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genomes (Chistiakov et al., 2006). Among these advantages, their ~ species characterized by low genetic diversity (e.g., Zehdi-Azouzi
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etal., 2015). These markers will likely continue to be widely used be-
cause budgets are affordable once a set of SSRs is characterized for
a taxon (Jennings et al., 2011). Although several studies in the past
decade have focused on SSR isolation and characterization strate-
gies (Zane et al., 2002; Viruel et al., 2010, 2015; Meglécz et al., 2014;
Merritt et al,, 2015), few improvements on the genotyping proce-
dures of microsatellite markers can be found in the literature (e.g.,
Suez et al., 2016).

Usually SSR genotyping is based on amplicon size variation,
detected through capillary gel electrophoresis, as a proxy for the
number of repeat units of an SSR motif. However, two alleles scored
as identical in size under standard SSR genotyping procedures can
be different in sequence due to variation in their flanking regions
or within the SSR motif itself (Brinkmann et al., 1998; Rossetto
et al., 2002). The difference in sequence but not in amplicon size,
frequently referred to as size homoplasy, can be revealed through
sequencing (Estoup et al., 2002). The term size homoplasy is rightly
applied when using standard SSR genotyping because, as in phy-
logenetics (where the term originates), similarity that is not due
to common ancestry is revealed after the analysis. When geno-
typing SSRs by sequencing, the use of size homoplasy is not ideal
because, in contrast to standard SSR procedures, it is determined
from the onset that two alleles are not identical. That is why we have
here avoided using size homoplasy. Although the advent of next-
generation sequencing (NGS) in molecular ecology and conserva-
tion genetics has provided the tools to refine the scoring of SSRs, few
studies have tackled the specific challenge of sequencing SSR am-
plicons to integrate the additional variation detected in sequences.
For example, MicNeSs software (Suez et al., 2016) automatically
estimates SSR genotypes from NGS data (originally optimized for
Roche 454 sequencing). MicNeSs estimates the true alleles for each
individual and locus from the observed distribution of SSR lengths
aiming to correct the artifactual insertions or deletions produced
by PCR amplification. Regarding the detection of distinct alleles
that could be taken as identical by standard genotyping approaches,
the main improvement of MicNeSs is the inclusion of substitutions
during genotype scoring, allowing point mutations to occur within
the SSR motif. However, it does not consider the potential single-
nucleotide polymorphisms (SNPs) and insertion/deletion polymor-
phisms (indels) in the flanking regions. Vartia et al. (2016) found a
high infraspecific incidence of SNPs and indels in flanking regions
of SSR loci. However, these authors did not explore the influence of
this information in the estimation of genetic diversity and structure.
The potential of NGS to significantly improve SSR genotyping stems
from increasing data quality by correctly identifying alleles, facili-
tating data comparisons among laboratories and studies (Guichoux
et al,, 2011), and allowing a better understanding of the molecular
evolution of SSR loci by discerning variation due to the number of
units of the SSRs, indels, and SNPs (Putman and Carbone, 2014).

In the context of a project dealing with the evolutionary history
of carob (Ceratonia siliqua L.), a Mediterranean fruit tree, we aimed
at improving SSR genotyping using NGS and comparing different
scoring methods. Sequence variation within newly characterized
microsatellite markers was investigated in carob populations.

MATERIALS AND METHODS

A diagram chart of the pipeline followed in the present study to
genotype SSR regions using NGS is shown in Figure 1.
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Plant material

This study is part of a wider phylogeographic project focused on the
carob tree (Ceratonia siliqua), in which a total of 1135 leaf samples
were collected from populations throughout the Mediterranean
Basin. SSR isolation and characterization were performed using
DNA of one individual from Eze (Alpes Maritimes, France). To op-
timize the PCR amplification and select the polymorphic loci, we
chose 77 samples from carob trees sampled in four wild populations.
Leaves were collected from individual trees and dried using silica
gel. These populations were selected focusing on the eastern and
western parts of the Mediterranean Basin aiming to cover an ade-
quate representation of the genetic differentiation within this spe-
cies. The populations sampled were ESGRA (Sierra de Grazalema,
Spain; 36.75605°N, 5.41916°W), GRLOU (Loutro, Crete, Greece;
35.198983°N, 24.076279°E), LIENF (Saydit el Nourieh, Anfeh,
Lebanon; 34.30194°N, 35.68203°E), and MAIMO (Imouzzer des
Ida-Outanane, Morocco; 30.6557°N, 9.4956°W).

