





































































































































































































Table 4.1. The correlation coefficients (r) and levels of significance (P) between growth (mm/d) and intensity
(number of tubes per growing edge) for different stocking density and diet combinations. * denotes a

statistically significant correlation at P < 0.05 between these two variables.

Diet Stocking density Basket N° Growth (mm/d) r P
Kelp 18% 1 0.0640.004 0.11 0.34
2 0.061+0.005 0.14 0.27
23% 3 0.075+0.005 0.32 0.009*
4 0.059+0.004 0.22 0.04*
28% 7 0.048+0.003 -0.18 0.15
8 0.056+0.003 0.008 0.96
Abfeed™ 23% 5 0.051+0.005 0.14 0.14
6 0.057+0.008 0.11 0.32
28% 9 0.050+0.003 0.32 0.004*
10 0.050+0.004 0.30 0.007*

The development of prevalence and total intensity revealed large within-treatment variation
(Figs 4.1 and 4.2). Thus, multiple regression analysis did not show a significant contribution by either
diet or stocking density in predicting prevalence (P=0.05 and P=0.19, respectively) or total intensity
(P=0.41 and P=0.17, respectively).
To describe the potential of the sabellid to increase its population size, data were pooled from all
treatments, and only those periods showing an increasé‘ in total intensity of more than 5% over a 120
to 141-day period were used. The average increase in total intensity was 0.98 worms per day (n= 12)
with a range of 0.02 to 4.6 depending on the level at which the increase in total intensity began. There
was a significant positive coefficient of correlation of 86.2% (F = 62.2, P<0.0001) between the
starting level of a rise in total intensity (S) and the average increase in total intensity per day (y). The
model y = 0.03 S estimated the increase in total intensity per day for periods between 120 and 141
days as a function of the level at which the increase began. The intercept of this model was not

significantly different from 0.
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Figure 4.1. The change in prevalence (%) of infestation of cultured abalone, Haliotis midae, by the
sabellid polychaete, Terebrasabella heterouncinata, over time under different culture conditions. Note

that Y-axes scales are not standardised.
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Figure 4.2. The change in total intensity of the sabellid polychaete, Terebrasabelia heterouncinata
over time, on abalone, Haliotis midae, cultured under different conditions. Note that Y-axes scales are

not standardised.
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The magnitude of the rise in prevalence was not related to the starting levels at which the
values began to increase. Over an average period of 131 days the average increase in prevalence was
19% points ranging from 2% to 57%. Thus, within the range of stocking densities tested in this study,
the sabellid had the potential to infest up to 57% of a population of abalone within this time period.

Intensity and prevalence (P) were closely correlated (1> = 0.98) and total intensity (I) could be
predicted from prevalence using the model log (I) = -7.5 + 2.28 * log (P+0.5) (Fig. 4.3). If included as

an additional variable into a multiple regression model, time (days after the start of the study) was not

a significant predictor (P=0.36).

log(Iy=-7.5+2.28*log(P+0.5)
?=0.98; n=40
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Figure 4.3. The correlation between intensity and prevalence. n = number of values used for the model (note

that some data points overlap); r* = coefficient of correlation; log = decadian logarithm; I = Total intensity, and

P = Prevalence (%).

Frequency distribution of intensity at the end of the study period

The number of worms per infested abalone ranged from one in all treatments to 63 in the

‘Abfeed™ 28% stocking density’ treatment (Fig. 4.4).
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Figure 4.4. Frequency distribution of the number of sabellids, Terebrasabella heterouncinata, per

abalone growing edge at day 390 of the experiment. Note that axes scales are not standardised.



































































refrigerator for a further hour. Specimens were fixed according to Eckelbarger et al. (2001). Whole
worms were fixed in 2.5% glutaraldehyde in 0.2 M sodium phosphate buffer for 10 minutes at room
temperature before removing the reproductive segments. The reproductive segments were fixed for a
further 50 minutes. The samples were washed in 0.2 M sodium phosphate buffer and post-fixed in
1% Os0, with 1.25% sodium bicarbonate for 60 minutes at room temperature, washed in the same
buffer, dehydrated through an ethanol series of ascending concentrations to 100% and embedded in
Spurr’s resin via propylene oxide (two washes of 10 minutes each). Ultrathin sections (silver/gold
interface) and semi-thin sections (1 pm) were cut on an RMC MT-7 ultramicrotome with a glass
knife. Ultrathin sections were mounted on uncoated copper grids and stained in lead citrate for 30
seconds, uranyl acetate for 1 minute and again in lead citrate for 30 seconds. The sections were
viewed on a JEOL 1210 transmission electron microscope at 100 kv. Semi-thin sections were stained

in 1% toluidine blue in 2.5% sodium carbonate. A total of six animals was examined.

