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Abstract 
 

The Role of Balancing Selection in Maintenance of Natural Genetic Variation 
 
 

Kerry Leigh Bubb 
 

Chair of the Supervisory Committee: 
Professor Maynard V. Olson 

Department of Genome Sciences 
 
 
There has been much speculation as to what role balancing selection has played in 

shaping the genetic diversity within species.  We approached this problem in three 

different, but complementary ways.  First, we engaged in a brute-force search in the 

human genome for regions with a high density of nucleotide polymorphism—a footprint 

of ancient balancing selection—by first computationally analyzing publicly available data 

and collecting additional data in candidate regions.  We compare our findings with those 

expected in a neutrally evolving genome and find no indication of the action of long-term 

balancing selection outside of the well-studied MHC locus.  We then examine the 

efficacy of two standard statistics used to test for selection.  To do this, we implemented a 

program to simulate evolution of an entire population of haplotypes, going forward in 

time.  We found that the statistics examined were limited in their ability to distinguish 

selection from neutrality, and also limited in the range of times under which a signal was 

detectable.  Finally, we survey current knowledge of systems under balancing selection 

and synthesize a model which may be useful in identification of additional systems under 

this type of selection.  Our model defines two distinct forms of balancing selection, both 

of which are heavily influenced by the action of convergent evolution.  We conclude that 



 

  

while balancing selection is rarely stable outside of its highly recurring role in detecting 

self vs non-self, it is common as a transient solution to acute environmental challenges. 
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INTRODUCTION 

 

 Imagine the diversity of people you may encounter at a bus stop.  

Regardless of whether you are in a cosmopolitan city or a rural outpost, some 

characteristics seem to be consistently diverse among even small groups of 

people.  There may be some men and some women.  There may be some right-

handed people and some left-handed people.  Some people may prefer to wake up 

early, others to stay up late.  Some may be risk-takers and others more 

conservative.  Some may run faster, become more easily addicted to nicotine, or 

be more susceptible to certain diseases than others. It is natural to wonder whether 

or not this ubiquitous phenotypic variation is due to variation at a genetic level 

that is, for some reason, being preserved in the population across evolutionary 

time. 

 Natural selection is often thought of in terms of "survival of the fittest."  

As such, it is a homogenizing force, driving all the individuals of a population, 

generation after generation, towards some ideal fitness type.  This type of 

selection—directional selection—is indeed probably the main reason that 

different species have evolved to fill the myriad niches occupied by contemporary 

organisms.  However, within all natural populations, there remains some degree 

of genetic variation. 

 Biologists were confronted with this issue when the newly developed 

protein electrophoresis technology revealed a then unexpectedly high amount of 
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variability in natural populations of humans and Drosophila pseudoobscura 

(HARRIS 1966; HUBBY and LEWONTIN 1966; LEWONTIN and HUBBY 1966).  An 

initial hypothesis was that some sort of balancing selection was maintaining 

molecular diversity within the natural population.  Soon thereafter, the neutral 

theory of evolution was developed (KIMURA 1968), which offered an explanation 

for most genetic diversity within natural populations that did not depend on any 

form of selection.  The neutral theory quickly lay to rest suspicions of rampant 

balancing selection.  But the question of exactly how much balancing selection 

exists, beyond a handful of prominent and largely undisputed cases, remained 

open.  In this thesis, we attempt to address the issue of how common balancing 

selection is in metazoans.    

 In Part I, we describe a brute-force search in the human genome for 

regions containing a classic footprint of balancing selection.  When multiple 

allelic variants of a gene are maintained for extended periods of time, the number 

of purely neutral nucleotide differences between the variants is expected to 

increase in proportion to the time span over which the variants have been 

maintained.  The classic example of this effect involves the Major 

Histocompatibility Complex (MHC).  Neutral sequence that is genetically linked 

to sites under balancing selection at the MHC locus have accumulated roughly 

100 times more nucleotide differences are observed than elsewhere in the 

genome.  The human genome is an ideal place to look because of the current 

abundance of publicly available sequence from multiple individuals.  Despite a 
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thorough, though not exhaustive search, we found no evidence that balancing 

selection has generated additional highly polymorphic loci in the human genome.  

 In Part II, we explore the limitations of the test statistic we used in Part 

I, as well as another commonly used test statistic, Tajima’s D, by using these tests 

on simulated data with known amounts of selection.  The lack of programs that 

simulate data under selection has largely prevented these statistics from being 

tested.  We implemented a “forward-evolving” algorithm that tracks the 

evolutionary events of a population of haplotypes moving forward in time.  As 

opposed to other reverse-time methods, implementing selection in a forward-

evolving program is straightforward.  We identify the time points when these 

statistics are most useful in detecting balancing selection, but also reveal limits in 

their overall ability to distinguish neutrality from selection. 

 In Part III, we survey known genetic systems in an attempt to form an 

overarching picture of balancing selection.  We conclude that there seem to be 

two discrete types of balancing selection—ancient and recent.  Ancient forms 

almost invariably are associated with self-non-self discrimination; recent forms 

almost invariably involve maintenance of both functional and non-functional 

haplotypes in response to an acute environmental stress.  In both cases, the 

balancing-selection system has usually evolved multiple times in different 

species, in the ancient cases, or within species, in the recent cases.  We also point 

out why knowledge of these properties of balancing selection may be useful in 

clinical and perhaps commercial levels. 
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 We conclude that, in all likelihood, balancing selection is evolutionarily 

unstable outside of systems related to self-non-self discrimination; however, we 

acknowledge the possible existence of long-term-balancing selection of single-site 

mutations that are impossible to distinguish from cases of convergent evolution.  
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PART I: 

NO NEW LOCI UNDER ANCIENT BALANCING SELECTION  

IN THE HUMAN GENOME 

(Originally published in Bubb KL 2006) 

 

Introduction 

Genomic regions with high densities of single-nucleotide polymorphisms 

(SNPs) may arise for one of three reasons:  (1) a high mutation rate; (2) 

diversifying selection; or (3) chance.    The latter category simply reflects neutral 

variation across the genome in the time elapsed since the most recent common 

ancestor of a genomic segment (i.e. deepest coalescence time).  The level of 

diversity at any locus is often described in terms of the average pairwise 

divergence, or the probability that two randomly chosen haplotypes differ at a 

particular base in that locus (θπ).  Population-genetic theory predicts that, on 

average for neutrally evolving regions, the most dissimilar haplotypes, capturing 

the full depth of the evolutionary tree, will be about twice as divergent as a 

random pair of haplotypes (roughly 2θπ) (THE CHIMPANZEE SEQUENCING AND 

ANALYSIS CONSORTIUM, 2000).  The variance of each measurement (average 

pairwise divergence and maximal pairwise divergence) decreases as the size of 

the locus examined increases.  Although there have been no systematic studies of 
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regions of unusually high SNP density in the human genome, a few such regions 

have been discovered during the analysis of variation in important genes.   

The most dramatic examples are in the HLA locus.  In some regions of 

HLA, such as the DQB1-DQA1-DRB1 gene cluster, the sequence divergence 

between the most dissimilar haplotypes across tens of thousands of base pairs is 

nearly two orders of magnitude higher than θπ (RAYMOND et al. 2005; STEWART 

et al. 2004).  The elevated nucleotide diversity at HLA has been attributed to 

diversifying selection acting on functionally critical sites, coupled to extensive 

“hitchhiking” of neutral SNPs (HUGHES and YEAGER 1998; SLATKIN 2000).  

Similar explanations have been offered for other known regions with high SNP 

densities, although none is nearly as dramatic as HLA.  For example, across the 

roughly 25 kbp of ABO sequence, the most dissimilar haplotypes are roughly 

three times as divergent as expected under neutrality (6.25θπ compared to the 

neutral expectation of 2θπ) (SeattleSNPs. NHLBI Program for Genomic 

Applications, SeattleSNPs, Seattle, WA (URL: http://pga.gs.washington.edu) 

[October 2005]).  At an “ancient” 900 kbp inversion on chromosome 17, spanning 

many genes, the maximum pairwise difference is only about twice the genome 

average (4.2θπ) (STEFANSSON et al. 2005).  This is an unusual case, because as 

recombination is absent between inverted haplotypes, the depth of the coalescent 

is the same across the entire region.    Across the genome, the average pairwise 

diversity over tens of kilobase pairs rarely exceeds four times the mean (4θπ) 
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(NIEHS Environmental Genome Project, University of Washington, Seattle, WA 

(URL: http://egp.gs.washington.edu) [October 2005]).  As a larger fraction of the 

genome is analyzed in multiple haplotypes, the number of regions that, by chance 

alone, have ancient coalescence times may overshadow the number of regions that 

are ‘deep’ due to selection.  This preponderance of false positives may be true for 

many tests of selection based on characteristics of the coalescent tree. 

In this study, we undertook a systematic search for segments of the human 

genome that have high SNP densities.    In contrast to previous studies, our search 

was unbiased by functional considerations.  We simply mined the same public 

databases of shotgun-sequencing reads that led to discovery of most of the SNPs 

presently in dbSNP.  By paying careful attention—through computational filters 

and additional experimental sampling—to the many sources of false positives, we 

identified 16 loci that, next to HLA and ABO, now represent some of the highest 

SNP densities yet described in the human genome across regions of many 

thousands of base pairs.  These regions do not seem to reflect the action of ancient 

balancing selection, but rather illustrate the significant “noise” level of the 

variation in neutral coalescent depth.  Our results suggest a paucity of regions 

outside of HLA that are under long-term balancing selection, as detectable by 

polymorphism level.  This result is in agreement with theoretical predictions that 

single-site balanced polymorphisms would not be detectable due to 

recombinational decay of the linked neutral region.  Our analysis also highlights 
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the various challenges associated with genome-wide scans for genomic segments 

under balancing selection.  

 

Materials and Methods 

Computational Filtering: The SNP Consortium (SACHIDANANDAM et al. 

2001) reads (release 10) were downloaded from snp.cshl.org and ftp.ncbi.nih.gov.  

For each read, we required one fasta file, containing the base calls, and one 

quality file, containing the base-by-base, log-transformed probability that each 

call is incorrect (EWING and GREEN 1998).  In some cases, paired fasta and quality 

files were downloaded, and in some cases, the chromatogram was downloaded 

and fasta and quality files were generated in-house using PHRED (EWING and 

GREEN 1998; EWING et al. 1998).  The reads were then trimmed for quality such 

that each read consisted only of a region with >95% Q20 bp.  Reads with less than 

100 bp fitting this criterion were removed from the pipeline, leaving a total of 

4,295,373 reads (see Figure 1.1 for filtering summary).   

These trimmed reads were aligned to the human reference sequence 

(build30) using BLAST (ALTSCHUL et al. 1990).  We retained those reads that 

matched the reference for at least 300 bp (3,334,762 reads) and in addition 

disagreed with the reference at 1% or more of the aligned basepairs (402,580 

reads).  Reads that contained any bases in repeat elements, as annotated on the 

University of California at Santa Cruz website 
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(http://hgdownload.cse.ucsc.edu/goldenPath/hg16/bigZips/chromFaMasked.zip), 

were removed from further analysis, leaving 97,909 reads. 

We then used cross_match (which is based on a word-nucleated banded 

Smith-Waterman algorithm; available at www.phrap.org) to align each read to its 

local genomic region.  In the approximately 60,000 alignments that had a 

“minscore” of at least 100, we then looked for putative SNPs, defined as 

discrepancies between the read and the reference sequence in which both bases 

had a PHRED quality of ≥30 (corresponding to an error probability of < .001).  

(Note that much of the reference sequence has the artificial quality 99, which 

means that a human “finisher” manually annotated it as being correct.)  To 

discount the effects of CpG mutational ‘hotspots’ (BIRD 1980), discrepancies in 

which one sequence had a CpG and the other a TpG or CpA were counted as 

1/10th of a putative SNP, reflecting the roughly 10-fold higher mutation rate at 

CpGs (HWANG and GREEN 2004).  We identified 6,395 alignments that had ≥1% 

putative SNPs.  Primer3 (ROZEN and SKALETSKY 2000) was used on those 6,395 

regions to pick primers for PCR amplification of the region; in 4,255 of the cases, 

primers were successfully picked. To avoid sequencing the same region multiple 

times, in cases where multiple reads implicated the same region as highly 

polymorphic, we PCR-amplified only one arbitrarily chosen amplicon per 10 kbp, 

for a total of 991 regions (see Figure 1.2a; see Supplementary Table 1 for list of 

primer sequences and expected amplicon lengths). 
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Experimental Filtering (PCR and Fosmid sequencing): PCR amplification 

was performed on a set of 10 DNA samples from self-identified African-

Americans, obtained from the Coriell repository (NA17031, NA17032, NA17033, 

NA17034, NA17035, NA17036, NA17037, NA17038, NA17039, NA17040).  

PCR products amplified from these samples at the 991 test loci were sequenced 

(see Figure 1.2b).  Polyphred (NICKERSON et al. 1997) identified 208 regions that 

had >3 SNPs of rank 3 or less, and the supporting trace data at these loci were 

manually examined.  Loci in the HLA region, as defined by Stewart et al. 

