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In situ hybridisation technology provides a new tool for chro
mosome analysis of human spermatozoa. We have used dual
colour fluorescence in situ with probes specific for the X and Y 
chromosomes and chromosomes 1 and 12 to (a) identify the 
primary male gametic sex chromosome ratio; (b) assess the 
number of numerical sex chromosome abnormalities, and (c) 
quantify the incidence of diploid sperm. We have examined 
over 60,000 sperm from three normal males and found the 
primary sex ratio to be indistinguishable from unity. The fre
quency of hyperhaploid sperm was 0.8, 1.03 and 2.27 per 
thousand for XX, YY and XY respectively, whilst 1.67 per 
thousand sperm were diploid. A comparison of our results 
with estimates of sex chromosome aneuploidy in human pop
ulations suggests that sperm carrying two sex chromosomes 
may be at a selective disadvantage.
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region [1], produces some non-specific signals 
and has recently been confirmed as unreliable 
[2]. Sperm karyotyping, relying on pseudo-fer
tilisation of hamster eggs, allows detection of 
both X and Y sperm but is an expensive and 
laborious technique, impractical for the anal
ysis of large numbers of gametes from anyone 
individual [3], In situ hybridisation with chro
mosome-specific probes had proved difficult

Introduction

Information on the sex chromosome con
tent of sperm has been obtained from studies 
using differential staining methods, sperm ka
ryotyping, and in situ hybridisation. So far 
each of these techniques has met with serious 
limitations. Quinacrine fluorescent staining, 
for detection of the F-body, i.e., the Yqh
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on ejaculate sperm in which the chromatin is 
highly condensed and protected by disulphide 
bridges [4], However, this latter problem has 
been successfully overcome using various 
methods for sperm head decondensation 
which render the DNA more accessible to 
hybridisation [4-8]. These investigations 
have only illustrated the use of a single sex- 
chromosome-speciflc probe at a time. Data on 
the second chromosome has only been infer
red from the proportion of sperm not hybrid
ising for the other. Furthermore diploidy rates 
have only been assessed using nuclear size and 
not directly from chromosome content.

In order to determine the primary gametic 
sex chromosome ratio, the meiotic non-dis
junction rates of X and Y, as well as the dip
loidy frequencies in human sperm, we have 
carried out dual-colour fluorescence in situ 
hybridisation with two sets of probes on indi
vidual spermatozoa from three males of prov
en fertility. Cohybridising with X-and Y-spe- 
cific probes allowed us to count the number of 
gametes which were hypohaploid, haploid or 
apparently hyperhaploid for the sex chromo
somes. This gave direct data on the ratio of Y- 
to X-bearing sperm. Knowledge of the dip
loidy rate, determined using autosomal 
probes, made it possible to calculate revised 
frequencies of sex-chromosome-aneuploid 
sperm.

cooled in nitrogen vapour for 10 min before being 
transferred to liquid nitrogen for storage.

One straw from each man was warmed to room 
temperature and rinsed out by syringing through phos
phate-buffered saline (PBS). The suspension was 
washed three times in excess PBS. Between washes the 
spermatozoa were collected by centrifugation at 
1,500 g for 10 min. After the final wash as much buffer 
as possible was removed leaving only the pellet of sper
matozoa. These were fixed slowly with an excess of ice- 
cold 3:1 methanohacetic acid. After standing for 
10 min at room temperature, centrifugation and fixa
tion were repeated, finally providing a concentration 
of40-60 sperm per field of view under x 400 magnifi
cation. The suspension was dropped onto standard 
glass microscope slides, air-dried and stored at -70°C 
for up to 4 months.

Hybridization and Detection
Excess fixative was removed from the slides by 

rinsing three times in 2 x SSC (pH 7) at room temper
ature (5 min each) followed by ethanol dehydration. 
Sperm head decondensation was carried out by incu
bating the slides at room temperature for 12 min in a 
solution of 25 raM dithiothreitol/0.1% trypsin [6]. 
This was followed by rinsing in 2 x SSC and alcohol 
dehydration.

