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P R E F A C E 

Foot-rot in sheep has troubled farmers for many years not because 

of any spectacular epidemics associated with high mortality but because 

the chronic lameness associated with foot infection, and its consequences, 

frequently interfere with farm husbandry . Methods of control and eradica

tion have been lmown since 1 940 but as they generally involve many hours 

of strenuous work, the development of more efficient methods of foot-rot 

control has been the aim of different research groups . 

Two findings which suggested that foot-rot organisms might be 

accessible to blood-borne inhibitors helped change the attitude of re

searchers involved with this problem . The first was the successful use 

of parenterally administered antibiotics against foot-rot infection and 

the second was the demonstration that serum globulins were able +.o make 

contact with Fusiformis nodosus1 in situ . The results of these experiments 

carried out at the McMaster Institute, Sydney led to a reappraisal of 

existing research projects and the formation of a new rclicy leading to

wards the development of experimental vaccines . 

By 1 970 when the writer's course of study began, it had been shown 

that bench scale vaccines conferred some protection again�t foot-rot 

infection and that vaccinution was effective in stimulating resistance even 

after infection had become established . There were no methods a�.railable 

other than direct sheep challenge exp8riment� for evaluating different 

types of vaccine and although the existence of anti-F . nodosus bacteri-

cidal antibody was known, there was still conside:cable douht about the 

immune mechanisms involved in protection . There had been no investigation 

of the antigenic potential of F. nodosus products of growth or indeed of 

the bacterial cells themselves and as a consequence the influence of 

media components on the immunogenicity of the resulting culture had 

received little attention. 

Before the foot-rot vaccines could be applied under New Zealand 

field conditions, two major problems had to be overcome. Firstly a large 

scale method of culture had to be developed that would produce economic 

yields of F. nodosus while retaining those antigens important for pro-

Fusiformis nodosus was shown to be the primarily important and trans

mitting organism of sheep foot-rot . 



te cti on of  sheep . S e c ondly , an adj uvant system had to be  cho s en that 

would be  e ffective in  s timulating an adequate antigenic  re spons e but 

would cause minimal damage to the carcas s .  

To obtain the e s sential information upo n  which large s cale  modi

fi cati ons might be based , a series  of experiments were de s igned to 

improve understanding of  s ome bas i c  aspe c ts of foot-rot vac c ine e ffe c tive

nes s .  As  a starting point for the inves tigation different methods of  

bacterial  culture were  used and the r esulting F .  nodosus cells  were c om

pared  for gros s morphology and ultrastructure as we l l  as for the i r  

degree  o f  immunogeni c i ty after inc orporati on into various vac c ine 

formulations . The s e r o logi cal respons e by the sheep to vac cinati on 

administered  0efore and during F .  nodosus i nfection was i nves tigated to 

find a laboratory t e�t system that would reflect  the immune s tatus o f  the 

animals. Exper iments were  also  carrie�  out to test the pos s ibi l i ty of a 

humoral prote ctive system , and thP. other c ontributor to spe c i f i c  re

s i stanc e ,  ce ll  mediated i ��unity , was inve�tigated in normal and natural ly 

infe cted she ep . 

Thi s  programme o f  res earch produc ed r e sults ,that with the c on

c lusions that were drawn from them, form the maj or rart of the f o l l owing 

the s i s . 
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DEFlNITION ' 'Foot-rot i s  a contagio us disease  of  the sheep ' s  foot  

cha racterised by s eparation of a large portion of  the hoof from the 

s oft  ti s s u.e s  due to a spreading infe ction immediate ly beneath the horn" . 

(Beveridge , 1 941 ) . 

The infection commences  in the interdigital skin ancl horn s epara

ti on  i s  uften s e en  first  in the angle  of the he els , but later  move s 

forwards under the p lantar surface  and wal l s . In  un complicated cases  

there i s  l ittle  suppuration : depending on  under-foot c onditions  and 

the exte�t of the infe ction ,  the infe cted t i ssue is  c overed by a grey 

s lime , o :r  unde r  dri er c onditions by dirty white caseous materi al . Both 

digits of  the foot  are invariably affe cted , each sheep often having more 

than one , but rare ly all  four feet i nvo lved . Foot-rot i s  a f l o ck di sease  

and under the environmental c onditions mos t  favourabl e  for  the as s o c iated 

bacteria , may spread rapidly until  ove r  90 per cent.of the f lo ck b e c omts 

inf e cted .  

HI STORICAL Foot-rot was we l l  e stabli shed i n  England during the 1 8th 

century and during the early part of the 1 9th century the di s ease  was 

reported in France , Germany , Italy and the United States  of �neri c a  

(Beveridge , 1 95 9 ) . I t  was first recogni sed  as a contagious d i s ea s e  by 

Gohier  ( 1 81 0 ,  quoted by Youatt , c ited by Beveridge , 1 95 9 ) and a l though 

thi s  feature has been  repeatedly demons trated s ince (Marsh and Tunni cl iff , 

1 934 ; Beveridge , 1 938b , 1 941 ; Thomas , 1 962b ; Roberts and Egerton , 1 969 ) 
doubt pers i s ted  amongst flock masters  for  another 1 50 years (Beveridge , 

1 95 6 ) . Uncertainty probably s ti l l  doe s  exi s t  amongst s ome farmer s  to  the 



2 .  

pr e s ent day , principally because o f  important predi spos ing caus e s  that 

large ly determine the di sease  incidenc e during any one season (Beveridge , 

1 941 ; Graham and Egerton , 1 968 ) . 

DIFFERENTIAL DIAGNOSIS 

Digital Suppuration (Foot Abs ce s s ,  Infective Bulbar Ne crosis) 
Murnane ( 1 93 3 ) des c ribed two type s o f  " foot-rot" , one o f  whi ch was 

the c ommon  subacute form whi ch frequently passes  to  a chronic  s tate , and 

the other was the l e s s  c ommon acute or mali gnant type . Gregory ( 1 9 3 9 ) 
advanced the view that both from the c l inic al  and ba�terio logi cal  points 

of  view the s e  two c onditions were dis tinct entiti es . The former type 

was already under intensive study (E8veridge , 1 935, 1 938b) but for the 

l e s s  eommon acute type , Gre gory ( 1 939 ) prcposed the nam� digital sup

puration whi ch was descriptive of the extens ive pyogeni c pro c e s s 2 s  that 

are a marked c lini ca l  feature . In mo st  of  the cases  he studied ,  the 

organism of importance was Fus i formi s necrophorns , although Bacte ri um c o l i  

and Corynebacterium pyogenes were s ometime s enc ountered in  culture s  and 

s ometimes obs erved in smears . The term foot-abscess  gradual ly took the 

place  of  digi tal suppuration , and thi s description inc luded l e s i ons of  

both the lame l lar and bulbar regions o f  the  foot  (Deane,  Davi s ,  Epl ing and 

Jensen ,  1 95 5 ) . The observations of Robe rts , Graham, Egerton and Parsonson 

( 1 96 8 ) sugges ted that there were  two di stinct entiti e s , vi z .  "toe abs c e s s "  

affe cting the lamellae , and "he e l  abs c e s s "  affecting the bulbar soft 

tis sue s . The mos t  c ommon and important fona, "he e l  absc e s s " ,  they renamed 

infe ctive bulbar ne c ros i s  and found that it  o ccurred most  often  i n  the 

hind feet of lambing ewe s during c oo l , wet peri ods . Their  e xperime 11ts 

sugge sted that it was probably a true mixed i fifection in whi ch the p ro

liferation of  each o rgani sm , F .  necrophorus and C .  pyogenes , was i nc reased 

by the growth o f  the othe r .  Earlier  work b y  Roberts ( 1 967a and b ) had 

shown that F. ne c r ophorus produces  a leuco c idal exotoxin that protects  

C .  pyogenes from phagocytos i s  and thus enables  it  to pro l if erate in the 

t i s sues , whi le  C .  pyogenes produce s  a f i lterable  factor  that  stimulate s 

the prol iferati on  o f  F .  ne c ropho rus in the t i s sue s .  The bulbar tissue s 

b e c ome swol l en and the characteristic  s i nus di s charging into the i nt e r

digital area can b e  traced  back to a necrotic  process  located i n  the 

digital cushion  (Egerton and Graham , 1 969 ) . Infe ctive bulbar necro s i s  

can be  differentiated  from foot-rot by the swe l ling and obvious invo lve

ment of  deeper t i s sue s ,  the general ly uni lateral  affli cti on  of  digits , 



the suppurative changes, the failure to spread to other sheep in the 

flock, and the generally low incidence. 

Toe-abscess (Lamellar Suppuration ) 

. 3 .  

This is a far less common condition that occurs mainly at the toe 

in the front feet. The lesion arises from the opportunist infection of 

injured lamellae, originally brought about by trauma from overgrown feet, 

or by ,.,all separation following laminitis (Egerton and Graham, 1 969 ) .  

If the original site of injury on the plantar surface becomes sealed by 

mud, faeces or exudate, infection ean track upwards and produce a sinus 

above the coronet. "Shelly separation" lesions (Gregory, 1 939 ; Little

john, 1967 ; Egerton and Graham, 1 969 ) and horn tubule defects (Little

john, 1 967 ) , may become infected with F. necrophorus or other opp�ntunist 

organisms. Both these conditions r:1ay be mistaken for ''toe abscess 11, but 

because of the localised lesion site on one foot or digit, the presence 

of purulent discharge, the failur� of the condition to spread to other 

sheep, and its sporadic occurrence, there is little chance of the disease 

being mistaken for foot-rot . 

Foot-rot, infective bulbar necrosis and lamellar suppuration can occur 

simultaneously in a flock, in the same sheep, and even in the same foot 

(Belschncr, 1 93 9 ) . 

Characteristics of the organism F. necrophorus, and its role as a 

pathugen in animal diseases, have been the subject of a recent review 

(Simon and St0vell, 1 969 ) . 

Axial Flap Lesion 

This condition �rises from an infective undermining of the axial 

wall, often tracGable at the apex to a fine tract running up from the lower 

edge of the axial flap. The hoof is pathologically separated from the 

underlying tissue but remains closely applied to it (Veterinary Record, 

1 96 9 ) .  Individual animals only are affected at any one time but since 

conformation of the hoof tends to be he�editary, it is possible that a 

number of sheep of the same breeding line might be successively affected 

within a short period. 
1 "Scald" 

Murnane ( 1 933 ) referred to a condition that he had encountered in 

This term has been used in the past to describe any interdigital 

dermatitis. Interdigital dermatitis caused by F. necrophorus is now 

called ovine interdigital dermatitis. Interdigital dermatitis that is 

restricted to the interdigital integument, and caused by strains of 

Fusiformis nodosus is now called benign or non-progressive foot-rot. 
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sheep running o n  wet o r  swampy c ountry and whi ch c losely re s embled the 

e arly stage of foot-rot . It  readi ly re sponded to foot-bath treatments 

and s ometimes c l eared up spontaneous ly , especially under drie r  c ondi tions . 

Beveridge ( 1 938c ) recogni sed  that " s cald"  might oc cur in  foot-rot-free 

f l o cks and cause  problems in diagnos i s .  The picture was s omewhat c on

fused by Thomas ( 1 962a ) , who made a very worthy study of  non-progre s s ive 

foot-rot and the o rganism that caused i t ,  but de scrib ed the di s eas e as  

" s c a ld" . Fi nally Parsonson , Egerton and Roberts ( 1 967 ) s tudied  " s cald" 

in six foot-rot-fre e flo cks . They showed the di sease t o  be  an acute 

nec rotiz ing infe cti on restri cted mainly to the posteri or  interdigi tal 

ski n and as s o c i ated with an intense epidermal invasi on by F .  ne crophorus . 

Experimental infe ction with F .  necropho rus was dependent on pri o r  skin 

damage and they suggested  that catalas e-pos i tive diptheroi ds pre s e nt in 

or  on the interdigi tal skin would de crease  the oxygen tens i o n  and Eh , much 

to the benefit  o f  the anae robe F .  ne cropho rus . Thi s  ne wly de fined con

dition of  South Eas tern Aus tralia  was named ovine interdigital derma ti tis 

(Parsons on , et  a l . ,  1 967 ) . In order t o  avo id further c on fus i on  i t  has 

been rec ommended that the term " s cald" should be  dropped and replaced by 

ovi ne i nterdigital dermat)ti s to describe  the specific  F .  necrophorus 

infectioD  o f  the  i nterdigital ski n .  By c lini cal  appearanc e ,  thi s disease  

c ould be  mi staken for foot-rot at an early stage but in ov]ne i nterdi gi tal 

dermatiti s , smears never show the pre s ence  of  F .  nodosus . 

Other Conditions 

The f o l l owing c onditions should be mentioned under Differential  

Diagnos i s  of  foot-rot but i n  the author's opinion they a l l  have s t�i kingly 

different feature s  that would make the chance of mistru�en diagno s i s  

highly unlikely . 

I n  foot and mouth disease , s eparat i on o f  the hooves shows at  the 

c oronet and there are other systemic effect s . 

I n  suppurative c e l luliti s , ther e  is patchy dermatitis  o f  the l o wer  

l imbs due to  F .  necropho rus and hoof involvement is not usua l .  

In  " strawberry foot-rot" , Dermatophi lus congolens i s  inf e c ti on  appears 

in the form of  multiple rai s ed scabs between the c oronet and 

kne e , o r  ho .ck .  Other skin s ites  may be involved . 

In  post-di pping lameness , Erysipel o thrix insidiosa  infe ction  i s  c on

tracted through skin wounds and may spread to involve the 

sensitive laminae . 
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In contagious pustular dermatitis, tl1e vesicle and pustule formation 

is followed by the development of indolent ulcers around the 

coronet . There are usually lesions present on the lips at the 

same time. 

Economic Importance 

General 

F 0 0 T - R 0 T 

Even during the post-depression years when sheep values hail. mad2 

little recovery, the economic importance of foot-rot was well r8cognised 

(Marsh and Tunnicliff, 1934). Murnane (1 9 3 3) referred to the loss of con

dition of affected animals, the depression of flock sale-value because of 

the existence of foot-rot in individuals, and the: cos-t. of constant treat

ment . Australian authorities have recognised the importance of this 

disease by maintfl.ining a foot-rot research programme from 1 931 until the 

present day, and their increased effort in the last seveil years has in

volved a large professional staff . In New Zealand, interest has been 

sporadic but has been maintained steadily during the last five years. 

The systemic effects of foot-rot infection app0ar to arise largely 

from pain. This causes lameness and therefore alterations in grazing 

behaviour. The consequences of unsatisfactory nutrition '.!.re loss in body 

weight, effects on wool growth, increased risk of pregnancy toxaemia, and 

ultimately starvation. 

Calculated Losses 

Many of the losses referred to above have been costed. For instance, 

1n feeding sheep in Great Britain, Hunt (1 958) found the loss of carcass 

value attributable to lameness, in spite of treatment for foot-rot, amounted 

to 9/4d per head and in another trial, Littlejohn (1964) calculated a loss 

of nearly 1 0/- per head before treatment, and an �ctual loss of 5/- at 

the time of slaughter five and a half weeks later. 

To these losses must be added the cost of labour and materials 

associated with the treatment of individuals and flocks . In Italy, it was 

estimated that 1700 million lira
2

, based on current prices, was the annual 

loss from all causes due to foot-rot, and this was in a population of 

2 687. 2 lira = $N. Z. 
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1 0  million sheep (Coppini, 1 949). In New Zealand in 1 955, the average 

cost of foot-rot treatment was about $6 . 00 per 1 00 sheep carried and of 

1 00 sheep treated, was about ten times as much; $60, or about 63 cents 

per sheep (Bevin, 1 955) . Over 60 per cent of the farmers who replied to 

this QUestionnaire had foot-rot in their flocks every year . Ensor (1957) 

estimated that losses due to foot-rot in New Zealand amounted to $2 million 

annually . Pryor (1 957) in Victoria, costed an eradication campaign in 
I 

which labour plus materials charges were 2/3-3/6 per sheep at a time when 

labour cost 6-8/- per hour . About the same period, Stewart (1 957) in 

Queensland, found labour charges wPre eight times as costly as those for 

medicaments . Ten years later, foot-rot in New South Wales and Victoria 

wa.s estimated to cost woolgrowers $16 million annually because the loss 

of production was sometimes as high as $3 per sheep and once the disease 

was established, all cases had to be treated, which cost another 50 cents 

per sheep per year (Moule and Stephen Smith, 1967) . 

Incidence and Prevalence 

From the earliest times, writers recognised that foot-rot occurred 

wherever sheep werP farmed provided there were periods of rain and warmth. 

