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Abstract

A common challenge for fishery applications is resolving the relative contribution of closely
related populations where accuracy of genetic assignment may be limited. An overlooked
method for increasing assignment accuracy is the use of multi-SNP haplotypes rather than
single-SNP genotypes. Haplotypes increase power for detecting population structure, and loci
derived from next-generation sequencing methods often contain multiple SNPs. We evaluated
the utility of multi-SNP haplotyping for mixture analysis in Western Alaska Chinook salmon.
Multi-SNP haplotype data increased the accuracy of mixture analysis for closely related
populations by up to seven percentage points relative to single-SNP genotype data for a set of
500 loci; 90% accuracy was achievable with as few as 150 loci with multi-SNP haplotypes but
required at least 300 loci with single-SNP genotypes. Individual assignment to reporting groups
showed an even greater increase in accuracy of up to 17 percentage points when multi-SNP
haplotypes were used. Haplotyping multiple SNPs shows promise to improve the accuracy of

assigning unknown fish to population of origin whenever haplotype data are available.
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Introduction

Assignment methods that use genetic data to estimate the origins of unknown mixtures of fish
are a powerful tool to help identify and shape the composition of the harvest in mixed-stock
fisheries (Beacham et al. 2008; Dann et al. 2013; Ensing et al. 2013). Practitioners place a high
priority on methodological enhancements to improve resolution, especially when populations
contributing to the fishery are closely related. Vast efforts are undertaken to achieve even small
improvements in the resolution of stocks of migratory species when diverse social interests
collide during the management of charismatic species in decline (e.g., Larson et al. 2014a;
Abadia-Cardoso et al. 2016). Substantial efforts center on screening additional spawning
populations and the use of additional DNA markers scored as single nucleotide polymorphisms

(SNPs) to enhance both assignment efficiency and accuracy (reviewed in Seeb et al. 2011).

Three common approaches to genetic assignment are parentage analysis, individual assignment,
and mixture analysis. These methods differ in scope of assignment: parentage analysis assigns
offspring to parents, individual assignment assigns individuals to populations or reporting
groups, and mixture analysis estimates relative composition of mixed fisheries samples
(reviewed in Manel et al. 2005). Collectively, these methods have been used to study questions
such as composition of fishery catch (Dann et al. 2013; Bradbury et al. 2016), reproductive
success (Ford et al. 2015), success of reintroduction programs (Evans et al. 2016), monitoring of
hatchery programs (Steele et al. 2013), local adaptation (O'Malley et al. 2007), and migration

patterns (Larson et al. 2013).

Each method has different advantages; however, mixture analysis is ideally suited for many
practical applications in fisheries management. Mixture analysis does not require the extensive

sampling of parents (required for parental assignment) and is more accurate than individual
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assignment when differentiation between populations is low or when individual assignments

cannot be made with confidence (Manel et al. 2005).

A common challenge for fishery applications is resolving the relative contribution of closely
related populations. Methods for increasing assignment accuracy include using putatively
adaptive loci (see Ackerman et al. 2011; Araneda et al. 2016), increasing the number of loci
(Larson et al. 2014b), and increasing the number of individuals and populations sampled
(Beacham et al. 2010; Habicht et al. 2010). An overlooked enhancement for increasing
assignment accuracy is the use of multi-SNP haplotypes rather than single-SNP genotypes.
Haplotyping has been demonstrated to increase power for detecting population structure, where
haplotypes are either blocks of contiguous genomic sequence (Fariello et al. 2013) or are
constructed from multiple SNPs in linkage disequilibrium (Gattepaille and Jakobsson 2012;
Leslie et al. 2015). To date, assignment studies have typically restricted analyses to a single SNP
per locus (Larson et al. 2014a; Araneda et al. 2016). Rarely, multiple linked SNPs have been
genotyped in two separate assays and then combined as a composite phenotype (e.g., MHC
phenotypes, Habicht et al. 2010). Discarding the data contained in multi-SNP haplotypes results

in a loss of information.

