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noe with agitation (120 rpm) and sampled at hourly intervals (\ ml amounts) over II 12 hour 

period to measure the culrure OD600 and alginate lyase activity. Alginate lyase activity was 

measured (TBA method, Appendix Bl) after the cells had been harvested by centrifugation for 5 

min at 14 300 x g, the supernatant colleCled and the cells roslJspended in 1 Illi of 100 ruM 

phosphate buffer, pH 6.7 (Appendix Al.ll). The ClJltUte generation time was calculated as the 

difference in time required for the culture to double its optical density at 600 run during the 

exponential growth phase. 

2.3.10 Characterisation of stra in C4 alginate I~' ase 

An overnight culture of gtrain C4 was used to inoculate 200 ml of alginate broth (Appendix 

AI.I?) to an OD6OO 0[0.01. Strain C4 was then cl.lltured at 22°e with agitation at 120 rpm for 12 

h. The cells wen: harvested by centrifugation at 11 200 x g for 15 min. The culture supernatant 

was collected and dialysed overnight against three changes of 1 00 mM sodium phosphate buffer. 

pH 6.7 (Appendix A2.11). 

2.3, 1 0, 1 Th~ e ff~ct u ftell1peralure un alginate 1 ya<;e acti vit y 

Culture supernatant was diluted in 100 mM sodium phosphate buffer and alginate lyase activity 

was determined at 4°C, 22°C, 37°C, 42°C, and 55°C by the TBA method (Appendix BI). 

Alginate lyase activity was defined as I-lg rualondialdehyde equivalents released 100 ).I,ri 30 min- ' 

(1 unit). 

2.3.1 0.2 The effect of pH on alginate lyase activity 

Culture supernatant was diluted in 100 m!>-l sodium phosphate buffer. Alginate lyase activity was 

detennined (TBA method. Appendix B1) by incubating diluted culture supernatant with alginate 

substrate at pH 3, 6, 6.5, 7, 7.5, 8 and 10 (Appendix A2.20). Alginate lyase activity was defined 

as I-lg malondialdehyde equivalents released 100 ).I,r l 30 min-I at 37°C (1 unit). 
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2.3.1 1Statistical Analys is 

All data are presented as the means of at least three experiments all(j stall(iard errors. For 

comparison of two means, paired or unpaired Student's I-tests were used. The limit of 

significance was p<O,05 unless othenvise stated. 
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2.4 RESULTS 

2.4.1 Alginate lyase activity of different abalone enteric bacterial i~olate~ 

Alginate lyase activity from alginolytic enteric bacterial stmin~ isolated from abalone by Era~mus 

(19%) was quantified. Alginate lya~e activity of all the strains was predominately associated 

",ith the culture supernatant (Figure 2). Very low levels of activity were observed in the cell 

fraction. Extmcellular alginate lyase <K--tivity ranged between 20.27 U (strain Y5) and 56.99 U 

(stmin C4). "!be highest level of intracellular alginate lyase activity wa~ also observed in strain 

C4 (11.39 U). Therefore. based on the high levels of alginate lyase activity observed for strain 

C4. strain C4 wa~ selected lOr further investigation as a potential probiotic for use in abalone 

aquaculture. 

'" 
:f w 

50 
< 
0 '" ::l~ 

"'~ '" L " L L , '" ~ L • < '" ~ 
" ~ L 

" 
Bacterial Strai" 

Figure 2 Alginate lyase adivity 01 alginolytic bacterial strains isolated from the abalone 

gastrointestinal tract. Bars represent mean alginate lyase activity in the culhrre 

supernatant (- ) and whole cells (_ ). (U): fig malondialdehyde equivalents released 100 

firl 30 min-i at 37"C. Error bars represent standard error calculated from three 

experiments. 

2.4.2 BiOl.'hemical characterisation of strain C4 

1he physical and phenotypic characteristics of strain C4 are sununarised in Table 1. rhe 

bacteriwn is a peach coloured, motile, catala~e-positive, oxida-;e-positive. aerobic. Gram­

negative, cocci during exponential growth and a cigar-sbaped rod during stationary pha-;e. 

During exponential growth the cells are 1.73 ).1m (SF ±0.14 fIm) in length and 0.97 f1lll (SE ±0.09 
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).1m) in diameter (Figure 3A) and 1.99 ).1m (SE ± 0.16 ).1m) by 0 .55 )l III (SE ± 0.07 ,.un) during 

stationary phase (Figure 38). The length of the bacteria1 cell is not significantly different 

(Student's T-test, p<O.05) between the two growth phases, there is however a significant 

difference in width. A single flagellum is anached to exponentially growing bacteria, while 

stationary phase cells lack a llagellum (observed floating unattached in the culture rnediwn). 

Irregular shaped structures, believed to be exopolysaccharide, cover the bacterial cells during 

stationary phase. The bacterium grows relatively well between temperatures of 17°C (OD(il(l -

3.26) and 30°C (OD600 - 3.28), grows poorly at 4°C (OD(>O) - 0.612) and not at 37°C (ODW) -

0.07). Strain C4 is tumble to grow in the absence ofNael (OD600=O) and exhibits best growth in 

media containing 3% NaCI compared to media containing 1.5% NaCl. The bacteriwn can reduce 

nitrate to nitrite, carry out denitrification and produces indole but not H2S. The bacterium readily 

degrades alginate, C~l-cellulose. casein and gelatin but is unable to degrade carrageenan.. lipids 

and starch. it can utilise seven of the 20 carbohydrates teoted as a carbon source: D (+}-xylose, L 

(+}-arabinose, 0 (+}-galactose, lactose, 0 (+)-cellobiosc, 0 (-)-mannitol, and 0 (+}-glucose. 

However it cannot utilise 0 (-j-fructose, maltose, sucrose, 0 (+)-trehalose, raffinose, dextrin, 

glycogen. glycerol, adonitol, sorbitol, mannose, threonine, and rhamnose. Bacterial colonies arc 

non-luminescent. The G+ Ccontent of the DNA is 47.3 ± 1 mol % (Table 1). 

2.4.3 Sequelll'r ufthe HiS rRK\ gene 

Alignment of the sequences of the PCR products generated from the five PCR amplification 

reactions yielded a strain C4 16S rONA sequence of 1497 bp in length (Figure 4). To determme 

whether this sequence was homologous to any other known sequences, a sequence-homology 

ocarch of the GenBank datahase was performed (Altschul el al .. 1997). This search showed that 

the 1497 bp sequence of strain C4 16S rONA was very similar (0 a number of Pseudoalteromonas 

16S rRNA gene sequences and had 98% similarity to the species listed in Table 2. 
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fable I, Summary of the physical and phenOl ypic characicrislics 0 (- hacierial slr"in C4 

=Cii'b"'''''"~:;;:'i~'~''~'==============~P~'"''u"d~"''"''';~_;~~lnO/l<lS sI'. stra in C4 Gram stain Negative 
Cell Shape Straight rod 
Motility Positive 
Polar Flagellum POliitil'e 
Growth in wr Positive 
Growth at: 

"C 
17°C 
22°C 
3QoC 

37°C 
Growth at NaCl concentrations of: 

3% (wlv) 
1.5% (wlv) 
0% 

Nitrate reduction 
Denitrification 
Production of: 

Catalase 
Oxidase 
Indole 
H,S 

Hydrolysili of: 
Alginate, Casein, Gelatin, eM-cellulose 

Starch, Lipids, Carrageenan 
Utilisation of: 

Xylose. Arabinose. Galactose, Lactolic. 
Cellobiose, Mannitol, Glucose 

Fructose, Maltose. Sucrose, Trehalose, 
Raffinose, Dextrin, Glycogen, Glycerol, 
Adonitol, Sorbitol, Mannosc, Treoninc, 
Rhanmose 

G+C (mol%) 
Colony pigmentation 
Culture luminescence 

Positive 
Positive 
Positive 
Positive 
Negative 

Positive 
Positive 
Negative 
Positive 
Positive 

Positive 
Positive 
Positive 
Negative 

Positive 

Negative 

'Posilive 

Negalivc 

47.3 
Peach 
Negative 

36 
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Figure JA. Electron micrograph sho1.'.'ing lhc spherical shape of l'seudoalteromollas sp. slrain C4 

cells during :xponential phse The micrograph shows a strain C4 cell dividing. 

