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Abstract

Existing reports on sperm structure in the emu do not adequately illustrate or describe all the
salient ultrastructural features necessary for a meaningful comparison of normal and
abnormal sperm in this species. As sperm morphology forms an important parameter in
determining semen quality, and in view of the proposed role of artificial insemination in the
farming of ratites, this paper re-evaluates and complements the existing data on the topic,
provides a fully illustrated description of emu sperm ultrastructure and documents some
unreported morphological features. Conventional transmission (TEM) and scanning (SEM)
electron microscopy, as well as high resolution SEM, was used to describe the ultrastructure
of sperm harvested from the distal deferent duct of sexually mature birds slaughtered during
the breeding season. In addition to broadly confirming the basic ultrastructural characteristics
previously described for emu sperm, this study revealed a number of unreported
morphological features. These included distinct differences in surface properties between the
acrosome and nucleus, the presence of a thread-like appendage near the base of the nucleus,

variable positioning of the annulus relative to structures located at the midpiece - principal



piece junction and regional differentiation of the principal piece. Although the emu displayed
similar basic morphological features to sperm of other ratites and the tinamou, marked
structural peculiarities were obvious, notably the lack of an endonuclear canal and a
perforatorium as well as the presence of significantly more mitochondria in the midpiece
coupled with an absence of inter-mitochondrial cement. Whereas the broad morphological
features of emu sperm would appear to add credence to the general view that the ratites,
together with the tinamous, form a monophyletic group at the base of the avian phylogenetic
tree, it is also clear that emu sperm are distinctly different from those of the ostrich, rhea and
tinamou which together share morphological affinities This observation may lend some
support to the alternate view that the Australasian ratites represent a separate clade that

developed independently from flightless ancestors.
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Introduction

In common with other niche industries such as ostrich and crocodile farming, the commercial
raising of emus is a relatively small enterprise and is severely hampered by high production
costs and the vagrancies of global economic conditions. The ratite industry currently relies on
natural reproduction, a strategy that is not always cost effective, partly due to the
monogamous nature of ratites [1,2]. This means that a large number of male birds must be
kept for the sole purpose of breeding, which adds an unnecessary financial burden to farming
operations. Males often become aggressive during the breeding season and can cause serious
injuries to each other which lead to additional veterinary expenses. In order to address these
problems, it has been suggested [3,4] that the ratite industry should employ advanced

reproductive technologies such as artificial insemination (Al), which has been successfully



employed in commercial poultry enterprises [5-7]. Since its inception Al has become an
important production tool in the poultry industry, as well as in the conservation of
endangered species [8]. For instance, in turkey farming Al has increased fertility by up to
50% [9]. Although most Al efforts in non-domestic birds have been research orientated [10],
the practical and financial benefits of this technique would clearly be of value in niche
industries such as emu farming. However, the success of this technique is directly dependent
on the quality of the collected semen. The accurate evaluation of semen quality prior to its
use in Al programmes is thus of the utmost importance and sperm morphology, together with
sperm motility and sperm concentration, has been identified as one of the most important

qualitative semen parameters to be considered.

Whereas the ultrastructural features of normal ostrich sperm have been thoroughly described
[11-15], only limited information is currently available on the fine structure of emu sperm.
Existing data [12] does not adequately illustrate or describe all the salient ultrastructural
features of emu sperm necessary for a meaningful comparison of normal and abnormal sperm
in this species. This paper re-evaluates and complements the existing data, provides a fully
illustrated description of emu sperm ultrastructure and documents some previously
unreported morphological features. The results are also compared and discussed in relation to

sperm structure in other ratites and non-passerine birds in general.

Materials & Methods

Semen samples for transmission (TEM) and scanning electron microscopy (SEM) were
collected during mid-breeding season from 15 healthy (animals approved for slaughter) and
sexually active emus following slaughter at commercial abattoirs. The birds ranged in age

from 22 months to five years. Samples were collected approximately 60 minutes after the



birds had been slaughtered. Drops of semen were gently squeezed from the distal ductus
deferens into test tubes containing 2.5% glutaraldehyde in 0.13M Millonig’s phosphate-
buffer (pH7.4) and fixed overnight at 4°C. Using gentle centrifugation and re-suspension
throughout, the samples were washed in Millonig’s phosphate buffer, prior to post-fixation in
similarly buffered 1% osmium tetroxide for one hour. After two subsequent washes in buffer,
the samples were dehydrated through a graded ethanol series (50%, 70%, 90%, 96%, 3X
100% for 20 minutes each). At this stage samples for TEM were cleared with propylene
oxide for 20 minutes and embedded in epoxy resin (TAAB 812 resin; TAAB Laboratories,
England). Thin sections were cut with a Reichert-Jung Ultracut (C. Reichart AG., Vienna,
Austria) ultramicrotome using a diamond knife and stained with lead citrate and uranyl
acetate before being viewed in a Philips CM10 transmission electron microscope (Philips

Electron Optical Division, Eindhoven, The Netherlands) operated at 80kV.

