
Hierarchical radial and polar organisation of chromosomes
in human sperm

N. M. Millan & P. Lau & M. Hann & D. Ioannou &

D. Hoffman & M. Barrionuevo & W. Maxson &

S. Ory & H. G. Tempest

Received: 16 September 2012 /Revised: 29 October 2012 /Accepted: 31 October 2012 /Published online: 10 November 2012
# Springer Science+Business Media Dordrecht 2012

Abstract It is well established that chromosomes
occupy distinct positions within the interphase nuclei,
conferring a potential functional implication to the
genome. In addition, alterations in the nuclear organi-
sation patterns have been associated with disease phe-
notypes (e.g. cancer or laminopathies). The human
sperm is the smallest cell in the body with specific
DNA packaging and the mission of delivering the
paternal genome to the oocyte during fertilisation.
Studies of nuclear organisation in the sperm have
postulated nonrandom chromosome position and have
proposed a chromocentre model with the centromeres
facing toward the interior and the telomeres toward the
periphery of the nucleus. Most studies have assessed
the nuclear address in the sperm longitudinally pre-
dominantly using centromeric or telomeric probes and
to a lesser extent with whole chromosome paints. To

date, studies investigating the radial organisation of
human sperm have been limited. The purpose of this
study was to utilise whole chromosome paints for six
clinically important chromosomes (18, 19, 21, 22, X,
and Y) to investigate nuclear address by assessing
their radial and longitudinal nuclear organisation. A
total of 10,800 sperm were analysed in nine normo-
zoospermic individuals. The results have shown non-
random chromosome position for all chromosomes
using both methods of analysis. We present novel
radial and polar analysis of chromosome territory
localization within the human sperm nucleus. Specif-
ically, a hierarchical organisation was observed radi-
ally with chromosomes organised from the interior to
the periphery (chromosomes 22, 21, Y, X, 19, and 18
respectively) and polar organisation from the sperm
head to tail (chromosomes X, 19, Y, 22, 21, and 18,
respectively). We provide evidence of defined nuclear
organisation in the human sperm and discuss the func-
tion of organisation and potential possible clinical
ramifications of these results in regards to male infer-
tility and early human development.
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FISH Fluorescence in situ hybridization
HCl Hydrochloric acid
ICSI Intracytoplasmic sperm injection
NaCl Sodium chloride
PBS Phosphate-buffered Saline
Rpm Rotations per minute
SSC Saline sodium citrate
TRITC Tetramethyl rhodamine isothiocyanate
Tris 2-Amino-2-hydroxymethyl-propane-1,3-

diol
WCP Whole chromosome paint
2D Two dimensional
3D Three dimensional

Introduction

The spermatozoon is a highly elaborate, specialised
cell. Spermatozoa are formed through the process of
spermatogenesis, which can be summarised in three
phases: (1) mitotic proliferation of spermatogonia to
produce spermatocytes; (2) meiotic divisions to pro-
duce genetically diverse haploid spermatids; and (3)
cytodifferentiation/spermiogenesis to package the
paternal chromosomes for effective delivery to the
oocyte as immature spermatids become mature sperm
cells. Unlike other mammalian cells, mature sperma-
tozoa are unique because they are the smallest cell in
the human body, they possess a flagellum (essential
for motility), they are functionally silent with no gene
transcription (Ward and Coffey 1991) and their chro-
matin is remodelled resulting in highly condensed
packaging of haploid DNA. During the latter stages
of spermiogenesis, sperm chromatin is reorganised
with histones being replaced first by transition pro-
teins (Meistrich et al. 2003) followed by protamines
(Ward and Coffey 1991). Quantitatively, 15 % of
chromatin remains bound to histones (Wykes and
Krawetz 2003) with the remainder of the DNA bound
by protamines, which allow a higher degree of chro-
matin compaction (10−6-fold compared to 10−5 offered
by histones) (Bjorndahl and Kvist 2009). The func-
tional significance of histone-intact chromatin is
believed to play a vital role in early embryo develop-
ment (Carrell and Hammoud 2009). Despite the
unique properties of the human sperm cell and its
importance in human fertilisation and embryo devel-
opment, relatively few studies have been published
examining the organisation of chromosomes in human

sperm (Haaf and Ward 1995; Zalensky et al. 1995;
Hazzouri et al. 2000; Tilgen et al. 2001; Mudrak et al.
2005; Finch et al. 2008b; Ioannou et al. 2011).

