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Abstract

Single-nucleotide polymorphisms (SNPs) are preferred over microsatellite markers in many evolutionary studies,

but have only recently been applied to studies of parentage. Evaluations of SNPs and microsatellites for assigning

parentage have mostly focused on special cases that require a relatively large number of heterozygous loci, such as

species with low genetic diversity or with complex social structures. We developed 120 SNP markers from a tran-

scriptome assembled using RNA-sequencing of a songbird with the most common avian mating system—social

monogamy. We compared the effectiveness of 97 novel SNPs and six previously described microsatellites for assign-

ing paternity in the black-throated blue warbler, Setophaga caerulescens. We show that the full panel of 97 SNPs

(mean Ho = 0.19) was as powerful for assigning paternity as the panel of multiallelic microsatellites (mean Ho = 0.86).

Paternity assignments using the two marker types were in agreement for 92% of the offspring. Filtering individual

samples by a 50% call rate and SNPs by a 75% call rate maximized the number of offspring assigned with 95% confi-

dence using SNPs. We also found that the 40 most heterozygous SNPs (mean Ho = 0.37) had similar power to assign

paternity as the full panel of 97 SNPs. These findings demonstrate that a relatively small number of variable SNPs

can be effective for parentage analyses in a socially monogamous species. We suggest that the development of SNP

markers is advantageous for studies that require high-throughput genotyping or that plan to address a range of eco-

logical and evolutionary questions.
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Introduction

The application of molecular markers has revolutionized

population ecology (Avise 1994; Freeland et al. 2011).

Their application to natural populations has transformed

our view of mating systems in most taxa (Avise et al.

2002; Griffith et al. 2002; Uller & Olsson 2008; Roberts &

Byme 2011) and enabled the estimation and comparison

of genetic variation and gene flow (dispersal) among

populations (Brumfield et al. 2003; Morin et al. 2004; Gar-

vin et al. 2010; Helyar et al. 2011). The insights gained

from their application in studies of parentage and popu-

lation structure continue to deepen as the technology to

isolate and develop more informative molecular

markers, such as microsatellites and single-nucleotide

polymorphisms (SNPs), becomes more efficient and cost-

effective (Morin et al. 2004; Anderson & Garza 2006;

Abdelkrim et al. 2009; Dawson et al. 2013). Despite tech-

nological improvements and decreasing costs,

microsatellite and SNP marker development is labour-

intensive and requires substantial time to validate

(Morin et al. 2004). It is therefore advantageous to invest

in the development of markers suitable for addressing a

wide range of ecological and evolutionary questions in

population studies.

For over a decade, microsatellites have been the most

popular molecular marker for studies of parentage and

kinship in wild populations of mammals, reptiles, fishes

and birds (Vignal et al. 2002; Uller & Olsson 2008;
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Coleman & Jones 2011; Dawson et al. 2013). Microsatel-

lites are highly polymorphic at each locus because of

their high mutation rates, which means that only a few

microsatellite loci are necessary to distinguish individu-

als and estimate relatedness. However, microsatellites

can also be difficult to score accurately (high genotyping

error), requiring methods to quantify and minimize

genotyping error rates in parentage analyses (Pompanon

et al. 2005; Kalinowski et al. 2007). In contrast, SNPs pre-

sent a more attractive marker for many population-level

questions due to their abundance and broader genome

coverage (coding and noncoding regions; Brumfield et al.

2003), ease of scoring (low genotyping error; Ranade

et al. 2001), high-throughput and low-cost genotyping

(Anderson & Garza 2006) and known mutational pro-

cesses (Brumfield et al. 2003; Ellegren 2004). For studies

of parentage, however, the power to exclude nonparents

may be lower in SNPs because these markers are mostly

biallelic compared to multiallelic microsatellites, and

their allele frequencies are often skewed, resulting in low

heterozygosity (Marth et al. 2001; Glaubitz et al. 2003).

This power issue can be resolved by using a larger set of

SNP markers (Glaubitz et al. 2003; Anderson & Garza

2006). Comparisons between microsatellites and SNPs

for use in parentage studies are mostly limited to model

species with reference genomes (Anderson & Garza

2006), domesticated and farmed species (Heaton et al.

2002; Rengmark et al. 2006; Sellars 2014) and species with

low genetic diversity (Tokarska et al. 2009; Fern�andez

et al. 2013; but see Hauser et al. 2011). Comparisons of

these marker types are lacking for wild populations of

most taxa and for species with a range of mating systems

(Weinman et al. 2014).

Birds have been important for studies of extra-pair

paternity across the diversity of animal mating systems

(Westneat et al. 1990; Griffith et al. 2002; Westneat & Ste-

wart 2003; Wan et al. 2013), but the effectiveness of SNPs

for parentage has not been comprehensively examined.