SSR characterization

Total DNA of one individual was extracted from leaves stored with
silica gel using the NucleoSpin Plant II Kit (Macherey-Nagel Sarl,
Hoerdt, France). Size-selected fragments from genomic DNA were
enriched for SSR content using magnetic streptavidin beads and
biotin-labeled GATA and GTAT repeat oligonucleotides (Dynabeads
M-280; Thermo Fisher Scientific, Waltham, Massachusetts, USA).
The SSR-enriched library was sequenced in a paired-end MiSeq
250 x 250 Nano V2 (Illumina, San Diego, California, USA), and
the paired-end reads were merged with FLASH 1.2.9 (Mago¢ and
Salzberg, 2011). A de novo assembly was then performed with the
merged paired-end reads using MIRA 4.0.1 software (Chevreux
et al., 2004). Primers were designed with MSATCOMMANDER
0.8.2.0 (Faircloth, 2008); duplicated reads and those containing more
than one SSR array were removed. Primers fulfilling the following
criteria were selected (Viruel et al., 2015): optimal size 20-25 bp, not
directly flanking the SSR motif, lacking ambiguous bases, low self-
and pair product complementary parameters, amplicon expected
size <390 bp, and melting temperature (T ) difference <1.5°C.

SSR genotyping optimization with NGS

Total DNA of 77 individuals was quantified using a NanoDrop 1000
Spectrophotometer (Thermo Fisher Scientific), and concentration
was normalized to 5 ng/pL. PCR amplifications were performed in
a total volume of 25 pL and contained 4 pL of dNTPs (1.25 mM), 1
uL of each primer (10 mM), 2 mM of MgCl,, 0.2 pL of GoTaqg DNA
Polymerase (5 U/uL; Promega Corporation, Madison, Wisconsin,
USA), and approximately 5 ng of DNA. The PCR program consisted
of an initial denaturation of 4 min at 95°C; followed by 35 cycles
of 30 s at 95°C, 30 s at 56°C, and 45 s at 72°C; and a final extension
step of 7 min at 72°C. PCR programs were further optimized for
four loci: for C18 and C20 the annealing temperature (T,) was 54°C,
for C19 and C30 T, was 58°C. Amplicons of the expected size were
verified in 3% agarose gel.

Ilumina universal adapter sequences 5-AAGACTCGGCA-
GCATCTCCA-3’ and 5'-GCGATCGTCACTGTTCTCCA-3’ were
then added to the 5’ or 3’ end of the locus-specific forward and
reverse primers, respectively. We also included five pairs of primers
for expressed sequence tag (EST)-SSR regions previously described
for C. siliqua (La Malfa et al., 2014) and a plastid region (rpl32-trnL

©2018 Viruel et al.
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Bioinformatics

From raw reads to allele sequences

| SSR identiﬁcation|

|Quality check with FASTQC of demultiplexed reads |
|

|Quality filtering: Trimmomatic |

|Primer design + Illumina adapters |

|
|Demultiplex by loci: FASTQ/A Barcode splitter|
I

PCR optimization:

- Amplification with High-Fidelity 7ag

| Identical sequence frequencies: FASTQ/A Collapser|
I

- Amplicons of expected size and

|Calculate % reads per locus to estimate their success |

matching with sequencing method

'

'

Allele selection

SSR amplification and sequencing

|A11 DNAs at same concentrati0n|

Calculate number of reads for the 6 most frequent sequences

and keep sequences >10 reads

PCR:

| |Deﬁne homozygotes and heterozygotes using TAI|
I

- Check in agarose gel

|Create a FASTA file with the selected alleles per sample and locus‘

- Calculate DNA concentration in
8 samples/locus (e.g., Qubit)

!

