Sperm macrocephaly syndrome in the ostrich Struthio camelus: morphological
characteristics and implications for motility
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Abstract

Sperm macrocephaly syndrome (SMS) is characterised by a high percentage of spermatozoa
with enlarged heads and multiple tails, and is related to infertility. Although this multiple
sperm defect has been described in other mammalian species, little is known about this
anomaly in birds. Morphological examination of semen from nine South African black
ostriches (Struthio camelus var. domesticus) involved in an Al trial revealed the variable
presence of spermatozoa with large heads and multiple tails. Ultrastructural features of the
defect were similar to those reported in mammals except that the multiple tails were
collectively bound within the plasmalemma. The tails were of similar length and structure to
those of normal spermatozoa, and the heads were 1.6-fold longer, emphasising the
uniformity of the anomaly across vertebrate species. Flow cytometry identified these cells
as diploid and computer-aided sperm analysis revealed that they swim slower but straighter
than normal spermatozoa, probably due to the increased drag of the large head and
constrained movement of the merged multiple tails. The high incidence of this defect in one
male ostrich indicates that, although rare, SMS can occur in birds and may potentially have
an adverse effect on breeding programs, particularly for endangered species.
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Introduction

Macrocephalic spermatozoa are defined as spermatozoa with a head larger than the heads
of a normal population of spermatozoa for that species (Salisbury and Baker 1966; Barth
and Oko 1989). In addition, a high proportion of macrocephalic spermatozoa is associated
with the presence of multiple flagella (Bertschinger 1975; Nistal et al. 1977; Escalier 1984;
Weissenberg et al. 1998; Benzacken et al. 2001; Lewis-Jones et al. 2003; Kopp et al. 2007;
Coutton et al. 2015; Ray et al. 2017). This particular defect is commonly found in mammals,
although the incidence is generally low (Nistal et al. 1977; Molinari et al. 2013) and rarely
the cause of infertility (Barth and Oko 1989). However, when a high incidence is reported,
the prognosis for fertility is generally poor (Devillard et al. 2002; Molinari et al. 2013). In
man, this multiple defect (a high incidence of spermatozoa with enlarged heads and
multiple tails) has been termed the macrocephalic sperm head syndrome (Nistal et al. 1977;
Perrin et al. 2008), sperm macrocephaly syndrome (SMS; Molinari et al. 2013) or meiotic
division deficiency (Escalier 2002). The ultrastructural features of the defect have been
thoroughly described, demonstrating the uniformity of the anomaly across different
mammalian species (Nistal et al. 1977; Escalier 1984; Barth and Oko 1989; Bonet and Briz
1991).

Macrocephalic spermatozoa have been identified in several avian species (Wakely and Kosin
1951; Nwakalor et al. 1988; Ferdinand 1992; Hartley 1999; Lindsay et al. 1999; Wishart et al.
1999; Barna and Wishart 2003; Sontakke et al. 2004; Klimowicz et al. 2005; Chelmornska et
al. 2008; Tabatabaei et al. 2009), including ratites such as the ostrich (du Plessis et al. 2014)
and emu (Malecki et al. 1998; du Plessis and Soley 2011). The incidence of this particular
defect in birds, expressed as a percentage of the total sperm count, is generally low, ranging
from 2.8% in the quail (Chelmonska et al. 2008) to 7.4% in the Indian white-backed vulture
(Umapathy et al. 2005). Similarly, in the ostrich, the overall incidence of the defect is low,
although the anomaly represents the most commonly observed head defect, constituting
7.7% of total sperm defects (du Plessis et al. 2014). However, subsequent studies on ostrich
semen have revealed an exceptionally high individual incidence of this defect (an average of
almost 30% of total sperm count over the winter and spring seasons) in a specific breeding
male (L. du Plessis, unpubl. data). Despite the numerous accounts of macrocephaly in birds,
little reference has been made to the combination of giant heads and multiple tails that
characterise SMS. Some macrocephalic spermatozoa in the Houbara bustard (which shows a
high incidence of macrocephalic sperm ranging from 5% to 40% of total sperm count)
reportedly exhibit multiple tails (Lindsay et al. 1999). Due to the commercial importance of
ratites such as the ostrich and emu, and considering the ongoing research on the application
of Al in this farming enterprise (Malecki et al. 2008; Bonato and Cloete 2013), attention has
focused on documenting abnormal sperm morphology in both species (du Plessis and Soley
2011; du Plessis et al. 2014). Whereas in the emu relatively large numbers of spermatozoa
conforming to the morphological criteria for SMS have been reported (du Plessis and Soley
2012), in the ostrich an unusual phenomenon is described by light microscopy whereby
spermatozoa with giant heads often exhibit a thickened tail that appears, although not yet
confirmed ultrastructurally, to represent closely apposed multiple tails (du Plessis et al.
2014). Can such spermatozoa, if present in sufficient numbers, be considered to represent
this syndrome?



