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This  study  aimed  to  develop  a set  of  SNP  markers  with  high  resolution  and  accuracy  within  the  African
buffalo.  Such  a set  can  be used,  among  others,  to  depict  subtle  population  genetic  structure  for  a better
understanding  of  buffalo  population  dynamics.  In total,  18.5 million  DNA  sequences  of  76  bp  were  gen-
erated by  next  generation  sequencing  on  an  Illumina  Genome  Analyzer  II from  a  reduced  representation
library  using  DNA  from  a panel  of 13  African  buffalo  representative  of  the  four  subspecies.  We  identified
2534  SNPs  with  high  confidence  within  the  panel  by  aligning  the short  sequences  to the  cattle  genome
opulation genomics
onservation
isease ecology
olecular markers

(Bos  taurus).  The  average  sequencing  depth  of  the  complete  aligned  set  of reads  was estimated  at  5x,  and
at  13x when  only  considering  the  final  set  of putative  SNPs  that  passed  the  filtering  criterion.  Our set  of
SNPs  was validated  by PCR  amplification  and  Sanger  sequencing  of  15  SNPs.  Of  these  15 SNPs,  14  ampli-
fied  successfully  and  13  were  shown  to be polymorphic  (success  rate:  87%).  The  fidelity  of  the  identified
set  of SNPs  and potential  future  applications  are  finally  discussed.

© 2016  Deutsche  Gesellschaft  für Säugetierkunde.  Published  by Elsevier  GmbH.  All  rights  reserved.
ntroduction

The African buffalo (Syncerus caffer) has suffered of major pop-
lation losses during the last century, impacting all but unevenly
ubspecies. Habitat loss, climatic changes, poaching and diseases

re the main challenges currently threatening the species sur-
ival, contributing to local buffalo populations decimation. Direct
ompetition for space and resources gradually appeared with the
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expansion of livestock farming and agriculture. Currently around
75% of the global African buffalo population is located in protected
areas (East, 1999). The resulting disruption of natural wildlife pop-
ulation admixture is likely responsible for genetic erosion (Young
and Clarke, 2000; Frankham et al., 2002). Isolated populations
are likely to have lower reproductive fitness and lose their adap-
tive genetic variation, while presenting a higher risk of extinction
(Frankham et al., 2002). Conservation genetics help in identifying
and promoting appropriate management methods to reduce the
risks of species extinction through the study of the spatial dis-

tribution of mutations between and among populations. Recent
technological advances have revolutionized the generation of these
genetic resources, allowing DNA-library construction, large-scale
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equencing and identification of single nucleotide polymorphism
SNP) genetic markers (Seeb et al., 2011). SNPs were shown to con-
titute highly informative markers (Morin et al., 2009) and lead
o a better inference of population structure than microsatellites
Liu et al., 2005; Santure et al., 2010). Attention has begun to shift
oward SNPs as preferred genetic markers due to their increased
ower of resolution and accuracy for studying fine scale popu-

ation structure (Schlötterer, 2004). This is based on their high
bundance throughout the genome, simple mutation character-
stics, low mutation rates, usability on non-invasive samples and
istorical DNA, and standardization possibilities between labora-
ories (Kraus et al., 2014; Morin et al., 2007a,b, 2004; Luikart et al.,
003). SNPs have become an established marker in molecular ecol-
gy, evolutionary genetics, and animal breeding (Davey et al., 2011;
raus et al., 2014, 2012; Morin et al., 2004; Santure et al., 2010).

