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Abstract: We developed a multi-null-hypotheses (MNH) method for testing signatures of natural 
selection in Kimura’s neutral model of human evolution with population growth and limited migration 
between dems. To evaluate the influence of such time changes and demography in population size, we 
employed different variants of the null hypothesis, corresponding to constancy, growth, or substructure 
and growth, respectively. We apply the model for searching in SNP haplotypes from four genes 
implicated in impairing DNA-repair mechanism in human familial cancers: ataxia telangiectasia (ATM), 
human helicase RECQL, Bloom’s syndrome (BLM) and Werner’s syndrome (WRN). The sample is 
composed of about 600 chromosomes, derived from residents of Houston, TX (USA), representing major 
ethnic backgrounds: Caucasian, African, Asian and Hispanic. The method is illustrated with Bloom’s 
neutrality tests B and Q. Our study suggests that detected deviations from neutrality may be obscured by 
presence of recombination, substructure and changes of population size in the case of RECQL 
haplotypes, while in the ATM haplotypes the signal is rather strong. The BLM and especially WRN 
haplotypes do not register deviations from neutrality. 
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1. INTRODUCTION 

Evolutionary modeling of cancer has resulted recently in 
numerous discoveries ranging from detection of many new 
loss-of-function mutations in recessive cancer genes (Bignell 
et al. 2010) to studies on genome instabilities such as 
chromosome abnormalities and unstable DNA (Hanahan and 
Weinberg, 2011), which are mentioned as Enabling 
Characteristics in New Generation Hallmarks of Cancer. 
When the important for precise replication DNA-repair 
mechanism becomes impaired, the instability of DNA 
accumulates in cancer cells allowing for unlimited clonal 
growth of the tumor. The importance of this mechanism 
implies that genes implicated in a DNA-repair process are 
targets in a search for signatures of natural selection 
operating at molecular level.  

In a series of our previous papers (Cyran, Polanska, and 
Kimmel 2004, Cyran 2009, Cyran and Kimmel 2014), we 
investigated natural selection at SNP haplotypes at four genes 
implicated in human familial cancers: ataxia telangiectasia 
(ATM), human helicase RECQL, Bloom’s syndrome (BLM) 
and Werner’s syndrome (WRN) (Bonnen et al. 2000, Bonnen 
et al 2002, Trikka et al. 2002). A number of interesting facts 
were determined about these genes, but development of 
multi-null-hypotheses method described in the current paper, 
allowed for further verification of these results by Wall’s  
(1999, 2001) neutrality tests. ATM gene encodes a large 

protein involved in response to DNA damage. Abnormalities 
in this gene with discovered remarkable diversity, include not 
only point mutations, but also small rearrangements leading 
to splicing mutations (Teraoka et al. 1999). It has been 
demonstrated by Li and Swift (2000) that patients who are 
heterozygous for splice site mutations have significantly 
longer survival time as compared to those who are 
homozygous for single truncating mutations. Some of 
mutations in ATM gene are responsible for ataxia 
telangiectasia, a serious recessive pleiotropic disorder. By 
influencing DNA instability, these mutations also increase 
significantly inherited predisposition to cancer. The age of 
one ATM mutation, estimated by Broeks et al. (2003) using 
Maximum Likelihood (ML) method to be at least 50,000 
years, indicates that the variation present at this locus could 
be driven by balancing selection. 

The remaining three analyzed loci encode for human DNA 
helicases. Their function is related to DNA metabolism, 
including transcription, accurate chromosomal segregation, 
recombination, and repair. Helicase-dependent DNA repair 
include such molecular mechanisms as mismatch repair, 
nucleotide excision repair, and direct repair. Bloom and 
Werner syndromes, rare autosomal recessive disorders, are 
both characterized by a high predisposition to malignancies 
(Siitonen et al. 2003). Cells in Bloom syndrome exhibit 
hypermutability including hyperrecombinality between sister 
chromatids and homologous chromosomes (Yusa et al. 
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2004). Karow et al. (2000) and Wu and Hickson (2003) 
emphasize the role of BLM as an antirecombinase for 
suppresion of tumorigenesis. Adams et al. (2003) concluded 
that BLM product maintains genomic stability.  