Wetness per se was not credited with causing the di�easc in Australia 

(Murnane, 1933) ancl in the United States of Am<=!rica, Marsh and Tunnicliff 

(1 934) showed that a heavily foot-rot contaminated wet pasture, when 

drained, lost its infectivity within 1 5  days . Under conditions highly 

favourable for foot-Tot transmiss1on, which as defined by Beveridge {1 9 41 )  

were lush pasture, dam�ness and fairly warm weather, 90 per cent of a flock 

might become infected (Belschner, 1 939; Thomas, 1 962a). Because of the 

predisposing climatic influences, there may be great differences in 

incideDce between seasons (Beveridge, 1 941 ); and principally because of 

the state of pa�ture, between farms in one district {Ensor, 1 957; Little

john, 1 961 ; Whitten, 1 971 ), Littlejohn (1 966-67) noted that there was 

little foot-rot amongst hill sheep whP.re soils were acid but extensive 

liming resulted in a higher incidence . She associated this difference 

with the greater activity of Fusiformis nodosus protease in an alkaline 

medium . 

Graham and Egerton (1 968) believed that moisture was the most 

important single factor . However, even in suitably wet conditions, foot

rot only spread when the mean ambient temperature was above 1 0°C, and by 

using the two criteria of rainfall and temperature, they were able to map 

the likely foot-rot regions in Australia. The areas defined, closely 

followed those localities where foot-rot was known to occur. 

Murnane (1 933) and Beveridge (1 941 ) claimed that the finer woolled 

breeds of sheep were less resistant to initial infection than coarser 



woolled breeds and subsequent Australian experience has confirmed that 

Merino sheep have more feet affected, less interdigital space-only 

infections, and experience less spontaneous resolution than Merino/ 

Border Leicester cross sheep. 

... I • 

Whereas Murnane (1 933) ,  Gregory (1 939 ) and Littlejohn (1 966-67 ) 

found that lambs were as susceptible as adults, Beveridge (1 941 ) found 

that sheep in their first year were more resistant to infection than 

adults, and rams, possibly because of their greater weight, more sus

ceptible than ewes or wethers. Littlejohn and Herbert (1 968 ) observed 

that ram lambs had more feet per lamb affected than ewe lambs and that in 

all lawbs, more hind feet were infected than fore. 

In some husbandry and feeding axperi�ents, Selinanov (1 9 5 5 )  showed 

that sheep kept under poor conditions and on a diet deficient in calcium, 

phos�horus and carotene, contracted foot-rot by natural transmission, 

whereas satisfactorily fed and housed sheep remained free of foot-rot. 

Aetiology 

Causative Aaent 

Murnane (1 933 ) had shown that 11pus11 from foot-rot infected feet was 

capable of setting up typical infection by simple interdigital application 

and especially when the inoculated sheep were kept under wet conditions. 

Beveridge (1 934 ) reproduced typical foot-rot with repeated interdigital 

appl.i.cations of Strong,yloides larvae together with necrotic mr.terial from 

a foot-rot lesion. But fuYther understanding of the disease was sAverely 

hampered because at that time no single bacterial species had been 

identified in smears, isolated from infective material and subsequently 

shown capable of consistently reproducing typical foot-rot. 

F .  necrophorus was seen in smears from most infected feet, it h�d 

been isolated repeatedly from typical foot-rot cases and in tissue sections 

it was often the predominating organism. From the attempted infection 

experiment results there were some who believed F. necrophorus was the 

causative organism (Mohler and Washburn, 1 904, cited by Egerton, Roberts 

and Parsonson, 1 969; Gonharov, 1 95 5 ) , others who partly agreed but 

recognised the need for some other important unidentified predisposing 

agent (Marsh and Tunnicliff, 1 934 ) ,  and those who considered F. necrophorus 

an important secondary invader (Murnane, 1 933 ).  Beveridge (1 935 ) was 

unable to produce foot-rot using F. necrophorus and he concluded that it 

was not the primary causative agent. 



After repeatedly seeing a thin filamentous organism in smears, 

Beveridge (1 938a ) subsequently isolated it, but was unable to reproduce 

foot-rot with the culture. This was his organism "X", subsequently 

named Spirochaeta penortha . At this time "V-F" blood agar '"hich con-

sisted. of a peptic digest of ox muscle and liver in blood agar, and a 
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serum enriched agar were being used for attempted isolations from foot-rot 

material. On the serum enriched agar, small sunken ("etched" ) colonies 

appeared, the organisms of which were similar in appearance to those seen 

in small numbers in smears, and which Bever1dge (1 938a ) had called 

organism "K" . Initially, whole plate cultures from tile serum-en1·:i.ched 

agar produced typical foot-rot in 2 out of 9 cases, and then a culture of 

organism "K" together with Sp. penor-tha and an isolated fusiform, when used 

together on scarified interdigital skin produced typical foot-rot. Organism 

" K" by itself caused a less severe foot-rot infection. This experiment 

(Beveridge, 1 938a ) was the first time that pure cultures of organisms had 

been used to reproduce typical foot-rot . Beveridge ( 1 938a ) bel:ieved organism 

"K" probably belonged to the genus Bacteroides_ but as cultures did not grow 

readily on ordinary culture media and as the genus classification had not 

been widely accepted, he subsequeatly suggested the name Fusiformis nodosus . 

Beveridge (1 941 ) believed that F .  nodosus with Sp. penortha were responsible 

for typical field foot-rot . These observations were made originally in 

Australia, and confirmed by him in the United States of America. 

In experimental foot-rot infections, Thomas ( 1 962b ) found that 

F. nodosus alone was capable of infecting a scarified site but he did not 

dismiss the possibility of secondary invasion by pyogenic bacteria that 

would add to the severity of infections caused by F. nodo3us. Scarification 

and subsequent inoculation with F. nodosus to the horn base of one sheep 

caused typical foot-rot type changes an� ultimately shedding of the horn. 

After following the development of the disease by histological examina

tion and carrying out experiments testing their resulting hypothesis on 

causation, Egerton, Roberts and Parsonson (1 969 )  doubted whether F. ncdosus 

could cause foot-rot without the assistance of F .  necrophorus. Roberts and 

Egerton (1 969 ) showed that the induction of foot-rot by F. nodosus required 

a factor present in faeces. When there was faecal contamination of the foot, 

the interdigital stratum corneum was usually colonised by F .  necrophorus; 

an association which suggested that this organism might be the required 

factor in faeces. The highest incidence of infection resulted when the 

inoculum also included C .  pyogenes. These three organisms exhibit a complex 

synergistic association through exotoxins or other diffusable factors 



(Roberts , 1967b ; Rob ert s  and Egerton , 1969) . 

Roberts and Egerto n ( 1969) conc luded that foot-rot is  caused  by the 

as s o ciation of  F .  nodosus , the transmitting agent , with F .  ne crophorus , 
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a normal i lli�abitant o f  the ovine enviro��ent . The initial  e s tab li s hment of 

the se  two organisms is facilitated probably by the metabolism o f  diptheroids 

found at the surface  of  the interdigital integument ( Parsons on et a l . , 

1967 ) . 

Classification o f  Fusiformis nodosus 

After the original i so lation and cultivation of his organism "K", 

Beveridge ( 1938a ) thought that it probably belonged to the genus Bac teroides .  

At that time the genus Bac teroi des had not been wide ly ac cepted as val id 

by taxonomists and as  he regarded the organism as a new spe c i e s , Beve ridge 

( 1941) proposed  the name Fusiformi s nodosus (L. ' ' nodosus " = knobbed ) within 

the more c ons ervative c lassification used by Topley anQ Wil s on ( 1937 ) . In  

j ournal publi cations s inc e then , the Australian workers have , wlthout 

exc eption , continued to use  the term Fcs i formi_s nodosus , whereas two r e c ent 

New Zealand papers (Ske rman , 1971; Skerman and Cairney , 1972 ) refer  to  

Bac teroides nodosus (Be veridge ) Mr,z. et  a l . The latter  title  appears in  

I ndex Bergeyana (Buchanan , Hvlt  and Le ss e l , 1966 ) as  a Jegitimate na�e . 

In thos e  texts where the disease of o vine foot-ro t  i s  de s c ribPd ,  the 

authors ha.ve c ontinued to use Beveridge 1 s termino l ogy , (Harsh ,  1958 ; 

Beveridge , 1 959 ;  So l tys , 1963 ; Wi l s on and Hi le s ,  1964 ) except for Wbitten 

( 1 971) who refers to  Bacteroides nodosus . �mith and Holderman ( 1968 ) also  

use d  the term Bacteroides  nodosus and they inc luded thi s organism amongs t  

the other anaerobic Gram-negative non-sporing bact eria . 

In the 6th edition o f  Bergey ' s  Hanual (Breed ,  Hurray and Hitchens , 

1948 ) , only pas s ing reference  is  made to the foot-rot causative o rgan i sm .  
I Under  the s e c ond genus o f  the fami ly Sphaerophora c cae Prevot , namely 

Fusobacterium (Knorr ) , t hey mentioned Fusi formi s nodosus Beveridge , synonym 

Actinomyces  nodos us Hagan , "be cause they appear to  be 're lated to the o rganisms 

1n the genus Fusobacterium " .  In the 7th edition of Bergey ' s  Manual reprinted 

in  1966 , (Bree d ,  Murray and Smith , 1957 ) , there  is  no  reference t� F.  nodosus 

or i ts synonyms . A c ompl e tely new name , Ri st e l la  nodosa (Beveridge ) Prlvot 

1948 , within the genus Ris te lla, fami ly Ri s t e l laceae and Order  Bacteriales  

was  proposed  by Pr{vot , Turpin and Kaiser  ( 1967 ) . 

In the same edition (Breed et al . ,  1957 ) it  is s tated that  bacteria  of 

the genus Bacteroides are "found in the alimentary and urogenital tracts  of 

man and o ther animal s ; " . In a l l  other respe cts , with the possible  exc eption 
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of  abil ity to ferment glucose , the c ausative organism o f  foot-rot compli e �  

with the requirements f o r  the sub-genus Ri s te lla Prfvot  2 aaa . Thus habitat 

o r  s ource of  origin is the s o l e  criterion that stands in the way of  its 

inc lus i on within thi s c las s i fi cation .  

A s  the f ir st  name proposed by the i s o lator (Beveridge , 1 941 ) is  s ti l l  

wide ly accepted , the primary causative and transmitting o rgani sm o f  foot-rot 

wi l l  be  referred to  as Fus iformi s nodosus (F .  nodosus ) throughout thi s  thes i s . 

I s olati on and Cultura l Requirements 

Us ing a 25 per  cent . hors e  s e rum enri ched "V-F" medium ,  Beveridge ( 1 938a ) 
i s o lated F .  nodosus in the form of characteri stic  etching co loni e s . Anaerobic  

c onditions were maintained by 0 . 1 pe r cent . cysteine hydrochloride incor

porated into the medium , and a 5 per cent . ca.rbon-dioxide hydrogen gas 

mixture was used to replac e the air in the culture j a r .  A more detai led 

acc ount of  the organi sm ' s  appearance and cultural requi rements followed 

(Bev&ridge , 1 941 ) .  Beveriuge de s c ,ibed how the horse  s erum addi tive c ould 

be replaced by ge latin but without one of these , growth on 1 1V-F11 agar or  

in 11V-F11 broth was  unobtainable , or  only very s light . The o rganism ' s 

morphology changed on subculture or  when growth conuiti ons were suboptimum , 

s o  that the knobbed ends became l e s s  prominent and the dis tinctive bac i l li 

became more c oc c oid in forn1 . Two types  of c oloni es  were rec ogni sed  but 

subcultures from e i ther gave rise  to a. mixture of both types .  

For approximately five years from 1 95 1 , "'hen o s tens ibly the same medium 

that had been �sed before was tried again in Great Brita in and Australia , 

i t  fai led to support growth in repeated attempts at i s o lati on o f  F .  nodo sus 

although the organi sm was readi ly dete ctable  in stained smears o f  the 

donor l..:: s i ons ( Beveridge , 1 Sl5 6 ) . Thi s  lead to replac ement o f  the "V-F" 

formulation by a s implified medium c ons i sting of 2 per c ent, ground sheep hoof 

and ' Lab-Lemc o '  meat extract in agar ( Thomas , 1 95 8 ) . I t  was shown that the 

actual parti c les  of horn were ne eded , as growth requirements were not met by 

the s o luble fracti on after fi ltrati on .  For primary i s o lations , fi lter  

papers were placed  in the petri dish lids  to absorb water  o f  condensati on.  

Subsequent work enabled Thomas ( 1 963 ) to formulate a l iquid medium for the 

sati s factory cultivation of F .  nodosus . Thi s  cons i s ted  of 2 per c ent . Difc o 

trypsin 1 : 2 5 0 ,  and 1 per  cent . acid  hydrolysate of  sheep  hoof , auto c laved with 

0 . 1 per  c ent . thioglycollic  acid o r  1 per  cent. gluco s e  or galactose . He 

found that an aqueous extract o f  pancreas c ould substitute for the trypsin 

and Dif c o  proteo s e  peptone c ould substitute for the acid hydrolysate of  

hoo f .  
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A c onsiderable  advance i n  the te chnique of i so lation o f  F .  nodosus 

from f i e ld material was made by Merritt ( 1 960 ) , who used 0 . 2 5M sucro s e  as  

a di luent for  the plate inoculum .  He  c laimed that thi s material he lped to  

c ontro l  the growth of  c ontaminating organisms and to  prevent swarming by  the 

moti l e  fus i form .  

Enzyme Production by F .  nodosus 

Amongst the biochemi cal  properti e s  of F. nodosus , Beveridge ( 1 94 1 ) 
refers  to hydrogen sulphide production ,  a s oft clot  be ing formed in  l itmus 

mi lk which i s  later dige sted , the �artial dige stion o f  meat �arti c l e s  i n  

c o oked heart medium and after 4 to  6 weeks culture the devel opment o f  

tyros ine crystals . Sucros e ,  maltose , galactose , lac to s e , dextros e  and 

marmite were not fermented .  Thomas ( 1 958 ) grew F .  nodosu5 in ' Lab-Lemco ' 

meat extract broth c ontaining ground hoof , and the s e  particles  were dige s t

ed s lowly during growth of  the organi sm with the formation of  tyro s ine 

c rystals .  

The etching o f  agar medium by co loni e s  of  F .  nodosus (Beveridge , 

1 938a , 1 941 ) and the observat-i ons on digestion of meat and hoof parti c le s ,  

sugge sted that an examination o f  the enzymes produc ed  by F .  nodo sus would 

be  frui tf,_, l and might indi cate the me chani sm of pa thogene si s . Thoma::; ( 1 962b ) 
sugge sted the.t the separation and liquefac tion of  the stnl.twn corneum , anil_ 

the de tachment and di s integration of  partially c orni fi ed c e l l s , appeared t o  

result  from a dige s tive proc e s s  and was probably caused  by  a keratinase  

e laborated by  F .  nodosus . Two New South 'vales  s trains , one Vi c toria s train  

and one  Engli sh strain o f  F .  nodosus were sho,{n by  Thomas ( 1 964a ) to pro

duc e  proteo lyti c  enzymes that dige sted azocasein  and sheep hoof powde r i n  

the pre sence of  cysteine ( Thomas , 1 964b ) . Preparati ons o f  pro tease obtained 

at th€ end of  the l ogarithmi c phas e  of  growth and again at the end of  the 

s tationary phase had s imi lar properti es , and both were inactivated at 
0 temperature s greater than 50 C .  

I n  experiments carried out at Wal laceville  Ani ma l  Res earch Centr& 

(New Zealand Mini stry of  Agri culture and Fisheri e s , 1 969-70 ) it was found 

that cP-rtain amino acid de carb oxylas e s  and amino ac i d  deaminase s  are formed 

by F .  nodosus and thes e  act further on the products of proteolyti c  di ge sti on . 

Strains o f  F .  nodosus As s o ciated with Benign o r  Non-Progres s iv e  

Foot-rot 

Many pastoralists  in  Austral ia  reported to Bev eridge ( 1 941 ) that out

breaks of foot-rot were usually pre c eded by the c ondition they termed 

" s cald" . This latter c ondition (Murnane , 1 93 3 ) was i n  a l l  probabil ity the 

s ame that i s  now called ovine interdigital dermatitis  and which i s  caused 
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by F .  necrophorus ( Pars onson , et al . ,  1 967 ) . But the " s cald" referred to 

by Thomas ( 1 957 , 1 962a ) and Littlej ohn ( 1 966-67 ) is  characterised  by a 

s evere interdigital  dermatitis  with the o c casi ona l  s l ight separati on o f  

horn i n  the axi al hee l  are a .  In thi s  conditi on ,  F .  nodosus-like organi sms 

were seen  in smears ( Thomas , 1 95 7 )  and two s trains of F .  nodosus were 

suc c e s sfully i s o lated from the interdigital area ( Thoma s , 1 962a ) . The s e  

i s o lates behaved like typi cal F .  nodosus strains in sugar fermentation  

te sts , in that they fai led  to produce acid  or  gas  from a large range of  

sugars inc luding gluc o s e . 

The striking difference about the new F .  nodosus s trains was that in 

culture they produced only about half as much protease as F. �odos us strains 

i s o lated from typical foot-rot cas e s  ( Tho�as , 1 9 62a ) . ThP-re was al s o  a 

s e ro l ogi cal difference ( s e e  later in thi s  chapte r unde r Agglutination . ) .  

