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Summary

Follicle-stimulating hormone (FSH) is essential for human reproduction. The unique functions of this hormone are

provided by the FSH receptor-binding beta-subunit encoded by the FSHB gene. Resequencing and genotyping

of FSHB in three European, two Asian and one African population, as well as in the great apes (chimpanzee,

gorilla, orangutan), revealed low diversity and significant excess of polymorphisms with intermediate frequency

alleles. Statistical tests for FSHB showed deviations from neutrality in all populations suggesting a possible effect of

balancing selection. Two core haplotypes were identified (carried by 76-96.6% of each population’s sample), the

sequences of which are clearly separated from each other. As fertility most directly affects an organism’s fitness, the

carriers of these haplotypes have apparently had more success in human history to contribute to the next generation.

There is a preliminary observation suggesting that the second most frequent FSHB haplotype may be associated

with rapid conception success in females. Interestingly, the same haplotype is related to an ancestral FSHB variant

shared with the ancestor of the great apes. The determination of the functional consequence of the two core FSHB

variants may have implications for understanding and regulating human fertility, as well as in assisting infertility

treatments.

Keywords: Follicle-stimulating hormone beta gene, haplotype structure, ‘yin-yang’ haplotypes, balancing se-

lection, ancestral gene variant in primates, rapid conceiving in women

Introduction

Follicle stimulating hormone (FSH) is a pituitary-

expressed glycoprotein hormone that regulates repro-

duction in mammals. In females FSH is responsible for

the proliferation and survival of follicular somatic cells,

and the cyclic recruitment of ovarian follicles into de-

velopment from early antral stage through maturation

to ovulation (McGee & Hsueh, 2000). In males FSH

is found to be essential for Sertoli cell proliferation

and maintenance of sperm quality in testes (Plant &
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Marshall, 2001). Transgenic models have accentuated

the essential function of FSH in female reproduction.

FSH-deficient female mice are infertile and demon-

strate small ovaries resulting from a block in follicu-

logenesis at the preantral stage (Kumar et al. 1997).

FSH-overexpressing female mice mimic the features of

human ovarian hyperstimulation and polycystic ovary

syndromes (Kumar et al. 1999). FSH is widely used for

the treatment of human infertility (Baccetti et al. 1997;

Howles, 2000; Rose et al. 2000), and the fact that re-

combinant FSH was developed as the first recombinant

product for this condition (Recombinant Human FSH

Product Development Group, 1998) underscores its im-

portance in reproductive medicine.

All glycoprotein hormones (FSH, Thyroid Stimulat-

ing Hormone, Luteinizing Hormone and Chorionic
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Figure 1 A,B Schematic representation of the re-sequenced human FSHB region. a

Gene structure drawn to an approximate scale. Exons (E1-E3) are indicated by boxes

with the coding and non-coding sequences denoted by grey and open areas,

respectively. E1 contains an alternate splice donor site resulting in two forms, A and B;

E3 contains alternate polyadenylation sites, A and B (Jameson et al. 1988). The intron

processing and polyadenylation are regulated independently. b Human SNPs (vertical

black bars) identified in Estonians, Mandenkalu and Han are marked as long bars for

common SNPs (MAF >10%) and short bars for rare SNPs (<10%). The SNP positions

are relative to ATG. Five tag-SNPs (dotted ellipses) were chosen for genotyping the

Korean, Czech, CEPH and STP-sample. Two of the tag-SNPs (rs594982 and rs6169)

also represent RFLPs.

Gonadotropin) consist of a common alpha subunit, syn-

thesized from the evolutionarily conserved CGA gene at

6q12-21, and a hormone-specific beta subunit. The in-

teractions between the glycoprotein hormones and their

corresponding receptors are highly selective, with very

few cases of cross activity (Themmen & Huhtaniemi,

2000). Although both FSH subunits contribute to bind-

ing to the FSH receptor (FSHR), the β-subunit dictates

binding specificity (Fan & Hendrickson, 2005; Fox et al.

