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Abstract

The intensification of aquaculture production methods has created a dependency on
commercially formulated feeds that contain high-quality protein and readily digestible
carbohydrates. A high-quality protein, like that from fishmeal, has been considered an
essential component in formulated feeds, where it has been used to promote growth
while carbohydrates are considered the most economical energy source in animal diets.
High levels of digestible carbohydrates in the diet of humans, fish, crustaceans, and
gastropods have however been associated with decreased metabolic efficiencies while
the continued use of fishmeal is limited due to the high environmental burden which

that has resulted in a global search for alternative protein sources.

The majority of formulated feeds utilized by South African abalone farms contain a
high protein content derived from fishmeal along with high levels of readily digestible
maize starch as the primary carbohydrate. In the wild, abalone are herbivorous and
consume a mixed diet of seaweeds, including Ulva, that contain a range of complex
carbohydrates and a diverse community of microbiota. Since around 2000, there has
been increased adoption of Ulva cultivation by the South African abalone aquaculture
industry using IMTA systems. The Ulva that is grown in abalone effluent serves as a
biofilter, which allows partial recirculation, and the co-produced Ulva is often used as
a supplementary feed. Farms that use fresh Ulva as a supplement to formulated feed
have reported benefits, such as a reduction in the volume of formulated feed required
to achieve optimal growth of abalone and enhanced profitability of the system. The
supplementation of Ulva into the feeding regime of other organisms has also
demonstrated the capacity to improve glycaemic regulation and enhance the immune
response of the cultivated organisms, while positively contributing to the overall
function of the IMTA systems. Improving the aquaculture system efficiency and overall
sustainability of aquaculture practices through the inclusion of feeds capable of
providing benefits beyond major nutritional components can be a useful tool in the
optimisation of feeding regimes used on abalone farms. However, there are no standard
methods available for integration into production systems partially due to a lack of
empirical data describing how Ulva enhances the growth and possibly the health of

cultivated abalone when fed as a dietary supplement.



To gain a better understanding of the role of IMTA-grown Ulva as a feed ingredient for
the abalone Haliotis midae, this study investigated how varying feeding regimes that
included IMTA-grown Ulva, or specific components thereof, that could be used to
reduce the farms reliance on formulated feeds, enhance feed consumption, improve
growth rates and product quality, and positively influence the immune and metabolic
state of the abalone, while also impacting the gut microbial ecology. The objectives of
this study were addressed by: (1) offering IMTA-grown Ulva alongside dry formulated
feeds to quantify the consumption, growth, condition and determine the extent to which
Ulva can be used to replace formulated feeds for abalone under farm conditions, (2)
determining whether dietary Ulva will have an effects on the abalone glycaemic
regulation and immune response under simulated challenges, and (3) feeding abalone
IMTA-grown Ulva, or specific components thereof (dried Ulva, ulvan or glucuronic
acid) incorporated into a dry feed, offered under laboratory conditions and measuring

the effects on growth, physiology and gastrointestinal microbial patterns.

This study demonstrated that the inclusion of fresh IMTA-grown Ulva into the feeding
regime of abalone, when offered alongside Abfeed™ S34®, increased the total daily
feed consumption by 90 % when compared to abalone fed single diets of both Ulva or
Abfeed™ S34®. In a farm scale trial the partial replacement (up to 60 %) of the high
fishmeal based formulated feed Abfeed™ S34® with fresh effluent-grown Ulva or wild
collected kelp in the feeding program of H. midae did not compromise the growth (SGR
and MISL) or condition of abalone. The results of this study also show that when
abalone were fed a combination of Abfeed™ S34® and Ulva the muscle glycogen
levels were not statistically different, which is considered a beneficial trait for high
quality canned or live transported abalone products. This study is the first to show that
Ulva can successfully reduce reliance on dry formulated feed, without negatively

affecting the condition or growth of abalone under aquaculture conditions.

The assay used in this study for monitoring haemolymph glucose concentrations during
an induced glycaemic response demonstrated a significantly higher basal haemolymph
glucose concentration and a prolonged period of hyperglycaemia in abalone fed a
formulated feed when compared to abalone fed on fresh Ulva. The immune response of
abalone fed fresh Ulva was not significantly different to that of abalone fed the

formulated feed but there was more pronounced activity from stimulated haemocytes



following challenge with an injected dose of Vibrio anguillarum. These data were
correlated with higher levels of bacterial clearance from the haemolymph indicating a

more efficient immune response by the haemocytes of abalone fed fresh Ulva.

In a controlled laboratory experiment, abalone were maintained on a diet of fresh
IMTA-grown Ulva (FU) and grew at a rate not significantly different from abalone
maintained on a commercially formulated feed (AB). Ulva fed abalone were found to
have significantly elevated tissue moisture and reduced muscle glycogen when
compared to abalone fed the formulated feed (AB). The muscle glycogen content of
abalone fed fresh Ulva (40 %), as a partial replacement for a formulated feed (60 %),
was similar to that of abalone fed on the formulated feed AB. Abalone fed the mixed
diet (ABFU) had significantly improved SGR and MISL when compared to abalone fed
either diet individually. The denaturing gradient gel electrophoresis (DGGE) data
clearly separated the gut microbial fingerprints into two groups, with one cluster
consisting mainly of abalone maintained on formulated feeds and the other cluster
comprised of abalone fed fresh Ulva diets. The non-metric multidimensional scaling
and analysis of specific bands within the DGGE data indicate that abalone fed fresh
Ulva diets, and its components, produced significant associations in their intestinal
bacterial patterns. Abalone that were fed a formulated feed that had been fortified with
glucuronic acid had specific associations of the microbial pattern shared with abalone
fed Ulva as well as significantly higher SGR and improved feed conversion ratios

compared to abalone fed a formulated feed.

This study shows that the feeding of fresh Ulva can be used to partially replace
formulated feeds, enhance the growth and consumption rate of abalone while also
significantly effecting the abalone’s health, physiology and gut microbial ecology.
Dietary Ulva is likely contributing to the enhanced growth of abalone through enhanced
consumption and modifications to the gut microbiome which can improve metabolic
and immune homeostasis. The changes to abalone consumption, physiology and
microbiome, when fed on a diet of fresh Ulva and its components, can be used to better
design finishing feeds to enhance the quality of canned or live abalone products which
may have an impact on the associated human health benefits. The general methods for
abalone cultivation have been well understood but there remains a lack of knowledge

on the abalone metabolome which may account for the high variability in growth under



commercial conditions. Collectively, these findings provide a basis for further
investigation into specific roles of extracts obtained from fresh Ulva on the growth,

health, physiology and microbiome of aquaculture species.

Vi



Table of Contents

DRAICALION ..ttt ettt st sb et b et sbe et saeereeae i
ACKNOWIEBAZMENTS ...t e e e e e e e e e sabb e e e e e e eanraeeas ii

ADSEIACT ... ree s iii

Table Of CONTENES.....coiiiieeie ettt ettt be et e vii

LiSt Of TABIES «..eeeeeeeeee e xiii

LISt Of FIGUIES ..ttt ettt et s e s sbeas Xiv

Chapter 1 - General INtroduction ..........ccceeeevveeiiiiiineeeninicnseesnnscseeesssssssnnessssens 1
1.1 (000131 72)1C K T3 Te 1R o o] 1ol OO 1
1.2 SCOPE AN FOCUS ceeuviiiiniiiiiiiniiiiienieiiienieiieesieiiressetissssstisssssssesssssssesssssssssnnsssns 3
13 Importance and rel@VANCE ........coeeeeeerrereneierereserreneesrrenessseenssesseensssssennssssnennnes 8
1.4 AIMS and OBjJECHIVES ...ccuuiiieiiiiiiiciiiicrece e e e see s rsa e reasesensssensasennnns 11

Chapter 2 - Growth, condition and consumption rates of the cultured abalone H.

midae fed using a formulated feed and/ or seaweed (Ulva lacinulata or Ecklonia

INAXIMA) «eeeeeeeenereenereeniereaerteneetesseeessersasessssssssssessasessnsesssssessasessnsssssnsessassssnssssnnnes 13
2.1 Y 4o To 11T 4T 1N 13
2 00 A oY oY { D A [ o I o] o] o U SPPR 13
W Aol o Y- [ o[« I8 (oYL UL USSR 14
2.1.3 Importance and relEVANCE .......ueviiviiiieiiee ettt e e e e rae e e e 16
2.1.4 Objectives and QUESTIONS .....ccuvieiiiieiecciiee et ere et e e eee e e sae e s e sbae e e e aree e e nareas 18
2.2 Material and methods..........cccceiiiiiiiiiiiiiiiiiiiin e 20
2.2.1 Farm operational Parameters .......cueiecciieeiiiee et 20
2.2.1.1 Farm Location and water SUPPIY ....oocceeeeeiieecie e s 20
2.2.1.2 System and SyStemM MaNAZEMENT........ccueeieciie e eriee e eee e eree e e e eee e sreeeesreeeeans 21
2.2.1.3 JAY o] LoT YT T g o IR o) o o V- S 21
2.2.14 Diets and feeding rEZIME......c.ueiiciie et ree e ee e e rre e e 22
2.2.1.5 Ulva production and harvesting ........cceeecveeeiiii e 22

2.2.2 Experiment 1 - Abalone consumption rate and feed preference when fed dietary

Ulva as a partial or complete replacement of formulated feed. ........cccoecvvveeciieeinnenn. 23
2.2.2.1 YA =] .4 1o 1=Y =1 USSR 23
2222 ADAIONE .. e e 24
2.2.23 Diets and feeding reZIMES .......cecciiii et e e ee e e rre e e nes 25
2224 Data COIECLION ..ottt sttt s 28
2.2.2.5 SEAtISTICAl ANAIYSIS .vveeeiii e e ettt e e e eare e 30

vii



2.2.3 Experiment 2 — Effects of the dietary supplementation with Ulva or kelp (Ecklonia

maxima) on the growth and condition of abalone fed graded levels of formulated feed

......................................................................................................................................... 30
2.2.3.1 SYSTEM dETAIIS .oeeieiiee e e e e 31
2.23.2 ADAIONE .. e 32
2.2.3.3 Diets and feeding reZIMES .......ccociii ettt et et eare e e aeas 33
2234 Data COIECLION e et 34

2.2.3.4. 1 TEMPEIATUIE ...oeiiiiiieeiite ettt sttt e s s sn e ssn e s sar e s enneesnnes 34
2.2.3.4.2  GroWth iNGICES ..eoeeieiieiieeeeee e s 34
2.2.3.4.3  TiSSUE BIYCOZEN ....eeeeeeeieieeiteeectee e tee e ettt e et e et e e s aee e saaeeessteeeenaeessnaeeesseeennnns 35

2.2.3.5 SEAtiStICAl ANAIYSIS c.vveeiiie e e s 36

23 RESUIES ...uuueiiiii s 39

2.3.1 Experiment 1: Abalone consumption rate and feed preference when fed dietary
Ulva as a partial or complete replacement of formulated feed ........ccccoevvveerciieeinnenn. 39

2311 I Tole] o 3 [ To 1= PO PP PPN 40
2.3.2 Experiment 2: Effects of the dietary supplementation with Ulva or kelp (Ecklonia

maxima) on the growth and condition of abalone fed graded levels of formulated feed

......................................................................................................................................... 41
2.3.2.1 Farm water temMpPeratures ..o 41
2.3.2.2 Effects of macroalgae supplementation on abalone growth parameters ............ 43

2.3.2.2.1  Specific rowth rat@ (SGR) .....cceeeeiiiiieiie ettt et e 43
2.3.2.2.2 Monthly increment in shell length (MISL) ......ccoeeviiiiiiiiinie e 44

25 B2 0 S @o T4 Vo [ o T8 - ot o] ol (@1 =) ISR 45

2.3.23 Effect of time and treatment on the weight of abalone .........cc.ccooveeiiiiienennen. 47
23.21 Effect of treatment on muscle glycogen content.......c.cccoocveeveeniiineeniiiesieeneeeen, 51

2.4 T ol F = T 52

Nt YU Y0 0 -1 P RPRURSR 52

2.4.2 INTEIPIrELATIONS ..evviiieeiiiiiiiieeee ettt e e e s e s rbtr e e e e e s s s saabeaeeeesssasbreaeeesssnnannns 52

0 [ g o [Tt 4 o o -SSR 57

Chapter 3 - Antihyperglycaemic and immunostimulatory effects of Ulva

lacinulata as a feed for the abalone Haliotis midae ................ccccoovviviiiiiiiininennnnnns 61
3.1 INtrOdUCHION....cccieeeeiiiiiiirtre e e 61
3.1.1 CONLEXE AN TOPIC vevvreieeiiiiiiiiee e eceiireeeee e eeeeerree e e e e esettreree e e eeestarereeeeeessarsseeeeessnnsens 61
IR Aol ] o Y=IF- [ s [o I (o Yol U LTSS 61
3.1.3 IMportance and relEVANCE ....c.ueveieieieiiiie ettt e sbee e s rae e e e nares 64

viii



3.1.4 Objectives and QUESTIONS .....ccciiiieciiiiiee e ettt e e e ecerrer e e e e e esnre e e e e e e e esbaeeeeeaesenannes 66

3.2 Materials and Methods ..........ccccvvviiiiiiiiiii s 67
3.2.1 Experimental site and Water SUPPIY .....cooverieriiiiiieicce e 67
3.2.2 S0Urce Of MACrOAIGAC .. .iiiiciiiei ettt s sree e e serraeesaes 67
3.2.3 Determination of haemolymph glucose concentrations .......ccccccceeevccieeeeeciee e, 67
3.2.4 Quantifying the glucose metabolism of abalone ...........ccccccvieeiiiiccie e, 68

3.24.1 Glucose homeostasis of abalone under induced starvation ..........c.ccecceveenenenee. 68
3.2.4.1.1 System and system mManagement.........cocceeriieiierieenie e e 68
3.2.4.1.2 Experimental animals, feeding, and acclimation ........c.cccceevverincierencieecnien e, 68
3.2.4.1.3  Experimental ProtoCol ........couieiiiiiiiiiieieeieeee e e 69
3.24.1.4  Statistical @NalYSis ..cccueerueeeiiiiiieeee e e 69

3.24.2 Effect of induced hyperglycaemia on the abalone’s ability to return to basal

haemolymph glucose CONCENTIAtiONS......cccciiiiciie et see e e e e eee e snee e e saree e 69
3.2.4.2.1 System and system ManagemeNnt .......cccceeecuieeeiieeeeieeeseee e eeeee e 70
3.2.4.2.2 Experimental animals, feeding, and acclimation..........cccceeeeverivieeevcieecciee e, 70
3.2.4.2.3 Injecting a glycaemic dose into the haemolymph of abalone.......................... 70
3.2.4.2.4 Experimental ProtoCol ......cccccocueeeiiiiieee et e 71

3.243 Effect of diet on basal haemolymph glucose concentrations and the induced

glycaemic response Of abaloNe........cc.uiiiiiii it e 71
3.2.4.3.1 System and system ManagemMENTt.........ccccuiieeiieiiiiieeeecciiee e eecrree e e e srree e e e 71
3.2.4.3.2 Experimental animals and acclimation .........cccoccoviieiiiiiiiien e 71
3.2.4.3.3  Statistical @NalySis ..c.c.eeiieeiiiiiieee e 72

3.2.5 Quantifying the innate immune response of abalone ..........ccceceeiivieeecciee e, 72

3.25.1 Optimization of the time-point for discerning the impact of a stressor on the

immune response 0f @DAIONE .......cocuvii e e e 73
325101 ANIMAIS ettt st st r e e s 73
3.2.5.1.2  Bacterial preparation ........c.ecocieeceiie ettt et e et e e e e e e aae e eans 73
3.2.5.1.3 Optimization protocol and data collection..........ccccceeeeciieeeiiieccciee e 74

3.25.2 Effect of diet on the abalones immune and metabolic responses to a bacterial

challenge 75

3.2.5.2.1  Experimental @nimals.......ccccoiiiiieiiiiiiieeeee e e 75
3.2.5.2.2 Experimental system and acclimation ...........ccocueevieiiiiiinniiinneeneeeeee 75
3.2.5.2.3  Experimental protoCol ........couieeiiiiiiiiirieeere et e 76
3.2.5.2.4  Statistical @NalYSiS ..cccueevuiieiiiiiieeee e e 77

3.3 3 TS U] 78
3.3.1 Glucose homeostasis of abalone under induced starvation.........cccoccceeeercvenennnnen. 78
3.3.2 Effect of induced hyperglycaemia in abalone .........cccccuvvvieiiieicciieeccee e, 79



3.3.3 Effect of diet on basal haemolymph glucose concentrations and the induced
glycaemic response of @baloNe .......c..eeiieiiiiiiiiii e 80

3.3.4 Effect of time on the abalone’s total haemocyte count and bacterial clearance

efficiency used for the optimization of the bacterial challenge .......ccccccvvvveviiicieninnnen. 82
3341 BaCterial ClEAranCe.....ciiiiieeciee ettt 82
3.3.4.2 o) 1l o =TT 0 g T TtV NN oo 18| ) AU 83

3.3.5 Effect of diet on the abalones immune and metabolic responses to a bacterial

(o] 0 =11 1Y oY -SRIt 84
3351 Haemolymph glucose concentration............coecueeveerienieeiienseenieeeesee e 84
3.3.5.2 Bacterial Cle@ranCe.........oovuii it 85
3.3.53 Total haBMOCYLE COUNT.....eiiiieiiieiiet e e 86

3.4 T ol F = T 88

It YU Y0 0 - Y P RSRURRR 88

R o A 1 o1 (=Yg o] £=) =1 A (o] o PP 89

I 0 [ g o [Tt 4 o o -SSR 94

Chapter 4 - Comparison of dietary effects of whole Ulva lacinulata, and the

prebiotic potential for specific components thereof, on the growth, physiology, and

gut microbial patterns of the cultured abalone Haliotis midae............................. 96
4.1 INErOdUCHION.....ueii e 96
O I A 0o Y0} {2 (- T o To I o o [PPSR 96
Y ole Y T=I= T o T I e ol U - USSR 97
4.1.3 Importance and rElEVANCE .......oeei i 100
4.1.4 Objectives and qUESTIONS .....ccccuviiiiciiii ettt e e e sre e e e sbaeeeeans 102
4.2 Material and methods.........cccoevviiiii s 104
4.2.1 Experimental site and Water SOUICE......cuuiiiicciiiieii ettt e e e 104
4.2.2 S0UIMCE Of UIVA ..ottt s 104
4221 EXEraction of UIVan ..o 104
4.2.3 System design and Water SUPPIY ...cceeveiiiiei i 105
4.2.4 Animals, acclimation and tagging.......ccccevveeiriiiie i 107
4.2.5 Experimental feed formulations, diets and feeding .........cccocevvecveeiecieeeiccieeens 109
4.25.1 Preparation of the formulated feeds..........ccccueiiiiieecii e 109
4.2.5.1.1 Formulated feed supplemented with dried Ulva ..........ccccceecieeeciieeciiecnneen. 109
4.2.5.1.2 Formulated feed supplemented with ulvan .........cccccccoeveniniinininicnenieee 109
4.2.5.1.3 Formulated feed supplemented with glucuronic acid...........ccccceeecuviveeeiennnns 109

4.2.5.2 EXPerimental diets ......c.cocueiiieiiieiiieee e 110



4253 Feeds and fERAING.......uoi e re e et e e eanes 110

4.2.6 ADAIONE SAMPIING ..evriiiiei it e e e e e e b b e e e e e s e enrraeeeaeeean 111
4.2.6.1 Abalone dissections and processing of physiological measurements................. 112
4.2.6.1.1 Quantification of the relative shell weight contribution........c..cccccenennennee. 112
4.2.6.1.2  Abalone intestinal Microbiota .........c.ccoccevirviiniiiiniiii e 112
4.2.6.1.3 Abalone foot muscle moisture and glycogen content...........cccceevveevecverennneen. 115
4.2.7 Abalone growth indices and feed cONVErsioN .........cccoccveeiiciieecciiee e 116
4271 SPECITIC BrOWLN Fate ...ttt 116
4.2.7.2 Monthly increment in shell length ..., 116
4273 CONAItION FACTON ..cuviieiieeie ettt ettt 117
4.2.7.4 Feed CONVErSioN ratio .......ccoiueiiieiiieiieie ettt s 117

4.2.8 Denaturing gradient gel electrophoresis SSU rDNA ladder development for

NOIrMaAliZation Of IS ..ccueviii e et e e e 117
4.2.8.1.1 Isolates of Vibrio halioticoli..........cocueverieniniiiniciinieeeeceee e 118
4.2.8.1.2 Isolates of Ulva-associated bacteria .......c..ceceveeiiniieniiiiniiiccee e 119

4.2.9 Bacterial genomic DNA eXtraction ........cccceevciueeiiiiieiiiieeecsieee e sree e seinee e 120

4.2.10 Total genomic DNA extractions from abalone gut tissue samples .................... 121

4.2.11 Amplification of the 16S rRNA gene using polymerase chain reaction ............. 121

4.2.11.1  Primer selection and PCR thermal programs .........ccecceeveeeverneeniieenieensieeneeeeens 121
4.2.12 Denaturing gradient gel electrophoresis .......cccocvveeieciieiicieee e 122
S 0t R 1= I o Yo UL o = RN 122
4.2.12.2  Gelloading and rUNtIME .......cccuveieiiie et e et e ra e e saae e 122
4.2.12.3  Ladder reference lanes .......cooeiieiierieiienieeeeeee et e 123
4.2.12.4  StAINING OF BEIS.cciuiiieeiee et et et e et e e sraea e 124
4.2.12.5 IMAEE PrOCESSING ceveiiiiiiiiiiiiii it sccccc e e e et e e e e s e s e s s e s e s saesbsbsreraaeeaaaeees 124
I I R - | 4 ] 4ok PSPPI OPPTPPPPPON 125
4.2.13.1  Growth and physiological COMPAriSONS........ccccveercieeeiiie e see e 126
4.2.13.2  PCR-DGGE fingerprint analysis using UPGMA ..........coooiieieiiieceeeeree e 126

4.2.13.3 PCR-DGGE band quantification of relative abundance and analysis of unique
identifiers 127
4.3 =T V] | 128

4.3.1 Effect of diet on morphological and physiological data collected during dissections

....................................................................................................................................... 128
43.1.1 Relative shell weight contribution...........cccoocciieiiiiecce e 128
43.1.2 Abalone foot muscle moisture and glycogen content .........ccccoeeeveeevieeeciieeenns 129

4.3.2 Effect of diet on abalone growth parameters........ccccovcveeiiiiieivcciiee s 132
43.2.1 SPECITIC rOWEN Fate .ccceeii e e 132



4.3.2.2 Monthly increment in shell length ..o e 133

4.3.2.3 CONAItION FACTOF ..cuviiiiiiieie ettt s 134

4.3.3 Effect of diet on feed conversion ratio .......ccccceeveeeiieeiee e 135
4.3.4 Effect of diet on the abalone intestine 16S rDNA gut microbial fingerprints...... 136
434.1 PCR-DGGE fingerprint analysis using UPGMA ..........ccooeeeiieeeiieeeciee e 136

4.3.4.2 Non-metric multidimensional scaling of PCR-DGGE fingerprints........c.cccccvveennee 138

4.4 T U T 141
.41 SUMMAIY cetttiiiiiiiitititteteteeetettteteetteteeeateessesesssesssssssssssssssssssssssssssssssssssssssssssssssssmnsnens 141
4.4.2 INterpretations ..o 142
N [ oo [ ok d o -3 U SUTPRRNt 147
Chapter 5 - General DisCUSSION........cccccciiiirrnmeeeeiiteeieccccrrnneeeeeeeeessscesesnsnnnnns 149
5.1 (000 11 - ¢ RPN 149
5.2 FINAINGS cevviiiiiiiiiiiiiiiiiiiiiiiienie e iirasssesiessssesisssssstessssssstsssssssesssssssesnsssnss 149
5.3 Y =T o T =1 1[0 4 150
5.4 LimitationsS....coceereeeiiiiiiiiiiicr e 156
5.5 Recommendations .........ccceveunuiniiiiiiiii s 157
5.6 SUMMAIY cuuiiuiiiiiiniiiniiiniiieiieesieisisiiieiieesiassrosrasraisssstssstsssrsssssssssssssssasssasssasses 158
32T = =T 4T LN 160
Supplementary information ... e s ea e a
S1 - Phenol-sulphuric method for the determination of glucose .........ccccceeviieiennenne a

S2 - Extraction of the water-soluble polysaccharide ulvan.........cccccooveeevieiiniieninnen, d

S3 - R-code for data handling, plotting and analysis ........ccccecvveecieeiciee e, g

Xii



List of Tables

Table 1 Summary table for the final mixed effects model used to determine the effect of time and
treatment on the growth of abalone fed diets supplemented with Ulva as a measure of weight. Six
feeding regimes were compared; an Abfeed™ S34® only Control, followed by varying the amount of
Abfeed™ S34°® whilst supplementing with Ulva. The amount of Abfeed™ $34°® offered was 100, 80, 70,
60 and 40 percent of the control portion with the addition of Ulva. The significance is denoted by the

stars in the right-hand column with; p < 0.001 marked as ***. ........ccoocvevveveieeeieeeseeeeeee e 47

Table 2 Summary table for the final mixed effects model used to determine the effect of time and
treatment on the growth of abalone fed diets supplemented with kelp as a measure of weight. Six
feeding regimes were compared; an Abfeed™ S34® only Control, followed by varying the amount of
Abfeed™ S34® whilst supplementing with kelp. The amount of Abfeed™ S34°® offered to the treatment
diets was 100, 80, 70, 60, 40 percent of the control portion with the addition of kelp. The significance is
denoted by the stars in the right-hand column with; p < 0.001 marked as ***, p < 0.01 marked as **,
Lo Lol R N O 11 To 14 (=o' USSR 48

Table 3 The relative protein, fat, moisture and ash content of the diets formulated by Specialized Aquatic
Feeds for this study, as determined by near-infrared spectroscopy. Each feed was made in 10 kg batches
and kept in a walk-in freezer until needed, thereby minimizing loss of nutritional value. During the feed
trials, colour coded feed buckets for each formulation were filled every three weeks and kept at the

EXPEIMENTAI SYSTEIM. ...ttt ettt ettt et e st et e st e st e saseesseenane s 110

Table 4 Vibrio halioticoli isolates with strain identifiers used for the creation of a small subunit rDNA
ladder for DGGE normalization (Sawabe et al., 2003). The strain identified with accosiation in H. Midae
in indicated in bold (SAWADE, 2006). ............cceeeeeeeeeeeeeeeeeeeeeeeeeeeieeeeeteeeeteeeeeiaeeeeseseeivesesiseeeeireseeanes 119

Xiii



List of Figures

Figure 1-1 Amino Acid profiles for fishmeal (yellow) used in the development of abalone aquafeeds
compared to that of Ulva (green) grown in farm effluent water. Individual amino acids are abbreviated
using the standard 3-letter code and are represented as grams per 100 g of protein. Amino acids are
grouped into essential and non-essential and presented side-by-side for comparison. The data used for
the amino acid profile of fishmeal was obtained from Sales & Britz (2003) and for Ulva the data are from

Shuuluka, Bolton & ANAerson (2013). ........eeueeceeeeeeeeeeiiieeieestesteeste st estaeeta e st e esseessessssesssasassesssessseaans 7

Figure 2-1 Box and whisker plot for monthly sea temperatures that were captured using hand held
thermometers in Hermanus and the data sourced from the South Africa Weather Service (SAWS, 2011).
The annual mean temperature is represented by the dashed blue line. The monthly variation is visible
by the relative position of each box and the mean denoted by the white diamond in each box. Outliers

P MAIKEA [N TEU. ...ttt ettt ettt e e e ees e s e e e stb e e s e esstsstaeesasaassaassesssssesssensnnes 20

Figure 2-2 Schematic of abalone production raceway used for the quantification of consumption
showing (1) front view, (2) back view, (3) top view, and (4) isometric projection. Each component within
the raceway is labelled in (4) and includes; water inlet, water outlet, abalone housing basket, and the

PVC QEIATION PUPEC. c.ooeveeeieiieeeeeeeeeeeeeee ettt e e e et e e e e e e e e e s e s et et s ss bbbt aetasaaaaaaaaaaaasssessssssssssssssssssssnsnnnns 24

Figure 2-3 Mean (+SE) percent weight loss for fresh Ulva as a function of the number of rotations when
being spun dry using a household salad spinner. Weight loss is calculated as the percentage decrease

from the initial weight MUltiplied DY 100. ............cccueeeiuieeesieieeciieeesiee et sseessiee e site e s siteessiesesses 26

Figure 2-4 Feeding regimes expressed as percentage inclusion of Abfeed™ $34°® and fresh Ulva. The total
feeding ration per basket was offered at 1.27 % BW.day", calculated on a dry weight basis for both
Abfeed™ $34°® and Ulva. The feeding regimes were: 100 % Abfeed™ S34® control (100A); 75 % Abfeed™
5$34® and 25 % Ulva (75A25U); 50 % Abfeed™ S34°® and 50 % Ulva (50A50U); 25 % Abfeed™ S34°® and
75 % Ulva (25A75U); and 100 % Ulva (100U). All treatments were offered in triplicate........................ 27

Figure 2-5 Schematic of an abalone production raceway used in the growth trial with; (1) front view, (2)
back view, (3) top view, and (4) isometric projection. Each component within the raceway is labelled in

(B). woooeeeeoeeeeeseeeeeeeee sttt ettt ee e ee s eeree 32

Figure 2-6 Schematic representation of the abalone dissection for muscle tissue glycogen collection. The

sample was taken from the area labelled ‘A’, highlighted in Grey..............ccoeeevvveeceieeeecceeeeieeeeceeeennn 36

Figure 2-7 Plots of residual for the models under development (log_weight ~ days * treatment) in which
heteroscedacity was evident for plot A and B. The data were; (A) untransformed, (B) log transformation
of raw data, and (C) weighted variance structure for time. The final model included both log

transformation and a weighed variance structure to account for heteroscedastic data plotted in (C). 37

Xiv



Figure 2-8 Mean daily consumption by abalone (mean (+¥SD) weight of 67.30 *+ 5.49) given the five
feeding regimes. Total feed (Abfeed™ S34°®, Ulva, or a combination of each) was offered at a mean daily
rate of 1.27 % BW.day™. The feeding regimes were; 100 % Abfeed™ S34® control (100A), 75 % Abfeed™
S$34® and 25 % Ulva (75A25U), 50 % Abfeed™ S34® and 50 % Ulva (50A50U), 25 % Abfeed™ S34® and
75 % Ulva (25A75U), and 100 % Ulva only (100U). The contribution of Abfeed™ S34°® to the total
consumption is represented by the top stack of each bar for mixed feed (greyscale correction). The post-
hoc Tukey HSD test was used to determine significance levels which are denoted by the letters above

the bars. A different superscript denotes a significant difference at p = 0.05. ........ccccvveeevvvevivvveescienens 40

Figure 2-9 Mean (+SE) daily consumption of (A) Abfeed™ S34® and (B) Ulva by abalone in the five feeding
regimes. Feeding regimes were Abfeed™ S34® only (100A), a mixture of Abfeed™ $S34® and Ulva in which
Abfeed™ S34°® was replaced with Ulva at graded levels (75A25U, 50A50U, 25A75U), or Ulva only (100U).
All dietary treatments were offered in triplicate. Standard error is displayed on the bars. Jacobs electivity
index is represented above the bars and correspond to either Abfeed™ S34® (A) or Ulva (B) in the

Qifferent fEEAING rEGIMES. .........c..ueeeeeeeeeeeeeeee ettt et e ettt e e ettt e e e e e st e e et tstesssaaesssssaessssaesssaesarenans 41

Figure 2-10 Daily farm temperature recordings from Abagold (Pty) Ltd for the year 20 August 2011 - 20
August 2012. Maximum and minimum temperatures are marked by the red and blue dashed lines
respectively, with the solid black line illustrating the annual pattern by plotting a locally weighted
regression loess smooth fitted to the raw data. Vertical lines indicate the periods between sampling and
correspond to the farm’s sorting cycle. The cumulative days from start are; Period 1 = 111 days, Period
2 =226 days and Period 3 = 366 days. Period 3 was 20 days longer than Period 1 due to unavoidable

B e T ITo T4 T I o 1K o ok TSR 42

Figure 2-11 (A & B) Mean (white square), median indicated by the thick black line with the box extending
to the 1°t (lower) and 3 (upper) quartiles, whiskers represent 2.5 time the interquartile range with
outliers indicated by black dots of abalone weights measured between August 2011 and August 2012.
(C & D) Mean (£SE) specific growth rate (SGR) for abalone over the growth period from August 2011 -
August 2012. Six feeding regimes were compared; an Abfeed™ 534°® only Control, followed by varying
the amount of Abfeed™ S34® whilst supplementing with either Ulva (A) or kelp (B). The amount of
Abfeed™ S34° offered to the treatment diets was 100, 80, 70, 60, 40 percent of the Abfeed™ S34°®
control with the addition of macroalgae. All treatments were offered in triplicate with significant

differences iNAiCAted DY the *. ............oooeeeeeeeeeeee et e et e et e et e e et e e ettt e e st aaestsaaeessaessenans 44

Figure 2-12 Mean (+SE) monthly increment in shell length (MISL) for abalone over the growth period
from August 2011 - August 2012. Six dietary treatments were compared; an Abfeed™ S34® only Control,
followed by varying the amount of Abfeed™ S34°® whilst supplementing with either Ulva (A) or kelp (B).
The amount of Abfeed™ 534 offered to the treatment diets was 100, 80, 70, 60, 40 percent of the

XV



control with the addition of macroalgae. All treatments were offered in triplicate and no significant

QiffErenCes WEIe rECOIUEA. ............oocceeeeeeeeeeeeeeee et ee et tte e ettt e e e e ettt e e ettt e e asaa e s e e e e stseseesaaessanans 45

Figure 2-13 Mean (+SE) condition factor for abalone at the start (August 2011) and end (August 2012)
of the feeding trial. Six feeding regimes were compared; an Abfeed™ S34® only Control, followed by
varying the amount of Abfeed™ S34°®, whilst supplementing with either Ulva (A) or kelp (B). The amount
of Abfeed™ S34° offered to the treatment diets was 100, 80, 70, 60, 40 percent of the Abfeed™ S34°
control with the addition of macroalgae. All treatments were offered in triplicate. The significance is

denoted by the stars with; p < 0.001 marked as ***, p < 0.01 marked as **, p < 0.05 marked as *..... 46

Figure 2-14 Mean (+SE) weight of abalone measured every four months from August 2011 - August
2012. Six dietary treatments were compared; an Abfeed®S34 only Control, followed by varying the
amount of Abfeed®S34 whilst supplementing with either Ulva (A) or kelp (B). The amount of Abfeed ®S34
offered to the treatment diets was 100, 80, 70, 60, 40 percent of the Abfeed®S34 control with the
addition of macroalgae. All treatments were offered in triplicate. Points are separated for clarity; the

time of sampling was the same for treatments in each group at each sampling time/point. ............... 50

Figure 2-15 Mean (white square), median indicated by the thick black line with the box extending to the
1t (lower) and 3™ (upper) quartiles, whiskers represent 2.5 time the interquartile range, and the scatter
points plotted on each treatment (a jitter was applied to the points as to ensure no overlapping occurs
in the plotting) represents individual abalones tissue glycogen content measured in August 2012. Six
dietary treatments were compared,; an Abfeed™ S34® only Control, followed by varying the amount of
Abfeed™ S34® whilst supplementing with Ulva (A). The amount of Abfeed™ S534°® offered to the
treatment diets was 100, 80, 70, 60, 40 percent of the control with the addition of macroalgae. All

treatments were offered in triplicate and no significant differences were recorded. ........................... 51

Figure 3-1 Box plots of haemolymph glucose concentrations over a 24 day period for abalone under a
period of induced starvation. The box represents the lower and upper quartile (25 - 75 percent,
respectively) of the data (interquartile range), the vertical lines reach out to 2.5 times the interquartile

range, and outliers displayed as black dots (n=6 for @ach BOX). ..........ccccecceeeecivveeciieesiieeesieeeeieaesvenan, 78

Figure 3-2 Mean (+SE) haemolymph glucose concentrations of abalone after receiving an injection of
either distilled water (control) or a dose of 1000 ug glucose, injected into the cephalic arterial sinus.
Abalone were starved for a period of six days prior to injection and were monitored at specific intervals
(15, 30, 45, 60, 120, 180 minutes) over a 180-minute period. For the control, a total of five abalone were
injected with distilled water and for the experimental group a total of 6 abalone were injected with the
glucose dose to assess the effect of induced glycaemia on abalone haemolymph glucose concentrations/

clearance ability. The significance is denoted by the stars with p < 0.05 marked as *............cccccoeeue... 79

XVi



Figure 3-3 Mean basal (+SE) glucose concentrations in the haemolymph of starved abalone (6 days
without food), maintained on either Abfeed™ S34® or Ulva for a period of six months (n=12 abalone per
treatment) prior to the testing. Significance is indicated by *** (p<0.05) for a comparison between

ITVEAINIS. «.eeeeeeeeeeeeee e e e e e e e e e ettt aee e e e e s e s et s e e aaeeea e s e s s et aa i aaaeae e e e s e b e bbb aaaaaea e et e b e bbb aaaeeaeerrararraaaaaaaae 80

Figure 3-4 Mean (SE) circulating glucose levels recorded in the glycaemic response over 180 minutes in
abalone maintained on a diet of either Abfeed™ S34°® (A) or Ulva (B) for a period of six months before
intravenous injection into the cephalic arterial sinus with 1000 ug of glucose. Twelve individual abalone
were injected from each dietary treatment and the circulating glucose levels expressed as the mean
(+SE) at each sampling time. A significant difference in glucose concentration at each time point from
the initial sample (time 0) within each treatment is denoted by an asterisk on the top of the plot area (*

P <0.05; ¥ < 0.01; *** P<O.005) . cvvoeveeeveeseeeeeeeeeeseeeeseseeseseeseseeseseseseeseseesssssseeesssesesesesesesssessssssees 81

Figure 3-5 Mean (+SE) number of culturable bacteria recorded in abalone haemolymph (n = 8) at specific
time points (20, 40, 120, and 1440 minutes) after injection of a known dose (at 0 minutes) of live bacteria
(V. anguillarum). Each abalone tested negative for V. anguillarum pre-injection and clearance counts
confirmed by spread plate technique confirmed the presence of V. anguillarum post-injection (n = 8).
The theoretical injected dose of V. anguillarum (178890 CFU.mL™ for a 52 g abalone) is indicated by the

bar at 0 minutes. Significant differences between time points are denoted by different letters above the

Figure 3-6 Mean (£SE) total haemocyte counts recorded from the haemolymph of abalone pre- (-10
minutes) and post- (10, 20, 40, 120, and 1440 minutes) injection with a known dose of live Vibrio

anguillarum (n=8 abalone). Significance is denoted by different letters above the bars. ...................... 83

Figure 3-7 Mean (+SE) free circulating haemolymph glucose concentrations recorded from abalone fed
Abfeed ®S34 or Ulva (for a period of 6 months) pre- and post- (30 minutes) injection with a known dose
of live Vibrio anguillarum (n=12 abalone per treatment group). Significance is denoted by different

letters fOr Within treQtMENT LESTS. ........ccccveeeeeeeeee ettt e e ctee e et e e e e st e e e e teeessaaesssaeessssaessseaesasesans 84

Figure 3-8 Mean (+SE) number of Vibrio anguillarum culture-forming units remaining in the
haemolymph of abalone fed Abfeed ®534 or Ulva 30-minutes post-injection of a known dose of live
bacteria (n=12 abalone per dietary treatment group). Data from n = 10 abalone maintained on Abfeed ™
5$34® and n = 9 maintained on Ulva were used after exclusion of outliers. The theoretical injected load
of 176835 CFU.mL is marked by the grey bar (Dose). The y-axis is broken into two sections (0 — 10000
and 170000 — 180000) as indicated by the break in the DOSE D .............ccccvecuveceeeireiieeireeiiesiieeseaans 86

Figure 3-9 Mean (+SE) total haemocyte counts for abalone maintained on Abfeed ®534 or fresh Ulva for

a period of 6 months pre- and post- (30 minutes) injection with a known dose of live Vibrio anguillarum

XVii



(n=12 abalone per treatment group). Significance for within group differences is denoted an asterisks

above the respective bar (** p < 0.01). ns denotes no significant difference. ..............ccccocevvveevvveenunenn. 87

Figure 4-1 Top view of the experimental system used for the growth trial. Each plastic tank received sea
water, maintained at 16 °C, provided by two separate pressure loops and aeration from a single air loop.