Macrocephalic spermatozoa have been shown to exhibit polyploidy in both mammals
(Salisbury and Baker 1966; Carothers and Beatty 1975; Viville et al. 2000; Devillard et al.
2002; Lewis-Jones et al. 2003; Guthauser et al. 2006; Kopp et al. 2007; Coutton et al. 2015)
and birds (Barna and Wishart 2003; Lindsay et al. 1999). This phenomenon has been
demonstrated using a variety of techniques, including Feulgen staining, flow cytometry,
fluorescence in situ hybridisation (FISH) analysis and 4'-6-diamidino-2-phenylindole (DAPI)
staining (Salisbury and Baker 1966; Bertschinger 1975; Carothers and Beatty 1975;
Weissenberg et al. 1998; Barna and Wishart 2003; Sun et al. 2006; Revay et al. 2010).
Information based on these techniques has identified diploid, triploid, tetraploid and
hyperploid forms of macrocephalic spermatozoa (Sun et al. 2006; Coutton et al. 2015).
However, some reports suggest that diploid spermatozoa appear to be the most common
form of polyploidy (Salisbury and Baker 1966; Bertschinger 1975; De Braekeleer et al. 2015).
Whether this trend holds true for ratite spermatozoa remains to be determined.

Information on motility parameters for SMS is limited. Escalier (1984) notes that affected
spermatozoa exhibit variable motility with no definite trajectory being observed due to the
uncoordinated beating of the multiple tails. Conflicting information has been presented on
birds. In the Guinea fowl it was reported that the curvilinear velocity of large-nuclei
spermatozoa (with suspected multiple axonemes) was markedly lower than that of normal
spermatozoa (Barna and Wishart 2003). However, in the Houbara bustard, the velocity of
spermatozoa with large nuclei (but not necessarily associated with multiple flagella) was
reported to be greater than that of normal spermatozoa (Lindsay et al. 1999). Although the
motility of ostrich spermatozoa has been assessed subjectively (Rybnik et al. 2007; Bonato
et al. 2011) and by computer-aided sperm analysis (CASA; Ciereszko et al. 2010; Bonato et
al. 2012; Smith et al. 2016, 2018a, 2018b), no association between motility parameters and
SMS has been reported for ratites.

In view of the paucity of information on SMS in birds, this paper reports on the fine
structure of this multiple defect in the ostrich, elaborates on the unusual tail arrangement,
examines the DNA content of affected spermatozoa by flow cytometry and compares
motility parameters between aberrant and normal spermatozoa using CASA.

Materials and methods
Animals

Semen samples were collected using the dummy female method (Rybnik et al. 2007,
Malecki et al. 2008) from nine sexually active and fully trained South African black ostriches,
ranging from 3 to 10 years of age. Birds were maintained at the Oudtshoorn Research Farm
of the Western Cape Department of Agriculture (global positioning system (GPS)
coordinates —33°37'54.1848"S, 22° 15'25.6932"E) in the Little Karoo region of South Africa
as part of a project on Al in ostriches. In all, 171 ejaculates were collected during the winter
(June) and spring (September) seasons. Aliquots of neat semen from all nine birds were
used for CASA immediately after collection. The remaining semen was mixed with 4%



phosphate-buffered glutaraldehyde in equal volumes for the examination of sperm
morphology and for flow cytometric analysis.

In addition, data on sperm dimensions (normal and macrocephalic) generated during a
previous study (du Plessis et al. 2014) provided complementary evidence for the present
study. Data are expressed as the mean *s.d.

Morphology

Smears of the fixed semen samples were stained with Wright’s stain (Rapidiff; Clinical
Sciences Diagnostics) for the morphological evaluation of spermatozoa on an Olympus BX63
light microscope using a 100x oil immersion objective (phase contrast illumination) and
Olympus cellSens Imaging Software version 1.5 (du Plessis et al. 2014). Based on the light
microscopic evaluation, selected samples from birds exhibiting a high incidence of
macrocephalic spermatozoa were routinely prepared for transmission electron microscopy
(TEM; du Plessis and Soley 2011). The incidence of the defect for the nine birds sampled is
expressed as the median value and interquartile range (IQR, 25% and 75%).

Motility

Sperm cell motility was evaluated using the method described by Smith et al. (2016). Briefly,
neat semen was resuspended to a final concentration of 20 x 10° spermatozoa mL™ in a
standard motility buffer, using sodium chloride (150 mM) and TES (20 mM) with 2% of the
male-specific seminal plasma. The sample was incubated at 38°C for 1 min, after which 2 pL
diluted semen was placed on a prewarmed slide, covered with a coverslip (22 x 22 mm) and
allowed to settle for a few seconds before recording. Random images of 5 to 10 different
fields were captured to obtain a total of at least 300 images of motile spermatozoa using the
Sperm Class Analyzer (SCA) version 5.3 (Microptic) with a Basler A312fc digital camera
mounted on an Olympus BX41 microscope equipped with phase contrast optics. Only
images containing both normal and macrocephalic spermatozoa were used for subsequent
analysis. Each macrocephalic and normal sperm cell was then individually identified and
their motility recordings extracted for analysis (n = 6087). The same investigator (MB)
performed all motility analyses for consistency.

