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Abstract
Genomic-level analyses of DNA from non-invasive sources would facilitate powerful
conservation and evolutionary studies in natural populations of endangered and otherwise elusive
species. However, the typical low quantity and poor quality of DNA that is extracted from non-
invasive samples have generally precluded such work. Here we apply a modified DNA capture
protocol that, when used in combination with massively-parallel sequencing technology, facilitates
efficient and highly-accurate resequencing of megabases of specified nuclear genomic regions
from fecal DNA samples. We validated our approach by comparing genetic variants identified
from corresponding fecal and blood DNA samples of six western chimpanzees (Pan troglodytes
verus) across more than 1.5 megabases of chromosome 21, chromosome X, and the complete
mitochondrial genome. Our results suggest that it is now feasible to conduct genomic studies in
natural populations for which constraints on invasive sampling have otherwise long been a barrier.
The data we collected also provided an opportunity to examine western chimpanzee genetic
diversity at unprecedented scale. Despite high mitochondrial genome diversity (π = 0.585%),
western chimpanzees have a low ratio (0.42) of X chromosomal (π = 0.034%) to autosomal
(chromosome 21 π = 0.081%) sequence diversity, a pattern that may reflect an unusual
demographic history of this subspecies.
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INTRODUCTION
Genetic research related to the conservation, evolution, and behavior of non-human, non-
model organisms, especially research on natural populations of endangered mammals, has
yet to benefit extensively from the recent availability of massively-parallel sequencing
technology. One common impediment to large-scale genetic studies of endangered species is
a lack of high-quality DNA. Often, it is undesirable or impossible to trap or dart animals to
collect invasive blood or tissue samples that would yield high-quality DNA, as trapping or
darting risks harming the animal and disrupting behavioral data collection. The international
transport of invasive samples is also regulated by the Convention on International Trade in
Endangered Species (CITES), sometimes adding administrative complexity to genetic
research with these organisms.
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In principle, DNA for genetic analyses can also be isolated from non-invasive samples such
as feces and shed hair. Such samples can be collected readily without harm (sometimes even
without direct observation of the animal) and are thus ideal in many respects for genetic
studies of natural populations. However, DNA isolated from non-invasive samples is often
fragmented and low in quantity, and therefore extremely challenging to use in genetic
analyses (Taberlet et al. 1999). Additionally, representation of the nuclear genome may be
incomplete in DNA isolated from shed hair, which can restrict analyses of such samples to
the mitochondrial genome (Jeffery et al. 2007). In turn, while fecal samples can be excellent
sources of nuclear genome DNA (originating from intestinal wall epithelial cells), the fecal
extract may contain chemicals that inhibit PCR (Kohn & Wayne 1997; Nechvatal et al.
2008). PCR is necessary for nearly all types of traditional genetic analyses. Moreover,
endogenous (from the study animal) DNA extracted from fecal samples is thought to be
overwhelmed by DNA from exogenous sources, especially gut bacteria, since bacteria
account for the majority of fecal dry weight, at least in humans (Stephen & Cummings
1980).

Due to these limitations, genetic analyses of DNA from non-invasive samples using
traditional techniques have largely been restricted to mitochondrial DNA sequencing and the
genotyping of small numbers of microsatellite loci (even these efforts often had to address
allelic dropout-related challenges; Arandjelovic et al. 2009; Buchan et al. 2005; McKelvey
& Schwartz 2004). While such work has provided important insights into taxonomy,
population structure, and the relationship between relatedness and behavior in natural
populations in a number of species (e.g., DeSalle & Amato 2004; Kohn & Wayne 1997;
Piggott & Taylor 2003; Vigilant & Guschanski 2009), a new approach is required for
genomic-level analyses of non-invasive DNA, which will facilitate large-scale genetic
studies in natural populations.

Recently-developed massively-parallel sequencing technologies require only small input
quantities of short DNA fragments, thereby obviating two traditional limitations of fecal
DNA genetic analyses. Theoretically, one could perform massively-parallel shotgun
sequencing of fecal DNA to obtain endogenous sequence data. However, because the vast
majority of the DNA sequenced would be from exogenous sources, in practice, the fecal
DNA shotgun sequencing approach is limited to microbiome diversity analyses (Qin et al.
2010) rather than population genetic analyses of the endogenous species. Thus, the primary
remaining challenge to performing genomic-scale studies with DNA from fecal samples is
to enrich the endogenous DNA against the overwhelming preponderance of exogenous
DNA. The ability to carry out such studies would represent a powerful new tool for
conservation and evolutionary ecology studies (Kohn et al. 2006; Ouborg et al. 2010).