Groups of six tanks were considered as single replicate, units as marked by the coloured squares. ... 106

Figure 4-2 Experimental system used for the growth trial, with the covers down to protect the abalone
from ambient light and disturbance. Each cover was designed to hinge open over a single replicate unit
and minimize light inception, reduce visible moment, and limit external disturbance. The lights in the

experimental area were kept off at night to maintain day night Cycles. ...........cceeevvevevveesviveeeivrannn, 107

Figure 4-3 Tagging system developed to provide more statistically powerful growth data by marking
each abalone with unique beads glued onto their shells. For each replicate, a single bead from all 30
bead types was pooled in test tubes with the respective replicate codes (left side) and were used in the
tagging of abalone. A number chart was developed which referenced each bead by a unique number

prefixed by the replicate (Fight SIAE). ...........ueeueeeeeeei ettt et e st e e cte e e e e e st s estaaeesranaens 108

Figure 4-4 Abalone dissection (A) and anatomy (B). Labels indicate the various organs which can be
identified on the abalone. Samples of left gill, right gill, mantle, adductor muscle, crop/stomach and the

radula were processed for fUrtNer reSEAICH. ..............c.ueeeveeecceeeeeieeeeee ettt ee e eetee s tteeeesaa e 114

Figure 4-5 Schematic representation of the abalone dissection for muscle tissue collection............... 115

Figure 4-6 Denaturing gradient gel electrophoresis (DGGE) fingerprints before image processing and
normalization, as viewed through the UV transilluminator. Lanes 3, 9, and 14 were loaded with 16S
rDNA nested PCR products amplified from bacteria isolated from Ulva and lanes 4, 8, and 13 were loaded
with 16S rDNA PCR products amplified from bacteria isolated from Vibrio halioticoli. Only bands which
were within the range of the selected bands of the two reference ladders were included in the analysis.
Bands marked in red and green highlight the bands from each reference sample selected for gel

NOFMALIZATION. ...vvvveeeeeieeeeeeee e eeeeee ettt e et et e et e st e e e eestb e e eeastssteeesaasseaseessaseessessssensseensases 125

Figure 4-7 Mean (+SE) relative shell weight contribution to whole abalone measured as a percentage of
body weight for each period (105 days and 215 days). The dashed black line represents the relative shell
weight contribution of abalone at the start of the experiment. The effect of six diets were compared
which were; a formulated feed (AB), a 60:40 combination of AB and fresh Ulva (ABFU), AB with a 10 %
dry Ulva inclusion (AB10U), AB with a 1 % ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid
inclusion (AB0.1U), and a fresh Ulva diet (FU). The dashed line represents the mean relative shell weight
contribution to the whole abalone at the start of the growth trial, Day 0. All treatments have n=5

independent replicates. Significant differences between treatments at day 105 are indicated by red

XVili



letters above the error bars and for differences between treatments at time 215 significance is indicated

by black letters below the error bars, with different letters indicating significance (p < 0.05). ........... 129

Figure 4-8 Mean (+SE) tissue moisture (A) and muscle glycogen (B) of abalone foot muscle tissues that
were dissected and dried for tissue moisture or processed for the calculation of muscle glycogen. The
dashed black line represents the relative shell weight contribution of abalone at the start of the
experiment. The effect of six diets were compared which were; a formulated feed (AB), a 60:40
combination of AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U), AB with a 1 %
ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and a fresh Ulva diet (FU).
All treatments were offered in quintuplicate. The mean tissue moisture and muscle glycogen for day 0
are indicated by the dashed line. Significant differences between treatments at day 105 are indicated
by red letters above the error bars and for differences between treatments at time 215 significance is
indicated by black letters below the error bars, with different letters indicating significance (p < 0.05).
Significant differences within treatments are indicated by the asterisk in the panels (*¥<0.05, **<0.01,

*HELO.001, FHFF¥K0.0001). ..ottt sttt 131

Figure 4-9 Mean (white square), median indicated by the notch in the box which extend to the 15t (lower)
and 3 (upper) quartiles, whiskers represent 2.5 time the interquartile range, and the scatter points
plotted on each treatment (a jitter was applied to the points as to ensure no overlapping occurs in the
plotting) represents individual abalones specific growth rate (SGR) over the growth period from
February 2015 - September 2015. The effect of six diets were compared which were; a formulated feed
(AB), a 60:40 combination of AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U), AB
with a 1 % ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and a fresh Ulva
diet (FU). All treatments were offered in quintuplicate and significant differences are indicated by letters

on the left of the mean with different letters indicating significance (p £ 0.05). .......cccoueevvevcrveevennnn. 133

Figure 4-10 Mean (white square), median indicated by the notch in the box which extend to the 1
(lower) and 3 (upper) quartiles, whiskers represent 2.5 time the interquartile range, and the scatter
points plotted on each treatment (a jitter was applied to the points as to ensure no overlapping occurs
in the plotting) represents individual animal’s monthly increment in shell length (MISL) over the growth
period from February 2015 - September 2015. The effect of six diets were compared which were; a
formulated feed (AB), a 60:40 combination of AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva
inclusion (AB10U), AB with a 1 % ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion
(ABO.1U), and a fresh Ulva diet (FU). All treatments were offered in quintuplicate and significant

differences are indicated by letters on the left of the mean with different letters indicating significance

Figure 4-11 Mean (+SE) condition factor for abalone over the growth period from February 2015 -

September 2015. The effect of six diets were compared; a formulated feed (AB), a 60:40 combination of

Xix



AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U), AB with a 1 % ulvan inclusion
(AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and a fresh Ulva diet (FU). All treatments
were offered in quintuplicate and the average ‘fatness’ (CF=1) is indicated by the dashed line. Significant
differences within treatments are indicated by the asterisk in the panels (¥*<0.05, **<0.01, ***<0.001,

KHEKLD.000T). ..ottt st sttt 135

Figure 4-12 Mean (+SD) feed conversion ratios (FCR) for abalone over the growth period from February
2015 - September 2015. The effect of six diets were compared which were; a formulated feed (AB), a
60:40 combination of AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U), AB with a 1
% ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and a fresh Ulva diet (FU).
All treatments were offered in quintuplicate and significant differences are indicated by letters above

the error bars, with different letters indicating significance (p £ 0.05). ......c.cocvveeevvecveeveeieesireeeeeenn 136

Figure 4-13 Dendrogram obtained through cluster analysis of Pearson correlation similarity matrix using
the unweighted pair group method with algorithmic means algorithm (UPGMA) of averaged PCR-DGGE
fingerprint patterns obtained from 16S rDNA products generated from abalone intestine sections.
Abalone were maintained on different diets for 215 days prior to sampling and diets are indicated in the
legend above. Diets were; (AB) formulated feed, (ABFU) a 60:40 combination of AB and fresh Ulva ,
(AB10U) AB with a 10 % dry Ulva inclusion, (AB1U) AB with a 1 % ulvan inclusion, (AB0.1U) AB with a
0.1 % glucuronic acid inclusion, (FU) and a fresh Ulva diet. Similarity is expressed as a cophenetic

correlations on the branches with values near 100 indicating maximum similarity ................cc..c....... 138

Figure 4-14 (A and B) Non-metric multidimensional scaling (NMDS) ordination for bacterial PCR-DGGE
fingerprints. Each fingerprint pattern was obtained from the 16S rDNA extracted from individual
abalone intestinal section and normalized according to the relative abundance of each band. NMDS
quantified the data on 3-axis converging after 20 iterations with a stress value of 0.18. The MDS for axis
1vs 2 (A)and 1vs 3 (B) were plotted. (C) Boxplots of relative abundance for band locations represented
as median, indicated by the line in the box which extend to the 1% (lower) and 3 (upper) quartiles and
whiskers representing 2.5 time the interquartile range. Outliers are plotted in red. Each fingerprint
pattern was analysed for indicators ‘species’ which found seven bands with significant associations to
diet. The star above the whisker indicates the diet in which significant associations were identified with
the band for the individual PCR-DGGE bacterial fingerprint. Diets were; (AB) formulated feed, (ABFU) a
60:40 combination of AB and fresh Ulva , (AB10U) AB with a 10 % dry Ulva inclusion, (AB1U) AB with a
1 % ulvan inclusion, (AB0.1U) AB with a 0.1 % glucuronic acid inclusion, (FU) and a fresh Ulva diet. . 140

Figure 2-a Dried Ulva (50 g) was ground to pieces of approximately 1 cm. The course powder was then

added to 450 mL diH20 in a 5000 mL glass beaker which was then place in the autoclave at 120 °C for

XX



Figure 2-b The suspension was filtered through a strainer (0.25 mm) and the remaining liquid was

centrifuged At 5000 RCF fOI 5 MUNULES..............eeeeueeeeeeeeeieeeeeieeeectaeettaees e eettaaessaaaassaseetssesssssaesssaaenaes e

Figure 2-c The pellets were discarded and 2.5 volumes (1125 mL) of 70 % ethanol were added which
precipitated out the Ulvan. After 1h the doe-like precipitate was removed and washed with 96.9 %

ethanol before being centrifuged for five minutes at 5000 rPM. ...........ccccueeeeceeeeieeeesreeeeieeeaiieeeeeveeeeanns f

Figure 2-d From the initial 50g, 4g of ulvan was successfully extracted giving a yield of 8 %................... f

XXi



Chapter 1 — General Introduction

Chapter 1 - General Introduction

1.1 Context and topic

The world’s population has reached 8 billion people and is growing, which has created
profound changes in the global food system. Some of the anthropogenic pressures
driving the shift in production are; changes in consumption patterns linked to
urbanisation, improved/diminished financial capacity, nutritional values and
environmental concerns (Rosenzweig et al., 2020). The current complex global human
food supply chain has created suboptimal food availability where a large proportion of
the land resources are used in the production of livestock and aquaculture feeds
(Sandstrém et al., 2022). Currently, about half of the available land on earth is used for
intensive agriculture (Ritchie & Roser, 2017) with 40 % of farmed land being used for
the production of crops for their inclusion into formulated feeds. Approximately 30 %
of all cereal crops are produced for their inclusion into formulated feeds with an
increasing amount of other food system by-products being upcycled as alternative
sources of nutritional components (Sandstrom et al., 2022). The food system is a major
driver of anthropogenic changes to the landscape (Rosenzweig et al., 2020) and is under
pressure to optimize the production of food products used as feeds for livestock and
aquaculture feeds (Molden et al., 2010; Falkenmark, 2013; Cameira & Pereira, 2019;
Sandstrom et al., 2022).

In 2016 aquaculture was reported to be the fastest growing food production sector
globally (Ratcliff et al., 2016) and in 2018 recorded a total fish production volume of
82 million tons. In 2018 the global capture fisheries accounted for 54 % of the global
fisheries produced and was calculated to be 97 million tons (FAO, 2020). Of the overall
total fish produced, 156 million tons were used for human consumption with the
remaining 22 million tons destined for non-food products, including fishmeal for the
production of formulated feeds used to feed livestock and aquaculture species (FAO,
2020). As a consequence of the increased production from aquaculture the proportion
of fishmeal destined for non-food products for use within aquaculture increased
substantially; where for example in 1980 only 10 % of fishmeal production from wild
fisheries was used for aquaculture (Tacon et al., 2008), inclusion of fishmeal has

subsequently increased to 69 % in 2016 (Naylor et al., 2021). The successful
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formulation of feeds for aquacultured species along with the intensification of
aquaculture production methods has created a dependency on commercial formulated
feeds (Kwasek, Thorne-Lyman & Phillips, 2020) that are designed to promote growth
and may improve the profitability of a farming operation.

Since continued use of fishmeal may be limited in the future, its inclusion in aquaculture
feeds and its utilization on farms must be optimized and ultimately reduced to help
improve the environmental sustainability of the industry (Klinger & Naylor, 2012;
Rosenzweig et al., 2020). A reduction on the reliance of fishmeal based formulated
feeds, or an improvement in its utilization, to maintain aquaculture growth is a global
concern, where individuals and organizations are looking for novel solutions for the
production of feeds used in growing aquacultured species (Rana, Siriwardena & Hasan,
2009; Olsen, 2011; Klinger & Naylor, 2012; Naylor et al., 2021). The formulations of
feed used in aquaculture have seen an increased use of soybean meal as a partial protein
replacement of fishmeal and now represents approximately 66 % of the global
contribution to the protein portion of formulated feeds (Heuzé, Tran & Kaushik, 2020).
The aquaculture sector has achieved significant progress in the past 20 years with
increased feed efficiencies alongside an increased use of plant-based ingredients that
are produced on land or as by-products of land-based agricultural systems (Naylor et
al., 2009; Silva et al., 2014; Naylor et al., 2021; Campanati et al., 2021).

Aquaculture effluents present as valuable by-products of aquaculture systems that can
be optimized for the cascading of materials through integrated trophic levels that are
able to produce co-products alongside the primary human-consumable products. For
example, ocean-based systems exploit the traits of various marine species using the
environmental conditions to allow for vertical integration of effluent streams in the
production of multiple products destined for human consumption. High nutrient loads
found in land-based effluent flows can be recaptured using integrated multi-trophic
aquaculture (IMTA) systems where algal integration with the primary culture organism,
can enhance the overall performance of an aquaculture operation and reduce the
environmental burden of production (Chopin et al., 2001; Nobre et al., 2010; Bolton et
al., 2016; Cameira & Pereira, 2019). The bioremediation of waste waters using IMTA
systems for the production of valuable food system by-products is a critical component

for the transition towards circular food systems (Sandstrém et al., 2022). There are a

Page 2



Chapter 1 — General Introduction

number of algae that show promise for their potential inclusion for production in IMTA
and for use as a supplementary feed or alternative feed ingredient however, this study
sought to focus on land-based marine aquaculture systems that are feeding formulated
feeds in conjunction with seaweeds to the cultured South African abalone Haliotis
midae. The alga investigated here is effluent-grown Ulva lacinulata (Bachoo, 2021),

which has been cultivated in IMTA systems in South Africa for more than two decades.

1.2 Scope and focus

The abalone aquaculture industry is similar to other forms of intensive agriculture
where optimal health and maximum vyield of the cultured organisms is a priority to
maintain profitability (Sales, 2001; Mulvaney, 2016). The global production of farmed
abalone for the year 2016 was calculated to be 160662 tons with 87 % of the total
production coming from China (132697 tons) (Cook, 2019). In 2016, a total of 1703
tons of abalone were produced by 19 farms, which contributed 41 % of the total
production weight for the marine aquaculture sector in South Africa (excluding
seaweeds) (DFFE, 2021). The commercial South African abalone industry has grown
rapidly since the 1990’s and has increased by 218 % from 2003 — 2015, becoming the
most lucrative aquaculture sector in the country contributing 75% of the total value of
aquaculture in South Africa (DFFE, 2019). The South African abalone H. midae is a
highly prized human food item with high market acceptance due to its flavour, texture
and size (Cochet et al., 2013; Chigumira, 2016). Intensive abalone aquaculture
operations almost always employ technologies which promote the rearing of animals at
stocking densities that far exceed those occurring naturally (Kennedy et al., 2016),
where research and development into feed formulations that promote the growth of
abalone has been ongoing for the past 30 years (Hecht & Britz, 1992; Britz, 1996; Britz
& Hecht, 1997; Britz, Hecht & Mangold, 1997; Shipton, 1999; Sales & Britz, 2003;
Sales, Truter & Britz, 2003; Green, Jones & Britz, 2011b; Wu, Kaiser & Jones, 2019;
Meusel et al., 2021).

The proximate analysis and nutritional profile of whole abalone has been used in
formulating feeds that are balanced in the macronutrients considered essential for
growth of farmed abalone (Knauer, Hecht & Duncan, 1994; Sales & Britz, 2003). The
crude protein levels in abalone feeds that provide high growth potential (by weight) for

abalone under culture conditions are reported to be between 28 — 35.8 % dry weight
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(Sales, Truter & Britz, 2003). The commercial abalone feed Abfeed™ S34®, produced
by Marifeed (Pty) Ltd, (http://www.marifeed.com/abfeed/) has been formulated to

contain 34 % crude protein and is considered a benchmark feed for post-weaning of
quality abalone by South African producers (pers. comm. Devin Ayres 2018). The total
protein content of Abfeed™ S34® has been optimized to contain a balance of fish and
plant-derived protein sources (Britz, 1996; Sales & Britz, 2003), where 73.1 % of the
total protein comes from fishmeal/ oil and 26.9 % from defatted soybean meal (pers.
comm. Abagold (Pty) Ltd, 2011). The successful formulation of feeds that promote
growth have led to improved profits of H. midae under culture conditions and further
commercialized the abalone aquaculture industry in South Africa (Britz et al., 1994,
Sales, Truter & Britz, 2003).

A large proportion of South African abalone producers utilize formulated feeds, while
there are still a number of producers, particularly along the southwest and west coasts,
who continue to make use of wild harvested kelp (Ecklonia maxima) as a feed source
for abalone. Farms that fall within the biogeographic range of the kelp E. maxima go to
considerable efforts to source and transport the macroalga, where it is added directly to
the culture environment of abalone in commercial systems (Sales, 2001; Troell et al.,
2006). Abalone farms that use fresh kelp, and when fed in conjunction with dry
formulated feed(s), have found it can reduce pest loads and enhance growth rates of
abalone (Simon et al., 2005; Naidoo et al., 2006; Troell et al., 2006; Dlaza, Maneveldt
& Viljoen, 2008). Wild harvested kelp is however near the limits of sustainable
harvesting in certain kelp Concession Areas (Troell et al., 2006), which will restrict
further growth and development of abalone farms that are reliant on the resource.
Furthermore, kelp is not readily available to all producers as it does not occur
throughout the South African coastline. Collectively, these constraints have stimulated
research and investment in alternative feed crops which can be locally grown by
integrating farming practices into a more circular movement of energy forms, such as

the integrated production of alternative feed sources (co-products).

In the year 2000, the primary production of Ulva began in South Africa for its use as a
supplementary source of feed for abalone by a farm which fell outside of the
biogeographic range for E. maxima (Bolton et al., 2006; Robertson-Andersson et al.,

2008; Bolton et al., 2009). There are now several abalone producers in South Africa
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which grow the macroalga Ulva using IMTA systems (Neveux et al., 2018), which has
led to Ulva ranking as South Africa’s largest aquacultured product by weight, with 2155
tons (wet weight) produced per annum (Cai et al., 2021). Part of Ulva’s attractiveness
as an alternative feed crop on South African abalone farms comes from; (1) its ability
to thrive unattached in aquaculture conditions, (2) its affinities for growth in
environments with high nitrogen concentrations, and (3) the relative size and shape
make it fairly easy to harvest fresh (Bolton et al., 2016). The South African abalone
farms that have adopted the integration of Ulva production may benefit from; the bio-
remediation capacity of Ulva on the nutrient loads in discharged water and increased
profits under partial recirculation (Nobre et al., 2010), 50 - 100 % recirculation which
reduces pumping cost (Nick Loubser, pers. comm. 2022), while also providing a feed
supplement that can be locally produced (Bolton et al., 2009; farms later described in
Chapter 2). However, the large-scale production of Ulva in South Africa awaits broader
acceptance in the industry partially as a result of biosecurity concerns related to its use
with the existing integrated systems (Bolton et al., 2009, de Jager, 2019) and the lack
of empirical data on specific benefits of its use as a supplementary feed in the

production of abalone.

The management practices of the farms utilizing Ulva for biofiltration or as a
supplementary feed will play an important role in maintaining biosecurity of the system
where it could become compromised if an unfavourable stressor/pathogen were allowed
to maintain a steady population (Pulkkinen et al., 2010; Mulvaney, Winberg & Adams,
2013). There can be variable operating parameters for individual farms where the
management of feeding can lead to increased biotic and abiotic stressors. When
commercially grown abalone are confronted with significant bacterial pathogens or
extreme abiotic stressors it can lead to general die-offs of animals, particularly when
the animals are stressed (Loker, 2010). Feeds and feeding regimes can be developed
which contribute to the overall health of the cultured abalone and may reduce the
susceptibility of abalone to stressors (Macey & Coyne. 2005; Braid et al., 2005; Zhao
et al., 2018; Cicala et al., 2022) where benefits beyond nutrition are considered. To the
author’s knowledge there are no examples of Ulva being a vector in the transmission of
any pathogens, where it has been included into feeding regimes for abalone, in the South

African context for more than two decades.
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Species of the green seaweed Ulva are currently grown for human food in some parts
of the world (Andrade et al., 2009) and were identified as a potential feed supplement
for abalone farms more than 40 years ago (Tenore, 1976). The combination of high
stocking densities and the concurrent use of formulated feeds used in flow-through
abalone aquaculture systems creates waste-water effluent flows that are higher in
nutrients than inflowing seawater (Probyn et al., 2017) making them well suited to the
cultivation of Ulva. The nutritional profile of Ulva grown in high nitrogen culture
environments like that of abalone effluent water, is enriched with phenolics, increased
tissue nitrogen and starch content, high antioxidant activity, optimal fatty acid profiles
(McCauley et al., 2018; Prabhu et al, 2019; Shpigel et al., 2019) and is seasonally
consistent when compared to non-effluent grown Ulva (Shuuluka, Bolton & Anderson,
2013; Laramore, Wills & Hanisak, 2022). Effluent-grown Ulva can maintain high
levels of protein (Queirds, 2021) that range from 7.8 — 25.8 % (Robertson-Andersson,
Maneveldt & Naidoo, 2011; Shuuluka, Bolton & Anderson, 2013; Queiros et al., 2021)
where the protein has a comparable amino acid profile to that of fishmeal (Figure 1-1),
a long praised high-quality protein source considered essential for growth of most
aquaculture species (Fleming, Barneveld & Hone, 1996). The favourable amino acid
profile and enhanced nutritional profile of effluent-grown Ulva make it a valuable co-
product from IMTA systems. Furthermore, the Ulva grown in abalone effluent waters
has been reported to have the same growth rate as microalgae per unit area for outdoor
systems making it an ideal co-product for local feed production in South Africa (Bolton
etal., 2016).
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Figure 1-1 Amino Acid profiles for fishmeal (yellow) used in the development of abalone
aquafeeds compared to that of Ulva (green) grown in farm effluent water. Individual amino acids
are abbreviated using the standard 3-letter code and are represented as grams per 100 g of
protein. Amino acids are grouped into essential and non-essential and presented side-by-side for
comparison. The data used for the amino acid profile of fishmeal was obtained from Sales & Britz
(2003) and for Ulva the data are from Shuuluka, Bolton & Anderson (2013).

Fresh Ulva has already been successfully used as a fresh feed supplement in abalone
aquaculture systems to improve growth and survival for H. laevigata (Bansemer et al.,
2016), H. rufescens (Kemp, Britz & Aguero, 2015), H. rubra x H. laevigata (Mulvaney,
Winberg & Adams, 2013; Mulvaney et al., 2015) and H. midae (Naidoo et al., 2006).
Dried Ulva meal has also been successfully included into a formulated feed at up to 30
% and used to grow H. laevigata and H. asinine, where the Ulva meal was used as a
partial replacement for a combination of solvent extracted soybean meal, wheat flour
and dehulled lupin (Bansemer et al., 2016; Duong et al., 2021). The inclusion of Ulva
into the formulated feed for H. laevigata as a partial replacement of solvent extracted
soybean meal, wheat flour and dehulled lupin significantly improved the absorbed
energy rates from the feed when compared to a control feed (Duong et al., 2021).
Enriched Ulva pertusa has also been included into a formulated feed as a partial protein
replacement for up to 30 % of the fishmeal protein component without any significant

differences in the growth metrics measured when fed to H. asinina (Santizo-Taan,
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Bautista-Teruel & Maquirang, 2020). The replacement of ingredients that are used in
the making of formulated feeds must however be balanced to provide optimal
digestibility to achieve high feed conversion ratios, while it is also important to consider
the costs for growing, drying and processing of the Ulva. Collectively, these studies
have tested several iterations for the use and inclusion of Ulva into feeds and feeding
regimes for abalone however, to date there has not been clarification on the direct mode
of action or specific components within Ulva that are responsible for the benefits which

have been reported for the use of Ulva as a supplementary feed or feed additive.

The co-production of Ulva in abalone effluent water has led to the availability of a high-
quality feed source that is locally available and can be included into feeding regimes of
abalone, where it may enhance the overall performance of the system (Bolton et al.,
2016). Farms that use fresh Ulva as a supplement for formulated feed may benefit from
a reduction in the volume of formulated feed required to achieve optimal growth of
abalone however, there are no standard methods available for integration into
production systems, nor is there information to which formulated feeds can be replaced
with fresh Ulva as a supplementary feed. Waste from feeding is a major source of
pollution caused by aquaculture and through better management methods the
productivity of aquaculture systems can be improved (Boyd, McNevin & Davis, 2022).
The benefit of using fresh Ulva in feeding regimes can be realised through reduced
logistics in terms of harvest/ processing that is required for formulated feeds. The
formulation of feeds that contain Ulva may be done as a partial replacement for the
protein portion of formulated feeds or it can be included where specific benefits beyond
nutrition may be achieved. This thesis will present Ulva as an important functional
component in the feeding of H. midae and experimentally determine its’ capacity as a
partial replacement for formulated feeds used in commercial abalone aquaculture

systems.

1.3 Importance and relevance

The feeds and feeding regimes utilized by abalone producers can have implication for
the health and quality of marketable abalone (Qiseth et al., 2013; Zhao et al., 2018). In
the wild, H. midae typically are slow growing gastropods that consume a diet high in
complex polysaccharides from several macroalgae and are entirely herbivorous,

feeding preferentially in South Africa on the kelp E. maxima, where it is available
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(Barkai & Griffiths, 1986). The gut of H. midae contains enzymes that are capable of
digesting complex polysaccharides where approximately 70 - 90 % of the enzymatic
potential in the gut is a result of endogenous bacterial secretions from the abalone gut
microbiota (Erasmus, Cook & Coyne, 1997). The primary source of the carbohydrates
in the commercially available formulated feed used by the South African abalone
industry is maize starch that comprises ~40 % of the total feed composition and is
rapidly digested by H. midae (Sales & Britz, 2002). Maize starch is processed from
land-based cereal crops and the primary carbohydrates differ in their structural
complexity from marine equivalents (Helbert, 2017). In humans (McKeown et al.,
2004), crayfish (Radford et al., 2005), fishes (Moon, 2001), and gastropods (Rossi et
al., 1993), the consumption of refined starch, like that in the formulated feeds used for
abalone, causes a sharp increase in the blood glucose concentration (hyperglycaemia)
and alters the hosts metabolic efficiencies. In humans these metabolic alterations can
be related to lifestyle dietary choices and are commonly referred to as the metabolic
syndrome (McKeown et al., 2004; Ruiz-Nufiez et al., 2013). The metabolic syndrome,
which remains largely a concept in human biology, affects similar evolutionary
conserved energetic mechanisms and due to the ancestral nature of these metabolic
pathways they share a common thermodynamic inheritance across all organisms
(Schlegel & Stainier, 2007; Imanikia & Stlirzenbaum, 2013; Dierking & Pita, 2020).
The metabolic conditions that are characteristic of the metabolic syndrome share similar
defining features to those described in humans when investigated in other mammals
and invertebrates (Schlegel & Stainier, 2007; Imanikia & Stirzenbaum, 2013).
Collectively these disorders negatively impact the overall efficiency of the host
metabolism and are linked to chronic low-grade cellular inflammation (Ruiz-Nufiez et
al., 2013).

Marine derived polysaccharides can mediate beneficial alterations to the intestinal
structure and microbial composition that can have a direct impact on host metabolism
(Mohan et al., 2018; Safavi et al., 2019; Zarei et al., 2022). For example, marine
polysaccharides have been used successfully in the form of prebiotics for the
management of hyperglycaemia and other metabolic disorders where it is suspected to
beneficially regulate glucose metabolism, and influence the gut microbiota in other
animal models (Geurts et al., 2014; Seong et al., 2019; Li et al., 2021). Ulva has been

shown to contain long chain sulphated polysaccharides known as ‘ulvan’ (Wang et al.,
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2014, Yu-Qing et al., 2016, Well et al., 2018, Li et al., 2018, Mo’o et al., 2020,
Gotteland et al., 2020, Ponce et al., 2020) that comprise 8 — 34 % of the dried seaweed
(Silva et al., 2019). Ulvan has been identified as a prebiotic capable of promoting
immune function in fishes (Ponce et al., 2020; Safavi et al., 2019) and improve the
intestinal integrity/structure of broiler chickens (Cafiedo-Castro, 2019). Prebiotics, and
their role in the modulation of the microbiome, are a powerful emerging tool that could
be used in the formulation of functional foods and the modulation of the gut microbiome
(Guerreiro, Oliva-Teles & Enes, 2018; Mohan et al., 2018; Guerreiro et al., 2019;
Lopez-Santamarina et al., 2020; Perry et al., 2020; Yuan et al., 2020; Zheng, Chen &
Cheong, 2020; Rajeev et al., 2021).

Foods that demonstrate the ability to beneficially affect functions within the body
beyond the nutritional effects are regarded as functional foods (Roberfroid, 2002, Holdt
& Kraan, 2011, Wells et al., 2016, Ringo et al., 2016, Marta, Marta & Marco, 2017,
Bullon, Seyfoddin & Alfaro, 2022). The digestive tract of abalone species (H. laevigata,
H. laevigata x rubra, and H. tuberculata) has been identified as a niche environment
with unique selective pressures that allows for the establishment of a ‘core’ microbiota
(Gobet et al., 2018; Wang, Pyecroft & Barton, 2020; Wang et al., 2020; Danckert et al.,
2021). The surface of Ulva has been found to provide a microhabitat which is inhabited
by various microbial species which are different from those in the surrounding
environment (Tujula et al., 2010; de Jager, 2021). The combination of fresh Ulva and
the associated bacterial hosts found on its surface, when used as dietary supplements
for abalone have significant potential to contribute towards microbial recruitment
involved in the digestion and assimilation of dietary components (Erasmus, Cook &
Coyne, 1997; Gobet et al., 2018; Wang, Pyecroft & Barton, 2020; Danckert et al.,
2021). The microbiota in the gut of abalone play an important role in the digestion and
assimilation of nutrients (Danckert et al., 2021) where abiotic factors such as culture
conditions and/ or diet can change the structure/ function of the gut microbiota that will
impact the host metabolic efficiencies for growth and health of the organism (Wang et
al., 2020).

Collectively, these studies suggest that Ulva has considerable capacity to act as a
functional food when included into the feeding regimes of cultured abalone that could

be used in the dietary intervention of H. midae to better meet the market requirements
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and improve the economic profitability of abalone farms. In the case of H. midae, the
likely source of prebiotics would come from the ingestion of ulvan found in Ulva, which
forms part of their natural diet (Barkai & Griffiths, 1986, Wijesekara, Pangestuti &
Kim, 2011) where the Ulva is host to specialised communities of bacteria (Califano et
al., 2020). The inclusion of Ulva, or specific components of Ulva, may be a viable tool
that could be used to improve feeding efficiency, the metabolic capacity and ultimately

the health of cultured abalone.

1.4 Aims and Objectives

The aim of this study was to take a practical approach to understanding the role of
effluent-grown Ulva as a feed ingredient for the abalone, H. midae, which will have
relevance to industry application. A greater understanding of the range of benefits that
Ulva can have on the growth, health and physiology of abalone will have commercial
relevance for further feed development as well as improve the scientific understanding

of the underlying mechanisms.

It was hypothesised that Ulva could be used as a feed supplement to partially replace
formulated feeds that would improve the overall growth, consumption and health of
abalone. Some of the improvements to abalone culture and function cited by previous
authors (Naidoo et al., 2006; Mulvaney, Winberg & Adams, 2013; Kemp, Britz &
Aguero, 2015; Bansemer et al., 2016, Santizo-Taan, Bautista-Teruel & Maquirang,
2020) may be linked to the polysaccharide fraction of Ulva serving as a prebiotic for
the cultured abalone. In an attempt to further understand the perceived benefits of Ulva
as a functional ingredient, Ulva, and its carbohydrate component, were included into
feeds and feeding regimes to investigate effects on the growth, consumption, health,

physiology and gut microbial patterns of the cultured abalone H. midae.

The specific objectives of this study were formulated to test these hypotheses under a

combination of farm scale and controlled laboratory conditions, which were:

(1) Investigate the effects of Ulva, when offered alongside dry formulated feeds, on the
consumption, growth, condition and determine the extent to which Ulva can be used to

replace formulated feeds for abalone under farm conditions;

Page 11



Chapter 1 — General Introduction

(2) Determine whether dietary Ulva will have an effect on the abalone glycaemic

regulation and immune response under simulated challenges;

(3) Incorporate Ulva, or specific components thereof, into a dry feed offered under
laboratory conditions to measure the effects of specific components of Ulva (dried
Ulva, ulvan, glucuronic acid) on growth, physiology and gastrointestinal microbial

patterns.
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Chapter 2 - Growth, condition and consumption rates
of the cultured abalone H. midae fed using a formulated
feed and/ or seaweed (Ulva lacinulata or Ecklonia

maxima)

2.1 Introduction

2.1.1 Context and topic

The South African abalone Haliotis midae was considered a species on the threshold of
commercial production in 1992 (Hecht & Britz, 1992) and in 2019 contributed 75 % to
the total value for aquaculture in South Africa (DFFE, 2021). The majority of South
African abalone producers nowadays rely on dry formulated feeds which have been
optimized for improved growth of the abalone H. midae under culture conditions (Britz,
1996; Britz & Hecht, 1997; Britz, Hecht & Mangold, 1997; Shipton, 1999; Sales &
Britz, 2003; Sales, Truter & Britz, 2003; Green, Jones & Britz, 2011a; Wu, Kaiser &
Jones, 2019; Meusel et al., 2021). The collaborative research between industry and
Rhodes University was instrumental to this success (Britz et al., 1994). The feed
conversion ratios and apparent consumption of formulated feeds are published by feed
developers (Britz, Hecht & Mangold, 1996) leaving it up to the farms to develop feeding
regimes. The methods of feeding, although informed by scientific process, can be
considered a skill, with farmers determining feed intake based on observation, and is
often dependant on the site’s current environmental conditions (Cho & Bureau, 2001).
Along with the complicated management of feeding regimes, producers must also
balance feeding with apparent satiation observed on the farms when macroalgae
(Ecklonia maxima) is available from wild harvests as a feed supplement (Francis,
Maneveldt, & Venter, 2008; Michael Joubert, pers. comm. 2011).

The supplementation of macroalgae into the feeding regime of cultured abalone that are
fed on dry formulated feeds has been shown to enhance growth rates when compared
to either feed source fed individually (Dlaza, Maneveldt & Viljoen, 2008; Mulvaney,
Winberg & Adams, 2013; Kemp, Britz, & Aguer, 2015; Mulvaney et al., 2015). The

kelp Ecklonia maxima has been relied upon extensively as a feed supplement by
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abalone producers, particularly at the farm where this study took place (Abagold (Pty)
Ltd) where the kelp is harvested from the wild in areas where the farms fall within the
biogeographic range of the kelp. The use of Ulva has also demonstrated capacity to
improve the growth of abalone (Naidoo et al., 2006; Mulvaney, Winberg & Adams,
2013; Kemp, Britz & Aglero, 2015; Bansemer et al., 2016, Santizo-Taan, Bautista-
Teruel & Maquirang, 2020) which has led to Ulva ranking as South Africa’s largest
aquacultured product by weight, with 2155 tons (wet weight) produced per annum (Cai
et al., 2021). The majority of South African abalone producers that currently cultivate
Ulva incorporate the Ulva into mixed feeding regimes where it has been observed to
enhance the performance of abalone production systems (Devin Ayres pers. comm.
2022; John J. Bolton, pers. comm. 2022; Nick Loubser, pers. comm. 2022). Each farm
has unique motivation for the integration of macroalgae and to date there remains a lack
of published data on the extent to which the supplementation of abalone diets with
effluent-grown Ulva or wild harvested kelp can be maintained without compromising
abalone growth. The supplementation of macroalgae into the diets of farmed abalone is
done ad lib under standard production methods while this study used standardised
feeding regimes to experimentally quantify consumption, growth and condition of
abalone being fed different ratios of either effluent-grown Ulva or the wild harvest kelp.
This study sought to focus on identifying feeding regimes that included Ulva to improve
feeding efficiency along with reductions in the quantity of formulated feeds required to
grow abalone at a rate not different to the standard commercial production system at
Abagold (Pty) Ltd.

2.1.2 Scope and focus

There are currently five farms in South Africa that are testing or have adopted the
integration of Ulva into their farming practices. The motivation for the adoption of this
integrated multi-trophic aquaculture (IMTA) approach/technology differs for each farm
and ranges from (1) production of an alternative feed crop; (2) improving the quality of
farm effluent water; (3) reducing pumping costs and consequent electrical
consumption; and (4) to allowing for the partial or complete re-circulation of water, the
latter specifically during harmful algal blooms. Wild Coast Abalone (Pty) Ltd.
(32°45°04.3“ S 28°16°27.9” E), situated on the south-east coast of South Africa, was
one of the first farms to adopt this technology and are able to produce in excess of 2
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tons of Ulva per day in large D-ended raceway systems, which circulate the water using
a large paddle wheel (Bolton, 2006). Ulva is harvested from the D-ended raceways that
is used as a feed supplement, where it is added directly into the abalone culture systems.
Irvine and Johnson (1&J) Cape Abalone located at Danger Point on the southwest coast
(34°37°35.17 S 19°17°47.6” E) utilize similar technology to that of Wild Coast Abalone
but have also taken advantage of Ulva‘s biofiltration efficiency to enable partial
recirculation and have as a result improved overall farm profits (Nobre et al., 2010).
More recently, Buffeljags Abalone Farm on the southwest coast (34°45°14.7¢ S
19°36°51.9” E) and Diamond Coast Aquaculture at Kleinsee on the northwest coast
(29°39°59.8“ S 17°03°03.2” E) have expanded this system to full farm design, taking
advantage of Ulva’s efficient biofiltration ability and partially recirculating abalone
effluent water (50 % recirculation), which reduces the costs of pumping (~ 40 % cost
saving) and increases water temperatures (by ~ 1°C), with excess Ulva fed directly back
to the abalone as a supplementary feed (Nick Loubser, pers. comm. 2022). The latter
systems have been built as modular units, called platforms, consisting of *micro-farms’,
each connected to an effluent pond in which all water recirculation and feeding are
contained and isolated from one platform to another so as to address any potential
biosecurity concerns linked with feeding effluent-grown Ulva back to abalone.
Similarly, Abagold (Pty) Ltd. (the site of this experiment) on the southwest coast
(34°26°02.8* S 19°13°17.7” E) have been investigating the potential to convert current
infrastructure (flowthrough raceway systems) into integrated production raceways
(abalone/Ulva) to help reduce pumping costs on the farm and provide an
alternative/supplementary feed for the cultured abalone (Chris Parker, pers. comm.,
2015). This particular farm has not implemented the latter technology, partly due to the
perceived biosecurity threats associated with feeding effluent-grown Ulva back to
abalone, where Ulva may serve as a potential vector for spread of disease within the
farm (Bolton et al., 2009); but also because there is a lack of empirical data on the extent
to which formulated feeds can be substituted with the seaweed without compromising
growth and condition of cultured abalone. IMTA uses the cascading of materials
through integrated trophic levels that are able to produce co-products alongside the

primary production system and in all the farms mentioned above, formulated feeds have
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a crucial role in the feeding of abalone as well as the maintenance of integrated Ulva

production systems.

2.1.3 Importance and relevance

The high nitrogen (predominantly ammonia) content of abalone effluent water (Probyn
etal., 2017) enables the consistent production of a valuable feed supplement which has
an enhanced nutritional profile and higher protein levels compared to the wild harvested
kelp E. maxima and/ or Ulva (Robertson-Andersson, Maneveldt & Naidoo, 2011;
Shuuluka, Bolton & Anderson, 2013; McCauley et al., 2018; Prabhu et al, 2019; Shpigel
etal., 2019; Queirds et al., 2021). The crude protein levels of effluent-grown Ulva range
from 7.8 — 25.8 % (Robertson-Andersson, Maneveldt & Naidoo, 2011; Shuuluka,
Bolton & Anderson, 2013; Queirds et al., 2021) and is consistently higher when
compared to that of wild harvested kelp (9.73 %), which is utilised as a supplementary
feed on many South African farms (Robertson-Andersson, Maneveldt & Naidoo, 2011).
Enriched Ulva (27.7 % crude protein) has been used as a dietary ingredient for the
abalone H. laevigata, where it enhanced energy metabolism and somatic growth
compared to a formulated feed that contained 35 % crude protein (Duong et al., 2020;
Duong et al., 2021). It has been calculated that only 5 % of the ingested energy for H.
midae is available for growth and reproduction (Barkai, & Griffiths, 1988) making feed
efficiency an essential consideration. The feeding regimes of abalone can be optimised
to contain other sources of protein and/ or through improved feeding efficiency of the

feed that is already available.

Marine gastropods typically rely on chemoreception in feeding where they are attracted
by the release of secondary metabolites (Kohn, 1961; Croll, 1983). A feed that can
enhance the feed palatability may be a key component in the development of efficient
feeds and feeding regimes. The abalone H. midae have a distinctive diurnal feeding
rhythm from late afternoon to the early hours of the morning, where the abalone have
demonstrated consumption preference for both Ecklonia maxima and Ulva (Barkai, &
Griffiths, 1987). The inclusion of other seaweeds (Ecklonia radiata and Sargassum
linearifolium) as a supplementary diet for sea urchin has been shown to enhance overall
consumption and or stimulate feeding as volatile organic compounds are released into

the seawater that surrounds the seaweeds (Dworjanyn, Pirozzi & Liu, 2007). Akakabe
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& Kajiwara (2008) showed that the snail (Lunella coronatea) recognized Ulva pertusa
via chemoreception and fed preferentially on it when compared to other marine algae.
In contrast, when Ulva is grazed on, DMS is released into the seawater and DMS is
reported to be a herbivore deterrent to some marine herbivores (Alstyne & Houser, 2003;
Peckol, 2017). The inclusion of specific dietary ingredients in formulated feeds may
impact feed palatability through the release of metabolites into the surrounding water

when feeds are grazed on thereby impacting the efficiency of certain feeding regimes.

Food availability may be the most important factor for the growth of H. midae, which
exhibits high individual variability in growth rates (Tarr, 1995). Feeding is associated
with an increase in oxygen consumption (Bayne & Newell, 1983) and at higher
temperatures the consumption rate and relative energy consumed by individual abalone
increases (Barkai, & Griffiths, 1988; Britz, Hecht & Mangold, 1997). When water
temperatures exceed 22 °C the feeding of protein rich formulated feeds can be
detrimental to the health of the cultured abalone; leading to a condition known as
“bloat” caused by an increase in microbial activity in the digestive tract of abalone
(Macey & Coyne, 2005). Green, Jones & Britz (2011a) demonstrated it is possible to
reduce mortalities of abalone during elevated temperatures by reducing the protein
content to 22 % in the formulated feeds. Furthermore, a local abalone farm occurring
where water temperatures periodically exceed 22 °C has demonstrated a reduction in
'bloat” when abalone are fed Ulva instead of formulated feeds (John J. Bolton pers.
comm. 2021) which is supported in the findings from Lange et al. (2014) for H.

laevigata fed Ulva.