(STEWART et al. 2004), were dropped from analysis at this point.  We determined 

that 80 of the loci actually contained ≥1% SNPs with genotypes in approximate 

Hardy-Weinberg proportions (thereby indicating that they were not artifacts of co-

amplified paralogous sequences), with a minimum of two occurrences of the 

minor allele for each SNP.   

To test whether the high SNP density extended over several kilobase pairs, 

for each locus with ≥1% SNPs in this sample population (again counting possible 

CpG mutations as 1/10th SNP), we PCR amplified two flanking regions—one 

three kbp upstream and one three kbp downstream from the initial read—from 4 

individuals from our diversity panel (NA03715, NA11373, NA11589, NA14660), 

3 from the original African-American sample (NA17031, NA17038, NA17039) 

and one from a chimpanzee (NA03646), as shown in Figure 1.2c.  Loci at which 

at least one of the flanking PCR sites had ≥0.7% SNPs, with a minimum of two 
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occurrences of the minor allele per SNP, were considered further (80 loci).  Based 

on visual inspection, we selected one SNP from each originally amplified locus as 

a “tag SNP” for purposes of defining a pair of diverged haplotypes; the tag SNP 

was required to be in apparent linkage disequilibrium with other SNPs in both the 

originally amplified locus and the flanking regions, and in general it was the SNP 

with the highest minor allele frequency (see asterisks in Figure 1.2).  We 

sequenced additional individuals (NA01814, NA10471, NA10540, NA10543, 

NA10975, NA10976, NA11321, NA11521, NA13838, NA14663) in order to 

identify three samples from each of the two haplotypes defined as described 

above.  For each candidate locus, we isolated the six haplotypes from fosmid 

libraries constructed from the identified individuals, using PCR assays targeted 10 

kbp upstream and downstream from the site of the original read to identify 

fosmids sharing at least 20 kbp of overlapping sequence (RAYMOND et al. 2005).  

Isolated fosmids were then sequenced by standard shotgun-sequencing and 

finishing methods to an estimated error rate of <10-5 (the sequences have been 

deposited in Genbank, with accession numbers DQ384420-DQ384510). 

 Allele frequency information for each tag SNP by human 

subpopulations was obtained from the following samples, obtained from the 

Coriell depository: African-Americans (NA17101-NA17132), Caucasians 

(NA17201-NA17232), and Chinese-American (NA17733-NA17747, NA17749, 

NA17752-NA17759, NA17761-NA17762, NA17764- NA17769). 
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Calculating within-human divergence and human-chimpanzee divergence: 

For each region, we plotted a profile of the percent nucleotide difference between 

each pair of haplotypes in 5-kbp windows with a 100 bp slide (e.g., Figure 1.3).  

Human-chimpanzee divergence levels were calculated by comparing the human 

fosmid sequences to the orthologous chimpanzee draft sequence (UCSC build 1 

version 1).  Because the chimpanzee sequence is not ‘finished’, we used a 

POLYBAYES-like algorithm to estimate the probability that each discrepancy 

between a pair of sequences was a true discrepancy rather than a sequencing error 

(MARTH et al. 1999), and calculated the expected number of true discrepancies for 

each region.   

Computer simulation and analysis:  We used two neutral evolution models 

sets to simulate the evolutionary relationships among a sample of chromosomes.  

The first was a constant-population size, uniform-recombination-rate model 

implemented in the ms program (HUDSON 2002), referred to below as the “simple 

model”, which we used to simulate 30 haplotypes, arbitrarily defining the first as 

the reference haplotype, the second as the read haplotype and taking the 

remaining 28 haplotypes as the experimental sample.  We estimated the genome-

average θ (=4Nμ, where N is the effective population size and μ is the per-

generation mutation rate) to use in these simulations from the number of 

segregating sites in all African-origin individuals in the 19 genes with the most 

sequence available [abcb1, app, blm, ctnna1, cyp19a1, ece1, gab1, map2k4, 
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mapk9, mmp16, nos2a, pdlim1, poln, pten, rad18, rev1l, tjp1, tp53bp1, xrcc4] 

from the NIEHS SNPs project (NIEHS Environmental Genome Project, 

University of Washington, Seattle, WA (URL: http://egp.gs.washington.edu) 

[October 2005]).  Our value (θS = 0.081%) is probably a slight underestimate, 

because the sequence includes exonic regions.  Our value for the genome-average 

ρ (=4Nr, where r is the recombination rate) of 5×10-4 is consistent with current 

genome-average estimates (PRITCHARD and PRZEWORSKI 2001).   

The second simulated data set was generated using a calibrated parameter-

rich model.  We simulated 38 haplotypes (22 African-American, six European, 

five Asian and five African haplotypes) using the cosi_package, maintaining all 

parameter values as described in the “bestfit” model (SCHAFFNER et al. 2005).  

We defined the European haplotype 1 as the reference and chose the read 

haplotype at random from European haplotype 4-6, African haplotype 3-5, or 

Asian haplotype 3-5.  The remaining 28 simulated haplotypes correspond to our 

experimental sample. 

In analyzing the simulated data, we attempted to mimic our real-data 

analysis as closely as possible (described as method (c) in RESULTS).  Because 

some issues (particularly the presence of base-calling errors in the reads and the 

need to reduce computational burden) were relevant to the real-data analysis but 

not the simulations, some steps were done in a different order in the simulations.  

In particular, reads with at least 1% SNP differences relative to the reference 
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could be identified in a single (late) step in the simulations, but required several 

steps in the real-data analysis, including an early step to identify reads with ≥1% 

discrepancies (including basecalling errors in addition to SNP differences) 

relative to the reference, as well as later steps involving experimental 

confirmation of the SNPs.  As a result of this reordering of intermediate steps, 

some intermediate numbers from the simulations in Figure 1.1 are not directly 

comparable to the real-data results, but the bottom-line values (number of regions 

expected to be identified by our approach after applying all computational and 

experimental filters) should be. 

In the simulations, the filtering process can be divided into two phases, 

consisting of the steps that do or do not enrich for highly polymorphic regions.  

First, we determined the number of reads that would have been expected to 

survive our data quality filters.  We estimated this from the real data results: 

24.3% of the reads had no repetitive elements; 62% of the reads had cross_match 

scores ≥100; we were able to design useful primers for 66.5% of the putatively 

highly polymorphic regions; 80% of our PCR amplifications produced useable 

sequence data; 50% of products were ≥300 bp (we subsequently required ≥3 

SNPs / 300 bp).  Multiplying all of these factors by the initial 3,334,762 trimmed 

reads with at least 300 bp aligned to the reference sequence, leaves 133,642 reads 

expected to pass the above filters (see Figure 1.1).   
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Second, we estimated how many highly polymorphic regions are expected 

among the surviving reads, which were regarded as unbiased with respect to 

polymorphism content, on the basis of our coalescent simulations (see schematic 

in Figure 1.2).  Because of run-time constraints for the parameter-rich coalescence 

simulator, we divided the genome into one megabase “chromosomes” and 

randomly placed 1/3000th of the 133,642 reads on each chromosome.  For each 

simulated read, we counted the number of nucleotide differences between the 

designated read and reference haplotypes in a read-size window of variable 

length, drawn from our empirical distribution of trimmed read-lengths (as in 

Figure 1.2a).  We allowed only one highly polymorphic read (arbitrarily chosen) 

per 10-kbp window, discarding all others in that window.  For those simulated 

reads with ≥1% nucleotide differences, we counted the number of SNPs within 20 

African-American haplotypes, in the case of the parameter-rich simulation, or an 

arbitrary subset of 20 different haplotypes in the simple simulation (as in Figure 

1.2b).  We required that the minor allele for each of these SNPs be represented at 

least twice among the 20 haplotypes.  For those regions that still had ≥1% SNP 

density by these criteria, we examined the number of SNPs in windows the same 

size as that used at the site of the original read, three kbp upstream and 

downstream from that site in six of the 20 test haplotypes and in the eight 

remaining unexamined haplotypes, as shown in Figure 1.2c (in the case of the 

parameter-rich simulation, these were European haplotypes 2-3, African-
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American haplotypes 27-28, Asian haplotypes 1-2, and African haplotypes 1-2).  

If either the upstream or downstream window had ≥0.7% SNPs, again requiring 

that the minor alleles for each SNP appear at least twice, we scanned a 20-kbp 

window, centered on the original read position, for the 5-kbp window with the 

highest number of nucleotide differences between the most dissimilar haplotypes 

within this last set of haplotypes (“MAXDIV”).  The numbers reported in Figure 

1.1 are for the parameter-rich simulation, but the numbers for the simple 

simulation are similar (see Figure 1.7). 

 

 

Results 

Our initial data set consisted of pairwise comparison of approximately 4 

million whole-genome-shotgun reads from the SNP Consortium 

(SACHIDANANDAM et al. 2001) to the human reference sequence.  The main 

difficulty when looking for highly divergent regions with data of this type is the 

high frequency of false positives – indeed the vast majority of regions that 

initially appear to be highly divergent are false positives.  Therefore, we 

developed an extensive filtering scheme (Figure 1.1) to increase the ratio of true 

to false positives.  The types of false positives we encountered can be broken 

down into two classes: (i) misalignment of paralogous sequences, (ii) miscalled 
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bases with atypically high quality values (i.e sequencing errors that are difficult to 

recognize).   

We computationally filtered the reads in ways that eliminated most of 

these and then tested 991 of the most promising cases experimentally on a panel 

of 10 African-Americans to validate the SNPs in this region (see MATERIALS 

AND METHODS for details).  Because the variance in SNP density due to the 

Poisson distribution alone is high within read-length-sized windows, which 

average 400 bp, we required that the highly variable segments extend over a 

minimum of 3 kbp in an attempt to avoid regions where a fortuitously high 

number of SNPs is not reflective of divergence time.  We implemented this 

requirement by designing PCR assays 3 kbp upstream and downstream from the 

original read and resequencing these amplicons from a new panel of humans.  

This new panel comprised three of the original African-Americans, and four 

additional individuals from a diversity panel, in order to bias our positives toward 

those with high-minor-allele frequencies in multiple populations.  Figure 1.2 

illustrates the three steps of the filtering strategy in which most of the enrichment 

for highly polymorphic regions occurred.  Finally, we sequenced at least 20 kbp 

of the most dissimilar haplotypes at the 16 non-HLA loci that passed all our 

filters.  Typical results are shown in Figure 1.3, and characteristics of the 16 loci 

are given in Table 1. 

Although maximum pairwise divergence is often well above the genome-

average-pairwise divergence (indicated by the lowest dotted line in Figure 1.3; 
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0.081% for humans of recent African ancestry), and in places approaches that of 

the human-chimpanzee divergence, corroborative signs of balancing selection 

were absent from these regions.  In no case was a human haplotype more closely 

related to a sampled chimpanzee haplotype than another of the sampled human 

haplotypes (i.e. there was no indication of trans-species polymorphism).  

Moreover, the interspecies divergences do not indicate unusual levels of mutation 

at any of these loci.  Although traditional tests for balancing selection such as 

Tajima’s D (TAJIMA 1989) and HKA (HUDSON et al. 1987), were often strongly 

positive in these regions, these statistics are highly correlated with polymorphism 

levels; hence, they are not independent tests of neutrality.  Annotated genes were 

generally sparse, with most regions being 10’s or 100’s of kilobase pairs away 

from the nearest exon.  For nine of the most divergent loci, we tested allele 

frequencies in three subpopulations and found that the FSTs (WEIR and HILL 

2002) for these loci were not unusual as compared to the observed distribution for 

random sites (AKEY et al. 2002).  The number of putative highly conserved bases 

in these regions (SIEPEL et al. 2005) was also not significantly different from 

randomly chosen regions (Table 1.1).   

Given the lack of annotated gene features that might comprise targets for 

balancing selection, we sought to determine whether the levels of divergence 

observed were within the expectations of a neutral model.  We chose as our key 

statistic the number of nucleotide differences in a 5-kbp window between the 

most dissimilar haplotypes (“MAXDIV”), in order to capture the amplitude of the 
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polymorphism level over a significant genomic extent in the observed regions.  

Due to the complexity of the models we wish to consider, the analysis we present 

is based on coalescent simulations rather than explicit theory.  We simulated the 

evolutionary relationship among a sample of haplotypes, using both a constant-

population-size, uniform-recombination-rate model (referred to below as the 

“simple model”; (HUDSON 2002)) and a calibrated parameter-rich model 

(SCHAFFNER et al. 2005), and then looked for the frequency of occurrence of loci 

with characteristics similar to those we observed (see MATERIALS AND 

METHODS).  

We analyzed ten genome equivalents of simulated data using each of three 

methods, illustrated schematically in Figure 1.4.  In the first method (a), we made 

a histogram of MAXDIVs for each non-overlapping 5-kbp window in the 

genome.  This distribution has a mean of 2θπ × 5000, which for our estimated θπ 

of 0.081% is roughly 8.  In the second method (b), we scanned each non-

overlapping 20-kbp region for the 5-kbp window with the largest MAXDIV, as 

was done at our observed loci.  Our last method (c) takes into account the 

acquisition bias in the choice of regions to examine (see MATERIALS AND 

METHODS and Figure 1.4 legend for details).  We obtain results using both the 

simple and the parameter-rich simulators.  The expected MAXDIV distributions 

for each of these analysis methods are illustrated in Figure 1.5, with the MAXDIV 

values for our loci indicated with red asterisks.   
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Overall, our data appear to be consistent with expectations based on the 

calibrated, parameter-rich coalescent model (see Figure 1.5).  However, it is 

reassuring to note that the data also agree reasonably well with expectations based 

on a simple constant-population, uniform-recombination coalescent model; hence, 

the agreement between neutral theory and experiment is not highly sensitive to the 

details of the neutral model.   

