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Abstract

Twenty polymorphic microsatellite markers were developed,
using Next Generation Sequencing (lllumina), from genomic
DNA of Parashorea malaanonan, a species of the Dipterocarpa-
ceae which is ecologically and economically important in the
Philippines. Thirty adult trees from a natural population were
used to assess the success of PCR amplification and the degree
of polymorphism. The number of alleles per locus varied from
three to 13, and observed and expected heterozygosity varied
from 0.200 to 0.808 and from 0.301 to 0.890 respectively. Total
exclusion probabilities for the first and second parents over the
20 loci were 0.99932499 and 0.99999723 respectively. The high
level of polymorphism at these loci makes it possible to obtain
precise estimates of genetic parameters and thus the markers
will help in studies on population genetics, conservation gene-
tics, and molecular ecology of P. malaanonan.
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Introduction

Parashorea malaanonan (Blanco) Merr., known locally in the
Philippines as ‘bagtikan; belongs to the ecologically and eco-
nomically important tree family the Dipterocarpaceae. It is a
large, prominent tree that can reach a height of 60 m and a
basal trunk diameter of up to 200 cm (Fernando et al., 2009). It
is naturally distributed in Brunei Darussalam, Malaysia (Sabah,
Sarawak), and the Philippines. It is categorized as critically
endangered on the IUCN Red List of Threatened Species (IUCN,
2018). In the Philippines, it thrives in lowland tropical rain
forest at altitudes of up to 1,300 m (Fernando et al., 2009) and
it is fairly common in its native range. Although it is relatively
abundant compared to other dipterocarp species in the coun-
try, its genetic resources have been rapidly reduced due to
excessive logging and land use conversion (Langenberger,
2006). Gamboa-Lapitan and Hyun (2005) assessed the mating
system and genetic diversity of P. malaanonan using isozymes.
Abasolo et al. (2009) and Villarin (2015) investigated the trans-
ferability of Shorea microsatellite markers developed by Ujino
etal, 1998, Ng et al,, 2009, and Lee et al., 2004 to P. malaanonan
and found that only a few of the markers tested were polymor-
phic and could therefore be used for further genetic studies in
P. malaanonan populations. Locus specificity, amplification
errors (Selkoe and Toonen, 2006) or deletion of simple
sequence repeat (SSR) flanking regions among species (Lemes
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et al., 2002) may have contributed to the limited transferability
of markers even to closely related taxa within the family. This
necessitates the development of new highly polymorphic
microsatellite markers to aid in the generation of genetic infor-
mation for investigations into genetic diversity, genetic struc-
ture, mating system, and gene dispersal via pollen and seed for
this species.

For the development of microsatellite markers, our study
used next generation sequencing (NGS), which has proved
popular for this application. Currently, 454 (Roche) and lllumi-
na are the NGS platforms most widely used for developing SSR
markers (Vieira et al., 2016). We also used the three-primer PCR
method (Blacket et al., 2012) to amplify microsatellite loci. The
strategy used locus-specific forward primers with tail sequen-
ces (A, B, Cor D) at the 5’ end of the primer sequences, locus-
specific reverse primers, and universal forward primers (tail A,
B, C or D) with fluorescent dyes. Our objective in this study was
to develop and characterize polymorphic microsatellite mar-
kers for assessing the genetic diversity, genetic structure,
mating system, gene dispersal, and parentage of offspring in P.
malaanonan.