The four probes pSVX (X centromere), pYlO (Y 
paracentromeric), pUC1.77 (1 paracentromeric) and 
pal2H8 (12 centromere) were variously labelled with 
the modified nucleotides: biotin-11-dUTP (bio-dUTP); 
digoxigenin-11-dUTP (dig-dUTP); rhodamine-6- 
dUTP (rhod-dUTP) (FluoroRed, Amersham) or amino- 
methylcoumarin-dUTP (AMCA-dUTP) (FluoroBlue, 
Amersham). This was done by a two-step nick trans
lation reaction in which the probes were first DNAse I 
digested to a range of 0.1-5 kb, and 3 pg were then 
labelled in a 50-pl DNA polymerase I reaction similar to 
that which we have previously used for biotinylation 
[10]. The reaction concentration of bio-dUTP and dig- 
dUTP was 20 \iM. Rhod-dUTP and AMCA-dUTP were 
both used at 8 \iM in the presence of 12 pii/ dTTP.

Materials and Methods

Collection and Preparation of Semen Samples 
Three men aged 28, 38, and 34 years, of proven 

fertility and with karyotypes indistinguishable from 
normal (known as D69, D117 and D218, respectively) 
were sperm donors at an in vitro fertilisation clinic. 
Their semen was frozen according to a modification of 
the method of Behrman and Sawada [9], each ejaculate 
was mixed with an equal volume of buffer (39.1 mM 
tri-sodium citrate, 83.3 mA/ glucose, 133.2 mM gly
cine, 15% glycerol, 20% egg yolk, pH 1.2-1 A) and 
loaded into labelled plastic straws. The straws were

In situ Hybridisation
The final hybridisation mixture consisted of 60% 

formamide, 2.2 x SSC, 11 % dextran sulphate (MW = 
500,000) and probe DNA at concentration of 0.1- 
2.3 ng/pl; no competitive DNA was included. Probe 
and target sequences were simultaneously denatured 
by heating the covered slides to 80-85 ° C for 5 min on 
a hot plate. Hybridisation was carried out for 2 h or 
overnight (according to convenience) in a moist cham
ber at 37° C.
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Post-Hybridisation and Microscopy
Post-hybridisation washes were performed at 450 C 

as described in Hultén et al. [10]. Slides which had 
been hybridised with biotin- or digoxigenin-labelled 
probes were taken through the conjugate/antibody de
tection procedures previously described [10, 11]. Di
rectly labelled probes required no further processing. 
Prior to analysis the slides were stained with propid- 
ium iodide (PI) at 0.3 pg/ml in Vector Shield mounting 
medium.

The slides were screened using a x 100 objective 
on Nikon fluorescent microscopes with filter sets B1A 
for fluorescein/PI, DM400 for AMCA, and DM580 for 
rhodamine and PI. Photographs were taken using Fu- 
jichrome 400 ASA film rated at 800 ASA for AMCA 
and 1,600 ASA for fluorescein and rhodamine/PI. The 
film was developed at 400 ASA.

Results

For the three donors D69, D117 and D218 
the X and Y signals were counted in 10,240, 
10,610 and 11,026 sperm, respectively (ta
ble 1). The ratio of single Y-:single X-bearing 
sperm displayed a slight excess of Xs in D69 
(0.952), which was statistically significant (p < 
0.05). In D117 and D218 the ratio was indis
tinguishable from unity (1,001 and 1,002, re
spectively). Overall the three donors revealed 
a small excess of X sperm with a Y:X ratio of 
0.986, which was not statistically significant 
(p = 0.2). Including the aneuploid sperm with 
more than one X or Y (see below) does not 
significantly alter these ratios.

On average, 1/163 (6.12/1,000) sperm dis
played more than one sex chromosome hy
bridisation signal (table 1). The majority of 
these (1/173 or 5.77/1,000) contained two tar
get chromosomes representing XX, YY or 
XY sperm (fig. la-d). The remaining aneu
ploid sperm displayed three, (XXY, XYY) 
(fig. lb) or four (XXYY) hybridisation signals 
at frequencies of 1/3,846 (0.26/1,000) and 1/ 
11,111 (0.09/1,000), respectively. The fre
quency and type of sperm with ambiguous 
double sex chromosome signals are shown in 
table 2. These were comprised mainly of spu
rious XX and YY sperm, occurring at inci
dences of 1/2,857 (0.35/1,000) and 1/2,273 
(0.44/1,000), respectively. Thus approximate
ly 20% of the potentially XX and YY aneu
ploid sperm were excluded from the data. 
Also excluded were cells which were photo
graphed but for which the hybridisation status 
was unclear. This was due mainly to diffuse 
signals, interfering crystals of fluorochrome or 
uncertainty regarding the overlapping of cells. 
There were 59 such cells excluded from a total 
of 31,876 between the three donors for slides 
hybridised for the sex chromosomes.