To examine the effect that varying recombination rates would have on the 

expectations under the simple coalescent model, we repeated the simple model 

simulations using recombination rates 1/2, 1/4, 1/8, 1/16, and 1/32 that in the 

initial simulation, and analyzed the simulated data according to method (c).  The 

two main effects of decreasing the recombination rate were (i) lengthening the 

upper tail of the MAXDIV distribution (Figure 1.6), and (ii) increasing the 

expected number of regions of high polymorphism (Figure 1.7).  The fact that the 

shapes of the distributions converge by around ρ/8, suggests that the results of our 

simulation—the expected numbers of highly polymorphic 5-kbp windows in a 

genome—are robust even to major uncertainties in the recombination parameter.  

[Note also that in the parameter-rich simulation, 12% of recombinations happened 

outside of hotspots, corresponding to a background rate of ρ/8.] 

Two factors that we did not attempt to accommodate in our simulations, 

though there is ample evidence that both have had significant effects on the 

human-genome evolution, are varying mutation rates across the genome and the 
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possibly larger ancestral population size than that estimated from the genome-

wide average θπ.  Either of these factors would increase the variance of the 

distributions shown in Figure 1.5, thus making our findings even less unexpected 

under a null hypothesis of neutrality.  For example, while the average divergence 

between the human and chimpanzee genome is 1.23%, the standard deviation for 

100-kbp windows is in excess of 0.25% and rises rapidly with decreasing window 

size; this effect is thought mainly to be due to variation in mutation rates across 

the genome (THE CHIMPANZEE SEQUENCING AND ANALYSIS CONSORTIUM, 2005).  

We attempted to control for mutation rate by examining local human-chimpanzee 

divergences, which did tend to be slightly higher than the genome average 

although only one exceeded 2% (e.g., Table 1).   

Ancestral population sizes on a multi-million-year time scale that exceed 

the usual estimates of about 10,000 would also increase the variance of the 

distributions shown in Figure 1.5, primarily by extending the upper tail of the 

distribution.  It has been inferred that the size of the population ancestral to both 

humans and chimps was perhaps five times greater than estimates for the recent 

effective population size for humans (CHEN and LI 2001; TAKAHATA and SATTA 

1997; TAKAHATA et al. 1995; WALL 2003).  While it is not known when the 

effective population size of the human lineage shrank, it must have been long 

enough ago that it does not affect the coalescence time of the vast majority of 

sites in the genome (MARTH et al. 2004; SCHAFFNER et al. 2005; VOIGHT et al. 
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2005).  If a locus had remained polymorphic since the time of the larger ancestral 

population size, the total coalescence time for that locus would reflect that larger 

population size and might be reflected in the few, very deep coalescences 

occurring fortuitously in the genome.   

The HLA locus serves as an important positive control for our genome-

wide screen.  Regions identified by the computational filter were enriched for the 

HLA region, as expected.  Since the HLA locus, as commonly defined, comprises 

less than 0.1% of the genome and only a fraction of the locus is highly 

polymorphic, we expect less than 1 of the 991 computationally identified regions 

to land within this locus by chance.  In contrast, we observed sixteen.  Without 

prior knowledge of HLA annotation, the sixteen HLA ‘hits’ implicated 11 genes 

(RFP, HLA-F, DRB3, DRB1, DQA1, DQB1, DQA2, DQB2, DOA, DPA1 and 

DPB1) as candidates for balancing selection due to elevated polymorphism 

(Figure 1.8).  Most of these genes are in extremely polymorphic HLA sub-regions 

(STEWART et al. 2004). 

 

 

Discussion 

Although the regions we identified are among the most polymorphic regions yet 

reported in the human genome outside of the HLA and ABO loci, we did not find 

any evidence that balancing selection had maintained this variation.  Our results 

are consistent with theoretical predictions (WIUF et al. 2004) and recent 
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experimental results (ASTHANA et al. 2005) both of which suggest that only under 

very special circumstances can balancing selection persist over millions of years, 

while also leaving a signature of high local polymorphism on the human genome. 

Our choice of test statistic (maximum divergence over a 5 kbp interval) limits our 

ability to detect certain types of balanced haplotypes, such as those that in which 

the balanced haplotypes have been eroded by recombination to a few nucleotides.  

If we were looking instead for evidence of ancient admixture with Neanderthal—

longer regions of moderately high polymorphism levels—our test statistic would 

need to reflect these expected properties.  In all scans of this type, there is a trade-

off between discarding true positives by filtering too aggressively and being 

overwhelmed with false positives when the filtering is not aggressive enough.   

The larger question posed by our data is whether or not the use of DNA 

polymorphism data to detect targets of long-term balancing selection in the 

human genome is futile regardless of the details of the methodology employed.  

Despite the abundance of theoretical and experimental literature on balancing 

selection, there are only three well documented instances of trans-species 

balancing selection among eukaryotes: (i) the MHC (HUGHES and YEAGER 1998), 

(ii) the gene responsible for middle-wavelength and long-wavelength color vision 

in New World monkeys (SURRIDGE and MUNDY 2002), and (iii) the self-

incompatibility (SI) loci in plants, which have arisen multiple times independently 

(CASTRIC and VEKEMANS 2004).  Beyond these examples, one could argue that 

the sex chromosomes, which have arisen multiple times (FRASER and HEITMAN 
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2005), are the oldest and most prevalent example of balancing selection.  

However, the first three examples are more relevant for our study.   

There is strong evidence that adaptive immunity, a process in which the MHC is 

definitively involved, evolved multiple times (LITMAN et al. 2005).  Hence, like 

self-incompatibility in plants, the MHC may be another case of convergent 

evolution of balancing selection.  What do these genetic loci have in common?  

We argue that for balancing selection to be evolutionarily stable it must be 

frequency-dependent (as opposed to heterotic), and, for it to be detectable, there 

must be at least two physically linked loci that are each under balancing selection, 

thereby enabling neutral mutations to accumulate over a substantial region due to 

selection against most recombination events in the interval (SLATKIN 2000).  

These conditions seem to have been met rarely during human evolution—in our 

screen, the HLA region was unique in the density of highly polymorphic “hits.” 

While any type of selection that favors maintenance of more than one allele is, by 

definition, balancing selection, there are multiple mechanisms through which a 

balance of alleles can be maintained.  The most widely recognized mechanism is 

heterozygote advantage, as in the textbook example of sickle-cell anemia.  

Although the sickle-cell allele raises the overall fitness of the population, a 

significant fraction of individuals have decreased survival and reproductive rates 

as a consequence of this one allele—a phenomenon that has been described as 

genetic or segregational load.  There are two indications that such systems may 

not be stable.  First, a new allele under balancing selection may rise in frequency 
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more quickly than a new allele under positive selection—even one which, in 

equilibrium state, confers a greater fitness benefit on the population.  This is 

because when a new allele is at a low frequency, the fitness advantage of the 

heterozygote is most important, while the lower fitness of homozygotes is not yet 

very relevant.  For example, despite the fact that multiple hemoglobinopathy-

related alleles (including the one responsible for sickle-cell anemia) have arisen 

independently in response to selective pressure by malaria, an allele exists (HbC) 

that is protective against malaria in the homozygous state and more weakly in the 

heterozygous state, as well.  Neither state is associated with hemoglobinopathy.  

Given enough time under continued selective pressure, it is expected that this 

allele would sweep through the at-risk region and increase the total population 

fitness (MODIANO et al. 2001).  Second, in general, one can imagine some 

combination of gene duplication and regulatory modifications that would allow all 

individuals to have the benefits of both alleles of a gene under balancing selection 

(SPOFFORD 1969), as is illustrated by the evolution of separate middle-wavelength 

and long-wavelength-color-vision genes in Old World monkeys and Great Apes.   

In contrast, frequency-dependent selection does not require a steady-state-fitness 

differential, and, therefore, confers less load on a population (KOJIMA 1971).  

Consequently, this type of balancing selection is probably more stable than 

instances that depend on heterozygote advantage.     

If a balancing-selection system is sustainable, but depends on a single SNP, the 

genomic region in which two haplotypes are preserved will erode, due to 
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recombination, ultimately making it impossible to recreate an accurate coalescent 

tree with SNP data (WIUF et al. 2004).  However, if there are two physically 

linked sites that, in certain combinations, produce balanced haplotypes, the 

neutral sites between them will reflect the divergence time of the balanced 

haplotypes.  The sites must be nearby, however, to avoid recombinational erosion 

(BARTON and NAVARRO 2002; KELLY and WADE 2000).  Although there is 

evidence for some degree of genomic clustering of co-expressed genes in 

mammals at the megabasepair scale, which may largely reflect local chromatin 

characteristics (HURST et al. 2004), we suspect that sites at which recombination 

is strongly suppressed by selection against recombinant haplotypes are rare.   

In each of our three best examples, there is epistasis between physically linked 

sites.  In the form of SI in which compatibility is determined by parental genotype 

(“sporophytic SI”), the male and female determinants are tightly linked, both 

physically and phylogenetically (HISCOCK and MCINNIS 2003; SATO et al. 2002).  

In the form of SI in which compatibility is determined by gametic genotype alone 

(“gametophytic SI”), only the female determinant has been identified.  For that 

locus, there are two hypervariable regions within a single gene that are thought to 

interact functionally (FRANKLIN-TONG and FRANKLIN 2003).  The color vision 

alleles in New World monkeys also appear to display balancing selection at 

multiple intragenic sites, as there are multiple mutational differences in different 

exons that distinguish functional alleles (SHYUE et al. 1998).  At the MHC locus, 

there are many associations between “ancestral haplotypes” covering multiple 
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genes and disease susceptibilities (PRICE et al. 1999).  It appears that, as in the 

evolution of the sex chromosomes (FRASER and HEITMAN 2005), the MHC locus 

has acquired functionally related sets of genes whose gene products interact 

(KELLEY et al. 2005). 

 While there are frequent claims for balancing selection at other loci in the 

literature, the plausibility of most of these cases depends on scenarios for 

heterozygote advantage.  Thus far, the best case for balancing selection in the 

human genome based solely on greater-than-expected coalescence time is at the 

locus controlling ABO blood-type, specifically between the A and B alleles.  

ABO is an interesting example because, although it has been known to be 

polymorphic for over 100 years due to its relevance in blood transfusion, its 

primary evolutionary function remains elusive.  The lack of a strongly deleterious 

genotype satisfies our first proposed criterion that there should be little genetic 

load.  The initial suggestion of long-term balancing selection came from the fact 

that the AB antigen-antibody phenotype is present in many primates, including 

some New World monkeys (BLANCHER et al. 2000).  Furthermore, it has been 

shown biochemically that only two nucleotides, separated by 6 bp, differentiate 

the A allele from the B allele (YAMAMOTO and HAKOMORI 1990), and these two 

nucleotides demonstrate apparent trans-species polymorphism within humans, 

chimpanzees and gorillas (MARTINKO et al. 1993).  In contrast, the O allele 

appears to have arisen multiple times in humans but is rare in non-human 

primates.  When intronic sequence of humans, gorillas and chimpanzees is 
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compared, there is no evidence for trans-species polymorphism of linked neutral 

sites, so it has been argued that the two functional polymorphisms reflect 

convergent evolution (O'HUIGIN et al. 1997).  However, if the balanced haplotype 

is just 8-bp long, it would behave as a single site and have only modest effects on 

flanking polymorphism levels (WIUF et al. 2004); the 6 exonic nucleotides 

between the functional polymorphisms certainly cannot hold enough neutral 

mutation to provide an accurate estimate of divergence time.  Indeed, while 

polymorphism levels are high in the ABO region—with a MAXDIV of 49, which 

approaches human-chimpanzee divergence levels—there is no evidence for trans-

species polymorphism outside the 8-bp haplotype (SeattleSNPs. NHLBI Program 

for Genomic Applications, SeattleSNPs, Seattle, WA (URL: 

http://pga.gs.washington.edu) [October 2005]).  Thus, while we cannot conclude 

that ABO is another example of trans-species balancing selection, the possibility 

exists that it is an “invisible” example that cannot be detected by polymorphism 

studies.   

We hypothesize that balancing selection most frequently arises in transient 

situations when the environment changes rapidly.  Balancing-selection systems 

may largely be evolutionary “band-aids” that survive only until a more stable 

strategy arises, based on gene duplication and divergence, or the rise of a more 

evolutionarily successful allele.  This view is reminiscent of arguments supporting 

the less-is-more hypothesis (OLSON 1999); indeed, many suspected examples of 
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recent balancing selection involve maintenance of non-functional or sub-

functional alleles in the population (e.g., Δccr5, ΔF508, HbS ).   

This brief analysis suggests that long-term balancing selection may simply be rare 

in humans and other organisms with similar biology and evolutionary histories.  