Genotyping methods

|Equimolar pools of all loci per sample |

|Library prep and sequencing|

- MN: use the output from FASTQ/A Barcode splitter in MicNeSs.
MicNeSs requires optimization of the parameters for each locus

- IM: split SNPs, gaps, and SSRs into independent markers

- AS: calculate sequence size

FIGURE 1. Diagram chart of the pipeline followed in this study to genotype SSR regions using next-generation sequencing. See Materials and
Methods for details. AS = amplicon size scoring; MN = MicNeSs scoring; IM = independent marker scoring; TAl = true allele index.

spacer). The primers for rpl32-trnL were specifically designed for
C. siliqua for this study using the plastome sequence available in
GenBank (KJ468096). The set of primers with the Illumina adapters
(Appendix S1) was amplified in a total volume of 15 pL containing
0.3 uL of dNTPs (10 mM), 0.6 pL of each primer (10 pM), 0.15
uL of Q5 High-Fidelity DNA Polymerase (5 U/uL; New England
Biolabs, Ipswich, Massachusetts, USA), and approximately 5 ng of
DNA. The PCR program consisted of a pre-melt of 30 s at 98°C;
followed by a touch-up from 56-59°C (16 cycles of 10 s of denatur-
ation at 98°C, 30 s of annealing with touch-up temperature increase
of 0.2°C per cycle, and 20 s of extension at 72°C); plus 19 cycles of
10 s at 98°C, 30 s of annealing at 59°C, and 20 s of extension at 72°C;
followed by 7 min of final extension at 72°C.

The PCRs were automated with an epMotion 5075 TMX robot
(Eppendorf, Hamburg, Germany) to promote uniformity. PCR suc-
cess was verified in agarose gels, and amplicon quantification was
then performed using a Qubit dsSDNA HS Assay Kit (Thermo Fisher
Scientific).

MiSeq sequencing
After characterizing new microsatellite markers for C. siliqua and

evaluating their performance in a MiSeq run, 18 microsatellite

http://www.wileyonlinelibrary.com/journal/AppsPlantSci

markers were selected (see Results, Appendix S1). SSR performance
and optimization in an NGS platform as well as genotyping repro-
ducibility were then evaluated through independent runs contain-
ing 96, 192, and 384 pooled samples (Appendix S2). Sets of 96, 192,
and 384 samples were pooled separately by combining Nextera and
TruSeq universal barcodes (Illumina) and sequenced in a paired-
end MiSeq 250 x 250 standard V2 (Illumina). The 77 selected sam-
ples from four wild populations were demultiplexed and extracted
for the subsequent analyses.

Demultiplexed raw FastQ reads were evaluated using
FastQC (Andrews, 2010), and quality filtering was applied us-
ing Trimmomatic version 0.35 (Bolger et al., 2014). Paired-end
sequencing allowed us to guarantee that both reads retrieved the
same sequence. Reads were demultiplexed by loci and sample with
FASTQ/A Barcode splitter, and identical sequence frequencies were
calculated with FASTQ/A Collapser using FASTX-Toolkit (Gordon
and Hannon, 2010).

Genotyping from sequences

We defined an index to identify the true alleles for each sample and lo-
cus (true allele index [TAI]) by calculating the percentage of reads ob-
tained for each sequence variant (i.e., putative alleles). Homozygotes

©2018 Viruel et al.
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were identified when >30% of the reads were retrieved by one se-
quence variant, and the subsequent sequence variants represented
<10% of the total reads. Heterozygotes were identified when the two
most frequent sequence variants retrieved >10% of the reads, and the
difference between them was not more than 50% (Appendix S3). In
all cases, the frequencies of the remaining sequence variants were less
than 5% of the total reads and were discarded. The selected sequence
variants (alleles) per sample were compiled in FASTA files per locus.
Reproducibility was estimated using technical and biological rep-
licates over the whole project. The amplification and sequencing pro-
cess was repeated twice for 16 samples (technical replicates). We also
included in the analysis 10 trees from Sicily that had been grafted with
scions from the cultivar Tantillo. These samples from the same culti-
var are comparable to branches of the same tree and therefore they are
expected to have the same genotype (biological replicates); differences
between these 10 trees would be considered as genotyping error.
Three different methods were applied to obtain genotypes:

1. Amplicon size scoring (AS): This reproduces the standard scor-
ing method of microsatellite markers, which uses amplicon size
to identify alleles and re-identifies allelic size to be multiple of
the SSR repeat pattern. This method assumes that variation in
each locus is exclusively due to changes in the number of repeat
units of the same SSR motif.

2. MicNeSs scoring (MN): Substitutions within the SSR motif were
accounted for in addition to AS by using MicNeSs (Suez et al,,
2016), which identifies alleles using as input the FASTA files ob-
tained after FASTQ/A Barcode splitter and then converted from
FASTQ to FASTA.