The arrow indicale~ c. single fagdlwn anachcd to a edt flagella arc also visible 

floating unattached in (lx =ciUIll. 
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Figure J8. Electron micrograph s/:owin8 the cigar-""~pcd 100 ..h.:.[lC of PSo!Ur/oailt'rCJII'Ollos sp. 

strain C 4 c ells during 5 (aliona!')' phase. T he fJagdlum i s no longer" isible a ]Ihollgh 

flagella were !:Ceo no;jting unaltl\(:hed in the media. The irrc llular shaped Structures on 

lbe surface of the cell are believed 10 be lite mucoid polysaccharide secreted by !;intin 

C4 during stationary pbase. 
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GAGTITGATC' rTGGCTCAGA TTGAACGCTG GCGGCAQGCC TAACACATGC AAGTCGAGCG 

" GTAACAGAGA GTAOCTTGCT ACTTTGCTGA CGAGOQGCGG ACGGGTGAGT AATGCTIGGG 

'" AACATGCeIT AAGGTGGGGG ACAACAGTTG GAAACGACTG CTAATACCGC ATGATGTCTA 

'" , CGGACCAAAG GGGGCTTOXl CT('TCGCCTI TAGATIGGCC CAAGTGGGAT TAGCfAGTTG 

'" GTAAGGTAAC GGCiTACCAA GGCAACGATC CCTAGCTGOT lTGAGAGGAT GATCAGCCAC 

'"' ACTOGAACTG AGAlACOGIC CAGACfCTAC GGGAGGCAGC AGTGGGGAAT ATTGCACAAT 

'" GGGOGCAAGC CTGATGCAGC CATOCCGCGT GTGTGAAGAA ooccrrcooo TIGTAAAGCA 

'" CTTTCAGTCA GGAGGAAAGG TTAGTAGTTA ATACCTaCTA GCrGTGACGT TACTGACAGA 

'"' AGAAGCACCO GCTAACTCCG TGCCAG(AGC ,G(":GGTM TA .!:GGAGGGTGC GAGCGTIAAT 

'" CGGAATTACT GGGCGTAAAG CGTACGCAGG CGGrrroTIA AGCGAGATGT GAAAGCCCCG 

'"' GGCTCAACCT GGGAACTGCA TTTCGAACTG GCAAAcrAGA GTGTGATAGA GGGTGGTAGA 

~, ATITCAGGTG TAGCGGTGAA ATGCGTAGAG ATCTGAAGGA ATACCGATGG CGAAGGCAGC 

'" CACCTGGGTC AACACTGACG CTCATGTACG AAAGCGTGGG GAGCAAACGG GA1TAGATAC 

'"' CCCGGTAGTC CACGCCGTAA ACGATCITCTA CTAGAAGCTC GGGTCCTCGG ACITG1TTTf 

"" CAAAGCTAAC GCATIAAGTA GACCGCCfGG GGAGTACGGC OGCAAGGTIA AAACTCAAAT 

'" GAATIGACGG GGGCCCGCAC AAGCGGTGGA GCATGTGGTT TAATTCGATG CAACGCGAAG 

%, AACCTTACCT ACACTTGACA TACAGAGAAC 1TACTAGAGA TAGTITGGTG CCTTCGOGAA 

1021 CTCfGATACA GGTGCf!&AI GGCIGTCGTC AC,{"fC1!TGTI GTGAGATGTT GGGTIAAGTC 

1081 CCGCAACGAG CGCAACCCCT ATCC1TAG1T GCTAGCAGGT AATGCTGAGA ACTCTAAGGA 

1141 GACTGCCGGT GATAAACCGG AGGAAGGTGG GGACGACGTC AAGTCATCAT GGCCCITACG 

1201 TGTAGGGCTA CACACGTGCT ACAATGGCGC ATACAGAGTG CTGCGAACCT GCGAAGGTAA 

1261 GCGAATCACT TAAAGTGCGT CGTAGTCCGG AlTGGAGTCT GCAACfCGAC TCCATGAAOT 

1321 CGGAATCGCT AGTAATCGCG TATCAGAATG ACGCGGTGAA TACGTTCCCG GGCClTGTAC 

1381 ACACCGCCCG TCACACCATG GGAGTGGGIT GCTCCAGAAG TAGATAGTCT AACCCTOXlO 

,~, AGGACGTTTA CCACGGAGTG ATICATGACT GGGGTGAAGT CGTAACAAGG TAACCGT 

Figure 4. Nucleotide sequence (1497 bpJ of the 16S rRNA genc of Pseudoalteromonas sp. strain C4. 

The highly conserved regions of 16S rONA to which the amplification primers were 

designed are indicated in bold and Ulldcrlined. The sequence was submitted to the 

GENBANK database and assigned the accession number AF280818. 
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Table 2. Pseudoalteromcmas species lhat showed 980/0 sequence similarity 10 Pseudoalteromonas sp. 

s!rlliu C4 as obtained from a BLAST search of the GENBANK database with the 1497 bp 

16S rONA sequence of strain C4. 

~~----"-'-'------==~--,----,---
Species G~NBANK accession number 

Puudoa/leromonWi sp. RJO 

Pseudoalteromonas sp. E30 

Psychrophilic marine bacterium 

PseuJoa/teramanos gracilis 

Alreromrmos elyakovii 

PseuJoalleromonas sp. SUR560 

Pseudoa/teromanos sp . .KMM3548 

PuuJoalleromonas sp. ER7 

Pscudoalteromanas dyalwvii 

PseuJoalreromrmas agarovorans 

- - A"F"53"9"774.------­

AF539771 

AF200216 

AF038846 

AF082562 

AB038036 

AY040229 

AF155038 

ABOOO389 

AJ4 17594 

Fourteen 16S TDNA sequences were aligned with 72 1 nuclootide sites for genllS level analysis. Three 

16S rONA sequences were included from Gmm positive bacteria (Micrococcus luteus, Bacillus 

cereus and Staphylococcus epidermidis) and the Gram negative enterobacterium, E. coli. as 

outgroups. Thc sequences shared 88.5% similarity within the group. Strain C4 was congeneric with 

the Pseudoalleromonm genus as strain C4 clustered with other members of the Puudoalteromonas 

genus in the same clade in the MP analysis (Figure SA). This was confirmed by NJ analysis (Figure 

SB). Both methods of analysis also resulted in trees with the Same topology further supporting the 

conclusion that strain C4 is a IDenDcrofthe Pseudoalteromonas genus by virrue of its similarity with 

other members of this genus. The bootstrap values in both analyses were suitably high. Based on 

this data strain C4 was classified as belouging to the genus Puudoalteromonas. 

Thirty-eight 16S rONA sequences from the Pseudoalteromona~ genus sharing the highest homology 

with strain C4 and one Alteromonas sp. were retrieved from the Genbank database and aligned with 

752 nucleotide sites for species level analysis. The Alleromonas 16S rONA sequence was included 

as an outgroup as it is a closely related taxon to Pseudoalleromoan~ but differs fundamentally from 
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f;gur~ 5. (A) Strict con,en,us MP tree inferr~d from 163 rDNA s~quence data. Numbers above [he 

brancilCs i mlicat~ boolslrap proportions (pcrc~ntagc of IllOO r~plicatcs, values belo'W 50 are 

omilloo). (B) Phylogenetic tree inferred from '\IJ analysi, of 16S rRNA gen~ sequence 

data, l\umbers above th~ brallch~s illdical~ boolstrap proportions (pcrc~ntagc of WOO 

rcplicat~s, values below 50 arc omiUedj, The bar depicts two bas~ substitution' per 100 

llucl~olide sile" 



Univ
ers

ity
 of

  C
ap

e T
ow

n

" 
" 

--

~ 

" 

~~ 

l' 

-L 
p "co. 
P .. ,oo, •• ","," " . , . .. 