Irrefutable evidence has been provided to demon-
strate that chromosomes occupy distinct positions within
the nucleus termed chromosome territories (CTs;
Manuelidis 1990; Cremer and Cremer 2001; Parada
and Misteli 2002; Meaburn and Misteli 2007). Two
models have emerged to explain the radial position of
chromosomes in the interphase nucleus. These are largely
based on (1) gene density and (2) chromosome size. The
gene density model suggests gene poor chromosomes
orient themselves toward the nuclear periphery (associated
with gene repression), with gene-rich chromosomes
(associated with gene activation) being located
toward the nuclear interior (Croft et al. 1999; Boyle et
al. 2001; Lukasova et al. 2002; Federico et al. 2008;
Foster and Bridger 2005; Meaburn and Misteli 2007;
Takizawa et al. 2008; Szczerbal et al. 2009). The chro-
mosome size model suggests small CTs are located
toward the centre, with larger chromosomes being
located toward the periphery (Bolzer et al. 2005;
Bridger et al. 2000). It is clear each model may be
cell type specific, with some systems that fit both
models (chicken and New World monkeys) (Mora
et al. 2006; Habermann et al. 2001; Skinner et al. 2009)
and others such as murine which do not follow either
model (Meaburn et al. 2008). It has been proposed that
these two models are not mutually exclusive and chro-
mosome position may depend on the status of the cell or
the specific chromosome and the chromosomal neigh-
bourhood (Foster and Bridger 2005; Cavalli 2007).

Cell differentiation has been an attractive process to
study nuclear organisation in relation to functional
implications. Several studies have shown proximity
associations in differentiated cells (Kuroda et al. 2004)
tissue-specific organisation (Szczerbal et al. 2009), even
an advantage toward a specific nuclear architecture
(Solovei et al. 2009) to accommodate certain function-
ality. Organisation of the human sperm nucleus appears
to be very different than other somatic cells. Chromo-
somes appear to be clustered via their centromeres to
form a chromocentre in the interior of the nucleus, while
the telomeres are preferentially located toward the
nuclear periphery where they form dimers (Zalensky
et al. 1993, 1995; Zalenskaya and Zalensky 2004;
Solov’eva et al. 2004; Luetjens et al. 1999). The
chromocentre appears to be formed by pericentric
heterochromatin from different chromosomes that
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have a tendency to aggregate (Martin et al. 2006;
Zalensky et al. 1993; Ioannou et al. 2011). A similar spatial
organisation in sperm is retained in other mammals, as
data frommouse (Haaf andWard 1995;Meyer-Ficca et al.
1998), bovine, pig, horse, and rat (Zalenskaya and
Zalensky 2004) indicates. It has been proposed that this
configuration could be in favour of an ordered withdrawal
of chromosomes through their association with the sperm
microtubule machinery (Zalensky and Zalenskaya 2007).

Thus far, only a handful of studies have examined the
position of chromosomes in human sperm with the vast
majority of studies utilising centromeric, telomeric and/
or locus-specific fluorescence in situ hybridization
(FISH) probes (Haaf and Ward 1995; Zalensky et al.
1995; Hazzouri et al. 2000; Tilgen et al. 2001; Mudrak
et al. 2005; Finch et al. 2008b; Ioannou et al. 2011). Only
a few studies have utilised whole chromosome paints
(WCPs) (chromosomes 1, 6, 13, and 18) to evaluate the
longitudinal organisation in sperm (Hazzouri et al. 2000;
Zalenskaya and Zalensky 2004; Luetjens et al. 1999).
The functional implication of longitudinal organisation
is postulated to be related to the specific order that
chromosomes are affected by the maternal cytoplasmic
environment after fertilisation (Zalensky and Zalenskaya
2007). Typically, nuclear organisation is addressed using
radial assessment; despite this, few studies in sperm have
performed this type of assessment (Ioannou et al. 2011;
Finch et al. 2008b).

The possible functional implication of CTs is strength-
ened by observations that nuclear architecture is altered in
disease states. More specifically, different patterns of
organisation have been observed in cancer (Marella et
al. 2009) and laminopathies (Foster and Bridger 2005;
Misteli 2005; Elcock and Bridger 2010). In addition,
findings have suggested nuclear changes in the develop-
ment of diseases related to polysomies (Petrova et al.
2007), promyelocytic leukaemia,X-linkedmental retarda-
tion andHuntington disease (Misteli 2005). Thus, it seems
reasonable to hypothesise that a “healthy state” of nuclear
organisation may become compromised in disease states
or potentially that perturbation of the “healthy state” may
lead to disease states. Given that nuclear organisation of
chromosomes appears to be linked with cellular function,
the unusual properties of the sperm cell and the vital role it
plays in fertilisation and early human embryo develop-
ment it would be of benefit to further our understanding of
the nuclear architecture of the sperm cell. It would seem
reasonable to suggest that alteration in CTs in sperm could
also be associated with male infertility, which could have

important clinical ramifications and possible implications
for diagnosis and therapy (Ioannou and Griffin 2011).

In this study, WCPs for 18, 19, 21, 22, X, and Y
have been used to analyse their nuclear address in nine
males with normal semen parameters (as per World
Health Organisation definitions) using both radial and
longitudinal analysis. The aforementioned chromo-
somes were specifically selected as they are clinically
significant being among the most commonly observed
aneuploides in human development (Hassold and
Hunt 2001). Chromosomes tested also represent gene
poor chromosomes (18, 21, and Y) and relatively gene-
rich chromosomes (19, 22, and X). Our findings will
be discussed in the context of whether nonrandom
organisation exists for the chromosomes chosen in
our cohort and the potential implications for fertility
and early human embryonic development.