Next-generation sequencing technologies can genotype multiple SNPs per locus by directly
sequencing the entire DNA template in contrast to many other assays that only genotype a single
SNP. Haplotype data is naturally generated by next-generation sequencing platforms; however,
most studies use bioinformatic filtering to examine only a single SNP per locus. Haplotype
analysis involves no extra cost or effort over single-SNP genotyping but rather a simple change

in bioinformatic procedures.
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In this paper we evaluate the potential for increasing accuracy of genetic stock identification
(GSI) by using haplotype data derived from restriction-site associated DNA sequencing
(RADseq; Baird et al. 2008). RADseq has become a common method for developing thousands
of SNP loci that can be screened for population assignment (Hohenlohe et al. 2011; Andrews et
al. 2016). The recent development of amplicon sequencing techniques such as GTseq (Campbell
et al. 2015) or RAD Capture (Rapture) (Ali et al. 2016) facilitates large scale cost-effective and
rapid genotyping of loci identified with RADseq, and individual RADseq loci often contain
multiple SNPs which allow haplotype analysis. RADseq data promise to provide many new loci,
including adaptively important loci, for analyses of commercially important species such as

Chinook salmon (Oncorhynchus tshawytscha) (Larson et al. 2014a; McKinney et al. 2016).

Chinook salmon is not only commercially important but also has sport, subsistence, and
ceremonial importance in Pacific North America and Asia (e.g., Wolfe and Spaeder 2009).
Populations of Chinook salmon show precipitous declines in many parts of their range
confounding managers who must balance competing interests (Gustafson et al. 2007; Gisclair
2009; ADF&G 2013). Managing for sustainability on the population level is highly desirable,
but discrete populations of Chinook salmon are often closely related, challenging the use of

DNA datasets for analysis of population mixtures (Templin et al. 2011; Larson et al. 2013).

We re-examined a previous RADseq dataset by Larson et al. (2014b) to determine if haplotype
analysis can increase power for mixture analysis and individual assignment over that of single-
SNP genotype data. We found that haplotype data increased the accuracy of mixture analysis for
closely related populations by up to seven percentage points and individual assignment up to 17

percentage points relative to single-SNP genotype data for a set of 500 loci. These results
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suggest that haplotyping is an efficient method to improve accuracy of genetic stock

identification when multi-SNP data are available.

Methods

Raw sequence data from Larson ef al. (2014b) were downloaded from Dryad
(doi:10.5061/dryad.rs4v1) and reprocessed using STACKS (Catchen et al. 2013). This dataset
consisted of 250 Chinook salmon from five populations from Western Alaska: Big Salmon
(n=47), Tubutulik (n=56), Anvik (n=47), Kogrukluk (n=44) and Koktuli (n=56). Default settings
were used for all STACKS modules with the following exceptions: process radtags (-c —r —q —
filter illumina —t 94), ustacks (-m 2 —M 2, --model type bounded --bound_high 0.05), cstacks (-
n 2). Loci (individual RADtags) were retained if the genotype rate was at least 80% and if the
minor allele frequency was at least 0.05 in one or more populations following the methods of
Larson et al. (2014b). The STACKS catalog for the Chinook salmon dataset was based on the

catalog from McKinney et al. (2016) to ensure locus names were consistent among studies.

Two datasets were generated with the loci retained from STACKS; a single-SNP dataset and a
multi-SNP (haplotype) dataset. The single-SNP dataset was constructed by retaining only a
single SNP from loci that had multiple variant sites. For these loci, the SNP with the highest
minor allele frequency across all populations was retained. For the haplotype dataset, all variant
sites at a locus were retained, and each unique haplotype was considered an allele.

Samples from each population were split evenly into training and holdout sets for both the
single-SNP and haplotype datasets; if populations could not be split exactly in half the remaining
individual was assigned to the training dataset. Locus selection was conducted using only the

single-SNP training set; both the single-SNP and haplotype holdout sets were used for mixture
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analysis. Separate training and holdout sets prevent an upward bias in assignment accuracy
(Anderson 2010).

Fgrwas estimated for each locus in the single-SNP training set using Genepop (Rousset 2008).
Loci were ranked by Fs7 and the 500 loci with highest sy were chosen for mixture analysis.
Loci were chosen using the single-SNP dataset for two reasons: 1) to reflect the method that has
been historically used to choose loci for GSI studies, and 2) to evaluate the increase in power of
haplotypes for GSI even when haplotype information was not considered when initially choosing
loci. The accuracy of single-SNP genotype vs haplotype data for mixture analysis was then
assessed using 500 loci. Preliminary testing (not shown) suggested that multi-SNP haplotypes
increased mixture analysis accuracy up to five percentage points over single-SNP genotypes
using the 500 highest Fsr loci, approximately 1/3 of which contained multiple SNPs. We
speculated that a panel where all loci contained multiple SNPs would further increase the
accuracy of haplotyping relative to genotyping. The panel used in this study was obtained by
filtering the full locus set to retain only loci with three or more haplotype alleles and taking the
500 highest Fsr ranked multiple SNP loci. Even though the Fsr was slightly reduced in the final
panel relative to the preliminary panel, there was no difference in the mixture analysis results for
single-SNP genotypes.