After the dehydration steps indicated above, the samples for SEM were incubated in
hexamethyldisilazane (HMDS) for 30 min after which they were centrifuged, the supernatant
discarded and the pellets re-suspended in HMDS. A drop of this suspension was placed on a
cover slip and allowed to air dry, after which it was sputter-coated with gold and viewed in a
JEOL 840 scanning electron microscope (JEOL Electron Optics Instrumentation, Tokyo,
Japan) operated at 8kV. Additionally, for each sample a drop of the re-suspended pellet in
HMDS was placed on a carbon stub and allowed to air dry. These samples were viewed
uncoated at 0.5kV in a Zeiss Ultra Plus 55 High Resolution FEG scanning electron

microscope (Carl Zeiss International, Oberkogen, Germany).



Results

Scanning electron microscopy

Conventional SEM confirmed the basic morphological features of emu sperm previously
observed by light microscopy [16] and SEM [12]. The cells were long and narrow and the
various segments, namely, the acrosome, nucleus, midpiece, principal piece and endpiece,
could be distinguished although the transition was not always clear (Fig. 1). The acrosome
formed the anterior tip of the sperm head and, although tapering anteriorly, displayed a blunt,
rounded tip (Fig. 1). The base of the acrosome was clearly demarcated from the nucleus
which constituted the longest segment of the head. The surface of the head, in particular that
of the acrosome, was smooth when viewed by SEM (Fig. 1). The head was often gently
curved with the nucleus widening slightly towards its base. In most of the sperm a thin
thread-like or wedge-shaped appendage could be seen to extend at right angles from the cell
surface in the vicinity of the head base (Fig. 1). However, in some cells the appendage

emerged from the proximal aspect of the midpiece.

Figure 1. Emu sperm exhibiting the typical single cytoplasmic appendage (arrow) observed by conventional
SEM. In (a) and in the inset, the appendage is thread-like, while in (b) it appears as a short, stubby projection.

Acrosome (A), nucleus (N), midpiece (Mp), principal piece (Pp). Bar = 1um; inset, Bar = 1um.



A distinction could be made between the head and midpiece with the latter appearing
roughened presumably due to the presence of the mitochondrial sheath in this region. The
midpiece tapered gradually towards the noticeably thinner principal piece. The principal
piece formed the longest segment of the sperm and ended abruptly in a thin, short endpiece.

Unlike the midpiece, the principal piece and endpiece displayed smooth surface profiles with

no distinct surface characteristics (Fig. 1).

Figure 2. Low kV scanning electron micrographs of the various sperm segments. (a) Note the smooth surface of
the acrosome when compared to the rest of the head. An arrow indicates the demarcation between the acrosome
and nucleus. (b) The midpiece demonstrating profiles of the mitochondria. The annulus appears as a ring-like
structure (arrow), indicating the termination of the midpiece. (c) A section of the principal piece clearly
demonstrating the ribs of the fibrous sheath.The annulus is again prominent (arrow). (d) The endpiece is smooth
and devoid of a fibrous sheath although some of the underlying microtubules of the axoneme can be visualised

(arrow). Acrosome (A), nucleus (N), midpiece (Mp), principal piece (Pp), endpiece (Ep). Bar = 1um.



When viewed uncoated and at low kV using high resolution SEM, the various segments of
the sperm could more accurately be discerned than by standard SEM. The acrosome
displayed a much smoother surface than the rest of the head which appeared mottled, with a
clear junction between the two segments being visible (Fig. 2a). The transition between the
sperm head and midpiece was abrupt with the surface features of the two segments appearing
markedly different. Mitochondrial profiles could often be seen beneath the plasmalemma in
the midpiece, giving the surface of this region a cobbled appearance (Fig. 2b). The midpiece
tapered slightly towards its distal end (Fig. 2b). The annulus, which demarcated the transition
between the midpiece and principal piece, was particularly obvious using this technique,
appearing as a prominent circular band or ring between the two segments (Figs. 2b,c). The
ribs of the fibrous sheath were visible throughout the length of the principal piece, and ended
abruptly at the transition to the endpiece which displayed smooth contours with a hint of the

underlying microtubules of the axoneme (Fig. 2d).

