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Abstract — The recent implementation of next-generation sequencing for the discovery of microsatellite
markers has made this technology the most effective method for generating genetic markers in non-model
organisms. Here, we report the de novo discovery of microsatellite markers for the solitary bee Colletes
inaequalis using cloning/Sanger sequencing and direct 454 pyrosequencing from microsatellite-enriched
genomic libraries. We identified and successfully multiplexed 18 highly variable microsatellite markers in 585
individuals. The number of alleles per locus ranged from 3 to 23, and the expected heterozygosity ranged from
0.056 to 0.912. These genetic markers will allow for the investigation of levels of inbreeding and fine-scale
population structure in C. inaequalis. Our results contribute to the literature demonstrating that 454 sequencing
is more time- and cost-efficient than cloning/Sanger sequencing at identifying a large number of genomic

regions with microsatellite repeat motifs.

SSRs / cloning / next-generation sequencing / Colletidae

1. INTRODUCTION

Simple sequence repeats (SSRs) or micro-
satellites are short DNA sequences consisting of
tandem repeated motifs that vary in length,
typically from 1 to 6 bp long. SSRs are most
commonly present in non-coding regions and
are characterized by high levels of repeat length
polymorphism that are the result of two muta-
tion mechanisms, replication slippage and un-
equal crossover (Schlotterer and Tautz 1992).
Due to their high levels of polymorphism, these
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co-dominant multi-allelic markers have been
widely used in genome mapping, parentage
analysis, population structure, and phylogeo-
graphic studies, for organisms ranging from
bacteria to humans (Blair and McCouch 1997,
Weber et al. 1991).

In the past, one of the major limitations for
the use of microsatellite markers in non-model
organisms was the time and cost of developing
these markers de novo (Zane et al. 2002). When
microsatellite markers were first described
(Tautz 1989), their isolation and characteriza-
tion were time-consuming and expensive be-
cause protocols were based on a random
screening of whole genome libraries. Currently,
there are several enrichment protocols for
microsatellite libraries (Zane et al. 2002), which
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can greatly accelerate the process of micro-
satellite development by making the screening
process more targeted. Moreover, with the
availability of next-generation sequencing tech-
nology, de novo isolation of microsatellite
markers has become routine for non-model
organisms (Mikheyev et al. 2010; Perry and
Rowe 2011; Zalapa et al. 2012). A large number
of microsatellite loci can be detected by direct
pyrosequencing of enriched libraries followed
by bioinformatic detection of simple repeated
sequences in the assembled sequenced data
(Andrés and Bogdanowicz 2011).

Colletes inaequalis is a solitary bee, meaning
each nest is occupied by a single reproductively
active female, native to eastern North America.
This species is a wild pollinator of early spring
wild plants and could become an important
native pollinator for crops such as blueberries
(Batra 1995) and apples (Gardner and Ascher
2006). C. inaequalis has a solitary life cycle
characterized by adults emerging from their
underground cocoons early in the spring. Both
females and males have a strong tendency to stay
close to their emergence sites. Males are the first
to become active, and they remain patrolling the
emergence area waiting for females to mate with.
When females emerge, males actively search for
them to copulate, while females immediately
start building and provisioning their nests in the
natal area (Batra 1980). Observations from
behavioral studies indicate that nest aggregations
of C. inaequalis, and other early spring Colletes
spp., naturally experience philopatric behavior
and high levels of inbreeding (Vereecken 2008).
However, this question has not been investigated
due to the lack of species-specific hypervariable
genetic markers.

In this study, we describe and characterize 18
hypervariable microsatellite markers for the
ground-nesting bee C. inaequalis (Colletidae).
We enriched for microsatellite loci by hybridiz-
ing biotinylated nucleotide repeats to restriction
enzyme digested genomic DNA. We then
screened for microsatellites using two different
methods: (1) the traditional cloning protocol
that selects positive clones containing micro-
satellites by hybridization of radiolabeled oligo-
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nucleotides and (2) direct sequencing of
enriched libraries for microsatellites using
Roche 454 sequencing technology. We estimat-
ed the variability of the identified SSRs markers
using four microsatellite multiplex sets in 585
C. inaequalis individuals.

