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Abstract 

Bdel lovibrionaceae ( B D)  are un ique, predatory, endoparas it ic,  Gram-negat ive bacteria .  As the 

world ' s  sma l l e  t l iv ing hunter they prey on other Gram-negative bacteria giving them potent ia l  

as b io logica l  control agents. Prior to th i s  study, however, there were no reports of BD in  New 

Zealand.  The overa l l  a im of th i research was to i so late BD from New Zea land ources, 

characterise them and investigate their potentia l  ro le  as a biological  control agent. The h istory, 

characteristics, l i fe cyc le  and mechanism of predation of th i s  organism are rev iewed and the 

poss ib i l i ty of the i ndustria l  appl i cations of BD, are di scussed. 

In this study, a ha loph i l i c  spec Ies of BD was iso lated from fourteen coastal sea water sites 

around New Zea land. Thi l1een iso lates were characterised us ing proven characterisation 

techniques i nc l ud ing genera l ,  microscopic and mo lecu lar techn iques. It was found that the 

iso lates were taxonomica l l y  ident ical or very c lose ly  re lated to each other and be long to the 

genus Bacteriovorax. 

The predation pattern of BD isolates was examined against a group of Gram negative bacteria in 

sol id and l iqu id media .  The predation patterns and effic iencies of the di fferent BD isolates were 

s imi lar, which confirms that the BD isolates are c lose ly  re lated, are selective in their predation, 

and prey on some Gram-negative bacteria but not a l l .  

The rapid  loss o f  cu l ture viabi l i ty o f  BD i s  wel l  known, but n o  studies have been reported t o  date 

on the surv iva l  of pure cu l tures of BD at d ifferent temperatures. The surv ival rate of BD in dcnsc 

suspens ions at d ifferent temperatures without host bacteria was i nvestigated and it was observed 

that pure BD cu ltures can be stored with min ima l  reduction in numbers at temperatures ranging 

from 4°C to 20°C. However, s ign i ficant reductions in numbers were observed at _ 1 8°C, 30°C and 

3 7°C after 1 3  to 16 days. 

The effects of the 1 3  New Zeal and BD i so lates on the growth of a populat ion of Photobacteriul11 

phosphoreul11 were examined to e lect the best iso late for in vitro appl ication. A l l  of the iso lates 

tested had considerable reduction effect aga inst P. phosphoreum. Some i o lates were more 



11 

effective than others, despite their taxonomic simi lar i ty to each other. The isolate OT2 was 

selected for further studies based on these resul ts. 

The in vi/ro efficacy of BD was assessed aga inst l ate exponent ia l  cu l tu res of a seafood spo i l age 

bacterium, P. phosphorelll11, orig ina l ly  iso lated from Cod fi l lets from Denmark . Log 1 o reductions 

of P. phosphoreum and ome other Gram-negat ive bacteria ranged from 4.5 to 4 . 8  after 9 h of 

incubat ion at 25°C.  BD was effect ive in reducing the numbers of P. phosphoreul11 at pH 5 . 5  to 

8 . 5  and sal i n i ty 0 .9 to 4 .5% ( w/v) .  A sign ificant interaction was observed between the prey and 

predator concentrat ions and nutrient concentration. Prey concentrat ions were ob erved to be the 

most vi ta l  factor in predation and the most favourabl e  predation condit ions were at a prey 

concentration of �8 l og l o  colony fonning uni ts ( C FU )/mL, together with a predator concentration 

of 3 - 7 log l o  p laque fomling uni t  ( PFU )/mL and a prey : predator rat io of >5 .0. The thresholds 

of the prey and predator concentrations for predation were observed to be 3 . 7  l og l o CFU/mL and 

3 .9  log l o  PFU/mL,  respect ively.  The tria ls  carried out in this study focused on the efficiency of 

BD on a pure cu l ture of one organism, P. phosphoreum and not on mixed cu l tures of Gram­

negative spo i l age bacteria, the nomla l condi t ion ob erved in saltwater fish. There has been very 

l i t t le research i n  this field and the resu l ts of these tria l  suggest fulther i nvest igation i nto the 

effect of BD on mixed cu l tures of Gram-negative spoi lage organisms is warran ted. S ince only 

one isolate of BD ( OT2)  was examined against only one spoi lage bacteri um ( P. phosphoreum) in  

l iqu id medium, the evidence of these findings must be restricted to these part i cu lar condi t ions. 

Future studies, using a range of BD iso lates against a mixture of spoi lage and pathogenic 

organ isms in  so l id medium are warranted. 

The biopreservation capabi l i ty of BD in extend ing the helf l i fe of king sa lmon was evaluated. A 

sign i ficant effect was observed at 20°C but not at 1 0° . At 20cC the she l f  I i fe was extended 

through extension of the lag phase of growth of the prey bacteria and a reduction in total 

numbers atta ined .  Sensory eva l uation of the sa lmon product being tested confi rmed that the she l f  

l i fe was extended. However, a t  1 0cC there wa  no  reduction i n  prey organism , which ugge ted 

that the stra in of B D  used is ineffect ive at refrigeration temperatures. 
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C h a pter 1 

G eneral  I ntroduction 

1 . 1  Genera l review of  l i teratu re 

1 . 1 . 1  Early history of Bdellov ibrionaceae 

The unique, predatory, endoparas it ic, Gram-negative bacteria l  fami ly  Bde l l ovibrionaceae 

( B D)  are the world ' s  sma l lest l iving hunters :  they prey upon other Gram-negative 

bacteria, which makes them an i nteresting fami ly of organism.  I n  1 962, wh i l e  attempting 

to i so late bacteriophage from soi l samples, Sto lp  and Petzold  acc identa l l y  noted a number 

of odd p laques. Instead of tak ing just hours to appear, they took several days to develop 

and continued to grow for more than a week .  They termed this bacteri um Bdellovibrio 

bacteriovorus as a s ingle genus and speci es ( Stol p  and Starr, 1 963 ) .  The name 

Bdellovibrio comes from the Latin, ' bdella, ' which means leach-l i ke, and vibrio, which 

means curved bacteria .  The morphology, phy io logy and deve lopmenta l cyc le  of BD 

have been stud ied in great deta i l  ( Sto lp  and StarT, 1 963;  Sh i lo, 1 969; Abram and Davis, 

1 970; StarT and Seid ler, 1 97 1 ) . However, knowledge of their ecology and taxonomic 

c lass ification is l imi ted and often controvers ia l .  

1 . 1 .2 Morphology of Bdellovi brionaceae 

BD was sugge ted by Sto lp  and StarT ( 1 963 ) to be in the order Pseudomonada l es, which 

are considerably  narrower than ord inary bacteria ,  but the organism is now c lassified in 

the order of Bdel lovibriona l es ( W i l l iams e t  al. ,  2003 ) .  Their e l ectron microscopic 

observations revealed that th is  group of bacteria are sma l l ,  curved, c learly v ibrio-shaped, 

about 0.2 Ilm in length and 0 . 3 5  Ilm in width, possessing a l ong, unusual ly  th ick,  s ingle, 

sheathed polar flage l lum approximately  50 nm in length. 

BD colonies do not have any d ist inctive morphological features and thu are usua l l y  

characterised by  microscopi c examination. Severa l e l ectron microscopic tudies have 
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described their structural properties, intraperiplasmic invasion and features of their 

flage l lum ( Se id ler and Starr, 1 968; Abram and Davis,  1 970; Thomashow and R i ttenberg, 

1 985 ) .  Se id ler and Starr ( 1 968)  described the Bdellovibrio flagel lum as about 28 nm in  

th ickness and  un ifol111 i n  width ,  consisting of an inncr core ( ]  3 n m )  and a surrounding 

sheath ( 7 .5 nm)  ori gi nating from the cel l wa l l  and being conti nuous with the core. The 

flage l l ar sheath has been observed by vari ous investigators to be a continuous extension 

of the outer membrane of the ce l l  wal l  ( A bram and Sh i lo,  1 967;  Thomashow and 

R i ttenberg, 1 98 5 )  and the composit ion is s imi l ar to that of the outer membrane. The 

flage l lum of BD exh ib its two un ique morphologies: either a d i sti nctive damping wave 

with typical  decreasing amp l i tude and wavel ength from the ce l l  outward, or they appear 

re laxed with no regular waves ( Abram and Shi lo, 1 967 ) .  The entire flage l l um is lost 

during the attack i ng phase after its attachment to a suscept ib le  host .  

B D  exhibit  a typical Gram-negative morphology and consist of an outer membrane 

surrounding a th in  peptidoglycan layer. The chem ical composit ions of both the outer 

membrane and pept idoglycan are s imi lar to those of mo t of the G ram-negat ive bacteria 

except for the presence of sphingophosphonol ip ids ( S P N Ls )  in their ce l l  envelope. These 

comprtse a l arge proportion of the membrane l ipids ( Stei ner et al.,  1 973 ) but their 

functions are not known ( Wi l l iams et aI. , 2003 ) .  Steiner et al. ( 1 97 3 )  reported the 

presence of three S P N Ls in B. stolpii stra in  Uk i2 .  Jayasi mhulu  et al .  ( 2 007 ) confirmed the 

pre ence of 1 8  molecular species of B. stolpii Uki2  SPN Ls,  which were phosphonyl in 

nature. 

Starr and Baigent ( 1 966) examined the intel11al structure of BD by tran smis ion el ectron 

microscopy ( T E M ) .  They found that the ce l l  wa l l  consist of two el ectron dense layer 

separated by a midd le, l i ghter l ayer, whereas the ce l l  wa l l  of typical Gram -negative 

bacteri a consi sts of three e l ectron dense l ayers interspersed w ith two l ighter l ayers. 

Abram and Davis ( 1 970 ) studied the structural propert ie of the ce l l wal l using el ectron 

microscopy and confirmed the earl ier report of Abram and S h i l o  ( 1 967)  that the presence 

of severa l unique organel les may have a beari ng on it paras it ic  nature, and provi ded 

addit ional cri teria for their identification.  The pole, which attaches to the prey cel l ,  has a 
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characteri st ic  shape.  E lectron microscopic  examination of some negati ve ly-stai ned 

specimens has revea led severa l rigid, spike- l i ke fi l aments, 45-55 A in  d iameter and up to 

0.8  ).lm in l ength arising from th is  pole.  When present, these fi l aments are a lways an 

extension of the attachment pole, and it is thought that they may p lay a ro l e  in the 

attachment and penetration of the prey cel l .  

BD  have a wel l defined nuc leoplasm, surrounded by dense ly  packed granu les, which are 

presumab ly  ribosomes ( Starr and Baigent, t 966; Burnham et al. , 1 968) .  These workers 

observed the presence of mesosomes in the anterior region of the organism but they did 

not characterise the functional s ign ificance of their  presence. Bdellovibrio sp. strain W is  

not  on l y  capabl e  of the  typica l  a l ternation between an attack and growth phase, but  can 

a l so form a th ird, resi stant, mul t i l ayered resting stage with in the bde l lop last, ternled the 

bde l l ocyst ( Burger et aI. , 1 968;  H oeniger et aI. , 1 972;  Tudor and Conti ,  1 977) .  These 

invest igators demonstrated i ncreased res i stance of these bde l locysts to unfavourable 

condi tions, uch as h igh temperature, desiccation and di sruption. 

1 . 1 .3 Phys iology of Bdellovibrio naceae 

BD are mesophi l i c  orgal11sms wi th  an opt imal growth temperature of 20 to 30°C .  

A l though some marine stra ins have been found to  grow a t  temperatures as l ow as  6°C, 

other isolates grow at up to 37°C ( R ichardson, 1990).  Some strains of BD can be 

converted to be host-independent ( H I ), or facu l tat ively predacious fo 1111 5 , by growing 

them in a medium enriched with cel l  extracts ( Seidler and Starr, ] 969) .  

Lit t le  i s  known about t he  energy metabo l ism of  BD.  H espe l l  ( 1 976 ) ind icated that BD  

have a strict respiratory type of  metabol i  m with oxygen a s  t h e  teml ina l  e lectron 

acceptor. They possess an e lectron transport chain with typical  cytochrome components, 

and a functional c itric ac id  cycle .  The generation of adenosine  triphosphate ( A  TP)  by B D  

i s  accompl i shed main ly  b y  oxidative phosphorylat ion during e lectron transport. They are 

obl igatory aerobic organisms and oxygen is requ ired for their moti l i ty, for attachment to 

their host, for the growth of the host independent ( H I )  stra ins, and for intraperip lasmic 
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development ( Varon and Sh i lo, 1 968; Seid ler and Starr, 1 969 ) .  S impson and Robinson 

( 1 968)  observed that azide and cyanide inh ib i ted endogenous respirat ion of B. 

bacteriovorus stra in  6-S-S, which conta ins cytochromes, enzymes of the tricarboxyl ic 

acid cycle, reduced nicotinamide adenine d inuc leotide oxidase and low levels of some 

g lycolyt ic enzymes. They suggested that stra in  6-S-S obta ins energy by oxidative 

phosphory lat ion during e lectron transport and by substrate- l evel  phosphory lat ions of the 

g lycolyt ic system. 

Ri ttenberg and Sh i lo  ( 1 970) studied the early host damage in the infection cyc l e  of BD 

and found that t h e  respiratory apparatus of  the host organism was non-functional short ly 

after the attack and growth of BD. They suggested that  BD must generate their own 

energy during intraperiplasmic growth.  H espe l l  et a/. ( 1 973 ) studied the ox idation rates, 

respiratory quotients ( RQ )  and the energy substrates for i ntraperip lasmic growth and 

showed that amino acids, derived from protein breakdown, served a a major energy 

source during intraperip lasmic growth of Bdellovibrio on i ts host. They observed that 

g lutamate and synthet ic  and natura l  amino acid mix tures were oxid ised by suspensions of 

free BD ce l l s  and the oxidation of these compounds l argely  i nhib ited the endogenous 

respiration of BD ce l l  materia l ,  which pro longed the viabi l i ty of free BD cel l s .  They al 0 
found that the RQ of the BD cel l s  changed from a value characteristic of the ox idation of 

glutamate or of a balanced amino acid mixture very short ly after the BD attack on i ts  

host. They further demonstrated that  g lu tamate or a mixtu re of amino ac ids in the extel11a l  

envi ronment contributed to the carbon dioxide produced by the BD cel l s  growing 

i ntraperip l asmical ly .  

1 . 1 .4 Life cyc le of Bdellov ibrionaceae 

Early researchers when observing their d ist inctive l i festy les sometimes described BD as 

e i ther ' parasites' due to their  c lose rel at ion hip wi th  host bacteria or as ' predators ' 

feeding on another l iving organism ( Ruby, 1 992 ) .  Due to the nature of their propagation, 

BD have a biphasic l i fe cyc le .  They have a non-growing mot i l e  predatory phase cal l ed 

the ' attack phase ' and a nonmot i l e  in trace l l u lar reproductive phase ca l l ed the ' growth 
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phase' or 'mu l t ip l i cation phase ' .  D ifferent stages of the predatory developmenta l cyc l e  of 

BD are shown in Fig .  1 . 1 .  The attack phase cel l s  are sma l l  v ibroid to rod-shaped, 

flage l l ated, do not exhib i t  chromosome rep l i cation or ce l l  pro l i feration ( Ruby, 1 992 ) .  I n  

this phase, the ce l l s  swim a t  h igh speed ( capable  o f  covering d istances exceeding 1 60 

�m/s) using a s ingle sheathed polar flage l l um with a characterist ic dampened fi lament 

waveform (Thomashow and R i ttenberg, 1 985 ) .  Rendu l i c  et al. ( 2004) and Lambert et al. 

( 2006 a) detected six c l usters of moti l i ty and flage l lar synthesis genes together with s ix 

copies of flage l l  i n  genes (jliC) at four i ndependent loci i n  both B. bacteriovorus 1 09J and 

B. bacteriovorus H D I OO. Lambert et al. ( 2006 b) reported that on ly one flage l lar  fi lament 

protein  ( flage l l i n )  was necessary for flagel lar assembly, moti l ity and effic ient predation 

whi l e  the other flage l l ins p lay a minor rol e  i n  the structure of the flagel l ar fi l ament. The 

mobi l i ty of BD ce l l s  enables it to co l l ide with prey bacteria randomly and the use of 

chemotax is for locating the prey cel l s  varies between B D  i sol ates. A group of researchers 

( Stra ley and Conti, 1 974; LaMalTe et al. , 1 977 ;  Stra ley and Conti ,  1 977 ;  Stra ley et al. , 

1 979) studied the chemotaxis  assay system of BD and concluded that at l east some trains 

of BD locate their prey cel l s  by means of chemotaxis .  Stra ley et al .  ( 1 979) observed that 

B. bacleriovorus strain Uk i2  exhibi ts a chemoattraction to soluble nutrients such as amino 

acids and other organic compounds, which probab ly increases the chances of a co l l i s ion 

with prey ( W i l l iams et aI. , 2003 ) .  Lambert et al. ( 2003 ) observed that d i sruption of the 

gene that encodes a s ingle methyl -accept ing chemotactic protein ( MCP)  decreased the 

predat ion effic iency of B. bacteriovoms I 09J . Lambert et al. ( 2006 b )  rev iewed the 

works related to chemoattraction and suggested the bias moti l i ty of BD towards prey-ri ch 

areas possibly the biofi lms .  Recent ly ,  Chauhan and W i l l iams ( 2006) investigated the 

chemotact ic  response of direct ly concentrated aquatic environmental samples against 

yeast extract, casamino ac id, dextrose, succinate, pyruvate and concentrated cel l s  of V. 
parahaemofvticus. They observed that the aquatic bacteria, which they identified as 

Pseudoalteromonas spp. ,  Marinol11onas spp . ,  Bdellovibrio spp. and Bacteriovorax spp. 

showed strong chemoattraction to only  yeast extract and casamino acid .  
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Fig. 1 . 1  The pred atory develop men tal  cycle of Bdellovi brionaceae ( B D )  (fro m Saint  
Joseph ' s  U n iversity web page, 2006). 

Growth phase cel l s  are intracel l u l ar, fi l amentous and immobi le, can in i t iate chromosome 

rep l i cat ion and increase in s ize as s i ngl e, e longat i ng, spira l  cel ls with an unsepted 

cytopl asm ( R uby, 1 992) .  The growth or mult ip l ication phase of the l i fe cyc l e  of the 

bacteri um begins when B D  has col l ided with a prey cel l .  Fol lowing the in i t ia l  co l l i sion, 

two stages of attachment take place; B D  cel ls rema in  reversib ly and non-spec ifica l l y  

attached t o  t h e  prey for a short recogn it ion period, which i s  fo l lowed b y  a n  irrevers ib le 

and specific  attachment via the pol e  opposite the fl age l l um. Rendu l i c  et al. (2004 ) found 

mul t ip le  candidate genes for adhesion in the genome and they suggested active adhesion 

by mult ip le  p i l i  genes besides pass ive prote in-protei n  and LPS- LPS i nteractions between 

outer membrane components. Schwudke et al. ( 2 005 ) con fi mled increased expression of 

the host-interaction locus ( h i t  locus) and putative pi l i n genes (jlp l )  during the attack 

phase, when the bacteri um penetrates the outer membrane and the pept idoglycan layer of  

the  prey cel l ,  generat ing a sma l l  opening, wh ich  is subsequent ly resealed .  I t  has been 

shown that a variety of enzymatic  activit ies, degradative and biosynthetic modifications 

occur at this t ime ( R uby, 1 992 ) .  Thomashow and Ri ttenberg ( 1 978a,b,c) detected several 

enzymes inc luding a g lycanase, a peptidase, an N -deacetylase, an acyl ase d irected again t 

the prey peptidoglycan, a L PSase, and an enzyme that removes the Braun ' s  l i poprote i n .  
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Rendu l i c  et al. ( 2004 ) described the candidate genes for th i s  enzyme, which inc l ude 

serine-, cysteine-, aspal1ate- and metal -dependent proteases. Once with in the host, BD  

loses i ts flage l l um and resides in the periplasmic pace of  the prey ce l l .  The prey cel l 

loses i ts rig id i ty and is converted i nto a spherical structure, consist ing of the inact ive 

invaded cel l and the developing BD.  This i s  termed the 'bdel lop last ' .  The perip lasmic 

compal1ment i s  apparent ly no longer d ist inct ly separate from the cytoplasm or 

extracel l u lar env i ronments ( Cover and R ittenberg, 1 984; Crothers and Robin on, 1 97 1 ) . 

The characterist ic types and amounts of macromolecu lar components of the periplasm, 

change, with some being lost to the exterior and others becoming ava i lable to the BD .  

The  invading cel l then e longates un id i rectiona l ly  un t i l  i t  has increased i n  l ength 

approximately 20 t imes. The extension occurs at the non-flage l lated end of the BD, the 

flage l lated end having been converted into a holdfast type structure. The e longated spira l ­

shaped ce l l  then undergoes concunent mu l t ip l e  septations and fragments into mul t ip le  

uni t  l ength ce l l s .  The bde l loplast then ly  e and the progeny BD are re leased to carry out 

the attack phase of their l i fe cyc le .  

The l i fe cyc le  of B D  ha been studied by phase contrast microscopy, e lectron microscopy 

and atomi c  force microscopy ( Seid ler and Starr, 1 969; Varon and Sh i lo ,  1 968; Varon and 

Sh i l o, 1 969a; NUI'iez et al. , 2003 ) .  Varon and Sh i lo  ( 1 969a)  investigated the interaction of 

BD ce l ls and host bacteria and found that under su i table cond i t ions ( inocu lum size, i n i t ia l  

host concentration ,  t ime of incubation, med ia )  the attachment of young and act i ve BD 

ce l l s  to the host cel l i s  a rapid process, which was completed wi th in a few minutes after 

host and parasite were mixed. They observed that the growth rate of BD was not 

s ignificant ly affected by the inoculum size or by the in it ia l  host concentrat ion. The final  

y ie ld was a l so unaffected by the inocu lum size but was markedly  influenced by the in i t ia l  

concentration of the host ce l l  in  the medium.  They detected a l inear re lat ionship between 

the host concentration and the BD yie ld and found the h ighest y ie lds obtained under these 

cond i t ions were upto 7 . 5  x 1 0 1 0  PFU / mL .  They observed that the number of PFU of BD 

cel l s  growing under standard envi ronmental condit ions increased rapid ly after a two to 

four hour l atent period, which they indicated was s imi l ar to bacteriophage growth. 
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N unez et al. ( 2 003 ) investigated the l i fe cycle of B. bacteriovorus 1 09J using atomic 

force microscopy. They studied the predator-prey communities grown on fi l ters at 

hydrated air-so l id  in terfaces, with repeated cyc les  of hunt ing,  invasion, growth and lys is .  

They obtained evidence for mUlt ip le invasions per prcy cel l  as wel l as s igni ficant 

heterogeneity in the morphology of B D .  

Rendu l ic  e t  al. (2 004 ) stud ied the l i fe cyc le o f  BD from a genomic perspective. They 

reported the complete genome sequence of B. bacterio vorus stra in  H D  I 00, which can 

grow only in  the presence of prey and found 3 , 782,950 base pairs (bp )  on a s ingle c ircular 

chromosome encoding 35 64 proteins .  Surprisingly, they d id not detect any evidence of 

recent gene transfer from its prey . 

J . 1 . 5 M echa nisms of predation 

To enter the periplasmic region of a substrate or prey c e l l ,  a B D  must pass through the 

substrate cel l ' s outer membrane and peptidoglycan layer. Two mechan isms have been 

proposed to expla in  the format ion of th is  pore, vi . mechanica l  dri l l ing ( Starr and 

Baigent, 1 966) or enzymat ic d ige tion of the ce l l  wa l l  ( Enge l k ing and Seid ler, 1 974; 

Fackre l l  and Robinson, 1 973 ;  Huang and Starr, 1 9 73 ) .  After penetration, the BD and the 

substrate ce l l  are converted into a bde l l oplast.  Prey ce l l  DNA, RNA and proteins are then 

degraded in a h ighly regul ated fa h i on ( R ittenberg and S h i lo, 1 9 70; Mat in and 

Ri ttenberg, 1 9 72; Rittenberg and Thomashow, 1 979) .  At th i s  point, B D  i n i t iates DNA 

rep l ication as i t  elongates into a mu l t i -cel l  fi l ament. When the prey ce l l '  components are 

exhausted, the fi lament fragments into daughter ce l l s ,  each of which synthe izes a new 

fl age l lum. A lytic enzyme i s  then produced which ru ptures the bdel l op l a  t and re leases 

the attack phase ce l l s .  

E lectron microscopic studies have suggested that to  accompl i  h the inva ion,  an entry 

pore is created in the substrate ce l l ' s wal l  l ayers through which the BD pas e ( A bram et 

al. , 1 974; Bumham et al. , 1 968; Stan and Baigent, 1 966 ) .  Thomashow and Rittenberg 

( 1 978b)  suggested that B D  could mechanica l l y dri l l  i ts way through the outer membrane 
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which i s  composed of phosphol ipids, protein and l i popolysaccharide ( LPS)  assembled i n  

a three d imensional structure by  non-cova lent interactions. To  pass through the 

peptidoglycan layer, however, covalent bonds must be ruptured, which i s  un l ike ly to be 

accompl i shed mechanica l l y  by the dri l l ing act ion of BD. A l though there are exceptions, 

i nc luding B. bacteriovorus 1 09J (Thomas how and Ri ttenberg, I 978c) ,  the peptidoglycan 

l ayer of most bacteria l  ce l l s  i s  respons ib le  for mainta in ing the cel l ' s  osmoti c  tab i l ity in 

hypotoni c  envi ronments. When the integrity of this l ayer i s  d isrupted, the cytoplasmic 

membrane of the cel l ruptures and the cel l  lyses. Therefore, BD must break enough 

cova lent bonds in the peptidoglycan layer of the ubstrate ce l l to make a pore through 

which it can pass, but it must a l so l imi t  the number of bonds broken so that the substrate 

ce l l  does not l yse prematurely .  

Thomashow and Ri ttenberg ( 1 978c;  1 978d)  demonstrated a number of enzymes such as  

( i )  a g lycanase, ( i i )  a pept ida e ,  ( i i i )  an N -deacetylase, ( iv )  an acylase, (v )  an activity 

removing Braun l ipoprote in,  possib ly a protease, and ( vi )  a final lyt ic act iv i ty enzyme 

d i rected again t the modified peptidoglycan, that solubi l i se and mod i fy the peptidoglycan 

l ayer of Escherichia coli when it erves as the substrate organ ism for BD intraperiplasm ic 

growth. They a l so reported that an enzyme( s )  c l eaves g lucosamine from the L PS of the E. 

coli. 

Thomashow and R i ttenberg ( 1 978a; 1 978b; 1 978c;  I 978d)  mentioned that g lycanase and 

LPSase were active only during B D  penetration, whereas the pept ida e was active 

throughout most of the BD growth phase. They proposed that glycanase and LPSase 

m ight be respons ib le  for making the entry pore in the E. coli ' s  peptidoglycan and LPS 

l ayers, respectively. The  glycanase and/or the  peptidase could be  responsib le for 

permitt ing convers ion of the ubstrate cel l to a spherica l  shape. They con idered the N ­

deacety lase enzyme as a stab i l i zing enzyme, a l so active early i n  the i ntraperip lasmic 

growth cyc le .  They be l i eved that the -deacetylase stabi l izes the bde l l op last structure by 

bringing the potent ia l ly  lytic g lycanase act iv i ty to a halt by ubstrate modification soon 

a fter BD penetrat ion is complete. 
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Once the B D  penetrates into the periplasmic space o f  the substrate organism and 

stab i l i zes the bde l lop last structure, it grows and produces progeny BD .  Then, with 

complet ion of growth, BD synthesizes a new enzyme( s )  that complete ly o l ub i l ises the 

remain ing pept idoglycan (Thomashow and Ri ttenbcrg, 1 978b)  and the progeny BD are 

re l ea ed. 

Paracrysta l l ine protein surface arrays ( S- Iayers ) are present i n  many Gram-posit ive and 

Gram-negative bacteria and archaebacteria ( S leytr and Messner, 1 983 )  and these may 

prevent attack by predators such as bacteriophages or BD spp. The S- Iayer protein  i s  a 

major component of the ce l l  and can consti tute up to 1 0% of the total ce l l u lar  protein .  I t  

covers the entire ce l l  and i non-cova lent ly associated w i t h  the underly ing components of 

the ce l l  envelope. Most of the suscept ib le  prey ce l l s  for BD do not possess S - Iayers. 

H uang and StarT ( 1 973 ) reported that some organi sms  conta in ing S- Iayers might be 

suscept ib le  to predation, but on l y  when naked. Buckmire ( 1 97 1 )  observed that 

Aquaspiri//ul11 serpens Y H A  was res i stant to predation by B. bacteriovorlls 6-5-S,  but the 

cel l s  were suscept ib le  to predation when the S- Iayer protein was removed from intact 

ce l l s  by guan id ine hydroch loride treatment. Koval and H ynes ( 1 99 1 ) studied the effect of 

S- Iayer on predation by BD isolate and confi llned that ce l l s possess ing complete S­

l ayers were protected and those wi th incomplete S- Iayers are eventua l l y  parasit ized when 

exposed to competent BD stra ins .  



1 1  

1 . 1 .6 Cell-associated Bdellov ibrion aceae prod ucts 

1 . 1 .6. 1 L ipopolysaccharide 

BD growing intraperip lasmica l ly  synthesise nuc le ic  acids, proteins and l i pids from 

monomenc units derived from homologous macromolecules of the substrate cel l 

( R i ttenberg and Thomashow, 1 979) .  I n  contrast, components of the substrate cel l s '  

peptidoglycan are not uti l ized by  B D  ( Ri t tenberg and Thomashow, 1 979) .  These 

observations raised the question as to whether BD uti l i zes substrate ce l l  

l ipopolysaccharide ( LPS)  components as precursors for the synthes i s  of its own LPS that 

might be required for structura l i ntegri ty of the bde l lopl ast. 

Ne lson and Rittenberg ( 1 98 1 )  obtained data that c l early showed that B D  derive a large 

proportion of the l i p id A p0l1ion of thei r LPS from l i p id A component of the substrate 

cel l .  They deteml ined the composi t ion of BD l ipopo lysaccharide ( L PS)  for cel l s  grown 

axen ica l l y  and intraperip lasmica l ly on E. coli or Pseudomonas plItida. The LPS of 

axenica l l y  grown BD contained g lucose and fucosamine as the on ly  detectable neutral 

sugar and amino sugar, and nonadecenoic acid as the predominant fatty acid. Addit ional 

fatty acids, heptose, ketodeoxyoctoic acid, and phosphate were a l so detected . The data 

show that L PS from B D  grown i ntraperiplasmical ly  contained components characteristic 

of both axen ica l l y  grown BD and the substrate ce l l s .  Substrate ce l l -derived LPS fatty 

acids made up the majori ty of the BD LPS fatty acids and were present in about the same 

prop0l1ions as in the substrate ce l l  LPS .  G l ucosamine derived from £. coli LPS amounted 

to about one-th ird of the hexosamine res idue in intraperip lasmica l l y-grown BD LPS .  

However, ga lactose, characteri stic of the  £. coli outer core 0 antigen, was  not detected in  

the  BD LPS, suggesti ng that on ly  the  l ip id A components of the  substrate ce l l  were 

incorporated . Schwudke et al. (2003 ) detected the neutral l i pid A from B. bacteriovorus 

H D I 00 which had a unique structure, uggest ing the de 170VO ynthesis of 

I ipopolysaccharide by the predator. 
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Thomashow and R ittenberg ( 1 978c)  found that bde l loplast peptidoglycan was resi tant to 

l ysozyme digestion because of the presence of muramic acid and g lucosamine, which are 

not N-acetyl ated. They suggested that the molecu le  responsib le  for hydrophobic 

i nteractions i n  the in it ia l  stages of BD development was not a protein ,  but might be a long 

chain fatty acid. Thomashow and Rittenberg ( 1 978d)  observed that the peptidoglycan of 

E. coli becomes acylated wi th the long chain fatty acids, pal m it ic  acid ( 60%) and o le ic 

acid ( 20%), during the i n it ia l  stages of intraperip lasmic growth of BD. 

1 . 1 .6.2 N ucleic acid 

The nucle ic acid metabol ism of BD during in traperip lasmic growth inc ludes the 

degradation of the substrate organism's  nucleic ac ids ( Hespel l et 01. , 1 975 ;  He pe l l ,  1 978; 

Mat in  and R ittenberg, 1 972 ) .  These processes appear to be highly regu lated. The 

degradation of the DNA and RNA of the substrate organ ism into large fragments i s  

apparent ly  compl eted prior to  the  in i t iat ion of bu lk  synthesis of  BD nucle ic acids. BD  

preferentia l ly  ut i l izes the degraded nucle ic acid fragments a s  precursors for i t s  own D A 

and R A synthesi ( Hespel l et al. , 1 975 ;  Hespel l ,  1 978 ;  M at in  and R i ttenberg, 1 972) .  

Mat in and Rittenberg ( 1 972 ) observed that the  DNA of a substrate organism was rapidly 

and completely degraded into p ieces with in  45 to 60 min of a 3 to 4 hour growth cyc l e, 

and was reta ined i n  the bde l lop last . The BD then in i t iated i ts  own DNA synthesis. The 

authors suggested that the rate of breakdown of the DNA fragments to so lub le  pieces and 

the rates of BD uptake and polymerization of the e DNA products were s imi lar. At the 

completion of BD development in a ce l l  of n0l111a l  composit ion, about 30% of the in i t ia l 

DNA of the substrate organ ism i s  o lubi l i sed and the rema in ing 70% is incorporated into 

B D  DNA.  

The h igh ly  regu lated nature  of DNA degradation suggests that BD enzymes are 

respon ib le  for th is  process. H owever, the poss ib i l i ty that the DNAses of the substrate 

ce l l  function exc lusively or in concert with B D  enzymes for 0 A breakdown must a l so 

be cons idered. Rosson and Ri ttenberg ( 1 979) presented data on D Ase act ivi ty and the 

k inetics of substrate cel l D N A  breakdown during intraperip lasmic growth of BD on 
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normal  and heat-treated E. coli and concluded that the regu lated degradation o f  the DNA 

of t he  substrate organism during development of B D  i s  a consequence of  sequentia l  

synthesis and activity of the DNAses of the BD .  

1 . 1 .6.3 E nzymes 

B D  produces a variety of enzymes targeted aga inst the prey ce l l  envelope when it 

parasit izes a suitab l e  host. Both Fackre l l  and Robinson ( 1 97 3 )  and H uang and Starr 

( 1 973 ) detected muramic acid hydro lase and two lyt ic enzymes ( one lysozyme-I ike and 

the other a peptidase ) in the cu l ture flu id of BD .  Thomashow and Ri ttenberg ( 1 978b; 

1 978c)  studied the intraperiplasmic growth of B. bacteriovorus 1 09J i n  an E. coli prey 

cel l and detected four enzyme activ i t ies (g lycanase, peptidase, N-deacety lase and 

protease) ,  which were actively i nvolved in so lub i l i sing the peptidoglycan l ayer of the 

substrate cel l  and u l t imate ly  making an entry pore into the host ce l l .  

1 . 1 .6.4 Membrane proteins 

Tudor and Karp ( 1 994) detected a protein in the cytop lasmic membrane of BD-infected 

prey ce l l s  which shows s imi larity to the outer membrane protein OmpF .  They did not 

observe this protein  in preparations of non-invaded E. coli, but i t  appeared with in minutes 

of attack and persisted throughout the i ntraperiplasmic developmenta l cyc le .  It is bel i eved 

that BD e ither implants an outer membrane protei n  of i ts own into the prey ce l l ' s 

cytopl asmic membrane, or translocates an outer membrane protein  belonging to the prey 

cel l into the cytop lasmic membrane .  This  would  resu l t  in the instant and complete 

co l l apse of the membrane potent ia l ,  which would k i l l  the ce l l ,  and its cytoplasm would  be 

a l l owed to leak i nto the perip lasm to feed the growing BD ( Diedrich et al. , 1 984; Ta l l ey 

et al., 1 987 ) .  Later, McCann et 01. ( 1 998)  observed over 30  polypept ides at various t imes 

in a synchronously growing cu l ture of B. bacteriovorus stra in  1 09J, us ing two 

d imensional ge l analys is .  The polypept ides fal l  i nto n ine categories: attack phase specifi c  

or one  of eight different k inetic groups. Beck et al. ( 2004 ) revealed that major OM Ps  

( OmpF, OmpC and one other protein of unknown function ) of B. bacteriovorus strains 

were not homologous to the respective OM P of prey sequences, suggesting that i ntact 
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outer membrane proteins are not incorporated directly from prey ce l l s  ( Lambet1 et al. ,  

2006 b ) .  

1 . 1 .  7 Taxonomy of Bdel lovibrionaceae 

In the eighth edit ion of Bergey ' s  Manual " of Determinative Bacterio logy, Bumham and 

Robinson ( 1 974) described BD in the category of ' spiral and curved bacteri a ' .  BD were 

regarded as rnember of the fami ly Spi ri l l aceae, representing a genus ( Bdellovibrio) of 

uncerta in  affi l iat ion. I n  addit ion to the origina l  spec ies, Bdellovibrio bacteriovorus ( Sto lp 

and Starr, ( 963 ), Se id ler et aI., ( 1 972)  estab l i shed two addi t ional spec ie , Bdellovibrio 

starrii and Bdellovibrio slolpii, l ater c lassi fied in the genus Bacleriovorax. 

I n  Volume One of Bergey ' s  Manual " of Systematic Bacterio logy, Burnham and Conti 

( 1 984 ) proposed an addi t ional spec ies, ' Bdellovibrio sp. ( marine tra in ) "  under the 

s ing le  genus Bdellovibrio based on the divers i ty of phys io logical  and biochemica l  

characteristics. A l though they described the genet i c  diversity of B. slolpii and B. slarii 

from the B. bacleriovorllS group, they suggested the necessi ty of a taxonomic separation 

with in the genus Bdellovibrio . However, despi te this ,  they recommended mainta in ing the 

previous taxonomy perhaps due to lacking the number of reports needed to propose the 

new taxa. 

In Volume Two of the second edit ion of Bergey ' s  Manual R of Systematic Bacterio logy, 

W i l l iams el al. ( 2003 ) p laced BD in the fami ly  of Bde l lovibrionaceae under the order of 

Bde l lovibriona les .  They divided the fami ly  into four genera, Bdellovibrio, Baclerivorax, 

Micavibrio and Vampirovibrio. The genera Bdellovibrio and Baclerivorax are 

different iated from Micavibrio and Vampirovihrio by their un ique intraperiplasmic 

predatory capab i l ity and the presence of a sheathed flage l lum; on the contrary, 

Micavibrio and Vampirol"ibrio are exoparasit ic on other bacteri a and conta in single, 

sheath less flagel la .  
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The genus Bdellovibrio consi sts of a s ingle species, B. bacteriovorus 243AL ( Stolp and 

Starr 1 963 ),  isolated from soi l ,  and i s  d ifferentiated from the genus Bacteriovorax based 

on its 1 6S rDNA ( ribosomal deoxyribonucle ic ac id)  sequencing pattern, genetic 

fingerprint ing, antibiot ic sens i t iv i ty pattern and host range characteri sation ( Wi l l iams et 

al. , 2003 ) .  Recent ly,  the genus Bacterivorax was rec lassified based on phylogenetic 

analysis of 1 6S rRNA ( ribo omal ribonuc le ic  ac id)  gene sequencing into four named 

spec ies :  Bacteriovorax sto/pii [ ( previous ly ca l l ed Bdellovibrio stolpii) Seidler et al. , 

1 972 ;  Baer et al., 2000] ,  isolated from terrestria l  or non-haloph i l i c  envi ronments; 

Bacteriovorax starii [ (previously cal l ed Bdellovibrio starii) ( Se id ler et al. , 1 972 ;  Baer et 

al. ,  2000] isolated from soi l in Cal ifornia, USA;  Bacteriovorax maril1l1s ( Schoeffield et 

al. , 1 99 1 ;  Baer et al., 2004) ,  isolated from ocean waters, US V i rgin I s land, and 

Bacteriovorax litoralis ( Schoeffield et al. ,  1 99 1 ;  Baer et al. ,  2004), i so lated from crab 

gi l l ,  Chesapeake Bay, USA.  Davidov and J urkevitch ( 2004 ) proposed to rename 

Bacteriov()rax starii as Peredibacler star;; under a new genus, Peredibacter. 

B D  can be div ided i nto two groups based on the requ i rement for sod ium ch loride. The 

ha loph i l i c  BD requ ire at lea t 0 . 58%(w/v) aCI to prey on bacteria i n  cu l ture ( Reichel t  

and Baumann, 1 974), whi l e  the telTestria l  i so late are inh ib i ted by 0. 85%( w/v) or h igher 

concentrations of salt ( Varon and Sh i lo, 1 968 ) .  Some other methods that have been used 

to further characterize BD inc l ude sero logy ( Kramer and Westergaard, 1 977 ;  Sche l l ing 

and Conti , 1 983 ) ,  1 6S rDNA sequenc ing pattern ( Baer et al. , 2000) ,  molecular 

fingerprint ing technique such a pu lsed fie ld gel e l ectrophoresis ( Wi l l iams et al. ,  2003 ) ,  

ribotyping ( Jurkevitch et al., 2000; Schwudke et al. , 200 I ), genome ize ( Seid ler et aI. , 

1 972 ),  guanine-p l us-cytosine content ( Scherff et al. , 1 966; Seid ler and StalT, 1 969; 

Seidler et al. , 1 972 ), D N A/DNA and DN A/RN A  hybridization ( Seidler and Starr, 1 969 ), 

host susceptib i l i ty and opt imum sa l in i ty or temperature requ i rements ( Marbach et al. , 

1 976; Taylor et al. ,  1 974),  deoxyribonucle ic acid ribosomal b ind ing sites, enzyme 

migration patterns, d ifferences in cytochrome spectra, sensit iv i ty to antibiot ics ( Seidler 

and Starr, 1 969) and uscept ibi I i ty to phage Iy i s  ( A l thauser et al. ,  1 972 ) . 
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Biochemical tests are not re l iable for identification purposes since wi ld  type iso lates must 

be  grown in dual culture which creates d ifficu l ty in d i st inguishing between reactions 

caused by prey and predator enzymes, thus making i t  d ifficu l t  to develop a tradit ional 

taxonomic methodology ( Ruby, 1 992 ) .  Most biochemica l tests cannot be used for B D  

unless t he host-i ndependent ( H I )  stra ins  are ava i l ab le .  H owever, the uti l ization o f  H I  

derivatives o f  BD for taxonomic studi es i s  inconvenient because o f  the i ntr insic d ifficu l ty 

involved i n  the iso lat ion of H I derivatives, the s low and i rregular growth i n  the media 

used for biochemical  tests, and the l im i ted spectrum of usefu l  and ava i l ab le  b iochemical 

tests ( Torre l l a  et al. , 1 978 ) .  

B D  l ack  a substant ia l  amount of the  metabo l ic  mach i nery typical  i n  a eubacterium, such 

as enzymes used in carbohydrate degradation and i n  the synthesis of nucle ic acid 

precursors ( Seidler and Starr, 1 969; Reichelt and Baumann, 1 974) .  Nevertheless, Seidler 

and Starr ( 1 969) used a few conventional tests (oxidase, cata l ase, gelatin hydro lys is )  and 

the cytochrome spectra to characterise new BD iso lates. The systematic ent i t ies at the 

species level in BD rel y  on analysis of the molecu lar nature of the nucleic acids ( Se id ler 

and Mandel ,  1 97 1 ) . Sche l l ing and Conti ( 1 983 )  suggested the use of serotyping 

techn iques i n  the study of the taxonomy of BD. H ost-range spectra have a l so been 

suggested as usefu l  in ident i fication ( Se id ler and Mande l ,  1 97 J ;  Sto lp  and Starr, 1 963 ;  

Taylor et  al. , 1 974; P i lle iro et aI. ,  2004) .  

BD  serve as  a model system for studying in trace l l u lar parasit ism, a lthough a thorough 

knowledge of the molecular d ivers i ty is a necessary prerequi  ite in ach ieving any 

unifying concepts ( Se idler et al. , 1 972 ) .  Seidler et al. ( 1 969) studied the guanine p lus 

cytosine ( G  + C)  content and re lat ive association of the DNA of 1 1  i o lates of host­

dependent ( H  D) BD and 1 8  H I  derivatives Llsing thermal  denaturation curves and buoyant 

dens i ties in CsC I .  They found that most H O  and H I  cu l tures of BD have 50.4 ± 0.9 

moles% G + C in  the ir  0 A. They a l so observed that two BD iso lates of unceltain  

nomenclatural status contain DNA of  about 43  moles% G + C.  
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Seid ler et al. ( 1 972 )  conti nued with more extensive comprehensive studie of B D  nucle ic 

acids and enzymes. They proposed nomencl at ive designations for two new spec ies of 

Bdellovibrio to be Bdellovibrio stolpii Uki2  and Bdellovibrio starii A 3 . 1 2  based on the 

e lectrophoreti c  migrat ion d istances of selected enzymes and the mole % G + e content of 

the D A. Using starch gel e lectrophoresis, they observed a h igh degree of  s imi l arity in 

the mal i c  and isocitric dehydrogenases and furamases of a l l  the BD stra ins  tested, except 

the two new proposed species. I n the latter, notable d ifferences were a l so detected in the 

moles% G + e contents of the DNA, about 43% as i n  the previous study ( Seid ler et al. , 

1 969) .  

Torre l l a  e t  al. ( 1 978 )  tudied a variety of B D  cu l tures in tel111S of D A analy i s  (G  + e 

mol%, genome size, DNA hybrid isation ),  cytochrome pectra, and host range. They 

found a broad range of moles% G + e content ranging from 37  to 5 1  moles% G + e, and 

considerab le  d ifferences in genome sizes. Thi is i n  contrast to the resu l t  of Seidler et al. 

( 1 972 ) .  DNA hybrid i sat ion a lso revealed a h igh level of heterogenei ty .  

The compari son of ribosomal D A sequences has  become a powerfu l evo lutionary tool 

for detetmin ing phylogenetic re lat ionsh ips ( Weisburg et aI. , 1 99 1 ) . Woese ( 1 987 )  

proposed that rDN A sequences provide a usefu l  and stab l e  'mo lecu lar c lock'  for 

phylogenetic analysi . These sequences are found in a l l  organi sms and can be sequenced 

d i rect ly through appl i cation of peR ( Sa ik i  et al. ,  1 988 ) .  

By  using analysis of part ia l  1 6S sequencing, Donze e t  al. ( 1 99 1 )  showed that t he  level of  

s imi larity between B.  bacteriovorus strains I 1 4, Ox9-2, Ox9-3 ,  6-5 -S  and 1 09 D was 

greater than 97%. Baer et al. ( 2000) invest igated whether, by complete 1 6S rDNA 

sequencing of three BD species ( B. bacteriovorus l OOT, B.  stolpii Uk i2  T and B.  starrii 

A3 . 1 2T ), it was poss ib le  to c larify their taxonomic  re lat ionship with respect to other 

re lated taxa with in the de l ta d iv i sion of the proteobacteria. They observed that the level of 

s imi lari ty between some BD stra ins ( B. bacteriovorus l OOT, B. bacteriovorLIs 1 09J and B. 

bacteriovorus E )  was greater than 99 .5%. I n  contrast, they found that the s imi larity 

between B. bacteriovorus l OOT and B. stolpii Uki2  T wa 8 1 . 7%, and that between B. 
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slarrii A3. 1 2  T and B. bacleriovorus l OOT was 8 1 .2%. H owever, the percentage s imi larity 

l evel between B. slolpii Uki2T and B. slarrii A3 . 1 2T was sign ificantly h igher (90 .0%) .  

They further observed that the  s im i l ari ty l evels between B.  bacleriovorus l OOT and other 

members of the delta div i s ion were : Desulfovibrio desu(furicans, 8 1 .3%; Myxococcus 

xanlhus, 82 .3%;  Ceobacler melallireducens, 83 . 8%; Desul
f
onile liedjei, 84.2%; 

Desu(furomonas aceloxidal1S, 83 .5% and Desulfurol11usa kysingii, 83 .4%. On the bas is  of 

these data, they proposed to rec lass ify B. slolpii Uki2T and B. slarrii A3 . 1 2T i nto the new 

genus, Bacteriovorax gen. Nov. as Bacteriovorax stolpii comb.  Nov. and Bacteriovorax 

slarrii comb. Nov . ,  respectively.  

l urkevitch el al.  ( 2000 ) studied th i lty BD stra ins iso lated from soi l and rhizospheres and 

perfo1111ed 1 6S rRNA sequencing of three soi l - and three root-associated i o lates by 

amp l i fy ing 830-bp fragments of the 1 6S rRN A  genes us ing a BD-speci fic primer 

combination. They supported the rec lassification proposa l of Baer el al. ( 2000 ) and 

reported that one soi l isolate belonged to the Bdellovibrio stolpii-Bdellovibrio slarrii 

c 1ade, whi le  a l l  the other isolates c l u  tered with Bdellovibrio bacleriovorlls, and hence, 

formed two d i  tantly related, heterogenous groups. 

Schwudke el al. ( 200 I )  performed taxonomic tudies of 1 3  strains of BD, obta ined from 

the gut of animals, using 1 6S rRN A analysis and ribotyping .  They confi rmed the d i stant 

re lat ionship between the Bdellovibrio c luster and thc Bacleriovorax c luster as observed 

by Baer el al. ( 2000 ) .  Snyder el al. ( 2002 ) assessed the genetic  d ivers i ty of Bdellovibrio­

and- l i ke organi sms ( BA LO)  by sequencing the 1 6S rR A gene. They designed 

experiments to amp l ify target predator genes wh i l e  avoid ing prey ce l l  DNA ampl ification 

using four species-spec ific reverse primers with a un iversa l Bdellovibrio forward primer. 

The 1 6S rDNA sequence revea led 25 of the 26 BALO iso lates c lustered into two groups. 

A l l  members of the BD iso lated from fresh water or terrestria l  sources belonged to one 

group, supported by 1 00% bootstrap analysis, and the genet ic  d istance between these 

isolates was le  s than 1 2%. They found that the other group, supported by 94% bootstrap 

analysis ,  inc luded Bacleriovorax starrii, Bacteriovorax stolpii and the salt  water iso lates. 

They observed that the salt  water iso lates form a subgroup ( 83% by bootstrap)  and differ 
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with in  the subgroup by less than I I  %. They conc l uded that the salt  water isol ates migh t  

have arisen from Bacteriovorax progeni tors. 

Baer et al. ( 2004) studied the marine isolates AQ, SJ T and J S5 T i sol ated by Schoeffield et 

al. ( / 99 1 ) . They characterized the isol ates by phylogenetic analysis of 1 6S rRNA gene 

sequenci ng, DNA-DNA s imi larity results,  DNA G + C contents and phenotypic 

properties.  They observed that the above isolates c lustered in a separate c lade from 

Bdellovibrio bacteriovorus l OOT, but the i solate SJ T showed s l ight ly h igher s imi lar i ty to 

Bacterio vorax stolpii U k i 2T and Bacterio vorax starii A3 . 1 2T ( 7 . 7  and 3 . 5% re pective ly ) ,  

whi l e  the  D A-DNA imi larit ies between JS5T and the Bacteriovorax pecies were 

s l ight ly lower ( 4 .9  and 3 . 1 %  respective ly ) .  Phenotypical ly,  they observed that the lack of 

t rypsin act iv i ty d isti ngui shed the isolate J S 5  T from SJ T and AQ. Based on these data, they 

rec lass ified the mari ne isolates SJ T ( =A TCC BAA-682 T =DS M  1 54 1 2  T )  and AQ as 

Bacterio vorus marinus p. nov o and isol ate JS5 T ( =A TCC BAA-684 T = DSM 1 5409 T) as 

Bacteriovorax litoralis p. novo Davidov and J urkevitch ( 2 004 ) proposed to p lace 

Bacteriovorax starii into a new genus, Peredibacter and rename Bacteriovorax starii as 

Peredibacter starii based on extensive d ivers i ty and l arge d istance in phyl ogenetic 

analysis of the bdellovibrio-and- l i ke organi sms 

Schwartz and Cantor ( 1 984) devel oped pulsed fi eld gel e lectrophores is ( P FG E ), a 

molecular fi ngerpri nt ing technique that is a modified techn ique for re triction 

endonucl ease analysis of the chromosome ( R EAC ) that has a greater resolving power for 

strai n analysis .  The main princ ip le  of  PFGE is to eparate the D A fragments by 

a l temati ng the e lectric fie ld  between pairs of e lectrodes. I n  this way the fragments are 

forced to re-ori ent and move at d i fferent  speeds by changing the field d irection . The large 

fragments are more s lowly re-ori ented than sma l ler fragments, and thus d ifferent pattems 

of DNA fragments are generated. W i l l iams et al. ( 2 003 ) revi ewed a s ing le  unpubl i shed 

work of PFG E where the fingerpri nting patterns were compared for fi ve H I  stra ins of BD,  

two Bacteriovorax pecies, one terrestria l  B D  isol ate, and two haloph i l i c B D- l i ke 

organ isms using restriction enzymes Asci , Ps-e l ,  Slit  and Not l .  They reported that the 
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restrict ion patterns produced for the B. bacteriovorus were s imi lar, but there were ± 2 -3 

band d ifferences between the strains .  

R ibotyping has been one of the more commonly used molecu lar fingerprinting 

techniques. This technique involves the restriction d igestion of chromosoma l DNA 

fol l owed by  southern b lott ing with rRNA probes i n  order to  generate DNA banding 

patterns, which a l low subtype d ifferentiation of bacterial isolates beyond the species and 

subspecies levels .  A southern b lot analysis was performed by Jurkevitch et al. ( 2000) on 

four newly i so lated soi l BD strains and a reference stra in  ( B. bacteriovorus 1 09J ) using 

restriction enzyme Sau l l l A .  They observed a hetero logous, cross-hybridizing sequence in 

strains B E P2 ,  BRP4 and reference stra in  1 09J, which were d istant ly re lated to stra ins 

TRA2 and SRP I .  Schwudke et al. ( 200 J )  compared the ribotypic patterns of four 

reference strains using restrict ion enzymes Smal or EcoRV and found that  the ribotyp ing 

pattern of B. bacteriovorus HO 1 1 4 was d ifferent from that of the reference strains 

H D I OO, H I  1 00 and H O  1 27 .  

Polymerase chain reaction-denaturi ng gradient ge l e lectrophoresis ( PC R  - DGG E) of  

ribosomal DNA,  perhaps the  most commonly used cu lture-independent molecular 

fingerprint ing technique, was i ntroduced into microbia l  eco logy by M uyzer et al .  ( 1 993) .  

I t  i s  based on the  unique migration propert ies of amp l i fied bacterial 1 6S rDN A  fragments 

in a denaturing ge l ,  which can be used to profile  species in a m ixed bacteria l  community .  

Davidov e t  al. ( 2006 ) compared the detection of predatory bacteria from a soi l 

community using cu lture-dependent and cu l ture- i ndependent ( PCR-DGG E)  methods .  

They detected n ine operat ional taxonomic un i ts ( OTUs)  of Bdellovibrio-and- l ike 

organisms ( BA LOs)  us ing cu l ture-dependent techniques, whereas n ineteen OTUs of 

BALOs were detected using PC R-DGG E fingerprint ing technique.  
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1 . 1 .8 I solation of Bdellovi brionaceae 

The procedures for the isolation of BD are int imately connected with their nutrit ional  

requ i rements, growth characteri stics, choice of lawn-forming bacterium for w i ldtype B D  

o r  complex nutrient media for H I  BD, and some physical  eparation from other plaque­

forming microorgani ms ( Stolp,  1 98 1 ;  Ruby 1 992) .  The plat ing of a mixture of BD wi th 

host bacteria resu lts in the fOllllation of i ndividual  p laques or confluent lys is  s imi lar to 

bacteriophages. I n  contrast to phage p laques, which develop with in one day, the lyt ic 

zone caused by BD increase in s ize for several days. In l iqu id cu l ture, lys is of host 

bacteria is accompan ied by a decrease of the optical density ( Stolp, 1 98 1 ) .  