Transmission electron microscopy

The head:

Longitudinal sections of sperm examined by TEM confirmed that the apical tip of the highly
condensed nucleus extended deep within the acrosome (Fig. 3). The extent to which the
nuclear tip penetrated beneath the acrosome varied, depending on the plane of section. The
acrosome formed a blunt, cone-like structure covering the tip of the nucleus and was
composed of a homogeneous, moderately electron-dense substance. The narrow sub-
acrosomal space between the acrosome and nucleus was often occupied by flocculant,
moderately electron-dense material. In some instances this space appeared empty. The
nuclear rostrum beneath the acrosome was tapered while the body of the nucleus was

cylindrical, widening slightly towards the base. The plasmalemma was tightly attached to the



Figure 3. Longitudinal section through the apex of the sperm head showing the conical acrosome (A) covering
the tip of the nucleus (N). Inset: Transverse section through the acrosome (at approximately the level of the
dotted line in the figure) illustrating the central core of nuclear material surrounded by the acrosome. Note the

narrow sub-acrosomal space in both micrographs (arrow). Bars = 0.5um.

entire head (acrosome and nucleus), with a thin intervening layer of cytoplasm which was
more obvious towards the nuclear base. The electron-dense nuclear chromatin was
homogeneous and tightly compacted, although in some cells there were localized areas that
appeared granular or filamentous in nature, presumably representing regions of incomplete or
decondensed chromatin. The base of the nucleus terminated in a shallow implantation fossa.

No perforatorium or endonuclear canal was present in the emu sperm head.

The thread-like appendage observed on SEM was also noted on TEM in both longitudinal
and transverse sections of the head base (Fig. 4). In transverse section the appendage
generally appeared as a thin finger-like protrusion at the base of the nucleus, but sometimes
formed a small stubby triangle. It was always covered by the plasmalemma and was
composed of pale, homogenous material (presumably residual cytoplasm) devoid of

cytoplasmic organelles.



Figure 4. Longitudinal (a-c), oblique (d) and transverse (e-f) sections of sperm demonstrating the cytoplasmic

appendage situated at the head base — midpiece region. The appendage varies in shape from short, stubby finger-
like (b); slender finger-like (d); bent (c); club-shaped (f); and triangular (a,e). Nucleus (N), midpiece (M). Bar =

lum.

The neck:

The neck region (forming the connection between the head and the midpiece) (Fig. 5)
displayed a shallow concave implantation fossa at the base of the nucleus lined by a thin layer
of moderately electron-dense material, the basal plate. The fossa appeared in the form of
individual impressions each housing one of the poorly defined segmented columns that,
together with the capitellum, formed the connecting piece. Depending on the plane of section,
two shallow impressions were generally observed at the nuclear base (Fig. 5), suggesting that
the implantation fossa consisted of a series of depressions running along the perimeter of the
nuclear base. The tips of the segmented columns merged to form the capitellum, which was

separated from the basal plate by an intervening layer of clear material. The short proximal



Figure 5. Neck region of a normal emu sperm. Nucleus (N), basal plate (white arrows), capitellum (block
arrows), proximal centriole (P), distal centriole (D), mitochondria (M). Note the two shallow impressions

representing the implantation fossa and which house elements of the connecting piece. Bar = 0.5um.

centriole lay below the base of the nucleus, was enclosed by the connecting piece and lay on
top of, and at right angles to, the long distal centriole. In transverse section, the proximal
centriole displayed nine sets of triplet microtubules embedded in a ring of moderately
electron dense material (Fig. 5). In longitudinal section it appeared as a hollow, cup-shaped
structure with thick walls in which the triplet microtubules were embedded (Fig. 6b). The
central cavity of the centriole appeared empty although in some instances it contained fine
flocculant material. Mitochondria of the pars spiralis extended into the neck region, lying

sandwiched between the plasmalemma and the segmented columns (Fig. 5).

The midpiece:

The midpiece tapered from the neck region to its termination at the annulus (Figs. 6a,7). The

distal centriole lay immediately below the proximal centriole and extended the full length of
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Figure 6. (a) Longitudinal section through the neck and midpiece. Note the long distal centriole which is filled
with flocculant material in the anterior region (star), and the rod (R) containing the central pair of microtubules
in the posterior segment of the centriole. The annulus (arrow) demarcates the boundary between the midpiece
and principal piece. Figs. (b-d) represent equivalent cross-sections of the regions marked b — d in Fig. 6a. Fig.
6b illustrates a section through the proximal centriole, 6¢ a section through the anterior aspect of the distal
centriole showing the lumen filled with flocculant material and 6d a section through the posterior region of the
distal centriole with the centrally positioned rod of dense material. Nucleus (N), mitochondria (M), principal

piece (Pp). Bar (a) =1um; Bar (b-d) = 0.5um.