Here we describe a method for capturing targeted genomic regions from fecal DNA samples
that facilitates efficient resequencing of megabases of the nuclear genome with massively-
parallel sequencing technology. To demonstrate the accuracy of this approach, we generated
and compared fecal and blood DNA resequencing data for more than 1.5 Mb of the genome
for each of six chimpanzees (Pan troglodytes), and also compared these data to ~35 kb of
resequencing data collected from blood DNA using traditional PCR and sequencing
methods.

MATERIALS AND METHODS
Samples

Fecal and blood samples from adult chimpanzee individuals were collected during routine
veterinary examinations at the New Iberia Research Center, Lafayette, LA. These
individuals are captive born but primarily or exclusively of western chimpanzee ancestry

Perry et al. Page 2

Mol Ecol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(based on pedigree analysis and comparisons of mitochondrial DNA and Y chromosome
sequences to those from individuals of known capture locations; Stone et al. 2002). The
chimpanzee diet was manufactured by PMI Nutrition International, LLC (“New Iberia
Primate Diet”; minimum crude protein = 20%, minimum crude fat = 5%, and maximum
crude fiber 10%). For fecal samples, 2g of stool was collected within one hour of defecation
in a 15 mL tube with 10 mL RNALater (Ambion) and shaken vigorously. Once in the
laboratory, the samples were stored at −80°C prior to DNA extraction.

The QIAamp DNA Stool Mini Kit (Qiagen) was used for DNA isolation. Compared to other
approaches, this protocol provides superior DNA yields with relatively limited chemical
inhibition of PCR (Nechvatal et al. 2008). For each extraction, 1.4 mL of the RNALater-
feces mixture was centrifuged for 1 min at 1000g. Following removal of the supernatant, the
remaining fecal sample was extracted according to the manufacturer instructions for
maximizing the final proportion of non-bacterial DNA. In turn, whole blood was collected in
EDTA Vacutainers (BD Biosciences) and stored at −80°C prior to DNA extraction with the
Gentra Puregene Blood Kit (Qiagen).

We used quantitative PCR to estimate the proportion of endogenous DNA (starting
concentrations estimated with a Nanodrop ND-1000 spectrophotometer) in the fecal DNA
extracts, using primers unique in the chimpanzee nuclear genome (forward 5′-3′
CAATCAAGACGTCCAGCTCA and reverse 5′-3′ TAGAACTGCTGCCCCACTTT), and
evaluated against a standard curve constructed from the blood DNA of one individual (Flint,
93A009). The samples were run in 25 μL reactions using iQ SYBR Green Supermix (Bio-
Rad) on a Bio-Rad iCycler Thermal Cycler with an initial denaturation of 95°C for 7 min,
followed by 40 cycles of 95°C for 30 sec and 60°C for 45 sec. Test samples were run in
triplicate and standards run in duplicate. As expected, the proportion of endogenous DNA
extracted from the six fecal samples was low: average 0.018, range 0.005 to 0.052 (Table
S1).

Targeted DNA regions
We used the Galaxy browser (Giardine et al. 2005) to download the panTro2 assembly of
the chimpanzee reference genome sequence (The chimpanzee sequencing and analysis
consortium 2005) and the associated RepeatMasker (Jurka 2000) and SimpleRepeats
(Benson 1999) tracks from the UCSC Genome Bioinformatics Site (Rhead et al. 2010).
Using the R statistical environment (R Development Core Team 2010), chromosome 21 and
X sequences were masked for (i) repeats, (ii) chimpanzee whole genome assembly
comparison (WGAC) and whole genome shotgun sequence detection (WSSD) segmental
duplications (Cheng et al. 2005), (iii) human genome (hg18; converted to panTro2 with
LiftOver in Galaxy) segmental duplications (Bailey et al. 2002), (iv) chimpanzee copy
number variants (Perry et al. 2008), (v) the first 10 Mb of the X chromosome to avoid the
pseudoautosomal region, (vi) gaps, and (vii) “N”s.

Agilent SureSelect (Gnirke et al. 2009) “baits” of length 120 bp each were designed from
remaining contiguous sequences of ≥ 2 kb for chromosomes 21 and X and for the complete
mitochondrial genome at 4x tiling coverage (i.e., starting positions of baits every 30 bp),
with every other probe designed as the reverse complement of the reference sequence.
55,000 baits corresponding to the first 394 filtered regions of chromosome 21 (1,052,310
bp), the first 209 filtered regions of chromosome X (550,471 bp), and the complete
mitochondrial genome (16,554 bp) were selected for the SureSelect Capture Library (ELID
0254881).
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DNA capture
For blood DNA samples, DNA captures were performed following manufacturer
instructions (Agilent SureSelect Target Enrichment System, Illumina Single-End
Sequencing Platform Library Prep Protocol, Version 1.2 April 2009). For fecal DNA
samples, the endogenous DNA represents only a small proportion of the total DNA (1.8%,
on average, in the chimpanzee samples in this study). Therefore, a series of protocol
adjustments were required: 1. To avoid “allelic dropout” issues, by ensuring sufficient
representation (i.e., copy number) of the targeted endogenous regions in the input DNA. 2.
To obtain sufficient sequence read coverage for accurate SNP identification, by achieving an
exceptional level of enrichment for the targeted regions. These protocol adjustments are
detailed in the succeeding paragraphs.