3. Independent marker scoring (IM): We coded independently
variation resulting from the number of SSR units vs. SNPs or
indels either within the SSR or the flanking regions. We used a
custom script in R to build a new FASTA file containing the dif-
ferent alleles (Appendix S4). We used MUSCLE (Edgar, 2004)
with default settings to align these alleles and edited manually in
MEGA?7 software (Kumar et al., 2016). This alignment was used
to score SSR and sequence variations.

Molecular evolution of microsatellite markers

To explain the molecular variation and its consequences on allele
identification, we used TCS Software (Clement et al., 2000) to con-
struct a network that was modified to reflect the evolution of SSRs
and SNPs as suggested by Barthe et al. (2012). This was done for all
loci but is shown here only for locus C08 (Fig. 2) because it con-
tains a higher frequency of sequence polymorphisms in the shortest
SSR motifs and a reduced frequency of the longest SSR alleles (see
Discussion for details).

Genetic diversity and structure analyses

Allele frequencies and genetic diversity indices were calculated in
GenAlEx 6.5 (Peakall and Smouse, 2012). Deviations from Hardy-
Weinberg equilibrium (HWE) were estimated using GENEPOP 4.0
(Rousset, 2008) using 10,000 permutations. Genetic differentiation
between populations was analyzed by calculating pairwise F_, val-
ues in GenAlEx to investigate the genetic structure under differ-
ent population groupings and the three scoring methods. Finally,
Bayesian clustering using STRUCTURE 2.3.4 (Pritchard et al,
2000) was applied to infer population genetic structure under an

http://www.wileyonlinelibrary.com/journal/AppsPlantSci
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admixture ancestry model for K genetic clusters from 1 to 5, for 10
replicates of 7 x 10° generations of burn-in and 7 x 10° iterations of
Markov chain Monte Carlo (MCMC) run length. A correlated allele
frequency model without priors on population origins was used.
The most probable number of clusters was calculated using Evanno
et al. (2005) criterion.

RESULTS

Primer design and optimization

The total number of reads obtained from the SSR-enriched library
was 11,130, had an average size of 387 bp, and 2900 of them con-
tained SSR motifs (26%). Primers were designed for 505 reads, and
40 pairs of primers with the best parameter values were selected
(see Materials and Methods, Appendix S1). Thirty-eight out of
the 40 pairs of primers produced good amplifications (one clear,
bright band). After adding the Illumina adapter sequences to the
primers, the amplification was successful for 30 loci (Appendix S1).
Concentration values showed a broad range from 2.25 to 39.00 ng/
pL and, in accordance with the expected size for each locus, nano-
molar concentrations ranged between 11 and 191 nM (Appendix
S1). We divided all loci into two sets of 18 markers depending on
their concentration, below (Set A) or above (Set B) 90 nM. All PCR
products from each sample were mixed under equimolarity condi-
tions to 90 nM in Set A and to 11 nM in Set B (Appendix S1).

The first MiSeq run including 48 pooled samples organized in
two sets of 17 markers (MiSeq96) produced a total of 9,832,485
paired reads. FastQC quality analysis indicated that our results
were within standards; a threshold quality score of 20 and a mini-
mum length of 110 were applied in subsequent steps. These results
allowed selection of a final set of 18 polymorphic SSR loci, which
were sequenced in two additional MiSeq runs with 192 (MiSeq192)
and 384 (MiSeq384) pooled samples obtaining 9,561,116 and
9,174,599 total paired reads, respectively. Similar FastQC quality
patterns were observed and the same threshold values were ap-
plied. The average number of paired reads per sample was 110,477
+ 16,223 in MiSeq96, 54,017 + 15,315 in MiSeq192, and 26,748 +
6771 in MiSeq384. After filtering paired reads with average quality
reads below 35 (AVGQUAL:35), 77% + 11% reads per sample and
per locus were retained in MiSeq96 run, 96% + 3% in MiSeq192,
and 96% * 3% in MiSeq384.