Despite their attractiveness, some difficulties have been experi-
nced in developing SNP in non-model organisms due to the limited
r no genomic resources available, leading to complex laboratory
creening of segments of the genome from multiple individuals to
ield only a small number of independent SNPs. Next-generation
equencing (NGS) allows to overcome this issue by providing
arge-scale genome variation studies based on deep sequencing
f relatively large genome fractions (>1%) or even the complete
enome (Seeb et al., 2011). However, not so long ago, within
on-model organisms, the predominant technique has been the
argeted gene approach, using regular Sanger sequencing (Sanger
t al., 1977), since it does not require species-specific pre-existing
NA data and is applicable to many taxa. A few hundred SNPs were

dentified using this approach for numerous species (e.g., 158 SNPs,
celoporus undulates;  112 SNPs, Salmo salar; 768 SNPs, Pusa hisp-
da hispida; 168 SNPs, Thryothorus pleurostictus) (Andreassen et al.,
010; Cramer et al., 2008; Olsen et al., 2011; Rosenblum et al., 2006).
nly a few SNPs per species (<100) have been developed using the

argeted gene approach for animals of conservation concern such
s the marmoset (Saguinus oedipus), the dhole (Cuon alpinus) and
he elephant (Loxodonta africana) (Aitken et al., 2004). The targeted
ene approach, although still widely used, is laborious, time con-
uming, costly and yields only a fairly limited amount of candidate
NPs in contrast to NGS.

The Reduced Representation Library (RRL) approach is a NGS
ethod that involves a digestion step of multiple genomic DNA

amples with restriction enzyme(s), a selection of the resulting
estriction fragments and a sequencing step. RRL approaches have
een used to generate tens of thousands to millions of candidate
NPs with a genome-wide coverage for example in cattle (Tassell
t al., 2008), turkey (Kerstens et al., 2009) and great tit (Van Bers
t al., 2010). Alternatively, SNP resources from one species could be
sed in a closely related species. An Illumina BovineSNP50 Bead-
hip has been developed for cattle (Bos taurus), a close relative to
he African buffalo (Matukumalli et al., 2009). This BeadChip scores
4,001 informative SNPs that are uniformly distributed along the
ntire cattle genome. It has a high cross amplification success rate
cross cattle breeds (Matukumalli et al., 2009). However, when
sed on other bovid species, the number of polymorphic sites
ecreases substantially. Only a few percent of all SNPs on the chip
ere still polymorphic (Miller et al., 2010) when tested on other

pecies such as the water buffalo (Bubalus bubalis −1159 SNPs),
he Yak (Bos grunniens −949), the North American Bison (Bison
ison −1604), and the Banteng (Bos javanicus −1429) (Michelizzi
t al., 2011). Similar results were obtained when testing the Ovi-
eSNP50 BeadChip, developed for domestic sheep, on two  related
vid species (Miller et al., 2010). Cross-species amplification of SNP

ssays usually does not work well compared to cross-species ampli-
cation of microsatellites (Kraus et al., 2012). Even if genotyping is
uccessful, many polymorphisms in one species are fixed in the
ther. Moreover, cross-species SNPs may  harbor extreme biases
logy 81 (2016) 595–603

in allele frequencies, since they may  predominantly be found in
regions of the genome under natural selection favoring polymor-
phism (e.g., balancing selection).

Since cross-species genotyping of SNPs often seems problem-
atic or biased, this study aims to characterize a genome-wide set of
SNPs specifically for the African buffalo over its whole distribution
area (sub-Saharan Africa). A previous study conducted by Le Roex
et al. (2012) already aimed at identifying SNPs in the African buffalo,
however their sampling was  limited to the Cape buffalo subspecies
(Syncerus caffer caffer) and to the Hluhluwe-iMfolozi National Park
(NP). The buffalo population within this National Park is known
to be affected by strong non-equilibrium conditions linked to a
founder event (Smitz et al., 2014; Du Toit, 1954; Kappmeier et al.,
1998). In the present study, Next Generation Sequencing of reduced
representation libraries for SNP discovery was used. The genome
of another Bovid species, Bos taurus,  which diverged from African
buffalo approximately 12 million years ago, was used as a reference
for mapping the reads (Hassanin and Ropiquet, 2004; Pitra et al.,
2002; Robinson and Ropiquet, 2011; TimeTree software- Hedges
et al., 2006; Kumar and Hedges, 2011). The present study allowed
the identification of 2534 SNPs with high confidence by aligning
short sequences of the African buffalo (Syncerus caffer) to the cattle
genome (Bos taurus).