The large muscular foot of the abalone is the main marketable product and the potential
to adjust specific characteristics of the intended product through nutritional
interventions can become a useful tool. Glycogen is the primary energy molecule in the
abalone foot tissue and is heavily relied on for energy reserves (Chiou, Lai & Shiau,
2001; Laas & Vosloo, 2010). Abalone have a carbohydrate-based metabolism and store
large amounts of glycogen in the foot muscle tissue, which they utilize preferentially
under times of locomotion and starvation (Carefoot, 1991; Venter et al., 2018). The foot
of an abalone makes up approximately 66 % of the wet body mass (not including the

shell) (Vosloo & Vosloo, 2006) and higher glycogen reserves are beneficial for survival
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of live transported abalone where it is used as a source of energy during aerobic
metabolism (Laas & Vosloo, 2010). The tissue glycogen content of the abalone H.
diversicolor fed a formulated feed was reported to be significantly higher than that
reported in abalone fed macroalgae (Chiou, Lai & Shiau, 2001). Similarly, high starch
diets have been found associated with higher tissue glycogen in the marine snail
Babylonia areolata (Zhang, Zhou & Cheng, 2009). The molecular structure of glycogen
allows for the retention of water at a rate of 2 - 4 g of water per gram of glycogen
(Fernandez-Elias et al., 2015; Kemp, Britz & Aglero, 2015) making glycogen content
an important consideration for the development of feeding regimes for the production
of canned abalone (Kemp, 2018) which are an important export product from
commercial abalone farms in South Africa. The feeds and feeding regimes used for the
optimal growth of abalone use high carbohydrate diets that can have a positive impact
on the yield of canned abalone however, different end products may require different

feeding regimes.

2.1.4 Objectives and questions

Ulva has demonstrated capacity to positively influence the cultivation of abalone under
intensive farming conditions, but specific feeding regimes for promoting growth, while
minimizing costs through improved feed efficiencies or increased dietary
supplementation of formulated feeds with seaweeds, have yet to be developed. The aim
of this study was to investigate the effects of dietary supplementation with effluent-
grown Ulva on the feed consumption, growth and physiology of abalone H. midae. The
experiment was conducted on a commercial abalone farm, under the standard
commercial operating conditions at Abagold (Pty) Ltd., where abalone were fed a
combination of macroalgae (Ulva or Ecklonia maxima) and/ or varying levels of a
locally formulated abalone feed Abfeed™ S34® (34.6 % protein; 43.3 % carbohydrate;
5.3 % fat; 1.2 % crude fibre; 5.7 % ash and ~10 % moisture; Marifeed (Pty) Ltd

(http://www.marifeed.com/abfeed/). The specific objectives of this study were

addressed in two separate experiments which were;

Experiment 1 - determine the consumption rate and feed preference when fed
dietary Ulva as a partial or complete replacement of formulated feed Abfeed™
S34®.
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Experiment 2 - determine the effects of the dietary supplementation with Ulva
or kelp (Ecklonia maxima) on the growth and condition of abalone fed graded
levels of the formulated feed Abfeed™ S34®.
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2.2 Material and methods

2.2.1 Farm operational parameters

Details of the water supply, systems and standard farming/management practices at this

facility are provided in greater detail below.

2.2.1.1 Farm Location and water supply

The research was conducted at the commercial abalone facility Abagold (Pty) Ltd,
Hermanus, South Africa (34°26°02.8S 19°13°17.7” E). The 20-year average (1989 —
2011) water temperature for the Atlantic Ocean coastal environment in Hermanus,
where the farm extracts its seawater, is 15.6 °C. The temperature ranged from an
absolute minimum of 9 °C to an absolute maximum of 23.5 °C over the 20 year period
(Figure 2.1). Monthly means vary relatively little during the year over this period (14.7
°C-16.6°C).
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Figure 2-1 Box and whisker plot for monthly sea temperatures that were captured using hand
held thermometers in Hermanus and the data sourced from the South Africa Weather Service
(SAWS, 2011). The annual mean temperature is represented by the dashed blue line. The monthly
variation is visible by the relative position of each box and the mean denoted by the white diamond

in each box. Outliers are marked in red.
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All sea water for the production of abalone at Abagold (Pty) Ltd. is pumped directly
from the Atlantic Ocean from behind a barrier in Walker Bay, which was erected to
help protect the pump house from rough seas. As a result of being exposed to variable
ocean conditions, the pump rate will vary depending on daily environmental changes
with a maximum pumping rate of 12 million litres per hour (Chris Parker, pers. comm.
2011). Sea water is passed through drum filters (500 um) prior to entering a settlement

tank, from where it is further distributed throughout the farm and to the culture tanks.

2.2.1.2 System and system management

The standard farm production tank at Abagold (Ltd) Pty. is termed a ‘raceway’ and
consists of a 3490 L concrete structure with internal dimensions of L x W x H: 4.83 x
0.84 x 0.86 m. Each raceway is supplied with filtered water at a rate of 25 - 40 L.min!
(one tank exchange at least every 2.3 h). A single PVC pipe, with holes drilled every
30 cm, is fitted along the bottom of each raceway, along its entire length, to provide
moderate aeration. Animals in each raceway are housed in baskets that are suspended
in the tanks, with each basket containing 9 submerged vertical plates, a feeder plate
approximately 10 cm sub-surface, and a cover that is floated within the basket. The
baskets are constructed from oyster mesh (L x W x H: 800 x 500 x 550 mm) and house
the abalone for the entire grow-out stage of production. Each raceway is cleaned at least
once every two weeks by washing and scrubbing the raceway with fresh water. The
baskets are temporarily removed from the raceway while it is cleaned and then returned

to the cleaned raceway.

2.2.1.3 Abalone and sorting
Abalone grow-out at Abagold (Pty) Ltd. relies on the production of spat from wild

collected broodstock animals which are batch spawned on site within their hatchery.
Abalone remain within the nursery/hatchery for approximately eight months before
entering the grow-out stage of production. Once abalone enter the production stage of
grow-out, they are graded and sorted approximately every four months into size classes
(small, medium, large, or rejects) and stocked at 10 kilograms of abalone per basket.
Damaged and/or diseased abalone are grouped as rejects, which are then removed from
the general production for alternative uses. The density per basket is readjusted

following every sorting event to account for abalone growth, which is projected to be
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approximately 1 kg.baskett.montht. These adjustments are made in order to optimize
space allocated to growing abalone and the management of feeding regimes to ensure

maximum yields as measured by weight of the abalone produced.

2.2.1.4 Diets and feeding regime
Abagold (Pty) Ltd uses Abfeed™ S34® fed three times a week (Mondays, Wednesdays

and Fridays), at the discretion of a trained farm worker, and abalone diets are further
supplemented with wild harvested kelp (Ecklonia maxima), fed once a week when
available. The feeding involves inspecting the feeder plate for any remaining Abfeed™
S34® and offering more feed accordingly. The daily feeding rate of Abfeed™ S34®
and kelp were calculated from a three-month record of weekly feeding amounts for
1584 farm baskets. The average feeding rate was 0.22 percent body weight (including
shell) per day (% BW.day™!) of Abfeed™ S34®, with an additional 0.21 % BW.day*
of kelp (dry weight approximation) totalling 0.43 % BW.day'. The addition of kelp
was only done when available where the formulated feeds are fed constantly to abalone

when water temperatures are favourable.

2.2.1.5 Ulva production and harvesting

At the time of this study, the production of effluent-grown fresh Ulva lacinulata
(hereafter referred to as ‘Ulva’) at Abagold (Pty) Ltd. was limited to an experimental
section within the production infrastructure. The Ulva in this section of the farm was
grown in integrated production raceways (abalone/Ulva), in which effluent water from
a raceway stocked with abalone is serially passed through an identical raceway
containing Ulva, but no abalone, before it exits the farm. The Ulva grown in effluent in
these systems was then used as feed for the experiments described below. Ulva stock
cultures were maintained in separate isolated culture tanks and were fertilized once a
week using a mixture of ammonium sulphate and mono-ammonium phosphate at a ratio
of 2:1. The raceways containing the effluent-grown Ulva were cleaned and re-stocked
with 22 kg of Ulva, from the Ulva stock cultures, every 6 weeks. Nutrient dynamics
and the proximate analysis formed part of a separate study and are not available to the

author.
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2.2.2 Experiment 1 - Abalone consumption rate and feed preference when
fed dietary Ulva as a partial or complete replacement of formulated
feed.

To empirically determine consumption rates for abalone fed a locally formulated feed
(Abfeed™ S34®), Ulva, or a mixed diet consisting of Ulva and Abfeed™ S34®, a

consumption trial was conducted in an experimental farm system at Abagold (Pty) Ltd.

2.2.2.1 System details

Three standard farm production raceways were used to house the experimental animals.
The baskets used in this experiment were custom made with a mesh at the bottom and
the sides of 3 mm and 6 mm, respectively. This was done to prevent sheets of Ulva or
formulated feed (size ~ 10 x 40 mm) from falling through the baskets. Six baskets per
raceway were used, which had dimensions of L x W x H: 400 x 400 x 400 mm and a
total available surface area of 0.8 m? (Figure 2.2). The flow rate in the raceways was

set to a maximum of 20 L.min1,
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Figure 2-2 Schematic of abalone production raceway used for the quantification of

consumption showing (1) front view, (2) back view, (3) top view, and (4) isometric projection.
Each component within the raceway is labelled in (4) and includes; water inlet, water outlet,

abalone housing basket, and the PVC aeration pipe.

2.2.2.2 Abalone

The abalone were obtained from a single cohort (batch spawning) and were graded by
weighing individuals to the nearest 0.01 g using an electronic balance (MODEL.: Scout
Pro SPU402) and measuring to the nearest 0.01 mm with electronic digital Vernier
callipers (MODEL: Grip). Animals of similar weight, no more than 10 g difference,
were chosen and had a mean (£SD) weight and length of 67.30 + 5.49 g and 70.84 +
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2.96 mm, respectively. Each experimental basket was stocked with ten abalone, which

were acclimated to their respective diets for 2 weeks prior to the start of the experiment.

2.2.2.3 Diets and feeding regimes

Each time fresh Ulva was offered as feed, it was spun free of excess water, since it was
found that the sheet-like structure of Ulva trapped water and prevented accurate and
consistent measurements of the mass of fresh Ulva for feeding. A standard protocol was
developed, taking advantage of the centrifugal properties of a household salad spinner
(Checkers, South Africa), by spinning the Ulva free of excess water. The weight loss
of the harvested Ulva was determined by weighing the container after every fifth
revolution (five complete turns of the handle) and the percent weight loss was plotted
as a function of number of rotations (Figure 2-3). Based on the results of this
experiment, fresh Ulva was spun a total of 30 rotations with a salad spinner prior to
recording wet weight for feeding purposes. The dry weight of Ulva was determined by
first recording the wet weight to the nearest 0.01 g, as described above, before oven
drying each sample at 60 °C to a constant weight (24 - 48 hours) and reweighing the
dried samples to the nearest 0.01 g. The difference between the wet and dry weight was
used to calculate a moisture content of Ulva, which had a mean (£SD) of 81.6 £ 1.3 %

over the experimental period.
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Figure 2-3 Mean (xSE) percent weight loss for fresh Ulva as a function of the number of rotations
when being spun dry using a household salad spinner. Weight loss is calculated as the percentage
decrease from the initial weight multiplied by 100.

The effects of five diets/ diet mixtures (hereafter referred to as feeding regimes) on total
consumption by abalone were tested and consisted of graded levels of Abfeed™ S34®
and Ulva (Figure 2-4). Feeding rations were calculated to feed equal amounts,
calculated on a dry weight basis. Total feed was offered in excess, at a mean daily rate
of 1.27 percent body weight (% BW.day?) to ensure that feed availability did not limit
consumption. Thus, abalone were fed with either Abfeed™ S34® at a rate of 1.27 %
BW.day! (100 % Abfeed™ S34® control) or with graded levels of Abfeed™ S34®
(75, 50, 25 and 0 % of the control group feeding rate), with the balance of the feed

constituting Ulva. The feeding regimes were as follows;

(1) 100A =100 % Abfeed™ S34® (Control);

(2) 75A25U =75 % Abfeed™ S34® and 25 % Ulva;

(3) 50A50U =50 % Abfeed™ S34® and 50 % Ulva;

(4) 25A75U = 25 % Abfeed™ S34® and 75 % Ulva; and
(5) 100U =100 % Ulva.
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A sixth basket (blank) with no abalone was also included in each raceway to allow for
quantification of Ulva growth and dry feed leaching; which may have an impact on the
calculation of consumption data. The baskets in each raceway were positioned so that
treatments with the lowest Ulva content (e.g. 100A, followed by 75A25U) were placed
closest to the water inlet and treatments with a higher Ulva content (e.g. 25A75U,
followed by 100U) were placed incrementally closer to the outlet (Inlet: 100A,
75A25U, 50A50U, 25A75U, 100U, blank). This was deliberately done to minimize any
potential feeding stimulus possibly caused by fresh Ulva or compounds leaching from

fresh Ulva.
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Figure 2-4 Feeding regimes expressed as percentage inclusion of Abfeed™ S34® and fresh Ulva.
The total feeding ration per basket was offered at 1.27 % BW.day, calculated on a dry weight
basis for both Abfeed™ S34® and Ulva. The feeding regimes were: 100 % Abfeed™ S34® control
(100A); 75 % Abfeed™ S34® and 25 % Ulva (75A25U); 50 % Abfeed™ S34® and 50 % Ulva
(50A50UV); 25 % Abfeed™ S34® and 75 % Ulva (25A75U); and 100 % Ulva (100U). All treatments
were offered in triplicate.

The feed portion for each feeding regime was pre-weighed prior to feeding and offered
consistently in the afternoons after collection of uneaten feed. Abalone were maintained

on the feeding regimes from 14 June 2011 - 11 July 2011 (28 days). Each basket was
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colour coded using plastic indicators attached to the outer rim of the basket to allow for
identification of the specific feeding regime. All feeds were offered to in triplicate. For
diet mixtures that had both Abfeed™ S34® and Ulva, a mean moisture content of Ulva
was used to approximate the dry weight equivalent of Ulva so as to maintain equal
feeding rates across treatments. The Ulva was fed after being spun free of excess water
and weighed as described in Figure 2-3. On feeding days, all uneaten feed was removed

prior to feeding.

2.2.2.4 Data collection

Uneaten feed from each basket was collected by hand at 14h00 after removing the
basket from the raceway, without disturbing the abalone that remained attached to the
basket walls/ bottom. The uneaten Abfeed™ S34® or fresh Ulva from each basket was
transferred to separate, labelled, and colour coded containers for each of the three
replicate baskets. Uneaten Abfeed™ S34® was dried at 60 °C to a constant weight (24
h) and weighed to the nearest 0.01 g. Uneaten Ulva was spun free of excess water and
weighed to the nearest 0.01 g. The wet weight of Ulva was converted to a dry weight
equivalent based on the specific moisture content of Ulva calculated at each feeding as

previously described in section 2.2.1.4.

Growth of Ulva was calculated by placing a known mass of Ulva, which had been spun
free of excess water, in a basket (blank) at each feeding (basket held no animals and
served as a control) and this Ulva was then collected, processed and weighed as
described above along with uneaten food. An additional control was included to account
for the loss of solid matter through leaching for Abfeed™ S34®. This was estimated
by placing a known mass of pellets into a basket that held no abalone (the same basket
used for assessing Ulva growth). Pellets were placed in this basket at each feeding and
subsequently removed, dried and weighed along with uneaten food as described above.
At the same time, a known weight of Abfeed™ S34®, not offered as feed, was dried

and weighed to account for any ambient moisture in the formulated feed.

Consumption of Abfeed™ S34® for each of the three replicate treatments was
expressed as a percentage of body weight per day (% BW.day?), corrected for leaching

and moisture, according to equation 2.1 of Britz and Hecht (1997):
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(FL — R)
=" 21

where C is consumption (g); F is dry weight of feed offered (g); R is dry weight of
remaining feed (g); L is leaching factor; N is number of abalone per replicate; and T is

experimental period (days).

Consumption of Ulva for each replicate was also expressed as a percentage of body

weight per day (% BW.day™), corrected for growth and moisture, and calculated using

()-(@)-v)

where C is consumption (g); Ui and Us were the initial and final mass of the Ulva in a

equation 2.2:

basket, respectively; Um was the moisture content of the Ulva; Ci and Cr were the initial
and final mass, respectively, of the control Ulva in the basket with no abalone; N is

number of abalone per replicate basket; and T is experimental period (days).

The total consumption for mixed diets was calculated as a combination of both
Abfeed™ S34® and Ulva and expressed as total feed consumed as a percent body
weight per day (% BW.day™).

Preferential consumption of different feed types, namely Abfeed™ S34® and Ulva, for
mixed treatments was determined using equation 2.3 that approximates an electivity
index (Q) and is described fully in Jacobs (1974) and adapted from Jenkins (1979):

_nri(1-p)
¢= pi(1—r1) 2.3

where ri is the proportion of feed consumed for feed type i and pi is the proportion of
feed available which belonged to feed type i. An electivity index, Q, greater than 0 to
infinity implies preference for a feed type, a value less than 0 to negative infinity implies
selection against the feed type (Jenkins, 1979)
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2.2.2.5 Statistical analysis

All statistical analyses were done using R (R Core Team, 2016). Consumption data
were normalized to a daily rate, measured as a percent body weight consumed (% BW.d"
1), for each basket and each feeding. For mixed diets, the combined consumption of
Abfeed™ S34® and Ulva were used. These data were then summarized with the
replicate as the factor level and analysed using a one-way analysis of variance
(ANOVA) with significance determined at p < 0.05. Significant differences were
further tested using a post hoc Tukey test. All data were tested for normality and equal
variance using Shapiro-Wilk test for normality of residuals and the Bartlett Test of

homogeneity of variances (p = 0.05).

Jacobs electivity index (Q) was calculated using equation 2.3 for each feeding and the
results aggregated using replicate as the factor level. For differences in electivity of
each feed type (i), the mean Q were tested using the Kruskal-Wallis non-parametric
test, as assumptions for normality of residuals and homogeneity of variances were not

met. Significant difference in electivity is found with p <0.05.

2.2.3 Experiment 2 — Effects of the dietary supplementation with Ulva or
kelp (Ecklonia maxima) on the growth and condition of abalone fed

graded levels of formulated feed

To assess the extent to which Abfeed™ S34® could be replaced by supplementation
with fresh effluent-grown Ulva or wild harvested kelp, without compromising the
growth, and condition factor of cultured abalone, a one-year growth trial was conducted
at Abagold (Pty) Ltd. To address this objective, abalone were fed with either Abfeed™
S34® at a rate of 0.27 % BW.day* (Abfeed™ S34® control) or with graded levels of
Abfeed™ S34® (100, 80, 60, 40 % of the control group feeding rate) supplemented
with fresh effluent grown Ulva or wild harvested kelp. All treatment groups except the
control, were supplemented with macroalgae at a rate of 0.21 % BW.day* (DW) where
the Ulva was grown in abalone effluent water. Abalone were graded to a similar size
range before the start of the growth trial to reduce the inter-animal size variability which
were managed in line with standard farming practices. No further sorting of abalone
was used for the study animals and spanned three sorting periods (not including the
initial sorting at the start of the study) from August 2011 - August 2012 (Period 1: 17
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Aug — 7 Dec 2011 (112 days); Period 2: 7 Dec 2011 — 27 Mar 2012 (111 days); Period
3: 27 Mar — 17 Aug 2012 (143 days)). The use of fresh kelp forms part of standard farm
practices and was included to compare trends between abalone fed on kelp vs Ulva.
Each experimental period was determined by farm operations and, as a result, Period 3
was one month longer than Periods 1 and 2, which was normalized for calculation of

growth parameters.

2.2.3.1 System details

Standard farm production raceways (Figure 2-5) that were stocked with six out of eight
oyster mesh production baskets which housed abalone were used for this experiment.
Each raceway was cleaned at least once every two weeks and contained six oyster mesh

baskets which housed the abalone.
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Figure 2-5 Schematic of an abalone production raceway used in the growth trial with; (1) front
view, (2) back view, (3) top view, and (4) isometric projection. Each component within the

raceway is labelled in (4).

2.2.3.2 Abalone

Abalone that were two years old with a weight of 50 + 5 g were obtained from two
separate farm cohorts (batch spawnings that use different broodstock animals) spawned
2 weeks apart. Due to the large variation in abalone size within cohorts more than 10000
abalone were weighed from each cohort to get two uniform batches of 3600 abalone
each. Abalone from the separate cohorts were not mixed and were assigned to either

the Ulva or kelp experimental group (U and K, respectively) that were treated as
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independent experiments and identically. At the start of the growth trial, and after each
period, 50 abalone from each basket were weighed and measured and their mean (£SD)
weight and length for abalone at the start of the growth trials was (U) 51.10 + 3.09 g
and 64.24 +2.07 mm and (K) 51.23 £ 3.43 g and 64.82 £ 2.41 mm. In each experimental
group, the abalone were housed in 18 replicate baskets containing 200 individual
abalone in each basket. The stocking density in each experimental basket was
readjusted to 10 kg by removing animals until the basket weighed approximately 10 kg
without sorting (i.e. separating and grouping animals according to size) to maintain
random selection. This was done to account for growth from the previous period for
optimal system function of the flow-through raceways used for the cultivation of

abalone.

2.2.3.3 Diets and feeding regimes

Six dietary feeding regimes were tested and consisted of an Abfeed™ S34® (A) control
diet fed at a rate of 0.27% BW.day, or graded levels of Abfeed™ S34® (100, 80, 70,
60 and 40 % of the control feeding rate) supplemented with either Ulva (U) or kelp (K).
The Ulva and kelp were fed to animals in the latter 5 treatment groups at a rate of 0.21
% BW.day! (dry weight approximation). Each experimental group (U and K) consisted
of three separate raceways, as described in Figure 2-5, and were set up in a complete
randomized block design, with each raceway considered a single replicate and each
dietary regime represented only once per raceway. All basket positions were
randomised at the start of the growth trial and the relative position within a tank

remained constant throughout the growth trial.

Abalone were fed Abfeed™ S34® on Mondays, Wednesdays, and Fridays using
feeding cups designed to deliver the desired amount of feed (specified above) for each
treatment. The Abfeed™ S34® was offered as a double ration on Mondays and
Wednesdays to compensate for the two day feeding intervals (i.e. 0.54 % of the basket
weight for the Abfeed™ S34® control and 100, 80, 70, 60 and 40 % of the control
feeding rate for the remaining treatments) and a triple ration was offered on Fridays
(i.e. 0.81 % of the basket weight for the Abfeed™ S34® control and 100, 80, 70, 60
and 40 % of the control feeding rate for the remaining treatments) for the weekend. This

was done in order to conform with the standard farming practices of Abagold (Pty) Ltd.,
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as previously outlined in section 2.2.1.4. above. Kelp was offered once a week, as per
standard farm practice, whilst the Ulva was offered on Monday, Wednesday and Friday
together with the Abfeed™ S34®. The feeding cups used to deliver Abfeed™ S34®
were adjusted every two months for both groups (U and K) to account for an increase
in basket weight (baseline farm projections which anticipate a growth rate of 1
kg.baskett.month?). These feeding rates were readjusted approximately every four

months when the stocking densities were readjusted.

2.2.3.4 Data collection
2.2.3.4.1 Temperature

Throughout the growth trial, daily water temperatures for incoming seawater were

measured in the settlement tank, prior to being pumped to the farm raceways.

2.2.3.4.2 Growth indices

Over the duration of the growth trial, starting in August 2011 and finishing in August
2012 (366 days), a total of 7200 abalone were weighed and measured after the initial
sorting. Abalone were sorted approximately every four months, during which time the
length and weight of abalone was determined by randomly selecting 50 abalone from
each replicate treatment/basket, weighing the abalone to the nearest 0.01 g and
measuring them to the nearest 0.01 mm. The weight and length data collected at each

sampling point was used to calculate the following growth parameters:

1) Specific growth rate;
2) Monthly increment in shell length; and

3) Condition factor.

Specific growth rate (SGR as % growth.day!) was calculated from mean weight of

abalone in each treatment (n = 3 replicates) using equation 2.4:

SGR = (ln(Wf) — l"(Wi)> 100

t

where In(Ws) is the natural log of the mean final weight of abalone, In(Wi) is the natural

log of the mean initial weight of abalone, and t is time in days.
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Monthly increment in shell growth (MISL, in mm) was calculated from mean length of

abalone in each treatment (n = 3 replicates) using equation 2.5:

* 30

SL; — SL;
MISL = (—) -

where SLt is the mean final length, SLi is the mean initial length, t is the time in days,

and 30 days was considered one month.

The condition factor (CF) was calculated according to the equation derived by Britz
(1996) which quantifies the average size of an abalone shell in relation to the body of
an abalone. A CF of ‘1’ is considered average and above ‘1’ is considered above
average. The CF was calculated from mean length and weight of abalone in each

treatment (n = 3 replicates) using equation 2.6:

B < Weight (g)

Length (mm)2-99> * 5575

2.6

2.2.3.4.3 Tissue glycogen

Tissue glycogen samples were taken at the end of the growth trial from abalone. For
each replicate unit, three abalone were processed in an identical way from each replicate
treatment. The selection of abalone was done randomly and the abalone were collected
from their respective treatments and were placed shell side down on a bed of ice. The
foot muscle was dissected away from the shell and a portion of the abalone foot marked
as ‘A’ in Figure 2-6 was stored in sterile 1.5 mL micro centrifuge tubes that were flash
frozen in liquid nitrogen. These samples were then stored at -80°C until they were used
for the quantification of muscle glycogen content using the phenol-sulphuric method

for quantification of glucose (S1).
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Figure 2-6 Schematic representation of the abalone dissection for muscle tissue glycogen

collection. The sample was taken from the area labelled ‘A’, highlighted in grey.

2.2.3.5 Statistical analysis

All statistical analyses were carried out using R (R Core Team, 2016). The effect of
treatment on specific growth (SGR) rate and monthly increment in shell length (MISL)
for the entire period were compared using a one-way ANOVA with Treatment as a
factor. The effect of time on SGR/MISL within each treatment was compared using a
one-way ANOVA with Time as a factor. For comparison of condition factor (CF), a
one-way ANOVA was used to determine significance for the initial and final CF
separately, as growth is assumed to change as animals age and the relative ratio will not
be comparable. A paired students t-test was used to compare differences between
periods within each treatment group. Differences in tissue glycogen content for abalone
maintained on different dietary treatments were compared using a one-way ANOVA.
Assumptions of normality of distribution of the residuals and homogeneity of variance
were met and significance was determined with p < 0.05. A power analysis was not
performed prior to data collection. A retrospective power analysis to indicate power for
outcomes already observed is conceptually flawed and analytically misleading (Zhang

et al., 2019) therefore the post hoc test was not used for this data.
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Further comparison of abalone weight were made using linear mixed-effects analysis
using the nlme package (Pinheiro, Bates & R-core, 2016) for the relationship between
weight and treatment over time. In contrast to a more traditional approach, with data
aggregation and repeated-measures ANOVA analysis, this analysis allowed for control
of the variance associated with random factors without data aggregation. For fixed
effects, time in days and treatment (without interaction term) were used in the final
model that included data for all four sampling points across one year. For random
effects the individual basket nested within replicate was considered the most
appropriate slope structure. Furthermore, an effect of basket variance for the effect of
time was used to account for heteroscedasticity. Visual inspection of residual plots
revealed obvious deviations from homoscedasticity (Figure 2-7 A) and a log
transformation of weights was used in an attempt to improve the residual spread.
However, this alone did not improve spread (Figure 2-7 B), and the variance structure
was further controlled by allowing a unique variance at each time point, which achieved

homoscedastic spread of residuals (Figure 2-7 C).
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Figure 2-7 Plots of residual for the models under development (log_weight ~ days * treatment) in
which heteroscedacity was evident for plot A and B. The data were; (A) untransformed, (B) log
transformation of raw data, and (C) weighted variance structure for time. The final model
included both log transformation and a weighed variance structure to account for heteroscedastic
data plotted in (C).

The initial model included beyond-optimal conditions that included all explanatory

variables and interactions and used a stepwise procedure to find the optimal random
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slope structure for each random intercept under restricted maximum likelihood (Barr et
al., 2013). The maximum-likelihood estimation was used with a backwards stepwise
procedure to test the fixed effects and this process was repeated until no additional
explanatory variables could be removed. To assess the optimal random effects structure,
all nested effects were included and a top-down strategy for model selection was

performed as described in the steps below:

e Step 1 - For the model selection, the fixed effects (time and treatment) were
included to contain beyond-optimal interactions of Time:Treatment.

e Step 2 - The beyond-optimal model for fixed effects was then tested to
determine the optimal structure of the random component. The model was fitted
to contain no random effects using generalized least squares, random effects
with random slope, and random effects with random intercept and slope using
linear mixed-effects models.

e Step 3 - Several models were tested and compared using Akaike Information
Criteria (AIC) to identify the ideal variance structure using Restricted
Maximum Likelihood Estimation (REML).

e Step 4: The best fit model based on the lowest AIC was then fitted and
assumptions were tested. The residuals were normally distributed but, there was
evidence of heteroscedasticity as the residual spread is larger for larger fitted
values.

e Step 5 - The response variable (weight) was log transformed to address the
increase in spread of residuals and the model variance structures were weighted
by time to account for different variance at each time point.

e Step 6 - Comparison of the new model, with a modified variance structure was
compared to the old model by ANOVA.

e Step 7 - The optimal fixed structure for the model was tested using Maximum
Likelihood (ML) estimation and comparison of the interaction by ANOVA.

e Step 8 - The optimal model was refitted with REML and the outputs validated.
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2.3 Results

2.3.1 Experiment 1: Abalone consumption rate and feed preference when
fed dietary Ulva as a partial or complete replacement of formulated
feed

The incorporation of small amounts (25 %) of Ulva in the dietary regime 75A25U
significantly improved total feed consumption by approximately 90% (0.38 = 0.10 %
BW.day!), when compared with the 100 % Abfeed™ S34® (100A; 0.20 + 0.08 %
BW.day!) and 100 % Ulva (100U; 0.2 + 0.02 BW.day!) dietary regimes (F = 4.034, p
= 0.0335; Figure 2-8). However, additional replacement of Abfeed™ S34® with higher
amounts of Ulva (50 % and 75 %) did not lead to an additional increase in total
consumption, but instead there was an apparent decrease in the mean total consumption
from the 25 % Ulva inclusion. The total consumption of the latter two mixed diets was
not significantly different from the 100 % Abfeed™ S34® or 100 % Ulva controls. In
the treatment 50A50U abalone were found to consume Ulva at a rate of 0.19 % BW.day
1 and they were able to consume a comparable amount of Abfeed™ S34® (0.21 %
BW.day!) as the abalone that were fed only Abfeed™ S34® 0.20 % BW.day™?).
Furthermore, there was no significant difference in total feed consumption between the
100 % Abfeed™ S34® or 100 % Ulva controls.
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Figure 2-8 Mean daily consumption by abalone (mean (xSD) weight of 67.30 + 5.49) given the five
feeding regimes. Total feed (Abfeed™ S34®, Ulva, or a combination of each) was offered at a
mean daily rate of 1.27 % BW.day™. The feeding regimes were; 100 % Abfeed™ S34® control
(100A), 75 % Abfeed™ S34® and 25 % Ulva (75A25U), 50 % Abfeed™ S34® and 50 % Ulva
(50A50U), 25 % Abfeed™ S34® and 75 % Ulva (25A75U), and 100 % Ulva only (100U). The
contribution of Abfeed™ S34® to the total consumption is represented by the top stack of each
bar for mixed feed (greyscale correction). The post-hoc Tukey HSD test was used to determine
significance levels which are denoted by the letters above the bars. A different superscript denotes

a significant difference at p = 0.05.

2.3.1.1 Jacobs Index

Both feed types, Abfeed™ S34® and Ulva, elicited a significant positive selection
(Kruskal-Wallis, p = 0.027) when assessed using the Jacobs electivity index (equation
2.3) described in section 2.2.2.4. As the incorporation of Abfeed™ S34® was decreased
from 75 % to 25 %, through graded replacement with Ulva, there was a significant
increase in the abalone’s electivity for Abfeed™ S34®. In contrast, as the incorporation
of Ulva was increased from the 25 % treatment to the 75 % treatment, there was a
significant decrease in the abalone’s electivity for Ulva albeit still positive selection.
Although a significant effect of treatment was observed, all treatments displayed

positive selection for both feed types and in treatment 75A25U, abalone displayed a
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greater elective feeding preference for Ulva, with Q = 1.09 compared with Q = 0.36 for
the Abfeed™ S34® (Figure 2-9). When abalone were offered both feeds in equal
quantities (dry weight) the abalone showed a high selection for Abfeed™ S34® of Q =
1.46 compared to Q = 0.17 for Ulva.
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Figure 2-9 Mean (£SE) daily consumption of (A) Abfeed™ S34® and (B) Ulva by abalone in the
five feeding regimes. Feeding regimes were Abfeed™ S34® only (100A), a mixture of Abfeed™
S34® and Ulva in which Abfeed™ S34® was replaced with Ulva at graded levels (75A25U,
50A50U, 25A75U), or Ulva only (100U). All dietary treatments were offered in triplicate.
Standard error is displayed on the bars. Jacobs electivity index is represented above the bars and
correspond to either Abfeed™ S34® (A) or Ulva (B) in the different feeding regimes.

2.3.2 Experiment 2: Effects of the dietary supplementation with Ulva or
kelp (Ecklonia maxima) on the growth and condition of abalone fed

graded levels of formulated feed

2.3.2.1 Farm water temperatures

The farm growth trial was conducted over one year, from August 2011 to August 2012,
with three growth periods as highlighted in the temperature profile of Figure 2-10. The
daily temperature marked by the solid grey line showed at least one upwelling event for
each growth period in the months of November 2011 (Period 1: 17 Aug — 7 Dec 2011),
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January 2012 and February 2012 (Period 2: 7 Dec 2011 — 27 Mar 2012), and in April
2012 (Period 3: 27 Mar — 17 Aug), which consisted of a periodic decrease in
temperatures. No mortalities were reported during any of these upwelling events.
Maximum and minimum recorded temperatures for the year, indicated by the red and
blue dashed lines were 21.2 ° C and 9.8 ° C respectively, with an average temperature
of 15.72 ° C denoted by the dashed black line over the duration of the study period. The
annual pattern was visualized using a locally weighted regression loess smooth as
described by Cleveland (1979) and marked by the solid black line. The loess smooth
was fitted to the raw data as a visual aid and the standard error is displayed as the grey

ribbon on the line.

Temperature (°C)

Period 1 Period 2 Period 3

Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
Month (2011 - 2012)

Figure 2-10 Daily farm temperature recordings from Abagold (Pty) Ltd for the year 20 August
2011 - 20 August 2012. Maximum and minimum temperatures are marked by the red and blue
dashed lines respectively, with the solid black line illustrating the annual pattern by plotting a
locally weighted regression loess smooth fitted to the raw data. Vertical lines indicate the periods
between sampling and correspond to the farm’s sorting cycle. The cumulative days from start
are; Period 1 =111 days, Period 2 = 226 days and Period 3 = 366 days. Period 3 was 20 days longer

than Period 1 due to unavoidable farm sorting logistics.
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2.3.2.2 Effects of macroalgae supplementation on abalone growth parameters
2.3.2.2.1 Specific growth rate (SGR)

The specific growth rate (SGR), measured as percentage weight gain per day, was not
statistically significantly different between any of the dietary treatments supplemented
with either Ulva (Figure 2-11 A; F = 0.51, p =0.764) or kelp (Figure 2-11 B; F = 0.729,
p = 0.615); when compared using a one-way ANOVA for the entire growth trial.
Conversely, abalone in all treatments supplemented with macroalgae outperformed
their respective Abfeed™ S34® controls, with the best performing dietary treatment
recorded being 70AU (for the Ulva trial) and 80AK (for the kelp trial); which attained
a mean (xSE) SGR of 0.24 + 0.01 % BW.day! and 0.26 + 0.01 % BW.day*
respectively. The SGR for abalone maintained on 100AU for Period 2 (112 — 226 days)
was 0.25 +0.01 % BW.day* and was significantly higher than the recorded SGR during
Period 1 (0 — 111 days) of 21.2 + 0.01 % BW.day™* (Figure 2-11 C). No significant
differences in SGR within dietary treatments for abalone supplemented with kelp were

recorded between sampling periods (Figure 2-11 D).
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Figure 2-11 (A & B) Mean (white square), median indicated by the thick black line with the box
extending to the 1%t (lower) and 3" (upper) quartiles, whiskers represent 2.5 time the interquartile
range with outliers indicated by black dots of abalone weights measured between August 2011
and August 2012. (C & D) Mean (xSE) specific growth rate (SGR) for abalone over the growth
period from August 2011 - August 2012. Six feeding regimes were compared; an Abfeed™ S34®
only Control, followed by varying the amount of Abfeed™ S34® whilst supplementing with either
Ulva (A) or kelp (B). The amount of Abfeed™ S34® offered to the treatment diets was 100, 80,
70, 60, 40 percent of the Abfeed™ S34® control with the addition of macroalgae. All treatments

were offered in triplicate with significant differences indicated by the *.

2.3.2.2.2 Monthly increment in shell length (MISL)

Abalone shell growth, calculated as a monthly increment in length (MISL), showed a
similar trend to the percent weight gain and was not statistically significantly different
between any of the treatments supplemented with either Ulva (Figure 2-12 A; one-way
ANOVA, F =0.455, p =0.802) or kelp (Figure 2-12 B; F = 0.614, p = 0.691). The best
performing dietary treatments in each experiment were the 70AU and 80AK treatments,
which attained a mean (+SD) MISL of 1.97 + 0.12 mm.month! and 2.08 + 0.16
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mm.month, respectively. In both experiments (U and K treatments) all treatments
supplemented with macroalgae outperformed their respective Abfeed ®S34 controls,

but these differences were not statistically significant.
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Figure 2-12 Mean (+SE) monthly increment in shell length (MISL) for abalone over the growth
period from August 2011 - August 2012. Six dietary treatments were compared; an Abfeed™
S34® only Control, followed by varying the amount of Abfeed™ S34® whilst supplementing with
either Ulva (A) or kelp (B). The amount of Abfeed™ S34® offered to the treatment diets was 100,
80, 70, 60, 40 percent of the control with the addition of macroalgae. All treatments were offered
in triplicate and no significant differences were recorded.

2.3.2.2.3 Condition factor (CF)

The CF for abalone was compared between feeding regimes within each treatment
group (U or K) at the start of the experiment and at after each period (Figure 2-13). No
statistically significant differences were recorded between feeding regimes at either the
initial or final measurements for abalone supplemented with either Ulva (Figure 2-13

A) or kelp (Figure 2-13 B), when compared using a one-way ANOVA. In contrast, the
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CF of abalone in all treatment groups supplemented with Ulva were significantly lower
(p <0.001) at the end of the experiment when compared to the initial assessment. The
abalone in treatment 70AK and 40AK had significant effect of time on the CF however,
there were no statistically significant difference between initial and final CF for all
treatments (Figure 2-13 B). The mean CF of all abalone in this study always remained

above average (CF > 1).
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Figure 2-13 Mean (+SE) condition factor for abalone at the start (August 2011) and end (August
2012) of the feeding trial. Six feeding regimes were compared; an Abfeed™ S34® only Control,
followed by varying the amount of Abfeed™ S34®, whilst supplementing with either Ulva (A) or
kelp (B). The amount of Abfeed™ S34® offered to the treatment diets was 100, 80, 70, 60, 40
percent of the Abfeed™ S34® control with the addition of macroalgae. All treatments were
offered in triplicate. The significance is denoted by the stars with; p < 0.001 marked as ***, p <

0.01 marked as **, p < 0.05 marked as *.
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2.3.2.3 Effect of time and treatment on the weight of abalone

The weights of abalone recorded at each sampling point during the growth trial were
analysed using linear mixed-effects regression for both the U and K experimental
groups. For abalone in the experimental group U, there was a significant effect of time
on weight increase with F(1, 3581) = 3480.5, p < 0.001 (Table 1). However, the effect
of treatment was not significant with F(5, 12) = 0.2, p = 0.966.

Table 1 Summary table for the final mixed effects model used to determine the effect of time and
treatment on the growth of abalone fed diets supplemented with Ulva as a measure of weight. Six
feeding regimes were compared; an Abfeed™ S34® only Control, followed by varying the amount
of Abfeed™ S34® whilst supplementing with Ulva. The amount of Abfeed™ S34® offered was 100,
80, 70, 60 and 40 percent of the control portion with the addition of Ulva. The significance is

denoted by the stars in the right-hand column with; p < 0.001 marked as ***,

Fixed effect Value  Std.Error DF t.value p.value
(Intercept - Control) 3.928  0.012 3581 339.382 <0.001 il
Days 0.002  0.000 3581 58.996 <0.001 faada
Treatment: 100AU 0.002  0.016 12 0.095 0.926
Treatment: 80AU 0.001  0.016 12 0.052 0.959
Treatment: 70AU 0.006 0.016 12 0.358 0.727
Treatment: 60AU 0.013 0.016 12 0.797 0.441
Treatment: 40AU 0.003 0.016 12 0.159 0.877

Similarly, for abalone in the experimental group K, there was a significant effect of
time on weight increase, with F(1, 3573) =3937.7, p < 0.001 (Table 2.2). In contrast to
experimental group U, a significant effect of treatment was found, with F (5, 12) = 3.5,
p = 0.0347, and abalone within treatment 80AK were found to be significantly larger
in weight when compared to the Abfeed™ S34® control (Table 2).
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Table 2 Summary table for the final mixed effects model used to determine the effect of time and
treatment on the growth of abalone fed diets supplemented with kelp as a measure of weight. Six
feeding regimes were compared; an Abfeed™ S34® only Control, followed by varying the amount
of Abfeed™ S34® whilst supplementing with kelp. The amount of Abfeed™ S34® offered to the
treatment diets was 100, 80, 70, 60, 40 percent of the control portion with the addition of kelp. The
significance is denoted by the stars in the right-hand column with; p < 0.001 marked as ***, p <

0.01 marked as **, and p < 0.05 marked as *.