Since, the genes considered are implicated (by proper or 
impaired DNA repair) in accumulation of autosomal 
mutations in tumors in human familial cancers, they could be 
potentially subject to natural selection. With that motivation, 
in the present paper, we apply to our data Wall’s neutrality 
tests, which are sensitive to different deviations from 
neutrality, in an attempt to determine whether signatures of 
selection are present at these gene loci. By now, there are a 
number of interesting examples of natural selection at 
molecular level (Gilad et al. 2002, Toomajian and Kreitman 
2002), with perhaps the most spectacular one being the 
ASPM locus, a major contributor to brain size regulation in 
primates (Zhang 2003). There exist two general types of tests 
of natural selection at molecular level: First, whenever the 
data consists of entire or partial coding sequences of a gene, 
comparison of frequencies of silent substitutions at the third 
codon position to the frequencies of substitutions on the first 
and second position, allows to measure selective pressure.  

Unfortunately, in many cases, we have to do with a second 
type of data, which consists of sequences that are not only 
non-coding, but also composed of nucleotides located at 
considerable distance from each other. Single Nucleotide 
Polymorphisms (SNP) in intronic regions of a target gene 
provide one example of data of the second type. They form 
haplotypes, which serve as tools to investigate the genetic 
diversity and disease association of the target gene. 

In such cases, a model for neutral evolution of the sequence 
has to be determined and then its predictions compared to 
data. Usually, this model is a form of the Wright-Fisher 
model of genetic drift with mutation (Jobling et. al. 2004). 
Significant departure from predictions under neutrality 
(which serves as the null hypothesis) may provide evidence 
for selection (the desirable alternative hypothesis). However, 
there exist a number of undesirable alternatives, which may 
cause departures from the null, and be confused with 
selection. The most common of these are population 
substructure and past change in population size (Nielsen 
2001). Sometimes, these influences cannot be disentangled 
from selection. One way to deal with this problem is to apply 
a number of tests, each one sensitive to different combination 
of factors, and compare the results. The substructure problem 
can be approached by considering data from different 
subpopulations separately. 

2. MATERIALS AND METHODS 

We analyzed a total of 45 Single Nucleotide Polymorphisms 
(SNPs) located on intronic and other non-coding sequences in 
the four helicases: ATM, BLM, WRN, and RECQL. Detailed 
information on names, positions and variations of the 
analyzed SNPs, primer sequences, PCR conditions and 
product size for each of the polymorphic sites, as well as the 
ASO sequences and wash conditions for each SNP variant are 
presented in Bonnen et al. (2000) for the ATM gene and in 
Trikka et al. (2002) for the BLM, WRN and RECQL.  

Blood samples were collected from the individuals, residents 
of Houston, TX, from four major ethnic groups: Caucasians, 
African-Americans, Hispanics, and Asians (Table 1). The 
group called “Global” was composed of the above-mentioned 
ethnic groups and 40 individuals, the members of the CEPH 
pedigrees. Haplotypes were inferred and their frequencies 
were estimated by using the Expectation-Maximization (EM) 
algorithm (Dempster et al. 1977, Excoffier and Slatkin 1995, 
Polanska 2003). The most frequent haplotypes (with the 
estimated frequency greater than 5%) and their frequencies 
among each ethnic group are presented in Tables 1 – 4. 

Table 1. The most frequent ATM haplotypes and their 
frequencies among the analyzed ethnic groups. 