Some bird studies have used SNPs in combination with

microsatellites for parentage analysis when using

microsatellites alone was not informative (Backstr€om

et al. 2008; Cramer et al. 2011; Labuschagne et al. 2015).

One study of a cooperatively breeding bird found that

SNPs performed as well as microsatellites at assigning

paternity (Weinman et al. 2014). However, only a small

fraction (9%) of bird species are cooperative breeders

compared to 90% that are socially monogamous (Griffith

et al. 2002; Cockburn 2006; Jetz & Rubenstein 2011).

Complex kin structure in cooperatively breeding mating

systems should require a larger number and higher vari-

ability of SNPs to assign paternity because of higher

relatedness among potential fathers than in socially

monogamous mating systems (Weinman et al. 2014). It is

unclear how many polymorphic SNPs would be

adequate for assigning paternity in a socially monoga-

mous species with a large number of potential fathers.

We address this knowledge gap by comparing the

power of SNPs and microsatellites for paternity assign-

ment in the socially monogamous black-throated blue

warbler, Setophaga caerulescens. We have studied the mat-

ing system of this migratory bird at a site in the northern

portion of its breeding range for over 20 years (Holmes

2007, 2011). Paternity analyses using genotypes gener-

ated from six microsatellites have revealed that

extra-pair fertilizations are common in this population,

occurring in 56% of nests (Webster et al. 2001; Kaiser

et al. 2015). For this study, we developed SNP markers

from a transcriptome assembled using RNA-sequencing

(RNA-seq) of black-throated blue warblers sampled in

northern populations. We genotyped individuals with

each set of markers and compared the results of pater-

nity analyses using the most widely used parentage pro-

gram, CERVUS version 3.0 (Kalinowski et al. 2007). Missing

data are a challenge in studies that use reduced represen-

tation genomic approaches combined with high-through-

put sequencing methods to identify and genotype SNPs

(Nielsen et al. 2011; Toews et al. 2015). To inform filtering

decisions of missing data, we assessed how adjustments

in the variant filtering parameters affected the confidence

of paternity assignments for subsets of SNPs. We then

determined the number and variability of SNPs that

were sufficient to obtain similar parentage assignment

success to those generated from analyses using the full

panel of microsatellites or SNPs. This comprehensive

assessment provides valuable information for investiga-

tors developing SNP markers from the transcriptomes of

nonmodel organisms for use in population studies of

socially monogamous species.

Materials and methods

Population sampling

We conducted a long-term parentage study of a marked

population of black-throated blue warblers breeding in

the 3160-ha Hubbard Brook Experimental Forest, Wood-

stock, New Hampshire, USA (43°560N, 71°450W); 1995–
2015. The study area is in the northern portion of their

breeding range, which extends from the north-eastern

United States and southern Canada southward along the

higher elevations of the Appalachian Mountains

(Holmes et al. 2005). In each breeding season, we cap-

tured, colour-banded and collected blood samples from

adults, and monitored nesting attempts by social parents

(those defending territories and providing parental care).

We banded and collected blood samples from nestlings

6 days posthatching (mean clutch size = 3.6, range = 2–5
eggs; Holmes et al. 2005). All blood samples were stored
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in lysis buffer (White & Densmore 1992) and genomic

DNA extracted using Qiagen DNeasy Blood and Tissue

kits (Qiagen). We quantified DNA yields using a QUBIT

2.0 Fluorometer (Life Technologies) to check that final

concentrations were at least 10 ng/lL for genotyping.

We followed protocols approved by our Institutional

Animal Care and Use Committees to capture, handle,

mark and sample black-throated blue warblers (Cornell

University, 2009-0133; Smithsonian National Zoological

Park, 08-11, 12-12; Wellesley College, 1304).

Transcriptome assembly from RNA-sequencing

RNA-sequencing and transcriptome assembly were car-

ried out following Mason & Taylor (2015). We con-

structed two barcoded RNA-seq libraries for

transcriptome assembly and SNP discovery. The first

RNA-seq library was generated by combining 15 mg

each of liver, muscle and brain (45 mg total tissue) from

one adult male black-throated blue warbler that we col-

lected and preserved in RNAlater (Qiagen) during the

2013 breeding season in the Adirondack Mountains, NY.