the midpiece (Figs. 6a, 7). Transverse sections through the anterior segment of the distal
centriole revealed a thick electron-dense wall containing nine sets of triplet microtubules
(Fig. 6¢). The centriolar lumen generally appeared empty in this part of the midpiece,
although in some instances granular/flocculant material, similar to that seen in the proximal

centriole, was observed (Fig. 6a). In transverse sections through the posterior segment of the



Figure 7. Longitudinal sections through the neck and midpiece. Note in (a) the rod of dense material (arrow)
running the complete length of the midpiece. In (b) the lumen of the anterior part of the distal centriole appears
empty (arrow) with the rod of dense material only occupying the posterior two thirds of the centriolar lumen. In
(c) the lumen of the entire centriole appears empty (arrow). The annulus (open arrows) in (a) and (b) is
indistinct, while in (c) it is slightly more pronounced. Nucleus (N), midpiece (Mp), principal piece (Pp). Bar =

Tpm.

distal centriole, a rod of dense material containing two free microtubules was evident. This
rod was generally centrally placed within the centriolar lumen (Fig. 6d) although in some
cells it adopted an eccentric position. The eccentric positioning would explain why in some
longitudinal sections the lumen of the distal centriole appeared empty (Fig. 7c). In a few
instances the rod appeared to extend the full length of the distal centriole (Fig. 7a). From its
point of origin, which was variable within the distal centriolar lumen, the rod extended the
full length of the midpiece to terminate just above the annulus. The two free microtubules,
however, continued caudally as the central pair of microtubules of the axoneme (Figs. 6a,7b,

8a,c).

12



Figure 8. Transition between the midpiece (Mp) and the principal piece (Pp). Note the relatively inconspicuous
annulus (arrows) and (a) the positioning of elements of the fibrous sheath beneath the annulus, (b) between the
annulus and distal centriole and (c) between the mitochondria of the midpiece and the distal centriole. Bar =

0.5um.

The distal centriole was bordered peripherally by the mitochondria of the pars spiralis. In
longitudinal sections seven to eight mitochondrial profiles could be seen running the entire
length of the midpiece and into the neck region (Fig. 6a), while in most transverse sections of
the midpiece five to six mitochondria could be discerned (Figs. 6b-d). This gave an
approximate number of 40 mitochondria forming the mitochondrial sheath. The mitochondria
were closely packed and mostly rectangular in form with parallel cristae, although some

round forms were observed. There appeared to be no inter-mitochondrial cement present.

The midpiece terminated at the poorly-developed annulus. This structure formed an indistinct
band or ring of moderately electron-dense material that demarcated the boundary between the
midpiece and the principal piece of the flagellum (Figs. 7,8). The annulus abutted the last row
of mitochondria and extended approximately halfway, and in some sperm all the way (Fig.7c)
between the plasmalemma and the outer microtubular doublets of the axoneme. In some
instances elements of the fibrous sheath of the principal piece were observed interposed

between the annulus and the axoneme (Fig. 8b) or even between the mitochondria of the pars
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spiralis and the axoneme (Fig. 8c). However, in a small number of sperm, the annulus was
relatively well-developed and filled the space between the plasmalemma and the axoneme.

No retro-annular recess was observed in mature sperm.

The principal piece:

The long principal piece consisted of the axoneme surrounded by an electron-dense, ribbed
fibrous sheath. The axoneme displayed the typical structural features previously recorded for
the ostrich [13] and was composed of nine regularly spaced outer doublet microtubules
surrounding a central pair of single microtubules. In transverse section the A subunit of each
doublet exhibited a circular profile and was filled with dense material, whereas the B subunit
formed an incomplete lucent cylinder attached to subunit A (Figs. 9, 10a). Dynein arms were
seen projecting in a clockwise direction from the A microtubule towards subunit B of the
neighbouring doublet. Radial spokes connected the peripheral doublets to the central pair of
microtubules and could be clearly discerned in both transverse (Figs. 9, 10) and longitudinal

(Fig. 11a) sections of the principal piece.

- fibrous sheath

microtubular doublet -

- dynein arms

longitudinal column  —_

~ spline
inner pair of microtubules —

dense fibre ~ R
—~ plasmalemma

radial link "\ cytoplasm

Figure 9. Schematic diagram showing the various components of the proximal part of the principal piece.
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Figure 10. Transverse sections through the proximal (a) and distal (b) segments of the principal piece. Note the
difference in diameter [particularly of the distal segment shown in (b)], the laminated longitudinal columns
(black arrows) joined by ribs, the various components of the axoneme and in (a) the small dense fibres (white
arrows) associated with the doublet microtubules as well as the layer of cytoplasm (star) present between the
plasmalemma and fibrous sheath. In (b) the spline connecting one of the doublets to the fibrous sheath is

indicated (white arrow). Bar = 0.25um.