Materials and methods

Patient recruitment and semen sample analysis

Informed written consent was provided by nine individu-
als undergoing routine semen analysis for assessment of
fertility at IVF Florida Reproductive Associates in Mar-
gate, FL, USA. The fertility status of the female partner is
unknown. However, we can conclude that presentation at
a fertility clinic would indicate that the couples are having
difficulties in conceiving. The average age of the individ-
uals recruited to this study was 35.8 years (range, 29–48).
Semen samples were collected via masturbation; subse-
quently, the semen parameters were evaluated using the
World Health Organization criteria (World Health
Organization 2010). The semen parameter assessment
for each of the nine individuals is provided in Table 1.
All samples were classified as normozoospermic, and
hence are presumed to have normal reproductive function.
Following the semen parameter assessment, the remainder
of the semen sample surplus to requirements was snap
frozen and stored in liquid nitrogen until use. This
research study was approved by the Florida International
University Institutional Review Board.

Semen sample preparation

Semen samples were thawed at room temperature,
followed by repeated washings in 10 mM NaCl/
10 mM Tris pH 7.0 (sperm wash buffer). This was
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followed by centrifugation for 7 min at 1,900 rotations
per minute (rpm). The supernatant was removed and
further resuspended in wash buffer three to five times,
dependent on pellet size and supernatant colour to
remove the seminal fluid. The sperm sample was then
fixed using 3:1 methanol/acetic acid to a final volume
of 5 ml followed by centrifugation for 7 min at
1,900 rpm and the supernatant was removed. The
pellet was resuspended in fixative and the process
above was repeated depending on the pellet size up
to five times. Between 3 and 5 μl of the sample was
placed on a glass slide (Fischer Brand®) and allowed
to air dry. Using differential interference contrast
microscopy (Olympus BX53), the area with the opti-
mal density of cells was identified and marked with a
diamond pen. Slides were stored overnight at room
temperature to allow improved adherence of the sperm
cells to the glass slide. All samples were stored at
−20 °C in fixative when not used for experiments.

Sperm fluorescent in situ hybridisation

Following overnight storage of slides, sperm cells
were dehydrated in ethanol series (70, 80, and
100 %) for 3 min each and allowed to air dry. This
was followed by a 20 min incubation in 0.1 % DTT
(Sigma Aldrich, St Louis, MO, USA), 0.1 % Tris
solution (pH 8.0) in the dark, to swell the cells to
allow the FISH probes to penetrate. Slides were then
rinsed in 2× saline sodium citrate (SSC; Fisher Scien-
tific, Pittsburgh, PA, USA) followed by another dehy-
dration series in ethanol for 1 min and subsequent air

drying. Aliquots of whole chromosome paints (Rain-
bow Scientific Inc., CO, USA) for the chromosomes
of interest were prepared. The probes utilised included
chromosomes 18 (LPP18G), 19 (LPP19R), 21
(LPP21R), 22 (LPP22G), X (LPPOXR), and Y
(LPPOYG). When a dual colour combination was
used, 0.2 μl from each probe was mixed per area of
interest (alternatively, the amount of a single probe
was 0.4 μl). The probe mix was added to the area of
interest on the slide with a glass coverslip (5 mm)
which was sealed with a Parafilm® coverslip.
Co-denaturation of probe and sperm cells was per-
formed at 75 °C for 10 min followed by hybridisation
at 37 °C for approximately 24 h, using a Thermobrite®
Statspin (Abbott Molecular, Illinois, IL, USA). Fol-
lowing completion of the hybridisation, the slides
were removed from the Thermobrite® and placed in
a 2× SSC/0.1 % Tween-20 (Sigma-Aldrich) solution at
room temperature until the coverslips had floated off
the slides. The slides were then washed in 0.4× SSC/
0.3 % Tween-20 for 2 min at 72 °C (±1 °C) without
agitation. Slides were immediately removed after the
2 min elapsed and placed in 2× SSC/0.1 % Tween-20
for 1 min at room temperature. A dehydration step
followed for 1 min each. Slides were then mounted
using 4′,6′-diamidino-2-phenylindole (DAPI; Vector
Labs, Burlingame, CA, USA) under a 24×55 mm
coverslip. Image acquisition was performed using an
Olympus BX61 epifluorescence microscope equipped
with a cooled charged coupled device camera (Hama-
matsu ORCA—R2 C10600) and single-band pass fil-
ters for the fluorochromes (fluorescein isothiocyanate,

Table 1 The results of the
semen parameter assessment and
patient age for the nine individ-
uals enrolled in this study

World Health Organisation
lower reference limits for normal
semen characteristics (in italics)
and mean values from the nine
individuals (in bold) for each
category are also provided

Age Concentration
(106/ml)

Motility
(%)

Progressive
motility (%)

Normal
forms (%)

World Health Organisation
lower reference limits

– 15 40 32 4

P1 32 125 96 80 4

P2 33 60 87 80 4

P3 43 137 80 76 6

P4 48 133 98 92 5

P5 30 70 91 87 5

P6 42 66 68 60 10

P7 29 92 78 60 6

P8 38 48 73 57 4

P9 29 50 90 66 4

Mean patient values 35.8 91.6 86.0 75.1 5.5
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tetramethyl rhodamine isothiocyanate (TRITC),
DAPI) of interest (Chroma Technology, Bellows Falls,
VT, USA). All images were acquired using SmartCap-
ture three software (Digital Scientific, UK) and
exported as .tiff files for subsequent analysis. For each
assay (radial and polar), a minimum of 100 cells per
chromosome per patient were analysed.