Thomas ( 1 962a )  found that the s e  different strains did not revert  

when used  to reproduce the f i e ld disease  expe rimental ly i . e .  " typi cal " 

s trains caused typical foot-rot and interdigi tal dermatitis s trains caus ed 

v ery little or  no horn s eparation .  However ,  Alexander  ( 1 9 62 ) c oncluded from 

hi s transmiss ion  experiments that a change in c lini cal form c ould o c cur . 

The work of  Thomas ( 1 962a ) was confirmed by Ege rton and Pars onson ( 1 969 ) 

who distingui. shed two c l inical forms of foot-rot . Typi cal f oot-rot they 

called "virulent or progressive foot-rot" , and the interdigital dermatitis  

a s s o c i ated wi th less  proteolyti c  strains of  F .  nodosus they cal led "benigE; 

or  non-progre s s ive foot-rot' ' . In their experiments , s trains did not  revert 

but "benignn cases  c ould be c onverted to progressiv e  foot-rot by superinfect

ion  with a typi cal s train .  Thi s  last experiment showed that the c lini cal 

nature of  the c ondition in an infected foot i s  due to the virulence  o f  the 

infe cting F.  nodosus s train,  and not to host or  environmental factors . 

Pathology 

Macro s c opi c Changes 

The fo l l owing acc ount , ( after Beveridge , 1 941 ) , c ov ers  the important 

gross  features and the s e  have been confirmed by di fferent workers in  

Australia and other c ountrie s .  

The initial l e s ion  i s  usually a mi ld inflammation of  the interdigital 

skin  whi ch is s oon f o ll owed by a break in the skin horn j unction on the 

axial aspe ct and s eparati on of  the s oft horn from adj acent epith elium .  

Over the next 5 to 1 5  days there i s  progres s ively mor e  horn sepa ration from 

i ts epithelium by the spread of infection around the heels  and across  the 



Plantar surface . By thi s time there i s  pre s ent a little malodorious pus 

and ne crotic detritus . The infe ction may extend under the abaxial wal ls 

s o  that all the hoof i s  separated from the s oft ti ssues and remains 

attached only at the c o rone t .  Both digits are invariably invo lved . 
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Beveridge (1 941 ) went on to  de sc ribe how the new growth of horn over  

the plantar surface usually become s invo lved i n  the destructive pro c e s s  by 

re infe ction from the interdigital area , and how granulation t i s sue often 

ari s e s  as a c onsequence of ne crosis  of the laminae . Pryo r (1 954 )  commented 

on the problem of exc e s s  granulation ti s sue , and Littlej ohn (1 967 ) ble-med 

the fai lure to expos e  fully , chroni c granulating lesi ons to treatment , for 

mo st of the cases  of  persisting infection in a flock . 

Hi stopathology 

Beveridge (1 941 ) noted inflammatory pro c e sses  in  the more  superficial  

layers  of epithe lium j ust beneath the keratiniz ed stratum . The -ce was 

c e l lular degene ration , infiltratio!l with po lymorphonuclear leuc o cyte s and 

s ome �us formati on that led to progre s s ive accumulation of  exudate in the 

intercellular spaces  and pre s sure atrophy of sur�oundj ng c e l l s . He re-

garded the changes as a superfic i al ulc eration because new horn grew s o  

qui ckly after surgical  treatment ·Lha.t the basement membrane c ould not have 

been s erious ly damaged . I n  s e ctions of feet  from fi e ld �ases  of foot-rot , 

Deane and Jensen (1 95 5 )  noted that epithelial  c e lls of  th e s tratum granulosum 

and the superfi c ial  s tratum spinosurn had unde rgone swel ling , hydropi c degene ra

tion and necrosi s  that resulted in s eparati on of the c o rneum , from the foot . 

After s carificat i on of the inoculation s ite , Thomas (1 962b ) expGri

mental ly infected she ep  Hith F .  nodosus al one . Complete separation of  the 

horn o c curred in 4 o f  6 feet but as early as 9 to 1 2  days pos t-inf e ction ,  

F .  nodosus was s een  invading the s tratum luc ilium end the pri ckle and 

granular cells  showed cytoplasmi c degener�tion .  By e ight weeks , marked 

changes  had o c curred in the s tratum spinosum . Cell  lys i s  resu lted in  

vacuol e  formation ,  and small  abs ce s s e s , caused  by s e c ondary infe cti on with 

pyogeni c bacte ria ,  were  c ommonly seen .  

Bacterial Invasion  

The brie f  his to ry that follows i s  r e levant to the results of  later 

hi stological work , in  which penetration by bacteria of various s trata of 

the t i s sues was s tudie d .  Re-examination of  thi s aspe ct a t  the McMaster  

Institute , Sydney led  t o  a much better understanding o f  the roles  played by 

various bacteria in the pathogenes i s  of  fo o t-rot .  

Murnane (1933 ) ,  and Jv!arsh and Tunnic l i ff (1 934 ) cons tantly found 

F .  ne crophorus in even  early foot-rot l e s i ons but Beveridge (1 935 ) fai led  



1 4 . 

to  reproduce the dis ease us ing pure culture s .  Within thre e  years , 

Beveridge ( 1 938a ) was able  to  report the first descri ption of  F .  nodosus 

and at the same time he observed in f oot-rot lesions a mot i l e  fusi form 

that re s embled F. ne crophorus . 

Beveridge  ( 1 941 ) summari sed  hi s conc lusi ons conc e rning the bacterial 

flora as f ollows , 

"Le s i ons of foot-rot always contain a gro s s  mixture o f  bacteria 

c ompri sed  largely of c o c c i  and c o rynebacteria near the surface  o f  the 

l e s i on .  F .  ne cronhorus i s  frequently present and the re may b e  l arge 

numbers of a pleuropneumonia-like organism .  Spirochaetes  wi th typical 

morpho logy arP. s ometimes , but not frequently , pre sent . I n  the active 

areas of  l e s � ons the mo st  preval ent organisms usually are Sp. penortha 

and the mot i le fus i form ,  the s e  be ing c onstantly pre s ent . F. nodosus i s  

constantly pre s ent but i n  re lative ly small numbers . "  

In s e c ti ons stained with Giemsa or by the s i lver  impregnation method , 

Beveridge ( 1 94 1 ) obs erved that the mot i le fus i form , or  F .  ne c rophorus , 

penetrated furthest  into the t i s sue s .  The organisms often appeared as a 

dens e fe lted mas s  penetrating a long f i ssures in  the epidermi s .  Bacteri a 

were  not usually found beneath the epi dermis and when s e en  i n  s e cti ons , 

!· nodosus was mos tly �tationed superficially .  Sp. penortha was s ometime s 

s e en penetrating the epide rmi s i n  large numbers , e ither a lone or together  

wi th the motile  fus i form .  Deane and Jensen ( 1 95 5 ) saw nei ther bacte ria nor 

spirochaete s a t  the point where the l e s ion met healthy tis sue , but mixture s 

of unidenti fied c o c c i , rods and fi laments , were located on the surfac e  o f  

the area o f  s eparation.  

Thomas ( 1 9G2b ) thou�ht that the dearth or  apparent absenc e of F .  nodosus 

in s e ctions of naturally i nfec ted f�et , s eemed inconsis tent w ith the pro

duction of the characteri stic  l e s i on o f  the di sease  by thi s  o rgani sm .  

There fore , i n  experimental infections he us ed pure cultur e s  o f  F .  nodosus 

and in order not to further complicate his s tudy of the spe c i fi c  changes 

brought about by thi s organism , he reduced s e c ondary c ontamina ti on a s  far 

as pos s ible . On the 1 2th day o f  infe c tion , F. nodosus was s e en invading 

the stratum luc idum beyond the point o f  c leavage of the epidermi s .  Later 

neutrophils  c leared the ulcerated epithelium of  F .  nodosus but the organi sms 

were  numerous in the stratum luc i dum and stratum c orneum,  where neutrophils 

c ould not penetrate . 

When Egerton et al . ( 1 969 ) re-examined s e ctions from natural ly acquired 

and experimentally produced foot-rot  l e s i ons , they found tha t  c oc c o-baci ll i  

and diptheroids were re latively superf i c ial i n  locati on , but spiro chaetes  



and moti le  fusiforms penetrated more  deeply and grew mainly in  t i s sue 

a lready des troyed by the pathogeni c proc e s s .  A supe rfi c ial i nvasi on by 
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F .  ne crophorus , probably derived from fae c e s , a lways pre ceded the 

e s tabl i shment and growth of F. nodosus . The i nvasi on o f  the epidermal 

matri x3 by F. nodosus was fol l owed by de eper penetration of F.  ne c rophorus , 

s hown by Roberts and Egerton ( 1 969 ) to be due to a syne rgi c a s so ciation 

between the se  two organi sms . Diffe rent s tage s i n  the recur ring cyc l e  of  

i nfe c t i on ,  des truc t i on ,  remova l ,  regenerati on and reinfection o f  the 

epidermi s were found by Egerton , et al . ( 1 9 69 )  at any one time in  inter

digi tal skin and hoof matrix .  They found that horn s epa ration was due t o  

the inflammatory pro c e s s  within the epidermal matrix and that th e re was no 

evidenc e of s eparati on due to a direct bacte rial attack on the hoYn i ts 2 lf , 

as  sugge sted by Thomas ( 1 962b ) . 

TrPatment 

Topical  Treatment 

Murnane ( 1 93 3 )  stressed  the need for a tho rough paring of infe c ted 

feet to expo se  the active  l e s i on beneath ne c roti c and s eparated horn , a 

princ iple that had been rec ogni sed by Youatt ( 1 8 37 ;  c i ted by Beve ridge , 

1 941 ) .  Thi s  requirement has been stre�sed by ne arly every observer up to  

the pre s ent day but be�aus e the woYk is  ex�austing and l abori ous , i t  i s  

d i ffi cult to obtain c ompl ete c o-ope ration from farmers  wo rking under fie ld 

c onditi ons . De tai led explanati ons have b e en given on how to trim feet  and 

for  the proper use of foot-baths containing formalin or coppe r su lphate by 

Murnane ( 1 933 ) , Marsh and Tunni c l i ff ( 1 9 34 ) , Bev�ridge ( 1 935 , 1 9 4 1 ) ,  

Be l s chne r ( 1 939 , 1 95 3 ) , Pryor ( 1 954 ) and Li ttlej ohn ( 1 967 ) . 

I t  was found that ratreatment o f  estab li shed foot-rot cases  wi th any 

medi cament mus t  be carri ed out every few days to obtain the best  results 

(Murnane , 1 93 3 ; Pryor ,  1 95 6 ;  Toop , 1 957 ; Stewart , 1 957 ) o  Formal in was 

found to be be tter than c opper sulphate for two important reasons . Fi rstly ,  

i t  did not s tain woo l  and , s e c ondly , Stcwart ( 1 954b ) found that at con

c entrati ons greater than 2 pe r cen� 1 the bacteric idal effe c t  o f  formal i n  

was not dimini shed by even gro s s  fae cal c ontaminati o n ,  whe reas c oppe r 

s ulphate was affec ted i n  thi s way . 

3 Si s s on and Gro s sman ( 1 947 ) group the strata lucidium ,  granulosum , and 

spinosum into a s ingle s tratum germinativum , for whi ch the term matrix  i s  

a l s o  used .  
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I n  a s earch for topical  medi caments better than f ormalin ,  a numbe r  

of  antibi oti c s  and syntheti c c ompounds were te sted - Penic i l l i n  (Coppini , 

1 95 1 , c ited by Littlej ohn , 1 966-67 ; Stewart , 1 954a ; Mutovin , 1 9 5 6 ) , 

Chlorampheni c o l  (Stewart , 1 954a and b ;  Sinclair , 1 9 57 ) ,  Chlo rtetracyc line 

( Stewart , 1 95 4a ;  Stewart and Thomas , 1 95 7 ) , " Cetavlon" ( Forsyth , 1 9 57 ) , 

Oxytetracyc l ine (Harri s s , 1 958 ) and Di chlorophen ( Sinc la i r , 1 95 7 ;  Hart , 

Malone and Sparrow , 1 962 ) . Compari s ons were made between medic ament s afte� 

all affe cted feet had been pared . " Contro l "  feet usual ly r e c e iv ed no treat

ment othe r than the paring , and i n ·near ly every trial , one group was 

treated with 5 to 1 0  per cent. formalin as a "pos itive " c ontro l .  The 

tendency fo r spontane ous cure after paring varied between flocks in a s ingle 

t ri a l . Stewart ( 1 954b )  had rec overy rates in untreated c ontrols  that vari ed 

from 0 to 85 pe r cent. , whi lst  c ompa rable  figure s for Hart et al . ( 1 9 62 ) , 

were 0 to 79 per  cent . The newer medi c aments were always as good as , or 

better than formalin and when a di fference between them was demonstrated , 

chlo rampheni c o l  formulated in an alcoho l base  was usual ly shown to be the 

mos t effecti.ve . 

The results of  topi c�l treatment of  beni gn foot-rot  have always been 

di sappointing and Egerton and Pars ons on ( 1 969 ) suggested that the hyper

kerat o s i s  o f  the interdigital skin may enable F.  nodosus to surviv8 in an 

inpenetrable s i te . 

Parente ral Treatment 

Stew�rt ( 1 954a ) showed that F .  nodosus was susceptible in v i tro to 

peni c i llin and to a lesser  extent to s treptomyc in .  The se  activiti e s  were 

c onfi rmed in vivo by Egerton and Pars ons on ( 1 966a ) who showed encouraging 

cure rates of affected sheep us ing a mixture o f  70 , 000 units peni c i llj n/Kg 

body weight wi th 70 mg s treptomycin/Kg body weight given once by intramus cular 

inj e c ti on .  1Vhen sheep we re returned to wet  pasture afte r treatment , only 

5 0  per  cent responded , but when sheep we re returned to dry pas tures o r  held 

in  sheds for 24 hours after inj e ction ,  the treatment was more e ffec tive and 

most effective i f  the feet were trimmed and formalin boot-bathed  a s  well  

( Egertcn , Parsons on and Graham , 1 968 ) . Harri s ( 1 968 ) produc ed better  

re sults with parentera l  antibiotics  when he  severely pared rather than 

trimmed infe c ted feet and thi s  he felt rather detracted from th e advantage s . 

On two other farms h i s  re sults us ing antibiotic s  were no better than c on

venti onal pare and foot-bath te chnique s ,  but Ege rton ( 1 968 ) s ugge s ted the s e  

p o o r  results may have been due to we t foot  cond i tions dire ctly after  treat

ment . 
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C ontrol  

Murnane ( 1 933 ) s et  down guidel ine s for  c ontrol that invo lved regular 

trimming of overgrown fee t ,  early rec ogniti on of foot-rot inf e c tion and 

the use  of formalin foot-baths for  non-infe cted as we l l  a s  i nfe cted sheep . 

Eradi cation 

As early as 1 935 , Beve ridge raised the pos sibi l i ty of  c omplete 

era di cation by treating cas e s  during perio�s when the di s ease  was in 

abeyance . Afte r Marsh and Tunni c l i ff ( 1 934 ) showed that f oot-rot infe cti on 

rapidly disappeared from pastur8s  that were al lowed to dry out , Beveridge 

( 1 9 38a and b )  followed up with s tudies  on the viab i l i ty of F .  nodosus 

unde r  f i e ld c onditi ons . He c onfi rmed that �he organ i sm c o uld no t remain 

infec tive outs ide the host for more than 1 4  days , and on the bas i s  of thi s ,  

devi sed a s cheme for c ontrol  and e radi cati on (Beveridge , 1 9 38c , 1 941 ) ,  tha t  

has not needed subs tantial modifl cati on s ince (Li ttle j ohn 1 966-67 ) . 

Eradi c ation s cheme s based  on the rec cmmendations c f  Beve ridge ( 1 941 ) 

have been suc c e s s fully carried out in  Italy ( Coppini , 1 9 5 1  ) ,  in  Rus s i a  

(Mutovin , 1 95 6 ) , in  New Zealand (Fi lmer , 1 948 ; Ens or , 1 957 ) ,  i n  Great 

Bri tain (Li ttlej ohn , 1 961 ) ,  in  Au� tralia  (Beve ridge , 1 941 ; Pryor , 1 9 54 ; 

Thomas , 1 95 7 ;  Toop , 1 957 ; Hayman and Tri ffi t ,  1 964 ; Muul e  and Stephen 

Smi th , 1 967 ) , and in the Uni ted Sta+,es  of America ( Unit ed State s Animal 

Heal th As s o c iat i on ,  1 968 ) . 