Sperm cell motility variables included amplitude of lateral displacement (ALH), beat-cross
frequency (BCF), linearity (LIN) and wobble (WOB). Various measures of velocity can be
calculated, such as average path motility (VAP), curvilinear velocity (VCL) and straight line
velocity (VSL), but VAP was used in the present study because it has been shown to
correlate well with fertility in other bird species like the fowl (Wishart and Palmer 1986;
Cornwallis and O’Connor 2009) and was highly correlated with VCL (r=0.93) and VSL
(r=0.75) in the present study. Generalised linear mixed models (GLMM) were then
performed using Genstat version 18 (VSN International) to investigate whether sperm cell
motility was influenced by head morphology. Head morphology (normal vs macrocephalic),
season (winter or spring) and male age were entered as fixed factors, whereas male identity
was entered as a random factor. LIN and WOB variables were arcsin transformed to achieve
normal distribution before the analysis. Furthermore, to control for potential inbreeding
depression, inbreeding coefficients were estimated for each bird using the MTDFNRM



software developed by Boldman et al. (1995), and included as a covariate in all GLMM
analyses.

Flow cytometry

For flow cytometry, 12 randomly selected samples (of the 171 ejaculates) from the nine
birds were used for blind analysis. To determine DNA ploidy, 100 uL cell lysis buffer (LPR
buffer, DNA Prep Reagents Kit, Beckman Coulter) was added to 100 pL fixed sperm solution
and briefly vortexed. After 5 min incubation at room temperature, 1 mL DNA staining
solution (10 mg mL™! propidium iodide (PI); Sigma Aldrich) was added to the lysed cell
suspension, which was further incubated for 30 min in the dark at room temperature.
Samples were analysed using a Gallios flow cytometer (Beckman Coulter). The Pl fluorescent
signal was detected using the FL3 (620/30 nm) bandpass filter. During analysis, larger
aggregates were removed using an FL3 log width versus FL3 log area plot. To establish the
relationship between relative DNA concentration and relative forward scatter (FS; cell size),
1 mL DNA staining solution was added to 100 pL fixed sperm suspension and briefly
vortexed. The cell suspension was incubated for 30 min in the dark at room temperature,
after which flow cytometric analysis was performed. During analysis, nuclei aggregates were
excluded using an FL3 width versus FL3 area plot.

Postacquisition data analysis was performed using Kaluza Analysis software (version 2.1;
Beckman Coulter) consistently employing the same gating strategy. The median FS area
signal was used as an indication of size differences observed between the diploid and
haploid populations (Standerholen et al. 2014). The instrument configuration and settings
used are summarised in Table S1, available as Supplementary Material to this paper.

Results
Morphology

For the nine birds in the present study, the incidence of the defect was variable, ranging
from 0% to 29.6% (median 0.9%, IQR 0.3%, 1.6%) of the total sperm count. One bird
consistently revealed a higher percentage of giant heads, ranging from 8.8% to 29.6%
(median 13.8%, IQR 12.5%, 17.9%).

On light microscopy, macrocephalic spermatozoa were readily identified by the presence of
a visibly longer head than that in normal spermatozoa (26.5+ 1.6 vs 16.7 £ 0.6 um
respectively; Figs 1, 2; du Plessis et al. 2014). The base of the head often appeared bulbous,
indicating widening to accommodate the supernumerary centriolar complexes (CC)
observed by TEM (see below). In addition, aberrant spermatozoa exhibited an apparently
single but noticeably thicker flagellum of similar length to that in normal spermatozoa

(61.7 + 2.6 vs 60.9 + 2.8 um respectively; Fig. 2). However, due to the longer head length,
total sperm length was greater in macrocephalic spermatozoa (Fig. 2). In macrocephalic
spermatozoa, the compound tail (revealed by electron microscopy) generally formed a
complete unit involving all segments of the tail. However, in some cells the unitary tail was



Fig. 1. Light micrograph showing the difference in head length between normal and macrocephalic spermatozoa. Note the apparently single but thickened tail
characteristic of most macrocephalic spermatozoa. Inset: unravelling of the end-piece and distal part of the principal piece of a macrocephalic spermatozoon (circled).
Several free cytoplasmic droplets are also obvious. Glutaraldehyde-fixed spermatozoa; Wright’s stain; Phase contrast microscopy. Scale bars = 10 um.




partially separated, generally in the vicinity of the end-piece, but also in the more distal
parts of the principal piece (Fig. 1 inset), revealing its true multiflagellate nature.

Fig. 2. Box plot showing head, tail and total sperm lengths of normal (n = 125; blue) and macrocephalic

(n = 26; red) spermatozoa. The obvious difference in total length is almost entirely due to the longer head
length of macrocephalic spermatozoa (extrapolated from the original data of du Plessis et al. (2014)). Boxes
show the interquartile range, with the median value indicated by the horizontal line and the mean value
shown by an ‘X’. Whiskers indicate minimum and maximum values and outliers are indicated by circles.
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At the ultrastructural level, normal ostrich spermatozoa exhibited the typical morphological
features previously reported for this species (Soley 1993). In contrast, macrocephalic
spermatozoa were characterised by a unitary midpiece housing a variable number (two
being the most common variant) of CC. Each CC was surrounded by a mitochondrial sheath
that generally incorporated only a single row of mitochondria between adjacent CCs (Figs 3,
4). In some defective cells, mitochondrial cement replaced the mitochondria between
adjacent CCs (Fig. 3b, c). Although in most instances the widened nuclear base
accommodated the supernumerary CCs, peripheral attenuation of the nuclear base was
observed in some cells. When three or more CCs were present, they were circularly
arranged beneath the nuclear base (Fig. 4d), although triplet CCs were occasionally linearly

arranged. Cytoplasmic droplets were frequently associated with the multicentriolar
midpiece (Figs 3, 4).