P,,,.o.".,,,,,,,,,, ., E" 

p""d" .. "",,,,, '" U' 

P" ,do. ". ,.,,,",, .. . , R" 
P .. ,d" X,,,,",,, .. . , Roo 

e " ',,,"," , .',,", 

---k 
e . ~ .. ", 
p .. ,do . ,,, ,om 0",' " ." 
p" ,dQ ' '" ,"m 0"" .. '" 
p , ,"00' ''',,''" 0'" i'" .. , • II. "/i,, . .. e ' 0""'''''' 

P .. ,.o. Ir. ,omo"" ., "E2_12 ' 

" C 
e ,0,"",," 
e 

"' or", "" ""'''' , ""pi" "" 
" e ''' ''''' '''''' 
;, c:: 

-_ .. -

ClJ 
' " ,." ',m",o",, . , "" 

p "''''' ' '',i. 
P fI""" ", ,,, 
P .",,,"d' 
P,udo",',,,,",, ,, ., REO_ l1 

P .• • p l"'"", 
,,, ,do,",,,,,,,",, . , REO·'. 

-r 
" 

P,""do",', ,,,",, ,, ., ", 
p "",,,,. 

P. ,,,,, "",,,. 

.~ .. ~ 

P "00''''';-'''' 
p .. ,do.n",o",o"" " R" 

P .. , do .ff",o",o""" R, 

"""00.1" '0"'0" " ', R. ,_,,, 
H oco",o" " ", ,, Io o d' 
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Figure 7. Phylogenetic tree inferred from NJ analy"i" of the HiS rONA s.eql1eTIce, from 38 

PscudoaitCrGJIIOntL< species and AI/emmo"",. madeodii \vhich \Vas the dcsign~t<!{] 

olLIgmlLp. Kumbcrs above the branches indicate bootstrap proportions (pcreentage of 

1(()() :replicates, values bclo\v 50 are omitted). The bar depicts two hase suhstitutions 

per 100 nucleotide sites. 
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the Jlsclldoaltcromonads. "Inc sequences shared 94.2% homology when ~ligned with e~ch other. 

Strain C4 clustered with Pseudoallerolliollas sp. RJO (figure 6) and this was confirmed by NJ 

anal ysi. (Fi b,'lLTe 7). BOOL,lrap vailics wcre suitably high l'or this branch. 

2.4.4 Characterisation ofthe alginolytic phenotYPf- of strain C4 

The grov,1h ch~racterislics of str~ill C4 ~nd its production of ~lginate lyase were examined ill 8MB. 

BMB suppkrncntcd with 0.2'7;, sodium algin~tc and ),18 supplemented with 0.2% sodium ~lginalc 

(Figure 8). The Jinal density 01" the cell, wa, unaflected by the difTerent grO\\ III media although the 

gcncr~tion times were different. The generation lime m B~1B (Figure SA) was 57 min. 36 mm in 

8MB supplemented with sodium alginate (Figure 88) ~nd 87 min in MB supplemented with sodium 

alginate (Figure 8e). 

Intracellular alb~nate lyase activity was "gnificanHy Ie" compared to extracellular activity in all 

rnedia tested. Intracellular alginate lyase activity was expres.ed at ha.al levels in BMB throughout 

the grov,ih experiment. Activity increased significantly during mid-e:>qxlllential phase (6h) in both 

media supplemented wlth alginate. DllI'ing early stationary phase there was a .econd increase in 

intracellular alginate lyase activity in media ,upplementoo with algmate. Intracellular alb~nate lyase 

~ctivity in media eont~ining gluco.e (6.93 U) was sib~lificantly (Student's t-test. p<O.05) lower 

eomp~red to media lacking glucose (8.06 U). 

During I ag phase and early tom id log phase. extracellular a 19inate I yase a clivi t y w as detected at 

basal level, similar to that of the intracellular activity. In BMB (Figure SA) axtracellular activity 

began to increase during late exponential phase (7h) and incre~sed almost 4.5 fold from 0.7 U to 4.0 

U hy stationary ph~se. In 13MB supplemented with sodium alginate (figure 813) extr~cellular activity 

began to increase at mid---exponential phase (611) and increa..ed 25 fold fiom 0.0 U to 24.39 U by 

stationary phase. Extracellular activity began 10 increase in MB supplemented with sodium alb~nate 

(figure SC) during mid---exponenti~l phase (6h) ~nd also incre~scd 25 fold by stationary phase. In 

ooth 13MB and MI3 supplemented with alginate, algin~te lyase activity more than doubled at tbe end 

of stationary phase. The presence of glucose had no significant effect on the level of extracellular 

algin~te lyase activity, while the addition of alginate to the medi~ resulted in a 6-fold increase in the 
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Figure 8. Growth and alginate Jyase activity of strain C4 in different culture media. Curves represent 

mean optical density al 600 nm to ), ~xlrucdlular ~ ) and intrucellular (_ ) alginate Jyase 

aClivity in (A) BMB; (8) BMB supplemented with 0.2°;' alginate: and (C) MB 

supplemenled with 0.2"10 alginale. Error bars represent standard error calculaled from three 

experiments. (U): ~g malondialdehyde equivalents released [00 IIrl 30 min-! al 37"C, 
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level of alginate lyase activity compared to activity in BMB. In media supplemented with alginate. 

extracellular activity was 3-foJd gro:atcr in BMB and 3.6-foJd greater in Mil compared to intracellular 

activity. In all media tested alginate lyase production reached a maximum level during stational) 

phase (12h, Figure 8). 

2.4.5 Cbaracterisation of strain C4 alginate lyase 

The effect of temperature and pH on strain C4 alginate lyase activity "''liS examined to determine the 

conditions under "'h ich the enzyme is most active. The highest levels of alginate lyase activity ",ere 

observed at 22"C and 3TC (figure 9A). Alginate lyase activity decreased significantly (Student's l­

test, p<O.05) at 42"C compared to activity at 22"C and 3rc. No alginate lyase activity was dele<:led 

at 4°C and at 55°(. Alginate lyase activity was highest under slightly acidic conditions between pH 

6 and pH 7 (Figure 9B). At e>.tremely acidic (pH 3) and basic (pH 10) conditions alginate lyase 

activity was significantly (Studen(s l-lest.p<O.05) reduced compared to activity at neutral pH values. 

Maximum alginate lyase activity was observed at pH 6.5. Optimum conditions for alginate lyase 

activity are therefore between 2l"C and 37"C and at a pH of between 6 - 6.5. 

A B 
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I 
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~ s , , '" , • I ~ 
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Figure 9. Exuacellular alginate lyase activity under difTerent conditions of strain C4 cultured in 

BMB supplemented ,,·ilh 0.2% sndium alginate. (A) Temperature; (B) and pH. (ll):).IS 

ma[ondialdehyde equivalents released 100 ).1[-130 min-' at 37°C, except (A) ",here the 

temperature is indicated on the x axis. Bars represent mean alginate lyase act;,'ity and 

error bars depict standard emm; detennined from three experiments. 
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1.5 DISCUSSION 

Erasmus (1996) estimated that there were more than I x lOw total bacteria and isolated 3.07 x lOs 

culturable bacteria from the digestive tract of the South African abalone. Haliotis midae. The most 

common genera were Vibrio, Alcaligenes, Fltnlobacleria and Pseudomonas. Two thirds of the 

bacterial communities isolated from each region of the digestive tract consisted of two to three 

genera, which is in accordance with previous studies (Dempsey el al .. 1989). The genenl identified 

were similar to those isolated from other marine invertebrates (Martinez, 1982, De Ridder eI al., 

1985, Dempsey and Killing, 1987, Musgrove, 1988, Vitalis el al., 1988, Douillet, 1993) and it is 

therefore possible that the enteric bacteria of abalone have similar effects as described in previous 

studies on marine invertebrates, This may include increasing the gro",1h rate by contributing 

additional en~,ymes to aid digestion of seaweed and providing additional carbon and nitrogen sources. 

Bacteria isolated from the abalone digestive tract were able to hydrolyse agar, carrageenan, cellulose, 

laminarin and alginate (Erasmus et al., 1997) and approximately two thirds of the bacterial isolates 

could utilize two or three of the substrates tested (Erasmus, 1996). 