2. MATERIAL AND METHODS
2.1. Enriched library preparation

Genomic DNA was extracted from two C. inae-
qualis males collected in Ithaca (NY, USA, 42°26¢
39.8"N 76°29'32.4"W) using the Qiagen DNeasy
Blood and Tissue Kit. DNA quality and concentration
were measured using a Nanodrop 1000 spectropho-
tometer. We digested the genomic DNA using two
restriction enzymes, BsaA I and Hinc II, to minimize
problems of unequal sampling of genomic regions
due to genome composition biases. During digestion,
double-stranded SNX linkers were ligated to the ends
of the genomic fragments (Hamilton et al. 1999). An
aliquot of the digestion was incubated with synthetic,
single-stranded, biotinylated oligonucleotides repre-
senting 12 repeat motifs (GT, TC, TA, TTA, GTT,
TTC, GCT, TTTA, TTTG, TTTC, GATA, and GTAT)
that had streptavidin attached to the 3’ end. Genomic
DNA/biotinylated complexes were captured with
streptavidin-coated magnetic beads. A PCR reaction
using a SNX forward primer was then used to transform
the captured genomic fragments into double-stranded
DNA (Andrés and Bogdanowicz 2011).

2.2. Microsatellite discovery by cloning
and Sanger sequencing

PCR products from the enrichment protocol were
digested with Nhe I and ligated into pUC 19 plasmids
previously digested with Xba I and dephosphorylated.
Plasmids were introduced into Escherichia coli cells
through electroporation. Transformed bacteria were
cultured on plates containing ampicillin and X-gal,
then transferred onto nylon membranes and fixed by
autoclaving. These membranes were screened for
microsatellites through hybridization to 33P-
radiolabeled oligonucleotides with the same repeat
motifs used for the enrichment process. Plasmid
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DNA from bacterial colonies that were found to be
positive for the presence of microsatellite repeats were
extracted and Sanger sequenced using M13 primers
at the vector/insert boundary.

2.3. Microsatellite discovery by 454
sequencing

Post-enrichment PCR products were purified
with a Qiagen PCR purification kit and ligated to
454 A and B adapters. The C. inaequalis library
was pooled with seven other libraries generated
from other taxa for sequencing in half 454 run. Each
library was identified with a unique multiplex
identifier (MID). Small fragments from the pooled
libraries were removed with Ampure beads (Beckman
Coulter). The final pooled sample was quantified,
subjected to bead titration, and sequenced with Roche/
454 FLX chemistry. Reads were sorted out by MID
before assembly.

We used CodonCode Aligner 4.0.2 (CodonCode
Co.) to trim adapters and MIDs from all reads and
discard short and low-quality data. Cleaned reads
were assembled into unique contigs using Codon-
Code Aligner with the following parameters: mini-
mum percentage of identity, 55; minimum overlap
length, 75; word length, 24; and maximum successive
failures, 500. Contigs were analyzed in the Repeat-
Masker (Smit et al. 2010) software to scan all
sequences for simple tandem repeats.

2.4. Primer design and testing

We designed primers for DNA sequences obtained
from Sanger and 454 sequencing that contained a

minimum of six perfect repeats using the software
PrimerSelect (DNASTAR). We used the following
criteria for primer design: maximum primer length
of 30 bp, melting temperature from 54 to 60 °C,
maximum dimer duplexing of 3 bp, and maximum
hairpin duplexing of 3 bp. For primer testing, we
genotyped ~30 male individuals using the univer-
sal tag three-primer method (Schuelke 2000) that
includes: 5" 6-FAM M13 primer, marker-specific
forward primer plus a long tag at the 5’ end that is
complementary to the MI13 primer, and marker-
specific reverse primer plus a six base “pigtail”
(GTTTCT) attached to the 5’ end to reduce stutter
peaks (Brownstein et al. 1996). Simplex three-primer
PCR reactions contained 5x GoTaq buffer pH 8.5,
2 mM MgCl,, 0.2 mM dNTPs, 0.1 uM forward
primer, 0.2 uM FAM M13 primer, 0.2 uM reverse
primer, 1 U GoTaq DNA polymerase (Promega),
and ~20 ng DNA in a final volume of 20 uL. PCR
cycles were performed in a Biometra TGradient
thermal cycler with 1 cycle at 94 °C for 30 s,
35 cycles at 94 °C for 30 s, 45 s at the marker-
specific annealing temperature, and 45 s at 72 °C,
followed by one step of 7 min at 72 °C. PCR
products were visualized in 2.5 % agarose gels and
genotyped on an Applied Biosystems 3730x] DNA
Analyzer using GeneScan-500 LIZ as the allele
size standard. We used PeakScanner v.1.0 (Ap-
plied BioSystems) to genotype each microsatellite
loci independently and determine their variability
and consistent repeat pattern across samples. PCR
conditions were adjusted for loci that presented
stutter or multiple peaks by increasing the MgCl,
concentration and/or increasing the annealing
temperature.