1 . 1 .8. 1 Nutrit ional  req u irements 

Although i n it i a l ly BD was de cribed as an ectoparas i t ic  and bacteriolyt ic organism that 

attacks Gram-negat ive bacteria, H I strains were ubsequent ly  isolated ( Sto lp and Starr, 

1 963 ; Sh i lo  and Bruff, 1 965 ;  Seidler and Starr, 1 969 ) .  The i so lat ion of B D  in axenic 

cu l tures was a step towards a better understanding of the i nter-relationsh ip between 

parasite and host. However, a l though Sto lp  and StalT ( 1 963 ) iso lated H I  strains, th is  

phenomenon appeared to involve the loss of predac i ty and mot i l i ty. h i l o  and Bruff 

( 1 965 ) successfu l ly isolated and enriched H I BD in art ific ia l  media (nutrient broth wi th 

some v i tamins and mineral ) i n  the absence of host organ isms without the loss of 

predacity and mot i l i ty. 

Se id ler and Starr ( 1 969 ) developed a rel iable method for the i o lat ion of H I  strains of BD 

from 1 6  d ifferent H D  cul tures. They grew streptomycin -res i stant H D  cu l tu res in 

streptomycin-suscepti ble host  ce l l s  and transferred them to a se lection med ium ( enriched 

nutrient broth with casamino acids and yea t extrac t )  conta in ing ant ib iot ics .  They 

compared the morphology and biochemical  characterist ics of the H D and H I strains and 

found them a lmost identical except that the H I  stra ins were l ess mot i l e  in host-free 
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med ium, wh i le  the H D  cu l tures were active ly  moti l e  during growth i n  the presence of 

host ce l l s . 

Several authors have demonstrated the exi stence of a growth factor for H J  derivatives of 

B. bac/eriovorus 1 09 Davis  ( Sh i l o  and Bruff, 1 965; I shiguro, 1 973 ) .  Sh i lo  and Bruff 

( 1 965 ) observed that a min imum of 1 04 organ isms per p late was requ i red to obtain 

isol ated colony formation on sol id media of H I  deri vatives of B. s/olpii A3 . 1 2  stra ins .  

I sh iguro ( 1 973 )  fai led to i solate B. bac/eriovorus stra in  1 09 Davis  on host-free media 

from concentrated suspensions of H D  cu l tu res. However, he isolated this tra in after 

addi ng a growth factor, which he found essent ia l  for its growth.  He mentioned that th i s  

factor might be  necessary only for the  in i t iation of growth of washed stationary phase 

ce l l s  rather than exponent ia l  phase ce l l s  from sma l l  i nocu l a  transferred to fresh medium.  

Thi s  growth factor was a l so present i n  ce l l -free extracts of E.  coli and a variety of other 

microorganisms inc luding H D  and H I  derivatives of stra in  1 09 Dav is .  They characterised 

the growth factor as heat stable, non-d ia lyzab le  and present in both soluble and 

part icu la te fractions of extracts. 

The strains i sol ated from marine envi ronments have been found to requ I re NaCI or 

sea water for growth ( M i tche l l  et al. , 1 967; Taylor et al. , 1 974; W i l l iams et al. , 1 980) .  I n  

contrast, Yaron and Sh i lo ( 1 968)  have reported that moti l i ty of the  terrestria l  i so lates was 

inhi bi ted by as l it t le  as 1 5  mM ( 0 .088%) NaC I .  Taylor et al. ( 1 974) observed that the 

min imum requ i rement for sod ium ion of marine BD was 75 to 1 00 mM ( 0.44 - 0.5 8%) 

for p laque fonnation, wh i le  the optimum was 1 25 - 1 50 mM ( 0 . 73 - 0 .88%),  and th is  

coul d  not  be repl aced by potassi um ions. 

1 . 1 .8.2 Choice of lawn-forming organism for cu lt ivation of Bdellovibrion aceae 

BD express some spec ific i ty for their host organism ( Taylor et aI. , J 974; Schoeffield and 

W i l l iams, J 990 ) .  Taylor e/ al. ( 1 974) tested 42 d i fferent host bacteria and found that 

between 1 7  - 32  pecies were parasi tized by  B D. A l though they observed some tenestria l  

Gram-negative bacteria to  be parasi t ized by marine BD,  most vigorous p laq ue format ion 
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occuned on l awns of marine bacteria .  Schoeffie ld  and W i l l  iams ( 1 990 ) suggested that the 

select ion of Vibrio parahaemo(vticus as the lawn-forming bacteri um maxi mi sed the 

efficiency of detection of B D  in some estuarine  water samples .  1 n  contrast, the apparent 

usefu lness of Aquaspirillum sll/pens M W 5  as a ' un iversal host' was more recently 

d isputed ( Ruby, 1 992 ) .  

The question of the minimum host abundance requ i red for the normal growth of BD has 

been of some debate. I t  i s  c lear that a large number of prey i s  requ ired and wi thout a 

sui table concentration the predators are suscept ib le to starvation and death, a l though the 

min imum threshold number i s  unknown. Previous studies have suggested that large 

numbers of host bacteria (> 1 04 Im L )  are requ ired for the surviva l  of BD ( Hespe l l et a!. , 

1 974; Yaron and Zeigler, 1 978 ;  Yaron et al. , 1 984) .  Hespe l l  et al. ( 1 974) ca lcu lated that a 

min imum density of 1 . 5 x 1 05 host cel l s  ImL was requi red by B D  to have a 50% survival  

rate over a 1 0-h period. However, in 1 978 ,  Yaron and Zeigler, apply ing a mathematical 

model based on certain assumptions of the eco logy and behaviour of B D, ca lcu lated that 

a min imum density of 1 06 host cel l s  ImL  wou ld  be needed for the survival  of the 

organ isms and 1 07 ce l l s  ImL  would be requ ired for populat ion growth .  Later, Yaron et a!. 

( 1 984 ) reported that in the l aboratory env i ronment, survival  of B D  was poss ib le  wi th 

concentrations of prey as low as 2 . 5  x 1 04 ce l l s  ImL .  The question ari es, whether, i f  prey 

concentrations drop below 1 02 to 1 0' ce l l s  ImL,  B D  a l so deve lops norma l l y  at that 

decreased l evel or not. Rice et al. ( 1 998 )  recovered a mean number of 3 . 9  x 1 0' CFU Im L  

o f  B D-suscept ib le bacteria from water amples, which was less than the numbers 

estimated to sustain a popu lat ion of the predators ( Yaron and Zeigler, 1 978 ;  Yaron et a!. ,  

1 984) ,  wh ich  indicate that B D  can be  mainta ined in l ower prey concentration a wel l .  

From the above, i t  i s  c lear that the prey range o f  sea water B D  i s  mainly the manne 

bacteri a .  V. parahaemolyticus i s  observed to be the un iversal and most effic ient host for 

seawater B D .  I t  i s  a lso noted that prey concentrati on i one of the most important factors 

for the surviva l  of B D, a l though, the threshold of prey bacteria is d i sputed. 
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1 . 1 .8.3 Separation of Bdellovib rionaceae from host cells 

Ln nature, BD are usua l ly  found in low abundance and are often mi xed with 

bacteriophages, myxobacteri a,  protozoa and other plaque forming organisms ( Ruby, 

1 992 ) .  Starr and Sto lp ( 1 976)  described a selective fi I tration procedure, where they 

passed the sample through a series of decreas ing pore size membrane fi lters ( 1 . 2,  0 .8  and 

0.45 Ilm)  to e l im i nate large bacteria l  predators and protozoa. They also noted that  the 

re lat ively slow rate of  format ion of BD pl aques d ifferenti ates them from plaques formed 

by bacteriophages. Others used l ow speed centrifugat ion ( 800 x g for 5 m in )  to remove 

large unwanted part ic les, fo l l owed by h igh speed centri fugation ( 2 7,000 x g for 20 m i n )  

which efficient ly concentrated the B D  cel ls  in  the pel let and e l i m inated bacteriophages 

( Yaron and Sh i lo, 1 970; J urkeviteh et al. 2000 ) .  The pel let was then suspended in  buffer 

and passed through a 1 .2 Il m-pore size N uc leopore fi l ter. W i l l iams et al. ( 1 980; 1 9 82 ) ;  

used a 0 .45  Il m fi l ter to  separate the BD from larger organi m . 

1 . 1 .8.4 Association of Bdellovih rionaceae wit h su rfaces 

M any microbia l  spec ies, inc lud ing BD, re ly heav i ly  upon submerged surfaces, such as 

oyster she l l s, for their habitat ( Wi l l i ams et al. , 1 995 ) .  The rol e  of surfaces and surface 

associat ion may be cri t ica l  to the urvival  of BD in the aquat ic  environment, which may 

provide some protection and nutri t ion ,  and aid in  the survivab i l i ty of BD when 

environmental cond it ions become unfavourab le ( W i l l iams el al. ,  1 995;  Marke lova and 

Gariev, 2005 ) .  Oy ters natura l ly  have a rough surface due to the presence of ehit in,  and 

this provides BD and other bacteria with shelter from extreme conditions such as harsh 

seasonal  changes and the agitation i ncurred from CUITents.  BD may a l so obta in  large 

numbers of prey organ isms from bacteria assoc iated wi th these surfaces. 

W i l l i ams et al. ( 1 995 ) studied the association of BD with  surfaces in the aquat ic  

envi ronment. They investi gated the t ime at which the predators become a member of the 

deve loping microb ia l  urface comm unity on ubmerged su rface , mon itored the effects of 

the type of surface and exami ned the persistence of the predators on natura l  surfaces 

( shel l s ) ,  meta ls  ( common ly  used in mari ne engll1eenng appl ications e .g .  p ip ing and 
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coo l ing systems)  and surfaces wi th smooth and rough topography such as g l ass s l i des, 

steel and t i tan ium.  They observed BD to be very rapid ly assoc iated with surfaces 

submerged in natura l waters and that the numbers of the predators associated wi th surface 

b iofilms i ncreased with the time of submersion.  Oyster she l l  y ie lded the greatest number 

recovered at a l l  sample  intervals except those at 24 hours, at which t ime greater numbers 

were recovered from tee I. After 48 hours they observed a 3 . 5  log l o  increase on the oyster 

shel l ,  and 2-3 l og l o  more BD on stee l and t i tanium than on glass surfaces. M arkelova and 

Gariev ( 2005 ) evaluated the negat ive effect of ecologica l l y  hazardous, common, 

envi ronmental pol l utants such as heavy meta ls and cadmium on B. bacteriovorus 1 00 

N C 1 D  9529 i n  agar medium.  They observed the aggregation of B D  cel l s  around agar 

pal1 ic les Supp0l1 ing the concept of B D  being surface-associated in nature. 

1 . 1 .8.5 Temperature 

B D  have been observed to be mesoph i l ic ,  normal ly  growing i n  the range of 25 -35°C 

( Varon and Shi l o, 1 969 a). The optimal conditions for growth are between 28 and 30°C 

and poor growth has been observed above 3 7°C and below 1 0°C . W i l l  iams et al. ( 1 995 ) 

found that the association of B D  with biot ic ( oyster shel l )  or abiotic ( metal , g lass s l i de, 

teel ,  t i tan ium) sur faces was influenced by envi ronmenta l condit ions such a temperature 

and found that decreased temperatures caused decreased associations. At 26°C, they 

recovered B D  on surfaces with in hours fo l lowing submers ion, whereas at lower 

temperature, the rate of assoc iat ion of BD was great ly reduced. Fol lowing week 

submersion at 6°C , BD were not detected on g lass surfaces and the mean number 

recovered from oyster hel l surface was less than I /cm2 . 

1 . 1 .8.6 Other cons iderat ions 

B D  are obl igate aerobes, though they seem to have a preference for low oxygen 

environments ( m icroaeroph i l ic ), which may reflect an adaptat ion to intrace l l u lar growth 

( Se id ler et aI., 1 969 ) .  Recent findings have shown that bacteria with paracrysta l l ine 

protein surface layers ( S-Iayers ) may have increased res istance to attack by BD, 

indicating BD may require prey without th is layer i n  order to survive ( Koval and Hynes, 
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1 99 1 ) . Some evidence i s  avai lable showing that for Escherichia and Salmonella, on ly  

certai n  serogroups are suscept ib le to  attack, i ndicat ing a requ i rement for certain receptor 

si tes on the prey wal l  ( Fratam ico and Whit ing, 1 995 ) .  Other studies have shown that 

increased attachment can occur on prey with a-spec ific side chains and prey which a l so 

have a complete R-core, indicating that the l i popolysaccharides may be i nvolved in the 

attachment receptor ( Yaron and Shilo, 1 969b) .  

1 . 1 .9 Distr ibut ion o f  Bdellovi b rion aceae i n  the  na tural  environ ment  

BD are w idely d istributed in nature, and have been isolated from soi l ( Stolp and Starr, 

1 963 ;  K le in and Casida, 1 967; Keya and A lexander, 1 97 5 ), rice paddies ( Uematsu, 1 980), 

rhi zosphere of p l ants ( Jurkevitch et al. , 2000 ), sewage ( Di as and Bhat, 1 965 ;  Burger et 

al., 1 968; Stap l es and Fry, 1 973 ),  river water and sediments ( Fry and Stap l es, 1 976) and 

man-made water systems ( Richardson, 1 990 ) and marine environments ( Mitche l l  et aI., 

1 967;  Mm'bach et aI. ,  1 976; M i yamoto and Kuroda, 1 975 ;  Taylor et aI. ,  1 974; W i l l iams 

et aI. , 1 980; 1 982; W i l l iams and Fa lk ler, 1 984) .  

Sto lp and Petzold  ( 1 962 ) isolated the first representative of BD from a soi l fi l trate in 

Berl in .  Subsequent ly, a comprehensive study was made i n  1 963 by Sto lp and Starr ( 1 963 ) 

where they isolated 1 1  strains of B D  by fi l tration of Cal ifornia so i ls and they observed 

that the lytic act iv i ty on Gram-negative bacteria varied between the strains;  some were 

ab l e  to attack a broad spectrum of host bacteria, others had a l imi ted host range . K le in  

and Casida ( 1 967 ) detected BD from 2 1  out  of 23 soi l samp les i n  the eastern and central 

Un i ted States and observed that soi l -derived BD were paras i t ic on a l l  E. coli tested ( 2 5  

serogroups) .  They eva luated various procedures for the enumeration of  B D  paras i t i si ng E. 

coli and found that d i rect p lating and "di l ut ion to ext inction" procedures produced s imi l ar 

resu l ts, a l though they prefelTed the former because i t  requ i res less man ipu lat ion and 

shorter incubat ion t imes. They a l so tested d ifferent soi l  d i l uents for the enumeration of 

soi l BD and found that enumeration i n  steri l e  tap water was the same as yeast extract­

peptone broth .  
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Parker and Grove ( 1 970) were the first workers both to isolate BD strains parasit iz ing 

Rhizobium melilo/i, R. /r(/olii, Agrobac/erium /umefaciens and A.  radiobac/er and to 

isolate BD from Austra l i an soi l s .  They isolated BD from the Perth metropol i tan area and 

nearby agricul tura l  areas and obta ined 2 x 1 0° to 1 .2 x 1 02 BD PFU / g dry soi l .  They 

fa i led to detect any from 8 amples of sandy soi l from newly developed pa ture lands. 

Keya and A lexander ( 1 97 5 )  detel111 i ned whether pal1 icu late components or the humus 

fraction of soi l  or soi l suspensions might affect the growth of BD on Rhizobium. They 

observed c lay minera ls  had a marked influence on the i nteractions between Rhizobium K 

04S and a B D  stra in .  A c lay layer surrounding the rhizobia might protect them from 

invasion by B D  and retard BD attachment to, or penetration of, the larger organi m.  

With in  22  to  65 hours, the  rh izobia l  numbers were reduced from 3 x 1 09 per  mL  to  2 x 

1 07 per mL i n  a 4% montmori l lonite suspens ion, from I x 1 09 per mL  to I x 1 07 per mL  

in a 4 %  kaol i nite suspension and from I x 1 09 per mL to  4 x 1 06 per mL in a vel111 icu l ite 

suspension. In contrast, the host ce l l  density fe l l  to 2 x 1 05 per mL in  the absence of c lay 

materia l .  

Uematsu ( 1 980) i o lated u p  t o  1 03 P F U  / g o f  BD from rice paddies in J apan by the 

fi l trat ion method using Xan/homonas OI�vzae as the host organism.  Jurkevitch e/ al. 

( 2000 ) i so lated th irty new stra ins of BD by centrifugation and fi l tration methods from 

soi l ,  rhizosphere and roots of bean and tomato plants grown in the soi l of an experimenta l 

fal111 of the Hebrew Univers i ty of Jerusa lem.  The detected concentration of BD from soi l  
. " ' '' .j and rhlzosphere of p lants were 3 x 1 0- to 6 x 1 0J and 2 . 8  x 1 0- to 2 . 3  x 1 0  PFU / g 

respect ively.  They observed that the soi l strains of BD were characteri st ica l l y  d ifferent 

from the rhizosphere stra ins in host range, 1 6S rDNA sequence and phylogenetic tree 

analysi s .  

Dias and Bhat  ( 1 965 )  i so lated B D  from raw sewage and activated s l udge, and concluded 

that the BD populat ions were not affected by activated l udge treatment .  Fry and Staples 

( 1 974 ) studied the occurrence and ro le  of  BD in a pol l uted river and found that BD  had 

no contro l l ing influence on the autopurification of river water and no infl uence on the 
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activated s ludge process. Burger et al. ( 1 968 ) and Hoeniger et al. ( 1 972 ) i so lated a very 

d ifferent stra in  of BD, des ignated as Bdellovibrio sp. stra in  W, from a ewage dra in in 

Fre iburg, Ge1111any. This stra in  produced the unique rest ing stages cal l ed bde l l ocysts only 

in the presence of the host RhodospirilllllJ1 rubrum. Fly and Staples ( 1 976)  studied the 

d i stribution of BD in  ewage treatment works, pol l uted and fre h river water and 

sed iments. They examined the re lative abundance of BD in inflow, fi lter-effluent and 

final -effluent of n ine d ifferent sewage treatment works in South Wales .  They detected 

BD in a l l  the treatment works, but the number increased with i ncreas ing i nflow to the 

effluent s ite, which they suggested was probab ly due to the growth of BD in percolat ing 

fi l ters. They a l so surveyed the BD in  1 9  rivers in South Wales and e l sewhere and 

detected very low number ( 0  to 3 PFU / m L )  of BD from unpo l l uted rivers, whereas 

grossly pol l uted rivers had h igher numbers ( 1 8 to 5 1  PFU / mL) .  They observed s imi l ar 

re u l ts  from the pol l uted river sediments compared with those of unpo l l uted rivers and 

concluded that ewage effluent was probably the major source of BD in those rivers. 

R iver water is not an ideal envi ronment for BD / host i nteraction because the water flow 

i s  too rapid, the host popu lation i s  too low and the ambient r iver temperature i s  be low 

optimum ( Fry and Staples, 1 974) .  I n  man-made water systems such as hot water 

p lumbing, ca lorifiers, condensers and cool ing towers these condit ions might be d ifferent . 

R ichardson ( 1 990) investigated the i nc idence of BD in man-made water ystems and 

examined their coex istence with l egione l las .  BD and Legionella pneumophilia were 

respectively iso lated from 57 .8% and 9.5% of 1 3 5 water samples obta ined from 8 1  

separate sources. 

The recovelY of marine BD from various marine envi ronments such as seawater ( Sh i lo, 

1 966; M itche l l  et al., 1 967;  Taylor et al. , 1 974; M iyamoto and Kuroda, 1 975 ;  Sutton and 

Besant, 1 994; Pan et aI. , 1 997 ), estuaries ( W i l l iams et aI. , 1 980) ,  a brack ish tidal pond 

and sa l twater aquarium ( Schoeffield and W i l l i am , 1 990), gi l l s  of b lue crab ( Kel ley and 

W i l l i ams, 1 992 ), oyster shel l s  in brack ish water ( Ke l l ey et al. , 1 997 ), coastal seawater 

and aquacul ture fanm ( Pan et al. , 1 997), aquatic p lant surfaces ( W i l l iams et aI. , 1 995 )  
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and h igh sal ine envi ronments ( Pii'ieiro et al. , 2004 ) have a l l  suggested that the organism 

might be ubiqui tous i n  marine environments. 

The iso lation of BD from seawater was first reported by Sh i lo ( 1 966 ) during his study on 

the effect of predatory bacteria in the ecosystem. He recovered 4 x 1 04 to 5 x 1 04 BD PFU 

I L of  seawater samp les from the coast of I rae l  and suggested that BD may reduce the 

microbia l  abundance in the natural ecosystems. M itche l l  et al. ( 1 967 )  isolated BD stra ins 

dur ing their investigations of the l ethal effect of seawater on E. coli. They attempted to 

expla in the rol e  of native microflora in the disappearance of E. coli from sea water but 

they cou l d  not confirm or d i  prove the specu lation of b io logical i nteraction between the 

organisms. 

Taylor et al .  ( 1 974) isolated and enumerated marine BD from the coastal waters of Oahu, 

Hawai i .  They i solated th irteen stra ins of BD which were able to parasit ise between 1 7  -

32  spec ies of marine and terrestria l  bacteria, and they observed that the marine hosts were 

better hosts than terrestria l  organ isms. Off the coast of Oahu they recovered a lower 

number of BD ( 1 .2 x 1 02 to 1 .9 x 1 02 PFU I L of sea water samp les) than from the 

M editelTanean Sea, and they suggested that this was probably due to a lower quanti ty of  

organ ic matter in t he  Oahu seawater. M iyamoto and Kuroda ( 1 975 )  recovered 2 x 1 04 to  

1 . 5 x 1 06 PFU I L of B D  plaques from Osaka Bay, Japan using the  host bacterium V. 
parahaemol)'ticus. 

Wi l l i ams et al. ( 1 980)  studied the incidence of marine B D  at selected samp l ing s i tes i n  

Chesapeake Bay during the months o f  J une 1 978  and 1 979 .  Greater numbers o f  B D  were 

recovered from estuaries than from ocean or sea water. They detected the highest numbers 

of BD at  the mouths of the Potomac and Pal1uxent ri vers (> I 02 PFU I m L )  and very few 

« I  PFU Im L )  from the sampl ing stat ions n0l1h of the Choptank river or at the 

south em most location i n  the bay at Cape H enry. They d id  not detect any apparent 

re lat ionship between the number of BD i o lated from the sampl ing tat ion and the 

envi ronmental parameters measured, a l though they recovered the h ighest number of B D  

from sa l t  ( NaC I )  concentrations o f  0.9%- 1 . 8% ( w/v) .  
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Wi l l iams et al. ( 1 982 )  stud ied the seasonal d i stribut ion of BD through an annual cyc l e  

from Ju l y  1 979 t o  J une 1 980 a t  t h e  mouth of  t h e  Patuxent River i n  Chesapeake Bay, and 

observed a stati t ica l l y  ignificant seasonal vari ation in t he  number of BD recovered. BD 

were observed to  decrease in number, often to  undetectab le l evels, during the colder 

months as compared with the warmer months, and they detected the highest number of 

BD in  the spring ( 1 .8 x 1 04 to 3 . 1 x 1 04 PFU / L of seawater). 

Schoeffie ld  and W i l l iams ( 1 990) recovered 2.4 x 1 04 to 1 . 7 X 1 05 PFU / L of BD from an 

aquarium and l A  x 1 04 to 4.9 x 1 04 PFU / L from a brack ish t idal  pond in the USA using 

V. parahaemolyticus as host bacterium. Pan et al .  ( 1 997)  surveyed the occurrence of BD 

around the coasta l areas and aquacu l ture ponds of Taiwan during summer and winter and 

recovered the h ighest number of BD during summer in estuaries. P i iie iro et al. ( 2004) ,  

using V. parahaemofvticus as host, recovered s ix BD i so lates from the  Great Sa l t  Lake, 

Utah, where the sa l i n ity ranges from 4 to 1 7% ( w/v ) .  Sutton and Besant ( 1 994) reported 

the i so l at ion of BD from the Great BalTier Reef, Austra l i a. They compared the B D  

populat ions i n  three tropica l  marine habi tats ( a  sandy beach, a mangrove and a fringing 

coral reef) over a 1 2  month period and recovered the h ighest numbers of BD from the 

mangrove habitat ( 3 . 7  x 1 04 PFU / L )  and the lowest from the coral reef ( 9 .5  x 1 03 PFU / 

L ) .  They recovered the highest number of I:3D in  summer, and the lowest i n  winter. 

Ke l l ey and W i l l iams ( 1 992 ) tested the occurrence of BD in  the b lue crab. They tested the 

gi l l  t i ssues of 1 7  blue crabs from natural waters and I I from the supellllarket. The 

numbers of BD from natural water crab sample  were substant ia l ly  greater than from the 

upermarket samples, which establ ished b lue crabs as a natural reservoi r. Previous 

investigators fa i led to recover BD from the intestinal contents of fish, crabs or mussel s  

( Westergaard and Kramer, 1 977) ,  which suggested that spec i fic factors favourable to 

colonisat ion by BD may be operative in the crab gi l l s .  

The most complete studie  of the eco logy of BD are tho e reported by Wi l l iams and h i s  

co-workers, who examined the tempora l and spat ia l  d i stri bution of these bacteria i n  
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e tuarine  waters. W i l l i ams and Falk ler ( 1 984) stud ied the d istri bution of BD from five 

depths in the vert ical water column of the M i les River every 4 hours over a 24 hour 

period.  They a l so measured the sa l i n ity, temperature, turb id i ty and d issolved oxygen 

( DO) .  They recovered BD at concentrations of 0 .3  to 9 . 3  PFU / mL from the five depths 

of  water co lumn, but they did not detect any s ignificant d ifference over the 0 . 5  m to 1 3  m 

column depth, suggesting un iformi ty of the d i stribution of B D  at the various depths .  They 

observed that the water temperature ( 23 . 2°C - 24.7°C)  and sa l i n i ty measurements ( 1 2 .3  -

1 6 . 5%) i ncreased with depth whereas the turb id i ty was re l at ively un i f  01111 . A l though they 

found un if 01111 d i  tribution of BD in the water column, the DO measurements of the water 

column varied widely from 5. 1 6  to 6.45 mg / L at 0.5 m, to zero at 1 3  m depth .  

W i l l i ams  ( 1 988)  studied the occurrence and d i  tribution of BD in  estuarine sediment over 

an annual cyc l e  and revea led for the first time, the nature of the association of BD with 

sediment i n  the aquatic environment. He  observed that the mean number of BD recovered 

per mL of sed iment in each month of the 1 2  month period was a lways greater than the 

number recovered from the same volume of water. He monitored the BD from three 

depths of  the sediment and did not find any s ignificant d i fference. He observed that the 

number of BD recovered from sediment was more un ifol111 1y  d istributed during the Wal111 

months and recovered the greatest number of BD from the uppermost sediment during 

Ju ly  - A ugust ( temp. 26. 5°C) and the lowest number during winter ( December to Apri l ) .  

He  a l so compared the number o f  BD in  t h e  top and bottom water samples and recovered 

more B D  from the top water samples .  

I bragimov ( 1 980)  first reported the occurrence of BD in anima l s .  He  isolated BD from 

some domestic animals, such as 62 BD isolates frol11 the faeces of 1 00 cows, 5 8  from 68 

horses, 22 from 40 tested pigs and 1 7  BD iso late from 40 tested ducks. He fa i led to 

detect any BD i so lates frol11 the stools  of 297 healthy people or from white mice, frogs or 

fish .  

From the above findings, i t  i noted that B D  are widely d i stri buted in the natura l 

envi ronment. I n  marine environment, BD  have been found to be quite abundant in a lmost 
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a l l  habitats. Estuaries are observed to be the better place for isolation of BD. The 

concentration of the recovery of BD cOlTe lated with the abundance of nutrition or water 

po l l ut ion .  Among the environmental parameters, sa l i n i ty and seasonal  variation show 

some effect on the rate of isolat ion, and the best recovery of B D  was i n  ummer months 

and at sa l in i t ies of 0.9 to 1 . 8% ( w/v) .  The di  tribution of BD is un iform in d ifferent 

depths of the water column and sediment. I n ocean water, the recovery of BD has ranged 

from 1 . 2 x 1 02 to 1 . 7 X 1 05 PFU/L . 

1 . 1 . 1 0 Biocontrol  appl ications of Bdellovibrionaceae 

The use of BD for reducing bacteria l  popu lations has been attempted by some 

investigators wi th some success. Rendu l ic  et al. ( 2004) ident ified many novel 

ant imicrobia l  enzymes (-250)  that have lytic or antimicrobia l  capab i l i t ies, and they 

speculated that l ive BD might a lso be used as a un ique type of l iv ing antibiot ic .  Their 

laboratory experiment revea led no evidence of gene transfer between BD and its host, 

wh i l e  the inabi l i ty of BD to invade mamma l ian cel l s  has suggested that the app l ication of 

BD to human and animals  wou l d  be hannless. Hob ley et al. ( 2006 ) observed a reduction 

of 10g l O  3 .0 CFU/mL of the popu lation of E. coli S 1 7- 1  by B. bacleriovorus H O  I 00 both 

in the presence and absence of l i ve bacteria l  decoy ce l l s  of Bacillus subtilis 

nonsporu l at ing strain 67 1 .  H owever, a l ag t ime between 3 and 7 h dur i ng predation was 

noticed when admin i  tered in the presence of decoy cel l s .  They specu lated on poss ib le 

therapeut ic app l i cations of BD in wound treatment and suggested that BD  cou ld e l iminate 

the Gram-negat ive infection even if a wound contained both speci es of bacteria at 

concentrations above the wound infection thre hold. Recent observations have produced 

much speculat ion regarding the potent ia l  of BD to be h ighly effective over a range of 

b iodefensive appl ications, part icularly where biofi lm formation is of crit ical concel11 . 

Atomic force microscopy observations by N LlIlez et al. ( 2005 ) demonstrated that B. 

bacteriovorus 1 09J can prevent the f0l111ation of a s imple bacteria l  biofi lm  and destroy an 

estab l i shed b iofilm formed by E. coli ZK I 056 in  d i l ute nutrient cond it ions ( 0  B 
medium) . However, a l though B D  could attack and reproduce, they could not eradicate the 

prey bacteria in a richer med ium [PY E ( Peptone-Yeast Extract )  and LB ( Luria broth ) ] .  
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Phase contrast and epi fluorescence mlcroscopy observat ions by Kadouri and O'Toole 

( 2005 ) showed that BD can reduce the b iomass of both E. coli and Pseudomonas 

jluorescens biofilms .  Takaaki  el al. ( 2000 ) patented the mass pure cu l ture of B D  in Japan 

and Takaaki ( 1 994) a l so patented BD as a therapeut ic and prophyl act ic agent for Vihrio 

i nfectious d iseases. Some researchers have suggested B D  as a potent ia l  biopreservation 

agent to extend the shelf l i fe of food ( Jackson and Whi t ing, 1 992; Fratamico and 

W hit ing, 1 995 ) .  Epton el al. ( 1 989 )  reported considerable variabi l i ty and controversia l  

success i n  the use of BD to control soft rot and black leg of potato caused by Erwinia 

carolovora. Uematsu ( 1 980) observed an efficient reduction of Xanlhomonas oryzae 

populations from rice paddy fie ld water by administrat ing Bdellovibrio i so lates, a l though 

they obta ined mixed resu l t  against E. carolovora subsp. carolovora in soi l .  Scherff 

( 1 973 ) i nvestigated three B D  tra ins  for the control of bacteri a l  b l ight of soybean caused 

by P. glycinea and observed that the b l ight was inh ibi ted comp letely by B. bacleriovorus 

i so late Bd- 1 7, moderately by i so late Bd- 1 9  and not at a l l  by Bd- 1 O. I n  animal  models,  B D  

has been successfu l l y  used to treat Shigella jlexneri- i nduced keratoconjunct ivit is i n  

rabbits ( Nakamura, 1 972 ) .  



34 

1 .2 Obj ectives of th i s  study 

The economy of New Zealand depends heav i ly on the export of food and food products .  

New Zealand exports -NZ$ 1 , 300 mi l l ion of fi sh and fish pOliions i n  each year. The 

majori ty of the fish and fish portions are exported frozen and only 4.6% are exported as 

fresh fi sh ( Fl etcher et al., 2002 ) .  Overseas markets are more interested in fresh fish, 

rather than i n  paying a lower price for frozen fish, but there are a number of factors 

l imi t ing the export of fresh fish, part icu larly i ts  short natural shel f l i fe.  I nternationa l ly, 

food b iopreservation i s  be ing considered as a new option for contro l l ing bacteria l  

spo i lage a s  a rep lacement for food addi ti ves and aggressive heat processes. I t  has been 

one of the dominant topics for microbio logical  research for a decade but commerc ia l  

appl i cations are sti l l  pending. 

As deta i l ed i n  Chapter 1 . 1 ,  Bdel lovibrionaceae are organ isms that prey on other Gram 

negat ive bacteria .  A l though, BD was accidenta l ly  isolated by Sto lp  and Petzold in 1 962 

from soi l ,  subsequently i t  has been found that BD are w idely d istributed in nature, i n  

envi ronments such as soi l ,  marine environments, sewage, river water and sediments and 

man-made water systems.  There are indications that they are associated with surface 

b iofi lms  i n  aquat ic  environments. BD stra ins have been shown to be able to prey on a 

range of Gram-negative bacteria, inc luding Escherichia, Aeromonas, Salmonella, 

Shigella, Pseudomonas, Photo bacterium and Vibrio. A lthough B D  are less selective than 

bacteriophages i n  their prey selection, wi th each stra in  preying on a range of Gram­

negat ive species, they are by no means general i sts and the prey range of bacteri a that are 

suscept ib le to spec ific  BD stra ins is variab le .  I n  addit ion, it has a l so been observed that 

BD can protect themselves from envi ronmental damage and pol l u tants by the fornlation 

of bde l l op l ast c l usters and ce l l  aggregation, which suppolis the concept of a surface­

associated exi stence for BD in  nature ( Marke lova and Gariev, 2005 ) .  Based on these 

propelii es, recent research efforts have been d i rected at se lect ing part icu lar strains for 

specia l  app l i cations. 
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M any researchers consider BD to be novel probiotics or a l ternatives to ant ibiot ics .  Recent 

successful research on the sequencing of the ent ire genome of one isol ate has unvei led 

the ent ire l i fe cycle and found many novel ant imicrobia l  enzymes, which could be useful 

i n  designing a l ternative ant ibiot ic ( Rendu l i c  et al., 2004 ) .  There are reports c la iming that 

BD i s  a probiot ic agent aga inst some Gram-negative bacteria, can reduce the biomass of 

both E. coli and P . .fluorescens b iofi l ms, contro l  food-borne bacteria, control bacteria in  

sewage, and control d i seases i n  p lants and animals ,  and ome patents have been fi led i n  

these areas ( Takaaki et al. , 2000; Takaak i ,  1 994) .  However, these appl ications have not 

been commerc ia l i sed. 

I ncreased understanding of the unique predatory mechanisms of B D  could create a new 

and potentia l ly  fert i l e  field to control harnlful Gram negat ive bacteria. To pur ue th is, 

there i s  a need to isolate and characteri se BD in  N ew Zea land, and to i nve t igate the 

potentia l  to apply BD commerc ia l l y  as a probiotic or an a l ternative to ant ibiot ics .  To date, 

there have been no pub l ished reports on the i so lation of BD in N ew Zealand. 

The hypothesis of the current study was that Bdel lovibrionaceae are pre ent in  New 

Zealand marine environments and that the organism has biopreservat ion potent ia l  in  the 

seafood i ndustry by contro l l ing other Gram-negat ive bacteria. 

H ence the a ims of the current work were to: 

• I so l ate Bdel lovibrionaceae from N ew Zealand sources. 

• Characterise New Zealand isol ates using genera l and molecular techn iques.  

• Screen the B D  isolates from N ew Zealand sources for their abi l i ty to reduce the 

numbers of some Gram-negative spo i lage and pathogen i c  bacteria and select the 

most effective for more detai led study. 

• I nve t igate the biopreservation potent ia l ity of B D  1 11 extending the he lf  l i fe of 

K ing Sa lmon . 
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C hapter 2 

General methodologies 

2. 1 Growth of host organism ( Vibrio parahaemolyticlIs ) fo r ro ut ine cu l t ivation of BD 

The host V. parahael110lyliclIs (A TCC 43 996) wa obta ined from the cu l ture co l lection of 

Seafood & Marine Ex tracts, New Zealand Institute for Crop & Food Research L imi ted, 

Auckland, New Zea land. This  cu l ture was orig ina l ly  i solated from a food poisoning 

incident in England and was suppl ied by ESR, Porirua, Wel l ington .  The organi m was 

stored on glass beads in glycerol broth at -80°C .  A s ingle glass bead of V. 

parahael110lylicus was pic ked from the -80°C freezer stock and dropped into 1 0  mL of 

sea water yeast extract ( S W Y E )  broth ( Appendix I A) and inc ubated at 30°C for I day. 

After incubation, the absorbance of the cul ture was measured at a wavel ength of 6 1  0 nm 

using a spectrophotometer (Genova M K 3 uv/vis ib le  spectrophotometer, Jenway Ltd, 

England) .  The cu l ture was streaked onto a S W Y E  agar plate ( Appendix I B )  and 

incubated ovem ight at 3 0°C .  Col ony pur i ty was veri fi ed by G ram sta in .  A s ingle  colony 

wa inoculated i nto 5 mL of S W Y E  broth and inc ubated for 24 h at 30°C for standard 

growth curve preparat ion.  

A standard growth curve was prepared by tak ing spectrophotometric read ings at 6 1 0  nm 

at 0 h, 4, 8, 1 2  and 24 h of incubation at 3 0°C. A lawn of V. parahael110�Vliclls was 

prepared by streaking a s ingle colony onto a SWY E plate and incubating at 30°C for 24 h. 

A fter incubation, the lawn was harvested from the surface of the agar plate by flooding 

with 9 mL of steri le 70% art ific ia l  sea water ( A SW, I nstant Ocean; Aquarium system; 

U S A )  ( A ppendix \ . I) and suspend ing the bacteria using d i sposable steri l e  ' hockey stick ' .  

The suspension was then adj usted to conta in  approxi mate ly 1 09 C F U  Im L  ( M c Farland 

Standard 5 or OD of 0.85 at 6 1 0  nl11 ) .  The concentration of the organism was veri fied 

using I O-fold seri al d i l utions and p lat ing onto SWY E agar plate in trip l icate.  
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2.2 I solation, selection, pu rification and cultivation of B D  

The i solation, purification and cu l tivation techn iques used fo l l ow methodologies used by 

W i l l iams et al. ( 1 980; 1 982),  W i l l i ams and Falkler ( 1 984) and P i ikiro et al. ( 2004) with 

some modifications. Vo lumes of 250 mL of water samp les were sequent ia l ly  fi ltered 

through 1 . 2, 0 .8 ,  0.45 and 0.2 � m  syringe fi l ters ( Sartor ius M i n isart non -pyrogenic, 

hydroph i l ic syringe fi l ter, V ivascience, H annover, Germany ) .  A port ion of the sampl e  ( I  

m L )  was taken from each of the fi ltrates for direct plating. Serial 1 0-fo ld d i l ut ions were 

made from 1 0-2 to 1 0-4 in 70% ASW.  The d i luti ons were we l l  mi xed by vortex ing. One 

mL of the d ilut ion was added to tubes contain ing 3 . 5  mL of Polypeptone 20 top agar [ ( Pp 

20; 0 . 7% agar) ( Appendix 1 .C ) ]  tempered to 45°C and 0 .5  mL of V. parahaemolyticus 

( 1 09 CFU/mL) .  The contents were gently mi xed and overl a id onto Polypeptone 20 bottom 

agar [ ( Pp 20; 1 . 5% agar) ( A ppendix 1 . 0)]  in 85 mm diameter standard non-vented petri 

d ishes ( Labserv, B ioLab)  in trip l i cate. After the top agar had so l id i fied, the p lates were 

incubated at 25°C for one week to check for the presence of B D- l ike p laques. F ive m L  of 

the unfiltered samples and each of the fi l trates were enri ched separate ly in flasks 

conta in ing 50 m L  of 70% A S W  and I mL of V. parahaemolyticus ( approximate ly 1 08 -

1 09 C FU/m L ) .  The in i t ia l  turbidi ty of the dual  cu l tu re was measured by 

spectrophotometer ( O D  of c .a .  0 .300 at 6 1 0  n111 ) .  The flask was incubated aerobica l ly  at 

25°C on an orbital  shaker ( Lab l i ne S H K  A2000 orbital  shaker, Bamstead I ntemational ,  

U S A )  at 1 30 rpm unti l turbidity reduced by approxi mate ly 0 .2  OD un its . The low 

turbid i ty was verified by spectrophotometric readings ( O D  of 0.05 5 to 0. 1 1 0 ) .  I f  this l eve l 

was not reached or i f  incubation was continued beyond th is  point, poor recovery of BD 

was  achieved. 

To obtain a pure plaque of B D, the dual  culture was passed through a range of syri nge 

fi l ters as previously described. To ensure that a l l  the prey ce l l s  were removed in the 

puri fication process, I 00 �I of the fi l tered cu l ture was p lated on SWYE and incubated 

overnight at 30°C to check for the presence of any viable host cel l s .  The B D  culture was 

then p l ated onto Pp20 medium with the double  agar overl ay technique as described 

previoLls ly.  Randomly selected p laques were examined by G ram stain reaction and phase 
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contra t microscopy to confill11 the presence of Gram negative coccobaci l l us and sma l l ,  

h igh ly mot i l e  cel l s  characteristic o f  the fami ly  Bde l l ovibrionaceae. To ensure a pure 

cul ture of each of the B D  isol ates, the puri ficati on process was repeated at least two 

ti mes. At l east 5 representative B D  p laques from each isolate were stored at -80°C for 

long term storage ( Appendix 2 A ) .  

2 .3 E n u meration o f  B D  

For enumeration of B D ,  a l iquots were aseptical ly taken from each fl ask o r  tube. Seri a l  

] O-fo ld d i l utions were made from 1 0.2 to 1 0.9 in 70% A S W .  Portions of the d i l ution ( 1  

m L )  were added to tubes conta in ing 3 . 5  mL of Pp 20  top agar and 0 .5  mL of  host 

organ ism ( V.  parahaemo�v/icus; 1 09 C F U/m L ) .  Content of the tubes were gent ly mixed 

and overl aid onto Pp 20 bottom agar in  trip l icate as described in Section 2 . 2 .  After the top 

agar had so l id i fied, the p lates were inc ubated at 25 °C in the orbital  shaker ( 1 30 rpm )  for 

one week to check for the presence of B D-l ike plaques. Plates showing approximate ly 

3 0-300 p laques were selected for counting and plaques were counted using a manual 

colony counter ( Stual1 colony counter, Bibby Steri l i n  Ltd.,  U K ).  The PFU were 

calcu lated by mult ip ly ing p laque counts by the d i l ution factor and the results expressed as 

log l o  PFU/m L .  

2.4 Preparat ion o f  pure B D  pellet fo r characterisation study 

A s ingle, characteri stic B D  plaque was inoc ulated i nto a steri le 250  mL Erlenmeyer fl ask 

contain ing 50 mL of 70% steri le  ASW and I mL of 1 09 host cel ls ( V. parahael11o/y/icus ) .  

B D  was propagated and puri fied as  described in  Section 2 .2 .  The pure BD cu l ture was 

concen trated into a pel l et by centr ifugat ion at 1 8 ,500 x g ( fixed-angl e rotor Type F-34-6-

3 8, Eppendorf centri fuge 5 8 1 0  R, E ppendorf AG-2233 I , Hamburg, Gell11any) for 40 min .  

The purification was verified as described in  Section 2 .2 .  
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2.5 Preparation of la rge-scale BD i nocula 

B D  was propagated as descri bed i n  Section 2 .2 .  After the turbidi ty c l eared and the 

spectrophotometric reading dropped to 0. 1 ,  the contents of the dual  cu l ture flask were 

transfened i nto a 500 mL steri l e  Erlenmeyer flask containing 250 mL of 70% steri l e  

A S W  and 5 mL of host ce l l s  ( V. parahaemo�Vliclls ). The fl asks were incubated at 25°C i n  

the orbital  shaker described previously ( 1 30 rpm )  for 2 4  h .  The dual  cu l ture was 

centrifuged at 1 4,500 x g ( fi xed-angle rotor Type F-34-6-38,  Eppendorf centri fuge 58 1 0  

R ,  Eppendorf AG-2233 I , H amburg, Gemlany ) for 3 0  min .  The pel l et was re u pended i n  

80 mL of 70% ASW, 2 m L  o f  the host ( V.  parahaemo/ylicus ) was added and t h e  flasks 

were i ncubated at 25°C on the orbital shaker ( 1 30 rpm ) for 24 h.  The cu l ture was then 

pas ed through a range of syringe fi l ters (0 .8  Ilm to 0.45 to 0.2 Il m )  to get pure B D  

cu l ture. The purity o f  the cul ture was veri fied a prev iously described ( Section 2 . 2 ) .  The 

fi l tered cu l ture wa centri fuged at 1 4,500 x g for 30 min. The pel let was resuspended with 

an appropriate amount of 70% ASW so that the cu l ture contai ned approxi mate ly  1 0 1 0  

P F U  Im L  of B D  ( adj usted by M c Farland standard 5 ) . The count o f  p laque forming unit of 

BD ( PF U/m L )  was con firmed by p lating B D  cul ture onto polypeptone 20 medium ( Pp20) 

with the double agar technique as previously described ( Section 2 . 2 ) .  

2 . 6  Preparation o f  the  chal lenge in ocula o f  P. phosphoreul11 a n d  ot her spoil age and 

path ogenic bacteria 

P. phosphorelll11 ( N C I M B  1 3477)  was obtai ned from the M icrobiology Laboratory 

cu l ture col lection, Seafood & Marine Ex tracts section, Institute for Crop & Food 

Research, Auck land, New Zea land. Th is  cul ture was origi nal ly supp l ied by Paw 

Dalgaard,  Denmark, isolated from M A P  cod fi l lets ( cod from Denmark ) .  Other spo i lage 

and pathogen ic organisms used in th i s  study are l i sted in Appendix 2 . B .  S im i l ar 

methodologies were used as descri bed in Section 2. 1 for preparation of the c ha l l enge 

i nocula of  P. phosphorelfl11 and other spo i lage and pathogenic bacteria .  
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2.7  E n u meration of P. phosphoreulI1 and other bacteria 

For enumeration of P. phosphoreul11 and the other spo i l age and pathogenic bacteria 

( Appendi x  2 . B ), a l iquots ( 5  - 1 0  m L )  were a eptica l ly taken from cach flask.  Serial 1 0-

fo ld  d i l ut ions were made from 1 0-1 to 1 0-9 i n  70% ASW. The d i l ut ions were we l l  mixed 

by vortexing. Portions of the d i l ut ion (0 . 1 mL )  were pread onto Sea Water Yeast Extract 

( S W Y E )  agar p lates in trip l i cate and i ncubated at 30°C for 24 - 48 h. P lates showing 

approximate ly  30-300 colonies were selected for counting and colon ies were counted 

us ing a manual colony counter ( Stuart colony counter, Bibby Steri l i n  Ltd . ,  U K) .  The CFU 

were calcu lated by mult ip ly ing colony count by di l ution factors and the  results 

expressed as log l o  C FU/mL . 
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Chapter 3 

I solation and characterisation of B D  isolates 

3 . 1  I nt rod uction 

Bdel lovibrionaceae are ubiquitous and wi despread i n  many habitats ( Stolp, 1 98 1 ) , 

inc luding marine envi ronments ( Sh i lo, 1 966) .  The most comprehensive eco logi cal  studies 

of marine B D  have been done in  the USA (Taylor er al. , 1 974; W i l l iams er al. , 1 9 80; 

1 9 82;  W i l l iams and Fa lk ler, 1 984; W i l l i ams, 1 988 ;  Sc hoeffie ld  and W i l l iams, 1 990;  

Ke l l ey and W i l l iam , 1 992;  W i l l iams et al. ,  1 995;  Ke l l ey et aI. , 1 997;  Pifieiro et  al., 

2004 ) and onl y  a few i olat ion and enumeration studies have been reported outside the 

USA ( M arbach et  aI. , 1 976;  M iyamoto and Kuroda, 1 97 5 ;  Sutton and Besant, 1 994; Pan 

et aI. , 1 997; Song et aI. , 2005 ) .  A l though marine B D  have been iso lated under various 

environmenta l cond itions, they have never prev iously been isolated from New Zea l and 

environments and the extent of the d iversity of these predator bacteria is unknown. 

Therefore, th is  study is a imed to rep0l1 the i o lat ion, characteri sation and diversity of 

mari ne BD from the N011h I s l and of ew Zea land . Pre l i m inary studies ,  over a period of 

s ix  months, attempted to iso late  BD from fi fty amples col l ected from a range of 

envi ronments: freshwater, seawater, fish gut,  ch icken gut and catt le  faeces . H owever, no 

BD were detected probab ly i n  part due to the the techn iques used . At this point,  new 

methodology was adopted fo l lowing a period of fi ve months work in  Professor H enry N 

W i l l i ams'  laboratory at the Uni versity of Maryland, Balt i more, U SA .  

Because B D  are usua l ly  found in  nature i n  rather low abundance ( K l e in  and Casida, 

1 967;  Fry and Staple, 1 9 74; W i l l iams, 1 9 8 8 )  and o ften are mi xed with bacteriophages, 

myxobacteria, protozoa, and other p laque form ing organ isms, scienti sts depend mostly on 

speci fi c  enrichment tec hniques.  To date, the basic approach to i solat ion of BD from 

natural samp les has been dependent on the degree of apparent c learing of water samples 

estimated "by eye" ( Wi l l i ams et al. , 1 980; 1 982 ;  P i iieiro et a I . ,  2004) .  This method does 

not a l low recovery of the max imum number of BD plaques, part icu lar ly the "by eye" 

est imation of the degree of c l earing of the samples after incubation may result in either a l l  
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the host being l ysed or few of the predators entering the host at the t ime of fi l trat ion . This 

rai ses the question of the correct t ime to separate BD from the host which i s  one of the 

cr i t ica l  steps i n  i so lat ion. Pre l im inary work found that rout ine absorbance mea urement 

techniques were usefu l  to detemline when best to separate BD from the host during the 

isolat ion and enumeration of BD in natural samples.  The best t ime to separate BD from 

the host was found to be when a decrease in absorbance of about 0.2 OD uni ts  from the 

in i t ia l  l evel of 0 .3  units to 0 . 1 had occurred. Good recovery of BD was obta ined by th is  

technique but  if  th is  level of reduct ion was not  achieved or i f  i ncubation w i th host was 

continued beyond th is point, poor recovery of BD was obta ined .  This method ( Section 

2 .2 )  was used for the attempted i so lation and enumeration of BD from a l l  the samples 

described i n  th i s  thesis .  

I n  the  present study, V. parahaemolyticus was chosen as  host bacterium for the  recovery 

of B D  i so lates hecause of its proven abi l i ty as the most effic ient host ( Schoeffield and 

W i l l iams, 1 990) .  

The phenotypic characteri sation of BD i s  l im ited to just a few technique a most of the 

laboratory-based common tradit ional  tests cannot be used due to the i nabi l i ty of BD to 

grow in pure cu l ture. A few researchers have attempted some conventional te ts ( ox idase, 

catalase, ge lat in hydrolysis and cytochrome spectra ) to characterise BD isolates ( Seid ler 

and Starr, 1 969) ,  but others observed thcm to be insuffici ent and questionable for 

taxonomic  d ifferentiation ( Seid ler and Mandel 1 97 1 ;  Burnham and Robinson, 1 974) .  

More recently, A P I  ZY M enzymic react ions and ant ibiot ic ensit i vity profi l es, which do 

not require growth of the organi sms, have been successfu l ly used by Baer et 01 .  ( 2004) to 

d ifferentiate the marine and fresh water BD isolates .  H owever, phylogenet ic analysis of 

1 6S rRNA gene sequencing, ribotyping, and DNA-DNA hybrid ization have been proved 

to be the most usefu l  techn iques ( Baer et 01. , 2000; Jurkevitch et 01. , 2000; Baer et al., 

2004) ,  and these were rev iewed in Chapter I .  In contrast, the use of pulsed field ge l 

e lectrophores is for d iscriminat ing B D  iso lates has been reported in the l i terature only as a 

s ingle review of an unpub l i  hed work ( Wi l l iams er 01. , 2003 ) .  
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The cUlTently used characterization tech l1iques based on common morphol ogy, 

microscopy and molecular techniques such as 1 6S rDN A  sequencing and DNA - DNA 

hybridization, which revealed sufficient d iversity only among the genus, do not take into 

consideration spec ies or strain d iversity which may ex ist i n  these organisms.  I n  th is  study 

the proven phenotypic techniques were chosen to identify and characterise B D  isolates 

and differentiate the i solates frol11 other bde l lovibrio l i ke  organisms ( BA LO ) :  techniques 

such as p laque morphology, A P I  Z Y M  enzymic reactions and antibiogram profi l ing, 

fluorescence and e lectron microscopy and molecu lar tec hniques such as 1 6S rDNA 

sequencing and phylogenetic analysis .  DNA fingerprinting techniques such as pulsed 

fie ld  ge l e lectrophoresis ( P FG E), as wel l  as or in conj unction with,  1 6S rRNA gene 

sequencing and S DS- PAG E were a l so appl ied as potential ly important too ls  to 

understand the di versity of N ew Zea land marine B D  isol ates. 

V arious 
. . 

mIcroscopIc techniques, inc luding phase contrast and epifluorescence 

mi croscopy ( Kadouri and O'Toole, 2005 ), e lectron microscopy ( Abram and Davis, 1 970; 

B urnham and Robinson, 1 974; Kadouri and O'Toole, 2005) , atomic force microscopy 

( N uilez et al. , 2003 ; 2005 ) and confocal laser scanning mi croscopy ( Macedo et al. ,  200 5 )  

have been successfu l ly  used b y  researchers for t h e  structural and topo logica l  study o f  B D  

during t h e  various stages o f  its l i fe cycle .  

In  the present study, fl uorescence microscopy using ' Molec ular Probes ' Live/Dead " 

BacLight™ bacteria l  viabi l i ty k i ts ( M olecular Probes, Eugene, Oregon, U S A )  were used 

to determ ine the viabi l ity, pur i ty and concentrations of BD cel l s  as we l l  as the presence of 

bde l lop lasts and host cel l s .  The k i ts provide a novel two-colour fluorescence assay of 

bacteri a l  viabi l ity that has proven useful  for a di verse alTay of bacteri a l  genera inc lud ing 

B D  and its host cel l s  ( Kadouri and O'Too le, 2005 ; Macedo et al. , 2005 ) .  BacL ight™ is 

comprised of two dyes, SYTO " -9 dye, 3 . 3 4  mM ( Component A )  and propidium iodide 

( P I ), 20 mM ( Component B). SYTO-9 is  a green nucleic ac id  stain that can penetrate both 

intact and damaged membranes when used alone.  PI is a red fl uorescent dye that 

penetrates only damaged membranes. In an appropriate mixture of SYTO-9 and P I ,  
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bacteri a wi th in tact ce l l  membranes fl uoresce green, whereas bacteria with damaged 

membranes fluoresce red . In e lectron microscopy, negat ively stai ned specimens were 

examined for the structura l  and topological stud ies of B D  and i ts host cel l .  