Material and methods

Sample collection and library preparation

A geographically large and diverse panel of African buffalo
was sampled: 6 from East and Southern Africa [South Africa(2),
Uganda(1), Kenya(1), Ethiopia(1), Namibia(1)] belonging to the
Syncerus caffer caffer subspecies, and 7 from West and Central Africa
[Central African Republic(1), Niger(3), Chad(2), Burkina Faso(1)]
belonging to the S.c. nanus,  S.c. brachyceros and S.c. aequinoctialis
subspecies respectively (Fig. 1). These subspecies were grouped
together because phylogenetic studies showed that they form one
clade with only minor to moderate FST differentiation between sub-
species, ranging between 0.02 and 0.12 (Smitz et al., 2013; Van
Hooft et al., 2002). Sample extraction, selection and RRL library
preparation procedures are available as Supplementary informa-
tion (Supplementary file 1).

Sequence filtering

Prior to the sequence alignment steps, different filters were
applied to the raw Illumina sequence data according to several
criteria. First, sequences were expected to start with a CT dinu-
cleotide because of the AluI  restriction site (between AT and CT).
All sequences not bearing this pattern were discarded as potential
contamination. Secondly, average quality scores were calculated
for each read by taking the mean of all individual scores at each of
the 76 positions. Reads presenting low overall phred quality scores
were removed (Ewing and Green, 1998). Moreover, end of reads
displaying two  successive read positions with average phred qual-
ity scores lower than 20 were trimmed from the first read position
with a phred <20.

Sequence mapping and SNP discovery

Quality filtered and trimmed sequence reads were aligned
to the bovine reference genome (Bos taurus;  UCSC Genome
Bioinformatics; http://genome.ucsc.edu/http://genome.ucsc.edu/
(21/01/2015)) since an African buffalo genome sequence is
not available. The MosaikAssembler software (Mosaik 1.0.1388-
Stromberg, 2010) was  used with default settings, specifying a

median fragment length of 50 bp (i.e., inner mate distance) with

http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
http://genome.ucsc.edu/http://genome.ucsc.edu/
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ig. 1. Sampling localities of African buffalo included in this study. West-central c
ere  sampeled; 1, Pama Reserve; 2, W NP; 3, Aouk NP and Zakouma NP; 4, N’gotto
mfolozi NP.

 search radius of 50 bp to search for missing mate and for an
lignment that conforms to the paired-end orientation. The ALL
lignment mode was used with a hash size of 15 (all hashing strat-
gy), a maximum percentage of mismatches allowed of 15, and

 minimum cluster size of 35. Consensus candidate SNPs were
xtracted from the dataset using the SAMTools software with the
ileup function (SAMTools 0.1.7 – Sequence Alignment/Map- (Li
t al., 2009a,b)). Candidate SNPs were then filtered for having a
hred quality score above 20 (quality of base calling >99%), for hav-

ng a mapping quality score above 30, and a minor allele occurrence
t the polymorphic position of at least three times. Positions that
ere monomorphic within the SNP discovery pool but showed a
xed difference with the reference genome (Bos taurus)  were dis-
arded. Finally, SNPs with a four times higher read depth than
he average read depth of the RRL (average total number of reads
ligned with the reference genome to a unique position) were also
iscarded (Kerstens et al., 2009), as these are likely to be false SNPs

hat are the result of alignment of parologous sequences.

