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Abstract

Microsatellites, also known as simple sequence repeats (SSRs), are among

the most commonly used marker types in evolutionary and ecological stud-

ies. Next Generation Sequencing techniques such as 454 pyrosequencing

allow the rapid development of microsatellite markers in nonmodel organ-

isms. 454 pyrosequencing is a straightforward approach to develop a high

number of microsatellite markers. Therefore, developing microsatellites

using 454 pyrosequencing has become the method of choice for marker

development. Here, we describe a user friendly way of microsatellite

development from 454 pyrosequencing data and analyse data sets of 17

nonmodel species (plants, fungi, invertebrates, birds and a mammal) for

microsatellite repeats and flanking regions suitable for primer development.

We then compare the numbers of successfully lab-tested microsatellite

markers for the various species and furthermore describe diverse challenges

that might arise in different study species, for example, large genome size or

nonpure extraction of genomic DNA. Successful primer identification was

feasible for all species. We found that in species for which large repeat num-

bers are uncommon, such as fungi, polymorphic markers can nevertheless

be developed from 454 pyrosequencing reads containing small repeat

numbers (five to six repeats). Furthermore, the development of microsatel-

lite markers for species with large genomes was also with Next Generation

Sequencing techniques more cost and time-consuming than for species with

smaller genomes. In this study, we showed that depending on the species,

a different amount of 454 pyrosequencing data might be required for

successful identification of a sufficient number of microsatellite markers for

ecological genetic studies.

Introduction

Microsatellites, that is, short tandemly repeated motifs

of 2–6 bases, also known as simple sequence repeats

(SSRs), are still widely used as genetic markers in

evolutionary and ecological studies (e.g. Dolgener et al.,

2012; Hurtado et al., 2012; Kopatz et al., 2012; Manoel

et al., 2012). Their ease of use, their co-dominant inher-

itance and their supposed neutrality are the key benefits
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of microsatellites (Goldstein & Schl€otterer, 1999; Selkoe
& Toonen, 2006). Traditionally, a major obstacle for

their use in evolutionary, ecological and conservation

studies of nonmodel species was the need to isolate a

reasonable number of microsatellite markers by repeat

enrichment, cloning and Sanger sequencing, a cost and

labour intensive process. Mostly, microsatellites had to

be developed de novo for every species under study, as

cross-amplification from congeneric species is not gener-

ally feasible (Barbara et al., 2007). Cross-amplifying

markers are often monomorphic and may contain null

alleles (Selkoe & Toonen, 2006).

With the advent of Next Generation Sequencing

technologies, the identification and characterization

of microsatellites in nonmodel species has become

more feasible. Among the different Next Generation

Sequencing platforms, the 454 pyrosequencing

technology by Roche is currently the most used for

microsatellite development (Gardner et al., 2011; Guic-

houx et al., 2011; Zalapa et al., 2012), as it produces

relatively long reads (up to 600 bp; http://454.com/

products/gs-flx-system/index.asp). Longer reads are

more likely to contain microsatellites including their

flanking regions, which is required for successful pri-

mer development. As the availability of 454 pyrose-

quencing platforms has expanded, traditional repeat

enrichment and cloning is no longer the method of

choice for microsatellite development (Abdelkrim

et al., 2009; Castoe et al., 2010). Nonetheless, repeat

enrichment steps can still be combined with 454

pyrosequencing (Santana et al., 2009; Lepais & Bacles,

2011, Malausa et al., 2011).

In this article, we highlight the general ease of mar-

ker development from 454 pyrosequencing data for

nonmodel species, but also discuss potential problems

as well as likely solutions. We review a broad range of

nonmodel species, some of which had proved to be

challenging in microsatellite development, such as spe-

cies with large genome sizes, fungi, whose genomes

are known to contain few microsatellites relative to

other taxa, or cases where genomic DNA extracted of

the focal species is always intermixed with DNA from

other species, such as food or parasites. More pre-

cisely, we address and discuss the following questions.

How much 454 pyrosequencing data is necessary to be

able to identify a sufficient number of microsatellite

markers for a typical population genetic study? What

are the benefits and problems of a pooled run with

several individually labelled species? What can be

done if the extracted genomic DNA of an organism of

interest is not pure but intermixed with DNA of other

organisms (e.g. in metagenomic studies or symbiotic

organisms)? What are the prospects of success for

microsatellite identification in fungi, regarding the

diverse difficulties of microsatellite development for

this organismic group discussed in literature (e.g.

Dutech et al., 2007)?

Materials and methods

Study species

We studied nonmodel organisms belonging to a range

of taxonomic groups, i.e. fungi (including Oomycetes),

plants, bryozoans, insects, birds and mammals.