2001). In addition to the requirement for a suitable bind-

ing surface, it appears that receptor binding and activa-

tion by the hormone is accompanied by a concerted

conformational change in FSH (Fan & Hendrickson,

2005). The FSHB gene (MIM 136530; 11p13; genomic

sequence 4.2 kb) coding for the FSH β-subunit consists

of one non-coding exon plus two translated exons that

encode the 129-aminoacid preprotein (Fig. 1a). Con-

sistent with its essential function in reproduction only

eight subjects (both men and women) with inactivat-

ing FSHB mutations have been described, all exhibit-

ing impaired fertility and severely decreased production

of mature gametes (Berger et al. 2005; Huhtaniemi,

2003).

Despite 30 years of research on the nature and molec-

ular function of human FSH (Moyle & Campbell,

1996; Pierce & Parsons, 1981), including sequencing

of the human FSH protein (Shome & Parlow, 1974)

and cloning and mapping of the human FSHB gene

(Watkins et al. 1987), there are little data on sequence

variation of FSHB within human populations. These

studies have been restricted to consideration of only sin-

gle mutations (Liao et al. 1999) or of the protein-coding

exons (Lamminen et al. 2005).

We address the detailed haplotype structure of human

FSHB by a resequencing study, comparing the human

and great ape sequences, and discuss the possible func-

tional consequences of the identified core variants of

human FSHB.

C© 2006 The Authors
Journal compilation C© 2006 University College London

Annals of Human Genetics (2007) 71,18–28 19



M. Grigorova et al.

Materials and Methods

Samples

The study was approved by the Ethics Committee of

Human Research of the University Clinic of Tartu,

Estonia (permission no. 117/9, 16.06.03). Estonian

samples (n = 47) originated from the DNA bank of

the authors’ laboratory. Mandenka (n = 24) and Han

Chinese (n = 25) samples were obtained from the

HGDP-CEPH Human Genome Diversity Cell Line

Panel (http://www.cephb.fr/HGDP-CEPH-Panel/).

Czech (n = 50), and Korean (n = 45) population

samples were shared by Dr. Viktor Kozich (Charles

University First Faculty of Medicine, Institute of

Metabolic Disease) and Dr. Woo Chul Moon (Good-

Gene Inc. Seoul, Korea), respectively. We used unrelated

individuals from the CEPH/Utah families (n = 30)

as a reference. Common chimpanzee (Pan troglodytes)

DNA was extracted from sperm material obtained

from Tallinn Zoo, Estonia. The sources of orangutan

(Pongo pygmaeus) and gorilla (Gorilla gorilla) DNAs were

primary cell lines AG12256 and AG05251B, purchased

from ECACC. Blood samples for DNA analysis of

pregnant women (n = 48, mean age 26.6 ± 6.9), who

had conceived during sexual debut or within three

months after stopping contraception (STP-sample),

were collected at the Tartu University Women’s Clinic,

after informed consent was obtained from every

participant. None of the women or their partners had

used fertility treatments and the group consisted of

both primi- and multigravidae (n = 22 and n = 26,

respectively) with singleton fetus. Multigravidae who

had previously experienced unsuccessful gestations

were excluded.

PCR, Resequencing and RFLP Analysis

For full resequencing the FSHB gene (2909 bp: 1898 bp

of coding region, 456 bp upstream and 555 bp down-

stream; Fig. 1a) genomic DNA (100 ng) was amplified in

four overlapping fragments, using primers designed with

the Primer3 software (http://frodo.wi.mit.edu/cgi-

bin/primer3/primer3 www.cgi) and Smart-Taq Hot

DNA polymerase (Naxo, Estonia). The conditions for

PCR and product purification are described elsewhere

(Hallast et al. 2005). PCR and sequencing primers are

listed in Supplementary Table S1.

The sequence data was assembled into a contig

using phred and phrap software (Ewing & Green,

1998), and the contig was edited in the consed package

(Gordon et al. 1998) to ensure that the assembly was

accurate (http://www.phrap.org/phredphrapconsed.

html). Polymorphisms were identified using the

polyphred program, version 4.2 (Nickerson et al.

1997) and confirmed by manual checking. A genetic

variant was verified only if it was observed in both the

forward and the reverse orientations. Allele frequencies

were estimated and conformance to Hardy-Weinberg

equilibrium (HWE) was computed by an exact test

(α = 0.05) using Genepop 3.1d program (Raymond &

Rousset, 1995).