3.2 M aterials a nd met hods 

3.2. 1 I solation o f  B D  fro m New Zealand seawater 

The iso lation, propagation and cu l t ivation techniques u ed fo l low methodologies 

described by W i l l iams et al. ( 1 980; 1 982) ,  Wi l l iams and Falk ler ( 1 984 ) and P ii'ieiro et al. 

( 2004) with some minor mod ifications. Twenty water samples were col l ected from five 

d ifferent sampl i ng s i tes around Auckland ( Princes Wharf, Ke l ly  Tarl ton 's,  M i s  ion Bay, 

Cox 's  Bay and South P iha)  in the winter ( J u l y  and August ) .  Water amples were 

co l l ected once from fourteen d ifferent coasta l sites on the east and west coasts of the 

N0I1h I s l and of N ew Zeal and (Tabl e  3 . 2 )  in  the pring months of 2004 ( September to 

N ovember). A i r  temperature, water temperature and weather condit ions were recorded 

during the sample  co l lect ion. Sa l in ity was recorded during sample col l ect ion us ing a 

hand he ld refractometer ( Atago Hand Refractometer, USA) .  Two water samp les were 

col l ected in steri l e  bott les ( 500 mL - I L) at each samp l i ng si te. The bott les were 

submersed to a depth of 500 - 800 mm below the surface, 2 - 20 m from the shore and 

transported to the laboratory immediately after col l ect ion or kept in icc unt i l  processing. 

Typica l  wel l - isolated BD p laques were selected, pur ified,  propagated and cu l t ivated as 

de cribed in Section 2 .2 .  The turbid i ty of the dual cu l tures of BD and host ce l l s  was 

recorded as described in Section 2 .2 .  P laque purity was veri fied by Gram sta in,  phase 

contrast microscopy and on SWY E agar as described in Section 2 .2 .  

Four s ingle, we l l - isolated characteristic plaques were removed from each p late and 

inoculated i nto an enr ichment cu l ture and incubated unt i l  the suspension wa c l ear. The 

process of fi l tering and inoculat ion of the fi l trate onto Pp20 agar, and the enrichment 

steps, were repeated at l east three t imes to ensure a pure cu l ture of  each of the i so l ates. At 
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l east 5 representative BD samp les from each iso late were stored at -80°C for long teml 

storage ( Append ix  2 .A ) . 

3 .2.2  Characterisation of B D  by fluorescence microscopy 

The fol lowing ce l l  suspen ions were used in this study: early l ag phase cel l s  of stra in  

OT2 and i t s  host ce l l s ,  late exponent ia l  ce l l s  of pure OT2 and late exponent ia l  ce l l s  of 

host V parahaemo!yliclIs. The l ate exponentia l  pure cu l tures of OT2 were grown in a 

med ium of 50 m l  of 70% ASW and 1 ml of host ( V  parahaemolYlicus) ,  i ncubated in an 

orbita l  shaker ( 1 30  rpm)  at 25°C for 2 days. OT2 was puri fied, propagated, and pure 

pe l l ets were prepared as descri bed in Sections 2 .2  and 2 .4 .  The early l ag phase cel l s  of 

OT2 and its host ( V  parahaemo!Ylicus ) were prepared by transferring 5 ml of fresh l y  

grown pure OT2 ce l l s  ( as described i n  Section 2 . 2 )  into a med ium of  50 ml of 70% ASW 

and  I m l  of  host ( V  parahaemo!Ylicus) ,  and incubated in an  orbita l  shaker ( 1 30 rpm)  at 

2 5°C for 6 h. The dual cu l ture was concentrated into a pe l let by centri fugation at 1 8 ,500 x 

g ( fi xed-angle  rotor Type F-34-6-38 ,  Eppendorf centrifuge 58 1 0  R, Eppendorf AG-

2233 1 ,  H amburg, Germany)  for 30 min. The u pension of host ce l l s  was prepared as 

described in Section 2 .  I .  A dense suspension of the dual cu l ture pe l let was prepared with 

approximate ly  5 - 1 0  ml of 0 .85% NaCI and tandardised to a turbid i ty of McFarland 

standard 5 - 6 and spectrophotometric reading of 0.85 OD at a wavelength of 6 1 0  nm. 

A dye mixture contain ing 500 III component A ( SYTO "  -9 )  and 500 II I component B 

( propid ium iodide) from ' Molecular Probes '  l ive/Dead " Bacl ight™ bacteri a l  v iabi l i ty 

k i t  was mixed thoroughly and 3 Jl l  of the dye mixture was added to I m l  of each 

suspension of the test samp le and kept at room temperature in the dark for 1 5  min .  The 

stained bacteria l  suspension ( ca 5 Jl l )  was trapped between a s l ide and an 1 8-mm square 

covers l ip .  The s l ides were observed using a Cari Zeiss " fluorescence micro cope (Carl 

Zeiss, Germany) using EX G365,  BS FT 395 ,  and EM l P  420 fi l ters and photographed 

using a Axiocam M Rc 5 ( D ) h igh resol ution camera (ZE I 0450-354, Axiocam, Carl Zeiss, 

Germany ) .  
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3.2.3 Characterisation of BD by transm ission electron microscopy 

Two ce l l  suspensions were used in th i s  study: early lag phase ce l l s  of a dual cu l tu re 

conta in ing OT2 and its host ce l l s  and l ate exponential ce l l s  of pure OT2 . Thcsc wcre 

prepared as described in Section 3 .2 . 2 .  A dense suspension of each pel l et was prepared 

us ing 5- 1 0  m L  of 0 .85% NaCI to achieve a standard ised turb idi ty as described in Section 

3 .2 . 2 .  

Bacteria l  suspensions were p i  petted in sma l l  drops onto parafi lm and formvar carbon­

coated grids ( 400 mesh)  were i nvel1ed onto the  drops for 2-3 min .  The  grids were dried 

w ith fi lter paper and then invel1ed onto approximate ly  I 0 � L  of I % phosphotungstic ac id 

for a ful1her I min .  The grids were then viewed using a J EOL J E M- 1 200 EX I I  

transmission e lectron microscope at an accelerating vol tage of 80 k Y  and the images 

captured on cut fi lm .  

3 .2.4 Characterisation o f  BD isolates u s i n g  enzy mic reactions 

The A P l  ZYM ( bioMe'rieux ) identification test involves the i noculation of a dense 

suspension of organisms to rehydrate the enzymatic substrates. The metabol ic end 

products produced during the incubation period are detected through colour reactions 

revealed by the addi t ion of enzymes. These reactions are read according to the tab le  

supp l ied wi th the k i t .  Th i rteen B D  i so lates were used in th i s  study ( Append ix  2 D) .  BD 

pel l ets were prepared as  described in Section 2 .4 .  A dense suspension of the pel l ets was 

prepared wi th 1 .5 - 2mL of d is t i l led water and standard i sed as per Sect ion 3 . 2 . 2  and the 

instructions in the kit manua l .  F ive mL of d ist i l l ed water was d i stributed into the honey­

combed wel l s  of each incubat ion box prepared with the tray and l i d  to create a humid 

atmosphere. S i xty five �L of each BD dense suspension was d ispensed into each cupu le  

Fourteen API  ZY M trips ( for 1 3  B D  i so lates and a negative contro l ) that contained 20 

cllpu l es i n  each strip were each p laced in an incubation box. The inocu lated stri ps were 

then p laced i nto the incubation box for 4 .5  h at 3 7°C. 
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After i ncubation, I drop each of ZYM A and Z Y M  B reagents were added to each cupule 

and he ld for 5 min for colour development. The reactions were recorded on the resu l t  

sheets according to  the  tab le  suppl ied w i th  the k i t  and the  va lue  ranged from 0-5  based on 

the development of the colour. The strength of reactions was based on the colour i ntensity 

and values of 0, I and 2 corresponded to negative reactions ( insufficient ly i nten e colour 

i ndicating insufficient react ion ) .  Values of 5 corresponded to maximum reaction whi le  3 

or 4 were intel111ediate reactions depending on the level of i ntensity. Values of 3 , 4 and 5 

were considered as positive reactions. 

3.2.5 C haracterisation of BD isolates by ant ibiotic sensit ivity 

Antib iogram profi les of 1 3  BD iso lates ( Appendi x  2 D )  were generated against 29 

antibiotics using the double-agar overlay technique described by Baer et al .  ( 2004 ) .  Pure 

cu l tures of the B D  isolates were grown in  a medium of 50 mL of 70% ASW and I mL of 

host Vibrio parahael11o�)'licus i ncubated i n  an orbi ta l  shaker ( 1 3 0  rpm )  at  25°C for 2 days. 

The BD cu l tures were then purified as described in Section 2.2.  The BD cu l ture were 

concentrated by centri fugation at 20,800 x g for 40 min .  The concentrated BD cu l tures 

were re-suspended in an appropriate amount of the supel11atant and adj usted to a final  

concentrat ion of approximate ly  1 07 PFU/mL .  A lawn of V. parahaemofyticlIs was 

prepared by streaking a single, pure colony onto a SWY E plate and incubat ing at 30°C 

for 24 h. The lawns were harvested in 3 mL of 70% art ific ia l  sea water ( ASW) .  To 

prepare l awns on Pp20 double agar overlay pl ates, 1 mL suspens ion of V. 
parahaeI110�vlicl/s wa added to 3 mL of mol ten Pp20 top agar and overla id onto Pp20 

bottom agar p lates and a l lowed to harden .  The p lates were incubated at 30°C for 1 -2 days . 

The lawn-forming Pp20 p lates were d iv ided into 8 quadrants, and an antibiotic d isc was 

p laced on each .  Ten f.lL of each BD iso late was dropped on the top of each disc .  Plates 

were incubated un inverted at 3 0°C for 24 h to al low the BD spots to absorb into the top 

agar. The p lates were then inverted and i ncubated for a further 48 h. Re istance to the 

ant ibiot ics was observed by the growth of BD i o lates to the edge of the discs, as 

i nd icated by c l earing or lysis of the prey lawn. A ensit ive reaction to antibiotics was 

recorded in the absence of a c l eari ng zone on and around the d iscs .  Three rep l i cate tria l s  
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were perfon11ed and the resu l ts were recorded as the average of the re ul ts obtained from 

these experiments. 

3.2.6 C haracterisation of B D  isolates using 1 68 rDNA seq uencing 

3.2.6. 1 Bacterial strain s, cu l ture med i u m  and growt h condit ions 

Thi rteen BD i o lates were used i n  th i s  study ( Appendix 2 0) .  The pure cu l tures were 

grown in a medi um of 50 mL of 70% ASW wi th I m L  of host V. parahaemolyticus 

i ncubated i n  an orbita l  haker ( 1 30 rpm )  at 25°C for 2 days. The cu l tures were purified, 

propagated, and pure pe l lets prepared as described in Sections 2 . 2  and 2 .4 .  

3.2 .6.2 Genomic DNA ex traction from B D  isolates 

Genomic  DNA was extracted from each of the iso lates UStng a Dneasy Ti ssue K i t  

( Qiagen, H i l den, Germany), fol lowing t he  manufacturer's i nstructions.  BD  pel l ets were 

resuspended in 1 90 il L of A TL buffer. Proteinase K ( 20-ll l )  wa added, mixed by 

vortexing and the suspension incubated for I h at 55°C.  Al buffer ( 200 Il l )  was added to 

each tube and the samp le  were incubated for 1 0  min at 70°C then thorough ly  mixed. The 

sample  was made up to 200 II I  with ethanol ( 96- 1 00%) and thoroughly mixed .  The 

mixture was transferred into the Dneasy M in i  sp i n  column and p laced in a 2 mL  

co l l ect ion tube. The mixture was then centri fuged a t  6,000 x g ( fixed-angle rotor Type F-

45-30- 1 I ,  Eppendorf centri fuge 58 1 0  R, Eppendorf AG-2233 1 ,  Hamburg, Germany)  for 

I min and the flow-through and col lect ion tubes were d i scarded. The Dneasy M ini  spin 

co lumn was p laced i n  a new 2 ml  col l ect ion tube fol l owed by the addi t ion of 500 lJ L of 

buffer A W l .  The column was centri fuged for I min at 6,000 x g and the flow-through 

and col l ection tubes were d iscarded. The column was p laced i nto a new 2 m l  col l ect ion 

tube, and 500 lJ l of buffer A W2 was added . The col umn was centri fuged for 3 min at 

20,800 x g to dry the Dneasy membrane. The Dneasy M in i  spin co lumn was carefu l l y  

removed and  p laced in a c lean 1 . 5 m L  microcentrifuge tube and 1 00 II I of buffer A E  was 

p ipetted d i rectly onto the Dneasy membrane. The column was incubated at room 
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temperature for I min and then centri fuged at 6,000 x g ( 8 ,000 rpm )  to e lu te the DNA .  

The  e l ut ion was repeated once more a s  described above. The DNA sample was then 

stored at -20°C and thawed at room temperature as requ ired . 

3.2.6.3 Determination of DNA concentration, yield and pu r i ty 

DNA yie ld was measured by determin ing the absorbance of the e l ute at 260 nm 

wavel ength . The puri ty of the DNA was calcu lated by the rat io  of the absorbance at  

260nm and 280nm, which provided an estimate of the purity with respect to contaminants 

that absorb UV l ight, uch as protein .  Pure DNA has an A26o/A2Ro rat io of 1 . 8-2 .0 .  DN A 

concentrations were measured using spectrophotometric readings at 260 nm ( Genova 

M K3 uv/v is ib le  spectrophotometer, Jenway Ltd, England ) .  

3.2.6.4 A m pl ificat ion of 1 6S rDNA by polymerase cha in  reaction ( PC R) 

I n  PCR, in i t ia l  prob lems were encountered with the sensit iv i ty and spec ific i ty of the 

reactions and mod ifications to opt imise the protocol were required. Fol lowing 

optim i sation, a protocol was chosen for the two primer sets. To generate a comp lete 1 6S 

rDNA sequence, primers U 1 6a and U 1 6b were u ed (Table 3 . 1 ) . For generating a part ia l  

1 6S rDNA sequence, Bdellovibrio-spec ific  reverse primer 842 R and a forward primer 

63 F ( Table 3 . 1 )  were se lected based on the work of Jurkevitch et al. ( 2000 ) :  

Table  3 . 1 L ist of primers used fo r Partial  and com plete 1 6S rDNA seq uenci ng. 

Pr imer P rimer Seq uence Lengt h GC ( % )  
No.  name (bases} 
I U 1 6a 5'-AGAGTTTGATCCTGGCTC-3' 1 8  50 
2 U I 6b 5 -TACCGYTACCTTGTTACGACTT-3 22 43 
3 1 6F357  5 -ACTCCT ACGGGAGGCAGCAG-3 20 65 
4 1 6R I 087  5 -CTCGTTGCGGGACTTAACCC-3 20 60 
5 842 R 5 -CGWCACTGAAGGGGTCAA-3 1 8  55  
6 63 F 5 -CAGGCCTAACACATGCAAGTC-3 2 1  52 
7 1 492R 5 -GGTTACCTTACGACTT-3 1 6  42 
8 27F  5 -AGAGTTTGA TCCTGGCTCAG-3 20 50 
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The sensi t iv i ty and specific i ty of the PCR are affected by magnesium ion concentrat ion, 

denaturat ion, annea l ing and extension t imes, annea l i ng temperature and the number of 

ampl ification cyc l es .  Therefore, pre l im inary test reactions were can-ied out u 1 I1g prImers 

5 and 6 to determine the optimum condit ions. 

Based on an assessment of the PCR products, the magnesium ion concentration in the 

react ion was held at 2.0 mM M gCb, wh i l e  3 Ilg of each DNA template was found to be 

the most appropriate amount in a PCR master mix .  Hence, the PCR mix contained 5 il L 

of  1 0  x PCR buffer ( I nvi trogen,  Carlsbad, USA), 2 .0  il L of 2 . 0  m M  MgCI2 ( I nvi trogen ), 

1 .0 il L each of reverse and forward primer , 0.5 �l L of Taq DNA polymerase 

( I nvi trogen), 3 il L of DNA template and the appropriate amount of doub le  d isti l led water 

to make the total vol ume up to 50 ilL .  

Ampl ifications were performed 1 11 0 .5  mL  PCR tubes in a programmable Eppendorf 

themla l  cyc ler ( Mastercyc l er gradient, Hamburg, Germany) .  To optimise the 

denaturation, annea l ing and extension t imes and the number of amp l ification cycles, the 

fol lowing parameters were te ted. I n i t ia l  denaturation at 94°C : 4 - 8 min in increments of 

I min fo l l owed by 30, 35, 38 cycles of denaturation at 94°C for 25  s or 30 s; annea l ing at 

60°C for 30 s or 42 s and extension at 72°C for 1 0  or 1 3  s .  The final extension of I cyc le  

of  72°C was for 7 min .  After assess ing a l l  the parameters, the  fol lowing temperature 

profi les and amp l i fication cycles were deteml ined as the best for NZ-B D  i so lates: in i t ia l  

denatu ration of I cyc l e  at  94°C for 7 min fol lowed by 35  cyc l es of denaturation at  94°C 

for 25 s, annea l i ng at 60°C for 42 s and extension at 72°C for 1 3  s and one cyc l e  of 

extension at 72°C for 7 min .  After complet ion of the amp l ification cyc l es the tubes were 

cooled to 4°C to stop the react ion .  After ampl ification, the PCR products were analysed 

by gel e lectrophoresis and the remain ing samples were stored at  -20°C . 
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3.2.6.5 Gel  electrophoresis of PC R products 

Standard e lectrophore i s  protocol were used for a l l  BD iso lates USIng a Gel  

E lectrophoresis device ( Bio-Rad, Hercu les, CA, USA) .  PC R products (8  il L )  were mixed 

wi th 2 il L of gel l oad ing dye ( Appendix I . L ) .  The reactions were loaded into the wel l s  of 

a 1 %  agarose gel  prepared a I g agarose ( l nvitrogen, Carl sbad, USA)  in 1 00 m L  of 0 .5  x 

TAE buffer a long  with I kb plus DN A ladder ( I nvitrogen, Carlsbad, USA)  and a negative 

contro l  react ion ( no DNA added ) .  E lectrophoresis was conducted at 1 00 vol ts in an 

e lectrophoresi s  chamber for 90 min . 

3.2.6.6 Stain i n g  and photographing of the gel 

After e lectrophoresi , the ge l s  were sta ined in fresh aqueous ethid ium bromide ( 80 /-lL i n  

I L d ist i l led H20)  for 20 m in .  The  ge l s  were then de-stained i n  water for 30 min ,  and 

photographed us ing a Kodak Gel  Documentation System ( Kodak, ew H aven, USA) .  

3.2.6.7 Pu rification of  PC R products and DNA sequencing 

The PCR product were puri fied uS l llg a Q IAquick " PCR purification k i t  ( Qiagen, 

H i l den, Germany)  fo l lowing the i nstruction manual of the manufacturer. Each PC R 

product ( 40 il L )  was mixed with 200 II I  of Buffer PB ( suppl ied ) .  The mixed sampl e  was 

transferred i nto a Q I Aquick spin column and p laced in a 2 ml co l lect ion tube and 

centri fuged at 1 6, I 00 x g in a microcentri fuge ( Eppendorf centrifuge 54 1 5  0, Eppendorf 

AG- 2233 1 ,  Hamburg, Gem1any ) for 1 min .  The flow-through was d i scarded and the 

Q I Aquick column was p laced back i nto the same tube. PE  buffer ( 0 . 75 mL, suppl ied) was 

added and centri fuged for I m in .  The flow-through was d iscarded and the column was 

p laced back i nto the same tube and centri fuged for an addit ional 1 m in .  The Qiaquick 

co lumn was p laced in a c lean 1 . 5 ml  micro centrifuge tube and 50 il L of buffer EB 

( suppl ied) was added to  the  centre of the  Qiaquick membrane. The co lumn was 
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centrifuged for I min and the purified e luted DNA was stored at -20°C unt i l thawed at 

room temperature a required. 

3.2.6.8 Sequencing of the pe R prod uct 

Sequencing wa carried out by the A l lan W i l son Centre Genome Service ( A  WCGS, 

Massey Un iversity, A lbany)  using A B I  P R I S M  Big Dye Termi nator Cyc le  Sequencing 

Ready Reaction ki ts i n  a Gene Amp PCR system 9700 mach ine, and ana lysed on an A B ]  

P R I S M  3 7 7  D A sequencer. For complete 1 6S rDNA sequencing of the DNA fragment, 

primers U 1 6a, U 1 6b and two add i ti ona l  primers 1 6F357  and 1 6R I 087 ( Tabl e  3 . 1 )  were 

used. Part ia l  1 6S rDNA sequencing of the DNA fragment was performed us ing primers 

842 R, 63 F and two add it ional primers 1 492 R and 27F  ( Tabl e  3 . 1 ) . 

3.2.6.9 Assembl ing of seq uences and s imi larity searches i n  Genbank 

The 1 6S rDNA sequences for each of the B D  isol ates were assembled, overlapping 

sequences were p ieced together and the contigs were generated us ing Sequencer vers ion 

3 .  The obtained contigs of each of the iso lates were subjected to s imi larity searches 

against the N C B I  database using the Basic Local A l ignment Search Tool ( BLAST) 

programme ( A ltschul  et al. ,  1 997) ,  avai lab le on the internet 

( http://www.ncb i . n lm .n ih .gov/B LAST/) . 
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3.2.7 Characterisation of B D  isolates us ing SOS-PA G E  

Thi rteen BD iso lates ( Append ix  2 0 )  were used in t h i s  study. BD  cu l tures were purified, 

propagated, and pure pel l ets were prepared as described in Sections 2 . 2  and 2 .4 .  The 

pe l lets were stored at _20DC unti l use. Samples of frozen bacteria l  cu l ture pel l ets were 

thawed on ice . One-mL  of H E PES-based extraction buffer ( Ryan et al. , 1 99 ) was added 

to each of the pel l ets and the total so lub le  proteins were then extracted manua l ly  using 

d i sposable micropest les ( Kontes ) for 30 s .  Extracts were centr ifuged at 1 0,000 x g for 1 5  

min ( fixed-angl e rotor Type F-45-30- 1 1 , Eppendorf centrifuge 58 I 0 R, Eppendorf AG-

2233 1 ,  H amburg, Germany ) and the supematant was assayed for protein concentration 

( Bradford, 1 976 )  to standardise protein l oadings on the gels .  The BioRad microplate 

method and B ioRad protein assay concentrate were used . Thirty ug of protein from each 

extract was loaded onto 1 0% SOS-PAG E ge l s .  F ive uL of Prec i ion Dual  Colour 

molecular weight pre tained standards ( BioRad Cat # 1 6 1 -03 74) were a l so app l i ed .  The 

molecular weight standards conta ined ten purified recombinant proteins, inc l uding three 

reference bands from 1 0  to 250 KO .  The ge l s  were run for 0 .2  h at 30Y, 90mA , fo l lowed 

by 1 .50  h at 1 50Y, 90mA. Gels  were stained by placing them into a fixative so l ut ion 

( 5 0% methanol ,  7% acet ic ac id )  for 30 min wi th gentle agitation, and then onto Sypro 

Ruby sta in  ( M o lecular Probes) ovemight, with agitation. The sta in was removed and 

replaced wi th 1 0% methanol ,  7% acetic acid for 30 min and then rep laced wi th d i  t i l l ed 

water for 1 0  m in .  The Sypro stained gels were digi ta l l y  scanned on a Typhoon 9400 

scanner ( Amersham) .  After Sypro sta i ning, samp les were stai ned with a modified 

Neuhoff col lo ida l  Coomassie  tain ( Neuhoff et a I . ,  1 988 )  ( 1 7% ammon ium su lphate, 3% 

phosphoric acid, 34% methanol ,  0 . 1 % Coomassi e G-250) for 24 h .  The tain was 

removed and rep laced with three washes of d ist i l l ed water for 2 h each, and the gel was 

then dried on g lass p lates at room temperature under ce l lophane and stored. 
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3.2.8 C haracterisation of BD isolates us ing pu lsed-field gel electrophoresis 

This PFG E method used fo l lows that described by Fenwick ( 1 997 )  wi th some mInor 

exceptions. 

3.2.8. 1 Preparation of pellets from BD isolates 

1 5  BD  i so lates (Append ix 2 E )  were used i n  th is  study. I so lates S P-enr and MCB-enr are 

the enrichment cu l ture of SP  and MCB respectively, which were not stud ied futiher i n  

t he  current research .  BD  i so lates were purified, propagated, and pure pe l lets were 

prepared as described in Sections 2 . 2  and 2 .4 .  The pe l lets were stored at -20°C. 

3.2.8.2 Preparat ion of DNA p lugs 

The pe l let was resuspended in 2 mL  of ce l l  suspension buffer ( 1 00 m M  Tri s-HC I ,  1 00 

m M  EOT A) .  The turbid i ty was adj usted to 00 0.48 - 0 .52 at 6 1  Onm. Ce l l  uspension 

(400 �lL )  was mixed with 20 �l proteinase K (20 mg Im L )  and 400 �L of 1 %  seakem 

gold agarose ( Pu l sed-fie ld cert ified, B io-Rad) + I % SOS ( equ i l i brated to 55°C) .  The 

components were mixed by gent ly p ipetting up and down and 75 II I a l iquots of the 

agarose-ce l l  suspension were d ispensed immediate ly  into p lug mou lds and left to so l id i fy 

for 1 5  min at 4°C. 

The agarose p lugs were p laced into I ml of lys is  buffer in Eppendorf tubes ( 50  m M  

EOTA pH 8 .0 ,  50 mM Tri s-HCI pH  8 .0 ,  I % odium lauroy l  sarcosine, 0 . 1 % proteinase 

K )  and incubated in a water-bath at 56°C overn ight. The p lugs were washed eight times 

in 1 5  ml of TE buffer pH 8.0 ( 1 0 mM Tri s-HCI ,  I mM EOT A) with vigorous shaking on 

an orbita l  shaker ( lab l i ne S H K  A2000 orbita l  shaker, Barnstead I nternat iona l ,  USA)  at 

1 80 rpm for 1 5  min .  Fina l l y  the plugs were transfelTed in to an Eppendorf tube conta in ing 

I ml ofTE buffer and stored at 4uC unti l requi red. 
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3.2 .8 .3 Restriction endon uclease digest ion of DNA em bedded in aga rose p l ugs 

Sl11a l restrict ion enzyme was selected based on the cutt ing abi l i ty and GC content of the 

DNA.  A 2 mm strip of DNA plug was exci sed us ing a steri l e  scalpel b lade and p l aced in 

an Eppendorf tube contain ing 1 00 /-lL of cutting buffer ( 1 0 f.lL Sl11a I buffer, 0 .8 �t 1 1 00 

mg/mL BSA, 30 units Sma I ( 1 . 5 f.l L  of 20U/f.l L )  and 88 .5  f.l L  of steri l e  M Q  water) and 

equ i l ibrated on ice for 1 0 - 1 5  min .  The p lugs were then incubated at 3 7°C for 2 h. 

3.2 .8.4 Pulsed-field gel electrophoresis of d igested D N A  

Standard e lectrophoresis protocols  were used for a l l  isolates using a Contour C lamped 

Homogeneous e lectric fie ld  ( C H  EF )  e lectrophoresis system ( C H E F  Mapper, Bio-Rad 

Laboratories, R ichmond, Cal i fornia, USA) .  

The  DNA p lug  s l ices were loaded into the wel l s  of a 1 %  seakem gold agarose gel [ 1 .0 g 

agarose in 1 00 mL of 0 .5  x TBE buffer ( I  M T R J S  base, I M H B03, 2 m M  di -Na+ 

EDTA pH  8 .0 ) ] .  The gel was equ i l ibrated in the e lectrophores i s  chamber with the buffer 

( 0 . 5  x TBE)  c ircu lat ing for 2 h .  Lambda marker ( ew England Bio labs I nc . ,  USA)  was 

a lso run i n  the first, middle and last run of each gel to provide DN A size standards. The 

wel l s  were fi l l ed with 1 %  agarose and the gel was l eft at room temperature for 1 0  min to 

a l low the agarose to o l id ify.  

Two l i tres of 0 .5  x TBE buffer were poured i nto the  e lectrophores i s  chamber. The water 

ch i l l er and pumps were turned on to equi l ibrate the buffer to 1 40C and the gel was placed 

in the chamber. E lectrophoresis was conducted under the fol lowing cond i t ions: 6.0 V/cm; 

switch t imes - in i t ia l  3 s, final  50 s; ramp 79%; duration of run - 22 h .  
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3.2 .8.5 Sta in ing, ph otography and interpretation of pu lsotype patterns 

After e lectrophoresis, the gels were stained in fresh aqueous ethidium bromide ( 80 �LL of 

1 �g/mL )  for 20 min .  The gels were then de-stained i n  water for 3 0  min and 

photographed on Gel Doc 2000. The photographic image of the gels were analysed based 

on the degree of d iss imi lar i ty of pattems of bands between isolates us ing the criteria set 

up by Tenover el al. ( 1 995 )  and Fenwick ( 1 997) :  

I dentical - a l l  bands are in s imi lar posi t ion; 

C lose ly  rel ated - d iffer by one to three bands; 

Poss ib ly related - four to six band d ifferences; 

Unrelated - six or more band d ifferences. 

3.2.8.6 Dendrogram of the pu lsoty pes of B D  isolates 

A dendrogram of  the pu lsotypes of the 1 5  BD isolates was prepared uSlllg Diversity 

database oftware version 2 ( B io-Rad) .  
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3.3 Resu lts 

3.3. 1 I solation of BD from New Zealand seawater 

Table 3 .2 and Fig 3 . 1 summarize the samp l ing site locations, and the weather cond it ions, 

air temperature and sal i n i ty that prevai led during the samp l i ng periods. The surface 

a l i n i ty ranged from 3 . 5  - 3 .7% except in Cox 's Bay where the sa l i n i ty was l ower due to 

heavy ra infa l l  prior to sample co l l ect ion.  

BD i so lates were isolated from al l  samp les co l l ected in  the spring months of  2004. 0 

BD iso lates were recovered from the 20 samples col lected i n  the wi nter months of 2004. 

We l l - isol ated B D- l i ke p laques were directly isolated from 1 4  co l l ection poi nts, whi le  

enrichment techn iques were needed for the  isolation of B D  plaques from OT -enr and TB­

enr amples (Table  3 .3 ) . The concentration of the B D  isolates in the samples after 

sequenti a l  fi l trat ions of 1 .2 ,  0 .8,  0 .45 and 0.2 �m fi lters, p laque morphology, p laque 

purity on Gram sta in  reaction, phase contrast microscopy and on SWY E agar p l ates and 

turbid i ty reduction of the dual  cu ltures are summari zed in  Tabl e  3 . 3 .  The concentrat ion of 

the characterist ic  B D  p laques varied between i so lates ( 6  - 40 PFU/m L ) . The p laque 

morphologies of the BD iso lates were observed as wel l -isolated B D-l i ke plaques without 

any centre. The BD ce l l s of 1 3  of the isolates were observed as pure, Gram negative 

coccobac i l l u  on G ram tain s l ides and ma l l  ( 0 . 1 - 0 .3 �m), h igh ly mot i le, curved, rod 

shaped without any contami nating ce l l s  in phase contrast microscopy. However, the 

purity veri fication of the three BD isol ates AH, KT and MB on Gram sta in  l i de and 

phase contrast microscopy showed a mi xture of d ifferent shaped cel l s  and on S W Y E  agar 

showed the growth of cel l s , which could not be puri fied even after three consecutive 

purification steps. Of si xteen in i t ia l  BD isolates, 1 3  ( M CB,  M N A , M N Z, OT I ,  OT2, 

OT3, OT4, OT5, OT-enr, S P, TB I ,  TB2 and TB-enr) were sel ected for further stud ies on 

the bas i s  of thc above mentioned criteria .  Fig.  3 . 2 and 3 . 3  show the en l arged 

photograph ic  image of the plaques of OT2 after 48 h and 72 h of i ncubation at 25°C. The 

s ize of the p laques increased dramatica l ly  from 2.0 to 8 . 0 mm in d i ameter over th is 

period .  
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Table 3.2 Fou rteen sampling s ites of the N orth Island of New Zealand from where seawater samples were col lected for B D  
isolation. 

I so late Sam[2le site Location Date Weather A i r  tem[2. Water tem[2. Sal i n ity 
A H  Princes Wharf, Auck l and S 36° SO' E 1 74° 46' 1 6-09-04 Sunny 1 8 .6°C 1 8 .0°C 3 . S% 
KT Ke l ly  Tarlton ' , Auck l and S 36° S I '  E 1 74° 48' 1 6-09-04 Sunny 1 9 . 1 °C 1 8 .4°C 3 . S% 
M B  M ission Bay, A uckland S 36° S I '  E 1 74° 49' 1 7-09-04 Sunny 1 8 . 8°C 1 8 .2°C 3 . S% 
MCB Cox ' s  Bay, A uckl and S 36° S I ' E 1 74° 43 ' 1 4-09-04 W indy and rainy 1 7 . 7°C 1 7 .8°C 2 . 3% 
M N A  Napier S 3 9° 29' E 1 76° SS '  1 9- 1 0-04 Sunny 22 . 8°C 2 1 .2°C 3 . S% 
M Z I Fen)' teI1l1 ina l ,  Auckland S 3 6° SO' E 1 74° 47' 04-04-04 Sunny 1 8 . 9°C 1 9 . 1 oC 3 .S %  
OT I One Tree Point, Whangarei S 3So  46' E 1 74° 27 '  1 8-09-04 Sunny 1 8 . 6°C I S . 8°C 3 . S% 

Harbour 
OT2 One Tree Point, Whangarei S 3So  48' E 1 74° 27 '  1 8-09-04 Sunny 1 8 .6°C I S . 8°C 3 . S% 

Harbour 
OT3 One Tree Point, Whangarei S 3 So 47' E 1 74° 27 '  06- 1 0-04 C loudy and 1 8 . l oC 1 7 . 8°C 3 . S% 

Harbour windy 
OT4 One Tree Point, Whangarei S 3 So 47' E 1 74° 28 '  06- 1 0-04 Sunny 1 8 . l oC 1 7 . 8°C 3 . S% 

H arbour 
OTS One Tree Point, Whangarei S 3 So 49' E 1 74° 27 '  1 7- 1 0-04 C loudy and 1 8 .6°C 1 6 . 8°C 3 . S% 

Harbour windy 
OT-enr One Tree Point, Whangarei S 3 So 49' E 1 74° 27 '  1 7- 1 0-04 C loudy and 1 8 .6°C 1 6 . 8°C 3 . S% 

Harbo ur windy 
S P  South P iha, Waitakere, S 3 6° S 7' E 1 74° 27 '  24- 1 1 -04 Sunny 1 9 .6°C 1 6 .8°C 3 .7% 

Auckland 
TB I Motur i k i  I s l and, Tauranga S 3 7° 38' E 1 760 1 1 ' 2 7-09-04 Sunny 20 .8°C 1 9 . 1 0C 3 .S %  
TB2 P i lot Bay, Tauranga S 3 7° 37' E I 76° I I '  2 7-09-04 Sunny 20 .8°C 20 .3°C 3 . S% 
TB-enr Moturiki  I s land, Tauranga S 3 7° 38 '  E 1 76° 1 1 ' 2 7-09-04 Sunn� 20 .8°C 1 9 . 1 °C 3 . S% 
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Fig. 3. 1 M ap of the Nort h  I sland of N ew Zealand showing the locations of sampl ing 
sites from where sea water samples were col lected for B D  isolation. 
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Table 3.3:  Plaque morphology, purity, turbidity red uction and co ncentration of BD cells in sea water sam ples after d u al 
culturing of suspected sam p les with V. parahaemolyticus. 

Isolate P laque BD concentration G ram 
morpho logl ( P FU/m L )b reactionC 

AH + 8 
KT + 1 2  
M B  + 6 
M C B  + 36  
MNA + 1 8  
MNZ I + 28 
OT I + 24 
OT2 + 3 2  
OT3 + 28 
OT4 + 36 
OT5 + 3 2  
OT-enr + no growth 
SP + 40 
TB I + 1 6  
TB2 + 1 2  
TB-enr + no growth 
" Plaque morphology + means \t 'ell-isolated BD-like plaque without on.l' cel7lre 

Purity on p hase contrast Puri ty on S W Y E  agarc . d mlcroscopy 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

Turb id i ty 
changef 

0. 1 9  
0 .2 1 
0 . 1 8  
0 .20 
0.24 
0.25 
0.26 
0.25 
0.22 
0 .24 
0.22 
0. 1 5  
0. 1 7  
0.22 
0 .24 
0. 1 6  

h BD concentrations means BD plaques enumerated ./i"om the dual culture aper sequential sl'ringe .filtration oj' 1 . 2, 0. 8, 0. 45 and 0. 2 pm syringe .filters. 
Enumeration (plaque/orming units per mL) was on Pp20 double agar plate lI 'ith added host (V. parahaemolyticus, 1 09 CFU/mL) 
( Cram reaction '- ' means Cram negative coccohacillus cells 
d Puritr on phase cOl1trast microscop'I ' . - ' means host cells (V. parahaclllolyticus) still present and '+ ' means small, highh' motile, cllrved. rod shaped \\'ithout 
anr sign o/host cells (V. parahacmolyti cus). 
" Puritr on SWY£ agar lI'as tested br seqllentiai jiltrCllion o/slIspected BD samples, plaling 1 00 1'1 on SWY£ agar and incubating overnight at 30"C. ' + ' means 
pure BD cultures (no gr() \\ 'th oj' host cells, V. parahacl1lolyticus, on SWY£ agar plate:) '- ' means presence oj' host cells, V. parahacmolyticLls, on SWY£ agar 
plate. 
t Tllrbidit\' change means initial turbiditr measured br spectrophotometer at 6 1 0  nm. oj' the dual cultures o/BD and host cells (V. parahacmolyticus ) minus jinal 
turbidity o/the same cultl lres af;er incllhating aerobicalll' at 25"C in 70% ASW 011 an orbital shaker. 
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Fig. 3.2 E n la rged p hotogra p h ic i mage o f  the plaq ues o f  isolate OT2 (-2.0 m m  
dia meter) grown in  t h e  l aw n  o f  h ost, V. parahaemolyticlIs, after 4 8  h incubation a t  
25°C on  Pp20 agar plate. 
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Fig. 3.3 Enlarged p hotogra phic image of the  plaq ues of isolate OT2 (-8.0 m m  
dia meter) grow n i n  t h e  lawn o f  host, V. parahaemo/yliclIs, after 7 2  h incubation at 
25°C on Pp20 agar plate. 
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3.3.2 C haracterisation of B D  by fluorescence microscopy 

Fig. 3 . 4  shows the fl uorescence microscopy images of mixture of earl y l ag pha e cel l s  of 

strain OT2, l ate exponential ce l l s  of host V. parahaemO�)I/icus, and a spherica l  structure 

cons i st ing of the inactive host ce l l  and B D  ( bdel loplast ) .  In addition, i lTegular  ' short or 

long p i ra l '  shaped organ ism , presumed to be host- independent BD were seen in some, 

but not a l l ,  fie lds. I n  contrast, sma l l ,  h igh ly moti le,  l ate exponentia l  ce l l s  of pure OT2 

without any host ce l l s  were observed in Fig.  3 . 5 ,  which confinTIS that B D  ce l l s  can be 

separated from thei r  host by sequential  fi l tration through 1 .2 ,  0 .8,  0.45 and 0.2 Ilm 

syri nge fi l ters. I n  F ig .  3 .4, the sma l l  green stained cel ls  ( 8  - l O in number) are the BD 

cel l s  and  large green stained ce l l  are the  host cel l . The numbers of  B D  cel l s  i n  F ig .  3 .4 

were on l y  a few because of the i ncubation time of the cu l tures ( 6  h ) . Why some of the 

host ce l l s  took up the red sta in  prior to the infection with BD i s  not c lear and needs 

further investigation. Possi bly,  it is  due to the mechanism of the assay which does not 

actua l ly test l ive/dead ce l l s  but whether the bacterial membrane is breached . When BD i s  

attacking the host, the host membrane is probably damaged sufficiently t o  al low the 

propidium iodide ( P l )  to penetrate even though the host i s  not actual ly  dead but w i l l  

continue to metabol ise whi le  the B D  mul t ip l ie  with in i t .  
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Fig. 3.4 F l uoresce nce m ic roscopy im age ( t OOOx magnification) of the early lag phase 
cel l s  of isolate OT2 (smal l  green stain cells), late exponential  cells of host ( V. 
parahaemo/yticllS), attach ment  and penetration of OT2 into  h ost and bdelloplast ( a  
spherical structure of i n active h ost cell and BD)  using Live/ Dead® Bac Ligh t™ dye 
(a m i x t u re of 500 il L of SYTO®-9 and 500 il L of propidi u m  iodide).  Bar: 5 Il m .  
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Fig. 3.5 Fluorescence microscopy i m age ( I  OOOx magn ificat ion)  of the late 
exponential  cells of iso late OT2 without any host cells, using Live/Dead Bac Light™ 

dye ( a  mix ture conta in ing  500 il L of SY TO®-9 and 500 il L of p ropid ium iodide).  
Bar: 5 /-lm.  
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3.3.3 C haracterisat ion of B D  by transm ission electron microscopy 

An en larged photograph ic image of the late exponent ia l  cu ltures of a pure OT2 cel l 

revealed characterist ic comma shaped OT2 ce l l s ,  each wi th a l ong flage l l um ( Fig .  3 . 6 ) .  

Transmiss ion e lectron microscopy observations of negatively stained specImens 

confi lllled the presence of some characterist ic comma shaped OT2 cel l with long 

flage l la and the formation of bde l loplast, the unique characteri stic feature of BD ( F ig.  

3 . 7 ) .  The in traperip lasmic i nvasion of an early lag phase OT2 cel l into V. 
parahaemo/yliclIs and formation of bde l loplast was observed as recorded i n  Fig.  3 . 8 .  

ote the d ifferent scales of these figures. 

Fig. 3.6 Transmission electron microscopy of an  enlarged photographic  image of an 
attack phase cell of OT2 ( l OO,OOOx magn i fication ) us ing a J EO L  J E M - 1 200 E X  1 1  
transmission electron microscope at an  accelerat ing voltage of 80 kV. Bar:  0.05 )l m. 
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Bdel l op l asts in formation 

Attack phase B D  

• 

Fig. 3.7 Transm ission electron microscopy image of a few attack p h ase cells and the 
fo rmation of bdello plast, of OT2 ( l OO,OOOx magnification ) us ing a J E OL J E M - t 200 
EX 1 1  t ransm ission electron microscope at an acce lerat ing volt age of 80 kV. Bar: 
0.05 Il m.  
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Bde l lop l ast in formation 

Fig. 3.8 Transmission electron microscopy image of the  fo rmation of bdelloplast 
wi th in  the  host cell ( 1 00,000x magnificat ion)  us ing a J EO L  J E M- 1 200 EX 1 1  
trans m ission electron microscope at a n  accelerating voltage o f  80 kV.  Bar: 0.05 J.lm.  
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3.3.4 Characterisation of B D  isolates us ing enzymic reactions 

The resu l ts obtained from the enzymlc reactions are reported in Tab le 3 .4 and 

Appendices 3 .A . 1 and 3 .A .2 .  Of the 1 9  enzymes tested, only two, cystine a ry lamidase 

and trypsin, y ie lded variab le reactions. A l l  BD isolates showed posit ive reactions for 

a l ka l i ne phosphatase, esterase, esterase l ipase, leucine a ry lam idase, va l ine a ry lamidase, 

acid phosphatase and phosphohydro lase. These resu l ts are s im i l ar to the work of Baer et 

al. ( 2004) except for val i ne arylamidase and chymotrypsi n .  
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Table 3 .4. E nzymic reactions ( A P I  Z Y M  system - bioMe
'
rieu x )  of th i rteen N Z  B D  

isolates. Scores of 0 ,  I a n d  2 ( red fi l l )  corresponded t o  negative reactions a n d  3 ,  4 o r  
5 (green fi l l )  ind icate positive reactions.  Values were recorded according t o  the table 
suppl ied by the manufactu rer. 

Control 
A lka l ine  

Phospha tase 

Esterase 

Esterase L ipase 

L ipase 

Leucine ary lamidase 

Va l i ne a ry lamidase 

Cystine a rylamidase 

Trypsin 

a - chymotrypsin 

Acid phosphatase 

aphthol -AS-B I ­

phosphohydro lase 

a-ga lactosidase 

�-ga lactosidase 

p -g lucuronidase 

a -g lucosidase 

� -g lucos idase 

N -acety l -b­

g l llcosaminidase 

a -mannosidase 

a -fllcosidase 

OT t OT2 OT3 OT4 OT5 OT-cnr TB ] 
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3.3.5 C haracterisation o f  B D  isolates using ant ibiotic sensit ivity 

The resu l ts obtained from th i s  experiment are presented in Tabl e  3 . 5 .  The antibiogram 

profi les confirm that among the 29 antibiot ics tested, seven ( co l ist in, fus id ic acid, 

su lfisoxazol e, na l id ix ic  acid, neomycin ,  c loxaci l l in  and oxytetracyc l i ne) y ie lded res i stant 

react ions from a l l  the BD isolates. Only 4 antibiot ics ( kanamycin ,  tobramycin ,  oxac i l l in 

and polymyxin  8 )  yie lded reactions capable of d ifferentiat ing the 1 3  tested i o lates. 
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Table 3.5 A n ti biogram profiles ( a n tibiotic sensi t iv i ty test) of t h i rteen NZ B D  isolates against twenty n i n e  antib iotics. R = 

res istant to ant i biotics ( red fi l l ) ,  S = sensitive to antib iotics (green fi l l ) .  

Anti b iot i cs OT I OT2 on OT4 OT5 OT-enr TB I TB2 T B-cm M N A  M C B  S P  MNZ l 

Ampici l l i n  S S S S S S S S S S S S S 

Amoxi c i l l i n/C lavu lmin ic  acid S S S S S S S S S S S S S 

Amikac i n  S S S S S S S S S S S S S 

Baci trac i n  S S S S S S S S S S S S S 

Cloramphen icol S S S S S S S S S S S S S 

Carben i c i l l i n  S S S S S S S S S S S S S 

Col i st in  

Cefazo l i n 

Erythromyci n  S S S S S S S S S S S S S 

N itrofurantoin S S S S S S S S S S S S S 

Fusidic acid 

Cefoxi t in  

F urazo l idone 

Su lfisoxazo le  

Gentamycin 

Imipenem S S S 

Kanamyci n  S S S 
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Antibiotics OT I OT2 on OT4 OT5 OT-cnr TB I TB2 TB-cm M N A  M C B  SP M N Z l 

Cefamandole  �S S S S S S S S S S S S S 

Neomycin 

Nal id ix ic  acid 

Novobiocin 

Neti l m ic in  S S S 

Tobramycin S S S 

Cloxac i l l in 

Oxytetracyc I i ne  

Oxac i l l in 

Polymyxin B S S S S S S S S S S S 

Streptomycin S S S S S S S S S S S S 

Tetracyc l i ne S S S S S S S S S S S S 
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3.3.6 Characterisation of B D  isolates us ing 1 6S rDNA seq uencing 

Using the optimi sed reaction condit ions, a l l  8 i o lates of BD gave an ampl ified product of 

approximately 1 500 bp u ing the universal primers U 1 6a and U 1 6b ( F ig. 3 . 9 ) .  When using the 

BD specific primers, 842R and 63 F, amp l i fied products of approximate ly  800 bp were observed 

( Figs 3 . 1 0  and 3 . 1 1 ) . 

Appendices 3 . B . I to 3 . B . 8  show the contigs obta ined for each of the BD isolates using the 

universal primers U 1 6a, U 1 6b, 1 6F357  and 1 6R I 087. Appendices 3 .C . 1 to 3 .C . 5  show the pal1 ia l  

1 6S rDNA sequences obtained from 5 BD isolates us ing primers 63 F 842R, 1 492 R and 27F .  The 

s imi larity searches us ing the B LAST programme ( Table 3 . 6  for stra in  OT2 and Appendices 

3 . 0. 1 to 3 . D. 7  for other stra ins)  COnfi l111 the identity of NZ-BD iso lates to the genus leve l .  The 

BD i so lates were observed to be very c lose ly  related to each other and c lose ly  re lated (99 - 98%) 

to the overseas i so lates of Bacteriovorax sp. OC7 1 ,  Bacteriovorax sp. DA5 and Bacteriovorax 

sp. N B2 .  A d istance tree us ing the Basic Loca l A l ignment Search Tool ( BLAST) programme 

( http://www.ncbi . n lm .n ih .gov/B LASTI) confirmed the location and relatedness of OT2 with 

other BD i so lates, a l so ident ifying i t  as most c losely related to Bacteriovorax ( F ig.  3 . 1 2 ) .  A 

neighbour-jo in ing d istance gene tree ( F ig.  3 . 1 3 )  wa estimated from the a l igned sequences for 

each gene of 1 3  NZ BD isol ates (OT I ,  OT2, OT3 , OT4, OT5, OT-enr, TB I ,  TB2,  TB-enr, SP,  

MCB, MNA and M N Z I ) ;  6 overseas BD strains ( N B2, DD I ,  DA5, OC7 1 ,  N E I  and OC2 1 )  and 

an out-group Vibrio parahaemo�vticlls stra in  070925 using PAU P  v 4.0 ( Swofford, 1 998) .  The 

resu l t  confirmed that a l l  the NZ BD isolates are i tuated i n  the same p lace, but are negl ig ib ly 

d ifferent to the overseas iso late of Bacteriovorax p.  OC7 1 and Bacteriovorax sp. DA5.  
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Fig. 3.9 P hotograph of the PC R amplified product of 8 N Z  B D  isolates us ing the u n iversal 
1 6S primers U J 6a and U I 6b for generat ing  com plete 1 6S r D N A  seq uenci ng. Lanes t and 
1 1  contain 1 kb plus D N A  Ladder ( J nvitrogen L i fe Tec h nologies, U S A ;  Cat No. 1 0787-0 1 8).  
Lane 2 depicts the  negative react ion (no BD added) sample and lanes 3 to 10 show prod uct 
of  isolates OT t ,  OT2, OT3, T B2,  S P I ,  M C B, M N A and M NZ I  respectively. 
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Fig. 3 . 1 0  Photograph of  the peR ampl ified prod uct of 9 NZ B D  isolates us ing the B D  
specific reverse primer 842 R and a forward primer 63 F for generating  partial  1 6S rDNA 
seq uencing. Lanes 1 and J J  contain 1 kb plus  D N A  Ladder ( l nvitrogen Life Tech nologies, 
USA;  Cat  No.  1 0787-0 1 8). Lane 2 depicts the negative react ion (no  BD added) sample and 
lanes 3 to 1 1  show PC R a m plified prod uct of isolates OT I ,  OT2, OT3, OT-en r, TB2,  S P 1 ,  
M NA, M C B  and M N Z I  respectively. 
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Fig. 3. 1 1  P h otogra p h  of the peR ampli fied product of 4 NZ B D  isolates using the B D  
specific reve rse primer 842 R a n d  a forward primer 63 F for generating partial  1 6S r D N A  
seq u encing. Lanes I a n d  6 contain I kb p l u s  D N A  Ladder ( I nvi trogen Li fe Tec h n ologies, 
USA; Cat No. 1 0787-0 1 8). Lanes 2 to 5 show PCR ampl ified p rod uct  of isolates OT4, OTS, 
T B  1 a n d  T B-en r  respect ively. 
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Table 3.6 S imi lari ty searches of NZ BD isolate (OT2) using the B LAST progra m me 
( http://www.ncbi.n lm.n ih .gov/B L ASTI) showing the closest phylogenetic relat ives to the 
overseas B D  isolates. The OT2 isolate was observed to be very c losely related (99 - 98%) to 
the overseas isolates of Bacteriovorax sp. OC7 1 ,  Bacteriovorax sp. DA5 and Bacteriovorax 

sp. N B2.  