We used a TissueRuptor (Qiagen) to homogenize the

individual tissue pool. The second RNA-seq library was

generated by pooling 25 lL of whole blood preserved in

RNAlater obtained from 10 individuals sampled during

fall migration in 2013 at the Braddock Bay Bird Observa-

tory, NY. We followed the ‘standard’ mRNA extraction

protocol as detailed in the Dynabeads� mRNA

DIRECTTM kit (Invitrogen). We performed the mRNA

extraction protocol twice to maximize the removal of

rRNA from our extraction before constructing cDNA

libraries. We converted mRNA into cDNA libraries using

the NEBNext RNA First Strand Synthesis Module (New

England BioLabs). We then performed second strand

cDNA synthesis, end repair, dA-tailing and adaptor liga-

tion for each cDNA library. Following adapter ligation

and library purification, we performed 12 cycles of the

‘denaturation annealing extension’ step during the index

PCR. We assessed the quality and quantity of cDNA

using the QFC algorithm and an Agilent Bioanalyzer

2100. The two barcoded cDNA libraries were pooled in

equimolar ratio and sequenced on a single lane using

100-bp single-end reads on an Illumina HiSeq 2000 at the

Cornell University Core Laboratories Center. Raw,

demultiplexed reads are available through the NCBI

Short Read Archive (SRA Accession nos: SRR3164929,

SRR3165127; PRJNA311681).We demultiplexed

166 622 978 barcoded reads, filtered the reads (min

phred-scale quality score = 20) and trimmed low-quality

sequences and sequences including contamination from

Illumina adapters with TRIMMOMATIC version 0.27 (Lohse

et al. 2012), resulting in 155 550 748 single-end reads. We

conducted a de novo assembly of the reference

transcriptome using both cDNA libraries with TRINITY

version 2013-02-25 (Grabherr et al. 2011; Haas et al. 2013).

We filtered our raw transcriptome assembly by remov-

ing contigs that failed to meet a 2-TPM threshold in at

least one individual and retained only the longest iso-

form of each transcript. The resulting assembly consisted

of 16 261 transcripts with an average contig length of

977 bp and N50 of 2107 bp.

SNP marker development

We aligned trimmed reads from all 11 individuals to the

transcriptome assembly using the BURROWS–WHEELER

ALIGNER (BWA-backtrack, version 0.7.13; Li & Durbin 2009)

with default parameters. We used Picard tools (http://

broadinstitute.github.io/picard) to sort, clean and merge

the resulting binary alignment files (BAM) files and to

mark PCR duplicates before indel realignment and SNP

calling with UnifiedGenotyper in the GENOME ANALYSIS

TOOLKIT (GATK version 3.1; DePristo et al. 2011). We fol-

lowed the GATK best practices for SNP calling, skipping

the base quality recalibration and variant quality recali-

bration steps because we did not have a set of known

variants. After removing monomorphic sites and filter-

ing based on a number of standard quality metrics

(Fisher Strand FS <30, read depth >10, site quality >50,
RMS Mapping Quality MQ >35, Qual by Depth QD >3),
we found 122 680 SNPs and 7056 indels. From this panel

of genomewide SNPs, we selected the highest quality

5000 biallelic SNPs spaced at least 150 bp apart (read

depth >45, site quality >90, QD >10, MQ >35). We

checked for potential splice sites in the 150-bp flanking

regions of each SNP by aligning the 301-bp fragments to

the zebra finch (Taeniopygia guttata) genome (assembly

3.2.4) using standalone BLAST (blast-n algorithm, default

parameters; Camacho et al. 2009) and removed any SNPs

that aligned to more than one location. Because avian

genomes have high synteny (Ellegren 2010), we could

assign each SNP a putative chromosome location based

on the best BLAST hit based on e-value. We submitted the

remaining 1325 SNPs and their flanking regions to

RepeatMasker (Smit et al. 2015) and removed 614 SNPs

with repetitive sequence in the flanking regions. The

remaining 1229 SNPs were submitted to DNA Land-

Marks Inc. (Saint-Jean-sur-Richelieu, Qu�ebec, Canada)

for primer design.

DNA LandMarks Inc. designed the PCR and iPLEX

extension primers for SNP genotyping on the Sequenom

MassArray using ASSAY DESIGN SUITE version 1.0, with EX-

TEND PRIMER ASSAY DESIGN version 4.1.0.17. From the 1229

SNPs identified, 17 SNP panels were randomly gener-

ated. Each panel was designed to multiplex 60 primers

per well and reduce cross-binding among multiplexed

primers to increase primer specificity and to reduce
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genotyping errors (typically <1%; Gabriel et al. 2009). We

selected two wells containing 120 SNPs distributed

across chromosomes, including the Z chromosome

(birds: males ZZ/ females ZW) for our SNP assay

(Table S1, Supporting information).

Microsatellite and SNP genotyping

During our 20-yr study, we genotyped 4413 offspring

from 1346 nests at six polymorphic microsatellite loci

previously isolated from black-throated blue warbler

and related passerines (Table S2, Supporting informa-

tion). We amplified 1 lL of genomic DNA from each

individual at each locus in two multiplexed PCRs

(Dca28, Dpu01 and Cuu04; Dca32, Dpu16 and Vecr08) fol-

lowing previously described methods (Kaiser et al. 2015).