Mixture analysis was conducted with both the single-SNP genotypes and haplotypes to estimate
assignment accuracy using the selected panel and procedures of Anderson (2010). Populations
were first aggregated into reporting groups following the population structure previously
identified by Larson et al. (2014b). The Big Salmon, Tubutulik River, and Anvik rivers were
placed in their own reporting groups while the Kogrukluk and Koktuli rivers were placed into a

combined reporting group (Kogrukluk/Koktuli).
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Mixture analysis was run in GSIsim (Anderson et al. 2008) which implements the training
holdout leave-one-out (THL) simulation method of Anderson (2010); simulation allows the
accuracy of the panel to be estimated for a range of mixture proportions and allows an estimate
of the variance in panel accuracy. Rather than directly assigning individuals in the holdout set to
the baseline, GSIsim simulates genotypes for each individual in a mixture by drawing from
population allele frequencies in the holdout dataset. Mixture proportions are estimated by
comparing the simulated mixture individuals against the baseline of all individuals. The leave-
one-out method is implemented at this point; an individual’s alleles are excluded from the
baseline when calculating the probability of the individual’s genotype for their population of
origin. Options in GSIsim were set as follows: leave-one-out yes, 1000 mixedFisherySamples,
400 mixedFisheryIndividuals.

GSIsim was run iteratively with one reporting group at a time as the focal group and the other
reporting groups as the secondary groups. The true proportion of the focal reporting group in the
mixture was simulated from 0 to 100% in 5% intervals. The remaining mixture proportion was
divided into 5% increments and split equally among the secondary reporting groups. Any
remaining proportion was randomly assigned to one of the secondary reporting groups. When
multiple populations were contained within a reporting group, the mixture proportion for that
reporting group was evenly divided among the populations. Reporting groups were simulated
with a range of mixture proportions to determine accuracy through a range of stock
compositions. Simulation results are reported as the mean mixture estimate + the threshold for

p=0.025 and p=0.925. This encompasses the 95% distribution of estimates.
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Management agencies commonly evaluate reporting groups by using 100% simulations where
90% allocation is the minimum acceptable threshold (Seeb et al. 2000; Seeb et al. 2007;
Beacham et al. 2012). Further panels were developed by removing loci from the 500 locus panel
to determine how few loci could be used and still obtain 90% allocation at 100% simulation for
mixture analysis with single-SNP genotype or haplotype data. Loci were removed based on Fir
rank, with the lowest Fsr loci removed first. Additional panels were tested with 400, 300, 200,
150, and 100 loci.

The output of GSIsim includes the assignment probability of each simulated individual to each
population. To assign an individual to a reporting group, the probability of assignment to each
population within the reporting group was summed. A threshold of 90% cumulative probability

was required to assign an individual to a reporting group.

Results

A total of 14,494 loci passed quality filters. The majority of the loci (72%) contained a single
SNP while the second most common category was 2 SNPs (24%) (Table 1). Loci with 2 SNPs
had between 2 and 4 alleles: three alleles were most common (84%) followed by two alleles
(14%) and four alleles (2%). Substantially more alleles with frequencies <0.10 were found for

haplotypes rather than single-SNP genotypes (8,959 vs 5,647).

Accuracy of mixture analysis in 100% simulations varied by reporting group but was
approximately 90% or greater for all cases. The Big Salmon River and Tubutulik River
reporting groups each had 100% assignment with both the single-SNP genotype and the
haplotype datasets (Table 2). This was expected given the high degree of differentiation between

