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Introduction

During spermatogenesis and DNA condensation, histones

are replaced by transition proteins in round spermatids.

Subsequently, these are replaced by protamines in elon-

gating spermatids (Steger et al., 2000). Several studies

demonstrated altered expression of protamines in infertile

males, and an abnormal protamine 1 (PRM1) ⁄ protamine

2 (PRM2) protein ratio has been described in sperm of

infertile patients. This implies that the relative amount of

each protein is important for proper sperm differentiation

[reviewed by Oliva (2006) and Carrell et al. (2008)].

Knockout (KO) of either protamine gene in mice

results in male infertility, caused by a reduction of the

total amount of protamine formation, DNA damage and

reduced sperm function. Haploinsufficiency of Prm1 or

Prm2 in heterozygous mice causes an alteration in sperm

chromatin assembly and nuclear integrity. These mice still
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Summary

Sperm chromatin compaction in the sperm head is achieved when histones are

replaced by protamines during spermatogenesis. Haploinsufficiency of the prot-

amine 1 (PRM1) or PRM2 gene causes infertility in mice. However, the pub-

lished data remain inconclusive about a role of PRM1 ⁄ 2 variants in male

infertility and their association with semen parameters. By full sequence analy-

sis, we assessed the frequency of sequence variations in PRM1 and PRM2 in

three groups of Caucasian patients with idiopathic teratozoospermia and nor-

mal (n = 88) or reduced sperm concentration (n = 83) and in men with a high

percentage of normal sperm morphology and normal concentrations (n = 77).

Two rare (c.54G>A and c.102G>T) and one common SNP (c.230A>C) were

identified in PRM1. In PRM2, some rare heterozygous mutations and the two

common intronic SNPs 298G>C and 373C>A were detected. None of the

PRM1 ⁄ 2 variants was associated with teratozoospermia or individually with

other semen parameters. However, significant linkage disequilibrium was

detected between the common SNPs of PRM1 and PRM2 which formed haplo-

types. Analysis of the pooled group (n = 248) revealed that homozygous carri-

ers of the common haplotype ACC had a twofold higher sperm concentration

and count than men lacking this haplotype, with sperm counts of heterozygotes

for ACC being midway between the homozygotes. This markedly decreased

sperm output might either be caused by spermatozoa lacking the ACC haplo-

type not being viable, or subject to negative selection. In addition, a significant

deviation from Hardy–Weinberg-Equilibrium of these SNPs might indicate nat-

ural selection in favour of the ACC allele which leads to higher sperm output

and therefore better fertility. In conclusion, for the first time we describe an

association of a common haplotype formed by PRM1 and PRM2 with sperm

output in a large group of men.
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produce sperm, but these sperm exhibit abnormal mor-

phology, combined with reduced motility and are thus

unable to fertilize an oocyte (Cho et al., 2001).

PRM1 and PRM2 are located adjacently on chromo-

some 16p13.2 in humans (Fig. 1a). As a result of the cru-

cial role of protamines in the differentiation of

spermatids, changes in the gene’s sequences may result in

male infertility. Recent studies investigated protamine

gene sequence variations in humans with ambiguous

results. The first study by Tanaka et al. (2003) described

several single nucleotide polymorphisms (SNPs) in PRM1

and PRM2, but only a rare mutation (PRM2 p.Q50X)

found once was suggested to cause the man’s infertility as

it induces translation termination. Two rare transversions

in PRM1 ()107G>C in the promoter region and 102G>T

in exon 1 changing the amino acid, R34S) with a minor

allele frequency (MAF) of around 1% were repeatedly

reported to be associated with male infertility (Aoki et al.,

2006; Iguchi et al., 2006; Ravel et al., 2007). However, a

larger study of 672 fertile and over 300 infertile men

could not confirm this finding (Kichine et al., 2008).