To ensure sufficient initial representation of targeted endogenous regions without
performing multiple ligation reactions, we performed a size selection prior to adapter
ligation. From each sample, DNA was extracted multiple times; usually 4 but up to 8
extractions were performed, as necessary to obtain ≥ 15 μg of total DNA (~150 ng
endogenous chimpanzee DNA). The DNA was sheared to median fragment size ~200 bp
(total fragment size range ~100–500 bp) using the Covaris Model S2 system (following
operating conditions in the Agilent SureSelect Protocol), in 3 μg total DNA/100 μL Buffer
AE (Qiagen) aliquots. The aliquots were combined, concentrated to 25 μL, and
electrophoresed on a 2% low-melt agarose gel (Bio-Rad). Three excisions were performed
per sample, corresponding roughly to 125–175 bp, 175–225 bp, and 225–275 bp, and
purified using the Qiaquick Gel Extraction Kit (Qiagen) followed by the Qiaquick PCR
Purification Kit (Qiagen) to remove any impurities remaining following gel extraction,
eluted with 30 μl Buffer EB. Following visualization using the Agilent 2100 Bioanalyzer
(DNA 1000 kit), 1.5 μg of the purified DNA excision closest to 200 bp in size was prepared
for adapter ligation as recommended in the SureSelect Protocol. Excess fragmented, size-
selected product can be stored at −80°C for future experiments. Adapter ligation was
performed as recommended, except with 3 μL rather than 6 μL Illumina adapter oligo mix.
A second round of gel purification was then used to remove unligated adapters. Here, all
visible product was excised from the gel and purified as above.

Much larger quantities of adapter-ligated fecal DNA, compared to typical reactions with
pure endogenous DNA, are needed for SureSelect biotinylated RNA bait hybridization. For
each sample we performed 16 PCR amplifications of 50 μL volume using primers specific to
the universal adapter sequences (Illumina Primers 1.1 and 2.1) with 1 μL of the gel-purified
eluate in each reaction, using the Agilent recommended PCR conditions (14 total cycles).
Unused eluate can be stored at −80 °C for future experiments. Products were purified with
the Qiaquick PCR Purification Kit (4 columns with 4 PCR amplified products in each),
visualized with the Bioanalyzer, and quantified with a Nanodrop ND-1000
spectrophotometer. 20 μg of purified product (5 μg per column) was concentrated to 15 μL.

To accommodate the increased quantity of DNA (20 μg rather than 389 ng), we used a
larger than suggested final volume (71 μL rather than 27 μL) for the SureSelect
hybridization. Hybridization buffer was prepared as recommended (49 μL total volume).
The 15 μL DNA sample (20 μg) was mixed with 5 μL SureSelect Block #1, 5 μL SureSelect
Block #2, and 1.2 μL SureSelect Block #3 and heat-denatured as recommended in the
SureSelect protocol. The SureSelect Oligo Capture Library was prepared as recommended
except with 1 μL of undiluted RNase Block. The full volumes of the hybridization buffer
and DNA sample/blockers were then mixed with the Capture Library/RNAse block, and
hybridized for 26 hours at 65°C.
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Based on a pilot experiment, we found that with one round of capture and following the
Agilent-recommended washing protocol, there was insufficient enrichment of targeted
regions for confident SNP identification (chromosome 21 enrichment = 646, effective
enrichment = 5.8; chromosome X enrichment = 1844, effective enrichment = 16.6; compare
to values in Table S1; enrichment calculations described below in “Sequencing and
analysis”). Therefore, we increased the washing stringency and performed a second round
of DNA capture before sequencing. To do so, after the first round of hybridization (using the
process described above), binding to the streptavidin-coated magnetic beads was performed
as recommended. We then washed the beads twice with SureSelect Wash Buffer #1 for 7
min each at room temperature, followed by 6 washes with SureSelect Wash Buffer #2 for 10
min each at 65°C. Captured DNA was then eluted from the beads and desalted per
instructions. For each sample, we then performed 4 PCR amplifications of 25 μL volume
each using 0.5 μL of the SureSelect GA Primer Mix and 1 μL of the eluted library. PCR
conditions were as suggested in the Agilent protocol except using 13, rather than 18, cycles.
Following PCR, the 4 reactions were combined and purified using a MinElute spin column,
eluted with 10 μL Buffer EB, and visualized and quantified with the Bioanalyzer.