Ploidy levels in the sperm were determined 
by dual hybridisations for chromosome 1 and

Scoring
Scoring of signals was adapted to overcome the fol

lowing difficulties: (a) ensuring that signals at different 
focal points in the same cell were detected; (b) deter
mining whether or not apparently aneuploid/diploid 
cells were in fact two cells in close proximity, and (c) 
deciding whether ‘twin’ signals represented two chro
mosomes or a split hybridisation site originating from 
one chromosome [12], To help solve these problems, 
approximately 1,000 photographs were taken, i.e., re
presenting at least one from each relevant fluorescence 
filter of any suspected abnormal nucleus, as well as a 
random sample of normals. Often photographs of 
more than one focal point were taken including some 
focused on the sperm tails, under the AMCA filter, 
which helped to delineate single nuclei. All photo
graphs were reviewed independently by four of the 
authors. Aneuploid and diploid nuclei were then de
fined according to the agreement of all reviewers. 
Those with signals which could not be clearly defined, 
even by examination of photographs, were discounted 
from the data (134 out of over 60,000 scored).

Double signals of the same colour presented in four 
categories for which the following scoring rules were 
applied: (a) apparently two signals in contact with each 
other - counted as one chromosome; (b) two small sig
nals clearly separated but by a distance shorter than the 
signal size itself - these were also counted as one chro
mosome but their frequency was recorded; (c) two 
large signals separated by a distance shorter than the 
signal size itself - counted as two chromosomes, and 
(d) two signals (large or small) widely separated - 
counted as two chromosomes.
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Table 1. Hybridisation patterns by X, Y, 1 and 12 probes specific for chromosomes

Hybridisation Donor 69 
pattern

Donor 117 Donor 218 Pooled total

%o 0/ 0/ %0n nnn oo oo
5,186
4,939
0.952

492.20
493.29

X 506.45
482.32

5,247
5,254

494.53
495.19

5,427
5,439
1.002

15,860
15,632
0.986

497.55
490.40Y

1.001Y:X
14 1.37 9 0.85

9 0.85
1.18 1.13XX 13 36

18 1.76 1.72YY 19 46 1.44
42XY 27 2.64 3.96 2.99 3.2033 102

XXY 
XYY 
XX YY 
No signal

1 0.10 1 0.09 2 0.18 0.134
2 0.20 0.09 0.09 0.131 41
1 0.10 1 0.09 0.09 0.091 3

52 5.08 46 4.34 8.2591 189 5.93

Total number 
examined

10,240 10,610 11,026 31,876

Diploid1 2915 1.25 1.93 18 1.78 62 1.67

Total number 
examined

12,005 15,008 10,104 37,117

A X2 test of homogeneity did not disprove the hypothesis that the distribution of the sex chromosomes and 
diploidy frequencies were the same in all three individuals (p = 0.20 and 0.94, respectively). Statistical tests were 
carried out within individuals comparing the frequencies of X:Y, XY:(XX+YY) and XX:XY. Working on the 
general hypothesis that the frequencies being tested were equal, the hypothesis was twice rejected: for D69 X > Y 
(p < 0.05); and for D117 (XX + YY) < XY (p < 0.01). Further studies on more individuals may reveal that these 
differences fall within normal variation. Similar tests carried out with the pooled data could not detect any 
differences between the frequencies of X:Y (p = 0.20), XY:(XX + YY) (p = 0.27) or XX:XY (p = 0.14).