For the validation of the filtered SNP set, primers had to be
esigned in the direct flanking region around the SNPs. Therefore, a
uffalo consensus sequence was generated from the RRL sequences
S.c. nanus,  S.c brachyceros, S.c. aequinoctialis)  and south-eastern lineage (S.c. caffer)
o; 5, Omo  NP; 6, Nakuru NP; 7, Queen Elizabeth NP; 8, Waterberg NP; 9, Hluhluwe

and flanking sequences around SNP positions were extracted.
Where possible, flanking regions were generated based on the spe-
cific African buffalo consensus sequence. If a SNP was situated close
to the beginning or end of the reads, flanking regions for each
SNP were generated using part of the Bos taurus genome and con-
catenated with African buffalo consensus information (‘chimeric
flanking sequences’ (Jonker et al., 2012)).

Validation

Our set of SNPs was  validated by randomly selecting
15 SNPs scattered on the whole genome and by amplify-
ing them by standard PCR. Only SNPs that reached at least
an Illumina design score of 0.6 in Illumina’s Assay Design
Tool available at http://www.illumina.com/support/array/array
software (21/01/2015) were selected. Primers were designed using
Primer3 (Rozen and Skaletsky, 2000; http://simgene.com/Primer3

(21/01/2015)), entering our chimeric flanking sequences (Table 1).
As the cattle genome was used to align our merged sequences, we
wanted to specifically test the sequence conservation between Bos
taurus and Syncerus caffer. If sequence conservation is high, amplifi-

http://www.illumina.com/support/array/array_software
http://www.illumina.com/support/array/array_software
http://www.illumina.com/support/array/array_software
http://www.illumina.com/support/array/array_software
http://www.illumina.com/support/array/array_software
http://www.illumina.com/support/array/array_software
http://www.illumina.com/support/array/array_software
http://www.illumina.com/support/array/array_software
http://simgene.com/Primer3
http://simgene.com/Primer3
http://simgene.com/Primer3
http://simgene.com/Primer3
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Table  1
Primer sets used for SNP validation step (n/a: no amplification).

Chr nr. bp position Primer set SNP Observed polymorphism

Chr1.75025101 TTTGGATCAGGAGGAACCAG CCCCTTTGGTGGAACATTTA A/G Yes
Chr5.14429154 AAAGGATTTCTGTTGGTGGAGA GATTTGCCTTCTCAAACTGGA A/G Yes
Chr6.119157451 TGAAATCTAACTGCCTGGGACT CAGGTGTGCTGGTTTACAGG C/T Yes
Chr9.106373371 AGTCTGCCTAAAAAGCCCATT CCTCCCACGCACAGACTC A/C Yes
Chr10.4010071 TCACCTGAATCCCACCCTTA CTCGAGAAGGGCTTTGTGAC A/C Yes
Chr11.72584688 AACACCCCACCTTAATGCAG GTCAGGAGAGGGCTGTCAAG C/T Yes
Chr11.70625560 GCCATAAGGGTGGTGTCATC CCATGGACATCCTTTTCCTG C/T No
Chr12.20644129 TCCATGCCCATCTGAGATTT CCTGGCCTGACTCTGAGGTA A/C Yes
Chr14.80545216 GAGATCCCACTCGGCTGTTA AACCGTGAGCGAAGTGAGAG A/T Yes
Chr15.23524504 GATGGACTTGGTGGCAATTT GCCTCAGGACCATTTTCAGA A/G Yes
Chr15.81001941 GCTTGTTCAGATGGCACAGA GCCAGTACTCCCCCTAGCTC A/C n/a
Chr16.62257511 GCGTTCCTTCAACAACCAAG GCCATCTTGATTTCCTTCCA C/T Yes

CTGCT
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c
t
t
p
d
o
r
b
r
p
v
p
0
a
s
A
a
S
T
e
w