For the second round of capture, 10 ng of the post-PCR eluted first round library (much less
input DNA is needed for the second round of capture because there has already been one
round of enrichment for the targeted regions, and by minimizing this quantity we limit the
number of PCR cycles necessary in the above step) was hybridized to another SureSelect
Oligo Capture Library aliquot using volumes recommended in the original protocol, at 65°C
for 22 hours. Following binding to beads, the extended wash protocol and PCR protocol (4
reactions, 13 cycles) were again performed as described above. These 4 PCR amplifications
were combined and purified using the Qiaquick PCR Purification kit, eluted with 30 μL
Buffer EB, and visualized and quantified on the Agilent Bioanalyzer prior to sequencing.

Sequencing and enrichment estimation
Each prepared library was sequenced for 76 cycles on one flowcell lane using an Illumina
Genome Analyzer II, (GAII) at a concentration of 9 pM and with the Single Read Cluster
Generation Kit V4, Sequencing Kit V4, and software SCS 2.6. Sequence data are available
at the NCBI Short Read Archive, accession number SRA012374.

Sequence reads were aligned to a subset of the chimpanzee genome (panTro2), comprising
chromosomes 21, X and the full mitochondrial genome, using the Burrows-Wheeler
Alignment tool (BWA) with default alignment parameters (Li & Durbin 2009). The
alignment data were processed using the SAMtools (Sequence Alignment/Map) software
package (Li et al. 2009). To assess the efficiency of the DNA capture, we first calculated the
enrichment of targeted regions in each sample, by comparing the number of sequencing
reads per base mapped to targeted regions with the number of reads per base mapped to
regions of the same chromosomes that were not targeted – but that met the same filtering
criteria for target selection (i.e., regions that satisfied all the criteria of the captured
sequences, but were not targeted only because we were limited to 55,000 SureSelect baits).
For the fecal samples, to account for the fact that endogenous DNA is overwhelmed by
DNA from exogenous sources, we also calculated the effective enrichment as the estimated
proportion of endogenous DNA (previously estimated by quantitative PCR) times the
enrichment of targeted regions in the sequence data. The efficiency values for each sample
are reported in Table S1.

Sequence data analysis
Mutation rates and genetic diversity in the mitochondrial genome are usually substantially
greater than those in the nuclear genome. Western chimpanzee mitochondrial diversity in the
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hypervariable region exceeded the limits of the default BWA parameters for number of
allowed alignment mismatches, at least when reads from the six individuals in our study
were aligned to the chimpanzee reference mitochondrial genome. This resulted in the
exclusion of good reads and the loss of data. Rather than ad hoc adjustment of these
parameters, which could be problematic in future studies where mitochondrial genome
diversity is unknown, we performed de novo assembly of the mitochondrial genome using
the sequence read data from each sample, using the ABySS (Assembly By Short Sequences)
software package (Simpson et al. 2009). Contigs from the assembly were filtered for
coverage and aligned against the mtDNA reference sequence. The final mtDNA sequence
was assembled from contigs with high read coverage and identified as mitochondrial in
origin based on the alignment analysis. These assembled mitochondrial genome consensus
sequences were used in all subsequent analyses. We note that nuclear copies of
mitochondrial DNA sequences (Numts; Bensasson et al. 2001; Lopez et al. 1994) may also
be captured by the biotinylated RNA baits and sequenced using our approach. However,
because the mitochondrial copy number is many times greater than the nuclear copy number
(and the rates of capture and sequencing are proportional), true mitochondrial genome reads
will grossly outnumber those of Numts and the consensus sequence will therefore be
unaffected.

For chromosomes 21 and X, we removed reads that mapped to multiple locations or that
mapped poorly by excluding all reads with mapping quality score < 10. Before calling
genotypes, we also simulated all 76bp reads that could arise from our targeted regions, and
aligned them to the entire chimpanzee genome using BWA. To limit the possibility of
erroneous genotype calls from cross-hybridization to non-targeted regions with small-scale
sequence homology, we removed all targeted regions where at least one simulated read
could be mapped (with up to eight mismatches) to an alternative genomic location (19 of the
394 chromosome 21 regions removed; 21 of the 209 chromosome X regions removed).

