Aspects of life history and ecology of
Dicathais orbita Gmelin, 1781 related
to potential aquaculture for
bioactive compound recovery

A thesis submitted to the Flinders

University
By

Warwick James Noble
In candidature for the degree

Doctorate of Philosophy

School of Biological Sciences

Flinders University

5/2014






Contents

(000 01 (=] 1 1 TP P PR OTRROP i
LISt OF FIQUIES. .. ettt b e e na e s teenaeaneenres vi
ADDIEVIALIONS. ... oot bbb Xi
DECIATALION. ... . oot bbb ere s Xii
ADSIIACT. ... s e xiii
ACKNOWIEAGEMENLS ...t enes XVi
TRESIS SITUCTUIE. ...ttt b bbb eneas XVii
CHAPTER 1: General iINtrodUuCLION .........cccoiiiiiiiieiee e 1
L1 SUMMAIY .ottt e b e e nbn e e e nsnees 1
1.2 IMOIUSCAN FESOUICES ....oveevierienieiiesie st siesieeseesee ettt sse et e bbb s 1
1.3 Neogastropoda — WHEIKS ..........ccoeiiiiiiiieie e 5
1.4 MUFICIAE FESOUICES ....veveerieriesiesiesiestestesseeseesee et bbbttt sbe b b s 8
1.5  WHhelK aQUACUITUIE ........coiieiieee e 9
1.6 Neogastropoda DIOIOGY .......cccceeiiriririiiieiee s 10
1.7 DICathaiS OrDITA......ccoviiieieiie e es 16
1.8  Thesis aims, significance and ODJECLIVES ...........ccccovriririiieiee e 17
1.9  Chapter ODJECHIVES .....c.ooiiiiieee s 18
CHAPTER 2: Application of anaesthetics for sex identification ...............cccccoevu..e. 21
2 R Y 1 1 T SRR 21
72 101 10T L1 T [ ] o S 22
720 B |V =11 T o S 26
23.1 PHOT STUAY ... 26
2,32 ANEEStNELIC trial........cveiieiiee e 27
2.3.3  Bioactive compound produCtion ..........ccceceririnieieienene e 29
2.3.4  Sexratio and shell length of wild populations ...........ccccccevviiiinennenn. 31
2305 ANAIYSIS e 32

2.4 RESUIS ... et 33
241 ANEEStNEtiC trial........ccooiiiiiie e 33
2.4.2  Bioactive COMPOUN NECOVEIY .......ceiuiiieriieiiieiesieesieeie et sree e 34
243  Sexratio and length of wild populations............cccoceviiniiiiiininiens 35



2.5 DDUSCUSSION ..t s e sensneneennnnnennnnnnnnns 37

CHAPTER 3: Reproductive cycle, spawning and post hatching larval development

of Dicathais orbita (Gmelin, 1791)(Neogastropoda, Mollusca).............cccccerverivannnne 45
3L ADSIFACT o 45
T 1 011 (oo (1T 4 o] o USSR PPRSN 46
TR B |V 1= 1 o Lo USSP PPRSN 48

3.3.1 Reproductive cycle breeding and egg capsules...........ccoocvvevrveiernenne. 48
3.3.2  Breeding and egg CaPSUIES ........ccveiieiiiiiiiieie e 50
3.3.3  Larval developmeNt.........occo i 51
3.34  Statistical analySIS .......covveeiirieiie e 52
B RESUILS .ttt e b 53
3.4.1 ReproduCtive CYCI.........cciiiiiiiecee e 53
3.42  Breeding and €gg CApSUIES........ccoooiiiiiieiiniieieeee e 55
3.43  Larval develOopmMEeNt........cooov i 59
TR N B T 1ot U 11~ o] o USSR PPR 63

CHAPTER 4: Growth settlement and survival of Dicathais orbita (Neogastropoda,

mollusca) larvae in response to temperature and settlement CUES ..........ccccvcverivenee. 70
A1 ADSITACT ..ot 70
4.2 INEFOTUCTION ..t bbb 71
4.3 MEINOUS ..ot e 73