Prevent i on 

The ri sk of reinfe ction from purchased replacement stock had been 

rec ogni sed and large ly overcome by quarantine measu�e s ,  careful foot  

examinati on , paring and treatment . It  was realized that a� goats were 

natural hosts  for foot-rot , they had to be removed ( Beveridge , 1 941 ; Ens o r ,  

1 95 7 )  but the danger o f  cattle acting a s  carriers by natural ly a cqui red 

infe cti on was not rec ogni s ed unt i l  later ( Shenman, 1 962 ; Alexander , 1 962 ; 

Ege rton and Pars onson,  1 966b ; Mo rgan , 1 969 ; Wi lkins o n ,  Egerton and 

Di cks o n ,  1 970 ) . 

On many prope rti e s  where e rad i cati on was carried out and stringent 

preventive measures  have been mai ntained , foot-rot  has not been re

introduced . 



Immuno logi cal Aspe c ts of  Infection 

Agglutination 

Beveridge ( 1 94 1 ) found that Ameri can and Austral i an strains o f  
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F .  nodo sus gave a high agglutinati on ti tre in the homologous sys tem and a 

much lowe r but signifi cant ti tre i n  the heterologous s eri e s . Sera from 

normal rabbits  and sheep , and from s heep that had be en i nfec ted with the 

homo logous s train o f  F .  nodosus gave no agglutination reacti o n .  The re 

was only s l i ght , or no cross  agglutinati on , between s trains i s o la ted from 

New South Wale s ,  Vi ctoria , and Tasmania  (Gregory ,  c i ted by Bever idge , 1 941 ) . 

The two s trains of F .  nodosus i s olated from cas e s  o f  benign foot-rot 

by Thoruas ( 1 962a ) , were not s e rologi cally identi cal wi th v i rulent fie ld 

strains . Ant i s era prepared agains t the beni gn foot-rot  s trains agglutinated 

a typical  F .  nodosus strain to low ti tre . The one be�i gn fo o t-rot strai n 

tes ted , fai led to ab s orb �gglutinins from anti serum rai s ed against the 

t)�i cal F .  n odo sus s traiil , 

Re sis tanc e to  Infecti on 

Beve ridge ( 1 941 ) showed that althongh spe c ifi�  infection  c ould pe rs i s t  

i n  the sheep f o o t  f o r  u p  t o  three and a half years , thi b c onfe rred no 

prote ction .  He found that othe r feet  o f  an alr�ady affe c ted sheep c ould be 

naturally or experimen 0ally infe c ted , and �fter res olution or suc c e s s ful 

treatment , previ ous ly infe c ted feet were immediately sus c eptible to  re

infe ction .  Murnane ( 1 933 ) be l i eved tha t  because of the very nature of 

the disea se  vac cinati on did not hold out great possibi l i tie s ,  and Beveridge 

( 1 941 ) agreed with thi s view ,  in spi te of having apparently i nduced some 

re s i s tanc e in one sheep wi th a trial  F .  nodosus vac c ine . I n  a few sheep , 

infe c t i on of  an individual a s e c ond t i me , proceeded more s lowly an d lesi ons 

were mi ldG r .  At thi s time , Beveri dge ( 1 941 ) believed eradication was the 

better approach to field c ontro l  and he did. not unde rtake any seri ous 

inve stigation  wi th vaccination . As he put i t ,  "from cons ide ra ti on o f  the 

chroni c and re lative ly supe rfi c i al nature of the lesi ons , fo o t-rot i s  not 

the type of di s e as e  in  whi ch the prospects  of successful immuni sation 

would be c onside red good . " 

Studie s  on diffusion of  parenterally administered antib io t i c s  

(Egerton et  al . , 1 968 ) s timulated renewed interest i n  the s tudy of  serum 

c omponents found after  vaccinati on.  Originally , Beveridge ( 1 94 1 ) had 

found that sheep serum was inhibitory to F. nodosus and later ,  workers  at  

the McMaster Institute , Sydney , found that the inj ection of  gui nea pigs , 

rabbits  and sheep with F .  nodosus produced IgG c lass antibodies  that were 
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bacteric i dal  i n  the pre s ence of complement (Commonwealth S c i enti f i c  and 

Indus tria l  Re s earch Organi sati on , 1 966-67, 1 967-68 , 1 968-69; Egerton and 

Merritt , 1 970 ) .  By treatment of l e s i on smears w i th fluore s c in labelled  

anti-globulin ,  i t  was shown that s e rum antibodie s  in  i nfec ted anima ls  made 

c ontact with F .  nodosus organi sms i n  the foot  ( Commonwealth S c i enti f i c  and 

Indus trial Re s earch Organi sati on , 1 967-68 ) .  

Trial  vac cine s  made from F .  nodosus with adj uvant , and F .  nodosus 

plus F.  ne cropho rus with adjuvant , were us ed in  three s eparate l ocati ons 

( Commonwealth Sci entific  and Industri a l  Research Organi sati o n 1  1 967 -68 ) .  

In one trial , foot-rot spread less  rapidly amongst  vac c inated animals and 

in thid  group tho s e  le s i ons that did develop  were l ess  extens ive than 1n 

c ontrols . In the two o the r tria l  l o c a ti ons there •ras no protection afforded 

by vac cinati on against initiation of infe ction.  However ,  in vac c i nated 

animal s ,  l e s i ons of  foot-rot were c onfined to the interdigital  skin and 

s e l f-cure oc curred more rapidly than in c ontrol groups . 

Annual Reports of the McMaster Institute gave an indic ation of  the way 

the i r  res earch progra��e was progre s s ing but detai led reports did not appear 

unt i l  1 970 onwards and ac c ordingly the s e  pub li shed acc ounts of re sults are 

refe rred. "':-o in  appropriate chapters of  the main text . 
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I ntroduc tion It  i s  kno'm that cultural cond i ti ons and media c onsti tuents 

c an influence synthes i s  of the c e ll wa ll  and the reby may determine anti

geni c function ( Rogers , 1 970 ; '�'e inbaurn , Kadi s  and Aj l ,  1 97 1 ) .  Ac co rdingly 

the morphology of F. nodosus ( JJ/22 ) cultur ed by different techni�ue s ,  was 

s tudi ed us ing the l i ght and e le ctron micro s c 0p� s . F. nodosus c el ls con

tained in foot-rot necrotic  material were inc lud ed in  the s tudy be caus e  

the i r  mo rpho logy unde r c ondi ti ons of natural i nfection prvvided the unly 

s tandard agains t whi c h  c e lls  grown on arti f i c i ul media might be  c ompa red . 

The opportuni ty was also taken to inv e s ti gatcl the c l ear halv  often 

s e en around F .  nodosus c e lls  in  smears frc� i nfected fee t .  Bec aus e the 

structure could be a type of capsule , indian ink stained preparations of 

bacteria were cornpfl.red and the s o-cal led " capsular swe l l ing" te chnique was 

c arri ed out . Filamentous appendage s outside the c e l l  envelope were s earched 

for in e lectron mi c ro s c ope preparati ons and haemagglu+.inating a c tivi ty of 

c e lls  te sted for as  an i ndic ation of pi li  ( fimbriae ) .  Haemagglutinati ng 

activity was furthe r defined for a number of F .  nodosus strains acc ording 

to thei r  method of culture , and whe the r  or not the ac tivity was inhibited 

by D-mannose  ( Crui ckshank , 1 965 ) . 

MATERIALS AND METHODS 

A .  Light mi croscope s tudi e s  

Organi sms F. nodosus (J3/2 2 )  was used for all comparisons of culture 

• 
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method . For each culture batch a fre ez e-dried  vial was reconsti tuted  on 

to hoof agar and four days later typi cal " ro ugh" c o loni e s  were s el e c ted 

for  subculture . " Rough" co lonies were cho sen  be cause they appe ared to be 

much the predominant type when c ondi ti ons of culture had resulted in  

abundant growth . A s e c ond reason was that i n  the immediate v i c ini ty of  

spe c i fi c  inhibitory anti sera , c olonies  o f  F .  nodosus on  hoof  a gar grow in 

the " smo oth"  form ( s ee  Bacterial growth-inhibi tion by serum te sts , Appendix 

XIV) and thi s was c ons idered indi cative of a change from the normal to an 

abnormal type . 

De tails  of  F .  nodo sus strains are de s c ribed in  Append i c e s  I l l and 

I I Ia .  

Supe rfi cial  s c rapings o f  the interdigi tal integwnent c o ntai ned 

F. nod osus organi sms of low prote o J yt i c  activity .  The dono r ram was a 

badly affe cted case  of  beni gn foot-rot and f�om the same animal , F .  nodosus 

(M9/4 ) was late r i s o lated . (Appendix I ll ) .  

Methods of culture Cells  for examination were harvested from 

i )  a. f our day culture on :i10of  agar 

i i ) a 48  hr  culture in  biphas i c  mediwn 

i i i ) a 24 hr culture in hoo f  brotl1 

o r  iv ) a 48 hr culture l.n hoof bro th .  

Smear preparati ons o f  the foot-rot infection were made from the i nterdigital 

detri tus . 

Grn.m stain Thi � was carried out a c c o rding to the me thod desc ribed 

1.n Appendix XVI I I . 

Methylene blue � tain 

de s c ribed in  Appendi x  XVI I .  

Thi s was carri ed out acc ording t o  the me thod 

Capsular s tain An impr e s s i ou smear from F.  nodosus c oloni e s  grown 

on ho of aga; , was f l ooded wi th Gunthe r Wagne r indian ink and covered wi th 

a c over s l i p .  Coloni e s  of  Es cheri chia. c o l i  growing on  MacColli�ey agar were 

treated in  the same manner and served aR a c ont ro l .  The preparations were 

examined fur  evidence of  capsular material a c c ording t o  the wet i ndi an ink 

methods of  Duguid ( 1 9 5 1  ) .  

" Capsular swe l J ing" (Neufeld ) reacti on Rough c o loni e s  o f  F .  nodosus 

cultured for four days on hoof agar , were emulsified  into two she ep s era 

that were undi luted o r  at di luti ons of  1 /1 0 ,  1 /80 and 1 /2560.  One s e rum 

sample was from a normal adult  sheep subsequently shown to be  s us c eptible 

to foot-rot ; the o ther was from a vac c i nated sheep subsequently s hown to 

be res i stant to foo t-rot infe c tion . Coloni e s  of  E .  c o l i  were pro c e s s ed in  



an identi cal manner and s e rved as a contro l .  The �reparati ons were 

e xamined according to the method des cribed by Duguid ( 1 9 5 1 ) us ing phase  

c ontrast mi croscopy . 

B .  Elec tron mi croscope s tudies  

Organi sms and Me thods of Cul ture The same s train of F .  nodosus 

22 . 

i . e .  F .  nodo sus (J3/22 ) ,  and methods of culture were us ed as for the l ight 

microscope studi e s . 

Fixati on methods Mos t  prep�rati ons were duplic ated using two o f  

thre e methods of fixati on as  follows , 

i ) Double Fixat i on ( after Karnovsky , 1 965 ) 

i i ) Double Fixation (Wi l l i ams and L1�ft , 1 968 ) 

i i i ) Pixati on by Ryte r  and Kel lenberger ( 1 958 ) .  

The three me thods are described in detai l i n  Appendix V.  Sections cut on 

the LKB "Ul trotome ' ' we re pi cked up on carbon c oated formvar support fi lms 

on 200 me sh c opper grids . After s taining with l ead c i trate (Reyno lds ,  1 96 3 )  

they were e�amined i n  a Phi lips EM200 e lectron mi cros cope . 

C .  Red blood c e l l  agglutinat ion 

Organi sms F .  nodosus (J3/22 ) ,  F .  nodo sus (A8/C ) ,  F. nodo su� (McM1 98 ) 

and F .  nodo sus (McM1 99 )  were c ompared (Appendix  I I I ) . C e ll  suspens ions in  

PBS were  adj us ted to 2 x 1 0
9 

c e l ls /ml . 

Methods of  Cu lture The organi sms were grown for  f our days on hoof 

agar , for 48 hr on hoof broth or biphas ic  me dium , or for 24 hr in GC broth .  

Erythro cytes  (RBC ) Blood from adult guine a pigs  was c o l le c ted i n  

a c i d  c i  trate dextrose ant i c oagulant (Appendix .A'VIa) and th e  c e l l s  after  washing 

we re  re suspended at 20 per cent v/v in PBS f or s torage at 4°C .  

D-mannos e  ( B . D . H . , Palmerston North , N . Z . ) Thi s was held as  a 2 pe r 

c e n� s o lution and used in  the te s t  at a f inal c onc entrati on of  0 . 5  per  cent . 

Tes t  system Equivalent amounts in drops of RBC and F .  nodo sus c e J l 

suspension were mixed in  cups of the s tandard MRC Perspex haemaggl utinati on 

tray a longside an identi cal  s erie s  to  which  D-mannose  was als o added . 

A duplicate set  of  mixtures ,  again with o r  without D-manno s e , was s e t  

out us ing F .  nodosus c e l l  suspensi ons that had b e en s ubj e cted t o  high speed 

treatment in  an Omni-mixer homogeni z e r  ( Sowa l l , No rwalk,  U . S . A. ) in  an 

attempt to remove the c e l l  appendage s .  

The mixture s  were a l l owed to  react for up to  2 hr at 4°C .  The low 

temperature was an attempt to  prevent regrowth o f  p i l i . Haemagglutinati on 

was j udged to have oc curred when the RBC were prevented from s ettling a s  a 

d i s c rete  button and ins tead formed a c ontinuous l ayer across  the we l l . 
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RESULTS 

A .  Light microscope s tudies  

i ) Co lony characteri stics  on hoof agar 

The rough co lonie s  of F .  nodosus  (J3/22) growing on hoof agar varied 

in s i z e  f r o w  1 -3 mm diameter acc ording to the mo isture pre s ent , they had 

a s li ghtly crenated edge , a surface like groun� glas s or beaten coppe r ,  

and they always left  an e tch mark o r  pit  i n  the agar surface .  Wi th 

F nodo sus (J3/22 ) in parti cular , the smooth , convex , butyrous co loni e s  

desc ribed by Beveridge ( 1 941 ) were rare ly s e en ,  but wi th othe r s trains , 

parti cularly before s e lection in favour of  rough colonies  had been applied , 

smooth co lonies  of  about 1 mm diameter were c ommonly seen . Wh2re heavy 

se eding had led to confluent growth , the agar surface appe ared to be  c om

plete ly covered by a thin rough surfaced pe l l i c le whi ch exhibited the 

c renated or s lightly fimhriate edges only at the limits of  bac te ri al grow th • 

.An intermedi ate c o lony type was noted in all  s trains of F .  nodosus and thi s 

cons i s ted of a rough surfaced , crenated edge c o lony with the mucoid-type 

centre . In F .  nodo sus (J3/22 ) cultures  on hoof  agar , thi s  intermedi ate type , 

although unc ommon ,  was s een far more often than the smo oth c olony . I n  the 

case of F .  nodosus ( cbM1 ) (Appendix I I I ) a cons is tent featur e of  the pre

dominH.nt type of c o l ony was a muc oid c entre with two or th ree terra c e s  down 

to the crenat3d edge . 

i i ) Morphology of c e l l s  grown on hoof agar 

Smears made from each of the di ffereut c o lony type s showed an i denti �al 

gro s s  c e l lular mo rpho logy .  When the bacteria were stained b y  Gram ' s  method 

they appeared dark :pink in co lour wi th much bluer swo l len ends and there 

were s ometimes indi s tinct b lue r areas in the s traight body o f  the c � l l .  

A narrow clear z one was apparent around the c e l l  envelope . The approximate 

dimensions of F .  nodosus we re 0 . 5-1�m wide by 3-1 5JLm long and in th i s  

respe c t  they were s ometimes narrower and longer  than the spe c i fi c o rganism 

s een in smears from foot-rot infected feet . (Figures  I I . 1 , I I . 2 , I I . 3 ,  and 

I I . 4 ) . An excepti on was F .  nodosus (McM1 98 ) (Appendix I I I ) in  whi ch t h� 

c e l ls were far shorte r , thi cker and often had less  di s tinct end swe l l ings . 

i i i ) Morpho logy of  c e l ls grown i n  hoof b roth 

Gram s taining of  c e l l s  taken during or towards the end of the l o g  

div i s i on phase showed a proportion of organisms tha t were poorly s tained 

and swo llen whi le  other c e l l s  were only half the size of thos e  grown on 

hoof aga r .  

iv ) Morpho logy of  c e lls  grown in  biphas i c  medium 

The appearance of  c e l l s  grown in  thi s system was intermediate b e tween 
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c e lls  from s o l id and l i quid culture . The c e l ls we re the same s i ze as  broth 

grown organi sms but they usual ly s tained we l l  and held their  shape pro

v ided cultural condi tions had been sati sfacto ry .  Very often the re we re  

amorphous pink mas s e s  closely as s o ci ated with one pole of  the bac i l l i  

and oc cas ionally groups o f  rod shaped s truc ture s could b e  seen lying in  an 

amorphous matrix amongs t the typical F .  nodo sus cells  ( Figure I I . 5 ) .  

