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Abstract

Optimal integration of next-generation sequencing into mainstream research requires re-evalu-
ation of how problems can be reasonably overcome and what questions can be asked. One
potential application is the rapid acquisition of genomic information to identify microsatellite
loci for evolutionary, population genetic and chromosome linkage mapping research on
non-model and not previously sequenced organisms. Here, we report on results using high-
throughput sequencing to obtain a large number of microsatellite loci from the venomous snake
Agkistrodon contortrix, the copperhead. We used the 454 Genome Sequencer FLX next-genera-
tion sequencing platform to sample randomly ~27 Mbp (128 773 reads) of the copperhead
genome, thus sampling about 2% of the genome of this species. We identified microsatellite loci
in 11.3% of all reads obtained, with 14 612 microsatellite loci identified in total, 4564 of which
had flanking sequences suitable for polymerase chain reaction primer design. The random
sequencing-based approach to identify microsatellites was rapid, cost-effective and identified
thousands of useful microsatellite loci in a previously unstudied species.
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The extremely high mutation rates and simple codomi-

Introduction

The accessibility of next-generation high-throughput
sequencing technology has transformed life sciences
research, providing a massive cost reduction per nucleo-
tide sequenced (see Hudson 2008, for review). In many
cases, this revolution calls for the redesign of previous
experimental methods that employ laborious techniques.
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nance of microsatellite loci make them the marker of
choice for medium to fine scale population genetic stud-
ies, although the costs of developing useful markers can
be prohibitive. For example, traditional approaches for
the identification of microsatellite loci from non-model
species require substantial technical effort to create
enriched microsatellite libraries, including cloning,
hybridization to detect positive clones, plasmid isolation
and Sanger sequencing. As microsatellites often do not
transfer well from one species to another, this process
may need to be repeated de novo for each species studied,
thus imposing a substantial burden for initiating research
on previously unstudied species. Given the ever-lower
costs of next-generation sequencing approaches, it seems
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feasible that the overall cost of obtaining microsatellite
loci sequences may be made cheaper and more efficient
by incorporating next-generation sequencing. We suggest
that microsatellite detection can be easily achieved
through (random) shotgun genome sequencing and can-
didate microsatellite loci can be identified from the set of
randomly sampled shotgun reads. This potential has also
been recently recognized and explored by others (Abd-
elkrim et al. 2009; Allentoft et al. 2009).

Standard enrichment-based approaches for isolating
microsatellite loci require a priori choices about what
types of microsatellite loci to target (both repeat size, and
repeat motif sequence) because specific oligonucleotide
probes are used. This inherently biases which subset of
microsatellite loci are identified and ultimately limits the
diversity of different microsatellite types that are used in
genotyping to a small subset of all possible repeat sizes
and motifs. Furthermore, given the great variation in the
abundance of different sizes and sequence motifs of mi-
crosatellite repeats in different species (T6th et al. 2000;
Abdelkrim et al. 2009; Santana et al. 2009), uninformed a
priori choices about which motifs to target may lead to
limited success in obtaining sufficient numbers of useful
microsatellite loci. In contrast, microsatellite identifica-
tion from randomly sequenced genomic regions (i.e.
shotgun library sequencing) allows for unbiased surveys
of all types of microsatellite loci present in a genome (in
frequencies presumably proportional to their genomic
abundance); a diversity of repeat motif types can be iden-
tified and used to survey genotypic diversity. In addition,
this approach amasses novel genomic resources that may
be useful for both related and unrelated research.

Here, we report on results obtained by applying this
approach to detect microsatellite loci in the venomous
snake Agkistrodon contortrix (the copperhead). This
species ranges throughout much of the eastern half of the
United States (Campbell & Lamar 2004), and has an
estimated haploid genome size of 1.33 Gbp (De Smet
1981). In this study, we used the 454 Genome Sequencer
FLX platform (454 hereafter) to sequence ~27 Mbp of
sheared genomic DNA from A. contortrix, thus randomly
sampling about 2% of the haploid genome of this diploid
species. From this random sample, we identified thou-
sands of microsatellite loci and the subset of these loci
that contained flanking sites suitable for polymerase
chain reaction (PCR)-based amplification and scoring for
population genetic studies.