Materials and Methods

Total genomic DNA (1 pg) was extracted from inner bark tissu-
es of an adult P. malaanonan tree at Mount Makiling Forest
Reserve (MMFR) in the Philippines using cetyltrimethylammo-
nium bromide (CTAB) method (Murray and Thompson, 1980)
with minor modifications and purified with Genomic DNA
Clean & Concentrator (Zymo Research). Voucher specimens
were deposited in the herbarium of the Department of Forest
Biological Sciences, College of Forestry and Natural Resources,
University of the Philippines Los Bafos. The purified genomic
DNA was then used for library construction with a Nextera
DNA Library Preparation Kit (Illumina). The library was quanti-
fied for fragment length with a MultiNA Microchip Electropho-
resis System (Shimadzu Co.). Sequencing was performed on a
MiSeq sequencer (lllumina) with a 600 cycle kit according to
the manufacturer’s instructions. Forward and reverse sequen-
cing reads were merged with bbmerge (https://github.com/
BiolnfoTools/BBMap) and processed with Trimmomatic (Bolger
et al., 2014) to remove adapter, low quality, and short sequen-
ces. Sequences of lengths <150 bp were removed. The remai-
ning sequences were used as input for the CMIB pipeline (Ueno
etal., 2012) to obtain unique PCR primers targeting microsatel-
lites with the numbers of repeat units being 10, 9, 8, 7, and 6 for
di-, tri-, tetra-, penta-, and hexa-SSRs, respectively. Those
sequences for which primer pairs could be successfully desig-
ned were subjected to BLAST searching against the NCBI non-
redundant nucleotide (nt) and non-redundant protein (nr)
databases with an E-value cut-off of 1E-5. We selected 48 pri-
mer pairs, for which forward primers with universal primer tail
sequences (Blacket et al., 2012) and reverse primers with a PIG-
tail sequence (Brownstein et al., 1996) at the 5-end of the pri-
mer sequence were synthesized.

Genomic DNA from inner bark tissues of adult trees
in a P malaanonan natural population in MMFR, freshly
extracted using a CTAB method with minor modifications,
were used in primer screening for PCR amplification and
extent of polymorphism. The genomic DNA from two
adult trees (dbh > 30 cm) was used when screening for
PCR amplification. Singleplex PCR was carried out with a
Gene Amp PCR system 9700 using a Type-It Multiplex PCR
Kit (QIAGEN) in a final volume of 6 pL containing 3.0 pL of
2x Type-it Multiplex PCR Master Mix, 0.2 uM of reverse pri-
mer, 0.2 uM of forward primer and 0.2 uM of fluorescently
labeled universal primer (Blacket et al., 2012), and 1 pL
genomic DNA (approximately 5 - 10 ng). The PCRs were
carried out using a touchdown protocol as follows: an ini-
tial denaturation for 15 min at 95° C, followed by 35 cycles
of denaturation at 94° C for 30 s, annealing at 65-60° C for
90 s, and extension at 72° C for 1 min; the annealing tem-
perature was 65° Cin the first cycle, from 64 to 61° C(-1°C/
cycle) during the following four cycles, and 60° C from the
6" to 35™ cycle. The PCR products were electrophoresed
using a 3130-Avant Genetic Analyzer (Applied Biosys-
tems), with a GeneScan 500 LIZ (Applied Biosystems) size
standard, and fragment sizes were estimated using Gen-
eMapper v. 4.0 software (Applied Biosystems). After scree-
ning of primers for PCR amplification, we selected the
markers which were successfully amplified and construc-
ted primer combinations for multiplex PCR using Multi-
plex Manager version 1.2 (Holleley and Geerts, 2009). To
screen primers for polymorphism, multiplex PCR and
genotyping were carried out for 30 adult trees (dbh > 30
cm) in the same way as described above. The number of
alleles per locus (A), observed heterozygosity (H,), expec-
ted heterozygosity (H,), and exclusion probability were
calculated using CERVUS version 3.0.7 (Kalinowski et al.,
2007). Departure from Hardy-Weinberg Equilibrium
(HWE) at each locus and linkage disequilibrium for all
pairs of loci were tested using probability tests implemen-
ted in Genepop version 4.2 (Rousset, 2008).

Results and Discussion

Insert size in the sequencing library ranged from 300 bp
to 410 bp with a mode of 360 bp. In total, 2.69 Gb
(4,476,115 pairs) were obtained, of which 3,751,025 (83.7
%) were successfully merged. The average length of the
merged reads was 185 bp with a maximum of 593 bp, yiel-
ding 2,453,465 (557 Mb) sequences after cleaning with
Trimmomatic. We found 2,128 (0.087 %) sequences with
the microsatellites defined in the Materials and Methods
section. Focusing on those microsatellites with the num-
ber of repeat units being 6, 5, 4, 3, and 2 for di-, tri-, tetra-,
penta-, and hexa-SSRs respectively, 27,264 (1.11 %) of the
sequences had a microsatellite motif. We designed primer
pairs targeting 575 sequences, for which BLAST homolo-
gy searches were performed. We found that 62 sequences



had hits against nt or nr database entries. However, 27 (43.5 %)
sequences had hits against entries from non-green plants, and
we avoided these sequences when synthesizing primers.
Forty-eight primer pairs were synthesized and tested for PCR
amplification and polymorphisms.