Cultures grown in GC broth contained organi sms that lo oked the s ame as  

b iphasic  medium cultured organi sms exc ept that the addi ti onal " s truc tures  '' 

were not seen .  

v ) Mo rphology of  cells  from fo ot-rot l e s ions 

Smears made from the interdi gi tal detri tus of two rams w i th non

progre s s ive or beni gn foot-rot ( Thomas , 1 962a ; Alexande r ,  1 962 ; Little

j ohn , 1 966-67 ; Ege rton and Parsonson ,  1 96 9 )  always showed nume rous 

F .  nodo sus-like organi sms . These  were s ometime s  thi cker and sho:rter than 

F .  nodosus (J3/22 ) grown on hoof agar and the c e lls had promine�t enlarge

ments at one or both ends (Figure I I . 3 ) .  Large polych!'omati c granule s were 

c ommonly seen at the poles  and often in the body of thE bac i l lus when smears 

were s tained with me thylene blue i.n parti cular or by Gi emsa ' s  me thod 

( Figures I I . 6 and I I . 7 ) . The charac teri stic  " rowboat" arrangement 

(Beve ridge 1 94 1 , 1 95 6 )  caused by th e close  as soc iati on of F .  nodosus with 

o the r smaller bac i l l i  was a cons i s tent feature in  sme ars from one i ndivi dual 

( Figure I I . 4 ) . Fus i formi s nodosus was s een l e s s  regularly in s mears pre

pared from ne c roti c epi dermi s exposed by the lifting horn , and the s e  

o rgani sms appeared shorte r ,  thi cke r and had l e s s  we ll  devel oped terminal 

enlargements . Very often a c lear zone was v i s ib le �round the c e l l  enve lope . 

vi ) Capsular s taining There was no evidence of  a c apsule or any 

free s lime . 

vi i )  " Capsular swe lling" 

by thi s te chnique . 

B .  Electron mi croscope studi es  

There was no evidence of  a c apsule  s een 

i )  Morphology of c e l ls in i nte rdigi tal s c rapings S e c t i ons of 

the s crapings showed a large amount of c e l l  debris and a variety of  bacteri a .  

At c ertain c e l l  border s  there were areas where a spiral  organism had be en 

s e ctioned repeatedly (Figure I I .  8 ) . From the general appe aranc e and unusual 

wave formation thi s organi sm could be a spi rochaete , pos s ibly Spi rochaeta 

peno rtha (Beveridge , 1 94 1 ) .  The re were large numbers of F .  nodosus-like 

organi sms parti cularly in the mixed flora on the surfac e  or wi thin 

epithe lial  cells  (Figure II . 9 ) . Both Karnovsky and Ryter Ke llenberger 



2 5 . 

methods of fixati on showed the layered c e ll envelope typi cal o f  Gram

negative bacteria (Mahoney and Edwards , 1 966 ; Shive ly , De cke r and Gre ena

walt , 1 970 ) and ins ide , prominent e lectron-dens e granule s . The s e  were 

s ometimes small , up to ten in number and a s s o c i ated wi th the nuc l e oplasm ; 

o r  they o ccurred s ingly , were darker and usual ly larger ( Figure I I . 9 ) . 

In preparati ons fixed by the Karnovsky method , there was stain depo s i ted 

around the borde rs o f  s ome c e l l s  but both fixation methods us ed revealed 

the f i lamentous appendages of the c e l l  enve l ope ( Figures  I I . 9  and I I . 1 0 ) . 

Dividing forms of  bacteria were c ommonly seen .  

i i )  Mo rphology of c e l l s  grow� on hoof  agar 

The Karnovsky me thod of fixati on showed four layers of c e l l  enve l ope 

c ounting the cytoplasmi c membrane ( Fi gure I I . 1 1 ) but no extrace l lular s truc

tures c ould be s een .  Howeve r ,  by the RJrter Ke l lenbe rger method , fi lamentous 

appendages of varying l ength were obvi o<'S ( Figures II . 1 2  and I I . 1 3 ) and 

other longe r fi laments that appeared to be a l ways as s o c iated with the po les  

(Figure s  I I . 1 4  and I I . 1 5 ) .  I n  bo th pr eparations the re we re sma l l  e l e ctron

dens e  bodi e s  spread through the nuc leoplasm . In c omparison with other methods 

of cul ture , the orgqni sms we re very large and many showed terminal swe l lings . 

Bo th methods of fixat i on showed up areas tha t appe ared to be inte rposed be

twe en the cytoplasmi c membrane and the c e l l  wal l  outer layer and that c on

s i s ted of c onvo luted membr8 ne s ( Figure � I . 1 6 ) .  The se  structures we re not 

seen in  c e l l s  cultured by other means . 

i i i ) Morphology of c e l l s  grown in biphas i c  me dium fo r 4 8  hr 

In the preparati on fixed by the Ryter  Ke l lenberger me thod , the four 

layers  of c e l l envelope we re c l early separated and wrinkled in a pronounc ed 

manne r (Figures I I . 1 7  and I I . 1 8 ) .  By the double  fixati on method o f  Wi lliams 

and Luf+. ( 1 968 ) the wal l  appeared as a s imple  membrane ( Figure I I . 1 9 ) . 

Both metho�s of  fixation showed dis tinct ele ctron-dense bodi e s  usual ly 

as s o c i ated with very much paler  areas in the c entre of the c e l l . There  were 

no fi lamentous appendages vis ible . Some c e l l s  were 1n the pro c e s s  of  

divi s i on and othe rs showed vacuo les  in the cytoplasm o r  c omplete absence of  

visible  mate rial inside the cell  envelope . 

iv ) Morphology o f  c e l l s  growp in ho o f  b roth for 24 hr 

The di ffe rent l ayers of the c e l l  env e l ope  were l ess  dis tinc t  and were 

s een on fewe r c e l ls . Whe re the individua l layers were obvious , th ey bore 

on the outer layer , v e ry short pe g-like extrus ions that gave a battlement 

appearanc e .  Numerous c e l l s  were in the pro c e s s  o f ,  or had c ompletely lysed , 

leav ing a ghost  she l l  ( Fi gure I I . 20 ) . Ele c tron-dens e bodie s  s imi lar t o  those  

granules  seen before  i n  association wi th the pal er areas we re noted but 

l e s s  regularly .  Clear  vacuo les  were als o seen  in s ome c e l l s  ( Figure I I . 2 1 ) 
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and many of  the s e , and othe r c ells o f  more normal morphol ogy appe ared to 

be in  various s tage s of  divi si on .  

v )  Mo rpho logy of cells  grown in hoof broth for 48 hr 

The Ryter Ke llenberger preparation showed mo st of the featur e s  o f  

c e l l s  cultured for 2 4  hr i n  hoof  broth exc ept that " foldi ng" o f  the outer 

l ayer o f  the c e ll enve lope was more exagge rated giv ing a shrunken appear

anc e and an even more pronounc ed battlement e ffect .  By the Karnovsky method 

of fixation the c e l l  envelope laye rs and s truc tures  wi thin the cytopla smi c 

membra.ne '"ere l e s s  we ll  defined . 

C .  Red blood c e l l  agglutinati on 

In the first  seri e s  in '"hich untreated F .  nodosus c e l l s  were  us ed , .  ihe 

c ultures  from hoo f  agar caus ed haemagglutinati on that was not inhibi ted by 

D-mannos e .  ( Table  I I . I ) . Several o the r  culture me thod s produced c e l l s  that 

c aused slight agglutination provided D-manno s e  '.as no t pr e s ent . 

In  the s e c ond series  in whi ch the F .  nodo sus c e l l s  had been homogeni sed 

beforehand , the culture s from hoof agar caus ed a reduced degree o f  haem

agglutinati 0n whi ch again was not inhibited by D-mannos e  ( Table  I I . I ) . One 

s ample  of F .  nodo sus ( TJ/22 ) c ells  cul tured in b iphasi c  me diwn c aused s l ight 

haemagglutina tion that was unaffec ted by D-mannos e .  

DISCUSSim; 

Although F .  nodo sus (JJ/22 ) was 90 per c ent. rough by the working seed 

s tage and under good gro1vth c ondi ti ons subsequent subcultures gave r i s e  to 

uni fo rinly rough c o loni e s , -the amount of  moi sture left on hoof agar plates  s.t 

the time of  ino culati on did influenc e the appe aranc e o f  c o l oni e s  four days 

late r .  Surfa c e s  left toe wet or inoculation wi th several drops o f  growing 

culture , yi elded c onfluent growth of c o l oni e s  that had tcrraces  l ike the 

intermediate type colony . On one o c c a s i on F. nodo sus (JJ/22 ) adapted to GC 

broth by 30 sub culture s ,  produced at the fir s t  subculture on hoof agar , all  

three colony type s amongst whi ch the smooth vari ety was pr edominant . It  

the refore appears that colony type is  de termined largely by th e cultural con

di ti ons offered and the ability to mutate remains wi th th e s trai n .  

Each o f  the three c o lony types c ontained F .  nodosus organ i sms that 

appeared identi c a l  in smears stained by Gram ' s  method . But i t  was c laimed 

by Beveridge ( 1 941 ) that repeated subcul ture , ( in a mediwn p erhaps not quite 

optimwn fo r growth) could result in o rgani sms littl e larger than c o c c i . 

F .  nodosus (McM1 9 8 )  organi sms were shorter ,  thi cker and had l e s s  pronounced 

terminal enl argements than other F .  nodo sus s trains examined . The pas sage 

nwnber of thi s  Australi an strain on rec e ipt was unknown , s o  i t  i s  po s s ible 

that previ ous cultural conditi ons or the numbers of  subcultur e s  or both ,  
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may have been instrumental in thi s morphol ogi cal change . 

Mos t  F .  nodosus c e l l s  cu ltured on hoof agar , in biphas i c  medium or  1n 

hoof  broth , after  heat fixation and Gram s taini ng , exhibited the same narrow , 

c l ear zone around the c e l l  envelope . Thi s was also  seen around F .  nodo sus 

organisms in preparati ons taken from fo o t-ro t  infe cted feet . The c onsi stent 

o c currence of the ' s truc ture ' suggested the pos sibility of a capsule o r  

s l ime layer but tes ts t o  demons trate thi s inc luding the wet indian ink 

method (Duguid ,  1 95 1 ) were negative . Howevei· ,  Egerton ( 1 972b ) has demon

s trated what appears to be  capsular material in indi aP- ink preparations o f  

F. nodosus grown on hoof  agar . An Aus tralian strain would have  been used 

and if smooth c o loni e s  were s e l e cted for s tudy , they could by the i r  nature 

po s sibly inc lude capsule bearing individuals  (Ros e ,  1 968 ) . The narrow c lear 

z one s een in l ight mi cro s c opy of bac i l l i  can o therwi s e  be explained ab due 

to shrinkage retraction or e l s e  l ight refract i on halo s . After e l e c tron 

mi cro s c opy examinat i on showed the various ce l l  enve lope cippendagPs , the s e  

provided another pos s ibl e  explanation fo r the � lear z one . The nume rous 

fi l aments might act as  a phys i cal barrier  in the immediate vi cinity of  the 

c e l l  envelope . But in  tho s e  cultures whe re no appendages were s e en , l ight 

refracti on halo s  '"ould s e em th e mos t  l ike ly explanati on to acc ount for  a 

most  characteristic  feature . 

Smears o f  the broth phase  of biphas i c  medium culture co�nonly showed 

small amorphous mas s e s  c lo f'ely as soc iated '"i th the F .  nodosus c e l l s and als o  

larger differenti ated s tructures  containing 3mall  rod forms and some iypi cal 

F .  nodosus in the matrix . Us ing strains of Fus iformi s cultured on g luc o s e  

b l ood agar , Morri s ( 1 95 3 ) referred to what h e  termed the " L  cyc l e "  tt.at a 

few c e l l s  pas s ed through and his  photographs taken at certain s tage s  show 

structures  very simi lar  to those  assoc iated wi th F. nodo sus . Be c�us e  o f  sub

optimal nutriti ona l  conditions in biphas i c  medium , the c e l l  wal l synthes i s  

o f  some F .  nodosus may be s eri ously int erfered with and abnormal forms might 

appear , but l ike the Fusi fo 1·mi s strains that Morris s tudied there  wou l:l 

p robably be revers i on to the s tandard bac i l l ary form on subculture .  

The observations by both l ight mi c ro s c ope  and e l e ctron mi c ro s c ope of 

culture s grown in hoof  broth sugge sted that by 24 hr auto lysi s  is we l l  

e s tabl i shed , many bac i l li having lost  the ir  characteristic  shape , s tain 

affinity and structure . By 48 hr the rippled appearance o f  the out e r  l ayer 

of the cell  envelope  was pronounced and thi s was al s o  true for c e l l s  cultured 

1n biphasic  medium . I t  '"as l e s s  obvi ous in  preparations taken from hoof  agar 

and from the interdigital space . F .  nodosus pos s e s s e s  the layered c e l l  

envelope cons i sting o f  double-track uni t  membran e s ,  which i s  typi cal of  Gram-
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negative bacteria (De Petri s ,  1 965 ; Murray , Steed and Elson ,  1 965 ; Mahoney 

and Edwards , 1 966 ; Shively,  Decker and Gre enawalt ,  1 970 ; Forsberg , Caster

ton and MacLeo d ,  1 970 ) . The outer l ayer rippled appearanc e is a prominent 

feature o f  mos t  of the Thi obac i l lus spe c i es in wh i ch ,  in some ins tanc e s , 

it appears to be an authenti c  charac teri stic  of  the c e l l  rather  than the 

effe c t  of osmotic  envi ronment during fixati on ( Shively ,  et al . ,  1 970 ) . 

Fo r F .  nodosus the me thod o f  fixati on and o smolari ty do seem important 

because  preparati ons double fixed by the method of 1fi l l i ams and Luft ( 1 968 ) 

show a smooth outer layer to the c e l l  envelope . 

In electron mi cros copi c exami nati on o f  interdigi tal detritus one 

could n.ot  be abs o lutely certain of identifying F .  nodosus am ongs t  a vari e ty 

of  bacte ria . However  there was a predominant number o f  o rganisms that 

showed p i l i , a layered c e l l  enve lope , s c atte red vo lutin granul e s  in a dis

persed nuc l e oplasm and weye i n  these  respe ct�  ident i cal to F .  nodo sus as  

s een in  pure preparati ons grown o� hoof  agar . The re was one s i gnificant 

di fferenc e :  many o f  the c e l l s  grown on hoof agar sho,ved an additi onal z one 

or areas in the c e l l  envelope whi ch appeared to cons i s t  o f  c onvo luted mem

brane s interposed be tv.'een the cytoplasmi c memb rane :=md the c el l  wall  outer  

layers . Thi s  zone may repre s e nt a form of  cytoplasmi c intrus i on (me s o s ome s ) 

as d e s c ribed by Sal ton ( 1 964 )  excert tb at me s o some s usual ly emanate from the 

plasma me111brar1e and are directed inwarcls . In  view o f  the knmm enzyme pro

duc ing properti es  of  Gram-negativ e bacteria c e l l  wal l s  ( Salton , 1 9 64 p . 244 ) 

i t  i s  tempting to spe culate on a prGtease produc ing ro l e  for the stru cture s .  

The suggestion i s  supported by the abs ence of  the s tructures  i n  F .  nodosus 

of  ne crotic  detritus , because  the s e  organi sms were knO'.m to be poor protease 

producers  having c ome from a c ase of benign foot-ro t  ( Thomas , 1 962a) . 

Orguni sms from the hoof agar �nd the ne c rotic detritus pr eparati ons 

bore fi lamentous appendage s of  vari ous kinds that best  fit the des cripti on 

of  pi l i  Type I (Brinton , 1 964 ) . Thi s  type of  appendage is  known to o c cur 

on o ther Gram-negative bac i l l i  (Duguid and Gi l l i e s , 1 9 57 , Duguid ,  1 95 9 ) , but 

for the latter ,  l i quid culture medium as opposed to cul ture on agar , en

c ourag e s  pi l iati on . Pi l i  were not seen on F .  nodosus c e l ls that had b een 

cultured in  broth or  bi�has i c  medium . The pre s ence or absence of thi s feature 

of F .  nodosus c e l l s  was born out by the guine a pig erythrocyte agglutinati on 

test  i n  which only hoof agar grown c e l l s  caused marked agglutination .  The 

depi lation by treatment in a homogeni zer appears to have b een only partly 

suc c e s s ful if j udged by the very s l i ght reduction i n  haemaggl utinating 

activity after treatment . Although the reac tions were  carri ed out at 4°C ,  

i t  i s  possible  that the pi l i  may have gro'm again as they are capable o f  
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fast and exp e rt regene ration ( Brinton , 1 964 ) . The D-mannose  re s i s tant p i l i  

usual ly d o  not �gglutinate red blood c e l l s  unl e s s  they are first tanni c 

acid treated (Dugui d ,  1 95 9 ;  Crui ckshank , 1 96 5 )  but F .  nodosus because o f  

i t s  unusual habi tat and abi lity to  survive in  horn may have uni que p i l i  wi th 

a prime nutri ti onal func ti on .  