Strain C4 had previously been reponed by Erasmus (1996) as belonging to the genus Pseudomonas 

based on biochemical tests and was shown to hydrolyse alginate, laminarin and cellulose. Sinee the 

kelp Ecklonia m(1Xima is the most popular feed for fanned abalone in South Africa, strain C4 was 

identified as a potential probiotie based on its ability to degrade alginate, which is the major 

eomponent of kelp. 16S rONA gene sequence analysis and biochemical tests performed during this 

study revealed that strain C4 belongs to the Pseudoalreromonas genus. Pseudoalteromonas species 

are Gram-negative, non-spore forming, straight or curved rods that are 0.2 to 1.5 by 1.8 to 3 "m 

(Gauthier et al., 1995). Most are motile by means of a single unsheathed polar flagellum. The cells 

arc not luminescent, several species produce pigment and all members of this genus are strictly 

aerobic, They are chemoorganotrophs with respiratory but not fermentative metabolism, oxidase and 

catalase: positive althol.lgh catalase activity is generally wenk and irregular. All species grow at 20aC 

and require a sodium chloride base for growth. Pselldoalleromonas is a genus commonly found in 

the marine envirorunent in association with marine eukaryotes and includes at least 30 species 

(Holmstrom el aI., 2002) many of which synthesize antibacterial compOlmds (Lemos et al. 1985; 

Batbieri el al., 2001; Hentschel et al., 2001). 1bis may benefit Pseudvalteromonas cells in their 

competition with other organisms for nutrients and colonisation of swfaccs. 
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Phylogenetic analysis of the 16S rDNA gene sequ""c~ of ,tnlin C4 ami olh ~r member., or lh~ 

P<eudu"llcrumonas genus revealed that strain (4 is most cla.'ely related to P,<eudoaltemmona.< "P 

,train RJO (PaId ct al., 20(3). Strain R30 was j",latcri from natural hinfilm., on rock< and on the 

.'lIfl;'c" of Enleromorpha plants Oil the shore at Devon, England and ,hares a 98% 16S rDNA 

s~l1""c e similarity with strain C4. Stackchrandt and Goebel (1994) suggested dlat struin.' sharing 

more that 97.5% sequence .,imiiarily should be subje<::tcd to DNA-DK<\. hyhl'idisatioll studies to 

determine whether the straills are difler""l .'peeie,. However, D\lA-D\lA hybridisation results me 

poorly correlated with degrees of seqL1ence similarity as several groups of organism, have been 

identilied lhat share almost identical 16S r~"\[A sequences but have varying values for D:'-<A 

hybridi.,ahon Sawabe et ul. (199S) sbowed thatP. dyukovii had bigh D:'-<A-DNA hybridisation 

values in rd ation to each other (71.001o-97.40/0) hlLt low value, in relation to species thai clustered 

dose to them i n the 16S r DNA ! re~ : P. e.<pejianu (29.9"/0)' P cilrea (49.5%), P. cmrageenovur<I 

(46.9"10) and P. di~lillcta (52.4%). When the 1 ~1id of 16S rDNA .,equence .'imilarity i., greater than 

99"/0. DNA-D~A hyhridi,ation mayor may not document the existence of sp<Xies identity. For 

example. Mycobacirrium i!timer/tulare ""rovar 12 and 19 shar" 100010 16S rD:'-<A s equenc~ 

similarity and 88% similarity by D~A-DNA hybridi .,ution and are lhere ii)re cia,.,liied a., the ,an,., 

sp<Xles. However. Bacillus p.<yrhrophi/u" and Haeil/".< giohi.<punJ.< .,hare 16S rDNA 'eqlL~nc ~ 

similarity of 99.8% and only hav~ a 23.5% O'KA- DNA hyhridi,ation \allie (Fox e! al., 1992) 

indicating that they belong to different spe<;ies. The Ad Hoc Committee on Reconciliation of 

Approaches to Bacterial Systematics has s uggcsted that strains sharing a greater than 7 0"/, DNA­

D~A relatednes., he classilied a, lh~ .,ame sp"";;,,e, (Stach hrand! and Gorilel, 1994). Since a 

polyphasic approach (bioch<=ieal and 16S rDNA analysis) has b e~n employ~d in identiiying strain 

C4 the inlimnative valuc of DKA-DKA bybridisation studies was considcred minimal. Stackebrandt 

and Goebel (1994) reconllllended that it is ultimately the presence or ahsence of a phenotypic trait 

that. when comparing similar ,lrain" ,hOlild be the deciding factor in tk.,eribing a new 'pecie,. Since 

strain RJO is a, yel und~.,crihetl ll is not po,.,ible to determine whelher p,.eudoaiterolnunus sp. strain 

(4 and Pseudoallrrolnona.< sp. ,train R30 represent diiTerent .'pecies. However, a 98% s"quenee 

, imilarity (which i., eqllivalenl to 20 nucleo tide diiferences along the length of the 16S rRNA gene) 

Sllggests that the 'train, may belong to diiTerent specles but unlil Pseudoail<'rum()nas sp. strain R30 

ha, been described, thc relationship benvcen the Pw'O ,pedes remains unclear. 

Alginate depolymerising enzymes have been isolated trom fungi. murine molluscs and seaweeds 

(Maki et a[., 1993). Most alginatc lyases havc however been purified and churacteri,ed from hacteria 
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3.4 RESULTS 

3.4.1 Alginate lyase Activity and Digestion Products in Kelp Feed 

Tbc presence of alginate lyase activity and alginate degnldalion producL~ was compared hclwecn a 

standard kelp feed and kelp feed supplemented '>vilh strain C4. Alginate lyase activity was :3 fold 

greater in feed thai had been supplemented with strain C4 compared to the standard kelp feed 

(Figure 3A). The amount of hydrolysed alginate was 4 fold greater in the supplemented feed 

compilTcd 10 the standard feed (Figure 38). 
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Figure 3. (A) Alginate lyase activity and (B) alginate degradation pn)ducL~ in kelp feed ( . ) and 

kelp feed supplemented with strain C4 (-). Bars represent the average alginate ly<lSe 

activity or amount of degradation products present g_1 feed. Error bars depict standard 

error, determined from three experiments. Asterisk (*) indicates significant difference 

(Student's t-test,p<O.05) compared to control. 

3.4.2 Alginate Lyase Activity in the Abalone Digestive Tract 

The presence of alginate lya.~e activity in the digestive tract was eomp<U"ed between abalone fed a 

standard kelp diet and a kelp diet supplemented with strain C4 to dctennine whether strain C4 

contributes to the pool of digestive enzymes present in the ahalone digestive system. The amount of 

alginate lyase: activity in the digestive tract of abalone fed a kelp diet supplemented with strain C4 

was significantly greater compared to ahalone fed a standard kelp diet (Figure 4). l1lcre was no 

significant difference between the two groups at day 0 and day 1. At day 3 and day 7, in situ 

alginate lyase activity was signilicantly greater (Twwway ANOVA. Tukey's test p<:O.05) in 

abalone fed a kelp diet supplemented with strain C4. 
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Figure 4. Alginate lyase activity in (ho: digestive tract of abalone fcd either a standard kelp diet ~ ) 

or a kelp diet supplemented with strain C4 ~). Bars represent the average alginak lyase 

aclivity and em)T bars depict standard error. determined from six experiments. Asterisk 

(.) indicates significant difference (Two-way ANOV A, Tukey's test p<O.05) compared to 

control. 

Alginate lyase activity was determined in the entire gastrointestinal (GO tra\.-1c as it was assumed that 

over !he 7 day period food containing strain C4 would be continuously moving through the GI IT'"Cl 

and if strain C4 contributed any alginate lyase activity this activity would also be distributed 

throughout the GI tract. After the seventh day, feeding the strain C4 supplemented kelp diet wa~ 

halted and all abalone were red the standard kelp diet. Alginate lyase activity 'was then determined 

in individual sections or the GI tract as it was thought that activity associated with strain C4 would 

only be round in sections of the GJ tract in which strain C4 was present either by colonising that 

section of the Gl tract or (hrough transient movement thmugh the 01 tract with the reed. Alginate 

lyase activity in the oesophagus, crop, stomach and intestine was detennined over a second 7 day 

period and compared 10 abalone fed the standard kelp dict throughout the experiment (Figure 5). 

