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Impact of the genetic architecture

Number of loci

Mathematically, for n quantitative trait loci, the genetic
variance attributable to the variance of allelic frequen-
cies can be as low as 1 ⁄ n, the rest of the variance being
accounted for by covariance. As shown by Latta (1998),
there is a much greater influence of covariance on
genetic differentiation when the trait is controlled by
numerous loci each of small effects than when it is con-
trolled by a few loci with large effects. Figure 3 illus-
trates the effect of the number of loci on FSTQ for a set
of 25 populations connected by intermediate level of
gene flow (Nm = 1) under divergent local selection.
These results were obtained using individual-based
simulations as in our previous papers (Le Corre & Kre-
mer 2003; Kremer & Le Corre 2011). Effects of alleles
were drawn in a Gaussian distribution with variance
adjusted to match the fixed value of the initial genetic
variance (Table 1) and were smaller as the number of
loci increased. Simulation results show that mean FSTQ

values approach phenotypic differentiation only when
the number of loci is <5. When the selected trait is con-
trolled by 20 or more loci, genetic covariance is the
main driver of genetic differentiation, and FSTQ became
closer to the neutral differentiation FST than to QST.

Throughout this paper, we considered QTL of
identical effects with no physical linkage among them
and evaluated their mean FSTQ value. However, as
demonstrated by Griswold (2006) and Yeaman & Whit-
lock (2011), because gene flow can swamp divergence
at weakly selected alleles, the interaction between
migration and selection favours genetic architectures
with some large alleles contributing most to adaptive

divergence. Under prolonged bouts of adaptation, a
concentrated genetic architecture with a few large-effect
loci emerges (Yeaman & Whitlock 2011). Under shorter
time periods, the genetic architecture of adaptive varia-
tion would be highly dependent on the availability of
mutations of large effects. Empirical data show dispa-
rate patterns among species and among traits, with
some traits determined by large number of small-effect
loci [e.g. many traits in mice, drosophila and human
(Flint & Mackay 2009), flowering time in maize (Buckler
et al. 2009)], while others are controlled by a few large-
effect QTL [e.g. armour plating in sticklebacks (Albert
et al. 2008), flowering time in Arabidopsis thaliana (Sa-
lomé et al. 2011)]. When few large-effect genes coexist
with numerous small-effect genes, the former are much
more likely to be detected by outlier approaches.

Inbreeding, dominance and epistasis

The mating system of many plants and several animal
species allows for selfing. Selfing has two distinct effects
on genetic differentiation: first, selfing reduces gene
flow among local populations by reducing male
gametes dispersal; second, selfing reduces local effective
sizes, thus enhancing local genetic drift (Duminil et al.
2009). Both effects result in increased genetic differenti-
ation. In their simulation study, Le Corre & Kremer
(2003) compared two contrasted selfing rates (0% vs.
90%) while maintaining identical migration rates. As
expected, local inbreeding resulted in higher values of
all three parameters of genetic differentiation: FST, FSTQ

and QST. Inbreeding is accompanied by reduced recom-
bination, so that higher amounts of genetic covariance
can be maintained at the within-population level. Simu-
lation results showed that under local divergent selec-
tion, inbreeding also resulted in smaller positive genetic
covariance at the between-population level, and that
there was no noticeable net effect on the difference
between FSTQ and QST.

The expectation that FST = FSTQ = QST under neutral-
ity only applies to QTL showing no dominance of allelic
affects at any given locus and no epistasis, that is, no
interaction between allelic effects at different loci. At
neutral equilibrium, dominance can result in either
QST > FST or, more likely, QST < FST, depending on the
population structure and allele frequencies (Lopez-
Fanjul et al. 2003, 2007; Goudet & Buchi 2006; Goudet
& Martin 2007). The effect of dominance under diver-
gent selection has been studied for a trait encoded by a
single locus (Santure & Wang 2009). It was shown that
dominance increased the value of QST relative to FSTQ