Certainly, this conclusion is compatible with the results of our search for targets 

of long-term-balancing selection in the human genome.  Nonetheless, the question 

still arises as to whether or not we failed to identify such targets simply because 

we had too little data to analyze.  Would we have fared better, for example, if the 

entire genome were sequenced across 20 human haplotypes?  While we cannot 

exclude that possibility, we suspect that identification of genes under long-term-

balancing selection will remain a gene-by-gene process, based largely on 

functional evidence, and not greatly accelerated by genomic analysis because (i) 

the phenomenon itself is rare, and (ii) compatible balancing selection between 

physically linked loci—a requirement for generating a detectable genomic 

fingerprint—is also rare.  Nonetheless, the fact that balancing selection systems 

have arisen multiple independent times and involve core functions of 

multicellular, sexually reproducing organisms (e.g., combating pathogens and 

avoiding selfing) suggests that, while rare, balancing selection has had major 

effects on the evolution of metazoan organisms.   

 



 

 

Table 1.1.  Characteristics of the sixteen highly divergent loci identified in our screen, along with ABO and HLA for 

comparison. 

 

 

minor allele freq (#haps sampled)b

locus chr,band build35.1 position MAXDIVa
Chinese-
American

Caucasian-
American

African-
American FST

human-chimp 
divergence

#conserved bpd 

(p-value)e annotation
bs001 1q42.13 chr1:225,180,594-225,185,593 17 N/A N/A N/A N/A 0.92% 12 (0.68) Adjacent to 774-bp terminal coding exon of RHOU, 

which contains no known polymorphisms
bs002 1q43 chr1:234,960,748-234,965,747 41 0.820 (50) 0.688 (64) 0.469 (64) 0.20 1.50% 23 (0.62) 500 kbp from nearest annotated gene
bs003 3p25.3 chr3:11,615,674-11,620,673 39 N/A N/A N/A N/A 2.00% 214 (0.22) Contains a 172-bp internal coding exon of VGLL4, 

which has no high-minor-allele-frequency 
polymorphisms

bs004 5q33.2 chr5:152,911,118-152,916,117 38 0.078 (64) 0.516 (64) 0.145 (62) 0.47 1.18% 39 (0.51) In the middle of 150-kbp intron of GRIA1
bs005 3q26.31 chr3:176,595,380-176,600,379 19 N/A N/A N/A N/A 1.09% 158 (0.29) In the middle of 130-kbp intron of NAALADL2
bs006 4q31.22 chr4:147,247,730-147,252,729 22 N/A N/A N/A N/A 0.93% 27 (0.51) 20 kbp downstream of LOC152485
bs007 4q35.2 chr4:189,958,640-189,963,639 49 0.417 (60) 0.766 (64) 0.476 (62) 0.15 1.19% 8 (0.63) In exon of GENSCAN-predicted gene with no 

mRNA support and no homology between predicted 
amino acid sequence and known proteins

bs008 7p21.3 chr7:8,407,241-8,412,240 31 0.233 (60) 0.048 (62) 0.328 (64) 0.60 1.50% 205 (0.21) 200 kbp away from nearest annotated gene
bs009c 7q21.13 chr7:88,955,055-88,960,054 63 0.621 (58) 0.741 (58) 0.414 (58) 0.23 1.63% 0 (1) In the middle of 300-kbp intron of NXPH1

bs010 7q34 chr7:141,399,700-141,404,699 37 0.617 (60) 0.583 (60) 0.435 (62) 0.24 1.30% 129 (0.31) 5 kbp downstream of TRY1, which has no coding 
known polymorphisms

bs011 7q35 chr7:146,451,078-146,456,077 33 N/A N/A N/A N/A 1.51% 19 (0.60) In the middle of 100-kbp intron of CNTNAP2
bs012 8p23.2 chr8:3,887,626-3,892,625 45 N/A N/A N/A N/A 4.70% 0 (1) 10 kbp downstream of CSMD1 exon, which has no 

known polymorphisms
bs013 8q11.21 chr8:50,278,353-50,283,352 47 0.391 (64) 0.468 (62) 0.177 (62) 0.42 1.22% 0 (1) 120 kbp downstream of nearest predicted gene with 

mRNA support.  
bs014 8q12.1 chr8:57,926,636-57,931,635 47 0.567 (60 0.406 (64) 0.133 (60) 0.43 1.68% 73 (0.39) 100 kbp upstream of nearest predicted gene with 

mRNA support.
bs015 8q22.1 chr8:96,581,055-96,586,054 25 N/A N/A N/A N/A 1.12% 440 (0.06) 300 kbp away from nearest annotated gene
bs016 8q24.23 chr8:138,682,749-138,687,748 48 0.170 (62) 0.161 (62) 0.452 (62) 0.47 1.42% 425 (0.06) 100 kbp upstream of nearest predicted exon with 

mRNA support
ABO 9q34.2 chr9:133,160,949-133,165,948 49 N/A N/A N/A N/A 1.06% 138 (0.33) Contains last four exons of ABO
HLA 6p21.32 chr6:32,686,220-32,691,219 409 N/A N/A N/A N/A 0.96% 0 (1) Midway between DRB1 and DQA1, which are 

separated by 50 kbp
a number of nucleotide differences in this 5 kbp window between the most dissimilar haplotypes tested
b allele defined by a single "tag" SNP, chosen as described in the text; the "minor allele" is the allele that is less frequent in the African-American population
c resequenced original site, but probe for identifying appropriate fosmids was in 3 kbp upstream region
d posterior probability of conservation >0.9 - according to Siepel et al. 2005
e probability that a randomly chosen 5 kbp window from the same chromosome would contain at least that number of conserved bp in that window
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FIGURE 1.1.—Analysis pipelines used to identify regions of the genome with high polymorphism in real and simulated 
data.  Numbers shown for the simulated pipeline are those generated using a parameter-rich coalescent model (SCHAFFNER et 
al. 2005).  Black arrows indicate steps that enrich for highly polymorphic regions, indicated schematically by black boxes 
following these steps.  Gray arrows are accompanied by the percentage of reads that passes through that particular filter.  
That value is used in the simulated pipeline.  As is described more fully in MATERIALS AND METHODS, the order of the 
filters differed between the real-data and simulated pipelines.   
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FIGURE 1.2.—Illustration of key filtering techniques used to find extended regions of high polymorphism: (a) original 
alignment of the SNP Consortium read (“TSC read”) to the human reference genome; (b) the SNP-confirmation step in 
which the region was amplified from the genomic DNA of 10 self-identified African-Americans and resequenced (20 
haplotypes); (c) the SNP discovery step 3 kbp upstream and downstream from the original read, based on a panel including 
three of the previous African-Americans (haplotypes indicated with solid gray lines) and four additional individuals from a 
diversity panel (haplotypes indicated with dashed gray lines).  Note that SNPs were not typed for the four additional 
individuals at the site of the original read alignment.  For each SNP, the major and minor alleles are indicated as black and 
white balls, respectively.  Asterisks indicate potential “tag” SNPs used in the subsequent-fosmid-isolation step.
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FIGURE 1.3.—Pairwise divergences in 5-kbp sliding windows (offset = 100 bp) over a 30-kbp genomic span for three loci.  
Blue lines indicate human-human comparisons; red lines indicate human-chimpanzee comparisons.  In each panel, upper, 
middle and lower dotted lines represent pairwise divergences of 1%, 0.3% and 0.081%.  The latter value is the genome-wide 
average divergence between two randomly sampled sequences.  Straight edges indicate interpolation of the human-
chimpanzee comparisons across regions in which chimpanzee sequence is lacking. 
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FIGURE 1.4.—Description of simulation and three alternate methods of analysis.  
The top portion illustrates the evolutionary relationship among 30 haplotypes of a 
population for a segment of genomic sequence.  For those 30 haplotypes, there are 
two changes in their evolutionary relationship in this segment, due to ancestral 
recombination events.  The sites of these ancestral recombinations are represented 
by edges between adjacent color blocks, which contain slightly differing 
phylogenies.  The lower portion illustrates three alternate methods of analyzing 
the simulated genomes.  (a) The number of nucleotide differences between the 
most dissimilar haplotypes (“MAXDIV”) within each non-overlapping 5-kbp 
window is reported.  (b) For each non-overlapping 20-kbp window, the MAXDIV 
of the most divergent 5-kbp window is reported.  (c) For each 20-kbp window that 
satisfied the computational filtering requirements summarized in Figure 1.1, the 
MAXDIV of the most divergent 5-kbp window is reported (see MATERIALS 
AND METHODS for details).  In order to simulate the filtering steps, three test 
regions (see small vertical boxes) were established in the center of each 20-kbp 
window, corresponding to the positions of the original read and sites 3 kbp 
upstream and downstream from this position. 
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FIGURE 1.5.—Comparison of observed loci with simulated MAXDIV distributions.  Curves labeled method (a-c) were 
generated by analyzing data simulated under the simple coalescent model, using the analysis methods illustrated in Figure 1.4.  
The curve labeled “parameter-rich” was generated by analyzing data simulated under the parameter-rich coalescent model 
using method (c).  See MATERIALS AND METHODS for details of both simulation models and analysis methods.  For each 
analysis method, a histogram was produced and then normalized such that the bar areas sum to one.  Red asterisks indicate the 
MAXDIV of the 16 loci for which we obtained extended sequence.  The smoothness of the curve for method (a) reflects a 
higher number of windows analyzed in the ten genomes with this method. 
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FIGURE 1.6.—The effect of varying recombination rates (rho) on simulated MAXDIV distributions.  All distributions were 
generated using method (c).  The curves for different multiples of rho (where rho=5×10-4) used data simulated under the simple 
model.  The curve labeled “parameter-rich” was generated by analyzing data simulated under the parameter-rich coalescent 
model.  Red asterisks indicate the MAXDIV of the 16 loci for which we obtained extended sequence. 
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FIGURE 1.7.—Numbers of 20-kbp windows found per simulated genome for 
simple coalescent models with varying recombination rates and the parameter-
rich coalescent model.  Gray asterisk line indicates the number of 20-kbp 
windows identified in our real-data screen.  Dotted gray line indicates the number 
of 20-kbp windows found per simulated genome for the parameter-rich model.  
Analyses used method (c), illustrated in Figure 1.4. 
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FIGURE 1.8.—Sites within the HLA locus that our computational filter indicated as putative highly polymorphic.  The profile 
of the pairwise divergence for 10-kbp sliding windows with 5 kbp offsets of two HLA haplotypes, 6-COX and PGF (STEWART 
et al. 2004), is plotted, with select HLA genes and our hits indicated with black vertical lines above the scale bar. 

R
FP

H
LA
‐F

H
LA
‐A

H
LA
‐C

H
LA
‐B

H
LA
‐D
R
B1

H
LA
‐D
Q
A
1

H
LA
‐D
Q
B1

H
LA
‐D
Q
A
2

H
LA
‐D
Q
B2

H
LA
‐D
O
B

H
LA
‐D
O
A

H
LA
‐D
PA
1

H
LA
‐D
PB
1

our 
hits

HLA 
genes

% 
divergence

R
FP

H
LA
‐F

H
LA
‐A

H
LA
‐C

H
LA
‐B

H
LA
‐D
R
B1

H
LA
‐D
Q
A
1

H
LA
‐D
Q
B1

H
LA
‐D
Q
A
2

H
LA
‐D
Q
B2

H
LA
‐D
O
B

H
LA
‐D
O
A

H
LA
‐D
PA
1

H
LA
‐D
PB
1

our 
hits

HLA 
genes

% 
divergence

38



39 

 

PART II: 

EXAMINATION OF THE BEHAVIOR OF SELECTION TEST 

STATISTICS ON SIMULATED DATA 

 

Introduction 

 Detecting signatures of selection is currently a major goal for genome 

analysts, mainly because of the recent availability of large amounts of sequence 

data.  It is therefore critical that attention be paid to the methods with which these 

signatures are being identified. 

 Selection can be thought of as a parameter—like recombination rate or 

migration rate—that has shaped the evolution of a population.  As such, it is 

common to measure the strength of selection using so-called selection 

coefficients, often denoted as s, and a measure of dominance, often denoted as h.  

For example, under positive selection, an individual that is homozygous for the 

derived allele may be a fraction s more fit than an individual that is homozygous 

for the ancestral allele.  We would then write the fitness of the ancestral 

homozygote as 1 and the fitness of the derived homozygote as 1+s.  The fitness of 

the heterozygote, in the case of positive selection, is anywhere between these two 

values—depending on the degree of dominance of the derived allele (eg: 1+sh, for 

0 ≤ h ≤ 1).  Balancing selection is often modeled as heterozygote advantage, in 

which the fitness of the heterozygote is greater than that of either homozygote.  
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For example, the fitnesses of the ancestral homozygote, the heterozygote and the 

derived homozygote could be represented as 1, 1+s, and 1+sh, respectively, for s 

> 0 and –(1/s) ≤ h ≤ 1.  A special case of balancing selection is symmetric 

balancing selection, in which the fitness of the homozygotes is the same (h=0).  

These parameters—the relative fitnesses of the genotypes—are reflected in the 

evolutionary history of the population.  

 Theoreticians have developed many test statistics for inferring selection.  