Fungi
The lichen Lobaria pulmonaria, commonly known as

tree lungwort, consists of an ascomycete fungus living

in a symbiotic relationship with a green alga and a cya-

nobacterium. Lobaria pulmonaria is sensitive to air pol-

lution and is also affected by habitat loss and changes

in forest management. Its populations have declined

across Europe, and L. pulmonaria is considered threa-

tened in many lowland areas (Hallingb€ack & Martins-

son, 1987). Here, we investigate the fungal partner of

this lichen symbiosis, obtained from an axenic culture.

Species of the genus Phytophthora (Straminipila,

Oomycetes) are well known to cause devastating dis-

eases on a great number of crops, ornamentals and

native plants worldwide (Erwin & Ribeiro, 1996).

The most famous example is presumably Phytophthora

infestans, the causal agent of the so called ‘Irish potato

famine’ (Oxford, 1996). Many significant recent

declines and dieback phenomena in forest ecosystems

worldwide have been associated with Phytophthora

species. Recently, it was shown based on DNA sequence

data that the P. citricola species complex comprises four

species, namely P. multivora, P. plurivora, P. pini (also

called P. citricola I) and P. citricola sensu strictu (s.s.),

which show different geographical distributions and

host ranges (Jung & Burgess, 2009). Phytophthora pluri-

vora is frequent in forests, semi-natural ecosystems and

nurseries in Europe where it is involved in widespread

beech and oak declines (Jung & Burgess, 2009). More-

over, it is also found in plantations and nurseries in

North America. Phytophthora gonapodyides is considered

a saprophythic species commonly present in streams

but its ecological role is still unclear (Kroon et al.,

2011). Population genetic analyses are being conducted

to better understand the population structure and the

main pathways of spread of these cosmopolitan plant

pathogens.

Plants
The alpine rock-cress, Arabis alpina, is a diploid alpine

rosette plant with an extensive arctic-alpine

distribution. Its growth conditions reflect varying low-

competition habitats between 400 and 3200 m a.s.l.

(Schultze-Motel, 1986). Arabis alpina has recently

become important in eco-genomic research (Ansell

et al., 2008; Wang et al., 2009; Manel et al., 2010).

The dwarf bulrush (Typha minima) is an endangered

pioneer plant species of riparian flood plains. T. minima

was once widespread along braided rivers of Europe
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and central Asia, but is now threatened with extinction:

its European distribution is limited to a few rivers in

the Alps (M€uller, 1991; Prunier et al., 2010).
The Swiss stone pine (Pinus cembra) is a key species

of the alpine tree line ecotone. Its natural range is in

the European Alps and the Carpathians, mainly near or

at the timber line. Occurrences are locally abundant, in

particular in the Alpine core range. In peripheral areas,

populations tend to be small and fragmented. Pinus

cembra is not vulnerable in the Alps, but it is of

conservation concern in the Carpathians. In addition,

P. cembra is anticipated to be sensitive to climate change

(Casalegno et al., 2010).

The Himalayan Yew (Taxus wallichiana) is a medium-

sized evergreen coniferous tree, endemic to the Hima-

laya and occurring at altitudes from 2000 to 3500 m a.

s.l. (Rushforth, 1987; Farjon, 1998).

Invertebrates
The alpine mayfly Baetis alpinus is a widespread and

abundant macroinvertebrate of the Palearctic region

(Humpesch, 1979). Larvae are eurythermal and are

found in swift stony streams up to 2600 m a.s.l. (Sartori

& Landolt, 1999).

The large marsh grasshopper (Stethophyma grossum) is

specialized to wet meadows often found in agricultural

landscapes and is frequently used as an indicator species

for extensively managed wet meadows. In Switzerland,

it is red-listed as vulnerable (Monnerat et al., 2007). Its

distribution ranges throughout Europe and Siberia.

The freshwater bryozoan Fredericella sultana is a ben-

thic, colonial suspension feeder, commonly found

growing on submerged roots, stones and other sub-

strates in a wide range of freshwater habitats (Wood &

Backus, 1992). Fredericella sultana colonies grow rapidly

and reach high densities during summer, regressing in

the autumn and largely overwintering as asexual, dor-

mant resting stages (statoblasts). Fredericella sultana acts

as the most common host for the causative parasite of

the Proliferative Kidney Disease (PKD) of salmonid fish.

PKD is an economically important disease, causing

losses on trout farms and impacting populations of wild

salmonids (Okamura et al., 2011).

Vertebrates
The rock ptarmigan (Lagopus muta) is a grouse species

inhabiting alpine areas. Although still hunted in parts

of its circumpolar range, it is regarded as susceptible to

climate change (BirdLife International: http://www.

birdlife.org/datazone/species/index.html).