R

S

t
m
p
r
e
o
1
b
e
5
q
f
d
s
a

R

m
2

Chr17.4151052 TCCCAGAGCAGACAGTCTCA CGGTGATCAT
Chr17.74836302 CCCTCCACTAGCTTCTCAGC AGTGGAGCTGA
Chr19.7345443 CATAATCCCAGCCAGTCTCC GAGAGCACCCC

ation of SNPs will be successful when primers are designed within
he adjacent region of the bovine genome surrounding the read con-
aining the SNP candidate. Therefore, three situations (five SNPs
er situation) were tested: (1) both forward and reverse primers
esigned on the bovine genome where no RRL reads aligned, (2)
ne forward primer designed on the reference genome and one
everse primer designed on the RRL reads (Syncerus caffer), and (3)
oth primers designed solely from the RRL reads. Thus, validation
equired SNPs firstly to amplify successfully and secondly to be
olymorphic. Each of these 15 SNPs was sequenced in all 13 indi-
iduals used in the original discovery pool. The PCR reaction took
lace in a total volume of 12 �l, consisting of 3 �l DNA (10 ng/�l),
.5 �l of primers (0.03 �g/�l), 5.2 �l Mastermix (ThermoScientific)
nd 0.3 �l AmpliTaq® DNA Polymerase. Cycling conditions con-
isted of 36 cycles for 30 s at 95 ◦C, 30 s at 50 ◦C and 30 s at 72 ◦C.
n initial denaturation step preceded the process (5 min  at 95 ◦C),
nd a final extension step followed the process (10 min  at 72 ◦C).
equencing was performed on an ABI 3730XL capillary sequencer.
he resulting sequences were aligned using CLUSTAL X (Thompson
t al., 1997) as implemented in BIOEDIT v.7.09 (Hall, 1999) and SNPs
ere validated visually.

esults

equencing of the RRL and read filtering

The AluI restriction enzyme was chosen for the construction of
he African buffalo RRL since it maximized the quantity of frag-

ents situated in the targeted size range of 100–200 bp, evaluated
erforming an in silico digestion of the Bos taurus genome. Cor-
espondences between in silico and in vitro observed restriction
nzyme cleavage patterns were previously demonstrated within
ther mammal  species (Abdurashitov et al., 2006, 2007). In total,
8.5 million paired-end sequences of 76 bp length were generated
y the Illumina Genome Analyzer II on two lanes. The genome cov-
rage (Mosaik 1.0.1388, Stromberg, 2010) was estimated at about
% of coding and non-coding regions (Fig. 2). The average phred
uality score per read position dropped below 20 after position 55

or about 5 million reads. To maintain sufficient quality for SNP
etection, those reads were trimmed after position 55. The average
equencing depth of the whole aligned set of reads was estimated
t 5x and at 13x after filtering steps.

ead alignment to the reference genome
The cattle genome consists of 29 autosomes and the sex chro-
osomes, with a total estimated genome size of 2.87Gb (Liu et al.,

009). In total, about 60% of the reads were not retained because
AATGC A/C Yes
TTGGA C/T Yes
TTGAA C/T Yes

they did not pass the filtering criteria of the alignment: they were
too short, were not unique (i.e., align to more than one location)
or contained too many nucleotide differences. Eventually, 6.9 mil-
lion reads remained for the SNP discovery and could be successfully
aligned to the Bos taurus reference genome, corresponding to 836.5
million bp. From these reads, 22% were orphans (i.e., only one of
the paired read aligned to the reference, while the other did not),
while 14% had one paired read that was non-unique. The physical
distribution of the identified SNPs across the buffalo genome was
estimated using the cattle genome as the reference.

SNP detection

A total of 318,091 putative SNPs were detected. Fixed differ-
ences between the discovery panel of African buffalo and the cattle
reference genome were discarded (i.e., 22,472). The few SNPs (1.7%)
with more than two  alleles were also discarded as tri- or tetra-
allelic SNPs are uncommon and are more likely to be the result of
sequencing errors than real polymorphism (Brookes, 1999). Fur-
thermore, most genotyping assay designs do not allow for more
than two  alleles. After filtering these SNPs for minor allele count
(minor allele occurring at least three times), for minimum phred
quality score of 20 and for minimum mapping quality score of 30,
2534 SNPs in which we place high confidence remained distributed
across the entire genome (Table 2). The sequencing depth had an
average of 13 reads after filtering steps. A total number of 1837
SNPs had an Illumina design score ≥0.6.