Radial analysis of nuclear organisation

The principles of previously published methodologies
(Boyle et al. 2001; Croft et al. 1999) were used to
ascertain the radial chromosome position of the WCPs
of interest. This was performed using a custom macro
plug-in written for ImageJ software. The macro splits
each captured image into separate red, green, and blue
channels, which correspond to the two probe colours
and the DAPI counterstain. The image representing
the DAPI was then converted to a binary mask, from
which concentric regions of interest (rings) of equal
area were created (ring 1 representing the most interior
part of the nucleus and ring 5 representing the most
peripheral part of the nucleus; Fig. 1). The proportion
of each of the WCP signal within each ring for each
channel (i.e. red or green) was measured relative to the
total signal for that channel contained within the area

covered by the binary mask and output in a separate
log file. These values were transferred to an excel
spread sheet for statistical analysis. To compensate
for the fact that we were analysing information of a
3D object under 2D, the proportion of signal observed
in each ring was normalised against the measurements
of the blue channel (DAPI density), that represent the
amount of DNA present in that ring. Thus, signals in
ring 5 (peripheral ring) received proportionally higher
“scores” than those in the interior (ring 1) to adjust for
the fact that centrally located observations were statis-
tically more likely in a random distribution (Ioannou
et al. 2011).

Polar analysis of nuclear organisation

Sperm tails were visualised as background fluorescence
on the TRITC filter in order to determine sperm polarity.
The point of attachment of the tail to the nucleus was
marked for each cell captured. ImageJ was utilised to
measure (in pixels) the exact location of the CT within
the sperm nuclei in reference to its location in relation to
the sperm tail. A total of three measurements were
performed for each chromosome per cell. The sperm
cell has an ellipsoid shape; therefore, a transverse axis
can be drawn along the nucleus from the point of
attachment of the sperm tail to the opposite end (the
“head” of the sperm cell). Thus, the first measurement
provided the length of the sperm cell (from the sperm
tail to the sperm head) in pixels. The second measure-
ment was the distance in pixels from the sperm tail to the
start of the CT. The third measurement was the distance
in pixels between the sperm tail to the end of the CT
(Fig. 2). These three measurements enable the localisa-
tion of the CTwithin the sperm nucleus. Specifically, the
midpoint of the CTwas calculated and used to describe
the location of a given CT in relation to its location
within the sperm nucleus. The midpoint of the CT was
determined by addition of the measurement obtained for
the distance from the sperm tail to the end of the CT to
the measurement obtained from the sperm tail to the
start of the CT. Subsequently, this value was divided by
two giving the exact measurement of the midpoint of the
CT from the sperm tail in pixels. In order to determine
the location of the centre of the CT within the sperm
nucleus the midpoint value was divided by the total
length of the sperm. In doing so, this provided a value
between 0 and 1. A value close to zero would indicate
the midpoint of the CT resided close to the sperm tail; a

Fig. 1 FISH image of a spermatozoon nucleus counterstained
with DAPI (blue) probed with whole chromosome paints, chro-
mosomes 19 (red) and 18 (green). Concentric circles overlaid
(aqua) represent the five rings of equal area. Ring 1 being the
innermost (interior) and ring 5 being the outermost (peripheral)
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value close to 1 would denote the CT resided in the
apical region (“head”) of the sperm nucleus. In addition,
to identifying the exact location of the CT within the
sperm, it is also possible to subdivide the sperm nucleus
into multiple regions to determine whether the CT pref-
erentially occupied a specific region of the nucleus.
Using the 0–1 values obtained, the sperm was divided
into three regions to produce the tail, mid, and head
region. Thus, if the midpoint of the CT was between
the following values 0–0.33, 0.33–0.66, and 0.66–1 it
would be designated to reside within the tail, mid, and
head region, respectively.

Statistical analysis

Both the radial and polar analysis utilised the chi-squared
(χ2) goodness-of-fit statistical test to test for nonrandom
distribution. The chi-squared goodness-of-fit test allows
for a comparison to be made between the experimental
data against an expected theoretical distribution (Ioannou
et al. 2011). A p value of <0.05 was deemed to be
significant, and in this case provided evidence to suggest

that CTs exhibited non-random distribution and thus pref-
erentially occupied a specific region of the sperm nucleus
either radial, polar, or both. Further statistical analysis was
undertaken for both assays to investigate interchromo-
somal differences using a cutoff p value of <0.05 to
establish statistically significant differences.