To consider only unique original fragments in the SNP identification analyses (i.e., to avoid
any post-ligation and post-capture amplification biases), we used a Perl script to select one
read per strand for each start position at random (for a theoretical maximum filtered
coverage 152 bp [76 bp sequence reads, two strands]). The unselected reads were excluded
from further analysis. Per-targeted site summary data for all samples are provided in Dataset
S1, available at http://giladlab.uchicago.edu/data/datasetS1/. For all sites in the targeted
regions, we used R to count the number of times each of the four nucleotides was present in
the mapped reads. This analysis was performed separately for reads mapping to the plus and
minus strands. Since low coverage makes it difficult to call genotypes confidently, we
filtered out all sites with less than 10 mapped reads (with any of the four nucleotides at that
position) on each strand. Of the remaining sites for each sample, heterozygous sites were
identified as those for which the proportions of the most common nucleotide from the reads
on both strands were≤ 0.8; otherwise, sites were considered homozygous for the most
common nucleotide. We found that these criteria (especially the requirement for evidence of
heterozygosity among the reads mapped to both strands) resulted in high quality SNP calls
(Fig. S1). Genotype calls at all SNP sites for each sample are provided in Dataset S2 (also
available at http://giladlab.uchicago.edu/data/datasetS1/). When calculating allele frequency
distributions and genotype distance matrices, only sites where genotypes could be called
across all individuals in the analysis were considered. Ancestral and derived alleles were
identified based on comparison to the human and rhesus macaque (Macaca mulatta)
reference genome sequences.

All programming scripts used for data processing and analysis are available at
http://giladlab.uchicago.edu/data/fecalcode/.
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Validation
We randomly selected 20 targeted regions on chromosome 21 for PCR and Sanger
sequencing analysis. Amplification primers (contained within the targeted regions) were
designed with Primer3 (Rozen & Skaletsky 2000) to amplify ~2 kb fragments. Amplified
products were purified with Shrimp Alkaline Phosphatase and Exonuclease I (USB Corp.),
and then cycle sequenced with internal primers and analyzed on an Applied Biosystems
3730XL capillary sequencer at the University of Chicago Cancer Research Center DNA
Sequencing Facility. Primer sequences and PCR conditions are presented in Table S2.

RESULTS
To facilitate genomic-scale nucleotide sequencing of DNA isolated from feces, we
optimized a sequence capture approach based on Agilent’s SureSelect technology (Gnirke et
al. 2009). To develop and test our approach, we collected fecal and blood samples from each
of six unrelated individuals of the western chimpanzee subspecies (P. troglodytes verus) and
extracted DNA from each sample separately. As expected, the proportion of endogenous
DNA extracted from the six fecal samples was low (average 0.018; range 0.005 to 0.052;
estimated by quantitative PCR; Table S1). To capture, enrich, and ultimately obtain
endogenous genomic sequence from the fecal DNA, we designed SureSelect probes that
targeted ~1 Mb of sequence from chimpanzee chromosome 21 (comprised of 394 distinct
genomic regions), ~550 kb of chromosome X (209 regions), and the complete mitochondrial
genome.

Fecal DNA capture and sequencing
To ensure sufficient representation of the targeted genomic regions, in our optimized capture
protocol for fecal DNA we hybridized a larger-than-typical quantity of total input DNA to
the SureSelect probes (20 μg in our protocol in contrast to only ~400 ng required for the
standard SureSelect protocol). We also used a more stringent washing protocol following
hybridization, and performed two successive rounds of capture. Fecal DNA libraries were
prepared for all six chimpanzees, and each library was sequenced for 76 cycles on one lane
of an Illumina Genome Analyzer II (GAII) flow cell. Corresponding blood DNA libraries
were prepared using the standard SureSelect single-round capture protocol and sequenced
similarly.

For all samples, the majority of the sequenced reads were aligned successfully to the
targeted genomic regions (minimum 82%; Table S1). Enrichment levels, calculated as the
per-base number of reads mapped to targeted regions on chromosomes 21 and X divided by
the per-base number of reads mapped to non-targeted genomic regions meeting the same
filtering criteria, ranged from 347,908 to 2,238,909 for the fecal DNA samples. Even when
we corrected for the low ratios of endogenous to exogenous DNA in the fecal samples, the
effective enrichments were still excellent (range 2,375 to 35,409), and on average 3.1 times
greater than the enrichment levels for the blood DNA samples (range 2,753 to 6,048; Table
S1), probably reflecting the two rounds of fecal DNA capture.

To avoid potential biases arising from post-ligation and post-capture amplification steps in
the SureSelect protocol, when multiple aligned reads had the same starting position and
originated from the same strand we sub-sampled one read at random. The resulting mean
filtered sequence coverage per targeted base ranged among the samples from 54–114 on
chromosome 21 and from 42–115 on chromosome X (Table S1; note that following our sub-
sampling approach, the theoretical maximum coverage per base is 152, see Materials and
Methods). Filtered sequence coverage was minimal or zero for only a small percentage of
targeted base positions in each sample (range 2.8 to 8.4%), making impossible the accurate
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identification of genetic variants at those positions. However, per-base filtered coverage was
strongly correlated across samples (Fig. S2), meaning that the minority of sites without
genotype data tended to be the same across samples rather than randomly distributed.
Variation in DNA to biotinylated RNA bait hybridization efficiency is likely responsible for
this phenomenon.