These SNPs were inconsistently described in men with

isolated teratozoospermia (phenotype similar to KO mice)

and ⁄ or oligozoospermia. In addition, some rare muta-

tions in PRM1 ⁄ 2, one common SNP in PRM1 (230A>C),

and two common intronic SNPs in PRM2 (298G>C and

373C>A) have been found without an association with

male infertility. All of these studies either investigated

small numbers, did not characterize the men analysed

clinically with respect to their semen parameters or

studied only PRM1. Therefore, we sequenced PRM1 and

PRM2 in groups of idiopathic infertile patients with

distinct teratozoospermia and normal or reduced sperm

concentration and in men with both normal sperm

morphology and concentration.

Patients and methods

Study population

In a retrospective case–control study design, we selected

Caucasian patients mostly of German origin (96%,

according to self-report) with idiopathic infertility using

the Androbaseª database (Tüttelmann et al., 2006). All

men with azoospermia, known clinical (for example mal-

descended testes, varicocele and infections) and genetic

(karyotype anomalies, Y-chromosomal deletions) causes

of infertility were excluded. Of these men (n = 944), the

25th and 75th percentiles of percentage of morphologi-

cally normal sperm were calculated, resulting in 7 and

19% respectively. These were used as cut-off values to

select similarly sized groups of men with normal sperm

concentration [‡20 · 106 ⁄ mL according to WHO (World

Health Organization, 1999)] and low percentage of nor-

mal morphology (£7%, group 1, n = 88), resembling the

phenotype of the KO mice with teratozoospermia and the

group of patients first analysed by Iguchi et al. (2006);

reduced sperm concentration (<20 · 106 ⁄ mL) and £7%

normal sperm morphology (group 2, n = 83) as SNPs

were also reported to be associated with oligozoospermia

(Ravel et al., 2007) and men with normal sperm concen-

trations (‡20 · 106 ⁄ mL) and high percentage of normal

sperm (‡19%, group 3, n = 77) as controls. Ancestry of

patients was not significantly different between the three

study groups with 94, 92 and 98% of German origin

respectively.

All participants gave written informed consent for eval-

uation of their clinical data and genetic analysis of their

donated DNA samples according to a protocol approved

by the Ethics Committee of the Medical Faculty in

Münster and State Medical Board.

Clinical parameters

All participants underwent a complete physical examina-

tion including ultrasonographic analysis of the scrotal

content using a high-frequency 7.5-MHz convex scanner.

Testicular volume was calculated using the ellipsoid

method and summed as bi-testicular volume.

Analysis of sperm concentration was performed with

Neubauer-improved chambers and motility was assessed

on a heated (37 �C) microscope stage. Slides for mor-

phology assessment were stained with modified Papanico-

laou method and examined with phase contrast optics.

(a)

(b)

Figure 1 (a) Schematic representation of the PRM1 and PRM2 genes

on chromosome 16p13.2 and respective transcriptional units (open

bars) and open reading frame (shaded area) with the SNPs position

marked. (b) Pairwise linkage disequilibrium (D’) of the three common

SNPs.
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All values were determined in accordance with the cur-

rent WHO criteria (World Health Organization, 1999).

Progressive motility comprises WHO categories a and b.

Total sperm count was calculated by multiplying semen

volume by sperm concentration. In our laboratory, semen

analysis is under constant internal and external quality

control (Cooper et al., 2002).

Serum concentrations of LH (normal range 2–10 U ⁄ L)

and FSH (1–7 U ⁄ L) were determined using immunoflu-

orometric assays (Autodelfia, Perkin Elmer, Freiburg, Ger-

many) and serum testosterone (>12 nm) by a commercial

direct solid-phase enzyme immunoassay (DRG AURICA

ELISA Testosterone Kit; DRG Instruments, Marburg, Ger-

many).

Genetic analyses

Genomic DNA was isolated from peripheral blood sam-

ples using FlexiGene DNA Kit (Qiagen, Hilden, Germany)

according to the manufacturer‘s instructions.