A single triploid cell was detected in D69.l

12 (fig. le,f). For the three donors D69, D117 
and D218 signals for chromosomes 1 and 12 
were counted in 12,005, 15,008 and 10,104 
sperm, respectively. Each of the three individ
uals studied were found to have similar fre
quencies (p = 0.60) of diploid gametes with an 
average of 1/599 (1.67/1,000) (table 1). A total 
of 14 apparently diploid cells contained ambi
guous twin signals for either chromosomes 1 
or 12 (table 2). These represented 18% of the 
potentially diploid cells and were excluded 
from the calculations. A further 75 cells which 
were photographed could not be classified ac

cording to their ploidy due to the factors 
described above.

Two sex chromosome signals could repre
sent either disomy or diploidy. The diploidy 
frequency, assessed by the analysis of chromo
some 1 and 12 centromere probes, was used to 
calculate the proportion of sperm with two sex 
chromosome signals representing true disom
ies (table 1, 2). This was done by subtracting 
the diploid frequency from the sum of XX + 
YY + XY cells. Thus, on average we estimate 
1/244 (4.10/1,000) sperm to be truly sex chro
mosome disomie (table 3).

Goldman/Fomina/Knights/Hill/
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Fig. 1. a-d Sperm hybridised with probes for both 

sex chromosomes seen through the AMCA fluores
cence filter. The X probe (pSVX) was labelled with 
rhodamine-dUTP, the fluorescence of which can be 
seen in orange. The Y probe (pYlO) was labelled with 
dig-dUTP and fluoresce blue after detection with 
AMCA-conjugated antibodies a Normal haploid 
sperm bearing either an X (arrow head) or a Y (short 
arrow) are seen in the same field as a sperm carrying 
both X and Y chromosomes (long arrow), b Two cells 
overlap making analysis difficult (arrow head) whilst 
one close by contains one X and two Y chromosomes

(short arrow) and another has one of each chromosome 
(long arrow), c One cell has two X chromosomes (ar
row heads), d A cell with two Y chromosomes is indi
cated (arrow head). e,f Sperm hybridised with probes 
for chromosomes 1 (pUC1.77), which was labelled 
with bio-dUTP detected with fluorescein, and chromo
some 12 (pal2H8), which was labelled with AMCA- 
dUTP. The arrow heads indicate the same, diploid, 
cell with two fluorescent signals for both chromosomes 
1 (e) and 12 (f). The haploid cell to the right of the field 
(short arrow) appears to be as large as the diploid.
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Table 2. Sperm excluded from the data due to ambiguous signals

Hybridisation Donor 69 
pattern

Donor 117 Donor 218 Pooled total

°/ °/ %0 %0n n n noo 00

6 3 0.28 2 0.18 0.35XX 0.59 11
2 0.18YY 7 0.68 5 0.47 14 0.44

0 0.00 0 0.00 0 0.00 0 0.00XY
0.10 0 0.00 0.09 2 0.06XXY

XYY
1 1

0.09 20.10 1 0 0.00 0.061

Total number 
examined

10,240 10,610 11,026 31,876

Diploid 0.42 9 0.60 0 0.00 14 0.385

Total number 
examined

15,008 10,104 37,11712,005

The data are the numbers of sperm found with ‘twin’ signals which were small in size and separated by a gap 
smaller than the signals themselves. For conservative estimates these were counted as single signals which may 
reflect some splitting of the target sequences.

Table 3. Estimation of true sex 
chromosome disomy Donor 69 Donor 117 Donor 218 Pooled

0/ 0/ %0 %000 00

Observed
XX + YY + XY
Diploid
Difference

5.66 5.895.77 5.77
1.25 1.93 1.78 1.67
4.52 3.73 4.11 4.10

Calculated true disomy
XX 1.07 0.56 0.82 0.80

1.38 0.56 1.20 1.02YY
2.61 2.09 2.27XY 2.07

The sex chromosome disomy rate overall has been determined by sub
tracting the frequency of sperm which are apparently diploid from the 
frequency of all cells containing two sex chromosome hybridisation sig
nals. The specific values for XX, YY and XY were calculated from their 
relative frequencies when originally scored (see results for an example).
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On the assumption that each of the catego
ries XX, YY and XY are equally likely to be 
diploid, the rate of disomy for each type was 
calculated from their relative frequencies in 
the initial data and the overall disomie rate 
(table 3). For example (taking the average re
sults), XX represented 1.13/5.77 of the sperm 
with two sex chromosome signals, the overall 
rate of sex chromosome disomy was 4.10/
1,000 so the adjusted disomie rate for XX was 
calculated to be 1.13/5.77 x 4.10, i.e., 0.80/
1,000 or 1/1,250. The adjusted disomy fre
quencies calculated for YY and XY are 1.03/
1,000 (1/971) and 2.27/1,000 (1/441), respec
tively.