Identification, accuracy and validation of single nucleotide polymorphisms (SNPs)
To assess the quality of the data and facilitate effective identification of genetic variants, we
first considered frequency distributions of the proportion of the most common nucleotide at
each targeted site. For chromosome 21, these distributions were similar across all samples
with distinct peaks for intermediate-proportion nucleotides, whereas such peaks in the
chromosome X distributions were observed only in females (Fig. 1A), reflecting the copy
number difference between sexes.

We proceeded by studying the effect of different sequence coverage cutoffs on the
identification of SNPs (Fig. S1), and chose to classify as heterozygous those sites for which
the proportion of the most common nucleotide was ≤ 0.8 on both strands, conditional on a
minimum coverage of 10 reads per strand (Materials and Methods; Fig. 1B). By examining
the percentage of spuriously-identified “heterozygous” X chromosome sites in males, we
estimated the average false-positive rates to be 0.0007% for fecal DNA and 0.0010% for
blood DNA. Overall, we identified an average of 838 (±84) heterozygous sites per sample
on chromosome 21 and an average of 168 (±14) heterozygous sites on chromosome X in
females (Table 1). Thus, the estimated proportions of incorrectly-identified heterozygous
sites in our study are 0.8%, 2.0%, 1.1%, and 2.7% for fecal DNA chromosome 21, fecal
DNA chromosome X in females, blood DNA chromosome 21, and blood DNA chromosome
X in females, respectively (note that this estimate varies depending on the underlying
genetic diversity of each chromosome, in contrast to the overall false-positive rate, which is
expected to be relatively independent of the genetic background). The level of genetic
diversity suggested by the average number of heterozygous sites is consistent with results
from previous studies of western chimpanzee nucleotide diversity, as are the derived SNP
allele frequency distributions (Fig. 2; (Gilad et al. 2003;Kaessmann et al. 1999;Verrelli et al.
2006;Yu et al. 2003).

We observed slight but consistent differences between the fecal and blood DNA results
(Table 1). First, there were generally more chromosome 21 and X sites with filtered
sequence coverage sufficient for SNP identification in the blood DNA samples. In part, we
can attribute this difference to the considerable proportions of sequence reads that align to
the mitochondrial genome, especially in the fecal DNA results (Table S1). This is a property
of the design of the capturing assay and can be altered easily – for example, by reducing the
density of RNA baits targeting the mitochondrial genome (i.e., rather than 4x tiling coverage
as for all targeted regions in our study, 0.5x coverage for the mitochondrial genome would
likely be sufficient given its relatively large input copy number). Second, we observed
slightly lower heterozygosity in the fecal DNA samples (Table 1). This result does not seem
to reflect significant differences in the false-positive or false-negative rates, because the
effect is all but eliminated when we consider only those sites with sequence coverage
sufficient for SNP identification in both the feces and blood samples for each individual
(Table S3). Instead, genetic diversity is likely marginally greater at sites with insufficient
sequence coverage in the fecal samples, probably because some regions that include
polymorphisms may hybridize less well to the capturing probes than regions whose
sequence is identical to the designed probes; this effect may be amplified by the two rounds
of capture.
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Overall, however, the fecal and blood DNA results from the same individual are strongly
concordant. The matched fecal and blood DNA consensus mitochondrial genomes have zero
nucleotide sequence differences across all 16,554 sites for each individual. Phylogenetic
analysis of these sequences indicates that all chimpanzees in our study have western
chimpanzee matrilineal ancestry, as expected (Fig. 3). Focusing on the nuclear genome
sequences, we compared genotype allele distances across pairs of fecal and blood DNA
samples, and found very few genotype discrepancies between sample pairs (Fig. 4). For
example, at 850,702 sites (1,701,404 genotype allele calls) on chromosome 21 with
coverage sufficient for SNP identification across all samples, there were an average of 9
(0.0005%) spurious genotype allele differences between fecal and blood DNA samples from
the same individual, compared to an average of 1,095 differences between individuals. This
is a conservative estimate of the false-negative rate associated with SNP identification in the
fecal DNA samples, as it assumes that there are no falsely-identified SNPs in the blood
DNA samples. Moreover, we are certain that the excellent agreement between fecal and
blood DNA sequences does not reflect contamination because for five of the six individuals
(except for Flint, used in protocol optimization), fecal DNA was isolated, captured, and
sequenced before the corresponding blood DNA was extracted.