The principal piece could be divided into two regions based on structural peculiarities and
differences in diameter. The first (proximal) region lay immediately beneath the annulus, was
relatively short and was approximately 0.5um in diameter. The fibrous sheath consisted of
two poorly defined longitudinal columns lying in line with the central pair of axonemal
microtubules, although this arrangement was not obvious in all the cells studied. The
columns, when present, manifested as discrete, broad thickenings of the fibrous sheath which
gave the principal piece in transverse sections a laminated appearance (Figs. 9, 10). Although
the columns themselves were not always obvious, their position could be determined by the
presence of a small septum-like extension of the columns linking them to the adjacent
microtubular doublets (doublets 3 and 8) (Fig. 9). The columns were connected by flimsy
rib-like structures (Fig. 11b) which in some transverse sections also appeared laminated. Due
to the relatively loose, composite arrangement of the fibrous sheath in this region, it

sometimes appeared as a multi-layered structure in longitudinal sections of the tail (Fig. 11a).
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Figure 11. Longitudinal sections of the principal piece showing regional differentiation. In (a) the fibrous sheath

in the region just beneath the annulus appears multi-layered (arrows). Note the outer and central microtubules of
the axoneme (AX) connected by evenly-spaced radial spokes. (b) Proximal principal piece. The connecting ribs
are illustrated in oblique (arrow) and longitudinal (white arrows) section. In (c) the fibrous sheath of the distal

principal piece (arrow) is markedly thinner and tightly covered by the plasmalemma. Bar = 0.5um.

A layer of cytoplasm, composed of fine flocculant material, was present between the fibrous
sheath and plasmalemma (Fig. 10a). Another notable feature of this region was the presence
of nine small outer dense fibres positioned between the fibrous sheath and the axonemal
doublets. Each dense fibre was closely associated with its corresponding doublet (Figs. 9,
10). Dense fibres 3 and 8 were lost a short distance beneath the annulus and replaced by a
discrete projection (spline) of material emanating from the longitudinal columns. It was clear
from the relative scarcity of transverse sections of the principal piece demonstrating the dense

fibres that they only occupied a short segment of the anterior region of this part of the tail.

The second (distal) and longest region of the principal piece was markedly thinner in

diameter (approximately 0.3um) and tapered gradually towards the endpiece. The fibrous

16



sheath was thinner and more compact, the longitudinal columns were no longer present or
were poorly developed and the plasmalemma lay closely apposed to the fibrous sheath (Figs.
10b, 11c). The axoneme displayed the characteristic structure although the spline of dense

material linking doublets 3 and 8 to the fibrous sheath was often poorly developed or absent.

The endpiece:

The flagellum terminated in a short endpiece essentially composed of the axoneme covered
by the plasmalemma. The fibrous sheath sometimes terminated evenly at the transition
between the principal piece and endpiece (Fig. 12a), but generally ended in a staggered
fashion (Fig. 12b). The organized arrangement of the axoneme was disrupted along the length
of the endpiece with separation of the microtubular doublets being observed as well as loss of
the dynein arms and radial spokes. A random decrease in the number of microtubules, most

of which were electron-lucent, was obvious towards the termination of the endpiece (Fig. 12

inget)

Figure 12. Longitudinal sections through the endpiece of the flagellum. In (a) note the continuation of the
axonemal microtubules (arrow) from the principal piece into the endpiece. The inset demonstrates a transverse
section of the endpiece containing 15 electron lucent microtubules. In (b) the staggered termination of the

fibrous sheath can clearly be seen (arrows). Bar = 0.5um; inset Bar = 0.25um.
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Discussion

Compared to conventional light microscopy, electron microscopy is an expensive and time-
consuming technique which clearly cannot be utilised for the routine assessment of sperm
morphology. However, the higher resolution of this imaging technique allows for a more
accurate appraisal of sperm morphology thus definitively establishing normal structure. The
value of SEM in forming a three dimensional image and of TEM in identifying specific
structural features, has been recognized in the evaluation of sperm morphology [17]. These
two techniques, together with light microscopy, complement and support each other thus

providing essential baseline information relevant to structural studies.

Scanning Electron Microscopy

The SEM data of Baccetti et al. [12] provides little information on the surface morphology of
emu sperm other than to note the length of the various segments of the cell and that the
midpiece is not as “deeply marked as in the ostrich”. The current study, in addition to clearly
revealing the various components of the sperm, demonstrated a distinct difference in cell
surface characteristics between the acrosome (smooth) and the rest of the head (nucleus)
which appeared mottled. This was particularly obvious using high resolution SEM. This
phenomenon would seem to indicate that the surface properties of the plasmalemma
overlying the acrosome differ from that part of the cell membrane covering the nucleus. The
head of ostrich sperm has also been described as being smooth compared to the rest of the
cell [12,14]. Whereas the tip of the emu sperm head appears relatively pointed on LM [16],
SEM demonstrated that it was blunt, particularly in comparison to that of the ostrich [14].
The most striking surface feature of the emu sperm head was the presence of a cytoplasmic
appendage situated in the region of the head base. This structure has not been described in

any avian sperm and was not identified by Baccetti et al. [12] in the emu although it was a
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consistent feature of all the birds in the present study. The possible origin of this structure is

discussed below.