Fixed effect Value Std.Error DF t.value p.value
(Intercept - Control)  3.920 0.008 3573 511.523 <0.001 falea
Days 0.003  0.000 3573 62.751 <0.001  ***
Treatment: 100AK 0.011 0.011 12 1.039 0.319
Treatment: 80AK 0.029 0.011 12 2.751 0.018 *
Treatment: 70AK 0.019 0.011 12 1.799 0.097
Treatment: 60AK 0.006  0.011 12 0.607 0.555
Treatment: 40AK -0.011 0.011 12 -1.006 0.334

There was a higher mean final weight for all feeding regimes supplemented with Ulva
(Figure 2-14 A) when compared to the Abfeed™ S34® control diet, albeit not
statistically significant. The best performing feeding regime, in terms of mean final
weight, was 60AU with a mean (xSD) final weight of 122.52 + 8.11 g. There was a
marginally greater recorded mean final weight for abalone fed diets supplemented with
Ulva in the order of 60AU > 70AU > 80AU > 100AU when compared to the Abfeed™
S34® control. Although the latter trend was not evident at all sampling points, treatment
60AU consistently attained the greatest mean weight for each sampling point, with the
Abfeed™ S34® control outperforming 100AU in growth Period 1 (see Figure 2-10 for
periods).

Similarly, abalone growth (mean weight) for all feeding regimes supplemented with
kelp were greater than the Abfeed™ S34® control, with the feeding regime 80AK being
statistically significant from all other treatment groups (Figure 2-14 B; p = 0.018).

Similar to the abalone in the Ulva experiment, greater mean weights were recorded for
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dietary regimes supplemented with kelp; with the exception of dietary regime 40AK,

which only outperformed the Abfeed™ S34® control by the final sampling.
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Figure 2-14 Mean (xSE) weight of abalone measured every four months from August 2011 -
August 2012. Six dietary treatments were compared; an Abfeed®S34 only Control, followed by
varying the amount of Abfeed®S34 whilst supplementing with either Ulva (A) or kelp (B). The
amount of Abfeed®S34 offered to the treatment diets was 100, 80, 70, 60, 40 percent of the
Abfeed®S34 control with the addition of macroalgae. All treatments were offered in triplicate.

Points are separated for clarity; the time of sampling was the same for treatments in each group
at each sampling time/point.
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2.3.2.1 Effect of treatment on muscle glycogen content

The mean glycogen content in the muscle tissue of abalone was compared between
feeding regimes within the treatment group supplemented with fresh effluent grown
Ulva at the end of the experimental period. No statistically significant differences for
mean glycogen content were recorded between feeding regimes for abalone
supplemented with Ulva when compared using a one-way ANOVA (Figure 2-15). The
mean tissue glycogen content across all treatment groups ranged from 65.3 — 92.5 mg
of glycogen per gram of muscle tissue with the lowest/highest recorded values in 70AU
(18.6 mg/g) and the highest in 60AU (137.4 mg/qg).
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Figure 2-15 Mean (white square), median indicated by the thick black line with the box extending
to the 1%t (lower) and 3" (upper) quartiles, whiskers represent 2.5 time the interquartile range,
and the scatter points plotted on each treatment (a jitter was applied to the points as to ensure no
overlapping occurs in the plotting) represents individual abalones tissue glycogen content
measured in August 2012. Six dietary treatments were compared; an Abfeed™ S34® only
Control, followed by varying the amount of Abfeed™ S34® whilst supplementing with Ulva (A).
The amount of Abfeed™ S34® offered to the treatment diets was 100, 80, 70, 60, 40 percent of
the control with the addition of macroalgae. All treatments were offered in triplicate and no
significant differences were recorded.
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2.4 Discussion

2.4.1 Summary

This study demonstrated that dietary supplementation with Ulva or kelp can be used to
reduce the reliance on the use of the formulated diet Abfeed™ S34® as a feed for
abalone Haliotis midae, without compromising growth or condition of abalone under
culture conditions. As much as 60 % of the fixed feeding ration for Abfeed™ S34®
(0.27 % BW.day™!) could be supplemented with either Ulva or kelp over a one year
feeding experiment without negatively altering specific growth rate (SGR), monthly
increment in shell length (MISL), or condition factor (CF) of the abalone. The inclusion
of fresh Ulva into the feeding regime of abalone, when offered alongside Abfeed™
S34®, increased the daily feed consumption by 90 % when compared to abalone fed
single diets of either Ulva or Abfeed™ S34®. The results of this study also show that
when abalone were fed a combination of Abfeed™ S34® and Ulva (25A75U) they
showed increased preference for the Abfeed™ S34®. Previous literature has reported
improved growth of H. midae when fed effluent-grown Ulva as part of a mixed diet
(Naidoo et al., 2006; Dlaza, Maneveldt & Viljoen, 2008; Robertson-Andersson,
Maneveldt & Naidoo, 2011) however, this study is the first to show that Ulva can
successfully reduce reliance on dry formulated feed, without negatively affecting the

condition or growth of abalone under culture conditions.

2.4.2 Interpretations

The evaluation of a feed for an aquaculture species must consider its palatability and
consumption by the desired species (Glencross, Booth & Allan, 2007). A study by
Bansemer et al. (2016), in which Ulva protein content was enriched (process not clear),
found that H. laevigata fed with enriched Ulva had higher consumption rates than those
fed with wild Ulva. A study by Angell et al. (2012) tested the effects of Ulva, and a
range of macroalgae with varying nutritional profiles, on the feeding preference of H.
asinina and found it is unlikely that the nutritional value of Ulva is acting as a feeding
cue. Work done by Cyrus et al. (2015) demonstrated that the sea urchin Tripneustes
gratilla exposed to a feeding cue released by Ulva lacinulata (previously known as
Ulva rigida) exhibited a positive chemosensory response to the feed. The above studies

present Ulva as positive feeding cue and in this study abalone demonstrated positive
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selectivity for both Ulva as well as Abfeed™ S34® in mixed diets with a preference
for a high Abfeed™ S34® to Ulva ratio (75:25). In contrast Ulva fenestrata has been
shown to produce large amounts of acrylic acid in response to feeding, which has been
shown to deter feeding in the sea urchin Strongylocentrotus droebachiensis (Alstyne et
al., 2003). Given that Wild Coast Abalone have been growing large amounts of Ulva
for feed since 2000 (Bolton et al., 2009), coupled with the significant increase in overall
consumption when supplemented with fresh Ulva that has been documented in this
study, it appears that H. midae is not deterred by chemical defences of U. lacinulata.
The increase in mean total consumption rate of abalone when being offered a relatively
small portion of Ulva (75A25U) compared with abalone fed single diets of both Ulva
or Abfeed™ S34®, suggests that dietary supplementation with fresh Ulva improves

overall consumption and may enhance the feeding efficiency of abalone.

Formulated feeds are prone to a high rate of nutrient leaching during the prolonged stay
of feed in water (Sales & Janssens, 2004) where changes in feeding behaviour of
abalone will have implications for the management of feeding regimes. The high
leaching rates reported for formulated feeds means that the feeding efficiency of
abalone can have an impact on the system productivity. Currie et al. (2016)
demonstrated that abalone fed fresh Ulva initiate feeding more rapidly, spend more time
feeding and move less frequently than abalone feeding on formulated feeds alone,
where abalone moved frequently and grazed on the softened portion of formulated feed
only partially consuming pellets before moving on. The ingestion rates of formulated
feeds by the abalone H. laevigata x H. rubra were found to be very low when compared
to macroalgal diets and that may impact the cumulative amount of feed consumed in a
single feeding event (Mulvaney, Winberg & Adams, 2013). The findings from the
above studies in conjunction with findings from this study indicate abalone may exhibit
different feeding behaviours for different feed types, yet they are able to consume
comparable amounts of feed based on a dry weight comparison. For the feeding regime
75A25U, abalone had a greater selectivity for Ulva (Q = 1.09) compared to Abfeed™
S34® (Q =0.36) and this trend was reversed when the amount of Abfeed™ S34® was
decreased to 25 % (25A75U) of the total feed mixture with abalone showing a high
consumption and selection for the Abfeed™ S34® (Q = 6.33; 0.11 % BW.day™)
compared to the Ulva (Q = 0.07; 0.14 % BW.day1). Additional dietary replacement of
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total feed with effluent-grown Ulva (50A50U, 25A75U, 100U feeding regimes) did not
cause any further increase in consumption by abalone in this study, but instead mean
daily consumption tended to decrease with increasing Ulva supplementation beyond
75A25U (Figure 2-8). Based on the findings of Currie et al. (2018) it is hypothesised
that abalone consuming more Ulva would spend extended periods of time feeding on
the macroalgae in order to consume comparative amounts of the formulated feeds. As
the amount of Ulva is increased, the effect on abalone feeding behaviour may reduce
the benefits of improved consumption that was reported in the feeding regime 75A25U.
This is further supported by the reduction in formulated feed consumed when abalone
were offered increasing amounts of Ulva relative to the Abfeed™ S34® portion. These
results indicate that the inclusion of Ulva into the feeding regime of abalone improves
the preference of abalone for Abfeed™ S34® and enhances their feeding efficiency
when the abalone are fed on the mixed diets with a preference for a high Abfeed™
S34®:Ulva ratio.

The contribution of dietary ingredients to the growth of an organism may vary between
species. For example, a study by Peckol & Putnam (2017) demonstrated that Ulva was
preferentially grazed upon by the snail Littorina littorea, but the snail exhibited
relatively slow growth rates when compared to the control. The authors of the above
study suggest that there may be antinutritional impacts of Ulva which reduce the
digestibility and assimilation of nutrients and therefore negatively impacted growth
rates. Abalone in the treatments supplemented with macroalgae in this study achieved
the highest SGR, albeit not statistically different to the others. Similarly Dlaza et al.
(2008) recorded the highest SGR of 1.05 % BW.day* for small H. midae (0.2 - 9 g)
when fed a combination of Abfeed™, Ulva, and kelp compared to a abalone fed on
Abfeed™ alone. The results of this study, along with those of Dlaza et al. (2008), show
that the combination of Abfeed™ and macroalgae in feeding regimes for abalone can
improve growth rates. The improved growth rates reported by Naidoo et al. (2006),
Dlaza et al. (2008) and Robertson-Andersson, Maneveldt & Naidoo (2011) for small
H. midae (0.2 — 27.8 g) fed with Ulva and/ or kelp, alongside the results for SGR in this
study, indicate that any antinutritional components in Ulva are likely not negatively

affecting growth rates of abalone across a wide weight range.
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During Period 2 of this study the abalone in the 100AU treatment had a significant
increase in SGR from 0.21 % BW.day* to 0.25 % BW.day! with no other significant
increases in SGR reported for the same time period. In a study by Nel et al. (2017) the
inclusion of dried kelp into formulated feeds was able to improve the feed conversion
ratios and protein efficiency in H. midae when compared to an Abfeed™ control and
resulted in the development of a more stable gut microbial community (Nel et al., 2018).
Formulated feeds offered to Haliotis rufescens led to increased carbohydrase activity
in the gut when compared to kelp, which was reported to be due to the high surface area
of the formulated feeds promoting high numbers of bacteria that facilitate its digestion
(Garcia-Esquivel & Felbeck, 2006). The water temperature in this study varied from
9.8 °C - 21.2 °C and during the second sampling period the average water temperature
remained consistently above average (15.72 °C; Period 2; Figure 2-10) which is within
the ideal temperature for the intensive culture of abalone (12 — 20 °C) (Britz, Hecht &
Mangold, 1997). It is possible that the warmer temperatures reported during Period 2
led to an increase in gut microbial abundance (Macey & Coyne, 2005) and increased
digestive efficiency for the abalone in the treatment 100AU, which had a higher relative
abundance of feed available. An enhanced feed efficiency may be able to improve the

amount of harvestable energy derived from feeds that could be allocated to growth.

Although the above studies reported significantly different specific growth rates, the
shell growth reported (MISL) for of abalone of various size classes is comparable. The
shell of a gastropod is an extracellular structure, where the shell growth may be a more
appropriate measure of metabolic efficiency and can be uncoupled from weight gain
(Lewis & Cerrato, 1997). The energy allocated to shell growth in the abalone H.
laevigata was reported to be higher for abalone fed macroalgal diets when compared to
a formulated feed (Duong et al., 2020). The MISL reported in Robertson-Andersson,
Maneveldt & Naidoo (2011) for abalone fed Ulva and kelp was 1.79 mm.month* and
is comparable to abalone fed Abfeed™ S34® in the current study (U-Control = 1.76
mm.montht; K-Control = 1.83 mm.month). Abalone in the 70AU and 80AK
treatments attained a MISL of 1.97 mm.month! and 2.08 mm.month! respectively,
which is comparable to figures reported for smaller abalone fed a mixed diet of Ulva,
kelp and Gracilaria gracilis (1.98 mm.month!; Naidoo et al., 2006) or Abfeed™, Ulva
and kelp (1.89 mm.month?; Dlaza et al., 2008). The high MISL for abalone fed
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treatment 80AK in this study, along with significantly higher mean final weight may
indicate that this feeding regime may enhance the harvestable energy from dietary
ingredients. The significantly elevated MISL for abalone in the 40AK treatments of this
study for periods two and three may be due to a greater contribution of energy to shell
growth or enhanced metabolic efficiency where relatively more dietary kelp was
available compared to Abfeed™ S34®. There were no significant differences for CF of
the abalone fed kelp between initial and final reported values while the CF for abalone
in all treatments supplemented with Ulva significantly decreased over the study but
always remained above 1 suggesting they were in good condition (Britz, 1994). In the
current study the differences between the two groups (U and K), in terms of observable
trends for SGR, MISL, CF and the higher final weights for abalone supplemented with
kelp, may be a result of a reduced digestibility of Ulva (Duong et al., 2021) compared
to kelp and/ or an artifact of the genetic profile for broodstock abalone that are better

suited for production parameters with the inclusion of kelp.

A protein content of 35 % in formulated feeds has been used to grow other abalone
species where the Ulva has been used to improve digestibility of the formulated feed
(Bansemer et al., 2016; Bates et al., 2017; Duong et al., 2021). The farm where this
study was conducted was feeding on average 0.22 % BW.day* of Abfeed™ S34 with
the addition of fresh kelp at approximately 0.21 % BW.day! when available. The nature
of on-farm feeding is that there are fluctuations in feeding volumes that are related to
environmental conditions and overall performance of the system which can be highly
variable. The feeding ration of Abfeed™ S34® used in this study was higher than the
farm average for Abfeed ™ S34® however, the combined feeding ration of the farm
would be 0.43 % BW.day* when kelp was available having a higher relative feeding
ration than was used in this study. A study by Britz, Hecht & Mangold (1997) reported
H. midae of a similar size and within the temperatures of this study had a consumption
rate for formulated feed of 0.35 — 0.4 % BW.day! which is also higher than this farms
average feeding rate. Francis, Maneveldt & Venter (2008) found that abalone fed on
kelp consumed approximately 0.48 % BW.day* which is comparable to the mixed diets
used in this study with no replacement of formulated feeds (L00AU/K) of 0.48 %
BW.day. The lower average feeding rates used in this study may be a condition of the

specific culture systems and it is unlikely that abalone were being underfed. This is
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further supported by the lack significant differences in growth rates of abalone fed
treatment 100AU/K compared to treatments in which the formulated feed contribution
was reduced by 60 % (40AU/K). The inclusion of Ulva into the feeding regimes of
abalone may reach a limit where growth benefits are no longer realised and feed

efficiency is reduced.

The replacement of natural foods for cultivated organisms with high starch dry
formulated feeds has been found to elevate haemolymph glucose concentrations in the
crab (Chasmagnathus granulate; Kucharski & Silva, 1991), snail (Babylonia areolate;
Zhang, Zhou & Cheng, 2009) and in abalone (Chiou, Lai & Shiau, 2001; Kemp, 2018;
Guo et al., 2022) while maintaining high tissue glycogen stores. In this study, there
were no significant differences in the muscle tissue glycogen content across treatments,
which is an indicator that the dry formulated feeds are able to maintain comparable
levels of tissue glycogen even under reduced feeding amounts of formulated feed.
Kemp (2018) demonstrated that when H. rufescens were fed increasing proportions of
fresh macroalgae alongside formulated feeds there was a significant positive
relationship with the protein efficiency while an increasing starch portion of the feed
also led to elevated deposition of muscle glycogen for the abalone. Guo et al. (2022)
investigated the effects of different dietary carbohydrate levels on the growth and
physiology of H. discus hannai where high carbohydrate diets (45.55%) negatively
influenced the glucose and lipid metabolism. Diets that are high in digestible starch,
like the maize starch in Abfeed ™ S34® (43.3 % carbohydrate), may be contributing
to an enhanced growth rate of abalone due to its high starch digestibility while also
negatively impacting the metabolic performance of the abalone through changes to the
lipid and protein digestion and assimilation (Kemp, 2018; Guo et al., 2022).
Furthermore, by changing the biochemical profile of the marketable products, such as
tissue glycogen content in abalone, the farm could specifically enhance the production
quality for canned or live transported products that may directly impact farm
profitability.

2.4.3 Implications

Several studies have alluded to improved growth of abalone when fed mixed diets.

Abalone growth rates (SGR and MISL) are important metrics for the design of feeding
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regimes considering that the highest volumes of feed are required for the feeding of
abalone during the post-weaning where abalone are marketable from approximately 30
g and upwards. Commercial aquaculture operations rely on predictable feed quality and
feeding management to ensure maximal outputs are achieved (Glencross, Booth &
Allan, 2007). As an example, we can consider the financial requirements for a
commercial abalone facility, in terms of feed costs, for the cost of feeding different
treatments for one year. For these calculations, a hypothetical 100 ton abalone farm
which uses a fixed feeding regime of Abfeed™ S34® at 0.27 % BW.day! is compared
to a 60 % reduction of formulated feed when supplemented with either Ulva or kelp at
0.21 % BW.day*. The treatments are; 40AU/K (Abfeed™ S34® = 0.11 % BW.day*;
Ulva/ kelp = 0.21 % BW.day?) and 100A (Abfeed™ S34® = 0.27 % BW.day™) that
will be considered for comparisons. Using the following prices a simple cost analysis
can be performed; Abfeed™ S34® cost ZAR 32.51.kg™* (October 2022), kelp (79 %
moisture) could be bought at ZAR 2.95 .kg* (July 2022) and it is approximated that
Ulva (81.6 % moisture) can be produced at ZAR 3.kg* fresh weight in paddle-raceways
(Michael Joubert, pers. comm. 2016). The total volume of Abfeed™ S34® required for
the 100A treatment is 98.6 tons and would cost ZAR 3.21 million. Using the fixed
feeding rates for the treatment 40AU/K it is calculated that 40.15 tons of Abfeed™
S34® would be required costing a total of ZAR1.31 million. To account for the cost of
macroalgae, one must take into account the cost of Ulva production for a total of 375
tons (wet weight) per year to supplement the feeding rate of Ulva determined in the
40AU treatment which would cost ZAR 1.13 million per year for Ulva production.
Approximately 247 (wet weight) tons of wild harvested kelp are fed per year, which
amount to a total cost of ZAR 0.73 million. For 100 tons of abalone fed Abfeed™ S34®
and Ulva (40AU), the total cost of feed per annum would amount to ZAR 2.44 million,
which is 19 % more than if they were fed Abfeed®S34 and kelp (40AK) at the same
feeding rate (ZAR 2.04 million) and 24 % less than feeding only Abfeed™ S34®
(100A).

Considering the economics of the above-mentioned example, it would cost a farmer 24
% less in feed costs to supplement with effluent-grown Ulva in 40AU and 36 % less to
supplement with kelp (40AK) while achieving comparable growth performance for

abalone greater than 50 g. Furthermore, the difference in feed costs may also be viewed
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as a 60 % reduction in the total amount of a formulated feed (Abfeed®S34) required to
commercially produce abalone. There are concerns about the consistency and reliability
of kelp supplies whereas effluent-grown Ulva could be produced year-round in
integrated systems described in Bolton et al. (2009). This calculation does not consider
the benefits form integrated production identified by Nobre et al. (2010) in which a
further 1.5 — 5 % increase in farm profits were predicted if the IMTA configuration was
adopted. In order to successfully manage a farming environment a sound understanding

of the implications of a feed type on the animals’ wellbeing is needed.

Effluent-grown Ulva is host to a unique microbiome (Tujula et al., 2010, de Jager, 2021)
where the surface of Ulva is in constant production of a range of secondary metabolites
that may be important feeding cues for abalone and could influence the feeding regimes
that are developed. The specific mode of action which is responsible for the enhanced
consumption remains unclear and should be explored further where there is scope for
product development with commercial application. The sulphated polysaccharide
derived from Ulva has been found to provide beneficial immune modulation in some
aquacultured species (Safavi et al., 2019; Fumanal et al., 2020; Ponce et al., 2020) and
modulate the development of gut microbial communities in other abalone (Gobet et al.,
2018; Wang et al., 2020). The use of fresh Ulva as a feed supplement for abalone may
improve feed efficiency by improving the abalones overall health under intensive
culture conditions, by changing the gut microbial communities and/ or as a result of
enhanced feed consumption of mixed diets. From the literature and based on results
presented within this study, it is hypothesized that the improved consumption is related
to chemical cues produced by Ulva, which illicit a feed response, and if the feed
presented is palatable it will improve consumption. It is recommended that abalone
farmers, wishing to improve feeding rates and efficiency of abalone, should include
fresh effluent-grown Ulva into the dietary regime of their animals, even if it is only

available and provided to the animals in small quantities.

The findings from this study show the potential for Ulva to be incorporated as a dietary
ingredient that can positively impact the marketability of live and canned abalone
products while reducing the overall economic burden of the current production system.

It is clear that Ulva has a positive impact on consumption and growth of abalone and it
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would thus be beneficial to determine which chemical component(s) of Ulva are
responsible for the observed effects. The source of dietary ingredients used can
influence the biochemical make-up of the cultured organisms that may have
unfavourable repercussions on the consumer health or farm profitability (Nelson, 2002;
Mulvaney et al., 2016; Fry, 2016). This study did not measure the fatty acid profiles or
DMSP content of tissue in the tissue of abalone that were supplemented with Ulva
which are important parameters for product development. The inclusion of macroalgae
has demonstrated potential to alter the fatty acid profile in abalone meat (Nelson, 2002;
Mulvaney et al., 2016) and can have an impact on the overall health benefits derived
by the consumer by altering the nutritional profile of the farmed product (Fry et al.,
2016). The feeding regimes for farms should be dynamically adjustable through the
application of scientific understanding, which will enable a more informed approach
for the inclusion of Ulva grown on farms into the daily management of an existing
industry. Collectively, these findings suggest that besides the benefits on feed
consumption, dietary Ulva supplementation may also have other health/ physiological

implication for the culture of H. midae.
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Chapter 3 - Antihyperglycaemic and
immunostimulatory effects of Ulva lacinulata as a feed

for the abalone Haliotis midae

3.1 Introduction

3.1.1 Context and topic

The nutritional value of feed is measured by comparing a complex suite of
physiological interactions that collectively form an organism’s nutritional physiology
(Kemp, 2018). Adequate nutrition is the main factor ensuring fast growth where dietary
ingredients and genetic capacity can have impacts beyond basic nutrition in abalone
(Morash & Alter, 2015; Venter et al., 2018). Carbohydrates are the most economical
energy source in animal diets, where an increase in the proportion of carbohydrates can
decrease feed costs and improve the digestibility of a feed (Sales & Britz, 2002; Guo et
al., 2022). Maize starch, which is included in Abfeed™ S34®, has been shown to be
highly digestible to H. midae, with high feed stability at up to 60 % inclusion in
extruded feeds (Sales & Britz, 2002). Decreased growth and feed efficiency have been
reported in abalone species when the level of starch inclusion is above ~50 % however,
abalone demonstrate the capacity to deal with high carbohydrate loads (Guo et al.,
2022). Research on humans (McKeown et al., 2004), crayfish (Radford et al., 2005),
and many fishes (Moon, 2001), indicate that the consumption of highly digestible
carbohydrates are associated with prolonged hyperglycaemia (Furukawa et al., 2004;
Termizy & Mafauzy, 2009; Tas et al., 2011), which may adversely affect the growth

and health of the organism, extending beyond basic nutrition.

3.1.2 Scope and focus

Gastropods convert excess glucose to tissue glycogen for storage as an important
molecule under times of limiting food, stress and/ or spawning (Watanabe, Yamanaka
& Yamakawa, 1992; Carefoot, Taylor & Land, 2000; Chiou, Lai & Shiau, 2001; Braid
et al., 2005; Polakof et al., 2012), where it can be rapidly utilized via enzymatic
hydrolysis as an intracellular energy reserve (Plisetskaya & Joosse, 1985; Laas &

Vosloo, 2010). Short (a few hours) to medium-term (a few days) periods of starvation
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are a normal occurrence for abalone in their natural environment, which makes it
important for them to have sufficient energy reserves and the appropriate physiological
mechanisms to mobilize these reserves. The most quickly affected stores are tissue
glycogen (in H. kamtschatkana; Carefoot, 1991), then non-essential amino acids (in H.
fulgens; Viana, D’Abramo & Gonzalez, 2007), and only after approximately 70 days
of induced starvation does lipid metabolism occur (in the sea hare Aplysia dactylomela;
Carefoot, 1991). High carbohydrate diets have been shown to correlate with high tissue
glycogen content and elevated haemolymph glucose concentrations in other cultured
animals (Veldhuijzen ; 1974; Diaz & Nakagawa, 1990; Kucharski & DaSilva, 1991;
Rossi & DaSilva, 1993; Zhang, Zhou & Cheng, 2009; Kemp, 2018), where the
metabolic pathways for energy metabolism are impacted (Guo et al., 2022). Changes to
the basal energy metabolism of abalone may likely also result in alterations in their

mechanisms of feeding (Harvey Anderson & Woodend, 2003).

In 1953 the glucostatic theory was proposed, which hypothesised that low blood
glucose concentrations trigger the onset of feeding and that high blood glucose levels
signal satiety and the termination of feeding (Mayer, 1953). Carbohydrates can be
classified according to a glycaemic index, a method developed by Jenkins et al. (1981)
for quantifying carbohydrates according to the intensity and duration of the glucose
response it elicits. Maize starch is a plant storage carbohydrate that has a high
amylopectin to amylose ratio and increases the digestibility along with the related
glycaemic index (Singh, Kaur & Shevkani, 2014). The glycaemic index is not a linear
relationship between food and response as it can vary according to the extent of
processing, quality of the starch, and the ingredients ingested with it (Jenkins et al.,
1981; Foster-Powell, Holt & Brand-Miller, 2002; Singh, Dartois & Kaur, 2010). The
formulated feed used for H. midae, in this study, contains 47.17 % pre-gelatinized
maize starch, which has been hailed a beneficial ingredient by feed formulators for
providing energy and promoting growth (Sales & Britz, 2002; Lee, 2004). Pre-
gelatinized maize starch has a higher glycaemic index after being extruded in the
formulated feeds where heat/ force induced changes to the starch are able to increase
the accessibility of enzymes to the starch (Bornet, 1989). The continued ingestion of
high glycaemic (rapid digestion) carbohydrates, that are able to induce prolonged

periods of high blood glucose have been associated with negative health effects that are
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reported in the onset of the metabolic syndrome and obesity in humans (Liu, 2002;
Caceres & Legendre, 2021).

The carbohydrate-insulin model has recently been presented as a working hypothesis
for the mechanism which partially drives the onset of obesity where rapidly digestible
carbohydrates cause increased fat deposition and drive a positive energy balance
(Ludwig et al., 2021). A study by Guo et al. (2022) on the glucose metabolism of the
abalone H. discus hannai showed that high carbohydrate diets led to increased insulin
production which culminated in insulin resistance above 45.55 % carbohydrate
inclusion. Insulin resistance has also been associated with the onset of the metabolic
syndrome in humans (Termizy & Mafauzy, 2009) with one of the earliest factors in the
etiology of type-2 diabetes being decreased insulin sensitivity in insulin responsive
tissues (Styskal et al., 2012). Venter et al. (2018) investigated the metabolome of fast
vs. slow growing abalone under commercial conditions and observed significant
differences in their energy pathways via insulin production where fast-growing abalone
predominantly use their central carbon metabolism for energy production. Li et al.
(2021) showed that the inclusion of vitamin D3 into a formulated feed which contained
high digestible carbohydrates for the abalone H. discus hannai significantly reduced
circulating haemolymph glucose concentrations by promoting glucose transport and
insulin pathway activation. Abalone have unique evolutionary adaptations, with regards
to their biochemical and metabolic abilities, that make them suited to their ecology
(Venter et al.,, 2018) and may also enhance their metabolic capacity for high

carbohydrate diets.

The identification of dysglycaemia (prediabetic elevated blood glucose) in humans can
be reliably measured using a standardise glucose tolerance test where the subject is
administered a dose of glucose and the ability to clear glucose is measured
(Jagannathan, 2020). Oxidative stress can occur following extensive glucose
metabolism, and unregulated production of reactive oxygen species is thought to be one
of the major drivers for the onset of metabolic disorders in humans (Tas et al., 2011).
Prolonged incidences of diet-induced oxidative stress plays a critical role in the
pathogenesis of conditions associated with the metabolic syndrome, which can impair
the functioning of glucose metabolism (Brownlee, 2001; Cornish & Garbary, 2010). A
prolonged glycaemic response in the Atlantic cod (Gadus morhua) fed high
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carbohydrate diets was associated with a stress related change to the carbohydrate
metabolism (Hemre, Lambertsen & Lie, 1991). Alterations to energy pathways,
including diet-induced hyperglycaemia (Liu, 2002), can create an increase in energy
substrates, which are utilized by the mitochondria that then produce reactive oxygen
species increasing the overall oxidative stress (Furukawa et al., 2004). Glucose has been
used as a reliable ‘end-point’ indicator of biological stress in crustaceans (Schock et al.,
2010) and changes to the glucose homeostasis of organisms can have far reaching

consequences for the host energy metabolism (Venter et al., 2018).

The increase in high energy substrates that from part of digestion and assimilation of
haemolymph glucose may have implications for the metabolic function of immunity
which is dominated by respiratory burst of oxygen radicals (Coyne, 2011). Molluscan
haemocytes Kill engulfed pathogens via oxidative burst reactions, in which toxic
reactive oxygen species are generated (Sokolova, 2009). In H. midae, phagocytosis of
foreign particles requires increased oxidative activity within the haemocyte which is
likely to originate in the mitochondria (Coyne, 2011) and results in an increase in
cellular biochemical activity (Donaghy et al., 2010). The immune response in H. midae
activates several energetically expensive processes, where specialized cells known as
haemocytes are involved in the clearance of circulating pathogens and can be
significantly retarded in compromised abalone (Hooper et al, 2007, Sokolova, 2009;
Coyne, 2011). Challenge assays have been used to assess the effects of environmental
stressors and diet on the innate immune response of a variety of marine invertebrates,
including shrimp (Scholz et al., 1999; Burgents et al., 2005), crabs (Macey, Rathburn,
et al., 2008; Ikerd, Burnett & Burnett, 2015), lobster (Knapp et al., 2019) and oysters
(Macey, Achilihu, et al., 2008). A study by Kurtz (2002) demonstrated that the
phagocytic capacity of Panorpa vulgaris can be accurately predicted by, and correlates
to, the number of haemocytes in circulation. The activation and reallocation of energy
reserves to the immune response can have significant costs on total energy stores
(Bashir-Tanoli & Tinsley, 2014) and any enhancements to this mechanism, through

diet, will be a useful tool for feed developers to address.

3.1.3 Importance and relevance

Studies investigating the effects of dietary seaweed inclusion on the metabolic

syndrome of mammals have shown that several Ulva species are able to induce
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beneficial alterations to energy metabolism (Termizy & Mafauzy, 2009; Tas et al.,
2011; Ramirez-Higuera et al., 2014). Due to the lack of available literature citing
alterations to the fundamental energy pathways in gastropods, evidence from other
invertebrates and mammals will be used to speculate potential connections, which will
require further investigation. Ulva has previously been shown to have strong inhibitory
effects on the enzymes involved in starch digestion (BelHadj et al., 2013; Trentin et al.,
2020) and it has also been associated with other anti-hyperglycaemic effects (Celikler
et al., 2009; Tas et al., 2011; Sharifuddin et al., 2015; Gémez-Zorita et al., 2020). The
reported anti-hyperglycaemic properties of Ulva are largely attributed to either (1) the
phenolic fraction, which is extracted in the polar solvent ethanol (Celikler et al., 2009)
or (2) the highly sulphated water-soluble sulphated polysaccharide ulvan (Sathivel et
al., 2008). Water soluble sulphated polysaccharides that can be extracted from Ulva,
known as Ulvans, have demonstrated the ability to enhance the immune response of the
Senegalese sole (Fumanal et al., 2020; Ponce et al., 2020), rainbow trout (Safavi et al.,
2019), and shrimp (Akbary & Aminikhoei, 2018). Ulva and its components have
demonstrated capacity for significantly improving metabolic function in several
organisms (Tas et al., 2011; Sharifuddin et al., 2015; Majee et al., 2018; Wang et al.,
2018; Guerreiro et al., 2019; Fumanal et al., 2020; Gomez-Zorita et al., 2020; Martin-
Gallausiaux et al., 2020; Ponce et al., 2020; Duong et al., 2021), which are likely

derived from multiple components of Ulva.

Communication between organs is crucial for controlling energy homeostasis and when
it is disturbed it can illicit changes in food intake, energy utilization and the
development of insulin resistance in humans (Geurts et al., 2014). Improving the
efficiencies in production by eliminating the variability in growth rates through
improved metabolic function will ultimately lead to reduced production costs for
commercial abalone producers (Venter et al., 2016). Inflammation, even at a cellular
level is merely the unnecessary stimulation of metabolic pathways that results in the
depletion of energy reserves that may otherwise be utilised in the sustained growth of
a cultured species and these interactions can reduce the overall farm profitability
(Butler, Btaiche & Alaniz, 2005).
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3.1.4 Objectives and questions

Diet induced changes to the metabolic function may act as a biotic stressor that could
negatively impact the production of abalone through increased susceptibility to
pathogens. In light of the high content of digestible carbohydrate that is used in
formulated feeds for abalone along with its impact on the glucose metabolism in other
animals the aim of this study was to investigate the glucose metabolism, and determine
the differences in immune and metabolic responses to a bacterial challenge, of abalone
fed formulated feed versus fresh Ulva. The end-point analysis of glucose was

hypothesised to be a useful indicator of the underlying metabolic condition of abalone.
The specific objectives of this study were to:

1) to determine the effect of diet on glucose metabolism of abalone by:
a. assessing the abalone’s ability to maintain glucose homoeostasis under induced
starvation,
b. induce hyperglycaemia via injection into the cephalic arterial sinus, and
c. quantify the abalone’s basal circulating haemolymph glucose, including the
ability to return to basal glycaemia, after an induced glycaemic response.
2) to determine the immune and metabolic response of abalone following a bacterial
challenge by:
a. quantifying the bacterial clearance efficiency (following injection of a known
dose of live Vibrio anguillarum into the cephalic arterial sinus),
b. quantifying circulating haemocyte counts pre- and post-bacterial injection, and
c. measuring the glycaemic expense of an immune response for abalone

maintained on either Abfeed™ S34® or Ulva for six months.

The findings from this study will provide information on the effects of diet on glucose
metabolism and the innate immune response of H. midae. A thorough exploration for
the potential benefits of Ulva have been investigated however, identification of the risks
remains essential to the maintenance of efficient biosecurity protocols under real farm
conditions (Stentiford et al., 2017). Natural immunostimulants that are locally produced
can be a sustainable option of controlling pathogens in aquaculture systems (Safavi et

al., 2019) if strong biosecurity protocols are in place.
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3.2 Materials and methods

3.2.1 Experimental site and water supply

The research was carried out at the Department of Forestry, Fisheries and the
Environment (DFFE) Marine Research Aquarium (MRA), Cape Town, South Africa
(33° 55' 6.492" S, 18° 22' 52.572" E). All sea water utilized by the MRA is pumped
directly from the Atlantic Ocean via pipes running into the subtidal zone of a semi-
sheltered bay directly in front of the aquarium. Sea water entering the aquarium is
pumped through a drum filter and sand filters prior to entering a sump tank at the highest
point in the MRA, where after it is gravity fed to the various systems within the
aquarium. The 40-year average water temperature for the coastal environment in Sea
Point, where the Research Aquarium extracts its seawater from, is 13.08 °C. The
temperature ranges from an absolute minimum of 8.7 °C to an absolute maximum of
23 °C.

3.2.2 Source of macroalgae

All Ulva used in this study was sourced from Irvin and Johnson, a commercial abalone
farm in Gansbaai in the Western Cape Province of South Africa (34° 37" 35.238" S, 19°
17' 47.2164" E). Ulva on this farm was grown in abalone effluent waters and was
delivered when required to the MRA. At the MRA the Ulva was stocked into a 1000 L
polyethylene tank provided with moderate aeration and water flow (2 L.min?). The
Ulva was maintained under artificial light (24 h light regime) and harvested by hand for
feeding. Fresh kelp was offered as a maintenance feed for abalone that were housed in
non-experimental systems at the MRA and was collected form the intertidal zone
around the MRA.

3.2.3 Determination of haemolymph glucose concentrations

Haemolymph glucose concentrations were determined following the phosphorylation
of glucose by adenosine triphosphate (ATP), generating glucose-6-phosphate (G6P),
and the subsequent oxidation of G6P to 6-phosphogluconate in the presence of oxidized
nicotinamide adenine dinucleotide (NAD) (Glucose HK Assay kit, Sigma-Aldrich
GAHK?20). Specific reactions are listed in Equations 3.1 and 3.2:
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Hexokinase

Glucose + ATP ——— Glucose6Phosphate + A 3.1

G6PDH
Glucose6Phosphate + NAD —— 6Phosphogluconate + NADH 32
During this oxidation, an equimolar amount of NAD is reduced to NADH and the
increase in absorbance at 340nm is directly proportional to the glucose concentration in

the sample.

3.2.4 Quantifying the glucose metabolism of abalone

3.2.4.1 Glucose homeostasis of abalone under induced starvation

Preliminary assessments revealed that haemolymph glucose concentrations of abalone
varied greatly. It was hypothesised that a period of induced starvation would reduce this
variability, allowing for a more accurate measure of basal glucose levels in the
haemolymph of abalone. The ability of abalone to maintain glucose homoeostasis under
a period of starvation was therefore assessed to determine an appropriate sampling point
for subsequent experiments. The experimental system and detailed methods are

provided below.

3.2.4.1.1 System and system management

The experimental culture system consisted of three identical replicate plastic tanks (L
X W x H: 1 x 1 x 0.7 m) supplied with filtered seawater at a rate of 6 L. min'* and
constant aeration. Each tank housed a single submerged oyster mesh basket (L x W x
H: 0.4 x 0.4 x 0.4 m) that contained vertical plates to increase the surface area for
attachment of abalone. The tanks were cleaned once a week of any particulates, which

accumulated on the tank bottom, via siphoning to waste.

3.2.4.1.2 Experimental animals, feeding, and acclimation

Abalone with a mean (xSD) weight of 84.41 £+ 16.32 g and length of 75.45 + 6.11 mm,
were used in this experiment. These animals were sourced from the Sea Point Marine
Research Aquarium and were maintained on a diet of fresh kelp (Ecklonia maxima) for
approximately two years prior to their use in this study and had not been used for other
experimental purposes in that time. A total of 20 abalone were stocked in each of the
three replicate baskets and were acclimated to the experimental system for a period of

2 weeks. Fresh kelp was offered once a week, after removing old kelp from the baskets
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and siphoning the tank bottoms. At the start of the experimental period (Day 0) all kelp
was removed, and the basket remained free of any feed for a period of 24 days.

3.2.4.1.3 Experimental protocol

The effect of starvation on glycaemic homoeostasis was determined by monitoring
circulating blood glucose concentration of three replicate groups of abalone over a
period of 24 days on days 0, 2, 6, 9, 13, 17 and 24. At each sampling, six randomly
selected animals (n = 2 abalone from each replicate tank, which were averaged as
technical replicates for each treatment) were blotted dry, weighed to the nearest 0.01 g
using an electronic balance (MODEL.: Scout Pro SPU402) and measured to the nearest
0.01 mm with electronic digital Vernier callipers (MODEL.: Grip). Haemolymph (x 200
uL) was collected from the cephalic arterial sinus of each abalone using a 1 mL syringe
fitted with a 26-gauge x Y2 inch needle. Separate syringes and needles were used for
each animal. Sampled haemolymph was immediately transferred to a sterile 1.5 mL
microcentrifuge tube and all samples were placed on ice while they were processed for
quantification of blood glucose. Sampling was consistently performed between 10h00
and 12h00 and each sampled abalone was removed from the system and transferred to
a separate holding tank to ensure that no animal was re-sampled. Haemolymph glucose
concentrations were quantified using the Glucose Hexokinase kit (Sigma-Aldrich;
described in Section 3.2.3).

3.2.4.1.4 Statistical analysis

All statistical analysis was done using R (Team, 2016). The haemolymph glucose
concentration for abalone (the average of technical replicates) was considered a
replicate. For differences in the mean haemolymph glucose concentrations at each time
point a Kruskal-Wallis non-parametric test was used, as assumptions for normality of
residuals and homogeneity of variances were not met. Significant difference in

haemolymph glucose concentration at each time was determined at p < 0.05.

3.2.4.2 Effect of induced hyperglycaemia on the abalone’s ability to return to

basal haemolymph glucose concentrations

Induced hyperglycaemia has been used as a reliable indicator of disglycaemia in
humans and a similar protocol, which requires abalone to process a glycaemic dose and

return to basal circulating haemolymph glucose concentrations, was developed. The
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dose of glucose required to induce a glycaemic response was approximated from
(Vosloo & Vosloo, 2006), where the authors calculated that 43 % of an abalones body
mass, including the shell, is haemolymph. Using the value for the approximate
haemolymph volume of an abalone from Vosloo & Vosloo (2006), the approximate
amount of glucose circulating in the haemolymph of a 50 g abalone with +21.5 mL
haemolymph would range from 280 to 1120 pg of glucose for an un-starved animal.
Based on preliminary findings along with results from Section 3.2.4.1, it was decided
to starve abalone for a period of six days prior to injection with a dose of 1000 pg
(concentration = 20 mg. mL™?) of glucose into the cephalic arterial sinus to induce a

glycaemic response and in order to decrease inter-animal variability.

3.2.4.2.1 System and system management

An identical system to that described in section 3.2.4.1.1 was used with one exception;

only one tank was used that housed an independent group of abalone.