The microsatellite PCR products were size-sorted on a

3730 DNA Analyzer (Applied Biosystems [ABI], Carls-

bad, CA, USA) and run with the GeneScan 500 base pair

LIZ internal size standard (ABI). We scored alleles at

each locus by visually confirming automated scores gen-

erated by GENEMAPPER version 3.7 (ABI) and repeated

PCRs at homozygous loci to verify genotypes.

For comparison of microsatellites, we selected a sub-

set of individuals for SNP genotyping that we sampled

in 2 years where 95% of the candidate fathers in the pop-

ulation were sampled (134 offspring from 38 nests in

2011, 104 offspring from 33 nests in 2012). SNP genotyp-

ing was conducted by DNA LandMarks Inc. using the

iPLEX assay on a Sequenom MassArray. SNP loci were

amplified from genomic DNA using standard PCR fol-

lowed by the iPLEX single base extension reaction,

which yielded allele-specific differences in mass for each

SNP locus (Gabriel et al. 2009). Samples were analysed

with MALDI-TOF mass spectrometry and TYPER software

generated genotypes for each locus. Of the 120 SNP

markers selected for genotyping, 16 SNPs were removed

from the assay due to their low performance (call rate

<0.5) and 7 SNPs were removed based on low minor

allele frequency (MAF <0.0009). The final data set

included 97 SNPs (Table S1, Supporting information).

The mean call rate for the 97 loci was 94% (range:

64–99%).

Parentage analysis

We conducted separate paternity analyses with

microsatellite and SNP genotype data for each breeding

season using CERVUS version 3.0, which uses a maximum-

likelihood-based approach to infer parentage (Marshall

et al. 1998; Kalinowski et al. 2007). CERVUS calculates the

natural logarithm of the likelihood ratio (LOD score),

which provides the likelihood of paternity of each candi-

date male relative to a random male in the population

for each offspring. CERVUS uses simulations of the allele

frequencies of adults in the population to calculate criti-

cal differences in LOD scores between the most likely

father and all other candidate fathers to assign paternity

at either 80% or 95% confidence. We simulated paternity

for 10 000 offspring to determine the critical LOD scores

for the assignment of paternity for each marker and sub-

sets of the full panel of 97 SNPs (simulation parameters

given in Table S3, Supporting information). In each

paternity analysis, we included known mothers (con-

firmed via focal nest observations and later by examining

the frequency of mother–offspring mismatches from

microsatellite-based parentage analyses). We included

broods only if the social father (i.e. the male paired to the

known mother) was sampled. CERVUS assignments of the

most likely fathers (>95% candidate fathers sampled in

the population) were made using trio LOD scores, which

statistically distinguishes among nonexcluded candidate

males while considering the genotypes of the known

mother and potential mistyping errors.

For microsatellite-based paternity analyses, we evalu-

ated CERVUS assignments using trio likelihood scores and

decision rules previously developed for this species

(Smith et al. 2005). Briefly, if the social father had a high

likelihood score but mismatched the nestling at one or

two loci, we investigated the possibility of null alleles or

mistyping by repeating PCRs at mismatched loci and

rescoring the alleles. We accepted the CERVUS assignment

of the social father as the genetic sire of a nestling if he

had ≤1 mismatches. A nestling was considered sired by

an extra-pair male if the social father was not listed as a

candidate father by CERVUS (because of a negative trio

LOD score) or had ≥2 mismatches. In these cases, we

identified the extra-pair father as the male that had ≤1
mismatches and that had the highest trio LOD score. In

some cases, no candidate male matched the nestling’s

genotype (i.e. all had >2 mismatches with the nestling).

We considered these nestlings to have been sired by an

unsampled male (5% of males on study plot).

For SNP-based paternity analyses, we evaluated CER-

VUS assignments using trio LOD scores and reported the

average number of father–offspring mismatches given

the number of loci typed for assignments with 80% and

95% confidence. Based on these analyses, we developed

decision rules for paternity analyses using SNP markers

(see Results).

Data sets

To compare the efficacy of SNP and microsatellite mark-

ers for assigning parentage, we filtered SNPs and indi-

viduals based on completeness (loci and sample call rate

>50%). To avoid biases in the marker comparison caused

by missing data, we removed 34 offspring from the
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microsatellite data set that were filtered from the SNP

data set. This resulted in 410 individuals genotyped at 97

polymorphic SNP loci in our baseline SNP data set. We

examined differences between SNPs and microsatellites

in the number of offspring assigned at two CERVUS confi-

dence levels (80% and 95%) and in the identities of

assigned genetic sires (sample size = 238 offspring).