ATM  
Haplotype 

African-
Americans 

Cauca-
sians 

Hispa-
nics Asians Global 

ACTCTACTTCTTTC 0.1899 0.2922 0.3149 0.5000 0.3044 

ACTCTCCTTCTTTC - 0.0649 - - - 

ATTCTACTTCTTTC - - - 0.0513 - 

ACTTTACTTCCCTC 0.2183 - - - 0.0983 

ACTTTACTTCTTTC 0.0775 - - - - 

TTCTCACTCTCCTA - 0.1753 - - - 

TTTTCACCCTCCTC 0.1408 0.0974 0.1096 0.0680 0.1175 

TTTTCACTCTCCTC 0.1617 - - - 0.0735 

TTTTCATCCTCCCC 0.1127 0.3506 0.3630 0.2910 0.2485 
 

Table 2. The most frequent RECQL haplotypes and their 
frequencies among the analyzed ethnic groups. 

RECQL 
Haplotype 

African-
Americans 

Cauca-
sians 

Hispa-
nics 

Asians Global 

ACCTAGTAGCT 0.1770 0.0900 0.0615 0.0541 0.1035 

ACCTAGTAGTT 0.1540 0.1819 0.1928 0.2136 0.1806 

ATCTAGTAGCT 0.0748 - - - - 

ATCTAGTAGTT - 0.0599 0.0644 0.1508 0.0762 

ATGGGACGATT 0.1061 0.3825 0.3948 0.4966 0.3314 

ATGGGGTGACT 0.0711 - - - - 

ATGGGGTGGCT 0.0957 - - - - 

ATGGGGTGGTT 0.0519 - - - - 

 
Table 3. The most frequent WRN haplotypes and their 
frequencies among the analyzed ethnic groups. 

WRN 
Haplotype 

African-
Americans 

Cauca-
sians 

Hispa-
nics 

Asians Global 

ATCAGGTACGGG - 0.1594 0.1261 0.0757 0.1000 

ATCTGGTACGGG 0.0501 - - - - 

ATCTGGTATGGG 0.0521 - - - - 

ATTTAATCCGGG - - - 0.0542 - 

ATTTAATCTGGG 0.0827 0.1705 0.2188 0.1766 0.1602 

ATTTGATCTGGG 0.0783 - - - - 

ATTTGGGACGGG 0.2450 0.2165 0.2509 0.3892 0.2538 

ATTTGGGATGGG - 0.1087 0.0825 0.0595 0.0776 

ATTTGGTACGGG 0.1343 - - - - 

ATTTGGTATGGG 0.1113 - - - 0.0550 

GTTTGGGACGGG - - 0.1115 0.1026 - 
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Table 4. The most frequent BLM haplotypes and their 
frequencies among the analyzed ethnic groups. 

BLM 
Haplotype 

African-
Americans 

Cauca-
sians 

Hispa-
nics 

Asians Global 

CATCGCAG - - 0.0915 0.1428 0.0745 

CATCTGCG - - - 0.0528 - 

CGCCGCAG 0.0715 - - - - 

CGTCGCAG - - 0.0542 0.1226 - 

CGTCTGCG - 0.0509 - - - 

TGCCGCAG 0.2260 0.0785 0.0971 - 0.1116 

TGCGGCAA 0.0715 - 0.0796 0.0809 0.0849 

TGTCGCAG 0.0649 0.2564 0.3050 0.2987 0.2146 

TGTCGGCG 0.0833 - - - - 

TGTCTGCG 0.1311 0.2152 0.1830 0.0698 0.1684 
 

Mathematics of natural selection – contrary to that of genetic 
drift and mutation – results in significantly increasing 
complexity of equations even with the small increase in a 
number of loci and alleles considered. For the simplest case 
of single locus and two-allele model, the change ∆s p of the 
frequency p of allele A1 can be explicitly derived as a 
function of current frequencies p and q of allele A1 and A2 
respectively, as 
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where w11, w12, and w22, represent viabilities (probabilities to 
survive to give birth to progeny) of genotypes A11, A12, and 
A22, respectively. To identify particular phenomena in more 
complex, and therefore interesting from practical perspective, 
models, i.e. models with more loci and more alleles, the 
dynamics of selection process needs to be studied by other, 
computational methods. One of such methods is testing 
against numerous null hypotheses using statistics with 
unknown critical values, and hence demanding large scale 
coalescent-based simulations for appropriate modeling of 
signatures of natural selection. 