Results

A total of 10,800 cells in nine individuals were analysed
in this study, a minimum of 100 cells per patient, per
chromosome were analysed for both radial and polar
analysis. For each chromosome investigated 1,800 cells
were analysed (900 for radial analysis and 900 for polar
analysis) and for each patient 1,200 cells were analysed
(600 for radial analysis and 600 for polar analysis).

Radial analysis of nuclear organisation

All investigated chromosomes (18, 19, 21, 22, X, and
Y), showed evidence of nonrandom organisation as

Fig. 2 The principle of the polar analysis. Whole chromosome
paints for 19 (red) and 18 (green) hybridised to a sperm nucleus
and counterstained with 4′,6-diamidino-2-phenylindole. The tail
attachment was identified using Tritc filter and for presentational
purposes is drawn in blue. The sperm cell periphery is depicted in
white. A transverse axis was drawn on ImageJ (A) from the site of
the tail attachment to the opposite side of the nucleus. Measure-
ments for the tail attachment to the start of the chromosome
territory (B) and the end of the chromosome territory (C) were

also obtained. Subsequently, the value obtained for B and C was
added and divided by two giving the exact measurement of the
middle of the chromosome territory from the sperm tail in pixels.
In order to determine the location of the midpoint of the chromo-
some territory within the sperm nucleus, this value was divided by
the total length of the sperm. This provided a value between 0 and
1. A value close to 0 would suggest the probe resided close to the
tail whereas a value close to 1 would mean the centre of the
chromosome territory resided in the apical “head” region
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determined by the χ2 goodness-of-fit (p<0.05) in vir-
tually all cases (Table 2). In only one instance was
random organisation of the CT observed for (chromo-
some 18 in P1; Table 2). Contrary to what was
observed for all other chromosomes and subjects, this
suggests that in this case roughly equal amounts of
fluorescence were observed in all five rings. The data
output from the radial analysis is presented in two
ways. Firstly, it provides a median location of the CT
within the ring providing a reference for where the
highest proportion of the fluorescence is observed.
Secondly, it provides the actual percentage of fluores-
cence observed within each ring. Table 2 presents the
median ring location of the CT for each chromosome
for all nine individuals (ring 1 being the innermost and
ring 5 being the outermost). For the most part, the data
for all chromosomes demonstrated a median radial
position at the border of rings 1–2 and 2, with an
average median location of the six investigated CTs
of between 2.05 and 2.49 (Table 2). The mean of the
values presented in Table 2 provides the approximate
radial order of the six chromosomes. Based on this
data, the radial positioning from the innermost to the
most peripheral, chromosomes were arranged as fol-
lows: 22, 21, Y, X, 19 and 18, respectively. Figure 3
presents the average nuclear address (pooled data from

all nine individuals) for each of the chromosomes
studied and illustrates the average amount of fluores-
cence for all nine subjects recorded in each ring for the
six chromosomes investigated. These data clearly
demonstrate preferential localisation of the CTs
toward the nuclear interior with increased proportions
of fluorescence in rings 1 and 2 with decreasing levels
of fluorescence in rings 3–5. This data was compared
to determine whether significant differences in the
location of the six investigated chromosomes were
observed. For the most part, no significant differences
were observed between the chromosomes with the
exception of chromosomes 18 and 22 and chromo-
somes 18 and 21. Chromosome 22 followed by chro-
mosome 21 were the most internal with chromosome
18 being the most peripheral.

Polar analysis of nuclear organisation

In terms of polar analysis, evidence of nonrandom
organisation was observed for all the investigated
chromosomes in all subjects with the exception of
chromosome 18 in two subjects (P4 and P5) and
chromosome 21 in one subject (P5). The polar analy-
sis measurements of the sperm cell length, the start
and end of the CT relative to the sperm tail allowed the
location of the CT to be established (Fig. 2). Specifi-
cally, the midpoint of the CTwas utilised to determine
the location of the CT within the sperm nucleus in
relation to the sperm tail by dividing this value by the
sperm cell length. For each cell, this produced a value
between 0 and 1 (0 being the sperm tail and 1 being
the sperm head). Table 3 provides the pooled polar
data from nine patients for the six chromosomes. This
table summarises the data from the 5,400 cells ana-
lysed. The average sperm cell length was 157.8 pixels
(range, 137.35–170.17). Table 3 includes the average
location of the midpoint of the CT, this value was
utilised for subsequent analysis and the average loca-
tion of the start and end of the CT is provided to
demonstrate the size of the CT and the physical loca-
tion of the entire CT in relation to the sperm tail. The
polar organisation of the CTs can be ordered from the
sperm head to the tail (chromosome X, 19, Y, 22, 21,
and 18, respectively). Further analysis of the polar
data allowed the sperm nucleus to be subdivided into
sections and the location of the midpoint of the CT
was assigned to the appropriate subdivision. In this
study, we divided the sperm nucleus into three, four,