The El Oro parakeet (Pyrrhura orcesi) is an endan-

gered parrot species, which is endemic to south-western

Ecuador. Because of habitat fragmentation and habitat

loss due to logging and cattle ranging, population size

has been declining and is now estimated to be less than

1000 individuals (BirdLife International: http://www.

birdlife.org/datazone/species/index.html).

The blackcap (Sylvia atricapilla) is a widespread and

common songbird across most of Europe. As a species

with different migratory strategies, it serves as study

organism for evolutionary studies and is one of the few

demonstrated cases of fast microevolutionary processes

(Rolshausen et al., 2009).

The garden dormouse (Eliomys quercinus) is a small

mammal of West-Mediterranean origin, which has

spread to Central and Eastern Europe as a Holocene

immigrant (Hor�a�cek, 1986). It occurs in broadleaved

and coniferous forests, shrub land, vineyards, orchards,

in treeless landscapes and regularly enters buildings. In

recent decades, the species has declined (Mitchell-Jones

et al., 1999) and is now regarded as an endangered

species by IUCN (Bertolino et al., 2008).

Sample preparation

Genomic DNA was extracted with different methods.

All DNA fulfilled the criteria of the commercial compa-

nies providing the 454 pyrosequencing service, that is,

a DNA amount of > 2 lg and a DNA concentration of

> 50 ng/lL. Apart from the DNA of F. sultana, only

pure, single species DNA was subject to 454 pyrose-

quencing.

454 pyrosequencing

DNA of all species was subject to 454 pyrosequencing

using GS-FLX titanium chemistry. The detailed tech-

nique is described in Margulies et al. (2005). With the

exception of E. quercinus (Genoscreen, F), F. sultana

(University of Liverpool, GB) and B. alpinus (Ecogenics,

CH), all samples were sequenced at Microsynth (Balg-

ach, CH). Most species were sequenced in single runs,

without prior repeat enrichment. As exceptions, all 5

Phytophthora species were sequenced as a pooled sample

with individual MID tags, and, for B. alpinus and E.

quercinus (pooled with seven other species in

1/4 of a full run) a repeat enrichment step was

included prior to sequencing. 454 pyrosequencing runs

can generally be ordered as a full plate or as a fraction

of a plate, for the exact run characteristics per species,

see Table 1.

Data analysis

We used the software MSATCOMMANDER 1.0.8 for

Mac (Faircloth, 2008) to screen raw data for microsatel-

lite motifs, as it is straightforward, user friendly and was

often successfully used for microsatellite development

(e.g. Csencsics et al., 2010; Reid et al., 2012). We sepa-

rately searched for perfect di-, tri- and tetranucleotide

motifs with five or more repeats. We decided to neglect

penta- and hexanucleotide motifs as they are less fre-

quently used in the literature. In addition, it is less

likely that loci comprising penta- and hexanucleotide
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motifs with sufficient flanking sequence to allow primer

development would be identified, regarding the

restricted read length obtained from a 454 pyrosequenc-

ing run. We searched for microsatellites � 5 repeats, as

we were interested to detect the relationship of micro-

satellite repeat length (di-, tri- and tetranucleotides) and

repeat number. Further, we chose the option ‘design

primers’, in which case the software searches for micro-

satellite repeats and identifies possible primer annealing

sites in a single step. We did not use any primer tagging

option. Primers were developed with PRIMER3 (Rozen

& Skaletsky, 2000) implemented in MSATCOMMAND-

ER using default parameters: amplification of products

within a size range of 100–500 bp, optimal melting tem-

perature of 60.0 °C (range 57.0–62.0 °C), optimal GC

content of 50%, possession of at least one 1 bp GC

clamp, low levels of self- or pair-complementarity and

maximum end-stability (DG) of 8.0 (Faircloth, 2008;

http://frodo.wi.mit.edu/primer3/input.htm).

For each search, MSATCOMMANDER generated two

output files. One contained all reads with microsatellite

motifs of five or more repeats and the other file listed

all reads for which PRIMER3 could successfully develop

potential up- and downstream primers in the flanking

region. We therefore received six output files per spe-

cies, two for each di-, tri- and tetranucleotide motif

respectively. The two output files obtained from each

search for each repeat length were then combined in

one MICROSOFT EXCEL (v. 14.2.2) spread sheet and

all reads containing primers indicated as ‘potentially

duplicated’ were excluded from further analysis. Within

each of the data sets, we then searched for duplicated

reads as well as up- and downstream primer sequences

occurring more than once and excluded all respective

reads from further analyses. A schematic overview of

the workflow is depicted in Fig. 1. In addition, an R

script to facilitate this analysis is available in the supple-

mentary online materials. We are aware that, with this

conservative approach, we might have excluded reads

containing potentially usable microsatellites. Nonethe-

less, we explicitly decided to use this approach to dem-

onstrate the simplicity and efficiency in developing

potentially high quality microsatellite markers. On the

other hand, we emphasize that in case of too low

Table 1 Species-specific information on genome size (c-value) and 454 run.