There 'was no difference in alginate lyase activity in (he oesophagus between the two groups after 

the strain C4 supplemented kelp diet had cnded (I'igure SA). At day 3, the alginate lyase activity in 

the crop (Figure 58) and stomach (Figure SC) was significantly higher (Two-way ANOVA, 

Tukey's (est p<0.1, Appendix D) in abalone previously fcd a strain C4 supplemented diet compared 

to abalone fed a kelp die!. IIowever at day 7 there was no difference in alginate lyase activity in the 

crop and stomach between abalone that had previously hecn fed a kelp dict supplt:mented with 

strain C4 and those continually fed a kelp diet. At day 1 alginate lyase: activity Vias significantly 

greater (Two-way ANOVA. Tukey's test. p<O.I) in the intcstine or ahalone previously fed kelp 

supplemented with strain C4 compmed to abalone fed only kelp (Figure 50). 'Jbc highest amount 

of alginate lyase activity 'was observed in the stomach, followed hy the crop, in both groups of 
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abalone. Alginate lyase activity was greatly reduced at da} 7 in the crop, stomach and intestine in 

both groups of abalone. 

A B 
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Figure 5, Alginate lyase activity in the CAl oesophagus, (B) crop, (C) stomach and (D) intestine of 

abalOilc fed either a kelp diet (_) or a strain C4 supplemented kelp diet (.). Bars 

represent the average alginate lya~ activity and error bars depict standard error, 

determined from three experiments. Asterisk (+) indicates significant difference (Two­

way ANOYA, Tukey's test p<O.l) in activity between abalone fed a strain C4 

supplemented kelp diet and those fed a standard kelp diet at each time point. 

3.4.3 Incorporation of 14C_ Labelled Proteins from strain C4 in Abalone Tissue 

Strdin C4 was radioactively labelled with 14C_sodium acetate. Acetate react~ with oxaloacetate in 

the pre..~nce of acetyl C'oA to produce citrate (Edwards and Ilassall, 1971). This is the first step in 

the tricarboxylic acid ,",-yde that is responsible for the synthe..~is of amino acids. Therefore. 

labelling strain C4 with "C-acetate would allow for labelling of many amino acids that we then 

used in protein synthesis. Abalone inoculated with 14C_1abelled strain C4 wcre inoculated with a 

total of 2.9xlOl cpm (SE = 9.4Xl02) over 5 days. The total amount of radioactive counts in 

unlabelled stnrin C4 inoculated into each abalone w .. ~ 1.2xJOJ '"'-pm (SF. - 82.6). The amount of 
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nulioactive counts incorporated into abalone tissue was delennined. Gnotobiotic abalone that were 

inoculated with "e-labelled strain C4 and kept separate from abalone inoculated with lUllabellcd 

strain C4 showed significantly (Student's t-test. p<O.05) higher incoTpOf"<ltiun cumpared tu conlrol 

animals in all tissues except the stomach (Fi~,'llI'e 6 und 7A). When gnolubiolic abakme thai had 

been inoculated "'ith labelled slnl;n C4 were placed in a tank containing gnotobiotic abalone that 

had been inoculated with unlabelled simin ('4 no difference was detected in the amOllllts of 14C 

labelled protein incorporated by the two groups of abalune (Figure 6 and 7B). The same 

observation was observed in abalone not treated with anlibiutics (Figure 6 and 7C). In all abalone, 

the highest level uf 14C incotpordlion was detected in the hepatopa!lcreas (Figure 6). At the time of 

sacrifice lxlth waler and faecal samples were removed from each of the tanks. Although a 

significant anJOIlllt of 14C was detected in fdecal samples i~olated from the !ank~, waler sampled 

from the tanks showcd backgr<.lund levels <.lr14C (Table 1) _ 

_ ~ 8_00E+05 * 

i 'ii 6JlOE+05 

~ ~ 4JlOE+05 

~ - VlOE+05 

" O_OOE+OO 

figure 6. incorpocation <.lr 14C labdled stnlin C4 protein into the abal<.lne hcpatopancrcas. Abalone 

were inoculated with either labelled (-) or lmlabelled (-) strain l'4. GIS - Cmotobi<.ltic 

abalone that were inoculated v,ith either labellcd or unlabelled strain l'4 and kept in 

separate tanks, GIM = Gnotobiotic abalone thaI were inoculated with either labellcd or 

unlabelled stnlin C4 and kepI in the same tank. UIM = Abalonc not treated with 

antibiotics. inoculatcd with either labelled or lmlabelJed strain C4 and maintained in the 

same tank. BaN represenllhe avenlge 14C protein incorporation per gram tissuc (wet "'1.) 

and error bars dcpict standard crror, detennined from two experimenl.s (n-5!experiment). 

Asterisk (.) indicates significant difference (p<O.05) compared to control. 
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Hgurc 7. Incorporation or 14C_labelled strain C4 protein into abalone tissue, (Al Gnotohiotic 

abalone that were inoculated with 14C_labelled strain C4 ~ ) and kept in separate t:anks to 

gnotobiotic abalone that were inoculated wilh unlabelled strdin C4 (-), (E) GnotohiOlk 

abalone that were inoculated either with 14C_labelled or unlahelled strain C4 and kept in 

the same lank, (el Abalone not treated with antibiotic~, inoculated with eilher 14C" 

labelled or unlabelled strain C4 and maintained in the same tank. G ~ gills; F ~ foot; A 

~ addudor muscle; S - slomach; [ = intestine. Bars represent the average 14e prolein 

incorporation and error hars dcpiL1: standard errur, delelTllined from two experiments 

(n=5/expenment). Asterisk (*) indicates significant difference (p<O.05) compared \0 

~ontro1. 
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Table 1. Amount of 14C detected in water and faecal samples sampled from tanks I - Gnotobiotic 

abalone that were inoculated wilh unlabelled strain C4, 2 - Gnotobiotic abalone that were 

inoculated with labelled strain C4, 3 - Gnotobiotic abalone that were inoculated with 

either labelled or unlabelled strain C4, 4 = Abalone not treated with antibiotics and 

inoculated with either labelled or unlabelled strain C4. 

T"" Waler (CPMl500 m1) Faeces (ePM/g) 

I 2.43E+02 8.65E+03 

2 2.78E+02 1.29E+04 

l 2.21E+02 7.83E+03 

4 2.69E+02 4.l1E+04 

Similar amounts of 14C were detected in the faecal samples from gnotobiotic abalone that had been 

inoculated with unlabelled strain C4 (Tank 1, Table 1) and the gnotobiotic mixed group of abalone 

inoculated with either 14C_Iabelied strain C4 or unlabelled strain C4 (Tank 3, Table 1). Slightly 

greater levels of I'e were detected in samples rrom gnotobiotic abalone that had been inoculated 

with labelled stTilin C4 (Tank 2, Table 1) while the highest level of radioactivity was detected in 

fae\:al samples from abalone that were not treated with antibiotics and inoculated with either 

labelled or unlabelled strain C4 and maintained in the same tank (Tank 4. Table I). 

3...1.4 Abalone Growth Trials 

Laboratory based growth trials clearly indicated that the addition of strain C4 to the abalone diet 

greatly mcreased the growth rate compared to abalone fed a standard kelp diet (Figure 8). 

Gnotobiotic abalone fed a kelp diet lacking strain C4 showed the poorest growth rate (4.2 ).1m/day). 

The growth rate of abalone not treated with antibiotics and fed a kelp diet lacking strain C4 (7.9 

).lUvday) was significantly higher than the gnotobiotic abalone fed kelp cakes. The growth rate of 

abalone not treated with antibiotics and fed a kelp diet supplemented with strain C4 (19.2 Inn/day) 

was significantly higher than abalone not treated with antibiotics and fed a kelp diet lacking strain 

C4. There was no significant difference (Student's t-test, p<O.05) in growth rate between 

gnotobiotic abalone fed a kelp diet s upplemcnted with strain C 4 (19.1 ).lluiday) <llld <l b,llollc II ot 

treated with antibiotics and fed the same diet (19.2 flmlday). 
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Figure M. Growth rate (shell length, fIm/day) of gnotobiotic abalone fcd either (I) kelp 

supplemented with strain C4 or (2) II standanl kelp diet, or (3) abalone not treated with 

antibiotics led either kelp supplemented with strain C4 or (4) a standanl kelp diet. Bws 

represent average growth rate/day/abalone over an eight month period, error bars depict 

standanl errors calculated from three different ~ts of measurements. 