A positive association between the nanomolar concentration
of loci and the number of reads retrieved per locus was observed
(Appendices S2, S5). Seven out of 34 loci retrieved less than 0.6%
of the total reads and were therefore discarded (Cesil87, Cesi976,
C07, C32, rpl32-trnL, Cesi2l, Cesi74). These loci had concentra-
tions below 50 nM except for Cesil87, which had a concentration
of 91 nM (Appendix S1). PCR failure was observed in locus C28
(48 nM) as 33 samples obtained less than 13 reads by amplicon and
therefore this locus was also discarded. Loci Cesil7, C16, C19, C27,
C30, and C38 contained either highly divergent sequences or mon-
onucleotide (C16) or dinucleotide (C19) motifs. These six loci were
discarded because the TAI (see Materials and Methods) failed at
identifying one or two alleles per sample. Two additional loci were
discarded because of their low polymorphism rates: only two alleles
were found for locus C26 and locus C40 was monomorphic in all
samples. Finally, we kept 18 polymorphic loci suitable for genotyp-
ing through NGS.

©2018 Viruel et al.
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FIGURE 2. Network showing the relatedness of the 12 alleles found in the SSR locus C08 in four populations of Ceratonia siliqua. The size of the SSR
allele (number of repeat units) is shown at the top right of each section (separated by dashed lines), which groups alleles of the same repeat number.
Circles represent an allele and its frequencies per population. Pie chart size is proportional to the abundance of each allele: 1 (41), 2 (8), 3 (29), 4 (33),
6(14),7(14),10(3), 11 (2), 12 (4), 13 (3), 14 (2), 18 (1). Alleles connected by horizontal lines differ by mutations in the sequence due to indels, SNPs, or

mononucleotide SSR polymorphisms.
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Comparative analysis of genotyping methods

A complete matrix was generated under each scoring method for
the 77 genotypes coming from four populations; this matrix in-
cluded few missing data for loci C10, C11, C22, C23, and C31 that
were due to PCR or sequencing failures. Two highly divergent se-
quences, representing paralogs, were detected in two loci (C6 and
C17), and for both loci one of the copies was discarded due to a lack
of polymorphisms.

Identification of alleles—Only three out of the 18 selected markers
(loci C10, C29, and C31) showed polymorphisms exclusively due to
the number of repeat units of the same SSR motif: 15 markers con-
tained variability that could only be retrieved through sequencing.
For these loci, 69.4% of total alleles would have been incorrectly
identified under standard procedures (Appendix S1). This erro-
neous identification of alleles under the AS method ranged from
25.2% to 99.2% across loci.

A total of 42 SNPs (nine within the SSR and 33 in the flanking
regions) and nine indels (five within the SSR and four in the flank-
ing regions) were found. Seven and five loci had SNPs and indels
within the SSR, respectively. Fourteen had variations in the flanking
regions, and two loci that exhibited two divergent sequences turned
out to represent two paralogs.

The networks built to represent the evolution of the SSR alleles
showed that a trend to accumulate SNPs and indels variation occurs
more frequently in the most common alleles, which usually were
the smallest SSR alleles (Fig. 2). For example, of eight SSR alleles
found in the marker C08 in the four carob populations ranging
from (ATCT), to (ATCT),,, only the two shortest—(ATCT), and
(ATCT),—contained SNPs or indels.

We did not find alleles that were equal in length, but had differ-
ent numbers of repeats due to indels, probably because most are
tetra- or trinucleotides. Only locus C17 has a dinucleotide motif,
and only one SNP was scored. Two loci contain mononucleotide
SSRs (C08 and C21), and in both cases these were biallelic and did
not match with the amplicon size of a different allele.

When comparing the 16 samples that were amplified and se-
quenced twice to test reproducibility (technical replicates), an er-
ror rate of 2.85% was found when accounting for missing data. In
each case, the difference between the two repeated genotypes con-
cerned only one allele in the genotype. In the second test, which
involved expected clones coming from 10 scions of the cultivar
Tantillo, nine differences were counted, leading to an error rate
of 2.5%; eight out of nine cases were due to failure to detect the
second allele in a heterozygous genotype.