Species Family c-value (pg) and reference

Run size

(proportion

of full run)

Total number

of reads

Average read

length (bp)

Repeat

enrichment

Pooled

sample

Lobaria pulmonaria Lobariacae 0.03* $; Armaleo & May, 2009 0.25 181 541 313.8 no no

Phytophthora gonapodyides Pythiaceae 0.082* $; P. ramorum & P. sojae;

Tyler et al., 2006

0.025 14 857 376.8 no yes

Phytophthora multivora Pythiaceae 0.082* $; P. ramorum & P. sojae;

Tyler et al., 2006

0.025 20 716 376.8 no yes

Phytophthora plurivora Pythiaceae 0.082* $; P. ramorum & P. sojae;

Tyler et al., 2006

0.025 16 162 376.8 no yes

Phytophthora citricola s.s. Pythiaceae 0.082* $; P. ramorum & P. sojae;

Tyler et al., 2006

0.025 15 009 376.8 no yes

Phytophthora pini Pythiaceae 0.082* $; P. ramorum & P. sojae;

Tyler et al., 2006

0.025 18 465 376.8 no yes

Arabis alpina Brassicaceae 0.65 $; Greilhuber et al., 2006 0.0625 40 367 354 no no

Typha minima Typhaceae 0.33; http://data.kew.org/cvalues 0.125 76 692 341.3 no no

Pinus cembra Pinaceae 24.1; Greilhuber, 1986 0.0625 37 496 336 no no

Taxus wallichiana Taxacae 10.22* $; Leitch et al., 2001 0.1875 119 508 337 no no

Baetis alpinus Baetidae 0.547*; Baetis bicaudatus;

Vance, 1996

0.0625 7075 139.8 yes no

Stethophyma grossum Acrididae 8.77*; Locusta migratoria; Acrida

cononica; Caledia captiva;

http://www.genomesize.com

0.0625 52 693 355 no no

Fredericella sultana Fredericellidae 0.2*; Watersipora sp.; Schopf, 1983 0.25 196 025 388 no no

Lagopus muta Phasianidae 1.07 $; Gallus gallus; http://

www.ncbi.nlm.nih.gov/genome

0.0625 33 362 360.6 no no

Pyrrhura orcesi Psittacidae 1.26 $; Zebra finch; http://

www.ncbi.nlm.nih.gov/genome

0.125 80 093 # 324.2 no no

Sylvia atricapilla Silviidae 1.09; http://www.genomesize.com 0.0625 43 939 286.5 no no

Eliomys quercinus Gliridae 4.17*; http://www.genomesize.com 0.0313 33 461 240.9 yes yes

*Mean of several closely related species

$calculated after Dole�zel et al., 2003

#For Pyrrhura orcesi, the run was repeated by the commercial supplier due to technical issues; hence the data set is twice the regular size.
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numbers of suitable loci for the respective study, one

may come back to this step at a later point and check

reads in detail for additional suitable microsatellite

sequences or apply less stringent primer quality stan-

dards.

Subsequently, we calculated and compared the ratios

of microsatellites for which primer development was

possible with the number of reads and performed a com-

parison between organismic groups and sequencing sam-

ple types. Further, we grouped the pure species data sets

without a prior repeat enrichment step applied in the fol-

lowing three broad organismic groups: ‘fungi’ (combin-

ing true fungi and Oomycetes), ‘plants’ and ‘birds’. In

addition, we recorded the number of repeats per study

species and compared mean values of potential di-, tri-

and tetranucleotide microsatellites between the three

taxonomic groups for both � 5 and � 8 repeats. Most

studies advise to use only microsatellites with more than

eight repeats, even prefer microsatellites with 11–16
repeats (van Asch et al., 2010). However, since one of

our study groups is fungi, where long repeats are gener-

ally more difficult to detect, we show comparisons both

for � 5 repeats and � 8 repeats. For the comparisons

among species, we standardized the number of reads to

1/16 of a full run for all data sets.

For species with primers already fully tested, we addi-

tionally indicate the number of primer pairs indepen-

dently tested in the respective labs, the number of

primer pairs that successfully amplified, the number of

polymorphic loci and the number of loci finally chosen

for analysis (Table 2). Repeat motif lengths of markers in

use were then compared. As testing approaches varied

between labs, a respective comparison needs to be han-

dled with care. With the exception of the B. alpinus data

set, which was analysed by Ecogenics (Switzerland), and

the E. quercinus data set, which was analysed by Geno-

screen (France), primers for all other species were devel-

oped in the respective labs. Primers for A. alpina

(Buehler et al., 2011), F. sultana (Hartikainen & Jokela,

2012), L. pulmonaria (Werth et al., in press), S. grossum

(Keller et al., 2012) and T. minima (Csencsics et al., 2010)

are published. In the case of F. sultana, a two-step

approach to develop microsatellites originating from the

target organism was used, as DNA was not extracted

from a single species but from several bryozoan colonies

together with their gut content (Hartikainen & Jokela,

2012).