Methods

Preparation of shotqun libraries for 454 sequencing

A single specimen of the copperhead, Agkistrodon contor-
trix, from Val Verde Co., Texas, USA, was used as the

sole source of tissue/DNA for this study; the voucher
specimen was deposited at The University of Texas at
Arlington Amphibian and Reptile Diversity Research
Center (UTA R-55729). DNA was extracted using a
DNEasy kit (Invitrogen) from liver tissue that had been
frozen at —80 °C after being snap-frozen in liquid nitro-
gen, using the optional RNase treatment option of the
protocol. Multiple DNA isolations were pooled, precipi-
tated with ethanol/sodium acetate, washed once with
70% ethanol, and resuspended in TE buffer. A total of
5 pug of this DNA was used in the 454 FLX shotgun
library preparation following the manufacturer’s proto-
cols and quality control steps. This shotgun library was
ultimately sequenced using the 454 FLX GS LR70 (100
cycle) sequencing kit and protocol on a 70 x 75 cm pico-
titerplate. This library was used in several nonoptimized
diagnostic trial experiments, sequenced on both % and
870 x 75 cm picotiterplate regions, yielding ~27 Mbp in
total. The same amount of data can often be obtained
from a single % plate optimized run and newer 454 ‘tita-
nium’ runs should yield more and longer sequence in a
18 plate run (see further discussion below).

Identification of microsatellite loci

A Perl script (Appendix S1) was written to extract reads
that contained perfect dinucleotide, trinucleotide, and te-
tranucleotide tandem repeats (i.e. microsatellite loci) that
were at least 12 bp in length (e.g. six tandem repeats for
dinucleotides). The reads were then sorted by the mono-
mer sequence of the repeat (e.g. TAC or TA repeats) and
by the number of tandemly repeated units. Reverse-com-
plement repeat motifs (e.g. TG and CA) and translated or
shifted motifs (e.g. TGG and GTG) were grouped
together such that there were a total of four unique dinu-
cleotide repeats and 10 and 33 unique three and four-
nucleotide repeats respectively. If multiple microsatellite
loci were discovered in a single read, the locus was con-
sidered a compound repeat if the microsatellites had dif-
ferent motifs and was considered a broken repeat if the
microsatellites had the same motif. For most analyses, the
locus with the greatest number of perfectly repeated
units was used to classify that read and the other micro-
satellites in that read were not counted.

Screening of loci suitable for PCR and automated design
of amplification primers

Newly identified microsatellite loci are typically useful
only if primers in the nonrepeated flanking regions
around the microsatellite can be designed and used suc-
cessfully for PCR amplification. We therefore screened
reads with microsatellite loci for flanking regions with
high quality PCR priming sites; we refer to such loci as

© 2009 Blackwell Publishing Ltd



PERMANENT GENETIC RESOURCES ARTICLE 343

‘potentially amplifiable loci’ or PAL. The primer-pair
design process was automated to submit large batches of
sequences to a local installation of the program Primer 3
(Rozen & Skaletsky 2000) using a Perl script (Appendix
S1). Low complexity and simple repeat sequences were
masked using the Repbase v14.01 database (Jurka et al.
2005) so that they would not be allowed as primer sites.
We used fairly stringent criteria for primer design,
including the following specifications: (i) GC content
>30%; (i) melting temperatures 58-65 °C with a maxi-
mum 2 °C difference between paired primers; (iii) the
last two 3’ nucleotides were G or C (a GC ‘clamp’); (iv)
minimum amplicon length of 60 bp; and (v) maximum
poly-N of four nucleotides. All other parameters were set
to Primer 3 default values. If all criteria were met, a single
primer-pair was chosen based on the highest Primer 3
assigned score (Rozen & Skaletsky 2000) and targeting
the longest microsatellite element within a sequence. The
Perl script used to identify and classify microsatellite
reads and automate primer design is provided as
Appendix S1.

Vertebrate genomes comprise a great deal of repeti-
tive DNA that may confound PCR amplification and
scoring of identified microsatellites. To assess the possi-
ble repetitive origins of some of our primers, we
counted the number of times the designed amplification
primers were found in all reads in the entire sequence
data set and the number of reads in which a pair of
amplification primer sequences was in the correct orien-
tation to produce a PCR amplification product. This is
useful to help predict the probability of successful
amplification of an amplicon of interest; multiple prim-
ing sites can produce multiple amplification products or
reduce the quality of amplifications due to primer non-
specificity. For paired microsatellite amplification prim-
ers repeated among reads, we separately evaluated
whether the amplicon and the entire read were identi-
cal. To calculate the expectation that two reads over-

lapped, we conservatively assumed that they would
have to overlap by at least 100 bp to lead to identifica-
tion of the same microsatellite with viable flanking PCR
primer sites. Assuming a genome size of 1.33 Gbp and
average read lengths of 212 bp, the probability that any
two reads overlap each other for 100 bp of the same
genomic sequence is 112/1 330 000 000, or 8.42 x 107°.
Cumulatively, the expectation for the number of PAL
sequenced more than once is less than one (0.88).