4.3.1 Larval culture Methods. ..........cooviiiinieieese e 73
4.3.2  Diet, temperature, and SUIVIVal ...........ccooeieiiininiinieeee e 74
4.3.3  SELEMENT CUBS ..ooveerieieiesie et 77
434  Statistical @NalYSIS ......ccvevveiiiiiiiieeee e 79
A4 RESUILS .ottt e 80
4.4.1  Absolute shell Iength..........cccoiiiiii 80
442  SPeCific growth rate .........cccoiiiiiiiieee e 83
443 SUIVIVAL ...ooiiiiiiie e 85
444 SELIEMENT....c.oiiiiiieiee e 86
A5 DISCUSSION ..vveuieitieiiesieeieesteesteseesieetesseesteeneesseesseessesseesseensesseesseaneesseesseaseens 91

CHAPTER 5:  General diSCUSSION.........cccoviieiiieieiie e e snee e 97

APPENDIX A: Global whelk fisheries production. F = Commercial Fishery, Aq =

Aquaculture, aF = Artisanal FISRery. ... 101

APPENDIX B: Comparison of intracapsular and post-hatching larval development,
diet and settlement cues for a range of whelk species. DD = Direct Development, LD



= Lecithotrophic Development, PD = Planktotrophic Development, NA = Not

Applicable, NT = NOt TESIEU. .....covvieeieeieee e 104
APPENDIX C: Reproductive conditioning of Dicathais orbita..............c.c.cccueenne. 113
C.1 INrOAUCTION. ...ttt 113
O3 |V =11 T Lo SRR 113
C.2.1  EXperimental deSIgN .......ccccueiiieiieiieieie e 114

C.3  Results and CONCIUSTION .......cveiiiiieiiiie e 116
REFERENGCES. ... .ottt nrae e nre e 119



List of Tables

Table 1.1. Whelks that produce planktotrophic larvae and have been successfully

metamorphosed under laboratory conditions. na = not available. ................c..c......... 15

Table 2.1. Six anaesthetic treatments, each at two concentrations, were initially tested
in a pilot study to determine the most effective treatments for relaxing and sex

identification of Dicathais orbita. A control consisted of fresh seawater. ............... 27

Table 2.2. Effectiveness of anaesthetic treatments for sex identification in Dicathais
orbita and the expulsion of mucus that turned purple in sunlight. The mean recovery
time (min) (xS.E.) is determined as the time taken for the snails to right themselves

after replacement in freSh SEAWALET . ..........cceiieiieiice e 30

Table 2.3. Success of sex identification in wild populations and mean shell length
(mm £ S.E) of male and female Dicathais orbita from six locations across South

AUSTTITA. e e et e e e e ettt e e e et e e e e e e e e e e e a s 36

Table 3.1. Numbers of copulating pairs and individual females observed depositing
egg capsules in wild populations and broodstock population over the course of the

] (010 )OSR PSPPSRI 57

Table 3.2. The number of egg capsules spawned in one session, capsule dimensions,
number of eggs per capsule and egg size for newly spawned Dicathais orbita egg
masses. Data shown is from Broodstock (n = 17 capsules) and Wild populations (n =

29 capsules) and reported as mean £ St. DEV. ........cccccvvveieiieiee s 59

Table 4.1. Mean shell length (x St. Dev.) of post hatching Dicathais orbita veligers
maintained at 16°C & 22°C on different microalgal diets. All larvae in the unfed

group had perished by the next assessment (Day 19). The data represents means from



three independent replicate larval cultures. Small subscript letters indicate significant
differences between diets at 16°C, whereas the capital letters denote significant

differences Detween dietS at 22°C. .....cooi it 82

Table A.1. Temperature and photoperiod regime for broodstock conditioning of

DICAtNAIS OFDITA. ..o 116



List of Figures
Figure 1.1. Estimation of a) global marine fisheries production and b) marine

aquaculture production from 1952-2011 (FAO, 2012)....ccccceriiierierienieieenieeie e 5

Figure 1.2. Whelk fisheries production, excluding fishing for ornate shells, from six

geographic fishing areas between 1991 and 2011 (FishStatd). .......ccccccevvvienvniernenne. 7