Statistical analyses

To test for differences in numbers of detected microsat-

ellites, two univariate analyses of variance (ANOVAs)

were performed, each for potential microsatellites

with � 5 repeats and � 8 repeats. In these analyses,

the dependent variable was the number of potential

microsatellites, standardized for 1/16 run and ln(x + 2)-

transformed. Independent variables were organismic

group (fungi, plants and birds) and microsatellite motif

(di-, tri-, or tetranucleotides). A Spearman’s rank corre-

lation was used to test for the effect of genome size on

the number of potential microsatellites for each micro-

satellite motif separately. We ran separate analyses for

potential microsatellites with � 5 repeats and � 8

repeats. The two repeat enriched data sets and the

F. sultana data set (mixture of bryozoan colonies and

gut contents) were excluded from these analyses.

Finally, Spearman’s rank correlations were applied to

test for the effect of genome size on the proportion of

polymorphic microsatellites, calculated as the percent-

age of initially amplified loci, and amplified microsatel-

lites, calculated as the percentage of the loci initially

tested. For these last two correlation analyses, we only

454run.fna

MSATCOMMANDER Microsoft
Excel

Vlookup

Pivot read (exclude duplicated reads)
Pivot left primer seq (exclude duplicated lefts)
Pivot right primer seq (exclude duplicated rights)
Pivot count (extract nb of SSRs per repeat unit)

msatcommander.primers.csv

msatcommander.microsatellites.csv

output.data.xlsx

combined.data.xlsx

Select potential
primers

Blast potential
primers

Select primers Order primers Test primers

Figure 1 Workflow used for primer

development. Dark grey boxes with

white writing represent files, light grey

boxes indicate programs and functions

whiledark grey boxes with black writing

indicate work steps. An R script to

facilitate this analysis can be found in

the supplementary online materials as

well as on dryad.
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used the 14 species where the microsatellite markers

were actually tested in the lab. All analyses were car-

ried out using IBM SPSS (Version 20.0. Armonk, NY:

IBM Corp.).

Results

Overall 454 pyrosequencing results

As run sizes in this study ranged from 1/32 (E. quercinus)

up to 1/4 (L. pulmonaria), including five pooled species in

2/16 of a full run (Phytophthoras Table 1), the number of

reads per species varied considerably. Average read

lengths ranged from 140 bp in B. alpinus to 388 bp in

F. sultana, while the mean read length was 340 bp � 41.2

SE. On average, there were 41 486 � 5110 SE reads per

1/16 run (40 925 � 12 015 SE including the two repeat

enriched data sets).

Microsatellite detection

Detection of reads containing microsatellite loci including

flanking regions suitable for primer development was fea-

sible for all 17 analysed data sets. For the data sets stan-

dardized to 1/16 run, the numbers of potential

dinucleotide microsatellite loci with � 5 repeats ranged

from 50 (L. muta) to 163 (S. grossum) and from 0 (P. pini

and L. muta) to 48.5 (T. minima) for � 8 repeats

(Table S2A, Fig. 3A). For trinucleotide loci, numbers ran-

ged from 17 (L. muta) to 163 (S. grossum) for � 5 repeats

and from 0 (P. gonapodyides, P. citricola s.s. and P. orcesi)

to 36 (T. minima) for � 8 repeats (Table S2B, Fig. 3B).

For tetranucleotide motifs, numbers ranged from 0

(P. gonapodyides, P. citricola s.s.) to 29 (T. minima) for � 5

repeats and from 0 (P. gonapodyides, P. citricola s.s., P. pini,

A. alpina, L. muta, P. orcesi, T. wallichiana and P. cembra) to

3.5 (T. minima) for � 8 repeats (Table S2C, Fig. 3C).

Sequencing data of T. minima and S. grossum yielded

exceptionally high numbers of microsatellite motifs

compared to the other species (Table S2).

Differences in microsatellite repeat motif and length
among organismic groups

From now on we will only refer to microsatellite loci

for which primers could be developed according to the

standard requirements of PRIMER3 as implemented in

MSATCOMMANDER.