Table 2 The median values for the preferential localisation of
each chromosome territory within each of the five rings (ring 1,
innermost; ring 5, outermost) for each of the nine individuals
after radial analysis of 100 cells per chromosome

Chromosome

18 19 21 22 X Y

P1 2.19a 2.52 1.80 1.96 2.28 2.20

P2 2.63 2.34 2.01 2.06 1.93 1.94

P3 2.60 2.15 2.26 2.02 2.19 1.99

P4 2.51 2.08 1.95 2.09 2.04 2.13

P5 2.16 2.44 2.28 2.32 2.35 2.22

P6 2.83 2.43 2.45 1.95 2.08 2.26

P7 2.03 1.91 1.92 1.99 1.99 2.21

P8 2.55 1.89 2.00 1.92 2.47 2.27

P9 2.89 2.27 2.08 2.17 2.69 2.59

Mean 2.49 2.23 2.08 2.05 2.22 2.20

Overall mean values for each chromosome territory are illustrated
in bold
a Next to the median value for P1 for chromosome territory 18
denotes a random distribution (p>0.05) median value
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and five subdivisions. Subdivision of the nuclei
allowed the percentage of CTs which fall within these
regions to be calculated rather than just providing an
average location, the data for three subdivisions (head,
mid, and tail region) is presented in Fig. 4. These data
clearly demonstrate that chromosome X, 19, and Y
were found predominantly within the head region with
very low occurrences within the tail region. For chro-
mosomes 22, 21, and 18, a lower proportion of the
midpoint of the CT occurred within the head region
favouring an increasing proportion within the mid and
tail regions, respectively. The same pattern was observed
when further dividing the sperm nucleus into four and
five subdivisions (data not shown), but owing to the large
size of the CTs further subdivision greater than three did
not provide any further distinction between the chromo-
somes. Statistical analysis was performed to identify

whether differences between the polar localisation of
the six CTs was identified. A significant difference was
observed between all the tested chromosomes with the
exception of chromosomes 19 and Y and chromosomes
22 and 21. Thus, suggesting these particular chromo-
somes are within close proximity of each other,
which is the case when they are ordered longitudi-
nally from the sperm head to the sperm tail as per
the suggested hierarchy (chromosomes X, 19, Y, 22,
21, and 18, respectively).

Discussion

In this study, we tested the hypothesis of nonrandom
organisation of chromosomes 18, 19, 21, 22, X, and Y
within the sperm nucleus in nine normozoospermic

Fig. 3 Presents an overview
of the radial analysis. Each
histogram shows the pro-
portional distribution of
fluorescence intensity
(expressed as a percentage)
in each of the rings 1–5
(with ring 1 being the
innermost and ring 5 the
outermost). The data repre-
sents pooled data for the
nine subjects for each of the
six investigated chromo-
somes. The error bars on
each of the histograms de-
pict the standard error of the
mean

Table 3 Provides the pooled polar analysis data from the nine subjects for the six investigated chromosomes

Chromosome Average sperm length (pixels) Average start of CT Average mid-point of CT Average end of CT

X 137.35 0.46 0.67 0.87

19 167.65 0.46 0.64 0.81

Y 147.87 0.42 0.62 0.82

22 163.65 0.42 0.61 0.79

21 160.09 0.38 0.53 0.68

18 170.17 0.30 0.49 0.67

The average sperm length was calculated by measuring the distance from the point of the tail attachment to the opposite end of the
nucleus. The average start and end of the chromosome territory was calculated by averaging the distance measured in pixels from the
sperm tail to the start and end of the chromosome territory, respectively, and dividing it by the average length of the sperm cell. The
average midpoint of the probe was calculated by adding the distance from the sperm tail to the start of the chromosome territory and the
distance from the sperm tail to the end of the chromosome territory and dividing it by two, which was then divided by the average total
length of the sperm cell. This provided a value between 0 and 1. A value close to 0 would suggest the probe resided close to the tail
whereas a value close to 1 would mean the centre of the chromosome territory resided in the apical “head” region
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males using WCPs. We present strong evidence to
support preferential organisation of the CTs for these
chromosomes. In terms of radial analysis all chromo-
somes were found to be located more toward the
nuclear interior than the nuclear periphery. We identi-
fied a hierarchical order with chromosomes arranged
radially from the interior toward the periphery (chro-
mosomes 22, 21, Y, X, 19, and 18, respectively) and
longitudinally from the sperm head to the tail (chro-
mosomes X, 19, Y, 22, 21, and 18, respectively). The
interior location as determined by the radial analysis
seems to affirm the presence of a chromocentre and
the internal nuclear address of the sex chromosome
territories (Zalensky et al. 1995; Zalenskaya and
Zalensky 2004; Ioannou et al. 2011).