for an additive trait. The QST–FSTQ contrast was found
to be maximal when the dominance effect was large
and the selfing rate was small. Thus, it seems that
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Fig. 3 Effect of the number of loci on FSTQ relative to FST and
QST. Results are based on computer simulation using parameter
values as listed in Table 1, with Nm = 1, x2 = 20 and VOPT = 5.
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dominance accentuates the decoupling between pheno-
typic differentiation and genetic differentiation at the
selected loci. However, the parameters of divergent
selection had a much greater impact on QST–FSTQ than
dominance and inbreeding (Santure & Wang 2009).
Epistasis is expected to decrease the neutral value of
QST in comparison with the neutral value of FST (Whit-
lock 1999; Lopez-Fanjul et al. 2003, 2007). Under stabi-
lizing selection, epistasis increases the level of genetic
variance maintained in a single population (Gimelfarb
1989). The consequences of epistasis in a subdivided
population with divergent local selection have not been
investigated. As conjectured by Le Corre & Kremer
(2003), large epistatic effects should reinforce the contri-
bution of genetic covariance to the genetic divergence
among populations, hence accentuating the decoupling
between and QST and FSTQ.

Effects of gene flow on adaptive divergence

The difference between QST and the molecular differen-
tiation (FST and FSTQ) increases as gene flow increases
from low to moderate (Fig. 2a, b). This is coherent with
earlier individual-based simulations, showing that the
amount of genetic covariance among populations hB

increased as gene flow increased (Le Corre & Kremer
2003). As hB is the main driver of QST for multilocus
traits, this solves the apparent contradiction of coexis-
tence of large adaptive differentiation and large gene
flow, as has been widely reported in forest trees (Savo-
lainen et al. 2007) and in case studies of fishes (Saint-
Laurent et al. 2003; Hemmer-Hansen et al. 2007) and in
birds (Postma & van Noordwijk 2005). In this respect,
gene flow has the same effect on hB than the increase in
the number of loci contributing to the trait. It is a com-
binatorial effect owing to the number of elements (loci
or alleles) involved in the trait. Our biological under-
standing of the positive impact of gene flow on the hB

is that importation of new alleles in populations will
generate more opportunities to have these alleles
involved in beneficial allelic associations contributing to
adaptive divergence.

However, a further increase in gene flow may also pre-
vent adaptive differentiation, especially when selection
intensity is weak. Indeed, the equilibrium value of QST is
lower under high gene flow (Fig. 2b, c). A rapid decline
in adaptive divergence with increasing gene flow was
also predicted by Hendry et al. (2001) based on an infini-
tesimal model. Conclusions from the infinitesimal model
should be taken with care, as this simplified model
overestimates the constraints set by migration (Yeaman
& Guillaume 2009). This is because the infinitesimal
model assumes that genetic values are normally distrib-
uted within a population and ignores the skew towards

immigrants’ mean phenotypic values generated by gene
flow. Because of this skew, immigrant alleles are more
efficiently eliminated by stabilizing selection, particularly
when selection is strongly divergent and adaptive differ-
entiation is attributed to a few large-effect alleles
(Yeaman & Guillaume 2009). In any case, these results
underline the ambivalent role of gene flow in local adap-
tation. On the one hand, it enhances adaptive population
divergence through allelic covariance; on the other hand,
it may induce a migration load, preventing populations
from reaching their optimal phenotypic value (Hendry
et al. 2001; Björklund et al. 2009).

While adaptive divergence is determined by the rate
of migration (m) relative to the strength of selection,
neutral divergence is a function of both the migration
rate and the effective population size. Figure 4 illus-
trates the response of FST, FSTQ and QST to different
combinations of migration rate and population size.
When m is held constant, QST is unaffected by popula-
tion size, whereas FST can be quite a bit lower with lar-
ger population sizes. The effect of population size is
slighter on FSTQ than on FST. The difference between
FST and FSTQ, as well as the difference between QST and
FSTQ, is much larger for a given migration rate when
population size is high. This suggests that outlier meth-
ods would perform better for large-sized populations,
although the level of differentiation at QTL would still
understate adaptive divergence.