Fig. 3. (a—c) The neck region and proximal midpiece of ostrich spermatozoa revealing twin centriolar complexes. In (a), mitochondria and patches of inter-mitochondrial
cement fill the space between the centriolar complexes, whereas in (b) and (c) inter-mitochondrial cement occupies this position (stars). A nuclear spine (white arrow)
projects between the centriolar complexes in (a) and (b). PC, proximal centriole; DC, distal centriole; Cd, cytoplasmic droplet. Scale bars = 0.5 um.




Fig. 4. Series of micrographs from proximal to distal demonstrating transverse sections of ostrich
spermatozoa with double (a—c) and triple (d—f) tails. Note the cytoplasmic droplet (Cd) surrounding the
midpiece (a, d) and, in the principal piece (b, ¢, e, f), the normal axoneme surrounded by longitudinal columns
(thin black arrows) and ribs of the fibrous sheath (white arrows). The inset in (c) shows the end-piece of a
twin tail demonstrating remnants of the fibrous sheath (white arrow) and disruption of some microtubular
doublets (arrowhead). Scale bars = 0.5 um (a—f); 0.25 um (inset, c).

(b) (9

A conspicuous annulus defined the border between the midpiece and principal piece of the
flagellum and was present around each of the multiple tails (Fig. 5). This transition between
the two parts of the flagellum was precise and identical for each of the flagella involved (Fig.
5). The thickened tail observed by light microscopy was shown ultrastructurally to consist of
multiple principal pieces (generally two, although as many as five were observed)
collectively bound within the plasmalemma (Fig. 4). Each principal piece was independent
and clearly separated from adjoining tails by a conspicuous layer of cytoplasm (Fig. 4). This
part of the tail was composed of a typical axoneme surrounded by a fibrous sheath
consisting of rudimentary longitudinal columns connected by rib-like extensions (Figs 4, 5).
The duplicated axonemes continued to the end of the tail to form the end-piece, which
exhibited varying degrees of microtubular disruption (Fig. 4). Therefore, based on these
observations, macrocephalic spermatozoa in the ostrich also possess multiple but
unseparated flagella.



Fig. 5. Longitudinal profile of a spermatozoon sectioned at the midpiece (Mp)—principal piece (Pp) junction
showing the emergence of identically formed twin tails collectively bound within a common cell membrane.
The arrow indicates the annulus. Scale bar =0.5 um.

Motility

In all, 6087 spermatozoa from the nine birds were recorded for the motility analysis during
the 2016 winter and spring seasons, of which 191 were identified as macrocephalic and
5896 were identified as normal. No macrocephalic spermatozoa were observed in the
semen of one bird. Both CASA and light microscopy independently revealed the incidence of
macrocephalic spermatozoa, which, expressed as a percentage, were similar. Therefore, the
two techniques supported each other with regard to the incidence of the defect.

Macrocephalic spermatozoa showed an increase in BCF and LIN and a decrease in VAP and
WOB compared with normal spermatozoa (P < 0.05; Tables 1, 2). An effect of season was
also detected for all variables except for BCF and VAP (P < 0.05), with higher values being
observed for ALH and LIN in winter and a higher value for WOB in the spring. Male age also
affected all motility variables measured, but to a different extent: ALH, VAP and WOB

10



Table 1. Least square mean (ts.e.m.) and s.d. and CV for the effect of head morphology, season and male age on sperm kinematic traits of spermatozoa from nine

South African black ostriches

*P<0.05, **P<0.01, ***P < 0.001. ALH, amplitude of lateral displacement; BCF, beat-cross frequency; LIN, linearity; VAP, average path velocity; WOB, wobble

Wariation source ALH (ums™ BCF (Hz) LIN (%) VAP (pms™ ") WOB (%)
Mean s.d. CV Mean sd. Ccv Mean s.d. v Mean s.d. CV Mean s.d. v
Head morphology P=0.05 ek ek i *
Macrocephalic 2,58 £0.07 094 3647 7234022 309 4271 5491 4+£2.08 29 52.13 48.16 +£2.06 28.44 59.05 69.93+140 20 28.78
Normal 2,64 4£0.02 114 43.06 5.71 £0.04 312 54.58 4451 +£038 29 64.93 54.86 +£0.38 29.49 53.76 73.4540.25 19 26.78
SCESDH w P:} OOS ww * whw
Winter 2834022 122 4292 5.73 +£0.06 3.04 53.08 47.004 0.475 26 55.43 5543 4055 30.02 54.15 72.50 +£0.34 189 26.06
Spring 2454002 106  41.09 5.79 £0.06 321 55.44 42,80+ 0.567 314 73.43 53864052 28.92 537 74.20 £0.36 199 26.79
MEIE ﬂgﬁ' (},ws] #* HEE ww wdkk whw
3 2,56 £0.02 1.03 40.14 5.99 £0.06 311 51.9 4740 +0.57 273 57.69 52544062 30.07 5723 72.00 +£0.43 207 28.73
4 2.69+£0.03 1.18 43,73 5.954+007 3.08 51.81 46.40 +£0.61 251 54.1 53994079 27.29 50.55 74.30 £0.44 182 24.51
[ 2474003 126 4298 5224009 331 63.38 3BT704+1.08 369 55.39 58.634+1.07 27.29 50.55 76.10 £0.51 174 22.89
10 293 4+0.04 1.1 44.49 5524009 297 52.84 4350 +088 26.7 61.38 53754079 32.58 55.57 71.50+£0.66 202 28.22
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Table 2. Effects of head morphology, season, male age and their interactions on amplitude of lateral displacement (ALH), beat-cross frequency (BCF), linearity (LIN),
average path velocity (VAP) and wobble (WOB) of spermatozoa from nine South African black ostriches
Significant P-values are bolded. HM, head morphology; S, season; A, male age