We conducted 18 additional paternity analyses with

subsets of SNP loci to examine the effect of missing data

on assignments of paternity and to determine the num-

ber and variability of SNP loci that would be sufficient to

match assignments of paternity using the full panel of

SNP loci with 95% confidence. We compared SNP data

sets that differed in completeness in call rates of SNPs

(loci call rate >50%, 75% and 90%), individuals (sample

call rate >50%, 75% and 90%) and both SNPs and indi-

viduals (call rates >50%, 75% and 90%). We quantified

the proportion of paternity assignments that matched the

full panel of 97 SNPs. Next, we selected from the full

panel of 97 SNP loci 1) the most heterozygous SNP loci

and 2) the SNP loci with the highest call rates, and incre-

mentally reduced the number of SNP loci included in

both analyses (n = 97, 77, 57, 37, 27, 17, 7) to compare

their power and efficiency for assigning paternity. Each

comparison was restricted to 198 offspring assigned to

social or extra-pair fathers with 95% confidence using

the baseline SNP data set (loci and sample call rate

>50%, 97 SNPs).

Of the 97 SNP loci, six deviated significantly from

Hardy–Weinberg equilibrium (HWE; Table S1, Support-

ing information). We included these SNP loci in parent-

age analyses because they deviated from HWE using the

baseline SNP data set (loci call rate >50%) from either

2011 or 2012, but not both years. However, all but two of

these loci were filtered from the reduced SNP data sets

(two filtered from loci call rate >75% and four from loci

call rate >90%).

Results

Microsatellite and SNP marker characteristics

The microsatellite panel was more polymorphic than the

SNP panel, but the two markers had comparable power

to assign the genetic father when the mother was known

(Table 1). The mean number of alleles per locus, mean

observed and expected heterozygosity and polymorphic

information content (PIC) were greater for microsatellite

loci. The combined nonexclusion probabilities for the

father were lower for SNPs, but the combined nonexclu-

sion probabilities for the parent pair were similar for

microsatellites and SNPs. In all cases, we knew the iden-

tity of the mother from behavioural observations at the

nest and our goal was to identify the genetic father of

each genotyped offspring from the sampled parents by

excluding candidate fathers when the mother was

known.

Comparison of microsatellite and SNP paternity
assignments

The full panel of 97 SNPs was as effective at assigning

paternity as the panel of six microsatellites. Of the pater-

nity assignments without the known mother, 206 of 238

(87%) offspring were assigned with 95% confidence

using the full SNP panel, 219 of 238 (92%) offspring were

assigned with 95% confidence using microsatellites, and

all offspring were assigned with 80% confidence using

either marker type (Table S4, Supporting information).

Of the paternity assignments given the known mother,

238 of 238 (100%) offspring were assigned with 95% con-

fidence using the full SNP panel, 237 of 238 (99%) off-

spring were assigned with 95% confidence using

microsatellites, and all offspring were assigned with 80%

confidence using either marker (Table S4, Supporting

information).

Offspring were mostly assigned to the same social

fathers and extra-pair fathers using microsatellites and

SNPs (Table 2). Given known mothers, 194 of 238 (82%)

offspring were assigned to the same father by the two

markers with 95% confidence in CERVUS (highest trio LOD

score). Of these assignments, 126 of 195 (65%) offspring

were assigned to their social father and 68 of 195 (35%)

offspring were assigned to the same extra-pair father.

The average number of father–offspring mismatches for

assignments with 95% confidence was 0.10 for

microsatellites and 1.02 for SNPs. Two offspring were

assigned the same extra-pair father by the two markers,

but at different confidence levels. The microsatellites

assigned extra-pair fathers to these offspring with 95%

confidence and SNPs assigned the same extra-pair father

despite negative LOD scores. In these cases, either the

extra-pair father or offspring had an incomplete SNP

genotype (68 of 97 loci and 62 of 97 loci, respectively).

Six offspring were assigned to their social father using

microsatellites with 95% confidence when SNPs ranked

the social father second after an extra-pair father geno-

typed at fewer loci (lower sample call rate) with a similar

LOD score. We considered these six offspring to be sired

by their social father and rejected the CERVUS assignment

using SNPs.

For 20 of 238 (8%) offspring, we found no consensus

between microsatellite and SNP assignments (Table 2).

Microsatellites assigned three offspring to their social

father with 95% confidence when SNPs failed to assign

fathers because of incomplete offspring SNP genotypes

(fewer loci compared between candidate males and

offspring). Microsatellites assigned four offspring to
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extra-pair fathers when SNPs failed to assign fathers. In

these cases, either the extra-pair father assigned by

microsatellites had an incomplete SNP genotype or was

ranked by SNPs after other extra-pair males, all with

negative LOD scores. SNPs assigned nine offspring to

extra-pair fathers with 95% confidence when microsatel-

lites failed to assign fathers. In each case, all father–off-
spring mismatches at microsatellite loci were >2 and all

candidate males had negative LOD scores. Behavioural

data indicated that SNPs identified the most likely extra-

pair father. Two offspring were assigned different extra-

pair fathers by microsatellites and SNPs. The most likely

identity of the extra-pair father was resolved using beha-

vioural data for one offspring that was assigned with

SNPs. For the second offspring, behavioural data could

not resolve whether the microsatellite or SNP assignment

was more likely.