Type I pi li  are al s o  kno'm t o  caus e attachment o f  bacteria to  one 

anothe r and to surfaces  such as glas s (Duguid , 1 959 ) . Pi li  we re not s e en on 

F. nodosus grown in hoof bro th but they may o c cur on cells  grown in  GC bro th . 

I f  they do , pili  mi ght acc ount for the p laque growth of  F .  nodo sus seen  on 

the sides  of  te s t  tubes  during bacterial growth-i nhibiti on by s e rum t e s ts . 

F .  nodo sus p i l i  often had a terminal enlargement and in this respe c t  they 

l ooked like a longer  version of the peg-like extens i ons of the c e l l  envelope 

that o c cur in Azobacter vine landii  (Lima-de-Fari a ,  1 969 ) but for whi ch no 

spe c i al i s 6d function ha� been sugge s ted . 

The po lychromati c  volutin granul e s  s e en i n  light micro s copy of 

F .  nodosus have the i r  counterpart in e l e ctron mi cro s c opy as the dense 

granul es  o ften se en di spersed in  the nuc l e oplasm ( Shive ly et  al . ,  1 970 ) or 

e lse  concer.trated towards one pole . In  all probability th ese  v o lutin granule s  

are the granular s tru(! tures containing inorganic  po lypho sphate e.s d e s c ribed 

by Fri edburg and Avi gad ( 1 968 ) . Other unidentified,  l e s s  e le ctron dens e  

granules  may b e  an intermediate stage i n  vo lutin synthes i s  a s  tentativ e ly 

sugges ted by Mahoney and Edwards ( 1 966 ) but di sputed by Shively et  al . ( 1 970 ) . 

I t  has been noted by Fri edburg and Avi gad ( 1 968 ) that in mos t  mi c ro -o rgan i sms , 

the appea.cance  o f  vo lutin granul es and accumulat ion of  inorgani c po ly

pho sphate take place  when a s i tuati on of  unbalanced nutri tion prevai l s . 

However  in Mi crococ cus lysodeikti cus whi ch they studi ed 1 the inorgan i c  po ly

pho sphate granul es  ac cumulated during the logarithmi c  phase  of growth and di s

appeared during the s tati onary phas e .  I n  F .  nodosus the chang e i n  di s tribution 

of vo lutin granule s from a di spers ed  arrangement in the nuc l e oplasm to  a much 

larger c onc entrated struc ture at the pole  may repres ent a pr edivi s i on tactic 

of  the c el l . Certainly the large p o lar struc ture s have been noted in  � ome 

c e l l s  undergoing div i s i on .  
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Summary and Conclus i ons 

1 .  The "rough " c o lony of F .  nodo sus (J3/2 2 )  was judged to be t he normal 

type but the abi l i ty to mutate to the " smoo th "  c o l ony remains vi th the strain . 

Wetne s s  of  the s urfa c e  o f  hoof agar at the time o f  ino culati on influenced the 

appearanc e of  co loni e s  four days lat e r .  

2 .  The morpho logy of  F .  nodosus (J3/22 ) grown o n  hoof agar was s imi la r to 

that o f  F .  nodosus-like c e l ls seen in ne crotic  foot-rot material . C e l ls 

cultured on hoof agar , vere longer than tho s e  cultured by o the r methods and 

end sw·e ll ings vere usual ly prominent . There  vere numE:rous p i l i ; s e en other

wi s e  only on natura l ly oc curring c e l l s  and there appeared to b e  a spe c ialis ed 

z one wi thin the c e l l  envelope . A possible  enzyme pro ducing role  w.:1s sug

gested for the latte r . The pi liated bac i l l i  agglutinaten guinea pig erythro

cytes  and the effect  was not inhibited by D-matmo s e .  The re s is tanc e to 

D-mannos e  suggested that the pi l i  may be especia lly modi fied pe rhaps for some 

nutriti onal role  as s o ciated wi th the peculiar habitat o f  F .  nodo 3us . 

3 .  F .  nodosus c e l l s  grown i n  biphas i c  medium or in  hoof bro th shoved 

wricl�ling of the c e l l  wall  layers , vacuo lation and lys is  of the c e l ls , and 

amorphous ma s s e s  a s s o c i ated wi th th e poles  o f  s ome organi sms .  The se  features  

we re sugges tive of  sub- optimum c ondi ti ons o f  culture . F .  n odosus (J3/22 ) 

cultured in GC broth shmved a mo rpho logy largely simi lar to  cel l s  gro�-m on 

hoof agar except that GC broth cul tured c e l ls were shorter . The i r  ultra

struc ture was not examined .  

4 .  The Ryter Ke l lenberger fixati on me thod gave exc el lent c lar ity o f  de tai l 

inside and outs ide the c e l l  enve lope . All methods of 1.ture  pr o duced c e lls 

possess ing the laye red c e l l  enve lope c o:1si  s ting of dou , . le track membrane s ,  

and thi s was c ommon to Gram-negative tacteria 1ut the appcar�nc e was muc h  

influenc ed by the method of culture and the me thod of  fixation . The nuc leo

plasm was  dj spersed and o ften contained v o lutin granule s .  Vo lutin vas a ls o  

s e en in more conc entrated form near the bacterial  pol e s . 

5 .  No capsule l ayer or  s lime could be  demonstrated. for F .  nodosus (J3/22 ) 

taken from rough c o loni e s  gro\Vll on horn agar . C lear zone s around the c e l l  

enve lope may b e  due to  the pi l i  or  t o  l i ght refracti on . 



FIGURE II. 1 

F .  nodosus (JJ/22 ) organi sms taken 

from a rough c o lony cultured for 1 

days on hoof agar 

Gram , x '2700 

FIGURE I I . 2  

F .  nodo sus (A8/C ) organi sms taken 

from a rough co l ony cultured for  4 

days on hoof  agar 

Gram , x 2700 
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FIGURE I I .  3 

Sme ar of necr ot i c  material from a foot-rot  

infected foot showing two F.  nodo sus 

o rgani sms near a ma s s  o f  pale stained 

fi laments po s s ibly of F .  necrophorus 

Gram , x 2700 

FIGURE II . 4  

Smear of  ne croti c material  from a foot-rot 

infe cted foot showing two F .  nodosus 

o rgani sms (arrowed ) surrounded by other 

smaller  rods i n  characteri sti c "row-boat" 

arrangement 

Gram , x 2700 
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FIGURE I I . 5  

Smear of  F .  nodosus o rga�isms 

cultured for 48 hr in  biphas i c  

medium showing an amorphous 

matrix c ontaining short rod 

shaped  structures  and typical 

F .  nodosus . 

FIGURE I I . 6  

Smear of  ne crotic material from 

a foot-rot infected fo ot showing  

a large F .  nodosus o rgan i sm vi th 

darkly stained po lar regions . 

C el l  div i s i on may be  taking plac e . 

Gram , x 2700 Methylene blue , x 2700 

F IGURE I I .  7 

Smear of ne crotic  material  fr olll a foot-rot 

infe cted foot showing a s i ngle  F. nodosus 

o rgani sm containing two di stinct dcrkly 

s tained granule s  in the body of the c el l .  

Hethylene blue , x 2700 
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FIGURE I I  . 8  

Section of inte rdigi tal ne c roti c 

material showing c e l l  border 

area with a s e c ti oned spi ral 

organi sm po ssibly Sp. penortha 

Ryter Ke l l enberge r ,  x 7 , 000 

FIGURE I I .  1 0  

Sec tion of  inte rdigi tal  ne� roti c 

mate rial showi ng a p i l i ated 

F .  nodo sus-like o rgani 8m wi th 

s everal dense granul e s  within 

the nuc le oplasm 

Ryter  Ke l lenberger , x 77 , 000 

FIGURE I I .  9 

Section of interdigi tal ne croti c 

materi al wi th a piliated 

F .  nodo sus-like o rgani sm po s 

s ibly wi thin a c ell  and show

ing one polar granule 

Karnov sky , x 1 8 , 000 

FIGURE II . 1 1  

F .  nodo�us c ells cultured for  

4 days on  hoof agar , showing 

4 layers of c e l l  env e lope and 

2 large  granul es  in the nuc leo

plasm 

Karnovsky , x 35 , 000 
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FIGURE I I . 12 

F .  nodosus c e l l  cultured for 4 

days on hoof ag8 r ,  showing pi l i  

with termina l enlargements and 

several  medium s i zed granul e s  i n  

the nuc leoplasm 

Ryter Ke l l enberger , x 64 , 000 

FIGURE I I  . 1 4 

F .  nodo sus c e l l  c ultured for - 4 

days on hoof agar , showing tuft 

of filie fi lamentous appendage s  

ari s ing from o n e  pole  

Ryter Ke l l e nberger , x 64 , 000 

FIGURE I I . 1 3 

F .  nodosus c e l l  cultured for 4 

days o� hoof agar ,  showing longer 

pi l i  with termina l enlargements 

Ryter Ke l lenberger , x 64 , 000 

FIGURE I I . 1 5 

F .  nodo sus c e l l  cultured for 4 

days on hoof  agar , showing 2 

l ong fi laments ari s ing from the 

pole  and numerous smal l  pi l i  

Ryte r  Kel l enberger ,  x 64 , 000 
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FIGURE I I .  1 6 

F .  nodo sus c e l l  cultured for 4 

days on  hoof agar , showing an 

area o f  c onvo luted membrane s 

i nterposed between the cyto

plasmi c membrane and the outer  

' c e l l  wal l ' 

Ryter Ke l lenberger , x 47 , 000 

FIGURE I I . 1 8  

F .  nodosus c e ll cultured for 

48 hr in  b iphas i c  medium , showing 

wriru�ling of the separated laye rs 

of  c e l l  enve l ope and two di s crete  

areas of  nuc l e oplasm 

Ryte r  Ke l lenberger , x 64 , 000 

FIGURE I I .  1 7  

F .  nodosus c e l ls  cultured for 

48 hr in biphas i c  medium , showing 

c l eurly s eparated l�yers of the 

c e l l  enve lope and wrinkled 

appearanc e 

Ryter  Ke l lenb erge r ,  x 42 , 000 

FIGllRE I I . 1 9  

F .  nodosus c e l l s  cu ltured for 

48 hr in biphasic  medium , showing 

lack of c e l l  enve lope detai l and one 

large dens e granule a s so c iated wi th the 

nuc le oplasm 

Double  fixati on (Wi l l iams and Luft , 

1 968 ) , X 42 , 000 





FIGURE I I . 20 

F .  nodo s�s c e l l s  cultured for 24 hr i n  

hoof broth , showing c e l l  d ivis ion  and 

almost c omplete lys i s  

Ryter Ke l l enbe rge r ,  v 27 , 700 

FIGURE I I . 2 1  

F . nod 0 sus c e l l s  cultured for 24 hr i n  

hoof broth , showing one c e l l  containi ng 

various s i zed  vacuole s  and ano ther  

undergo ing d iv i s i on 

Ryter Ke l lenberge r ,  x 42 , 000 





TABLE I I .  I 

The e ffect  o f  different methoC s o f  culture on the haem-

agglutinat ing e ffect of  f o u r  F .  nod osus s trai ns 

* 
F .  nodosus s train t Untreated F .  nodosus Homogeni zed 
and culture method RBC RBC + 

J3/22/8 
b iphas i c  medium 
5 5  ml 

J3/22/8 
GC brnth 
1 0 , 000 ml 

J J/22/8 
hoof broth 
5 5  ml 

JJ/22/8 
hoof agar 
petri di sh 

A8/C/7 
biphas i c  medium 
5 5  ml 

McM1 98 
b iphas i c  meclium 
5 5  ml 

McM1 99 
b iphas i c  medium 
5 5  ml 

D-mannose 

+ -

+ 

++++ ++++ 

+ 

+ 

no haemagglutinati on 

+ to ++++ = haemagglutinati on 

RBC = gui nea pig red b l ood cells  
.. 

RBC 

+ 

++ 

F .  nodosus 
RBC + 

D-manno s e  

+ 

++ 

* Detai ls of strains are des cribed 1n  Appendix  I I I 

Deta i ls of culture me thod are desc ribed 1 n  

Appendi c es II a ,  II b ,  I I c  and I I d .  



CHAPTER I I I  

T H E I N F L U E N C E 0 F C U L T U R E M E T H 0 D A N D  

S T R A I N 0 F 0 R G A N I S M 0 N T H E 

A G G L U T I N 0 G E N S 0 F F U S I F 0 R M I S N 0 D 0 S U S ��������������---

Introduction 

Materials  and Methods 

F .  nodo sus organi sms 

Culture methods 

Serology 

Re sults 

Pattern of  agglutination 

Agglutination reactions of strain/cultu�e 

c ombinati ons 

Di s cuss ion  

Summary and Conc lus i ons 

Tabl e s  

p .  3 1  

p .  3 1  

p .  3 1  

p . 32 

p . 32 

p . 3 3 

p . 3 3 

p . 33 

p . 3 5 

r ·  38 

Fo llmving p . 38 

3 1 . 

Introduction The first suc c e s s ful foot-rot vac cines  c ontained F .  nodo sus 

c e l l s  that had been gro1m ei  t iler on hoof agar or in biphA.s i c  mediur:1 

(Egerton , 1 970 ;  Egerton and Burre l l ,  1 970 ; Egerton and Roberts , 1 97 1  ) .  

Skerman ( 1 97 1 ) showed that c e l ls cultured in  a l iq_nid medium of  undi s

c lo s ed  compos i tion also  pos se s s ed  "prote ctiv e "  anti gens . The C Olisti  tuen ts 

of culture media are known to influence the synthe s i s  o f  c e l l  1v al l c om

ponents (Rogers , 1 970 ; lve inbaum , Kadis and Aj l ,  1 97 1 ) and may the refore  

modify antigeni c struc ture ( Commonwea lth Sc i ent if i c  and Industrial  Re s earch 

Or�ani sat i on ,  1 969-70 ) . The pos s ib i l i ty then exi sted that the large s cale  

culture of  F .  nodosus might produce cells  of  al tered antigen i c i ty s uch that 

after  formulation i nto vac c ines  they migh L b e  ineffe c tiv e i n  providing pro

t e c t i on against field  strains . 

Whi l e  Chapter I I  dealt with morpho logi cal feature s ass o c i ated wi th 

different methods of culture , this chapter des cribes  a s tudy o f  the anti

geni c i ty of  three F .  nodosus s trains that were cu ltured by four d j fferent 

methods . After a number  o f  treatments the harve sted c e l ls were compared by 

agglutinati on to determine whether o r  not the me thod of  culture had influenced 

the antigeni c s tructure . 

MATERIALS AND METHODS 

F .  nodosus o rgani sms Three  s trains were compared .  

i )  F .  nodosus (J3/22 ) was a virulent field  strain i s o lated from 

the North I s land of  New Zealand . 



i i )  F .  nodosus (A8/C )was a v irulent f ield strain i s o lated from 

the South I s land of  New Zealand . 

32 . 

i i i ) F .  nodosus (H9/4 ) was i s o lated from a ram with benign foot-rot 

at Hassey Univers ity .  Protease production by thi s strain  was 

typically poo r .  

Further detai ls o f  the s e  F .  nodosus strains are descri bed 1 n  

Appendi c e s  I I I  and I li a .  

Culture methods The F .  nodosus strains were cultured us ing ei ther 

s o l id  or l iquid  medi a : in  one instance gro,vth in  l iquid media was on a 

comme r c i a l  s cale . The fol lowing table  shows the c ombinati ons of strains 

and cultural methods employed . 

F.  nodO S'.lS Culture method 
Culture vo lume 

strain and c ontainer 

J3/22 b iphas i c  medium 5 5  ml vials  

J3/22 hoof agar petri di shes  

J3/22 hoof bruth 5 5  ml v ia l s  

J3/22 GC broth 600 l ferrnenter  tanl<;: 

H9/4 biphas i c  medium 5 5  ml via l s  

A8/C b iphasic  medium 5 5  ;nl v ials  

Detai ls  of the cu lture methods are  des crioed in Appendi c e s  I I ,  I Ia ,  

l i b , l i e  and l id . 

Sero logy 

i )  Anti .;, e ra Sheep s e rum 1 876 , t;tandard anti-F .  nodosus (J3/22 ) anti-

serum was used for  all dgglutinati on tests to  compare the antigeni c activity 

of di fferent c e l l  SUS¥2ns i ons . 

Sheep s erum 2029 , s t.an:ia:::-d ant i-F .  nodosus (H9/4 ) anti s erum , was used 

to  provide a comparative homologous system in agglutinat ion when test ing 

M9/4 c e lls  grown in biphas i c  medium .  

Detai l 3  o f  the methods o f  anti s era produc ti on are de s cribed in  

Appendix  X .  

i i )  Agglutination Ce l l  suspens i ons were washed before  or after  heat 

treatments at 60°C for 60 min .  or 1 00°C for 60 min .  Whenever  pos s ib le a 

forma l in  treated c e l l  suspens i on was treated s imi larly for comparative tests . 