The midpiece of emu sperm is described by Baccetti et al. [12] as being “marked” when
viewed by SEM, which presumably indicated the presence of the mitochondrial sheath in this
region. Mitochondrial profiles were clearly visible in the present study when viewed by high
resolution SEM as was the ring-like annulus separating the midpiece from the principal piece
of the tail. Likewise, the principal piece displayed the ribs of the fibrous sheath lying beneath
the plasmalemma whereas the endpiece appeared smooth. Baccetti et al. [12] did not
elaborate on the surface features of these parts of the tail in either the emu or ostrich,
presumably due to limitations in the methodology used. It was therefore clear from the
present study that high resolution SEM provides greater morphological detail than merely

distinguishing the various components of the cell.

Transmission Electron Microscopy

The acrosome is a small conical structure at the tip of the emu sperm head, similar to that
described in the ostrich [12,13] and rhea [18]. However, when viewed in sagittal section, the
apical tip of the acrosome in the emu displayed a more rounded profile than the sharper tip
described for the ostrich and rhea. In common with other ratites the nuclear rostrum in emu
sperm extends deep within the acrosome, resulting in the lateral profiles of the acrosome
thinning towards the acrosome-nuclear shoulder. The acrosome of the budgerigar, parrots and
cockatiel, although also conical in form, does not form a cap over the tip of the nucleus as
described in ratites, but ends adjacent to the nucleus without overlapping it [19-21]. Not all
non-passerines have a cap-like acrosome, for example, in the white-naped crane [22], jacana

[23] and woodpecker [24], a small spherical, button-like acrosome has been described which
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nestles at the blunt apex of the nucleus. These species are considered to be advanced non-
passerines on the basis of DNA studies [25]. It is also noteworthy that they do not possess a
perforatorium or endonuclear canal, as in the emu (see below). The sub-acrosomal space in
the emu, other ratites and the tinamou is limited due to the intrusion of the nuclear rostrum
beneath the acrosome. A similar situation is also apparent in members of the Columbiformes
[26]. However, in most other non-passerine birds, for example, the chicken [27,28], goose
[29], turkey [30] and duck [31], the sub-acrosomal space present between the acrosome and

the perforatorium, is much wider.

The sperm of most non-passerine birds display a prominent fibrous structure, the
perforatorium, which is partially lodged within a shallow invagination (the endonuclear
canal) of the apical nuclear membrane and partially covered anteriorly by the acrosome
[19,23,26,27,32-35]. The extent to which the perforatorium pushes beneath the acrosome
differs between species. In some galliform birds, such as the chicken, it extends
approximately halfway beneath the acrosome, whereas in the turkey [30], duck [31] and
white-necked crane [22] the perforatorium is comparatively short and limited to the posterior
aspect of the acrosome. In the budgerigar [19] and parrots [20], it is an extremely long
structure, extending almost the full length of the sub-acrosomal region. The situation in
palaeognaths is strikingly different. In the tinamou the endonuclear canal is a slim, centrally
positioned, tube-like structure that extends the complete length of the nucleus [36], whereas
in the ostrich [12,13] and rhea [18] it is shorter and only extends part of the way into the
nucleus. The endonuclear canal is filled with moderately electron dense material analogous to
the perforatorium of neognaths. The present study confirmed that neither an endonuclear
canal nor rod-like perforatorium is present in emu sperm. The thin bundle of microfilaments

recognised in the apical sub-acrosomal space by Baccetti et al. [12] in the emu and reported
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to represent a reduced extranucler perforatorium was never observed in this study, although
flocculant material was often present in the sub-acrosomal space. A typical perforatorium,
therefore, appears to be absent in emu sperm. This situation is not unique to the emu as there
are some non-passerine species that lack a perforatorium, for example, the woodpecker [24]
and jacana [23,26]. These species characteristically display a button-like acrosome and not

the conical acrosome associated with a nuclear rostrum typical of the palaeognaths.