Results

A total of 128 773 reads were obtained from the 454 shot-
gun library of Agkistrodon contortrix. The mean read
length was 215bp and a total of 26 874 213 bp of
sequence was obtained. The average GC content of these
data was 42.51%. We identified 14 612 reads (11.3% of all
reads) that contained our definition of microsatellite loci
(Table 1). There were 3323 reads that contained dinucleo-
tide repeats, 3606 that contained trinucleotide repeats
and 7683 that contained tetranucleotide repeats (Fig. 1).
These reads containing identified microsatellites were
deposited in GenBank under
GQ184828-GQ199439.

To estimate the number of loci that represent promis-
ing candidates for PCR amplification-based scoring of
microsatellite length variation, we screened loci to deter-
mine which contained suitable flanking PCR primer sites.
We identified 4564 such ‘potentially amplifiable loci’
(PAL). Reads containing PAL represented 3.5% of all
reads, and 31.2% of reads identified as microsatellites
(Table 1). Comparing across the three classes of repeats,
tetranucleotide repeats had the greatest numbers of loci
and the most PAL (7683 and 2376 respectively) and dinu-
cleotides the least (3323 and 701 respectively). Within
repeat classes, trinucleotides had the greatest percentage
of PAL (41.2%), and dinucleotide repeat loci had the low-
est percentage (21.1%; see also Fig. 1).

Accession numbers

Table 1 The numbers of microsatellite

loci identified, and the subset of these that Num?er Numbfer of Per.cent of .
. - . Number of repeats  of loci potentially loci potentially
are potentially amplifiable (containing . . e o . o
suitable PCR priming sites) in 128 773 per loci identified  amplifiableloci  amplifiable
reads from 454 sequencing
Dinucleotides All (=6 repeats) 3323 701 21.1
>10 Repeats 1178 144 12.2
>20 Repeats 270 12 4.4
Trinucleotides All (>4 repeats) 3606 2119 41.2
>10 Repeats 736 206 27.9
>20 Repeats 170 66 38.8
Tetranucleotides  All (23 repeats) 7683 2376 30.1
>10 Repeats 1858 80 4.3
>20 Repeats 144 9 6.3
Total 14 618 4564 31.2
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Fig. 1 Numbers of identified microsatellite repeat loci (grey),
and the number of these loci with suitable flanking PCR-primer
sites (potentially amplifiable loci, PAL; black), in 128 773 reads
randomly sampled from the Agkistrodon contortrix genome by
454 sequencing.

There are large differences in the relative abundances
of specific repeat motifs (Fig. 2). TC was the most fre-
quent dinucleotide repeat and the most frequent repeat
overall, while GC was the least frequent dinucleotide
repeat (Fig. 2A). AC repeats had the most amplifiable loci
(Fig. 2A). Trinucleotide repeat motifs were dominated by
AAT repeats, with TCG being the least frequent (Fig. 2B).
Unlike the case for dinucleotide repeats, observed counts
of repeat-containing reads within a trinucleotide motif
class were largely proportional to the number of PAL per
motif (Fig. 2B). For tetranucleotides, ATCT, AAAT and
TTCC were the three most common motifs (Fig. 2C); note
that half of all tetranucleotide motifs were observed
fewer than 30 times (Fig. 2C). As with dinucleotide
repeats, the most frequent tetranucleotide motif (ATCT)
contained relatively few PAL and there was fairly low

correspondence between the number of loci observed
and the number of PAL per motif (Fig. 2C).

