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A simultaneous four-colour fluorescence in situ hybridisation (FISH) assay was used in human sperm in
order to search for a paternal age effect on: (1) the incidence of structural aberrations and aneuploidy of
chromosome 9, and (2) the sex ratio in both normal spermatozoa and spermatozoa with a numerical or
structural abnormality of chromosome 9. The sperm samples were collected from 18 healthy donors, aged
24–74 years (mean 48.8 years old). Specific probes for the subtelomeric 9q region (9qter), centromeric
regions of chromosomes 6 and 9, and the satellite III region of the Y chromosome were used for FISH
analysis. A total of 190 117 sperms were evaluated with a minimum of 10 000 sperm scored from each
donor. A significant linear increase in the overall level of duplications and deletions for the centromeric
and subtelomeric regions of chromosome 9 (Pr0.002), chromosome 9 disomy (Po0.0001) as well as
diploidy (Po0.0001) was detected in relation to age. The percentage of increase for each 10-year period
was 29% for chromosome 9 disomy, 18.8% for diploidy, and ranged from 14.6 to 28% for structural
aberrations. Our results indicate a linear increase in structural aberrations and disomy for chromosome 9 in
sperm with respect to age.
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Introduction
Structural and numerical chromosome abnormalities are

an important cause of miscarriage, infertility and con-

genital anomalies in humans. Aneuploidy is detected in

B35% of spontaneous abortions and in 0.3% of newborns

(for a review, see Hassold and Hunt1), while structural

chromosome aberrations are found in B2% of sponta-

neous abortions and in B0.6% of live births (reviewed by

Jacobs2).

The parental origin of chromosomal abnormalities seems

to depend on the type of anomaly: while autosomal

aneuploidies are mainly maternal in origin, 84% of de

novo structural aberrations are paternal in origin.3 This

preponderance of structural chromosome aberrations of

paternal origin could be the result of a high frequency of

structural lesions during spermatogenesis due to the

absence of DNA repair in spermatids and spermatozoa.4

Despite the high paternal contribution to de novo rearrange-

ments compared to the low frequency of paternally derived

numerical abnormalities, the information on structural

chromosome aberrations in sperm is more limited thanReceived 5 February 2003; revised 29 April 2003; accepted 7 May 2003
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that on numerical chromosome abnormalities (reviewed

by Templado et al5 and Shi and Martin6). Some authors7,8

have described a positive age effect on structural chromo-

some abnormalities in human sperm karyotypes obtained

by the human sperm–hamster oocyte fusion method.

However, the number of sperm complements analysed in

these studies was low due to the low efficiency of the

human–hamster system.

Most fluorescence in situ hybridisation (FISH) studies

have been carried out to determine if the frequency of

aneuploid sperm increases with donor age. Chromosomes

1,9,10 6,11 8,12 9,13 12,9 13,10 14,14 18,13,15,16 21,10,11,14 and

the sex chromosomes9,11–13,15–17 have been investigated for

an age effect, with seven of nine studies analysing sex

chromosome aneuploidies. No age effect was observed in

the disomy frequencies for chromosomes 6, 8, 9, 12, 13, 14,

and controversial results were reported for chromosomes 1,

21, the sex chromosomes, and diploidy.

Up to now, only one study has been performed in

spermatozoa searching simultaneously for structural and

numerical abnormalities of chromosome 1 by three-colour

FISH in 18 men aged 23–58 years.10 The authors reported a

positive significant association between donor age and the

frequency of centromeric deletions of chromosome 1.

Chromosome 9 displays a high susceptibility to be

broken. Pericentric inversion inv(9)(p11q13) is one of the

most common chromosome heteromorphisms with a

frequency of B1% in the general population,18 and

chromosome 9 is frequently involved in reciprocal trans-

locations in humans.19 Furthermore, this chromosome is

more represented in unrejoined breakage events than

expected by chance in human sperm complements.20,21

To our knowledge, no FISH studies regarding the effect of

age on structural aberrations of chromosome 9 in sperm

have been performed, and only one recent sperm study13

has been carried out to determine the incidence of

numerical aberrations for chromosome 9 in relation to

age using this technique.