Farm based growth trials on weanery sized abalone (16 rum. 1.0 g) also indicated that the addition 

of strain C4 to abalone feed improved the growth rale of these animals (Figl.lrt: 9). The addition of 

strain C4 to the feed increased the growth rate in terms oflength by iii. 1 ).illl!'day (Figure 9A) lind of 

weight by 3.6 flg/day (Figure 98). Twenty days after abalone were moved to the raceways and fcd 

regular &kfonia maxima, the shell length growth rate decreased significantly (Student's t-test, 

jKOJI5), whereas growth rate based on weight increased in both b'l'OUPS of abalone. The growth rate 

in teons orboth length and weight was still significantly higher in abalone JlCeviously fed a kelp diet 

supplemented with strain C4. Fifty-six days atter abalone were moved to the raceway and fed 

regular bdj()nia maxima, the shell length growth rate had decreased further but there was no 

significant difference in the weight growth rate compared to the growth rate measl.lred 20 d after 

being moved to the raceway in abalone previol.lsly fed a kelp diet supplemented ",ith strain C4. The 

shell length and \\-eighl growth rate or abalone led a standard hlp diet continued to increase after 

56 days in the raceway. Even though the growth rate of abalone continuously fed a standard kelp 

diet wa~ in~reasing, lhe growth rate of abalone previously 100 a strain C4 supplemented diet was 

still significantly greater at 56 days after the supplemented diet had been halted. 
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Figure 9. Eight month growth trial of abalone initially fcd kelp supplemented with strain C4 (I' ) or 

kelp lacking strain C4 (.). After Jlvc months. feeding kelp supplemented with strain C4 

was slopped and all abalon", wen: It.:! regular E. maxima locking strain CA. Bars 

represent average growth ratc!daylabalonc with respect to length (A), and with respect to 

weight (ill, error bars depict standard error calculated from 12 dilTer"'nl sets of 

measurements. Asterisk (*) indicatO$ significant difT",nonce (p<1}'05) compared to 

control. 
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3.S DISCUSSfON 

AquacuHured abalone in South Ali-iea arc typically fcd the nutrient poor kelp &Honia muxima and 

take approxlmately fo"r years to reach the 80 mm market size. This study investigates the 

possibility of sllppkmcnting the kelp diet of II. fUldae with the potential probiotic 

Pseudvalleromona.< sp. strain C4 with the aim of improving the growth rate offarmed abalone. An 

increase in growth rate may be achieved through a nwnber of Il}€chamsms: (1) irn;reasing nutrients 

available to the abalone for absorption in [he gastrointestinal lracl, (2) increasing [he pool of 

digestive enzymes in the digestive system and (3) usc of added bacteria as an additional nutrient 

source, 

The increase in alginate lyase activity in kelp supplemented with strain ('4 resulted in an increase in 

alginate degradation products in the kelp feed, A diet consisting of kelp supplemellted with strain 

(4 would therefore make more nutriellts, specifically alginate degradatioll products, inmlediately 

available for absorption in the abalone gastrointestinal tract Vitalis e/ al (1988) showed that 

in<:ubation of gul bacteria from the s.ea hare with the alga Ulmjilsciatu increased the amounl of 

seyeral essential amino acids and SOme non- essential amino acids, indicating a possible nutritional 

contrihution of the gut hacteria to their host. Pre-degradation of alginate may also provide a more 

easily digestib le substrate for the abalolle digestive ellZ)TIles thereby decreasing the amount of 

energy required for digestion and illcreasing eJlergy avadabJe for growth. Forro (1987) suggested 

that partial digestion of polysaccharides like alginate may occur in kelp debris and abalone mighl 

lind this decomposing material easier to digest and that the bacteria themsejyes could contribute 

protein supplies. Prim and Lawrence (1975) suggest that bacterial and fungal enzymes are probably 

more important in extra-organismal digestion of plant detritus, particularly of plant cell walls. This 

would remove the cell wall barrier to digestive enzyme action on plant cell contents and produce a 

bacterial population which itsel f would be susceptible to utilisation by the host. 

An increase in the amount and diverSlty of digeslive enzymes 11\ the gastrol11testilla1 tract may 

improve the nulntional stalus of abalone by lmproying lhe efficiency of digestion and lhereby 

increasing the grm,th ratc of abalone. An increase in the amount of enzymes availahle could 

increase the rate of digestion, while increasing the diversity of enz)TIles available may allow for 

more complete dlgestion of the nutrienl source. The amount of alginate lyase aclivily ill lhe 

gastrointestinal tract was compared between abalone fed a standard kelp diet and those fed a kelp 

diet supplemented wi th slrain C4 to determine whether strain C4 contributes to the pool of digestive 

ell/,ymes and i s thereby able to improve the nutritional starns 0 fthe abalone. A balone fed kelp 
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supplemented with strain C4 showed a significant increase in alginate lyase activity in the digestive 

tract after 3 days compared to abalone fcd a standard kelp dieL This resllj( sllggests lhat strain C4 

may contrihute \0 the pool of polysaccharolytic enz)mes available in the digestive tract for the 

digestion of complex algal polysaccharides that are ingested by ahalone. 'vfarine deposit-feeders 

have heen shown \0 use hetween 5% and 30'/', of organic matter from sediments. However, the 

hurrowing sea ufchin, Ech;nocardium cordmum, increases the yield of ingested sediment by 

harbouring gut living fenneilling microorganisms that digesl food particles anterior to the 

gastrointestinal system (Thorsen, 1998). These microbial fennenters produce short--chained fatty 

acids includmg acetate aud propionate that can be utilised by the host. Pnm and Lawrence (1975) 

suggested that bactenal enzymes are important in digestion m the digestive tract of the regular 

echinoid Lyrel.'hinus variegates when food is retained in the gut for long periods of time. Bacteria 

in the foregut of the minke whale have been shown to digest fish and pelagic crustaceans 

(consisting mos\l y of proteins and lipids, but also polysaccharides) femlentati vel y, releasi ng volati Ie 

fallv acids (Olsen ell11., 1994b). Sawabe el at. (1995) reported that the gut bacteria oft\vo sea 

urchins, Sirongy/ocenirolus inrermedius and Siroligylocenrrorus mu/us, and the abalone Ii. di.,el<s 

hal/nai degrade alginate and speculated that they may therefore contribute to the nutritional 

requirements of their host. Alginolytic bacteria isolated from abalone were shown to preferentially 

degrade the polyG block of alginic :JCid whereas abalone alginate lyase preferentially degrades the 

polyM block. Saw· abe et ill. (1995) therefore speculated that alginate was first degraded by the 

abalone's digestive enzymes and then further degraded by intestinal bacteria. Vihrio ha/ioriroli 

is.olated from the abalone digestive tract potcntially contributes to host nutrition in addition to 

supporting alginate degradation (Sawabe cl af., 1998, Sawabe el aI., 2003). Degradation of alginate 

by V. haliotil.'oli produces acetic acid which has been shown to be absorbed by gut tissue and 

metaholised as an oxidative energy source, and used as a precursor for protein, sugar, and lipid 

synthesis. The increase in alginate lyase activity observed in the digestive tract of abalone fed a 

kelp diet supplemented with strain C4 may allow for partial digestion of kelp by bacterial enl)mes 

and then further digestion of the kelp by abalone digestive enzymes. Alginate lyase activity in the 

oes.ophagus of abalone fed either a standard kelp diet or a kelp diet supplemented ""th stram C4 

remained the same after both groups of abalone were subsequently fed a standard kelp die!. One 

day after the strain C4 supplemented diet was stopped, alginate lyase activity was greater in the 

intestine of abalone previously fed the supplemented diet compared to those fed the standard diet. 