The relative numbers of perfect tandemly repeated
units for each microsatellite locus length class were fairly
similar across the three classes of repeats (Fig. 3). In all
three classes of repeats, there were many short repeats
(those with the fewest repeat unit counts), and fewer long
repeats (Fig. 3). Also, smaller proportions of the longer
loci were potentially amplifiable (Fig. 3; Table 1). This is
expected because as the size of the microsatellite region
increases, the amount of flanking sequence decreases;
thus, there is less potential flanking sequence available
for primer design with longer microsatellite loci. This
inverse relationship between the number of perfectly
repeated units and the percent of reads that are poten-
tially amplifiable is also clear from Table 1. For each class
of microsatellite, the proportion of PAL with repeats of
more than 20 units drops sharply (particularly for dinu-
cleotide and tetranucleotide repeats; Table 1). Many of
the potentially amplifiable regions (between designed
primer pairs) contain longer stretches of imperfect
(broken) or compound repeats, however, and the total
number of tandem repeats in the potentially amplifiable
regions has a much longer tail (Fig. 4). Of the 14 612 total
microsatellite reads identified, 3201 contained compound
repeats and 1444 contained broken repeats.

Another question, given the random sequence sam-
pling approach wused, is whether any locus was
sequenced twice. If PAL are unique in the genome, the
probability that any of the 4564 PAL were sampled multi-
ple times is quite small (<0.88; see Methods). There are,
however, 62 primer pairs with duplicate copies in the
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Fig. 3 Counts of the number of perfect
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PAL data set (Appendix S2 and Table S1). Interestingly,
15 of these 62 primer pairs had identical or nearly identi-
cal reads associated. These identical reads may be from
the same locus, or from multiple copies from an undi-
verged transposable element or tandem duplication or
may indicate a technical replication of unknown cause in
the 454 sequencing process. We note that approximately
nine of the 14 618 identified microsatellite loci are
expected to have been sequenced more than once with an
overlap of 100 bp or more, but this number is too small to
have a substantial impact on our analysis of the frequen-
cies of different microsatellite types.

Of much greater importance is the likelihood that
some of the primers designed are derived from
repeated sequences such as transposable elements. To
predict this (without knowing the repeat structure of

© 2009 Blackwell Publishing Ltd
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the A. contortrix genome), we counted the number of
exact matches to each primer sequence in each read in
the entire data set (not just the amplifiable loci) and
also counted the number of reads in which an amplifi-
cation primer pair was found in the correct orientation
to produce a PCR product. Two-thousand eight-hun-
dred and seven of the 4564 PAL have only one copy
of each primer in the entire sequence data set and are
thus most likely to be of unique origin and to amplify
a single locus. A further 1252 have more than one
copy of only one of the two primers in the entire
sequence data set. Perhaps the least likely to amplify a
single locus are the are the 505 PAL with more than
one copy of both primers, particularly the 246 PAL
whose primer pair occurs together in other reads in
the correct orientation (for producing a PCR amplicon;
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see Table S1). These 246 almost certainly represent mi-
crosatellies within transposable element regions.

In Appendix S2, we have assembled a summary of the
results containing the unique sequence accession of each
read, the repeat monomer sequence, the number of per-
fect tandemly repeated units and the forward and reverse
primer sequences (each with unique names) for each
PAL. This file also includes counts of the frequency that
each amplification primer was found in the entire shot-
gun read database, the number of times that a primer
pair was found in the correct orientation for producing
an amplification product, and indicated PALs that
appear to be the same locus (same primer set, same
amplicon sequence). We have also included a text file of
all microsatellite reads (Appendix S2) indexed by their
unique sequence accession to facilitate rapid reference
between reads and Table S1.

Discussion

Using fairly small amounts of next generation DNA
sequencing, we identified an extensive set of 14 612 mi-
crosatellite loci (4564 of which are potentially amplifiable
via PCR) without previously knowing anything about the
target genome sequence. This unbiased set of PAL and
their primers is available for evolutionary and population
genetic research (e.g. Goldstein & Pollock 1997) as well as
high-resolution chromosome linkage mapping studies.
Compared to the weeks or even months that can be spent
obtaining only tens of microsatellite loci by traditional
approaches, the thousands identified here required only
~9 days (some partial) to take the sample from tissue
through DNA extraction, library creation, library titration
and sequencing. Since these data were collected, there has
been another drop in sequencing costs with the release of
the 454 FLX-XLR Titanium chemistry. These new reagents
provide an expected fivefold increase in sequence output
and twofold longer reads than the LR70 sequencing kit we
used in this study. Thus, the present experiment could be
repeated (with additional data collected) today for about
$2000 in reagent costs, using a s region of a Titanium
70 x 75 picotiterplate and Titanium sequencing chemis-
try. The longer reads of the Titanium sequencing reagents
should also yield higher percentages of PAL and be able
to identify longer microsatellites that are likely to be
highly variable (see also Allentoft et al. 2009). As moder-
ately long reads were central to our strategy for identify-
ing candidate microsatellite loci, it is difficult to envision
how short-read next-generation sequencing approaches
(e.g. Illumina) could be readily used for an analogous
approach.