Non-equilibrium situations

The temporal dynamics of FSTQ has to be considered to
assess the power of genome scan methods to detect loci
involved in the response to recent or ongoing selection.
Unless there are genes with large effects, gene frequen-
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Fig. 4 Effect of population size (N) and migration rate (m) on
FST, FSTQ and QST. Results are based on computer simulation
using parameter values as listed in Table 1, with 10 quantita-
tive trait loci, x2 = 20 and VOPT = 5.
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           O
ur understanding of genome biology, 

genomics, and disease, and even hu-

man history, has advanced tremen-

dously with the completion of the 

Human Genome Project. Technologi-

cal advances coupled with significant 

cost reductions in genomic research have 

yielded novel insights into disease etiol-

ogy, diagnosis, and therapy for some of 

the world’s most intractable and devastat-

ing diseases—including ma-

laria, HIV/AIDS, tuberculosis, 

cancer, and diabetes. Yet, de-

spite the burden of infectious diseases and, 

more recently, noncommunicable diseases 

(NCDs) in Africa, Africans have only par-

ticipated minimally in genomics research. Of 

the thousands of genome-wide association 

studies (GWASs) that have been conducted 

globally, only seven (for HIV susceptibility, 

malaria, tuberculosis, and podoconiosis) 

have been conducted exclusively on Afri-

can participants; four others (for prostate 

cancer, obsessive compulsive disorder, and 

anthropometry) included some African 

participants (www.genome.gov/gwastudies/). 

As discussed in 2011 (www.h3africa.org), if 

the dearth of genomics research involving 

Africans persists, the potential health and 

economic benefits emanating from genomic 

science may elude an entire continent.

The lack of large-scale genomics studies 

in Africa is the result of many deep-seated 

issues, including a shortage of African scien-

tists with genomic research expertise, lack 

of biomedical research infrastructure, lim-

ited computational expertise and resources, 

lack of adequate support for biomedical 

research by African governments, and the 

participation of many African scientists in 

collaborative research at no more than the 

level of sample collection. Overcoming these 

limitations will, in part, depend on African 

Enabling 

the genomic 

revolution 

in Africa

By The H3Africa Consortium * †

H3Africa is developing 
capacity for health-related 
genomics research in Africa
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Yet, roughly a decade ago, newly pro-

posed DNA-based taxonomy ( 11) promised 

to solve the species debate. A Barcode of 

Life Data Systems (BOLD) ( 12) quickly 

emerged, seeking to provide a reliable, 

cost-effective solution to the problem of 

species identification ( 12) and a standard 

screening threshold of sequence differ-

ence (10� average intraspecific difference) 

to speed the discovery of new animal spe-

cies ( 13). Sometimes considered a “carica-

ture of real taxonomy” ( 14), this approach 

failed to identify, perhaps not surprisingly, 

two American crow species and a number 

of members of the herring gull Larus ar-

gentatus species assemblage above the set 

threshold ( 13). Furthermore, despite past 

( 3) and present ( 6) sequencing projects, 

carrion crows and hooded crows can also 

not be differentiated from one another 

by means of DNA-barcode approaches. By 

contrast, Poelstra et al. show that much 

more DNA sequencing data are needed, 

combined with RNA expression data, to 

reconstruct the evolution of a reproductive 

barrier that culminated in the 

speciation of these two crow 

taxa. Armed with this new 

very detailed genetic informa-

tion, it is clear that none of the 

currently formulated species 

concepts fully apply to these 

two crow taxa (unless one is 

willing relax some stringency 

in the various definitions). In-

deed, the genomes of German 

carrion crows are much more 

similar to those of hooded 

crows than to Spanish car-

rion crows. Put simply, apart 

from the few carrion crow type 

“speciation islands,” German 

carrion crows could be con-

sidered to represent hooded 

crows with a black (carrion 

crow) phenotype.