3.2.4.2.2 Experimental animals, feeding, and acclimation

Abalone with a mean (xSD) weight of 57.78 + 4.15 g and length of 69.41 + 1.96 mm,
were used in this experiment. These animals were sourced from the Sea Point Marine
Research Aquarium and were maintained on a diet of fresh kelp (E. maxima) for
approximately two years prior to their use in this study and had not been used for other
experimental purposes in that time. A total of 12 abalone were stocked in an oyster
mesh basket and were acclimated to the experimental system for a period of 2 weeks.
Fresh kelp was offered once a week, after removing old kelp from the baskets and
siphoning the tank bottoms. At the start of the experimental period (Day 0) all kelp was
removed, and the basket remained free of any feed for a period of six days before the

abalone were administered a dose a glucose to induce a glycaemic response.

3.2.4.2.3 Injecting a glycaemic dose into the haemolymph of abalone

The dose of glucose was injected using a 50 puL glass Hamilton syringe fitted with a 26-
gauge by 1%-inch needle, directly into the cephalic arterial sinus (Jorgensen, Ware &
Redmond, 1984) and animals were then monitored over a period of 180 minutes for
circulating haemolymph glucose levels. The site of injection was thoroughly cleaned
with 100% ethanol immediately before and after injection and the dose was injected

slowly to ensure that the entire bolus entered haemolymph circulation and there was no
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leakage from the site of injection. Control animals were injected with an equal volume

of sterile distilled water.

3.2.4.2.4 Experimental protocol

The abalone were processed in batches of six. Each abalone was placed in separate
individually marked baskets within the same tank. All abalone were treated identically
and independently. An initial sample of + 80 puL haemolymph was withdrawn from the
cephalic arterial sinus using a 1 mL syringe fitted with a 26-gauge x 1%-inch needle
and immediately transferred to a sterile 1.5 mL micro-centrifuge tube and kept on ice.
These data were used for basal haemolymph glucose concentration, prior to injection.
After the initial haemolymph sample was taken, each abalone was injected with 50 puL
of a glucose solution (20 mg.mL™) into the cephalic arterial sinus.

The process of injecting each abalone was staggered by 1.5 minutes to allow sufficient
time for sampling. Haemolymph samples (x 80 pL) were taken from each abalone at 0,
15, 30, 45, 60, 120 and 180 minutes and immediately transferred to individually labelled
1.5 mL micro-centrifuge tubes after the sample was taken. All the samples on hand
were taken to the lab where they were centrifuged at 6000 x g for 2 minutes at 4 °C.
For each sample, a 50 uL aliquot of the supernatant was pipetted into a 1.5 mL micro
centrifuge tube, labelled and stored at -80 °C for processing at a later stage using the

glucose hexokinase Kit.

3.2.4.3 Effect of diet on basal haemolymph glucose concentrations and the

induced glycaemic response of abalone

In order to test for dysglycaemia in abalone maintained on different diets the glycaemic

response developed in Section 3.2.4.2 was used.

3.2.4.3.1 System and system management

An identical system to that described in section 3.2.4.1.1 was used with one exception;
only two tanks were used, each housing an independent group of abalone that were

maintained on a different diet.

3.2.4.3.2 Experimental animals and acclimation
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All abalone for this experiment were sourced from Abagold (Pty) Ltd. and were
obtained from a single cohort (single batch spawning event), with a size range of 40 —
50 g (x 2.5 years old). Abalone had been maintained on a diet of Abfeed™ S34®
supplemented with kelp under standard grow-out conditions as those described in
Chapter 2. After acclimation, abalone were maintained on their respective diets of
Abfeed™ S34® or fresh Ulva (fed ad libitum) for a period of 6 months, prior to
experimentation, and were stocked at approximately 50 abalone per basket. Abalone
had a mean (xSD) weight and length of 62.60 £ 6.62 g and 69.31 £ 2.91 mm,
respectively, at the time of sampling. Abalone (n = 12 from each treatment) were moved
to independent purge tanks for each treatment group (and not fed) for a period of six
days prior to testing basal blood glucose and inducing a glycaemic spike via cephalic
arterial sinus injection of a known dose (1000 ug) of glucose as described in Section
3.2.4.2.4. At the end of the experiment, the injected abalone were returned to separate

holding tanks to ensure that the same animal was not sampled more than once.

3.2.4.3.3 Statistical analysis

All statistical analysis was done using R (Team, 2016). The haemolymph glucose
concentration for each individual abalone was considered a replicate, which was
determined by the average of three assay technical replicates per sample. For
differences in the mean basal haemolymph glucose concentrations the data were then
tested using a Welch Two Sample t-test for between group differences and significance
determined at p = 0.05. For differences in mean haemolymph glucose concentrations at
each time point during an induced glycaemic spike, within treatment data were
compared using one-way analysis of variance with significance set at p < 0.05.
Significant differences were further tested using a post hoc Tukey test. All data met the
assumptions and were confirmed using the Shapiro-Wilk test for normality of residuals

and the Bartlett Test of homogeneity of variances (p < 0.05).

3.2.5 Quantifying the innate immune response of abalone

In order to test the effect of a stressor and/or diet on the innate immune response in
abalone a bacterial challenge protocol, which provides a holistic “in situ” overview of
an animal’s ability to deal with an ‘infection’ for abalone, was used. Briefly, the
abalone, H. midae were injected with a known dose of a strain of GFP labelled Vibrio
anguillarum 5677 that had been transfected with a stable Vibrio derived plasmid coding
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for Chloramphenicol (Cm) and kanamycin (Kan) antibiotic resistance to allow for
selective re-isolation following bacterial challenge (Knapp et al., 2019). Bacteria were
injected directly into the cephalic arterial sinus of each abalone. The site of injection
was chosen as this is a large sinus that is easily located posterior of the mouth and the
anterior aorta terminates into this sinus, which then pumps haemolymph into several
smaller arteries and two large arteries supplying the foot muscle. The ability of the

animal to inactivate (render non-culturable) the injected dose of bacteria was assessed.

3.2.5.1 Optimization of the time-point for discerning the impact of a stressor on

the immune response of abalone

The ability of abalone to clear an injected dose of bacteria with time was assessed in
order to determine the optimal time point for sampling haemolymph following exposure
to a stress or specific dietary treatment; where the number of haemocytes and culturable
bacteria that remain in circulation can be accurately quantified following an exposure

to a known dose of injected of live bacteria.

3.25.1.1 Animals

For this experiment, abalone (n=8) with a mean weigh of approximately 16.15 + 1.43
g (in-shell weight) were used. These animals were sourced from the Marine Research
Aquarium and were maintained on a diet of fresh kelp (E. maxima) for approximately
two years prior to their use in this experiment. Approximately 24 hours before being
injected, animals were transferred to pre-acclimation glass tanks, in a temperature-

controlled room maintained at 16 °C, that contained filter (0.22 um) sterilised seawater.

3.2.5.1.2 Bacterial preparation

A strain of Vibrio anguillarum 5677, previously isolated from diseased Haliotis midae
by Dr Anna Mouton (Amanzi Biosecurity, Hermanus, South Africa) (published in
Macey, 2015), was used for injecting abalone in the challenge trials as the primary
stressor. The bacterium was transfected with a stable Vibrio-derived plasmid (plasmid
PEVS146; sourced from Prof. Eric Stabb, University of Georgia) coding for
chloramphenicol (Cm) and kanamycin (Kan) antibiotic resistance, and the expression
of green fluorescent protein (GFP). For each injection, V. anguillarum from a single,
frozen, working stock was streaked onto tryptic soy agar (TSA) plates supplemented
with 2.0 % NaCl (w/v), 100 pg.mL* Kan A and 5 pg.mL* Cm and grown overnight at
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30 °C. Following incubation, a small amount of bacteria were re-suspended in 5 mL of
sterile 10 mmol.L-! HEPES buffered saline supplemented with 2.5 % NaCl (w/v) and
vortexed thoroughly to resuspend the bacteria. The optical density (OD) was adjusted
to 0.1 + 0.005 at a wavelength of 540 nm, which equates to a bacterial concentration of
4 x 107 colony-forming units (CFU) per millilitre (Knapp et al. 2019). The bacterial
preparation used for injection was replicated for each experimental batch of animals.

No mortalities were observed in any of the injected animals throughout the study period.

3.2.5.1.3 Optimization protocol and data collection

Following the acclimation period described in 3.2.5.1.1, animals were injected with 20
uL of a 4 x 107 CFU.mL™* dose of V. anguillarum (at 0 min) and haemolymph was
subsequently sampled from the cephalic arterial sinus of each animal at 10, 20, 40 and
120 min, and at 24 hrs. An additional sample of haemolymph was also taken 10 min
prior to the injection of bacteria to provide information on the basal number of
haemocytes prior to injection. These time intervals were initially chosen since they have
been shown to be to be optimal for measuring clearance of bacteria from the
haemolymph of other molluscs (Macey, Achilihu, et al., 2008) and crustaceans
(Burgents et al., 2004; Holman, Burnett & Burnett, 2004).

For each extraction, a sterile 1 mL syringe fitted with a 26-gauge x 1% inch needle was
used to withdraw approximately 100 pL of haemolymph from the cephalic arterial
sinus. A 25 pL subsample was immediately mixed with 100 pL Alsevers buffer ((w/v)
2.08% CeH1206, 0.8% CsHsNazO7.2H20, 0.336% EDTA, 2.24% NaCl, 12% HCHO),
for the determination of total circulating haemocyte count (THC).mL. Haemocytes
were counted using a haemocytometer and a light microscope (100x magnification).
Three separate aliquots (10 pl each) of the diluted haemocyte suspension were counted
and averaged for each animal and the values expressed as the mean (+SE) THC.mL™!
haemolymph for abalone at each time point. A second subsample of haemolymph (50
pL) was diluted in 100 uL 10 mM HEPES-buffered saline supplemented with 2.5%
NaCl and used to determine the culturable bacteria remaining in haemolymph
circulation. A 100 pL aliquot of the diluted haemolymph was spread plated onto TSA
plates supplemented with 2.0% NaCl (w/v), Cm (5 pg ml) and Kan (100 pg ml). All
plates were incubated for 48 h at 30 °C, at which point the number of bacterial colonies

were counted and recorded. Counts were averaged from the duplicate plates and data

Page 74



Chapter 3 — Antihyperglycaemic and immunostimulatory effects of Ulva lacinulata as
a feed for the abalone Haliotis midae

expressed as the mean (+SE) culturable V. anguillarum mL* haemolymph for abalone
at each time point. Haemolymph obtained from saline injected abalone (conducted
randomly throughout the experimental period) were included as negative controls to
ensure that there was no growth of bacteria on the selective media other than the

injected V. anguillarum.

3.2.5.2 Effect of diet on the abalones immune and metabolic responses to a

bacterial challenge

The impact(s) of diet, before and after bacterial challenge, on the metabolic status of
abalone was also assessed by quantifying an immune response. The assay investigated
overall removal of bacteria from circulation and generated information on the
magnitude (glycaemic cost) of the immune response, bacterial clearance rates, and the

response of the main immune effector cells, the haemocytes.

3.2.5.2.1 Experimental animals

A total of 12 abalone per dietary treatment with a mean (£SD) weight of 52.17 + 3.39
g and length of 68.42 £ 1.86 mm which had been maintained on their respective diets
of Abfeed™ S34® (A) or fresh Ulva (U) for a period of 6 months described in Section
3.2.4.2.2 were randomly selected from each basket and moved to the experimental
system described below for the bacterial challenge trials. The abalone used for the trials
were selected from the same baskets that are described in Section 3.2.4.3.2 with no

resampling between experiments.

3.2.5.2.2 Experimental system and acclimation

Individual abalone from each dietary treatment were moved to individually marked 20
L glass aquaria in a temperature controlled room (16 °C) where they were kept for 24
h prior to the bacterial challenge. Each tank was provided with fresh filtered (2um)
seawater and constant aeration. Each tank was covered with a plastic lining to prevent
the animals from escaping and to help prevent cross contamination. No food was
provided during the 24 h acclimation period. The bacterial challenge was done in four
batches that were processed on the same day, with six abalone per batch (n = 3 from
each treatment group; total of 12 abalone per treatment) and with a 3 min waiting period

between each abalone to ensure sufficient time for sampling and preparation.
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3.2.5.2.3 Experimental protocol

Immediately before injecting an abalone with V. anguillarum, a 150 uL sample of
haemolymph was withdrawn from the cephalic arterial sinus for the quantification of
glucose, total haemocyte counts, and presence of culturable V. anguillarum. All
samples were stored on ice. Animals from each treatment received an injection dose of
4 x 10* V. anguillarum (100 pL of a4 x 107 CFU.mL! stock solution) using a 100 pL
glass Hamilton syringe equipped with a 26-gauge x 1% inch needle and were injected
into the cephalic arterial sinus of each abalone over a period of approximately 10s. This
equates to a circulating dose of approximately 1.7 x 10° bacteria mL* haemolymph for
a 52 g abalone. The cardiac output for a 52 g abalone (22.62 mL haemolymph) is 14.43
mL.mint (Jorgensen, Ware & Redmond, 1984), which is equivalent to injecting 100
pL of the bacterial dose into 2.4 mL haemolymph moving through the cephalic arterial
sinus in 10s. This was done deliberately to ensure sufficient dilution of the dose and to
prevent localized clotting, due to possible clumping of the bacteria around the site of
injection, as described by (Macey, Rathburn, et al., 2008).

Animals were then returned to the glass tanks for a period of 30 min before being
sampled again to determine the total number of circulating haemocytes and the number
of culturable bacteria remaining in circulation. The 30 min time-point was chosen as
preliminary experiments (described in Section 3.2.5.1) indicated that it would be
optimal for measuring the impact of a stressor or change in diet on the chosen immune
parameters. The chosen time-point is similar to studies on other marine invertebrates
(Scholz et al., 1999; Burgents et al., 2005; Macey, Achilihu, et al., 2008; Macey,
Rathburn, et al., 2008; Ikerd, Burnett & Burnett, 2015; Knapp et al., 2019).

At 30 min post-injection, a 150 puL sample of haemolymph was withdrawn from the
cephalic arterial sinus and placed on ice. A 25 pL subsample was immediately mixed
with 100 pL Alsevers buffer for the determination of total circulating haemocyte count
(THC).mL"! (described in Section 3.2.5.1.3). For determining blood glucose, a 75 uL
sample of the raw haemolymph was centrifuged at 6,000 x g for 2 minutes at 4 °C.
Following centrifugation, a 50 puL aliquot of the supernatant was transferred to a new
sterile 1.5 mL microcentrifuge tube and stored at -80 °C until the blood glucose
concentration was determined according to Section 3.2.3. Finally, the number of

culturable V. anguillarum remaining in the haemolymph of each abalone 30 min
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following injection was determined by selective plating as described in Section
3.2.5.1.3.

3.2.5.2.4 Statistical analysis

All statistical analyses were done using R (R Core Team, 2016). Prior to statistical
analysis the data were visually analysed for outliers using the ggplot2 package by
Wickham and Chang (2017). The aim of this experiment was to identify an effect on
immune response by dietary treatment and although outliers may pose interesting
questions it was decided that a value which is 2.5 times greater than the inter quartile
range (IQR) should be discarded. The total haemocyte counts (THC) for abalone
contained data which were within 2.5 times the IQR and no outliers were identified.
For haemolymph glucose concentrations, there was a single outlier for each group
which was greater than 2.5 times the IQR and these data were discarded before
statistical analyses were conducted. The data collected for bacterial counts of culture
forming units (CFU) showed two outliers for abalone maintained on Abfeed™ S34®
and one outlier for abalone maintained on Ulva and were removed before any further

analysis.

After the removal of outliers from the data each abalone was considered an independent
replicate and all technical replicates were averaged. The differences between initial (Ti)
and final (Tr) mean values for abalone, both between and within groups, were compared

using the following methods with significance determined at p < 0.05:

1) The difference in free circulating haemolymph glucose was tested for
significance using a Two Sample t-test. Tests were done between treatment
groups (A and U) at Ti (0 min) and T+ (30 min) and within groups for difference
between Tiand Tr;

2) The difference in total haemocyte count (THC) was tested for significance using
a Two Tailed t-test. Tests were done between treatment groups (A and U) at T
(0 min) and Tt (30 min) and within groups for difference between Ti and Ts;

3) The difference in bacterial clearance was tested for significance in total culture
forming units counted using a Welch Two Sample t-test between treatment
groups (A and U) at T¢ (30 min). No V. anguillarum was detected in

haemolymph samples prior to injection.
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3.3 Results

3.3.1 Glucose homeostasis of abalone under induced starvation

A period of induced starvation had no statistically significant effect on the circulating
haemolymph glucose concentration of abalone over a period of 24 days (p = 0.1319;
Figure 3-1) and ranged from 0.48 - 89.64 pug.mL*. The most extreme outlier was
recorded on day 0 (89.64 ug glucose per mL* haemolymph; Figure 3-1). The lowest
recorded values were on day 0 (4.63 ug.mL™?) and day 2 (0.48 pg.mL). The mean
(£SD) haemolymph glucose concentration ranged was 19.72 + 27.29 pg.mL! over the
first two days of starvation and from day 6 - 24 it was 22.67 = 7.81 ug.mL™*. The inter-
animal variation in haemolymph glucose concentration for animals was reduced after a
brief period of starvation and after six days of starvation, the variation observed in

haemolymph glucose concentrations ranged from 15.47 - 22.49 ug.mL™.

7100+
|
£ °
EX
= 801
kel
©
8 60-
S
%
g 401 l .
= °
2 |
B 2] =
g 20 — =
© T
E ®
& [ i
T 01
0 2 6 9 13 17 24
Time in days

Figure 3-1 Box plots of haemolymph glucose concentrations over a 24 day period for abalone
under a period of induced starvation. The box represents the lower and upper quartile (25 - 75
percent, respectively) of the data (interquartile range), the vertical lines reach out to 2.5 times the

interquartile range, and outliers displayed as black dots (n=6 for each box).

Page 78



Chapter 3 — Antihyperglycaemic and immunostimulatory effects of Ulva lacinulata as
a feed for the abalone Haliotis midae

3.3.2 Effect of induced hyperglycaemia in abalone

After a period of starvation the inter-animal variability of haemolymph glucose
concentrations was reduced (results above) and allowed for repeatable inductions of a
hyperglycaemic state for abalone. The injection of saline water into the cephalic arterial
sinus did not induce a significant response in abalone, in terms of circulating
haemolymph glucose concentrations, over 180 minutes (Figure 3-2-Control; F = 0.314;
p = 0.924). In contrast, a dose of 1000 pg glucose injected into the cephalic arterial
sinus induced a significantly elevated haemolymph circulating glucose concentration

in abalone for 30 minutes post-injection (Figure 3-2-Dose; F = 2.612; p = 0.037).
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Figure 3-2 Mean (+SE) haemolymph glucose concentrations of abalone after receiving an
injection of either distilled water (control) or a dose of 1000 png glucose, injected into the cephalic
arterial sinus. Abalone were starved for a period of six days prior to injection and were monitored
at specific intervals (15, 30, 45, 60, 120, 180 minutes) over a 180-minute period. For the control, a
total of five abalone were injected with distilled water and for the experimental group a total of 6
abalone were injected with the glucose dose to assess the effect of induced glycaemia on abalone
haemolymph glucose concentrations/ clearance ability. The significance is denoted by the stars

with p <0.05 marked as *.
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3.3.3 Effect of diet on basal haemolymph glucose concentrations and the

induced glycaemic response of abalone

Abalone that were maintained on a diet of Abfeed™ S34® for a period of six months
had significantly elevated circulating haemolymph glucose concentrations when
compared to abalone maintained exclusively on a diet of fresh Ulva for the same period
of time (p = 0.001; Figure 3-3). Abalone fed Abfeed™ S34® had a mean (+SD)
haemolymph glucose concentration of 47.59 + 5.01 pg.mL™?, whereas abalone
maintained on Ulva had a mean (£SD) haemolymph glucose concentration of 31.39 +
11.6 pg.mL* (Figure 3-3).
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Figure 3-3 Mean basal (£SE) glucose concentrations in the haemolymph of starved abalone (6
days without food), maintained on either Abfeed™ S34® or Ulva for a period of six months (n=12
abalone per treatment) prior to the testing. Significance is indicated by *** (p<0.05) for a

comparison between means.

Abalone maintained on either Abfeed™ S34® (Figure 3-4 A) or Ulva (Figure 3-4 B)
were both able process the injected dose of glucose (1000 ug) within 180 minutes; with
haemolymph glucose values returning to pre-injection level within this period. As noted
previously (3.3.2 above), basal haemolymph glucose concentrations were higher in
abalone maintained on the diet of Abfeed™ S34® compared with abalone maintained
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on the diet of fresh Ulva. The duration of the glycaemic response for abalone fed Ulva
appeared to be shorter, when compared with abalone fed the diet of Abfeed™ S34®.
Abalone maintained on Ulva had significantly elevated mean (xSE) haemolymph
glucose levels at 15 (52.83 +5.59 pg.mL; p = 0.029) and 30 (51.80 + 5.17 ug.mL%; p
= 0.035) minutes post-injection of glucose, but by 45 (49.80 + 5.09 pg.mL') minutes
glucose levels had returned to a level that were no longer statistically significant from
their initial value (Figure 3-4B; F =17.882, p = 0.078). Conversely, abalone maintained
on Abfeed™ S34® had significantly elevated haemolymph glucose levels at 15 (p <
0.001), 30 (p = 0.001), 45 (p = 0.006) and 60 (p = 0.001) minutes post-injection of
glucose and only returned to their basal level after 120 minutes (F = 18.057, p = 0.091;
Figure 3-4A).
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Figure 3-4 Mean (SE) circulating glucose levels recorded in the glycaemic response over 180
minutes in abalone maintained on a diet of either Abfeed™ S34® (A) or Ulva (B) for a period of
six months before intravenous injection into the cephalic arterial sinus with 1000 pg of glucose.
Twelve individual abalone were injected from each dietary treatment and the circulating glucose
levels expressed as the mean (£SE) at each sampling time. A significant difference in glucose
concentration at each time point from the initial sample (time 0) within each treatment is denoted
by an asterisk on the top of the plot area (* p <0.05; ** p <0.01; *** p<0.005) .
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3.3.4 Effect of time on the abalone’s total haemocyte count and bacterial
clearance efficiency used for the optimization of the bacterial
challenge

3.3.4.1 Bacterial clearance

Injection of a known dose of bacteria (100 pl of a 4 x 10’ CFU.mL* stock solution) into
the haemolymph of Haliotis midae demonstrated the animal’s ability to respond rapidly
to an injected dose of bacteria, with more than 80% of the theoretical dose of V.
anguillarum (~178,890 bacteria.mL* haemolymph for a 52 g abalone) in haemolymph
circulation rendered non-culturable within first 20 min (Figure 3-5). By 24 hours, only
0.9 % of the original injected theoretical dose of V. anguillarum remained in

haemolymph circulation.
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Figure 3-5 Mean (xSE) number of culturable bacteria recorded in abalone haemolymph (n = 8)
at specific time points (20, 40, 120, and 1440 minutes) after injection of a known dose (at 0
minutes) of live bacteria (V. anguillarum). Each abalone tested negative for V. anguillarum pre-
injection and clearance counts confirmed by spread plate technique confirmed the presence of V.
anguillarum post-injection (n = 8). The theoretical injected dose of V. anguillarum (178890
CFU.mL* for a 52 g abalone) is indicated by the bar at 0 minutes. Significant differences between
time points are denoted by different letters above the bars.
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3.3.4.2 Total haemocyte count

Haemocyte data shows that the bacterial challenge elicits a clear immune response in
apparently healthy abalone, but the animals recover quickly, with circulating
haemocyte numbers returning to pre-injection levels within 24hrs following injection
of the V. anguillarum. The mean number of circulating haemocytes in the haemolymph
of abalone prior to the injection with V. anguillarum was 5096875 haemocytes.mL!
haemolymph (Figure 3-6). By 20 minutes following injection of bacteria, the number
of circulating haemocytes had declined significantly to 2242857 haemocytes.mL!
haemolymph. However, by 40 minutes post-injection with bacteria, the numbers of
circulating haemocytes were no longer significantly different from pre-injection levels
and by 24 hours post-injection the number of circulation haemocytes had returned to
5220833 haemocytes.mL, almost identical to pre-injection levels (Figure 3-6).
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Figure 3-6 Mean (xSE) total haemocyte counts recorded from the haemolymph of abalone pre- (-
10 minutes) and post- (10, 20, 40, 120, and 1440 minutes) injection with a known dose of live Vibrio

anguillarum (n=8 abalone). Significance is denoted by different letters above the bars.
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3.3.5 Effect of diet on the abalones immune and metabolic responses to a

bacterial challenge

3.3.5.1 Haemolymph glucose concentration

The haemolymph glucose concentrations of abalone maintained on Abfeed™ S34®
were higher, but not significantly different from abalone maintained on Ulva (p = 0.094;
Figure 3-7) prior to the injection of Vibrio anguillarum. Conversely, at 30 minutes post-
injection, the mean glucose concentration of abalone maintained on Ulva (24.75 pg.mL"
1) were significantly lower than the mean haemolymph glucose concentrations of
abalone maintained on Abfeed™ S34® (47.20 pug.mL1); when tested using the Welch
Two Sample t-test (Figure 3-7; p = 0.041). For both dietary treatments, the bacterial
challenge does not have a significant impact on haemolymph glucose concentrations,
with no significant differences recorded within treatments.
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Figure 3-7 Mean (xSE) free circulating haemolymph glucose concentrations recorded from
abalone fed Abfeed®S34 or Ulva (for a period of 6 months) pre- and post- (30 minutes) injection
with a known dose of live Vibrio anguillarum (n=12 abalone per treatment group). Significance is

denoted by different letters for within treatment tests.
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3.3.5.2 Bacterial clearance

In both treatment groups, there was a rapid reduction in the number of culturable
bacteria from the haemolymph within 30 min following injection of the challenge dose
of V. anguillarum (Fig. 3.8). For abalone maintained on a diet of Abfeed™ S34® for a
period 6 months, only 3.4 % (6027 + 1860 bacterial CFU.mL™* haemolymph) of the
theoretical injected dose of V. anguillarum (176835 CFU.mL™!) remained in the
haemolymph at 30 minutes post-injection, whereas only 1.7 % (3060 + 882 CFU.mL™!
haemolymph) remained in the haemolymph of abalone maintained on fresh Ulva
(Figure 3-8). There was however no significant difference in the number of culturable
bacteria remaining in the haemolymph of animals in the two treatment groups 30 min
post-injection (F = 1.441, p = 0.174). Each abalone tested negative pre-injection for V.
anguillarum and clearance counts confirmed by spread plate technique confirmed the

presence of V. anguillarum post-injection.
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Figure 3-8 Mean (xSE) number of Vibrio anguillarum culture-forming units remaining in the
haemolymph of abalone fed Abfeed®S34 or Ulva 30-minutes post-injection of a known dose of
live bacteria (n=12 abalone per dietary treatment group). Data from n = 10 abalone maintained
on Abfeed™ S34® and n = 9 maintained on Ulva were used after exclusion of outliers. The
theoretical injected load of 176835 CFU.mL™ is marked by the grey bar (Dose). The y-axis is
broken into two sections (0 — 10000 and 170000 — 180000) as indicated by the break in the Dose
bar.

3.3.5.3 Total haemocyte count

Pre-challenge circulating mean (SD) haemocyte numbers for abalone maintained on
Abfeed®S34 and fresh Ulva for a period of six months were 6840152 + 2664905 and
7447917 + 1727898 THC.mL haemolymph, respectively (Fig. 3-9). There was no
statistically significant difference in the number of circulating haemocytes between
treatment groups prior to injection with 100 uL of a 4 x 10" CFU.mL™ dose of V.
anguillarum (t = -0.654; p = 0.519). Following injection, abalone that had been
maintained on Abfeed™ S34® for six months had a lower mean (+SD) THC.mL!
haemolymph at 30 minutes post-injection (6840152 + 2664905 haemocytes.mL™?)
compared to pre-injection levels (5394886 + 3132065 haemocytes.mL), but this

difference was not statistically significant (Figure 3-9 ; p = 0.258). Conversely, abalone
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maintained on a diet of fresh Ulva had significantly lower numbers of circulating
haemocytes at 30 minutes post-injection (5352462 + 1726384 THC.mL* haemolymph)
compared to the pre-injection levels denoted by the star in Figure 3-9 (7447917 +
1727898 THC.mL* haemolymph; t = 2.907; p = 0.008).
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Figure 3-9 Mean (+SE) total haemocyte counts for abalone maintained on Abfeed®S34 or fresh
Ulva for a period of 6 months pre- and post- (30 minutes) injection with a known dose of live
Vibrio anguillarum (n=12 abalone per treatment group). Significance for within group differences
is denoted an asterisks above the respective bar (** p < 0.01). ns denotes no significant difference.
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3.4 Discussion

3.4.1 Summary

This study demonstrated that diet has a significant effect on the circulating haemolymph
glucose concentrations of the abalone Haliotis midae. Specifically, abalone maintained
on a diet of fresh Ulva for a period of 6 months had significantly lower haemolymph
glucose concentrations than abalone maintained on a dry formulated feed, Abfeed™
S34®. To my knowledge, this is the first study to demonstrate an effect of diet on H.
midae haemolymph glucose concentrations and is also the first study to illustrate how
efficient farmed H. midae, fed both fresh Ulva and a dry formulated feed for an
extended period of six months, are at rendering an injected dose of bacteria non-
culturable, with more than 98% of the injected bacteria rendered non-culturable within
a 30-minute period. The bacterial clearance efficiency of abalone fed Abfeed™ S34®,
which contains a high content of maize starch as the primary carbohydrate (Sales &
Britz, 2002) does not appear to compromise the bacterial clearance efficiency, whereas
fresh Ulva appears to have an impact on the number of circulating haemocytes
following the bacterial injection. Circulating haemocyte numbers of abalone fed the
diet of fresh Ulva where significantly reduced 30 minutes post injection with live Vibrio
anguillarum, compared with pre-injection levels, suggesting that the primary immune
effector cells of abalone maintained on a diet of Ulva respond more efficiently to a

challenge with non-self particles.

The results from the current study on haemolymph glucose concentrations under
starvation show that the glucose titre for H. midae is around 20 pg.mL* of haemolymph,
which is possibly the physiological minimum level required for basal metabolic
processes to occur (Brand, Bolton & Macey, 2013). The starvation curve for
haemolymph glucose matches what is expected under endocrine control via insulin-like
substances (Plisetskaya & Joosse, 1985). More recently, the metabolome of H. midae
has been investigated which confirms that abalone actively participate in glycaemic
regulation using evidence from the metabolites present in H. midae (Venter et al.,
2016). Still, a more complete mechanism involving its specific metabolites is unknown

and requires further research.
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3.4.2 Interpretations

In this study, the basal haemolymph glucose concentrations recorded for H. midae
ranged from 21 - 52 pg.mL* haemolymph (2.1 - 5.2 % w/v) with the diet high in
digestible carbohydrates, Abfeed™ S34®, significantly increasing the basal
haemolymph glucose concentration in abalone to 47.59 + 5.01 pg.mL* haemolymph,
when compared to abalone maintained on a diet of fresh Ulva (31.39 + 11.62 pg.mL™Y).
Elevated levels of glucose in the haemolymph of animals fed a diet high in digestible
carbohydrates has been found to be indicative of decreasing efficiencies of insulin in
the insulin-sensitive tissues (Guo et al., 2022). Insulin, the hormone responsible for
stimulating the uptake of glucose into the cells, has a role in activating protein synthesis
and the inhibition of protein catabolism, which favours growth and is an important
characteristic for production. Decreased efficiencies of insulin in relation to diet may
therefore adversely impact the growth/ production. Venter et al. (2018) speculated that
fast growing H. midae are able to release insulin at a faster rate or that the released
insulin results in a greater metabolic response. The upregulation of genes related to
insulin production have been previously identified in faster growing abalone (\Van Der
Merwe, Franchini & Roodt-Wilding, 2011) and these observed differences may impact
metabolic assimilation of nutrients from the diet (Venter et al., 2018).

A study conducted by Rossi & Silva (1993) found that a high carbohydrate diet fed to
the land gastropod Megalobulimus oblongus resulted in significantly elevated
haemolymph glucose concentrations compared to animals fed a control diet of lettuce.
They also reported significantly greater glycogen concentrations in the mantle,
digestive gland and foot muscle, that exhibited different rates of glycogen deposition
when compared to M. oblongus maintained on a diet of lettuce (Rossi & Silva, 1993).
Zhang, Zhou & Cheng (2009) offered the marine gastropod Babylonia areolata diets of
increasing starch levels and found an increase in their soft body glycogen content,
which correlated with a decrease in tissue lipid content. The marine crab
Chasmagnathus granulata fed a high carbohydrate diet was found to have increased
muscle glycogen and lipid levels, which was accompanied by significantly increased
haemolymph glucose concentrations compared to crabs maintained on a high protein /

low carbohydrate diet (Kucharski & Silva, 1991). These results are in line with the
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findings of this study in which a high carbohydrate diet can significantly increase the

haemolymph glucose concentrations in an animal, specifically H. midae.

The high glucose concentration in the haemolymph of abalone maintained on a diet of
Abfeed™ S34® in this study may be an indication of alterations to energetic pathways
which is onset by dietary provisioning of different diets. Data from metabolomic
differences in fast and slow growing wild H. iris suggests that low haemolymph glucose
concentrations are an indicator of a greater reliance on anaerobic glycolysis for
locomotion (Venter et al., 2022). Venter et al. (2018) identified a reduction in
mitochondrial function in slow growing individuals linked to their energy production
pathways, while fast growing individuals showed greater abilities in the generation of
an insulin response and improved mitochondrial activity. Oxidative stress is also
associated with hyperglycaemia, whereby the increase in available glucose will
generate more substrates entering into mitochondrial respiration, potentially generating
higher levels of superoxide radicals (Furukawa et al., 2004). The end-point analysis of
glucose levels in haemolymph circulation can be an important indicator of the complex
regulation of consumption, where elevated post-prandial glucose levels are associated
negatively with appetite (Harvey-Anderson & Woodend, 2003; Schock et al., 2010;
Johansson et al., 2013).

The onset of feeding is thought to be linked to decreasing intracellular glucose
concentrations (Mayer, 1953) which may occur less frequently for abalone in this study
which were maintained on Abfeed™ S34®. Abalone maintained on Abfeed™ S34®
for a period of six months and then starved for 6 days exhibited an elevated
haemolymph glucose concentration to a maximum of 56.7 % increase for over 60
minutes after receiving an intravenous injection of glucose, returning to basal (pre-
injection) levels after 120 minutes. Conversely, abalone maintained for the same period
of time on a diet of fresh Ulva had a shorter but more intense glycaemic response (~ 30
minutes) which increased the total circulating glucose concentrations by 67.6 %
following administration of the same glycaemic load, returning to basal (pre-injection)
levels within 45 minutes. While there remains insufficient knowledge on the basic
biochemical constituents of abalone under culture conditions (Sales & Janssens, 2004;
Venter et al., 2016), ongoing research into the role that highly digestible carbohydrates
play in abalone feed formulations should be carefully considered.
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The effect of carbohydrates in the development of the metabolic syndrome are
characterised when two or more of the following conditions are met;
hypertriglyceridemia, reduced high-density lipoprotein, hypercholesterolemia, high
blood pressure, hyperglycaemia and elevated fasting plasma glucose (Termizy &
Mafauzy, 2009). Wang et al. (2009) evaluated semi-purified diets that were formulated
to contain dextrin, heat-treated wheat starch, wheat starch, corn starch, tapioca starch
and potato starch at the same percentage (33.5%) and their impact on serum triglyceride
(TG) levels in H. discus hannai demonstrating a correlation between high starch
digestibility and increased levels of TG. Similarly, when the abalone H. discus hannai
was maintained on a diet with increasing carbohydrate content there was increased
biosynthesis of fatty acids in the abalone tissue and beyond 45.55 % carbohydrate
content the insulin signalling pathway was inhibited (Guo et al., 2022). The abalone
that had been maintained on a diet of Abfeed™ S34® in this study displayed both
hyperglycaemia and elevated fasting haemolymph circulating glucose levels, which are
likely a result of the high carbohydrate digestibility and specific carbohydrate sources
in the dry formulated feed. The results presented in the former studies (Wang et al.,
2009; Guo et al., 2022), along with data presented in this thesis, would suggest that two
of the conditions for the development of the ‘metabolic syndrome’ are met
(hypertriglyceridemia and hyperglycaemia with elevated fasting plasma glucose) when

highly digestible carbohydrates are used as a dietary ingredient.

It is apparent that diet can significantly influence the basic energy metabolism of
abalone and may be considered a part of the reason that highly digestible carbohydrates
are hailed as providing overall benefits to their commercial cultivation. Venter et al.
(2018) reported that the metabolome of faster growing abalone has metabolites that
indicate both increased glycolytic activity and decreased utilization of the -oxidation
pathway with high levels of mitochondrial activity. Specific improvements to the
metabolic efficiencies of an organism through dietary modification can be a useful tool
in the optimisation of feed efficiencies. Tas et al. (2011) demonstrated that Ulva rigida
was able to improve the carbohydrate metabolism in streptozotocin-induced rats by
lowering the circulating blood glucose, increasing insulin levels, and decreasing serum
triglycerides when compared to controls. Sulphated polysaccharides extracted from

Ulva intestinalis have been used to enhance growth and improve the immune function
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of freshwater rainbow trout whereby lower activities of SOD were recorded in the group
being administer Ulva extracted polysaccharides (Safavi et al., 2019). Alterations to the
primary energy metabolism in organisms can impact the mobility of energy reserves
available to an organism (Brown, 2000; Butler, Btaiche & Alaniz, 2005) and these

changes can alter the efficacy of an immune response.

There is limited knowledge on the metabolome of the immune system response (the
detectable metabolites that are related to immune activation) of abalone making
overreaching conclusions difficult to define (Hooper et al., 2007; Beltran & Coyne,
2020). Similar bacterial challenge models to the one in this study have been used to
assess the effects of a variety of environmental stressors on the overall immune
response of the Atlantic blue crab Callinectes sapidus (Holman, Burnett & Burnett,
2004; Macey, Rathburn, et al., 2008; lkerd, Burnett & Burnett, 2015), spiny lobster
Jasus lalandii (Knapp et al., 2019), and the Eastern oyster, Crassostrea virginica
(Macey, Achilihu, et al., 2008; Williams et al., 2009). The bacterial clearance rates of
abalone in this study were rapid, with more than 80% (<40,000 CFU.mL"! haemolymph
remaining) of the theoretical injected load of bacteria (178,890 CFU.mL*
haemolymph) rendered non-culturable within a 20 minute period. In contrast, the
oxidative response in Haliotis discus discus is seen to have an apparent lag-phase after
stimulation for 60 minutes followed by a regular increase in oxidative activity
(Donaghy et al., 2010). For the abalone maintained on either Ulva or Abfeed™ S34®
there were no significant differences in the bacterial counts post injection while both
groups displayed profound clearance ability in just 30 minutes. Abalone which had been
maintained on Ulva had an average of 0.6 % of the approximate injected bacterial load
in circulation whereas those maintained on Abfeed™ S34® had 1.2 %, although this
difference was not significant. These results demonstrate that a diet of Abfeed™ S34®,
which contains a high content of pre-gelatinized maize starch as the primary
carbohydrate, does not adversely compromise the bacterial clearance efficiency of

farmed abalone when compared with animals fed fresh Ulva.

Data on the immune response in H. midae has shown that the mitochondrial respiratory

chain is highly activated in the haemocytes, inducing an increase in biochemical activity
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and a greater demand for high energy molecules adenosine triphosphate (ATP)
(Rensburg & Coyne, 2009; Coyne, 2011). If a hypothetical abalone in the current study
were required to double the concentration of glucose in the haemolymph, those
maintained on Abfeed™ S34® would need to release 51.6% more glucose than abalone
that were maintained on Ulva via glycogenolysis or glucogenesis. In this study, there
was no significant difference in haemolymph glucose concentration between the two
groups of abalone following injection of viable V. anduillarum directly into
haemolymph circulation prior to the bacterial challenge. The lack of a significant
decrease in circulating haemolymph glucose for the abalone suggest that they were
metabolically responsive and/or that glycogen stores were able to provide adequate
energy required for the response. This is an important finding for local abalone (H.
midae) producers as it has been postulated, and demonstrated in some mammalian
models (Roberts, 2000; Harvey-Anderson & Woodend, 2003; Kumar et al., 2015), that
the inclusion of high amounts of highly refined starches in animal feeds can

compromise the health and physiology of animals.

Stimulation of the immune system of H. midae via dietary manipulation has been
demonstrated by Macey and Coyne (2005). The latter authors included three probiotic
microorganisms, one bacterium (Vibrio midae SY9) and two yeasts (Cryptococcus sp.
SS1 and Debaryomyces hansenii AY1), into the formulated feed Abfeed™ and
demonstrated a significant improvement in both the growth and innate immune
(phagocytic) response of the abalone, as well as an improvement in survival following
challenge with V. anguillarum. These authors postulated that the probiotic cells
stimulated the immune system of H. midae, enabling the abalone to respond more
rapidly to an infection when compared with non-immunostimulated animals. Following
the bacterial challenge in this study, an initial decline in circulating total haemocyte
numbers was observed, which were shown to be significantly lower than pre-injection
levels at 20 minutes following the injection (Figure 3-6), before counts returned to the
pre-injection levels within a 24-hour period. These findings are again in line with
observations made for several other marine invertebrates that were challenged with a
known dose of bacteria (Holman, Burnett & Burnett, 2004; Powell et al., 2006; Macey,
Rathburn, et al., 2008; Knapp et al., 2019).