Figure 1.3. Different larval development modes in Neogastropoda: a) Egg diameter
and embryonic development time for neogastropods showing three types of larval
development b) conceptual illustrations of larval development types. Data compiled
from Phillips (1969), Castilla & Cancino (1976), Spight (1976), Martel et al.
(1986a), Di Salvo (1988), D’Asaro (1991), Campos et al. (1994), Di Salvo &
Carriker (1994), Gonzales & Gallardo (1999), Power & Keegan (2001), Naegel et al.
(2003), Romero et al. (2004), Sreejaya et al. (2004), Meirelles &Matthews-Cascon
(2005), Harding (2006), Saglam & Diizgiines (2007), Manriquez et al. (2008),

Martinez et al. (2008), Gallardo & Cancino (2009) and Jagadis et al. (2013). ......... 13

Figure 2.1. Relaxed specimen of Dicathais orbita showing the location of the penis.

Figure 2.2. Dicathais orbita were collected from O’Sullivans Beach (OS), Marino
Rocks (MR) and Brighton jetty (BJ) on the Fleurieu Peninsula and Lipson Cove

(LC), Boston Point (BP) and Elliston (EL) on the Eyre Peninsula of South Australia.

Figure 2.3. Mean recovery time minutes (£ S.E.) of three size classes of Dicathais
orbita post treatment with one of four anaesthetics. The different capital letters

indicate significant differences between size classes, whereas the different small

Vi



letters indicate significant differences between anaesthetic treatments from Tukeys

pairwise comparisons on the cube-root transformed data. ...........ccccooeevininiinnennnnne. 35

Figure 2.4. Liquid chromatogram showing composition of brominated indoles in a
representative chloroform extract from the mucus of D. orbita. The x axis represents
the retention time (minutes) in the LC column before the compounds were detected
by the diode array. Y axis represents the absorbance units (AU) from the diode array
at 300 nm. The resulting peaks are identified as: A) tyrindoxyl sulphate; B) 6-
bromoisatin; C) tyrindoxyl/tyrindolinone; D) tyrindoleninone; E) tyriverdin and F)

(XX 1T o] o] 4 T0] 14T [To o TSP 37

Figure 2.5. Natural sex ratio distributions of D. orbita from various locations on the

Fleurieu and Eyre peninsulas of South Australia. ..........ccccocvviveviiiiniinie e 38

Figure 3.1. Assessment of reproductive activity using gonadosomatic index (GSI) in
Dicathais orbita: a) specimen with shell removed showing transverse cut (dotted
line) made in the digestive gland (DG) and gonad (G) complex behind the gastric
caecum (gc) and in relation to the hypobranchial gland (H); b) outlines traced on the
digitized image for measurement of the gonad and digestive gland (DG) areas to

BSEIMALE THE GBS, .ottt nnnnennnnen 50

Figure 3.2. Morphometry of Dicathais orbita egg capsules; a) Capsule height (H)

and width (W), b) aperture length (L) and width. .........cccoooeviiiiiei e 51

Figure 3.3. Soft body weight of Dicathais orbita collected over an annual cycle. The
data shows the mean for females and males (n = 10). Error bars represent the

standard deviation. Different letters represent statistical differences between months.

vii



Figure 3.4. Monthly variation of the reproductive condition of Dicathais orbita as
estimated by the gonadosomatic index (GSI). The data shows the mean for females
(n = 5) and males (n = 5); error bars represent the standard deviation; different
capital letters indicate significant differences between months for females, whereas

different small letters indicate significant differences between months for males. ... 55

Figure 3.5. Egg masses of Dicathais orbita: a) separated into groups of eggs laid by
individuals in one session (circled) with capsules added more recently visibly lighter

in colour; and b) all capsules in an egg mass joined by a common basal membrane.58

Figure 3.6. Developmental stages of Dicathais orbita through 6 weeks of post
hatching development: a) ventral view of 1% stage development, b) lateral view of 1%
stage development, c—f) 2" to 5" stages of development. Tuberculate ornamentation
(to), digestive gland (DG), vitellus (Vt), velum (V), foot (Ft), operculum (Op),
eyespots (Es), shell beak (Sb), siphonal canal (Sc), bifurcation (Bf), pigmentation