Alternatively, as FSHB markers were in strong link-

age disequilibrium (LD) we used a tag-SNP approach

(5 SNPs), combining genotyping by re-sequencing

(from −456 to 2447 relative to ATG) and RFLP anal-

ysis. LD was evaluated by a descriptive statistic r2 es-

timated for pairs of common SNPs (minor allele fre-

quency, MAF > 0.1) using Arlequin 2.000 (Schneider

et al. 2000), and the significance of LD between mark-

ers was computed with Genepop 3.1d (Raymond &

Rousset, 1995). SNPs rs594982 and rs6169 were typed

by RFLP analysis as they result in the formation of

recognition sites for restriction enzymes XapI (MBI

Fermentas) and Bst1107I (MBI Fermentas), respectively.

Allelic status of SNPs rs550312, rs611246, and rs609896

was determined by resequencing.

Data Analysis

Haplotypes were inferred from unphased geno-

type data using the Bayesian statistical method

in program PHASE 2.1 (Stephens et al. 2001;

http://www.stat.washington.edu/stephens/). For hap-

lotype reconstruction the model allowing recombina-

tion was used. Running parameters were: number of

iterations = 1000, thinning interval = 1, burn-in =
100; for increasing the number of iterations of the final

run of the algorithm the –X10 parameter, making the

final run 10 times longer than other runs, was used. We

ran the algorithm 10 times, resulting in identical out-

puts of the parallel analysis; thus we used the median of

20 Annals of Human Genetics (2007) 71,18–28 C© 2006 The Authors
Journal compilation C© 2006 University College London



Core Haplotypes of FSHB

the values obtained from one of the runs. Relationships

between inferred haplotypes were investigated using the

Median-Joining (MJ) network algorithm (Bandelt et al.

1999) within NETWORK 4.0 software.

Sequence diversity parameters were calculated with

DnaSP 4.10.3 (Rozas & Rozas, 1999). The direct es-

timate of per-site heterozygosity (π ) was derived from

the average pairwise sequence difference, and Watter-

son’s θ represents an estimate of the expected per-site

heterozygosity based on the number of segregating sites

(S). Tajima’s D (DT), Fu and Li’s DFL, and Fu and Li’s

FFL statistics were calculated to determine if the ob-

served patterns of intraspecies diversity are consistent

with the standard neutral model. Significant positive

DT, DFL and FFL values may indicate an excess of high-

frequency SNPs, referring to either balancing selection

or population bottlenecks. Conversely, significant neg-

ative DT, DFL and FFL values may reflect an excess of

rare polymorphisms in a population, indicating either

positive selection or an increase in population size.

The relative amount of within-species polymorphism

should reflect the amount of between-species fixation

under neutrality (Kimura, 1983). The interspecies data

was used for the Hudson, Kreitman, and Aguade (HKA)

tests (Hudson et al. 1987), to determine whether the ra-

tio of polymorphism to divergence across FSHB coding

regions was consistent with that of the noncoding re-

gions (Verrelli & Tishkoff, 2004). Neutrality of FSHB

was tested by comparing genetic diversity of the human

gene with fixed differences between human and primate

sequences.

Alignment of human and great apes FSHB ge-

nomic sequences was performed with a web-

based implementation of CLUSTALW at the EBI

(http://www.ebi.ac.uk/clustalw/).

Exact tests for SNP locus differentiation (both allelic

and genotypic) between all pairs of populations were

computed with the Genepop 3.1d program.

Results

Statistical Tests for FSHB Reveal Deviations

from Neutrality

Resequencing of 2,909 bp of FSHB genomic se-

quence for 192 human chromosomes originating from

three continents supported the conservative nature of

Table 1 FSHB nucleotide diversity parameters and neutrality

tests

Estonians Mandenkalu Han

Sample size 47 24 25

Diversity estimates and neutrality tests

π 1 0.00123 0.00109 0.00079

θ 1 0.00048 0.00056 0.00055

Tajima’s DT 3.2242 2.5233 1.130

Fu and Li’s DFL 1.198 1.244 1.242

Fu and Li’s FFL 2.3974 1.9384 1.416

1Estimate of nucleotide diversity per site from average pairwise

difference among individuals (π ) and number of segregating sites

(θ ).
2p < 0.01, 3p < 0.05 for Tajima’s DT statistics.
4p < 0.02 for Fu and Li’s DFL and FFL statistics.