In our detailed analysis, we applied Wall’s (1999) tests B and 
Q. Statistic B is the normalized number B’ of pairs  of 
adjacent congruent (inducing identical partitions) segregating 
sites. To be normalized, B’ is divided by the total number (K 
– 1) of pairs of adjacent segregating sites 

 .
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'

−
=

K
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If we indicate by A the set of all distinct partitions induced by 
pairs of adjacent congruent segregating sites, then the statistic 
Q is defined as 

  ( )
K

AcardB
Q

+=  , (3) 

where  is the number of elements in A and the power of a test 
becomes less sensitive to the recombination, because of 
compensation of the decrease of B by an increase of card (A). 

Family of null hypotheses employed 

In order to fine-tune the outcome of testing, we employed, for 
Wall’s (1999) tests, three different null hypotheses: 

• H00, panmictic population, with size constant in 
time, 

• H01, panmictic population, with size increasing 10 
times over the period of 5000 human generations, 
according to an exponential function, 

• H02, population with internal structure, composed of 
4 demes with between-demes migration rate mN=10, 
with total size increasing 10 times over the period of 
5000 human generations, in a growth modeled by an 
exponential function.  

Each of the above null hypotheses assumes selective 
neutrality. 

Hypotheses H01 and H02 are less conservative than H00, 
although they are still conservative, considering the feasible 
human population history scenarios. Wall’s (1999) tests and 
coalescent simulations for critical values were conducted 
with the use of Rozas’s DNASP and Filatov’s ProSeq 
software. 

3. RESULTS 

Application of Wall’s neutrality tests to data 

Our analysis in Wright-Fisher neutral model of four loci, 
ATM, RecQL, WRN and BLM, reveals that they fall into two 
categories A (ATM, RecQL) and B (WRN, BLM). This 
partition is clearly observed according to Wall’s B and Q 
tests, (Tables 5 – 8) though almost no outcome is significant 
(except for Asian population for RecQL locus) in these tests 
against null hypothesis H00 (constant size, panmictic and 
selectively neutral population). Tables 5 – 8 present for each 
test the value of the corresponding statistic and the critical 
values at 0.05 significance level under null hypotheses H00 

H01 and H02. 

Table 5 Results of the Wall’s B and Q tests for ATM locus 

B Q  

ATM Value H00 H01 H02 Value H00 H01 H02 

AfAm 0 0.33 0.08 0.17 0 0.46 0.14 0.29 

Caucasian 0.23 0.39 0.08 0.15 0.36 0.43 0.14 0.25 

Asian 0.15 0.39 0.08 0.15 0.29 0.50 0.14 0.29 

Hispanic 0.08 0.39 0.08 0.15 0.14 0.43 0.14 0.21 

 

Results of these tests against the slightly less conservative 
null hypotheses H01 and H02 are significant for genes ATM 
and RecQL for almost all considered subpopulations, but still 
not significant for any population at BLM and WRN loci. 
The expected frequencies of types of segregating sites under 
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null hypotheses H00, H01 and H02 at the ATM locus in African 
American population are depicted in Figure 1. 

Table 6 Results of the Wall’s B and Q tests for RECQL  

B Q  

RECQL Value H00 H01 H02 Value H00 H01 H02 

AfAm 0.20 0.40 0.10 0.10 0.36 0.46 0.18 0.18 

Caucasian 0.20 0.40 0.10 0.10 0.36 0.56 0.18 0.18 

Asian 0.44 0.44 0.11 0.22 0.60 0.50 0.20 0.30 

Hispanic 0 0.40 0.10 0.10 0 0.46 0.18 0.27 

 