Implications of scoring method for genetic diversity—Globally, the
average number of alleles per locus in the four studied populations
of C. siliqua was similar (P = 0.27; 10,000 permutations) for the AS
scoring (3.57 + 0.11) and the MN scoring (3.44 + 0.12). The aver-
age number of sequence variants per population was higher when
both SSR and sequence polymorphisms were considered (3.87 +
0.15). Under the IM scoring method, where the different sources
of variation were separated, the global number of alleles per marker
decreased to 2.89 + 0.07 per locus. When considering only the num-
ber of repeat units (SSR), the average number of alleles was 3.157 +
0.098, compared to 2.52 + 0.10 when considering only SNPs and
indels. This pattern holds at the population level (Table 1). The scor-
ing method radically affects the average number of private alleles
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per locus (Table 1). For example, population LIENF showed an av-
erage of 0.11 private alleles per locus under AS, 0.06 under MN, and
0.03 under IM. This marked difference is explained by the fact that
LIENF has private SSR alleles but no private variation in the flank-
ing regions (Table 1). The MAIMO population contained the high-
est proportion of private alleles both when considering only SNPs
(0.53) and when considering only number of repeat units (0.40) in
IM scoring. Altogether, inbreeding coefficient (F,) global values
were close to HWE in all matrices, but a deviation toward hete-
rozygote excess was found under MN and AS genotyping (Table 1).

Implications of scoring method in the genetic structure estima-
tion—Regarding the optimal number of clusters (Fig. 3), the AS gen-
otypes showed a higher AK for K= 2 (AK = 159.8) than for K=4 (AK
= 111.6); the optimal partition under MN was K = 4 (AK = 1403.0).
For the IM scoring, K = 2 (AK = 17.6) was the most likely partition
followed by K = 4 (AK = 9.3). The genetic groups defined for K =
2 were largely coincident across all genotyping methods, but clear
differences appeared in the groups inferred for K = 4. Individual as-
signment resolution was higher for the IM scoring (i.e., lowest ad-
mixture; Fig. 3). Population pairwise F values were also influenced
by the scoring method as significant differences were found for in-
terpopulation differentiation (Table 2). For instance, the AS and MN
scoring methods estimated 7.6% and 8.0% F, values for the ESGRA
and MAOUM populations, respectively, whereas the IM scoring
method estimated a higher value (10.9%). Between the GRLOU and
LIENF populations, the AS and MN scoring methods estimated an
F, of 7.5% and 10.4%, respectively, whereas the IM scoring method
revealed a lower differentiation of 5.4%.

DISCUSSION

SSR variation has been the most widely used molecular marker
for population genetics and molecular ecology since the 1990s
(Guichoux et al., 2011). Due to their high mutation rate and their
potential to screen hundreds to thousands of individuals, microsat-
ellite markers have been recently used in several studies focusing on
the evolutionary history of fruit trees (Besnard et al., 2013; Cornille
etal,, 2014; Diez et al,, 2015; Pollegioni et al., 2017). In this study, we
developed 18 new polymorphic SSR markers in C. siliqua. Previous
studies on genetic diversity in carob populations found a moderately
low genetic diversity (La Malfa et al., 2014). Therefore, the carob
tree constitutes a suitable model to investigate whether NGS could
increase the resolution of SSR markers. Our results provide new in-
sights on the consequences of scoring the variation found within
microsatellite markers compared to scoring only the amplicon size.

Toward an improved identification of SSR loci variation

The occurrence of hidden mutations in the SSR amplicon has usu-
ally been attributed to divergence among species, and it was usu-
ally identified when transferring microsatellite markers between
species or jointly analyzing SSR data for divergent taxa (van Oppen
et al., 2000; Henriques et al., 2016; Germain-Aubrey et al., 2016).
However, according to our study, the incidence of alleles contain-
ing hidden variation is also likely to occur in microsatellite mark-
ers specifically designed for a single species. Our analyses revealed
that 15 out of 18 microsatellite markers contained SNPs or indels
in their sequences. SNPs and indels were found in both the flanking
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TABLE 1. Genetic diversity indices for Ceratonia siliqua sampled at four sites based on sequencing 18 SSR loci and comparing three different genotyping procedures: AS (amplicon size scoring), MN (MicNeSs
Priv.
77

scoring), and IM (independent marker scoring).?

Population®
ESGRA
GRLOU
LIENF
MAIMO
Total
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(0.022) (0.025)

(0.023)

(0.100)

(0.017)

(0.019)

(0.014) (0.015) (0.098)

(0.073) (0.015)

(0.024)

(0.033)

(0.155)

(0.031)

(0.022)

(0.028)

(0.157)

population size; Priv. = number of private alleles.

observed heterozygosity; N =

o

Note: A= number of alleles; F . = inbreeding coefficient; H, = unbiased expected heterozygosity; H

alues presented are mean (SE).