Similar results were observed in the crop and stomach three days after the supplemented diet was 

stopped. These results suggest that strain C4 is present III the crop and stomach of H midae up to 3 

days after strain C4 has been introduced into the gastrointestinal tract and that strain C4 supphes 

additional ~nzy1lles, specifically alginate lyase, to aid digestion. The increased activity in the 
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intestine at day 1 and in the crop and stomach at day 3 suggests that strain C4 is retained longer in 

the crop and stomach compared to the oesophagus and intestine. If strain C4 were simply moving 

through the gastrointestinal tract with the food as pm of the nonl1a) digestion process it would be 

expt:ded that alginate lyase activity would b<: observed for longer periods in the intestine compared 

to the crop and stomach. These results therefoce sl.lggesl that strain C4 may, at bt:sl, be transiently 

present in the crop and stomach. However, the ability of stmin C4 to colonise the dIgestive tract of 

H miduc needs to be studied in greater detail. The significant decrease in algmale lyase activily in 

both the crop and stomach 7 days after the strain C4 supplemented kelp diet was halted may be the 

result of environmental factors such as changes in \\ afer temperature or quaIl t y. 1\ is lllterestin g that 

most of the alginate lyase activity was detected in the crop and that lllcreased activity was still 

observed at 3 days after \he strain C4 suwlemented diet was halted since strain C4 was originally 

isolated ti'om the crop of 11. midae (Erasmus et at" 1')97). Proteolytic enZ)1TIe activity In the crop­

stomach content of H. ful:;:ens was shown to occur between pH 6 and 8 (Seviere-Zaragoza et at., 

I <)97). However, proteoli)1ic enzyme activity peaks 1Il H. fulR'!1IS (Sevlere- Zaragoza ('f aI., 1997) 

occurred at different pHs depending on the region of the dIgestive tract bemg mvestigated. Activity 

in the hepatopancreas increased between pH 2 and 5 and crop-stomach COn lent aClivity increased 

between pH 2 and 7, Protease activity in the inlestinal and reeLal fluids \\ as deteeLed between pH 7 

and 11. The pH of the crop of H. midae is 5.6 (Erasmus er al., 1997) and the optimum activity of 

alginate lyase als.o occurs at slightly acidic conditions (pH 6.5, Chapter 2). 

Since Ed/oni" mw;;ima i s a poor source of protein and does not provide all the essential amino 

acids required by the abalone for grO\\ th (Simpson, 1994), it was hypothesised that strain C4 may 

provide an additional source of protein which could Improve \he nutritional value of kelp feed and 

consequently improve the growth rate of farmed abalone. Abalone were inoculated with i4C_ 

labelled strain C4 and incorporation of the label into abalone tissue was monitored. Gnotohiotic 

abalone inoculated wlth 14C_Iabelled strain C4 exhibited significanUy greater amounts of protein 

incDrporation in the gills, foot, adductor muscle, intestine and hepatopancreas compared to ahalone 

that were llloculated with unlabelled strain C4. The majority of protein was incOTlJOrated m the 

hepatopancreas. Seviere Zaragoza el at. (1<)97) reported that protein is produced in the 

hepatopancreas, secreted into the digestive fluid and transported into the lumen of the gut where the 

proteins m ay b e Involved in enzymatic digestion 0 I' food. T herei"ore, prolein I'ound i n the crop, 

stomach, intestine and rectal extracts are derived from food, tissue debris and secretions whereas 

protein found in the hapatopancreas is produced by the abalone, This may explain the large amount 

01' protein incorporated in the abalone hepatopancreas. Shimizu et al. (2003) reported that alginate 

lyase is produced in the hepatopancreas of the abalone Haliotis discus hanna; and the amount of 
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Figur~ 2. Adhesion of the abalone pathogern (A) v: algino/Ylicus and (B) V angulI/arum to mucus 

isolated from dillercnt regions of the abalone digestive tract in the presence (I' ) and 

absence (. ) of strain C4. Hars represent the average percentage adhesion and error bars 

d~pict ~tandard error, determined from three experiments. Asterisk (.) indicates 

significant difference (D<O.05) compared to controL 

4.4.3 The elTed of strain C4 00 the immunostatus of H. midae 

Th~ dIect of J:ht, addition of ~Irain C4 to abalone feed On the immlUlostalus of the abalone was 

determined by measuring 3 num!Jt,r of immune pammeten;. 

The supplementation of kelp feed with strain C4 had no significant (Two-way ANOY A. Appendix 

DJ dIect on the number of circulating bacmocylcs (Figure 3A) or the inlmccllular ~up"roxid~ anion 

production (Figure 3C) compared to abalone fed a standard kelp diet. Ihere was no significant 
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change in eilher of these parameters over the 14 day period in ei lher abalone red a starl<lard kdp did 

or abalone fed a kelp diet supplemented with strain C4. 

The pen:;cntage of phagocytic haemocytes increased significantly (Two-way ANOVA, Appendix D. 

Tukey'slcstp<O.05) after day I in abalone fed a kelp diet supplemented with strain C4 (Figure 3B). 

This significant differeno:;e was observed between haemocytes from abalone fed either a kelp diet Of 

a kelp diet supplemcntell with strain C4 at all time points tested for the remainder of the 

experimental period. There was no significant change in the phagocytic activity of haemocytes 

from abalone fed a stamlaru kelp diet over the 14 day period. The initial increase in phagocytic 

haemocytes observed in abalone fed a kelp diet supplementcd with strain C4 remained at an 

elevated level for the remainder of the exp<:rimental p<:tiod. 

Since the production of superoxide anion is stimulated by phagocytosis, sonicated A Y l yeast cells 

were used as a stimlliant in determining the production ofsupcroxide anions from thc haemocytcs. 

When fecding of the different dicts was in itiatcd, intracellular superoxidc anion production was 

signi ficantiy greater in the group of abalonc to be fed the unsupplemented kelp diet (Day 0, Figure 

3D). However, this is a renection of the in itial immune status ofthe abalone and not a renechon of 

the effects of thc different feeding strategies. H. midae fed a kelp dict supplemcnted with strain C4 

showed an increased ability to produced superoxide anion at day 0.25, day 1 and day 4 compared to 

H. midae fed a standard kelp dict (Figure 3D). At day 2 and day 7 there was 1IO significant 

difference between the two groups of abalone. Although the production of superoxide anions varied 

greatly over the 14 day period, increases and decreases from one sampling point to the next 

followed the same trend in abalone fed a standard kelp diet and abalone fed a kelp diet 

supplemented with strain C4 and may be the result of environmental factors. In both groups of 

abalone there was an initial decrease in intracellular superoxide an ion producljon after 6 hours 

followed by an increase at day I. Superoxide anion production continued to increase in abalone fed 

a standard kelp dkt at day 2 whereas there was no change in abalone fed a kelp diet supplemented 

with strain C4. At day 4 there was another dramatic decrease in sUp<:roxide anion production, 

followed by an increase at day 7 in abalone fed a standard kelp diet and a further increase in both 

groups of abalone at day 14. At the end of the experimental period the production of superoxide 

anions waS significantly greater in abalone fed a standard kelp diet compared to abalone fed a kelp 

diet supplementru with strain C4. 
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Figure 3. Effect of strain C4 on the immune parameters of kelp-fed (-) abalone compared to 

abalone fed kelp ~upplemenled with slmin C4 !" l. Bar.; represent (A) Number of 

haemocytes: (3) percentage phagocytic haem0C)'1cs; (C) intracellular superoxide anion 

production and (D) intracellular superoxide production in the presence of a stimulant. 

Error bars depict standard errors. determined from four experiments. A~terisk (*) 

indicates a significant (p<O.05) diflerence between abalone fed a kelp diet supplemented 

with strain C4 and standard kelp diet at that sample point. 
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4.4.4 The response of H. midul' fed strain C4 sllpplemenkd kelp to V: llllgu;llarum 
infedioll 

The c!l(;ct ofa strain C4 "uppl~menleJ hlp did Oil the ahility of H midac to r.,pond lo inli.:~li()Jl 

liy the "balonc bacterial pathogen, V alJRuiliarum, waS cyaluatcd hy measuring tIle respon>e of 

variou" immlL"'" parameters and recording accumllla!iv~ mortalill~8, Vibriu anguillarum was 

.,elected 3' ales! palhogen because of strain C4', in vity() ""l"tbilily to rcdu~~ III<; adherence of V. 

angui/larwn to mucus isol"lcd from the o<:oophagU5 of H. midae and strain ('4', "bilit) 10 inhibit 

the growth of V "nguilhlr'um durin!? co-cui(un.: in Jiq uid medium. 