Page 93



Chapter 3 — Antihyperglycaemic and immunostimulatory effects of Ulva lacinulata as
a feed for the abalone Haliotis midae

The initial and often rapid decline in circulating haemocyte numbers has been attributed
to the movement of bacteria to the site of injection/ wounding (Powell et al., 2006) and
following recognition of the non-self particles the immune cells are capable of
employing a wide variety of functions, including phagocytosis, cytotoxic and
inflammatory responses (Macey, 2005). This rapid innate response also results in the
formation of loose aggregates of bacteria and haemocytes, and these aggregates then
become trapped in the fine vasculature of numerous tissues/organs, especially the gill
tissues which can reduce oxygen uptake (Schock et al., 2010), as has been clearly
demonstrated in the Atlantic blue crab C. sapidus (lkerd et al., 2015). Rensburg &
Coyne (2009) demonstrated that dysfunctional mitochondria resulted in significantly
less ATP production in H. midae haemocytes and that their phagocytic capacity was
reduced. For abalone maintained on the diet of Abfeed®S34, the decline in total
circulating haemocyte numbers was not significantly different between pre- and post-
injection levels following challenge with the V. anguillarum. Conversely, abalone
maintained on a diet of fresh Ulva exhibited a significant decrease in total haemocyte
numbers 30 minutes after injection with V. anguillarum. The significant reduction in
THC for Ulva-fed abalone suggests a more efficient response by haemocytes from this
group of abalone. Conversely, abalone maintained on Abfeed™ S34® may have had
impaired mitochondrial functioning due to the interactions of the high carbohydrate
content with energy homeostasis (Venter et al., 2018). Research by Leiro et al. (2007)
and Akbary & Aminkhoei (2017) demonstrated that the water-soluble polysaccharide
extracted from U. rigida enhanced mouse macrophage activity and improved the
growth and immune response of flathead grey mullet, Mugil cephalus. Castro et al.
(2004) investigated the effects of a cold water extract made from U. rigida and found
that it was capable of significantly increasing the respiratory burst activity of the fish
Psetta maxima phagocyte cells, which was likely associated with the polysaccharides.
The above studies highlight the immunostimulatory role of Ulva or specific extracts
that can be made from Ulva, which are capable of enhancing the overall health of the

cultured organism.

3.4.3 Implications

Haemocytes play a central role in the clearance of foreign particles and this study

suggests haemocytes from Ulva-fed abalone were more primed for the defence against
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injected V. anguillarum compared with abalone maintained on the diet of Abfeed™
S34®. The modulation of the gut microbiota through nutrient inclusion, as would be
the case for the inclusion of prebiotics, has also been used as a treatment to reverse host
metabolic interactions linked to gut dysbiosis in the human gut microbiome (Geurts et
al., 2014). It is possible that Ulva or components associated with Ulva, elicited a similar
immune-stimulatory response in abalone maintained on this diet in the present study,
and further investigation of the effect of Ulva on the gut microbiome is thus required.
It is apparent that seaweeds are highly dynamic ingredients and although the abalone
producers continue to prefer the consistency of supply of a formulated feed, specifically
a high carbohydrate feed, this study provides the first evidence that diet significantly
alters the basal haemolymph glucose concentration in H. midae. Shifts in these
evolutionarily conserved metabolic pathways should be further investigated when
looking to enhance the functional ingredients of formulated feeds. The prolonged
hyperglycaemia exhibited by abalone maintained on Abfeed™ S34® in conjunction
with the glucostatic theory highlight a potential negative impact on feeding activity that
could be counteracted with the inclusion of dietary Ulva. Furthermore, Ulva has also
been reported to have antimicrobial properties and the bioactive sulphated
polysaccharide, ulvan, has been shown to inhibit both gram-negative and gram-positive
bacteria (Berri et al., 2016). To further optimize the nutritional impacts on the overall
health of abalone, it is recommended that Ulva be investigated further for its potential
as a functional food for the abalone H. midae which could further enhance the

sustainability of an existing industry.
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Chapter 4 - Comparison of dietary effects of whole
Ulva lacinulata, and the prebiotic potential for specific
components thereof, on the growth, physiology, and
gut microbial patterns of the cultured abalone Haliotis

midae

4.1 Introduction

4.1.1 Context and topic

The seaweed and its associated microbiota are defined as the meta-organism, which
comprise the holobiont (Egan et al., 2013; Lachnit, Thomas & Steinberg, 2015; Gobet
et al., 2018) where bacteria can be fundamental in the functioning of the seaweed
(Lachnit, Thomas & Steinberg, 2015). Ulva, a green alga and a primary focus of this
work, is host to a complex epiphytic microbiome with bacterial cells on the thallus of
Ulva australis ranging in density from 10° - 107 cells.cm (Tujula et al., 2010). The
community composition of the epiphytic microbiome on U. australis is driven by
environmental pressures and exhibits a functional selection for the specific organisms,
rather than species level specificity forming distinct communities that are identifiable
from the surrounding water (Burke et al., 2011; Egan et al., 2013). Ulva rigida, when
grown in integrated multitrophic aquaculture systems (IMTA), is dominated by an
epiphytic microbial community that is different from the wild type and significantly
shaped by the composition of effluent-water microbial communities of seabass and
seabream (Califano et al., 2020). Bacteria associated with seaweeds, when consumed,
often play an important role in the establishment of a normal non-opportunistic
microbial community in the digestive tract where they have the potential to contribute
significantly towards digestion and the assimilation of dietary components (Gobet et
al., 2018; Wang, Pyecroft & Barton, 2020; Danckert et al., 2021).

The occurrence of what appears to be a ‘core microbiome’ for Haliotis tuberculata
(Gobet et al., 2018), Haliotis laevigata and Haliotis laevigata x Haliotis rubra

(Danckert et al., 2021) has been identified using a combination of next generation
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sequencing and functional bioinformatics. The microbiome sequenced from the
digestive gland of Haliotis tuberculata, indicate a relationship between the algal
polysaccharide fermenters and the algal diet of the abalone, which were dominated by
the bacteria from the genera Psychrilyobacter, Mycoplasma, and Vibrio (Gobet et al.,
2018; Danckert et al., 2021). Vibrio halioticoli strains, which have been documented as
a major component of the abalone holobiont, including H. midae, and Vibrio spp. have
the capacity for fermentation of algal polysaccharides into short chain fatty acids
(SCFA), which would increase the amount of energy available for absorption in the
intestinal tract (Sawabe, 2006; Gobet et al., 2018; Danckert et al., 2021). It is
hypothesized that the Ulva lacinulata holobiont, and its carbohydrate components, can
be used through dietary supplementation to modulate the microbiome and
consequently, improve the overall growth and production of the cultured abalone

Haliotis midae.

4.1.2 Scope and focus

There are numerous interactions along the journey food takes, however these can be
simplified to absorption, distribution, metabolism, and excretion (Mo’o et al., 2020).
Abalone feed on a diet of fresh seaweeds by grinding the algae thallus along the radula
(foregut), where large portions of cellular materials containing ulvan (prebiotic), are
made available for bacterial digestion within the mid- and hindgut. After foods have
been sufficiently digested into their simplest building blocks, they must interact with
the microbial inhabitants that forms a dense network of cells in the intestinal mucosal
lining where they have the capacity to interact with food particles (Roberfroid et al.,
2010; Geurts et al., 2014; Wells et al., 2016; Martin-Gallausiaux et al., 2020). During
passage through the gastrointestinal tract (GIT), the prebiotics are presented to the
microbiome in the mid- and hindgut where they are able to metabolize the food into
SCFA prior to absorption (Wang et al., 2018), which are then transported into the
abalone tissues (Majee et al., 2018). Many bacterial inhabitants of the gut are ubiquitous
in the environment and have evolved remarkable metabolic and functional diversity that
has enabled them to colonize a wide variety of surfaces/ substrates (Tarnecki et al.,
2017), where they are ultimately excreted back into the surrounding environment of

aquaculture systems.
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Prebiotics have been used at an inclusion level of around 1 %, where they have had a
significant impact on host health and improving metabolic efficiencies related to
metabolic disorder (Zheng, Chen & Cheong, 2020). Fructooligosaccharides (FOS) have
been used as a prebiotic to select for the growth of Bifidobacteria and Lactobacillus in
rats, which are both associated with the production of SCFA that have been shown to
improve gut and host health (Wilson & Whelan, 2017). Alternatively, the inclusion of
specific bacterial strains into formulated feeds as dietary probiotics for H. midae has
successfully demonstrated its ability to significantly improve the growth and health of
cultured abalone (Macey & Coyne, 2005). The supplementation with beneficial
bacterial partners along with diet-mediated microbiome modulation is presented as a
strategy to improve aquaculture productivity through enhanced feed efficiencies
(Rajeev et al., 2021).

Significant advancements have been made to improve our understanding of the
architecture and function of intestinal microbiota (Xu et al., 2013; Fernandez et al.,
2016; Hindu et al., 2019; Lopez-Santamarina et al., 2020; Rajeev et al., 2021) and one
of the current interests of research for seaweeds are their bioactive polysaccharides
which exhibit chemical, physicochemical and fermentation characteristics that are not
found among higher plant carbohydrates (O’Sullivan et al., 2010; Wang et al., 2014;
Aguilar-Brisefio et al., 2015; Wells et al., 2016; Safavi et al., 2019). Ulva has been
reported to contain approximately 38 - 54 % (w/w) dietary fiber (Ray & Lahaye, 1995;
Gao et al., 2018; Neto etal., 2018; Mo’o et al., 2020) of which a large portion are highly
sulphated polysaccharides called ulvan. Ulvans are a group of water-soluble anionic
polysaccharides which comprise 9 — 36 % of the polysaccharides from dried Ulva and
those extracted from Ulva lactuca have been reported to yield the following
monosaccharide composition; rhamnose (8.2 — 60.8 %), glucuronic acid (2.6 — 52 %),
xylose (0 — 35.4 %), iduronic acid (5 — 6 %), glucose (2 — 87.2 %), galactose (0 — 1.9
%) and uronic acid (16.8 — 47.1 %) (Kidgell et al., 2020). There are distinct features
across sources of Ulva where the general trends in biological activities relative to its
structural features remains ambiguous (Kidgell et al., 2020) however, their prebiotic
action has been well documented (Wells et al., 2016; Chi et al., 2018; Cafiedo-Castro
et al., 2019; Lopez-Santamarina et al., 2020).
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Ulvans are poorly fermented by human faecal bacteria (Bobin-Dubigeon, Lahaye &
Barry, 1997; Ai et al., 2017) however, a bacterium (GH105) isolated from the faeces of
the sea slug (Aplysia punctata) was shown to be capable of metabolising ulvan
(Hehemann, Boraston & Czjzek, 2014) indicating that this capacity may be more
widespread in the marine environment. The abalone gut is characterized as a
microaerophilic niche environment (Harris, Burke & Maguire, 1998) with unique
selective pressures that clearly form associations with genera of bacteria that have the
capacity to ferment the algal polysaccharides/prebiotics into SCFAs that the abalone
can utilize for metabolic homeostasis (Nel et al., 2017; Gobet et al., 2018; Danckert et
al., 2021). Individuals of the same size and living within the same environment can
attain differing growth rates if their metabolic potential for assimilation of nutrients and
maintenance rates differ (Gurney & Nisbet, 2004), where the microbiome may play a
significant role in feed efficiency (Gobet et al., 2018; Danckert et al., 2021).

There are a number of molecular independent techniques which have been used with
varying levels of success in trying to understand the connections between bacterial
diversity and organismal function (Hamady & Knight, 2009). Two of these approaches
are; (1) next generation sequencing platforms that investigate genome variation in the
DNA (Ansorge, 2009), or (2) fingerprinting of communities represented by the bacterial
DNA markers, such as the 16S rDNA (Ogier et al. 2004, Marzorati et al. 2008). Both
of these approaches are subject to sampling bias at a number of levels (Roden et al.
2000, Klindworth et al. 2013, Hahn et al. 2016) which are not standardized. The
fingerprinting of communities involves amplification of DNA by genus-specific
primers targeting the 16S rDNA sequences, followed by separation/differentiation of
this DNA in a polylacrylamide gel containing a linear denaturing gradient (DGGE).
The genetic fingerprints obtained through DGGE provide complex band profiles that
are a representative of the genetic structure or diversity of the complex microbial
community (Muyzer & Smalla, 1998; Ranjard, Poly & Nazaret, 2000). The advantage
of this method is that it does not require any previous knowledge of the microbial
populations and that it can provide a visual profile of changes occurring in microbial
communities subjected to different treatments. DGGE has been successfully used in
several studies of the soil microbiome in an attempt to identify community level

changes under variable land management practices and the differentiation of intestinal
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microbiomes in aquacultured organisms maintained on varying dietary treatments
(Bossio et al., 2005; Fry et al., 2006; Shimano, Sambe & Kasahara, 2012; Trabal et al.,
2012; Nel et al., 2017; Osimani et al., 2019). DGGE is a useful platform for high
throughput sample analysis and comparison of changes in microbial community
profiles provided that the shortfalls, including the potential for sample bias (Janse, Bok
& Zwart, 2004; Sigler, Miniaci & Zeyer, 2004; Neilson, Jordan & Maier, 2013), are
considered during the generation and interpretation of the data. These studies support
its use as a tool for identifying differences in microbial communities of abalone fed

diets containing specific algal prebiotics.

4.1.3 Importance and relevance

The relatively high concentration of glucuronic acid found within ulvan is interesting,
where glucuronic acid participates in the elimination of toxic metabolites (Martinez-
Leal, Ponce-Garcia & Escalante-Aburto, 2020) and has a role in biomineralization of
calcium carbonate (CaCOs) (Arias & Fernandez, 2008; Rao et al., 2014; Pellock &
Redinbo, 2017). Ulvan has been used as a feed supplement for the poultry industry,
with improvements reported for egg-shell thickness/ strength and yolk colour, when
used at a 1 % inclusion level for laying hens (Li et al., 2018). Glucuronic acid has also
been found in small amount in the shells of the articulated brachiopods
Rhynchonelliformea (Gaspard et al., 2007), where it likely has a role in the
biomineralization of CaCOs (Arias & Fernandez, 2008; Rao et al., 2014). The shell
matrix is a complex environment that utilizes organic molecules, including
mucopolysaccharides, secreted from the mantle, which has been shown to control the
deposition of calcium carbonate (CaCO3) in the abalone Haliotis tuberculata (O’Neill
etal., 2013).

The mucus on the foot and in the gastrointestinal tract of the abalone is a complex mix
of mucopolysaccharides containing hyaluronic acid (a linear polymer of repeating units
of N-acetylglucosamine and glucuronic acid) (Lopes-Lima et al., 2005; Schiraldi, La &
De, 2010; Chen et al., 2012; Wang et al., 2017). The abalone is covered by a layer of
mucus which is involved in several important functions including lubrication,
locomotion, protection, and adhesion to the substrate (Portela et al., 2012) where

glucuronic acid is an important component in the formation of mucopolysaccharides
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(Peck et al., 1987; Harris, Bruke & Maguire, 1998). The mucosal barrier forms a critical
component of the immune repertoire of the animal (Dawood et al., 2017; Perry et al.,
2020) and mucosal production contributes significantly to the energy budget of Haliotis
tuberculata accounting for 29.1 % of total energy expenditure in 50 g abalone (Peck et
al., 1987). Calculations for the rate of mucus production for a stationary H. midae
exposed to simulated air transport are reported to produce 8.67 % of their body mass in
mucus in 36 hours requiring significant energy allocations (Vosloo & Vosloo, 2006).
Considering the fact that mucus can have a water content of ~90% (Davies & Williams,
1995) the capacity for mucosal production and specific water content of abalone tissue
may be an important route of water loss for the abalone and can impact the abalone

holobiont.

The water content of tissues can be influenced by activity and evidence in humans
suggests that increased aerobic exercise increases muscular moisture content by an
increasing size and spacing between muscle fibres (Mora-Rodriguez et al., 2016).
Tissue glycogen, which is stored as an energy reserve in abalone and used during
exercise, has been inversely correlated to available tissue moisture in the disk abalone
H. discus (Watanabe, Yamanaka & Yamakawa, 1992) and the abalone H. diversicolor
(Chiou, Lai & Shiau, 2001). High tissue moisture can have an impact on weight loss
during transportation of live abalone, during canning and in the drying process (Vosloo
& Vosloo, 2006; Kemp, 2018). Muscle glycogen content in the abalone H. diversicolor
showed significant differences between abalone fed dry formulated feeds when
compared to those fed exclusively on Gracilaria sp. along with high seasonal variations
for the group fed formulated feeds (Chiou, Lai & Shiau, 2001). Glycogen is an
important storage molecule used in reproduction where peak spawning activity in
abalone is associated with depleted glycogen reserves and generally occurs from
September — March for locally produced H. midae (Ayres, 2013). The glycogen content
of meat is commonly considered tasteless, but it is able to significantly impact a range
of marketable traits for the abalone such as appearance, canning and transportability
(Vosloo & Vosloo, 2006; Brown et al., 2008, Kemp, 2018).

During the canning process abalone meat is thermally processed and sterilized in a brine

solution, which results in a decrease in the overall weight of the product (Young &
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Olley, 1974). In the meat of tuna, the canning process can cause interactions between
tissue glycogen and available lysine that ultimately changes the nutrient composition
of the final product (Castrillon, Navarro & Garcia-Arias, 1996) where fast growing
abalone have significantly more tissue lysine than slow growing (Venter et al., 2018).
The refined starch ingredients used in this study have previously been shown to be
readily available for digestion (Sales & Britz, 2002) and are associated with high tissue
glycogen content in other organisms (Veldhuijzen ; 1974; Diaz & Nakagawa, 1990;
Kucharski & DaSilva, 1991; Rossi & DaSilva, 1993; Zhang, Zhou & Cheng, 2009;
Kemp, 2018). Feeds that are able to impact the biochemical components within the
marketable product can be designed to enhance the market acceptance of various

products destined for consumption.

4.1.4 Objectives and questions

It is hypothesised that the bacterial fermentation of specific dietary ingredients in the
intestine of abalone improves overall abundance of specific microbiota and enhances
the metabolic capacity of abalone. Members of the genus Mycoplasma are members of
the core microbiome identified in abalone that are facultative anaerobes and have the
capacity to ferment algal polysaccharides into SCFAs (Nel et al., 2017; Wang, Pyecroft
& Barton, 2020; Choi et al., 2021; Danckert et al., 2021) where they activate the energy
metabolism in abalone (Gobet et al., 2018).

The broad aim of this research was to investigate the effects of dietary inclusion of
Ulva, and its carbohydrate components separately, on the growth, physiology and gut
microbial patterns of cultured Haliotis midae. In a study by Duong et al. (2021) where
the abalone H. laevigata was fed a diet which was formulated to contain 30 % dried
Ulva a negative impact on digestibility suggesting a maximum level for inclusion into
formulated feeds exists. In this study, feeds were formulated to contain increasingly
refined fractions of Ulva that were included as substrates for bacterial fermentation and
assimilation. The process of drying Ulva at 40 °C diminishes its antioxidant activity
and has a negative impact on the recovery of phenolics while it enhances the recovery
of extracted ulvan making dried Ulva an ideal ingredient for inclusion into a formulated
feed for its carbohydrate fraction (Silva et al., 2019). Diets were formulated to contain

10 % dried Ulva, 1 % ulvan extracted from the same source of dried Ulva and 0.1 %
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pure glucuronic acid. The ulvan that was extracted from Ulva yielded 11.8 % which
approximates to a 1 % inclusion at an equivalent level of a 10 % dried inclusion. The
glucuronic acid was included at 0.1 % to represent an equivalent amount to what may
be available in the 10 % died Ulva and the 1 % ulvan feeds. These feeds contained
specific components of Ulva that were used to explore how these elements are able to
influence the overall growth, physiology and intestinal microbial patterns of the

cultured abalone.
The specific objectives of this study were to:

1) modify a commercially available abalone feed by incorporating dried Ulva or
components thereof (ulvan at 1 % and glucuronic acid at 0.1%) into the feed at
their relative proportions found comparable to the 10 % dried Ulva inclusion;

2) investigate the effect of diet on the growth, physiology, and feed conversion
ratio for abalone under experimental conditions during a simulated growth trial
over 7.2 months; and

3) compare the effect of diet on the lower intestinal bacterial 16S rDNA patterns

for each dietary regime using Denaturing Gradient Gel Electrophoresis.

This research will provide a glimpse into the interaction of diet and microbiome for the
cultured abalone, H. midae, as well as various functional effects that can be elicited.
Farmed abalone are primarily sold as live, canned and dried products from the South
African farms and diet can elicit beneficial characteristics for each product. The feeds
with specific functional components in abalone aquaculture could further increase the
sustainability of the industry by providing specific beneficial traits which may not only
be growth. Ulva has proven itself to be an ideal candidate for the integration into IMTA
systems and understanding the scope of its uses beyond bioremediation should be of

vital significance (Bolton et al., 2016).
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4.2 Material and methods

4.2.1 Experimental site and water source

The research was carried out at the Department of Forestry, Fisheries and the
Environment (DFFE), Marine Research Aquarium (MRA), Sea Point (Cape Town),
South Africa (33°91°84.7“S 18°38°12.7”E). All sea water utilized within the Research
Aquarium is pumped directly from the Atlantic Ocean via pipes running from the
subtidal zone of a semi-sheltered bay. Sea water entering the aquarium is pumped
through a drum filter and sand filters prior to entering a sump tank at the highest point
in the MRA, whereafter it is gravity fed to the various systems within the aquarium.
The 40-year average water temperature for the coastal environment in Sea Point, where
the Research Aquarium extracts its seawater from, is 13.08 °C. The temperature ranges

from an absolute minimum of 8.7 °C to an absolute maximum of 23 °C.

4.2.2 Source of Ulva

All Ulva used in this study was sourced from Irvin and Johnson (1&J) Cape Abalone, a
commercial abalone farm in Gansbaai in the Western Cape Province of South Africa
(34°37'35.238" S, 19° 17'47.2164" E). Ulva on this farm was grown in abalone effluent
waters that are described in Nobre et al. (2010). The Ulva was delivered fresh when
required and stocked into a 1000 L polyethylene tank provided with moderate aeration
and water flow (2 L.mint). The Ulva was maintained under artificial light (24 h light

regime) and harvested by hand for feeding.

4.2.2.1 Extraction of ulvan

A crude extract of the water-soluble carbohydrate ulvan was made from a 1.4 kg portion
of dried Ulva following the basic protocol for “Sample 1” described in (Costa et al.,
2012). Briefly, 500 g of dried Ulva was added to 4.5 L distilled water and autoclaved
to extract the water-soluble fraction. The remaining particulates were removed via
filtration through cheese cloth and discarded. The supernatant was concentrated by
submerging 5 L beakers containing the supernatant in a heat bath set at 90 °C, with a
desk fan blowing air over the surface of the beakers to facilitate evaporation. Once the
supernatant was concentrated to approximately a quarter of its original volume, 96 %

ethanol was used to precipitate the carbohydrate fraction at a ratio of 3 parts ethanol to
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1 part concentrate. The precipitate was collected via centrifugation at 1,000 xg and the
supernatant was discarded. The precipitate was then dried under vacuum and a hammer
mill was used to grind the final dried extract to a fine powder, which attained a final
yield of 11.8 %.

4.2.3 System design and water supply

The experimental system allowed for control of variables such as feeding amounts,
light, water flow, aeration, and stocking density. Sea water, supplied by the main sump
(Section 4.2.1), was first passed through a solids settlement tank after which it was
actively pumped to the system using a 0.35 kW impeller pump. To maintain a consistent
water temperature of 16 °C, a heat exchanger was coupled to the system post solids

settlement.

The system contained 36 independent and identical plastic tanks (L x W x H:
390x300%x140 mm) which were all housed in two raised fibreglass raceways with
dimensions of L x W x H: 3210 x 1000 x 200 mm (Figure 4-1). Each tank contained
two pieces of PVC half rounds with a radius of 90 mm and a length of 150 mm to
provide shelter and increase the available surface area for attachment of abalone. The
fibreglass raceways had an incline on the bottom, which allowed for drainage of effluent

water from each plastic tank to a single common point in the large fiberglass raceway.

Pressure
loops

Tank air line

e — ————— ————

Tank water line
Tanks
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Figure 4-1 Top view of the experimental system used for the growth trial. Each plastic tank
received sea water, maintained at 16 °C, provided by two separate pressure loops and aeration
from a single air loop. Groups of six tanks were considered as single replicate, units as marked
by the coloured squares.

The water flow to each tank was controlled by two identical pressure loops which were
each controlled by a single tap; to enable better control of flow-rates into each tank.
Each experimental tank (~16 L) was supplied with fresh sea water, delivered to the left-
hand side of each tank approximately halfway along its length, with the flow rates
maintained at 300 mL.min!; equating to a water exchange rate of one tank volume per
54 minutes (Figure 4-1).

The experimental system was divided into six replicate areas with six tanks per area.
For the purposes of this experiment, only the combination of six tanks in a replicate is
defined as a single replicate unit. Each replicate unit was covered by a roof, which was
constructed to hinge open and was made using 20 mm PVC pipe covered with correx
plastic supplied by Maizeys, Paarden Island, Cape Town (Figure 4-2). Each tank was
cleaned twice a week by carefully removing the PVVC half rounds, gently brushing the
edges of the tank and inverting the contents to ensure complete removal of particulates.
Each tank was scraped clean every three months using a paint scraper to remove any
calcitic growth on the sides of the tank during the sampling protocol, which is detailed
in Section 4.2.6.
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Figure 4-2 Experimental system used for the growth trial, with the covers down to protect the
abalone from ambient light and disturbance. Each cover was designed to hinge open over a single
replicate unit and minimize light inception, reduce visible moment, and limit external disturbance.

The lights in the experimental area were kept off at night to maintain day night cycles.

4.2.4 Animals, acclimation and tagging

All abalone for this experiment were sourced from Abagold (Pty) Ltd, Hermanus, South
Africa (34°26°02.8“S 19°13°17.7” E) and were obtained from a single cohort that was
batched-spawned on the 6 September 2012. Abalone in the size range of 20 — 30 g were
selected for inclusion by individually weighing animals to the nearest 1 g using an
electronic scale on the farm. The abalone were transported in cotton netting bags, which
were packed into sealed plastic bags inflated with pure oxygen and placed into
polystyrene cooler boxes with ice packs for transport from Hermanus to the Sea Point
MRA in Cape Town. Upon arrival at the MRA, abalone were immediately removed
from the cotton net bags and placed into the experimental tanks where they were
allowed to acclimate for one month on the same formulated feed that was provided/fed

to abalone at Abagold (SAF4000, https://www.specialisedaquaticfeeds.co.za/aquatic-

feeds). During the acclimation period, abalone were randomly shuffled between the
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replicate tanks to allow for mixing of the various groups, which may have been an

artefact of the farm sorting process.

After the one-month acclimation period, each abalone was tagged using a variety of
bead types (shapes and colours; n = 30), which were purchased from Beads for Africa
in Cape Town. A number between 1 and 30 was allocated to each unique bead type
(Figure 4-3). In order to adhere the beads to the abalone shells the replicate tanks were
submerged in a larger container of fresh sea water that received a steady supply of
carbon dioxide, bubbled through a large air stone, in order to anaesthetise the animals
which is in line with standard farm procedure at sorting. Following anaesthesia, each
abalone was carefully removed from the tank and the shell blotted dry with paper towel
before gluing a bead onto the shell using a combination of sodium bicarbonate
(NaHCO3) and super glue (cyanoacrylate). Once the abalone were tagged, they were
stocked at 30 animals per replicate tank, which was approximately 2.4 % of the

available surface area.
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Figure 4-3 Tagging system developed to provide more statistically powerful growth data by
marking each abalone with unique beads glued onto their shells. For each replicate, a single
bead from all 30 bead types was pooled in test tubes with the respective replicate codes (left side)
and were used in the tagging of abalone. A number chart was developed which referenced each

bead by a unique number prefixed by the replicate (right side).
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4.2.5 Experimental feed formulations, diets and feeding

The experimental feeds were formulated by Specialized Aquatic Feeds (SAF) in
Hermanus, South Africa wusing a proprietary commercial feed recipe

(https://www.specialisedaguaticfeeds.co.za/aquatic-feeds). Following production, each

feed formulation was packaged and frozen at -20 °C to maintain the integrity of the
ingredients. For the purposes of this experiment, the base feed will be referred to as AB,
as it differed slightly from the SAF4000 commercial recipe after being balanced

according to the amino acid profile of Ulva.

4.2.5.1 Preparation of the formulated feeds

For the inclusion of Ulva and its carbohydrate components an attempt was made to
maintain relative proportions of fresh Ulva to dried Ulva, ulvan and also glucuronic
acid. Dried Ulva used for inclusion into the formulated feed was dried and supplied by
Specialized Aquatic Feeds. The crude extract of ulvan, which was prepared according
to Section 4.2.2.1 from the dried Ulva, yielded 11.8 %. This is lower than median values
reported for U. lactuca but it is within the range that have been reported (Kidgell et al.,
2018).

4.2.5.1.1 Formulated feed supplemented with dried Ulva

An inclusion level for dried Ulva of 10 %, where 1 kg of dried Ulva was added to 9 kg
of premix AB prior to extrusion. The feed was labelled AB10U to indicate the 10 %
level of inclusion for dried Ulva. The raw ingredients used were calculated after

balancing the amino acid profile between AB and AB10U.

4.2.5.1.2 Formulated feed supplemented with ulvan

A 100 g portion of the dried ground ulvan was added to 9.9 kg of premix AB prior to
extrusion, which represented an approximately equivalent amount of ulvan present in
the AB10U feed formulation. The ulvan supplemented feed was labelled AB1U to

indicate the 1 % level of inclusion for ulvan.

4.2.5.1.3 Formulated feed supplemented with glucuronic acid

One of the major polysaccharides forming the backbone of ulvan is glucuronic acid,

which represents 2.6 — 52 % of the total water-soluble polysaccharide. A 100 g portion
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of D-glucuronic acid was sourced from Sigma-Aldrich (Cat# G5269) and added to 9.99
kg of premix AB prior to extrusion. This was intended to represent an approximately
equivalent amount of glucuronic acid that would be present in the AB10U and AB1U

feed formulations.

4.2.5.2 Experimental diets

The diets formulated and tested in this study were: (1) AB offered as the only feed; (2)
a 60:40 dry weight combination of AB and fresh Ulva (ABFU); (3) AB with a 10 %
level of inclusion for dry Ulva (AB10U); (4) AB with a 1 % level of inclusion for ulvan
(AB1U); (5) AB with a 0.1 % level of inclusion for glucuronic acid (AB0.1U); and (6)
fresh Ulva only (FU). Each formulated diet underwent the standard feed quality control
checks and near-infrared spectroscopy was used to determine the relative protein, fat,

moisture and ash content of each diet (Table 3).

Table 3 The relative protein, fat, moisture and ash content of the diets formulated by Specialized
Agquatic Feeds for this study, as determined by near-infrared spectroscopy. Each feed was made in
10 kg batches and kept in a walk-in freezer until needed, thereby minimizing loss of nutritional
value. During the feed trials, colour coded feed buckets for each formulation were filled every three

weeks and kept at the experimental system.

Formulation Protein Moisture Fat Ash
AB 35.67 11.38 4.71 6.58
AB10U 36.07 11.49 4.28 7.36
AB1U 35.58 11.12 451 6.58
ABO0.1U 34.24 11.31 3.81 6.96

4.2.5.3 Feeds and feeding

A standard feeding cup was used for administering dry feeds to each tank, which when
full contained 6 - 7 g of feed and was offered to the abalone three times a week on
Mondays, Wednesdays and Fridays from February 2015 to September 2015. The size
of the feeding cup was adjusted after 4 months to contain between 7 - 8 g of dry feed to
account for growth of abalone. The feeding ration was calculated to be approximately

0.34 - 0.4 percent of the combined abalone body weight in a tank per day (% BW.d™).
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Each diet was colour coded by using coloured feeding buckets, which were refilled
every three weeks. The feeding containers were weighed prior to being filled and these

data were used to calculate total feed offered over the experimental period.

Each tank in a replicate unit was randomly assigned a colour by placing plastic tags on
the tanks that corresponded to a specific diet formulation. Each replicate unit contained
one replicate tank for each diet. Abalone fed a combination of AB and Ulva (ABFU)
were offered the mixed diet at a ratio of 60:40 AB to fresh Ulva (dry weight
equivalents). Abalone fed the Ulva only diet were fed at a rate approximately equivalent
to all other diets on a dry weight basis (average moisture content of Ulva calculated to
be 84 %) on the same days. To maintain the appropriate feeding portions for fresh Ulva,
the rations for each replicate were weighed to equal portions, after being spun free of
excess water, and placed into feeding buckets that were offered to each replicate in the

treatment.

Feed stability was determined by placing a known amount of each dry feed diet into
tanks without abalone for a period of 48 hours to account for the loss of solid matter
through leaching. After 48hrs, the feeds were collected and dried to a constant weight
(~24h) at 100 °C. At the same time, a known weight of each feed was dried and weighed
to account for any ambient moisture in the formulated feeds. The difference, after
accounting for ambient moisture, in dry weight of each feed before and after the
leaching period was used to calculate a leaching factor, which was specific to each dry

feed and later used in the calculation of feed conversion ratios.

4.2.6 Abalone sampling

Abalone were sampled and data were collected around day 0, 105 and 215. Sampling
was split over a period of two weeks at each time due to the need for both the collection
of morphological and physiological data and gut intestinal sampling. In the first week
n = 2 abalone were randomly sampled from each replicate, which is further described
in section 4.2.6.1 (below). In the second week, all remaining abalone were weighed and

measured (described in detail in section 0).
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4.2.6.1 Abalone dissections and processing of physiological measurements

Abalone were purged for 24 hours prior to sample collection, after the tanks were
emptied of any remaining food, to standardise the fed state of individual abalone. For
each replicate unit, the abalone were processed in an identical way by collecting one
abalone from each of the dietary treatments. The selection of abalone was done by
randomly selecting six coloured beads from a pool of 30 beads, which represented a
specific number. Once the abalone were collected from their respective treatments, they
were placed shell side down on a bed of ice within a coloured ring that corresponded to
their treatment and immediately transported to the dissections table. All the required

tools and sample containers were prepared in advance and pre-labelled.

Each abalone was weighed to the nearest 0.01 g and measured to the nearest 0.01 mm
and photographed. After the growth data was captured and haemolymph drawn (as
described in section 3.2.4.1.3), a sharp sterile scalpel was used to sever the pallial sinus,

which was considered the most humane form of euthanasia for the sampling procedure.

4.2.6.1.1 Quantification of the relative shell weight contribution

Once an abalone had been euthanized, the shell was carefully removed by sliding the
flat edge of a weighing spoon between the site of attachment for the adductor muscle
to the shell and gently detaching the shell. The shell was weighed, placed on a pre-
labelled aluminium weigh boat and dried at 100 °C until constant weight for ~48 h for

quantification of the relative contribution of the shell to the total abalone weight.

4.2.6.1.2 Abalone intestinal microbiota

After the shell was removed the abalone was pinned onto a sterile dissection tray that
had been rinsed with 96 % ethanol. The gastrointestinal tract was carefully dissected
away from the foot muscle and gently separated into intestine (blue) or stomach (purple)
as indicated in Figure 4-4. A clamp was placed between the stomach/crop and intestine
to keep the contents separated which is indicated by the straight lines separating the
intestine stomach/crop (see Figure 4-4). The opposite end of the lower intestinal tract,
the anus, remained intact which prevented the loss of intestinal contents. The fluids lost
from the stomach/crop were collected for enzymatic analysis and stored in 2 mL micro-

centrifuge tubes at -10 °C (samples used in other work). The intestinal samples were

Page 112



Chapter 4 — Comparison of dietary effects of whole Ulva lacinulata, and the prebiotic
potential for specific components thereof, on the growth, physiology, and gut
microbial patterns of the cultured abalone Haliotis midae

stored in sterile pre-labelled 2 mL centrifuge tubes, whereas the stomach/crop samples
were stored in 5 mL sterile pre-labelled centrifuge tubes and both samples were
immediately flash frozen in liquid nitrogen. The different sections of the digestive tract
of abalone have been found to contain significantly different microbial inhabitants with
the lower intestinal tract being more selective for fermentation of food products (Guo,
2017) which was the reason for only processing the intestinal samples for this work.
The lower intestine is represented by the lower end of the digestive process where the
largest degree of bacterial fermentation has been reported to occur. The crop of the
greenlip abalone has very few ciliated cells within the crop indicating a low surface
area of attachment for bacterial cells (Harris, Bruke & Maguire, 1998). Samples of foot
muscle, mantle tissue and left/right gills were also taken for future research into the
metabolome and all samples were stored at -80 °C before being processed as described
below.
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Figure 4-4 Abalone dissection (A) and anatomy (B). Labels indicate the various organs which

can be identified on the abalone. Samples of left gill, right gill, mantle, adductor muscle,
crop/stomach and the radula were processed for further research.
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4.2.6.1.3 Abalone foot muscle moisture and glycogen content

The remaining foot muscle was further dissected for quantification of tissue moisture
and muscle glycogen content. Abalone in this study were approximately 30 g and the
foot muscle of each abalone was cut into quarters as indicated in Figure 4-5. The entire
quarter labelled Section ‘1’ Figure 4-5 was weighed to the nearest 0.01 g before being
placed in an aluminium weighing boat and dried at 100 °C until constant weight for
quantification of muscle moisture content. Sections ‘2’ and ‘3°, which were smaller
sections marked by the inner circle in Figure 4-5 were placed in sterile pre-labelled
micro-centrifuge tubes, flash frozen in liquid nitrogen and stored at -80 °C until they
could be used for the quantification of muscle glycogen content using the phenol-
sulphuric method for the quantification of free glucose (S1) adopted from Bennett et al.

(2007) or for future metabolomic research, respectively.

Muscle metabolome
-Muscle glycogen

Tissue moisture-

Figure 4-5 Schematic representation of the abalone dissection for muscle tissue collection.
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4.2.7 Abalone growth indices and feed conversion

To ascertain whether the diets formulated and tested in this study affected the growth
of abalone, all abalone from each replicate in each dietary treatment were sampled at
time zero, 105 days and 215 days. Abalone were anaesthetised prior to sampling by
submerging each replicate tank in a larger tank containing sea water lightly bubbled
with carbon dioxide (CO2). Following anaesthetisation, individual abalone were
photographed, and their unique identifier noted by matching the bead to the chart
(Figure 4-3). Each abalone was weighed to the nearest 0.01 g using an electronic
balance and length measured to the nearest 0.01 mm using digital Vernier callipers. If
a bead was not present the abalone length and weight were recorded and these data were
not included in the statistical tests for growth, but were used to calculate feed
conversion ratios. The weight and length data collected at each sampling point were

used to calculate the following growth parameters:

e Specific growth rate;
e Monthly increment in shell length; and

e Condition factor.

4.2.7.1 Specific growth rate

Specific growth rate (SGR as % growth.day?) was calculated for each individually
marked abalone in each treatment at each sampling period and for the total period using

equation 4.1:

In(W,) = In(W,
SGR=<n( f)t n( 1)>*1oo 41

where In(Wys) is the natural log of the final weight of abalone, In(Wi) is the natural log

of the initial weight of abalone, and t is time in days.

4.2.7.2 Monthly increment in shell length

Monthly increment in shell length (MISL, in mm) was calculated for each individually
marked abalone in each treatment at each sampling period and for the total period using

equation 4.2:
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SL, — SL.
MISL = (%) %30 4.2

where SLt is the abalone final length, SLi is the abalone initial length, t is the time in

days, and 30 days was considered one month.

4.2.7.3 Condition factor

The condition factor (CF) was calculated according to Britz (1996) for each individually
marked abalone. The CF was calculated using equation 4.3 for abalone at the beginning

and for each sampling period using equation 4.3:

_ Weight (g)
- 4.3

Length (mm)2-99> * 5575

4.2.7.4 Feed conversion ratio

In order to calculate feed conversion ratios (FCR), the total amount of feed offered over
the experimental period was carefully recorded for each dietary replicate as described
in section 4.2.5.3. The total feed offered was corrected for leaching before being used
to calculate the FCR for each diet. Fresh Ulva was converted to a dry weight equivalent
and in the case of diet ABFU the two dietary components were added. FCR was

calculated using equation 4.4 and included weights of all abalone from each replicate:

Wet feed of fered (g) * Leaching factor)
4.4

FCR = (
total replicate weight gain (g)

4.2.8 Denaturing gradient gel electrophoresis SSU rDNA ladder

development for normalization of gels

To allow for comparisons between samples run on multiple gels, DNA reference
ladders were formulated and loaded on each gel for gel normalization and gel-to-gel
comparisons (Ogier et al., 2004). Previous work by Sawabe et al. (2003) identified high
concentrations of Vibrio halioticoli (40 — 65 %) in the gut of Haliotis midae, Haliotis
discus discus, Haliotis diversicolor aquatilis, and Haliotis diversicolor diversicolor
indicating it may be a member of the ‘core’ microbiome present in Haliotis spp. For
this reason, n=10 isolates of V. halioticoli were used for the creation of a small subunit
DNA reference ladder. A second SSU rDNA reference ladder, which contained SSU
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DNA products amplified from bacteria association with/ isolated from Ulva lacinulata,

was also created for this study.

4.2.8.1.1 Isolates of Vibrio halioticoli

Isolates of Vibrio halioticoli (n = 10) were kindly donated by Dr Tomoo Sawabe
(Faculty of Fisheries Sciences Marine Life Science, Marine Biotechnology and
Microbiology, Hokkaido University, Japan); described in Sawabe (2003). Upon arrival
at the DFFE molecular lab in Cape Town, each isolate was maintained on Tryptic Soy
Agar supplemented with polysorbate 80 (5 g/L), lecithin (0.7 g/L) (Sigma-Aldrich; #
51414) and 2.5 % sodium chloride and grown at 24 °C for 36 h. After 2 weeks of
incubation, a single colony of each isolate was individually picked using a sterile
inoculating loop and used to inoculate a fresh plate for the preparation of glycerol
stocks. The newly inoculated plates were incubated as before. Following the second
incubation period, glycerol stocks were prepared by using a flamed loop to scrape
colonies of each plate and transfer them into separate sterile solutions of Tryptic Soy
Broth (Sigma-Aldrich; #22092) supplemented with 25 % NaCl (g/v) and 15 % glycerol
(v/v) for long term storage. A total of five glycerol stocks were produced for each isolate

and stored at -80 °C until required.
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Table 4 Vibrio halioticoli isolates with strain identifiers used for the creation of a small subunit
rDNA ladder for DGGE normalization (Sawabe et al., 2003). The strain identified with accosiation
in H. Midae in indicated in bold (Sawabe, 2006).