Population codes correspond to the information provided in the Materials and Methods.

For IM scoring, SSRs and SNPs were split in independent matrices and genetic diversity indices were also calculated.
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regions and within the SSR motif and occur at higher frequencies
in the most common alleles, which were usually those with the
lowest number of repeats of the SSR motif (Fig. 2). For these mark-
ers characterized by several sources of sequence variation, scor-
ing SSRs by amplicon size led to incorrect allele identification for
69.44% of the alleles (see Results). These values are similar to those
found by Vartia et al. (2016), who genotyped microsatellites using
genotyping by sequencing (GBS) procedures. They concluded that
38 out of 40 SSR loci showed variation of SNPs and/or indels and
that 32% of the alleles that were considered identical by size were
truly non-identical. Therefore, we strongly recommend GBS and
analyses of sequences to score the variation of SSR loci in future
studies.

NGS-based pipeline to score SSR amplicons

The NGS-based approach proposed in this study (Fig. 1) to genotype
SSRs offers perspectives to improve the precision in the detection
of the alleles compared to amplicon size scoring. We have opti-
mized the allele scoring by proposing the true allele index (TAI, see
Materials and Methods; Appendix S3) to detect and differentiate the
noisy sequences obtained during the processes of PCR amplification
(significantly reduced by using a High-Fidelity DNA Polymerase)
and sequencing. Some improvements have been proposed for pro-
ducing SSR data based on NGS, such as MEGASAT (Zhan et al.,
2016) and SSR_PIPELINE (Miller et al., 2013). These methods al-
low SSR detection and allele genotyping based on NGS-produced
sequences. An improved allele identification in this approach is only
focused on discarding amplification artifacts (stutter products) iden-
tified by sequence depth. However, in contrast to our approach, the
final genotype is based solely on variation in the number of repeat
units, whereas the existence of other polymorphisms within the SSR
or flanking regions is not investigated. Suez et al. (2016) produced an
innovative software (MicNeSs) capable of recognizing repeat motifs
within NGS-produced sequences and, additionally, following up the
scoring of an SSR pattern stopped by single mutations. We compared
our results with those obtained by MicNeSs and found that this soft-
ware significantly overestimates heterozygosity indices, as its inner
algorithm for detecting the true alleles in the data set is exclusively
based on the frequency of the observed distributions of the SSR pat-
terns (see Suez et al., 2016 and the software manual for details).

In addition to improving the accuracy of genotyping, our
approach offers more information on molecular variation.
Depending on the objective, working on the sequence of micro-
satellite markers allows SSR and SNP alleles to be scored sep-
arately. Working with different types of markers that exhibit
different rates of molecular evolution was recently recommended
by Aimé and Austerlitz (2017) to get complementary insights on
demographic history.

Integrating sequence and SSR polymorphisms in genetic
diversity and structure studies

Depending on whether divergent but equally sized SSR alleles are
treated as different, or additional sequence variation is recorded,
and how this variation is treated, one would expect that different
scoring methods led to differences in genetic diversity analyses.
Sequence-based SSR genotyping allows a better estimate of pop-
ulation divergence. By scoring both types of molecular variation
independently (i.e., IM), the clusters detected through Bayesian

©2018 Viruel et al.
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FIGURE 3. Comparative results of the Bayesian analysis of the genetic structure of four populations of Ceratonia siliqua based on 18 SSR loci se-
quenced and genotyped under three different approaches (see Materials and Methods): AS (amplicon size scoring), MN (MicNeSs scoring), and IM
(independent marker scoring). The probabilities of membership of each sample to the genetic clusters K = 2, 3, and 4 are shown. The most likely
number of genetic clusters (K) determined according to Evanno et al. (2005) is shown for each scoring method, as well as the F_ values calculated by
STRUCTURE (Pritchard et al., 2000) for each predefined population and K.

TABLE 2. Average pairwise differentiation F; values between four populations of wild Ceratonia siliqua (ESGRA, GRLOU, LIENF, and MAOUM) based on scoring the
variability of SSR amplicons with three different methods: AS (amplicon size scoring), MN (MicNeSs scoring), and IM (independent marker scoring).?

