

(AC)6 NED 1.6 219-247 14 0749 0.769 0.049 0.099 0

[C], primer concentration in the primer premix [uM]; N, number of alleles; Ho, observed heterozygosity; Hg, expected heterozygosity; Fs, inbreeding index; Fsr, fixation index;
*Sequence codes for primers: Ld31: lardec012611, Ld30: lardec001529, Ld50: lardec022835, Ld58: lardec022359, Ld45: lardec024823, Ld42: lardec023929, Ld101: lardec025807,
Ld56: lardec023228. tNumber of Mendelian inconsistencies identified by comparing the genotype of the six half-sib families and their mothers.

estimate of error rate was obtained by counting mis-
matches on the basis of six positive controls repeated
five times and of 10 randomly repeated controls, lead-
ing to 34 repetitions (8% of the complete data set). It
should be emphasized that positive controls are impor-
tant to include right from the start as they allow veri-
fying differences across sequencing runs of a given
laboratory but also, importantly, across different labo-
ratories. This enables accurate and easy data exchange
and combined data analyses. A second estimate of
error rate was obtained by comparing scoring across
readers at a subset of 264 individuals. Two types of
errors were distinguished. Type A corresponds to cases
where reader 1 calls a genotype as heterozygous and
reader 2 as homozygous or vice versa. Type B corre-
sponds to cases where a wrong allele is called by one
of the readers. These error types can be corrected after

being identified. There can be other kinds of incoher-
encies between readers, for instance if reader 1 calls a
genotype and reader 2 sets missing data or if readers
are calling different genotypes due to profile ambigui-
ties which, in contrast to type A and B errors, cannot
be corrected and eventually have to be set as missing
data. Total allele number (n,), observed (Hp) and
expected (Hg) heterozygosity, inbreeding index (Fig)
and fixation index (Fst) were estimated based on 413
individuals from 18 populations from across the range
of 20-24 individuals per population (Table 2) using
Generopr (Raymond & Rousset 1995; Rousset 2008) and
GeNEALEX (Peakall & Smouse 2006). Presence of null
alleles was checked on a subset of 12 populations that
had a minimum of 19 individuals without missing
data using Micro-cHECKER v.2.2.0.3 (Van Oosterhout
et al. 2004).

© 2012 Blackwell Publishing Ltd
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Results and discussion

Multiplex optimization

We tested the nine most promising candidate loci origi-
nating from the literature in simplex reactions. Most
promising means that these loci had already been proven
to amplify well and to be polymorphic (Pluess 2011). The
454 sequencing approach resulted in 27 041 reads with an
average length of 184 bp. Of these, 3311 contained a
microsatellite insert with a tetra- or a trinucleotide of at
least six repeat units or a dinucleotide of at least 10 repeat
units. Primer design was possible in 312 reads, of which
100 were tested. Simplex PCR conditions had to be
adjusted for each marker. This was because some candi-
dates with long motifs needed more PCR cycles than oth-
ers to be successfully amplified, whereas such an increase
resulted in nonspecific products for other candidates.
Testing marker profile quality and polymorphism (with a
target of >5 alleles) over seven individuals and an addi-
tional DNA pool resulted in the selection of seven out of
nine loci, originating from the literature and 26 out of the
100 newly designed candidates. For identifying the latter,
we started by excluding 34 markers with stutter bands or
bad amplification, as identified on agarose gels. After
genotyping the 66 remaining candidates with ABI capil-
lary sequencer, we removed loci with multiple bands (19
markers), bad amplification (nine markers) or insufficient
polymorphism (12 markers), leaving only 26 suitable

markers. Low success rates have also been reported in
other plant species with large genomes (e.g. Roder et al.
1995; Pfeiffer et al. 1997). In particular, a detailed investi-
gation of the causes of amplification failures of microsatel-
lite markers in Picea abies using Southern blot experiments
showed that, in six out of seven cases tested, loci showing
high-quality profiles corresponded to single- or low-copy
sequences (Pfeiffer et al. 1997). This suggests that to iden-
tify sufficient candidate loci in species with large ge-
nomes, careful evaluation of the sequencing depth is
necessary. Indeed, many markers will fail to produce clear
PCR if the flanking regions (used to design the primers)
are repeated elsewhere in the genome.