C losest phy logenetic Score ( b i ts )  I denti t ies 1 Simi lar i ty ( % )  Accession number 

re lat ive 

Bacteriovorax sp. DA5 26 1 9  1 4 1 8/ 1 440 (98%) EF092435 

Bacteriovorax sp .  QC7 1 26 1 9  1 3 59/ 1 365 ( 99%) DQ536436 

Bacteriovorax sp. B2 2593 1 4 1 41 1 439 ( 98%) E F092436 

Bde l l ovibrio sp. JS2  2097 1 354/ 1 44 1  ( 93%)  AF084856 

Bde l l ovibrio sp. J S 7  2089 1 353/ 1 44 1 (93%) A F08486 1 

Bde l l ovibrio sp. J S4 2089 1 353/ 1 44 1  ( 93%)  A F084858 

Bde l l ovibrio sp. JS7  208 1 1 3 52/ 1 44 1 ( 93%)  AF084862 

Bacteriovorax sp. DD 1 1 865 984/997 (98%) EF092444 

Bacteriovorax sp. E l  1 86 1  984/997 ( 98%) E F092445 

Bacteriovorax sp. G SL4 1 1 729 9 1 4/928 ( 98%) DQ536440 

Bde l l ovibrio sp. J S  1 0 1 693 964/998 ( 96%) AF084863 

Bde l l ovibrio sp. J S6 1 693 964/998 ( 96% ) A F084860 



!lbvl'Dlio lP. OC2 165 tiJO!ull� �� gm@,piJfuJ S.QUmC1 
ed�lo�1ltW sp, J $1 1$5 timarol r«iI <1.n� pifi� �QtIlnc;e 

� 0 6;,{hriCl)l)�� IP"I�7 16Sr.bDI00IIJ �91n� pi(bl �Ql)lnc@ 
� sd�loulboo sp. ConOJn& 165 tbo!O.1\� rw. 9!ne, pmiJ S!QlI!n� 

� \l BI.CtttiDVQt1� �. DP2 16 5 rib�on� Rtf A 9U'li, pmilhtQlff'ltt 
i . Hddloolboo so. JS� 16 � �MJQIf� R�A �M/ �!ri� J�tUl(� 

-'W Bd IO�briD sp, OC+ 16 5 ribo;OIt� P.NII 9�" wti� !�IU'l(e 
• i.l � 8il,nDvibrio�. C�(un1 1 6  S riOOIOIml AMA �n�, W1� Jw�n(� 

C-.Q u,1(u1h:nd �tltWn ,boe JS.&�2 16 S n�IOIT9J R�A $tn�, �rrl� I�r�(e 
LtlnltJltd bl(�rilmdcfll J U'29 16  S ritX)lorra/ Rt�M@nt, W1K 'ellWl(@ 

o 0 Q UnOJIIIL-e:l &:l!lbv�no sp. doO! CA-2E 16 S rib()$on� At/A 9(01, JillfllJ S(QUf)(t 
�;, � UOOJllurOO �;M�vibrio lP. dCfli CA-I F 16 5 ribO'jon� RtM 9U'll, Pl!tiiI1�1U'l(1 

'" unOJl1lrtd �!lbv�"O lP. dOM YE· 2£ I�S ribo$f)n� RII�, �H 
• � � 1.k1l.ItJt�d 8d�lo�briD sp, dDnH E- 1 I 16 S libO'jon� RUA 911' 

_______ 0 ,) 1Jl'I:lltJl@d eddlouibm �o. cbnt Ch �D 1 6  S HOOIOIf91 Rt A �M, WiN Jellt�(� 
unOJlhnd l1;hlbv�ri� SI). dcO! YE· lE 16$ nbos�n� RU,I. 9�fl!, wthJ HQJ�nc�' 

• � U'l(�ht'ld Bd!I�l:tio ,p. done YE· m 165 ttOKlTi� FW. 9!n� pmgj .Qu.oa 
lMl(�hnd B��lio(.\)�� ��. done 5� � 165 tt,oso.ll� rw. 9Hltl pWJ 9!Qu!na 

� UOQJlru� blJ:li.tim dOIli JtGU17 16 5 ribooon� RIIA 9!fli, wnlhtQltnte 
8d�lo�bti()sO.m ISStbbJOIf91 PW. �h� pirl Stql)!h� 
td�lo�briD �p. J S 10 165 tibo�:)J)ij F:N� 9tn.e, wmhi�UiJl( 

tl J Fl:lllbv�lio !p. J57 16 S ribO$on� �UA gin!, PlInlJ �tQJ(nr 
Q sddlovibr,Q ��, m 1 6  S ribq;OIT� RtlIl 9�t, w�� l�I�(e 
iJ �(l!lkrjbrio ,p, J54 165riboSf)n� RIIA 9u'I!,J:9Jn��IQJIIl: 
� BddloulboosP.JS1 1 6 S noosoll9J R�A sehe/ pui� SeljrUlU 

l .� 0 ('Q(tuiwot� IP. tl f1 16S rib090 

{l eacbtfmoml SD, 0 B I IS� 

o � Bl.CtttioVQnxjj).�'01 16S rib�s�n 
J) ij 8��riQ",,��p.OSl lI 165nlo�li 

---;;J -----<J 6I.CtttiOVC\'"rX jj), D02 16sribo� 
1I UnoJlltmd!lfr.l]'Ottoold!tim CEl6 16StibO�JilJ R)J� 

� U1(l�htld Bj(�ricl,.Qrl'J(sp. (lone �z 165rooro:TIlJ rw. 9ln�pmiJ�Qu!nc;e 
o C) 0 8i(�riOlo\)rLOl sp. 6511 1 165 tib05o.mJF:w� 9tn.e,. St�Utf\(. 
-0 J Uhtuittt'td l:atbrnn 9!1� for M S tP.l>l\ Oirl, 

Unc�lrured 6J.(nrovotix lP. dcm 61.(1 16 S ribO'jon� RtM 9U'lt, p11fiIJ 5�lff'ltt 
I,) v UnoJ11Ind Ill.CnnJn done Jt 6 f7 165 nbo$f)nu R»� �m�, cm� �IQJU'll 

o �� 6l.ffirovomllp. tH 1 165 n�oiQllij R}lA 9t�, � � �Utru:t 
� �hr.o)o� sp, DD 1 165 ttDlCm� J:N� �n� oitt· Sl!Ql)ln� 

-------<Q r 6tJ;�nolft7li(� �p. N&2 16 $ rib�on RtlA 9�1/ pmd ��I!flce 
.) ll'l(lJhndba!�liun obm IUI2 165 tibDsooru Rtll'. 9ln� Oirl� �Ql)lnce 
o UocIIIJr�rl bl.cttlilft dOl)! JS.QlI2l) 1 &  S riboson RNA 9!fl1, Dufid SeQl!flCt 

� 6I.CtUiDVOtiX lP. OA5 165 ribo�I'I1J RllA 9Ir�, �� SI�11'I:1 
g D!lllorobobuUtlln 5� 1 6 5  liboJorr RtlA qef1I, Plrli!l J�IIn(� 

.Q N Z- B D  OT2 i so l ate 
81[tEtioU�!Ill. OC71 16 5 libooon� RtlA qffl!, wn� ,tlW 

79 

Fig. 3. 1 2 D istance tree of a NZ BD isolate (OT2) us ing N e B I  data base us ing the Basic Local 
Al ignment Sea rch Tool ( B LAST) progra mme availa ble on i n ternet 
( ht tp://www.ncbLnlm.n ih.gov/ B LASTD . 
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Fig. 3 . 1 3  A neigh bor-jo in ing d istance gene tree generated using 1 6S rRNA genes of 13  NZ 
B D  isolates (OT t ,  OT2, OT3, OT4, OT5, OT-en r, T B t ,  T B2,  T B-en r, S P, M C B, M N A  and 
M N Z t )  and 6 overseas B D  strains ( N B2,  0 0 1 ,  OA5,  OC7 1 ,  N E I  a n d  OC2 t )  for 
comparative pu rposes. Vibrio parahaemolyticllS strain 070925 was used as out-group for 
rooti ng the tree. Phylogenetic relat ionships were estimated from the aligned seq uences for 
each gene using P A U  P v 4.0 ( Swofford, 1 998). 
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3.3.7 Characterisation of BD isolates us ing SDS- PA G E  

The protein band ing patterns of the BD i so lates are presented i n  F ig  3 . 1 4 . At least 1 5  - 1 7  

detectab le  protein band were ident ified by SOS-PAGE, but there was no detectab l e  variat ion 

observed among the BD stra in . Mo lecu lar  size of the bands from the BD iso lates ranged 

between 1 5  and 1 50 kO .  Major protein bands were ob erved at 1 50, 1 20, 1 00, 75 ,  65, 60, 46, 4 1 ,  

37 , 25  and 1 5  kD .  

2 5 0  kd 
1 50 kd 
1 00 kd 

75 kd 

50 kd 

37 kd 

25 kd 

20 kd 

1 5  kd 

Fig. 3 . 1 4  A nalysis of w hole cell protei n banding pattern of NZ BD isolates by S OS- PAGE.  
Lanes 1 and 15  contain  Dual  co lour precision p lus  protein T 1 molecu lar  size standards. 
La nes 2 t h rough 14 show patterns of isolates OT 1 ,  OT2, OT3, OT4, OT5, OT-en r, TB ) ,  
TB2,  T B-enr, S P, M e B, M N A  and M N Z l ,  respect ively. 



82 

3 .3 .8 C haracterisation of  BD isolates us ing pu lsed-field gel electrophoresis 

The pu lsotypes from 1 5  i sol ates of BD are shown in F igure 3 . 1 5 . Fol lowing the standardized 

criteria for i nterpret ing the PFGE pattems described by Tenover et al. ( 1 995 ), a l l  the iso lates 

were deemed to be very c lose ly  rel ated. The dendrogram of the pu l sotypes of BD iso lates is 

presented in  Fig. 3 . 1 6 . A 1 1  the pu lsotypes were branches around 0.8, which confi rms that a l l  the 

BD isolates tested were very c losely re lated. 

Fig. 3. 1 5  P hotograph of  a PFG E gel of NZ BD isolates. Lanes 1 and 1 7  contain lambda 
ladder and lane 1 0  contains  low range ladder. La nes 2 t h rough 9 show patterns of isolates 
OT I ,  OT2, OT3, OT4, OTS, OT-enr, T B I  and TB2. Lanes ] 1 t h rough 1 7  show patterns of 
isolates S P, S P-en r, M C B, M C B-enr, M N A, T B-enr and M N Z I  respect ively. 
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Fig. 3. 1 6  Dend rogram of the pu lsotypes of NZ BD isolates ( OT t ,  OT2, OT3, OT4, OT5, 
OT-e n r, T B 1 ,  T B2,  S P, SP-enr, M C B, M C B-en r, M NA, T B-en r  and M N Z t ) using Diversity 
database software. 
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3 .4 Discussion 

The sample  col l ection sites were selected based on avai lab i l ity, ease of access and laboratory 

suitab i l i ty. Sampl es were col lected during the winter and spring, 2004 ( J une to August and 

September to ovember) .  New Zealand's winter months bring co lder weather and more rain to 

most areas of N0I1h I s l and and the average temperature ranges from 1 °C to 1 4°C. The spring 

weather ranges from cold and frosty to Wal111 and hot and the recorded water temperatures of 

1 5°C - 1 9°C are not unusua l .  The recorded water sa l in i t i es were a l so typica l  for New Zealand 

waters except for the one s i te where the sal i n i ty was recorded as 2 .3% due to heavy rainfa l l  

before sampl e  col l ect ion.  Most of the col l ection points ( 1 4 out o f  1 6 ) y ie lded BD p laques 

d irect ly from the p lates in a lmost pure fonn ( Figs .  3 . 2  and 3 . 3 ), a l though the concentration of BD 

p laques varied between the water samples of  d i fferent sites. G loba l ly ,  vari able number of  B D  

have been recovered from sea water: these inc l ude ( per l i tre of seawater) 40,000 - 50,000 off the 

coa t of I srael ( Sh i lo,  1 966), 1 2 1  - 1 94 off the coast of Oahu, Hawai i ( Taylor et al. ,  1 974), 24, 

400 - 1 70,400 from an Aquarium in  the U SA ( Schoeffie ld  and W i l l iams, 1 990 ) and 0 - 76,260 

off the coast and from aquacul ture farms of Taiwan. In comparison, re lat ively high numbers of 

BD, ( 6,000 - 40,000 ) were isolated off the coast of ew Zealand in th is study ( Table 3 . 3 ) . V. 
parahaemolyticus was observed to be an effic ient host bacterium in  the recovery of B D  

suggest ing a n  abundance of these predators i n  the spring months i n  New Zealand. However, on 

two occasions (OT -enr and TB-enr ) ,  enr ichment techniques were needed for the i so lat ion of BD.  

I n  the  present study, col l ection of water samples for i so lat ion of BD was  made in on ly two 

seasons, leaving the question of their abundance in other seasons  unanswered. The i nab i l i ty to 

isolate BD during the winter months suggested the presence of l esser number of BD in cold 

weather. 

The purity verification of the BD p laques was inconsistent between the techniques used in th is  

study. Gram sta in  reactions revealed pure Gram-negat ive coccobaci l lus  ce l l s for a l l  the 1 6  

isolates. However, the puri ty verification of pure B D  cel l s  of the 3 i so lates ( A H ,  KT and M B )  

using phase contrast microscopy and the S W Y E  p late showed impurity even after 3 purifications 

Lls ing 0 . 8, 0.45 and 0 .2 Il m sequent ia l  fi l ters (Table 3 .3 ) .  The reasons for the fai l ure of 

purifi cations are not known . It is possib l e  that some sma l l  Gram-negat ive bacteria l  ce l l s  or host-
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i ndependent BD or B D- l ike ce l l s  were present in the samples, which could not be separated by 

0.2 Ilm fi l ters. 

Reduction of turb id i ty of the dual cu l tures of suspected BD and p rey ce l l s  i s  an indi cator of prey 

cel l lys is  as we l l  as an increase of the numbers of BD cel l s .  I n  th is study, the reduction of 

turb id i ty was rout ine ly examined by absorbance measurement every 6 hours (OD�0.300 

dropping to OD 0.055 - 0. 1 20 at 6 1 0  nm) ( Table 3 . 3 ) ,  and th is technique was found to be an 

accurate and effective step in recovering BD p laques ei ther from the primary samples or 

maintenance flasks. 

Fo l l owing i so lat ion, the next step was to determine whether the iso lated p laques were caused by 

actual BD cel l s .  The isol ated BD cel l s  were confimled and characterised by fl uorescence 

microscopy, e lectron microscopy, A P I -Zym enzymic  reactions, ant ibiot ic sensi t ivity test, part ia l  

and complete 1 6S rDNA sequencing and s im i l ar i ty searches in the data bank, S OS-PAGE and 

pulsed fie ld gel e l ectrophoresi s .  

I n  fl uorescence microscopy, the  observed presence of smal l ,  rod-shaped, high ly  moti l e  ce l l s  i s  an  

establ i shed characteri zation of th i s  organism ( Stolp and Starr, 1 963;  Abram and Davis ,  1 970; 

Burnham and Robinson, 1 974) and bde l l op lasts were observed, which i s  one of the unique 

features of BD ( Wi l l iams et al. . 2003 ) ( F igs. 3 .4 and 3 . 5 ) .  The findings from this study 

confinned that this techn ique is sui table for testing the purity of BD isolatc and to determine the 

viabi l i ty of BD cel l s, which could  be an essentia l  step for any future app l i cation study of B D  

isolates. This technique a lso va l i dated the use o f  sequent ia l  syringe fi l ters, which i s  one o f  the 

rout ine techniques for the separation of pure BD ce l ls from their host .  The negatively stained 

spec imens i n  the e lectron microscopy study revealed characteri st ic  comma-shaped cel l s  with a 

long flagel l um and the formation of bdel loplasts and the intraperip lasmic i nvasion of an OT2 ce l l  

i nto V. parahaemo/yticus ( F igs .  3 .6 , 3 . 7  and 3 . 8 ) ,  wh ich  i s  the prey bacteria l  spec ies suggested 

by Schoeffield and W i l l i ams ( 1 990) to provide the most effic ient means of detection of BD in  

sea water samples .  S ince on ly  one isolate of BD and i t s  host have been examined i n  t h i s  study, 

the findings are restricted to this part icu lar isolate, but i t  i s  rea onab le  to assume that other 

i so la tes, would  have s imi lar structural and topological  features . 
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Of the n ineteen enzymes tested, only two, cyst ine arylamidase and trypsin, y ie lded variab le 

reactions ( Table 3 .4 ) .  Notwith tanding the fact that  BD  has been shown to lack many of the 

enzymes used in metabol i c  proce ses ( Reichel t  and Baumann,  1 974; Gadkari and Sto lp, 1 97 5 ), 

a l l  BD  i so lates showed posi tive reactions, for a lka l ine phosphatase, chymotrypsin, esterase, 

e terase l i pase, l eucine ary lamidase, va l ine ary lamidase, ac id  phosphatase and 

phosphohydro lase. Th is  is cons istent wi th the findings of Baer et al. ( 2004) ,  except that they had 

negat ive reactions for va l i ne ary ladmidase and chymotryps in .  

I n  the  antib iot ic  sens i t iv i ty profi les, among the  twenty-n ine antibiot ics t e  ted, BD  exhib i ted 

res istance to seven ( co l i st in ,  fus id ic  acid, su lfi soxazo le, na l id ix ic  acid, neomycin,  c loxac i l l i n  and 

oxytetracyc l ine)  wh i l e  exhibi t ing d ifferent ia l  reactions to only four ant ibiot ics ( kanamycin ,  

tobramycin,  oxaci l l in and  polymyx in B )  ( Tab le  3 . 5 ) . Baer et  af. ( 2004 ) reported the  antibiogram 

profi les of 3 marine  i so lates and they revealed that two i so l ates ( SJ and AQ) showed s imi l ar 

sensi t iv i ti es to ampici l l in ,  carben ic i l l i n, kanamycin,  gentamycin  and polymix in  B ,  but were a l so 

res i stant to methic i l l in ,  nal id ix ic acid, co l i st i n  su lphate and vancomycin .  They observed variab le 

reactions of the i so late JS5 aga inst carben ic i l l in ,  gentamycin and polymix in  B and res istant 

react ion again t kanamycin .  

Complete and part ia l  1 6S rDNA sequencing using universal and BD spec ific primers showed 

that the BD isolates were phy logenet ica l l y  imi lar to each other and c lose ly  related to overseas 

isolates of Bacteriovorax sp. OC7 1 ,  Bacteriovorax sp. DA5 and Bacteriovorax sp. N B2 as 

veri fied by the Basic Local A l ignment Search Tool ( BLAST)  programme ( http \\w\\ ncbl 

1 \11 11 Ih  .. .!ll B LA" I ) (Table 3 .6; Appendices 3 . 0. 1 to 3 . 0 .7 ;  F ig .  3 . 1 2 ) and by est imation of 

the phylogenetic re lat ionsh ip of NZ BD i so lates and overseas BD stra ins  using PAU P  

( Phylogenetic analys is using pars imony, version 4 .0 )  ( F ig.  3 . 1 3 ) . This  confimled that the iso lates 

belong to the Bacteriovorax genus. Thi s  i s  consistent with the find ings of Donze et al. ( 1 99 1 )  

and Baer et al. ( 2000) that trong s imi l arit ies between Bacteriovorax group of BD stra ins could 

be proved wi th part ia l  1 6S rR A and complete 1 6S rDNA sequencing respect ive ly .  

Subsequent ly, Baer et al. ( 2004 ) rec lassified the Bacleriovorax genus i nto two pecies based on 

the characterisation of 3 marine i so lates ( SJ ,  AQ and JS5 )  as Bacleriovorax maril7l1S ( SJ and AQ) 



8 7  

and Bacteriovorax litoralis ( JS5 ) .  The phylogenet ic tree analysis confirmed tha t  the  New 

Zealand B D  isolates are most c l ose ly rel ated to Bacteriovorax sp.  OC7 I .  However, the species 

ident ification of Bacteriovorax sp. OC7 1 ,  i s  not reported in the l i terature. The present resu l ts 

confilllled that NZ BD isolates are not genet ica l ly d iverse between each other and are c losel y  

re lated t o  overseas B D  isolates, which i s  i n  agreement w i th the g lobal  survey of  sa l twater BD 

from d ifferent regions of  the world inc luding New Zeal and ( 8  Z BD i so lates such a s  M ANZ2, 

MANZ5 ,  M NZ I ,  M NZ3 , NZ27,  N Z9, NZ I 4  and NZAH I 3 ) by Pii'ie iro et al. ( 2007 )  us ing smal l  

subun i t  rRNA ( ssu-rRNA )  gene sequencing. They confilllled that the NZ  B D  isolates l i sted were 

in the same ribotype c l uster with a maximum genet ic d istance of 0 .025 .  They a l so isolated NZ7, 

which consisted of on ly  a s ingle isolate that  did not a l i gn wi th any other c lusters . They a l so 

confinned that NZ-BD iso lates have c losely related ssu-rRNA sequencing patterns to USA- BD 

isolates, but they are not ident ica l ,  suggesting a wide geographical  di stri bution of  s im i l ar 

ribotypic c lusters of sa l twater BD .  

The prote in  banding patterns of  t he  BD i so lates were studied using SOS-PAG E .  The  bands were 

very s imi lar among the BD stra ins ( F ig.  3 . 1 4 ) .  The molecu l ar s izes of the bands ranged between 

1 5  and 1 50 k D. 

I t  i s  now wel l establ ished that pu l sed fie ld gel e l ectrophores i s  i s  a h ighly effective molecular 

fingerprint ing method for discrim inating bacteria l  stra ins .  To date however, very l i t t le work has 

been performed on the subtypi ng and epidemio logical  study of BD isolates. W i l l iams et al. 

( 2003 ) described the d iscriminatory capabi l i ty of PFG E on five prey-independent stra ins of B. 

bacteriovorus, two spec ies of Bacteriovorax, one environmenta l  terrestria l  isolate, and two 

haloph i l ic Bdellovibrio- l i ke organ isms using restrict ion enzymes Asci , Fse l and Notl .  They 

observed that the restriction pattellls produced for the B. bacteriovorlls were s imi lar, but they 

observed ± 2-3 band d ifferences between the stra ins .  

I n  th is  study SinaI  restriction enzyme was used for d igesting the agarose embedded chromosomal  

DNA of BD. The resu l t  showed that  Smal  restriction enzyme produced 1 2- 1 6  bands suffic ient  

for d i scr imination between i so lates. The PFG E patterns of al l the  B D  iso lates were deemed to  be 

vety c losely rel ated ( Fig .  3 . 1 5 ) . The dendrogram of the pulsotypes had branches around 0 .8 ,  
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which confirms that a l l  the BD i so lates tested were v i rtua l ly identical ( Fig .  3 . 1 6) .  The main 

d i sadvantages of the PFGE technique i s  that i t  requ i res a long and tedious procedu re for i so lat ing 

and restrict ing the genomic DNA.  I t  a lso requ i res large quant i t ies of expensive enzymes and 

reagents. Only one restriction enzyme has been used in th is  study, therefore the findings must be 

restricted and future studies using other restriction enzymes wi l l  be usefu l  for the va l i dation of 

this technique .  

I t  is conc luded that of the techn iques perfol111ed to characterize and identify the isolates of BD, 

the fl uorescence microscopy, e lectron microscopy, A P 1 -Zym enzymic  reactions, part ia l  and 

complete 1 6S rDN A sequencing and s im i l arity searches in the data bank, SOS-PAGE and pu lsed 

fie ld gel e lectrophoresis estab l i shed the ident i ty of BD and the results are consi stent wi th those 

of other researchers , which proved their integri ty. The phylogenetic tree analysis confirmed that 

New Zealand BD iso lates are not d iverse between each other but the d i stribution of saltwater BD 

i s  genet ica l ly  diverse in many continents. A lthough, they a re d i fferent from overseas isolates, 

they are c lose ly  related to Bacteriovorax sp. OC7 1 .  Addit iona l ly ,  pu lsed field gel e lectrophoresis 

showed that the BD isolates were virtua l ly identical or very c losely related . The antib iot ic 

sens i t iv i ty profile  tests d iffered from those of Baer et al .  ( 2004 ) however, and fUlther 

determinations may be necessary to prove the i ntegrity of this technique .  
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C hapter 4 

Predation pattern of B D  against some pathogenic and spoilage organ isms i n  
solid and liq u id media 

4. 1 I n troduction 

Bdel lovibrionaceae, the obl i gate bacter ia l  predators of bacteria, are attract ing much attention in 

the food i ndustry for their variabi l i ty in predation pattern . Each predator can para i t ise a few, or 

in  some cases, many d ifferent G ram-negative host bacteria ( Jurkevi tch et al. ,  2000; Sutton and 

Besant, 1 994) .  The basic abi l i ty of telTestria l  BD iso lates to attack and lyse host bacteria 

i nd icates their  potential  to be bio logical control agents agai nst G ram-negative phytopathogens 

( Epton et al., 1 989)  or food-borne pathogen ic  and spoi lage bacteria ( Fratamico and Whi t ing, 

1 995 ) .  Wh i le  the predation pattern of marine BD isol ates ( reviewed in Chapter I )  has been 

reported by a few researchers (Taylor et al. ,  1 974; Marbach et al. , 1 976; Schoeffield and 

W i l l i ams, 1 990; Sutton and Besant, 1 994; Marbach et al., 1 9 76; P i i'ieiro et al. , 2004 ), there has, 

unti l now, been no detai led tudy in which researc hers have compared the predation pattern and 

effi c iencies of marine BD iso lates against important seafood spo i l age and pathogenic microbes at 

d i fferent tem peratures us ing d i fferent parameters. 

In th is  study, the New Zealand BD isol ates have a l ready been confi rmed as taxonomical ly 

identical  or c losely re lated to each other (Chapter 3 ) . Subsequent ly , the predation pattern of  the 

B D  isolates was exam ined against a variety of marine and telTestria l microbe in sol id  and l iquid 

mcdia, to establ i sh  thc uscfu lncs of BD as a b io logical  control agent. To accompl ish this ,  the 

fo l lowing parameters were i nvestigated : 

• The predation pattern of BD against some common seafood and terrestri a l  spo i l age and 

pathogenic microbes; 

• whether the d i fferent B D  iso lates exhib i t  any d ifferences in their  predation patterns; 

• the effect of temperature on predat ion;  

• the quant ified effect of a New Zealand BD isol ate agai nst twelve seafood pathogenic and 

spo i l age organ i  ms in  l iquid med ium.  
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4.2 E xperi mental  proced u re 

4.2 . 1 B D  predation of  pathogen ic and spoilage bacteria i n  sol id m edium 

The predation patterns of 1 3  N ew Zeal and BD i so lates ( Appendix 2 . 0) were examined using 

l awns of host organisms i n  polypeptone 20 ( Pp20 )  double agar overlay p lates. The procedure 

used fol lowed that described by P i ileiro et al. ( 2004) with some m inor exceptions. The tested 

organisms used in th is  study were marine Gram-negative spoi lage and pathogenic bacteri a e .g . ,  

Acinetobacter johnsonii, Aeromonas hydroph ilia , Enterobacter c/oacae, Morganella morganii, 

Photobacterium phosphoreum, Proteus vulgaris, Pseudomonas aeruginosa, Pseudomonas 

cepacia, Pseudomonas fluorescens, Pseudomonas mendocina, , Pseudomonas pseudomallei, 

Shewanella putre/aciens, Vibrio parahaemolyticus and Vibrio vulnificus; marine Gram-posi t ive 

pathogenic bacteria such as Listeria l11onocytogenes and terrestria l  pathogenic bacteria such as 

Escherichia coli B, Escherichia coli M L  3 5  and Salmonella typhimurium. The cu l tu re ID and 

isolat ion sources of these organi sms are I i sted in Appendix 2. B .  

Pure cu l tures of the BD isolates were grown in a med ium of 5 0  m L  o f  70% A S W  and I m L  of 

host Vibrio parahaemolvticus incubated in an orb i ta l  shaker ( 1 30 rpm) at 25°C for 2 days. The 

BD cu l tures were purified as described in Section 2 . 2  and were concentrated by centrifugation at 

20,800 x g for 40 min .  The ce l l s  were then re-suspended in an appropriate amount of the 

supernatant to give a fina l  concentration of approximately 1 07 PFU/mL .  The spo i l age and 

pathogenic organ isms under test were streaked onto a S W Y E  plate to obtain  s ing le  colonies . 

Trip l i cate l awns of each tested organism were prepared by streak i ng a s ingle co lony onto the 

SWYE p late and i ncubat ing at 3 0°C for 24 h. The l awn of organisms was harvested in 3 mL of 

70% ASW.  To prepare lawns of  each bacteri um on Pp20 doub le  agar overlay p lates, I mL of 

each cu l ture was added to 3 mL  of mol ten Pp20 top agar and over la id onto Pp20 bottom agar and 

a l l owed to sol i d i fy .  The p lates were i ncubated at 30°C for 1 -2 days and only those host 

organ isms that formed a lawn on the p lates were used . Pp20 p l ates wi th lawns were d iv ided i nto 

8 quadrants, onto each of which 1 0  il L of a BD isolate were dropped. P lates were i ncubated at 

20°C, 25°C, 30°C or 37°C, uninvel1ed, for 24 h to a l low the BD suspensions to be absorbed into 

the top agar. P lates were then i nverted and incubated for a further 72 h. The p lates were 
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examined dai ly for the appearance o f  a c l earing zone i n  and around the dropping area o f  the B D  

i so lates. A c learing zone was reported a s  posi t ive, wh i l e  the absence o f  c l earing zone was 

recorded as negative. The inh ibi t ion zones were measured using an ord inary sca le .  Three tri a l s  

were perfo1111ed and the  resu l ts  were recorded as  the  average of  the  resu l ts obtained from these 

experiments. 

4.2.2 B D  predation of pathogen ic and spoilage organ isms in l iqu id  med i u m  

The spo i l age and pathogenic stra ins used i n  th i s  study were Enterobacter c/oacae, Morganella 

morganii, Pseudomonas aeruginosa, Pseudomonas cepacia, Pseudomonas fluorescens, 

Pseudomonas mendocina, Photo bacterium phosphoreum, Pseudomonas pseudomallei, Proteus 

vulgariS, Shewanella putre/aciens, Vibrio parahaemolyticus and Vibrio vulnificus . The Crop & 
Food Research cu l ture co l lect ion I D  and i so lat ion sources of these organisms are l i sted in 

Appendix 2 .C .  The B D  i o late used i n  th is  tria l  was OT2 . This i so late was sel ected on the basi s  

of the  experiments described in section 5 . 3 . 2  and i t  was  assumed that the  predat ion effic iency of 

OT2 wou ld  be s imi lar to  or  better than those of the  other BD i so late . The tested organi ms were 

chosen in view of the future d irections of th is  study, which wou ld  be focussed on seafood safety. 

The cha l l enge i nocula of the above prey cu l tures were prepared as described in Section 2 .6 .  The 

OT2 cu l ture was purified, propagated, and large-scal e  cha l l enge i nocu la  were prepared, as 

described i n  Sections 2 . 2  and 2 . 5 .  

F ifty m i l l i l i tres of  70% steri l e  ASW was aseptica l l y  transferred to each of  twenty four 250  mL  

Erlenmeyer flasks. One mL  of each harvested cu l ture ( � 9 .7  log l o  CFU/mL)  was inocu lated i nto 

one treatment and one contro l  flask to give a final concentration of approximate l y  8.9 log l o  

CFU/mL .  One mL of  OT2 cha l l enge inocu lum ( approximate ly 8 .6  log l o  PFU/m L )  was added to 

1 2  treatment flasks, wh i l e  the other 1 2  were kept as contro ls .  F lasks were incubated at 25°C in an 

orbita l  shaker ( 1 30 rpm) .  At t ime points zero, 6, 1 2  and 24 h, 4 mL a l iquots were removed 

asept ica l l y  from each flask .  The absorbance leve l s  of the a l i quots were measured at 6 1 0  nm 

using a spectrophotometer (Genova M K3 uv/vis ib le  spectrophotometer, Jenway Ltd, England)  

and the  tested organi sms were enumerated on SWYE plates ( Section 2 . 7 ) . 
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4.3 Results  

4.3 . 1 B D  predation of pathogenic and spoi lage bacteria i n  sol id medium 

The findings demonstrated that a l l  of the  BD isolates tested gave the same predation pattems as  

each other (Appendices 4 .A - 4 . L ) ; therefore, resu l ts are presented as a summary ( Table 4 . 1 ) . 

The isolates were effective against A .  johl1sonii, A .  hydrophilia, E. c/oacae, M. morganii, P. 

phosphoreum, P. vulgaris, P. aeruginosa, P. cepacia, P . ./luorescens, V. parahaemolylicus and V. 
vu In iflcus , but were not effective against L .  monocylogenes, P. mendocina, P. pseudomallei or S. 

putrefaciens. There was no consistent predatory act iv i ty against E. coli B, E. coli M L3S  or S. 

Typhimuri um a l though, some variable results were observed. The predatory capabi l i ty varied at 

d i fferent temperatures, and the greatest effects were observed at 25°C and 30°C compared to 

20°C and 37°C (Table 4 . 1 ) . The predation effect was s lower at 20°C and highly variable at 3 7°C. 

Examp les of the pos i t ive and negative resu l ts are shown in Fig. 4 . 1 ,  4 .2 and 4 .3 .  The i nh ibit ion 

zones produced by BD iso lates were � 1 0  mm in  d iameter and s imi lar c l earing zones were 

observed in the predation by a l l  BD i so lates ( Figs .  4 . 1 and 4 .2 ) .  
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Table 4. 1 A s u m m a ry of  the  predation pattern of all NZ BD isolates against  some marine 
G ra m-negative spoi lage and pathogenic bacteria, a marine Gra m-positive pathogen ic 
bacteria and some terrestrial pathogenic bacteria us ing lawns of tested organisms i n  
polypeptone 20 ( Pp20) double agar overlay plates after 24, 4 8  a n d  7 2  h o f  i n c u bation a t  20°, 
2 5°, 30° and 37°C. 

Host bacteria 

A . johnsonii 

A .  hydrophilia 

E. cloacae 

E. coli B 

E. coli M L  3 5  

L.  l11onocylogenes 

M. morganii 

P. phosphoreul?1 

P. vulgaris 

P. aeruginosa 

P. cepacia 

P. j1l1orescens 

P. l11endocina 

P. pseudol11allei 

S. Typh i murium 

S. pllfrejaciens 

v. 
parahael?10�l'fiCIIS 

V. vll/ni/iclIs 

24 48 72 

h h h 

v + + 
v + + 
v + 

v + + 
+ + + 
v + + 
v v v 
+ + + 
v + + 

+ + + 
+ + + 

24 48 72 

h h h 

+ + + 
+ + + 
+ + + 

v 
v 

+ + + 
+ + + 
+ + + 
+ + + 
+ + + 
+ + + 

+ + + 
+ + + 

24 48 

h h 

+ + 
+ + 
+ + 

+ + 
+ + 
+ + 
+ + 
+ + 
+ + 

v 

+ + 
+ 

72 

h 

+ 
+ 
+ 
v 
v 

+ 
+ 
+ 
+ 
+ 
+ 

v 

+ 

24 48 72 

h h h 

v v 
v v v 
v v v 

v v 
v v 

v v v 
v + + 
v v v 

v + 
v v 
v v 

v v 

v v v 

' + ' means positive predation /11 all 3 replicate experiments, v means the 3 replicate 
experiments gave variable predation, sometimes positive and sometimes negative , '- ' means no 
predation observed in any of the 3 replicate experiments. A ll NZ BD isolates gave the same 
results. 
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Fig. 4. 1 Predation capabi l ity of B D  isolates ( OT I ,  OT2, OT3, OT4, OT5, OT-en r, T B l  and 
cont rol sample) against  V. para/wemolyticllS in  polypeptone 2 0  ( Pp20) double agar overlay 
plates. The positive res u lts are ind icated by clearing or lysis of lawn of tested orga n ism. 
Negative means no B D  added and the resu l ts showed no lysis of the lawn of  tested 
organis m .  I n h i bit ion zone = � I Om m  i n  d iameter. 
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Fig. 4.2 Predation capabil ity of BD isolates (OT -e nr, T B ! ,  TB2, M e B, S P, Bu ndeena and 
cont rol sample) against A .  hydrophilia in  polypeptone 20 ( Pp20) double agar overlay plates. 
The posit ive resu lts are i nd icated by clearing or lysis of the lawn of the tested orga nism.  
Negat ive means no B D  added and the  resul ts  sh owed no lys is  of the lawn of tested 
organ ism. I n hibit ion zones R: I O  mm in dia meter. Bu ndeena was an  isolate from New Sou t h  
Wales, Au stralia which w as not s tudied fu rther in  t h e  cu rrent resea rc h .  
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Fig. 4.3 Predation capabi l ity of  BD isolates (OT-enr, TB ) ,  TB2, M e B, S P, Bu ndeena and 
control sample)  against L .  l11onocytogenes i n  polypeptone 20 ( Pp20) double agar overlay 
plates. N egative means no  B D  added and the results showed no lysis of  the lawn of tested 
organism.  Bundeena was an  isolate from New South Wales, A ust ralia which  was not 
stud ied fu rther in the cu rrent research.  
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4.3.2 BD p redation of pathogen ic and spoi lage organisms in l iqu id med i u m  

The abi l i ty of OT2 to  reduce the  absorbance of  the  dual cu ltures of twelve pathogenic and 

spo i l age organ isms after 6, 1 2  and 24 h i ncubation at  2SoC is summari sed in Table  4 .2 .  After 6 h 

of i ncubation, the h ighest reductions in absorbance were observed i n  cu l tures of E. c/oacae, P. 

phosphorelll11, V. parahaemolyficlIs, and V. vlIlniji u . A lthough a moderate reduction i n  

absorbance was observed i n  cu ltures of P . . /luorescens, P .  cepacia, P .  aeruginosa and M. 

l11organii, minima l or no detectab le  reductions were observed i n  the other cu ltures. S imi lar trends 

in reductions were observed after 1 2  h of i ncubation, as wel l a for P. vulgaris, and a l so after 24 

h of incubation. No detectab le changes in absorbance over the entire 24 h period of incubation 

were detected i n  dual cu l tures conta in ing P. mendocina, P. pselldol11allei, S. pUfrejaciens or in 

contro l samples. 

The effect of OT2 on the popu lat ion of the twe lve tested organisms as asse sed on SWY E p lates 

is ummarized in Figs. 4.4, 4 . S ,  4.6, 4 . 7  and Append ix  4 . M .  After 6 h of i ncubation, the h ighest 

reduction effect (-4 log l o  un i t )  was observed in the viabi l i ty of  P .  phosphorellm V. 

parahaemolyficus, V. vlIln!ficus and E. cloacae. A moderate reduction effect of - 2 log l o  unit was 

detected in the v iab i l i ty of P . ./luorescens, P. cepacia, P. aeruginosa, M. l110rganii and P. 

vulgaris . Simi lar effects were observed after 1 2  h of incubat ion .  However, after 24 h of 

incubation, reductions in the mean populat ions of the above nine tested organi sms were im i lar. 

P. l11endocina, P. pseudomallei, S. pUfre/aciens and contro l  samples exhib ited l i t t le or no 

reductions in their total v iable numbers after 6, 1 2  or 24 h of incubation at 2 S°C. 
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Table 4.2 The effectiveness of  B D  isolate OT2 (8.6 loglO P F U/mL)  in red ucing absorbance of 
d ifferent spoilage and pat h ogenic organisms after chal lenging for 24 h o u rs in  70% ASW at 
25°C. A bsorbances were meas u red using a spect rophotometer at  a wavelengt h of 6 1 0  nm.  

I n i t ia l  absorbanceb Absorbance changesC 

Tested organ i  ins" O h  6 h  1 2  h 24 h 

E. cloacae 0.34 0.0 1 0.0 1 0 .02 

£. c10acae + BD 0.35 0. 20 0 .22 0 .25 

M. 1110rganii 0.33 0 .0 1 0 .0 1 0.0 1 

M. 1110rganii + BD 0.33  0. 1 0  0. 1 6  0 .23 

P. aeruginosa 0 . 29 0 .0 1 0.02 0 .0 1 

P. aeruginosa + BD 0.29 0 .07 0. 1 7  0 . 20 

P. cepacia 0 . 3 3  0.00 0.0 1 0 .02 

P. cepacia + BD 0.33 0 . 1 1  0 . 1 7  0.24 

P. jluorescens 0.34 0 .00 0 . 0 1  0.0 1 

P . . fluorescens + BD 0.33 0. 1 1  0. 1 6  0 .25 

P. l11endocina 0 . 3 1 0.00 0.0 1 0.0 1 

P. mendocina + BD 0.30 -0.0 1  0.00 0.00 

P. phosphoreul11 0.32 0.00 0.00 0 .0 1 

P. phosphoreum + BD 0.32 0 .20 0 .22 0 .23 

P. pseudomallei 0.32 0 . 00 0 .00 0 .00 

P. pseudoma/lei + BD 0.32 0 .00 0 .00 0 .0 1 

P. \ ulgaris 0.30 0 .00 0 .0 1 0 .0 1  

P. vulgaris + BD 0.30 0.03 0. 1 8  0 .2 1 

S. putrefacien ' o.n 0.00 0 .00 0 .00 

S. putrefaciens + BD 0.29 0 .00 0.00 0 .0 1 

V. parahaemolyticus 0.29 0.00 0.0 1 0 .0 1 

V. parahaemof\ 'ticus + BD 0.29 0 .2 1 0 .22 0 .23 

V. vulniJicus 0.28  0.00 0.00 0 .00 

V. vu/nijiclls + BD 0.28 0.20 0 .2 1 0 .2 1 

1I Prey organisms lI 'ere either grown a/one in monocu/ture (conlrol) or in dllal culture lI 'ith BD 
(BD +) 
h A bsorbance (OD at 6 / 0  nm) 0/ either tested organism a/one (contro/) or dlla/ clI/ture of BD 
iso/ale and tested organisms at 0 h 
( Mean absorbance (n =3) of either lested organism a/one (contro/) or BD isolate and tested 
organisms at time 0 h minus mean absorbance o/ the same tested organism (conlrol) or dual 
cll/tures o/Ihe same a./ier 6, 1 2  h or 24 h at 25 "C 
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Fig. 4.4 The effect i veness of isolate OT2 (8.6 loglO P F U/m L )  in red u cing the popu lation of 
Enterobacter c/oacae ( 8.6 log lO  C F U/m L), Morganella l1lorganii (8.7 loglO C F U/m L) and 
Pseudomonas aeruginosa (8 .7 loglO  C F U/ m L )  i n  70% ASW d u ring a 24 h cha l lenge at 2S°C. 
Samples were tested after 0, 6, 1 2  and 24 h.  V alues are p resen ted as mean ± standard error, 
n = 3. 
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Fig. 4.5 The effect iveness of OT2 ( 8.6 10g lO  P F UlmL) i n  reducing the popu lation of 
Pseudomonas cepacia (8.7 10glO  C F U/m L), Pseudomonas jluorescens (8.6 10gJO C F Ulm L) 
a n d  Pseudomonas mendocina (8.5 10g lO C F U/ m L )  i n  70% ASW d u ri n g  a 24 h chal lenge at 
25°C. Sam ples were tested after 0,  6,  12 a n d  24 h .  Values are prese nted as mean =-standard 
error, n = 3. 
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Fig. 4.6 The effectiveness of  isolate OT2 (8.6 log l o  P F U/m L)  in  red u cing  the popu lat ion of  
PhotobacteriulI1 phosphoreull1 (8.8 l og l O  C FUlm L), Pseudomonas pseudoll1al/ei (8.6 loglO 
C F Ulm L)  and Proteus vulgaris (8.8 loglO  C F U/mL)  in  70% ASW d u ring a 24 h challenge at 
2S°C. Samples were tested after 0, 6, J 2 and 24 h .  Val ues are presented as mean . standard 
error, n = 3. 
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Fig. 4.7 The effectiveness of isolate OT2 (8.6 loglO  P F U /m L )  in reducing the popu lation of 
Shewanella plltrefaciens (8.5 loglo  C F Ulm L), Vibrio parahaemo/yticllS (8.6 loglO  C F UlmL) 
and V. vu/nijjclls (8.8 log lO  C F U/m L) i n  70% ASW d u ring a 24 h cha l lenge at  25°C. 
Samples were tested after 0, 6, 1 2  and 24 h. Val ues are presented as mean ± standard error, 
n = 3. 
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4.4 Discussion 

4.4. 1 BD predation of pathogenic and spoi lage bacteria i n  solid medium 

This  study was designed to  determine the  predation pattern of several B D  iso lates i n  so l i d  

medium.  The predation patterns obta ined support t he  v iew that t he  isolates are identical or 

c lose ly  related to each other as shown in the taxonomic  characterisation ( Chapter 3 ) . The 

observations showed that the BD i so lates can attack many but not a l l  Gram-negat ive bacteria .  

They can  attack A.  )ohl1sol1ii, A .  hydrophilia, E. c/oacae, M. 1110rgal1ii, P .  phosphoreul11, P .  

vulgaris , P .  aerugil1osa, P .  cepacia, P . ./luorescens, V. parahael11o�) lticus and V. vulnificus, but 

cannot attack P. mel1docina, P. pseudol11allei, S. putre/aciens or the Gram posi t ive L .  

1110nocytogenes ( Table 4 . 1 ;  Appendices 4 . A  - 4 .L ) .  The resu l ts  are i n  contrast to those o f  Sutton 

and Besant ( 1 994 ) and Tay lor et al. ( 1 974 ) , whose BD iso lates were not effective against P. 

aeruginosa, but were s imi lar to their findings on the predatory effects against Photobacteriul11 

and Vibrio, and the l ack of predatory effect aga inst E. coli. 

The present resu l ts confil111ed that marine  B D  cannot effect ive ly attack terrestria l  i so lates such as 

E. coli B, E. coli M L3S or S. Typhimurium ( Table 4 . 1 ) . The reasons for the i neffectiveness 

against terrestria l  iso lates are not known but c l early need further i nvestigation .  Jt is possib le that 

the medium used for this study suited on ly the attack of marine  iso lates. 

The most effective predation temperatures were observed at 2S DC and 30DC, which is i n  keeping 

with the mesophi l i c  character of BD (Tab le  4 . 1 ;  Appendices 4.A - 4 . L ) . 
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4.4.2 B D  predation of pathogenic and spoi lage orga n isms i n  l iqu id med i u m  

The predation patterns and effic iencies of B D  i so lates against seafood pathogenic and spoi lage 

organi sms in so l i d  and l iqu id media were s imi lar, confirnl ing that B D  i o lates are se lective i n  

their choice of prey . P ifiei ro e/ al. ( 2004 ) observed d ifferent predat ion patterns on agar p lates by 

d ifferent isolates of BD against di fferent Gram-negative bacteria iso lated from the h igh sa l ine 

envi ronment of the Great Sa l t  Lake, Utah,  USA.  These authors suggested the probabi l i ty of 

results being influenced by growth med ia  and incubation temperatures.  

The present findings ( Table 4.2; Figs. 4 .4, 4.5,  4 .6 and 4 . 7 )  confi rm that a ew Zeal and B D  

iso late (OT2 ) i s  effective against P .  phosphorellm, V. parahaemo�v/iclls, V. 1'1IInf/iclls, E. 

c/oacae, P . ./luorescens, P. cepacia, P. aeruginosa, M. morganii and P. vlIlgaris, but is not 

effective against P. mendocina, P. pseudomallei or S. pu/re/aciens. The predation effic ienc ies of 

BD were a l so found to vary among the d ifferent prey organisms. BD qu ick ly attacked P. 

phosphoreum, V. parahaemo�v/iclls, V. vlIlnijiclls and £. c/oacae, but on ly  s lowly attacked P . 

./luorescens, P. cepacia, P. aeruginosa, M. /JIorganii and P. vulgaris. Marbach e/ al. ( 1 976) a l so 

observed d i fferences in the predation of B D  isol ates against d ifferent Gram-negative bacteria .  

Taylor e/  al. ( 1 974 ) examined the  predation capabi l i ty of B D  iso lates aga in t 42 species of 

facu l tat ively anaerobic marine bacteria and they were able to  paras it ize 1 7 -32  of the  species .  

J urkevitch et al .  ( 2000) chal l enged 22 phytopathogens wi th BD isol ates and their select ion of 

hosts varied from 6 - 1 0  of the pathogens tested . Rogo ky et. al. ( 2006) observed that B D  

effic ient ly ki l led Pan/oea agglomerans, E. coli and Serratia marcescens but was less effective 

against En/erobac/er aerogenes, Envinia cam/ovora ssp. Car% vora or Salmonella en/erica 

L T2. Thus, the resu l ts of the present study are in agreement with the observations of overseas 

studies that BD can prey on various Gram-negat ive bacteria but not a l l .  The reasons for the 

variab i l ity in selected Gram-negative bacteria are not known. Rogosky e/ al. ( 2006 ) observed 

variab le resu l ts in the predat ion pattern of BD i so lates and concluded that the degree of 

domestication of the prey doe not eas i l y  expla in the predation d ifference . It i po s ib le  that B D  

interacts wi th spec ific receptors, providing spec i fic i ty, a s  wel l a s  interact ing with more genera l 

components of the ce l l  wel l .  
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As stated above, the reason why some organisms are predated and others are not i s  unknown at 

th is  t ime.  The reason for the d i fferent rates of predation is a l so unknown. Several groups of  

investigators ( Schoeffield and W i l l iams, 1 990; Varon and Sh i lo, 1 969b; Luderitz e t  al. , 1 966), 

however, have impl icated the R antigen of the l i popolysaccharide layer of G ram-negative 

bacterial cel l wa l l s  as the component necessary for spec i fic  i nteraction with B D .  I t  i s  possible 

that  the R antigen in some species of Gram -negative bacteria i s  made inaccess ib le  to B D  by 

vari able polysaccharide chain on the surface of the ce l l  wa l l  ( 0  antigen)  ( Varon and Sh i lo, 

1 969b; Luderitz et al. , 1 966). I f  so, the R antigen of the predated bacteria may s imply be more 

access ib le  to the predator, a l lowing for more effic ient interaction between the two 

microorgan isms. This being the case, the susceptib i l ity of prey bacteria to predat ion by B D  may 

not on ly  be genus-spec i fi c  but a l so speci es-spec ific  and even a strain-speci fi c  phenomenon, 

dependent on the characteri stics of the 0 antigen of the prey stra in .  However, evidence to 

support t h i s  is  inconc lusive.  M iyamoto and Kuroda ( 1 97 S )  demonstrated that a s ing le  stra in  of 

BD parasit ized 1 7  strains of V. parahaemoticlIs to approx imately the same degree . In the present 

study, the predation pattern of BD was studied aga inst di fferent groups of Gram-negative 

spoi lage and pathogenic organisms .  It has been observed that the effecti vene s of BD is not 

group-spec ific  or genus-spec ific .  BD predated P. jluorescens, P. cepacia, P. aeruginosa, and P. 

vulgaris , but not P. mendocina or P. pseudomallei. Schoeffield  and W i l l iams ( 1 990) observed 

that V. parahaemoticus ( P-S ) yie lded up to 1 0  ti mes more BD pl aques from estuarine water 

sam ples than did V. parahaemoliclls ( P- I S ) .  Furt her investigation into the factors which 

infl uence the effic iency of predation is  warranted . 

The present study con firms that the incubation temperature had an effect on predation probabl y  

because of t h e  growth range of mari ne B D  isolates. Baer et al. ( 2004) examined t h e  temperature 

growth range of  marine B D  at 1 0 , I S , 20, 2S ,  30 , 3 5  and 40°C for 2 weeks and revea led the 

growth range of marine BD was I S -30°C . The opt imum growth temperatures of  prey bacteria 

used in  th i s  study range from 20°-3 7°C. In the present work, predation was observed at a l l  

temperatures tested ( 2 0°, 2So, 30° a n d  3 7°C ), b u t  the rate was hi ghest a t  2 So-30°C, and only a 

l i t t le  was observed at 3 7°C.  Whi le  a longer incubation t ime may have resu l ted in increased 

predation, it would not affect the predation rate. It  is probable  that the predation rate i s  

infl uenced by the  growth rate of the  predator a t  that particular temperature and possib ly, a l so by  
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the growth rate of the prey . Hence, the predation rate at any part icu lar temperature may vary with 

the prey. This impl i es that more effective predation may somet imes occur at the optimum growth 

temperature of the prey organism. However, g iven that the BD isol ate used in the present work 

grows optima l ly  at 2So-30°C, i t  is probabl e  that high prcdation rates w i l l  not be ob erved at 3 7°C, 

even when the opt imum growth temperature of the prey approaches this temperature. 

The reason for the -4 log unit predation l imi t  of BD and <4.0 10g l O CFU/mL predation threshold  

of host bacteria i s  no t  c l early understood, and needs further investigat ion .  I t  i s  poss ib le  that BD  

encounter susceptib l e  prey bacteria by  random col l i s ion ( Ri ttenberg, 1 982 )  o r  by  chemotax is  

( Section 1 . 1 .4 ) .  Low number of prey may s imply reduce the  chances for random col l i sions or  i t  

may be that the  so lub le nutrients required for chemoattract ion are not  produced in requ ired 

amounts by the bacteria in such low concentrations. I t  has been shown that an absorbance 

reduction of -0.2 un i t  at the wavelength of 6 1  Onm a lways equates wi th approximately 4 l og uni t  

reductions of host ce l l s  in enumeration ( p late counts ), which confillll the appl icat ion of 

absorbance measurement as a usefu l  ind icator for mea uring the predation effic iency of BD 

isolates against tested organisms. I n  tellllS of  eco logical  s ignificance, the concept that the 

predator does not completely e l iminate the prey ensures i ts own surv iva l ,  since without prey, i t  

wou ld  i tse l f  be unable to grow. Hence, the resu l ts  observed in th is work appear logical for a 

predator I prey re l at ionship and are un l ike ly to be an experimental artefact .  However, with 

respect to a food environment, th is  fa i l ure to reduce the prey numbers below a pal1 icular level 

may mit igate against i f  being used as a b iopreservative, pal1 icu larl y  where pathogens are 

concellled.  
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C h a pter 5 

I n  vitro study of B D  aga inst  Photobacterium phosphoreum 

5. 1 I ntrod uct ion 

The i ssue of food safety is of i mportance to the food industry, government regu latory agencies 

and to al l  consumers, because 25% of a l l  food produced i s  l ost post-harvest due to microb ia l  

spoi l age ( Fratamico and Whit ing, 1 995 ) .  The shelf l i fe of fresh fish products depends on storage 

condit ions such as t ime, temperature, atmosphere and the in i t ia l  fish qua l i ty .  I n  fact, the hygienic 

qual i ty of fish and fishery products rapid ly dec l ine because of cross-contamination from various 

sources (Gram and H u  s, 1 996) .  Bacteria l  spo i l age of sal twater fish i s  caused by everal Gram­

negative bacteria; i n  part icu lar, Shewanella spp., Photo bacterium phosphoreum, Pseudomonas 

spp . ,  Acinetobacter spp., Flavobacterium spp. and Aeromonas spp. ( Da lgaard, 1 995 ) .  Mod ified 

atmosphere packaging ( MA P )  has been increas ing ly popular i n  many countries in the storage and 

d istribution of fresh marine fi sh .  Of part icu lar concern is P. phosphoreum, which is one of the 

major spo i l age organism that l imits the she l f  l i fe of M A P  stored fish ( Mej lho lm and Dalgaard, 

2002 ) .  To further extend she l f  l i fe i t  is therefore important to develop new packed products us ing 

preservation techniques that inh ibi t  P. phosphoreum ( Mej l ho lm and Dalgaard, 2002 ) .  

Some potenti a l  preservation techniques to control the leve l  of microbia l  spo i lage in foods inc lude 

the use of low dose i rradiation, bacteriocins, organi c  acids and other chemical agents. The use of 

microorganisms which are antagonist ic  to other bacteria, part icu lar ly to Gram-negative bacteria, 

has been explored to only a l im ited degree. In the last few years ome papers have been 

publ ished dea l i ng with b iopreservation, inc luding stud ies on the appl ication of Leuconostoc 

species ( J acobsen et al. , 2003 ) and Lactococcus lactis ssp. lactis ( Wessels and Huss, 1 996) but 

these can on ly  suppress the growth of the aerobic Gram-posit ive bacteria assoc iated w ith 

spo i lage of refrigerated food. 

S im i l ar to their proposed use as bio logical contro l  agents to sel ect ively e l iminate bacterial 

b looms, Bde l l ov ibrionaceae are now being invest igated as useful preventive agents against the 



J 08 

Gram-negati ve microbes that cause food spo i l age and food poisoni ng.  The capabi l i ty of BD to 

reduce numbers of spo i l age and pathogenic organisms is we l l  e tabl ished and has been revi ewed 

in Chapter I ( General Review of L i terature) .  A l though there have been some studies focusing on 

the efficacy and probable use of telTestr ia l  BD aga inst pathogenic and spoi lage organ isms in 

industry as a buffered spray or dip ( Jackson and Whiting, 1 992;  Fratamico and Whit ing, 1 995;  

Fratamico and Cooke, 1 996; Kadouri and O'Toole, 2005 ) there is no pub l i shed work on the 

poss ib le  app l ication of marine B D  against spoi lage and pathogenic organisms in the food 

industry .  

The obj ectives of th i s  study were to  determine the in vitro effects of ew Zeal and eawater BD 

isol ates agai nst P. phosphoreum and to  determine sui tab le sal i n i ty,  p H ,  nutrient, prey and 

predator concentration and their rat ios in effectively reducing the growth of P. phosphoreul11 .  

The fol l owing investigat ions were undertaken to ac hieve these goa ls .  

• To eval uate the survival of pure B D  cu l tures at d ifferent  temperatures so that B D  isolates 

can be stored for longer periods for long tenn tri a l s  or i ndustria l  use with min imal  

variation of the characteristics or efficacy. 

• Screening of seawater B D  against P. phosphoreul11 to select the best isolate for in vitro 

appl icat ion.  

• To study the effect of sa l i nity on the predation of P. phosphoreum by BD and to 

determine the opt imum sal i n i ty condit ions.  

• To eval uate the effect of pH on the predation of P. phosphorelll11 by B D  and to detennine 

the opti mum pH val ue.  

• To study the time course of B D  against P. phosphorelll11 and the growth of B D  in the 

presence of P. phosphoreul11. 

• To study the effect of  nutrient, prey and predator concentrati ons on the reduction of  P. 

phosphoreum numbers by BD.  

• To study the effect of prey : predator ratios on the reduction of P. phosphorelll11 numbers. 
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5.2. E x perimental  p roced u re 

5.2 . 1  Survival of two B D  isolates at d ifferent  tem peratu res 

The B D  iso lates used in th is study were M N A  and MCB (Chapter 3 ) .  The pure cu l tures of M N A  

and MCB were grown in  a med ium o f  SO mL  o f  70% ASW and I m L  of host V. 

parahaemo�yticus i ncubated 111 an orbi ta l  shaker ( 1 30 rpm )  at 2SoC for 2 days. Large-scal e  

cu l tures were prepared a s  described in  Section 2 . S .  The  pel lets were resuspended i n  an 

appropriate amount of 70% ASW, giving fina l  concentrations of approximate ly  1 0 1 0 PFU/mL .  