Scoring AS MN IM

Site MAOUM ESGRA GRLOU MAOUM ESGRA GRLOU MAOUM ESGRA GRLOU
ESGRA 0.076 — — 0.08 — — 0.109 — —
GRLOU 0.108 0.113 — 0.130 0.108 — 0.114 0.111 —
LIENF 0.116 0.132 0.075 0.152 0.157 0.104 0.14 0.136 0.054

*See Materials and Methods for details about the scoring methods used.

inference of the genetic structure, as well as the pairwise F, re-  method (Table 1). Moreover, IM also purged the excess of heter-
duced the admixture inferred for individual assignments (Fig. 3).  ozygotes that other scoring methods artificially generated. An in-
This potential is also well illustrated here by private allele richness, ~ creased deviation toward heterozygotes was observed in F_ values
a classical indicator of evolutionary uniqueness and long-term  in both the MN and AS scoring methods (Table 1). Such deviation
persistence, which differed markedly depending on the scoring  could be due to AS and MN being sensitive to paralog copies that
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generate false heterozygote genotypes or to the method used in
MicNeSs (MN) software to select true alleles (Suez et al., 2016).
In addition, the AS method can also misinterpret alleles by scor-
ing amplicons containing gaps and inferring allele identity based
on amplicon sizes multiple to the repetition motif. This excess of
heterozygotes was corrected for when splitting the different types
of molecular variation of each locus into separate data sets (IM),
in which all populations showed F,; values close to HWE. We also
estimated the F, index for both SNPs and SSRs independently
(Table 1), and they did not significantly deviate from HWE. Our
analyses thus allow us to conclude that the traditional size-based
microsatellite markers may constitute chimerical genotypes that
combine genetic variability evolving under different mutation
rates, which may lead to disparate conclusions at the population
level.

Due to the emergence of NGS techniques, a renovated SSR gen-
otyping definition should combine all the sources of DNA sequence
variation, corresponding to markers evolving at different mutation
rates that potentially could capture recent demographic events, such
as the last post-glacial expansion, while keeping imprints of older
events of vicariance or admixture.

Compared to traditional size-based SSR genotyping, our study
identifies additional sources of variation within microsatellite
markers. By scoring sequence polymorphisms independently, the
IM method described here improves genetic diversity estimates,
correcting for HWE deviations in the traditional genotyping. Not
accounting for the null alleles resulting from PCR failure remains a
problem. However, our renovated microsatellite marker genotyping
could help address this problem in future studies by considering
mutation rates in flanking regions.

ACKNOWLEDGMENTS

This work benefited from equipment and services from the mo-
lecular biology lab facility at the Institut Méditerranéen de
Biodiversité et d’Ecologie marine et continentale (IMBE) and from
the genotyping and sequencing core facility (iGenSeq) at ICM
(Hopital Pitié Salpétriére, Paris, France). This research is part of
the DYNAMIC project funded by the French National Research
Agency (ANR-14-CE02-0016). J.V. benefited from a postdoctoral
fellowship funded by DYNAMIC (ANR-14-CE02-0016) and a
Marie Sklodowska-Curie Individual Fellowship (704464-YAMNO
MICS-MSCA-IF-EF-ST).

DATA ACCESSIBILITY

DNA sequences are available from GenBank (accessions
KY913123-KY913162 [SSR characterization, see Appendix S1] and
KY913163-KY913279 [SSR alleles]).

AUTHOR CONTRIBUTIONS

J.V.,, G.N.E, and A.B. wrote the manuscript. J.V., A.B., and A.H. de-
veloped the molecular methods. M.]. and EM. extracted DNA. J.V.
performed PCR, controls, and amplicon dilutions. D.B. set the am-
plicon sequencing libraries and ran the samples in the MiSeq. J.V.
set the bioinformatics pipeline. J.V., G.N.E, and A.B. did the genetic

http://www.wileyonlinelibrary.com/journal/AppsPlantSci

Viruel et al.—Advances in SSR genotyping by sequencing 90of 10

diversity and structure analyses. M.B.K., L.O., G.N.E, and EM. par-
ticipated in field sampling. M.B.K. and S.L.M. contributed to the
manuscript. H.S. coordinated the funding and devised the project
DYNAMIC. All authors reviewed the manuscript.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.
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tained for a locus vs. the number of different sequences obtained
when genotyping SSRs through next-generation sequencing.
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