The purpose of this study is to determine if donor age is

associated with (1) structural 9q aberrations and disomy for

chromosome 9 and (2) changes in the sex ratio in both

normal sperm and sperm carrying a structural chromo-

some 9 abnormality. Approximately 200 000 spermatozoa

from 18 healthy sperm donors aged 24–74 years (mean

48.8 years old) have been analysed by four-colour FISH

using specific probes for chromosomes 6 (CEP 6), 9 (CEP 9

and Telvysion 9q) and Y (Y sat III).

Material and methods
Sperm donors

Semen samples were obtained from 18 healthy sperm

donors aged 24–74 years, with no history of exposure to

any known mutagens, clastogens, radiation or drugs. Of

them, 14 were of proven fertility (CM2, CM6, C7, C8, CM7,

CM8, CM9, CM10, CM11, CM12, CM13, CM14, CM15,

CM16) and the remaining four were of unknown fertility.

Only four of them were smokers (CM1, CM4, CM6, CM10).

All donors gave informed consent and the study was

approved by our institutional Ethics Committee. Numer-

ical abnormalities for chromosomes 6, 21, X and Y in the

sperm of all men have already been reported by us.11

Sperm preparation and FISH

Sperm fixation, sperm nuclei decondensation and hybridi-

sation procedures were performed as described.11

Probes

Specific probes for the centromeric regions of chromo-

somes 6 (1:1 mix of Spectrum green, CEP 6, and Spectrum

orange, CEP 6; Vysis, Inc.; Downers Grove, IL, USA), and 9

(Spectrum green, CEP 9, Vysis, Inc.), a DNA satellite III

probe for the Y chromosome (Spectrum aqua, Y sat III;

Vysis, Inc.) and a subtelomeric probe for the long arm of

chromosome 9 (Spectrum orange, Telvysion 9q, Vysis, Inc.)

were used for the four-colour FISH study. Chromosome 6

provided an internal control to distinguish between

disomy for 9 and Y chromosomes and a diploid cell,

because in diploid cells two copies for chromosome 6

would be seen.

Data collection and scoring criteria

Only slides with a hybridisation efficiency of at least 99%

were scored and only intact and nonoverlapped sperm

nuclei identified as decondensed sperm, because of the

presence of a tail, were evaluated. Standard scoring criteria,

previously described,11 were followed to evaluate numer-

ical and structural chromosome abnormalities. The pre-

sence of two signals for 9q or 9cen regions was scored as

structural duplications for 9q or 9cen regions, respectively.

Structural deletions for 9q or 9cen were considered when

no signals for these regions were detected.

The absence of a Y fluorescence signal could be expected

in normal X-bearing spermatozoa as well as in nullisomic

spermatozoa for the Y chromosome. Owing to the low

number of this type of cell, we assume an underestimation

of nullisomy Y. All slides were scored by the same person

and ambiguous signals were examined, at least, by a

second, independent observer. In total, 50% of all slides

were coded previously to scoring, and donor age and

identities were unavailable to the scorer until after data

collection was completed.

Statistical analysis

The data sets were fitted using Poisson’s regression with age

as the only covariate, checking linear and quadratic trends.

In the situations where the deviance goodness-of-fit test

detected an inadequateness of the Poisson assumption, the

negative binomial distribution was then employed to

perform the statistical tests. The estimated percentage
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increase for a period of 10 years jointly with its 95%

confidence interval was also calculated for each abnorm-

ality from the coefficient of the linear model. In order to

check the adequacy of the models and to get an overview

of the results, the predicted and observed proportions were

plotted. The statistical analyses were performed by using

the GENMOD procedure of the SAS statistical package.

w2 (with Yates correction) with one degree of freedom

was used to determine whether the gametic sex ratio in

sperm carrying a structural chromosome abnormality

for chromosome 9 deviated significantly from 1, and to

compare frequencies between structural abnormalities of

9cen and 9q.