The other evaluation steps included allele binning as
well as tests of Mendelian segregation to search for large
allele dropout or null alleles. This led to the selection of a
subset of 22 candidates for multiplexing for which binning
was clear. There was no indication for nonamplification
corresponding to large allele dropout. Null alleles were
apparent at some markers (Ld50, bcLK189, bcLK263, Ld42,
Ld45, Ld30, Tables 2 and S1, Supporting Information).
They were identified by comparing the female parent
genotype with the genotypes of the offsprings. As there
were too few loci combining sufficient polymorphism and
zero mismatches in the progeny test, we retained those loci
with no more than two Mendelian discrepancies and suffi-
cient polymorphism. The number of possible multiplex
combinations was limited as allele size ranges of the mark-
ers were large, and as we had to take into account hetero-

Table 3 Results of transferability tests:
Number of alleles per locus for the six

L. kaempferi* L. gmelinii* L. sibirica* L. laricinat L. lyalliit L. occidentalist

other Larix species tested Locus (121 (12t D% (10t @i @3
Multiplex 1
Ld31 8 8 59 5 2 2
bcLK211 4 4 4 5 2 4
Ld30 -§ -§ -§ -§ 3 -§
bcLK228 3 7 9 8 4 —tt
Ld50 12 8 39 -5 5 5
bcLK189 6 8 61 -§ 2 -§
bcLK253 4 3 3 8 4 3
Multiplex 2
Ld58 et -§ 6 5 3 3
Ld45 e 11 29 3 1 4
Ld42 6 7 -§ 5 3 6
bcLK263 5 3 15 12 7 6
Ld101 7 12 9 2 2 3
Ld56 9 9 6 2 2 8

*Eurasian species.
tAmerican species.

tNumber of tested individuals in brackets.

§No amplification.

{Amplification in only a subset of individuals.
**Only one locus (either Ld58 or Ld45) was amplified but it was not clear which one.

ttProfile ambiguities.

© 2012 Blackwell Publishing Ltd
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geneities in PCR conditions. We were finally able to design
one 6-plex and one 7-plex that we validated over the 413
individuals coming from across the range. Laboratory pro-
tocols were successfully tested in another laboratory
(INRA Orléans, UR AGPF, Vanina Guérin, personal com-
munication), confirming their robustness.