the gene, as we identified no non-synonymous muta-

tions. The resulting FSHB genomic sequence collection

contained seven common SNPs (MAF > 10%) seen

in all populations and only five singleton variants

(Fig. 1b; Supplementary Tables S2 & S3; ss49785048 –

ss49785060). To test whether patterns of DNA sequence

variation in FSHB fit the expectations under the hy-

pothesis of neutrality we analyzed the data with a num-

ber of neutrality tests (Table 1). The direction of DT,

DFL and FFL statistics is potentially informative about

the evolutionary and demographic forces that a popu-

lation has experienced. The estimated positive DT, DFL

and FFL values for the FSHB gene (Table 1) fell into

the upper range of the distribution determined in a re-

cent study for 132 different human genes in European-

and African-Americans (Akey et al. 2004), where only a

few of the analyzed genes (e.g. ABO, ACE2, IL10RB,

IL1A) resulted in estimates as high as that determined for

FSHB. This indicates an enrichment of intermediate-

frequency alleles for FSHB polymorphisms, consistent

with either balancing selection or population demogra-

phy characterized by subdivision or reduction in size (re-

viewed by Bamshad & Wooding, 2003). For Estonians

and Mandenkalu significant positive values in two tests

(DT; FFL) rejected the hypothesis of neutrality. Failure

to reject the hypothesis of neutrality by Fu and Li’s DFL

test may be due to weaker power (Simonsen et al. 1995).

FSHB has Two Major Worldwide ‘Yin-Yang’

Haplotypes

Haplotype frequency estimates by PHASE algorithm

revealed one prevalent FSHB gene variant (no. 1a,

C© 2006 The Authors
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Table 2 Haplotype structure of FSHB gene

Est = Estonians, Man = Mandenkalu; chi = chimpanzee; gor = gorilla; oran = orangutan; S = Singleton haplotype; ‘–’ =
haplotype not identified. Two core haplotypes are boxed. SNP alleles identical to HAP1 are lettered black on white background

and alleles identical to HAP13 are lettered white on black background. ‘a, b, c’ denote haplotypes, which pool together when five

tag-SNPs (Fig 1) are used.

HAP1; Table 2) spread around the world with fre-

quencies ranging from 51.1% in Estonians to 68.0%

in Han. Interestingly, the second most frequent gene

variant (no. 13a, HAP13; Table 2) is composed of com-

pletely mismatching SNP alleles compared to the domi-

nant HAP1. For this haplotype pair nucleotides differ at

every SNP, a feature termed yin-yang haplotypes (Zhang

et al. 2003). The second gene variant (HAP13) is rep-

resented in Estonians with a frequency (38.3%) more

than two times greater than that observed in the other

22 Annals of Human Genetics (2007) 71,18–28 C© 2006 The Authors
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re-sequenced population samples (Mandenka 12.5%,

Han 14%).

Consistent with low haplotype diversity, FSHB ex-

hibited strong intergenic linkage disequilibrium for both

applied statistics: p-values from Fisher’s exact test and

correlation coefficient r2. Allelic associations were sig-

nificant and strong throughout the gene for Estonians

(p < 0.0001, 0.795 < r2 < 1), Mandenkalu (p < 0.001,

0.62 < r2 < 1) and Han (p < 0.001, 0.53 < r2 < 1).

Thus, we could choose five tag-SNPs that were suffi-

cient to represent all major FSHB gene variants (Fig.

1b; Table 2).

The five FSHB htSNPs were typed for addi-

tional populations from Europe (Czech, unrelated

CEPH/Utah individuals) and Asia (Koreans) (Supple-

mentary Tables S2 & S3). The data confirmed the

presence of the two principal gene variants (HAP1,

HAP13), composed of completely mismatching SNP

alleles in all populations, together covering 96.6% of

CEPH, 96% of Czech, 92.6% of Estonian, 86% of Han,

79.2% of Mandenka, and 76% of Korean 5-SNP haplo-

types (Supplementary Table S4). HAP1 was the dom-

inant gene variant for all populations except among

CEPH individuals. HAP13 appeared to be enriched in

populations of European-origin, from 39.4% (Estoni-

ans) to 68.3% (CEPH), compared to non-Europeans

for which frequencies ranged from 14% (Han) to 21%

(Koreans). In the Median-Joining network of all FSHB

haplotypes the two groups of haplotypes are clearly sep-

arated, with HAP1 approximately equally distributed

among Europeans and non-Europeans, and HAP13 en-

riched in populations of European origin (Fig. 2).