Wariables ALH (pm s7h BCF (Hz) LIN (%) VAP (pm s WOB (%)
d.f. F P-value df. F Pwalue d.f F Povalue d.f. F Pwvalue df F P-value

Fixed factors

HM 11,6070  0.63 0427 1,6070 4567 <0.001 1,6070 2489 <0001 1,6070 973 0002 1,6070 622 0013
8 1,6070 18696 <0.001 1,6070 033 0565 1,6070 3493 <0.001 1,6070 420 004 11,6070 1244 <0.001
A 3,6070 3305 <0.001 3,6070 1849 <0.001 3,6070 2432 <0.001 3, 6070 957 <0001 3,6070 1538 <0.001
HM = 8 1, 6070 1.97 0161 1,6070 628 0012 1,6070 155 0213 1,6070 822 0004 1,6070 12.79 <0.001
HM = A 3,6070 047 0701 3,6070 3.10 0.025 3,6070 063 0593 3, 6070 260 0055 3,6070 2.68 0046
Sx A 3,6070 1612 <0.001 3,6070 42.06 <0.001 3,6070 3601 <0.001 3, 6070 1251 <0001 3,6070 8.96 <0.001
HM x Sx A 3,6070  3.05 0.028 3,6070 146 0223 36070 086 0463 3, 6070 181 0144 3, 6070 064 0591
Covariate

Inbreeding coefficient 1,6070 000 0983 1,6070 7.12 0008 1,6070 876 0003 1,6070 037 0545 1,6070 690  0.009
Random factor
Male ID 46070 308 0015 4,6070 2452 <0.001 4,6070 966 <0.0001 4, 6070 13.51 <0001 4, 6070 11.16 <<0.001

12



Fig. 6. Flow cytometry histograms obtained by propidium iodide staining of selected glutaraldehyde-fixed ostrich semen samples. (a—d) Semen sample (#139) from a bird
with a known high concentration of macrocephalic spermatozoa; (e—h) semen sample (#176) from a bird with a low concentration of aberrant spermatozoa. (a, e)
Ungated sperm population; (b, f) gated cell population (large aggregates removed) showing two subpopulations of spermatozoa; (¢, g) histogram plot indicating the levels
of fluorescence (x-axis) emitted from the two subpopulations; (d, h) a relationship is demonstrated between cell size (forward scatter (FS)) and DNA content, with the
larger spermatozoa (diploid) revealing double the DNA content of the smaller (haploid) sperm population.

[Ungated] [Singlets] FS Area / SS [A] Propidium lodide (FL3 Lin) [A] Propidium lodide (FL3 Lin) / FS Area
Propidium lodide (FL3 Lin) / FL3 Width 10t 1 L
1000 B o c D Diploid
A _Haploid R0
200 10°4 ] 10°
£ - 3
g o § 3 & )
b3 4 104 o »
1 - » )
L 4007 Singlets ot Diploid
i Haploid 1074
2004 10°4 10+
—
ol . -
0 T T T T T ° 200 400 600 800 1000 o 2(‘30 400 u'n m'zo 1000
[ 200 400 600 800 maol 4 b 1o 49 (x 10°) (x10%)
X 3 {x:10%) Propidium lodide (FL3 Lin) Propidium lodide (FL3 Lin)
Propidium lodide (FL3 Lin) FS Area Gate Number %Gated  X-Mod X-GMean Gate  Number%Gatod  X-Med X-GMean
Gate Number %Gated  X-Med X-GMean Gate Number %Gated  X-Med X-GMean Diploid 1377 41,41 608 426,69 610 397,63 _Oiploid 1330 40,00 607 061,31 607 135,19
Singlets 3390 59,10 334 848,00 410 111,75 A 3325 98,08 26 819,72 29 243,38 Haploid 1900 57,14 306 641,47 309 062,50 Hoploid 1913 57,53 307 095,28 310 844,03
[Ungated] [Singlets] FS Area / S5 [A] Propidium lodide (FL3 Lin) _._[A] Propidium lodide (FL3 Lin) / FS Area
Propidium lodide (FL3 Lin) / FL3 Width L F G w H
1000+ E o _Diploid
_Haploid
800 10* e
2001
= = 3
5z @ § 2 o)
= 4l w0 O 200 o
~m
T 400
! o] Haploid 10°4
200 03 Diploid
—_
0+ T T T
0 T T T T T 200 400 €00 800 1000 o 2:)0 400 600 8:}0 1000
0 200 400 600 800 woo) "o o 4 40 (x 109 (x 10%)
{102 Propidium lodide (FL3 Lin) Propidium lodide (FL3 Lin)
Propidium lodide (FL3 Lin) FS Area Gate  Number %Gated  X-Med X-GMean Gato  Number %Gated  X-Med X-GMean
Gate Number %Gated  X-Med X-GMean Gate Number %Gated  X-Med X-GMean Diploid 691 3,81 582 582,88 588 115,50 _Diploid 881 3,76 580 505,63 583 797,63
Singlets 18977 90,27 279 138,28 290 570,09 A 18125 95,51 18 852,03 19 245,09 Hapioid 17331 95,62 276 800,72 281 222,75 “Heploid 17355 95,75 276 835,25 281 371.31