Al day I p<lst V antuillam", infecilOll a signilicant dcc!\Oasc ",as ohscrwd in all immune 

paralllet~rs (~,tcd in hotl1 ahalonc fcd a kelp di~l ,upplcmcn!cd with strain C4 and abalonc fed a 

,t"mi"ni Jie\. A: day 2 post V anguillarum inf~clion abalone fed " kelp dId >upplcmenled with 

,train ('4 haJ >lgnii'icantly (Tv. o-way A NOVA, Appendix D, Tukey test ".:0.05 ) high~r number. o[ 

haemoc"tes compar~J (0 lhose lcd a standard kelp diet (rigurc 4A) At 2 days pmt V. anguillarum 

infe~lion there was a signiticalll dccrease in the numkr ofh"el1l<X'yles in abalone ted a standard 

kelp diet. The numlx:r orha~llloc"tcs was unchangcd in abaloTl-' fed a kelp J'~l suppbnen(ed wilh 

strain C4 until 7 day, post in[ecli{)n. At 10 Jays post intection tl",I\O V.as a significant increa", in 

lhe numlx:r ofhacmoc"tes in hoth groop' {)fabalone. 

l'he f"'rccnl"ge of phagocytic llacmoc)1C8 was significanlly (T\\i{)-way ANOVA, AppcndL~ D, 

Tukey te.st, 1'<11.(15) gre"ler in abalon~ kd a kdp diet supplementcd witll ,train (:4 at day I 

comparcd to ahalonc t;'d a ,land"ru kelp Jiel (Figu1\: 4B). At day 2 llOwewr, the perccntage of 

ph"l?<x;yli~ ha~lllocytc' in ah.aionc fed a standard kelp diel iocrea:l<:d l{) k .. cls equal to that of 

ah"lon~ led a kclp diet .supplemcntcd with strain C4 "nJ no di[f~reoce wa, obs~rv~d belween III<: 

two groups for the rem.ainJer of lhe expcnmental p<:riod. There was no changc in (1", p::rccnlagc of 

phagocytic haemocytcs during Ih~ 10 days post infection in ahaione led a kelp diet <uppkm~tlled 

with 'Imin (:4. 

Siguilkanl diII~rcn"es werc observed in III<: production of supemxide anions between abalon" fed 

a standard kelp dict and ahaion~ fed a kelp Jiet ,upplemen~d with s[min (:4 (Figun.: 4('). AI day 1 

and day 7 post infection ,uf"'",,,iJe ani{)n producllOn wa. :lignificanliy (T WO-W"y ANOVA. 

Appendix D, Tukey, t~st, p<II.II~) greal~r in "balone f~d a kelp dIe! .upplcm~ntcd with strain C4. 

At days 2, 4 and 10 Ih~ proouc!ion ohup<:roxid~ anion was greatcr in abalonc fed a standard kelp 
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Figure 4. Comparison of abalone fcd a standard kelp diet (_ ) and abalone fed a kelp diet 

supplemented with strain C4 (.) challenged with (he pathogen V anguillarum_ Bars 

represent (Aj number of hacmocytes. (H) percentage of phagocytic haemocytes. (C) 

intracellular superoxide production and (D) intraceHular superoxide production in the 

presence of stimulant. Error bars depict standard errors determined from four 

experiments. Asterisk (0) indicates a significant (p<OJ)S) diO'erence between a kelp diet 

supplemented with slmin C4 and standard kelp diet at that sample point. 
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diet compared to abalone fed a kelp diet supplemented with strain C4. In abalone red a kelp diet 

supplemented with strain C4 there was a decrease in sllpcroxidc anion production at 2 day,; post 

infection, followed by an increase at 4 days post inkction. There was no change at day 7, there was 

however a decrease in supcroxidc anion production at 10 days post infection in abalone red a kelp 

diet 5upplemented with strain C4. There was no significant change ill slIpcroxidc anion production 

in abalone fed a standard kelp diet lIntil 4 days post infection, at which point production increased. 

This increase was followed by a decrease at 7 day~ pOSl infection j(ll1owed by anol)l€T mcrease at 10 

days post infection. 

The addition of stimulant indicated that abalone fed a kelp diet supplemented with strain C4 had 

grcater potcntialto produce superoxide anions at day I and day 4 post infection At day 1 post 

infection, superoxide anion production was signiticantly (Two-way ANOVA, Appendix D, Tukey 

test, p<0.05) greater [n abalone fed a kelp diet sllpplemented with strain C4. 1l1Crc was no 

difference in stimulated sllperoxide anion production m abalone fed a standard kelp diet or abalone 

fed a kelp diet supplemented with strain C4 at 2 and 7 days post mfection. At:2 days post infection 

there was an increase in the pmduction of superoxide anion production in both groups of abalone. 

PrO<111ction remained unchanged in abalone fed a kelp dlet supplemented with strain C4 but 

decreased in abalone fed a standard kelp diet at .\ days post infection. At 7 days post mfeetion there 

was a dramatic decrease in superoxide anion pnxiuction in abalone fed a kelp diet supplemented 

with strain C4 and no change was observed in abalone fed a standard kelp dict. At 10 days post 

infection there was a ,i gmfieant increase 111 superoxlde alllon production in both groups 0 r abalone, 

however production was greater m abalone fed a standard kelp diet. 

Haemolymph isolated from abalone Jed a standard kelp diet and infected with V "nguillarum 

contained sigm ficanlly (SllIdelll' s I-test, p<0.05) higher numbers of V anguiflarum at days I, 2 and 

4 post infection compared to abalone fed a kelp diet supplemented with strain C4 (Figure 5). The 

highest number or V anguillanlm in the haemolymph wa, observed at I day post infection in both 

groups or abalone, however abalonc fed a standard kelp diet had significantly higher numbers of V 

"nguillarwlI (124 cfullO" hacmocytcs) compared to abalone fed a kelp diet supplemented with 

strain C4 (53 cfll/ 106 haemoc:-tes). At day 7 there was no signiticant dirference bcl\\'ecn the 

numbers 0 f V a nguillarum L n the h aemolymph rrom abalone red a kelp diet supplemented with 

strain C4 and abalone fed a standard kelp diet. However, abalone fed a kelp diet supplemented with 

strain C4 exhibited no diseasc symptoms althis time point. 
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Figure 5. Number of V. angui/larum cells isolated from 10" hacIllOC)1cs of abalone fed either a kelp 

diet C-) or a kelp diet supplemented with strain C4 (-) . .Error bars depict standard errors 

derived From four experiments. Asterisk (*) indicates a significant difference between 

abalone fcd a standard kelp diet and abulonc fed a kelp diet supplemented with strain C4 

at that ~pling JXlint. 

Abalone fcd a kelp diet supplemented with strain C4 ror two 'Weeks prior 10 infection with V. 

anguillarum showed signilicanlly (Student's I-test) lower cumulative mortalities (1.7) compared to 

abalone fed a standard kelp diet (7.6) and abalone fed a kelp diet supplemented with strain C4 only 

from the time of infection (6.3) (Table 2). There was no significant difference in mortalities 

hetwccn abalone fed a standard kelp diet and abalone fed a kelp diel supplemented with strain C4 

from the time of infection. 

All abalone fed either a standard kelp diet or a kelp die! supplemented with strain C4 from the time 

of infe<:tion shov.'Cd disease symptoms (inability to adhere to substrate. blistering on 1001 muscle). 

Abalone red strain C4 supplemenled kelp two weeks prior 10 infection thaI showed disease 

symptoms all recovered by day 4 post infection. while abalone fed a standard kelp diet and abalone 

led a kelp diet supplemented v.ith strain C4 from the time of infection still showed s)'1llptoms of 

disease at the cod of the experimental period. 
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