Finally, we considered whether systematic capture and sequencing biases could result in
false-negative SNP identification errors shared across the fecal and blood DNA data. To
examine this possibility, we used traditional PCR and Sanger sequencing methods to analyze
35,481 bp of 20 randomly selected targeted regions from the blood DNA of one individual
(Flint). Initially, we observed several apparent false-positives in the GAII-based genotype
calls in one targeted region. However, the GAII data also indicated a SNP in the same region
as one PCR primer, suggesting possible allele-specific amplification. After designing a new
primer for this region and resequencing (Fig. S3), for this and the other examined regions we
observed excellent consistency between the Sanger sequencing results and both the fecal and
blood DNA GAII genotype calls (Fig. 5; 50 total SNPs identified from the Sanger
sequencing data, with 1 false-negative SNP in each of the blood and fecal DNA results from
the corresponding GAII sequencing data and 0 false-positive SNPs).

DISCUSSION
We developed and tested a method for sequencing megabases of DNA from fecal samples
that combines an optimized DNA capture approach with massively-parallel sequencing. We
sequenced more than 1.5 Mb of chromosomes 21 and X, and the complete mitochondrial
genome of six chimpanzees using one Illumina GAII flow cell lane per sample. As four of
these individuals were male, our results demonstrate that single-copy nuclear loci (i.e.,
chromosome X in males) can be sequenced readily. Therefore, the Y chromosome could
also be targeted and sequenced in future applications of this method.

The ability to generate genomic-scale nucleotide sequence data from non-invasive samples
is expected to facilitate powerful new studies related to the conservation, behavior,
demography, and evolutionary ecology of endangered species For example, while the
current study was designed for the purpose of methodological development, not to address a
specific biological question, the collected data do also provide an opportunity to examine
western chimpanzee genetic diversity at unprecedented scale. Western chimpanzees and
humans are thought to have similar levels of autosomal genetic diversity (Fischer et al.
2004; The chimpanzee sequencing and analysis consortium 2005; Yu et al. 2003), a notion
supported by our chromosome 21 data (Table 2). In contrast, estimated X chromosomal
genetic diversity is relatively lower in western chimpanzees, despite much higher
mitochondrial diversity. Such a pattern may reflect differences in the demographic histories
of humans and western chimpanzees (Bustamante & Ramachandran 2009; Ellegren 2009). If
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so, then to help generate explanatory hypotheses it might be valuable to consider mating
behavior and dispersal pattern differences between chimpanzee subspecies, which might
themselves have markedly different demographic histories. A comparison of our
observations in western chimpanzees to the limited data available for central chimpanzees
(Pan troglodytes troglodytes) suggests that central chimpanzees have considerably higher
levels of autosomal and X chromosomal genetic diversities yet a lower level of
mitochondrial diversity. Moreover, there may be much less of a disparity between autosomal
and X chromosome genetic diversity in central chimpanzees (Fischer et al. 2004;
Kaessmann et al. 1999; Stone et al. 2002; Verrelli et al. 2008; Verrelli et al. 2006).

Our approach requires a priori availability of genome sequence, from which DNA capture
probes are designed. The rapidly increasing capacities and reduced cost of newer sequencing
technologies (Bentley et al. 2008; Drmanac et al. 2010; Eid et al. 2009; Harris et al. 2008;
Margulies et al. 2005; Shendure et al. 2005) suggest that very soon it will be feasible for an
individual research group to sequence the genome of their study organism from just one
high-quality DNA sample. Yet for many species, even this step may not be necessary as
there are existing plans by at least one consortium to sequence rapidly the genomes of
10,000 vertebrate species (Genome 10k Community of Scientists 2009).

Eventually, it is likely that sequencing capacity will reach the point at which a research
group could sequence and assemble the entire genome of a host animal from a total fecal
DNA extract without a capture step. However, since the vast majority of sequence data
would be from exogenous sources, such a study design would likely remain computationally
and economically inefficient. For example, the current capacity of the Illumina GAII is ~30
million sequence reads per lane. For each sample in our study, we collected one lane of
sequence data using 76 bp, single-end reads. With shotgun sequencing, if 1% of the fecal
DNA is endogenous and the size of the genome is 3 billion bp, then it would be necessary to
use >2,600 lanes (with 76 bp reads) to achieve 20-fold coverage of the host genome (the
minimum coverage level we required for calling SNPs). Even with dramatic improvement in
sequencing capacity, the volume of data produced and the computational requirements for
analysis would be enormous for one sample, and larger still for a population study.
Therefore, at least for the foreseeable future, to take advantage of increases in sequencing
capacity it seems a better solution to combine a DNA capture approach – such as the one
described in this paper – with multiplex sequencing (Craig et al. 2008; Cronn et al. 2008).