Results

Oogenesis is asynchronous and yolk bodies appear mainly after the oocytes have been
released into the coelom (Fig. 6.1a) - each ovary may contain up to ten previtellogenic and early
vitellogenic oocytes, and the coelom up to seven oocytes at different stages of vitellogenesis.
Ovary

The ninth segment contains a pair of ovaries (one ovary seen in longitudinal section in Fig.
6.1a, b), each sitnated on either side of the ventral blood vessel. The ovaries extend posteriorly from
the septum that separates the eighth and ninth segments into the coelom (Fig. 6.1a, b). The oogonia or
youngest oocytes are situated closest to the septum while the previtellogenic and early vitellogenic
oocytes that are ready to be released into the coelom are close to the edge of the ovary that protrudes
into the coelom (Fig. 6.1c¢).
Previtellogenesis

Early previtellogenic oocytes are round to ovoid in shape (about 55 um along the long axis)
with spherical nuclei (about 30 um in diameter; Fig. 6.1c). Late previtellogenic oocytes are more
ovoid in shape and have a smooth oolemma (Fig. 6.1d). The cytoplasm contains mitochondria with
poorly developed cristae, vesicles (that may be artefacts of fixation) containing an unidentified
product, small amounts of rough endoplasmic reticulum (not shown) and free ribosomes (Fig. 6.1d).
The RER appears to originate from the nuclear envelope. The oocytes are surrounded by flat follicle
cells which contain ovoid nuclei (about 4.5 x 2 um), mitochondria and free ribosomes (Fig. 6.1d).
Follicle cell processes separate neighbouring oocytes and there are no obvious connections between

these cells.
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Figure 6.1. a and b Longitudinal sections through the female reproductive segment. a The ovary
(ov) attached to the septum that separates the male (ma) and female segments. The coelom of the
female segment contains late (1v) and mid-vitellogenic (mo) oocytes. Also visible are blood vessels
(bv) and the ventral shield (vs). b The ovary at a greater magnification, with several previtellogenic
oocytes (pv). ¢ A longitudinal section through the ovary, along the frontal plane. The ovary contains
several previtellogenic oocytes, oogonia (arrowheads) and an early vitellogenic oocyte (ev). The
nucleus (n) and nucleolus (*) are clearly visible. d A previtellogenic oocyte closely associated with
two follicle cells (fc). The oocyte contains poorly developed mitochondria (m), endoplasmic
reticulum (er), free ribosomes (ri) and has a smooth oolemma (arrow). The follicle cells contain an
ovoid nucleus (n), mitochondria and free ribosomes. e An early vitellogenic oocyte still in the ovary.
The oocyte contains mitochondria and endoplasmic reticulum. Nascent electron dense and less
electron dense yolk bodies (y; black and white arrow-heads, respectively) are visible along the
oolemma where microvilli have developed. The neighbouring follicle cell contains dense bodies (db)
that resemble the darker yolk bodies in the oocyte. fand g The early vitellogenic oocyte and
neighbouring follicle cells showing the glycogen granules (g) and dense bodies in the follicle cells.
The oolemma has become villous (arrows). Arrowheads point to the yolk bodies. h multi-vesicular
bodies (vb) in the ooplasm of an early vitellogenic oocyte in the ovary. The vesicular body contains
tiny vesicles that fuse to form condensing yolk bodies at the centre. i A membrane-bound yolk body

with smaller yolk bodies joining (arrows).