Our results suggest that this random genomic
sequencing approach represents a rapid and cost effec-
tive means to identify thousands of potential amplifiable

and variable microsatellite loci in a previously unstudied
species. In addition to identifying microsatellite loci, we
filtered the data to find the subset of microsatellite-con-
taining reads for which PCR primers could be designed
and could thus be readily screened for variation with fur-
ther PCR. Overall, about one third of the microsatellite
loci had satisfactory primer design sites, yielding >4000
microsatellite loci that can potentially be used to amplify
and score microsatellite alleles based on length variation
(repeat number). Although this approach did not provide
detailed information on which microsatellite loci are vari-
able, and thus suitable for population genetic research,
the sheer number of loci identified allow the preferential
targeting of loci that would be expected to be highly vari-
able. For example, perfect (vs. imperfect or compound)
microsatellite repeats (Buschiazzo & Gemmell 2006), as
well as longer microsatellite repeats (Kelkar et al. 2008)
are generally known to exhibit greater allelic variability.
Thus, screening of the longer perfect repeat loci would be
expected to yield a high proportion of loci that are vari-
able within and between populations. We also used the
large shotgun read data set to identify which amplifica-
tion primers are unique to a PAL, vs. repeated in many
other sequence reads (possibly due to its association with
a transposable element). Using this information, PAL that
have more unique primer sequences and did not have
primer pairs occurring in other reads would be a priority
for further screening because of their higher probability
of producing successful locus-specific PCR amplification
products. Only 246 of these matched primer pairs are
found more than once in the entire data set, indicating
that these are probably internal to a repeat element, and
are thus poor choices for amplification. This identifica-
tion of microsatellite loci with regions that may be associ-
ated with repeat elements is an excellent example of a
useful application of the nonmicrosatellite by-catch of
this random sequencing approach.

Compared to traditional methods of microsatellite
identification, the random shotgun approach rapidly and
inexpensively produced a large number of diverse candi-
date microsatellite loci. This method of essentially screen-
ing the entire genome for candidate microsatellite loci
may provide a viable and preferable alternative to tar-
geted enrichment-based approaches for obtaining candi-
date loci (Vali et al. 2008). Recently, others have taken an
alternative approach by applying standard microsatellite
enrichment techniques to prepared 454 shotgun libraries,
and 454 sequencing the resulting enriched library
(Santana et al. 2009). As discussed above, there are dis-
advantages to the enrichment process (i.e. biased micro-
satellite discovery) but the obvious advantage is that less
sequence is wasted on nonmicrosatellite sequences
(Santana ef al. 2009). If new methods became available to
create barcoded shotgun libraries for many individuals

© 2009 Blackwell Publishing Ltd
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more rapidly and cheaply, it may soon be possible to con-
duct experiments that simultaneously identified and
screened hundreds of individuals for hundreds of loci
simultaneously in a single 454 run, for example. In gen-
eral, these types of approaches for identifying (and ulti-
mately scoring) large numbers of microsatellite loci
would tremendously increase the power and resolution
of population genetic studies (Selkoe & Toonen 2006).
The challenge of harnessing the power and ideal
price-point of next-generation sequencing is a balance of
two factors: the first is increasing economy by developing
methods for targeting more precisely the sequences of
interest and the second is to identify other bottlenecks of
time or monetary expense elsewhere in research pro-
grammes and use this sequencing power to replace or
circumvent these with alternative approaches (as in the
current method). This and other recent adaptations of
existing methods in molecular ecology to incorporate
next-generation sequencing into microsatellite identifica-
tion (Abdelkrim et al. 2009; Allentoft et al. 2009; Santana
et al. 2009), high-throughput diet analysis (Valentini et al.
2009), transcriptome characterization of non-model
species (Vera et al. 2008) and high-throughput surveying
of microbial ecosystem diversity (Edwards et al. 2006;
Hamady et al. 2008) represent new and exciting transfor-
mations in the depth and scope of questions that can be
addressed with such economical access to tremendous
sequencing capabilities (see also Ellegren 2008).
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suitable flanking PCR primer sites in 454 reads.
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