13



tended to increase with age, whereas BCF and LIN tended to decrease with age.
Furthermore, significant interactions between sperm morphology and season were
detected for BCF, VAP and WOB (Table 2; P < 0.05). Although both normal and
macrocephalic spermatozoa had higher VAP values in winter (55.43 + 0.56 and

55.66 +3.16 um s~ respectively) compared with spring (54.27 £ 0.53 and 42.26 + 2.59 um s™*
respectively; P <0.01), BCF and WOB values for normal and macrocephalic spermatozoa
followed different trends with regard to season: normal spermatozoa had higher BCF and
WOB values in spring than in winter (BCF: 5.75 £ 0.06 vs 5.67 + 0.06 Hz respectively; WOB:
74.5+0.4% vs 72.4 + 0.4% respectively; P < 0.05), whereas macrocephalic spermatozoa had
higher values in winter than in spring (BCF: 7.81 £ 0.34 vs 6.77 £ 0.29 Hz respectively; WOB:
74.4 £+ 0.2% vs 66.4 + 0.2% respectively; P < 0.05). Furthermore, significant interactions were
detected between head morphology and male age for BCF and WOB (P < 0.05), between
season and male age for all motility variables (P <0.001) and between head morphology,
season and age for ALH (P < 0.05; Table 2).

Flow cytometry

Flow cytometric analysis indicated two distinct populations within the samples tested based
on the fluorescence intensity of nuclei after staining with the stoichiometric DNA stain PI
(Fig. 6). In gated samples, the population on the right represented diploid spermatozoa,
whereas the population on the left signified haploid cells (Fig. 6¢, g). The diploid population
(Fig. 6¢C, d, g, h) exhibited a twofold increase in fluorescence intensity (indicating DNA
content) compared with the haploid population (mean fluorescence intensity

328917 +13 257 vs 161 746 + 11 977 respectively). The diploid population also showed an
increase in forward light scatter compared with the haploid population (Fig. 6d, h),
indicating that diploid cell nuclei were larger than haploid cell nuclei. FS is proportional to
the cell surface area or diameter of the cells or particles being measured. Flow cytometry
proved sensitive enough to clearly distinguish between two sperm populations (normal and
macrocephalic) even when the incidence of macrocephalic spermatozoa was low (Fig. 6g, h).

Discussion

This study revealed that a variable number of abnormal ostrich spermatozoa exhibit
structural peculiarities similar to those of SMS described in mammals. Ultrastructural
features of the defect were similar except that the characteristic multiple tails were
collectively bound within the plasmalemma. Flow cytometry identified these cells as diploid
and CASA revealed that they swim slower but straighter than normal spermatozoa.

Morphology
With regard to head size, macrocephalic spermatozoa in the ostrich are 1.6-fold longer
(extrapolated from du Plessis et al. 2014) and marginally thicker (subjective observations

from the present and previous studies on ostrich spermatozoa) than normal spermatozoa. A
similar increase in length has been reported for macrocephalic spermatozoa in the emu (du
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Plessis and Soley 2011), and the heads of spermatozoa in triploid ZZZ fowls are 1.4-fold
longer than those of the normal ZZ genotype (Lin et al. 1995b). Similarly, in a study on
passerine spermatozoa, it was reported that sperm head area was 1.6-fold greater in
triploid ZZZ zebra finches than in normal diploid males (Girndt et al. 2014). These figures
compare favourably with affected human spermatozoa, where an increase in surface area of
1.5-fold has been recorded (Guthauser et al. 2013). However, macrocephalic spermatozoa
in the Houbara bustard had a mean length twice that of normal spermatozoa (Lindsay et al.
1999), whereas another human study observed a threefold increase in nuclear volume
(Escalier 1984). It should be noted that when comparing sperm head dimensions in birds,
particularly with regard to their length, the effect of various fixatives and dyes used during
sample preparation for light microscopy should be taken into account (Santiago-Moreno et
al. 2016). In contrast, evidence from passerine species suggests that long-term storage of
sperm samples in 5% formaldehyde solution, or prior exposure to various solvent media, has
no effect on sperm length (Schmoll et al. 2016). Of possibly greater significance is the
potential effect of the collection method on sperm length. As demonstrated in Passer
domesticus, spermatozoa collected following faecal massage were significantly shorter than
those collected by abdominal massage. The female dummy method (successfully used in the
present study for obtaining physiological ejaculates) could not be compared due to the
failure of male house sparrows to accept the dummy (Girndt et al. 2017). Although
exhibiting markedly longer heads than normal spermatozoa, macrocephalic spermatozoa in
the ostrich did not demonstrate the lack of chromatin condensation reported for
spermatozoa with elongated heads (Prisant et al. 2007) or in macrocephalic spermatozoa
(Escalier 1984) from some human patients.