Figure 6.2. a An early vitelleogenic oocyte (ev) that has been released into the coelom. The
cytoplasm contains numerous small mitochondria (m, arrows), and some rough endoplasmic
reticulum (rer). The yolk bodies (y) towards the centre of the cell are larger than those along the
oolemma. A few, small lipid droplets (1) appear. Inset shows a light micrograph of an early
vitellogenic oocyte. (scale bar = 0.025 mm) b Yolk bodies at different stages of development.
Vesicles may be fusing with the developing yolk body (arrows). Closely associated with these yolk
bodies are distended cisternae of the rough endoplasmic reticulum. The inset shows a Golgi body
(go) closely associated with the cisternae of the rough endoplasmic reticulum (scale bar = 0.5 um). ¢
The oolemma of an early to mid-vitellogenic oocyte, showing the endocytotic pits (p). Present in the
ooplasm and the coelomic fluid surrounding the oocyte are glycogen granules (g). The inset shows a
coated endocytotic vesicle (cv). (scale bar = 0.2 um) d The ooplasm of a late vitellogenic oocyte,

containing large yolk bodies and lipid droplets (1).






Vitellogenesis

QOogenesis starts in the ovary. Microvilli develop in groups along the oolemma as the oocyte
separates from the surrounding follicle cells (Fig. 6.1 - g). At this stage the oocytes measure up to
100 um, and the nucleus has become less regular in shape (up to 50 um in diameter) (Fig. 6.1¢). Two
types of granules, presumably nascent yolk bodies, appear along the villus regions of the oolemma -
one type is electron-dense with a smooth texture (0.39 - 0.73 um diameter), while the second is less
dense and more granular (0.65 - 1 um diameter) (Fig. 6.1e - g, black and white arrow-heads,
respectively). At this stage no endocytotic activity along the oolemma was observed (Fig. 6.11, g).
The ooplasm develops RER with distended cisternae containing material with low electron density,
multi-vesicular bodies that may be immature yolk bodies and membrane-bound yolk bodies (Fig.
6.1h, i). Follicle cells are closely associated with the early vitellogenic oocytes and contain glycogen
granules (Fig. 6.1f) and dense bodies similar in size and appearance to the darker presumptive yolk
bodies in the oocyte (Fig. 6.1¢, g).

The oocytes are released into the coelom when they are between 130 and 180 um along their
longest axes (Fig. 6.2a, inset). Endocytotic activity is evident in these oocytes, with electron-dense
flocculent material present in coated pits (Fig. 6.2¢) that are pinched off as coated vesicles (about 0.23
um, Fig. 6.2¢, inset). As vitellogenesis progresses, the number of yolk bodies increases and they fill
the ooplasm from the cortex towards the centre of the cell (Fig. 6.2a). The yolk bodies in the cortex
of the cell tend to be smaller (dark yolk bodies: 0.39 - 0.93 um in diameter, light bodies: 0.57 - 1.1
um in diameter) than those at the centre (dark yolk bodies: 1.2 - 3.9 um in diameter, light bodies: 1.1
pm in diameter). The yolk bodies increase in size through the fusion of smaller yolk bodies (Fig.
6.2d). The RER is not well developed, and the interconnected cisternae resemble strings of beads
(Fig. 6.2b). Golgi bodies are small and few in number and are associated with multi-vesicular bodies
and the cisternae of RER (Fig. 6.2b, inset). At this stage, lipid droplets (0.47 - 1.58 um in diameter)
and glycogen granules begin to accumulate in the ooplasm (Fig. 6.2¢). In late to mature vitellogenic
oocytes, the yolk bodies (4 - 10 pm in diameter) and lipid droplets (4 — 8 um in diameter) fill the
ooplasm, with the latter being more abundant (Fig. 6.2d). The yolk bodies are all electron-dense,
although some contain electron-lucent regions (Fig. 6.2d) - the paler bodies seen in early vitellogenic
oocytes are no longer present. In late vitellogenic oocytes, endocytotic activity is no longer visible
(Fig. 6.3a) and very few organelles are present. A few mature oocytes, that measure up to 300 um,
were observed. The cytoplasm is filled with yolk bodies and lipid droplets (Fig. 6.1a) and no
organelles were observed.

The coelom is lined with cells that contain electron-dense bodies (0.34 - 0.61 pm) that
resemble the smaller yolk bodies present in the oocytes (Fig. 6.3c). Some of these cells and the

coelomic fluid contain glycogen granules (Fig. 6.3b, c).