There is a clear need for ad-

ditional population genomic 

studies using a more dense 

sampling, especially among 

the fully black carrion crows, 

before the complexity of repro-

ductive isolation and speciation 

among these two taxa can be 

fully understood. The specia-

tion genomics strategy already 

proved itself in unraveling the 

complexities of mimicry among 

many Heliconius butterfly 

taxa ( 7) and, as in the study of 

Poelstra et al., stresses the im-

portance of using RNA-based 

information in addition to 

DNA. Only time will tell if, and 

when, German carrion crows will adopt the 

“hooded phenotype,” a fate that seems un-

avoidable. Until then, we can only applaud 

these crows for defeating Linnaeus’s curse. ■  
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Speciation battleground. On either side of the narrow hybridization 

zone (dark brown), the carrion crow (Corvus corone) (dark area) 

and hooded crow (Corvus cornix) (pale area) ( 2) maintain their 

marked phenotypic differentiation, despite apparent lack of genetic 

differentiation. Genome-wide admixture analyses (inset at bottom) show 

that German carrion crows most closely resemble (80%) hooded crows, 

and are quite distinct from Spanish carrion crows. Sampling sites for 

the present study ( 6) are shown as circles. Sp, Spain; Ge, Germany; Po, 

Poland; Sw, Sweden.
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ECOLOGICAL GENOMICS

The genomic landscape underlying
phenotypic integrity in the face of
gene flow in crows
J. W. Poelstra,1* N. Vijay,1* C. M. Bossu,1* H. Lantz,2,3 B. Ryll,4 I. Müller,5,6 V. Baglione,7

P. Unneberg,8 M. Wikelski,5,6 M. G. Grabherr,3 J. B. W. Wolf1†

The importance, extent, and mode of interspecific gene flow for the evolution of species
has long been debated. Characterization of genomic differentiation in a classic example of
hybridization between all-black carrion crows and gray-coated hooded crows identified
genome-wide introgression extending far beyond the morphological hybrid zone. Gene
expression divergence was concentrated in pigmentation genes expressed in gray
versus black feather follicles. Only a small number of narrow genomic islands exhibited
resistance to gene flow. One prominent genomic region (<2 megabases) harbored 81
of all 82 fixed differences (of 8.4 million single-nucleotide polymorphisms in total)
linking genes involved in pigmentation and in visual perception—a genomic signal reflecting
color-mediated prezygotic isolation. Thus, localized genomic selection can cause marked
heterogeneity in introgression landscapes while maintaining phenotypic divergence.

G
enomic studies increasingly appreciate the
importance of interspecific gene flow in
the context of species diversification (1, 2),
including that of hominids (3). Yet our un-
derstanding of the forces generating het-

erogeneity in differentiation across the genome
and their relationship to phenotypic evolution
is limited (3–5). The European hybrid zone be-
tween all-black carrion crows [Corvus (corone)
corone] and gray-coated hooded crows [C. (corone)
cornix] (6) provides ideal conditions for studying
the evolutionary consequences of introgression
in a phase of early species divergence. The geo-
graphical distribution pattern of these species
suggests a population history shaped by glaci-

ation cycles during the Pleistocene,when periods
of isolation in distinct southern refugia alter-
nated with periods of range expansion and sec-
ondary contact (7). The near-absence of neutral
genetic differentiation across the hybrid zone (8)
strongly contrasts with abrupt spatial segrega-
tion of plumage coloration (Fig. 1), which has
remained remarkably stable over the past cen-
tury despite successful backcrossing of hybrids
(6). Evidence for color-assortative mating (9)
and the independent recurrence of pied plu-
mage phenotypes in the otherwise all-black genus
Corvus has prompted the hypothesis that this
color polymorphism is promoting speciation
(fig. S1).
We assembled a high-quality reference genome

of one hooded crow male sequenced to 152×
coverage (table S1). The final assembly consisted
of 1298 scaffolds with an N50 size of 16.4Mb (10)
and a cumulative length of 1.04 Gb, including
3.52% gaps; 95% of the assembly was contained
within the 100 largest scaffolds (size range: 1 to
50 Mb), which approached chromosome size
(crow karyotype: 2n = 80; size range of zebra
finch chromosomes: 1 to 156 Mb) (fig. S2, A and
B, and table S2). Evidence-based annotation of the
genome with mRNA sequencing data (table S3)
identified a set of 20,794 protein-coding genes.
We subsequently resequenced 60 genomes of