Two 24-nucleotide PCR primer pairs were used to

amplify the genetic region encompassing each of the prot-

amine genes. PRM1 was amplified using a 5¢-end primer

(5¢-cccctggcatctataacaggccgc-3¢) and the 3¢-end primer

(5¢-tcaagaacaaggagagaagagtgg-3¢), producing fragments of

557 nucleotides. For amplification of PRM2, 5¢-end pri-

mer (5¢-ctccagggcccactgcagcctcag-3¢) and 3¢-end primer

(5¢-gaattgctatggcctcacttggtg-3¢) were used, producing frag-

ments of 599 nucleotides.

PCR reactions were performed in 25 lL volumes which

consisted of 1· PCR buffer including 1.5 mm MgCl2,

200 lm of dNTPs, 0.4 lm of each primer, 0.1 U of Taq

polymerase (Qiagen) and 100 ng of genomic DNA. PCR

was performed using XP cycler (Bioer Technology, Hang-

zhou, China) with the following conditions: one cycle of

initial denaturation at 94 �C for 2 min, followed by 35

cycles of 94 �C for 50 sec, 68 �C (PRM1) or 74 �C (PRM2)

for 50 sec, 72 �C for 90 sec followed by one cycle of final

extension at 72 �C for 10 min. The presence of products

was checked by electrophoresis on a 1.5% agarose gel. The

PCR-amplified fragments were subsequently purified using

the QIA quick PCR Purification Kit (Qiagen), sequenced

with the BigDye Terminator v3.1 Cycle Sequencing Kit

(Applied Biosystems, Foster City, CA, USA) and analysed

by capillary electrophoresis with 3130xl Genetic Analyzer

(Applied Biosystems).

Statistical analysis

Differences in clinical data of patients and controls

were tested by either anova when values were normally

distributed, or the non-parametric Kruskal–Wallis test

when the distribution normality test failed. p-values

(two-sided) of <0.05 were considered statistically signifi-

cant. All calculations were performed with GraphPad

Prism version 5.02 for Windows (GraphPad Software, San

Diego, CA, USA).

All genetic analyses were carried out with Stata ⁄ SE

(StataCorp LP, version 9.1, College Station, TX, USA)

using specific genetic subroutines (http://www.biostat-

resources.com/stata/): HWSNP (Hardy–Weinberg equi-

librium test for multiple SNPs) was used to test for

departure from the Hardy–Weinberg equilibrium (HWE),

GENCC (allele analysis for case–control genetic studies)

to test differences in allele frequency comparing cases and

controls, and QTLSNP (Quantitative trait loci SNP) to

compare equality of means of clinical data across geno-

types. This routine assumes a codominant genetic model

to test for both additive and multiplicative effects, but

dominant or recessive models can also be used. Haplo-

type analysis and linkage disequilibrium (LD) determina-

tion were performed with HaploView 4.1 (Barrett et al.,

2005). phase software, version 2.1 was used to estimate

individual haplotypes (Stephens et al., 2001; Stephens &

Scheet, 2005).

Results

Clinical data

The anthropometric, hormone and semen parameters of

the three study groups with low percentage of normal

morphology and normal or reduced sperm concentration

(group 1 and 2 respectively) and with high percentage of

normal sperm and normal sperm concentration (group 3)

are presented in Table 1. Testicular volume was lower

and FSH higher in group 2 with reduced sperm count

compared with both other groups with normal sperm

concentration. All other anthropometric and hormone

parameters were similar in all three groups. Duration of

abstinence and semen volume were comparable between

all groups. Sperm concentration and count as well as per-

centage of sperm with normal morphology were signifi-

cantly different by selection. Percentage of progressively

motile sperm followed the same direction as sperm mor-

phology and was the lowest in group 2 with reduced

sperm concentration and low normal morphology.