(P). Scale bars indicate approximate size from dissecting microscope images. ........ 60

Figure 3.7. Shell length and shell width (um) of Dicathais orbita larvae over 5 stages
of development. The data represents means (n=10) from 3 replicate cultures. Error

bars represent the standard deviation. ..............ccoov e 61

Figure 3.8. Area of the right and left velar lobes Dicathais orbita larvae over 5 stages
of development. The data represents means (n = 10) from 3 replicate cultures. Error
bars represent the standard deviation. * denotes significant differences between the

] £2 10 [P 62

Figure 3.9. Canonical analysis of principal coordinates for larval shell and velum

(1 aToT 0] 0T0] 10157 £ (o1 TSP PSPPSR 63

viii



Figure 4.1. The larvae of Dicathais orbita (Muricidae, Gastropoda), showing two
different stages of development post hatching from the benthic egg capsules. Shell
dimensions changed considerably over the course of 38 days. Shell length (L) and
width (W) were measured throughout the trial to determine whether shell length was
an appropriate measure of growth over the entire study interval: a) lateral view of
larvae < 7 days old, with algal cells in the gut indicated by an arrow; b) ventral view

of newly hatched larvae; c) ventral view of 38 days old larvae. ............cccoevririnennnne 76

Figure 4.2. The correlation (P < 0.000) between Dicathais orbita shell length and

width throughout 38 days of growth (N = 287). ..o 81

Figure 4.3. Mean absolute growth (£St. Dev.) of Dicathais orbita larvae over a 3
intervals post hatching for a) 16°C & b) 22°C fed on different microalgal diets. The

data represents means from three independent replicate larval cultures. ................... 82

Figure 4.4. Specific Growth Rate (SGR) (£St. Dev.) of Dicathais orbita larvae over
38 days post hatching (dph) maintained at 16°C or 22°C and fed on different
microalgal diets; a) interval 1: 0-15 dph; b) interval 2: 15-24 dph; and c) interval 3:
24-38 dph. The data represents mean SGR % day (n = 30) from three independent
replicate larval cultures sampled every 2-3 days from within each temperature and

QHEE ErBAIMIBNL. ..ottt e e e e e e e et e e e e e e e e e eaaeens 84

Figure 4.5. Mean survival (xSt. Dev.) of Dicathais orbita larvae fed on different
diets and maintained at two different temperatures; a) 16°C & b) 22°C fed on
different microalgal diets. The data represents means from three independent
replicate larval cultures. Different letters indicate significant differences (P < 0.05)

between dietS INthe KeY. ..o s 86



Figure 4.6. Mean mortality (£St. Dev.) of Dicathais orbita larvae in response to
various concentrations of potassium chloride. Larvae were tested on the day of
hatching (Day 0), 10; 20 and 30 days post hatching. The data represents means from
three independent replicate larval cultures at each time point after exposure to KCl in

the SETHIEMENt PIALES. ..o 88

Figure 4.7. Mean settlement (xSt. Dev.) of Dicathais orbita in response to various
concentrations of potassium chloride. Larvae were tested on the day of hatching (Day
0), 10; 20 and 30 days post hatching by exposure from 1 h up to 72 h. The data

represents means from three independent replicate larval cultures. .............cccceneee. 89

Figure 4.8. Mean a) settlement and b) mortality (£St. Dev.) of 30 day old Dicathais
orbita in response to various settlement cues after 36 h of exposure. The settlement
cues include a negative control (no cue), positive control (20 mM KCI), juvenile prey
(live Xenostrobus pulex), carrion (crushed X. pulex), biofilm (U. lens) and adult D.
orbita mucus. The data represents means from three independent replicate larval
cultures. Different letters indicate significant differences (P < 0.01) between

LTS LE 4[] 1 £ TR 91

Figure A.l. Recirculating aquaculture system (RAS) used for broodstock

(o7 1o T 00 o] 1o TR SRS P SRS 115

Figure A.2. Shell length and soft body weight (SBwt) increase of Dicathais orbita
under natural (a) and rapid (b) temperature and photoperiod regimes. Data represents

average of duplicates from replicate aquUariumMS. .........cccovvveiieeiiiecii e 117