The homogeni sed suspensions of M N A  cul tures were d ivided into 78 tubes, each of  which 

conta ined 3 mL  x 1 0. 3  log l o  un i ts of B D/mL .  Each set of tubes ( n= 1 3 ) conta in ing M N A  cu l tures 

was kept at 4°C, 1 0°C, 20°C, 2 SoC, 30°C or 37°C. A l i quots of MCB cul tures were d ivided i nto 

1 28 tubes, each of which contained 3 m L  x 1 0 .3  log l o  un i t  of BD/mL .  Each set of tubes ( n= 1 6)  

conta in ing MCB cu l tures were kept at - 1 8°C, O°C, 4°C, 1 0 °C, 20°C, 2SoC, 30°C or 3rc.  One 

tube of each cu l ture from each temperature was removed dai ly and d i l uted appropriately to 

prepare 1 0-fold  serial d i l ut ions in tri p l icate . I mL from each d i l ut ion was p lated onto 

polypeptone 20 ( Pp20)  medium using the doub le  agar technique for the enumerat ion of BD 

described i n  Section 2 . 3 .  The p lates were i ncubated aerobica l l y  a t  2SoC unt i l  the appearance of  a 

characterist ic BD  plaque. 

5.2.2 Screening of d i fferent  seawater BD against P. phosphoreum 

I nocu la  of P. phosphoreum were prepared as described in Section 2 .6, whi le  l arge-scal e  cu l tures 

of th i rteen BD isol ates were prepared as described in Section 2 . S .  The experiments were 

performed in fou rteen 2S0-mL steri l e  Erl enmeyer flasks; th i rteen experimenta l flasks and one 

control flask, a l l  of which contained SO m L  of 70% ASW.  One mL of harvested P. phosphoreum 

( 9 . 7  log l o  CFU/m L )  was inocu lated in to a l l  experimental and contro l flasks to g ive a fina l  

concentration of 8 .0  log l o  CFU/mL.  One-mL of each BD i so l ate ( approximately 9 .0 log lo  

PFU/mL ce l l s )  was added to each experimental flask to give the final  concentrat ions shown in 

Table S . 1 .  F lasks were incubated at 2SoC in an orbita l  shaker ( Lab l i ne S H K  A2000 orbita l  

shaker, Barnstead l nternationa l ,  USA)  runn ing at 1 30 rpm .  A l iquots ( 1 0 m L )  were asepti ca l ly 
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taken from each fl ask at ti mes 0, 1 0  and 24 h. Changes in bacteri al numbers were evaluated by 

absorbance and by using S W Y E  plates as described in Section 2 . 7 . 

5.2.3 Abi lity of B D  (OT2 ) to red uce n u m bers of P. phosphoreul11 at different salin it ies 

A cul ture of P. phospho,.eul11 was prepared as descri bed i n  Section 2 .6 .  The BD iso late used in 

this study was OT2 . The cu l ture were purified, propagated, and l arge-sca le cha l l enge inocu la 

were prepared as descri bed in Sections 2 .2  and 2.5 .  The effect of B D  on the population of  P. 

phosphoreul11 at different sa l i n i t ies was studied in l i quid media. Batche ( 5 00 mL eac h )  of 0%, 

1 2. 5%, 25%, 50%, 70%, 1 00% and 1 5 0% ASW ( ar1 ific ia l  sea water; I n stant Ocean; Aq uari um 

system; U S A )  were prepared ( Appendices I . E - I . K ) . The salt concentrat ions of the solutions 

were measured ( Table 5 . 2 )  using a hand-held refractometer ( Atago H and Refractometer, U S A ) .  

F ifty m L  o f  each sa l t  so lu tion were aseptica l ly transferred t o  each of two 2 5 0  m L  Erlenmeyer 

fl asks.  One mL of harvested P. phospho,.elll11 culture ( 1 0. 1 10g l O  CFU/m L )  was inocu lated into 

eac h fl ask to give a final  concentration of 8 .4 l og l o  CFU /m L  and I m L  of OT2 chal lenge 

inocu lum ( fina l  concentration 7 .2  log l o  PFU/m L )  was added to the 7 treatment fl a ks,  whi le  the 

other 7 were kept as controls .  F lasks were incubated at 25°C in an orbital  shaker ( 1 3 0 rpm ) .  At 

ti mes 0,  1 0, 24 and 48 h, 4 mL a l iquots were removed asept ica l ly  from the flasks.  The 

absorbance l eve ls  of the al iquots were measured at 6 1 0  nm using a spectrophotometer and P. 

phospho,.elll11 was enumerated using S W Y E  plates ( Section 2 . 7 ) .  
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5.2.4 A bil ity of B D  (OT2) to redu ce n u m bers of P. phosphore1l111 at d ifferent p H  values 

The bacteria l  chal l enge stra in  used in th is  study was P. phosphoreul11, whi l e  the BD isolate was 

OT2. The cu l tures were purified, propagated and l arge-sca l e  cha l l enge inocu la  were prepared as 

described in Sections 2 . 2  and 2 . 5 .  The pH buffer used in the experiment wa 0 . 1 M Ci tric ac id -

0.2 M N a2H P04 ( pH 4 .0  to 6 .6)  and was prepared according to the protocol described by 

Dawson et al. ( 1 986) .  The buffer solutions were autoclaved at 1 2 1 °C for 1 5  min and their pH  

stab i l i ty was verified for a t  l east 2 days. This study was perfonned using fourteen 250  mL  

Erl enmeyer flasks d iv ided into 7 groups. Each group comprised two flasks - one of  which was 

the treatment and the other was the contro l .  Six groups of flasks contained 49 mL of 70% ASW 

and I mL of the  re levant buffer. One mL  of harvested P.  phosphorelll11 cu lture ( 1 0. 2  log l o  

CFU/m L )  was i nocu lated into a l l  treatment and contro l  flasks, which gave a final concentration 

of 8.5 log l o  CFU/mL .  One mL of OT2 cha l lenge inocu lum ( fina l  concentrat ion 7 . 3  log l o  

PFU/mL ) was added to the seven treatment flasks. F lasks were incubated a t  25°C in  a n  orbita l  

shaker ( 1 30 rpm) .  At t imes 0, 24, and 48 h ,  5 mL a l iquots were removed a eptical ly  from the 

flasks .  The absorbance l eve ls  of the a l iquots were measured at 6 1 0  nm using a 

spectrophotometer and P. phosphorelll11 was enumerated using S W Y E  p lates ( Section 2 . 7 ) .  

5.2.5 Co-cu l ture of  B D  (OT2)  with P. phosphoreum i n  70% ASW 

An inocu lum of OT2 wa prepared a de cribed i n  Section 2 .5 .  H igh, med ium and low dose BD 

d i l ut ion were p lated onto polypeptone 20 ( Pp20)  medium us ing a doub le  layer overlay 

technique and the result  were recorded as log l o  PFU/mL .  A lawn of P. phosphorelll11 was 

prepared as previously described in Section 2 .6 .  The experiment was performed in four 250 m L  

steri l e  Erl enmeyer fl asks, three o f  which were treatment flasks and one was a control flask .  A l l  

flasks contained 5 0  mL o f  70% A S W  and I mL  o f  harvested P .  phosphorelll11 ( final 

concentration 8 .6 log l o  C FU/mL ) . The three treatment flasks were inocu lated with d ifferent 

doses of OT2 ( 7 . 8 ;  4 .7 ;  3 . 5  log l o  PFU/m L ), wh i l e  the other was kept as a control ( no BD added ) .  

The  flasks were incubated a t  25°C in an  orbita l  shaker ( 1 30 rpm) .  A l iquot (4  m L )  were taken 

from each flask after 0, 2 ,  3 , 4, 5, 6, 8, 9, 1 0  and 24 h of i ncubation and S W Y E  plates were used 
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to enumerate P. phosphoreu111 .  A p0l1 ion of the a l iquots was fi ltered through 0 .8 Ilm, 0.45 Ilm 

and 0 .2 Ilm fi l ters and p lated onto Polypeptone 20 p lates ( Sect ion 2 . 3 )  to enumerate BD p laques. 

5.2.6 E ffect  of d iffe rent n u trient concen trations on the red uct ion of P. phosphoreul11 by B D  

(OT2) 

An in i t ia l  experiment was designed to study the effect of d ifferent nutrient l evels on the 

reduct ion of P. phosphoreul11 by BD. The predator and prey bacteria were prepared as previousl y  

described ( Sections 2 . 2 ,  2 . 3  and 2 . 6 ) .  From the maintenance flask, a 2 day o ld  dual  cu l ture (OT2 

+ prey cel l s )  was fi l tered through 0.8 Ilm to 0 .45 to 0.2 Ilm syringe fi l ters to remove the prey 

cel l s .  A series of d i fferent d i l ut ions ( 1 %, 2%, 4%, 8% and 1 6%) of standard S W Y E  broth was 

prepared using 70% ASW as d i l uents. 

This experiment consisted of five experimental and one control flask. Each flask contained 50 

mL of a concentrati on of SW YE broth respectively d i l uted to 1 , 2 , 4, 8, and 1 6% of  fu l l  strength , .  

The contro l flask contained 50 mL of 1 6% d i luted S W Y E  broth .  One mL of harvested P. 

phosphoreul11 ( final  concentration 8.3 log l o  CFU/m L )  was i noculated i nto each of the six flasks, 

fo l lowed by I mL of a dense suspension of i sol ate OT2 to a fina l  concentration of 6.4 l og l o  

PFU/m L  in  the five  experimental flasks. F lasks were i ncubated a t  25°C in  an  orbital shaker at 

1 30 rpm .  At t imes 0,  24 and 48 h ,  5 mL a l iquots were removed asept ica l l y  from the flasks. The 

viab i l i ty of P. phosphorelll11 was enumerated us ing S W Y E  p lates ( Section 2 . 7 ) .  
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5.2.7 E ffect of p rey concentrations on  the predation of P. p/tosp/toreu1J1 by BD (OT2 ) 

To examll1e  the effect of d ifferent doses of OT2 against d ifferent concentrations of P. 

phosphoreum i n  the pre ence or ab ence of nutrients (d i l u ted S W Y E  ( 1 0%) broth or 70% A S W  

re pective ly) ,  a n  inocu lum of OT2 was prepared a s  descri bed i n  Section 2 . 5 .  The final  

concentration was adj usted to M cFarland standard 5 .  Ten- fo ld seria l  d i lution were prepared 

us ing 70% ASW to obta in  d i fferent doses of OT2 . A 24 h grown lawn of P. phosphoreum was 

prepared as described in Section 2 . 6  and harvested with an appropriate amount of 70% ASW to 

give McFarland standard 5. D i l utions were then prepared to obtain d ifferent host ce l l 

concentrations ( 8 . 1 , 3 . 7  and 2 . 8  10g l O  CF U/m L ) . 

This study was performed with 2 sets of 1 2  flasks di vided i nto s ix  groups. One set of 1 2  flasks 

contained 50 mL of d i l uted S W Y E  ( 1 6% )  broth in  each flask, and another set of 1 2  flasks 

conta ined 50 mL of 70% ASW in each fl ask.  Each set of flasks was div ided i nto three groups: 

the fir t group contained I mL of a h igh concentration of P. phosphorelll11 ( fina l  concentration 

8. 1 10g l O  CFU/m L ); the second group conta ined I mL of a med ium concentration of P. 

phosphoreum ( final  concentration 3 . 7  log l o  C FU/m L ) ; and the third group contai ned I mL of a 

low concentration of P. phosphoreum ( fina l  concentration 2 . 8  l og l o  CF U/m L ) . Three flasks of 

each group were inocu lated with d ifferent doses of OT2 ( fina l  concentration 7 .2 ;  3 .9 ;  or 2 . 1 log l o  

PFU/m L ) .  OT2 was not added into one flask of  each group, wh ich  together became the control 

flasks.  
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5.2.8 E ffect of predator levels on the  red uction of P. phosphoreum n u m bers 

The prevIOus experiment had studied the effect of d i fferent doses of BD against d i fferent 

concentrations of P. phosphoreum in nutrient or 70% ASW medium.  The present experiment 

was designed to fU lther eva luate the effect of di fferent do es of BD against a high l eve ls  of P. 

phosphoreum with more regu lar samp l ing.  

The bacteri al cha l l enge strain used in  this study was P. phosphoreum . An i nocu lum of OT2 was 

prepared as described in Section 2 . 5 .  I O-fo ld  d i l ut ion were prepared using 70% ASW to obta i n  

a range of  d i fferent seria l  concentrations ( Tab l e  5 .6 ) .  

Th is  experiment was performed in  seven 250-m L  steri le  Erl en meyer fl asks, each conta in ing 50 

m L  of 70% ASW and I m L  of harvested P. phosphoreul11 ( fina l  concentration 8 .4 10g l O 

C FUlm L ) . OT2 chal l enge inocula ( 8 .3  l og l o  PFU/m L )  were added to give the ce l l  ratios hown i n  

Tab le  5 .6 .  A l iquots ( 4  m L )  were taken a t  t i mes 0 ,  2 ,  4 ,  6 ,  8 ,  1 0  and 2 4  h of  incubat ion from each 

fl ask asept ica l ly .  The absorbance l eve ls  of the a l i quots were measured using a spectrophotometer 

at 6 1 0  nm and P. phosphoreum was enumerated us ing S W Y E  p lates ( Section 2 .7 ) .  
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5.3 . Resu l ts 

5.3. 1 S u rvival of t wo B D  isolates at differen t  tem peratures 

The surviva l  of dense suspensIons of M N A  cul ture w ithout host bacteria at d ifferent 

temperatures for 1 3  days is presented in Fig .  5 . 1 and Appendix 5 . A .  After J 3 days of storage, 

only m inor decreases in v iabi l ity were observed at 4°C, 1 0°C and 20°e. However, at the h igher 

temperatures, there was a s ign ificant reduction i n  numbers, this reduction being most pronounced 

at 3re, where no viab le ce l l  was observed after 1 0  days of storage. After 1 3  days of storage, 

log ) o  reduction values of 1 .3 ,  0 .9,  1 . 5 , 2 .9 , 5 .9 and >7 .8  were estimated at 4°C, 1 0°C, 20°C, 25°C, 

30°C and 3re respect ively ( Fig .  5 . 2 ) .  

The surv ival of  MCB cul ture wi thout a host organism was  recorded for 1 6  days a t  d ifferent 

temperatures and the results are summarized in Fig. 5 . 3  and Appendix 5 . B .  In addi t ion to the 

storage temperatures used in previous experiment, this isolate was a l so kept at - 1 8°C and ooe for 

1 6  days. The mean p laque-f01111ing uni t  of  th i s  i so late was found to exhibi t  a s im i l ar patte111 to 

that i n  the previous experiment. 

At temperatures of 4°C, 1 0°C and 20°C on ly s l ight decreases in viab i l i ty were observed after 1 6  

days of storage . At h igher temperatures, however, there was a signi ficant reduct ion i n  viabi l i ty .  

I nterest ingly,  viabi l i ty was a l so significant ly reduced at temperatures of Ooe and - 1 8°e .  After 1 6  

days of storage, log ) o  reduction values of>7 .8 ,  2 . 2 ,  0 .8 ,  0 .6 ,  0 .9 ,  3 . 1 and >7 .8  were estimated at -

1 8°C, oDe, 4°C, 1 0°C, 20°C, 25°C, 30°C and 37°C respect ively ( F ig .  5 .4 ) .  
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Fig. 5. 1 S u rvival  of a dense su spension of a BD isolate ( M NA) i n  70% ASW without  host 
bacteria stored at 4°e, lOoe, 20oe, 25°e, 300e and 37°e for 1 3  days. E rror bars rep resent 
t he s tandard dev i at ion of 3 replicates. Down arrow (t) mea n s  less t han.  
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Fig. 5.2 Logtu  reduction of a dense su spension of a BD isolate ( M N A )  after 1 3  days of 
storage in 70% ASW at 4°C, 1 0°C, 20°C, 25°C, 30°C and 37°C. Up arrow ( �  means greater 
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Fig. 5.3 S u rvival  of a dense suspension of a B D  isolate ( M C B )  i n  70% ASW without  host 
bacteria stored at - I SoC, O°C, 4°C, 1 0°C, 20°C, 2 5°C, 30°C and 37°C for 1 6  d ays. E rror bars 
represent  the standard deviation of 3 replicates. Down arrow ( .. ) means less than.  
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5.3.2 Screening of different seawater B D  against P. phosphoreulI1 

The resu l ts are summarized in Tab le  5 . 1 .  A fter 1 0  h of incubation, the h ighest reductions in 

absorbance were observed i n  cu l tures chal l enged with OT2 and TB I .  These strains a lso 

displ ayed the h ighest reductions in absorbance after 24 h. Moderate to high reductions in  

absorbance were detected in cu l tures cha l l enged with OT I ,  OT3 , OT4,  OT5, MCB,  M A and 

SP after 1 0  and 24 h. Lower reductions of absorbance were observed in the cu l tures cha l l enged 

with other isolates ( OT-enr, TB2,  TB -enr and MNZ I )  after 1 0  and 24 h .  The contro l sampl es 

showed min ima l  changes in the ab orbance after 1 0  and 24 h of incubation at 25°C . 

The impact of the d i fferent BD isolates on the popu lation of P. phosphoreul11 in 70% ASW, as 

assessed on SWY E p lates, i ummarized i n  F igs 5 . 5 ,  5 . 6  and Appendix  5 .C .  A fter 1 0  h of  

incubation, h ighest reductions in  viable P.  phosphoreul11 were ob erved in  cu l tures cha l l enged 

with OT2 and OT I .  A l though a medium to high reduction in the mean viabi l i ty of P. 

phosphoreul11 numbers was detected in sample chal lenged with OT5, OT4, M N A, MCB,  TB I ,  

TB2, OT3, OT-enr and SP,  a lower reduction was observed with TB-enr and M Z I .  H owever, 

after 24 h of incubation, the reduction in  the mean population of P. phosphorelll11 wa found to 

be imi lar in  a l l  cu l tures. The contro l  sampl e  ( no BD added) did not show any changes in the 

total v iable numbers of P. phosphorelll11 after 1 0  or 24 h of incubation at 25°C. 

On the basis of these resu l ts ,  OT2 was selected for more detai led research as a stra in  exhibit ing 

hi gh attack ing efficacy against P. phosphorelll7 1 .  
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Table 5. 1 The effectiveness o f  d ifferent  isolates of B D  i n  red ucing n u mbers of P. 
phosphoreul11 ( 8.0 log lO  C F LJ/m L )  in 70% ASW after 1 0  and 24 h at 25°C. A bsorbances 
were measu red using a spect rophotometer at the  wavelength  of 6 1 0  nm.  

I n it ia l  Absorbancea Absorbance change b 
BD iso late Prey to O h  1 0  h 24 h 

( in i t ia l  number - predator rat io 

log l o  PFU/m L )  

OT I ( 7 . 2 )  6 0 .32  0. 1 8  0 .20 

OT2 ( 7 . 3 )  5 0 .33  0 .25 0 .27 

OT3 ( 7 . 2 )  6 0 .33  0 .2 1 0 .22 

OT4 ( 7 . 2 )  6 0 .33  0 .22 0 .23 

OT5 ( 7 . 3 )  5 0 .33 0. 1 9  0 .20 

OT-enr ( 7 .3 ) 5 0 .32  0. 1 3  0 . 1 5  

TB I ( 7 . 2 )  6 0 .35 0 .25 0 .27 

TB2 ( 7 . 1 )  8 0 .3 1 0 . 1 4  0. 1 6  

TB-enr ( 7 . 3 )  5 0 .3 1 0 . 1 3  0 . 1 4  

M N A  ( 7 .3 ) 5 0 .3 1 0 .20 0 .24 

MCB ( 7 . 2 )  6 0 .34 0 .20 0 .2 1 

S P  ( 7 . 2 )  6 0 . 37  0 .22 0.24 

M NZ I  ( 7 . 1 )  8 0 .36 0 . 1 7  0 .20 

Control ( no BD )  nla 0 .34 0 .0 1 0 .02 

{ /  Ahsorbance (OD at 6 1 0  nl11) a/dual culture a/BD isolates and P .  pho phoreum in 70% ASW at 
O h  
h Mean absorbance (n=3) 0/ BD isolate and P .  phosphoreum at time 0 h minus mean 
absorbance o/the same dual cullllre ajier 1 0  h or 24 h at 25 ()C 
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Fig. 5.5 The effectiveness of BD isolates (OT t ,  OT2, OT3, OT4, OT5 and OT-enr)  i n  
red ucing the populat ion of  P .  phosphoreum (8.0 loglO C F U/m L )  after a 24 h chal lenge i n  
7 0 %  ASW a t  25°C. Error bars represen t  the standard deviation of 3 repl icates. 
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5.3.3 A bil i ty of B D  (OT2 ) to red uce n u m bers of P. phosphoreul11 at d ifferent sal i n i t ies 

Table 5 . 2  shows the measurement of salt  concentrations of the solut ions prepared by d i l ut ing 

artific ia l  seawater. The effects of d ifferent salt  concentrat ion on the reduction of absorbance of 

the dual cu l tu res of OT2 and P. phosphoreul11 after 1 0, 24 and 48 h of incubation at 25°C are 

ummarized in Table 5 . 3 .  After 1 0  h of i ncubation, the h ighest reductions in absorbance were 

observed at sa l in i t ies 1 . 5 and 2 . 1 %.  A l though a moderate absorbance reduction was measured 

after 1 0  h at 3 . 0% sa l in i ty, min ima l  reduct ions were detected in the other salt o l utions. After 24 

h of i ncubation, o lut ions of 1 . 5 ,  2 . 1 and 3 .0% salt showed the h ighest reductions in absorbance, 

wh i l e  medium reductions were observed at sa l i n i t ies of 0.9 and 4 .5%. After 48 h of incubation, 

there was evidence of the absorbance start ing to i ncrease at sa l i n i t ies of 0.9,  2 . 1 ,  3 .0 and 4 .5%. 

There were no detectable changes in the absorbance over the ent ire 48 h of i ncubation at 0 or 

0 .5% sa l i n i ty or i n  the control samples .  

F ig .  5 .7  and Appendix  5 .0  show the  effects of the  d ifferent sa l t  solut ions on the  total  v iable 

counts of P. phosphoreul11 (CFU/m L )  after 1 0, 24 and 48 h of cha l lenge with OT2 . The 

population of P. phosphorelll11 remained unchanged at 0 and 0 .5% sa l i n ity. After 1 0  h of 

incubation, the largest reduction in the population of P. phosphoreum was observed at 1 . 5% 

sa l i n i ty ,  whi le  lower reductions were observed at 2 . 1 % and 3 .0% sa l i n ity. The mean populat ion 

of P. phosphoreul11 was v irtua l ly unchanged after 1 0  h at sa l in i t ies of ::;0.9 or 4.5%. After 24 h of 

cha l l enge the reduction in the mean populat ion of P. phosphoreum was found to be s im i l ar at 

sa l i n i ty values of 1 .5 ,  2 . 1 and 3 .0%, wh i l e  s l ight reductions were observed at sa l i n i t ies of 0 .9 and 

4.5%. After 48 h of chal l enge, the changes i n  the popu lat ion of P. phosphoreul11 were imi lar at 

sa l i n ity values of 0.9, 1 .5 ,  2 . 1 and 3 .0%. There were no detectab le  changes in the popu lation of 

P. phosphorellm after 48 h of incubation at sa l in i t ies of ::;0.5 or 4.5%. The contro l sampl es of 

each salt solut ion showed only marginal  changes in the mean populat ion of P. phosphorelll11 after 

1 0, 24 and 48 h of i ncubat ion at 25°C. 



Table 5.2 Sal in ity m easuremen t using hand refractometer. 

Art ific ia l  sea water ( ASW)  %a 

o 

1 2 . 5  

25  

50 

70 

l OO 

I SO 

sal t concentrat ion %(w/v ) b 
o 

0.5 

0 .9 

1 . 5 

2 .  I 

3 . 0  

4 . 5  

"D(llerent percentages of artificial semI'Gter medium in water 
"Salt concentration, measured afier autoe/alling, using Atago hand refractometer. 

1 25 
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Table 5.3 E ffect  of  sal in ity on the red uct ion of a bsorbance of dua l  cult u res of  B D  isolate 
OT2 and P. pi1ospi1oreulI1 at a p rey to predator ratio of 1 6  after 1 0, 24 and 48 h of 
incubation at  25°C. Absorba nces were measu red using a spectrop hotometer at the 
wavelength of 6 1 0  nm. 

I n i t ia l  ab orbanceb Absorbance change C 

Sal i n i ty % a O h  1 0  h 24 h 48 h 

0 .0 ( treatment) 0 .33  0 .00 0 .00 -0 .0 1 

0 .0 ( contro l )  0 .33  0.00 0 .00 -0 .0 I 

0 .5  ( t reatment) 0 .34 0.0 1  0 .0 1 0 .04 

0 .5  ( contro l )  0 .34 0 .00 0.00 -0 .0 1 

0 .9 ( treatment) 0 . 35  0 .03 0 . 1 9  0 .25 

0 .9 ( contro l )  0 . 35  0 .0 1 0 .0 1 0 .00 

1 .5 ( treatment) 0 .35  0 .22 0 .27 0 .26 

1 . 5 ( contro l )  0 .36 0.00 0.0 1 0.0 1 

2 . 1 ( treatment) 0 .36 0 .20 0 .27  0 .20 

2 . 1 ( contro l )  0 .36 0 .00 0 .00 -0.0 1 

3 . 0  ( treatment) 0 . 37  0. 1 1  0 .23 0. 1 9  

3 .0 ( contro l )  0 . 38  0 .0 1 0 .02 0.00 

4 .5  ( treatment) 0 .39 0.0 1 0 . 1 8  0 .20 

4 .5  ( contro l )  0.40 0.0 1 0 .0 1 0 .00 

1I Challenge inocula o/ l -mL P. phosphoreum (8. 4 logj () CFUlmL) and l -mL of 0T2 ( 7. 2  loglo 
PFUlmL). Controls contained no BD. 
h Mean absorbance 0/ dual clllture of BD isolate and P. phosphoreum at time 0 h 
( Mean absorbance o/ dllal culture o/ BD and P. phosphoreum at time 0 h 0./ incubation minus 
mean absorbance o./the same clIltllre at 1 0. 24 or 48 h o/incllbation. 
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Fig. 5.7 Effect  of salin ity on the  popu lation of P. phosphoreul11 after challenging B D  
isolate OT2 (7 .2  log l o  P F U /m L) agai nst P. phosphoreum ( 8.4 10glO C F U/m L) i n  70% 
ASW at a prey to predator ratio of 16 a fter 1 0, 24 and 48 h of incu bation at 2S°C. 
E rro r bars represent the standard deviation of 3 repl icates. 
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5.3.4 A bil ity of B D  (OT2 ) to red uce n u m bers of P. phosphoreulI1 at diffe rent p H  

values 

Table 5 .4  shows the effect of pH  on the reduction of absorbance of the cu l ture of OT2 

and P. phosphoreul11 after 24 and 48 h of incubation at 25°C. The absorbance of the dua l 

cu l ture (OD at 6 1 0  nm) remained unchanged at pH 4 .0, 4.6, and 5 .0  after 24 and 48 h of 

incubation at 25°C. A l though a s l ight reduction in the absorbance of the cu l ture of OT2 

and P. phosphoreul71 was observed at pH 5 .6  after 24 and 48 h of i ncubat ion, the h ighest 

reduction in ab orbance were detected at pH 6.0 to 8 . 2  after 24 and 48 h of incubat ion . 

The absorbance of the control samples ( no OT2 added ) d id not show any notable changes 

at any tested pH value. 

Fig. 5 . 8  and Appendix 5 . E  show the effect of pH on the popu lat ion of P. phosphoreul11 

after cha l l enge with OT2 after 0, 24 and 48 h of i ncubat ion at 25°C. At pH 4 .0 and 4 .6, no 

detectab le  colonies of P. phosphoreum were observed in either the treatment or contro l at 

the lowest d i l ut ion ( CFU/mL at 1 02 ) after 24 or 48 h of incubation .  This indicate that P. 

phosphoreum did not survive at these va lues. Therefore the effect of BD could not be 

studied .  At p H  5 .0  the populat ion of P. phosphoreu/11 was a lmost unchanged ( reduction of 

< 0.4 l og l o  un i t )  after 24 and 48 h of incubat ion, whi le  at pH 5 .6  there was a ( I  log ) 

reduct ion i n  numbers. The largest effects were observed between pH  6 .0 and 8 . 2  after 24 

h of incubation where the popu lation of P. phosphore/l/11 were reduced by 3 to 4 .3  10g lO  

units .  P. phosphoreul71 populat ions appeared to recover s l ight ly between 24 and 48 h 

incubation . The mean C FU/mL of the control samples ( no OT2 added ) d id not how any 

notab le  changes in the popu lation of P. phosphore/l/11 at pH 5.0 or h igher. 
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Table 5.4 E ffec t  of pH on the red uction of absorbance of  the dual cu lt u res of B D  
isolate OT2 and P .  phosphoreulI1 i n  7 0 %  A S W  at a prey t o  predator ratio of J 6 a fter 
24 and 48 h of incubation at  25°C. Absorbances were measu red using a 
spectrophotometer at the  wavelength of  6 1  0 nm.  

I n i t ia l  ab  orbanceb Absorbance change C 

pH a O h  24 h 48 h 

4.0 ( trcatmcn t )  0 .77  -0 .06 -0.07 

4 .0 ( control ) 0 . 76 -0.03 -0 .03 

4 .6 ( treatment )  0 .77  -0.02 -0.05 

4 .6 ( contro l )  0 . 77  0 .00 -0.02 

5 .0  ( treatment )  0 .77 0 .00 0.02 

5 .0  ( contro l )  0 . 73 -0 .02 -0 .03 

5 .6  ( treatment )  0 .77  0.05 0.07 

5 .6 ( contro l )  0 . 74 0 .03 0.05 

6 .0 ( treatment ) 0 .78 0 .50 0 .59 

6 .0 ( contro l )  0 .78  0 .04 -0 .09 

6.6 ( treatment ) 1 .3 I 0 .47 0.49 

6 .6 ( contro l ) 1 .30 0 .00 -0 .06 

8 . 2  ( treatment ) 0 .75 0 .58  0 .59 

8 .2  ( contro l )  0 .74 -0 .0 1 0 .0 1 

{/  Challenge inocula ol l -mL P .  phosphoreum (8. 4 logf() CFUlmL) and l -mL of OT2 ( 7. 3  
log/O PFUlmL). Controls contained no BD. p H  8. 2 solutions contained no bl!fler. only 
70% ASW 
h Mean absorbance ol dual culture ol BD isolate and P.  phosphoreum (treatment) or P. 
phosphoreum alone (control) at time 0 h 
C Mean absorbance oldual clllture of BD and P .  phosphoreum or P. phosphoreum alone 
(control) at time 0 h of inc1lbation minus mean absorbance ol the same culture at 24 or 
48 h o.linclIbation. 



1 0  
8 
6 
4 
2 

...J 0 
E 1 0  :3 lJ... u 8 0 
0Jl 6 0 ...J 

4 
<;; C ...::: 2 
E} 0 0 "%. 1 0  

.:: 
� 8 
" " ...::: 6 0 c 
0: 4 '-0 
. g 2 
;; 0 g, 0 1 0  Q.. 

8 
6 
4 
2 
0 

1 0  
8 
6 
4 
2 
0 

o 

p l l 5.0 ( trcatmcnt )  

- pl l 5 . 0  (contro l )  

pH 5 .6  ( treatment ) 

--<>- p l l  5 .6 ( control) 

p i  I 6.0 treatmen t )  

--<>- pl l 6 .0  (contro l )  

p l l  6.6 ( treatment ) 

- pi I 6.6 (control) 

I' l l K2 ( t reatl11ent )  

- p l l  X.2 ( contro l )  

1 0  

1 30 

:10 30 40 50 60 
Time ( h )  

Fig.  5.8 Effect of p H  on the populat ion of  P. phosphoreum after chal lenging B D  
isolate O T 2  ( 7.3 10glO P F lJ /mL)  agai nst P. phosphoreum ( 8.4 10glO C F lJ/m L) i n  70% 
ASW at a p rey to predator ratio of J 6 a fter 24 and 48 h of incubation at 25°C. E rror 
bars represent  the standard deviation of 3 replicates. 
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5.3.5 Co-cul ture of B D  (OT2 ) with P. pllOsphorellll1 i n  70% ASW 

Counts of P. phosphoreul11 and BD during 24 h of co-cu l ture a t  25°C are shown in  

F igures 5 .9  and  5 . 1 0  respect ive ly and in Appendices 5 .F  and 5 .G respect ively .  A l though 

the effect of the h ighest concentration of OT2, at a prey to predator ratio  of 6 .2 ,  was fi rst 

noted after 5-6 h of incubation, when the popu lation of P. phosphorelll11 was reduced by 

0.3 - 0.4 log l o  uni t, reductions peaked after 8- 1 0  h of incubation when a 4.4 log l o  uni t  

reduction was recorded. A fter th is  t ime, there was no further decrease in numbers of P. 

phosphoreul11 . 

When using the medium concentration of OT2 against P. phosphoreul11, at a prey to 

predator rat io of 7 . 5  x 1 03 , the reduct ion in absorbance was fi rst noted after 1 0  h of 

incubation ( 0 .95 log l o  uni t  reduction) and the maximum reduct ion was observed after 24 

h of i ncubation (4 .53  log l o  uni t ) .  S imi larly, the effect of the lowe t concentration of OT2 

was only 0 .6- log uni t  after 1 0  h of i ncubation, whi le  the reduction effect was greatest 

after 24 h of incubation ( 4 .63 log l o  uni t  reduction ) .  The contro l flask ( no BD added ) 

showed a lmost non-detectab le  changes in the popu lat ion of P. phosphoreul11 after 24 h of 

incubation at 25°C. 

When uSl llg the h ighest OT2 concentration, BD growth was observed after 6 h of 

incubation and the max imum increase of �3 .0  log l o  unit was observed with in 9 - 1 0  h. 

No further i ncrease in BD numbers was observed a fter this t ime.  

A l though the effect of the medium concentration of OT2 was fi rst observed with in 7 h of 

incubat ion, the max imum increase of �5 .0 log l o unit of BD numbers was ob erved after 

24 h of i ncubat ion.  At the lower concentration of OT2, the increase in BD numbers was 

s lower. However, the greatest increase in BD numbers ( �6 log l o  un i t )  was ob erved i n  

sampl es cha l l enged with th i s  l ow concentration of OT2 .  
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Fig. 5.9 Time cou rse of d ifferent doses of B D  isolate OT2 ( 7.8, 4.8 and 3.5 10gl O 
P F U/m L)  chal lenged against against P. phosphoreum at p rey to predator ratios of 6 
x 1 0°, 7 x  1 03 and 1 x  1 05 in 70% ASW for 24 h of incubat ion at 25°C. Samples were 
tested after 0, 2,  3, 4, 5, 6, 8, 9, 1 0, 1 2  and 24 h .  Values are presented as mean ± 
standard error, n = 3.  
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Fig. 5. 1 0  Effect of different doses of B D  isolate OT2 (7.8, 4.8 and 3.5 10gl O PFU/mL)  
on  i ts  growth in  the  p resence of  P. phosphoreu.m (8 .6  10g lO  C FU/m L )  at prey to 
predator ratios of 6 x 1 0°, 7 x 1 03 and I x 1 05 in 70% ASW d u ring 24 h of incu bation 
at 25°C. Samples were tested after 0, 2 ,  3, 4, 5, 6, 8,  9, 1 0, 1 2  and 24 h. Val ues are 
presented as mean ± sta ndard error, n = 3. 
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5.3.6 E ffect  of d i fferent  nutrient concen trations on  the red uction of P. phosphoreul11 

n u m bers by B D  

The reason for choosing I % t o  1 6% standard SWYE broth t o  study the effect of d ifferent 

nutrient levels on the reduction of P. phosphoreul11 is that there are much lower 

concentrations of nutrients in a natura l  sea water system than those in the S W Y E  broth 

from which the BD were i so lated . A pal1 icu lar concentration of SWYE was considered, 

which was suitable for prey growth and predation of B D .  Overseas workers ( Sh i l o  and 

Bruff, 1 965 ;  Seid ler and Starr, 1 969; Baer et al. , 2004 ) a l so used di l ute nutrient broth 

( N B/ I O ) for mainta in ing H I  or terrestria l  BD.  The h ighest reductions in numbers of P. 

phosphoreul11 were observed after 24 h of incubation at d i l utions of I and 2% of standard 

S W Y E, a l though signi ficant reductions were seen at a l l  nutrient concentrat ion tested 

(Tab le  5 . 5 ) . However, re-growth of P. phosphoreul11, observed after 48 h of incubation, 

was more rapid in the higher nutrient levels of standard S W Y E  broth .  

Table  5 .5  Red uction of P .  phosphoreul11 populat ions by B D  isolate OT2 at  a prey to 
predator ratio of 44 in  di lu ted S W Y E  broth. 

S W Y E  broth 

concentrationa 

1 %  

2 %  

4 %  

8% 

1 6% 

Control ( 1 6% )  

Mean in i t ia l  count 

( l og 1 0  CFU / m L )b 

O h  

8 .22 

8 . 1 8  

8 .23 

8 . 1 6  

8 . 1 8  

8 .22 

M ean reductions 

( I0g 1 0  CFU / mLt 

24 h 48 h 

4.47 4.52 

3 . 50 3 .33  

2 .97 2 . 87  

1 . 39  0 .37  

0 .35  -0 .04 

-0 .53  -0 . 83 

"DifFerent dilutions 0/ SWY£ broth \ \ 'ere prepared according to the .spec!lied proportions and 
inoclllated with I I71L 0/ 0T2 (6. 40 log/I) PFUlI17L) + I mL 0/ P. phosphorclIlTI (8. 5 1  log/I) 
CFUlmL). Control samples contained 50 mL 0/ 1 6 %  standard SWY£ broth inoculated l1'ith just 1 
mL (�/ P .  p hosphorclIll1 (8. 5 1  log/I) CFUlmL). 
h COllnts o/mean P.  phosphorclIll1 poplllation (log/(} CFUlmL) at 0 h o/incllhation 
( MeuJ1 poplllation 0/ P. phosphorClIl11 (log/I) CFUIII7L) at time 0 h 0/ incuhation minlls mean 

poplllation at time 24 h or 48 h o/incllhation. 
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5.3.7 Effec t  of prey concen trations on the predation of P. phosphoreul11 by BD 

The changes in h igh concentrations ( 8 . 1 10g l O  CFU/m L )  of  P .  phosphoreum upon 

chal l enging with the three d i fferent doses of OT2 in d i luted S W Y E  ( 1 6%)  or 70% A S W  

after 8 ,  1 6  o r  2 4  h of inc ubation a t  25°C are shown i n  Fig .  5 . 1 1 and Appendices 5 . H  and 

5 . 1 .  There was no rea l  reduction of the nu mbers of P. phosphoreum in  d i luted S W Y E  

w i t h  any dose size o f  BD,  wh i l e  i n  70% A S W ,  the mean P. phosphoreum counts were 

reduced s ign i ficantly with in 1 6  h of incubation on ly  in  samples chal lenged with the h igh 

dose of  OT2.  The medium dose of OT2 reduced P. phosphoreum counts only after 24 h 

of i ncubation, and there was min imal  reduction of P. phosphoreum popu lation i n  samples 

with the low dose of OT2. Control samples d id not show any c hange in the mean P. 

phosphoreum popu lation over 24h. 
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o 4 8 1 2  1 6  20 24 

Time ( h )  

Fig. 5. 1 1 Effect o f  different doses o f  BID isolate OT2 ( 7.2,  3.9 a n d  2. 1 10glO  P F U/m L) 
against  a high concentration of P. phosphoreulI1 ( 8. 1 10glO C F UlmL)  in  di luted 
SW Y E  ( 1 6% SWY E brot h )  or 70% ASW at 25°C. Val ues are presen ted as mean ± 
sta ndard deviation, n = 3.  
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When using a medium concentration of P. phosphoreum ( 3 . 7  l og l o  CFU/m L )  in d i l uted 

S W Y E  broth ( Fig .  5 . 1 2  and Append ices 5 .J and 5 . K),  there were no sign ificant effects of 

the low or medium doses of BD on the numbers of P. phosphoreum, but the high dose 

resulted in a reduced growth rate and final concentrat ion of host ce l l s .  I n  70% ASW, the 

high dose of BD actua l ly decreased the mean counts of P. phosphoreum, the medium 

dose BD reduced the growth rate somewhat, but the low dose of B D  d id  not show any 

effect.  

1 2  7 2 10g l 0 PF U/rn L OT2 i n  70% AS W  

-0- 3 . 9  10g l 0 PF U/rnL OT2 in in 70% ASW 

1 0  
2 . 1  log I 0 PFU/rnL OT2 i n  in  70% ASW 

-6- Control ( no B D  added) in in 70% ASW 

3 7.2 10g l 0  P F U/rnL OT2 in d i l uted S W Y E  

E -0- 3 . 9 10g 1 0 PF U/m L  OT2 in d i luted S W Y E  
:3 
u... 8 2 . 1 10g l 0  P FU/mL OT2 ind i luted S W Y E  U 

0 --t:-- Control ( no BD added ) in d i l uted S W Y E  
eIl 

� 
� 6 

� 
CS 
� 4 Cl ..s:: Cl.. 
et: 

2 

o �--------.--------,--------.--------,--------.--------, 
o 4 8 1 2  1 6  20 24 

Time ( h )  

Fig. 5. 1 2  E ffect o f  different doses o f  BD i solate OT2 (7.2, 3.9 a n d  2. 1 10glO  P F U /m L) 
aga inst  a m ed i u m  concent ration of P. phosphoreum (3.7 10g lO  C FU/m L) in  d i l u ted 

SW Y E  ( 1 6 % S W Y E  broth) or 70% ASW at 25°C. Val ues are presented as mean ± 
sta n d a rd deviation, n = 3. 
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The impacts of the d ifferent doses of OT2 against a low concentration of P. phosphoreul11 

( 2 . 8  log l o  CFU/mL )  in d i l uted S W Y E  broth or 70% ASW are summarized in Fig .  5 . 1 3  

and Appendices 5 . L  and 5 . M .  There were min imal  effects of the low or medium doses of 

BD on the numbers of P. phosphoreul11 in  d i l uted S W Y E  broth ,  wh i l e  the h igh dose 

substant ia l ly  depressed the growth of host ce l l s .  In 70% ASW P. phosphoreul11 did  not 

grow in either the presence or absence of BD .  
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-0- 3 . 9 10£ 1 0  PFU I1lL on in 700 0 ASW 

2. 1 1 0 £  I 0 PFU'I1l L OT2 in 7000 ASW 
COnIrol ( no BD added) i n  70% ASW 
7 . 2 10£ I 0 PFU/I1l L OT2 i n  d i luted SWYE 

-0- 3.9 10£ 1 0  PFU !,n L on i n  d i lutcd S W Y E  
2. 1 10£ 1 ()  P FU'm L OT2 i n  d i l utcd S W Y E  

-t:- Control ( no BD added ) i n  di luted SWYE 
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o 4 8 1 2  1 6  20 24 

Time ( h )  

Fig. 5. 1 3  E ffect o f  d ifferent  doses o f  B D  isolate OT2 ( 7.2, 3.9 and 2 . 1  loglO P F U/m L )  
against  a l o w  concentration of P .  phosphoreulI1 ( 2 . 8  loglO  C F U/mL)  in  d i l uted S W Y E  
( 1 6% S W Y E  brot h )  or 7 0 %  A S W  at 25°C. Val ues are presented as mean ± standard 
deviation, n = 3.  



1 38 

5.3.8 E ffect of predator levels on the red uct ion of P. phosphoreul11 n u m bers 

Predator leve l s  of 7 .4 to 8 . 3  log l o  PFU/ml  had a significant effect on reducing of 

absorbance of dual cu l tures of P. phosphoreum and OT2 in  70% ASW throughout the 

incubation period (Table 5 .6 ) .  However, at a BD l evel of 3 .4 log l o  PFU/m l  reduced 

absorbance was only observed some t ime after 1 2  h and at 2 .4  PFU/m l  there were no 

changes in the cu l tu re absorbance over 24 h of i ncubat ion. 

The changes in the popu lation of P. phosphoreum after cha l lenging with the d ifferent 

prey levels are shown in Fig .  5 . 1 4  and Appendix  5 . N .  At high l evels of P. phosphoreum 

( 8 .4 l og l o  CFU/m L ), predator leve l s  of 8 . 1 and 8 .3  PFU/ml resu l ted in a rapid effect 

wh ich then started to reverse . After 9h of i ncubation, re-growth of P. phosphoreul11 was 

observed. In contrast, a slow but more prolonged effect was observed at prey levels of 

7 . 7, 7 .4  and 3.4 PFU/mL with >4.0  log l o  unit reduction of P. phosphoreum numbers after 

24 h of incubation .  Prey l eve ls  of 2.4 PFU/mL had min ima l  effect on reducing P. 

phosphoreum numbers over the 24 h period. 

The resul ts  from OT2 levels of 2 .4, 3 .4 and 7 . 1 l og l o  PFU/m L  against high leve l s  ( 8 .4 

C F U/mL )  of P. phosphoreum in  70% ASW in  this experiment are s imi lar to those 

recorded i n  Section 5 . 3 . 7  for OT2 levels of 2 . 1 ,  3 . 9  and 7 . 2  log l o  PFU/m L  a l so against 

h igh levels ( 8 . 1  CFU/mL )  of P. phosphoreum i n  70% ASW.  
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Table 5.6 E ffect  of p redator levels of S.3, S. 1 ,  7.7, 7.4, 3 .4 and 2 .4 logl O P F Ul m L  on the absorbance c hanges of the d u a l  c ul tu res 
of P. phosphoreum ( S.3 10glO C F Ul m L) and BD isolate OT2 in 70% ASW at 2 5°C for 24 h. Samples were tested after 0,  2 , 4, 6, 
S, 1 0, 1 2  and 24 h and the absorbances were measured using a spectrophotometer at  the wavelength of 6 1 0  nm.  

B D  i noculaa P. phosphoreum Prey: In i t ia l  Absorbance change C 

( Iog l o  PFU/mL) inocula ( log 1 o  predator absorbanceb 

CFU/m L )  ratio  O h  2 h  4 h  6 h  8 h  1 0  h 1 2  h 24 h 

8 . 3  8 .4 1 .3 0 .5 0 . 1 0 . 1 0 . 2  0 .2  0 .2  0 .2  0 . 2  

8 . 1 8 .4  2 .3 0.4 0 . 1 0 . 1 0 . 2  0 .2  0 .2  0 .2  0 .2  

7 . 7  8 .4 5 .4 0 .3 0. 1 0 . 1 0 . 2  0 .2  0.2 0 .2  0 . 2  

7 . 4  8 .4 1 0  0 .3 0 .0 0. 1 0 .2  0 .2  0 .2  0 .2  0 .2  

3 . 4  8 .4 1 05 0.3 0.0 0.0 0 .0  0.0 0.0 0.0 0 .2  

2 .4  8 .4  1 06 0.3 0 .0 0 .0 0 .0 0 .0 0 .0 0.0 0 . 0  

N i l  8 .4 Control 0 .3 0 .0 0 .0 0 .0 0 .0 0.0 0.0 0.0 
1I Prey : predator ratio prepared as dilutions of OT2 (8. 32 log 10 PFUlmL) and P .  phosphoreum (8. 43 loglo CFUlmL) in 50-mL of 70% 
ASW 
h Absorbance (OD at  610 nm) o.f dual culture o.f BD isolates and P .  phosphoreum at 0 h 
C Mean absorbance (n =3) of BD isolate and P .  phosphoreum at time 0 h minus mean absorbance of the same dual culture after 2, 4, 6, 
8, J 0, 1 2  or 24 h of incubation. 
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Fig. 5. 1 4  E ffect of p redator ( B D  isolate OT2) levels of 8.3, 8. 1 , 7.7, 7.4, 3.4 and 2 .4 10glO 
PF Ulm L on red ucing h igh n u m bers of P. phosphorellll1 (8.3 10glO C F UlmL)  in  70% A SW. 
Sam ples were incubated at 25°C for 24 h and tested on 0, 2 ,  4, 6, 8, 1 0, 1 2  and 24 h .  Val ues 
are shown as means with the standard error bars. 
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5.3.9 E ffect  o f  p rey : predator rat ios o n  the predation o f  P. phosphorellm b y  B D  

The coexi stence o f  prey and predator populations p lays an important ro le  i n  the natural 

ecosystem and the predator - prey system was suggested as a convenient model for studying the 

phenomenon of predation in s imulat ing the natura l  envi ronment ( Markelova and Gariev, 2005) .  

The in  vitro resu lts showed that the  effects of BD aga inst P. phosphoreum are related to  the 

concentrations of both prey and predator. The purpose th is  work is to evaluate the prey-predator 

i nteraction under laboratory condi t ions at d ifferent prey and predator densi t ies .  Th is  w i l l  provide 

more infon11ation on the bio logical potent ia l  of predator bacteria to e l im inate or reduce 

undesirabl e  bacteri a i n  the environment. Compi l ed results from the above experiments on the 

reduction of P. phosphoreum numbers, at d ifferent prey : predator ratios ( P. phosphoreum : 

OT2),  i n  70% ASW after 24 h of i ncubation at 25°C, are summarized i n  Tabl e  5 . 7  and Fig 5 . 1 5 . 

The prey-predator ratios were hugely spread, capturing some of the boundarie to the mode l .  

However no data were recorded with P .  phosphoreum concentrations o f  8 . 0  and 3 . 7  10gl O 

CFU/mL and predator concentrations of 7 . 2  and 3 .9  log l o  PFU/mL .  A regression model fi tted to 

the reduction data showed the P. phosphoreum concentration as the be t i ng le  predictor ( 70% 

variance; p<O.OO I ) . Adding either the BD concentration or the log l o  of the prey : predator ratio  

gave a very s imi lar model ( p=0.004 for either variable; variance accounted for by the  two 

variab le mode l ,  rises to 8 1  %) .  

The two-variable mode ls  are 

Reduction = -7 .00 + 1 .355  * P. phosphoreul11 concentration ( log l o  CFU/m L )  - 0.448 * log l o  Prey 

: predator ratio  

or 

Reduction = -7 . 32  + 0.964 * P. phosphoreul11 concentration ( Iog l o  CFU/mL )  + 0.432 * 

BD jnocu lum ( log l o  PFU/mL)  

The 3 D graph ( F ig 5 . 1 5 ) and Table  5 . 7  show that the prey popu lation wi l l  remain constant when 

the prey i nocu lum is h igh and the predator i s  absent; the prey popu lation wi l l  grow exponentia l l y  

when the prey numbers are l ow and t he  predator i s  absent; the predator populat ion w i l l  starve 

when the prey popul ation is low. The model infonns that at high concentrations of prey (-8 log l o  
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CFU/m L )  and medium to high concentrat ions of predator ( 3 .4 - 7 .3  log l o  PFU/m L ), and when 

the log l o  prey : predator ratio  was >5 .0, a greater reduction of P. phosphoreum numbers was 

observed. At  h igh concentrat ion of prey ( -8 .4 log l o  C FU/m L )  and predator (-7 .5  log l o  PFU/mL) ,  

and when the  log l o  prey : predator rat io was <5 .0 ,  t he  reduction i n  P.  phosphoreum numbers was 

l ess .  When the concentration of prey was -3 . 7  log l o  CFU/mL, i rrespective of ei ther the predator 

concentrat ion or prey : predator rat io, the reduction of P. phosphoreum numbers was min ima l  

over the 24 h period . At l ow  prey : predator ratios of  >6, where P .  phosphoreum was -8.4 \og l o 

CFU/mL, the reduction of P. phosphoreum numbers was a lso min ima l .  

The  regression model has  gaps in  i t ,  and i t  i s  unc l ear if  the  b imodal spread of data d i stol1s the 

model .  A broader data set wou ld be advantageous in that i t  would a l l ow detect ion of any 

curvature wi th in  the model ,  but would probably not affect the conclusions that can be drawn at 

the boundaries. 
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Table 5.7 S u m mary of  the red uct ion of  P. phosphorelll1l at d ifferen t  prey to predator rat ios 
in 70% ASW after 24 h of incu bation a t  25°C (prey - P. phosphorellll1 ; predator - B D  
isola te OT2). 

Section I BD i nocula P. phosphoreul11 Prey : Reduct ion of P. 

Appendix ( log 1 0  PFU/mL)  concentrations predator phosphoreul11 

( log 1 0 CFU/m L )  rat ioa numbersb 

5 . 3 .2 I 5C 7 . 3  8 .0  5 4 .6 ± 0 . 1 3  

5 . 3 . 3  1 5 D 7 .2  8 .4  1 6  3 . 8  ± 0 .03 

5 . 3 .4  I S E  7 . 3  8 . 5  1 5  4.3 ± 0 .08 

5 . 3 . 5  I S F  7 .8  .6  6 4 .8  ±0.09 

5 . 3 . 5  I S F  4 . 8  8 .6  7 x 1 0" 4 . 5  ±0. 1 3  

5 . 3 . 5  I S F  3 .5 8 .6  I x 1 05 4 .6 ±O. I I 

5 . 3 . 7  I 5 1  7 .2  8 . 1 8 4 .9 ± 0. 1 2  

5 . 3 . 7  I 5 1  3 . 9  8. 1 I .  7 x 1 04 3 . 8  ± 0.22 

5 . 3 . 7  I 5 1  2 . 1 8 . 1 1 .0 x 1 06 0 . 1 ± 0 .2 1 

5 . 3 . 7  I 5 1  7 . 2  3 . 7  3 . 1 x 1 0-4 0 .9 ± 0. 1 2  

5 . 3 . 7  I 5 1  3 .9  3 . 7  0 .6 -( 0 .4 ± 0 . 1 5 ) 

5 . 3 . 7  I 5 1  2 . 1 3 . 7  3 8  -( 2 .4 ± 0 . 1 I )  

5 . 3 . 7  I 5 1  7 . 2  2 .8  3 . 8  x 1 0-5 -( 1 . 5 ± O. 1 8 ) 

5 . 3 . 7  I 5 1  3 . 9  2 . 8  7 .6  x 1 0-2 -( 1 .6 ± 0 . 1 2 ) 

5 . 3 . 7  I 5 1  2 . 1 2 .8  4 .6 -( 1 .6 ± 0. 1 1 )  

5 . 3 . 8  I 5 1  8 . 3  8 . 4  1 .3 2 . 2  ± 0.02 

5 . 3 .  IS M  8 . 1 8 .4  2 . 3  2 . 2 ± 0. 1 0  

5 . 3 . 8  IS M 7 . 7  8 . 4  5 4.9 ± 0. 1 2  

5 . 3 . 8  IS M 7 .4 8 .4  1 0  4 .5  ± 0 . 1 2  

5 . 3 . 8  IS M 3 .4 8 .4  1 05 4 .0 ± 0 .36 

5 . 3 . 8  IS M 2 .4 8 .4 1 06 0 . 1 ± 0 . 1 1  

" Prey: predator ratio prepared as dilutions of on and P .  phosphoreull1 in 70% ASW 
h Reduction in P .  phosphoreull1 (log1o CFUlmL) ajier 24 h a t  25°C in 70% ASW. Negative values 
in parentheses represent increases in P. phosphoreum numbers rather than reductions of less 
than / CFUlmL. 
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Fig. 5. 1 5  Summary of the effect of prey: predator ratios in 70% ASW after 24 h of 
incubation at 25°C. Negative values i n  red uctions in  P. phosphoreum represent increases in 
P. phosphoreum n u m bers rather than red uctions of less than 1 C F Ulm L. 
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5.4 Discussion 

5.4. 1 S u rvival  of BD isolates at d i fferent  temperatures 

The absence of an exogenous energy source, i . e .  host bacteria, can lead to a relat ively rapid loss 

of cu lture viabi l i ty of BD at room temperature ( H espe l l  et al. , 1 973 ;  1 9 74), which poses a 

probl em in practical appl ication. However, no stud ies have been reported to date on the survival 

of pure c u l tures of BD at d ifferent temperatures.  Hence th i s  study was performed to detel1nine 

the surviva l  rate of BD in  dense suspensions wi thout host bacteria at di fferent temperatures. 