SNP quality assessment

The ratio of transitions (TS; i.e., C/T or A/G) versus transver-
sions (TV; i.e., A/T, G/C, A/C or G/T) was estimated as a measure for
the quality of the SNP discovery. The TS:TV ratio observed within
our dataset was 2.38:1 (1784 transitions versus 750 transversions),
with a nearly equal number of A/G and T/C mutations (889 A/G
and 895 T/C), and the four TV changes occurring at similar frequen-
cies. This is the expected empirical ratio, while ratios substantially
lower than 2 can be indicative of random genotyping error (Kraus
et al., 2012). The TS:TV ratio remained similar when plotted per
read position (Fig. 3), which is a good indication that there was no
read position bias, such as false SNPs due to low sequencing quality
towards the ends of reads (Kraus et al., 2012). Moreover, SNP pre-
dictions were tested by determining whether particular regions of

sequence reads presented more SNP candidates than others. Previ-
ous studies have shown that tails of reads present excessively more
sequencing errors, leading to false SNPs identification (Dohm et al.,
2008; Van Bers et al., 2010). Within the SNP set passing all filtering
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Fig. 2. Reference sequence coverage of the 30 bovine chromosomes (Bos taurus).
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Table  2
Number of high confidence SNPs on each of the 30 bovine chromosomes (Bos taurus).

Chr nr SNP nr

1 89
2 98
3 135
4 92
5 105
6 51
7 103
8 70
9 54
10 73
11 114
12 58
13 97
14 69
15 80
16 68
17 72
18 90
19 112
20 50
21 102
22 106
23 89
24 89
25 119
26 84
27 73
28 61
29 92
X 39

c
r

S

y
c
w
S
h
o
t
p
e
s

projects. However, by our geographically broad sampling design we
avoid the substantial geographic ascertainment bias that is likely
Fig. 3. Average TS:TV ratio at each read position.

riteria, no overrepresentation of SNP candidates in the ends of the
eads was observed.

NP validation

Only one primer pair designed within the RRL reads failed to
ield an amplification product. Within the 14 remaining amplifi-
ation products, one did not contain the expected polymorphism,
hich means that 87% of the expected SNPs were confirmed by

anger sequencing of the individuals in the discovery panel. This
igh percentage of successful PCR amplification is similar to that
bserved in geese (93% of 384 SNPs tested) using the same chimeric
echnique (Jonker et al., 2012). The ten primer set entirely or
artly designed within the cattle genome gave PCR products with

xpected SNPs observed. This corroborates the high genome con-
ervation between cattle and buffalo.
logy 81 (2016) 595–603

Discussion

Model species reference genome and SNP validation

The present study enabled the identification of 2534 SNPs with
high confidence in a non-model organism. 1837 SNPs had an Illu-
mina design score ≥0.6, reflecting a high likelihood that assay
design will be successful on a modern high throughput SNP geno-
typing platform. About 30% of the sequence reads could be aligned
to the bovine genome, a closely-related species. The study of Jonker
et al. (2012) used the same technique to identify SNPs in the Bar-
nacle Goose (Branta leucopsis) by aligning 1.77 million reads to the
Mallard (Anas platyrhynchos)  genome (divergence time 30 million
years) (Huang et al., 2013). In that study, 16.1% of the reads suc-
cessfully aligned, subsequently allowing the identification of 2188
high confidence SNPs. In the African buffalo, Le Roex et al. (2012)
mapped 19–23% of their short reads (50 bp reads) to the domestic
cow genome (Bos taurus). Our study confirms that using a genome
of a closely related species as a reference standard provides a suffi-
cient number of high confidence SNPs and offers a good alternative
to characterize SNPs in non-model species without carrying out
tedious steps of deep assembly of redundant contigs (Kerstens et al.,
2009; Van Bers et al., 2010).