unrelated individuals from two populations each
of carrion and hooded crows (Fig. 1) to a mean

sequence coverage of 12.2× (range: 7.1× to 28.6×,
table S4); 8.44 million single-nucleotide poly-
morphisms (SNPs) segregated across all four
populations, 5.27 million of which were shared
between carrion and hooded crows. Several lines
of evidence suggest substantial genome-wide gene
flow across the hybrid zone. The major axes of
genetic variation (accounting for 11.5% of the to-
tal variance) coincided with the presumed direc-
tion of spatial expansion out of Spain, yet German
carrion crows clustered more closely with both
hooded crow populations [Fig. 1; for pairwise
fixation index (FST) estimates see Fig. 2A, fig. S3,
and table S5; see fig. S4 for mitochondrial DNA
divergence]. Extensive gene flow between hooded
crows and the German carrion crow population
was further supported by ABBA-BABA tests (fig.
S5 and table S6), admixture analyses (fig. S6),
and coalescence-based parameter estimates of
an isolation-with-migration model (fig. S7). Con-
sistent with a scenario of admixture upon sec-
ondary contact, all populations but Spain showed
signatures of expansion and had higher nucleo-
tide diversity than that of the presumably refugial
Spanish population (table S5).
The low genome-wide differentiation across the

hybrid zone was also reflected in gene express-
ion divergence as measured by mRNA sequenc-
ing (RNA-seq) from 19 individuals and five tissues
under controlled conditions. The overall propor-
tion of differentially expressed genes between
carrion and hooded crows was low, between 0.03%
and 0.41% across tissues [Fig. 3B; see (8); false
discovery rate <0.05]. The main difference in gene
expression patterns corresponded to phenotypic
divergence in plumage coloration. Differentially
expressed genes predominated in growing fea-
ther follicles from the torso, where carrion crows
produce black feathers and hooded crows gray
feathers (Figs. 1 and 3A; c2df=4 = 169.34, P <
0.001), with an overrepresentation of genes in
the melanogenesis pigmentation pathway (Fig.
3, B and C; n = 21, c2df=4 = 147.16, P < 0.001; see
table S7 for Gene Ontology terms). Nineteen of
20 differentially expressed melanogenesis-related
genes were underexpressed in the gray hooded
crow torso (table S8). The pathway-wide pattern
of reduced expression could not be attributed to
differences in melanocyte density (Fig. 4), but
rather to upstream regulatory changes inducing
broad-scale down-regulation in follicles produc-
ing gray feathers (Fig. 3C).
We surveyed the landscape of genomic diver-

gence with a window-based approach based on
population genetic summary statistics derived
for 22,072 nonoverlapping 50-kb windows (Fig.
2A and fig. S8) and a hypothesis-free clustering
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Biology, Evolutionary Biology Centre, Uppsala University,
75236 Uppsala, Sweden. 2Bioinformatics Infrastructure for
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Typcial	  PopGen	  Pipeline	  	  
DNA	  	  

DNA	  library	  

.fastq	  

.sam	  /	  .bam	  

Sa
m
pl
e	  
pr
ep

	  
DA

TA
	  p
re
p	  

DA
TA

	  a
na
ly
sis
	   .vcf	  

sequencing	  

mapping	  	  
bwa	  

variant	  calling	  /	  genotyping	  
GATK	  

filter	  /	  convert	  
vc+ools	  

hierfstat	  

qc	  /	  trim	  
fastqc,trimmoma8c	  	  

saguaro	  plink	  

angsd	  
NGStools	  



.fastq	  
@HWI-ST0866:170:D1452ACXX:8:1101:2297:2152 2:N:0:TAGCTT
TACATACACAGAGATACCTCAAGCTGGGTATTCACAGAACAATCCAGGACAGACAAAATGTCTTAGAATTTAGGCCACATCCCAAGTAACAACACACATA
+
CCCFFFFFHHHHHJJJJJJJJJJJJJJJCHHIIJJJJIJGJJJJJJJJHJGHIJIJIJJJIIJJJIJIJJJJEHHHHHFFFFDEDDAEDDCDDDDDDDDD