-
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Figure 6.3. a The oolemma (o) of two neighbouring oocytes. The oolemma of the early vitellogenic
oocyte (ev) has endocytotic pits (p) that are absent from the late vitellogenic oocyte (Iv). b The
coelom contains high concentrations of glycogen granules (g) which are closely associated with the
microvilli of the oocyte. ¢ An early vitellogenic cocyte and the peritoneal cells (pc) that line the

coelom. The peritoneal cells contain dense bodies that resemble the dark yolk bodies at the oolemma.

































JEOL JSM 840 scanning electron microscope at 12 kv,

Results
Spermiogenesis

Spermiogenesis in Terebrasabella heterouncinata is similar to published accounts of the
process in other sabellids so only a brief description will be given here. Spermatids at varying stages
of development were present within the coelom of the male reproductive segment. Spermiogenesis
occurs in clusters of eight spermatids (Fig. 7.1b - d). Complete clusters of spermatids are shown via
light microscopy (Fig. 7.1b) and SEM (Fig. 7.1d) but this was not possible with TEM. Figure 7.1c
does show six connected spermatids with a small cytophore, or cytoplasmic bridge, in the middle.
Late spermatids are clearly joined to the cytoplasmic bridge halfway along their length (Fig. 7.2a).
Mature sperm were found only within the sperm ducts that run round the outside of the male segment
and open into the fecal groove (Fig. 7.1a).

In early spermatids the nucleus is rounded with patches of condensed chromatin and small
mitochondria are scattered in the cytoplasm, though most are clustered at one end of the nucleus (Fig.
7.1g). At this stage the acrosome is visible near the Golgi apparatus that lies near the centriole and
mitochondria at the presumed posterior end of the nucleus (Fig. 7.1g). The acrosomal vesicle is
initially flat, has a thin electron dense layer in the centre, and is closely apposed to the cell membrane
(Fig. 7.1g, inset). A single centriole is present in early spermatids before extensive chromatin
condensation has occurred (Fig. 7.1c, cf. Fig. 7.1e). The centriole has prominent satellite rays (Fig.
7.1¢) where it is connected to the annulus. Otherwise it has prominent radial spokes (Fig. 7.11).

While the acrosome migrates towards the anterior of the cell, it becomes more conical in
shape and subacrosomal lacunae develop near its base (Figs 1h; 2e). Before nuclear elongation (Fig.
7.2¢, h, 1, m) begins, the nucleoplasm appears uniformly granular and numerous vesicles appear in the
cytoplasm (Fig. 7.1c). Some of the vesicles are out-pocketings of the nuclear envelope (Fig. 7.1c, h,
inset) while the remaining vesicles are completely separate from the nucleus. These vesicles are
probably continuous with the vesicles still connected to the nuclear envelope. They are not arranged
in any specific pattern and may represent fixation artefacts. As spermiogenesis proceeds the nucleus
elongates and granules of condensed chromatin appear scattered in the nucleus (Fig. 7.1h). The
mitochondria fuse to form three large spherical mitochondria that closely abut the nucleus at the
putative posterior pole of the cell (Figs 1h; 2b, €), retaining their position and shape as the nucleus
elongates. As the nucleus elongates and condenses, the acrosome migrates to its final position, while

the Golgi apparatus remains visible at the posterior of the cell, close to the mitochondria (Fig. 7.2a).
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Figure 7.1 a Interference contrast light micrograph of the sperm duct (with mature sperm (s)) opening
into the ciliated fecal groove (fg). b Interference contrast light micrograph of a cluster of eight
spermatids (sp) with their eight tails clearly visible. ¢ A cluster of six early spermatids, with many
nuclear vesicles (nv), around a central cytophore (cb). The arrow denotes the centriole attached to the
annulus. d Scanning electron micrograph of a cluster of spermatids (sp). e Transverse section
through the midpiece of a late spermatid showing the centriole (c) connected to the annulus by the
satellite rays (arrow). f Transverse section through the centriole (c) with radial spokes (arrow). g
Early spermatid with rounded nucleus (n) and patches of chromatin, early acrosome (a), Golgi body
(), centriole (c¢) and small mitochondria (m). Inset: early acrosome (a) showing electron dense
center. h Mid-spermatid, with elongating nucleus (n), condensing chromatin and nuclear vesicles
(nv). The acrosome (a) and mitochondria (m) are in their final positions. The inset shows a nuclear

vesicle (nv) continuous with the nuclear membrane (arrow).