Some are based directly on the number of coding changes (NEI and GOJOBORI 

1986; YANG et al. 2000).  Others involve comparisons of observed evolutionary 

trees with trees expected under neutrality, using various summary statistics, 

including FST (LEWONTIN and KRAKAUER 1973) and linkage disequilibrium (e.g., 

TISHKOFF et al. 2001).  In this study, we concentrate on two test statistics that are 

of particular relevance when searching for loci that might be under balancing 

selection: Tajima’s D (TAJIMA 1989) and maximum pairwise divergence 

(“MAXDIV”). 

 A locus under positive selection is expected to have both a decreased 

Tajima’s D and MAXDIV score, compared to a locus under neutrality.  This is 

because when the descendants of one haplotype rapidly replace all other 

haplotypes in the population, two things happen: (1) the overall diversity 

decreases, and (2) the variance in the number of nucleotide differences between 

any pair of haplotypes in the population decreases.  The more quickly the derived, 
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positively selected allele goes to fixation, the more dramatic these effects will be.  

In contrast, if it takes many generations for the derived, positively selected allele 

to get to fixation—close to the expected number of generations back to the 

tMRCA under neutrality—then the effects will be very slight.  Similarly, as time 

progresses, a locus that at one point underwent a “selective sweep” (i.e., a 

positively selected allele went to fixation), will again look neutral no matter how 

strong the historical selective sweep was. 

 A locus under balancing selection, on the other hand, is expected to have 

an increased Tajima’s D and MAXDIV score, compared to a locus under 

neutrality.  This is because when two functionally distinct of haplotypes are 

maintained in a population over time, the resulting evolutionary tree is likely to 

have two divergent clades.  The effects are the opposite of those produced by 

positive selection: (1) an overall increase in diversity, and (2) an increase in the 

variance in the number of nucleotide differences between any pair of haplotypes 

in the population.  Specifically, there will be two types of haplotype pairs, those 

between members of the same clade and those between members of different 

clades.  Over time, the divergence between the two clades increases, but 

recombination between the two clades homogenizes the region surrounding the 

selected site, making test statistics look as they would on a neutral region. 

 Often, tools for inferring population parameters are developed in tandem 

with programs that simulate populations affected by those parameters; hence, the 

parameters under which simulated data are generated can be compared to 
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inferences made.  While many evolutionary features have been studied in this 

way—including exponential growth (KUHNER et al. 1998), recombination 

(KUHNER et al. 2000) and migration (BEERLI and FELSENSTEIN 2001)—

development of a program simulating selection has proven more challenging, and 

thus tests for selection are largely untested. 

 Recently two groups have proposed algorithms for simulating selection 

(KRONE and NEUHAUSER 1997; NEUHAUSER and KRONE 1997; SPENCER and 

COOP 2004).  Both methods track a sample of extant haplotypes and their 

ancestors, moving backward in time.  These methods are extensions of coalescent 

theory, which in its basic formulation is much better suited to the analysis of drift, 

population dynamics, and migration than any form of selection.   

 Although the “backward” nature of coalescent simulators is elegant and 

time-efficient, advances in computational speed make it currently feasible to run 

reasonably large forward-time simulations (for early descriptions of such 

algorithms, see CROSBY 1973; for early descriptions of such algorithms, see 

FRASER and BURNELL 1970).  In contrast with “backward” simulations of 

selection, simulations of selection that move forward in time are algorithmically 

straightforward.  With this in mind, we implemented a simulator that simply 

tracks the evolutionary events (mutation, recombination and drift) of all the 

haplotypes in a population, including a function that preferentially selects 

haplotypes for the next generation.   
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 Our aim was to quantify the behavior of Tajima’s D and MAXDIV 

using our “forward-evolving” simulator.  As should be expected, we observe an 

overall positive correlation between Tajima’s D and MAXDIV test statistics 

(Figure 2.1).  Additionally, we explore the distribution of test scores at various 

points in the life of a derived allele under selection.   

 

Methods 

IMPLEMENTATION OF EVOLUTION UNDER NEUTRALITY 

 Before describing the specifics of our treatment of selection 

implementation, we first describe the steps in a forward neutral simulation (Figure 

2.2).  At each generation, a number of mutations, k, is chosen for the entire 

population stochastically from a binomial distribution,   
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where P(k) = probability of k mutations, n = (number of haplotypes in the entire 

population) × (number of nucleotides per haplotype), and p = mutation rate (per 

nucleotide, per generation), and q = 1 - p.  The mutations are then distributed 

uniformly throughout the haplotypes.  Next, a number of recombination events is 

chosen for the entire population stochastically from a binomial distribution (n = 

same as above, p = recombination rate), and the recombination points are 
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distributed uniformly through the population.  Recombination always involves 

swapping the outer sequence (or list of events) of two haplotypes, as indicated in 

Figure 2.2.  For example, when simulating a 5-kbp region, all recombinations 

occurring from nucleotides 1 - 2,500 result in haplotypes exchanging the first part 

of their sequence.  Implicit in this model is the assumption that a selected site is 

an invisible nucleotide (or non-recombining nucleotides) in the center of the 

simulated haplotype, which never mutates and is never recombinationally 

disrupted.  Finally, drift is simulated by sampling the next generation, with 

replacement, from the current generation.  Note that this implementation is a 

slight departure from a strict Wright-Fisher model; once a haplotype has 

undergone recombination, the original, non-recombined haplotype is no longer 

available for sampling in subsequent generations. 

 To decrease run time in simulating a human-population, we decreased 

the total number of haplotypes in our simulated effective population by 102 and 

increased per-generation mutation rate (μ) and recombination rate (r) by 102, so 

that θ (4Neμ) and ρ (4Ner) remain the same.  Because of this device, everything 

(mutation, recombination and drift) happens 100x faster than it would if N, μ, and 

r were un-scaled (ROBERTSON 1970); hence, each simulation-round actually 

simulates 100 generations. 
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IMPLEMENTATION OF EVOLUTION UNDER SELECTION 

 Selection is implemented in three phases: (i) generation of a starting 

neutral population, (ii) generation of an appropriate derived-allele frequency 

trajectory, and (iii) actual simulation of haplotypes during the selection phase. 

 To generate a starting neutral population, we could have either used a 

backward simulator such as ms (HUDSON 2002) or simply relied on a neutral 

“burn-in” phase.  Our program currently does the latter.  We start with a 

population of identical haplotypes, then run the forward simulator until the 

haplotypes have the characteristics of a neutrally evolving population.  We 

determined that a burn-in time of 103 simulation-rounds generates an equilibrium 

neutral population similar to one generated by the gold-standard backward 

coalescence simulator, as measured by Tajima’s D and MAXDIV (Figures 2.3 

and 2.4).   

 We then generate an appropriate derived-allele frequency trajectory.  

This is an essential step, since the most likely fate of a new allele—even one that 

is selectively favored—is rapid extinction.  We wanted to ensure that we are 

simulating only “successful” cases of selection, in which the new allele rises to its 

equilibrium frequency, before engaging in the time-consuming mutation and 

recombination steps.  In the case of positive selection, the equilibrium frequency 

of the derived allele is simply 1.0.  In the case of balancing selection as described 

above (the fitnesses of the ancestral homozygote, the heterozygote and the derived 
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homozygote are 1, 1+s, and 1+sh, respectively, for s > 0 and –(1/s) ≤ h ≤ 1), the 

equilibrium frequency of the derived allele is 1/(2-h).  In the special case of 

symmetric balancing selection (h=0), which we examine here, the equilibrium 

frequency of the derived allele is 0.5.  For cases of balancing selection, we also 

require that both derived and ancestral alleles be maintained in the population 

until the simulation is terminated at a user-defined point.  To achieve an 

appropriate derived-allele frequency trajectory, we simply simulate allele 

frequency trajectories over and over, rejecting all that don’t satisfy our criteria.  

Once we have a successful trajectory (for example, Figures 2.5 and 2.6), we 

simply record it for use in the next step, during which the actual haplotype 

simulation takes place.  

 The steps to simulate the allele trajectory are as follows.  Assume that 

“A” is the positively selected derived allele, and “a” is the ancestral allele.  The 

number of type “A” alleles in generation i+1 is determined using a binomial 

distribution, where n = the number of haplotypes in the entire population, and p = 

the number of type “A” alleles expected in the next generation based on the 

frequency of “A” in generation i and the selection coefficients of the genotypes.  

Note that unlike the rates of mutation and recombination events, the expected rate 

of increase per simulation-round for a new, positively selected allele is not 

dependent on Ne but only on the selection coefficients, s and h.  Therefore, when 
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we use a selection coefficient s for a certain number of simulation-rounds, we are 

really simulating with coefficient 100s in terms of actual generations. 

 Finally, we perform the actual simulation of haplotypes during the 

selection phase.  The only difference between simulation with and without 

selection is in how haplotypes are sampled from the preceding generation.  In the 

case of neutrality—as described above—generation i+1 is simply sampled 

randomly from generation i, with replacement.  In the case of selection, we 

assume a bi-allelic polymorphism, which creates two allelic classes, each of 

which is independently sampled with replacement.  For example, if in one 

generation there are 3 “a” alleles (green, in Figure 2.7) and 2 “A” alleles (purple, 

in Figure 2.7), and in the next generation, the pre-calculated allele-frequency 

trajectory calls for 2 “a” (green) alleles and 3 “A” (purple) alleles, we simply 

sample 2 “a” alleles, with replacement, from the current 3 “a” alleles, and 3 “A” 

alleles from the current 2 (illustrated in Figure 2.7).   

 

 

Results 

 We first tested our simulation results on data undergoing positive 

selection under a model in which the ancestral and derived alleles are co-

dominant.  In our first set of simulations, we stopped each of the 1,000 

simulations when a certain derived allele frequency was reached, and then 

calculated each of the test statistics.  In our next set of simulations, we stopped 
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each of the 1,000 simulations a certain number of simulation-rounds after the 

equilibrium frequency—in this case, 1.0—was reached, and then calculated each 

of the test statistics.  Results are shown in Figure 2.8.   

 When the positive selection is strong (s=0.5), both Tajima’s D and 

MAXDIV begin decreasing when the fraction of derived alleles in the population 

gets above 0.5.  Tajima’s D reaches its minimum just before fixation (0.9), while 

MAXDIV reaches its minimum at fixation (1.0).  When the positive selection is 

weak (s=0.01), Tajima’s D and MAXDIV begin decreasing later—when the 

derived allele frequency reaches around 0.7—because the evolutionary 

relatedness of the haplotypes begins to recover a neutral-like state even during the 

sweep phase; the minima for Tajima’s D and MAXDIV are the same as for the 

case of strong selection.  Interestingly, Tajima’s D and MAXDIV both return to 

neutral-state levels sometime between 100 and 1,000 simulation-rounds after 

fixation of the derived allele.  This is consistent with our observation that by 103 

simulation-rounds (equivalent to 105 real-time generations), a population that 

initially consisted of identical haplotypes resembles one that is neutrally evolving 

(Figures 2.3 and 2.4). 

 We then tested our simulation results on data undergoing “strong” 

symmetrical balancing selection.  In this case, “strong” balancing selection means 

that neither the ancestral nor the derived allele has gone to fixation at the point 

when the simulation is stopped.  This requirement appears have a much bigger 

effect than the relative advantage of the heterozygote, because the Tajima’s D and 
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MAXDIV curves we observe looked similar for systems in which the fitness 

advantage of the heterozygote ranged from 0.01 to 0.5 greater than either 

homozygote.  The main difference is in the probability that a system of weak 

balancing selection will survive many generations (as opposed to either going to 

fixation or being lost, due to drift).  As in the case of positive selection, in our first 

set of simulations we stopped each of the 1,000 simulations when a certain 

derived allele frequency was reached, and then calculated each of the test 

statistics.  In our next set of simulations, we stopped each of the 1,000 simulations 

a certain number of simulation-rounds after the equilibrium frequency—in this 

case, 0.5—was reached, and then calculated each of the test statistics.  Results are 

shown in Figure 2.9.  

 Under “strong” symmetrical balancing selection, both Tajima’s D and 

MAXDIV begin to decrease slightly when equilibrium is reached, then increase to 

a maximum about 1,000 simulation-rounds after equilibrium is reached.  The 

reason for the initial dip is the same as for the subsequently more dramatic dip in 

these statistics for a positively selected allele; in the early stages of the rise in 

frequency of a derived allele, balancing selection and positive selection scenarios 

are identical.  As the allele stays at equilibrium, the statistics increase until 

recombination erodes away the signal.  Tajima’s D and MAXDIV both return to 

neutral-state levels sometime between 1,000 and 10,000 simulation-rounds past 

equilibrium. 
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Discussion 

 This study could be easily expanded to examine (i) cases of asymmetric 

balancing selection, (ii) other selection test statistics, including, for example, 

those using linkage disequilibrium, (iii) more extreme selection coefficients, (iv) 

additional time points, (v) larger samples taken from the population. 