Table 7 Results of the Wall’s B and Q tests for WRN 

B Q  

WRN Value H00 H01 H02 Value H00 H01 H02 

AfAm 0 0.36 0.09 0.22 0 0.50 0.17 0.30 

Caucasian 0 0.36 0.09 0.18 0 0.50 0.17 0.25 

Asian 0 0.38 0.13 0.25 0 0.56 0.22 0.33 

Hispanic 0 0.36 0.09 0.18 0 0.50 0.17 0.25 

 

Table 8 Results of the Wall’s B and Q tests for BLM  

B Q  

BLM Value H00 H01 H02 Value H00 H01 H02 

AfAm 0 0.43 0.14 0.14 0 0.50 0.25 0.25 

Caucasian 0 0.44 0.14 0.14 0 0.50 0.25 0.25 

Asian 0 0.43 0.14 0.14 0 0.63 0.25 0.25 

Hispanic 0 0.43 0.14 0.14 0 0.50 0.25 0.25 

 

Results for the global samples are presented in the Table 9, 
below 

Table 9 Wall’s B and Q tests for all loci and global 
samples 

B Q Global 

Value H00 H01 H02 Value H00 H01 H02 

ATM 0 0.31 0.08 0.08 0 0.43 0.14 0.14 

RecQL 0 0.30 0.10 0.10 0 0.46 0.18 0.17 

WRN 0 0.33 0.09 0.09 0 0.42 0.17 0.17 

BLM 0 0.27 0.14 0.14 0 0.38 0.25 0.25 

(a)  

(b)  

(c)  

Fig. 1. Frequencies of segregating site types under null 
hypotheses (a) H00, (b)H01 and (c)H02. 

4. DISCUSSION 

Nielsen (2001) suggests to be conservative in concluding 
about detection of selection based on tests using only 
haplotype spectrum data, because other alternative 
hypotheses lead to similar results. The main alternative is that 
of population growth, which can be easily mistaken for a 
selection sweep. Further analysis of obtained results shows, 
however, that these concerns, which are especially important 
in the case of selective sweeps leading to an excess of young 
mutations (Fu 1997), are not applicable directly to this study, 
with samples displaying excess of old mutations. 

The interpretation of the results from the B and Q tests is not 
difficult in the light of known demography of human 
population. Although for all genes Wall’s B and Q tests did 
not indicate any statistical significance against constant 
population size, totally panmictic and selectively neutral 
model under null hypothesis H00, the partition of genes into 
categories A and B (Tables 1-4) is evident based on these 
tests. The explanation why the results are not significant for 
ATM and RECQL when tested against classical null 
hypothesis, lays in the nature of the tests which paradoxically 
may lose power for relatively large samples. The superiority 
of B and especially of Q over other tests was confirmed in 
Wall’s (1999, Fig. 7) simulations, in terms of power to detect 
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departures from selective neutrality under recombination. 
Perhaps Wall’s (1999) conclusions should be restricted to 
relatively small sample sizes, if the value of Watterson’s 

estimate Wθ̂ is smaller than value used in Wall’s simulations 

( Wθ̂ = 7.5).  

In our studies we obtained, for different genes and 
populations, 

Wθ̂ ranging from 1.1 to 2.8 for much larger 

sample sizes than that analyzed by Wall, the power of Wall’s 
tests for our data was less than powers of tests previously 
analyzed. Therefore, we were able to increase the power of 
the tests by changing the null hypothesis H00 to H01 which 
incorporates population growth. In doing so, we tried to be as 
conservative as possible: we incorporated population growth 
in a very conservative range, just 10-fold over 5,000 
generations.  