The initial primer screening for (singleplex) PCR amplifica-
tion was done using two adult P. malaanonan trees. Thirty out
of 48 markers were amplified to give the expected sizes and
these were screened for polymorphism by means of multiplex
PCR using 30 adult trees of the species. The markers were com-
bined in five multiplex mixes, which contained between two to
eight markers. Ten of the 30 markers showed monomorphic or
unstable expression and 20 had stably polymorphic expressi-
on. Primer information for these 20 markers is shown in Table 1
and polymorphisms at the corresponding loci are shown in
Table 2. The number of alleles per locus varied from three to 13,
and observed and expected heterozygosity varied from 0.200
to 0.808 and from 0.301 to 0.890 respectively. Total exclusion
probabilities for the first and second parents over the 20 loci
were 0.99932499 and 0.99999723 respectively. One locus,
S035, departed significantly from HWE after sequential Bonfer-
roni correction. There was no significant linkage disequilibrium
detected for any pair of the loci after sequential Bonferroni cor-
rection. The microsatellite markers developed and characte-
rized here will be useful for use in future work on population
genetics, conservation genetics and molecular ecology of the
critically endangered species P. malaanonan.

Table 1
Primer details for the 20 microsatellite markers developed
from genomic DNA of Parashorea malaanonan

Locus Sequence (53" U;‘,‘I‘;:“' Dy Muiplesset NPt ‘,,rg‘h S':;‘:i::‘ Accession no.*
035 F: GCCTTGCCAGCCCGCACCAATGTTGCTCTCAAGGAAGAAGE TilB  VIC c (AG 638 I3 LOA3sSs,
R GTTTCTTGITGCTGGACATGAAATGTGAGC Leansss
F
055 CGGAGAGCCGAGAGGTGCCAGAGATCAGATCGGATCGAAACCG D PET L GA 648 lll4z LOAZ3SES,
R: GTTTCTTCCTTAGCGACGGTGCTTATGCC Leasss
S063  F: GCCTTGCCAGCCCGCAGOAGAATGTCAGAAAGCAAAGGC B VIC A (AG) 616 125130 LCA3SST,
R GTTTCTTAGCTOACTTTGAGGGTTGGTTGTC Leasss
S069  F: CGOAGAGCCGAGAGGTGCTGCCTTCGCCTTTGCCTTTCTC TilD  PET A (ITCh 646 123143 LCA23SS9,
R GTTTCTTGAGAGGGCGAACGGAGAAGTG Leasson
S199  F: CAGGACCAGGCTACCGTGAAACAGACCCTGTGCAARTTTGE TilC  NED c (AGns 60 IS8T LCansol,
R GTTTCTTACTCAGCAGAATCAGGAGTGGTTTG Leasso
S300 F: GCCTCCCTCGCGCCAGCATGE TalA  6FAM D (G 612 I7Iss LCA23593,
R GTTTCTTCTTCCTCTGAGCAACATTCTGAG Le423594
S35 F: CAGGACCAGGCTACCGTGIGTGTATTTCAGCAAGCATCCCTC TC  NED D (IO, 614 177198 LCA23SOS,
R: GTTTCTTCCCGATTTCTTCAATCACCCTGCC Leassos
S312 T CGGAGAGCCGAGAGGTGATGTAGGGACCACACATCTGGCC TilD  PET c (TGA), 642 181196 LCa23597,
R GTTTCTTACGCCAATACCACTGATGCTCCTC Leassos
M8 F: GCCTCCCTCGCGCCAGCAGACAACAAAGTCATTGGCATTGE TalA  6FAM B (TOn 643 193199 LC423599,
R GTTTCTTCCCTTTCAAACAAGTGGTTAAGAGE Leazse0n
$350  F: GCCTTGCCAGCCCGOGCGOGTGGCAAAGATACATGAACG B VIC B (O 647 175197 LCa23601,
R GTTTCTTAGCTGACGCGTGARACTTAGTCC Leazsen
360 F: CGGAGAGCCGAGAGGTGACTGCGGTTGAARTGATTGCTGGC  Tail D PET A (AGH 649 184214 LCA23603,
R GTTTCTTGCAGCAGGTGAACCAGAGCTC Lea23604
$451 F: GCCTTGCCAGCCCGCACTCTGCAGAAACTGAAAGGTGCC LB vIC D (©AN 636 22023 LC423605,
R GTTTCTTGTGGGTGGAATATCAATGCACTTC LC423606
$457  F: CAGGACCAGGCTACCGTGAGGCCAGCAAGGAGATGAGTTCC  TallC  NED A (O 644 20238 LCA230T,
R GTTTCTTGAAGGAATCAACACAAATCGGATCC Lea23608
8462 F: CGGAGAGCC( TGGCCAAC Tail D PET B (TGC)y 646 221239 LC423609,
R: GTTTCTTCCATGGATTGTGAGGACAGCCC LC423610
$468  F: GCCTCCCTCGCGCCAGGACTTTCCGTCTGGATCACCTGG Tal A 6-FAM E (GA)s 647 223255 LC423611,
R: GTTTCTTCTTCATCCTCGGTTCTTCTCCAG LC423612
$474  F: CAGGACCAGGCTACCGTGTGAAGCGAGGACT: Tail C NED C (AC); 639 235245 LC423613,
R: GTTTCTTGGTCCCTCATGGTAGAAGCTTGGC LC423614
$479  F: CGGAGAGCCGAGAGGTGAGACGCCAAATTTCACATTGACG Tail D PET E (TC),y 606 238246  LC423615,
R: GTTTCTTAAGCAGAGAACAAACCAAACACAG LC423616
$504  F: CAGGACCAGGCTACCGTGAGCGTACCGTAGAGAGAGGAGACG Tail C NED B (AG)s 648 243270 LC423617,
R: GTTTCTTCCCACTCTCTTTCCACGATCCC LC423618
$535  F: GCCTCCCTCGCGCCAGGTAAGGCATGATGGTACGCTAC TalA  6-FAM C (AG)y 623 259267 LC423619,
R: GTTTCTTGGCAGTCCCAAGAATGACTAGGTG LC423620
§568  F: CAGGACCAGGCTACCGTGTTAGCAACACGGAGGATGGGTGC Tail C NED A (GCT);s 652 274286 LC423623,