Results
A four-colour FISH assay was used to detect simultaneously

structural aberrations for 9q, disomy for chromosome 9,

diploidy and the sex ratio in human sperm. A total

of 190 117 spermatozoa from 18 normal donors were

analysed.

Table 1 summarises the frequencies of structural chro-

mosome 9 aberrations observed in our donors, and Table 2

shows the individual sex ratio, disomy for chromosomes 6,

9 and Y, and diploidy frequencies.

Interindividual heterogeneity was found in the inci-

dence of all types of structural abnormalities of chromo-

some 9 (duplications or deletions) as well as in the

frequencies of 9 disomy and diploidy. The linear regression

test for trends used to analyse the data only considers

variability caused by age, underestimating the overdisper-

sion not explained by age, and probably related to other

factors. When a significant heterogeneity was found with

this test, an additional model based on the negative

binomial distribution was used to account for it.

Our results indicate a significant linear tendency to an

increase in relation to age in the overall level of partial

duplications of chromosome 9 (9cen, Po0.0001, and

9qter, P¼0.002), partial deletions (9cen, P¼0.001, and

9qter, Po0.0001), disomy 9 (Po0.0001), and diploidy

(Po0.0001). Duplications of 9q were significantly more

frequent than 9cen duplications (P¼0.017). For each

donor, the ratio of X- to Y-bearing sperm was 1:1, as

expected. X-bearing sperm carrying a structural abnorm-

ality of chromosome 9 was significantly more frequent

than Y-bearing sperm carrying the same chromosome

aberration (P¼0.041). When the model based on a

negative binomial distribution was assumed, an increase

for all chromosome abnormalities studied was observed for

each 10-year interval (Table 3).

The linear trends relating age, diploidy, disomy and

structural abnormality frequencies for chromosome 9 are

represented in Figure 1.

Discussion
In this work we were specifically interested in analysing

simultaneously if numerical and structural chromosome 9

abnormalities in human sperm are influenced by donor age

in a series of 18 individuals selected on the basis of age.

Chromosome 9 was chosen because of its high incidence of

breaks shown in somatic cells and spermatozoa.20,21 We

also investigated whether chromosome 9 structural or

numerical abnormalities influenced by donor age were

more likely to occur in X- or Y-bearing sperm.

Table 1 Sperm structural chromosome 9 aberrations in 18 normal men

Structural duplications (%) Structural deletions (%)
Donor Age (years) 9c 9qtel Total 9c 9qtel Total

CM1 24 0.07 0.07 0.13 0.08 0.08 0.15
CM3 24 0.04 0.08 0.11 0.09 0.07 0.16
CM4 25 0.03 0.13 0.16 0.09 0.05 0.13
CM7 30 0.08 0.05 0.13 0.05 0.03 0.07
CM5 37 0.04 0.09 0.13 0.06 0.07 0.13
CM2 38 0.04 0.05 0.08 0.09 0.07 0.17
CM6 42 0.05 0.11 0.15 0.08 0.02 0.10
C7 45 0.00 0.07 0.07 0.03 0.03 0.06
C8 49 0.10 0.11 0.22 0.08 0.07 0.15
CM8 52 0.08 0.08 0.16 0.08 0.04 0.11
CM9 54 0.16 0.18 0.35 0.15 0.14 0.30
CM10 56 0.15 0.16 0.31 0.13 0.15 0.28
CM11 60 0.16 0.15 0.31 0.06 0.15 0.22
CM12 62 0.08 0.13 0.21 0.09 0.10 0.19
CM13 64 0.09 0.17 0.26 0.21 0.12 0.33
CM14 71 0.13 0.11 0.24 0.10 0.11 0.21
CM15 72 0.12 0.15 0.27 0.13 0.18 0.31
CM16 74 0.11 0.11 0.22 0.17 0.19 0.36