The chimeric flanking sequences obtained from the cattle
genome were also used to generate primers for validation steps.
High PCR amplification success with chimeric primers indicated
sufficient conservation between the genomes of the two  species
to use them for genotyping assay design. The high PCR amplifica-
tion success could likely be attributed to the correspondence of the
aligned filtered reads to highly conserved sequences. Van Hooft
et al. (1999) previously demonstrated high genome conservation
when using microsatellites primers developed for cattle on African
buffalo, with 83% successful amplification.

Ascertainment bias

Ascertainment bias can result from the selection of loci from
an unrepresentative sample of individuals. To limit this kind of
bias, a relatively large pool of samples covering the whole distribu-
tion area of the targeted species was  selected, comprising all four
currently taxonomically recognized subspecies of African buffalos.
However, ascertainment bias can also be introduced by limited read
depth. By stipulating a minor allele count of three in our protocol,
sequencing depth should at least comprise six reads for a SNP to
be retained. Our average sequencing depth of the whole putative
SNP database was  estimated at 5x, which increased to 13x when
estimated on the SNP set that passed the filtering criterion. This
sequencing depth remains low compared to other studies (e.g., 25x
(Van Bers et al., 2010), 58x (Kerstens et al., 2009)). The studies most
similar to ours, to our knowledge, are that of Jonker et al. (2012)
(Branta leucopsis), which yielded an average sequence depth of 9.9x,
and that of Le Roex et al. (2012) (S.c. caffer), which yield an average
sequence depth of 2.7x. Our low sequence depth may be explained
by an over-representation of size-fractionated fragments ranging
between 100 and 200 bp sliced from the polyacrylamide gel. Conse-
quently, many true rare variants may  certainly have been rejected.
Moreover, the low depth of coverage also implies that only SNPs
present in multiple samples of our DNA pool had a chance to be
identified. Overrepresentation of common SNPs over rare SNPs is
thus expected to introduce bias into our SNP set. This needs to
be taken into account when interpreting genotypic data in future
present in Le Roex et al. (2012), because their SNP discovery panel
was limited in geographic extent.
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Fig. 4. Cumulative number of SNP occurrence at each read position.

equencing error

Different estimators were used to evaluate the risk of false posi-
ives in the SNP discovery analysis. A high TS:TV ratio is considered

 good measure of SNP validity. A TS:TV ratio of 1:2 would be
etected if mutations were random and is therefore an indication

or sequencing errors. Higher rates of C/T mutations due to the
eamination of methylcytosines in CpG dinucleotides are responsi-
le for a higher TS:TV ratio in real data (Cooper et al., 2010; Scarano
t al., 1967; Vignal et al., 2002). Usually, the ratio of 2.1:1 is observed
n mammals (DePristo et al., 2011). A ratio significantly lower than
his last one can therefore be an indicator of poor quality sequenc-
ng data. Our TS:TV ratio of 2.4:1 is similar to the results obtained
or example in the study of Kraus et al. (2011) (2.3:1) and Jonker
t al. (2012) (2.7:1). It thus indicates that most detected SNP calls
ere not random, which reflects that our SNPs likely represent true

ucleotide polymorphism.
Misidentification of SNPs due to sequencing errors is avoided

y excluding variation with a low phred score. Tails of reads often
isplay increasingly more sequencing errors using Illumina’s tech-
ology. Even though we  trimmed our reads during quality checks,

 decrease in the number of predicted SNPs in the tail of the reads
as observed and may  be explained by an associated decrease of

he associated phred score (Fig. 4). This decrease in predicted SNPs
er position in Illumina sequencing reads was also reported in ear-

ier studies (Kerstens et al., 2009; Ramos et al., 2009; Van Bers et al.,
010), on which the current SNP detection pipeline is based.