Genotype scoring and analyses

Clear binning of alleles was confirmed over the whole
sample. The marker allelograms, that is, diagrams show-
ing all detected allele raw sizes ranked in increasing order,
areshown in Figs 1and 2. They indicate that most markers
are characterized by a clear succession of dinucleotide
repeats over large size ranges (between 28 and 74 bp;
mean, 42 bp) and a remarkably high number of alleles
(9-36, mean of 20). Off-ladder microvariants, that is, allele
sizes that are in-between the sizes expected from the repe-
tition of dinucleotide units, were only observed for one of
the 13 loci (Ld45, see Fig. 2), and as these intermediate size
variants were clearly separated from the neighbouring
size classes, they did not cause problems for binning.
In fact, such clearly defined off-ladder microvariants can
improve the precision of the analyses when they are cor-
rectly identified (Guichoux et al. 2011b). There was no
incoherency across repetitions (positive and random con-
trols). Type A and type B error rates ranged between 0%
and 0.19% (mean of 0.05%) for multiplex 1, and between 0
and 1.3% (mean, 0.32%) for multiplex 2. The frequencies of
cases that could not be scored were slightly higher. They
ranged from 0% to 2.1% (mean of 0.32%) for multiplex 1
(mainly caused by an unspecific product being amplified
at locus bcLK211) and from 0% to 0.94% (mean of 0.16%)
for multiplex 2 (mainly caused by excessive stuttering of
some long alleles at locus bcLK263). All markers were
highly polymorphic. Number of allele (N,), observed
(Ho) and expected (Hg) heterozygosity, inbreeding coeffi-
cient (Fig) and coefficient of differentiation (Fsr) are shown
in Table 2. Fis values were slightly positive except at locus
bcLK228, which is an indication of the presence of null
alleles. To better estimate the frequency of null alleles, we
relied on the software MICRO-CHECKER v.2.2.0.3 (Van
Oosterhout et al. 2004). The method searches for loci with
a significant homozygote excess evenly distributed across
all homozygote classes. The analysis of a subsample of 12
populations pointed to 13 cases out of 156 popula-
tion/marker combinations suggesting the presence of null
alleles, involving 7 of the 13 loci (Table S2, Supporting Infor-
mation). The average null allele frequency across all loci
per population ranged between 2.4% and 6.6%. As shown
in simulation studies of Chapuis & Estoup (2007), null
alleles with frequencies between 5% and 8% should have
only reduced effects on classical estimates of population
differentiation. Hence, the genotyping results could be

used directly with no need of data correction for null allele
genotypes. However, as recommended by Oddou-Mura-
torio et al. (2009), correction of null allele genotypes
remains of interest for some other analyses. This can be
carried out by using the correction options implemented
in different software (e.g. MICRO-CHECKER).

Transferability of the markers was tested in six other
Larix species and led to heterogeneous results, although
new loci have been identified in all species (Table 3).
Note that allelic richness estimates for the different spe-
cies are not directly comparable as we used different
sample sizes. In cases of transfer problems, we differenti-
ated four different kinds of problems that are given in the
table (a—d) and explained in its footnote. While our data
sets did not allow detailed conclusions about success of
transferability according to phylogenetic relationships,
transfer rate was lower for L. sibirica. According to
nuclear phylogenies based on AFLP and ITS data (Ger-
nandt & Liston 1999; Semerikov et al. 2003), this species
forms a clade with L. decidua and the other Eurasian spe-
cies. However, other phylogenies based on chloroplast
data separate L. sibirica from all other Larix species, in
agreement with our observations (Quian ef al. 1995; Se-
merikov et al. 2003).

Conclusions and perspectives

This study shows that even for species with very large
genome size and low overall polymorphism, new highly
informative microsatellites can be developed based on
454 sequencing, provided that some precautions are
taken. These precautions involve (i) verifying whether
the initial sequencing of the enriched microsatellite
library can guarantee a sufficient read length and
sequencing depth to identify enough candidates and
(ii) focusing from the beginning on microsatellites with
high number of repeats. The two Larix decidua multi-
plexes developed in this study are currently applied on a
range-wide sample of 43 populations to resolve in detail
past population dynamics, which should help identify
and protect valuable genetic resources.
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Fig. 1 Binning, profiles and marker ranges for multiplex 1. (a) Allelograms based on 413 individuals from across the range. The run-
ning allele number corresponds to the ranking number of the allele in the list of allele raw sizes, ranked in increasing order. (b) Example
of an individual electropherograms. (c) Range sizes based on the same sample as in (a). In (b), arrows point to alleles at each locus, and
small peaks with numbers (base pairs) correspond to fragments of the internal size standard LIZ600.
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Fig. 2 Binning, profiles and marker ranges for multiplex 2. (a) Allelograms based on 413 individuals from across the range. The run-
ning allele number corresponds to the ranking number of the allele in the list of allele raw sizes, ranked in increasing order. (b) Example
of an individual electropherograms. (c) Range sizes based on the same sample as in (a). In (b), arrows point to alleles at each locus, and
small peaks with numbers (base pairs) correspond to fragments of the internal size standard LIZ600.
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