The two ANOVAs revealed a significant effect of micro-

satellite motif on the number of potential microsatel-

lites with � 5 repeats (F2,38 = 46.62, P < 0.001) as well

as for microsatellites with � 8 repeats (F2,38 = 6.17,

P = 0.006). In potential microsatellites with � 5

repeats, dinucleotide motifs were the most frequent,

followed by tri- and tetranucleotides (Fig. 2). In poten-

tial microsatellites with � 8 repeats, the pattern was

less clear, but tetranucleotides were always the least

frequent in all three organismic groups. Neither the

organismic group (‘fungi’, ‘plants’ and ‘birds’) nor the

interaction term (organismic group 9 microsatellite

Table 2 Overview of the change in number of microsatellite markers tested, amplified (as percentage of the number microsatellites

initially tested), polymorphic (as percentage of the number amplified) for each species. The total number of reads is given according to the

original proportion of run sequenced. Testing of the microsatellites for Phytophthora gonapodyides and P. citricola s.s. is not yet finished and

therefore some numbers are not available (na).

Broad grouping Species

Total number

of reads

Number of

microsatellites

tested

Number of

microsatellites

amplified

(% of tested)

Number of

microsatellites

polymorphic

(% of amplified)

Fungi Lobaria pulmonaria 181 541 16 14 (87.5%) 14 (100%)

Phytophthora gonapodyides 14 857 24 na na

Phytophthora multivora 20 716 24 24 (100%) 18 (75%)

Phytophthora plurivora 16 162 36 35 (97.2%) 13 (37.1%)

Phytophthora citricola s.s. 15 009 na na na

Phytophthora pini 18 465 13 12 (92.3%) 8 (66.7%)

Plants Arabis alpina 40 367 34 28 (82.4%) 25 (89.3%)

Typha minima 76 692 30 30 (100%) 26 (86.7%)

Pinus cembra 37 496 37 31 (83.8%) 11 (35.5%)

Taxus wallichiana 119 508 81 48 (59.3%) 12 (25%)

Invertebrates Baetis alpinus 7075 12 10 (83.3%) 5 (50%)

Stethophyma grossum 52 693 50 45 (90%) 10 (22.2%)

Fredericella sultana 196 025 30 20 (66.7%) 16 (80%)

Vertebrates Lagopus muta 33 362 22 19 (86%) 9 (47%)

Pyrrhura orcesi 80 093 16 7 (44%) na

Sylvia atricapilla 43 939 51 40 (78%) 23 (58%)

Eliomys quercinus 33 461 12 11 (91%) 7 (87.5%)

ª 2 01 3 THE AUTHORS . J . E VOL . B I OL . 2 6 ( 2 0 1 3 ) 6 0 0 – 61 1

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 3 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Microsatellites for nonmodel organisms 605



motif) significantly influenced the number of potential

microsatellites in both analyses.

Microsatellite repeat length and relation to
genome size

There was no significant effect of genome size on the

number of potential microsatellites for each microsatel-

lite motif and potential microsatellites with � 5

repeats, and � 8 repeats for all analysed species

(Fig. 3). Moreover, the last two Spearman’s rank cor-

relation tests showed a significant effect of genome

size on the final proportion of polymorphic microsatel-

lites (n = 14, q = �0.54, P = 0.048), but not on the

proportion of amplified microsatellites (n = 14,

q = �0.46, P = 0.098). In other words, for species with

smaller genomes, more polymorphic microsatellites

could be detected. However, this result was mainly

influenced by the low abundance of potential micro-

satellites in the three species with the by far largest

genomes, S. grossum, P. cembra and T. wallichiana

(Table 2). The number of microsatellites amplified as

the proportion of all microsatellites initially tested ran-

ged from 59.3% (T. wallichiana) to 100% (P. multivora

and T. minima). The number of microsatellites showing

polymorphic alleles, as a proportion of the number of

microsatellites that had amplified, ranged from 22.2%

(S. grossum) to 100% (L. pulmonaria; Table 2).

Discussion

By employing a user friendly approach to analyse 454

pyrosequencing data sets with commonly used, free

software for microsatellite marker identification, we

successfully in silico developed sufficient numbers of

microsatellite markers for population genetic studies in

all 17 investigated species. In comparison with the

numbers of lab-tested microsatellite markers, we

showed that a high percentage of tested microsatellite

markers were actually amplifiable and polymorphic.

These results highlight that the development of micro-

satellites from 454 pyrosequencing data is generally

straightforward and easy. However, there were diverse

challenges encountered in particular species.