The high validation success in our study can also illustrate the
uality of the predicted SNPs. From the set of 15, only one did
ot amplify whose primers were designed based on the generated
eads (Table 1). Therefore, a closely related species genome can
e used both for mapping and SNP discovery, but also to design
he primers for the genotyping step. Another SNP appeared to be

onomorphic, yielding a conversion rate of 87% of polymorphic
NPs. This validation success rate is higher than that of Le Roex
t al. (2012) working on the Cape buffalo (S.c. caffer). There, within
he set of 173 SNPs used for the validation, 143 amplified suc-
essfully and only 75 were polymorphic. The false positives in SNP
iscovery in the study of Le Roex et al. (2012) seems to be linked
o the low coverage (mean 2.7x), and to the fact that a SNP was
nferred if the nucleotide variant was supported by a minimum of
wo reads (vs. 6 in our study). Using such a low cut-off may  sig-
ificantly increase the risk of identifying false positives. Applying

 minor allele count of at least three minimizes false positives in

he SNP discovery analysis. This approach, however, also dramati-
ally reduces the identification of true nucleotide polymorphisms
hat could, in principle, be detected even if it would also increase
hances of identifying a sequencing error as an SNP.
logy 81 (2016) 595–603 601

Utility of SNPs in African buffalo

SNP markers can provide major insights into animal dispersal
patterns. This is especially relevant in the light of recent conserva-
tion initiatives aiming to restore genetic diversity of wildlife stocks
by re-establishing demographic connectivity between wildlife
populations of different NP (e.g., Great Limpopo Transfrontier
Conservation Area). Dispersal beyond traditional conservancy
boundaries, and also national borders, may  pose a risk as far as
the spread of pathogens are concerned (Cross et al., 2004, 2005).
Among wildlife species, buffalos are known to be one of the main
wildlife reservoirs for diseases (Rodwell et al., 2001). Since buf-
falo are closely related to cattle, and may  transmit disease directly
or indirectly, buffalo also represent an important threat for the
African livestock industry, from a conservation, sanitary and eco-
nomic point of view (Garine-Wichatitsky et al., 2010; Jolles et al.,
2005; Michel et al., 2006). For fine scale inference, a larger number
of SNPs may  be required, as the information content of one SNP is
less than that of one microsatellite (i.e., bi-allelic vs. multi-allelic
markers). Previous studies revealed that four to twelve times more
SNPs are needed for population structure inference to match the
statistical power of one microsatellite (Liu et al., 2005). For highly
dispersive organisms it has been shown that the detection of low
levels of differentiation is possible with a minimum of 80 SNPs
(Morin et al., 2009; Ryman et al., 2006). Our large set of hundreds
of SNPs should thus allow to scale the genetic marker system to
the needs of future studies of the interaction between landscape
features and microevolutionary processes (Manel et al., 2003).

This SNP database may  also be of benefit in the context of selec-
tive breeding. Indeed, selective breeding of specific phenotypes of
the Cape buffalo subspecies (S.c. caffer- South-Eastern Africa) has
become an intricate business within private game farming. Females
are being selected for horn length, milk production and regular
calving intervals, while males are being selected for horn size, body
mass and shape, which are desirable to trophy hunters. However,
such approaches may  lead to distortion of evolutionary natural
processes and may  reduce the species genetic variability thereby
weakening the species resilience in the wild. These practices are
not believed to benefit the conservation of global biodiversity, and
may  even become problematic if genetic dilution occurs through
escapes of selected individuals into neighboring wild populations
of buffalo. Future development of guidelines in collaboration with
the game-farming breeders should allow finding compromises for
the long-term conservation of the wildlife species.

Conclusions

Within a highly mobile species such as the African buffalo, the
SNP set developed in this study should provide highly valuable
and reliable tools for gaining insight into the migratory pattern of
this species, known to be a disease reservoir. Our approach yielded
higher quality SNPs (as judged by assay conversion rate) and less
geographically biased SNPs than a previous study (Le Roex et al.,
2012). Furthermore, the construction of chimeric flanking sequence
was shown to increase the number of usable SNPs by providing
sufficiently large regions for the genotyping assay.
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