Genetic analyses

Allele frequencies and genotype distributions of the five

SNPs in PRM1 and PRM2 are shown in Table 2. Apart

from the three previously described SNPs 54G>A

(rs35262993, exon 1, synonymous), 102G>T (rs35576928,

exon 1, non-synonymous R34S), 230A>C (rs737008, exon

2, synonymous), no mutations were found in PRM1. The

54G>A and 102G>T SNPs were rare with an MAF of

PRM1 ⁄ 2 sequence variation and male infertility F. Tüttelmann et al.
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about 1% in all study groups. By contrast, the SNP

230A>C had an MAF of 30.1, 33.7 and 28.6% in the three

study groups, respectively, which was not significantly dif-

ferent.

In PRM2, some rare heterozygous mutations were

detected in one or two patients each. The two synony-

mous SNPs 66T>C (rs n ⁄ a) and 201C>T (rs n ⁄ a) are

located in exon 1 of PRM2; 201C>T was found twice in

group 1 and 66 T>C twice in group 2. Two intronic

SNPs 281C>T (rs74007626) and 290C>T (rs74007625)

were both found in one man with normal sperm con-

centration and morphology (controls, group 3). These

four SNPs were also described by Aoki et al. (2006). In

addition, two new mutations 300A>G (group 3) and

377C>T (group 2) in intron 1 of PRM2 were each

found once. The common SNPs 298G>C (rs1646022)

and 373C>A (rs2070923) of PRM2 were found with

comparable MAFs of 46.4, 40.1, 50.7 and 30.7, 36.8,

30.1% respectively. [Correction added after online publi-

cation: 9 December 2009; amendment in the second

SNP number from rs270923 to rs2070923].

All SNPs were in HWE in the respective groups except

for the PRM1 230A>C and PRM2 373C>A in group 2.

A similar deviation for PRM2 373C>A can be calculated

from the data reported by Aoki et al. (2006) in their

group of protamine deficient patients. The allele frequen-

cies of the common SNPs of PRM1 ⁄ 2 were similar to

those reported in the public databases and in the litera-

ture. Neither comparison of allele frequencies, genotype

distributions nor dominant or recessive models revealed

significant differences between the three study groups.

Pairwise D’ between the PRM1 230A>C and

298G>C ⁄ 373C>A in PRM2 was strong (Fig. 1b). There-

fore, haplotypes could be constructed reliably for these

three common SNPs spanning both protamine genes. The

lowest probability for deriving the correct haplotype was

0.97 (phase software). The phased haplotypes are listed

in Table 3 and their frequencies are compared among the

three study groups without finding any significant differ-

ences.

Next, we tested the influence of the genotype on semen

parameters in the pooled cohort of 248 men (Table 4). The

distributions of PRM1 230A>C and PRM2

298G>C ⁄ 373C>A deviated significantly from HWE when

all men were considered together, while PRM1 54G>A and

102G>T did not (Table 2). In addition, the former com-

mon three SNPs showed a trend for an association with

sperm concentration without reaching statistical signifi-

cance. Median sperm concentration ⁄ count for men with

genotypes PRM1 230AA, PRM2 298CC and 373CC were

higher than the heterozygous group which exceeded the

homozygous group respectively. Sperm morphology and

motility were not associated with any SNP. These results

indicated that the common haplotype ACC formed by the

three SNPs is associated with higher sperm concentra-

tions ⁄ counts. We therefore compared men homozygous

for ACC (ACC ⁄ ACC, n = 57) with heterozygotes for ACC

and any other haplotype (ACC ⁄ N, n = 105) and homozyg-

otes for other haplotypes (N ⁄ N, n = 86). This analysis

revealed significant differences (p < 0.05) for sperm con-

centration between carriers of ACC ⁄ ACC vs. ACC ⁄ N and

N ⁄ N respectively, and for sperm counts between carriers of

ACC ⁄ ACC and N ⁄ N (Fig. 2a,b). In addition, p for linear

trend was calculated showing a highly significant associa-

tion of the ACC-haplotype with sperm concentration

(p = 0.007) and count (p = 0.004). These results were

robust after permutation analysis: After randomly permut-

ing the genotypes 10 000 times, p-values of 0.005 and 0.004

Table 1 Comparison of anthropometric data, hormone and semen parameters between the three study groups presented as median and range