Several stud ies have been done on the storage of BD w ith their hosts in vegetative, bde l lop last or 

bde l l ocyst f0I1115 .  Bdellovibrio ce l l  v iabi l i ty can be en hanced by mai ntai n ing the B D  with host 

cel l s  as bdel lopl ast or bde l locysts ( Tudor and Conti , 1 9 77 )  and many laboratories maintain B D  

cu l tures by transferring at week ly interva ls i n  the presence o f  host ce l l s .  However, th is  practice 

may lead to the fixation of unknown variations in the activit ie or characteri stics of the strain 

over t ime ( Tal l ey et  01. , 1 987 ) .  

Long-term storage of dual cul tures of  B D  and host ce l ls at -20°C and -80°C in  a cryoprotectant 

such as g lycero l ,  or l yoph i l ization of skim-mi lk  suspensions of both parasit ic and saprophytic 

BD has been successfu l ly  practiced ( Sto lp, 1 9 8 1 ;  Ruby, 1 992;  W i l l iams et al. , 2003 ) .  However, 

the revival of BD,  particu larly from the freeze-dried form, is t ime consuming and incons i stent 

( Starr and H uang, 1 97 2 ) .  

I n  t h i s  study ( Section 5 . 3 . 1 ) , the resu lts show that in dense form, pure B D  cu l tures can b e  stored 

for 1 3  to 1 6  days with min imal reduction in numbers at temperatures ranging from 4°C to 20°C 

( Fi gs .  5 . 1 and 5 . 3 ) . However, s ignificant reductions in numbers were observed at - 1 8°C, 30°C 

and 3 7°C after 1 0- 1 3  days. Thus the present study confirms the sui tabi l ity of stori ng B D  at 4°C to 

20°C for a re lat ively long-term period which w i l l  a l low the preparation of a large stock culture of 

pure B D  in mult ip le  v ia ls  and the open i ng of a new v ia l  for each subsequent study. S ince only 

two iso lates of B D  ( M NA and M C B )  were examined in th is  study, the evidence of these findi ngs 

must be restricted to these particu lar isolates, but it is reasonable to assume that other 

taxonomica l ly  s imi lar stra ins, e .g .  OT2, wou ld behave in  a s imi lar manner. The reason for the 
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rapid loss of v iab i l ity of BD when stored at - 1 8°C is unclear, but i t  may be due to freezing and / 

or thawing rates rather than the torage temperature per se. 

5.4.2 Screen ing of seawater BD against P. phosphorell111 

The present resu l ts obta ined from Section 5 . 3 .2 demonstrated that a l l  the New Zealand B D  

iso lates tested have considerabl e  reduction effect against P .  phosphoreuln, but the predation 

effic iency of d ifferent i so lates against this host was variable .  Previous researchers have 

demonstrated d i fferentia l  predation and non-random attachment among prey by a variety of B D  

strains ( Varon, 1 98 1 ;  Rogosky et al. , 2006 ) .  However, the current work was carried out on only 

1 3  taxonomica l l y  s imi lar trains iso lated from seawater at d ifferent l ocations of the orth I sland 

of New Zeal and, and hou ld be repeated on a wider sca le .  

A l though they are in fact taxonomica l l y  the same, or  very c losely re lated, strains i so lated from 

different locations, absorbance measurements showed OT2 and TB ] to be the most effect ive 

iso late against P. phosphorellln fol lowed by OT ] ,  OT3 , OT4, MCB, MNA and SP .  Strain OT­

enr, TB2, TB-enr and MNZ ] were the least effective against P. phosphoreuln ( Tabl e  5 . 1 ) . 

The enumeration of total v iable cel l s  showed a s l ight ly d ifferent scenano 1 11 terms of their 

effects. The in i t i a l  predation pattern ( 1 0  h) suggested that OT2 and OT I were the most effective 

isolates compared to OT5 , OT4, MNA,  MCB, TB 1 ,  TB2, OT3 , OT-enr and SP,  whereas TB-enr 

and M NZ ] were the l east effect ive ( Figs 5 . 5  and 5 .6 ) .  However, after 24 h of incubation the 

effic iency of a l l BD i so lates was found to be s imi l ar. I t i s  not c learly understood why there i s  a 

d ifference in the in i t ia l  predation effect of the d i fferent isolates of  BD, but the pre ent work 

showed that some isolates are more effective than others, a l though they are taxonomica l ly  

s imi lar  or  very c lose ly  related to  each other ( Chapter 3 ) .  The enumeration of total  v iab le  count is 

the more accurate technique compared to absorbance mea urement. The i so late OT2 was used in 

the subsequent studies described in th is thesis .  
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5.4.3 Abi l i ty  of B D  (OT2) to red uce n u m bers of P. phosphoreulI1 a t  differen t  sal in i t ies 

The resu l ts confimled that sa l i n i ty exerts an effect on B D  isol ates in the reduction of a P. 

phosphoreul11 populat ion ( Section 5 . 3 . 3 ) . Both the absorbance measurements and the viable 

counts revea led the reduction effect between sa l i n i t ies 0 .9  - 4. 5%, with reductions most marked 

between 1 . 5 - 3 .0% ( Table 5 . 3  and Fig. 5 . 7 ) .  The effectiveness of the BD i so late at a l i n i ty 

greater than 4 .5% ( w/v ) was not stud ied. 

I n  Ch ina, Song et al. ( 2005 ) studied the lysis abi l i t ies and growth condit ions of four BD isolates 

and their results showed that a l l  four iso lates grew at sa l i n ity va lues in the range of I % and 3 .5%, 

with 3% sa l in i ty being the mo t u i tab le .  Kel l ey et af. ( 1 997 )  recovered a greater number of 

haloph i l i c  BD from the water surface of the Patuxent R iver, a tributary of the Chesapeake Bay, 

Ba l t imore, U .S . ,  at I .  I % or greater sa l in ity compared with those in lower sa l i n i ty water. They 

a lso recovered BD from sa l i n i t ies below 0 . 5%. Marbach et al. ( 1 976)  screened and characterized 

marine BD i so lated from the I srae l i  l i ttoral of the Medi terranean Sea and observed that sa l in i ty 

tolerances ranged from I .  I 9 to 5 .96%. Taylor et af. ( 1 974) found that marine isolates from the 

coast of Oahu, Hawai i  requi red a min imum of 0.44% odium ch loride for p laque formation and 

the optimum was 0 .73  - 0. 88%. In contrast, the present study confimled a requ irement of 0.9 -

4 .5% sodium ch loride for reduction of numbers of New Zealand marine strains of P. 

phosphoreul11 and the opt imum was 1 . 5 - 3 . 0% ( Fig .  5 . 7 ) . The worldwide d ifferences in salt 

tolerances of BD isolates appear to large ly  reflect the sa l in i t ies of thc waterways from which 

they were i so lated. 
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5.4.4 A bil ity of B D  (OT2) to red uce n u m bers of P. phosphoreum at differen t  p H  values 

The resu l ts obta ined from Section 5 . 3 .4 are i n  agreement with the findings of earl ier work wi th 

terrestria l  B D  in  the U .S . ,  which c la imed that BD isolates worked best at pH  values near 

neutra l i ty in the reduction of an E. coli popu lation ( J ackson and Whi t ing, 1 992; Fratamico and 

Whi t ing, 1 995 ) .  In the present study both the absorbance measurement and the tota l v iable 

counts showed a considerab l e  reduction of P. phosphoreum popu lat ion at pH  va l ues between 6 .0 

and 8 . 2  after 24 h of incubation (Table 5 .4 and Fig .  5 . 8 ) .  

As P.  phosphoreum was unable  to f0l111 colonies a t  pH  values less than 5 .0, i t  was not poss ib le to 

evaluate the efficacy of B D  isolates at these pH  va lues. Yaron and Sh i lo  ( 1 968)  reported that B D  

lost their mot i l i ty a t  pH  5 . 0  and were therefore unable t o  attach t o  host cel l s . F i l i p  et 0 1 .  ( 1 99 1 )  

fa i led to grow p laques at pH val ues less than 6 .0;  however the present study has shown that B D  

can s l ight ly reduce the P .  phosphoreul11 popu lat ion a t  pH  5 .6 .  

The pH  buffer ( 0 . 1 M ci tric acid - 0.2 M Na2 H P04) using 70% ASW as d i l uents was found to 

maintain a stab l e  pH over 48 h of incubat ion at 25°C. 

5.4.5 Co-cul ture of BD (OT2) with  P. phosphoreum i n  70% ASW 

The resu l ts showed that  d ifferent i noculum sIzes of B D  in i t iated the reduction of P. 

phosphoreul11 at d ifferent t imes. It can be assumed that ( as shown in F ig .  5 . 9  and 5 . 1 0  and 

Appendices S F  - 5G ) the compet ing power of d ifferent amounts i s  proportional to the capaci ty of 

BD to attack and reduce the P. phosphoreum popu l at ion .  A l though the max imum final reduction 

effects of d ifferent BD inocu lum leve ls  were s im i l ar ( >4.50 log l o  unit  reduction) after 24 h of 

attack, the in i t ia l  attack ing effect varied between the d ifferent BD inocu la .  After the in i t ia l  

reduction the P. phosphoreul11 populat ion remained constant over longer i ncubation t imes ( F ig. 

5 .9; Appendix 5 . F ) .  This suggests that the d ifference between init ia l  inocu lum l evels l eads to 

d ifferences in the t ime of commencement of the attacking effect but not on the final  magnitude 

of the effect .  
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The populat ion of B D  increased i n  conjunction wi th the decreases in P. phosphoreum. The 

max imum increase of the BD populat ion was observed after 24 h of attack using a l l  three 

inocu lum sizes, wh i l e  the in i t ia l  i ncrease varied according to the inocu lum size ( F ig.  5 . 1 0 ; 

Append i x  5 . H ) . I n  a U .S .  study, Kadouri and O'Tool e  ( 2005 ) rep0l1ed that a reduction of an E. 

coli biofi lm stal1ed wi th in  3 h of exposure to B. bacteriovorus stra in  1 09J and the max imum 4-

log reduction was recorded after 24 h of attack. The results of the present study are s imi lar to the 

work of th is  previous invest igation .  

5.4.6 E ffect of d ifferent n utrient concentrations on the reduction of  P. phosphoreul11 
n u m bers by B D  (OT2)  

The present study showed reduction effects a t  a l l  nutrient concentrations tested with the  h ighest 

found at d i l ut ions of I and 2% of standard SWYE .  The re-growth of P. phosphorellm was a l so 

more rapid  i n  h igher nutrient concentrations ( Table 5 . 5 ) .  A l though, from these resul ts, i t  

appeared that 1 6% of standard SWYE,  the  highest nutrient concentration used i n  th is work, was 

the least su i tab le  for cu l tivation of prey organisms and predation of B D, th is concentration was 

cho en for fUl1her study as the u l timate aim was the biopreservation study in fish, which IS a 

nutrient dense food. 

5.4.7 E ffect  of prey concen trations on  the predation of  P. phmphoreul11 by B D  

This study demonstrated that t he  prey concentrat ion i s  t he  most important factor in the predation 

of P. phosphorelll11 by BD. Stat ist ical analy i s  using a regression model showed that seventy 

percent of the variation of observed predat ion was due to prey concentrat ion ( Sect ion 5 . 3 . 9 ). 

Effic ient predation was ach ieved only when prey concentrations exceeded 4 log l o  CFU/mL .  This 

is consi stent with the mathematical predict ion of Yaron and Zeigl er ( 1 978 )  us ing the Lotka­

Yol terra model .  They suggested that a high prey density of 3 x I O() CFU/m L was necessary for a 

50% chance for the surv ival  of B D  and 7 x 1 05 CFU/mL of prey concentrations was requ i red for 

establ i shing an equ i l ibri um in actively growing popu lations of prey and predator. This contrasted 

with studi es of Yaron et al. ( 1 984) where i t  wa found that maintenance of B D  was poss ib le  with 

concentrations of prey organ ism of 2 to 5 x 1 04 C FU/mL.  I n  the present study, high prey 

concentrations (�8 log l o  CFU/mL ), coupl ed with a predator concentrat ion of 3 .4 - 7 .3  l og l o  
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PFU/mL and a prey : predator rati o  of >5 .0  were required to give opt imum predation (Tab le  5 . 7  

and Fig .  5 . 1 5 ) . The present model concluded that when the prey population i s  low, the predators 

can consume a prop0l1 ion of the prey, but cannot e l im inate the prey and the predator population 

wi l l  starve when the prey populat ion i s  low. There i s  no envi ronmental complex i ty ,  which means 

both prey and predators co-exist together or move randomly  i n  a homogenous environment. The 

dynamics of the si tuat ion may be that, as predator numbers ri se, prey numbers fa l l  and vice 

versa. H ence, the numbers of both w i l l  continuously fluctuate in a cyc l i c  manner. The necessity 

for th i s  level of prey suggests that these organisms might be l imi ted for biopreservation of BD.  

Dalgaard et  al. ( 1 997)  detected that sensory signs of microbio logica l  spo i lage on ly  occur when 

the l evel  of P. phosphoreum exceeded 1 07 CFU/mL and at least 1 06 CFU/m L  V. 
parahaemolyticus are required to cause d i sease ( U .S .  Food and Drug Administration, 2006) .  This 

conc lusion was arrived at us ing 2 1  d ifferent concentrat ions of BD and prey : predator rat ios 

(Table 5 . 7 ; Fig. 5 . 1 5 ) .  However, on ly five prey concentrations ( 8 .6, 8 .4, 8 .0 ,  3 . 7  and 3 .2 10g l O  

CFU/m L )  were u ed  i n  the study, therefore the conc l u  ions must be restricted . The reason for the 

lack of reduction of P. phosphoreum numbers at concentrations of <3 . 7  10g l O  C FU/m L  i s  not 

c learly understood, and need further i nve tigation. BD encounter su cept ib le prey bacteria by 

random col l i sion ( R i ttenberg, 1 982 )  or by chemotaxis  ( Section 1 . 1 .4 ) .  Low numbers of prey may 

s imply reduce the chances for random co l l i sions or i t  may be that the soluble nutrients required 

for chemoattraction are not produced in requ ired amounts by the bacteria in such low 

concentrations. 

5.4.8 E ffect  of predator levels on the redu ction of P. phosphoreum n u m bers 

This  i nvestigation ( Section 5 . 3 . 7 ;  Figs .  5 . 1 1 , 5 . 1 2  and 5 . 1 3 )  has demonstrated that the effects of 

B D  aga inst P. phosphoreum are related to the concentrations of both organisms ( host and 

predator) and the nutrient envi ronment. H igh doses of B D  exh ibi ted s ignificant effects against 

h igh and medium concentrations of prey organisms, but no effect against low concentrations of 

prey i n  70% ASW.  I nterestingly, h igh doses of BD showed an effect against medium and low 

concentrations of P. phosphoreul11 in  the nutrient med ium at an early stage of incubation, but did 

not show any effect against h igher concentrations of prey organisms.  These resu lts are consistent 

with the findings of Nunez et al. ( 2005 ) ,  who demonstrated that under d i l ute nutrient condi t ions, 
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B. bacteriovorus 1 09J prevented the formation of s imple bacteria l  biofi l ms ( 5  x 1 07 CFU/mL) 

and destroyed establ i shed biofi lms. I n  contrast, med ium doses of BD were effect ive agai nst h igh 

and medium concentrations of prey organisms at the l ater stage of i ncubati on i n  70% ASW, but 

were not effective aga inst lower concentrations of prey organ isms or any concentrations of prey 

organi sms in nutrient med ium. I rrespective of the concentrations of prey bacteria, low doses of 

BD d id  not show any effect. Varon and Zeigler ( 1 978 )  have suggested that the probabi l i ty of a 

B D 's surviva l  becomes sma l l er as prey density decreases. H espe l l  et al. ( 1 974) ca lculated that 

BD cou ld not be maintained in a populat ion of l ess than 1 . 5 x 1 05 C F U/mL of the prey 

organisms. However, Varon et al. ( 1 984)  reported that in the laboratory environment, surviva l  of 

B D  was poss ib le  with concentrations of prey as low as 2 -5 x 1 04 ce l l s  per mL 

5.4.9 E ffect  of prey : predator ratios on  the reduct ion of  P .  phosphoreul11 n u m bers 

The present findings (Table 5 .6  and Fig.  5 . 1 4 ) suggested that at high concentrat ions of prey cel l s  

( 8 .43 log l o  CFU/mL ), the  lower the  rat io of prey to predator, the  more rap id  i s  the  dec l i ne i n  

v iab le P.  phosphoreum ce l l s .  A l though not a s  rap id  as at rat ios of 1 . 3 and  2 . 3 ,  prey : predator 

ratios of 5 .4, 1 0  and 1 05 showed a prolonged and consi stent effect throughout the tria l  period. 

However, there was no notabl e  reduction of P. phosphoreum numbers at the prey : predator rat io 

of 1 06. The results with the prey : predator rat ios of 5 .4 and 1 0  are s imi l ar to each other, but  

vast ly d ifferent from the lower rat ios ( 1 .3 and 2 . 3 ) .  Shemesh et al. ( 2003 ) observed more 

predation effect at the predator : prey rat io  of I :  I compare to the rat io of 1 0 : I .  The reason for the 

re-growth of P. phosphoreul11 at the rat ios of 1 .3 and 2 . 3  i s  not c l early understood, but is possib ly  

re lated to  the  unavai labi l i ty of an  appropriate amount of host popu lat ion needed for the  survival  

of BD. As low numbers of host were a l so present i n  the experiments us ing ratios of 5 .4 and 1 0, i t  

i s  l i ke ly  that, i f  the  experiment had been extended, host numbers wou ld  a l so have begun to 

increase here. 

Previous researchers have demonstrated that reduction of host populat ions by B D  can vary 

widely between host organisms. Fratamico and Wh i t ing ( 1 995 ) showed that B. bacteriovorus 

1 09.1 exh ib i ted on ly  0. 1 - 1 . 2 log l o  reductions of Salmonella spp, whi le  a 7 log l o  reduction of 

Shigella spp was observed during a s imi lar 7 h incubation period. A l though .Iackson and Wh it ing 
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( 1 992 ) a l so reported a reduction of 7 log l o  values in  numbers of E. coli after 7 h of incubation, 

the l esser reduction of P. phosphoreum numbers (4 . 5  1 0g l O  unit )  in the present study may be 

attri buted pal11y to the use of d i fferent spec ies of BD and host organ isms. 

It is conc luded that dense su pensions of pure BD can be stored for relat ively long period (2 - 3 

weeks) at 4° - 200e with min ima l  reduction i n  numbers. A l so, under spec ific condit ions such as 

at sal i n i ty 1 .5 - 3 .0%(w/v ) ;  pH 6.0 - 8 . 2 ;  prey concentrations of >4 log l o  C F U/m L; predator 

concentrations of 3 .4 - 7 .3  log l o  PFU/mL and prey : predator rat ios of >5, the viabi l i ty and 

predation characterist ics of BD are potentia l l y  capabl e  of being app l i ed against the important 

spo i lage organism, P. phosphoreum, in the preservation of seafood. H owever, prey concentration 

is the most important parameter in  the predation of P. phosphoreum by BD.  The prey 

concentration requ i red was at l east 4 l og l o  CFU/mL for min ima l  predation and maxImum 

predation was achieved at the prey concentrations of 8 l og l o  C F U/mL .  

I n  the present study, the opt imum predation condit ions were determined in  l iqu id cu l tures bu t  the 

data do not provide enough deta i l  to a l low fil111 conclus ions about the effectiveness of BD in 

reducing host bacteria in food, which i s  a surface bathed in  l iquid where the nutrient level is h igh 

and in i t i a l  bacter ia l  numbers are low.  Sol id medium i s  a type of hygroscopic capi l lary porous 

med ium made up with appropriate nutrit ional and biophysical environment which becomes 

sol id ified due to the addi t ion of an inert sol id e .g . ,  agar, a hydroco l lo id that cannot be 

metabol ized by most bacteria but can ho ld nutrients that are i n  aqueous solut ion. 

Neverthel ess, the current study confirmed that in  h igh nutrient media, high doses of BD showed 

an effect against medium and low concentrations of P. phosphoreul11 at an early stage of 

incubation (Section 5 .4 .8 )  and Chapter 4 confirmed the effectiveness of BD against spo i lage 

organi sms in so l id  media ( Section 4 .3 . 1 ) . An overseas study has c la imed the presence of h igher 

numbers of BD occulTed on surfaces than in water columns because of the accumulat ion of a 

h igh number of potentia l  prey organ isms for BD on surfaces, which supp0l1s the new concept of 

surface-associated existence of B D  in  nature ( Markel ova and Gairev, 2005 ) .  I n  sol id media, 

mobi l i ty of host bacteria is l im ited and h igher numbers of host bacteria are located in  a certai n  

area compared t o  l iquid media. Some bacteria grow better a t  the interface of  l iquid and sol id 
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media .  Therefore B D  may have more 0pp0l1uni ty to obtain enough bacteria for predation on 

sol ids .  M arkelova and Gairev, ( 2005 ) observed a two to three t imes h igher effect of BD against 

Pseudomonas jlllorescens in  so l i d  media compared to l iquid media in the presence of hazardous 

contaminants such as cadmium ch loride. With regard to an environment of sol i d  food, e.g. fish ,  

t he  s i tuation i s  l i ke ly to  be  more sim i l ar to  a so l i d  rather than l iquid media .  However, th is  

situation i s  l ike ly to be more complex due to variat ions in the loca l  envi ronment, e .g .  water 

act iv i ty ,  type of nutrient, as wel l as having a mixed rather than pure cu l ture of prey. The fact that, 

during surface growth, the indiv idual prey ce l l s are in much c loser contact wi th each other than 

in a l iqu id cu lture may l ead to more effective predation si nce there w i l l  be increased contact 

between predator and prey ce l l s .  

I n  the  present work, no quantitative work was perfol111ed on so l id media, and care must  be taken 

in extrapolat ing from l iqu id media  to solid food where in i t ia l  nutrient concentrat ion w i l l  be high 

and bacteria l  numbers low. 
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C h a pter 6 

E ffect  of B D  on the red uction of n u m bers of spoi lage and pathogenic organisms i n  King 

Salmon 

6. 1 I ntrod uction 

New Zealand exported fish and fish portions worth NZ$ I ,35 1 . 1 4  m i l l ion in 2006, of which the 

New Zealand King Sa lmon Company expol1ed K i ng salmon wOl1h about $28 . 5  m i l l ion ( New 

Zealand Seafood I ndustry Counc i l ,  2007 ) .  The majority of fish and fish portions are exported 

frozen and only 3 .3% are expol1ed as fresh fish. With i ncreasing demand for good qua l i ty fresh 

fish in overseas markets, g loba l i zation of the market for these products and increas ing awareness 

of customers, the export industry in fresh fish and fish products is growing. However, there are a 

number of factors l imit ing the export of fresh fish,  part icu lar ly i ts shol1 natural shelf l i fe .  The 

shelf l i fe main ly depends on storage temperature, the location of fish ing ground, the season, 

physical damage and i ntrins ic  factors such as the shape, ize and fat content of the fl esh and sk in .  

I t  has been we l l  documented that  fish i s  a h igh ly perishab le  food and microbia l  activ i ty i s  main ly 

responsib le for l im it ing the she l f  l i fe of packed and unpacked fresh fish ( Da lgaard,  1 995 ) .  Cross 

contamination from various sources can cause rapid dec l ine in the hygien ic  qual ity of fresh fish 

and fish products ( Gram and H uss, 1 996) .  The microflora respons ib le  for spo i l age of fresh fish 

depends on the storage temperature. At low temperatures ( 0-5°C ), Shewanella putrefaciens, 

Photo bacterium phosphoreul11. Aeromonas spp. and Pseudomonas spp. cause spo i l age. However, 

at h igh storage temperatures ( I  5 -30°C ) d ifferent species of Vibrionaceae, Enterobacteriaceae and 

Gram-posi t ive organisms are responsib le for spoi l age (Gram et al . .  1 987;  Dalgaard, 1 995 ) .  One 

option to contro l  spo i l age is biopreservat ion :  the use of microorgani sms which are antagon ist ic 

to spoi l age bacteria .  B iopreservation of fi sh would part icu larly have to contro l  the Gram­

negative spo i l age bacteria but th is has been explored to only a l imited degree . 

Most studies about 'biopreservation' deal with the appl ication of lact ic acid bacteria agai nst 

Gram-posi tive bacteria and have focussed main l y  on meat products ( Wesse l s  and H uss, 1 996; 

Jacobsen et 01. 2003; Vermei ren et al. , 2004; Caste l lano and V ignolo, 2006; Vermei ren et al., 

2006) . Very l i t t le work has been perfol111ed on the use of biopreservatives on fish products and 
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ava i lab le  resu l ts  are contradictory.  A l t i eri et al. ( 2005 ) used b ifidobacteria and thymol as 

b iopreservatives to extend the shelf l i fe of fresh packed p la ice fi l lets at 4°C and 1 2°C and 

observed a synergist ica l l y  extended lag phase of Pseudomonas spp. In contrast, A I-Dagal and 

Bazaraa ( 1 999) used bifidobacteria and potassium sorbate as b iopreservatives on whole shrimps, 

but they noticed no statist ica l ly significant d ifferences in psychrotrophic tota l v iable counts after 

9 days storage. 

Some researchers have suggested terrestria l  BD a a potent ia l  b iopreservation agent to extend the 

she l f  l i fe of food ( J ackson and Whi t ing, 1 992 ; Fratamico and Whi t ing, 1 995 ), as a means to 

control E. coli biofi lms ( Kadouri and O'Toole, 2005 ) and phytopathogens ( Uematsu, 1 980; 

Epton et al. , 1 989) .  Takaaki et al. ( 2000) patented the mass pure cu l ture of marine BD in Japan, 

and Takaak i  ( 1 994) a lso patented marine BD as a therapeutic and prophylact ic agent for Vibrio 

infectious d isease . However, to date no study has been carried out on the potentia l  appl i cation 

of marine BD to biopreservation. The determination of the in vitro efficacy of marine BD against 

food-bome pathogenic and spo i l age bacteria in the present study (Chapter 5) showed up to 4 .8  

10glO reductions of spoi lage and pathogenic bacteria such a P.  pho phorellm and some other 

Gram-negative bacteria .  However the effectivenes of BD against  mixed populations of bacteria 

was not studied. H ence, the aim of this study wa to investigate the effect of marine BD in 

reducing the growth of spoi lage organisms on king salmon. Such reductions may p lay a ro le  in 

extending the shelf l i fe .  
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6.2 Experimental  proced u re 

The fish processing, sampl ing posit ions, microbiological analysis and sensory eva l uations used 

methodologies described by F letcher et al. ( 2002 )  with some modi fications. King salmon 

( Oncorhynchus /shawy/scha) were suppl ied by the New Zealand K ing Sa lmon Company, 

Ne l son . Two tria l s  coded as Tria l  I and Tri a l  2 were i nvolved i n  this study. One fish was used i n  

Tria l  I and 3 fi s h  were used in Tria l  2 .  The fish were packed in ice i n  a bin and transfelTed to the 

Crop & Food Research Laboratory i n  Auck land with in 24 h of harvest. The temperature on 

arriva l  was 2 . 8  - 4 .7De. The fish weights were recorded us ing a two decimal  p lace balance. The 

fish were skinned and fi l l eted to 2 or 6 pai red fi l lets which were further trimmed to loins of at 

l east 2 cm thick . The lo ins were trimmed to fit into l abeled boxes ( 1 .9 x 3 . 8  x 3 . 8  cm\ The 

portions were then quartered and the weights were recorded us ing the same ba lance. The fish 

pieces were randomly div ided into two groups - a treatment group and the control group.  

The B D  i so late used was OT2 which was purified, propagated, and cha l l enge i nocu l a  were 

prepared as descri bed in Sections 2 .2  and 2 . 5 .  The BD doses wcre chosen to � I 0 log l o  PFU/mL 

for the proven effectiveness i n  Sections 5 . 3 . 7  and 5 .4 .8 ,  where on ly  h igh doses of BD (-7 .2 log l o 

PFU/m L )  showed an effect against medium and l ow concentrat ions of P. phosphoreum in  

nutrient media at  an early stage of i ncubation . I n  Tria l  I ,  twenty-one p i eces of treatment groups 

were d ipped i nto a dense OT2 suspension ( 1 0.3  log lo  PFU/m L )  for I min .  The twenty one pieces 

of contro l sample  ( not d ipped i nto BD suspension) and B D-treated samples were then 

i nd iv idua l l y  packaged in h igh ly oxygen pel111eab le  Cryovac " 1 0K OTR bags ( Sea l ed Air  

Corporation, USA) .  The oxygen transmission rate (OTR) of the bag was spec ified as  greater than 

1 0,000-cc/m"/24 h. The bags were heat-sea l ed prior to storage ( s Ps Sea ler, Scot - Turner P lastic 

Sealers Ltd, Auckland) and i ncubated at 20De . 

I n  Tria l  2 ,  eighty-five p ieces of treatment sampl es were d ipped into a dense OT2 suspension 

( fina l  concentration 1 0 .0 log l o PFU/mL)  for I min .  Eighty five p ieces of control samples ( not 

d ipped i nto B D  solution ) as we l l  as the B D  treated amples were then packaged as described for 

Tria l  I .  Thi rty pieces of each B D  treated and control samples were incubated at 20De and fifty­

five pieces of each were i ncubated at l ODe . The storage temperatures were chosen to determine, 
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firstly, the effectiveness of B D  at relat ive ly h igh temperatures ( 20°C; Trial  I and 2 )  to prevent 

spoi l age if the cold chain fai l ed during transport, retai l  marketi ng, restaurant or local fish shop 

d isp lay, and secondly, to prevent spo i l age at lower temperatures ( l O°C;  Tri al  2) which are sti l l  

considerably h igher than that o f  the commerc ia l  seafood distribution chain where temperatures of 

0-2°C are recommended. 

6. 2 . ]  M icrobiological analysis 

The samples were homogenized (2  min) in a stomacher bag in sa l t-peptone water ( I  % NaCI, 

0 . 1 %  peptone ( Di fco) )  at a ratio  of 1 : 1 0 i n  a Stomacher Lab B l ender ( Masticator, I U L  S .A,  

Spa in ) .  Further seria l  di lu t ions of the  homogenates were made i n  sa l t-peptone water and the 

spread p late method, using I OO�l L  from each d i lut ion, was used for total  aerobic counts ( p late 

count agar ( Di fco) with 1 %  NaCI - sPCA) .  P lates were incubated aerobica l l y  for 3 d at 20°C and 

colonies were counted and recorded as colony fonning units per g ( C FU / g) .  

6.  2 .2  Sensory eval uation 

Tria l  2 sampl es were homogenized after 48 h of incubation at 200e and were assessed by a five 

member panel for odour characteristics on a 5-point scale ( described by F letcher et al., 2004 

where 0 = characteristic salmon; I = neutra l ;  2 = neutra l ,  s l i ght other odour; 3 = fishy, o i l y, 

fru i ty, sweet, meaty, nutty; 4 = ranci d, meta l l i c ;  and 5 = cheese, rotten, sour) .  The sensory scores 

were statis t ica l l y  analysed by analysi s of variance ( ANOV A) using the mean score per fish and a 

t-test was perfol111ed to compare the five BD-treated and five control samples. 
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6.3 Results  

Figs 6 . 1 and 6 .2  show the total viable counts of microbia l  growth on salmon stored at 20°C for 

Trial I and Tria l  2 respect ively .  The total number of bacteria i n  both BD-treated and contro l  

samples i n  both tri a l s  i ncreased i n  a log- l inear fash ion .  The lag phase of the microbia l  growth 

was s l ight ly longer ( 8  - 1 2  h )  in B D-treated samp les .  The total number of bacteria in the BD­

treated group remained at re lat ively low levels throughout the period of study, but the rate of 

i ncrease of bacteria i n  the exponent ia l  phase was s im i l ar i n  both samples .  I n  both tria l s  the total 

v iab le  count reached 7 l og l o  CFU/g after 30 and 40-42 h of storage time i n  the contro l and BD­

treated samples respective ly .  
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Fig. 6. 1 Total viable cou nts o f  bacteria on  s PCA plates (20°C for 3 days) from salmon 
samples stored at 20°C for trial  1 .  E rror bars depict  s tandard deviat ions of the  means. 
Each point  represents t h e  mean of 3 samp les. 0 , u ntreated controls;  . ,  B D  treated salmon.  
The l i nes at 7 log l o  C F U/g show t h e  est imated t i mes when sensory spoilage occu rs d u e  to 
spoilage bacteria (e.g., P. phosphoreulI1) ( D algaard et al., 1 997). 
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Fig. 6.2 Total viable counts o f  bacteria on s PCA plates ( 2 0°C for 3 d ays) from salmon 
sam ples stored at 20°C for tr ial 2.  E rro r bars depict standard deviations of the means.  
Each poi n t  represents the mean of 5 samples. 0 , cont rols; . ,  B D-treated. The l i nes at  7 10gl O 
C F U/g show the estim ated t i mes when sensory spoi lage occu rs d u e  to spoi lage bacteria 
(e .g., P. phosphoreum) ( Da lgaard et al., 1 997). 
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Table  6 . 1 shows the sensory evaluat ion resu l ts obtai ned us ing 5 pane l l i s ts i n  Tria l  2 .  The resu l ts 

provide evidence for BD's  abi l ity to s low spo i l age, as the BD-treated group was given scores of 

0-2 by most of the pane l l i st, except for 2 samples which were g iven a score of 3 by pane l l i st no. 

5. In contrast, the contro l  group had scores ranging from 0-4, wi th the dominant score being 3 .  

The statist ica l  evidence shows a s ignificant d ifference between the BD-treated and control fish 

sampl es (t  = 2.62 on 8 df, p = 0.03 J ) . 

Table 6. 1 Resu lts of sensory evalu ation of King Salmon samples a fter 48 h of incu bation at 
20°C. 

B D  treated samples 

Sample No .  Pane l l i st J Panel l i st 2 Pane l l ist 3 Pane l l i st 4 Panel l i st 5 

0 0 0 

2 2 2 0 2 

3 0 0 3 

4 2 2 2 0 2 

5 2 2 2 3 

Control amples 

Sample No .  Pane l l ist I Pane l l i st 2 Panel l i st 3 Pane l l ist 4 Pane l l i st 5 

2 2 0 2 

2 2 2 4 

3 2 3 3 3 

4 3 3 3 2 4 

5 3 4 3 2 4 

The 5-point sensOlY scales are 0 = characteristic salmon; I = neutral; 2 = neutral, slight other 
odour; 3 = fishy, oily, fi'uity, sweet, meaty, nully; 4 = rancid. metallic; 5 = cheese, rOllen, sOllr. 



1 6 1  

Fig .  6 .3  shows the total viable count o f  microbia l  growth on sPCA p lates for the salmon samples 

stored at I O°e .  As expected, the l ag phase of the m icrobia l  growth was l onger fol lowed by a less 

rapid  exponent ia l  phase i n  both BD-treated and control samples compared to 20°C storage. The 

total viable bacteria reached 7 10g l O  CFU/g after 5 days of  storage t ime in both BD-treated and 

control samples. There was no detectable effect of BD on the populat ion of total v iable bacteria 

at WOe . Time and resources d i.d not penn i t  sensory eval uation of the salmon sampl es stored at 

Woe. 
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F ig. 6.3 Total viable counts of bacteria on  s PCA p lates (20°C fo r 3 days) for sal mon samples 
stored at  1 0°C. E rro r bars depict standard dev iat ions of the mea ns. Each poi n t  represents 
the mean of 5 samples. 0 , controls;  . ,  B D-treated. The l ines at 7 10g l O  C F U/g s how the 
est i m ated t imes when sensory spo i lage occu rs due  to spoilage bacteria (e.g., P. 
phosphoreum) ( Da lgaard et al., 1 997).  
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6.4 Discussion 

The environment on the surface of salmon i s  vast ly d i fferent  to that in  l i quid media, e.g. h igh 

nutrient concentration, mixcd cu l tures of prey and non-prey bacteria ,  so i t  i s  d i fficu l t  to compare 

the two s i tuations. Nevertheless, the present study, the fi rst reported il1 vivo study on the use of 

BD as a b iopreservative for fresh packaged fish, gave encouraging resu lts .  The in i t ia l  microbia l  

popu lat ions of the tested samples were consi stent with the l i terature data about the 

microb io logical  content of King Salmon ( F l etcher e/  al., 2002;  2004 ).  The resu lts obtained 

indicate that at 20°C BD can effect ively extend the lag phase of bacteri a l  growth and l ower the 

total number of viable bacteria for up to 70 h storage ( Figs .  6 . 1 and 6 .2 ) .  Th is  coul d  lengthen the 

shelf l i fe of King salmon, patiicu larly in an i neffective cold-chain during transport, to reta i l  or to 

home. The sensory evaluat ion report a lso provided evidence of the abi l ity of BD to extend the 

shelf l i fe (Tabl e  6 . 1 ) . Dalgaard e/ al. ( 1 997 )  repot1ed that signs of sensory spo i lage occur on ly 

when the number of spo i l age bacteria ( e.g . ,  P. phosphoreum) exceeded log l o  7 CFU/g. I n  the 

present study the estimated spoi l age l i ne was exceeded after �43 h in BD-treated sampl es and 

�30  h in  non-BD- treated sampl es ( Figs .  6. 1 and 6 .2 ) .  The sensory evaluat ion report confi m1ed a 

signi ficant  d ifference in spo i l age ( Iow spoi lage) after 48 h in  B D-treated sampl es compared to 

non-BD- treated samp les i n  Tri a l  2 (Table 6. 1 ) . H owever, the sensory eval uation data were 

co l l ec ted on on ly one occasion in only one tria l  (Trial 2; 48 h ); therefore the conclusions must be 

restricted . FUt1her i nvestigation of dai l y  sensory evaluation and compari son wi th bacteria l  data i s  

warranted . However, no effect of BD was observed in reducing the  rate of bacteri a l  growth 

during the exponent ia l  phase. This observation is in agreement wi th the ;/1 vitro study of BD 

aga inst P .  phosphoreu/11 i n  nutrient medium, where the effect of  BD was on l y  min ima l  a t  h igher 

concentrations of prey bacteri a (Chapter 5 ) .  S ince only one BD iso late (OT2 ) was used as 

chal lenge i nocu l um in th is study, the evidence of these findi ngs must be restricted to th is 

pal1 icu lar iso late. I t  might be of interest to know whether mult ip le BD  cha l l enge doses would 

have a synergistic action. There has been no research in th is field and the resu l ts of these tri a l s  

suggest fUl1her i nvestigat ion .  I t  is reasonab le  to  assume that because the  NZ-BD isol ates are 

taxonomical ly  and host spec ifica l ly  very s imi lar ( Chapter 3 and Chapter 4 )  and they have a 

certai n  predat ion l imi t  and threshold  ( Section 4.4 .2 ) ,  they w i l l  probab ly behave i n  a s imi l ar 
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manner. However, future bio logical control studies require further confirmation with tria l s  using 

taxonomica l l y  and host-spec ifical ly  d ifferent mul t ip le  B D  i solates. 

Not surpri s ingly given its s low growth at low temperatures ( c hapter 4) ,  BD did not have any 

effect on the growth of total viable bacteri a at lOoe ( Fig .  6 .3 ) .  This observation reflects the 

mesophi l i c  nature of the New Zealand mari ne BD isolates. Hence, the commercia l  appl ication of 

mesoph i l ic BD to seafood qua l i ty is  l i mi ted, and, for further advances, there is c learly a need to 

iso late BD strains which can grow in the range of 0 - 4°C.  

I n  terms of  future work, to  opt imize the use of B D  as  a b iopreservative in fi sh, i t  may be  

appropriate to perform experi ments in vitro using so l id  media spec i fi ca l ly designed to  s imulate 

the in vivo situation, for example,  nutrient content, water activ i ty,  popu lations of prey and non­

prey bacteria and mixed BD cul tures, could a l l  be studied to gai n  a more thorough theoret ical 

understanding of  the envi ronmental s i tuation. This would  then al low better identi fication of 

appropriate conditions for in I'ivo app l ications. For example, in  a mi xed cul ture of prey and non­

prey bacteria, reduction in numbers of prey by BD could a l l ow increased growth of non -prey 

organisms, possibly pathogens, which may worsen the microbiological env i ronment of the fish .  
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C h a pter 7 

Fi n a l  Discussion 

Th is  i nvestigation has  succeeded in isolat ing th i t1een iso lates of Bdel lovibrionaceae ( B D) from 

seawater from th irteen d i fferent coastal s ites around New Zealand, i n  the spring of 2004. No B D  

iso lates were recovered i n  winter months o f  2004. A lthough th is  study was l imi ted i n  scope and 

concentrated in on ly  two seasons in the North I s land of New Zealand, the results obta ined 

provide evidence to suggest an abundance of these predator bacteria i n  the warmer months. I n  

the isolation i nvestigation, the overa l l  prevalence o f  BD in  the present study ( 6,000 - 40,000 

1I i tre of seawater) ranks New Zeal and among those countries reported to have h igh recovery rates 

in the i so lat ion of BD.  The present study shows that rout ine absorbance measurement techniques 

could be ut i l i zed as important parameters for the i so lat ion and enumeration of BD in  natural 

sampl es as wel l  as revival of BD from storage condit ions. This is an effect ive a l temative to the 

"by eye" estimation of the degree of c l eari ng by the suspected BD sanlp les a fter incubation. 

A major cri t ic ism, which could be made i s  the use of j ust one host bacteria V. parahaemolylicus, 

poss ib ly resu l t ing in a l ack of accuracy in the recovery of BD i so lates .  Overseas workers 

( Schoeffield and W i l l iams, 1 990; P ine i ro et al., 2004; 2007)  repo11ed V. parahaemolyticus as the 

most efficient host in the i so lation of widely diversified BD iso lates. However a more i ntense 

investigation using d ifferent host bacteria might be necessary to accurately map the i so lation and 

d ivers i ficat ion of BD in North and South I s land of New Zealand throughout the year. The 

th i l1een iso lates of BD were characterized and then, by eva l uat ing ecologica l  factors affecti ng the 

surviva l  and efficacy of BD,  examined for the i r  potent ia l  to inh ib i t  spoi lage of seafood in 

industry by means of the ir  predation on Gram-negative spoi l age bacteria .  

In the characterization investigation ( Chapter 3 ), fl uorescence microscopy, transmiss ion e lectron 

microscopy ( T E M ), AP I  Z Y M  enzymic reactions, ant ib iogram profi les, part ia l  and complete 1 6S 

rONA sequencing, phylogenetic analy i , SOS- PAGE and pu lsed fie ld gel e lectrophoresi s  

establ i shed the identity of BD.  Through the use of  these appropriate and proven techniques, the 

New Zealand BD i so lates have been posi t ive ly p l aced in the Bacteriovorax genus of the fami ly  

Bde l l ovibrionaceae. The present study confirmed that a l l  the isolates are phyl ogenetica l ly and 
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pu lsotypica l ly ( PFG E analysis )  s im i l ar to each other. They are d i fferent from overseas iso lates, 

but very c losely related to some of the US iso lates ( c l uster I l l ) . It i s  impol1ant to recognise that 

the d ivers ification reported in th is study may not reflect the tota l New Zealand picture. On ly  

fourteen coasta l s ites in the  orth I s land of New Zealand were inc luded in th is  study and onl y  

one host bacteria ( V.  parahaemofyticus) was used for the recovery of  BD i so lates. This i s  i n  

broad agreement wi th the  fi nding of overseas study ( P ineiro e t  af., 2007 ), where they confim1ed 

that a l l  the New Zealand BD isol ates ( 8  NZ-BD isolates inc luding MNZ I of the present study) 

were s i tuated in the same c l uster with ome other Great Sa l t  Lake,  At lant ic Ocean, Chesapeake 

Bay and gi l l s  of aquarium fish, a l though they identi fied d ifferent c lusters of BD isolates from 

one isolation station or ocean.  A poss ib le  reason for the presence of s imi lar c l usters of B D  

i so lates i n  th i rteen d ifferent s i te i the pre ence of le ser number of host or other viable bacteria 

in the seawater of New Zealand compared to other regions of sea water ( personal work 

experience with Pifieiro and W i l l i ams) ,  however a deta i l ed i o lat ion and characterization study 

inc luding some other molecular techniques such as M LST ( M ul t i locus sequence typing) using 

the amp l ificat ions  of housekeep ing genes is be ing warranted. 

The predation pattern of the BD iso lates (Chapter 4) demon trated that the variation in predation 

effic iencie of the ew Zealand isolates against selected Gram-negative host spec ies was 

consi stent with those of overseas studies .  otab ly,  BD  was found to be effect ive against P. 

phosphoreul11, V. parahaemofYficus, V. vufniflcLls, E. c/oacae, P. fluorescens, P. cepacia, P. 

aeruginosa, M. l110rganeii and P. vulgaris, but not against mari ne spo i l age organisms such as, P. 

l11endocina, P. pselldomallei or S. pUfre[aciens or the terrestria l  organisms L. mono(l 'togenes, E. 

coli B, E. coli M L35  or S. Typh imurium. However, the peed of predation varied : BD quick ly 

attacked P. phosphorelll11, V. pa,.ahaemo�1'ficlIs, V. vulni/lclls and E. c/oacae but on ly  s lowly 

attacked P . ./luorescens, P.  cepacia, P. aeruginosa, M. l11orgonii and P. vlIIgaris . I t  i s  specu lated 

that the reasons for th is variation in efficacy may l i e  with the spec ific ity of receptors and 

interact ion of ce l l  wa l l  component with d ifferent strains of BD.  

BD are obl igate aerobes ( m icroaeroph i l i c )  wi th an optimal growth temperature of 25 -3 5°C 

( Varon and Sh i lo, 1 980) ,  a l though some marine stra ins grow at 3rC ( R ichardson, 1 990 ) .  L it t le 

i s  known about the viabi l ity of pure BD cu l tures stored at d i fferent temperatures. The current 
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method of storage of BD such as maintenance with host ce l ls as bde l lop lasts or bdel locycsts or as 

freeze dried cu l tures, a l l  have compl ications.  From th i s  study (Chapter 5), i t  i s  concluded that 

l arge stocks of pure BD cu l tures can be stored at 4DC to 20DC for re lative ly  long periods wi th 

l i tt l e  l i ke l i hood of change i n  character and thi s i s  therefore recommended as the prefened 

method. 

W ith no pub l i shed work on the efficacy of seawater BD against spo i l age and pathogeni c  

organisms, despite evidence shown of  the potent ia l  of fioeshwater BD in t h i s  ro le ,  this study 

undertook to examine the potent ia l  of using seawater BD as a tool for inh ibi ting the 

contamination and spo i l age of fresh fish and fish products by Gram-negative spo i lage organisms. 

Notwithstanding the c lose taxonomic relat ionship between the th irteen isolates of BD from 

d ifferent  coastal New Zealand s i tes, there was considerable  variation in the rate at which the 

isolates reduced numbers of P. phosphorellm after ten hours of incubation, a l though by twenty 

fou r  hours, the degree of reduction was s imi lar amongst a l l  isolates ( Chapter 5 ) . Th i s  finding was 

consistent with studies in re l ated fie lds and laid the grounds for tri a l s  to be undertaken where the 

optimal  cond it ions for a selected i so late had to be estab l ished for viabi l i ty and max imum 

efficiency.  The resul ts of these tria l s  indicated that  opt imal  condi tions ex ist for the maximum 

viabi l i ty of BD and its efficiency i n  significant reduction of spo i lage organism numbers and 

accordingly,  for appl ication in industry as a biopreservation technique.  It i s  concluded that 

optimal cond i tions exist for sal in i ty, pH ,  rat io of prey and predators and nutrit ion, for the 

maximum viab i l i ty of BD and i ts effic iency in s ign ificant reduction in spoi l age organism 

numbers. The present study ( Chapter 5 .4 . 7 )  confirmed that despite of the importance of predator 

concentration, media and prey to predator rat io, prey concentration is the most important factor 

in the reduction of spo i l age organism, P. phosphoreum. The study of the prey : predator 

interaction model concluded that the prey and predators co-ex ist together; the predators can 

consume a proportion of prey, but cannot e l im inate the prey and the predator popu lat ion w i l l  

starve when the prey population i s  low. These condi t ions would restrict i ts appl ication i n  

industry as a biopreservation techn ique. 

Bacteria l  spo i lage of sal twater fish i s  caused by several Gram-negat ive bacteria and BD is a 

proven predator of Gram-negative bacteria .  However, despite the growing awareness of the 
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potent ia l  for the use of biopreservation of fresh and packed foods wi th host spec ific predatory 

microbia l  activ i ty, l i t t le has been done to examine the potent ia l  of th is  technique w ith seawater 

fish .  Th is  study is the first in th is fie ld  of research .  The potentia l  for use of seawater BD i n  

biopreservation was examined i n  cu ltured samples o f  fresh K i ng salmon. A t  200e the shel f l i fe 

was extended through extension of the lag phase of growth of the prey bacteria and reduct ion i n  

total numbers. Sensory evaluation of the  salmon product being tested confi rmed that t he  shelf 

l i fe was extended. However, at I aoe there was no reduction in prey organisms, which suggested 

that the organisms are i neffective at refrigerat ion temperatures. Thus the mesophi l i c  nature of the 

New Zealand seawater BD isolates l im its the commerc ia l  appl ication of thi s stra in  in 

b iopreservation i n  seafood. Wh i l e  200e may be representative of condi t ions where the cold chain 

fai l s ,  low temperatures of < I aoe are the non11a l  condit ion of the commerc ia l  seafood 

d is tribution chain .  H ence effectiveness at low temperature i s  cri t ica l  for the success of any 

biopreservation method used in fish storage. For success in this fie ld ,  there i s  c learly a need to 

isolate BD strains which function at temperatures of 0-4°C. Fll lthel11lOre, the in vitro tri a l s  

carried out  i n  th is  study focused on the  effic iency of BD on a pure cu l ture of one  organ ism, P.  

phosphoreum and not  on  mixed cu l t ures of Gram-negative spo i l age bacteria, the  n0l111a l  

condit ion observed i n  sa l twater fi sh .  There has been very l i t t le  research i n  th is fie ld  and the 

resul ts of these tria l s  suggest further investigation i nto the effect of BD on mixed cu ltures of 

Gram-negative spo i l age organisms is wan"anted. 

I t  i s  conc luded that the poss ib i l i ty of industrial appl ication of BD as an agent in the control of 

Gram-negat ive spoi lage and contaminant organisms has been demonstrated i n  this study . 

However, the benefits of further i nvestigat ions into the potent ia l  of  BD in the fresh fish industry 

w i l l  depend on finding BD that can have a benefic ia l  effect under refrigerated condit ions. 
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Append ices 

Append ix  I .  Media used for BD experiment 

l .A Standard SW Y E  broth 
Peptone ( M  erck, Gem1any ) - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 0.0 g 

Yeast Ex tract ( Becton Dick i nson, USA)  ----------------------------------------------------3 . 0  g 

70% AS W to make ----------------------------------------------------------------------------- 1 L 

Adjust pH  to 7 . 8 .  M i x  thoroughly i n  a magnet ic sti rrer and autoc l ave at 1 2 1 °C for 1 5  min 

1 . B SWYE agar 
Peptone ( Merck, Gem1any ) ------------------------------------------------------------------ 1 0.0 g 

Yeast Ex tract ( Becton Dick i nson, USA)  ----------------------------------------------------3 . 0  g 

M i crobio logy agar-agar ( Merck, Germany) ------------------------------------------------ 1 5 . 0  g 

700/0 AS W to make - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 L 

Adj ust pH  to 7 .8 .  M i x  thoroughly i n  a magnetic st irrer and autoc lave at 1 2 1  QC for 1 5  min  

I .e Pp20 top  agar t u bes (0.7% aga r) 
Po I ypeptone peptone ( Becton Dick i nson, USA) --------------------------------------------0 . I g 

M i crobio logy agar-agar ( Merck, Germany )--------------------------------------------------0.7 g 

70% ASW to make -------------------------------------------------------------------------- 1 00 mL 

Dissolve and boi l ,  then d ispen e 3 . 5  mL  per test tube and autoc lave at 1 2 1  QC for 1 5  min 

J . D Pp20 bottom agar p late  ( 1 .5% agar) 
Polypeptone peptone ( Becton Dick inson,  USA)  -------------------------------------------- 1 .0 g 

M i crobio logy agar-agar ( Merck,  Germany) ------------------------------------------------- 1 5  g 

70% AS W to make ------------------------------------------------------------------------------ 1 L 

M i x  thoroughly and boi l or steam to d issolve.  Autoc l ave at 1 2 1  QC for 1 5  min .  

1 88 

Cool to 50°C and pour a th in l ayer ( - 1 0  m L )  over the bottom of petri dishes.  A l low to cool unti l 

so l id .  



l . E  0 %  ASW (A rtificial Sea W ater) 
o i sti I I ed wa ter - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -5 00 m L 

Fi lter and autoc lave at 1 2 1  QC for 1 5  min 

I . F 1 2 .5% ASW 
Artific ia l  Sea Water ( [ nstant Ocean; Aquarium system; USA ) -------------------------2 .08 g 

o i sti I I ed water - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -5 00 m L 

M i x  thorough ly  in a magnetic sti rrer for J 5 min .  F i l ter and autoc lave at 1 2 1  QC for J 5 min 

I .G 25% ASW 
Art ific ia l  Sea Water ( Instant Ocean; Aquarium system;  USA )  -- - - - - - - - - - - - - - - - - - - - - - - -4 . 1 6  g 

o i st i l I ed wa ter - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 5 00 m L 

M i x  thoroughly in a magnetic sti rrer for 1 5  min .  Fi I ter and autoc lave at 1 2  J QC for 1 5  min 

I . H 50% ASW 
Art ific ia l  Sea Water ( l nstant Ocean; Aquari um system; USA)  - - - - - - - - - - - - - -- - - - - - - - - - - 8 . 33  g 

Dist i  l Ied water - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -500 m L 

M i x  thoroughl y  i n  a magnetic stirrer for 1 5  min .  Fi l ter and autoc lave at 1 2  J QC for 1 5  min 

1 . 1  70% ASW 
A rt i fic ia l Sea Water ( I nstant Ocean; Aquarium system;  U S A )  ------------------------ 1 1 .65 g 

Disti l Ied water - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -500 m L 

M i x  thoroughly  i n  a magnetic sti rrer for 1 5  min .  F i l ter and autoc lave at 1 2  [ oC for 1 5  min 

I .J 1 00 %  ASW 
Art ific ia l  Sea Water ( I nstant Ocean; Aquarium system; USA )  ------------------------ 1 6 .65 g 

Dist i  l Ied water - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -500 III L 

M i x  thoroughly i n  a magnetic stirrer for 1 5  min .  F i l ter and autoc l ave at 1 2 1  QC for 1 5  min  
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l . K 1 50% ASW 
Art ific ia l  Sea Water ( I nstant Ocean; Aquarium system; USA)  - - - - - - - - - - - - - - - - - - - - - - - - - - - -25  g 

Dist i  l Ied wa ter - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -500 mL  

M i x  thorough ly  i n  a magnetic st i rrer for 1 5  m in .  F i l ter  and autoc lave at  1 2 1  QC  for 1 5  min 

J . L  6 x geJ Joad ing dye 
Bromophenol bl ue ( S igma-A Idrich, USA )--------------------------------------------------0. 25 g 

Xylene cyanol FF ( S  igma-A Idrich,  USA )---------------------------------------------------0.25 g 

F ico l l  Type 4000 ( S igma-A ldrich, USA )---------------------------------------------------- 1 5  g 
0 .5  M E DT A ( Scharlau Chemie, Spa in )----------------------------------------------------24 mL 

Dist i l led water added to make-------------------------------------------------------------- 1 00 m L  
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A ppendix 2 .  Cul tures 

2.A.  Sto rage of B D  at -80°C 

30% glycero l  solu t ion was made in d ist i l l ed water. The solut ion was autoc laved for 1 5  min at 

1 2 1 °C,  then cooled and stored at 4°C unti l required. A single, pure BD plaque was inocu lated 

i nto a steri le  250 m l  Erlenmeyer flask conta in ing 50 mL of 70% teri le  ASW and I m L  of 1 09 

host ce l l s ( V. parahaemol),liclIs ) .The i n i t i a l  absorbance of the dual cu l ture was measured by 

spectrophotometer (OD of c .a .  0 .300 at 6 1 0  nm) .  The flask was incubated aerobica l ly at 25 °C on 

the orbita l  shaker at 1 30 rpm for 1 0  - 1 2  h. One ml of the dua l  cu l tures of lag phase BD and 

host cel l ( spectrophotometric readings of c .a .  0 . 1 8 ) was mixed wi th 30 � l of 30% g lycerol 

sol ut ion. The suspension was placed in a cryo-resi stant p lastic v ia l  in ice and precooled by 

placing it at -20°C for 1 to 2 h. The v ia l s  then stored at -80°C for long tem1 storage. 