Total mean 48.8 0.08 0.11 0.20 0.10 0.09 0.19
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We found increased frequencies of all types of structural

chromosome 9 aberrations analysed (deletions and dupli-

cations of the 9cen and 9q regions) with regard to age. In a

similar study of structural aberrations of chromosome 1 in

men aged 23–58 years, McInnes et al10 found a donor age

effect for the frequency of structural aberrations for

centromeric deletions of this chromosome. In studies of

human sperm chromosome complements, a donor age

effect has also been found for structural chromosome

aberrations.7,8 Martin and Rademaker7 observed a signifi-

cant correlation between donor age and structural chro-

mosome aberrations when they compared the data

obtained from two donor age groups (donors aged 20–24

versus donors aged 45–55 years). Prestes Sartorelli et al8

found an increased frequency of structural aberrations in

men of advanced age (59–74 years old), with respect to a

control group (23–29 years old).

The association between age and structural chromosome

abnormalities could be due to the high number of

spermatid divisions per year, to a decreased effectiveness

of DNA reparation systems and to an accumulation of DNA

damage from environmental exposure.7

In agreement with the increased number of chromosome

9 lesions observed by us in relation to age, nonrandom

Table 2 Individual frequencies of disomy for chromosomes 6, 9 and Y, diploidy and sex ratio in spermatozoa from 18 normal
men

Disomy (%)
Donor Age (years) Sperm scored YY 9 6 Diploidy (%) Sex ratio

CM1 24 10510 0.05 0.03 0.03 0.28 1.03
CM3 24 10511 0.03 0.04 0.04 0.20 0.98
CM4 25 10475 0.03 0.01 0.05 0.18 1.01
CM7 30 10778 0.03 0.01 0.01 0.14 0.99
CM5 37 10143 0.05 0.03 0.03 0.21 1.03
CM2 38 10886 0.03 0.05 0.04 0.16 0.99
CM6 42 10328 0.03 0.01 0.01 0.18 1.02
C7 45 10378 0.04 0.04 0.01 0.30 0.98
C8 49 10556 0.04 0.03 0.02 0.22 0.99
CM8 52 10531 0.03 0.05 0.01 0.25 0.97
CM9 54 10289 0.03 0.16 0.08 0.29 0.97
CM10 56 10900 0.03 0.08 0.03 0.36 0.98
CM11 60 10963 0.03 0.13 0.04 0.40 1.01
CM12 62 10825 0.03 0.04 0.01 0.29 1.02
CM13 64 10824 0.03 0.08 0.10 0.43 0.99
CM14 71 10198 0.03 0.06 0.08 0.51 1.00
CM15 72 10289 0.03 0.06 0.06 0.41 1.03
CM16 74 10733 0.03 0.12 0.05 0.30 0.99

Total mean 48.8 190 117 0.03 0.06 0.04 0.28 0.99

Table 3 Results of statistical analyses used to determine the association between male donor age and the rate disomy and
structural chromosomal abnormalities for chromosome 9

Linear trend in regression model
% Increase for 10 years 95% Cla P-value Heterogeneity

Chr. abnormality Less Upper P-value

Disomy
9 29.0 15.0 44.6 o0.0001 0.004b

Structural duplications
9cen 21.2 10.3 33.1 o0.0001 0.003b

9qter 14.6 5.2 24.9 0.002 0.187
Total mean 18.4 11.1 26.1 o0.0001 0.003b

Structural deletions
9cen 16.5 6.5 27.8 0.001 0.075
9qter 28.0 16.5 40.5 o0.0001 0.037b

Total mean 21.9 14.2 30.0 o0.0001 0.001b

aConfidence interval.
bNegative binomial distribution was assumed.
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distribution of breaks in this chromosome was previously

reported in sperm karyotypes of normal men.4,20 These

studies are coincident in that chromosome 9 has a higher

number of breakpoints than expected by chance and also

in that 50% of the breakpoints are located between the

centromere and the 9qhþ segment. In somatic cells,

Starke et al22 proposed that the homology between 9p12

and 9q13–q21.1 with the short arms of the acrocentric

human chromosomes, made these chromosomes more

prone to chromosome rearrangements and increased the

risk of an interchromosomal effect among them.