For 18 of 238 (8%) offspring, no candidate male was a

good genetic match with either marker type using our

paternity assignment criteria (Table 2). We assumed

these offspring to be sired by an unsampled extra-pair

male. The average number of father–offspring

mismatches for top-ranked fathers of unassigned off-

spring was 2.18 for microsatellites and 2.33 for SNPs.

Overall, CERVUS paternity assignments of 220 of 238

(92%) were in agreement using microsatellites and SNPs.

In nine cases where microsatellites found no genetic

match, SNPs were able to resolve the fathers of offspring

with 95% confidence that we otherwise would have

assumed to be sired by unsampled males. However, in

seven cases where SNPs failed to assign fathers because

of incomplete offspring or candidate male genotypes,

microsatellites assigned fathers with 95% confidence.

Thus, the performance of the full panel of 97 SNPs com-

pared to the microsatellites depended on sample call

rates across SNP loci.

Comparison of paternity assignments with missing
SNP data

Missing data in the SNP data sets influenced the assign-

ment of paternity and the number of offspring compared

in the paternity analyses. Increasing the filtering thresh-

old of SNPs by call rate decreased the number of SNP

loci compared and the mean error rate across loci

(Table S3, Supporting information) with only minor

reductions in the assignment of paternity with 95% confi-

dence (Fig. 1). Increasing the filtering threshold of sam-

ple call rates by 75% and 90% reduced the number of

offspring typed and compared by 5 and 14 offspring,

respectively (Table S3, Supporting information), but

increased concordance in parentage assignments

between microsatellites and SNPs.

Comparison of paternity assignments with different
numbers and variability of SNP loci

A small number of heterozygous SNPs were adequate

for assigning paternity, but relatively more SNP loci

were necessary as the call rates of SNP loci decreased. A

subset of 40 SNPs with a mean heterozygosity of 0.37 or

80 SNPs with a mean call rate of 0.97 had sufficient

power for assigning paternity to 95% of offspring with

known mothers (Fig. 2). Thus, a reduced SNP panel

Table 1 Comparison of marker characteristics* for microsatellites and single-nucleotide polymorphisms (SNPs) used for CERVUS

paternity analyses from 172 adult black-throated blue warblers sampled during the 2011 and 2012 breeding seasons at Hubbard Brook

Marker panel

Number

of loci

Mean

proportion

loci typed

Mean alleles

per locus Mean He Mean Ho

Mean

PIC

Nonexclusion

probability

(first parent)

Nonexclusion

probability

(second parent)

Nonexclusion

probability

(parent pair)

Microsatellites 6 1.00 18.92 0.87 0.86 0.86 1.9 9 10�3 1.1 9 10�4 1.3 9 10�7

SNPs 97 0.96 2.00 0.22 0.19 0.18 1.9 9 10�2 9.0 9 10�5 1.6 9 10�7

*Mean alleles per locus, mean expected (He) and observed (Ho) heterozygosities, mean polymorphic information content (PIC) and

combined nonexclusion probabilities.

Table 2 Comparison of the parentage assignments for 238 off-

spring using microsatellites or single-nucleotide polymorphisms

(SNPs) and the corresponding mean number of locus mis-

matches. Assignments are separated by cases for which the two

marker types were in agreement, disagreement or could not be

resolved

CERVUS assignments n

Mean number of locus

mismatches

Microsatellites SNPs

Agreements (same father) 200 0.10 1.02

Disagreements

Social father vs. no assignment 3 <2 –
Extra-pair father vs.

no assignment (SNPs)

4 <2 –

Extra-pair father (SNPs)

vs. no assignment

9 – <2

Different extra-pair father 4 <2 <2
Unresolved 18 2.18 2.33

© 2016 John Wiley & Sons Ltd
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could be used for parentage analyses when the heterozy-

gosity of SNPs is optimized over the call rate of SNPs.