The frozen spec imens were revived by d i rect p lating onto Pp20 p late as described in Section 2 . 2  

or  d i l u ted by  1 0-fold  seria l  d i l ut ion .  One mL  of  each d i l ut ion was added into a 250 mL 

Erlenmeyer flask conta in ing 50 mL of 70% ASW and I ml of 1 09 CFU/mL of V. 
parahaemolyticlIs. The fla ks were incubated at 25°C in an orbita l  shaker ( 1 30 rpm) and p laques 

were se lected, puri fied, propagated and cu l tivated as described in Section 2 . 2 .  



2 .8  Na mes and so u rces of the  spoilage and pathogenic organisms used in Sect ion 4.2 . 1  
Spo i l age and pathogenic Cu l ture I D  Iso lated from 

bacteria 

A cinetobacler johnsonii 03A07 Tuna 

Aeromonas hydrophilia 05 80 1 K ing Salmon 

Enterobacter c!oacae 0 1 004 Kahawai 

Escherichia coli B M I  ATCC 1 1 303 

Escherichia coli ML 35 M I  ATCC 43827 

L isteria monocytogenes 06803 K ing salmon 

MOI'ganella morganii OJ A I I  Kahawai 

Photobaclerium 088 1 0  Cod from Denmark 
phosphoreum 
Pro tells vulgaris I I A07 King Sa lmon 

Pseudomonas aerllginosa O I E I O  Mackere l  

Pseudomonas cepacia 0 l D02 Tuna 

Pseudomonas jlL/orescens I OA05 King Sa lmon 

Pseudomonas mendocina 03 003 K ing salmon 

Pseudomonas pselldomallei 03 D04 K ing salmon 

Salmonella Typhil1luriul11 QSOO I ATCC 1 772 

Shewanella pUlrej'aciens 058 1 0  King Sa lmon 

Vibrio parahaemo(v(iclls 05803 ESR,  Pori rua, Wel l i ngton 

Vibrio vulnificus 1 0DO I King Sa lmon 
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2.C N am es and sou rces of the spoilage and pat h ogenic organisms used in Section 4.2.2 
Spo i l age and pathogenic Cul ture I D  Iso lated from 

bacteria 

Enterobacter c/oacae 0 1 004 Kahawai 

Morganella morganii 03 A I  I Kahawai 

Pseudomonas aeruginosa O I E I O  M ackerel 

Pseudomonas eepaeia 0 1 002 Tuna 

Pseudomonas jluoreseens I OA05 King Salmon 

Pseudomonas mendoeina 03 003 King salmon 

Photobaeterium 088 1 0  Cod from Denmark 
phosphoreum 
Pseudomonas pseudomallei 03 004 King salmon 

Proteus vulgaris I I A07 King Sa lmon 

Shewanella putre./aeiens 058 1 0  King Salmon 

Vibrio parahaemo�Vlieus 05 803 ESR,  Porirua, Wel l i ngton 

Vibrio vlI/niJieus 1 0 00 1 King Sa lmon 
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2 . D  B D  isolates u sed i n  the characterizat ion and in vitro studies 
Name of BD i so lates Location of i so lat ion 

OT I One Tree Point, Whangare i Harbour 

OT2 One Tree Point, Whangarei Harbour 

OT3 One Tree Point, W hangarei Harbour 

OT4 One Tree Point, Whangarei Harbour 

OT5 One Tree Point, Whangarei Harbour 

OT-enr One Tree Point ,  Whangarei Harbour 

TB I Moturik i  I s land, Tauranga 

TB2 P i lot Bay, Tauranga 

TB-em Moturi k i  I s land, Tauranga 

MCB Cox ' s  Bay, Auckland 

SP South Piha, Waitakere, Auck land 

M N A  Napier 

M Z I  Ferry termina l ,  Auck l and 
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2 .E  B D  isolates used for PFG E study 
Name of BD i so lates 

OT l 

OT2 

OT3 

OT4 

OT5 

OT-em 

TB l 

TB2 

TB-em 

MCB 

M C B-em 

SP 

SP-enr 

M N A  

M N Z l 

Location of isol ation 

One Tree Point, Whangarei Harbour 

One Tree Point, W hangarei Harbour 

One Tree Point, W hangarei Harbour 

One Tree Point, Whangarei Harbour 

One Tree Point, W hangarei Harbour 

One Tree Point, W hangarei Harbour 

Moturi k i  I sland, Tauranga 

Pi lot Bay, Tauranga 

Moturik i  I s land, Tauranga 

Cox ' s  Bay, Auckland 

Cox 's  Bay, Auckland 

South Pi ha, Waitakere, Auck land 

South Piha, Waitakere, Auckland 

Napier 

Fell), tel111 ina l ,  Auck land 

1 95 



1 96 

A p pendix 3 .  I solation and characterisation of N Z- B D  isolates 

3.A. t E nzymic reactions of B D  isolates OT t ,  OT2, OT3, OT4, OT5 and OT-enr  using A P I  
Z Y M  test system ( bioMe

'
rieux) .  
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3.A.2 E nzy m ic react ions of B D  isolates T B 1 ,  T B2, T B-en r, M e B, M N A, S P  and M N Z l  
us ing A P I  Z Y M  test system (b ioMe

'
rieu x) .  
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3 . B  Contigs of the B D  isolates obtai ned from complete 1 6S r O N A  seq uences 

3. B. I OT I 1 6S contig 
TAGACGCTCCCCTCCAAAGGTTAGGGCCACGGCTTCAGGTAAGGTCAACTCCCATGGTGTGACGGGCGGTGTGTAC 

AAGGCCCGGGA ACGTATTCACCGCAGCGTGCTGATCTGCGATTACTAGCGATTCCAACTTCATGGAGTCGAGTTGC 

AGACTCCAATCCGGACTGAGATGC ACTTTTTGAGATTTGCTAACACTCGCGTGCTCGCGTCCCTTTGTATGCACCAT 

TGTATTACGTGTGTAGCCCTGGACATAAGGGCCATG AGGACTTGACGTCATCCCCACCTTCCTCCTGGTTAACCCA 

GGCAGTCTCTCTAGAGTGCCCAACTTAATGCTGGCA ACTAAAGATAGGGGTTGCGCTCGTTGCGAGACTTAACCCA 

ACATCTCACG ACACGAGCTGACGACAGCCATGCAGCGCCTGTCACCGAGTTCTCCGA AGAGCACAATCAATTTTGG 

TCGATCTTCTCGGGATTTCAAGCCCAGGTAAGGTTCTGCGCGTTGCTTCGAATTAAACCACATAATCCACCGCTTGT 

GCGGGCCCCCGTCAATTCCTTTGAGTTTTAGTCTTGCGACCGTACTTCCCAGGCGG AGTACTTAATGCGTTAGCTTT 

GGCACTGAGAGGGTCAAACCCCCAATACCTAGTA CTCATCGTTTACGGCGTGGACTACCAGGGTATCTA ATCCTGT 

TTGCTCCCCACGCTTTCGCGCCTC AGCGTCAGTTGATGGCCAG AGAGCCCCCTTCGGCTCTGGTGTTCCTTCGCATC 

TCTACGGATTTTACCCCTACATGCGAAATTCCGCTCTCCCCTCCATAACTCTAGATTACCAGTTCCAGACGCAGTTT 

CGGGGTTGAGCCCCGAGATTTCACATCTGGCTTAATAATCCGCCTGCGCGCGCTTTACGCCCAGTAAATCCGAACA 

ACGCTTGCACCCTTCGTATTA CCGCGGCTGCTGGCACGAAGTTAGCCGGTGCTTCCTTTGATGGTACCGTCACTCCA 

GACACCTATTAGATATCTGGCA ATTCTTCCCATCTG ACAGAGCTTTA CAACCCG AAGGCCTTCCTCACTCACGCGG 

CATTGCTGCGTCAGGCTTTCGCCCATTGCGCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCTCA 

GTTCCAGTGTGGCTGATCGTCCTCTCAGACCAGCTATGCATCGTCGCCTTGGTAGGCCGTTACCCCACCAACAAGC 

TAATGCAACGCAGGCTCATCTCATAGTAAATGCTTCCAAGGAGAGGCATTCTTTCATCTACTTTTTCCATGTCGTAG 

ATCGTATGCGGTATTAGCCAGAATTTCTCCTGGTTATCCCCCGGTATGAGGCAGATTACCTACGCGTTACTCACCCG 

TGCGCCACTCTACTCACACCCGAAGGTGCTTTCTCGTTCGACTTGCATGTGTAAAGCAT 

3.  B.2 OT2 1 6S contig 
ACCGACCGTAGACGCTCCCCTCCAAAGGTTAGGGCC ACGG CTT AGGTAAG GTCAACTCCCATGGTGTGACGGGC 

GGTGTGTACAAGGCCCGGGAACGTATTCACCGCAGCGTGCTGATCTGCGATTACTAGCGATTCCAACTTCATGGAG 

TCGAGTTGCAGACTCCAATCCGGACTG AGATGCA CTTTTTGAGATTTGCTAACACTCGCGTGCTCGCGTCCCTTTGT 

ATGCACCATTGTATTACGTGTGTAGCCCTGGACATAAGGGCCATG AGGACTTGACGTCATCCCCACCTTCCTCCTG 

GTTAACCCAGGCAGTCTCTCTAGAGTC JCCC AACTTAATGCTCJGCAACTAAACJATAG C J C JGTTGCGCTCGTTGCGAGA 

CTTAACCCAACATCTCA CGACACGAGCTGACGACAGCCATGCAGCCJCCTGTCACCCJAGTTCTC G AAGACJCACAA 

TCAA TTTTGGTCGA TCTTCTCCJGGA TTTCAACJCCC AGCJT AAGGTTCTGCGCCJTTGCTTCG AA TTAAACCACATAA TC 

CACCGCTTGTGCGGGCCCCCGTCA ATTCCTTTGAGTTTTAGTCTTGCCJACCGTACTTCCC AGGCGGAGTACTTAATCJ 

CGTTAGCTTTGGCACTGAGAGGGTCAA ACCCCCAATACCTAGTACTCATCGTTTACGGCGTG C J ACTACCAGCJGTAT 

CTAATCCTGTTTCJCTCCCCACGCTTTCGCGCCTCAGCGTCAGTTG ATGGCCAGAGAGCCCCCTTCGGCTCTGGTGTT 

CCTTCGCATCTCTACGGATTTTACCCCTACATGCGAAATTCCGCTCTCCCCTCCATAACTCTAG ATTACCAGTTCCA 

G ACGCA GTTTCG GGGTTG ACJCCCCGAC JATTTCACATCTGGCTTAATAATCCGCCTGCGCC J CGCTTTACGCCCA GTA 

AATCCG AACAACGCTTGCACCCTTCGTATT ACCGCCJCJCTGCTGGCACG AACJTTACJCCCJGTGCTTCCTTTGATGGTA 

CCGTCACTCCAGACACCTATTAGATATCTCJGCA ATTCTTCCCATCTGACAGACJCTTTACAACCCGAAGGCCTTCCTC 

ACTCACGCGGCATTGCTGCGTCAG GCTTTCGCCCATTGCGCAATATTCCCCACTGCTG CCTCCCGTAGGAGTCTGGA 

CCCJTGTCTCAGTTCCAGTGTGGCTG ATCGTCCTCTCACJACCACJCTATCJCATCGTCGCCTTGGTAGGCCGTTACCCCA 

CCAACAAC JCTAATGCA ACGCAG CTCATCTCATAGTAAATGCTTCCAAGG A C J AGGCATTCTTTCATCTACTTTTTCCA 

TGTCGTAGATCGTATGCGGTATTACJCCAGAATTTCTCCTGGTATCCCCGCTATGAGGCAG ATTACCTACGCGTACTC 

ACCCC JTCJCTCACTCTACTCAC CCCGAGTGCTATCTCGTTCG ACTGCATGTGTTAGCATGCGCAC JCGTTCGTCT 
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3. B.3 OT3 1 6S contig 
AACGCTCCCCTCCAAAAGGTTAGGGCCACGGCTTCAGGTAAGGTCAACTCCCATGGTGTGACGGGCGGTGTGTAC 
AAGGCCCGGGAACGTA TTC ACCGCAGCGTGCTGATCTGCGA n-ACTAGCGATTCCAACTTCATGGAGTCGAGTTGC 
AGACTC AATCCGGACTGAGATGCA TTTTTGAGATTTGCTAA ACTCG GTGCTCGCGTCCCTTTGTATGCACCAT 
TGTATTACGTGTGTAGCCCTGGACATAAGGGCCATGAGGACTTGACGTCATCCCCACCTTCCTCCTGGTTAACCCA 
GGCAGTCTCTCTAGAGTGCCCAACTTAATGCTGGCAACTA AAGATAGGGGTTGCGCTCGTTGCGAGACTTAACCCA 
ACATCTCACGACACGAGCTGACGACAGCCATGCAGCGCCTGTCACCGAGTTCTCCGAAGAGCACAATCAATTTTGG 

TCGATCTTCTCGGGATTTCAAGCCCAGGTAAGGTTCTGCGCGTTGCTTCGAATTAAACCACATAATCCACCGCTTGT 
GCGGGCCCCCGTCAATTCCTTTGAGTTTTAGTCTTGCGACCGTACTTCCCAGGCGG AGTACTTAATGCGTTAGCTTT 
GGCACTGAGAGGGTCA AACCCCCAATACCTAGTACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGT 
TTGCTCCCCACGCTTTCGCGCCTCAGCGTCAGTTGATGGCCAGAGAGCCCCCTTCGGCTCTGGTGTTCCTTCGCATC 
TCTACGGATTTTACCCCTACATGCGAAATTCCGCTCTCCCCTCCATAACTCTAGATTACCAGTTCCAGACGCAGTTT 
CGGGGTTGAGCCCCGAGATTTCACATCTGGCTTAATAATCCGCCTGCGCGCGCTTTACGCCCAGTAAATCCGAACA 
ACGCTTGCACCCTTCGTATTACCGCGGCTGCTGGCACG AAGTTAGCCGGTGCTTCCTTTGATGGTACCGTCACTCCA 

GACACCTA TT AGA TA TCTGGCAA TTCTTCCCATCTGACAGAGCTTT ACAACCCGAAGGCCTTCCTCACTCACGCGG 
CATTGCTGCGTCAGGCTTTCGCCCATTGCGCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGAC GTGTCTCA 
GTTCCAGTGTGGCTGATCGTCCTCTCAGACCAGCTATGCATCGTCGCCTTGGTAGGCCGTTACCCCCACCAACAAG 
CTAA TGCAACGCAGGCTC A TCTCA T AGT AAA TGCTTCC AAGGAGAGGCA TTCTTTCA TCT ACTTTTTCCA TGTCGT A 
G ATCGTATGCGGTATTAGCCAGAATTTCTCCTGGTTATCCCCCGCTATGAGGCAGATTACCTACGCGTTACTCACCG 

TGCGCCACTCTACTCACACCCGAAGGTGCTTTCTCGTTCGACTG 

3. B.4 S P I  1 6S contig 
GCATGCTTACACATGCAAGTCG A ACGAGAA AGCACCTTCGGGTGTGAG TAGAGTGGCGCACGGTGAG 

TAACG GTAGGTAATCTGCCTCATAGCGGGGG ATAACCAGG AGAAATTCTGGCTAATACCGCATACGA 

TCTACGACATGGAAA AAGTAGATGAAAGAATGCCTCTCCTTGG AAGCATTTACTATG AGATGAGCCTG 

CGTTGCATTAGCTTGTTGGTGGGGTAACGGCCTACCA AGGCGACGATGCATAGCTGGTCTG AGAGGAC 

GATCAGCCACACTGG AACTGAGACACGGTCCAG ACTCCTACGGGAGGCAGCAGTGGGGAATATTGCG 

CAATGGGCGA AAGCCTGACGCAGCAATGCCGCGTG AGTGAGGAAGGCCTTCGGGTTGTAAAGCTCTG 

TCAGATGGG AAGAATTGCCAG ATATCTAATAGGTGTCTGGAGTGACGG TACCATCAAAGGAAGCACC 

GGCTAACTTCGTGCCAGCAGCCGCGGTAATACG AAGGGTGCAAGCGTTGTTCGGATTTACTGGGCGTA 

A AGCGCGCGCAGGCGGATTATTAAGCCAG ATGTGA AATCTCGGGGCTC AACCCCGAAACTGCGTCTGG 

AACTGGTAATCTAG AGTTATGGAGGGGAGAGCGGA A TTTCGCATGTAG GGGTA AAAT G TAGAGAT 

GCGAAGGAACACCAGAGCCGAAGGGGGCTCTCTGGCCATCAACTGACGCTGAGGCGCG A AAGCGTGG 

GGAGCAAACAGGATTAGATACCCTGGTAGTCCACGCCGTA AACGATGAG TACTAGGTATTGGGGGTTT 

G ACCCTCTCAGTGCCAAAGCTAACGC ATTAAGTACTCCGCCTGGGAAGTACGGTCGCAAGACTAAAAC 

TCAAAGGAATTG ACGGGGGCCCG CACAAGCGGTGGATTATGTGGTTTA ATTCGAAGCAACGCGCAGA 

ACCTTACCTGGGCTTGA A ATCCCGAGAAG ATCGACCAAAATTGATTGTGCTCTTCGGAGAACTCGGTG 

ACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGTCTCGCAACGAGCGCAA 

CCCCTATCTTTAGTTGCCAGCATTAAGTTGGGCACTCTAGAGAGACTGCCTGGGTTAACCAGGAGGAA 

GGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCCAGGGCTACACACGTAATACAATGGTGCATA 

CAAAGGGACGCGAGCACGCGAGTGTTAGCAAATCTCAAAAAGTGCATCTCAGTCCGGATTGGAGTCT 

GCAACTCGACTCCATG AAGTTGGA A TCGCTAGTA ATCGCAGATCAGCACGCTGCGGTGAATACGTTCC 

CGGGCCTTGTACACACCGCCCGTCACACCATGGGAGTTGACCTTACCTGAAGCCGTGGCCCTAACCTTT 

GGAGGGG AGCGTCTACGGTCGG 
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3. B.5 T B2 1 6S contig 
CAAGTCGAACGAGAAAGCACCTTCGGGTGTGAGTAGAGTGGCGCACGGGTGAGTAACGCGTAGGTAATCTGCCTC 
ATAGCGGGGGATAACCAGGAGAAATTCTGGCTAATACCGCATACGATCTACGACATGGAAAAAGTAGATGAAAG 

AATGCCTCTCCTTGGAAGCATTTACTATGAGATGAGCCTGCGTTGCATTAGCTTGTTGGTGGGGTAACGGCCTACC 

AAGGCGACGATGCATAGCTGGTCTGAGAGGACGATCAGCCACACTGG AACTGAGACACGGTCCAGACTCCTACGG 

GAGGCAGCAGTGGGGAATATTGCGCAATGGGCG AAAGCCTGACGCAGCAATGCCGCGTGAGTG A GGAAGGCCTT 

CGGGTTGTAAAGCTCTGTCAGATGGGAAGAATTGCCAG ATATCTAATAGGTGTCTGGAGTGACGGTACCATCA A 

GGAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTA ATACGAAGGGTGCAAGCGTTGTTCGGATTTACTGGGCG 

TAAAGCGCGCGCAGGCGGATTATTAAGCCAGATGTGAAATCTCGGGGCTCAACCCCGAAACTGCGTCTGGAACTG 

GTAATCTAGAGTTATGGAGGGGAG AGCGGAATTTCGCATGTAGGGGTAAAATCCGTAGAGATGCGAAGGAACACC 

AGAGCCGAAGGGGGCTCTCTGGCCATCAACTGACGCTGAGGCGCGA A AGCGTGGGGAGCAAACAGGATTAGATA 

CCCTGGTAGTCCACGCCGTAAACG ATGAGTACTAGGTATTGGGGGTTTGACCCTCTCAGTGCCAAAGCTAACGCAT 

TAAGTACTCCGCCTGGGAAGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGG 
ATTATGTGGTTTAATTCGAAGC AACGCGCAGAACCTTACCTGGGCTTG AAATCCCGAGAAGATCGACCAAAATTGA 
TTGTGCTCTTCGGAGAACTCGGTGACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT 

CTCGCAACGAGCGCAACCCCTATCTTTAGTTGCCAGCATTAAGTTGGGCACTCTAGAGAGACTGCCTGGGTTAACC 
AGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCCAGGGCTACACACGTAATACAATGGTGCAT 

ACAAAGGGACGCGAGCACGCG AGTGTTAGCAAATCTCAAAAAGTGCATCTCAGTCCGGATTGGAGTCTGCAACTC 

GACTCCATG AAGTTGGAATCGCTAGTA ATCGCAGATCAGCACGCTGCGGTGAATACGTTCCCGGGCCTTGTACACA 
CCGCCCGTCACACCATGGGAGTTGACCTTACCTGA AGCCGTGGCCCTAACCTTTTGGAGGGGAGCGTCTAC 

3. B.6 M C B  1 6S contig 
TCCCCCCTCC A A AAGGTTAGGGCCACGGCTTCAGGTAAGGTCAACTCCCATGGTGTG ACGGG GGTGTGTACAAG 
GCCCGGAACGTATTCACCGCAGCGTGCTGATCTGCGATTACTAGCGATTCCAACTTCATGGAGTCGAGTTGCAGAC 

TCCAATCCGGACTGAGATGCACTTTTTGAGATTTGCTAACACTCGCGTGCTCGCGTCCCTTTGTATGCACCATTGTA 
TTACGTGTGTAGCCCTGGACATAAGGGCCATGAGG ACTTGACGTCATCCCCACCTTCCTCCTGGTTAACCCAGGCA 
GTCTCTCTAGAGTGCCCAACTTAATGCTGGCAACTAAAGATAGGGGTTGCGCTCGTTGCGAGACTTAACCCAACAT 
CTCACG ACACG AGCTGACGACAGCC A TGC AGCGCCTGTC ACCGAGTTCTCCGAAGAGC ACAA TCAA TTTTGGTCGA 

TCTTCTCGGGATTTCAAGCCCAGGTAAGGTTCTGCGCGTTGCTTCG AATTAA ACCACATAATCCACCGCTTGTGCGG 

GCCCCCGTCAATTCCTTTGAGTTTTAGTCTTGCGA CCGTACTTCCCAGGCGGAGTACTTAATGCGTTAGCTTTGGCA 

CTGAGAGGGTCAAACCCCCAATACCTAGTACTCATCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTTGC 

TCCCCACGCTTTCGCGCCTCAGCGTCAGTTGATGGCCAGAGAGCCCCCTTCGGCTCTGGTGTTCCTTCGCATCTCTA 
CGGATTTTACCCCTACATGCGAAATTCCGCTCTCCCCTCCATAACTCTAGATTACCAGTTCCAGACGCAGTTTCGGG 
GTTGAGCCCCGAGATTTCACATCTGGCTTAATAATCCGCCTGCGCGCGCTTTACGCCCAGTAAATCCGAACAACGC 
TTGCACCCTTCGTATTACCGCGGCTGCTGGCACGA AGTTAGCCGGTGCTTCCTTTGATG GTACCGTCACTCCAGACA 
CC TATTAGATATCTGGCAATTCTTCCCATCTG ACAGAGCTTTACAACCCGAAGGCCTTCCTCACTCACGCGGCATTG 

CTGCGTCAGGCTTTCGCCCATTGCGCAATATTCCCCACTGCTGCCTCCCGTAGG AGTCTGGACCGTGTCTCAGTTCC 
AGTGTGGCTGATCGTCCTCTCAG ACCAGCTATGCATCGTCGCCTTGGTAGGCCGTTACCCCACCAACAAGCTAATG 

CAACGCAGGCTCATCTCATAGTAAATGCTTCCAAGGAG AGGCATTCTTTCATCTACTTTTTCCATGTCGTAGATCGT 
ATGCGGTATTAGCCAGAATTTCTCCTGGTTATCCCCCGCTATGAGGCAGATTACCTACGCGTTACTCACCCGTGCGC 
CACTCTACTCACACCCGAAGGTGCTTTCTCGTTCG AACCT 
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3. 8.7 M N A  1 6S contig 
ACCGTAGACGCTCCCCTCCA AAGGTAGGGCCACGGCTTCAGGTAAGGTCAACTCCCATGGTGTGACGGGCGGTGT 
GTACAAGGCCCGGGAACGTATTCACCGCAGCGTGCTGATCTGCGATTACTAGCGATTCCAACTTCATGGAGTCGAG 
TTGCAGACTCCAATCCGGACTGAGATGCACTTTTTGAGATTTGCTAACACT G GTGCTCG GTCCCTTTGTATGCA 
CCATTGTATTACGTGTGTAGCCCTGGACATAAGGGCCATG AGGACTTGACGTCATCCCCACCTTCCTCCTGGTTAAC 
CCAGGCAGTCTCTCTAG AGTGCCCAACTTAATGCTGGCAACTAAAGATAGGGGTTGCGCTCGTTGCGAGACTTAAC 

CCAACATCTCACGACACGAGCTGACGACAGCCATGCAGCGCCTGTCACCGAGTTCTCCGAAGAGCACAATCAATTT 
TGGTCGATCTTCTCGGGATTTCAAGCCCAGGTAAGGTTCTGCGCGTTGCTTCGAATTAAACCACATAATCCACCGCT 
TGTGCGGGCCCCCGTCAATTCCTTTGAGTTTTAGTCTTGCGACCGTACTTCCCAGGCGGAGTACTTAATGCGTTAGC 
TTTGGCACTGAGAGGGTCAAACCCCCAATACCTAGTACTCATCGTTTACGGCGTGGACTACCAGGGTA TCTAATCC 
TGTTTGCTCCCCACGCTTTCGCGCCTCAGCGTCAGTTGATGGCCAGAGAGCCCCCTTCGGCTCTGGTGTTCCTTCGC 
ATCTCTACGGATTTTACCCCTACATGCGAAATTCCGCTCTCCCCTCCATAACTCTAGATTACCAGTTCCAGACGCAG 
TTTCGGGGTTGAGCCCCGAGA TTTC ACA TCTGGCTT AA T A ATCCGCCTGCGCGCGCTTT ACGCCC AGT AAA TCCGA 
ACAACGCTTGCACCCTTCGTATT A CCGCGGCTGCTGGCACGAAGTTAGCCGGTGCTTC TTTG ATGGTACCGTCACT 
CCAGACACCTATTAGATATCTGGCAATTCTTCCCATCTGACAGAGCTTTACAACCCGAAGGCCTTCCTCACTCACGC 

GGCATTGCTGCGTCAGGCTTTCGCCCATTGCGCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTGGACCGTGTCT 
CAGTTCCAGTGTGGCTGATCGTCCTCTCAGACCAGCTATGCATCGTCGCCTTGGTAGGCCGTTACCCCACCAACAA 
GCTAATGCAACGCAGGCTCATCTCATAGTAAATGCTTCCA AGGAGAGGCATTCTTTCATCTACTTTTTCCATGTCGT 
AGATCGTATGCGGTATTAGCCAGAATTTCTCCTGGTTATCCCCCGCTATGAGGCAGATTACCTACGCGTTACTCACC 
CGTGCGCCACTCTACTCACACCCGAAGGTGCTTTCTCGTTCGACTTGCATGTGTTAAGCATGCC 

3. B.8 M N Z l  1 6S contig 
TGCAAGTCGAACGAGAAAGCACCTTCGGGTGTGAGTAGAGTGGCGCACGGGTGAGTAACGCGTAGGTAATCTGCC 
TCATAGCGGGGGATAACCAGGAGAAATTCTGGCTAATACCGCATACGATCTACGACATGGAAAAAGTAGATGAAA 
GAATGCCTCTCCTTGGAAGCATTTACTATGAGATGAGCCTGCGTTGCATTAGCTTGTTGGTGGGGTAACGGCCTAC 
CAAGGCGACGATGCATAGCTGGTCTGAGAGG ACGATCAGCCACACTGGAACTG AGACACGGTCCAGACTCCTACG 
GGAGGCAGCAGTGGGGAATATTGCGCAATGGGCGAAAGCCTGACGCAGCAATGCCGCGTG AGTGAGGAAGGCCT 
TCGGGTTGTAAAGCTCTGTCAGATGGGAAG AATTGCCAGATATCTAATAGGTGTCTGG AGTGACGGTACCATCAAA 
GGAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTGTTCGGATTTACTGGGCG 
TAAAGCGCGCGCAGGCGGATTATTAAGCCAGATGTGAAATCTCGGGGCTCAACCCCGAAACTGCGTCTGGAACTG 

GTAATCTAGAGTTATGGAGGGGAGAGCGGAATTTCGCATGTAGGGGTAAAATCCGTAGAGATGC AAGGAA A 
AGAGCCGAAGGGGGCTCTCTGGCCATCAACTGACGCTG A GGCGCGAAAGCGTGGGGAGCAAACAGGATTAGATA 
CCCTGGTAGTCCACGCCGTAAACGATGAGTACTAGGTATTGGGGGTTTGACCCTCTCAGTGCCAAAGCTAACGCAT 
TAAGTACTCCGCCTGGGAAGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGGCCCGCACAAGCGGTGG 
ATTATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCTGGGCTTGAA ATCCCGAGAAGATCGACCAAAATTGA 
TTGTGCTCTTCGGAGAACTCGGTGACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGTTAAGT 
CTCGCAACGAGCGCAACCCCTATCTTTAGTTGCCAGCATTAAGTTGGGCACTCTAGAGAG ACTGCCTGGGTTAACC 
AGGAGGAAGGTGGGG ATGACGTCAAGTCCTCATGGCCCTTATGTCCAGGGCTACACACGTAATACAATGGTGCAT 
ACAAAGGGACGCGAGCACGCGAGTGTTAGCAAATCTCA AAAAGTGCATCTCAGTCCGGATTGGAGTCTGCAACTC 
GACTCCATG AAGTTGGAATCGCTAGTAATCGCAGATCAGCACGCTGCGGTGAATACGTTCCCGGGCCTTGTACACA 
CCGCCCGTCACACCATGGGAGTTGACCTTACCTGAAGCCGTGGCCCTAACCTTTTGGAGGGGAGCCGTT 
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3.C Partial 1 6S rDNA sequences us ing pri mers 63 F and 842 R 

3.C. 1 0T4 
CGTAGGTGATCTACCATTTggcGGGGGATAACCAG AAGAAATTCTGGCTAATACCGCATACGTACTGCAATTTTGAA 
AGTAGCAGTAG AAAGAGTGCCTCTCCTTGGAAGCACTTATCAAATGATG AGCCTGCGTAGCATTAGTTAGATGGTG 
GGGTAATGGCTTACCATGACTACGATGCTTAACTGGTCTGAGAGGATGATCAUTCACACTGGAACTGAGACACGG 
TCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCGCAATGGGGGAAACCCTG ACGCAGCAATGCCGAGTGA 
GTGAGGAAGGCCTTCGGGTTGT AAAGCTCTGTCAGAAGGGAAT AA TGGT AT AGGGTCCAA T AGGCCTTATATTTGA 
AGGTACCTTCAAAGGAAGCACCGGCTA ACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTGTTCG 
GA TTT A TTGGGCGTAAAGCGCGCGC AGGCGGATTGTT AAGTCAGATGTGAAATCTCGGGGCTCAACCCCGAAACT 
GCGTCTGAAACTGATAATCTAG AATCTCGGAGAGGGAAGGGGAATTTCGCATGTAGGGGTAAAATCCGTAGAGAT 
GCGAAGGAACACCAGAGGCGA AGGCGCCTTCCTGGACGAGTATTGACGCTG AGGCGCGAAAGCGTGGGTAGCAA 
ACAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTGCACTAGATATTGGAGGTTTGACCCCTTCAGTGTC 

GTAGCTAACGCATTAAGTGCACCGCCTGGGGAGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGGCCC 

GCACAAGCGGTGGATTATGTGGTTTAATTCG AAGCAACGCGCAGAACCTTACCTAGGCTT G A AATCCTGAGAATCT 
GATGGAAACATCGG AGTGCTCTTCGGAG AATTCAGTGACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGA 
TGTTGGGTTAAGTCTCGCAACGAGCGCAACCCCTATCCTTAGTTGCCAGCATTAAGTTGGGCACTCTAGGGAGACT 
GCCCGGGCTAACCGGGAGGAA GGTGGGG ATGACGTCAAGTCCTCATGGCCCTTATGTCTAGGGCTACACACGTAA 
TACAATGGTGCATACAAAGGGAAGCGACCTGGCAACAGTGAGCAA A TCTCAAAAAGTGCATCTCAGTCCGGATTG 

GAGTCTGCAACTCGACTCCATGAAGTTGGAATCGCTAGTAATCGGAGATCAGCACGCTCCGGTGAATACGTTCCCG 
GGCCTTGT A C  ACACCGCCCGTC ACaCcacgGGAGTTGGTCTT ACCTGAAGTCGTGGCCCT AACTGCTTG 

3.C.2 0T5 
TAGGTGATCT ACCA TTTggcGGGGGA TaccctgAAGAAA TTCTGGCT AA TACCGCAT ACGT ACTGCAA TTTTGA AAGT A 

GCAGTAGAAAG AGTGCCTCTCCTTGGAAGCACTTATCAAATGATGAGCCTGCGTAGCATTAGTTAGATGGTGGGGT 

AATGGCTTACCATGACTACGATGCTTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCCA 

GACTCCTACGGGAGGCAGCAGTGGGGAATATTGCGCAATGGGGG AA ACCCTGACGCAGCAATGCCGAGTG AGTG 

AGGAAGGCCTTCGGGTTGT AAAGCTCTGTCAGAAGGG AATAATGGT ATAGGGTCCAA T AGGCCTT A T ATTTGAAG 

GTACCTTC A AAGGAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACG A AGGGTGCAAGCGTTGTTCGGA 
TTTATTGGGCGTAAAGCGCGCGCAGGCGGATTGTTAAGTCAGATGTGAAATCTCGGGGCTCAACCCCGAAACTGC 
GTCTGA AACTGATAATCTAGA A TCTCGGAGAGGGAAGGGG AATTTCGCATGTAGGGGTAAAATCCGTAG AGATGC 
GAAGG AACACCAGAUUCUAAUUCUCCTTCCTU U ACUAUTATTUACGCTUAGUCUCUA A AGCG"fGGGTAGCAAAC 
AGGATTAGATACCCTGGTAGTCCACGCCGTAAACG ATGTGCACTAG ATATTGGAGGTTTGACCCCTTCAGTGTCGT 
AGCTAACGCATTAAGTGCACCGCCTGGGGAGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGGCCCGC 
ACAAGCGGTGG ATTATGTGGTTTAATTCGAAGCA ACGCGCAG AACCTTACCTAGGCTTG AAATCCTGAGAATCTGA 
TGGAAACATCGGAGTGCTCTTCGGAGAATTCAGTGACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGATG 
TTGGGTTAAGTCTCGCAACGAGCGCAACCCCT A TCCTT AGTTGCCAGCATr AAGTTGGGCACTCT AGGGAG ACTGC 
CCGGGCTAACCGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCTAGGGCTACACACGTAATA 

CAATGGTGCATACAAAGGGAAGCGACCTGGCAACAGTGAGCAAATCTCAAAAAGTGCATCTCAGTCCGGATTGGA 

GTCTGCAACTCGACTCCATGA AGTTGGAATCGCTAGTAATCGGAGATCAGCA CGCTCCGGTGAATACGTTCCCGGG 

CCTTGT ACAC ACCGCCCGTCAcaccacgGGAGTTGGTCTT ACCTGAAGTCGTGGCCCTAACTGCttgcagagGGGAG 
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3.C.3 0T-enr  
CGT AGGTG A TCTACCATTTggcGGGGGATaaccataaGAAATTCTGGCTAAT ACCGCA T ACGTACTGCAATTTTGAAAGT 
AGCAGTAGA AAGAGTGCCTCTCCTTGGAAGCACTTATCAAATGATGAGCCTGCGTAGCATTAGTTAGATGGTGGG 

GTAATGGCTTACCATGACTACGATGCTTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCC 

AGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCGCAATGGGGGAAACCCTGACGCAGCAATGCCGAGTGAGT 
GAGGAAGGCCTTCGGGTTGTAAAGCTCTGTCAGAAGGGAAT ATGGTATAGGGTCCAATAGGCCTTATATTTGAA 

GGTACCTTCAAAGGAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTGTTCGG 

ATTTATTGGGCGTAAAGCGCGCGCAGGCGGATTGTTAAGTCAGATGTGAAATCTCGGGGCTCAACCCCGAAACTG 

CGTCTGAAACTGATAATCTAGAATCTCGGAGAGGGAAGGGGAATTTCGCATGTAGGGGTAAAATCCGTAGAGATG 
CGAAGGAACACCAGAGGCGAAGGCGCCTTCCTGGACGAGTATTGACGCTGAGGCGCGAAAGCGTGGGTAGCAAA 

CAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTGCACTAGATATTGGAGGTTTGACCCCTTCAGTGTCG 

TAGCTAACGCATTAAGTGCACCGCCTGGGG AGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGGCCCG 

CACAAGCGGTGGATTATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCTAGGCTTGAAATCCTGAGAATCTG 

ATGGAAACATCGGAGTGCTCTTCGGAGAATTCAGTGACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGAT 

GTTGGGTTAAGTCTCGCAACGAGCGCAACCCCTATCCTTAGTTGCCAGCATTAAGTTGGGCACTCTAGGGAGACTG 
CCCGGGCTAACCGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCTAGGGCTACACACGTAAT 
ACAATGGTGCATACAAAGGGAAGCGACCTGGCAACAGTG AGCAAATCTCAAAAAGTGCATCTCAGTCCGGATTGG 
AGTCTGCAACTCGACTCCATGAAGTTGGAATCGCTAGTAATCGGAGATCAGCACGCTCCGGTGAATACGTTCCCGG 

GCCTTGT AC ACACCGCCCGTCaCACcacgGGAGTTGGTCTT ACCTGAAGTCGTGGCCCT AACTGC 

3. C.4 T B I  
CGTAGGTGATCTACCATTTggcGGGGGATaacctgAAGAAATTCTGGCTAATACCGCATACGTACTGCAATTTTGAAAG 
TAGCAGTAGAAAG AGTGCCTCTCCTTGGAAGCACTT A TCAAA TGA TGAGCCTGCGT AGCATTAGTT AGA TGGTGGG 

GTAATGGCTTACCATGACTACGATGCTTAACTGGTCTGAGAGGATGATCAGTCACACTGGAA TGAGACACGGTCC 

AGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCGCAATGGGGGAAACCCTGACGCAGCAATGCCG AGTGAGT 

GAGGAAGGCCTTCGGGTTGTAAAGCTCTGTCAGAAGGGA ATA ATGGTATAGGGTCCAATAGGCCTTATATTTGAA 
GGTACCTTCAAAGGAAGCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTGTTCGG 

ATTTATTGGGCGTAAAGCGCGCGCAGGCGGATTGTTAAGTCAGATGTGAAATCTCGGGGCTCAACCCCGAAACTG 
CGTCTGA A ACTGATAATCTAGAATCTCGGAGAGGGAAGGGGAATTTCGCATGTAGGGGTAAAATCCGTAGAGATG 
CGAAGGAACACCAGAGGCGAAGGCGCCTTCCTGGACGAGTATTG ACGCTGAGGCGCGAA AGCGTGGGTAGCAAA 

CAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTGCACTAGATATTGGAGGTTTGACCCCTTCAGTGTCG 

TAGCTAACGCATTAAGTGCACCGCCTGGGGAGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGGCCCG 
CACAAGCGGTGGATTATGTGGTTTAATTCGAAGCAACGCGCAGAACCTTACCTAGGCTTGAAATCCTGAGAATCTG 
ATGGAAACATCGGAGTGCTCTTCGGAGAATTCAGTGACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGAT 
GTTGGGTT AAGTCTCGCAACGAGCGCAACCCCT ATCCTTAGTTGCCAGCA TTAAGTTGGGCACTCT AGGGAGACTG 
CCCGGGCTAACCGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCTAGGGCTACACACGTAAT 
ACAATGGTGCATACAAAGGGAAGCGACCTGGCAACAGTG AGCAAATCTCAAAAAGTGCATCTCAGTCCGGATTGG 
AGTCTGCAACTCGACTCCATG AAGTTGGAATCGCTAGTAATCGGAGATCAGCACGCTCCGGTGAATACGTTCCCGG 

GCCTTGTAC AC ACCGCCCGTcacaaaggggGAGTTGGTCTT ACCTGAAGTCGTGGCCCT AACTgC 
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3. C.S T B-en r 
CGTAGGTGATCTACCA TTTggcGGGGGATaacctgAAGAAA TTCTGGCTAA TACCGCA T ACGTACTGCAA TTTTGAAAG 
T AGCAGTAGAAAGAGTGCCTCTCCTTGGAAGCACTT ATCAAATGATGAGCCTGCGT AGCATTAGTTAGA TGGTGGG 

GTAATGGCTTACCATGACTACGATGCTTAACTGGTCTGAGAGGATGATCAGTCACACTGGAACTGAGACACGGTCC 
AGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCGCAATGGGGGAAACCCTGACGCAGCAATGCCGAGTGAGT 

GAGGAAGGCCTTCGGGTTGTAAAGCTCTGTCAGAAGGGAATAATGGTATAGGGTCCAATAGGCCTTATATTTGAA 

GGTACCTTCAAAGGAA GCACCGGCTAACTTCGTGCCAGCAGCCGCGGTAATACGAAGGGTGCAAGCGTTGTTCGG 
ATTTATTGGGCGTAAAGCGCGCGCAGGCGGATTGTTAAGTCAGATGTGAAATCTCGGGGCTCAACCCCGAAACTG 

CGTCTGAAACTGATAATCTAGAATCTCGGAGAGGGAAGGGGAATTTCGCATGTAGGGGTA A AATCCGTAGAGATG 

CGAAGGAACACCAGAGGCGAAGGCGCCTTCCTGGACGAGTATTGACGCTGAGGCGCG AAAGCGTGGGTAGCAAA 

CAGGATTAGATACCCTGGTAGTCCACGCCGTAAACGATGTGCACTAGATATTGGAGGTTTGACCCCTTCAGTGTCG 

TAGCTAACGCATTAAGTGCACCGCCTGGGGAGTACGGTCGCAAGACTAAAACTCAAAGGAATTGACGGGGGCCCG 
CACAAGCGGTGGATTATGTGGTTTAATTCGAAGCAACGCGCAGA ACCTTACCTAGGCTTGAAATCCTGAGAATCTG 

ATGGAAACATCGGAGTGCTCTTCGGAGAATTCAGTGACAGGCGCTGCATGGCTGTCGTCAGCTCGTGTCGTGAGAT 
GTTGGGTTAAGTCTCGCAACGAGCGCAACCCCTATCCTTAGTTGCCAGCATTAAGTTGGGCACTCTAGGGAGACTG 
CCCGGGCTAACCGGGAGGAAGGTGGGGATGACGTCAAGTCCTCATGGCCCTTATGTCTAGGGCTACACACGTAAT 
ACAATGGTGCATACAAAGGGAAGCG ACCTGGCAACAGTGAGCAAATCTCAAAAAGTGCATCTCAGTCCGGATTGG 

AGTCTGCAACTCGACTCCATGAAGTTGG AATCGCTAGTAATCGGAGAAGATCAGCACGCTCCGGTGAATACGTTCC 
CGGGCCTTGT A C AC ACCGCCCGTC ACaCcacgGGAGTTGGTCTT ACCTG AAGTCGTGGCCCT AACTGCTTG 
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3 .0 The closest phylogenetic relat ives of d i fferent  BD isolates 

3 .D. J The closest �h�logenet ic  relat ives of OT t isolate. 
Closest phylogenet ic rela t ive Score ( bi ts )  I dent i t ies / S i m i larity (%)  Accession number 

Bacleriovorax sp. DA5 2730 1 423  1 1 43 7  ( 99%) EF092435 

Bacleriovorax sp .  OC7 1 2724 1 377  1 1 3 78 ( 99% ) OQ536436 

Bacleriovorax sp. 82 2706 1 420 1 1 43 7  ( 98%) EF092436 

Bdellovibrio sp. J S2 2202 1 353 1 1 43 1  ( 94%) A F084856 

Bdellovibrio sp. JS7  2 1 94 1 3 52 1 1 43 1  ( 94%) AF08486 1 

Bdellovibrio sp. J S4 2 1 94 1 3 52 1 1 43 1  ( 94%), A F084858  

Bdellovibrio s p .  JS7  2 1 87 1 335 1 1 4 1 1 ( 94%) A F084862 

Bacleriovorax sp. N E  1 1 859 965 / 974 ( 99%) EF092445 

Bacleriovorax sp. DD 1 1 852 977 1 990 ( 98%), EF092444 

Bacleriovorax sp. GSL4 1 1 729 9 1 4 / 928 ( 98%), OQ536440 

3 . 0.2 The closest �h�logenetic relatives of isolate OT3. 
Cl osest phylogenet ic relat ive Score ( bi ts )  Identit ies / S i m i larity (%) Access ion n umber 

Bacleriovorax sp. OC7 1 2702 1 377/ 1 379 ( 99%) DQ536436 

BaCleriovorax sp. DA5 2694 1 406/ 1 4 1 9  ( 99%) E F092435 

Bacleriovorax sp. 82 2670 1 403/ 1 4 1 9 (98%) EF092436 

Bdellovibrio sp. J S2 2 1 5 7 1 340/ 1 420 ( 94%) AF084856 

Bdellovibrio sp. JS7  2 1 49 1 339/ 1 420 ( 94%) A F08486 1 

Bdellovibrio sp. J S4 2 1 49 1 339/ 1 420 ( 94%) A F084858 

Bdellovibrio sp .  JS7  2 1 47 1 326/ 1 403 ( 94%) AF084862 

Bacleriovorax sp. N E  1 1 873 972/98 1 ( 99%) EF092445 

BaCleriovorax sp. DD 1 1 86 1  975/987  (98%) EF092444 

Bacleriovorax sp. GSL4 1 1 729 9 1 4/928 ( 98%) DQ536440 

Bdellovibrio sp. J S  1 0 1 673 953/988 ( 96%) AF084863 

Bdellovibrio sp. J S6 1 673 953/988 ( 96%) AF084860 
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3. D.3 The closest I!h�logenetic relatives of isolate SP. 
C losest phy logenetic relat ive Score ( bi ts )  Ident i t ies / S i m i larity (%) Accession number 

Bacteriovorax sp. DA5 2732 1 4 1 8/ 1 440 (98%) £F092435 

Bacteriovorax sp. OC7 1 27 1 6  1 359/ 1 365 ( 99%) D0536436 

Bacteriovorax sp.  82 2708 1 4 1 4/ 1 439 ( 98%) E F092436 

Bdellovibrio sp. J S2 2208 1 354/ 1 44 1 ( 93%)  A F084856 

Bdellovibrio sp. JS7  2200 1 353/ 1 44 1  ( 93%) AF08486 1 

Bdellovibrio sp. J S4 2200 1 353/ 1 44 1  (93%) AF084858  

Bdellovibrio s p .  J S 7  2 1 92 1 352/ 1 44 1 (93%) A F084862 

Bacteriovorax sp. DD 1 1 865 984/997 ( 98%) £F092444 

Bacteriovorax sp. N E  1 1 86 1  984/997 ( 98%) EF092445 

Bacteriovorax sp. GSL4 1 1 729 9 1 4/928 ( 98%) 00536440 

Bdellovibrio sp. JS 1 0 1 693 964/998 ( 96% ) A F084863 

Bdellovibrio sp. J S6 1 693 964/998 ( 96%) A F084860 

3. 0.4 The closest I!h�logenetic relat ives of isolate TB2.  
C losest phylogenet i c  relat ive Score ( bi ts )  Ident i t ies / S i m i larity (%) Accession number 

Bacleriovorax sp. OA5 2736 1 4 1 3/ 1 424 ( 99%) £F092435 

Bacteriovorax sp. OC7 1 2732 1 3 78/ 1 378  ( 99%) 00536436 

Baclerinvorax sp. N 82 27 1 2  1 4 1 0/ 1 424 ( 99%) EF092436 

Bdellovibrio sp. J S2 2 1 98 1 347/ 1 425 ( 94%) AF084856 

Bdellovibrio sp. J S4 2 1 90 1 346/ 1 425  ( 94%) A F084858 

Bdellovibrio sp.  JS7  2 1 90 1 346/ 1 425 (94%) AF08486 1 

Bdellovibrio sp. J S 7  2 1 83 1 345/ 1 42 5  ( 94%) AF084862 

Bacleriovorax sp. N E  1 1 873 972198 1 ( 99%) £F092445 

BaCleriovorax sp. DD 1 1 869 979/99 1 ( 98%) EF092444 

Bacleriovorax sp. GSL4 1 1 729 9 1 4/928 ( 98%) 00536440 

Bdellovibrio sp. JS 1 0 1 68 ]  95 7/992 ( 96%) AF084863 

Bdellovibrio sp. J S6 1 68 ]  957/992 ( 96%) AF084860 
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3.D.5 The closest (!h�logenetic relatives of isolate M e B .  
C losest phy logenetic relat ive Score ( bi ts )  Ident i t ies / S i m i l ar i ty (%)  Accession n umber 

Bacleriovorax sp. OC7 1 27 1 6  1 3 771 1 3 78 ( 99%) 00536436 

Bacleriovorax sp. OA5 2694 1 3991 1 4 1  I ( 99%) EF092435 

Bacleriovorax sp.  N 82 2670 1 3961 1 4 1 1 ( 98%) EF092436 

Bdellovibrio sp. JS2 2 1 65 1 325/ 1 400 ( 94%) AF084856 

Bdellovibrio sp. JS7  2 1 5 7 1 3241 1 400 ( 94%) AF084862 

Bdellovibrio sp. JS4 2 1 5 7 1 3241 1 400 ( 94%) AF084858 

Bacleriovorax sp .  NE 1 1 857  1 3241 1 400 ( 94%) E F092445 . 1  

Bacleriovorax sp. DD I 1 836 97 1 /98 1 ( 98%) EF092444 

Bacleriovorax sp. GSL4 1 1 7 1 3  969/982 ( 98%) 00536440 

Bdellovibrio sp. JS I 0 1 655  9 1 3/928 ( 98%) AF084863 

Bdellovibrio sp. JS6 1 655  939/9 7 1 ( 96%) A F084860 

3 .D.6 The closest (!hylogenetic relatives of isolate M N A.  
C losest phylogcnetic re lat ive Score ( bi t s )  Iden t i t ies / S i mi l ar i ty (%)  Acce s i o n  number 

Bacleriovorax sp. OA5 2746 1 430/ 1 444 ( 99%) EF092435  

Bacleriovorax sp. OC7 1 2732 1 3 78/ 1 378  ( 1 00%) 00536436 

Bacleriovorax sp. N 82  2722 1 427/ 1 444 ( 98%) E F092436 

Bdellovibrio sp. JS2 2224 1 366/ 1 445 ( 94%) AF084856 

Bdellovibrio sp.  JS7  22 1 6  1 365/ 1 445 ( 94%) AF08486 1 

Bdellovibrio sp. JS4 22 1 6  1 365/ 1 445 (94%) AF084858 

Bdellovibrio sp. JS7  2208 1 3641 1 445 (94%) AF084862 

Bacleriovorax sp. E l  1 848 959/968 ( 99%) EF092445 

Bacleriovorax sp. DD I 1 846 979/994 ( 98%) EF092444 

Bacleriovorax sp. GSL4 1 1 729 9 1 4/928 ( 98%) 00536440 

Bdellovibrio sp. JS I 0 lMl 960/995 ( 96%) AF084863 

Bdellovibrio sp. JS6 1 68 1  960/995 ( 96%) AF084860 
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3 .D.7 The c losest �h�logenetic relatives of isolate M N Z l .  
C l osest phy logenetie relat ive Score ( bi ts )  Identit ies / S i m i lari ty (%)  Accession number 

Bacleriovorax sp. OC7 1 2732 1 3 78/ 1 378 ( J  00%) DQ536436 

Bacteriovorax sp. OA5 2728 1 409/ 1 420 ( 99%) £F092435 

Bacteriovorax sp. N 82 2704 1 406/ 1 420 ( 99%) E F092436 

Bdellovibrio sp. J S2 2 1 92 1 332/ 1 406 ( 94%) AF084856 

Bdellovibrio sp. JS7  2 1 85 1 33 1 / 1 406 (94%) A F08486 1 

Bdellovibrio sp . JS7  2 1 85 1 3 3 1 / 1 406 (94%) A F084862 

Bdellovibrio sp. JS4 2 1 85 1 33 I 1 1 406 (94%) A F084858 

Bacteriovorax sp. NE 1 1 873 972/98 1 ( 99%) EF092445 

Bacteriovorax sp. DD 1 1 857  973/985 (98%) EF092444 

Bacteriovorax sp. GSL4 1 1 729 9 1 4/928 (98%) OQ536440 

Bdellovibrio sp. J S  1 0  1 67 1  940/97 1 ( 96%) A F084863 

Bdellovibrio sp. J S6 1 67 1  940/97 1 ( 96%) A F084860 
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Appendix 4. Predation patterns of BD isolates against some pathogenic a n d  spoilage o rgan isms in sol id a n d  l iq u id media 

4. A Predation a bi l i t� of BD isolates i n  sol id med ia at 20°C after 24 h of incu bation. 
Host  bacteria OTt OT2 OT3 OT4 OTS OT-e n r  T B ]  T B 2  TB-e n r  M C B  MNA SP MNZJ 

A cinelohacler johnson i i v v v v v v v v v v v v v 
A eromonas h" drophilia v v v v v v v v v v v v V 
Enlero/)ocler c/oacae v v V v v v v v v v v v v 
Escherichia coli B 
Escherichia coli M L  3 5  
L isleria lI1onocrlogenes 

Morgol7el/a mOlgonii  V V V V V V V V V V V V V 
Pholobaclerilllll phosphorellm + + + + + + + + + + + + + 

Proteus vulgaris v v v v v v V V V V V V V 
Pselldoll10llaS aeruginosa v v v v v V V V V V V V V 
Pseudomonas cepacia + + + + + + + + + + + + + 

Pselldol11017as .llllorescens V V V V V V V V V V V V V 
Pselldomonas mendocina 

Pseudomonas pselldoll1al/ei 

Salmonel/a Typh i murium 

Shell'anel/a pulre/aciens 

Vihrio parahaemoh 'liclIs + + + + + + + + + + + + + 

Vibrio l'ulnijiclIs + + + + + + + + + + + + + 

'+ ' means positive predation in all 3 replicate experiments, 'v ' means variable predation between 3 replicate experiments, , means -

no predation observed in any of the 3 replicate experiments, 
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4. B Predation a bi l i ty of  B D  isolates against  some pathogenic a n d  spoilage organisms i n  solid media a t  2 00e after 48 h of 
incubation.  
H ost bacteria OT t OT2 OT3 OT4 OT5 OT-en r  T B l  TB2 T B-en r  M e B  MNA S P  M N Z l  

Acinetobacterjohnsonii + + + + + + + + + + + + + 

A eromonas hrdrophilia + + + + + + + + + + + + + 

Ellterohacter c/oacae + + + + + + + + + + + + + 

Escherichia coli B 
Escherichia coli M L  3 5  
L isteria lI1onocrtogenes 

Morganella l110rganii + + + + + + + + + + + + + 

Photobacterillll1 phosphorellm + + + + + + + + + + + + + 

Proteus vulgaris + + + + + + + + + + + + + 

Pselldomollas aeruginosa V V V V V V V V V V V V V 
Pselldomonas cepacia + + + + + + + + + + + + + 

Pselldoll1onas /11lOrescens + + + + + + + + + + + + + 

Pselldomonas lI1endocina 

Pselldomonas p.l'elldomallei 

Salmonella Typhimuri ulll 

Shell'allella plltrejaciells 

Vibrio parahaemoil,ticus + + + + + + + + + + + + + 

Vihrio vlIlllijiclls + + + + + + + + + + + + + 

'+ ' means positive predation in all 3 replicate experiments, , v , means variable predation between 3 replicate experiments, , , - means 
no predation observed in any of the 3 replicate experiments. 
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4.C Predation abi l i t� of  BD isolates in solid media at 20°C after 72 h of incu bat ion.  
H ost bacteria OT t OT2 OT3 OT4 OTS OT-enr T B l  T B 2  T B-e n r  M e B  M N A  S P  M N Z t  

Acinetohacterjohnsollii + + + + + + + + + + + + + 

Aeromol/os In 'drophilia + + + + + + + + + + + + + 

Enterohacter cloacae + + + + + + + + + + + + + 

Escherichia coli B 
Escherichia coli M L  35 
L isteria 1I101l0cl 'togenes 

Morgollella 11100ganii + + + + + + + + + + + + + 

Photobacterillll1 p!Josp!Jorellll1 + + + + + + + + + + + + + 

Proteus vulgaris + + + + + + + + + + + + + 

Pseudoll1onas aeruginosa V V V V V V V V V V V V V 
Pseudomonas cepocia + + + + + + + + + + + + + 

Ps elldoll1onas . fll 10 rescel IS + + + + + + + + + + + + + 

Pseudomonas mellClocina 

Pseudoll1onas pseudomallei 

Salmonella Typh imurium 

Shell'anella plltrejociel1.1' 

Vihrio parahaemoh·ticlls + + + + + + + + + + + + + 

Vibrio m/l/i/icus + + + + + + + + + + + + + 

'+ ' means positive predation in all 3 replicate experiments, , v , means variable predation between 3 replicate experiments, , , - means 
no predation observed in any of the 3 replicate experiments. 