these reporting groups and the others (Larson et al. 2014b).
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For the Anvik River and Kogrukluk/Koktuli reporting groups, the accuracy of mixture analysis
was influenced both by the number of markers and whether haplotypes or single-SNP genotypes
were used. With 500 markers the Anvik River reporting group had a maximum of ~90%
accuracy at 100% simulation for the single-SNP genotype data, but increased to ~97% accuracy
with the haplotypes (Table 2, Fig. 1). The Kogrukluk/Koktuli reporting group had a maximum
accuracy of ~94% at 100% simulation with the single-SNP genotype data and increased to ~98%
accuracy with the haplotypes (Table 2, Fig. 2). Precision of mixture analysis also increased, with
the 95% distribution of mixture estimates decreasing by approximately half for haplotype vs
single-SNP analyses. Decreasing the number of loci for mixture analysis to only 100 loci
resulted in assignment accuracy as low as ~77% for single-SNP genotypes and ~86% for
haplotypes for 100% simulations (Table 3). The panel of 150 loci was the smallest number of
loci that achieved 90% accuracy with haplotypes while at least 300 loci were needed to achieve

90% accuracy for the single-SNP genotype data (Table 3).

Individual assignment to reporting groups varied considerably across reporting groups (Table 4).
The Anvik reporting group had the lowest assignment rate at 75% followed by the
Kogrukluk/Koktuli reporting group (81%) with the 500 locus genotype data. With the 500 locus
haplotype data both of these reporting groups had 92% accuracy. The Big Salmon and Tubutulik
reporting groups had 100% assignment for both datasets. When fewer than 500 markers were
used, neither the single-SNP genotype, or haplotype datasets were able to achieve 90% accuracy

for individual assignment to the Anvik or Kogrukluk/Koktuli reporting groups.
Discussion
Haplotype data showed greater accuracy and precision for mixture analysis and individual

assignment than did single-SNP genotyping for the same set of loci where comparisons were

https://mc06.manuscriptcentral.com/cjfas-pubs
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206  possible. This increase in accuracy was obtained through a simple change in analysis of the
207  same sequence data. No comparisons were possible for the Big Salmon River and Tubutulik
208  River reporting groups as they showed 100% accuracy in mixture analysis as well as individual
209  assignment with both the single-SNP genotype and haplotype data. The high differentiation in
210  these populations allowed near perfect accuracy, even when tested with only 100 loci (data not

211 shown).

212 The power of haplotyping was demonstrated in discriminating populations that were less

213 differentiated, in this case the Anvik and Kogrukluk/Koktuli rivers. The Anvik and

214  Kogrukluk/Koktuli rivers showed increased accuracy and precision with the haplotype data

215  relative to the single-SNP genotype data for both mixture analysis and individual assignment.
216  Importantly, for individual assignment, the proportion of unassigned individuals decreased by
217  one-half to two-thirds when haplotypes were used rather than a single SNP per locus (Table 4).
218  This improvement is consistent with previous simulation and microsatellite studies, where loci
219  with more alleles had greater assignment accuracy than loci with fewer alleles (Kalinowski 2004;

220  Beacham et al. 2012).

221  The increased information in haplotype data can improve GSI analyses either by allowing greater
222 resolution for reporting groups (finer-scale divisions) or by allowing for smaller locus sets in

223  management applications. We were not able to further divide the reporting groups in our dataset
224  but haplotypes were able to achieve the same accuracy as single-SNP genotypes with fewer loci.

225 A 90% threshold is often used as the standard for accuracy at 100% simulation for mixture

226  analysis (Seeb et al. 2000). Using this threshold, only 150 loci would be necessary to achieve

227  sufficient accuracy with the haplotype data while at least 300 loci would be necessary with the

https://mc06.manuscriptcentral.com/cjfas-pubs
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single-SNP genotype data. For an amplicon sequencing panel, this would translate into a

reduction in sequencing costs by a factor of two.

While we were not able to test accuracy of parentage assignment with our dataset, haplotypes are
likely to have an even greater positive impact. This is particularly true for distinguishing half-
sibs, aunts/uncles, or other types of complicated relationships that are likely to be more frequent
in small populations or species with promiscuous/polygamous mating systems. As parentage
assignment relies on comparing genotypes of individuals to the genotypes of parents, the
addition of more alleles per locus through haplotype analysis should reduce uncertainty in

parentage assignment.