Discussion

Single-nucleotide polymorphisms are preferred over

microsatellite markers in studies inferring the evolution-

ary history of populations because of their known muta-

tion patterns and low genotyping error rates (Brumfield

et al. 2003). Yet, SNPs have only recently been applied to

studies of parentage (e.g. Hess et al. 2015; Liu et al. 2016;

Strucken et al. 2016). The power to assign parentage

depends on the number of loci examined and their

heterozygosity; more loci are necessary as heterozygosity

declines (Miller et al. 2002; Morin et al. 2004). The few

studies comparing the characteristics of SNPs and

microsatellites for parentage assignment have mostly

focused on domesticated species with low genetic diver-

sity (e.g. Tokarska et al. 2009; Sellars 2014) or species

with complex social and kin structures (e.g. Weinman

et al. 2014). These systems are special cases that require a

relatively large number of heterozygous loci to estimate

parentage and relatedness and are not broadly applica-

ble to socially monogamous systems—the most common

mating system in birds and one observed in most taxa

(Gowaty 1996). We show that 97 SNPs (mean Ho = 0.19,

mean alleles per locus = 2.00) had similar power to

assign paternity as six microsatellites (mean Ho = 0.86,

mean alleles per locus = 18.92) in the socially monoga-

mous black-throated blue warbler. Paternity assignments

using SNPs or microsatellites were in agreement for 92%

of the offspring. SNPs were marginally more effective at

resolving parentage than microsatellites, but their perfor-

mance decreased with missing data. We also show that

by selecting the most heterozygous SNPs, 40 SNPs (mean

Ho = 0.37) were sufficient for assigning paternity to the

same proportion of offspring as the full panel of 97

SNPs.

Selecting SNP loci with high heterozygosity provides

the greatest power for assigning parentage relative to

microsatellite-based analyses (Krawczak 1999; Morin

et al. 2004; Anderson & Garza 2006). For example, in a

simulation study, Morin et al. (2004) found that 40–100
SNPs with a mean heterozygosity of 0.3 were needed to

achieve a similar probability of paternal exclusion as

7–14 microsatellite loci with a mean heterozygosity of

0.75. Simulations of parentage in a population of Euro-

pean bison (Bison bonasus) with extremely low genetic

diversity required 50–100 SNPs with a mean heterozy-

gosity of 0.5 to assign paternity with 95% confidence as

17 microsatellite loci with a low mean heterozygosity of

0.3 (Tokarska et al. 2009). An empirical comparison of

microsatellites and SNPs in a population of superb star-

lings (Lamprotornis superbus) with high kin structure

found that 60 SNPs with a mean heterozygosity of 0.4

were sufficient for assigning paternity among highly

related candidate fathers, but only when the social par-

ents were identified in the analyses (Weinman et al.

2014). We examined a more general case for birds and
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Fig. 1 Proportion of paternity assignments from SNP data sets

that differed in completeness (loci call rate, solid line; sample

call rate, dotted line; loci and sample call rates, dashed line) that

matched assignments of 198 black-throated blue warbler off-

spring using the full panel of 97 SNPs with 95% confidence.
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line) that matched assignments of 198 black-throated blue war-

bler offspring using the full panel of 97 SNPs with 95%

confidence.
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found that 40 SNPs with a mean heterozygosity of 0.4

were adequate for assigning paternity in a socially

monogamous bird population with known social par-

ents. These results demonstrate that a small number of

SNPs can be just as powerful as multiallelic microsatel-

lites for assigning paternity when the heterozygosity of

loci is considered.

The main factor reducing the accuracy of paternity

assignments using SNP loci was missing data, which

resulted in incomplete genotypes of offspring or candi-

date fathers. Missing data are a challenge in any applica-

tion of high-throughput SNP genotyping (Nielsen et al.

2011; Toews et al. 2015). We developed a custom SNP

genotyping assay to multiplex 60 loci per well using the

Sequenom MassARRAY platform. This work was con-

ducted in a specialized laboratory equipped with Seque-

nom technology; it was not possible to rerun failed

individual PCRs for specific loci that were not called

for a set of individuals. Comparison of paternity

assignments made with increasing completeness of

SNP loci indicated that filtering loci by a 75% call rate

was sufficient for assigning paternity to the same pro-

portion of offspring as the full panel of 97 SNPs. How-

ever, the proportion of offspring assigned and the

accuracy of those assignments decreased when both

SNP loci and samples were filtered by just a 50% call

rate. Therefore, to maximize the number of offspring

assigned with 95% confidence, we suggest first filtering

samples by a 50% call rate and then filtering SNP loci

by a 75% call rate.

The choice and methods to develop SNPs or

microsatellites for studies of parentage should be made

based on the scope of the study, while considering the

advantages and limitations of each marker type and

method of marker development. The initial costs are sim-

ilar for isolating microsatellites using 454 pyrosequenc-

ing and for SNP discovery using next-generation

sequencing (Abdelkrim et al. 2009; Helyar et al. 2011).

The overall development time of microsatellites, includ-

ing primer design and testing, screening for polymor-

phism, PCR optimization and genotyping by

multiplexing, is substantially longer than the develop-

ment time of a SNP genotyping assay with a panel of

100–200 SNPs. The disadvantage of SNP development is

that SNP discovery requires bioinformatics training. The

disadvantage of designing a SNP genotyping array is

that it requires access to genotyping platforms such as

Sequenom or Illumina BeadChips. We worked with a

private facility to develop our Sequenom SNP panel, but

academic core facilities also provide access to specialized

software for assay design and equipment for SNP geno-

typing. Long-term studies in which new individuals will

be added each year and studies that generate large sam-

ple sizes, such as selective breeding programmes, would

benefit from the development of a SNP screening panel

because of their high-throughput, repeatable genotyping.