Table 1. Comparison of the Sanger and 454 sequencing methods for microsatellite discovery of Colletes

inaequalis.

Sanger 454
No. of fragments sequenced ~200 290
No. of reads with microsatellite motif present 26 (13 %) 290 (68 %)
No. of reads where primers could be designed 23 (88 %) 19 (7 %)
No. of variable loci detected 23 (100 %) 11 (58 %)
Price per locus $3.90 $2.50
Total time 2 months 3 weeks
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Table IT (continued)

Hp Accession no.

Hg

Allele sizes N,

T,

Motif

Primer sequences

Locus

R: AGC TGC ACG ATA CGG TAA AAG AAT
F: TAT ATG GCC AGG AGG TAG AGT TGA

R: CGA TGC CGA TAA GCG TCT C

JX117873

0.477

0.472

3

240-261

55

(GTT)3(GCT)x(GTT)s

Cri3i®

0.566  JX117874

0.575

299-305 4

59

F: GGA TAG GTC GGG GAT AGT GCT GTC (CT)y

R: GCG CCG TCG ATA GAA GGA AAA A

CI179*

Microsatellites for the solitary bee Colletes inaequalis

Primer sequences (5’ to 3'), repeat motif, annealing temperature (7,) in Celsius degrees (°C), allele size range, number of alleles (NV,), expected heterozygosity (Hg), observed

heterozygosity (Hp), and GenBank accession numbers

?Loci identified using the 454 sequencing protocol

2.5. PCR multiplex design and marker
variability

We selected loci for multiplex PCRs based on the
following criteria: (1) clear amplification pattern, (2)
unambiguous genotypes, and (3) presence of at least
two alleles. Up to five microsatellite loci that
amplified at the same annealing temperature (£1 °C)
but exhibited non-overlapping allele sizes were
selected for multiplexing in the same microsatellite
set. Forward primers in each set were fluorescently
labeled with one of the following dyes: 6-FAM
(blue), VIC (green), NED (black), and PET (red).
We used the Qiagen PCR Multiplex Kit with the
fluorescently labeled forward primer and the reverse
primer plus the “pigtail” in a final volume of 10 puL
using the following PCR cycles: 30 s denaturation
step at 94 °C, 90 s annealing step at 54-59 °C, and
90 s extension step at 72 °C for 35 cycles and a final
extension step at 72 °C for 10 min. Multiplexed PCR
products were diluted 1:12, and 1 pL from this
dilution was mixed with 0.2 pL of GeneScan-500
LIZ in a 20-puL final volume Hi-Di Formamide
solution for genotyping on an Applied Biosystems
3730x1 DNA Analyzer. Electropherograms were visu-
alized and genotyped in the software PeakScanner v.1.0
(Applied BioSystems). Allele frequencies, genetic
diversity indices, Hardy—Weinberg, and linkage equi-
librium were estimated using the software Genetix 4.05
(Belkhir et al. 2004) on 80 males and 505 females of
C. inaequalis collected from nine nest aggregations in
the city of Ithaca (NY, USA, 42°26'36"N 76°30'0"W).

3. RESULTS

More than 500 positive clones were obtained
from the cloning protocol, and ~200 of these were
Sanger sequenced. We successfully designed
primers for 26 (13 %) DNA sequences, and we
tested 21 primer pairs. Of the tested primer pairs, 3
did not give any PCR product, 6 did not show
clean amplification, and 12 showed a variable and
repeatable pattern (Table I).

From the 454 sequencing, we obtained 3,164
sequences with an average length of 495 bp
after discarding short and low quality reads.
These reads assembled into 428 contigs of
which 290 contained simple microsatellite repeat
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motifs. As expected, the most common repeat
motifs were dinucleotide (51 %), followed by
trinucleotide (29 %) and tetranucleotide (20 %)
repeats. We designed primers for 19 (7 %)
contigs that contained simple repeat motifs and
tested 14 of these primer pairs. Four primer sets
did not amplify, four were not variable, and six
were variable and showed a clean amplification
pattern (Table I). Combining our results from
the cloning/Sanger and 454 protocols, we
successfully amplified 18 loci comprised of
13 dinucleotide, 3 trinucleotide, and 2 tetranu-
cleotide motif repeat microsatellite markers
(Table II). These loci were amplified and
genotyped using four microsatellite multiplex
sets based on the criteria defined in the
methods section (Figure 1).