R: GTTTCTTGTTTGCAGCAGGTGAGGGAAGG LC423624

“Forward primers (F) and reverse pimers (R) have universal pimertilsequences (Blacket et al, 2012) and a PIG-ail sequence (Brownstein et . 1996) respectvely.
"Primer melting temperature. We used annealing temperatures i the PCR touchdown protocol at 63-60 ‘C for all multiplex sets.
“Accession number in the DNA Data Bank of Japan.
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Table 2
Polymorphisms at 20 microsatellite loci for Parashorea mala-
anonan (N = 30)

Locus A Ho Hg Test for HWE*
S035 8 0.519 0.827 ox
S055 10 0.577 0.811 ns
S063 6 0.517 0.636 ns
S069 5 0.633 0.667 ns
S199 12 0.619 0.872 ns
S300 7 0.731 0.716 ns
S305 7 0.345 0.528 ns
S312 4 0.500 0.567 ns
S348 4 0.200 0.301 ns
S350 7 0.500 0.576 ns
S360 10 0.720 0.853 ns
S451 6 0.769 0.713 ns
S457 6 0.577 0.646 ns
S462 6 0.533 0.775 ns
S468 11 0.792 0.890 ns
S474 5 0.308 0.535 ns
S479 3 0.375 0.407 ns
S504 13 0.808 0.817 ns
S535 5 0.615 0.564 ns
S568 5 0.611 0.594 ns

A, number of alleles; Ho, observed heterozygosity; Hg, expected heterozygosity.
“Departure from Hardy-Weinberg Equilibrium (HWE) at each locus and linkage
disequilibrium for all pairs of loci were tested using probability tests implemented
in Genepop version 4.2 (Rousset, 2008).

ns, not significant; ** P < 0.01.
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