To the best of our knowledge, this is the first study to
examine the radial organisation of whole chromosomes
in human spermatozoa. To date, longitudinal analysis
has arranged 11 chromosomes using WCPs and locus-
specific probes in the order ofX, 7, 6, 15, 16, 17, 1, Y, 18,
2, 5 (head toward the tail), with chromosome 13 occu-
pying a random organisation (Zalenskaya and Zalensky
2004;Mudrak et al. 2005; Luetjens et al. 1999; Hazzouri
et al. 2000). Longitudinal organisation of chromosomes
in sperm has also been demonstrated to be evolutionarily
conserved in marsupials and monotremes (Greaves et al.
2003). The polar analysis results from this study agree
with current literature with regards to the location of
chromosomes X and 18. However, our results for

chromosome Y suggest a more apical localisation than
previously reported (Zalenskaya and Zalensky 2004).
This study presents novel data for polar nuclear organi-
sation of CTs (chromosomes 19, 21, and 22) in human
sperm. Chromosome 19 demonstrates an apical local-
isation with chromosomes 21 and 22 displaying pref-
erential localisation in the mid region of the sperm
nucleus.

Chromosome territories occupy a large region of the
sperm nucleus (Figs. 1 and 2); in some instances, the
probe size was equivalent to approximately one third of
the length of the sperm nucleus. Due to the large size
and diffuse nature of the hybridisation signals produced
by WCPs, it is difficult to accurately evaluate the chro-
mosome position in quantitative terms (Zalenskaya and
Zalensky 2004). Despite the large size of the CTs, we
were able to observe significant differences in the local-
isation of CTs by radial and polar analysis. The ability to
divide the nucleus into five equal regions and measure
the fluorescence intensity within each ring allows accu-
rate assignment of the radial localisation within the
nucleus. Radial analysis detects presence or absence of
a CT and allows quantification of the amount of DNA
within each ring. This mitigates the large probe size and
allows accurate determination for the first time of the
radial organisation of entire chromosomes in human
sperm nuclei. The issues with CT size are more prob-
lematic for the polar analysis; at present, we are unable
to quantify the amount of fluorescence within the nucleus
in the same manner. Despite the CT size, we were able to
observe significant differences in the location of different
CTs, based on the midpoint of the CT. The centre of the
CT was chosen as the reference point to provide a more
accurate representation of the CT location within the
nucleus. Novel data for three chromosomes is presented
as well as confirmation of the location of two chromo-
somes from previously published studies. Based on our
results, we believe that this method allows for an accu-
rate identification of CT position and is capable of
detecting differences in chromosome location. There-
fore, this is a useful method to address CT polar organi-
sation in sperm.

It should be clarified that the two types of analysis
performed are mutually exclusive both in mode of
assessment and the fact that they address different
questions. However, this does not preclude the two
methods from complementing each other. If one looks
at the hierarchical organisation as determined by the
radial analysis (chromosomes 22, 21, Y, X, 19, 18—

Fig. 4 A summary of the data from polar analysis for all six
investigated chromosomes in nine subjects. Each of the different
coloured segments of the bar represents the mean location of the
midpoint of the chromosome territory. Allocation of chromo-
some territories to head, mid, and tail is based on dividing the
sperm nucleus into three regions using as a reference the point
of the tail attachment to the nucleus. Chromosomes are ordered
based on their proximity from the apical region to the tail
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innermost to outermost, respectively) and polar anal-
ysis (chromosomes X, 19, Y, 22, 21, 18—head to tail,
respectively) these results seem conflicting. However,
if Fig. 1 is considered, which demonstrates the radial
analysis, we can see that chromosome 18 occupies
rings 1–3 and chromosome 19 occupies rings 1–2. If
this sperm is divided into three areas along the trans-
verse axis from the sperm tail, each of the sections will
contain rings 1 through 5. Therefore, chromosome 18,
which occupies rings 1–3 will be found in the tail
region but equally a chromosome occupying the same
radial rings could be located in the mid or head region.

It has been established that the sperm chromatin
undergoes reorganisation during fertilisation by removal
of protamines, which are replaced by oocyte derived
histones (Gao et al. 2004). In sperm, it has been hypoth-
esised that paternal chromosomes are withdrawn from
the nucleus in a sequential order, thus allowing a gradual
exposure of chromosomes and chromosomal regions to
the ooplasm (Zalensky and Zalenskaya 2007). This
theoretically allows the gradual decondensation and
remodelling of specific regions at a time, which could
contribute to the differential gene activation patterns
within the early embryo (Zalensky and Zalenskaya
2007; Foster and Bridger 2005). Organisation of CTs
has important ramifications given the proposed sequen-
tial withdrawal of chromosomes from the sperm nucleus
in the ooplasm, suggesting those located at the periphery
and at the apical region are more likely to be exposed
and activated first. Consequently, it is clear that more
internally located chromosomes will be remodelled and
activated at a later stage, thus providing a potential
functional significance for the polar and radial position-
ing (Zalensky and Zalenskaya 2007). Conservation of
chromosome arrangement and apical position of the X
chromosome in the sperm of marsupials, monotremes
and eutherians (with the exception of birds) suggests
nuclear architecture is important and has a functional
role. It is hypothesised that this may be crucial for spatial
chromatin differentiation, normal development of fertil-
ised eggs and may have evolved with other mammalian
regulatory systems including genomic imprinting and X
inactivation (Greaves et al. 2003). Thus, organisation
within the sperm nucleus may not conform to either the
gene density or chromosome size model as observed in
other cell types and species. But will likely reflect
important differences between the gene content of spe-
cific chromosomes required to be activated first and the
requirement to occupy specific regions during