Fungi – small genomes and low repeat numbers

Fungi are generally thought to be difficult in microsat-

ellite marker development due to their small genomes

(approximate c-values: 0.03 to 0.082 pg in the species

studied here) and the rather short lengths of microsat-

ellites detected with traditional marker development

(Dutech et al., 2007). With the advent of Next Genera-

tion Sequencing technology, the identification and

characterization of microsatellites became more feasible

also in fungi and Oomycetes, and microsatellite markers

can be developed without a prior repeat enrichment

step. Nonetheless, comparing fungal and nonfungal mi-

crosatellite markers developed using 454 pyrosequenc-

ing, our results are in accordance with prior evidence

from traditional marker development showing fungal

microsatellites tending to be rather short (mostly < 8

repeats; Fig. 3; Dutech et al., 2007). Nevertheless, for

L. pulmonaria, we found 14 microsatellites with eleven

or more repeats which showed substantial polymor-

phism. Hence, it might generally not be good advice to

follow recommendations for microsatellite development

using Next Generation Sequencing when working with

fungi. Most previous studies advise to only use perfect

microsatellites containing � 8 repeats (Guichoux et al.,

2011). However, depending on the fungal species, only

few reads containing microsatellites with � 8 repeats

may be available in the Next Generation Sequencing

data set. For instance, for several Phytophthora species

we found most microsatellites to be rather

short (Table S2). Nonetheless, for P. plurivora and P.

multivora, both microsatellites with � 8 (up to 16

repeats) as well as < 8 repeats were developed and

found to be highly polymorphic.

Previously encountered problems concerning the

small genome of fungi and the rather low polymorphism

in developed microsatellite loci (Dutech et al., 2007) do

not seem to be a big problem in studies where microsat-

ellites were developed using pyrosequencing. Also, the

average number of potential microsatellite markers was

not lower than in other organismic groups (Fig. 1). We

(a)

(b)

Figure 2 Mean number of di-, tri- and tetranucleotide motifs with

potential primers to be designed (according to MSATCOMMANDER

default criteria) converted to 1/16 of a full 454 run, depicted for

each taxonomic group: fungi (5 species), plants (4 species) and bird

(3 species). (a) Including microsatellites with � 5 repeats and (b)

including microsatellites � 8 repeats. Error bars = +/� 1 SE.
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agree with previous literature (Dutech et al., 2007) that

developing loci with more than eight repeats for fungi is

a challenging task, even if Next Generation Sequencing

technology is employed. However, also loci with fewer

repeats showed the required level of polymorphism.

Large genome size

In species with large genomes, the frequency and

length of microsatellites is generally higher than in spe-

cies with smaller genomes (T�oth et al., 2000; Hancock,

2002). Although the proportion of the genome investi-

gated when ordering 1/16 of a full 454 pyrosequencing

run is much lower than in species with smaller ge-

nomes, we did not detect a difference in microsatellite

length or frequency for species with larger genomes.

Nevertheless, it has been suggested that amplification

success of microsatellite primers is negatively related to

genome size (Garner, 2002). For instance in S. grossum,

which has a comparatively large genome, a large

amount of potential primers had to be discarded

because they produced multiple PCR products. This has

already been reported in previous studies using tradi-

tional microsatellite development (e.g. Van De Vliet

et al., 2009). The large amount of repetitive motifs

throughout the genome, typically occurring in large

genomes (Hancock, 2002) might cause nonspecific

binding of primers. To identify such repetitive primer

sequences, Primer3 (Rozen & Skaletsky, 2000) offers

the option to screen primers for repetitive sequences by

comparison with repetitive element banks. However,

for most nonmodel organisms, there is no repetitive

element bank of a closely related species available.

Primer development for conifer species with large

(a)

(b)

(c)

Figure 3 Sums of (a) di-, (b) tri- and (c) tetranucleotide microsatellites with potential primers to be designed for each study species,

converted to 1/16 of a full 454 run, depicted with increasing genome size except for repeat enriched and mixed samples (left to right,

for genome sizes see Table 1). Grey bars show microsatellite motifs with � 5 repeats, black bars with � 8 repeats. +: repeat enriched
samples; §: mixed sample.
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genomes (i.e. P. cembra, T. wallichiana) has shown to be

especially challenging (Parchman et al., 2010). Even

though we found plenty of microsatellite motifs within

the genome, there were only few with flanking regions

that were suitable for optimal primer development. The

examples analysed here indicate that microsatellite

development for species with large genomes (especially

for conifers) is still more cost- and time-consuming

than for other species, as more primers need to be

tested to close with a reasonably high number of poly-

morphic and reliable markers. Accordingly, it might be

necessary to order more than 1/16 plate of a full 454

pyrosequencing run to come by with enough microsat-

ellite markers or to change strategy and focus on tran-

scriptome sequencing instead, which sometimes is more

appropriate than whole genome Next Generation

Sequencing for species with large genomes (Parchman

et al., 2010; Guichoux et al., 2011).

Mixed culture

A particular challenge is the use of nonpure genomic

DNA, for example, in species with intracellular parasites

or when pure DNA is difficult to obtain in large enough

quantities for 454 pyrosequencing. This possibly results

in 454 pyrosequencing reads belonging to multiple spe-

cies. Similarly, separating the gut contents from target

organism tissue may be complicated in small inverte-

brates. Likewise, the presence of abundant epibionts or

symbionts complicates microsatellite development. In

the case of the bryozoan F. sultana, a two-step approach

to identify microsatellites originating from the target

organism was applied (Hartikainen & Jokela, 2012).