The sperm which were found to have no 
hybridisation signal could represent either 
non-disjunctional events or failed hybridisa
tions. The total number of hyperhaploid nu
clei (after adjusting for diploidy) should corre
spond to the number of sex chromosome nul
lisomie gametes. Using the average data, the 
sum of XX + YY + XY + 2 x (XXY + XYY) 
is 4.62/1,000 (1/216) (from tables 1 and 3). 
The number of sperm with no hybridisation 
signal was 5.93/1,000 (1/169) (table 1).

Subtracting the expected frequency of null- 
signal sperm from the observed frequency 
gives an excess of 1.31/1,000 (1/763). Taking 
these cells to represent failed hybridisations, 
this is indicative of a hybridisation efficiency 
in excess of 99.8%.

tify the incidence of sperm having double the 
normal chromosome number, being diploid 
rather than haploid.

Sex Chromosome Ratio

We have found the Y:X ratio in more than
30,000 sperm from the three control subjects 
to be 0.986, revealing a slight excess of X- 
over Y-bearing sperm. A more significant ex
cess of X sperm (with ratios as low as 0.8) has 
frequently been noted by sperm karyotyping 
following pseudo-fertilisation of hamster oo
cytes [13, 14]. The reason for this discrepancy 
remains unknown, however the statistical sig
nificance found for the deviation from unity 
in D69 indicates that interindividual varia
tion may be a factor. Future studies will be 
required to determine if the close to unity 
ratios we have found arise in all situations for 
46,XY males, as variation in sex ratio at birth 
indicates that this may not be the case [15-
21].

Sex Chromosome Aneuploidy

We have determined the total incidence of 
sex chromosomal aneuploidy to be 1/112 
(0.89%) which is a conservative estimate due 
to our stringent scoring protocol.

Disomy
Taking into consideration a diploidy rate 

of 1.67/1,000 (1/599) we have estimated the 
incidence of sperm truly disomie for the sex 
chromosomes to be 4.10/1,000 (1/244). This 
value is much higher than that either ob
served by sperm karyotyping [22] or postu
lated by Jacobs [23] based on knowledge of 
parental origin and the frequency of sex chro
mosome trisomy in clinically recognised preg
nancies (fig. 2,3).

Discussion

This study, using fluorescent chromosome- 
specific DNA markers in ejaculate sperm 
from three human male donors, had three 
main aims: (a) to identify the primary male 
gametic sex chromosome ratio; (b) to assess 
the occurrence of numerical sex chromosome 
abnormality, i.e., aneuploidy, and (c) to quan-
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Fig. 2. Comparison of the frequencies of XX, YY and XY sperm predicted to arise (black) 
[22], found in pooled-sperm karyotype studies (grey) [21] and found in the current study 
(white).

Fig. 3. Estimates of sex chromosomal trisomy rate based on our sperm data (black) and 
population studies (white). The expected frequencies were calculated from the current study 
assuming fetal loss rates of 30% for 47,XXX, 45% for 47,XXY, and 0% for 47,XYY [22]. The 
live-bom data [36] have been adjusted on the assumption that 7% of 47,XXX and 49% of 
47,XXY arise due to paternal error [37, 38].
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Possible reasons for these discrepancies in
clude selection operating against aneuploid 
sperm, either at fertilisation/pseudofertilisa
tion [24] or early post-zygotically before clini
cal recognition of pregnancy. The presence of 
selection is indicated by our high numbers of 
YY sperm compared to the frequency ex
pected assuming that 47,XYY fetuses are ful
ly viable (fig. 3). The largest discrepancy with 
respect to Jacobs’ predictions concerns XX 
sperm (fig. 2). The uniform frequencies of XX 
and YY sperm found by karyotyping [22] 
indicate their equal ability to fertilise, at least 
in the human-hamster in vitro system. We 
therefore suggest that paternal X chromosom
al disomy may be less viable, post-zygotically, 
than paternal Y disomy. Extra selection 
against two paternal X chromosomes may 
reflect either expression and/or imprinting of 
X-linked genes prior to inactivation [25-27],