Macrocephalic spermatozoa in mammals may typically exhibit two or more flagellae (Nistal
et al. 1977; Benzacken et al. 2001; Devillard et al. 2002), with an average of 3.6 being
observed in one instance in man (Escalier 1984). In contrast, very little has been published
on this phenomenon in birds. An unusual finding in the present study was the occurrence of
multiple tails bound together by the plasmalemma in association with the majority of
macrocephalic spermatozoa. Whereas in most reports on the occurrence of multiple
flagellae in mammals and birds separation of the duplicate principal and end-pieces is
apparent (Nistal et al. 1977; Escalier 1984; Lindsay et al. 1999; du Plessis and Soley 2012), in
the ostrich, with few exceptions, all components of the multiple tails are closely bound
together by a common cell membrane. A similar phenomenon has been described in the
boar (Bonet and Briz 1991) and duck (Maretta 1979), although no association was made
between this anomaly and macrocephalic heads. The collective multiple tails were identical
with regard to their dimensions and structure to normal tails and to the separate multiple
flagellae described in other species (Nistal et al. 1977; du Plessis and Soley 2012). As in the
emu (du Plessis and Soley 2011, 2012) and duck (Maretta 1979), most multiflagellate
spermatozoa in the ostrich were biflagellate in nature, although triplet forms were also
commonly observed. Based on these observations it is clear that the thickened tails of
macrocephalic ostrich spermatozoa are indeed multiflagellate. Why the multiple tails fail to
separate, with the exception of the short midpiece, during spermiogenesis as happens, for
example, in the emu (du Plessis and Soley 2012), remains unknown, but poses interesting
guestions pertinent to the normal development of the flagellum.
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Motility

In the present study, the increased values of motility parameters such as LIN and STR for
macrocephalic spermatozoa suggest that they swim in a straighter line than normal
spermatozoa, which reportedly exhibit a low linearity of movement in the ostrich (Ciereszko
et al. 2010). Although it is conceded that the present study was performed on a relatively
small number of males (n =9), the lower values observed for VAP indicate that
macrocephalic spermatozoa swim slower than normal spermatozoa. Reduced velocity
appears to be a consistent feature of macrocephalic spermatozoa in birds and has been
demonstrated in the guinea fowl (Barna and Wishart 2003). A contradictory reinterpretation
(see Introduction) of the earlier work of Lindsay et al. (1999) by the same authors (Wishart
et al. 2002) suggests that the motility of macrocephalic spermatozoa in the Houbara bustard
is only 30% that of spermatozoa with normal nuclear dimensions. A similar trend has been
reported for human spermatozoa, with morphologically normal spermatozoa being
observed to swim faster (and in this instance straighter) than spermatozoa with elongated
heads and megalocephalic sperm (Katz et al. 1982). Similarly, spermatozoa with large heads
and multiple tails show low mobility (Nistal et al. 1977) or varying degrees of motility
(Escalier 1984).

Humphries et al. (2008) note that the velocity of spermatozoa moving through a medium
will be ‘proportional to the balance between drag from the head and thrust from the
flagellum’, and suggest further that ‘the ratio between flagellum and head length may
provide a reasonable predictor for swimming speed’. Whereas this basic concept may be
applicable for non-passerine species, in passerine birds sperm head morphology (in
particular the helical nature of the sperm head and width of the helical membrane) rather
than sperm head length has been associated with sperm swimming speed (St@stad et al.
2018). Macrocephalic ostrich spermatozoa exhibit a markedly lower head : tail ratio (1: 2.3)
compared with that of normal ostrich spermatozoa (1 : 3.7; du Plessis et al. 2014). This
would suggest that they swim slower than normal spermatozoa, a phenomenon confirmed
by the CASA data generated in the present study. It could be argued that the combined
beating of the multiple flagella of the macrocephalic ostrich spermatozoa, if synchronised,
should provide additional thrust. However, because the flagella are collectively bound
within a common plasmalemma, and the individual principal pieces are firmly embedded in
a cytoplasmic matrix (see Fig. 4b, e), the free (independent) movement required by the
multiple tails to potentially generate additional propulsion is lacking. The fixed, constricted
arrangement of the multiple flagella to form a single, combined structure would appear to
explain the sluggish movement of the thickened tails of affected spermatozoa observed by
CASA (M. Bonato, pers. obs.). The confined movement of the thickened tails may also
explain the straighter trajectory of macrocephalic spermatozoa. This contrasts sharply with
the observation on SMS in men that ‘no definite trajectory could be defined for those
spermatozoa with uncoordinated beating of their multiple tails’ (Escalier 1984).