Haplotyping clearly outperformed genotyping for mixture analysis and individual assignment;
however, there are considerations for implementation in management. RADseq data are often
used in the preliminary stages of mixture analysis to survey loci for informative SNPs, but
haplotyping using RADseq alone is not suitable for continued monitoring because of cost and
work flow. On the other hand, amplicon sequencing is likely to gain popularity for stock
identification studies because of the increased flexibility in choosing the number of SNPs as well
substantial cost efficiencies (Campbell et al. 2015). For amplicon sequencing there is a trade-off
between the number of loci and number of individuals that can be genotyped for a given batch of
sequencing; decreasing the number of loci would allow more individuals to be genotyped for the
same sequencing cost. Alternatively, additional loci could be added that discriminate other

populations, allowing expanded utility of a panel.

The evolution of haplotypes

https://mc06.manuscriptcentral.com/cjfas-pubs
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249  Multiple-SNP DNA templates generally arise from sequential occurrence of single nucleotide
250  substitutions. The first substitution in a monomorphic template results in two SNP alleles. When
251  anew substitution occurs proximal to the existing SNP, the new substitution is associated with
252 only one of the alleles from the original SNP, resulting in three possible alleles (Fig. 3). DNA
253  templates with two polymorphic sites can have up to four alleles (a vast majority of SNPs are
254  binary); the fourth possible allele can only arise from recombination between the original and

255  new SNP or, very rarely, through recurrent substitution (Hudson and Kaplan 1985).

256  This model of haplotype evolution is supported by observations from our data. Loci with two
257  SNPs most commonly had three alleles (84%) with two alleles being the second most common
258  situation (14%) (Table 1). Loci with two SNPs and two alleles occur when the allele on which
259  the second substitution occurred is lost in the population (ie. TC haplotype in Fig. 3). The

260 relatively high proportion of loci with two SNPs and two alleles suggests that loss of alleles is
261  relatively common. Two SNP loci with four haplotype alleles were relatively uncommon (2%)
262  suggesting recombination occurring between two SNPs in a locus has been exceedingly rare in

263  these short templates.

264 The added power of haplotypes

265  Multiple SNPs within a locus are expected to have arisen at different times and the geographic
266  distribution of the resulting haplotype alleles will reflect gene flow among populations following
267  the genesis of each allele (Mathieson and McVean 2014). Alleles resulting from recent SNPs
268  should manifest in haplotype data as rare allelic variants. Rare allelic variants tend to be more
269  geographically restricted than common variants and have been demonstrated to increase power to
270  detect fine-scale population structure (O'Connor et al. 2015). Individuals with the rare allele

271  may be assigned to population of origin with some confidence, although most individuals will be

https://mc06.manuscriptcentral.com/cjfas-pubs
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homozygous and uninformative. The haplotyping of three or more alleles enables the increased

resolution of rare alleles while still providing information from the more common alleles.

We recognize that choosing loci for GSI based on haplotype information rather than ranking loci
based on only one of the SNPs present will likely lead to further increases in GSI accuracy,
particularly if locus selection and GSI methods can be developed that take into account the
evolutionary relationship between haplotypes. In this manuscript we focused on demonstrating
that haplotypes provide a benefit over using a single SNP per locus; this is particularly relevant
as amplicon sequencing applications for stock identification are becoming increasingly common
(e.g., many agencies that manage salmonid fisheries are adopting SNP panels similar to the
methods of Campbell et al. 2015). Sequencing data from these panels can be examined to
determine if loci contain multiple SNPs; if so, haplotype analysis can be conducted to evaluate
relative improvements in accuracy and precision. The fact that we saw improved accuracy in
both mixture analysis and individual assignment, even when markers were chosen based on
single-SNP Fjsr, supports the argument that existing panels can be improved by changing to

haplotype analysis.

Analysis of haplotypes rather than single-SNP genotypes for RADseq data increased accuracy
for mixture analysis in Alaskan Chinook salmon. Haplotype data are readily available from
RADseq analyses, allowing existing datasets to be re-examined for informative loci. Haplotype
data are also readily generated from amplicon sequencing methods, allowing informative loci to
be incorporated into population monitoring. We believe that haplotyping multiple SNPs shows
promise to improve the accuracy of assigning unknown fish to population or group of origin or
parentage analysis whenever haplotype data are available. The most effective panels will likely

include a combination of the highest Fsy single SNPs along with multi-SNP haplotypes.
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447  Table 1. Distribution of number of SNPs and number of alleles per locus for all loci.