Looking forward to continued methodological and technical improvements, we note that
several of the challenges associated with the genomic analysis of fecal DNA are similar in
scope (if not necessarily in magnitude) to those associated with the genomic analysis of
ancient DNA, especially the fragmented nature of the DNA, the limited quantity of
endogenous DNA, and the preponderance of DNA from exogenous sources such as soil
microbes (Green et al. 2010; Paabo et al. 2004; Prufer et al. 2010). Indeed, Burbano et al.
(2010) recently applied a DNA capture approach to sequence a set of exons and the
complete mitochondrial genome from the DNA of one Neandertal individual. They also
used two successive rounds of capture in their protocol, and ultimately achieved a mean
sequence coverage of ~4.8 per targeted nuclear base (Burbano et al. 2010). Future
developments in either area of research – fecal DNA or ancient DNA – may benefit the
other.

In this study, we circumvented the traditional limitations of non-invasive DNA analysis by
developing and demonstrating the feasibility of a genomic-scale fecal DNA sequencing
method. We hope that applications of this method contribute to the conservation and
scientific understanding of endangered species.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Data quality and SNP identification
(A) Frequency distributions of the proportion of the most common nucleotide at each
targeted site that has filtered read coverage sufficient for SNP identification (≥ 20 total reads
with at least 10 from each strand; proportion bins = 0.01) for each sample, separately by
chromosome. For the overwhelming majority of sites, the most common nucleotide
proportion equals 1 (the Y axis is cut off). There is a dearth of sites with intermediate-
proportion nucleotides on the X chromosome in male samples. (B) Plots of the most
common nucleotide proportion by mapped strand, for each site with filtered read coverage ≥
10 on each strand for one selected sample (Sopulu, fecal DNA), separately by chromosome.
Heterozygous sites were identified as those with most common nucleotide proportion ≤ 0.8
on both strands (red circles). For the overwhelming majority of sites, the most common
nucleotide proportions equal 1 on both strands: 868,450 of 934,229 sites (93%) on
chromosome 21, and 413,224 of 440,746 sites (94%) on chromosome X.
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Fig. 2. Derived allele frequency distributions
For all segregating sites with filtered read coverage sufficient for SNP identification in the
results from the fecal DNA samples of all individuals, we determined how many
chromosomes (n = 12 total for chromosome 21; n = 8 total for chromosome X) carried the
derived allele (derived allele frequency). Plots depict the number of SNPs in each derived
allele frequency bin. Ancestral/derived allele states were estimated by comparisons to the
human and rhesus macaque reference genome sequences.
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Fig. 3. Neighbor-joining phylogeny of chimpanzee complete mitochondrial genome sequences
Blood and fecal DNA results from this study (underlined) are compared with previously-
published complete mitochondrial genome sequences from chimpanzees of known
subspecies (Stone et al. in press) and that of the chimpanzee reference sequence (panTro2).
Based on the estimated phylogeny, the chimpanzees in this study have western chimpanzee
(P. t. verus) matrilineal ancestry, as expected. Nucleotide sequence distances (Δ) are given
for each same-individual pair of samples. There are no nucleotide sequence differences
between the mitochondrial genomes of the matched fecal DNA and blood DNA samples of
each chimpanzee. The neighbor-joining phylogeny (of evolutionary distances computed
using the Maximum Composite Likelihood method; positions containing gaps were
eliminated) was estimated using the MEGA4 software (Tamura et al. 2007).
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Fig. 4. Neighbor-joining trees constructed from distance matrices
Based on the chromosome 21 SNP genotype distance matrix (genotypes coded as 0, 1, and
2), female chromosome X genotype distance matrix (genotypes coded as 0, 1, and 2), and
male chromosome X consensus nucleotide distance matrix (nucleotides coded as 0 and 1;
false-positive “heterozygous” sites on male X chromosomes per Table 1 were excluded) for
sites with coverage sufficient for SNP identification in all samples. There is high
correspondence between fecal and blood DNA samples from the same individuals relative to
samples from other individuals. Genotype or nucleotide sequence distances (Δ) are given for
each same-individual pair of samples.
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Fig. 5. PCR and Sanger sequencing assessment of SNP identification accuracy
Two selected sequence chromatograms from PCR and Sanger sequencing validation of
SNPs using blood DNA from Flint, with a summary of DNA capture/GAII sequence data for
the variable and adjacent sites from the chromatograms. In total, 50 SNPs were identified
from 35,481 bp of chromosome 21 Sanger sequencing data. In the corresponding GAII
sequencing data, there were 0 false positive SNPs, and 1 false-negative SNP in each of the
blood and fecal DNA results (for different SNPs).
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