spermatogenesis, fertilisation, and early embryo devel-
opment. Therefore, the radial and polar localisation in
terms of interior to periphery and head to tail will be
crucial. Our polar analysis data suggest that gene rich
chromosomes tend to occupy the apical and mid region
(chromosomes 19, X, and 22) with gene poor chromo-
somes being preferentially located toward the mid and
tail region. The one exception includes the Y chromo-
some, which is very gene poor but contains essential
genes for sex determination and thus may have a selec-
tive advantage to be located toward the apical region of
the sperm. This study provides little evidence to support
the gene density model for radial organisation in human
sperm.

Polar and radial organisation as shown in this study
and previous studies may have important functional
and clinical ramifications in humans. It is currently
estimated that one in six couples are infertile, with up
to 40 % attributed to male factors (Harton and Tempest
2012; Hann et al. 2011). The underlying cause of
infertility in many remains idiopathic, with more genetic
factors being identified. Male infertility has been asso-
ciated with karyotype aberrations including structural
and numerical (Hann et al. 2011; Harton and Tempest
2012; Shah et al. 2003), increased levels of sperm an-
euploidy (Tempest 2011; Tempest and Griffin 2004),
DNA damage (Barratt et al. 2010), mitochondrial dys-
function (Sharbatoghli et al. 2012), and aberrant DNA
packaging (Hammoud et al. 2009) amongst others. Giv-
en the current hypothesis of gradual incorporation and
remodelling of paternal DNA in the oocyte, any alter-
ation in the organisation of the genome may have cata-
strophic consequences if the timing of gene activation is
required in a specific sequence for successful fertilisa-
tion and early embryo development. Preliminary evi-
dence of nuclear organisation has been provided for all
chromosomes using locus-specific probes in human
preimplantation embryos (Ioannou et al. 2012; Finch
et al. 2008a). Therefore, altered sperm nuclear organi-
sation may lead to aberrant organisation during embryo
development whichmaymanifest as infertility, recurrent
fertilisation failure, poor embryo development, and
recurrent miscarriage. In addition, concerns have also
been raised regarding the increased levels of sex chro-
mosome aneuploidies observed after intracytoplasmic
sperm injection (ICSI; Harton and Tempest 2012; Hann
et al. 2011). ICSI bypasses the acrosome reaction
between the sperm and the oocyte, which has been
shown to result in delayed decondensation of the apical
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region in sperm (Luetjens et al. 1999; Terada et al.
2000). This, in turn, could have negative effects on the
first mitotic division of the zygote. Given the preferen-
tial localisation of the sex chromosomes and chromo-
some 19, this could result in mitotic errors that would be
translated as viable chromosome aneuploidies and mis-
carriages in ICSI conceptions.

A handful of studies have investigated whether
centromere organisation is altered in men with com-
promised semen parameters (Finch et al. 2008b;
Ioannou et al. 2011; Olszewska et al. 2008; Sbracia
et al. 2002). For the most, part no (Olszewska et al.
2008; Sbracia et al. 2002) or limited (Finch et al.
2008b; Ioannou et al. 2011) alterations in centromere
position were observed between the control and
patient group. Significant alteration in nuclear organi-
sation in infertile males will likely depend on patient
selection. Targeting those patients with recurrent fer-
tilisation failure or poor embryo development may be
the most appropriate patient cohort to investigate,
rather than just reduced semen parameters. To date,
only centromere organisation has been tested in infer-
tile men. Perhaps testing centromere organisation
alone will be less informative than assessing alteration
of entire chromosomes given that the centromeres
aggregate at the chromocentre. In order, for any alter-
ation to be observed, this could require a major aber-
ration to cause the centromeres to disaggregate from
the chromocentre. Hence, alteration in the nuclear
organisation of the CT may occur in terms of radial or
polar location with potentially little measurable change
in centromere location. One published study has reported
a disruption in telomere–telomere interaction with loss of
the looped chromosome configuration, associated with
high levels of DNA damage in human spermatozoa
(Moskovtsev et al. 2010). Therefore, assessing both
CTs and telomeres may be a more informative approach
to assess nuclear organisation in sperm.

In summary, we have provided evidence of nonran-
dom organisation of CTs in sperm of normozoosper-
mic individuals by both means of radial and polar
assessment. We plan to develop novel strategies for
the polar analysis that may be able to quantify the
distribution of the fluorescence and allow for automa-
tion of this type of analysis. Future studies involving
more chromosomes and different chromosome regions
could provide an understanding of the mechanistic
basis of some causes of infertility, poor embryo devel-
opment and early miscarriage. Ultimately, this could

provide individuals and clinicians with valuable infor-
mation to make more informed choices regarding
assisted reproductive technologies.
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