(min–max)

Group 1

(normal concentration, £7%

normal forms) (n = 88)

Group 2

(reduced concentration, £7%

normal forms) (n = 83)

Group 3 (normal

concentration, ‡19%

normal forms) (n = 77) p (1 vs. 2, 1 vs. 3, 2 vs. 3)

Age [y] 35 (24–48) 33 (18–50) 34 (24–54) NS

Height [cm] 182 (163–199) 182 (162–204) 180 (162–202) NS

Weight [kg] 85 (62–127) 85 (60–160) 85 (60–138) NS

BMI [kg ⁄ m2] 25.8 (20.0–36.6) 25.8 (20.1–44.8) 25.6 (19.8–34.7) NS

Testicular volume [ml] 54 (23–96) 45 (17–92) 51 (29–95) <0.001, NS, <0.05

LH [U ⁄ L] 3.1 (1.0–7.7) 3.1 (0.9–9.6) 3.1 (0.8–8.6) NS

FSH [U ⁄ L] 3.6 (1.3–15.2) 4.5 (1.2–23.0) 3.1 (0.4–10.8) <0.05, NS, <0.001

Testosterone [nmol ⁄ L] 14.8 (7.2–29.4) 15.2 (6.4–31.3) 15.3 (7.0–30.3) NS

Abstinence [d] 4 (2–7) 4 (2–7) 4 (2–7) NS

Concentration [106 ⁄ mL] 40.0 (20.0–177.0) 4.7 (0.2–19.5) 66.5 (20.0–228.0) <0.001, <0.01, <0.001

Semen volume [mL] 3.5 (1.6–8.8) 3.6 (1.5–8.2) 3.8 (1.7–9.5) NS

Total sperm count [106] 141 (18–677) 16 (1–111) 240 (46–1140) <0.001, <0.01, <0.001

Normal morphology [%] 6 (1–7) 5 (1–7) 24 (19–44) NS, <0.01, <0.001

a+b Motility [%] 48 (12–62) 36 (8–59) 52 (33–92) <0.001, <0.05, <0.001
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Table 2 Allele frequencies and genotype distributions of the three SNPs in PRM1 and two SNPs in PRM2 in the three study groups and in the

pooled cohort of all men analysed

Group 1 (normal

conc., £7% normal

forms) (n = 88)

Group 2 (reduced

conc., £7% normal

forms) (n = 83)

Group 3 (normal

conc., ‡19% normal

forms) (n = 77)

All men

(n = 248) p

PRM1 54G>A

HWE testa (p) NS NS NS NS

G frequency 98.9% (174) 98.8% (164) 98.7% (152) 98.8% (490)

A frequency 1.1% (2) 1.2% (2) 1.3% (2) 1.2% (6) NS

GG 97.7% (86) 97.6% (81) 97.4% (75) 97.6% (242) NS

GA 2.3% (2) 2.4% (2) 2.6% (2) 2.4% (6) NS

PRM1 102G>T

HWE testa (p) NS NS NS NS

G frequency 98.9% (174) 98.8% (164) 98.7% (152) 98.8% (490)

T frequency 1.1% (2) 1.2% (2) 1.3% (2) 1.2% (6) NS

GG 97.7% (86) 97.6% (81) 97.4% (75) 97.6% (242) NS

GT 2.3% (2) 2.4% (2) 2.6% (2) 2.4% (6) NS

PRM1 230A>C

HWE testa (p) NS 0.028 NS 0.036

A frequency 69.9% (123) 66.3% (110) 71.4% (110) 69.2% (343)