In mid- to late spermatids the nucleoplasm loses its grainy appearance, while the number of
chromatin granules increase (Fig. 7.2a). As elongation proceeds, microtubules appear around the
nucleus and acrosome (Fig. 7.2¢, d, {, k), but not the mitochondria (Fig. 7.2g). In longitudinal section
the centriolar complex consists of the single centriole and a semi-circular cap at the base of the
nucleus (Fig. 7.2¢). Oblique sections through the centriolar complex of the developing spermatids
initially show the attachment of the satellite rays, possibly to the annulus (Fig. 7.1¢). However, no
sign of satellite rays or attachment of the centriole to either the mitochondria or the plasma membrane
is visible in later spermatids. The annulus also appears to lose its connection with the centriole as
spermiogenesis progresses (Fig. 7.2b, e, n).

The annulus forms a collar around the axoneme below the mitochondria once they have
migrated to the posterior of the cell and the annulus remains in this position in the mature sperm (Fig.
7.2b, e). In late spermatids the nucleus becomes more densely granular and the cytoplasm around the
nucleus withdraws, beginning at the anterior end of the cell (Fig. 7.2¢). Also at this stage, the
mitochondria surround the centriolar complex (Fig. 7.2g) and presumably begin to elongate. The
flagellum emerges from the centriolar complex and has a 9 + 2 arrangement of microtubules, but just
below the midpiece there is a ring of nine coarse fibers surrounding the nine doublets (Fig. 7.2b (LS),
inset (TS)).

Spermatozoon

The head and midpiece of the mature spermatozoon averages 4.95 um long (n = 5). The
head, consisting of the acrosome (1.2 + 0.1 um) and nucleus (2.8 = 0.17 pm), comprises the bulk of
this length (n = 5). The midpiece (0.95 pm in length, = 0.08 pm), is comprised of the three
mitochondria, the centriolar apparatus and anterior axoneme and annulus (n = 5). The length of the
flagellum was not established but is at least 83 um long. The fully developed acrosome is conical
when sectioned in the sagittal plane, spatula shaped in the frontal plane and the subacrosomal lacunae
are distinctly twisted (Fig. 7.2e, h, 1, m). In cross section, the acrosomal tip is oval with an electron-
dense core, but becomes more rounded and uniformly electron-dense towards the base (Fig. 7.2, j, k,
respectively). The base of the acrosome is slightly concave (Fig. 7.2h, 1, m). The nucleus of the
mature sperm is cylindrical, and is very slightly invaginated at the anterior and posterior ends (Fig.
7.2h). The mitochondria are rod-shaped in longitudinal section and crescent shaped in transverse
section and closely abutting to each other (Fig. 7.2h, 0). In transverse section they clearly form a tight
cylinder surrounding the centriolar apparatus and axoneme (Fig. 7.20). At the posterior base of the
mitochondria the annulus appears as an electron dense ring and marks the end of the midpiece of the
sperm (Fig. 7.2h, n). The 9+2 axoneme initially has some connections with the plasma membrane

(Fig. 7.1¢) but other transverse sections suggest that more distally it is not connected (Fig. 7.2n).
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Figure 7.2 a Mid-spermatid with elongate nucleus (n), nuclear vesicle (nv) and Golgi body (g) at the
posterior of the cell. The spermatid is connected to the other cells in the cluster by the central
cytophore (cb) half-way along its length. b Mid-spermatid stage showing midpiece with
mitochondria (m) and axoneme (ax) with coarse fibers around the axonemal microtubules (arrows)
and the annulus (an). Inset shows coarse fibers from outer axonemal doublets (arrow) in transverse
section (Scale bar = 0.25 ym). ¢ and d The nucleus (n) of mid- to late spermatids in TS and LS,
respectively, showing microtubules (arrows). e Late spermatid. The chromatin has condensed
completely but there is still residual cytoplasm present. Visible are the acrosome (a), nucleus (n),
mitochondria (m), centriole (c¢) and annulus (an). f Cross section of the nucleus (n) of a late
spermatid showing microtubules (arrow). g Cross section through the mitochondria (m) and centriole
(c) of a late spermatid. h Mature sperm with acrosome (a), nucleus (n), transformed mitochondria (m)
and annulus (arrow). Inset shows an interference contrast light micrograph of a mature sperm from
the sperm duct (Scale bar = 6 um). i, j and k transverse sections through the acrosome (a), from the
tip to the base, respectively. Note the microtubules around the base of the acrosome (arrow) in k.
Longitudinal sections through the fully developed acrosomes (a) along the sagittal 1 and frontal m
planes. n Transverse section through the annulus (an) and axoneme (ax). o Transverse section

through the transformed mitochondria (m) of a mature sperm and centriole (c).