Comparison of Human FSHB with Great

Apes’ Gene Sequences

In order to uncover the ancestral FSHB variant among

primates we sequenced the chimpanzee (C), gorilla (G)

and orangutan (O) gene (Supplementary Fig S1; Pan

troglodytes FSHB Genbank Acc. No. DQ302103; Go-

rilla gorilla FSHB DQ304480; Pongo pygmaeus FSHB

DQ304481). Divergence of primate FSHB from the

human (H) sequence falls into the range of previous es-

timates: for H/C 1.28%, for H/G 1.92% and for H/O

3.38% compared to a report for 53 intergenic regions

1.24 ± 0.07%, 1.62 ± 0.08% and 3.08 ± 0.11%, re-

Figure 2 Median-Joining (MJ) network for predicted FSHB

haplotypes. Haplotypes have been constructed based on five

FSHB tag-SNPs (Fig. 1b; Supplementary Table S4) typed for

three European (Estonian, Czech, unrelated CEPH/Utah), two

Asian (Han, Korean) and one African population (Mandenka).

The size of each node is proportional to the haplotype

frequency in the total dataset. Branch lengths represent one

nucleotide substitution. The relative distribution of each

haplotype among individuals of non-European and European

origin is indicated by black and white, respectively. Haplotype

nomenclature is identical to Table 2 and Supplementary

Table S4. Haplotypes form two groups, clustering around the

major variants HAP1 and HAP13 differing at every SNP.
∗Human HAP10 is shared between chimpanzee and gorilla

FSHB sequence. Orangutan haplotype is denoted by a square.

spectively (Chen & Li, 2001). We identified three amino

acid differences in great apes relative to human FSHB:

a change in the signal peptide (amino acid no. 4) from

Leu to Val between human and orangutan, and changes

in the mature protein from Tyr to His (exon 2, amino

acid no. 49) between human and chimpanzee, and Lys

to Asn (exon 3, amino acid no. 64) between human and

all of the other studied species (Supplementary Fig. S1).

None of the differences are located within the region of

the hormone adjacent to the receptor in the recently

described FSH-FSHR co-crystal structure (Fan &

Hendrickson, 2005).

Primate haplotypes formed from the positions of

common human SNPs were identical among chim-

panzee, gorilla and orangutan, except for a single base-

pair deletion in the orangutan gene for SNP rs611246

(Table 2). When compared to human FSHB the con-

served great apes’ haplotype is seen to be most similar

to human HAP13, as opposed to HAP1 (Fig. 2). Only

2 changes are required from the conserved great ape
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haplotype to human HAP13, whereas HAP1 differs in

five positions from other primates (Table 2).

The three primate (chimpanzee, gorilla and

orangutan) sequences were used as references for the

HKA test (Hudson et al. 1987), which resulted in fail-

ure to reject the null hypothesis of neutrality in all three

re-sequenced human populations (H/C χ 2 = 0.825-

0.869, 0.35 < p < 0.37; H/G χ 2 = 0.063-0.085, 0.77

< p < 0.81; H/O χ 2 = 0.415-0.470, 0.49 < p < 0.52).

The results of HKA tests could either indicate lack of

positive selection or lack of statistical power to detect

selection by this test.

HAP13 May Favor Rapid Conceiving in

Women

FSH deficiency or overexpression has been shown to

influence female fertility. In order to explore the hy-

pothesis that the identified FSHB core haplotypes might

have functional consequences for human reproduc-

tion, we analyzed Estonian women (n = 48) who had

conceived within three months after stopping contra-

ception (STP = short time to pregnancy) and com-

pared them with an unselected population sample of

Estonian women (n = 47) collected in the same Uni-

versity Clinic. In different circumstances short intervals

between births, greatly regulated by the female’s ability

to conceive, may be either advantageous or disadvanta-

geous and thus subjected to balancing selection. We are

aware that comparison with a population sample might

weaken the power of the analysis, as it could also include

potential STP-women. However, in this case the usage

of a traditional matched control group of women with a

longer conceiving period is inappropriate, and may also

be a source of bias as the time to pregnancy is influenced

by several factors: hormonal status and gamete quality

of both partners, anatomy of genital tract, infections,

sexual behaviour, etc.