Abbreviations

FSW Fresh seawater

GSI Gonadosomatic index

DAD Parallel UV/Vis diode-array
ESI-MS | electrospray ionisation-mass
RAS Recirculating aquaculture system
P Pigment

Bf Bifurcation

H Hypobranchial gland

DG Digestive gland

G Gonad

SBwt Soft body weight

SL Shell length

to Tuberculate ornementation
\Y Velum

Ft Foot

Sc Siphonal canal

Op Operculum

Es Eye spots

SGR Specific growth rate

dph days post hatching

KCl Pottasium chloride

HPLC High performance liquid
AUD Australian dollars

Xi




Abstract
World aquaculture production, including the production of pharmaceuticals and

nutraceuticals, is increasing to supplement fisheries harvest from wild stocks.
Muricids (Neogastropoda) are widely fished around the globe and produce a range of
interesting bioactive compounds (Chapter 1). Several species of muricids have been
successfully cultured to supply seafood markets. The southern Australian muricid,
Dicathais orbita, is recreationally harvested for food and more recently has been
shown to produce potent bioactive compounds of interest for development as
pharmaceutical leads. Successful aquaculture of D. orbita would provide a
sustainable supply for ongoing development of pharmaceutical leads, as well as for
seafood markets. Information on aspects of the life history of D. orbita will underpin

successful aquaculture production.

Neogastropods are dioecious, but morphologically identical when in their shell. In
order to non-destructively assess effective population size of wild stocks of D. orbita
and manipulate lab held stock, it was necessary to develop a means to identify the
sex of the species. A suite of anaesthetics were trialled for their efficacy in relaxing
D. orbita out of the shell to identify sex organs and for stimulating bioactive
compound production through a stress response (Chapter 2). Magnesium chloride
proved most effective in relaxing D. orbita specimens enough to identify sex.
Benzocaine and the carrier solvent ethanol were less effective for identifying sex, but
stimulated expulsion of the bioactive precursors. The presence of bioactive
brominated indoles in the expelled mucus of D. orbita was confirmed by liquid
chromatography/mass spectrometry and provides a novel, sustainable means for

obtaining these compounds without killing the snails.
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The reproductive cycle of D. orbita was studied using a gonadosomatic index in wild
and captive populations, along with spawning and post hatching larval development
(Chapter 3). D. orbita follows an annual reproductive cycle, peaking in early summer
(December) in South Australia. Female D. orbita spawn ~ 40 egg capsules in a
session and each capsule contains an average of 5542 eggs with an average diameter
of 105.2 um. Post-hatching larval development proceeded through 5 stages over 41
days with average shell length increasing from 253 to 974.3 um and shell width
increasing from 203.8 to 980.5 um. Information on the reproductive cycle and larval
development patterns of D. orbita will allow for enhancement of reproductive

condition and larval production.

Larval rearing experiments, to determine the effects of temperature and diet on the
growth and survival of D. orbita larvae under laboratory conditions, used five
different unicellular algal diets for larvae maintained at 16°C and 22°C (Chapter 4).
Larvae reared at 22°C on a mixed diet, or diatoms alone, performed significantly
better than those reared on green microalgal diets alone. Trials with settlement cues
were undertaken on newly hatched to 38 day old D. orbita larvae to determine when
larvae become competent. An array of natural cues (carrion, Xenostrobus pulex, adult
mucus and Ulvella lens), as well as concentrations of KCI were tested. 20 mM KClI
induced the greatest settlement, however no larvae metamorphosed under the

conditions provided.

In conclusion, D. orbita can be grown under laboratory conditions and are highly
fecund. Bioactive compounds can be extracted non-destructively from D. orbita,
providing an extra resource that can be collected to value-add to seafood aquaculture.
Larvae are planktotrophic with higher development rates at the higher water

temperatures within their local range and grow to greater size on a diet comprised of
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both green microalgae and diatoms. D. orbita is iteroparous with an annual
reproductive cycle. High fecundity indicates that larval survival and recruitment is
the limiting phase of the life cycle for D. orbita. Further studies will optimise culture
conditions and cues for settlement and metamorphosis in order to close the life cycle

of D. orbita for aquaculture production.
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