 What does the current analysis reveal about what sort of selective events 

we are most likely to detect in humans using these statistics?  Firstly, the most 

recent successful cases of positive selection are most likely to have conferred the 

greatest selective advantage, simply because the time from original mutation to 

fixation of the derived allele is smallest for cases of strong selection.  For 

example, a derived allele that increases the fitness of the heterozygote by 2%, and 

the derived homozygote by 4% compared to the ancestral homozygote, is 

expected to take around 10,000 years (500 generations) to go to fixation.  [Note 

that while the probability that an allele will go to fixation is dependent on Ne, the 

expected number of generations it takes a selected allele to go to fixation, 

assuming that it does, is not dependent on Ne.]  More selectively advantageous 

alleles would be expected to take even less time.  Secondly, the most ancient 

detectable cases of successful positive selection are less than 2 million years 

(1000 simulation-rounds) old.  These figures suggest that we should not mistake 

our ability to detect strong recent positive selection for an overabundance of 

strong recent positive selection (for example, correlating with agriculture 10,000 
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years ago).  Similarly, we should not mistake a lack of signal more than 2 million 

years ago for a paucity of ancient positive selection events (for example, before 

the rise of ‘modern’ homo sapiens). 

 Balancing selection, on the other hand, is most readily identified, by 

these statistics, when it originated roughly 2 million years ago (1,000 simulation-

rounds ago).  It takes roughly that amount of time to accumulate the divergence 

between balanced haplotype clades necessary to produce a signal.  If the mutation 

arose much before then, recombination between balanced haplotypes would have 

homogenized regions flanking the actual selected site, decaying the signal. 

 Even more importantly, there seems to be a great deal of overlap 

between the distributions of both Tajima’s D and MAXDIV under neutrality and 

at the peak of their signal under selection.  For example, most of the Tajima’s D 

scores for our most positively selected allele when the signal is strongest (Figure 

2.8c, derived allele frequency = 0.9) are well within the 95 percent confidence 

interval of the Tajima’s D distribution for a locus under neutrality.  The MAXDIV 

score appears to do a little better at its nadir, with most of the MAXDIV scores 

outside of the 95 percent confidence interval for a locus under neutrality (Figure 

2.8d, derived allele frequency = 1.0).  Unfortunately, neither statistic is in this 

most informative state for very long—by 100 simulation-rounds after equilibrium, 

even the mean MAXDIV is well within the 95% confidence interval.  Of course, 

for weaker positive selection the signals are even less distinct from neutrality.  

Likewise, under strong balancing selection, while the median score for both 



52 

 

statistics is above the 95% confidence interval under neutrality (Figure 2.9a, b, 

1e3 generations after equilibrium), there is a great deal of overlap between the 

95% confidence intervals. 

 From this brief analysis, it is clear that because we don’t know the actual 

number of selective events—and know even less about their selection 

coefficients—it is critical to keep in mind not only the probability of getting a 

equal or greater test scores under neutrality (p-value), but also the number of 

neutral loci in the entire genome expected to have an equal or greater test score, 

often called the False Discovery Rate when analyzing loci suspected of having 

been under selection. 

 
 



 

 

 
FIGURE 2.1.— Correlation between Tajima’s D and MAXDIV.  Each dot represents one 5-kbp genomic window, 
simulated under a simple neutral model of coalescence (ref Hudson).  For the green dots, all non-overlapping 5-kbp 
windows were examined in simulated 1-Mbp genomes (as in method (a), Figure 1.4).  For the purple dots, we enriched for 
highly polymorphic regions by selecting only those 5-kbp windows that were identified using simulated, highly-
polymorphic reads (as in method (c), Figure 1.4).  
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FIGURE 2.2.—Schematic of the forward-time evolution simulator under 
neutrality.  Initially, 2Ne identical haplotypes are created.  Then the population of 
haplotypes begins a cycle of mutation, recombination, and drift, each cycle 
representing one generation, or simulation-round, of simulation.  In the box 
representing newly-recombined haplotypes, a blue zigzag line shows the 
“continental divide” of the sequence; as illustrated by the swapped red lines, 
recombination always results in exchange of peripheral sequence, never including 
the blue zigzag center. 
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FIGURE 2.3.—Comparison of Tajima’s D scores for 1,000 5-kbp windows 
simulated under the forward coalescence simulator and a standard “backward” 
coalescence simulator (HUDSON 2002).  The grey box indicates the middle 65% of 
the data; the ‘whiskers’ indicate the middle 95% of the data; the star in the grey 
box indicates the median value. 
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FIGURE 2.4.—Comparison of MAXDIV scores for 1,000 5-kbp windows 
simulated under the forward coalescence simulator and a standard “backward” 
coalescence simulator (HUDSON 2002).  The grey box indicates the middle 65% of 
the data; the ‘whiskers’ indicate the middle 95% of the data; the star in the grey 
box indicates the median value. 
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FIGURE 2.5.— Two “successful” examples of the trajectories by which 
positively selected derived alleles went to fixation during simulation.  
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FIGURE 2.6.— Two “successful” examples of the trajectories by which derived 
alleles under strong symmetric balancing selection went to equilibrium frequency 
(i.e., neither allele in the bi-allelic system has gone to fixation at the ending 
timepoint). 
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FIGURE 2.7.— Schematic of the drift-with-selection phase of the forward-time evolution simulator.  The table on the left 
represents the pre-calculated allele-frequency trajectory, translated into actual numbers of derived alleles for the population 
per generation.  As directed by the table, there are two derived (purple) alleles in generation 3 (the top boxed population of 
haplotypes) and three derived (purple) alleles in generation 4 (the bottom boxed population of haplotypes).  The blue zigzag 
line indicates the location of an invisible selected nucleotide (or non-recombining block of nucleotides) that is both 
immutable and not transferable to other alleles via recombination.  This invisible selected site is essentially the tag that 
identifies the allelic classes—in this case as either green or purple.   
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FIGURE 2.8.—Effect of positive selection on test statistics (a) Tajima’s D, and (b) MAXDIV over time.  The grey box 
indicates the middle 65% of the data; the ‘whiskers’ indicate the middle 95% of the data; the star in the grey box indicates 
the median value.  Boxplots in the “derived allele frequency” section are generated from simulations that were stopped the 
first time the derived allele frequency reached the specified minor allele frequency.  Boxplots in the “generations after 
equilibrium” section are generated from simulations stopped n generations after equilibrium—in this case, a derived allele 
frequency of 1.0—was reached. 
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FIGURE 2.9.--Effect of strong balancing selection on test statistics (a) Tajima’s 
D, and (b) MAXDIV over time.  Each boxplot represents 1,000 5-kbp 
simulations.  The grey box indicates the middle 65% of the data; the ‘whiskers’ 
indicate the middle 95% of the data; the star in the grey box indicates the median 
value.  Boxplots in the “derived allele frequency” section are generated from 
simulations that were stopped the first time the derived allele frequency reached 
the given minor allele frequency.  Boxplots in the “generations after equilibrium” 
section are generated from simulations stopped n generations after equilibrium—
in this case, a derived allele frequency of 0.5—was reached. 
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PART III: 

THE ROLE OF BALANCING SELECTION – A PROPOSED MODEL 

 

 

Introduction 

While it seems likely that the number of systems under balancing selection 

is limited for any given species (e.g., ASTHANA et al. 2005; BUBB KL 2006), 

current methods for detecting balancing selection based on coalescence-based 

analysis of locally-affected genomic segments, as discussed in the previous 

section and illustrated by other investigators (THORNTON 2005; WIUF et al. 2004), 

are inadequate.  Nevertheless, it seems worthwhile to pursue systems of balancing 

selection because of the importance—from agricultural to medical—of the 

examples currently known (e.g., BOYES et al. 1997; FIX 2003; HUGHES and NEI 

1992; LIBERT et al. 1998; LIU et al. 2004).  In this section, I offer an updated 

model of balancing selection, emphasizing a description of characteristics which 

might be used to discover additional systems under this type of selection.   

I begin by briefly reviewing the history of the idea of balancing selection, 

then move on to a description of our current model, drawing on both theoretical 

predictions and empirical evidence from a wide variety of metazoans.  The model 

includes two major facets, both relevant to new detection techniques.  First, 

systems under balancing selection can be naturally dissected into two temporally 

distinct classes.  Second, the role of convergent evolution in most systems of 
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balancing selection is elucidated.  We finish with a discussion of some potentially 

useful applications of this model. 

 

 

Background 

Genetic variability within a species is central to Darwin’s original theory, 

as it provides the raw material on which selection can act, by rapidly increasing 

the fraction of individuals in the population with optimal fitness.  As such, 

Darwin’s theory of selection came in conflict with observations among plant and 

animal breeders of inbreeding depression, which is essentially an extreme version 

of survival—or in this case reproduction—of the fittest (EAST 1936; JONES 1917), 

a phenomenon that was replicated and more rigorously quantified in Drosophila 

(reviewed in SIMMONS and CROW 1977).  It was this apparent conflict between 

theory and empirical observation that initiated the debate as to the reason for 

genetic variability within natural populations—essentially a debate between 

rampant balancing selection, in which heterozygotes are generally more fit than 

homozygotes, and a “classical hypothesis”, in which inbreeding fortuitously 

increases the number of deleterious-recessive homozygotes (DOBZHANSKY 1955).  

A major ideological problem with the “balanced hypothesis” was the high degree 

of accompanying genetic, or segregational “load” inherent in maintaining large 

numbers of individuals of sub-optimal fitness (CROW 1958; MULLER 1950).  

However, the large amount of diversity in natural populations—direct 
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observations of which were made possible by advances in the ability to measured 

differences in the electrophoretic properties of proteins (e.g., LEWONTIN and 

HUBBY 1966)—bolstered the notion that selection could be actively maintaining 

natural genetic variability. 

Much of the controversy died down with the development of the ‘neutral 

theory’ (KIMURA 1968), which offers a robust mathematical explanation for the 

existence of genetic variation in the absence of any selective force.  But a few 

fantastic examples, namely at the hemoglobin and MHC loci, kept interest in 

balancing selection alive—some have argued to the detriment of evolutionary 

biology as a whole (WILLIAMS 2003). 

 In recent years, coinciding with advances in the ability to acquire abundant 

nucleotide sequence information, there has been a revival of claims for selection, 

including those for balancing selection.  There are many forms of balancing 

selection, and many tests that work with some forms and not others (HEDRICK 

1998).  The very definition of balancing selection—any type of selection that 

favors maintenance of genetic variability within an interbreeding population—is 

semantically precarious.  For example, human subpopulations, which have 

varying degrees of outbreeding, may have unusual allele frequencies because of 

the effects of local positive selection (e.g., LIVINGSTONE 1984; YOSHIURA et al. 

2006).  Furthermore, in all but the most extreme cases, it remains possible that 

current allele distributions arose through genetic drift during and following 

population bottlenecks.  In such cases, although multiple genetic variants are 
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maintained in the larger, more-or-less interbreeding population, it is not 

considered balancing selection.  Despite recent advances in our ability to collect 

and analyze genetic data, it remains unclear how pervasive balancing selection 

actually is in the natural world. 

 

 

Discrete Classes of Systems Under Balancing Selection 

 Cases of balancing selection in metazoans can be divided surprisingly 

neatly into two categories, depending on the age of origin of the derived balanced 

allele.  In one category, we have examples in which the time to most recent 

common ancestor (tMRCA) of all the alleles greatly exceeds that for typical 

neutral loci, and in the other category, tMRCA is less than that for most neutral 

loci.  This dichotomy is predicted by theory (see Figures 3.1 and 3.2) and also 

supported by the handful of observed cases of balancing selection among 

metazoans.  In this article, we term those cases with tMRCA greater than twice 

the mean for neutral alleles as “ancient,” and those with less than twice the mean 

tMRCA as “recent,” examples of balancing selection.   

 Probably the most familiar place for any discussion of ancient balancing 

selection to begin is with the MHC locus.  There is an abundant literature on 

MHC, which I will not attempt to review here, but two aspects of the MHC 

system are particularly relevant to the discussion of what is required for a 

balanced locus to be ancient.  First, although it now plays a central role in helping 
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the body distinguish foreign proteins from pathogens, the MHC system may have 

been co-opted from a system for recognizing foreign tissue from individuals of 

the same species.  This model, which is commonly called Burnet’s hypothesis 

(BURNET 1971), was initially based on observations that the selective advantage 

of viviparity—parasitism of offspring on the parent, which occurs in many 

metazoans—requires relaxation and refinement of a simple self/non-self detection 

mechanism.  Evolution of such a system may have been the first step toward 

development of adaptive immunity.  Burnet’s hypothesis continues to have 

support among contemporary immunologists (COHN 1994; JANEWAY 1992; KLEIN 

1982).  Second, the MHC loci involves clustering of many genes essential to 

self/non-self discrimination.  In and of itself, proximity of the genes results in 

decreased recombination among them, but there is also evidence for significant 

additional suppression of recombination in this region (RAYMOND et al. 2005).  

These properties of the MHC are relevant to our discussion since all confirmed 

cases of loci under “ancient” balancing selection in metazoans are (i) involved in 

self/non-self recognition and (ii) physically linked.  The plant immune system, for 

example, although much less well understood, is another rich source of loci under 

ancient balancing selection having these two properties. (BOYES et al. 1997; 

HOLUB 2001; MEYERS et al. 2005; MICHELMORE and MEYERS 1998; VAN DER 

HOORN et al. 2002).   