Sperm storage

A single spermatheca is present in each adult 7. heterouncinata (Fig. 7.3a - g), though it is
not visible with a light microscope in living specimens owing to small size, lack of pigmentation and
being surrounded by a glandular epidermis. The spermatheca is a simple blind-ending duct with the
entrance opening on the inner ventral part of the crown near the buccal region (Fig. 7.3¢, €). The duct
lies in the epidermal tissue and runs ventrally, below the ventral nerve cord (Fig. 7.3a, b), as far back
as the first chaetiger, a distance of well over 100 pm (Fig. 7.3e). There is little obvious morphological
differentiation of the spermatheca along its length and the maximum diameter of the lumen of the
spermatheca is around 5 um. The single layer of cells forming the spermathecal lining bear cilia and
microvilli (Fig. 7.3f, g), and the duct appears to be ciliated along its entire length. The fixation of
these spermathecal cells may not have been optimal since they are largely electron-lucent and only
appear to contain nuclei and vacuoles (Fig. 7.3f, g). The sperm are mainly located in the distal part of
the duct (Fig. 7.3¢ - €). No actual incorporation of spermatozoa into spermathecal cells is visible and
the sperm all lie freely in the duct lumen (Fig. 7.31, g). Although the spermatheca duct was well lined
with microvilli no direct contact between these and sperm was visible either (Fig. 7.3g). A
spermatheca has up to 15 spermatozoa lying in the duct in any one section along the distal third of the
duct (Fig. 7.3¢, d, f, g). The total number of sperm stored in a spermatheca at any one time was not
accurately estimated, but would appear to be less than 100. The sperm do not appear to show any
transformation from those in the sperm ducts and are not enclosed in any surrounding material. A
thin layer of muscle cells appears to surround the spermatheca and there is an epidermal layer of cells
between the spermathecal cells and the outside (Fig. 7.3f), suggesting that the spermatheca is an

invagination of epidermal tissue.
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Figure 7.3 Spermatheca of Terebrasabella heterouncinata a Transverse section (1 pum thick) through
segment 1 of an adult specimen showing the fecal groove (fg) dorsally, the central gut (g) and ventral
nerve cord (nc). The notochaetae (ch) are visible as are longitudinal muscle bands (m). The
spermatheca is a small duct in the ventral epidermis (arrow) surrounded by a glandular epithelium
{ge). b Detail of the same section showing the spermatheca (arrow) lying in the epidermis (ge) and
below the ventral nerve cord (nc). A single sperm nucleus is visible in the lumen of the spermatheca.
¢ Near to median sagittal section (1 pum thick) through the anterior of an adult specimen showing the
region of the buccal opening. The gut is not visible owing to the specimen being sectioned slightly
off axis. The spermatheca opening is at the point of the unmarked arrow and other parts of the
spermathecal duct are marked with arrows and *. In this distal region sperm are clearly visible. d
Detailed view of the distal region of the spermatheca showing the cilia lining the duct and three sperm
nuclei (arrows). e Another section slightly further in than that in Figure 3¢ with arrows marking the
position of the spermatheca from near the buccal region (bu) to the end point in the chaetiger where
the notochaetae (ch) are clearly visible. The glandular epithelium (ge) masks the spermatheca part of
the way. f Transmission electron micrograph of spermatheca in transverse section. Arrows point to
sperm lying free in the spermathecal lumen. The spermathecal cells (sc) have large nuclei (sn) but are
otherwise vacuolated and electron-lucent (possibly artefactual). A thin layer of muscle cells (m)
surrounds the spermatheca and there are epidermal cells (e) between the spermathecal cells and the
exterior. g Transmission electron micrograph of spermatheca in transverse section showing the lumen
in detail. The sperm are clearly not in contact, in this region at least, with the cells or their microvilli
(mv). The cells of the spermatheca are heavily ciliated (ci) and the sperm acrosomes () and nuclei

(n) appear to be unaltered from their appearance in the male sperm ducts.














































