According to some authors [30,37], the diminishing length and ultimate disappearance of the
perforatorium may be indicative of an advancing evolutionary trend. Within this context it is
tempting to ascribe phylogenetic significance to the degree of development of the
perforatorium in palaeognaths. This argument would place the tinamou (with a long rod-like
perforatorium) in a basal position followed by the ostrich and rhea (with a shorter rod-like
perforatorium), with the emu, which lacks a perforatorium, representing the most advanced
member of this assemblage. The absence or presence of a perforatorium in cassowary and
kiwi sperm would provide interesting supplementary information relevant to this question.
The actual function of the perforatorium remains unclear [30,34]. Baccetti et al. [34] suggest
that it may act as a support for the acrosome, although this clearly would not be the case in
ratites where the perforatorium is entirely enclosed within the nucleus. The identification of
actin filaments within the avian perforatorium [34,38] may indicate a role in sperm

penetration of the ovum although this function has not been demonstrated.

The consistent presence of a thread-like appendage near the base of the nucleus confirmed by
SEM and TEM, and also readily recognised by LM [16] has not previously been described in
any other bird sperm. It is unclear why this structure was not identified by Baccetti et al. [12]

in the emu although this study examined sperm isolated from the testis in contrast to the
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sperm collected from the distal deferent duct in the present study. The cytoplasmic features of
the appendage would suggest that it represents a small remnant of residual cytoplasm
resulting from the release of the mature sperm from the surrounding Sertoli cells during
spermiation. The efficient removal of most of the residual cytoplasm from emu sperm is
supported by the fact that cytoplasmic droplets are rarely observed in emu semen samples
[39]. However, the close positioning of cytoplasmic bridges to the location of the thread-like
appendage during spermiogenesis may also point to their involvement in the origin of the

appendage [40].

The neck and midpiece of ratite sperm, in common with that of non-passerine birds, extends
from the base of the head to the annulus. The neck region of emu sperm has not previously
been described and was shown in the present study to contain mitochondria of the pars
spiralis and the proximal centriole surrounded by the components of the connecting piece
(segmented columns and capitellum) as in the ostrich [13] and rhea [18]. The segmented
appearance of the columns is more pronounced in the emu than in the other two species. A
common feature of ratite sperm, including the emu, is the presence of shallow, twin
implantation fossae separated by a nuclear projection (Fig. 1a) [13,18,present study]. The
implantation fossa of other non-passerine birds is also described as being shallow [26] but is
formed by a single concave depression of the nuclear base, as seen for example in the

domestic chicken [27,30] and duck [41].

A characteristic feature of ratite sperm is the presence of a long distal centriole which runs
almost the entire length of the midpiece. It has been described in the ostrich [12,13], rhea
[18], tinamou [36] and emu [12,present study] and lies perpendicular to the proximal

centriole. In other non-passerines such as the chicken [28], duck [33,41], turkey [30] and
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budgerigar [19], the distal centriole is restricted to the anterior region of the midpiece. In
contrast to the situation in the ratites, the axoneme in those species with a shorter distal
centriole is already present in the posterior part of the midpiece, together with the nine outer
dense fibres (see below). In the emu, as in the ostrich [13], the lumen of the initial (anterior)
part of the distal centriole, just beneath the proximal centriole, generally appeared empty or
contained flocculant material. This phenomenon was also observed by Baccetti et al. [12].
The posterior centriolar lumen was occupied by a rod of moderately electron-dense material
which contained two longitudinally disposed microtubules. The microtubules were
continuous, in the vicinity of the annulus, with the central pair of axonemal microtubules as
also described for the ostrich [13], rhea [18] and tinamou [36]. In the rhea the central

microtubules do not appear to be embedded in a rod of dense material [18].

The present study confirmed the previous observation [12] regarding the high number (40 or
more) of tightly compacted mitochondria present in the emu sperm midpiece although the
small amount of inter-mitochondrial cement described by Baccetti et al. [12] was not
observed. The ostrich and rhea both have fewer mitochondria (20-25 and 30 respectively)
[12,13,18] despite midpiece length being similar in each of the three ratites. This variation in
number can be attributed to either the mitochondria in the emu being smaller than those of
other ratites, or to the absence of inter-mitochondrial cement in the emu, which is present in
both the ostrich [13] and rhea [18]. Similarly, the tinamou also has fewer mitochondria in the
midpiece as well as inter-mitochondrial cement [36]. Other non-passerines such as the
chicken [30], turkey [30,42], duck [41] and guinea fowl [30] also have fewer mitochondria
(25-30) in the midpiece when compared to the emu, despite midpiece length being similar.
However, inter-mitochondrial cement appears to be absent in the midpiece of these birds. It

has been reported that in promiscuous birds the midpiece contains many more mitochondria
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than the same region in monogamous birds [43], purportedly to propel the longer tail in these
species. As tail lengths in the emu, ostrich and rhea are similar [16] and these species are

described as monogamous [1,2], this link would appear tenuous for the emu.