.fastq	  
@HWI-ST0866:170:D1452ACXX:8:1101:2297:2152 2:N:0:TAGCTT
TACATACACAGAGATACCTCAAGCTGGGTATTCACAGAACAATCCAGGACAGACAAAATGTCTTAGAATTTAGGCCACATCCCAAGTAACAACACACATA
+
CCCFFFFFHHHHHJJJJJJJJJJJJJJJCHHIIJJJJIJGJJJJJJJJHJGHIJIJIJJJIIJJJIJIJJJJEHHHHHFFFFDEDDAEDDCDDDDDDDDD



.fastq	  
@HWI-ST0866:170:D1452ACXX:8:1101:2297:2152 2:N:0:TAGCTT
TACATACACAGAGATACCTCAAGCTGGGTATTCACAGAACAATCCAGGACAGACAAAATGTCTTAGAA
TTTAGGCCACATCCCAAGTAACAACACACATA
+
CCCFFFFFHHHHHJJJJJJJJJJJJJJJCHHIIJJJJIJGJJJJJJJJHJGHIJIJIJJJIIJJJIJIJJJJEHHHHHFFFFDEDDAEDDCDDDDDDDDD



.fastq	  
@HWI-ST0866:170:D1452ACXX:8:1101:2297:2152 2:N:0:TAGCTT
TACATACACAGAGATACCTCAAGCTGGGTATTCACAGAACAATCCAGGACAGACAAAATGTCTTAGAATTTAGGCCACATCCCAAGTAACAACACACAT
A
+

CCCFFFFFHHHHHJJJJJJJJJJJJJJJCHHIIJJJJIJGJJJJJJJJHJGHIJIJIJJJIIJJJIJI
JJJJEHHHHHFFFFDEDDAEDDCDDDDDDDDD

Phred	  score:	  	  



.fastq	  
@HWI-ST0866:170:D1452ACXX:8:1101:2297:2152 2:N:0:TAGCTT
TACATACACAGAGATACCTCAAGCTGGGTATTCACAGAACAATCCAGGACAGACAAAATGTCTTAGAATTTAGGCCACATCCCAAGTAACAACACACAT
A
+

CCCFFFFFHHHHHJJJJJJJJJJJJJJJCHHIIJJJJIJGJJJJJJJJHJGHIJIJIJJJIIJJJIJI
JJJJEHHHHHFFFFDEDDAEDDCDDDDDDDDD

Phred	  score:	  	  
Q	  value	  ASCII	  encoded:	  
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Sequence Alignment/Map Format Specification

The SAM/BAM Format Specification Working Group

28 Apr 2016

The master version of this document can be found at https://github.com/samtools/hts-specs.
This printing is version 494628a from that repository, last modified on the date shown above.

1 The SAM Format Specification

SAM stands for Sequence Alignment/Map format. It is a TAB-delimited text format consisting of a header
section, which is optional, and an alignment section. If present, the header must be prior to the alignments.
Header lines start with ‘@’, while alignment lines do not. Each alignment line has 11 mandatory fields for
essential alignment information such as mapping position, and variable number of optional fields for flexible
or aligner specific information.

1.1 An example

Suppose we have the following alignment with bases in lower cases clipped from the alignment. Read r001/1
and r001/2 constitute a read pair; r003 is a chimeric read; r004 represents a split alignment.