4.0 Predat ion abi l ity of BO isolates i n  solid med ia at 2SoC after 24 h of incu bation.  
Host bacteria OT t OT2 OT3 OT4 OTS OT-enr T B I  TB2 T B-en r  M e B  M N A  

A cinelOl)(Icterjohnson i i 

A eroll7onas In'drophi/ia 

Enlerohacler cloacae 

Escherichia coli B 
Escherichia coli M L  3 5  

Listeria l17onoc\ 'togenes 

MO/gallel/a l170rganii 

PllOfohacterillll1 pho.lphorelffl1 

Pro/ells vlllgoris 

Pseudul11oflOS aerlfginosa 

Pseudomonas cepacia 

Pselfdol110flas . /lllorescens 

Pseudomonas lI1endocina 

p, elldofl10llaS pselfdofl1ol/ei 

Salmonel/a Typh i muri um 

Shell'Clnel/a pllfrejaciens 

f 'ihrio paraliaemoll'/iclls 

Vihrio I'lflnijiclls 

+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + 

+ + + + + + 
+ + + + + + 
+ + + + + + 

+ + + + + + 
+ + + + + + 
+ + + + + + 
+ + + + + + 
+ + + + + + 
+ + + + + + 

+ + + + + + 
+ + + + + + 

2 1 2  

SP  M N Z l  

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

'+ ' means positive predation in all 3 replicate experiments, 'v ' means variable predation between 3 replicate experiments, '- ' means 
no predation observed in any o./the 3 replicate experiments. 
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4. E Predation a bi l i tl: of B D  isolates i n  solid media a t  25°C after 48 h of incubat ion.  
H ost bacteria OT t OT2 OT3 OT4 OTS OT-enr TB t T B2 TB-en r  M e B  MNA S P  M N Z l  

Acinefobacterjohl1sollii + + + + + + + + + + + + + 

A eromollas h .l 'drophilia + + + + + + + + + + + + + 

Enterohacler cloacae + + + + + + + + + + + + + 

Escherichia coli B 

Escherichia coli M L  35  
L isteria monocl'togenes 

Morgane/la l110rganii + + + + + + + + + + + + + 

Phofohacferillll1 phosphorellm + + + + + + + + + + + + + 

Protells I'ulgaris + + + + + + + + + + + + + 

Pseudomonas aerllgillosa + + + + + + + + + + + + + 

Pseudomonas cepacia + + + + + + + + + + + + + 

PSelldoll1onas .f!llOrescens + + + + + + + + + + + + + 

Pselldomonas mendocina 

Pseudomonas pselldoma/lei 

Salmonella T yph i mu ri um V V V V V V V V V V V V V 
She 11 'C/Ifella plltrejclcien.l' 

Vihrio parahaemo/l'ficlIs + + + + + + + + + + + + + 

Vihrio I'IIlni/iclIs + + + + + + + + + + + + + 

'+ ' means positive predation in al/ 3 replicate experiments. 'v ' means variable predation between 3 replicate experiments. , . means -

no predation observed in any o.lthe 3 replicate experiments. 



2 1 4  

4. F P redation abi lity of  B D  isolates i n  solid media  a t  25°C after 72 h of incubat ion.  
H ost b acteria O T t  OT2 OT3 OT4 OTS OT-en r T B l  TB2 T B-en r M e B  MNA S P  M N Z I  
Acinerohaclcl'johnsOIlii + + + + + + + + + + + + + 

Aeromol1C1s hrdrophilia + + + + + + + + + + + + + 

Enlerohacler c/oClcae + + + + + + + + + + + + + 

Escherichia coli B V V V V V V V V V V V V V 
Escherichia coli M L  3 5  V V V V V V V V V V V V V 
L isleria lI1ollOcrlOgenes 

Morgallella 1Il00ganii + + + + + + + + + + + + + 

Pholohaclerilllll phosphorelll11 + + + + + + + + + + + + + 

Prolells I'lIlgaris + + + + + + + + + + + + + 

Pseudomonas aerllginosa + + + + + + + + + + + + + 

Pseudomonas cepacia + + + + + + + + + + + + + 

Pse Ildomonas .f!uorescens + + + + + + + + + + + + + 

Pselldoll1onas mendocina 

Pseudomonas pselldomal/ei 

Salmonel/a Typhimurium 

Shell 'anel/o pUlre!"aciens 

Vihrio poral/(/eI110�\'liclls + + + + + + + + + + + + + 

Vihrio vlllni/iclIs + + + + + + + + + + + + + 

'+ ' means positive predation in all 3 replicate experiments, , v , 
means variable predation between 3 replicate experiments, , , - means 

110 predation observed in any of the 3 replicate experiments, 
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4.G Predat ion abi l i ty of B D  isolates in  sol id media  a t  3 0°C a fter 2 4  h o f  incubat ion.  
H ost bacteria OT 1 OT2 OT3 OT4 OTS OT-enr T B 1  T B 2  T B-enr M e B  M N A  S P  M N Z 1  

A ci ne/oboe/er )ohl7.1'on i i + + + + + + + + + + + + + 
A erOll1ol1as hl'drophilia + + + + + + + + + + + + + 
En/erohacfer cloacae + + + + + + + + + + + + + 
Escherichia coli B 
Escherichia coli M L  35  

L is/eria lI1onocl '/ogenes 

Alorganella lI10rganii + + + + + + + + + + + + + 
Ph% baClerillll1 pho.lphorellll1 + + + + + + + + + + + + + 
Proteus vulgaris + + + + + + + + + + + + + 
Pseudomonas aeruginosa + + + + + + + + + + + + + 
Pseudomonas cepacia + + + + + + + + + + + + + 
PselldomollCls .f!1I0I'eSCell,\' + + + + + + + + + + + + + 
Pseudomonas l17el1docil1a 

Pseudomonas pselldomallei 

Salmonella Typhi murium 

She\\'(/nella jJlr/rejaciens 

Vihrio parahaemoll'/icus + + + + + + + + + + + + + 
Vihrio I'ldni/iclIs + + + + + + + + + + + + + 
' + ' means positive predation in all 3 replicate experiments, , v means variable predation between 3 replicate experiments, , , - means 
no predation observed in any of the 3 replicate experiments, 
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4. H Pred ation a bi l i t� of B D  isolates i n  solid media at 30°C after 48 h of incu bation.  
H ost b actel"ia OTt OT2 OT3 OT4 OTS OT-enr T B l  T B2 T B-en r Me B  MNA SP MNZl  
A cinerohacter jolll1sollii + + + + + + + + + + + + + 
Aeromol1as hydrophilia + + + + + + + + + + + + + 
Enrerohacter cfoacae + + + + + + + + + + + + + 
Escherichia coli B 
Escherichia coli M L  35  
L isteria 1I10nOCl 'lOgenes 

Morganella 1I100ganii + + + + + + + + + + + + + 
Photohaclerillll1 pllOspl/(i/"elll11 + + + + + + + + + + + + + 
Proteus vulgaris + + + + + + + + + + + + + 
Pseudoll1onas aeruginosa + + + + + + + + + + + + + 
Pseudomonas cepacia + + + + + + + + + + + + + 
Pselldoll1onas/luorescens + + + + + + + + + + + + + 
Pseudomonas mendocilla 

Pseudomonas pselldoll1al/ei 

Sa/lI1one/la Typhimurium V V V V V V V V V V V V V 
She\\'ancl/a pUlre!clciens 

Vihrio parahael11o/l'ticus + + + + + + + + + + + + + 
Vihrio vu/ni/icus + + + + + + + + + + + + + 
'+' m eans posit ive p redation in al l  3 repl icate experiments, ' v '  means v ariable predation between 3 replicate experiments, '-' 
means no  predat ion observed any of the 3 repl icate experiments. 
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4 . 1  Predation abi l i ty of  BD i solates i n  solid m edia at 30°C after 72 h of i nc u bation.  
H ost bacteria OT t OT2 OT3 OT4 OT5 · OT-en r  TB l T B 2  T B-en r  M e B  M N A  S P  M N Z l  
AcineTohacTerjohnsonii + + + + + + + + + + + + + 

Aerol110110S hFdrophilio + + + + + + + + + + + + + 

El1IerohaCTer cloacae + + + + + + + + + + + + + 

Escherichia coli B V V V V V V V V V V V V V 
Escherichia coli M L 35  V V V V V V V V V V V V V 
LisTeria 1110110(' 'Togenes 

Morgal1e1la 1110rganii + + + + + + + + + + + + + 

PhoTOhaeTel'illl1l phosphOl'ell1l1 + + + + + + + + + + + + + 

ProTeus vulgaris + + + + + + + + + + + + + 

Pselldolllonas ael'llgil1osa + + + + + + + + + + + + + 

PseudOll1onas cepacia + + + + + + + + + + + + + 

Pseudoll1onas . f!lloreSCel1s + + + + + + + + + + + + + 

Pseudomonas lIIf'ndocina 

Pselldomollas pSelldoll1allei 

Salmonella Typhimurium V V V V V V V V V V V V V 
Shelt 'allella /llllre/aciens 

Vihrio paralwel17oil'licu.l' + + + + + + + + + + + + + 

Vihrio 1'lIll1i/iells + + + + + + + + + + + + + 

' + ' means positive predation in all 3 replicate experiments, , v 
, 
means variable predation between 3 replicate experiments, , , - means 

no predation observed in any o.(the 3 replicate experiments, 



4.J Predat ion ab i l i ty of BD isolates in  solid med ia at 3 7°C after 24 h of incu bat ion.  
H ost bacteria OTI OT2 OT3 OT4 OT5 OT-enr T B l TB2 T B-en r  M e B  M N A  

A ei l 7elohaclerjohl7sol7 i i 

Aeroll1ol7as /lI ,drophilia 

ElllerolJacler c/oaeae 

Escherichia coli B 
Escherichia coli M L  3 5  

L isleria 1Il0l1ocTloge17es 

Morganella morgCll7ii 

Pholobaclerillln phosphorellll1 

PrOleus \'ulgaris 

PselldolllOl7aS aerugil70sa 

Pseudomonas eepacia 

Ps e IldolllOI7C1S .fTllOreSeel7s 

PseudOlllol7(1S lI1el7docil1a 

PSelldoll1ol 10S pselldoll1allei 

Salll1ol7ella Typh i mu ri um 

SheH'Clllella {Julrejaciel1s 

Vihrio paralwellloh'liclls 

Vihrio VUllli/iclIs 

v 
v 

v 
v 
v 

v 

v v v 
v v v 

v v v 
v v v 
v v v 

v v v 

v v v v v v v 
v v v v v v v 

v v v v v v v 
v v v v v v v 
v v v v v v v 

v v v v v v v 

2 1 8  

SP MNZI  

v v 
v v 

v v 
v v 
v v 

v v 

' + ' means positive predation in all 3 replicate experiments, 'v ' means variable predation bern'een 3 replicate experiments, '- ' means 
no predation observed in any o/the 3 replicate experiments, 
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4.K Predation abil it� of B D  isolates in  solid media at 37°C after 48 h of  i ncu bation. 
H ost bacteda OT t OT2 OT3 OT4 OT5 OT-e n r  T B t  TB2 T B-en r  M e B  M N A  S P  M N Z I  

Acinetohacterjohnsonii v v v v v v v v v v v v v 
Aeroll1onas In'drophilia v v v v v v v v v v v v V 
Enterohacter c/oacae v v v v v v v v v v v v v 
Escherichia coli B v v v v v v v v v v v v v 
Escherichia coli M L  35  v v v v v v v v v v v v v 
L isteria monocTlOgenes 

Morganel/a morganii v v v v v v v v v v v v v 
Photobacterillll1 phosphorelll11 + + + + + + + + + + + + + 
Proteus vlIlgaris V V V V V V V V V V V V V 
Pselldom(lI1aS aerugillosa v v v v v v v v v v v v V 
Pselldomonas cepacia v v v v v v v v v v v v v 
Pse Ildol/1onas .fll /Orescens V V V V V V V V V V V V V 
Pseudomonas lIJendocina 

Pselldomonas pseudomal/ei 

Solmonel/o Typhimurium v v v v v v v v v v v v v 
Shell'Clnel/o plIlrelociellS 

Vibrio parahaemo/l'ticlls v v v v v v v v v v v v v 
I 'ihrio \'ullli(icus 

'+ ' means positive predation in all 3 replicate experiments, 'v ' means variable predation between 3 replicate experiments, '- ' means 
no predation observed in any of the 3 replicate experiments, 
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4 . L  Predation abi l i t� of BD isolates in solid media at 37°C after 72 h of  incubation.  
H ost bacteria O T t  OT2 OT3 OT4 OT5 OT-enr T B t  T B 2  T B-en r M C B  M N A  S P  M N Z t  

A cinelo/){Jcler johl1Son i i v v v v v v v v v v v v v 
Aeromonos h rdrophilio v v v v v v v v v v v v v 
EnlerohaCler cloacae v v v v v v v v v v v v v 
Escherichia coli B v v v v v v v v v v v v v 
Escherichia coli M L  3 5  v v v v V V V V V V V V V 
Lisleria 1I101l0cl 'logenes 

Morganella lI10rgani i V V V V V V V V V V V V V 
Pholo/JOClerillm phosphorellll1 + + + + + + + + + + + + + 
Prolells l'lI/gari.\' V V V V V V V V V V V V V 
Pselldoll1onas aeruginosa + + + + + + + + + + + + 
Pselldomonas cepacio V V V V V V V V V V V V V 
Pse lIdon IOnos .llllorescen.\' V V V V V V V V V V V V V 
Pselldoll1onas mendocino 

PseIIC/0/110nOs p.\'elldOllw/lei 

Sa/monella Typhimuri ul1l V V V V V V V V V V V V V 
Shel1'one//a plIlrej'ociens 

Vihrio /lorahaemo/l'liclI.\' V V V V V V V V V V V V V 
I 'ihrio l"lI/nijiclls 

' + ' means positive predation in all 3 replicate experiments, 'v ' means variable predation between 3 replicate experiments, , , means -

no predation observed il1 anv of the 3 replicate experiments, 
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4.M The effect iveness of isolate OT2 (8.6 Log lO P F U/m L) i n  red ucing n u m bers of 
d ifferent spoi lage and pathogenic organisms d u ring a chal lenge i n  70% ASW for 24 
h a t  25°C. Val ues are (!resented as mean ± standard error, n= 3. 

Organ isms I n i t ia l  count M ean log reductions of tested organi sms 

Log 1 o  (CFU/m L  ± S E M )3 log l o  ( C F U/mL ± S E M )b 

O h  6 h  1 2  h 24 h 

Enlerobacter cloacae 8.3  ± 0.09 -0 . 3  ±0.08 0 .0 ± 0. 06 -0.3 ± 0.07 

E. c/oaeae + OT2 8 .4 ± 0.06 4. 0 ± 0.02 4 . 1 ± 0 .02 4 . 2  ± 0.0 1 

Morgane!la morganii 8 .4  ± 0.08 -0.0 ±0.09 0.0 ± 0.09 0.0 ± 0.0 1 

M. l110rganii + OT2 8 .4  ± 0.06 2 . 0  ± 0.06 3 . 1 ± 0.05 3 . 8  ± 0.05 

Pselldomonas aeruginosa 8 .4 ± 0.08 0 . 1 ± 0. 1 4  0 .0 ± 0. 1 5  0 . 0  ± 0.06 

P. aeruginosa + OT2 8.3 ± 0. 1 6  2 . 1 ± 0.02 3.2 ± 0.04 3 . 8  ± 0.02 

Pseudomonas eepacia 8 .4  ± 0.07 0.0 ± 0.05 0 .0 ± 0.03 0 . 1 ± 0.05 

P. cepacia + OT2 8.5 ± 0.06 2 . 5  ± 0.02 3 . 5  ± 0.03 4.2 ± 0.02 

Pselldomonas.fluorescens 8 . 3  ± 0 .00 -0.0 ±0.02 0 .0 ± 0 .02 0.0 ± 0.03 

P . . fluorescens + OT2 8 . 3  ± 0.03 2 .0 ± 0.02 3 . 1 ± 0.02 3 . 8  ± 0.0 1 

Pselldomonas mendoeina 8 . 3  ± 0.08 -0. 1 ±O. I I  0. 1 ± 0.03 0 . 1 ± 0 . 1 6  

P. mendocina + OT2 8 . 3  ± 0. 09 0. 1 ± 0 . 1 2  0. 1 ± 0.04 0. 1 ± 0. 1 6  

Pholobaeterill/11 phosphorelll11 8 . 5  ± 0 .06 0. 1 ± 0.09 0 .0 ± 0.0 1 0 .2  ± 0. 1 4  

P. phosphorelll11 + OT2 8 . 6  ± 0.09 3 .9 ± 0.06 4.2 ± 0.08 4.3 ± 0.03 

Pselldomonas pselldomallei 8 .3  ± 0. 1 7  0 . 1 ± O. I I -0. 1 ± 0. 1 0  0 .2  ± 0. 1 3  

P. pseudomallei + OT2 8 . 5  ± 0.08 0. 1 ±O. I I 0 . 2  ± 0.09 0.2 ± 0. 1 4  

Prolells vulgaris 8 . 5  ± 0.09 0 . 1 ± 0.06 0 .0 ± 0. \ 7  0 .0 ± 0.09 

P. vulgaris + OT2 8 .4 ± 0 . 1 8  2 . 3  ± 0.05 3.4 ± 0 .06 4 .0 ± 0.04 

Shewanella plllrejaciens 8 .2  ± 0. \ 3  -0. 1 ±0.06 -0.0 ± 0. 1 I 0.0 ± 0.07 

S. putre/aciens + OT2 8 . 3  ± 0. 1 \  0. 1 ± 0.04 0. 1 ± 0. 1 6  0 . 7  ± 0.06 

Vibrio parahaemolYlieus 8 . 3  ± 0.04 0 .0 ± 0.08 0 .9  ± 0.05 0. 1 ± 0. 1 1  

V. parahaemolYliclIs + OT2 8 . 3  ± 0.07 4 . 0  ± 0.05 4. 1 ± 0.06 4 .2  ± 0.05 

Vibrio vII/ni/lells 8 . 3  ± 0 .57  -0.3 ±0.02 0.0 ± 0 . \ 3  -0. 3 ± 0.03 

V. vulni/lclls + OT2 8.2 ± 0.02 4 .0 ± 0.02 4 . 1 ± 0.02 4 .2  ± 0 .04 

{/  Mean population (n == 3) a/tested cultures (Iogf{) CFUlmL) at time () h 
{' Mean population (n = 3) 0/ tested cllltures (Iog/IJ CFUlmL) at () h 0/ incubation minus 
mean population a/the clIlllIres at 6, 1 2  or 24 h o/incubation. 
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Appendix  5. In v i tro study of BD again st Photobacteriul11 phosphoreul11 

5.A S u rvival  of dense suspension of a B D  cu l ture ( M N A )  i n  70% ASW without  host 
bacteria stored at  4°e, lOoe, 20oe, 25°e, 300e and 37°e for 1 3  days. Values 

resented as mean . st andard deviation, n == 3. 

Days of 
4°e 

storage 

0 1 0. 3  ± 0.07 

1 0 .2 ± 0.09 

2 1 0.2 ± 0. 1 3  

3 1 0. 2  ± 0. 1 0  

4 1 0 .2 ± 0.09 

5 9.9 ± O. I I 

6 9 .8 ± 0. 1 0 

7 9 .7  0.09 

8 9 .6 ± 0.06 

9 9 .5  0. 1 6  

1 0  9.4 ± 0. 1 2  

" 9.2 ± 0.06 

1 2  9. 1 ± 0. 1 4  

1 3  9 .0 ± 0.07 

M ean ( n  == 3 )  of l og l O  PFU/mL ± STD of BD-M A 

l ooe 200e 2s0e 3 00e 

1 0 . 3  ± 0.07 1 0 .3 ± 1 0.3  ± 0.07 1 0 . 3  ± 0.07 

1 0 .0 ± 0. 1 3  9 . 7  ± 0. 1 7  9. 7 ± 0. 1 4 9.6 ± 0.09 

1 0. 1  ± 0. 1 0  9.68 ± 0. 1 6  9.6 ± 0. 1 3  7 .8  ± 0.09 

1 0. 1  ± 0. 1 4 9 .7  ± 0. 1 1  9 .6 0 .09 7 .6 ± 0.09 

1 0.3 ± 0. 1 2  9 . 5 0. 1 4  9 .5 ± 0. 1 0  7 .3  ± 0.09 

1 0.0 ± 0. 1 4  9 .5  ± 0.09 9.4 ± 0. 1 1 7 . 1 ± 0. 1 3  

9.9 ± 0. 1 2  9 .5  ± 0 .06 9 .3  ± 0. 1 0  6.9 ± 0. 1 0  

9.9 ± 0. I O  9.3 ± 0. 1 6  9 .3 ± 0. 1 4 6 .7 ± 0. 1 4  

9 .9 ± 0.09 9.3 ± 0. 1 2  9.0 ± 0. 1 1 5 . 5  ± 0. 1 1  

9 .8 0. 1 4  9 .2 ± 0. 1 0  8 .8  0.09 S . S  ± 0.09 

9 . 7 ± 0. I S  9. 1 ± 0. 1 4  8 .3  + 0.09 5. 1 ± O. I I 

9. 7 ± 0.09 9.0 ± 0. 1 2  8 .0 ± 0. 1 4  5 .0  ± 0. 1 0  

9 . S ± 0. 1 2  8 .9 ± 0.09 7 .8 ± 0. 1 5  4 .8 ± 0.09 

9 .4 0. 1 1  8 .9 ± 0. 1 0 7.4 ± 0. 1 0  4.4 ± 0. 1 3  

3 7°e 

1 0. 3  ± 0.07 

8 .2 ± 0.08 

5.6 ± 0.09 

3 .4 ± 0. 1 4  

3 .9  ± 0. 1 1  

3 .9 ± 0. 1 4  

3 . 8  ± 0.06 

3 . 7  ± 0.09 

3 .6 ± 0. 1 2 

3 . 3  0. 1 1  

< 2 .5  

< 2 .5  

< 2 .5  

< 2 .5  
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5.B Survival of dense s uspension of a BD cu l tu re ( M e B) in  70% ASW without  host bacteria stored at  - 1 8°e, ooe, 4°e, l Ooe, 
20oe, 25°e, 300e and 37°e for 1 6  da�s. Va lues �resented as mean ± standard deviat ion,  n = 3. 

Storage days - 1 8°e 

0 1 0.4  ± 0. 1 1  

9 . S  ± 0.09 

2 8 .9 ± 0 . 1 0  

3 7 .2 ± 0 . 1 1 

4 6 .9 ± 0. 1 0  

S 6.4 ± 0 .09 

6 6.0 ± 0. 1 1  

7 S . I ± O. I I 

8 4 .S  ± 0.09 

9 3 . 6 ± 0. 1 4  

1 0  3 .9 ± 0. 1 3  

1 1  < 2 .S2  

1 2  < 2 .S2  

1 3  < 2 .S2  

1 4  < 2 . S 2  

I S  < 2 .S2  

1 6  < 2 .S2  

Mean ( n  = 3) of log l o PFU/mL ± STD of BD-M C B  

ooe 4°e l ODe 200e 

1 0.4 ± 0. 1 1  1 0 .4 ± 0. 1 1  1 0.4 ± 0. 1 1  1 0 .4 ± 0. 1 1  

1 0.3 ± 0. 1 0  1 0.3  ± 0. 1 2  1 0.3  ± 0. 1 3  1 0 .3  ± 0. 1 1  

1 0 .2 ± 0. 1 3  1 0 .3 ± 0. 1 0  1 0.3  ± 0. 1 6  1 0. 3  ± 0. 1 4  

9 . 7  ± 0.09 1 0 .2 ± 0. 1 4  1 0. 2 ± 0. 1 0  1 0.3 ± 0. 1 0  

9 .7 ± 0. 1 6  1 0 .3 ± 0 . 1 1  1 0 .2 ± 0 . 1 1  1 0 .2 ± 0. 1 1  

9 .7  ± 0. 1 4  9.9 ± 0.09 9.9 ± 0. 1 4  1 0. 1  ± 0.09 

9.7 ± 0.09 9.9 ± 0. 1 3  9.9 ± 0. 1 1  1 0 .0 ± 0. 1 3  

9.7 ± 0.09 9.9 ± 0. 1 4  9.9 ± 0. 1 0  9.9 ± 0. 1 1  

9 .6 ± 0. 1 0  9.8 ± 0 .09 9.9 ± 0. 1 4  9 .9 ± 0.09 

9.S ± 0. 1 3  9.9 ± 0. 1 I 9 .9 ± 0. 1 0  9.9 ± 0. 1 4  

9.3 ± 0. 1 3  9.8 ± 0. 1 0  9.9 ± 0.09 9.9 ± 0. 1 3  

9 .2 ± 0.09 9 .8 ± 0. 1 3  9 .8 ± 0 . 1 4  9 .8 ± 0. 1 0  

9.0 ± 0. 1 2  9 .8 ± 0. 1 0  9 .8  ± 0. 1 2  9 .8  ± 0. 1 3  

8 .8  ± 0. 1 3  9 .8 ± 0. 1 4 9 .8 ± 0. 1 1  9 .7 ± 0. 1 0  

8 .7 ± 0. 1 0  9.7 ± 0. 1 0  9 .8 ± 0. 1 6  9 .7 ± 0. 1 6  

8 .3 ± 0. 1 0 9 .6 ± 0. 1 3  9.7 ± 0. 1 1  9. S ± 0. 1 4  

8.2 ± 0. 1 2  9 .6 ± 0. 1 0 9 .8 ± 0 . 1 2  9.4 ± 0. 1 0  

25°e 

1 0 .4 ± 0. 1 1  

1 0 . 3 ::r: 0.09 

1 0. 2  ± 0. 1 3  

1 0.2  ± 0. 1 3  

9.9 ± 0. 1 3  

9 .7 ± 0.09 

9 . S  ± 0.09 

9 .3  ± 0. 1 3  

9 .3 ± 0. I S  

9 .2  ± 0. 1 0  

9. 1 ± O. I I 

8 .9 ± 0. 1 6  

8.6 ± 0.09 

8.4 ± 0. 1 0  

7 .9 ± 0. 1 4  

7 .6 ± 0. 1 0  

7 .3  ± O. I S  

30°C 3 7°C 

1 0 .4 ± 0 . 1 1 1 0 .4 ± 0. 1 1  

1 0 . 1  ± 0 . 1 0  7 . 8 ± 0. 1 4  

9.9 ± 0. 1 4 7 .8 ± 0. 1 2  

9 .6  ± O. I S  6 .9 ± 0. 1 1  

9 .6 ± 0. I S  S .4 ± 0. 1 3  

8 . 1 ±O. I O  6 . 1 ± 0. 1 3  

7 . 7  ± 0. 1 1  S . S ± O. I O  

7 .0  ± 0.09 S . 4 ± 0. 1 3  

6.9 ± 0.09 4.4 ± 0. 1 1  

6.9 ± 0. 1 3  3 . 3 ± 0. 1 3  

6 .9  ± 0. 1 3  < 2 .S2  

6 .8  ± O. I I < 2 .S2  

6 .8  ± 0. 1 3  < 2 .S2  

6 .7  ± 0.09 < 2 .S2  

6 .4  ± 0 . 1 4  < 2 .S2  

6 . 1 ± 0 . 1 2  < 2 .S2  

S . 6 ± 0. 1 1  < 2 .S2  
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S.C The effectiveness of d ifferent isolates of BD in reducing n u m bers of P. 
phosphoreul11 (8.0 log lO  C F U/m L )  in 70% A S W  after t o  and 24 h at 2S°C. V alues 
presented as mean ± standard deviation, n = 3. 

BD isolates 

OT I ( 7 . 2 )  

OT2 ( 7. 3 )  

OT3 ( 7 . 2 )  

OT4 ( 7. 2 )  

OT5 ( 7 . 3 )  

OTenr ( 7 . 3 )  

TB I ( 7 . 2 )  

TB2 ( 7 . 1 )  

TBenr ( 7 .3 ) 

M N A  ( 7 . 3 )  

MCB ( 7 . 2 )  

SP  ( 7 . 2 )  

M N Z I ( 7 . 1 ) 

I n i t ia l  count Mean reductions of P. phosphorellm 

( Iog \ O  CFU/mL ± STD)a ( I og ,o  CFU/mL ± STD)b 

O h  1 0  h 24 h 

7 . 7  ± 0.097 4 . 1 ± O . I S  4 .3  ± 0 . 1 2  

7 . 8 ± 0. 1 3 4.4 ± O. 1 3  4 .SS ± 0. 1 3  

7 . 7 ± 0. 1 4 3 .4 ± 0. 1 0 4 .3  ± 0. 1 0  

7 . 7  ± 0 .09 3 .6 ± 0. 1 2  4 .4 ± 0 . 1 0  

7 .9 ± 0. 1 1  4 .0  ± 0 .05 4 . S  ± 0. 1 1  

7 .6 ± 0. 1 2 3 . 3 ± 0. 1 4 4 .2 ± 0.05 

7.8 ± 0. 1 I 3 . S  ± 0.09 4.5 ± 0. 1 6  

7 .8 ± 0. 1 0 3 . S  ± 0. 1 1  4 .3  ± 0. 1 3  

7 .0 ± 0. 1 0  2 .6 ± 0. 1 1 3 . 7  ± 0.09 

7 . 7 ± 0. 1 2  3 . 8 ± 0. 1 3  4 .2  ± 0. 1 4  

7 . 7 ± 0. 1 3 3 . S  ± 0.09 4 .2  ± O. I S  

7 . 7 ± 0. I S  3 . 2 ± 0. 1 2  4 .2  ± 0. 1 3  

7 . 7 ± 0. 1 0  1 . 8 ± 0. 1 1 4 . 1 ± 0 .09 

Contro l  ( no BD)  7 . 7 ± 0. 1 3 -0.0 ± 0. 1 0  -0. 1 ± 0. 1 4  

({  Counting o.l" the mean (n == 3) loglo CFUlmL o./ P. phosphoreum in SWYE plate at 0 h o/ 
incubation 
h Mean population (n = 3) log / () CFUlmL 0.1" P. phosphoreum at time 0 h 0.1" incubation 
minus mean pop1llation (n == 3) o/ P .  phosphoreum at 1 0  or 24 h o{incubation. 
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5.0 E ffect  of sal in ity on the populat ion of P. phosphorelll11 a fter chal lenging BD 
isolate OT2 ( 7.2  log l O  PFUlmL)  against  P. phosphorelll11 ( 8.4 10g l O  C F Ulm L )  in 70% 
ASW after 1 0, 24 and 48 h of  i ncu bation at  25°C. Values p resented as mean ± 
sta ndard deviat ion,  n = 3. 

I n i t ia l  countb Mean log reductions of P. phosphoreum C 

Sal i ni ty % a O h  1 0  h 24 h 48 h 

0.0 ( treatment) 8.5 ± 0.08 0 .0 ± 0.03 0. 1 ± 0 .02 0.0 ± 0.05 

0.0 ( contro l )  8 . 5  ± 0.03 0. 1 ± 0.0 1 0 . 1 ± 0.08 -0. 3  ± 0.0 1 

0 .5  ( treatment )  8 .4 ± 0.03 0.0 ± 0.03 0 . 1 ± 0 .02 0 .0 ± 0.02 

0 .5  ( control ) 8 . 5  ± 0.03 0. 1 ± 0.0 1 0. 1 ± 0 .0 1 -0.4 ± 0.02 

0.9 ( treatment )  8.4 ± 0.03 0. 1 ± 0.03 1 . 5 ± 0.03 2.3 ± 0.03 

0.9 ( contro l )  8 . 5  ± 0.02 -0. 1 ±  0.04 -0. 1 ± 0.05 -0 . 1 ± 0.0 1 

1 . 5 ( treatment ) 8.4 ± 0 . 1 0  2 . 6  ± 0.04 4. 1 ± 0.06 2.8 ± 0.02 

1 . 5 ( control ) 8 . 6  ± 0.02 0 . 2  ± 0. 1 0  0 . 3  ± 0 .06 -0. 1 ± 0 .04 

2 . 1 ( t reatment) 8 . 5  ± 0 . 1 0  0. 9 ± 0. 1 2  3 . 8  ± 0.03 2.7 ± 0.05 

2 . 1 ( contro l )  8 . 5  ± 0.03 0 . 2  ± 0.05 -0.0 ± 0 .02 -0 . 7  ± 0.03 

3.0 ( treatment) 8.5  ± 0.05 0.6 ± 0.02 3 . 7  ± 0.02 2.5 ± 0.02 

3 . 0  ( contro l ) 8 . 5  ± 0 .04 0.2 ± 0.06 0.0 ± 0 . 1 4 -0.4 ± 0.0 I 

4 .5  ( treatment)  8 . 5  ± 0.07 0 .2  ± 0.04 0.9 ± 0.02 0. 1 ± 0.02 

4.5 ( contro l )  8 . 5  ± 0.07 0.2 ± 0.07 0. 1 ± 0 .0 1 0 . 2  ± 0.02 

U Challenge inocula al l mL P.  phosphoreum (8. 4  logj {) CFUlmL) and l -mL of OT2 (7. 2  
log/o PFUlmL). Controls contained no BD. 
h Mean population (n = 3) ofP .  phosphoreum (Iog/fl CFUlmL ± STD) at time 0 h 

C Mean population (11 = 3) alP.  phosphoreum at 0 h o.linclIbatiol1 minus meal1 population 
alP.  phosphoreum at 1 0. 24 or 48 h oj'incubation (Iogf () CFUlmL ± STD). 
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S.E Effect of pH on the population of P. phosphore1l111 after challenging BD isolate 
OT2 (7.3 loglO PF Ulm L )  against P. phosphoreul11 (8.4 10g l O  C FU/mL) in 70% ASW 
after 24 and 48 h of incubat ion at  25°C. V alues are presented as mean ± standard 
deviation, n = 3.  

In i t ia l  count b Mean reductions of P. phosphoreum c 

pH H O h  24 h 48 h 

4 .0 ( treatment) 8 . 7 ± 0. I O >6. 7  >6.7d 

4.0 ( contro l )  8 .6 ± 0. 1 0 >6.7d >6. 7'1 

4 .6 ( treatment)  8 .7 ± 0 .08 >6.7d >6.7d 

4 .6 ( control ) 8 . 8  ± 0. 1 3  >6. 7d >6. 7d 

5 .0  ( treatment)  8 . 8 ± 0. 1 0  0 .3  ± 0 . 1 3  0.4 ± 0 .08 

5 .0 ( contro l )  8 .8  ± 0. 1 4  -0. 1 ± 0 .07 - 1 . I ± O.09 

5 . 6  ( treatment )  8 .8  ± 0 .08 1 .4 ± 0 . 1 1  1 .4 ± 0 . 1 4  

5 .6  ( contro l )  8 . 7 ± 0. 1 4  - 1 . 0 ± 0. 1 3  - 1 . 1  ± 0. 1 3  

6.0 ( treatment) 8.8 ± 0 .09 3 . 1 ± 0. 1 0  \ .9 ± 0. 1 0  

6.0 ( contro l )  8 . 7 ± 0. 1 0  - \ . I  ± 0. 1 2  - 1 . 1  ± O . I O 

6.6 ( treatment) 8 .8  0. 1 5  3 .3 ± 0. 1 0  2 . 2  ± O. I I 

6 .6 ( control ) 8 . 7  ± 0 .09 -0 .6 ± 0.0 1 - 1 . 1  ± 0.09 

8 .2  ( treatment) 8 . 7 ± 0 . 1 1  4 .3  ± 0.08 2.8 ± 0.09 

8 .2  ( contro l )  8 .6 ± 0. I O  - 1 . 1  ± 0. 1 0  -0 .9 ± 0. 1 2 

(/  pH buffer O. ! M Citic acid - 0. 2 M Na]HP04 (pH 4. 0 to 8. 2); challenge inocula 0./ J mL 
P .  phosphoreum (8. 5  !og/l) CFUlmL) and J-mL 0./ OT2 ( 7. 3  log/o PFUlmL). COl1frols 
contained 170 BD. 
h Mean population (n = 3) oi p.  phosphoreul1l (Jog/o CFUlmL ± STD) at time 0 h 
c Meal7 popu/ation(n = 3) o./ P .  phosphoreum at 0 h 0./ incubatiol1 l11inlls mean population 
(11 = 3) ol P .  phosphoreum at 24 or 48 h olincubation (log/ I) CFUlmL ± STD) 
dno detectable growth at 1 02 dilution. 
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5. F Time cou rse of different doses of B D  isolate OT2 (7.8, 4.8 and 3.5 log l o P F U/mL)  i n  70% A SW for 24 h of incubat ion at 

25°C. Valu es are p resen ted as mean ± s tandard error, n = 3. 

I n i tial co un t " 

BD inocu lum" 

7.8 loglo PFU/mL o f OT2 

4.8 loglo PFU/m L  o r  OT2 

3.5  logl f l  PFU/mL o r OT2 

Control 

O h  

8.9 ± 0. 1 1  

9 .0 ± 0.09 

S .9± 0. 1 4  

9.0 ± 0. I S  

2 h 3 h  

0.0 ± 0. 1 0  -0. 1 ± 0. 1 3  

0 . 0  ± 0. 1 3  0. 1 ± 0.08 

0.0 ± 0 .09 0 . 1  ± 0. 1 3  

0 . 1 ± 0. 1 0  0. 1 ± 0 . 1 4  

Mean red uct ions o f  P. phosp/toreulI1 I) 

4h 5h  6h  8h 

0 . 0  ± 0 . 1 0  0.3± 0 .09 0.4 ± 0. 1 1  2.2 ± 0. 1 3  

0.0 ± 0. 1 1  0. 1 ± 0. 1 0  0.0 ± 0.09 0.3  ± 0. 1 2  

-0. 1 ± 0. 1 0  -0. 1 ± 0. 1 0  0 .0  ± 0.09 0. 1 ± 0 09 

0.0 ± 0.09 0. 1 ± 0 08 0. 1 ± O. I I 0. 1 0 . 1 0  

1I  Mean population (11 = 3) ofP .  phosphoreum (/oglo CFUIII1L ± S£M) a/ time 0 h o/incubation 

9 h  

4.0 ± 0. 1 3  

0. 5 ± 0.09 

0.4 ± 0. 1 1  

0.0 ± 0. 1 3  

1 0  h 

4.4 ± 0.08 

1 .0 ± 0. 1 0  

0.6 ± 0. 1 1  

0. 1 ± 0. 1 0  

2 4  h 

4 . 8  ± 0.Q9 

4.5 ± 0. 1 3  

4 .6  ± 0. 1 1  

0. 1 ± O.OS 

b Mean popul at ion ( n  = 3 )  of P. phosphore/l/11 at t ime 0 h of incubat ion minus the mean popu lation at 2, 3, 4, 5, 6, 8, 9, 1 0  or 24 h of 
incubation ( Iog l o  CFU/mL ± SEM ) .  
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5.G E ffect of d i fferen t  doses of B D  isolate OT2 (7.8, 4.8 and 3.5 log , o  P F U/mL)  on  its growth in  t he presence of P. phosphorellm 

(8.6 log,o C F Ulm L )  in 70% ASW fo r 24 h of i n cubat ion at 25°C. Val ues a re presen ted as  mean ± stan dard error, n = 3. 
I n i t ia l  count a Mean log i ncrease of Bdellovibrionaceae b 

B D  i nocu lum O h  2 h J h 4 h  5 h  6 h 8 h  

7 . 8  IOg l 1l P FU/mL o r OT2 7.4 ± 0. I O  -0. 1 O.OR -0.0 ± 0. 1 0  -0.0 ± 0.08 0. 1 ± 0.08 0.3 ± 0. 1 1  0.4 ± 0.08 

4.8  loglO PFU/m L o r OT2 4.5  ± 0.08 -0.0 ± 0.08 -0.0 ± 0. 1 1  -O .O ± O. I O  -0.0 ± 0. 1 3  0.0 ± 0.09 0. 3 ± 0. 1 1 

3 . 5  loglO PFU/mL o r OT2 3 . 3 :!: 0. 1 1  -0.0 ± 0. 1 1  -0 . 1 ± 0.09 -0.0 ± 0.08 0.0 ± 0.08 0.0 ± 0. 1 0  0.0 ± O .  \ 3  

a Mean pOPllla/ion (n = 3) C!/Bdel lovibrionaceae (log1o PFUlmL ± SEM) a/ lime 0 h o/incllbation 

9 h  1 0  h 24 h 

1 .6 ± 0. 1 1  1 .9 ± 0. 1 1  2 . 2  ± 0. 1 1  

1 .8 :!:  0.07 I .R ± 0.08 4.8 ± 0.09 

0 . 1  ± 0. 1 0  0.6 ± 0. 1 3  6.2 ± 0. 1 3  

b M ean populat ion ( n = 3 )  of Bdel/ovibriol7aceae a t  t ime 0 h of incubation minus mean popu lation a t  2 ,  3 , 4, 5 ,  6 ,  8 ,  9 ,  1 0  or 2 4  h of 
i ncubation ( log 1 0  PFU/mL  ± S EM ) . 
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5.H Effect  of d ifferent doses of BD isolate OT2 ( 7.2,  3.9 and 2 . 1  10g l O  P F U/mL)  
against  a h igh concentration of  P. phosphorellll1 ( 8. 1 loglO  C F U/m L) in  d i lu ted 
SWY E ( 1 6% S W Y E  brot h )  at 25°C. Va lues a re p resented as mean ± standard 
dev iat ion,  n = 3 .  
BD Prey: In i t i a l  count Mean log reductions 

inocu la  predator ( loglO C F U/m L )" ( Ioglo  C F Ulm L )h 

( log 1 o  ratio  O h  S h 1 6  h 24 h 

PFU/m L )  

7 .23 7 .0 7 . 7 ± 0. 1 9 -O . S  ± 0 .06 -0 .4 ± 0. 1 3  -0.7 ± 0. 1 4  

3 .9 1 1 .4 x 1 0-1 7 . 8  ± 0 .24 -0 . 9  ± 0 .23 -O .S ± O. l S  - 1 . 7 ± 0. 1 3  

2 . 1 1  9 x 1 05 7 .S ± 0. 1 6 - 0 .9  ± 0. 1 7  - 1 . 0 ± 0. 1 0 - 1 .9 ± 0. 1 8  

i l  Control 7 . S  . 0.20 - 1 . 1  ± 0.23 - 1 .6 ± 0. 1 4  -2 . 1 ± 0 .09 

1I Results are presented as mean ± standard deviation, n = 3 
h Mean population of P. phosphoreum (logJ() CFUlmL) at time 0 h 0/ incllbation minus 
mean population at time 8, 1 6  or 24 h o/incubation. 

5. 1  E ffect of d ifferent doses of BD isolate OT2 ( 7.2,  3.9 and 2 . 1  loglO  P F U/ m L )  
against a h igh concentration of P .  phosphoreul11 ( 8. 1 logl O C F U/mL) i n  7 0 %  ASW at 
25°C. Val ues are p resented as mean ± sta ndard deviation, n = 3. 

BD 

inocula 

( Iog l o  

PFU/mL ) 

7 .23  

3 . 9 1  

2 . 1 \  

N i l  

Prey: 

predator 

rat io 

7 .0  

l A  x 1 0" 

9 x 1 05 

Contro l  

I n i t ia l  count 

( log I I I  CFU/mL ) a 

O h  

7 . 7 ± 0. 1 3  

7 . 8 ± 0. 1 2  

7 . 8  ± 0.09 

7 . 7 ± 0. 1 3  

Mean log reductions 

( loglO C FU/m L )h 

1 6  h 

3 . 7 ± 0. 1 0 

0 .2 ± O.OS 

-0 . 1 ± 0 . 1 5  

0.0 ± 0.22 

24 h 

4 .9 ± 0. 1 2  

3 . 8  ± 0 .22 

0. 1 ± 0 .2 1 

-0.0 ± 0 . 1 8  

(/  Results are presented as mean ± standard deviation, 11 = 3 
h Mean population (n == 3) 0/ P. phosphoreum (Iag/ l) CFUlmL) at time 0 h of incubation 
minus mean population (n == 3) al lime 1 6  or 24 h o/incubation. 
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S.J E ffect of d i fferent  doses of B D  isolate OT2 (7.2, 3.9 and 2. 1 IOglO P F U/mL)  
against  a concentrat ion of P. phosphorellll1 (3 .7  loglO C F U / m L )  i n  d i luted S W Y E  
( 1 6% SW Y E  broth )  a t  2S°C. Values are p resen ted a s  mean ± standard deviat ion,  n = 

3.  
BD Prey: I n i t ia l  count Mean log reductions 

i nocu la  predator ( log l o  CF Im L )  a ( loglO CFUlm L )h 

( log lO rat io O h  8 h 1 6  h 24 h 

PFU/mL)  

7 .23  2 . 7 x I 0-J 3 . S ± 0 .24 -0.4 ± 0.06 -0.4 ± 0 .20 -2 . 7  0. 1 4  

3 .9 1  S . 70 3 . S ± 0. I S  -0.9 ± 0.23 -3 . 9  ± 0.20 -5 .9 ± 0. 1 9  

2 . 1 1  3 .6 x I 0� 3 . S  ± 0 .24 -0 .9 ± 0. 1 4  -3 . 7  ± 0.2 1 -6 .0 ± 0 .27 

i l  Control 3 . S  ± 0 .34 - 1 . 2 ± 0.24 -4. 1 ± 0. 1 1  -6. 1 ± 0.24 

< I  Results are presented as mean ± standard deviation, n = 3 
h Mean population (n = 3) oI P .  phosphoreu111 (logJO CFUlmL) at time 0 h o./ incubation 
minus mean population (n = 3) af time 8, 1 6  or 24 h o/incubation. 

S.K E ffect of d ifferent doses of B D  isolate OT2 ( 7.2, 3.9 and 2 . 1  log l O  P F U/mL)  
against  a concentration of P. phosphoreulI1 (3 .7  IOgl O  C F U/m L )  in  70% ASW at 2S°C. 
Val ues a re presented as mean ± standard deviation,  n = 3. 
BD Prey: I n i t ia l  count Mean log reductions 

inoculu 111S predator 

( log 1 o  rat io 

PFU/m L )  

7 .23 2 .7 x 1 0-3 
3 . 9 1 S . 7  

2 . 1 1  3 .6 x I 0� 

N i l  Control 

( loglO CFU/m L ) a 

O h  

3 . S  ± 0 .22 

3 . S . 0. 1 2  

3 .5 ± 0.2 1 

3 . 6 ± 0. 1 7  

( loglO CFU/mL )h 

1 6  h 

0.6 ± O . I S  

0.3 ± 0 . 1 3  

-0 . 7  ± 0 .08 

-0.4 ± 0.2 1 

24 h 

0.9 ± 0. 1 2  

-0.4± 0. 1 5  

-2.4 ± 0. 1 1  

-2 . 3  ± 0. 1 3  

" Results are presented as mean ± standard deviation, n = 3 
h Mean population (n =: 3) 0./ P. phosphoreum (log/ I) CFUlmL) at time 0 h of incubation 
minus mean population (n = 3) at time J 6 or 24 h o/incuiJafion. 
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S . L  E ffect of different  doses of BD isolate OT2 ( 7.2, 3.9 and 2. 1 IOg l O  P F U/mL)  
aga inst a low concen t ration of P. phosphoreulI1 ( 2 .8  loglO C F U/m L )  in  d i l u ted S W Y E  
( 1 6% S W Y E  broth)  a t  2S°C. Values a re p resen ted as mean ± standard deviation, n = 

3.  
B D  Prey: I n i t ia l  count Mean log reductions 

inocu la  predator ( loglo  C F U/m L ) " ( log 1 o  CF U/mL )" 

( l og 1 o ratio  O h  8 h J 6  h 24 h 

PFU/m L )  
i 

7 . 23 9 . 5  x 1 0-·' 2 . 6  ± 0 .27  -0 . 8± 0 .22 -0 .5 ± 0. 1 5  -2 . S ± 0. 1 9  

3 . 9 1 0. 1 9 2 . S ± 0. 1 7  -2 .0  ± 0 .23 -4 .3  ± 0 . 1 4  -6 .5 ± 0. 1 9  

2 . 1 1 1 2  2 .6 ± 0 . 1 9  - 1 . 1  ± 0 . 1 3  -3 . 5  ± 0 .24 -6. 1 ± 0 . 30  

N i l  Control 2 . 7 ± 0. I J -0 .6 ± 0 . 1 8  -2 .6  ± 0 . 1 4  -7 . 5  ± 0 .32  

" Results are presented as mean ± standard deviation, n = 3 
h Mean population (n = 3) 0./ P .  phosphoreum (loglo CFUlmL) at time 0 h 0./ incubation 
minlls mean population (n = 3) at time 8, J 6 or 24 h of incubation. 

S.M Effect of different  doses of BD isolate OT2 ( 7.2, 3.9 and 2 . 1  log/v P F UlmL)  
against a low concen trat ion of  P. phosphoreul11 ( 2 .8  log / o  C F U/m L) in  70% ASW at 
25°C. Val ues are resented as mean ± standard deviation, n = 3. 
BD inocu laa Prey: I n i t ia l  count M ean log reductions 

( log lO  PFU/m L )  predator rat io 

7 .23 9 .5  x 10-3 
3 .9 1 0. 1 9  

2 . 1 1  1 2  

N i l  Control 

( log 1 ( 1  C F U/I11 L ) " 

O h  

2 . 5  ± 0 . 1 5  

2 . 5  ± 0 .24 

2 . 7 ± 0 . 1 5  

2 . 7  ± 0 . 1 6  

( logl II C F U/mL )" 

1 6  h 24 h 

-0 . 5  ± 0.20 - 1 . 5 ± 0 . 1 8  

-0 . 5 ± 0. I S  - \ .6 ± 0. 1 2 

-0.4 ± 0 . 1 1  - \ . 6 ± 0. 1 1  

-0 .2  ± 0 . 1 1  - 1 . 7 ± 0. 1 3 

" Results are presented as mean ± standard deviation. 11 = 3 
h Mean population 0/ P .  phosphoreum (log/O CFUlmL) at time 0 h 0./ incubation minus 
mean population (11 = 3) 0/ time J 6 or 24 h 0./ inclliJation. 
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S.N E ffect of p redator levels of 8.3,  8. 1 ,  7.7, 7.4, 3.4 and 2.4 10g lO  P F UlmL on red uc ing high n u m bers of P. p/lOsphoreul11 (8 .3 
10g l O  C F U/m L )  in 70% ASW. Sam ples were incu bated a t  2SoC for 24 h and tested on  0, 2 , 4, 6, 8, 1 0, 1 2  and 24 h .  V alues a re 
shown as mea n s  with the sta ndard error bars. 

I n it ia l  count M ean l og reductions of P. phosphoreum 

( C FU/mL ± S E M )b ( C FU/mL ± S E M )C 

Prey : predator rat io" O h  2 h  4 h  6 h  8 h 1 0  h 1 2  h 24 h 

1 .3 : I 8 . 1 ± O.OS 2. 1 ± 0.09 4 .3  ± 0 . 1 4  4.2 ± 0.04 3 . 1 ± 0.06 3 . 0  ± 0.Q3 3.0 ± 0.03 2.2 ± 0 .02 

2.3  : I 8. 1 :!: 0.02 0. 1 ± O.OS 4 .2 ± 0.07 4.S ± O.OS 4.6 ± 0.06 4 .6  ± 0. 1 1  4 .6 ± 0. 1 3  2 .2 ± 0. 1 0  

5.4 : I 8. 1 ± O.OS 0. 1 ± 0.03 0.2 ± 0.02 3 .S ± 0. 1 2  4 .4 ± 0.09 4.S ± 0.08 4.4 ± 0 .3S 4 .S ± 0. 1 2  

1 0 .4 : I 8. 1 ± 0.03 0. 1 ± 0.03 0.2 ± 0.04 3 .2  ± 0.07 3 .4 ± 0. 1 3  4.4 ± 0.08 4.S ± 0. 1 3  4 .S  ± 0. 1 2  

1 05 : I 8. 1 ± 0.03 0.0 ± 0.02 0.2 ± 0 .04 0. 1 ± 0.02 0.0 ± 0.04 0. 1 ± 0.04 0. 1 ± 0.03 4.0 ± 0 .36 

1 06 : I 8 . 1 ± 0.0 1 0 .0 ± 0.03 0 .0 ± 0.03 0.0 ± 0.02 0. 1 ± 0.02 0. 1 ± 0.02 0. 1 ± 0.04 0 . 1 ± 0. 1 1  

Control ( no BD added ) 8. 1 0 .Q2 -0.0 ± O.OS -0.0 ± 0.03 0.0 ± 0.07 0.0 ± 0.03 -0.0 ± .02 0.0 ± .03 -0.0 ± .04 

1I Prey: predator ratio prepared as specfllc amount of BD isolate OT2 (8. 32 log/ I) PFUlmL) and P. phosphoreum (8. 43 logf {) CFUlmL) 
in 50-IllL of 70% ASW 
C Mean population (n = 3) of P .  phosphoreulll (log/I! CFUlmL) at time 0 h o.f incubation minus the mean population (n = 3) at 2, 4 ,  6, 
8, 1 0, 1 2  or 24 h ofincubatiol1. 
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