A more dramatic example of a large haplotype under ancient balancing 

selection is the sex chromosome.  Sex chromosomes can be thought of as one 
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polymorphic locus with two macro alleles, one of which is fully dominant over 

the other.  A heterozygote has one phenotype, one type of homozygote has 

another, and the remaining homozygote is usually lethal (in mammals, the 

phenotypes are male and female, respectively).  The function of this ‘locus’ is not 

immediately obvious.  Of course it is involved in maintenance of sexual 

reproduction, which is thought to be essential for preventing accumulation of 

deleterious mutations via Muller’s ratchet (HAIGH 1978; MULLER 1964).  

However, the irony of the sex chromosome is that a byproduct of maintaining 

different genders is often generation of non-recombining genetic units like the Y-

chromosome.  There must be additional advantages to having separate genders. 

Three principal theories attempt to explain the abundance of 

independently evolved systems of dioecy (existence of two genders) in 

metazoans.  The first (Figure 3.3a) is the observation, predicted by theoreticians, 

that having gametes of different sizes (“anisogamy”) tends to result in higher rates 

of fertilization among free-spawning organisms (BULMER and PARKER 2002; COX 

and SETHIAN 1984; DUSENBERY 2000; PARKER 1978; PARKER et al. 1972).  

Female and male individuals can be thought of, respectively, simply as 

specialized large and small gamete producers—a trait that is strongly under 

balancing selection.  A second theory is that producing different gametes in 

different organisms is advantageous because it prevents the most severe form of 

inbreeding—selfing (Figure 3.3b).  This theory is most abundantly explored in the 

plant literature, where there exist alternate and more explicit solutions to the 
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selfing problem, the self-incompatibility (SI) systems, which also appear to be 

maintained by balancing selection (ANDERSON 1984; CHARLESWORTH 1985; 

CHARLESWORTH 2002; FREEMAN 1997).  A third theory is that dioecy increases 

the fitness of the population by allowing it to exploit the environment more 

efficiently via sexual dimorphism (Figure 3.3c).  While an environment with an 

expanding “niche width” can often lead to speciation (BOLNICK 2001; 

ROUGHGARDEN 1972; TURNER et al. 2001), specialization of different genders to 

different niches can allow one species to appropriate more resources without 

incurring the genetic load of generating a balancing selection system de novo 

(BOLNICK and DOEBELI 2003).  All three of these rationales for the widespread 

occurrence of dioecy in metazoans appear to contribute to the breeding systems 

typically found in vertebrates. 

 Three other notable cases with credible evidence that observably 

polymorphic traits are being maintained by ancient balancing selection are the 

ADH locus in fruit flies (ASHBURNER 1998; GRELL 1965; HUDSON et al. 1987; 

KREITMAN 1983; STEPHENS and NEI 1985), the X-linked color vision locus in 

New World monkeys (see Figure 3.4; BOISSINOT et al. 1998; HUNT et al. 1998; 

JACOBS 1996; MORGAN et al. 1992), and the locus controlling ABO blood type in 

humans (KODA et al. 2000; SAITOU and YAMAMOTO 1997).  However, in each of 

these cases, while the implicated locus has a significantly higher-than-average 

divergence level, it is difficult to get a reliable estimate of the tMRCA of the 
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balanced alleles because the haplotypes have been decayed by recombination 

and/or obfuscated by gene conversion.   

 

The majority of examples of more recent balancing selection systems are 

in human.  The main reason for this is not that more SNP data is collected in 

humans than any other organism, but because the selected sites are associated 

with a disease (i.e. self-reporting) phenotype.  The most obvious case of this is the 

hemoglobinopathy sickle-cell anemia (refs), but there are many other claims for 

balancing selection in the literature.  The majority of them originate with an 

observation of high incidence of congenital disease in a certain population.  

Disease-causing mutations in the cystic fibrosis gene, for example, have an allele 

frequency of close to 4% in Caucasian populations.  These deleterious alleles are 

thought to be at such high frequency because heterozygotes are resistant to 

typhoid (PIER et al. 1998; VAN DE VOSSE et al. 2005), a strong selective force in 

Europe at least since the time of the ancient Egyptians.  Even more common, 

although less eminent because the resulting disease is manageable by phlebotomy 

alone, are alleles causing hereditary hemochromatosis.  Among Caucasian 

Americans, approximately 4-7% of alleles are disease-causing (MOALEM et al. 

2002).  It is thought that heterozygotes, because they are more efficient at 

absorbing iron from their gut, are more resistant to anemia and enteric bacterial 

infections.  The worldwide contender for most common, serious inherited disorder 

is congenital adrenal hyperplasia (21-hydroxylase mutation), with a disease-
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causing allele frequency of roughly 5% in all world populations studied to date 

(WITCHEL et al. 1997).  While mutant-allele homozygotes have serious fitness 

problems, including ambiguous genitalia and decreased fertility due to altered 

hormone levels, clinical tests show that carriers have more rapid cortisol response 

than controls.  Still another example that was discovered because of its 

involvement in pathogen resistance is the CCR5 gene; homozygotes for a null 

mutation in CCR5 (CCR5-Δ32) are highly resistant to infection by HIV-1.  

However, allele frequencies across different subpopulations indicate that 

balancing selection, rather than positive selection, is likely to be the major force 

acting on this locus.  (BAMSHAD et al. 2002; LIBERT et al. 1998; WOODING et al. 

2005).  Challenges to selective interpretations of CCR5-Δ32 (SABETI et al. 2005) 

illustrate the inherent difficulty of reaching definitive conclusions. 

There are other self-reporting cases of phenotypic variability in humans, 

not associated with genetic disease, but which may have genetic bases and are 

therefore suspected of being maintained by balancing selection.  Many of these 

loci are not yet firmly associated with defined genes; examples include 

handedness (BILLIARD et al. 2005; FAURIE and RAYMOND 2005), mental illness 

(HARPENDING and COCHRAN 2002; WANG et al. 2004), athletic propensity (YANG 

et al. 2003), and homosexuality (CAMPERIO-CIANI et al. 2004)).  In some cases, 

suspicions of balancing selection have been disproved (eg: prion proteins  

(BROOKFIELD 2003; KREITMAN and DI RIENZO 2004; MEAD et al. 2003; SEABURY 
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et al. 2004; SOLDEVILA et al. 2005) and diurnal preference (NADKARNI et al. 

2005)).  There are undoubtedly additional examples of functional polymorphisms 

maintained by balancing selection among non-humans, but because we are less 

attuned to differences within members of other species, candidate traits are less 

readily identified than in humans. 

 

The Role of Convergent Evolution in Balancing Selection 

I would next like to argue that convergent evolution is a common 

accessory in balancing selection systems, and point out why recognition of this 

association could be useful.   

Although the very notion of convergent evolution is imprecise (see Figure 

3.5), there are two general types of convergent evolution.  In one case, alterations 

of orthologous genes lead to convergent evolution of the same trait; in the other 

case, the process depends on changes in non-orthologous genes.  In this section, I 

highlight how these two types of convergent evolution are frequently observed in 

recent and ancient cases of balancing selection, respectively.   

 The most apparent case of convergent evolution among instances of long-

term balancing selection is with the sex chromosomes.  As indicated above, sex 

chromosomes have evolved multiple times independently in both the plant and 

animal kingdoms (reviewed in FRASER and HEITMAN 2005).  Self-incompatibility 

systems also arose multiple times and in multiple ways (FRANKLIN-TONG and 

FRANKLIN 2003; HISCOCK and MCINNIS 2003).  Recently, the balanced alleles 
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responsible for a trait long-suspected of being under ancient balancing selection 

based on trans-specific (human-chimpanzee) phenotypic polymorphism were 

shown to have arisen independently on different haplotypic backgrounds in each 

of the human and chimpanzee lineages (KIM and DRAYNA 2005; WOODING et al. 

2006; WOODING et al. 2004).  This example highlights the inherent risk of 

conflating ancient balancing selection with convergent evolution of more recently 

evolved balancing selection systems—particularly for small (in the limit, single 

nucleotide) haplotypes that are subject to significant recombinational decay over 

long periods of time (WIUF et al. 2004).  As illustrated in Figure 3.5, both the 

locus controlling color vision in New World monkeys and the locus controlling 

ABO blood type may be such examples.  Although each locus has evidence for 

long-term balancing selection based on polymorphism levels, as discussed above, 

the potential for extensive recombinational decay of the small balanced 

haplotypes (23 and 8 nucleotides, respectively) make it difficult to determine with 

certainty whether these balancing selection systems are trans-specific (BOISSINOT 

et al. 1998; MARTINKO et al. 1993; O'HUIGIN et al. 1997; SHYUE et al. 1998).  

An interesting consequence of convergent evolution of systems under 

balancing selection, particularly in the case of sex chromosomes, is that we can 

see evolution in action—there are extant organisms in various phases of sex 

chromosome evolution (see Figure 3.6, taken from VYSKOT and HOBZA 2004).  

What lessons can be extracted from these examples?  For one thing, most 

examples of evolving sex chromosomes are consistent with a theoretical 
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prediction that functional units under compatible balancing selection (e.g., 

NAVARRO and BARTON 2002; SLATKIN 2000) will become linked, with 

suppression of recombination between balanced alleles, resulting in large blocks 

of high nucleotide divergence.  More generally, and probably more importantly, 

the evolution of sex chromosomes illustrates the importance of looking for 

genetic characteristics of a locus—such as linked highly-polymorphic functional 

elements and suppressed recombination—rather than simply looking for direct 

orthologs, suggesting a predictive tool for finding new loci under balancing 

selection.   

The best illustration of the power of this tool is the recent discovery of a 

histocompatibility locus in a protochordate.  The major histocompatibility locus 

has well-established role in adaptive immunity of jawed vertebrates, but as its 

name suggests, it was first discovered via tissue transplant rejection (MARSH 

2000).  While no homolog for the MHC has been found outside of jawed 

vertebrates, there is good evidence for the existence of adaptive immunity outside 

the jawed-vertebrate clade (ALDER et al. 2005; PANCER 2000).  Recently, a highly 

polymorphic histocompatibility locus—with a polymorphic receptor less than 200 

kbp away—has been mapped in a protochordate (DE TOMASO et al. 2005).  

Although the protochordate histocompatibility protein is structurally similar to 

MHC proteins, the genes are not orthologous, suggesting independent (i.e. 

convergent) evolution.     
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It seems entirely possible that mechanisms for both prevention of selfing 

(sex chromosomes and SI systems) and combating pathogens may be of such 

importance that each has arisen multiple times in metazoans; however, there could 

be a lingering molecular interplay between these two mechanisms, as implied by 

Burnet’s hypothesis (BURNET 1971).  A role for the MHC in reproduction occurs 

at many levels, including mate choice (EGGERT et al. 1998; JORDAN and BRUFORD 

1998), gamete-directed immune response (BOHRING and KRAUSE 2005; OHL and 

NAZ 1995), and actual sperm-egg binding (MORI et al. 2000).  Fernandez et al. 

provided a good review of these topics (FERNANDEZ et al. 1999). 

 

 Among the examples of short-term balancing selection, the best known 

case of convergent evolution involves the multiple independent origins of alleles 

that are protective against malaria in heterozygous state, but cause 

hemoglobinopathies (e.g., sickle-cell and multiple types of thalassemia) when 

homozygous.  Figure 3.7 (taken from VOGEL 1997) illustrates the geographic 

distribution of some of the alleles that appear to fit this model (for more 

comprehensive reviews, see  FIX 2003; LIVINGSTONE 1984).  Other examples are 

less clear cut, but the theme of convergent evolution persists.  Among the 

examples cited above, hereditary hemochromatosis can be caused by compound 

heterozygosity for the major ‘bad’ allele and another allele, H63D, which appears 

to have arisen multiple times on separate haplotypes (ROCHETTE et al. 1999).  In 

congenital adrenal hyperplasia, although a flanking pseudogene is a constant 



75 

 

source of mutation via gene conversion, each subpopulation seems to have one 

common mutant allele.  This pattern suggests that mutant alleles are not common 

simply because of recurrent mutation but because of separate episodes of positive 

selection.  Even at the cystic fibrosis gene, although there is one common mutant 

allele, ΔF508, that accounts for close to 70% of all mutant alleles among 

Europeans, other mutant alleles have risen to frequencies as high as 36% in 

certain subpopulations, suggestive of independent selection events (ESTIVILL et al. 

1997).  In other less well studied systems that may have undergone balancing 

selection, it is unclear whether high occurrence of a ‘balanced’ phenotype in 

various subpopulations indicates convergent or divergent evolution.   

One striking similarity between mutant alleles of more recently evolved 

systems of balancing selection is that most of these derived, balanced alleles are 

non- or sub-functional.  This observation suggests that many examples of 

balancing selection conform to the ‘less-is-more’ hypothesis, which argues that 

rapid evolution is most easily, and commonly, accomplished through loss-of-

function mutations (OLSON 1999).  Balancing selection that maintains both one or 

more loss-of-function mutations and an ancestral functional allele can be a 

“stopgap” evolutionary measure until mutations arise that confer the selective 

advantages of balanced loss-of-function alleles without conferring the associated 

genetic load.  Two prominent examples that appear to fit this model involve the 

Hb and CCR5 loci.  While multiple sub-functional hemoglobin alleles have arisen 



76 

 

in various subpopulations, there is one allele, HbC, that appears to be both fully 

functional and also to confer resistance to complications from malaria (MODIANO 

et al. 2001).  At the CCR5 locus, many of the more common haplotypes result in 

decreased protein expression, associated with slower AIDS progression.  In 

chimpanzees however, which become infected with HIV-1 but do not progress to 

AIDS, there is evidence for positive selection on one haplotype. (WOODING et al. 