The f ormalin  treated antigen was tested in  pa ral lel  because thi s  served as a 

reproducible  s tandard for "K" agglutinabi l ity .  Another reason was that 

McMaster  Institute workers had experi enced diffi culti e s  in maintaining stabl e  

c e l l  suspens i ons ( Commonwealth Sc i entif i c  and Industrial Research Organ i sa

tion , 1 970-7 1 ) and at thi s  s tage the e ffective " li fe "  o f  l ive  c e l ls was un

teste d .  Vari ous heat treatments to test  the stabi l ity o f  surfac e  agglutino-



g ens were based upon the methods us ed for the Enterobacteriac eae . The 

range of treatments differentiates between a.ntigenic activi ty due t o  " K" 

3 3 .  

or  surface  antigens ( L ,  A and B ) , "H" antigens ( fl age l la )  and fimbrial  (pi l i )  

anti gens found i n  that group ( Crui ckshank , 1 965 , p .  245-246 ) .  Fifty per 

c ent. ethyl alcohol treatment of c e l ls that would destroy flagella but retain 

p i l i  activity ( Crui ckshank , 1 965 ) was al s o  tried but all c e l l  suspens i ons 

autoagglutinated and afterwards were not suitable  for  agglutinati on tests . 

Tube agglutination te sts were carried out as d e s cribed in Appendix XI .  

RESULTS 

Patte�n of agglutinati on The pattern of agglutinati on and degree o f  super-

natant c l earing was not uniform .  F .  nodosus c e l l s  grown on hoof agar 

starten to agglutinate within 30 minutes as a fluffy suspended floc culation .  

The s ame material became involved in  the cell  pre cipitati on ru1d after stand

ing overnight at 4°C the test  showed " typical " agglutination i . e .  a heavy 

depos it  of c e l ls in the bottom of the tube with a cl ear supern�tant . 

F .  nodosus c e l l. s  grown in bipha.s i c  medium gave typi cal  agglutinati on 

1n untreated suspens i ons but after heating at 60°C for  60 m1nute s  the c e l l  

depo s i t  became fine . It  tended to settle on the s l opes rather than the base 

of  the agglutination -�ube and the supernatant did not c lear ful ly . 

F .  nodosus c e lls  gro'vn in broth and aftenvards left lL"'ltreated or  heat 

treated , always gave the fine type pattern of agglutination . C e l l  suspensi ons 

of F .  nodosus (M9/4 ) always agglutinated in the f ine type pattern wi thout 

supe rnatant c learing . 

There  were marked diffe renc es  in the heat stability o f  agglutinogens 

dependent o n  the method of culture used for the F. nodosus c e l ls . The 

s train of F .  nodosus also  inf luenced the type of antigens produced . The 

results  are pre s ented in a form that shows the effects on an tigeni c s tructure 

of F .  nodosus s trains and methods o f  culture in six  c ombinations . 

Agglutinati on reacti ons of  strain/culture c ombinations 

( a )  The agglutination of F .  nodosus (J3/22 ) c e l l s  grown in biphasic  medium 

�ti-F .  nodosus (J3/2 2 )  antiserum ( Table I II . I ) 

The formalin treated c e l l  suspens i on agglutinated to a higher ti tre 

than did live c e l l s  suspended in  PBS . Heating o f  the c e l l  suspens i on at 60°C 

for 60 minute s did not decreas e the agglutination titre but 1 00°C for 60 

minutes abo l i shed all activity. The agglutinating act ivi ty of  the c e l l s  was 

als o removed by washing the c e l ls before he ating at 60°C for 60 minute s  but 

washing after the heat treatment left the activity unchanged .  

(bi ) The agglutination o f  F .  nodosus (M9/4 ) ce lls  grown in  b iphas ic  medium 

by anti-F .  nodo sus (J3/22 ) antiserum ( Table  I I I . I I )  

Formalin treated c e l ls agglutinated at a titre over 5000 fold greater 



than did l ive  c e l l s  in PBS . The l ive cell  agglutinab i l i ty was markedly 

increased by heating the c e l ls at 60°C for 60 min. but the titre  o f  th e 

anti serum returned to i ts preheating level i f  th e c e lls  were washed pr i o r  

t o  the heat treatment . 
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(bi i ) The agglutination of  F .  nodosus (M9/4 ) c ells grown in  biphas ic medium 

by anti-F . nodosus (M9/4 ) antiserum ( Table I I I . II )  

Formal in  treated c e l l  suspens i ons of F .  nodosus (M9/4 ) were agglutinated 

to approximately the same titres by e i the r anti-F . nodosus (M9/4 ) or anti -

F .  n odo sus (J3/22 ) anti s era . The agglutinabil ity of l iv e  c e l l s  was marked-

ly i ncreased by heating at 60°C for 60 min .  However , wa shing the c e l ls 

before  heat ing again reduced the agglutinati on titre dramatically .  

( c ) The agglutinati on of F .  nodo sus (J3/22 ) c e l l s  grown on hoof agar by 

Rnti-F .  nodosus (J3/22 ) ant i s erum ( Table III . I I I )  

Thi s  combination o f  c e l ls and antiserum enabled a c omparison to be  made 

between agglutination of biphas i c  medium grown c e l l s  and hoof agar grown 

c e l l s , with antis era made agains t F .  nodo sus c ells  grown i n  biphasic  medium . 

There  were insuffi c i ent c e l l s  avai lable  for a formal in treated c e l l  sus-

pens i on .  

Both biphas i c  medium grown ( Table I I I . I) and hoo f  agar grown l ive  c e l l s  

were agglutinated to a s imi lar ti  tJ.·e . Both c e l l  suspens i ons were stable  to  

heating at  60°C for 60 min .  but marked differenc es  in the effect  o f  washing 

were s een .  Whereas F .  nodosus ( J3/22 ) c e l l s  grown in biphas i c  med ium lost  

agglutinabi li ty by washing c ombined with heating afterwards at  60 °C for  

60  min . ,  c ells  grown on  hoof  agar retained all  reacti v ity whe the r washing 

pre c eded or fol lowed heat treatment . 

The re were  marked differenc e s  bet11een the suspensi ons in the stabi l ity 

of the antigens after heating at 1 00°C for 60 min . Cells gr0wn on hoof  agar 

that were washed and then heated at 1 00°C for 60 min. had a 1 6  fo ld depres

s i on in agglutinab i l i ty whereas biphas i c  medium grown c e l ls subj e cted to the 

same treatment lost  all  r eactivity .  

(d )  The agglutination of P .  nodosus (J3/22 ) c e lls  grown in  hoof  bro th by 

anti-F . nodosus (J3/22 ) ant i s e rum ( Table  I II . IV )  

The agglutinati on titre of  untreated l ive c e l ls grown i n  hoof  broth 

was the same as that for c e l l s  grown on hoof  agar or i n  b iphasic  medium . 

Formal in  treated c e l l s  agglutinated to higher titre than did l ive  c e l l s  and 

thi s  superior  reactivity remained after heat treat�ent at 60°C for 60 min .  

The l iv e  c e l l s  too  were s table  t o  heating a t  60°C f o r  60 min .  but when  washing 

was carried out before or after heating at 60°C for 60 min .  all reactiv ity 

was de s troyed . Heat treatment at 1 00°C for 60 min .  destroyed a l l  agglutin

abi l i ty of c e l ls grown in  hoof broth . 



( e )  The agglutination of F .  nodosus (AS/C ) ce lls grown in biphas i c  

medium by anti-F . nodo sus (J3/22 ) anti s erum ( Table I I I . V )  
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Thi s  combinati on of  c e l l s  and anti serum enabled a c ompari son to b e  

made between vi rulent F .  nodosus s trains . The agglutination t itre usi ng 

untreated live  c ells  wi th a heterologous anti s erum was identical t o  the 

titre obtained in the homo logous system ( Table  I II . I ) .  Formalin treated 

c e l l s  were agglutinated at the same titre as l ive c e l l s  in  the heterologous 

sys tem but for formal in treated c e l l s  the titre was lower than the co rre s

ponding titre in the homo logous system ( Table  I I I . I ) . 

Heat treatment at 60°C for 60 min .  or  wash ing left the agglutinati on 

titre  us ing untreated c e l l s  unchanged . Heat treatment at 60°C fo r 60 min . 

c ombined with washing before or  after heating left the agglutination titre 

using formalin treated cells  unchanged but the titre usi�g live c e l ls was 

s ignificantly reduced or destroyed . Deat treatment at 1 00°C for  60 min . 

reduced the agglutination titre us ing live c e l ls and total ly destroyed re

activity of  formalin treated c e l l s . 

( f )  The aggluti r.at i on of  F .  nodosus (J3/22 ) rel ls gro_"E in  GC bro th by 

anti-F .  nodo sus (J3/22 ) antiserum ( Table I I I .  VI ) 

Thi s  was the only culture grown at fermente:r ( 600 l )  s cale  and the 

results are important be cause fo r c ommercial  appli cati on vacc ine prod�ction 

would demand culturing in volumes s imi lar to or greater than 600 l .  

There was a dramati c  depres s i on of agglutinability for either l iving 

o r  formalin treated c e l l s  regardless  o f  treatments . There  was sti l l  a s i gni

fi c ant advantage in heat stabi l ity of l ive  cel ls  ove r  formal in  treated one s , 

after treatment at 60°C for 60 min . or  1 00°C for 60 min . 

The re sults of  agglutinati on te sts with treateJ c e l l  suspens i ons 

showed that there  were s triking difference s  between agglutinogens in  the i r  

s tabi lity t o  heat and re s i s tance t o  washing . To c larify the pattbrn of 

re sults the more  signifi cant figures  have b e en extractecl from the pre c eding 

tabl e s  and are pres ented in summary form in Table  I I I . VI I . Mos t culture 

batches produced c e l l s  with agglutinabi l i  ty that resi sted tr
.
r: atment at 60°C 

for  60 min . but whi ch was markedly reduced or  destroyed by washing prior  to  

heat treatment . Exc eptional in  thi s regard were cells  grown on hoof agar 

because the s e  pos s e s s ed agglutinogens stable to washing fo l l owed by heating 

at 60°C for 60 min .  o r  at 1 00°C for  60 min .  F .  nodo sus (J3/22 ) grown in GC 

broth at fermenter s cale , produced ce lls  that pos s e s s ed very little 

agglutinabil ity ;  all  of whi ch was re s i stant to heating at  1 00°C for  60 min .  

DISCUSSION 

The re sults of  the s e  experiments have shown s ignifi cant differenc es  in  

terms of  antigeni c s tructure as  determined by gro s s  and s omatic agglutination 

t e s ts . It c an be  s e en from Table I I I . VI I  that the difference s  are brought 
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about largely by the method of culture but that an influence i s  exerted by 

s trains with parti cular characteristi c s ; for  example F .  nodosus ( M9/4 ) .  

Apart from the GC broth/fe rmenter me thod o f  culture , F .  nodosus c e l l s  

grown by other means pos ses sed superficial  agglutinogens that were  stable  

to  heating at  60°C for 60 min . , but whi ch were  di s l odged by s imple washing . 

Examples  of this pattern '"e re s een  in F .  nodosus (J3/22 ) cultured in  

biphas i c  medium or  hoof  broth , and in F . nodosus (AS/C ) cultured in  biphas i c  

medium ( Table I I I . VI I ) . The other exc eption to thi s  finding was i n  c e l ls 

grown on hoof agar and in the s e  the surface antigens appeared to b e  more 

fi rmly bound . Heat treatment at 60°C for 60 min .  o r  formalin treatment o f  

the c e l l s  before washing tended t o  stabi lise  the surface  agglutinogens but 

no t to reduce their  reactivity (Tables  I I I . I  and II I . V ) . 

Heat treatment uf  c e l l s  at 1 00°C for 60 min .  exposed other agglutinogens 

in F .  nodosus (J3/22 ) and F. nodosus (A8/C ) c e l l s  that had b e en cultured by 

thre e  different methods ( 1ables  I I I . I I I , II I . V  and I I I . VI ) . Nei ther washing 

before  the he�t treatment nor incubation for an extended time at a higher 

temperature expo�ed reactivity for c ells  from hoof  bro th , but on ano ther 

o c c a s i on F .  nodosus (J3/22 ) c e l l s  grown :i n  biphasic  medium agglutinated after 

treatment at 1 00°C for 60 min . Thi s  reactivity aftP.r bo i ling of c e l l  sus

pens i ons i s  referred to as s omatic  or  " 0 " agglutinabi l ity for the Entero

bacteriaceae but the investigation of F .  nodosus surface  antigens was not 

c ontinued to  a stage where the enve lope or " K" antigens could be  further 

defined as " L" : "A" o r  " B" (Kauffmann , 1 947 ; Crui ckshank , 1 965 ) .  The super 

fi c i a l  agglutinogens of  F .  nodosus ful ly res isted heat treatment at 60°C for 

60 min .  and therefore they are not s imilar to " L" antigens . ( Crui ckshank , 

1 965 ) . In an attempt to distinguish between agglutinati on due to " K" antigens 

and that due to pi li  antigens , 50 per cent. ethyl alc oho l treatment ( Crui ck

shank , 1 965 ) was tri ed but resulted in autoagglutination of al l suspensions . 

The l i ght fluffy flcc culation that was seen first  in  agglutination o f  

F .  nodosus c e l ls cultured on hoof agar is typi cal of flagella or pi l i  

agglutinatinn ( Crui ckshank , 1 965 ) .  Thi s  was no t s e en using any o ther form 

o f  culture and therefore with the supporting mo rphologic al evidence  of  

Chapter I I , there seems l i ttle  doubt that growth o f  pi li  on F .  nodosus (J3/22 ) 

i s  as s o c i ated with cu lture only on hoof agar . 

Unl ike c e lls  grown in  all  other c ombinati ons the F .  nodosus (J3/22 ) 
c e l l s  cultured in 600 l i tres  of GC broth were exceptional in  pos s e s s ing no 
demonstrable  " K" agglutinogens . Thi s difference must hav e  been due t o  
influenc es  of the culture medium as the same strain , F .  nodosus (J3/22 ) ,  
behave d  quite typi cally when grown by other culture methods . In  terms of  
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immunogeni c i ty ,  the abs ence of " K" antigens c ould be advantageous becaus e 

when pre s ent they caus e "0" inEagglutinability ( Chapter V ) . There  i s  

evidence that suggests a n  assoc iation between somati c  agglutination t i tre  

and prote ction ( Egerton , 1 972b ; Chapters V and VII ) and if  " 0" innagglutin

abi li ty o c curs in  vivo , the blo cking effect c ould be  important in l owering 

the re spons e to  somati c antigens and perhaps influencing sub sequent 

res i stanc e to infe ction .  

F .  nodosus (J3/22 ) and F. nodosus (A8/c ) although i s o lated from 

different areas of New Zealand show a c lose  s ero logical re lationship . 

( Tables  I II . � ,  I II . V  and I I I . VI I ) .  Information c onc erning the an ti geni c 

s imi laYity between field i s o lates of  F .  nodosus is  needed before a vac c ine , 

dev e l oped agains t one s train , c an c onfidently be predi cted capable  of  

inducing immtmi ty against all  other strains . 
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Summary and c onc lus ions 

1 .  F .  nodosus (J3/22 ) c e lls  grown in GC broth were lacking in c ertain 

superfi cial  agglutinogens that were pres ent on c e l l s  from othe r culture 

sys tems , were stable  to heating at 60°C for 60 min . and were remov ed from 

hoof  broth cultured c e l l s  by simple washing. In al l other batche s ,  heat 

treatment or formalin treatment before the washing tended to stabi l i s e  the 

agglutinogens but not to reduce the ir reactivity .  

2 .  Heat treatment a t  1 00°C for 60 min . expos ed the s omatic agglutinogens 

of F .  nodosus (J3/22 ) and F .  nodosus (AS/C ) c e l ls that had b e en grown by 

thre e  di fferent methods of  culture . 

3 .  When us ing F .  nodosus (J3/22 ) c e l l s  that had been cultured on  hoof 

agar , agglutination wa s s e en fir�t as a fluffy flocculation and thi s change 

was believed due to pi li . After standing overnight at 4°C the tubes  showed 

typi cal agglutination i . e .  a heavy c e l l  deposi t in the tube base wi th a 

c l eared supernatant . 

4 .  F .  nodosus c e l ls autoagglutin�ted in 50 per c ent ethyl al coho l at 37°C ,  

s o  that i t  wa s not pos s ible to di stingui sh .further betv.reen pi l i  and "K" 

antigens . 

5 .  Standard anti-F .  nodo sus (J3/22 ) antiserum agglutinated at higher titre 

wi th fo rmalin treated c e l l s  than with live c e l l s  suspended in phosphate 

buffe red saline . Superfi c ial agglutinogens appea1· to be  easi ly di s l ouged 

and formalin treatment may help to stabi l i s e  the bond betwe en antigen and 

c e l l  wi thout affecting reactivity .  

6 .  Two virulent field s trains o f  E .  nodos11s , i s o lated from different parts 

of New Zealand , were both agglutinated to the same ti tre by anti-F.  n odc sus 

(J3/22 ) anti s erum . 