A significant excess of sperm bearing partial duplications

of the 9q region compared with those bearing partial

duplications of 9cen (P¼0.017) was detected. In a similar

study in control donors,23 it was also observed that sperm

carrying partial duplications and deletions of 1p were five

times more frequent than those carrying 1cen structural

abnormalities. Partial duplications and deletions may

originate by: (1) structural rearrangements, (2) unequal

crossover in meiosis I producing partial duplications and,

(3) breakage events during meiosis. Unfortunately, the

specific type of structural aberrations found could not be

determined because the multicolour FISH technique in

spermheads cannot discriminate among these aberrations.

Despite what has previously been stated above, the excess

of the duplications of 9q observed here could reflect an

excess of acentric fragments in sperm, as described in

studies of human sperm karyotypes, both in controls20,21,24

and aged series.7,8 Among sperm carrying chromosome 9

structural aberrations, a significant increase was found of

sperm without a sex chromosome (assumed as an X-

bearing sperm) compared with sperm bearing a Y chromo-

some (P¼0.042). Unfortunately, this excess of X-bearing

sperm could result from an underestimation of X chromo-

some nullisomy due to the absence of the X chromosome

probe in this study. Nevertheless, in an epidemiological

study of 4300 individuals from Japan,25 the incidence of

inv (9) carriers was about two times higher in the female

group than in the male group (Po0.05).

Interestingly, an increased frequency of disomy for

chromosome 9 related to age was found. In a similar study,

Luetjens et al13 also observed a higher percentage of 9

disomy in donors 460 years than in donors o30 years old,

but this difference did not reach statistical significance

(P¼0.061). In another two studies on chromosome 9

aneuploidy in spermatozoa published to date, using

PRINS26 or chromosome painting,27 the frequencies of

disomy for this chromosome were similar to those for other

autosomes. However, Martin and Rademaker,28 analysing

human sperm karyotypes from normal men, found that

chromosomes 9 and 21 were the only autosomes to show

an increased level of hyperhaploidy. The reason for

increasing frequencies of disomy of chromosome 9 asso-

ciated with age still remains unclear, but a tendency of

chromosomes 1, 9 and 16 to show higher frequencies of

disomy than other autosomes has been reported in human

sperm.29 Heterochromatin characteristically has lower

recombination rates and this has been proposed as playing

a crucial role in chromosome pairing. Furthermore,

synaptonemal complexes are structurally different in

euchromatic and heterochromatic regions, suggesting that

homologous partner recognition is due to a higher level of

chromosome organisation rather than to sequence homol-

ogy.30,31 Differences of length of the C-heterochromatin of

the two 9 chromosomes increase the risk for uneven

pairing during meiosis I and, consequently, for meiotic

nondisjunction.32,33

The frequencies of disomy, diploidy and structural

chromosome abnormalities, at least for the chromosomes

studied, show a high trend to increase with each 10-year

interval, ranging from 12.4 to 29.0%. The highest rate of

increase corresponds to disomy 9. With respect to structur-

al aberrations, the highest percentage of increase corre-

sponds to 9q deletions and centromeric duplications.

These percentages of increase could be related to a

progressively deteriorating testicular environment – host

factors34,35 – or to accumulated DNA damage due to

environmental mutagens – external factors – in older

men. Both causes could generate disturbances in the

meiotic process leading to an increase of the expected

frequencies of numerical and structural chromosome

abnormalities.

In conclusion, a linear relationship between donor age

and increasing frequencies of structural chromosome

aberrations and disomy for chromosome 9, and diploidy

in human spermatozoa have been herein demonstrated.

Thus far, disomy frequencies for 11 of the 24 chromosomes

of the human sperm karyotype have been evaluated

by FISH in relation to age, while structural aberrations

have only been analysed for chromosomes 110 and 9

(present study). It would be necessary to include other

Figure 1 Relationship between age and frequencies of
numerical and structural abnormalities for chromosome 9,
and diploidy.
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chromosomes in these studies to define the real effect of

advanced paternal age on chromosomal abnormalities in

sperm.
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