Coor 12345678901234 5678901234567890123456789012345
ref AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT

+r001/1 TTAGATAAAGGATA*CTG
+r002 aaaAGATAA*GGATA
+r003 gcctaAGCTAA
+r004 ATAGCT..............TCAGC
-r003 ttagctTAGGC
-r001/2 CAGCGGCAT

The corresponding SAM format is:1

@HD VN:1.5 SO:coordinate
@SQ SN:ref LN:45
r001 99 ref 7 30 8M2I4M1D3M = 37 39 TTAGATAAAGGATACTG *
r002 0 ref 9 30 3S6M1P1I4M * 0 0 AAAAGATAAGGATA *
r003 0 ref 9 30 5S6M * 0 0 GCCTAAGCTAA * SA:Z:ref,29,-,6H5M,17,0;
r004 0 ref 16 30 6M14N5M * 0 0 ATAGCTTCAGC *
r003 2064 ref 29 17 6H5M * 0 0 TAGGC * SA:Z:ref,9,+,5S6M,30,1;
r001 147 ref 37 30 9M = 7 -39 CAGCGGCAT * NM:i:1

1The values in the FLAG column correspond to bitwise flags as follows: 99 = 0x63: first/next is reverse-complemented/
properly aligned/multiple segments; 0: no flags set, thus a mapped single segment; 2064 = 0x810: supplementary/reverse-
complemented; 147 = 0x93: last (second of a pair)/reverse-complemented/properly aligned/multiple segments.
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Sequence Alignment/Map Format Specification

The SAM/BAM Format Specification Working Group

28 Apr 2016

The master version of this document can be found at https://github.com/samtools/hts-specs.
This printing is version 494628a from that repository, last modified on the date shown above.

1 The SAM Format Specification

SAM stands for Sequence Alignment/Map format. It is a TAB-delimited text format consisting of a header
section, which is optional, and an alignment section. If present, the header must be prior to the alignments.
Header lines start with ‘@’, while alignment lines do not. Each alignment line has 11 mandatory fields for
essential alignment information such as mapping position, and variable number of optional fields for flexible
or aligner specific information.

1.1 An example

Suppose we have the following alignment with bases in lower cases clipped from the alignment. Read r001/1
and r001/2 constitute a read pair; r003 is a chimeric read; r004 represents a split alignment.

Coor 12345678901234 5678901234567890123456789012345
ref AGCATGTTAGATAA**GATAGCTGTGCTAGTAGGCAGTCAGCGCCAT

+r001/1 TTAGATAAAGGATA*CTG
+r002 aaaAGATAA*GGATA
+r003 gcctaAGCTAA
+r004 ATAGCT..............TCAGC
-r003 ttagctTAGGC
-r001/2 CAGCGGCAT

The corresponding SAM format is:1

@HD VN:1.5 SO:coordinate
@SQ SN:ref LN:45
r001 99 ref 7 30 8M2I4M1D3M = 37 39 TTAGATAAAGGATACTG *
r002 0 ref 9 30 3S6M1P1I4M * 0 0 AAAAGATAAGGATA *
r003 0 ref 9 30 5S6M * 0 0 GCCTAAGCTAA * SA:Z:ref,29,-,6H5M,17,0;
r004 0 ref 16 30 6M14N5M * 0 0 ATAGCTTCAGC *
r003 2064 ref 29 17 6H5M * 0 0 TAGGC * SA:Z:ref,9,+,5S6M,30,1;
r001 147 ref 37 30 9M = 7 -39 CAGCGGCAT * NM:i:1

1The values in the FLAG column correspond to bitwise flags as follows: 99 = 0x63: first/next is reverse-complemented/
properly aligned/multiple segments; 0: no flags set, thus a mapped single segment; 2064 = 0x810: supplementary/reverse-
complemented; 147 = 0x93: last (second of a pair)/reverse-complemented/properly aligned/multiple segments.

1
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The Variant Call Format (VCF) Version 4.2 Specification

15 Nov 2016

The master version of this document can be found at https://github.com/samtools/hts-specs.
This printing is version 2a802cd from that repository, last modified on the date shown above.

1 The VCF specification

VCF is a text file format (most likely stored in a compressed manner). It contains meta-information lines, a header
line, and then data lines each containing information about a position in the genome. The format also has the ability
to contain genotype information on samples for each position.