Because fertilisation success has been demonstrated to correlate well with sperm velocity
and sperm morphology in several disparate species, such as red deer (Malo et al. 2005),
green swordtail (Gasparini et al. 2010) and domestic fowl (Wishart and Palmer 1986;
Birkhead et al. 1999), male ostriches exhibiting a higher proportion of slower-moving large-
headed spermatozoa may demonstrate a lower rate of fertilisation success than males with
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a higher proportion of normal spermatozoa. This is particularly important because most
ostrich farmers use large multimale—multifemale groups in breeding camps (Cloete and
Malecki 2011) and several studies have confirmed that specific males tend to sire
significantly more chicks than others (Essa et al. 2004; Bonato et al. 2015). Hence, the
reproductive skew observed in this promiscuous species could be explained, in part, by
differences of sperm quality in males. Although this may be a valid argument for the ostrich,
the presence of a relatively high proportion of macrocephalic spermatozoa in ejaculates of
the Houbara bustard has been shown to have no apparent effect on fertility (Lindsay et al.
1999; Wishart et al. 2002). Further compounding the above argument is the observation in
semen of red-legged partridge hybrids that spermatozoa with longer heads appear to swim
faster (VSL) than do spermatozoa of normal head length found in pure red-legged
partridges, possibly as an adaptation to sperm competition (Santiago-Moreno et al. 2015).

The effect of season on sperm motility variables observed in the present study is consistent
with previous findings in ostriches (Bonato et al. 2014; Smith et al. 2016, 2018a) whereby
some motility variables showed greater values either in spring or winter seasons. Although
the reasons for this are still not fully understood, a change in daylight length in the spring
season associated with elevated androgen concentrations, such as testosterone, which
affects cell production and maturation, could potentially explain these variations (Degen et
al. 1994). Furthermore, Smith et al. (2018b) demonstrated that day of collection influences
the composition of seminal plasma and consequently sperm motility in ostriches. Thus,
further investigations are needed to determine whether potential seasonal variation of the
seminal plasma composition could shed light on the significant interactions between head
morphology and sperm motility variables observed in the present study. In particular,
increasing the number of males used could potentially help confirm or refute the effect of
male age, as well as its interactions with head morphology and season observed on some of
the motility variables.

Flow cytometry

In the present study, flow cytometric analysis of ostrich semen revealed a clear distinction
between spermatozoa with heads of normal dimensions and those showing macrocephaly,
and that the larger heads contained twice the normal DNA content, thus establishing their
diploid nature. This association between diploidy and macrocephaly has been well
established. The larger heads observed in triploid ZZZ fowls reportedly indicate that they
may be diploid in nature (Lin et al. 1995b), supporting a previous study on testicular
material (Lin et al. 1995a) suggesting that spermatids with a large nucleus, twin CCs and
acrosomes and two tails may represent near diploid cells. The obvious size difference and
intense DAPI staining of the nucleus of macrocephalic spermatozoa demonstrating two
flagellae in the Houbara bustard would also suggest that they ‘contain more than the
haploid content of genetic material and that some were actually diploid’ (Lindsay et al.
1999). The diploid nature of macrocephalic guinea fowl spermatozoa has also been reported
(Barna and Wishart 2003). In men, macrocephalic spermatozoa have been associated with a
diploid chromosomal content (Yurov et al. 1996; In’t Veld et al. 1997), a phenomenon also
apparent in the bull (Salisbury and Baker 1966; Revay et al. 2010).
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The link between macrocephaly and polyploidy has led to the general consensus that both
meiotic divisions are affected by incomplete partitioning (chromosome non-disjunction)
coupled with a failure of nuclear cleavage (Devillard et al. 2002; Escalier 2002; Coutton et al.
2015; De Braekeleer et al. 2015; Gatimel et al. 2017; Ray et al. 2017). An association has
been established between mutations of the aurora kinase C (AURKC) gene and
macrocephalic spermatozoa (Chianese et al. 2015; Coutton et al. 2015; Gatimel et al. 2017,
Ray et al. 2017), with evidence from AURKC-mutated patients indicating that DNA synthesis
occurs unhindered in the developing germ cells, which, however, fail to complete any of the
two meiotic divisions (Dieterich et al. 2007; Ben Khelifa et al. 2011). Whether a similar
relationship exists between a specific gene mutation and SMS in the ostrich (and other
birds) remains to be determined.

Conclusion

The increased head size, double DNA content and multiple tails observed in macrocephalic
ostrich spermatozoa would indicate that such spermatozoa, if present in sufficient numbers,
represent the SMS described in men. Should this syndrome in birds, although not proven,
adversely affect fertility, as demonstrated in human clinical studies, its identification in
commercial operations (poultry, ostrich and emu production) and breeding programs for
endangered species would be essential. The thickened single yet composite flagellum
characterising this syndrome in the ostrich is an interesting finding with the potential to
provide additional data on tail development during spermiogenesis. The combination of
enlarged sperm head (increasing drag) and merged multiple tails of normal length
(adversely affecting thrust) would appear to account for the loss of motility exhibited by
macrocephalic spermatozoa in the ostrich.
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