Strain Code

HT 2-1 gal

RW 14

G3-2 F sup

GHG 2-1

HM 3-4

HDD 3-1

ZAM 14967 hali
RW 22

HDS 1-1

HM 1-4

4.2.8.1.2 Isolates of Ulva-associated bacteria

Bacterial species found growing on Ulva and capable of utilizing ulvan or glucuronic
acid (GlucA) as a substrate were isolated by culturing bacteria from Ulva on selective
media with the latter two substances as the main carbon source. For each substrate
(Ulvan/GlucA) duplicate broths were prepared, which were made with 0.1 % yeast
extract (Sigma-Aldrich), 0.05 % of either substrate (Ulvan/GlucA), and sterile artificial
sea water (ASW: 30 g NaCl, 1.079 g MgClz, 0.3 g KCI, distilled water to 1000 mL).
Bacteriological agar (1%, w/v) (Sigma-Aldrich) was included in the broth for the

preparation of agar plates and stored at 16 °C until required.

A 5 g sample of effluent-grown Ulva thallus was lightly rinsed in distilled water to
remove any transient epiphytic bacteria before being vortexed for 10 min in 50 mL
ASW. A 1 mL aliquot of the above rinse solution was used as an inoculum for each 250
mL substrate specific broth, which was incubated on a shaking platform (set to 80 rpm)

in an incubator set at 23 °C for a 48 hour period. A second round of selection was
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performed by inoculating fresh sterile broths (250 mL) with 1 mL of each respective
culture from the previous 48 incubation period and incubating the cultures for a further
48 h.

A 100 pL sample of each broth was serially diluted to 1x10 in phosphate buffered
saline (PBS) before being spread plating a 100 pL aliquot of each dilution on the
selective agar media containing either Ulvan or GlucA mentioned above. The plates
were incubated at 24 °C for 48 h to allow for sufficient growth prior to picking of
individual colonies based on visual differences (e.g. colony shape, colour, size, texture
and margin). Picked colonies were transferred to PBS and a 100 pL aliquot was used
as an inoculant for spread plating onto fresh selective media after dilution (as described
above). This step was repeated until there appeared to be one colony type which grew
in each selective medium based on the colony morphology viewed at 40 x
magnification under a light microscope. For isolates which grew on both substrates,
only colonies that grew on plates supplemented with GlucA were further maintained,
as the latter media was considered a more selective media than the crude extract of
ulvan. Each of the final 12 isolates were cryopreserved in n = 5 replicates of Tryptic
Soy Broth (Sigma-Aldrich) supplemented with 2.5 % NaCl (g/v) and 15 % glycerol
(v/v) and stored at -80 °C until required.

4.2.9 Bacterial genomic DNA extraction

For the extraction of genomic material from the bacterial isolates described above (see
Section 4.2.8), each isolate was grown from cryopreserved working stocks on Tryptic
soy agar, supplemented with polysorbate 80 (5 g/L), lecithin (0.7 g/L) (Sigma-Aldrich;
# 51414) and 2.5 % sodium chloride, at 24 °C for 36 h. Cells from a single colony of
each isolate were carefully transferred using a sterile pipette tip to 25 uLL TE buffer in
separate sterile 50 pL PCR reaction tubes. The tubes were thoroughly vortexed to re-
suspend the bacterial cells before transfer to a heat block set to 95 °C for 5 minutes to
lyse the bacterial cells and release the genomic DNA. Thereafter, tubes were
centrifuged at 18,000 x g at 4 °C for 2 minutes to remove cellular debris. An aliquot of
15 pL of supernatant, containing genomic DNA, was moved into a new 50 uL PCR
reaction tube, which was then used directly as template for the polymerase chain

reaction (PCR) described in section 4.2.11 below.
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4.2.10 Total genomic DNA extractions from abalone gut tissue samples

Samples were processed in batches, with all samples being treated identically and all
equipment sterilized between preparations to prevent any cross contamination of
samples. Total genomic DNA was extracted using the method provided by Qiagen for
the QlAamp Fast DNA Stool Mini Kit (#51604 - Quick start protocol). Briefly,

approximately 150 - 200 mg of intestinal sample was ground in liquid nitrogen and

transferred into a pre-cooled sterile 1.5 mL micro-centrifuge tube. A pre-heated ( 50
°C) aliquot (1 mL) of InhibitEX Buffer was immediately added to the sample, which
was thoroughly vortexed and allowed to incubate for one hour at 25 °C. Finally, a 5-
minute heat lysis was performed at 95 °C in a heating block to ensure complete lysis
of bacterial cells. Following lysis, samples were processed further according to the
genomic DNA extraction protocol described in the QIAamp Fast DNA Stool Mini Kit
Quick Start Protocol. Each sample’s genomic DNA was eluted in 200 uL. Buffer ATE,
provided in the Kkit, and stored at -20 °C until needed. The quality and concentration of
genomic DNA in each sample was determined using a nano-drop spectrophotometer
(Jenway Genova Nano, Bibby Scientific) and the integrity was checked using 0.8 %
agarose gel electrophoresis

4.2.11 Amplification of the 16S rRNA gene using polymerase chain

reaction

The concentration of DNA in each sample was standardised to range from 75 - 125
ng.uL1. KapaTaq ReadyMix (Kapa Biosystems; Cat#KK1006) was used for all PCR
reactions. The PCR reaction mixtures (25 pL) consisted of 1 uL of genomic DNA (75
- 125 ng), 12.5 uL. KapaTag ReadyMixo, 0.5 uL (200nM) of the forward and reverse
primers, respectively, and 10.5 pL PCR grade distilled water. All PCR reactions were
performed in a hot start state, by preheating the thermocycler to 95 °C prior to loading
the samples and commencing with the thermal cycling programme, using a Labnet

Multigene™ Thermal Cycler (Labnet International Inc.).

4.2.11.1 Primer selection and PCR thermal programs

For the amplification of bacterial genomic DNA from the intestinal samples, a nested
touchdown polymerase chain reaction (PCR) program was used, which is in line with

previous attempts to understand microbial diversity using PCR-DGGE as a
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fingerprinting tool (Park & Crowley, 2010; Shimano, Sambe & Kasahara, 2012; Zhao
et al., 2012; Alberoni et al., 2018; Dignam et al., 2018). In the first round of PCR, the
almost entire (1500-bp) 16S rRNA gene, containing the variable region V3, was
amplified using universal PCR primers 16SF1 (5>-AGA GTT TGA TCC TGG CT
CAG-3") and 16SR5 (5 ~ACG GCT ACC TTG TTA CGA CTT-3"). The cycling
conditions used for the first round of the nested PCR approach consisted of an initial
denaturation of 95 °C for 5 minutes, followed by 35 cycles of 95 °C for 1 minute, 55
°C for 30 seconds, 72 °C for 1 minute and a final extension of 72 °C for 30 minutes.
An aliquot (0.5 uL) from the first round of PCR was used as template in the second
touchdown PCR using primers designed by Ariefdjohan, Savaiano & Nakatsu (2010),
which included a GC-clamp added to the 5* end of the forward primer to prevent DNA
from being completely denatured into single strands in the denaturing gradient
polyacrylamide gel. The primers used in the touchdown PCR were forward primer
BA338f-GC (5 CGC CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG
GGG GAC TCC TAC GGG AGG CAG CAG 3’; GC-clamp is in boldface) and reverse
primer UN518r (5 ATT ACC GCG GCT GCT GG 3’). The touchdown PCR cycling
conditions consisted of an initial denaturation of 94 °C for 5 min, followed by 10
touchdown cycles of 94 °C for 30 seconds, 66 °C (1 °C decreased per cycle) for 1
minute, 72 °C for 3 minutes, followed by 20 cycles of 94°C for 30 seconds, 56 °C for
1 minute, and 72°C for 3 minutes, with a final extension at 72°C for 30 minutes.

4.2.12 Denaturing gradient gel electrophoresis

4.2.12.1 Gel pouring

Gel electrophoresis was performed using a DCode system (Bio-Rad) with 8%
polyacrylamide gels poured to contain a linear denaturing gradient from 30 % to 55 %.
Each polyacrylamide gel was prepared with 16 lanes for samples. The outer 2 lanes
were not utilized, due to the temperature induced ‘smiling” effect often associated with
DGGE gels that will impact gel-to-gel comparisons and analysis/interpretation of

results. Both front and back gels of the DCode system were run in a single operation.

4.2.12.2 Gel loading and runtime
The DCode system was filled with 7 L of 1XTAE buffer, which was pre-heated to 60

°C. Gels were submerged in the pre-heated buffer and allowed 30 minutes to come to
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temperature prior to loading of samples and reference ladders. For each gel, 16S rDNA
PCR products amplified from 6 individual abalone intestinal tract samples (as described
in4.2.11.1 above) were gently mixed and carefully loaded into lanes 5, 6, 7, 10, 11, and
12 of the polyacrylamide gel. Lanes 3, 4, 8, 9, 13, and 14 were used for the loading of
the SSU rDNA reference ladders described in section 4.2.12.3 below. Each of the
aforementioned lanes on a gel were loaded with 20 pL of sample, containing 10 uL of
PCR product from the touchdown PCR reaction mixed with 10 puL. of DCode dye
solution (0.05 % Bromophenol Blue, 0.05 % Xylene cyanol, 70 % glycerol and 29.9 %
distilled water). Each polyacrylamide gel contained samples that were representative of
a single abalone from each dietary treatment and the front and back gel combination
during each run contained the SSU rRNA gene products from 12 individual abalone
sampled from each replicate unit (n = 2 abalone per replicate). The polyacrylamide gels
were electrophoresed for 5 h at 60 °C and 200 V.

4.2.12.3 Ladder reference lanes

Bacteria associated with either the abalone gut (Sawabe, 2006) or as epiphytes found
on Ulva were selected for use as reference genetic material for the denaturing gradient
gel electrophoresis (DGGE). On each gel, lanes 3, 9, and 14 were loaded with the SSU
rDNA reference ladder consisting of 16S rDNA products amplified from bacteria (n =
12) isolated from Ulva (see section 4.2.8.1.2), whereas lanes 4, 8, and 13 were loaded
with the SSU rDNA reference ladder developed from the ten V. halioticoli strains
(Figure 4-6). The PCR 16S rDNA products from of each of the 12 Ulva bacterial
isolates or the 10 V. halioticoli strains were mixed into separate 50 uLL PCR reaction
tubes by adding equal volumes (1 pL) of each isolates genomic material and then
diluting to a final volume of 11.5 pL with distilled water. The two separate (one
containing isolates of V. halioticoli and the other containing isolates of Ulva epiphytes
SSU rDNA ladders) would be used for gel normalization in the DGGE (detailed

procedures described below).

The 16S SSU rDNA products of the 10 V. halioticoli strains, which formed one of the
two SSU rDNA reference ladders, generated 12 well-defined bands following
polyacrylamide gel electrophoresis that were selected for normalization (indicated in

red on Figure 4-6). The 16S SSU rDNA products amplified from bacteria associated
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with Ulva generated 6 well-defined bands that were distributed mainly in the lower half
of the gel, following electrophoresis. The 18 bands generated from both 16S SSU rDNA
reference ladders were selected for normalization to improve accuracy when comparing
banding profiles within and between DGGE gels (marked in green on Figure 4-6). The
banding profile for the SSU rDNA ladders did not span the entire length of the gel, as
is evident in Figure 4-6. As a consequence, only those bands which fall within the range
of the bands selected in the reference lanes were considered for the community analysis

to improve reliability and accuracy of community profiling within and between gels.

4.2.12.4 Staining of gels

DGGE gels were stained for 30 min by submerging them in a plastic dish containing
300 mL TAE buffer supplemented with 30 uL (10 mg.mL?) of ethidium bromide.
Following staining, gels were de-stained for 30 min in deionized water prior to imaging.
Gel images were photographed on a UV transilluminator using a DNR Bio-Imaging
System (MiniBis Pro) and recorded digitally as TIFF files. Each lane in a DGGE gel
represents the 16S rDNA signature or ‘fingerprint’ of one intestine sample and these
were used for comparison of microbial communities between different dietary

treatments.

4.2.12.5 Image processing

DGGE fingerprints on each polyacrylamide gel were analysed for similarities via digital
image analysis using the BioNumerics software package GelCompare2 (BioNumerics,
Applied Maths, Inc., Austin, TX). Each image was processed using the same 4-step
approach. Briefly (1) Definition of the area of the gel to be analysed was selected, (2)
correction of background noise, (3) gel normalization after defining the reference lanes,
and (4) band identification in the fingerprints using automated identification and refined
by reader selection (Figure 4-6). After processing and photographing the gel, the lanes
were added to the database and the individual key (Time, Diet, Replicate, Individual

ID) was assigned as descriptive information before further analysis.

It was possible to further create averaged fingerprint profiles using GelCompare2 6.0

Scripts, which can be found on the Applied Maths webpage (http://www.applied-

maths.com/gelcompar-ii). An averaged fingerprint was made for each replicate
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treatment by combining the banding profile from thel6S rDNA products of both the
front and back gels for abalone from a single dietary treatment. These average

fingerprints are described further in section 4.2.13.2.

Figure 4-6 Denaturing gradient gel electrophoresis (DGGE) fingerprints before image processing
and normalization, as viewed through the UV transilluminator. Lanes 3, 9, and 14 were loaded
with 16S rDNA nested PCR products amplified from bacteria isolated from Ulva and lanes 4, 8,
and 13 were loaded with 16S rDNA PCR products amplified from bacteria isolated from Vibrio
halioticoli. Only bands which were within the range of the selected bands of the two reference
ladders were included in the analysis. Bands marked in red and green highlight the bands from

each reference sample selected for gel normalization.

4.2.13 Statistics

All statistical analyses were carried out using R (R Core Team, 2016) except for the

dendrogram from DGGE profiles in which digital images of the gels were compared
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using BioNumerics software package GelCompare2 (BioNumerics, Applied Maths,
Inc., Austin, TX) with the band matching tables being further analysed in R.

Significance is determined when p < 0.05.

4.2.13.1 Growth and physiological comparisons

For each replicate, the specific growth rate (SGR), monthly increment in shell length
(MISL), and condition factor (CF) were calculated using individual abalone data made
possible by the bead tagging system. Abalone which were not identified by a bead were
not included in the analysis for SGR, MISL and CF. The mean SGR, MISL and CF
were calculated from data captured for each individually marked abalone in each
replicate treatment for each period (105 and 215 days) and the SGR and MISL for the
entire period was also calculated for each individually marked abalone. The mean SGR
and MISL from individually marked abalone for the entire growth period were used for
statistical analysis and comparisons between treatment. For the physiological data
(tissue moisture, relative shell weight contribution, and tissue glycogen), a mean for
each replicate was calculated from abalone dissected over that period (i.e., at day 105

and 215) which were used for statistical analysis and comparisons.

The effect of diet on MISL, mean initial CF, and CF at 105 days, mean relative shell
weight contribution (%) at 215 days, mean abalone tissue moisture (%), and mean
abalone tissue glycogen (g.kg™) at 105 days were compared using a one-way ANOVA
with diet as the grouping factor using Tukeys HSD post hoc comparisons for individual
differences. The effect of diet on SGR, mean feed conversion ratios and the final CF,
mean final tissue glycogen content, and the final mean shell weight contribution were
compared using a non-parametric Kruskal-Wallis test with post-hoc analysis using
Dunn’s pairwise comparisons and p-values adjusted for multiple comparisons using

Benjamini-Hochberg methods.

4.2.13.2 PCR-DGGE fingerprint analysis using UPGMA

The calculation of similarities between fingerprint profiles is based on the Pearson
(product-moment) correlation coefficient and produced a distance matrix. Cluster
analyses were performed using Bionumerics2.0. The clustering algorithm of
Unweighted Pair Group Method with Arithmetic Mean (UPGMA) was used to calculate
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dendrograms for fingerprint samples from multiple gels. The structural diversity of the
microbial community was examined by the Shannon index of general diversity (H”)
using a script provided by GelCompare2 6.0 Scripts. The number of bands and H’ were
each compared using a one-way ANOVA.

4.2.13.3 PCR-DGGE band quantification of relative abundance and analysis of

unique identifiers

The PCR-DGGE band pattern generated by BioNumerics2.0 contained information on
the position of each band in the fingerprint and a relative abundance for the band and
were treated similarly to the data analysis in Pimentel et al. (2017). These data were
uploaded to R Core Team (2016), converted into relative abundance and data were
log(x+1) transformed using the Hellinger methods (Legendre & Gallagher, 2001).
Using the metaMDS function in the “vegan” package in R (Oksanen et al., 2020), with
Bray-Curtis similarity coefficient, a non-metric multidimensional scaling (NMDS) was
performed in order to visualize and interpret the similarities between bacterial
communities from abalone maintained on different diets. The NMDS procedure was
iterative with the lowest number of axis (n = 3) selected based on the criteria for a stress
level < 0.25. To test if there were statistical differences in the relative abundance data
of microbial patterns between the dietary treatments, a dissimilarity matrix was made
using the vegdist{vegan} package and tested using the ANOSIM{vegan} in R. The
betadisper{vegan} function in R, is a multivariate analogue of Levene's test for
homogeneity of variances and was used to test the assumption of homogeneity of the

dissimilarity matrix.

The ‘multipatt” function from the “indicspecies” package in R (Caceres & Legendre,
2021) was used to test for indicator species in the relative abundance of bands in the
PCR-DGGE microbial fingerprints using point biserial correlation coefficient. This
made it possible to highlight bands which had significant associations with the bacterial
fingerprints. The individual bands identified as being ‘indicator species’ were extracted
from the abundance data frame and plotted as boxplots of relative abundance in each
dietary treatment to further visualise and interpret similarities between gut microbial

patterns of abalone maintained on different diets.
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4.3 Results

4.3.1 Effect of diet on morphological and physiological data collected

during dissections

4.3.1.1 Relative shell weight contribution

The mean relative shell weight contribution, measured as a percentage of the total
abalone weight, showed significant differences between diets when compared using a
one-way ANOVA at 105 days (H? = 17.34, p = 0.004) denoted by the red letters above
the error bars and at 215 days (F = 2.965, p = 0.017) denoted by the black letters below
the error bars (Figure 4-7). There were no significant differences within treatments for
data collected at day 105 and 215. Abalone which had been maintained on AB0.1U had
the highest mean (£SE) relative shell weight contribution for both sampling points (105
and 215 days). After 215 days the relative shell weight contribution of abalone
maintained on ABO0.1U was 31.26 + 0.69 %, significantly greater than those maintained
on FU (27.78 = 0.71 %, p = 0.037) when compared using Tukeys HSD post hoc
analysis. Dietary supplementation with fresh Ulva (ABFU) and inclusion of dried Ulva
(AB10U), ulvan (AB0.1U) and fresh Ulva (FU) did not result in significant differences
in the relative shell weight contribution for abalone after 215 days, when compared to
the control diet (AB) or between treatments (Figure 4-7). The black dashed line
represents the mean relative shell weight contribution for n = 10 abalone that were

tested after the acclimation period and before sorting.
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Figure 4-7 Mean (xSE) relative shell weight contribution to whole abalone measured as a
percentage of body weight for each period (105 days and 215 days). The dashed black line
represents the relative shell weight contribution of abalone at the start of the experiment. The
effect of six diets were compared which were; a formulated feed (AB), a 60:40 combination of AB
and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U), AB with a 1 % ulvan
inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and a fresh Ulva diet (FU).
The dashed line represents the mean relative shell weight contribution to the whole abalone at the
start of the growth trial, Day 0. All treatments have n=5 independent replicates. Significant
differences between treatments at day 105 are indicated by red letters above the error bars and
for differences between treatments at time 215 significance is indicated by black letters below the

error bars, with different letters indicating significance (p < 0.05).

4.3.1.2 Abalone foot muscle moisture and glycogen content

Two separate sections of the abalone foot muscle were used to measure mean muscle
moisture as a percentage (Figure 4-8 A) and mean muscle glycogen content in grams
per kilogram (Figure 4-8 B). The data showed significant differences between diets at
each sampling period (denoted by letters in Figure 4-8) and within treatments over the
sampling periods 105 and 215 days (indicated by the stars in Figure 4-8). The black
dashed line represents the mean for n = 10 abalone that were tested after the acclimation

period and before sorting.
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The abalone maintained on diet AB, AB10U, and AB1U showed significantly reduced
tissue moisture for within treatment comparisons between days 105 and 215, indicated
by the stars in Figure 4-8 A, when compared using an unpaired t-test. By day 215,
abalone maintained on diet AB1U had the lowest recorded mean (=SE) muscle moisture
of 70.65 = 0.84 %, significantly less than that of abalone maintained on diets AB,
ABFU, and FU (Figure 4-8 A). Abalone which had been maintained on diet FU had the
highest recorded mean (xSE) muscle moisture of 77.9 £ 0.77 %, significantly greater
than all treatments other than ABFU (75.08 + 0.93 %; Figure 4-8 A; F = 8.87, p <
0.001).

Abalone which had been maintained on diet FU had the lowest recorded mean (£SE)
muscle glycogen content by day 215 of 17.67 + 2.39 g.kg, significantly less than all
treatments other than AB0.1U (38.01 + 4.04 g.kg *; Figure 4-8 B; H2 = 28.68, p <
0.001). Abalone maintained on diet ABO.1U had a mean (xSE) muscle glycogen
content that was significantly lower than the glycogen content of abalone maintained
on diets AB and AB1U. The abalone maintained on diets AB, ABFU, AB1U, and
ABO0.1U all showed significantly increased muscle glycogen content for within
treatment comparisons between the sampling periods at days 105 and 215, indicated by
the asterisk in Figure 4-8 B, when compared using an unpaired t-test. Abalone
maintained on the positive control diet AB had the highest recorded mean (£SE) muscle
glycogen content of 72.06 + 9.4 g.kg %, not significantly different from diets ABFU,
AB10U, and AB1U (Figure 4-8 B).
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Figure 4-8 Mean (xSE) tissue moisture (A) and muscle glycogen (B) of abalone foot muscle tissues
that were dissected and dried for tissue moisture or processed for the calculation of muscle
glycogen. The dashed black line represents the relative shell weight contribution of abalone at the
start of the experiment. The effect of six diets were compared which were; a formulated feed (AB),
a 60:40 combination of AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U),
AB with a 1 % ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and
a fresh Ulva diet (FU). All treatments were offered in quintuplicate. The mean tissue moisture
and muscle glycogen for day 0 are indicated by the dashed line. Significant differences between
treatments at day 105 are indicated by red letters above the error bars and for differences between
treatments at time 215 significance is indicated by black letters below the error bars, with
different letters indicating significance (p < 0.05). Significant differences within treatments are
indicated by the asterisk in the panels (¥*<0.05, **<0.01, ***<0.001, ***%<0.0001).

Page 131



Chapter 4 — Comparison of dietary effects of whole Ulva lacinulata, and the prebiotic
potential for specific components thereof, on the growth, physiology, and gut
microbial patterns of the cultured abalone Haliotis midae

4.3.2 Effect of diet on abalone growth parameters

4.3.2.1 Specific growth rate

The specific growth rate (SGR) of abalone maintained on different diets, measured as
percentage weight gain per day, was found to be statistically different between
treatments over the entire period when compared using a non-parametric Kruskal-
Wallis test (Figure 4-9; H? = 123, p < 0.001). Dunn’s pairwise test showed that abalone
maintained on ABFU had the highest recorded mean (xSE) SGR of 0.21 + 0.005 %
BW.day %, significantly higher than diets AB (p < 0.001), AB10U (p < 0.001), and FU
(p <0.001; Figure 4-9). The second highest mean (+SE) SGR was recorded for abalone
maintained on diet AB0.1U was 0.20 + 0.004% BW.day, significantly higher than the
SGR of abalone maintained on diets AB (0.16 + 0.005% BW.day) and AB10U (0.16
+0.006% BW.day!; Figure 4-9). The individual SGR for each abalone, represented by
the scatter for individual abalone, illustrate the data spread within treatments.
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Figure 4-9 Mean (white square), median indicated by the notch in the box which extend to the 1
(lower) and 3" (upper) quartiles, whiskers represent 2.5 time the interquartile range, and the
scatter points plotted on each treatment (a jitter was applied to the points as to ensure no
overlapping occurs in the plotting) represents individual abalones specific growth rate (SGR) over
the growth period from February 2015 - September 2015. The effect of six diets were compared
which were; a formulated feed (AB), a 60:40 combination of AB and fresh Ulva (ABFU), AB with
a 10 % dry Ulva inclusion (AB10U), AB with a 1 % ulvan inclusion (AB1U), AB with a 0.1 %
glucuronic acid inclusion (AB0.1U), and a fresh Ulva diet (FU). All treatments were offered in
quintuplicate and significant differences are indicated by letters on the left of the mean with

different letters indicating significance (p < 0.05).

4.3.2.2 Monthly increment in shell length

The monthly increment in abalone shell length (MISL), measured as growth (mm) per
month (30 days), was found to be statistically different between treatments over the
entire period (Figure 4-10; F = 7.55, p < 0.001). Abalone maintained on ABFU had the
highest recorded mean (+SE) MISL of 1.388 + 0.033 mm.month™, significantly higher
than the MISL of abalone maintained on diets AB (p = 0.002), AB10U (p = 0.005),
AB1U (p = 0.003), and FU (p < 0.001; Figure 4-10). The second highest mean (£SE)
MISL was recorded for abalone maintained on AB0.1U of 1.24 + 0.026 mm.month-1,

significantly higher than abalone maintained on diets AB (1.089 + 0.034 mm.month!)
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and AB10U (1.091 + 0.04 mm.month*; Figure 4-10). The individual MISL for each

abalone, represented as the jitter plot, illustrate the data spread within treatments.
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Figure 4-10 Mean (white square), median indicated by the notch in the box which extend to the
1%t (lower) and 3" (upper) quartiles, whiskers represent 2.5 time the interquartile range, and the
scatter points plotted on each treatment (a jitter was applied to the points as to ensure no
overlapping occurs in the plotting) represents individual animal’s monthly increment in shell
length (MISL) over the growth period from February 2015 - September 2015. The effect of six
diets were compared which were; a formulated feed (AB), a 60:40 combination of AB and fresh
Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U), AB with a 1 % ulvan inclusion
(AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and a fresh Ulva diet (FU). All
treatments were offered in quintuplicate and significant differences are indicated by letters on

the left of the mean with different letters indicating significance (p < 0.05).

4.3.2.3 Condition factor

The condition factor (CF) for abalone was compared between diets at the start of the
experiment in February 2015, at day 105 and 215. No statistically significant
differences were recorded between abalone maintained on different diets at day 0 when
compared using a one-way ANOVA (F = 1.48, p = 0.232) or day 215 when compared
using non-parametric Kruskal-Wallis test (H? = 10.83, p = 0.055). The CF of abalone

in all diets other than those maintained on FU decreased significantly over the
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experimental period (Figure 4-11). In the final measurement (day 215), abalone
maintained on fresh Ulva had the greatest variation in CF, with a mean (£SE) of 1.102
+ 0.26. Although there was a significant decrease in CF with time, the mean CF of all

abalone in this study always remained above 1 (Britz, 1996; Figure 4-11).
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Figure 4-11 Mean (£SE) condition factor for abalone over the growth period from February 2015
- September 2015. The effect of six diets were compared; a formulated feed (AB), a 60:40
combination of AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion (AB10U), AB with
a 1 % ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion (AB0.1U), and a fresh
Ulva diet (FU). All treatments were offered in quintuplicate and the average ‘fatness’ (CF=1) is
indicated by the dashed line. Significant differences within treatments are indicated by the
asterisk in the panels (¥<0.05, **<0.01, ***<0.001, ***%<0.0001).

4.3.3 Effect of diet on feed conversion ratio

The feed conversion ratio (FCR), calculated as the amount of feed required to grow 1
kg of abalone, was found to be statistically different between treatments when
compared using a non-parametric Kruskal-Wallis test (Figure 4-12 ;H? = 14.105, p =
0.015). Dunn’s pairwise test showed that abalone maintained on AB0.1U had a
significantly lower mean (+ SE) FCR of 1.34 £ 0.05 than the FCR of abalone maintained
on either AB (2.51 + 0.31, p = 0.043) or FU (2.77 £ 0.45, p = 0.038). Abalone
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maintained on diet FU had the highest recorded mean FCR and also the largest recorded

standard error (Figure 4-12).
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Figure 4-12 Mean (£SD) feed conversion ratios (FCR) for abalone over the growth period from
February 2015 - September 2015. The effect of six diets were compared which were; a formulated
feed (AB), a 60:40 combination of AB and fresh Ulva (ABFU), AB with a 10 % dry Ulva inclusion
(AB10U), AB with a 1 % ulvan inclusion (AB1U), AB with a 0.1 % glucuronic acid inclusion
(ABO0.1U), and a fresh Ulva diet (FU). All treatments were offered in quintuplicate and significant
differences are indicated by letters above the error bars, with different letters indicating

significance (p < 0.05).

4.3.4 Effect of diet on the abalone intestine 16S rDNA gut microbial
fingerprints

4.3.4.1 PCR-DGGE fingerprint analysis using UPGMA

The PCR-DGGE patterns of gut microbial patterns revealed different band profiles
among abalone fed a diet of either Ulva lacinulata and components thereof or those
maintained on the formulated feed, diet AB (Figure 4-13). The averaged PCR-DGGE
profiles of the microbial consortia associated with the intestine of abalone maintained
on different diets for a period of 215 days revealed four clear clusters indicated by the

pink, green, grey, and yellow highlights (71 % global cophenetic correlation). Two of
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the main clusters contain 86.7 % of the fingerprints. The two main clusters show a
separation between diets which contained fresh Ulva and those which were a dry
formulated feed (cophenetic statistic = 68 %) indicated by the pink (formulated feeds
only) and green (all diets containing Ulva of components thereof) highlights in Figure
4-13. All except one averaged PCR-DGGE fingerprint from the abalone maintained on
AB clustered together with only other formulated feeds. The only fingerprint for
abalone maintained on AB which is found in the cluster which also contained the
fingerprints from abalone maintained on fresh Ulva was grouped with diets AB10U and
ABO0.1U (cophenetic statistic of 51 %). The comparisons of number of bands and the
Shannon-Wiener index showed no statistical differences between diets when compared

using a one-way ANOVA.
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Figure 4-13 Dendrogram obtained through cluster analysis of Pearson correlation similarity
matrix using the unweighted pair group method with algorithmic means algorithm (UPGMA) of
averaged PCR-DGGE fingerprint patterns obtained from 16S rDNA products generated from
abalone intestine sections. Abalone were maintained on different diets for 215 days prior to
sampling and diets are indicated in the legend above. Diets were; (AB) formulated feed, (ABFU)
a 60:40 combination of AB and fresh Ulva, (AB10U) AB with a 10 % dry Ulva inclusion, (AB1U)
AB with a 1 % ulvan inclusion, (AB0.1U) AB with a 0.1 % glucuronic acid inclusion, (FU) and a
fresh Ulva diet. Similarity is expressed as a cophenetic correlations on the branches with values

near 100 indicating maximum similarity

4.3.4.2 Non-metric multidimensional scaling of PCR-DGGE fingerprints

The non-metric multidimensional scaling (NMDS) revealed that the gut microbial

patterns associated with the intestinal tract of abalone maintained on a diet of fresh Ulva
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(FU) were poorly described by NDMS1. The NDMS2 plotted against NDMS3 clearly
separated the abalone maintained on FU into the positive values of NDMS3 with
associations between FU and ABFU with a stress value of 0.17 (Figure 4-14 B). The
three-dimensional space for Figure 4-14 A demonstrates grouping for abalone
maintained on diets ABFU, FU, AB0.1U and AB1U with associations between FU and
ABO.1U.

The multilevel pattern analysis for indicator species using the log transformed relative
abundance of bands produced a total of 43 bands/bacterium with seven bands
highlighted as significant indicators in the bacterial PCR-DGGE fingerprints (p =0.001,
R? = 0.124; Figure 4-14 C). Indicator bands at a relative front (Rf) Rf54.4 and Rf34.7
showed significant associations with PCR-DGGE fingerprints from abalone maintained
on diets FU (p =0.001) and ABFU (p = 0.026), as indicated by the matching star above
the boxplots for each treatment in Figure 4-14 C. The band Rf34.7 was detected in all
intestine samples contributing up to 33.6 % for abalone fed FU. The band Rf54.4 was
found to contribute up to 46.6 % of the relative abundance of bacterial pattern for
abalone fed ABFU and it was not detectable in the intestine of abalone fed diet AB. It
was detected in the diets containing the components of Ulva, in order of decreasing
relative abundance, FU, AB1U, AB10U, and AB0.1U. Abalone maintained on a diet of
FU had a further two indicator bands at Rf32.4 (p = 0.006) and Rf23.3 (p = 0.013),
which showed a significant association in the PCR-DGGE bacterial fingerprints.
Abalone maintained on diet AB0.1U have two indicator bands, one unique to the Rf38.6
(p = 0.037) and another at Rf37.5. The indicator band at Rf37.5 also showed significant
associations in the intestine samples from abalone maintained on diet AB (p = 0.045),
and was present in all other formulated feeds but it is absent in the intestine samples of
abalone fed fresh Ulva (FU). The band at Rf44.0 was significantly associated with
abalone maintained on diet AB (p = 0.009) and contributed up to 54 % of the relative
abundance of the bacterial pattern identified (Figure 4-14 C). The band Rf38.6 was
found at 14.3 % and 15.3 % relative abundance in samples from abalone fed AB1U and
ABO0.1U respectively, but was not detected in other treatments. These results support
the NDMS representation, which exhibits abalone maintained on fresh Ulva alone or
formulated diets supplemented with FU as being similar in terms of bacterial patterns
from the PCR-DGGE fingerprints.
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Figure 4-14 (A and B) Non-metric multidimensional scaling (NMDS) ordination for bacterial
PCR-DGGE fingerprints. Each fingerprint pattern was obtained from the 16S rDNA extracted
from individual abalone intestinal section and normalized according to the relative abundance of
each band. NMDS quantified the data on 3-axis converging after 20 iterations with a stress value
of 0.18. The MDS for axis 1 vs 2 (A) and 1 vs 3 (B) were plotted. (C) Boxplots of relative abundance
for band locations represented as median, indicated by the line in the box which extend to the 1%
(lower) and 3™ (upper) quartiles and whiskers representing 2.5 time the interquartile range.
Outliers are plotted in red. Each fingerprint pattern was analysed for indicators ‘species’ which
found seven bands with significant associations to diet. The star above the whisker indicates the
diet in which significant associations were identified with the band for the individual PCR-DGGE
bacterial fingerprint. Diets were; (AB) formulated feed, (ABFU) a 60:40 combination of AB and
fresh Ulva , (AB10U) AB with a 10 % dry Ulva inclusion, (AB1U) AB with a 1 % ulvan inclusion,
(AB0.1U) AB with a 0.1 % glucuronic acid inclusion, (FU) and a fresh Ulva diet.
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4.4 Discussion

4.4.1 Summary

The findings from this study show that the inclusion of Ulva and/ or specific
components of Ulva as dry feed ingredients for abalone can significantly affect the
qualities associated with abalone products, overall growth of abalone. Also, the bacteria
inhabiting the intestine form associations with diet. Significant improvements in growth
rate (both SGR and MISL) were observed for abalone maintained on a dry formulated
feed supplemented with fresh Ulva (ABFU treatment) compared to abalone fed the non-
supplemented formulated feed (AB). In the latter treatment, abalone were fed 40 % less
of the formulated feed (AB), with the remainder of the daily feeding ration (total feed
provided at 0.34-0.4 % body weight per day) comprised of fresh Ulva (administered as
a dry weight equivalent to all other diets). Furthermore, abalone maintained on a diet
of fresh Ulva grown in an IMTA abalone/Ulva system, grew at a rate not statistically
different to those maintained on a fishmeal based formulated feed, suggesting that
farmed abalone can be maintained on a diet consisting only of fresh Ulva during the
on-growing phase of production. When fresh Ulva was fed as the only source of food
(FU) abalone were found to have significantly elevated tissue moisture along with
reduced tissue glycogen. In contrast, abalone fed a diet with ulvan at a 1 % inclusion
(AB1U) were found to have the significantly lower tissue moisture than abalone fed on
diet AB with comparable tissue glycogen content. The fact that abalone fed the
formulated feed supplemented with 0.1% glucuronic acid had a comparable MISL to
abalone fed ABFU, and had SGR's that were significantly greater than abalone fed AB
alone, suggests that glucuronic acid may be one of the components within Ulva

contributing towards growth of abalone.

The denaturing gradient gel electrophoresis (DGGE) data clearly separated the gut
microbial fingerprints into two groups, with one cluster consisting mainly of abalone
maintained on formulated feeds and the other cluster comprised of abalone fed fresh
Ulva diets. The non-metric multidimensional scaling (NMDS) and analysis of
“indicator species” based on the PCR-DGGE fingerprints indicates that abalone fed
fresh Ulva diets, and its components, produced significant associations in their

intestinal bacterial patterns; suggesting that specific bacterial species are selected for
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and are associated with the digestive tract of abalone fed components of these feeds.
The analysis of an indicator species identified seven bands that had significant
associations with the various dietary treatments, where bands Rf34.7 and Rf44.0 were
shown to be present in all samples which responded by increasing abundance in
response to Ulva or formulated feeds respectively, suggesting they form part of the core
microbiome of the abalone Haliotis midae and are influenced by diet. The positive
selection for band Rf54.4 in the intestine of abalone fed Ulva and its components
indicates the capacity for modulation of the microbiome in abalone and this modulation
may be responsible for a dynamic shift in the metabolic efficiencies in the gut
(Roberfroid et al., 2010; Hu et al., 2017; Martin-Gallausiaux et al., 2020).

4.4.2 Interpretations

Feeding the abalone Haliotis rufescens a formulated feed resulted in increased activity
of carbohydrase in the gut when compared to kelp, which was linked to the high surface
area of the formulated feeds that promoted high numbers of bacteria that facilitated its
digestion (Garcia-Esquivel & Felbeck, 2006). An increased feed efficiency in the
abalone Haliotis discus hannai was associated with significant differences in intestinal
microbiota with enhanced enzyme activity for carbohydrates in the intestinal tract (Yu
et al., 2022). Band Rf44.0 contributed up to 3.6 % of the total abundance for bacteria
in the intestine of abalone fed fresh Ulva, whereas it contributed up to 54 % of the total
bacterial abundance identified in the intestinal samples of abalone fed solely with the
formulated feed (AB). Furthermore, band Rf44.0 contributed up to 23.5 % of the
bacterial abundance identified in the intestinal samples of abalone fed a combination of
fresh Ulva and formulated feed (ABFU). These findings suggest that the formulated
feed may be contributing to the proliferation of a bacterium identified at Rf44.0 where
the increased carbohydrase activity of abalone fed formulated feeds reported by Garcia-
Esquivel & Felbeck (2006) may further add to the enhanced growth reported in abalone
fed diet ABFU. The growth indices for abalone fed monospecific feeds in this study
were significantly lower compared to abalone fed the combination diet ABFU, which
is likely a result of the holistic impact that dietary Ulva is having on the metabolic

abilities, energy metabolism and gut health in the abalone.
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In a study where Haliotis midae were fed a diet supplemented with 0.9 % dried kelp
they demonstrated improved FCR and protein efficiency ratios which was associated
with higher levels of bacteria belonging to the genus Mycoplasma in the gastrointestinal
tracts of abalone (Nel et al., 2017). The intestine of adult Haliotis discus hannai was
found to contain a high ratio of Firmicutes to Bacteroidetes when fed an “algal extruded
pellet’ (Choi et al., 2021) and the high number of Firmicutes has been associated with
unregulated overproduction of high energy short chain fatty acids (SCFA) (Abenavoli
et al., 2019). Abalone in this study that were fed a formulated feed supplemented with
fresh Ulva (ABFU) shared two bands/bacteria with abalone fed fresh Ulva. One of the
bands, Rf54.4, was only found in the intestines of abalone fed Ulva and its components
while the band Rf34.7 was found in all treatments. The relative abundance of band
Rf54.4 was up to 46.6 % and 30.2 % in the intestinal samples obtained from abalone
fed diets ABFU and FU. Interestingly, band Rf54.4 was not detected in the intestine of
abalone fed diet AB and it was only detected in one replicate treatment of the group of
abalone fed diet AB0.1U, where it contributed to 5.4 % of the relative abundance of
bacteria in the sample (see outlier in red illustrated in Figure 4-14). These data suggest
that the bacterium, represented by band Rf54.4, may be a result of the inclusion of fresh

Ulva that is also found to associate with refined fractions of Ulva.

The dominant fermenters in an abalone gut may have acquired algal polysaccharide
degrading genes by lateral gene transfer from aerobic epiphytic algal microbiota
themselves (Gobet et al., 2018). Facultative anaerobic bacteria belonging to the genera
Psychrilyobacter formed a dominant group within the core microbial community
associated with the digestive gland of the abalone Haliotis tuberculata, which
demonstrated strong associations with algal diets for the capacity to ferment
polysaccharides into SCFAs (Gobet et al., 2018). In this study the abalone fed on the
diet ABFU were offered 40 % less formulated feed with the supplementation of fresh
Ulva where their growth measurements significantly outperformed either monospecific
dietary treatment (AB and FU). The enhanced growth reported for abalone in diet
ABFU may be due to the increased production of SCFA by bacterial fermentation that
may increase the amount of energy available for absorption in the intestinal tract
(Sawabe, 2006; Gobet et al., 2018; Danckert et al., 2021) where a positive energy
balance drives weight gains (Ludwig et al., 2021).
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Diet induced changes to the appearance, composition and metabolic capacity of an
abalone can influence the farm profitability as well as the market acceptance of the
products (Smit et al., 2007; Qi et al., 2010; Hoang et al., 2016; Valente et al., 2016). In
this study, abalone fed the formulated feed supplemented with 0.1 % glucuronic acid
(ABO0.1U) had a noticeable increase in their relative shell weight contribution, with shell
weight being significantly elevated at the first sampling point (105 days) when
compared to the control (AB) and fresh Ulva (FU) diets. It has been shown that abalone
secrete shell building organic molecules containing glucuronic acid along the mantle
(O’ Neill et al., 2013), where they initiate the process of biomineralization (Arias &
Fernandez, 2008; Rao et al., 2014). Although the MISL data were not significant,
abalone fed diets supplemented with 0.1 % glucuronic acid displayed the least inter-
animal-to-animal variation for MISL, which is displayed in Figure 4-10. The observed
improvement in SGR, FCR and relative shell weight in abalone maintained on a diet
supplemented with glucuronic acid is possibly through the contribution of glucuronic
acid to the total energy budget where the shell building process is enhanced. While a
diet containing glucuronic acid can increase the relative shell weight contribution to an
abalone total weight this is not considered favourable for the production of abalone

where total yields are measured by weight.