C frequency 30.1% (53) 33.7% (56) 28.6% (44) 30.8% (153) NS

AA 50.0% (44) 49.4% (41) 53.2% (41) 50.8% (126) NS

AC 39.8% (35) 33.7% (28) 36.4% (28) 36.7% (91) NS

CC 10.2% (9) 16.9% (14) 10.4% (8) 12.5% (31) NS

PRM2 298G>C

HWE testa (p) NS NS NS 0.006

C frequency 53.6% (89) 59.9% (91) 49.3% (72) 54.3% (252)

G frequency 46.4% (77) 40.1% (61) 50.7% (74) 45.7% (212) NS

GG 30.7% (27) 39.5% (30) 30.1% (22) 34.1% (79) NS

CG 39.8% (35) 40.8% (31) 38.4% (28) 40.5% (94) NS

CC 23.9% (21) 19.7% (15) 31.5% (23) 25.4% (59) NS

PRM2 373C>A

HWE testa (p) NS 0.001 NS 0.003

C frequency 69.3% (115) 63.2% (96) 69.9% (102) 67.5% (313)

A frequency 30.7% (51) 36.8% (56) 30.1% (44) 32.5% (151) NS

CC 46.6% (41) 48.7% (37) 52.0% (38) 50.0% (116) NS

AC 37.5% (33) 28.9% (22) 35.6% (26) 34.9% (81) NS

AA 10.2% (9) 22.4% (17) 12.3% (9) 15.1% (35) NS

No significant differences were found comparing allele and genotype frequencies between the study groups. PRM1 230A>C, PRM2 298G>C and

373C>A deviated significantly from HWE in the pooled cohort.
aHardy–Weinberg-Equilibrium test.

Table 3 Frequency of haplotype formed by PRM1 230A>C, PRM2 298G>C and 373C>A and comparisons between the study groups

PRM1 ⁄ 2
haplotype

Group 1 (normal

concentration, £7% normal

forms) (n = 88)

Group 2 (reduced

concentration, £7%

normal forms) (n = 83)

Group 3 (normal

concentration, ‡19%

normal forms) (n = 77) P

ACC 44.9% (79) 37.3% (62) 50.6% (78) NS

CGA 28.4% (50) 30.1% (50) 27.3% (42) NS

AGC 21.6% (38) 21.7% (36) 18.8% (29) NS

AGA 3.4% (6) 6.6% (11) 1.9% (3) NS

CGC 0.6% (1) 1.8% (3) 1.3% (2) NS

CCC 1.1% (2) 1.8% (3) 0.0% () NS

No significant differences were found.
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were calculated. Median sperm concentrations for homo-

zygotes of ACC, heterozygotes and homozygotes of N were

45.0, 28.0 and 24.2 · 106 ⁄ mL respectively, and median

total sperm counts were 159, 111 and 80 · 106. In addition,

no influence of the haplotype on sperm morphology or

motility was detected and testicular volume was not differ-

ent between the groups (Fig. 2c,d,e). The distribution of

the haplotype ACC also deviated significantly from HWE

(p = 0.029).

Discussion

Proper remodelling leading to compaction of chromatin

during the elongation of round spermatids requires cor-

rect interplay between the nuclear proteins where prota-

mines replace histones. Recent studies investigated the

role of PRM1 ⁄ 2 sequence variants in male infertility after

it was shown that male KO mice with PRM haploinsuffi-

ciency are infertile (Cho et al., 2001). The clinical obser-

vation that infertile men may exhibit an abnormal

PRM1 ⁄ 2 ratio additionally provokes an interest in the

physiology of PRM synthesis (Steger et al., 2008). Muta-

tions and polymorphisms of the protamine genes might

be involved in such abnormal production of the PRM

proteins and thereby be related to male infertility, as well

as in disorders of condensation and thus stability of

sperm DNA.