A first simplex genotype test of C. inaequalis
males (n=80) revealed that these 18 primer
pairs showed clear repeat patterns and absence
of null alleles because all haploid males
amplified for all loci. No diploid males were
detected among the male individual analyzed.
We used the female dataset (n=505) to assess
marker variability using the microsatellites
multiplex protocol. The average number of
alleles per locus was 11 (3-23), expected
heterozygosity ranged from 0.056 to 0.912,
and observed heterozygosity ranged from
0.051 to 0.865 (Table II). Four loci significantly
deviated from Hardy—Weinberg equilibrium
showing significant heterozygote deficiency

(CIo10, P=0.0008; CI35, P<0.000; CI87, P<
0.000; and CI131, P=0.0017). The amplifica-
tion of all male individuals for all loci in our
dataset suggests that deviations from Hardy—
Weinberg equilibrium are not the results of null
alleles but of the demographic history and/or
mating system of this species. This hypothesis is
supported by the detection of significant hetero-
zygote deficiency overall loci when the female
dataset was analyzed using the nesting sites as
discrete sampling units (P<0.000 for six out of
the nine nesting sites). Two pairs of loci
exhibited significant linkage disequilibrium after
Bonferroni correction for multiple tests (CI62
and CI102, P<0.000; CI15 and CI66, P<0.000).

4. DISCUSSION

The development of microsatellite markers
for C. inaequalis provides the first species-
specific molecular markers for this bee and adds
to the growing number of de novo microsatellite
markers developed for solitary bee species
(Table III). These genetic tools are essential for
the study of mating systems, sociogenetic
structure, population structure, and conservation
genetics of solitary bees (Zayed 2009). Solitary
bee species are currently the focus of numerous
ecological and genetic studies because they may
serve as alternative agricultural pollination
agents to compensate for the loss of managed

Multiplex 1 | T,= 54 °C s T Cloge clg7 clo7s
Multiplex 2 | T,=55°C Cl028 Cl27 CI12 - Cl66
Multiplex 3 | T,=55°C ci73 ci3s Cl106
Multiplex 4 | T,=59°C CI15 clo10 Cl98 ci23 t.El
T I I I I [ T
100 150 200 250 300 350 400

Figure 1. Diagram showing the annealing temperature and allele range for the microsatellite loci in each
multiplex PCR set. Colored boxes represent the observed allele range for each locus. Colors represent the
fluorescent dyes used to labeled forward primers: FAM (blue), NED (black), PET (red), and VIC (green).
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Table III. Summary table of studies reporting microsatellite markers for solitary bees.

Species Subfamily Family No. of No. of Hg Reference
loci alleles

Colletes Colletinae Colletidae 18 109 (#6.0) 0.626 (+0.240) This study
inaequalis

Xylocopa Xylocopinae Apidae 14 104 (£3.4) 0.799 (+0.073) (Augusto et al. 2011)
frontalis

Eulaema meriana Apinae Apidae 8 6.1 (£1.8) 0.685 (+0.153) (Lopez-Uribe et al.

2010)

Megalopta Halictinae Halictidae 12 11 (£5.1) 0.825 (+0.093) (Kapheim et al.
genalis 2009)

Halictus Halictinae Halictidae 14 10.1 (#4.6) 0.704 (£0.163) (Soro and Paxton
rubicundus 2009)

Euglossa Apinae Apidae 9 53 (£2.2) 0.598 (0.257) (Paxton et al. 2009)
annectans

Eulaema nigrita  Apinae Apidae 11 9.1 (£3.3) 0.794 (+0.086) (Souza et al. 2007)

Euglossa cordata Apinae Apidae 9 164 (#9.3) 0.764 (£0.156) (Souza et al. 2007)

Osmia rufa Megachilinae Megachilidae 6 4.2 (£0.7) n.a. (Neumann and

Seidelmann 2006)

Lasioglossum Halictinae Halictidae 10 2.4 (£0.5)* 0.440 (+£0.183)* (Zayed 2006)
leucozonium 6 10.8 (+4.1)° 0.848 (£0.056)" (Zayed et al. 2007)