This study identified a band in the PCR-DGGE fingerprints that was significantly
associated with abalone maintained on diet AB0.1U, contributing up to 15.3 % of the
total abundance, suggesting there is also a bacterium associated with the readily
available dietary glucuronic acid that may be contributing towards the enhanced effects
noted above. Abalone fed diets fed on diet AB0.1U had significant associations with
the bacteria/bands Rf 38.6 and Rf 37.5 from intestine samples along with reduced FCR
and a relatively high MISL, which was similar to the abalone fed diet ABFU.
Hyaluronan, containing glucuronic acid, is an important component of the molluscan
mucus that accounts for a significant proportion of the total energy budget for the
abalone Haliotis tuberculata, where the total cost of pedal mucus production was 23.3
- 29.1 % for abalone fed Ulva lactuca (Peck et al., 1987). The production of complex
glycosaminoglycans (mucus) which contain glucuronic acid, is crucial in providing
beneficial shell building microenvironments or improved gut lining and gut health
(Lopes-Lima et al., 2005; Portela et al., 2012; Caon et al., 2020). These data combined
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indicate that the dietary glucuronic acid may directly be available to the host for
assimilation where it may contribute to improved biomineralization and enhanced feed
efficiency that may be associated with the bacteria/ band Rf 38.6. Glucuronic acid may
be providing benefit to the abalone through one or many mechanisms such as,
modulation of the gut microbiota, enhanced mucosal production, and improved
capacity for shell building. However, there is little evidence on the simple inclusion of
glucuronic acid into feeds, making it difficult to understand the range of interactions a
dietary supplement may endure prior to absorption (Martinez-Leal, Ponce-Garcia &
Escalante-Aburto, 2020). The effects of glucuronic acid on the energy budget would be
useful to determine how improvements in FCR are distributed in the energy balance

model for abalone.

Ulvan has demonstrated the ability to increase the rate of hyaluronan synthesis in
cultured dermal fibroblasts without increasing cell proliferation (Adrien et al., 2017).
Abalone fed a diet with a 1 % inclusion of ulvan in this study had significantly lower
muscle moisture content, and correspondingly high tissue glycogen concentrations,
compared to abalone maintained on diets AB and ABFU. Similarly, high glycogen
levels in the abalone H. discus and H. diversicolor were found to be inversely correlated
to the moisture content in the tissues (Watanabe, Yamanaka & Yamakawa, 1992;
Chiou, Lai & Shiau, 2001). Red sea bream that were fed on a diet high in available
carbohydrates supplemented with the prebiotic p-glucan resulted in significant
reduction in the tissue moisture, serum glucose and triglycerides (Dawood et al., 2017).
Dawood et al. (2017) further demonstrated that fish that had been fed a diet
supplemented with B-glucan had high bactericidal activity of the mucus and more
mucosal secretion with increased body lipid content. In this study, dietary ulvan
demonstrated capacity to significantly decrease tissue moisture content and maintain
muscle glycogen level in abalone when compared to a formulated feed, which is a
beneficial characteristic for canning. Furthermore, dietary Ulva has been shown to
enhance the tissue lipid content in the abalone Haliotis laevigata x Haliotis rubra
(Mulvaney et al., 2015). Feeding abalone the latter diet could be used to as part of a
feeding regime where reduced moisture is favourable, such as in the process of drying
abalone and the enhanced lipid content may further enhance the perceived human health

benefits.
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The high moisture content in the tissues of abalone fed FU may be directly related to
the high moisture content of dietary Ulva, or an increased requirement for cellular water
through higher levels of cellular DMSP that acts as an osmolyte (Motard-Coété & Kiene,
2015). The removal of DMSP from ulvan through processing and the increased exercise
associated with abalone fed diet FU may be partially responsible for the observed
contrast in tissue moisture content for abalone fed diets FU and AB1U in the present
study. The high tissue moisture content of abalone fed diet FU would likely result in
high water loss during canning, resulting in lower meat yields in the canning process.
Conversely, abalone fed diets supplemented with ulvan (AB1U) had high muscle
glycogen concentrations and low tissue moisture content that may be beneficial when
canning abalone, since less water, and weight, is lost during canning, resulting in
increased profits. A high glycogen content in the abalone prior to canning is thought to
reduce water loss from the muscular foot where water-loss can significantly impact the
meat yield and influence the profitability of the process (pers. comm. Devin Ayres
2018). The time taken to grow an abalone to marketable size can be between 3 — 7 years,
which means any improvements in the market acceptance or production efficiencies of

the product would have a benefit to the industry.

High starch diets have been correlated to higher tissue glycogen content in the
gastropod Babylonia areolata (Zhang, Zhou & Cheng, 2009), and in this study,
significantly elevated levels of muscle glycogen were recorded in the foot muscle of
abalone maintained on the formulated diet AB, ABFU and AB1U when compared to
abalone maintained on fresh Ulva alone. Muscle glycogen levels for abalone
maintained on diet AB, ABFU and AB1U were all increasing over the experimental
period (February — September 2015). These increases coincide with the pre-spawning
period where spawning generally occurs between September — March for Haliotis
midae (Ayres, 2013), where sexually mature animals would generally be storing energy
reserves and building gonad for the upcoming spawning season. It should however be
noted that the abalone used for trials in this study were relatively young abalone
(starting weight of ~30g) and were not all fully sexually mature based on personal
observations during sampling. The low relative levels of glycogen in the foot muscle of
abalone fed fresh Ulva is likely a result of: low availability of starch, due to the more

complex nature of carbohydrates in Ulva; the age of the animal, and the activity
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required for feeding on Ulva (Currie et al., 2016). It is unlikely that the abalone
maintained on fresh Ulva in this study were starving and in a state of depleted glycogen
reserves, due to the comparative growth rates recorded for abalone fed FU compared

with abalone maintained on diet AB.

The abalone fed a formulated feed with 10 % inclusion of dried Ulva (AB10U) grew
equally well and with a marginally lower food conversion ratio than abalone fed diet
AB (not significant). A 10 % inclusion of Ulva into the formulated feeds of the
Australian abalone Haliotis laevigata has demonstrated enhanced growth compared to
the control group of abalone fed the non-supplemented formulated feed which was
included as a specific replacement by reducing solvent extracted soybean meal, wheat
flour and de-hulled lupin levels (Bansemer et al., 2016). Abalone in this study fed
AB10U were not found to grow significantly better than those fed AB, as was
demonstrated for H. laevigata by Bansemer et al. (2016). This result may be related to
the quality of diet where abalone in the latter study were fed Abgrow premium (Eyre
Peninsula Aquafeeds (EPA), Lonsdale, Australia) and/ or the enriched Ulva which was
included as a dried ingredient. Ulva has a high content of sulphated polysaccharides
and through the act of drying Ulva at temperature above 40 °C, the extractive potential
of ulvan is increased (Silva et al., 2019). In this study, effluent-grown Ulva was dried
at 60 °C and used in the formulation of feeds which were balanced by amino acid
content in proprietary formulations that were produced by Specialized Aquatic Feeds,
Hermanus, South Africa. When Ulva is dried at temperature above 40 °C it will likely
lose the reported benefits that have been attributed to the phenolic component of Ulva,
such as its anti-hyperglycaemic capacity (Celikler et al., 2009; Tas et al., 2011) while

the prebiotic capacity may be enhanced.

4.4.3 Implications

For the cultured abalone Haliotis tuberculata, the digestive microbiota has been shown
to form a stable dominant community during early development (in the first year of life)
and feed type only accounts for a small proportion of the dominant microbiome
variability (Gobet et al., 2018). The abalone used in this study were around 2 years old
when they arrived at the Marine Research Aquarium and had previously been fed a

formulated feed similar in composition to diet AB. There were no significant
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differences in PCR-DGGE microbial fingerprints community structure for the abalone
fed different dietary treatments but significant association between specific bands were
identified. Similarly, different monospecific algal diets did not appear to cause a shift
in the dominant microbiota of juvenile H. tuberculata, which was comprised of
Psychrilyobacter, Mycoplasma, and Vibrio. Instead, a less abundant and diet-specific
core microbiota developed featuring genera representing aerobic bacteria specific to the

algal polysaccharides in the diet (Gobet et al., 2018).

Ulva rigida grown in an IMTA system develops unique epiphytic microbial
communities that are characteristic of the primary culture environment (Califano et al.,
2020). Some of these epiphytic microbes that are found on seaweed have unique
capacity for the fermentation of polysaccharides which may contribute to the overall
performance of integrated systems. Diet should therefore be considered as an important
variable throughout the entire abalone aquaculture value chain, that includes processing
and marketing, and not just for production. Collectively, the results of this study suggest
that dietary supplementation with fresh Ulva can have a significant positive impact on
overall growth of H. midae while also enhancing market related product traits. This data
shows that dietary supplementation with effluent-grown Ulva can modulate the
bacterial community of the gastrointestinal tract of abalone and alter specific
physiological (glycogen, moisture content, and FCR) processes, clearly demonstrating
that Ulva can provide benefit beyond just growth for the cultivation of abalone Haliotis

midae.

Furthermore, specific components of Ulva, for example the inclusion of 0.1 %
glucuronic acid, into a formulated feed of abalone was shown to significantly improved
the SGR, relative shell weight contribution, and FCRs; providing valuable insight into
the role of specific components of Ulva as a dietary supplement. While the mechanism
of absorption and digestion of glucuronic acid remains unclear, it would be interesting
to further investigate the influence of its incorporation on the microbiome of abalone
through next generation sequencing and investigate the metabolome of selected tissues,

specifically the mantle.
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Chapter 5 - General Discussion

5.1 Context

This study sought to take a practical approach in understanding the role of effluent-
grown Ulva as a feed ingredient for the abalone, Haliotis midae, which will have
relevance to the aquaculture industry. It was hypothesised that Ulva could be used to
reduce the reliance on fishmeal based formulated feeds or improve efficiency of its
utilization, improve the overall growth and health of abalone while serving as a
functional ingredient where some of the improvements to abalone culture and function
cited by previous authors (Naidoo et al., 2006; Mulvaney, Winberg & Adams, 2013;
Kemp, Britz & Aguero, 2015; Bansemer et al., 2016, Santizo-Taan, Bautista-Teruel &
Maquirang, 2020) may be linked to the polysaccharide fraction of Ulva serving as a
prebiotic for the cultured abalone. In an attempt to further understand the perceived
benefits of Ulva as a functional ingredient, Ulva, and its carbohydrate component, were
included into feeds and feeding regimes to investigate effects on the growth,
consumption, health, physiology and gut microbial patterns of the cultured abalone H.
midae. In order to provide feed formulators with information on the potential impacts
of Ulva as an ingredient in aquaculture feeds, it is necessary to develop a qualitative
and guantitative understanding of the effects of Ulva or its components when used as a

dietary ingredient.

5.2 Findings

This study demonstrated that dietary supplementation with Ulva lacinulata produced in
integrated multitrophic aquaculture (IMTA) systems can reduce an abalone producers
reliance on fishmeal-based dry formulated feeds. The partial replacement (60 %) of the
high fishmeal based formulated feed Abfeed™ S34® with fresh effluent-grown Ulva
or wild collected kelp in the feeding program of H. midae did not compromise the
growth (SGR and MISL) or condition of abalone in a farm scale trial. Conversely, when
Ulva was used as a 40 % replacement of the formulated feed AB, abalone were found
to have significantly enhanced growth under experimental conditions. Moreover,
inclusion of fresh IMTA-grown Ulva into the feeding regime of abalone, when offered
alongside Abfeed™ S34®, significantly increased the total daily feed consumption

when compared to abalone fed single diets of both Ulva or Abfeed™ S34®. The assay
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used in this study for monitoring haemolymph glucose concentrations during an
induced glycaemic response demonstrated a significantly prolonged period of
hyperglycaemia in abalone fed a formulated feed along with significantly elevated basal
haemolymph glucose concentrations when compared to abalone fed Ulva. The immune
response of the abalone fed fresh Ulva was not significantly different to that of abalone
fed the formulated feed, indicating that replacement of Abfeed™ S34® with Ulva does
not compromise immunity and disease response of abalone. In fact, there was a more
pronounced activity from stimulated haemocytes in Ulva-fed animals following
challenge with an injected dose of Vibrio anguillarum which also correlated with higher
levels of bacterial clearance from the haemolymph. The culture independent molecular
technique, which utilized denaturing gel electrophoresis (DGGE) to separate unique
16S rRNA gene fragments amplified from abalone gut samples, found that diet showed
no significant effect on the overall structure of the gut microbial patterns. However,
DGGE patterns that were generated from the 16S rRNA gene fragments from abalone
gut contained specific bands/bacteria that significantly associated with dietary
treatments. This is not the first investigation into the use of Ulva as an aquafeed and
several studies have noted favourable outcomes following its inclusion as an alternative
or supplementary feed for abalone (Makhande, 2008; Bolton et al., 2009; Angell et al.,
2012; Mulvaney, Winberg & Adams, 2013; Bansemer et al., 2016; Currie et al., 2016;
Hoang et al., 2016; Gobet et al., 2018; Santizo-Taan, Bautista-Teruel & Maquirang,
2020; Duong et al., 2021). However, this is the first study that demonstrated the
potential for Ulva to be used as a feed supplement that can reduce the reliance on
formulated feeds and can significantly enhance growth of abalone. Also, abalone that
had increasingly refined fractions of effluent-grown Ulva incorporated into formulated
feeds are found to form significant bacterial association in the microbial composition

of the intestine between abalone fed these diets.

5.3 Interpretations

The use of dry formulated feeds, especially when fed to animals maintained under high
stocking densities, can adversely affect water quality if their administration on farms is
poorly managed and consequently may be detrimental to the health of animals on the
farm (Irungu et al., 2018). In this study, fresh Ulva was used as a partial replacement
(60 %) for formulated feed where abalone grew at a rate not different to the control.

The reduction in formulated feeds required to grow abalone will be quantifiable in the
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nutrient loads of effluent water where high protein feeds are linked to high nutrient
loads of effluent flows (Probyn et al., 2017). While there may be benefits to the
inclusion of Ulva into the feeding program of cultured abalone for enhanced growth
there are secondary interactions that could impact the overall growth and health of

abalone as well as the marketability of the final product.

The consumption of fresh Ulva by the abalone has been shown to increase
concentrations of dimethylsulphoniopropionate (DMSP) in the tissue of abalone, which
corresponds to negative taste profiles in the canned abalone products (Smit, Robertson-
Andersson & Bolton, 2010). High levels of DMSP in the tissue are reversible through
an exclusion diet (Smit et al., 2007) while the relative concentration of DMSP in Ulva
may be reduced through drying, as has been shown for other algae (McLenon &
DiTullio, 2012). In contrast, dried Ulva has been used as a flavour enhancer in the feeds
for the fish barramundi (Lates calcarifer) with the flavour being attributed to the DMSP
content in the flesh of the fish (Jones, Smullen & Carton, 2016). The abalone H. midae
which contained a concentration of DMSP that was comparable to the levels found in
wild caught abalone were considered to have an enhanced sensory quality (Smit,
Robertson-Andersson & Bolton, 2010). Advancements in animal husbandry by
improving the animals condition through specific aspects of nutrition can enhance the
organisms metabolic capacity and positively impact the overall economic profitability
of aquaculture systems (Roberts, Kawamura & Nicholson, 1999; Cha et al., 2008;
Hooper et al., 2011).

The inclusion of 20 % dried Ulva into a formulated feed for the abalone Haliotis
leavigata significantly increased the rate of nutrient absorption for this species (Duong
etal., 2021) while the inclusion of dried Ulva in the feeds for Haliotis asinine increased
the crude protein and reduced lipid contents of the abalone foot (Santizo-Taan, Bautista-
Teruel & Maquirang, 2020). In this study, low relative muscle glycogen levels were
recorded from abalone fed a diet of fresh Ulva. Conversely, the muscle glycogen
concentration of abalone fed a combination of Ulva and a formulated feed were similar
to the levels of glycogen in abalone fed the formulated feed control. The land snail
Megalobulimus oblongus, when fed a high carbohydrate diet, produced increased
haemolymph glucose concentrations with significantly increased glycogen levels

recorded in the muscle tissues (Rossi & Silva, 1993). These results are in line with
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previous studies which have demonstrated that the deposition of glycogen is related to
the level and digestibility of carbohydrates in the feed which may increase the
circulating haemolymph glucose concentration (Kucharski & Silva, 1991; Rossi &
Silva, 1993; Zhang, Zhou & Cheng, 2009).

The end-point analysis of glucose levels in haemolymph circulation can be an important
indicator of the complex regulation of consumption, where elevated post-prandial
glucose levels are associated negatively with appetite (Harvey-Anderson & Woodend,
2003; Schock et al., 2010; Johansson et al., 2013). Alania, Dyakonova & Sakharov
(2004) investigated the involvement of D-glucose in the mechanisms that control
feeding in the gastropod Lymnaea stagnalis and demonstrated that central
glucoreceptors control feeding behaviour in L. stagnalis and that glucose is involved in
the suppression of feeding related neurons. The glycaemic assay used in this study
found the haemolymph glucose concentration in abalone maintained on formulated
feeds were significantly elevated for an extended period when compared to abalone
which had been maintained on a diet of Ulva. A review by Harvey-Anderson &
Woodend (2003) presented evidence to support the case for maintaining satiety for
extended periods when postprandial blood glucose concentrations are elevated. Harvey-
Anderson & Woodend (2003) further identify that the main stimulator for feeding is in
fact decreased glucose utilization, or decreased intracellular glucose concentrations,
rather than the absolute concentration of glucose in the blood. Abalone in this study fed
a high carbohydrate feed recorded significantly elevated resting haemolymph glucose
concentrations for extended periods which may impact the feeding intervals and
ultimately total consumption capacity by an animal. The enhanced consumption of feed
by abalone in this study was reported when only a small amount of Ulva was offered
and may be a result of the Ulva acting as a feeding stimulus and chemical que which

stimulates feeding while also improving the glycaemic capacity of abalone.

Dietary manipulations that target specific biochemical pathways could be used to
enhance/optimize the management and feeding programs in aquaculture facilities that
may improve feeding efficiency of the abalone. Insulin is the primary hormone involved
in the uptake of glucose from the haemolymph of abalone (Venter et al., 2018) and
insulin resistance in humans correlates to the onset of a negative metabolic cascade

termed the metabolic syndrome (Termizy & Mafauzy, 2009). Venter et al. (2018)
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identified metabolic markers that were associated with fast growing H. midae where
they could stimulate the release of insulin at a faster rate which may result in a greater
metabolic response and increased glycogen synthesis to high carbohydrate diets, with
an increased capacity for lipid deposition. When high carbohydrate diets (>45.55 %)
were fed to the abalone Haliotis discus hannai the authors reported increased insulin
secretion that contributed to the occurrence of insulin resistance (Guo et al., 2022).
Insulin resistance in humans is associated with elevated serum triglycerides and this
condition forms part of defining the metabolic disorder in humans (El-Baky, El-Baz &
El-Baroty, 2009; Valente et al., 2016, Ludwig et al., 2021). Wang et al. (2009) reported
an increase in serum triglycerides that correlated with the relative digestibility of
carbohydrate sources fed to the abalone Haliotis discus hannai. Abfeed™ S34®, which
was used in this study has a carbohydrate content of 41.7 % and is reported to be highly
digestible for H. midae (Sales & Britz, 2002). The high concentration of triglycerides
produced from the consumption of highly digestible carbohydrate feeds, such as
Abfeed™ S34®, may indicate a metabolic state where the animal is ‘starving in a land
of plenty’. Such a state will result from insulin resistance, where the ineffective use of
fuels by the tissues is starving them of nutrition (Moon, 1988; Flier, 2019). Ulvan,
extracted from Ulva pertusa, has been shown to reduce circulating triglycerides in rats,
where the high sulphur content was an important component in improving insulin
sensitivity (Qi & Sheng, 2015). It would seem that if the appropriate biochemical
pathways are available the increased energy derived from circulating triglycerides will
create a positive energy balance which encourages the deposition of fatty tissue and
may enhance growth rates of abalone fed on diets high in digestible carbohydrates
(Venter et al., 2018; Ludwig et al, 2021).

The anaerobic hydrolysis of glycogen to glucose in the foot and adductor muscle of
abalone during locomotion results in the production of tauropine (Wells et al., 1998;
O’Omolo et al., 2003; Venter et al., 2018). The production of tauropine is an adaption
that gastropods have acquired, one of the opine pathways, to allow tolerance to anoxic
conditions by increasing the relative concentrations of tauropine (Livingstone, 1991).
The build-up of tauropine provides abalone with the unique capacity to derive energy
from anaerobic pathways with high efficiency and for prolonged periods. The
differentiation of abalone into ‘fast’ (low tauropine) and ‘slow’ (high tauropine)

growers with low and high tauropine levels by Venter et al. (2018), indicates that the
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fast growing abalone are not just efficient at anaerobic metabolism, but more inclined
to utilize aerobic pathways in the muscle where low levels of tauropine are detected.
The specific ability that has allowed the abalone to tolerate prolonged anoxia, and
remain energetically active, may also be an important feature in maintaining the tissue
sensitivity for glucose uptake and assimilation in the abalone Haliotis midae. High
carbohydrate diets may be able to produce high energy derivatives from feeding where
abalone may be uniquely equipped with cellular metabolism making them able to deal
with high loads of dietary carbohydrate that can lead to enhanced growth and feed
efficiency in abalone (Guo et al., 2022).

Studies in which abalone were fed algae enhanced bacterial contribution to digestion of
algal polysaccharides were they have demonstrated significant capacity to affect a range
of physiological traits of the host (Sawabe, 2006; Gobet et al., 2018; Danckert et al.,
2021). The molluscan gut can be separated into the foregut, midgut and hindgut housing
a number of transient bacteria that are sourced from the immediate environment and/
or feeds (Erasmus, Cook & Coyne, 1997; Nam et al., 2018) that can form communities
existing as a stable core microbiome (Gobet et al., 2018; Nam et al., 2018; Wang et al.,
2020; Danckert et al., 2021). The midgut and hindgut contain a large range of
endogenous enzymes and exogenous bacterial enzymes that are capable of digesting a
variety of complex polysaccharides consumed in the diet of abalone (Erasmus, Cook &
Coyne, 1997; Nam et al., 2018). There have been epiphytic polysaccharide degrading
bacteria found in association with Ulva and are reported to be more abundant on healthy
thallus of IMTA cultivated Ulva. The IMTA culture environment has also demonstrated
the capacity to significantly shape the microbial community associated with the
effluent-water of the aquaculture facility (Califano et al., 2020). Effluent-grown Ulva,
that is intended to be used as a fresh feed for abalone, will likely have developed unique
epiphytic microbial communities that are characteristic of the primary culture
environment which has been demonstrated previously in culture systems with seabream
(Califano et al., 2020). The consumption of Ulva, along with its epiphytic microbiome
containing polysaccharide fermenters, is likely to impact the energy available for
absorption by the abalone. The short chain fatty acids (SCFA) fermentation end-
products of polysaccharide digestion by bacteria can provide functional changes for the
abalone gut beyond nutrition (Danckert et al., 2021).
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The abalone foot and gut are covered by a layer of mucus which is involved in several
important functions including lubrication, locomotion, protection, and adhesion to the
substrate (Portela et al., 2012) that accounts for up to 29.1 % of total energy expenditure
in 50 g Haliotis tuberculat (Peck et al., 1987). A diet lacking in fermentable
polysaccharides has been linked to a loss in production of beneficial SCFA while
trigging the development of a gut microbiome which utilizes the colonic mucosal layer
as a nutrient and can modify susceptibility to some diseases (Desai et al., 2016; Martin-
Gallausiaux et al., 2020). Several reports have also highlighted the role of specific
SCFAs in gut mucosal health through enhanced mucus production and elongation of
ciliated intestinal epithelial cells that may impact the host appetite (Roberfroid et al.,
2010; Harris et al., 2012; Byrne et al., 2015; Fernandez et al., 2016; Hu et al., 2017,
Wang et al., 2018; Venegas et al., 2019; Martin-Gallausiaux et al., 2020). Bacteria
which have been identified as part of the core microbiome for other abalone
demonstrate capacity for the fermentation of algal polysaccharides into SCFA (Gobet
et al., 2018; Nel et al., 2018; Duong et al., 2021) where the assimilation of specific
SCFAs may further provide the host with high energy molecules which are available
for absorption (Sawabe, 2006; Roberfroid et al., 2010; Harris et al., 2012; Fernandez et
al., 2016; Hu et al., 2017; Wang et al., 2018; Venegas et al., 2019; Martin-Gallausiaux
et al., 2020). Microenvironments within the mucus are home to a diverse microbial
community that interacts with dietary ingredients and provides the abalone with its first
line of defence to foreign particles (Ouwerkerk, Vos & Belzer, 2013; Geurts et al., 2014;
Wells et al., 2016; Majee et al., 2018; Martin-Gallausiaux et al., 2020).

Hyaluronan, containing glucuronic acid, is an important component of the molluscan
mucus that accounts for a significant proportion of the total energy budget for the
abalone Haliotis tuberculata (Peck et al., 1987). Glucuronic acid, when included into a
formulated feed at an inclusion level of 0.1 % for abalone, improved growth rates,
increased relative shell weight contribution to the animal, lowered feed conversion
ratios and a unique band/bacterium was shown to be associated with the gut of the
abalone fed this diet. Glucuronic acid is an important component of; shell
biomineralization that utilizes mucopolysaccharides (Arias & Fernandez, 2008; O’Neill
et al., 2013; Rao et al., 2014; Pellock & Redinbo, 2017), formation of the cell walls of
bacteria (Yasuda et al., 2011), an important component of xenobiotic metabolism

(Martinez-Leal, Ponce-Garcia & Escalante-Aburto, 2020) and is a product of bacterial
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fermentation where it has health promoting effects (Yavari et al., 2018). The epithelial
cells lining the gut are sites of attachment for a consortium of microorganisms that will
in turn form their own biofilms (Hansson, 2012; Portela et al., 2012; Ouwerkerk, VVos
& Belzer, 2013; Desai et al., 2016) where the production of microbial
exopolysaccharide substance comprised of glucuronic acid (Mojica, Elsey & Cooney,

2007) can contribute to the total capacity of the gut and immune function.

5.4 Limitations

Ulva can make a significant impact on important variables of value to the aquaculture
industry through its inclusion into an integrated system with abalone and recirculating
water; which can reduce pumping, save electricity, bio-remediate water (Nobre et al.,
2010), increase farm water temperatures through recirculation and reduce the reliance
on formulated feeds for the production of abalone. Culture environment and the
availability of dissolved nutrients can impact the nutritional profile of seaweeds which
should be considered when designing integrated systems. For example, effluent-grown
Ulva fasciata demonstrated the capacity to increase carbohydrate content under high
nitrogen environments (Prabhu et al., 2019; Shahar et al., 2020) which could form an
important component of the bacterial contribution to the digestion and assimilation of
nutrients for the abalone. The reductions in apparent costs would likely only be realised
in areas where there is potential for increasing water temperatures in the culture systems
and/ or the capacity for on-site production of effluent-grown algae. Areas where water
temperatures exceed 22 °C, like Wild Coast Abalone where ambient water temperatures
are already at the upper levels for optimal production, an increase in water temperatures
may be detrimental to overall farm performance. The inclusion of Ulva into existing
abalone production where it forms part of the feeding regime is recommended for
improving the overall impact/sustainability of current production process and may

enhance the profitability of specific marketable products.

DGGE demonstrated capacity for use as a diagnostic to monitor changes in the bacterial
patterns associated with the gut of abalone following dietary interventions, identifying
unique bands that would be useful to investigate further. The application of DGGE
would likely be suited for the development of a platform for routine diagnostics, where
standards can be used to better inform the results more appropriately or as part of a

monitoring program that is part of identifying changes in bacterial communities under
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specific environments or following specific managerial interventions, such as a change
in diet. However, although DGGE provided valuable insight on the impact of Ulva and
its components on the microbial patterns found in association with the gut of abalone
in this study, next generation sequencing technologies would greatly enhance our
understanding of the diversity and relative abundance of bacteria associated with the
digestive tract of H. midae fed varying diets and provide crucial insights on the role of
specific microorganism(s), and their metabolic potential, in the growth, health and
physiology of abalone. Collectively, these findings support the notion that specific
dietary ingredients and/ or algal polysaccharides can alter the microbiome of an

organism, which may in turn impact the growth and health of the animal.

5.5 Recommendations

In this study a significantly improved total consumption was observed when the
formulated feeds were partially supplemented with fresh Ulva. H. asinina demonstrated
preference for Ulva when offered alongside other algae in a feeding choice experiment
and consumed more Ulva when offered in a no choice feeding trial where each algae
was presented individually. Feeding on fresh Ulva opposed to formulated feeds requires
a change in the feeding behaviour of abalone due to the vastly different characteristics
of the feed provisions. The design of the baskets should be further investigated if paired
feeding regimes are adopted so that the abalone have equal access to each feed when it
is presented to maximise efficiency. Dietary Ulva is likely contributing to the enhanced
growth of abalone through adjusting the feeding behaviour of the abalone (Akakabe &
Kajiwara, 2008; Cyrus et al., 2015; Currie et al., 2016) and modifications to the gut
microbiome which can improve metabolic and immune homeostasis (Nel et al., 2017;
Gobet et al., 2018; Danckert et al., 2021).

Marine macroalgae contain numerous bioactive compounds (Hafting et al., 2015;
Sharifuddin et al., 2015; Wells et al., 2016; Doan et al., 2019) which could be harnessed
as functional components of feeding regimes for the improvement of a specific aspect
of animal husbandry. Hoang et al. (2016) reported beneficial effects associated with a
10 % dried Ulva inclusion in a diet for H. laevigata on shell and foot colour due to the
accumulation of carotenoid compounds. Ulva has been included into a diet for Nile
tilapia (Oreochromis niloticus) at 5 % and resulted in significantly higher levels of

carotenoid pigments in tissues of fish fed this diet when compared to fish fed a standard
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feed (Valente et al., 2016). Ulva has also been successfully used to improve gonad
colouration in the sea urchin Tripneustes gratilla (Cyrus, Bolton & Macey, 2015). Fresh
Ulva when fed alongside formulated feeds to the hybrid abalone H. laevigata x H. rubra
consistently improved their tissue fatty acid profile and enhanced the perceived human
health benefits (Mulvaney et al.,, 2015). The fortification of diets through
supplementation with fresh seaweeds has led to improvements in the growth and health
of cultured organisms which may have an impact on human health (Kwasek, Thorne-
Lyman & Phillips, 2020). Although this research only looked at the inclusion of
effluent-grown Ulva, it is likely that wild Ulva may illicit similar changes in bacterial
association. The main difference would present in the nutritional composition with
limited nitrogen available in wild harvested Ulva when compared to the higher protein

content of effluent-grown Ulva (Robertson-Andersson et al., 2009).

5.6 Summary

The results from this thesis indicate that Ulva is able to modulate the gut microbiota
when included as a partial replacement for formulated feeds, where it can improve the
overall growth, health and consumption of abalone. It is possible that fresh Ulva and/
or its carbohydrate fraction is able to improve the digestive efficiency through its
functional benefits to metabolism provided by the bacterial fermentation of algal
polysaccharides which leads to an enhanced feed efficiency for the abalone. The
denaturing gradient gel electrophoresis (DGGE) that was used to assess changes in gut
microbial pattern and identify unique bacterial associations in the intestine of abalone
fed various diets still requires further investigation to identify these species before any
kind of metabolic capacity can be attributed to specific microorganism(s). Nonetheless,
these unique bands identified would be an ideal starting point for the exploration of
unknown microbiota that appear to have significant associations within the gut of an

abalone.

In conclusion, IMTA is a partial solution to the problem of producing more food for the
growing population. For the continued growth of aquaculture it will be important to
diversify the production systems in an attempt to reduce the overall impact of the
farming and the associated dependency on external inputs (Rosenzweig et al., 2020).
The specific inclusion of Ulva and its components into formulated feeds has provided

insights that are important to both operational and the feed development departments
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of an existing industry. The results from this study add to the existing research which
has identified Ulva as an ideal candidate for its use in IMTA processes, where it has the
capacity to influence cultivation technologies across the world (Tenore, 1976; Taylor
& Tsvetnenko, 2004; Robertson-Andersson et al., 2008; Bolton et al., 2009, 2016;
Winberg, Ghosh & Tapsell, 2009; Macchiavello & Bulboa, 2014; Silva et al., 2014;
Kemp, Britz & Aguero, 2015; Hoang et al., 2016; Guo, 2017; Prisco, 2019).

The general methods for abalone cultivation have been well understood but there
remains a lack of knowledge on the abalone metabolome (Venter et al., 2016) which
may account for the high variability in growth under commercial conditions. In a study
that compared fast and slow growing abalone (H. iris) the authors reported increased
muscle fatty acid content that was produced from glucose via de novo lipogenesis
(Venter et al., 2022). The fact that fresh Ulva is able to provide such a diverse and
significant impact to metabolic function (Tas et al., 2011; Sharifuddin et al., 2015;
Majee et al., 2018; Wang et al., 2018; Guerreiro et al., 2019; Fumanal et al., 2020;
GOmez-Zorita et al., 2020; Martin-Gallausiaux et al., 2020; Ponce et al., 2020; Duong
et al., 2021) and the production of abalone, as observed in the present study, its
inclusion as a fresh feed for maximum gains should be explored further. The various
tissues that were preserved in this study would provide unique insights into the
metabolic interactions and create a more complete picture of how Ulva is influencing
the metabolic capacity of the highly valuable South African abalone Haliotis midae. In
future research it would be worth taking a closer look at the role Ulva plays in the
quality, structure and energetic cost of production of the abalone mucus. The mucosal
energy budget has been found to be a significant contribution to the total energy budget
of abalone and if its function and cost of production can be adjusted through diet the

research can have an industrial application.
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Supplementary information

S1 - Phenol-sulphuric method for the determination of glucose
Methods adopted from with modifications (Bennett et al., 2007; Rasouli, Ostovar-

Ravari & Shokri-Afra, 2014)
Tissue processing and preparation
Preparation for processing

e Label 12 5 mL washed Eppendorf tubes (12 at a time if processing in duplicate
e Pipet 2 mL of 10 % ice cold PERC acid into each Eppendorf

e Collect samples stored at -80C
Processing the tissue

1. Zero the electronic scale (0.000g) with a labelled 5 mL Eppendorf that has 2 mL
of ice cold PERC

2. Carefully cut off tissue (180 > mg <250) and add it to the Eppendorf

3. Record the *actual* weight of the tissue

4. "Mince" the tissue with sharp nose dissecting scissors for 10-15sec so that there
are no large 'chunks' as these will get stuck in the homogenizer

5. Process all samples

6. Homogenize at highest RPM for 15 - 30 sec

7. Leave the samples on ice for 1h
an hour later...

8. Vortex each sample for 15 sec
9. Centrifuge at 280 xG for 17 min
10. This is done on the large bench top centrifuge, briefly;
a. fitthe 15 mL inserts
b. used old 15 mL centrifuge tubes with no lid as an insert
c. place the 5 mL tubes within these
11. Carefully pipet 500 uL of supernatant into new 1.5 mL micro centrifuge tubes

12. This should be done in at least duplicate
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13. Precipitate the glycogen using 96 % ethanol
14. Add 600 pL of EtOH to each sample and vortex for 15 sec

Leave on ice for 1h

15. Centrifuge at 1700 xG for 10 min

16. Remove the supernatant by carefully inverting the 1.5 mL micro centrifuge
tubes

17. Once all the supernatant has been discarded, use a 200 pL pipet to carefully
remove any excess

18. Re dissolve the pellet in 1 mL distilled water (sample)

19. Vortex until dissolved

20. Incubate at 50 °C for 5min and then vortex for 15 sec
Dilute the samples 1:20 before continuing the assays protocol

e 50 pL of sample
e 950 pL of diH20

Assay determination of glycogen in a 96-well plate

1. Add 10 pL of 1:20 working stock into 96-well microplate in triplicate
2. Add 30 pL of diH20 to each sample
3. Add 40 pL of 6.5 % phenol
a. mix via pipetting n=3
4. Rapidly add 200 pL of H2SO4 to the surface of each sample

b. mix via pipetting n=3
Creation of a Glucose Standard Curve

Use premade frozen stocks (2 mL aliquots) of 2 mg/mL glucose. The sensitivity of this

assay means that the sample glucose must fall between 0 - 20 ug

For the standard curve it is important to keep the absorbance value between 0.1 and 0.9
to ensure accuracy. The tissue samples have been diluted by a factor of 20 to ensure the

reading fall within the above-mentioned range.
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Ensure the curve and the sample tissue range is a similar profile and calculate the

unknown samples form the standard caurve for glucose.
Mixing the curve

1) 0ug glucose

a) Justadd 40 pL distilled water
2) 1ug glucose

a) add 0.5 ul stock solution and make up to 40 uL by adding distilled water
3) 2 ug glucose

a) add 1 pul stock solution and make up to 40 pL by adding distilled water
4) 3 ug glucose

a) add 1.5 pl stock solution and make up to 40 uL by adding distilled water
5) 4 ug glucose

a) add 2 pl stock solution and make up to 40 pL by adding distilled water
6) 5 ug glucose

a) add 2.5 pl stock solution and make up to 40 uL by adding distilled water
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S2 - Extraction of the water-soluble polysaccharide ulvan
Things to consider:

. Approximately 10% yield of ulvan from dry Ulva
. Ulva has 85 — 90 % moisture

. At least 2-3 volumes of ethanol are required for precipitation
Extraction protocol to be followed for the crude extraction of ulvan from dried ulva

1) Dry Ulva at 45 °C for 24h or until constant weight is reached

2) Measure out a desired amount of Ulva for ethanolic extraction
a) Place a stirring bar in the beaker and then put it on the magnetic stirrer
b) Place dry flaked Ulva into a beaker on the magnetic stirrer
c) Pour in 96 % ethanol until flakes are all covered. Approximately 10 g Ulva to

100 mL ethanol but can be reduced if this fraction is not required at full potency.

d) Switch on the heating element and try get it to 35 — 40 °C
e) Leave to extract for 12 — 24h

3) Remove all Ulva from ethanolic extract using a sieve and briefly rinse with fresh
diH20

4) Place rinsed Ulva into an autoclavable beaker and add 1:5 — 1:10 diH20 (10 g Ulva,
50 — 100mL diH20)

5) Autoclave the Ulva water mix for 15 min and let it cool
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Figure 2-a Dried Ulva (50 g) was ground to pieces of approximately 1 cm. The course powder
was then added to 450 mL diH2O in a 5000 mL glass beaker which was then place in the
autoclave at 120 °C for 15min.
6) Itis recommended that this should be concentrated down to decrease the amount of
ethanol required but for small amounts it is not necessary.
7) Centrifuge the mixture at 5000 g for 5 min to get rid of any particulate

Figure 2-b The suspension was filtered through a strainer (0.25 mm) and the remaining liquid was

centrifuged at 5000 RCF for 5 minutes.

8) To precipitate (ppt) the ulvan, add a pinch of salt and 3 volumes of 70 — 96 %

ethanol which will induce a cloudy ppt to start forming.
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Figure 2-c The pellets were discarded and 2.5 volumes (1125 mL) of 70 % ethanol were added
which precipitated out the Ulvan. After 1h the doe-like precipitate was removed and washed with
96.9 % ethanol before being centrifuged for five minutes at 5000 rpm.

9) Harvesting the ppt can be different depending on scale of extraction. For small
volumes it can be collected using sieve and ‘washed’ with 96 % ethanl in 50 mL
centrifuge tubes to be spun down.

a) Discard the supernatant and place the ppt into 1.5 mL — 5 mL centrifuge tubes
depending on amount and chop up using a pair of dissecting scissors in 96 %
ethanol as a second wash to further decrease the water content

10) The ppt must then be dried completely using the evaporative centrifuge at 60 °C
until a soft light beautiful white product is achieved.

Figure 2-d From the initial 50g, 4g of ulvan was successfully extracted giving a yield of 8 %

a) To re-dissolve this in diH20 it may be necessary to autoclave.
b) To purify further it can be extracted again using ethanol precipitation after being
reconstituted in diH20
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Supplementary Information

S3 - R-code for data handling, plotting and analysis
This thesis has been written in Microsoft Word 2016 (Mac) while all the analysis and

visualizations have been done in R. RStudio has been a critical component of this Thesis
and is the core component of moving toward reproducible research. Unfortunately, the
lack of a formalized workflow with dedicated channels for collaborative input leaves
the reproducibility of this system in an unreproducible state. At the onset, a solid
workflow for data capture, analysis, processing and collaboration should be outlined

that will significantly improve the overall process of compiling a thesis.

An attempt has been made to extract the working chunks of code that form part of this
Thesis. The data required for the work in this thesis have been compiled into a
repository with data objects saved with .Rdata and .rds extensions that can be shared to
recreate the analysis and visualization on request. The code is organized into chapters
that correspond to the three experimental chapters within this thesis. To include them

as txt would create an unnecessarily long document.

The code is organized in the following format and can be found in my public repository
(brand_2021) on GitHub:

o chpt2.Rmd
o chpt3.Rmd
o chpt4.Rmd
o setup.Rmd
o /data

o PhD_supplementary_information-r-code.Rproj

The code chunks in the .Rmd files call for the relevant data from the /data folder for the
analysis and visualizations. In order to reproduce these analysis it will be necessary to
open the “PHD_supplementary information-r-code.Rproj” in RStudio, identify the
code chucks required and run the necessary lines of code. This is my attempt to provide
a foundation for recreating the results of my analysis and adding to the building of a

more streamlined mechanism of reproducibility.
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