2005).  The predominant chimpanzee haplotype, which corresponds to the 

“ancestral” haplotype in humans, is somewhat protective against progression to 

AIDS in African-Americans, but not in Caucasians (GONZALEZ et al. 1999).  One 

plausible explanation for the distribution of human and chimpanzee genotypes at 

the CCR5 locus is that the ancestral haplotype acquired an optimal mutation on 

the chimpanzee lineage that swept through the entire population (WOODING et al. 

2005).   

The transient nature of balancing selection is predicted by theory.  When a 

new allele is generated, the rate at which it is expected to rise in frequency 

initially depends almost entirely on the fitness of the heterozygote.  Therefore, a 

new allele that confers high fitness in the heterozygous state could propagate—

and reach equilibrium frequency—more quickly than a new allele that has lower 

fitness in heterozygotes but will, when fixed, confer a higher fitness to the 

population as a whole.  This effect can be shown with simulations, as illustrated in 

Figure 3.8.   
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Although probably more common among cases of transient balancing 

selection, there are some examples of apparent long-term maintenance of one 

functional and one non- or sub-functional allele.  In plants, for example, a main 

mechanism for generating males is by making hermaphrodites ‘female-sterile’ 

(FREEMAN 1997).  Also, many of the presence/absence polymorphisms in plant 

resistance genes appear to be of ancient origin (SHEN et al. 2006). 

 

 

How Will (and Why Should) We Find More Cases of Balancing Selection? 

 There are three major ways of looking for selection, (i) mapping of 

obviously polymorphic traits and genetic diseases of high frequency (e.g., De 

Tomaso et al. 2005; Kim et al. 2003), (ii) re-sequencing candidate genes and 

examining them for signs of selection (e.g., Akey et al. 2004; Livingston et al. 

2004), (iii) scanning genomes without using prior annotation knowledge (e.g., 

Beaumont and Balding 2004; Bubb et al. 2006; Carlson et al. 2005; Cork and 

Purugganan 2005; Voight et al. 2006).  Each of these methods has its own 

strengths and weaknesses. 

 Although instinctively appealing, mapping the genes responsible for traits 

that are known to be polymorphic in multiple subpopulations, or that are 

suspected to have a high minor-allele frequency because of a high incidence of an 

associated genetic disease in certain subpopulations, has multiple problems.  First, 

it is often unclear whether the observed phenotypic diversity has genetic or 
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environmental causes.  Even if a genetic basis for the diversity can be established, 

it is difficult to map traits whose inheritance patterns are not Mendelian or “near 

Mendelian.”  Finally, it is tautological to perform tests for selection, particularly 

those based on allele frequencies, on loci associated with traits chosen for their 

high degree of phenotypic polymorphism. 

 Testing candidate genes for signatures of selection by re-sequencing them 

in multiple haplotypes is an appealingly direct method of detecting selection, and 

indeed, has had some success (ref?).  Although the functions of candidate genes, 

by definition, are typically known, there is usually not prior phenotypic 

association with variant alleles.  Hence, convincing evidence for selection must 

come from accompanying epidemiological studies, which are often of unknown 

relevance to post-environmental conditions.  More basically, this method cannot 

identify truly novel selective processes, including those acting on genes of 

unknown function, which at this point account for a large fraction of any genome. 

 Whole-genome scans for regions with a signature consistent with 

balancing selection have the obvious advantage of being able to identify novel 

loci.  However, a major drawback to whole-genome scanning is the difficulty of 

applying appropriate corrections for multiple-hypothesis testing; most eukaryotic 

genomes are large, presenting a lot of potential for false positives.  And, of 

course, it is uncertain wheter or not recognizable phenotypes can be associated 

with newly identified loci, even if the genotypic evidence for balancing selection 

is quite strong. 
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 It may be advantageous to build on the lessons of the examples discussed 

above when looking for new instances of balancing selection.  For example, long-

term balancing selection appears often to (i) affect self/non-self recognition, and 

(ii) involve functionally related genes that are physically linked, often 

accompanied by high polymorphism and/or suppressed recombination.  Hence, 

perhaps these characteristics of genetic loci should be targeted during new 

searches for the effects of balancing selection.  An example of a practical 

application of such analysis may be to elucidate the basis of compatibility 

between ‘scion’ (branch) and ‘rootstock’ (host tree) in plant grafting, which is 

central to fruit-tree agriculture.  Unlike in humans or protochordates, where 

histocompatibility is rapidly apparent, ‘incompatibility’ between scion and 

rootstock can take years to appear.  Tests such as tensile strength of a graft are 

inconsistent measures of compatibility: one union may produce fruit bountifully 

yet snap in a strong wind, while another union may never produce fruit but may 

be structurally sound.  The molecular mechanisms of compatibility, including 

whether or not they actually exist, are wholly unknown (MOORE 1984; PEDERSEN 

2005).  These factors, in addition to the long generation time of trees, suggest that 

a tailored genomic analysis may be more productive than traditional genetic 

studies. 

 Similarly, because more recently evolved systems of balancing selection 

often involve maintenance of a non- or sub-functional allele, it may be 

advantageous to look for these properties alone, particularly if such alleles are 
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present at a significant population frequency (CONRAD et al. 2006; HINDS et al. 

2006; MCCARROLL et al. 2006).  There is a practical interest in such searches, 

since when hypomorphic or null alleles confer some health advantage, they may 

suggest novel drug targets.  It is typically easier to mimic loss-of-function 

mutations pharmacologically than to create new functions or compensate for 

deleterious loss-of-function mutations.  This approach is already being attempted 

with antagonists to CCR5 (e.g., RUFF et al. 2003), and to some extent in 

experimental malaria vaccines (KWIATKOWSKI 2005; SMITH et al. 2002; YAZDANI 

et al. 2004). 

Of course, finding novel instances of balancing selection is also of purely 

theoretical interest.  Recent examples might afford us a better understanding of 

the details of gene annotation (i.e. how many ways can you break a gene?).  

Ancient examples might illuminate multiple ways of evolving new function (i.e. 

how many genes can you use to perform a given function?).  It seems likely to be 

worthwhile to skim the cream of novel balancing selection examples from 

different species before investing too heavily in human.  Learning about balancing 

selection in other organisms may even be of ultimate use to humans because of 

convergent evolutionary systems regarding common pathogens, but also just 

regarding our dependence on the natural world—for example, through agriculture.  

Perhaps I should end this discussion with a precaution against ‘seeing’ rampant 

selection where it does not exist, a common error before the neutral theory gained 

force (KREITMAN and DI RIENZO 2004).  Particularly in responding to the current 
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deluge of nucleotide sequence data, there is reason to be cautious in perceiving 

evidence for any type of selection. 

 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

       
FIGURE 3.1. Micro-review of coalescent theory. 
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In the simplest case of exactly two haplotypes, the probability that 
both have the same ancestor of the 2Ne haplotypes in the previous 
generation is simply 1/2Ne.  The expected tMRCA for two alleles, is the 
reciprocal—2Ne.  The expected tMRCA for k alleles sampled from a 
population with 2Ne haplotypes approaches 4Ne and can be derived as 
follows. 

In any given generation, the probability of coalescence between any two 
haplotypes is:

1 – Pr(no coalescences)

Pr(no coalescences) is the probability that the second haplotype did not 
come from the same ancestor as the first, and the third haplotype did not 
come from the same ancestor as either the first or second, etc…:

(1 - 1/2Ne) × (1 - 2/2Ne) × (1 - 3/2Ne) × … × (1 - (k-1)/2Ne) 

Ignoring higher-order terms, this product simplifies to: 

1 – k(k-1)/4Ne

So the probability of coalescence between any two ancestral samples in a 
given generation is:

1 – (1 – k(k-1)/4Ne)  =  k(k-1)/4Ne

Therefore, the expected time until the next coalescent event, given k 
samples, is:

4Ne/k(k-1)

To get the tMRCA, the time between all coalescent events must be 
summed:

4Ne/k(k-1) + 4Ne/(k-1)(k-2) + 4Ne/(k-2)(k-3) +…+4Ne/2

This can be simplified to:

4Ne (1 - 1/k)

As k increases, this rapidly approaches 4Ne.

Ancestral haplotype at which a coalescence occurs 
(k decreases by one)

Ancestor of one of k extant samples (“ancestral” haplotype)

Haplotype with no extant ancestors among k samples

One of k extant samples

Coalescence theory provides an excellent way to approximate the expected time to most recent common ancestor (tMRCA) of any sample of neutral haplotypes in 
a fixed-size population.  The theory relies on a population model in which individual haplotypes occur in discrete generations each having an equal probability of 
contributing to the next generation, as illustrated in the left panel; the same evolutionary tree is shown in the right panel in a more familiar format.  The number of 
haplotypes in such a model that most closely approximates the demography of an actual diploid population is 2Ne, since each diploid individual has two 
haplotypes.
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FIGURE 3.2.  Effect of a new balanced mutation on tree shape and depth.  This schematic illustrates how a new mutation 
that initiates a system of balancing selection would be expected to affect a previously neutral tree over time.  In the initial 
‘sweep’ phase (a), the new, ‘derived’ allele rapidly rises in frequency (depending mainly on the fitness advantage of the 
heterozygote), displacing some of the older, ‘ancestral’ alleles.  The grey box shows a zoomed-in portion of the evolving 
trees.  This process can eliminate some more distantly related ancestral clades, such that when the equilibrium frequency of 
the derived allele is reached, the new root of the tree is much more recent than it was prior to the ‘sweep’ phase.  Soon after 
equilibrium allele frequencies are reached, one branch coming off the root leads exclusively to derived alleles, the other to 
ancestral alleles (b).  Thereafter, the derived and ancestral branches diverge as long as the system of balancing selection is 
maintained, with neutral mutation and drift occurring independently within each clade.  The branch connecting the newly 
arisen derived allele to the root can be thought of as a randomly drawn sample from the original neutral tree.  Hence, the 
expected time from the new mutation to the root is approximately 2Ne generations, as it would be for any two randomly 
chosen alleles, where Ne is the effective population size.
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FIGURE 3.3.—Illustration of three selective advantages to dioecy.  (a) Different 
sized gametes (“anisogamy”) increases rate of fertilization (ref).  (b) Same-
gamete-type incompatibility prevents severest form of inbreeding—selfing.  (c) 
Sexual dimorphism allows one species to optimize for two different niches. 

a.

b.
c.

a.

b.
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FIGURE 3.4.—Suspected disadvantage and advantage of color-blindness.  (a) 
Full-color image of a bush with new red leaves, which are more tender and 
nutritious.  (b) Image of bush as seen by an individual with color-blindness 
(deuteranopia).  (c) Full-color image of a snake among leaves.  (d) Image of snake 
as seen by an individual with color-blindness (deuteranopia).  Color-blind 
individuals are thought to see camouflaged objects better than fully trichromatic 
individuals (ref), perhaps because they are less visually distracted by patterns 
similarities between foreground and background images.  All color-blind images 
were generated at http://www.etre.com/tools/colourblindsimulator/. 
 

 

a. b.
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FIGURE 3.5.  Micro-review of convergent evolution. 86
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FIGURE 3.6.— Main steps in the evolution of sex chromosomes (taken directly 
from VYSKOT and HOBZA 2004): “A sketch of the four main steps in the evolution 
of plant sex chromosomes, from the most primitive (left) to evolutionarily 
advanced and degenerate (right). (a) Squirting cucumber (Ecballium elaterium) 
with single locus-based sex determination and no observed blockage of genetic 
recombination observed. ‘A’ stands for autosomes. (b) Papaya (Carica papaya) 
possesses homomorphic sex chromosomes X and Y, with a short non-
recombining region on the Y chromosome, MSY. (c) White campion (Silene 
latifolia) has large sex chromosomes with a Y that is largely non-recombining but 
looks euchromatic. (d) Sorrel (Rumex acetosa) has polymorphic sex 
chromosomes with two different Y chromosomes, both are constitutively 
heterochromatic.” 
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FIGURE 3.7.—World distribution of mutant beta-globin alleles (taken from 
VOGEL 1997).  In homozygous state, each of these alleles results in some form of 
hemoglobinopathy, with the exception of the Hb-C allele, boxed in dark blue. 
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FIGURE 3.8.—Expected allele frequency change for newly generated alleles 
under additive directional selection and symmetric balancing selection.  Under 
additive directional selection, genotypes (AA : Aa : aa) have the following fitness 
ratios (1 : 1+x : 1+2x); under symmetric balancing selection, the ratio is (1 : 1+x : 
1).  The blue and brown sets of curves, respectively, describe scenarios in which 
the maximal genotypic fitness is 60% or 20% greater than the minimal genotypic 
fitness.  Although the directional cases result in a higher population-equilibrium 
fitness, the rate at which a new derived allele increases in frequency is entirely 
driven by the magnitude of heterozygous advantage. 
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