The frequency of the worldwide variant (HAP1) was

38.5% in STP-women and 53.2% in the random pop-

ulation sample, whereas the prevalence of HAP13 was

52.1% in the STP group and 39.4% in the random sam-

ple (χ 2 = 3.982; p < 0.05). Notably, the difference

in distributions of the homozygotes for these haplo-

types was even more pronounced (χ 2 = 10.471, p <

0.002; Fisher’s exact test p < 0.001; Fig. 3). In single

Figure 3 The distribution of homo- and heterozygous

individuals for FSHB haplotypes in a random Estonian sample,

and in Estonian women who conceived within three months

after stopping contraception (STP = short time to pregnancy).

locus comparisons two of the five tag-SNPs (rs611246,

rs594982) differed significantly in allelic (Fisher’s exact

test, p < 0.05) and genotypic (Fisher’s exact test, p <

0.005) distributions among the studied groups. The lat-

ter remained significant (p < 0.01) after correcting for

multiple comparisons.

Interestingly, the HAP13 carriers were not only en-

riched among Estonian STP-women, but also in unre-

lated CEPH individuals. In the CEPH sample the fre-

quency of HAP13 was 68.3% and HAP13 homozygotes

37%, whereas no homozygotes for HAP1 were detected.

It may be noteworthy that CEPH individuals stem from

the Utah pedigrees originally selected for study on the

basis of having a high number (minimum 8 sibs) of chil-

dren (Dausset et al. 1990).

Based on these observations we postulate a hypothesis

that in females the FSHB core haplotypes may have

been subjected to balancing selection due to an effect

on intervals between births. However, this preliminary,

although significant, finding based on a modest number

of individuals needs to be confirmed with an expanded

sample set involving several populations.

Discussion

Is the FSHB Gene Subject to Balancing

Selection?

Despite its essential and non-redundant role in human

reproduction, the genetic variation across FSHB and its
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possible effect on gene function has not been previously

studied. Possible selection on the maintenance of FSHB

gene function is revealed by its evolutionarily conserved

sequence in mammals and teleost fish (Li & Ford, 1998)

as well as by the very small number of non-synonymous

mutations (n = 4, cases = 8, all leading to infertility)

identified in humans (Berger et al. 2005). Consistent

with this evidence for conservation our re-sequencing

study of 96 individuals, representing populations from

3 continents, did not uncover any non-synonymous

changes. The majority of the FSHB SNPs were rep-

resented as common polymorphisms with worldwide

occurrence. Two of the variants overlapped with pre-

vious studies: (i) a common synonymous change Tyr-

Tyr (rs6169) in exon 3 present in Asia (Han Chinese,

Malays Indians, Koreans), Europe (Finns, Danes, Es-

tonians, Czech, CEPH/Utah) and Africa (Mandenka)

(Lamminen et al. 2005; Liao et al. 1999); and (ii)

rs609896 also found in Asia (Han Chinese, Japanese, Ko-

reans), Europe (Estonians, Czechs, CEPH/Utah, Finns,

Danes) and Africa (Mandenkalu, Yoruba) (The Inter-

national HapMap Consortium, 2005; Lamminen et al.

2005).