Table 4 Semen parameters of all men (n = 248) according to the

genotype of the three common SNPs in PRM1 and PRM2

n

Sperm

concentration

(106 ⁄ mL)

Total

sperm

count

(106)

Normal

morphology

(%)

a + b

motility

(%)

PRM1 230A>C

AA 126 37.5 118 7 47

AC 91 26.5 100 6 47

CC 31 24.5 76 5 45

PRM2 298G>C

GG 79 26.0 86 6 46

CG 94 27.7 109 7 47

CC 59 44.0 157 7 48

PRM2 373C>A

CC 175 39.3 121 7 48

AC 81 26.4 100 6 48

AA 35 20.0 74 6 37

The differences are all statistically not significant, but note the trend

for sperm concentration ⁄ count for all three SNPs with the genotypes.
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Figure 2 Boxplots (covering the 25–75th,

whiskers the 5–95th percentile, median

marked) comparing sperm concentration (a),

total sperm count (b), percentage of normal

morphology (c), percentage of a+b motility

(d) and testicular volume (e) in study subjects

grouped according to their combined

PRM1 ⁄ PRM2 haplotype as ACC ⁄ ACC

(n = 57), ACC ⁄ N(=other) (n = 105) and N ⁄ N
(n = 86). Significant differences are marked

with * (p < 0.05).
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The limitations of the previous PRM1 ⁄ 2 sequence stud-

ies were the limited number of patients, lack of detailed

clinical characterization and analysis of only PRM1. We

therefore analysed PRM1 and PRM2 in three groups of

well-characterized men with either low percentage of nor-

mal sperm morphology and normal or reduced sperm

concentration, or high normal morphology and normal

sperm concentration. To avoid population stratification,

all three study groups were selected from our patients in

contrast to most other published studies where controls

were selected e.g. from ‘the general population’, ‘healthy

men’ or ‘fathers’. Therefore, with respect to the endpoint

of spermatogenesis evaluated in this study, population

stratification is unlikely to interfere with the reported

results.

In PRM1, we found the three previously described

SNPs with frequencies comparable with the published

reports (Tanaka et al., 2003; Aoki et al., 2006). None of

these SNPs showed a significantly different distribution

between our study groups. Concerning the rare 102G>T

transversion changing the amino acid sequence, our find-

ings agree with a recent large case–control study (Kichine

et al., 2008). Our observation renders an association of

this SNP and male infertility or teratozoospermia, as pro-

posed by the two earlier studies (Iguchi et al., 2006; Ravel

et al., 2007), very unlikely. Nor was the other rare variant

54G>A of PRM1 found to be associated with semen

parameters, similar to earlier reports, and further sup-

porting its role as an uncommon neutral variant. Both

the previous and newly described rare variants in PRM2

can most likely be considered neutral mutations, too, as

none of these clustered in any study group. However, the

66T>C and 201C>T variants were only found in patients

with either reduced normal sperm morphology and ⁄ or

concentration as in the report by Aoki et al. (2006). Thus,

the possibility that these are involved in male infertility

cannot completely be excluded.

The three common SNPs of PRM1 230A>C and PRM2

298G>C ⁄ 373C>A were neither distributed differently

between the study groups nor associated with semen

parameters individually. However, high LD was detected

between these SNPs, which is not surprising as the two

PRM genes are located in close proximity. The common

haplotype ACC, which can be considered the wild type

with an overall frequency of 44%, was significantly associ-

ated with sperm output. Neither an association of these

individual SNPs nor their combined haplotype with

semen parameters has been studied before. Homozygous

carriers exhibited an about twofold higher sperm concen-

tration and total sperm count than men not carrying this

haplotype at all. Heterozygous carriers were found with

50% reduced sperm counts compared with the wild type.

By general consent, higher sperm counts are an indicator

of better fertility (Bonde et al., 1998). No association of

this haplotype with testicular volume was found, suggest-

ing that the length of seminiferous tubules and therefore

spermatogenic capacity were comparable between men

with or without the ACC haplotype. Consequently, the

ACC haplotype supposedly transfers an effect late during

spermatogenesis or maturation of spermatozoa in the epi-

didymis. Two explanations of the severely reduced sperm

output in men without the ACC haplotype are possible:

either sperm without the ACC haplotype are not viable or

these are negatively selected against.