448
Number of = Number of Number of Alleles
SNPs Loci 2 3 4
1 10,448 (72%) 10,448
(100%)
2 3,441 (24%) 476 2,878 87
(14%) (84%) (2%)
3 556 (4%) 205 351
(37%) (63%)
4 46 (<<1%) 4 42
(9%) (91%)
5 3 (=<<1%) 3
(100%)
449
450
451
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452  Table 2. Estimated mixture proportion at 100% simulation for each reporting group using the
453 500 highest Fsr ranked multiple SNP loci. Results are reported as mean + threshold for the 95%

454  distribution of mixture estimates.

Reporting Group Single-SNP Genotype Haplotype
Big Salmon River 100%+0 100%z0
Tubutulik River 100%=0 100%+0
Anvik River 89.6%+3.6 97.4%+1.8
Kogrukluk/Koktuli Rivers 93.7%+3.1 97.8%t1.7

455
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456  Table 3. Estimated mixture proportion at 100% simulation for each reporting group reported as
457  mean = threshold for the 95% distribution of mixture estimates. The number of loci in each
458  panel were decreased in intervals of 100 to test the accuracy of different panel sizes. The 150
459  locus panel is the exception and was the smallest panel to achieve 90% assignment with the
460  haplotype data. Results are not shown for the Big Salmon River and Tubutulik River reporting

461  groups; mixture estimates were ~100% for Big Salmon River and Tubutulik River reporting

462  groups for all panels of loci.
Reporting Group Number of Loci Single-SNP Haplotype
Genotype
Anvik River 500 89.6%+3.6 97.4%%1.8
400 90.7%%3.5 97.2%%1.9
300 87.3%%4.3 94.3%+2.7
200 87.1%*4.4 93.6%%3.1
150 80.9%15.5 92.7%%3.3
100 61.7%%7.6 77.7%%5.2
Kogrukluk/Koktuli Rivers 500 93.7%+3.1 97.8%+1.7
400 92.4%+3.2 97.1%%2.0
300 89.4%+3.9 95.4%%2.5
200 83.2%+5.0 91.2%+3.6
150 80.1%%5.5 90.1%+3.8
100 77.0%16.8 86.1%+4.8
463
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Table 4. Individual assignment rates to reporting groups for simulated individuals with A) 500
locus genotype dataset and B) 500 locus haplotype dataset. True reporting groups are rows while
assigned reporting groups are columns.

A. Genotype
Big Salmon Tubutulik  Anvik Kogrukluk/Koktuli Unassigned
Big Salmon 100% 0% 0% 0% 0%
Tubutulik 0% 100% 0% 0% 0%
Anvik 0% 0% 75% 8% 17%
Kogrukluk/Koktuli 0% 0% 5% 81% 14%
B. Haplotype
Big Salmon Tubutulik  Anvik Kogrukluk/Koktuli Unassigned
Big Salmon 100% 0% 0% 0% 0%
Tubutulik 0% 100% 0% 0% 0%
Anvik 0% 0% 92% 3% 5%
Kogrukluk/Koktuli 0% 0% 3% 92% 6%
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474  Figure 1. Boxplots showing estimated mixture proportion for: A) the Anvik River using single-
475  SNP genotypes for the 500 highest Fs loci which have 3 or more haplotype alleles. B) Anvik
476  River using haplotypes for the same loci as A. The diagonal line shows the expected relationship
477  for perfect assignment. The true proportion simulated in the mixture is given on the x-axis while

478  the boxplots show the estimated proportions on the y-axis.

479
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Figure 2. Boxplots showing estimated mixture proportion for A) the Kogrukluk/Koktuli

reporting group using single-SNP genotypes for the 500 highest Fsrloci which have 3 or more

alleles. B) Kogrukluk/Koktuli reporting group using haplotypes for the same loci as A. The

diagonal line shows the expected relationship for perfect assignment. The true proportion

simulated in the mixture is given on the x-axis while the boxplots show the estimated proportions

on the y-axis.
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487

488  Figure 3. Haplotypes resulting from two hypothetical SNPs in the absence of recombination.
489  The ancestral DNA sequence is in blue; the first SNP is an A/T variant that gives rise to the dark
490  green DNA sequence. The second SNP (C/G variant) will arise on one of these two alleles, in
491  this case the T allele. The two SNPs result in three haplotypes: AC, TC, and TG (light green
492  DNA sequence). Assuming the probability of a second mutation at the same site is negligible,
493 the fourth possible haplotype (AG, unobserved) can only arise through recombination between

494  the first and second SNP.
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