We identified two worldwide FSHB core haplotypes

(HAP1, HAP13 carried by 76 to 96.6% of each popu-

lation’s individuals), the sequences of which are clearly

separated from each other (Fig. 2). Although the ‘yin-

yang’ haplotypes with mismatching alleles at every SNP

sites can also be explained by neutral evolution (Zhang

et al. 2003), we have provided evidence that this is

probably not the case for FSHB. Statistical tests suggest

significant deviations for FSHB from neutrality. Three

neutrality tests (DT, DFL and FFL) indicated an enrich-

ment of SNPs with intermediate minor allele frequen-

cies. The significantly positive Tajima’s DT values for

FSHB stand out when compared to the distribution of

DT values for 313 other human genes, 281 of which

showed a negative DT value interpreted as a strong evi-

dence for a recent expansion of the human population

(Stephens et al. 2001). The results are consistent with the

scenario of balancing selection acting on the FSHB gene

(reviewed by Bamshad & Wooding, 2003). Although

similar results can be caused by population subdivision,

in which haplotypes are restricted to specific subpop-

ulations or reduction in population size, this scenario

is less supported by the FSHB data as all the studied

populations share the two major haplotypes, as well as

having similar results for the neutrality tests. However, in

Europe the possible effect of past continent-specific de-

mographic events contributing to the observed FSHB

haplotype distributions cannot be ruled out. The ob-

served enrichment of the HAP13 in Europe compared

to the other continents may have roots in its demo-

graphic history, characterized by founder effect(s) and

population expansion(s) through climate changes, demic

movements (migration and expansion), wars, crusades

and epidemics (Ammerman & Sforza, 1984; Gamble

et al. 2004; reviewed by Barbujani & Goldstein, 2004).

Interestingly the same haplotype, not the dominant

HAP1, is the human gene variant most closely related to

the ancestral FSHB inferred from the sequences present

in all the extant great apes.

As fertility most directly affects an organism’s fitness,

the carriers of FSHB HAP1 and HAP13 have appar-

ently been successful in human history at contributing

to the next generation. Balancing selection has favoured

the maintenance of the two human FSHB haplotypes

potentially having a different effect on the mechanism of

dominant follicle development, thus guaranteeing suc-

cessful reproductive ability for a population in different

climatic, social and economic situations. However, the

functional consequences of these alternative haplotypes

are still to be discovered. Based on an observation from

a pilot study, we have postulated a hypothesis that FSHB

gene variants may have an effect on female conception

efficiency.

What Might be the Functional Consequence

of the Selected FSHB Haplotypes?

None of the polymorphisms defining the two major

FSHB haplotypes, apparently enriched in human evo-

lution due to selective advantage in reproduction, are

non-synonymous mutations that would directly affect

the structure of the FSHB protein. However, the an-

alyzed SNPs may represent regulatory polymorphisms,

or alternatively may be associated with polymorphisms

up- or downstream of the studied region, poten-

tially influencing transcription levels, transcript stabil-

ity or alternative splicing of the mRNA. Several recent
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studies have highlighted the functional importance of

regulatory polymorphisms, such as those that influence

gene expression (Boffelli et al. 2004; Morley et al. 2004;

Pastinen & Hudson, 2004) or alternative splicing (Pagani

& Baralle, 2004; Sorek et al. 2004).

The rate of transcription of FSHB is a limiting fac-

tor in the production and eventual secretion of pitu-

itary FSH. The transcription and subsequent changes in

serum FSH levels are largely controlled by the produc-

tion of gonadotropin releasing hormone (GnRH) by

neurons of the hypothalamus (Culler & Negro-Vilar,

1987). Although the human FSHB promoter has not

been characterized in detail, GnRH induction of FSH

production is partially dependent on AP-1–like en-

hancers, known to exist in sheep and rat FSHB pro-

moters (−4741 to +759 relative to mRNA transcrip-

tion site) that are also conserved among other mammals

(Miller et al. 2002; Strahl et al. 1997). Due to strong

linkage disequilibrium the identified FSHB core hap-

lotypes could have been driven to high frequency by

hitchhiking with one or more unstudied upstream reg-

ulatory variants affecting gene transcription. Alterna-

tively, the FSHB variants may be associated with alter-

native splicing. At least four distinct species of mRNA

transcripts, all encoding identical peptides, are processed

from the FSHB gene (Jameson et al. 1988). Although all

the FSHB mRNAs share the same transcriptional initi-

ation site from a single promoter, alternative splicing of

non-coding exon 1 provides two variants of the 5’UTR

differing by 30 bp. Two different polyadenylation signals

are also used: one coinciding with the stop codon and

the other (used in >80% of transcripts) located about

1kb downstream. The functional significance of these

regulatory regions and alternative mRNA products of

the human FSHB gene remains a subject for future

studies.

In conclusion, we have identified the presence of two

core haplotypes for the human FSHB gene, and shown

that the spread of these gene variants is consistent with

balancing selection. Interestingly, a pilot study suggests

that the second most frequent human haplotype may be

associated with rapid conception. The determination of

the functional consequence of the FSHB variants may

have implications for understanding and regulating hu-

man fertility, as well as in assisting infertility treatments.
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