1.1 An example
##fileformat=VCFv4.2
##fileDate=20090805
##source=myImputationProgramV3.1
##reference=file:///seq/references/1000GenomesPilot-NCBI36.fasta
##contig=<ID=20,length=62435964,assembly=B36,md5=f126cdf8a6e0c7f379d618ff66beb2da,species="Homo sapiens",taxonomy=x>
##phasing=partial
##INFO=<ID=NS,Number=1,Type=Integer,Description="Number of Samples With Data">
##INFO=<ID=DP,Number=1,Type=Integer,Description="Total Depth">
##INFO=<ID=AF,Number=A,Type=Float,Description="Allele Frequency">
##INFO=<ID=AA,Number=1,Type=String,Description="Ancestral Allele">
##INFO=<ID=DB,Number=0,Type=Flag,Description="dbSNP membership, build 129">
##INFO=<ID=H2,Number=0,Type=Flag,Description="HapMap2 membership">
##FILTER=<ID=q10,Description="Quality below 10">
##FILTER=<ID=s50,Description="Less than 50% of samples have data">
##FORMAT=<ID=GT,Number=1,Type=String,Description="Genotype">
##FORMAT=<ID=GQ,Number=1,Type=Integer,Description="Genotype Quality">
##FORMAT=<ID=DP,Number=1,Type=Integer,Description="Read Depth">
##FORMAT=<ID=HQ,Number=2,Type=Integer,Description="Haplotype Quality">
#CHROM POS ID REF ALT QUAL FILTER INFO FORMAT NA00001 NA00002 NA00003
20 14370 rs6054257 G A 29 PASS NS=3;DP=14;AF=0.5;DB;H2 GT:GQ:DP:HQ 0|0:48:1:51,51 1|0:48:8:51,51 1/1:43:5:.,.
20 17330 . T A 3 q10 NS=3;DP=11;AF=0.017 GT:GQ:DP:HQ 0|0:49:3:58,50 0|1:3:5:65,3 0/0:41:3
20 1110696 rs6040355 A G,T 67 PASS NS=2;DP=10;AF=0.333,0.667;AA=T;DB GT:GQ:DP:HQ 1|2:21:6:23,27 2|1:2:0:18,2 2/2:35:4
20 1230237 . T . 47 PASS NS=3;DP=13;AA=T GT:GQ:DP:HQ 0|0:54:7:56,60 0|0:48:4:51,51 0/0:61:2
20 1234567 microsat1 GTC G,GTCT 50 PASS NS=3;DP=9;AA=G GT:GQ:DP 0/1:35:4 0/2:17:2 1/1:40:3

This example shows (in order): a good simple SNP, a possible SNP that has been filtered out because its quality is
below 10, a site at which two alternate alleles are called, with one of them (T) being ancestral (possibly a reference
sequencing error), a site that is called monomorphic reference (i.e. with no alternate alleles), and a microsatellite
with two alternative alleles, one a deletion of 2 bases (TC), and the other an insertion of one base (T). Genotype data
are given for three samples, two of which are phased and the third unphased, with per sample genotype quality, depth
and haplotype qualities (the latter only for the phased samples) given as well as the genotypes. The microsatellite
calls are unphased.

1.2 Meta-information lines

File meta-information is included after the ## string and must be key=value pairs. It is strongly encouraged that
information lines describing the INFO, FILTER and FORMAT entries used in the body of the VCF file be included
in the meta-information section. Although they are optional, if these lines are present then they must be completely
well-formed.

1



Principle	  Component	  Analysis	  -‐	  PCA	  

Novembre et al. (2008) Nature!



PCA: gene flow -  IBD!



Genealogical interpretation of PCA!

PC1!

PC2!
PC3!

Coalescent!
tree!!

The principal components are a function of the 
expected coalescence times between lineages. The!
distance measure in PCA space is equivalent to the 
covariance of the genotype vectors of!
the samples.!



Fst:	  group2	  



ABBA-‐BABA:	  group3	  

HCG	  (2012)	  Nature	  



Saguaro	  :	  group4	  

Window-based gene trees vs. Saguaro!
– Saguaro determines genomic segments & estimates their 
respective cactus without a priori hypothesis!

Modified	  from	  Zamani	  et	  al.	  (2013)	  BMC	  Genomics	  



Saguaro	  -‐	  Local	  Trees:	  group4	  