Studies that involve multiple laboratories would also

benefit from SNP marker development because of their

reproducibility and low genotyping error rates com-

pared to microsatellites.

Several high-throughput sequencing methodologies

now allow high-throughput and simultaneous SNP dis-

covery and genotyping in any organism (Davey et al.

2011) for use in paternity and relatedness studies, includ-

ing genotyping by sequencing (GBS; Dodds et al. 2015),

restriction site-associated DNA sequencing (RAD-seq;

Senn et al. 2013; Kess et al. 2016), transcriptome sequenc-

ing (Schunter et al. 2014), sequence capture (Mamanova

et al. 2010), and whole genome resequencing. Appropri-

ate SNPs can subsequently be used in high-throughput

genotyping with or without the generation of a genotyp-

ing assay (Toews et al. 2015). We developed SNP mark-

ers from a transcriptome assembled using RNA-seq

rather than these alternative methods because of the

availability of fresh blood and tissue samples (necessary

for RNA extraction), the absence of a reference genome

for S. caerulescens and our desire for a repeatable SNP

genotyping panel. Methods such as RAD-seq and GBS

could provide a sufficient number of high-quality SNPs

for a paternity project like the one we describe here;

however, these methods do not necessarily sample the

same loci across all individuals and require specialized

library preps for each sample. RAD-seq and GBS meth-

ods generate data with high variation in coverage

across individuals and loci, which can increase uncer-

tainty in SNP calls and lower the repeatability in geno-

typing (Davey et al. 2011; Chen et al. 2014). To generate

a SNP genotyping panel like the one described here,

SNPs of interest must be surrounded by adequate

flanking sequence for primer or probe design; such

sequence is usually not generated by RAD-seq or GBS

unless paired-end sequencing is conducted. Addition-

ally, this limitation can be overcome if a reference gen-

ome, to which sequence reads can be mapped, is

available. Given that reference genomes are available

for a limited number of taxa, RNA-seq and transcrip-

tome assembly or paired-end sequencing of RAD-seq

or GBS data are currently the best options for SNP dis-

covery for paternity studies.

The primary advantage of SNPs is that their mutation

and evolution are better understood than microsatellites,

which makes SNP markers useful for applications in

population genetics (Brumfield et al. 2003; Morin et al.

2004). The mutational process for microsatellites is com-

plex, making microsatellites unsuitable for many popula-

tion genetic analyses (Ellegren 2000; Schl€otterer 2000). In

addition, given current technologies, SNPs can be geno-

typed in a more cost-effective and high-throughput

© 2016 John Wiley & Sons Ltd
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manner. However, because SNP discovery is typically

performed with a smaller sample of individuals, studies

using SNP genotyping arrays need to consider ascertain-

ment bias (Brumfield et al. 2003; Clark et al. 2005). For

example, using SNPs discovered in individuals from the

northern population of black-throated blue warblers

could downwardly bias estimates of genetic diversity in

the southern population, which may have expanded

from a separate glacial refugium (Davis et al. 2006; Grus

et al. 2009). Ascertainment bias is not a big issue for

paternity analyses, but is a nontrivial consideration if a

single panel of SNP markers is applied to multiple types

of studies, especially those that use allele frequencies to

infer demography or selection (Morin et al. 2004). Fortu-

nately, it is often possible to correct for ascertainment

bias (Nielsen et al. 2004).

SNPs are rapidly replacing microsatellites in popula-

tion studies as their development becomes more efficient

and less expensive for nonmodel species. We generated

a large panel of genomewide SNPs from the transcrip-

tome of the black-throated blue warbler assembled using

RNA-seq and developed a high-throughput SNP geno-

typing assay on the Sequenom MassArray. We demon-

strate that a small number of heterozygous SNPs are as

powerful as polymorphic microsatellites for assigning

paternity in a socially monogamous songbird. The main

drawback to the SNP genotyping assay used in this

study was that missing data resulted in incomplete geno-

types, which affected the ability of SNPs to resolve

parentage in a few cases. This could be overcome by

using an alternative genotyping platform or by genotyp-

ing a larger number of SNPs, especially as methods to

increase the number of multiplexed SNP loci improve.

The development of SNP markers is advantageous for

simultaneously addressing a variety of ecological and

evolutionary questions. However, practical considera-

tions, such as the method of SNP development and

ascertainment bias, should be carefully considered if a

single panel of markers is applied to multiple

populations.
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