Here, to achieve sufficient quantities of high quality

genomic DNA for 454 pyrosequencing, several whole

colonies were extracted, including guts with potentially

contaminating microorganisms. First, loci that did not

amplify consistently across small, single colony speci-

mens collected from diverse sites were not selected for

further testing. It is unlikely that the same epibionts

and food items would have been present in all sites,

allowing for coarse screening against contaminant loci.

Second, the final set of loci was verified to be of target

origin by amplifying from pure DNA, extracted from

nonfeeding resting stages (statoblasts). Obtaining small

quantities of pure DNA, sufficient for PCR amplification

of microsatellite loci, may be possible by careful dissec-

tion or selection of nonfeeding larvae/eggs or other

noncontaminated stages. Using such a two-step

approach is largely enabled by the large number of

potential loci identified by 454 pyrosequencing and

would have been difficult to achieve using traditional

microsatellite marker development.

In other cases, blast searches of obtained 454 pyrose-

quencing reads might be another option to assign reads

to different species, although the presence of long

repeat regions within the sequence reduces the number

of informative bases, and for many nonmodel organ-

isms, sequence data availability in public databases is

limited. To minimize problems from mixtures of target

and nontarget organisms, careful selection of tissue to

be sequenced, followed by verification steps such as

described above, are recommended.

Direct versus enriched 454 pyrosequencing

Lepais & Bacles (2011) compared direct and repeat

enriched 454 pyrosequencing for Acacia harpophylla

(approximate genome size of acacias: 1.20–2.13 pg/2C;

Gallagher et al., 2011). In the repeat enriched data set,

they found 2.2% of the reads yielding microsatellite

markers with developable primers, while in the data set

obtained without prior repeat enrichment it was only

0.5% of the reads. Such a substantial difference

between the two approaches could not be detected in

this study. Comparing the results of 15 direct 454

pyrosequencing runs with two repeat enriched 454 py-

rosequencing data sets, we found no obvious differ-

ences concerning the final number of polymorphic

microsatellites developed (Fig. 3). However, this is most

probably due to the fact that we compared different

species and organismic groups while Lepais & Bacles

(2011) compared the two methods within one species.

A drawback of repeat enrichment is the need for a

priori choice of repeat motifs and thus the biased sam-

ple of the genome, which hinders the use of such data

sets for purposes other than microsatellite identifica-

tion. For future microsatellite development in species

with large genomes knowledge of whether repeat

enrichment optimizes microsatellite mining in these

species is needed.

Pooling different species in one run

We could not detect significant disadvantages of pooling

several individually tagged species within the same run

compared with single species runs (Figs 2 and 3). How-

ever, we only analysed one such data set and the over-

all read numbers were slightly lower than average

when standardized to 1/16 of a full run, but this might

be a characteristic of Oomycetes. Nonetheless, all devel-

oped microsatellites were highly polymorphic. Jennings

et al. (2011) and Takayama et al. (2011) also success-

fully developed microsatellite markers for different spe-

cies pooled in one run. Pooling samples can be an ideal

option if the budget is limited and no further analysis

other than microsatellite development shall be con-

ducted. Especially for small labs, pooling species and

sharing the cost for a 454 pyrosequencing run together

with affiliated labs, followed by in house primer

development could be a promising option to receive

their own microsatellites tailored for their study species.

Anyways, some commercial suppliers tend to barcode

all libraries and load them on one plate without subdi-
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vision, as for example, 1/16 of a plate is tedious to fill.

Therefore, a careful evaluation of the specific methods

used by different suppliers is recommended.

Conclusions

The recent rise of Next Generation Sequencing and

especially the 454 pyrosequencing technology has made

it feasible to identify high quality microsatellite markers

for any nonmodel species without any prior knowledge

of the species’ genome, including species of ecological,

evolutionary or conservation concern.

On the basis of the results of this study, we recom-

mend running 1/16 of a full plate per species. However,

if the approximate genome size of the study species is

known to be rather large, it is advisable to order a

higher proportion of a full 454 pyrosequencing run (i.e.

2/16 or 1/4). A repeat enrichment step might be

considered if the taxon under study is known to be

problematic for microsatellite marker development.

Furthermore, pooling species is a valid option, which

can be used to reduce costs. In case of repeatedly analy-

sing 454 pyrosequencing data in the same manner,

users might also write a R, Perl or Python script in

order to create a robust pipeline for data analysis

instead of using MS Excel only. In summary, the devel-

opment of species-specific, polymorphic microsatellite

markers for nonmodel species is no longer a time and

resource consuming bottleneck.
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