The other haplotypes of PRM1 ⁄ 2 may lead to altered

expression of protamines – probably involving an abnor-

mal PRM1 ⁄ 2 ratio – which has clearly been shown to

be associated with infertility (Oliva, 2006; Ravel et al.,

2007; Steger et al., 2008). In addition, Aoki et al. (2005)

have shown that sperm concentration, motility and mor-

phology are significantly reduced in patients with an

aberrant protamine ratio. As we did not measure the

protamine contents of the ejaculate, we could not test

this hypothesis.

As proposed by Carrell et al. (2007), protamines may

act as a checkpoint for spermatogenesis, where abnormal

PRM expression induces an apoptotic process which

could explain the reduction of sperm output. The sequen-

tial process of histone replacement facilitates the remodel-

ling of the male genome within the differentiating

spermatid nucleus (Sassone-Corsi, 2002) and the regula-

tion of protamine exchange might also be linked to a

broader control of spermatogenesis. Further support for a

role of the PRM1 ⁄ 2 SNPs and their haplotype can be

deduced from their frequency distribution. Natural selec-

tion is expected to enrich an allele in the general popula-

tion and its frequency distribution will deviate from

HWE. The common PRM SNPs and their haplotype ACC

deviate from HWE, which might indicate natural selec-

tion involving this haplotype associated with higher

sperm output, and therefore supposedly higher fertility.

The PRM1 ⁄ 2, and transition protein 2 (TNP2) genes

are located in a compact gene cluster in mouse, rat and

human (Oliva, 2006). According to the data from the

HapMap project (http://www.hapmap.org), this cluster

forms a large haplogroup for which the herein described

SNPs in PRM1 ⁄ 2 and their haplotype might be indicative.

The transition proteins first replace histones and are then

replaced by protamines during chromatin compaction.

Therefore, variants of TNP2 might well be involved in

disturbed spermatogenesis, probably during an earlier step

than protamines. Up-to-date, sequence variations of

TNP2 have not been as extensively studied as those of

PRM1 ⁄ 2 and the results remain inconclusive (Miyagawa

et al., 2005; Tüttelmann et al., 2007). Recently, an SNP in

the promoter region of PRM1 ()190C>A, rs2301365) was

PRM1 ⁄ 2 sequence variation and male infertility F. Tüttelmann et al.
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found more frequently in infertile patients than in the

controls with an MAF 33 and 18% respectively (Gazquez

et al., 2008). Unfortunately, sperm counts were not

reported for patients and are not known for controls in

that study. But as the patients were undergoing assisted

reproduction, overall lower sperm counts than in the

controls can be assumed. As the PRM1 )190C>A SNP

also lies within the haplogroup described above, the study

by Gazquez et al. (2008) further supports the influence of

this region on male fertility.

The protamine gene cluster contains a fourth gene,

protamine 3 (PRM3), located between the PRM2 and

TNP2 genes. The PRM3 gene has been poorly studied,

and its function remains unclear. Oliva (2006) notes it

could well be a pseudogene because of its debated

expression in humans and should not be called prot-

amine at all because the predicted amino-acid sequence

is not related to the other protamines. A recent study in

mice demonstrated that PRM3 is conserved in diverse

mammals and that the PRM3 protein is located in the

cytoplasm rather than in the nucleus. Prm3 KO mice

are fertile but display reduced sperm motility (Grzmil

et al., 2008). As, according to HapMap, all these genes

are inherited together, not only PRM1 ⁄ 2 but also varia-

tions in TNP2 or PRM3 could be causative for the

reduced sperm output found.

In conclusion, we describe for the first time an associa-

tion of a common haplotype formed by PRM1 and PRM2

with sperm output in a large group of men. Although a

link to chromatin packaging and the tightly regulated

process of spermatogenesis is likely, the mechanisms

underlying such quality control leading to reduced sperm

numbers remain unclear.
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