We expected the tests to be less conservative against null 
hypothesis H01 because we already had strong indications 
about dealing with balancing selection (which, contrary to 
selective sweeps, causes genetic variability very dissimilar to 
that caused by population growth). The obtained results 
(Tables 5 – 8) confirm that ATM and RecQL display 
statistically significant departures from neutrality if H01 is 
used as the null hypothesis. Therefore, we tested neutrality 
against null hypothesis H02, the scenario with 10-fold 
population growth and population substructure with 4 demes 
and normalized migration rate Nm = 10. This time it was 
difficult to predict à priori whether testing using H02 will be 
more or less conservative than testing using H00, because of 
mutually canceling effects of population growth and 
population stratification, whereas it was obvious that testing 
using H02 was more conservative than using H01. The results 
indicated that powers Pi of testing against H0i (i = 0, 1, 2) 
satisfied the relationship: P0 < P2 < P1. Similarly as against 
null hypothesis H01, testing against H02 gave in majority of 
cases significant departures from neutrality for ATM and 
RECQL but not for WRN and BLM. 

The observation that Wall’s B and Q statistics gave for all 
genes values equal zero when applied to global samples, at 
first looked contrary to expectations, because these tests were 
explicitly designed to detect departures similar to those 
produced by population stratification. However, we observe 
that with the increase of the sample size n the ratio of the 
length of any particular branch of the coalescent tree to the 
length of the whole sample genealogy becomes smaller. 
Therefore, for given number of segregating sites, the 
probability of finding any adjacent congruent segregating 
sites decreases and tends to zero as n → ∞. On the other 
hand, the total number of segregating sites should increase 
with the increase of sample size, which theoretically could 
compensate the previous effect. However since the rate of 
growth of the number of segregating sites with the growth of 
n also decreases with the increase of n, for really large 
sample sizes, the compensation is perhaps not strong enough 
to avoid the disappearance of congruent segregating sites. 
Detailed additional studies are required to determine the 
exact relationships between sample size and the possible 

reduction of the number of congruent sites to zero, but 
looking at the definition of B and Q tests explains why in the 
absence of congruent segregating sites these tests may yield 
null values. 

Our global samples were much greater than subpopulation 
samples and one order of magnitude larger than those 
analyzed by Wall (1999, Fig 7). Furthermore, our estimates 

of Wθ̂ were 3 to 7 times smaller than those used by Wall in 

his simulations. As a result, at least for our data, we have 
observed the effect of disappearance of adjacent congruent 
sites, obtaining global samples with no such sites. For this 
reason, the B and Q statistics were equal to zero for all loci 
under consideration. Furthermore, we confirmed this effect 
by testing with twice smaller samples obtained by random 
drawing of the half of chromosomes from original samples. 
With smaller sample sizes the global samples still yielded 
zeros but some of the tests originally yielding zeros, e.g., for 
African-American population at ATM locus and for Hispanic 
population at RECQL locus, presented positive results 
statistically significant against H01 and H02. 

With above discussion it is plausible that the non-significant 
results at ATM and RECQL do not contradict the possibility 
of balancing selection operating at regions linked to ATM 
and RECQL introns, as determined by all previous results. 

In conclusion, the only type of selection at a linked locus 
resulting in positive values of tests obtained for ATM and 
RECQL is balancing selection (Fu 1996). It is so, because 
advantageous selection sweeps always result in negative 
values of F’(r, r’) tests (Fu 1997, Kreitman 2000). This 
conclusion is also confirmed by the results of Wall’s B and Q 
tests, which seemed to be more conservative against null 
hypothesis H00 (without growth) than against H01 (with 
growth). The deleterious mutation model cannot be excluded, 
but it demands special mutation rates from advantageous to 
inferior allele and different rates in opposite direction. 
Therefore, for patterns observed at ATM and RECQL the 
most feasible conclusion seems to be the over-dominant 
selection, always resulting in selection-mutation balance, 
which in turn is responsible for the observed excess of old 
mutations in ATM and RECQL  (but not in WRN) haplotype 
data. The conclusion about BLM is not univocal because 
majority of tests of class F’(r, r’) give results on the 
boundary of significance (also in the direction of the excess 
of old mutations), and even if B and Q do not confirm this 
departure it could be simply because of relatively strong 
recombination operating in this locus as detected by Fu 
(1997) test Fs. 
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