The annulus, demarcating the boundary between the midpiece and principal piece, appears to
be present in most non-passerine birds, including the ratites, although it is reportedly absent
in the tragopan [26]. In contrast to the well-developed structure described by Baccetti et al.
[12] and Soley [13] in the ostrich, the annulus was not prominent in TEM sections of emu
sperm. However, with the use of low voltage high resolution SEM, the ring-like nature of the
annulus was particularly obvious in uncoated emu sperm samples. An appreciation of the
morphology of the annulus may be important considering the reported observation of changes

in the structure of the annulus during the formation of biflagellate sperm in the drake [44].

The small, dense fibres associated with the doublets in the proximal region of the principal
piece of emu sperm [12, present study] are also present as rudimentary dense fibres in the
ostrich [13] and rhea [18]. It was originally reported [36] that dense fibres were absent in
tinamou sperm, but later confirmed that they were present in the proximal region of the
principal piece [45]. In other non-passerines such as the chicken [27,28], duck [41], turkey
[30] and guinea fowl [35], similar dense fibres have been observed. In these birds the dense
fibres are more conspicuous and are detected in the distal part of the midpiece at the point
caudal to the termination of the distal centriole. In the phylogenetically more advanced
passerine birds the fibres are large, uniform in shape [45] and present throughout the
flagellum. They also appear in reptiles [26] as poorly developed fibres, whereas in mammals
they are pronounced with each fibre displaying a distinctive form and extending the entire

length of the principal piece [46-48]. The outer dense fibres of ratite sperm thus appear to be
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rudimentary when compared to the sperm of other vertebrates and of little functional
significance. Again, it is tempting to speculate that the evolutionary trend favours the
development of larger outer dense fibres in vertebrate sperm, although Jamieson [26]

dismisses the use of this feature for the determination of phylogeny.

As is the case with mammalian sperm (Fawcett, 1975; Olsen et al., 1976b)[48,49], the fibrous
sheath of the ratite principal piece begins immediately caudal to the annulus and extends
posteriorly for most of the length of the flagellum, terminating just proximal to the endpiece.
In both the mammalian and ratite flagellum, the sheath consists of a two sets of
circumferentially orientated ribs linked by two longitudinal columns running the length of,
and on opposite sides (in line with doublets 3 and 8) of the principal piece. These
longitudinal columns are prominent structures and run for most of the length of the principal
piece in mammals [48,49]. In contrast, in ratites the columns although not referred to as such
by all authors) appear to be rudimentary as indicated by their relatively flimsy nature and
laminated appearance [12,13,18,36,present study]. The ribbed fibrous sheath was particularly
obvious with high resolution SEM as well as in longitudinal and transverse sections of the
principal piece examined by TEM. A typical ribbed fibrous sheath is absent in other non-
passerine birds [27,30,41,50], and is replaced by an amorphous sheath of moderate electron-
density with no specific structural detail. The termination of the axoneme at the endpiece of
the flagellum in the emu followed the general vertebrate pattern with a random decrease in
the number of axonemal microtubules as previously described in the ostrich [13]. According
to Baccetti et al. [12] the end part of the tail contains the “basic “9 + 2” axoneme” ” but,
based on the present study, this is only true for the initial part of the endpiece immediately

after the termination of the principal piece.
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From a practical perspective, the present ultrastructural study on emu sperm harvested from
the distal ductus deferens of sexually mature birds provided a more accurate description and
pictorial record of normal sperm ultrastructure compared to the previous study based on
testicular material [12]. In addition to broadly confirming the basic ultrastructural
characteristics described for emu sperm by Baccetti et al. [12], this study revealed some
previously unreported morphological features. These included distinct differences in surface
properties between the acrosome and nucleus, the presence of a thread-like appendage near
the base of the nucleus, variable positioning of the annulus relative to structures located at the
midpiece - principal piece junction and regional differentiation of the principal piece. This
detailed ultrastructural description will facilitate a more accurate assessment of sperm
anomalies in this species. Of academic interest was the observation that emu sperm, although
displaying similar basic morphological features to sperm of other ratites and the tinamou,
demonstrated marked structural peculiarities, notably the lack of an endonuclear canal and a
perforatorium. The tip of the acrosome is also more rounded in emu sperm. Moreover, there
were significantly more mitochondria present in the midpiece of emu sperm coupled with an
absence of inter-mitochondrial cement. Whereas the broad morphological features of emu
sperm outlined above would appear to add credence to the general view that the ratites,
together with the tinamous, form a monophyletic group at the base of the avian phylogenetic
tree [51-53], it is also clear that emu sperm are distinctly different from those of the ostrich,
rhea and tinamou which together share morphological affinities [12-14,18,26,36,45]. This
observation may lend some support to the alternate view [54] that the Australasian ratites

represent a separate clade that developed independently from flightless ancestors.
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