Non-Disjunction
The frequency of XY gametes, determined 

to be 1/441, corresponds to a first meiotic 
non-disjunction rate of 1/220 meioses. Has- 
sold et al. [31] have shown that the majority 
(33/39) of XXpatY offspring inherit non-re
combinant Xpat and Y, providing evidence 
that first meiotic non-disjunction of X and Y 
arises due to failure of chiasma formation. On 
the other hand, the frequency of XY unival
ents at first meiosis is normally much higher 
than 1/220, being found in up to one third of 
first meiosis [32, 33]. We therefore believe 
that the XY bivalent regularly segregates ear
lier than the rest of the genome, so producing 
the majority of the XY univalents seen at first 
meiosis.

The second meiotic non-disjunction prod
ucts XX and YY were found at the slightly 
different frequencies of 1/1,246 and 1/971, 
respectively. The total of 1/550 corresponds 
to rates of second meiotic non-disjunction of 
either 1/275 secondary spermatocytes or 1/ 
138 complete meiotic divisions. When com
pared to the first meiotic non-disjunction rate 
of 1/220 this means that the sex chromosome 
bivalents in a primary spermatocyte non-dis- 
join approximately 25% more frequently than 
either X or Y in a secondary spermatocyte. 
On the other hand, in total, the second meiot
ic non-disjunction rate is more than 50% 
more common than the first.

On the basis of these figures, and assuming 
that the two segregational errors are indepen
dent, we calculate that approximately 8 per 
million sperm should be products of double 
non-disjunctional events. The frequency of 
such sperm (XXY + XYY) actually found 
was, however, more than 30-fold this value at 
260 per million (0.26/1,000). Such an increase 
of observed over the expected frequencies of 
double meiotic non-disjunctions is consistent 
with the suggestion of Hassold et al. [34] that, 
for the sex chromosomes, a first meiotic non

NulUsomy
Based on the frequencies of sperm found to 

be sex chromosome hyperhaploid, we calcu
lated the respective nullisomy rate to be 1/ 
216. This is less than half the frequency of all 
clinically recognised pregnancies, suggested to 
have a 45.Xmat karyotype [28], lending sup
port to the idea that a large proportion of 
45,Xmat fetuses arise from post-zygotic exclu
sion of the paternal sex chromosome [29].

If preferential exclusion of paternal chro
mosomes affects the Xpat more often than the 
Y, then this, along with the 99% loss rate of 
45,X fetuses [30], could be responsible for the 
slight excess of male births in the normal pop
ulation [15]. If this is true, the frequently 
found 45,Xmat mosaics should more often 
have a second X chromosome than a Y. Selec
tion bias associated with phenotypic differ
ences would complicate the testing of this 
hypothesis.
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Han et al. [8] recently reported an average 
diploidy rate of approximately 4/1,000 in
20,000 decondensed sperm from 13 men, 
with an individual range of 0-8.9/1,000. The 
discrepancy between the two reports may 
simply reflect normal variation. However, the 
size criterion may not be accurate, particu
larly since the decondensation protocol does 
not modify the size of all cells equally 
(fig. le,f) [4-6],

disjunction event can be associated with an 
increased risk for a second meiotic non-dis
junction. The mechanism for this remains un
known, but may well be related to an upset of 
the normal timing of meiosis affecting both 
first and second divisions.

Diploidy

The frequency of diploid gametes pro
duced by the three subjects was determined 
by cohybridising with probes specific for 
chromosomes 1 and 12. On average we found 
1/599 (1.67/1,000) sperm to yield two clearly 
separate signals from each probe with an in
terindividual range of 1.25-1.93/1,000. This 
is the first time that sperm diploidy has been 
assessed using dual hybridisations with auto
somal probes. In previous studies, cell size has 
been used as an indicator of ploidy [8, 35].
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