Lasioglossum Halictinae Halictidae 9 6.4 (£3.8) 0.616 (x0.306) (Zayed 2006)
oenotherae

Ceratina flavipes Xylocopinae Apidae 8 n.a. 0.585 (#0.20)  (Azuma et al. 2005)

Amegilla Apinae Apidae 12 6.2 (£6.4) 0.511 (£0.208) (Beveridge and
dawsoni Simmons 2004)

Exoneura Xylocopinae Apidae 12 18.6 (£16.7) 0.888 (+0.087) (Langer et al. 2004)
nigrescens

Exoneura robusta Xylocopinae Apidae 13 209 (+18.7) 0.897 (+0.080) (Langer et al. 2004)

Macrotera Panurginae ~ Andrenidae 7 6.1 (x1.8) 0.302 (+0.110) (Danforth et al.
portalis 2003)

Lasioglossum Halictinae Halictidae 9 6.2 (£3) 0.744 (+0.287) (Paxton et al. 2002)
malachurum

Lasioglossum Halictinae Halictidae 10 14 (+4.4) 0.786 (+0.060) (Kukuk et al. 2002)
hemichalceum

Andrena vaga Andreninae  Andrenidae 19 5.8 (£1.9) 0.747 (x0.202) (Mohra et al. 2000)

Andrena jacobi  Andreninae  Andrenidae 4 7.3 (£2.7) 0.616 (+0.121) (Paxton et al. 1996)

No. of alleles indicates the average number of alleles per species and the standard deviation. Hg indicates the average
expected heterozygosity across loci

?Data derived from an introduced population to North America

® Data derived from a population from its native range in Europe

pollinators, such as the honeybee (Winfree et al.

2007).

To our knowledge, this is the first study that
uses both cloning/Sanger and 454 sequencing
protocols for the development of microsatellite
markers. We found that the implementation of

454 sequencing for microsatellite discovery
increases ~5-fold the number of identified
sequences with simple microsatellite repeat
motif, proving to be a more time effective
method for de novo microsatellite discovery
than the traditional Sanger sequencing method

@ Springer
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(Table I). However, researchers should be aware
of the methodological difficulties of this new
approach. First, 454 sequencing has a higher
sequencing error rate than Sanger sequencing
particularly in homopolymeric regions (Huse et
al. 2007). One of the main difficulties we faced
when designing primer sequences for loci
identified through pyrosequencing was the
absence of high-quality flanking regions in
many of the contigs. This difficulty can be
overcome by (1) using newer pyrosequencing
technology, such as the Roche Titanium chem-
istry, that generates longer average read lengths
and/or (2) obtaining greater sequencing depth.
Moreover, the assembly of sequence data with a
high number of repeated regions can be chal-
lenging due to contigs built based on repeated
regions that can generate chimeric artifacts
(Trombetti et al. 2007).

Microsatellites are relatively common
markers throughout the genome of most species
(Li et al. 2002); thus, they can be efficiently
isolated from genome sequencing of non-
enriched (Abdelkrim et al. 2009) and enriched
libraries (Santana et al. 2009). However, the
implementation of library enrichment is more
cost-effective due to the significantly smaller
sequencing effort necessary to obtain large
numbers of microsatellite markers (Andrés and
Bogdanowicz 2011). Even though the enrich-
ment approach is inherently biased towards a
subset of marker motifs, when microsatellite
markers are the tools and not the subject of the
study (e.g., genome evolution), markers identi-
fied from enriched libraries are suitable and
informative for genetic studies (Vili et al.
2008).

454 sequencing provides a time- and cost-
effective approach for the identification of de
novo microsatellites in non-model organisms.
Time for library preparation, sequencing, and
bioinformatics can be reduced to 3 weeks with
the implementation of this new technology
(Table I). Though effective, the cloning/Sanger
sequencing protocol is more labor-intensive and
requires weeks to months of laboratory work
due to the need for individual sequencing of
each positive clone detected. In terms of project
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costs, this study shows that the 454 protocol can
decrease the cost per sequence to less than 1/3
of the cost of the cloning/Sanger sequencing
protocol by using multiple enriched libraries
pooled together in the same 454 run (Table I).
Therefore, the increasing implementation of
next-generation sequencing technology should
accelerate the development of de novo markers
for species that lack genomic resources.
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