TABLE I I I .  I 

Agglutination titres giv�n by an anti-F .  nodosus (JJ/22 ) anti serum when 

reacted with F .  nodosus (JJ/22 ) c e l l s grown in b ipha s i c  medium and sub

s equently t reated in vari ous ways 

Ce l l s  C e l l  
treatment F .  nodosus (<T J/22 ) /PBS F .  no do sus (JJ/22 ) 

None 

60°C/60 min .  

60°C/60 min .  + wash 

wash + 60°C/60 min . 

1 00° C/60 min . 

1 00° C/60 min .  + wash 

204�0 

20480 

1 0240  

40 

0 

0 

PBS Live ce l l s  in phosphate buffered saline 

1 63840 

40960 

ND 

ND 

0 

ND 

FI'BS 

ND 

Dead c e l l s  in  formalin  phosphate buffered saline 

Not done . 

FPBS 



TABLE I I I  . I I  

Agglutinati on titres  given by antisera  against ei the r  F .  nodosus (J3/22 ) 

o r  F .  nodosus (M9/4 ) when reac ted either  wi th F .  nodosus (M9/4 ) c e l l s  

grown in biphas i c  medium and subs equently treated in vari ous ways , or  

wi th F .  nodosus (J3/22 ) c e l l s  grown in biphas i c  medi um 

F .  

F .  

F .  

F .  

F .  

F .  

Ce l l  Anti sera 
Ce l l s  treatment F .  nodosus 

(J3/22 ) 

nodosus (H9/4 ) /PBS None 40 

nodosus (H9/4 ) /PBS Washed 0 

nodosus (M9/4 ) /PBS 60°C/60 min .  5 1 20 

nodosus (H9/4 ) /PBS Wash + 60°C/60 min .  40 

nodosus (H9/4 ) /FPBS None 201'! 80 

nodosus (J3/22 ) /FPBS None 81 920 

PBS Live c e l l s  in phosphatR buffered saline 

against :  
F .  nodo sus 

( :'19/4 ) 

40 

80 

20480 

40 

40960 

1 0240 

FPBS = Dead c e l l s  in formalin pLosphatR buffered saline . 



TABLE I I  I .  I II  

Agglutination ti tres given by an anti-F .  nodosus (J3/22 ) antiserum when 

r eacted with F .  nodosus (J3/22 ) c e l l s  grown on hoof agar medium and sub

s equently treated in  vari ous ways 

None 

Cell  
treatment 

Washed 

Wash + 60°C/60 min . 

60°C/60 min . 

60°C/60 min . + wash 

Wash + 1 00°C/60 min . 

Cells  
F .  nodosus (J3/2 2 ) /PBS 

1 0240 

2 0480 

20480 

5 1 2 0  

1 0240 

640 

PBS = Live c e l l s  in phosphate buffered saline . 



TABLE I I I . IV 

Agglutinat i on ti tres given by an ant i-F . nodosus (J3/2 2 )  anti se rum when 

reacted wi th F. nodo sus (J3/2 2 ) c e l l s  grown in hoof broth and subsequently 

treated in vari ous ways 

Ce lls  Cell  
treatment F .  11odo sus (J3/22 ) /PBS F .  nodo sus (J3/22 ) /FPBS 

None 

Wash + 60°C/60 min . 

60°C/60 min .  

60°C/60 min. + wash 

1 0240 

0 

1 0240 

0 

0 

PBS = LivG c e l ls in phosphe te buffered saline 

40960 

ND 

40960 

ND 

0 

FPBS = Dead c e lls  in f ormalin phosphate  buffered saline 

11]) = No ·l:. done . 



TABLE I II .  V 

Agglutination titres  given by an anti-F . nodc sus (J3/2 2 )  ant i s erum when 

reacted with F .  nodo sus (AS/C ) c ells  grown in biphas i c  medium and sub

s equently treated in vari ous ways 

Cel l s  C e l l  
treatment F. nodosus (A8/C ) /PBS F .  nodosus ( A8/C ) /FPBS 

None 20480 

washed 20480 

wash + 60°C/60 min . 0 

1 0240 

60°C/60 min . + wash 40 

80 

PBS = Live c e l l s  in phosphate buffered sal ine 

20480 

20480 

20480 

40960 

40960 

0 

FPBS = Dead c e l l s  in formal in phosphate buffered sal ine . 



TABLE I I  I .  VI 

Agglutination titres  given by an anti-F. nodo sus (J3/22 ) anti s erum wh en 

reacted with F .  nodosus (J3/22 ) c e ll s  grown in bulk in GC broth and sub

s equently treated in various ways 

Ce l l  
treatment 

None 

washed 

wash + 60°C/60 min .  

60°C/60 min . 

1 00°C/60 min . 

F .  nodosus 

Ce l l s  

(JJ/22 ) /PBS 

0 

40 

80 

1 60 

1 60 

? .  nodosus (JJ/2 2 ) /FPBS 

0 

40 

40 

0 

40 

PBS Live cells  in pho3phate buffered sal ine 

FPBS = Dead ce l ls  in formaJ.in  phosphate buffered s al ine . 



TABLE I I I . VI I 

Agglutinat ion titres  of  anti-F .  nodo sus (JJ/2 2 )  anti serum wi th c � l l  

suspens i ons of di fferent F. nodo sus s trains  grown by different methods 

of  culture and subsequently treated in var ious ways 

F .  nodosus strain Cell treatment 
and method of 

60°C/60 min .  wash + 1 00°C/60min .  culture None 60°C/60 min.  

J3/22 
biphas i c  medium 20480 20480 40 0 

M9/4 * 
biphas i c  medium 40 5 1 20 40 ND 

J3/22 
hoof agar 1 0240 5 1 20 20480 640 

J3/22 
hoo f  broth 1 0240 1 0240 0 0 

A8/r. * 
biphasic  medium 20480 1 0240 0 80 

J3/22 
GC broth 0 1 60 80 1 60 
600 l i tre  

* Formal i n  treated c e l l s  agglutinated to 20480 

ND = Not done . 
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CHAPTER IV 

A S S E S S M E N T I N S H E E P 0 F L 0 C A L R E A C T I 0 N S 

A N D P R 0 T E C T I 0 N G I V E N B Y V A R I 0 U S 

A D J U V A N T / C E L L C 0 M B I N A T I 0 N S 
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Egerton ( 1 970 ) e s tabli shed that F .  nodosus cel ls  cultured ei th e r  on 

hoof agar or in biphas i c  medium and then inc orporateJ w ith a water -in-o i l  

adj uvant produced a vac c ine that afforded s ignifi cant pro tection agains t  

foot-rot .  fhe s ame vac c ine formulat i on was e ffectiv e  in  stimulating re

si s tance amongst  sheep with existing fo ot-rot (Egerton 1 970 ; Egerton  and 

Burre l l , 1 970 ; Ege rton and Morgan , 1 972 ) . 

Before the s e  findings could be  applied more wi dely two que s ti ons had 

to b e  resolved . Fi rstly ,  the local effect  o f  the adj uvant vehi c l e  on the 

animal had to be as se s sed  as an over  intense  reaction at the va c c ination 

s i te could s everely reduce the market value of  the carcass and hide . 

Se c ondly i t  had to b e  e stabli shed that the l arge s cale culturing of F .  nodosus 

required for c ommerc ial  vac cine production , would not re sult in the . l o s s  of 

"prote ctive " antigens . 
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The influence of  culture method o n  the morphology and ant igenic  

structure of  F .  nodosus had been studied  in experiments reported in  Chapters 

II  and I l l . As a result  of these  investigations F .  nodo sus (J3/22 ) had been 

s e l e cted as the vacc ine strain and on the bas i s  of the sati sfactory mor

phol ogy and somati c agglutinability of harvested c e l l s , GC broth was chosen 

to be developed furthe r as a large scale  culture medium . It was reali sed 

that the only definitive test  of the "protective "  capabilities  o f  the anti

gens lay in sheep cha l l enge experiments as appl ied by Egerton , Rob erts  and 

Parsonson , ( 1 969 ) and accordingly i t  was ne c e s sary to manufacture a vac cine 

inc o rporating the mo s t. appropriate . adj uvant . 

Eight different adj uvants were as se s sed for the local reacti ons they 

produced fol lowing the ir  subcutaneous inj e cti on .  Certain of  the s e  adj uvants 

produc ed severe l e s i ons and c onsequently did not warrant further s tudy . The 

more promi s ing sys tems 1vere evaluated furthe r by testing their  capabi l itie s , 

when c ombined with F .  noiosus grown under a variety o f  cultural c ondi ti ons , 

to form a vacc ine capable  of prote cting she ep against foot-rot .  

Preliminary s c re ening trials had indicated that both alum pre c ipitated 

and a lumini'.llll hydroxide ge l s.dsorbed vaccine s  produced l o cal reacti ons that 

were largely acceptab l -:-, and be cause of this they were considered wo r thy of  

further  devel opment . The water in mineral oi l Amuls i on vac cine deve l oped at  

the HcHastcr Insti tute , Sydney (Egerton , 1 970 ; Egerton and Burre ll ,  1 970 ) , 

hereafter referred to as the HcHaster adj uvant formulation ,  al though known 

to be  unac ceptably i rr itant , was carried through into further vaccine trials 

both because i ts proven e ffectivene s s  made it a c onvenient pos i tive c ontro l 

and a l s o  to test the hypothes i s  that the degree of protection afforded by a 

vac cine was re lated to the degre e of  l o ca l  reaction it induc ed . 

MATERIALS AND fffiTHODS 

A .  Adjuvant As ses sment 

The fo l l owing Qdjuvant sys tems whi ch are ful ly d e s cribed in Appendix 

VII I were tested , 

i )  Aluminium hydroxide ge l ,  adsorbed 

i i )  Potash-alum , pre cipitated 

j i i )  Water-in-oil  emulsion 

iv ) McMaster water -in-o i l  formulation 

v )  Organi c po lymer wi th a luminium hydroxide g e l  

v i ) Double  emul s i on 

v i i ) Anhydrous o i l  with aluminium monostearate 

vi i i ) Oi l -in�ater emulsi on with aluminium hydroxide ge l .  

The adj uvants were inc orporated with the antigen concentrate to  make a 
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2 ml  dose vacc ine c ontaining 5 x 1 09 F .  nodosus cel l s .  Inj ecti ons were made 

subcutaneous ly on the s ide of the upper ne ck in the s ite  rec ommended by 

Cooper and Jul l ( 1 966 ) . Lo cal  reacti ons were  obs erved and palpated 7 ,  1 4  

and 2 1  days after i no culation and were as s e s s ed using a grading s ystem des

cribed in Appendix VI I I . 

B .  Vac cine Tria l s  

i )  She ep Adul t  Romney/Bo rder  Lei ce ster cross  eve s or  wethers  we re 

s e l e cted on the bas i s  of fre edom from foo t-rot or other foot bl emi she s . 

i i ) Foot c onditi oning Al l the she ep were placed in pens indoors on 

bedding that was kept wet continuous ly and upon which fae cal material  was 

a l l owed to ac cumulate (Egerton et a l . , 1 9 69 ) . Thi s mac eration o f  the feet 

was allowed to continue for 5 to 7 days before attempted infecti on . After 

cha llenge the bedding was kept mo i st for  the duration of  the experiment . 

i i i ) Bacteria  F .  nodo sus (J3/22 ) c e l ls grown either in biphasic  

medium or in  GC broth in a 1 0  or 600 l i tre fermenter 1 were inc o rporated 

into the vac cine as a formalin treated phosphate buffered sal ine suspens ion 

at 5 x 1 09 c e l l s  per  dose ; the concentrati on us ed by Egerton and Roberts 

( 1 97 1 ) .  For certain formulations f ormalin  treateJ whole  culture was used 

e i ther instead of or  in addition to the c e l ls . 

F .  nodosus ( J3/22 ) grown on hoof agar was used throughout fo r homologous 

cha l lenge and F. nodosus ( AS/C ) cultured in the same way was us ed fo r the 

heterologous chal l enge us ed in Vac c i�e Tri a l  I l l  ( s e e  b e l ow ) . 

iv ) As s e s sment of l e s i ons Bach foot  was examined onc e  a we ek fo r 

s ix  weeks and s cored acc ording to the a s s e s s�ent method des cribed in Appendix 

IX us ing c l inical observation re cording sheets  (Appendix IXa ) .  Susc eptibi li ty 

s c ores were defined as  the mean of  a s s e s sment sc ore s  on po s t  chal l enge weeks 

3 ,  4 and 5 (Appendix IX) . 

In addition , where the proce s s  of infe c tion had reached the s tage of  

hoo f  separation ,  an  attempt was made t o  d i B tinguish between "active  and pro

gre s s ive"  changes  and o thers that were in the process  of reso luti o n .  

v )  S tati sti cal analysi s  Two b y  two c ontingency tabl e s  were dr�wn up 

for  c ompari s ons o f  data and analysed us ing the chi
2 

test  wi th Yate s  c o;rect

i on for c ontinuity . The exact chi
2 

test  ( Ba i ley , 1 9 69 ) was us ed  fur  c al

culations where expe c ted values were l e s s  than five . Difference s  were  c on

s idered to be non-signific ant when  the l ev e l  of probab i l i ty was g reater than 

5 per cent . 

Three vac c ine trials were c arri ed out ; each wi th the spe c i f i c  obj e ct

ive s  that are s tated under  the appropriate heading . 

Vac c i ne Tria l  I This  trial , whi ch inc luded four groups o f  sheep with 

s even individuals  in each group had two obj e c tives . The first  o f  the s e  was 

to c onfirm the protect ive e ffect of the McNaster  adjuvant vaccine formulation 
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i ncorporating the New Zealand fie ld i so late , F .  nodosus (J3/22 ) .  The s e c ond 

obj ect ive  of the trial  was to compare protection afforded by a vac c ine con

taining who le culture of F .  nodosus (J3/22 ) ,  wi th that of a s imi lar vacc ine 

c ontaining only F .  nodosus (J3/22 ) c e lls . Both of the s e  vac cine s incor

porated almninium hydroxide ge l as the adj uvant . 

( a )  Vac c ination The vacc ines were i nj e cted subcutaneous ly in  a 2 ml  

vo lume dose on the s ide of the upper ne ck . Two inj ections were  giv e n ,  one 

week apart in keeping with the method of Egerton ( 1 970 ) . 

( b )  Challenge This fo llowed the method des cribed by Egerton et  al . 

( 1 969 )  and c an be summari s ed as foll ows . Four days growth of  F .  n odo sus 

(J3/22 ) on half a petri dish of hoof agar was s craped into one plac e and the 

c e l l s  on a s lab of agar were applied di rectly to the interdigi tal ski n .  The 

material was held i n  place by a wet cottonwoo l  s'vab and covered by a foot 

bandage . The bandages  were removed fivP. days later . 

Three feet  of  each she ep were treated in the way outl ined  above and 

the fourth "'a" inoculated nsi ng an infe cted s1Vab taken di rectly from a foot

rot l e s i on .  The s1Vab was rubbed into the interdi gital skin , after which a 

pad of  wet c otton1Vo o l  was applied under a foot  bandRge and left i n  po s i ti on 

for five days . 

Vac c ine Trial II Tb is  trial inv0lved 64 she ep that were divided ran-

domly into eight group� . Six of the se  re c e iv ed vaccine s  i n  whi ch the F .  nodo

� (J3/22 ) c ells  had been cultured in the same 1 0  litre fermenter  and that 

di ffered one formulation from another only in the type  of adj uv ant used . The 

remaining vacc inated group received McMaster adjuvant va::: c ine c ontaining 

F .  nodosus ( J3/2 2 )  c e l ls cultured in biphasic  medium to prov ide a bas i s  for  

compari s on o f  the immu110geni c i  ty of  ce l ls cultured in a fermenter . 

( a )  Vacc ination She ep were inj e cted  on alternate s ide s  of  the upper 

neck wi th two doses  of 2 ml v o lume s eparated by a two week interval . 

( b )  Challenge ThP challenge procedure was c arri ed out according to 

the method described by Egerton et  al . ,  ( 1 9 69 ) , as was used in  the f irst  

trial . Two feet o f  each sheep were chal lenged wi th hoof  agar grown F .  nodosus 

(J3/2 2 ) c e l l s . 

Vac c ine Trial  I I I  A further  e ight groups o f  e ight sheep were involved  

in this  trial  whi c h  was large ly c oncerned with  confirming and furth e r  defin

ing the protective potential of  the Alum ( one  per c ent� pre c ipitated vac c ine 

using cells  cultured  in a 600 l fermenter . The trial  was de s igned to compare 

protection afforded after one or t1Vo doses  o f  vaccine against a challenge 

from e i ther the homologous or a heterologous s train of F. nodosus . The 

opportunity was als o  taken t o  compare the immunity afforded by the alum 
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prec ipitated vac cine with that of two comme rcially avai lable foot-rot vac c ine s .  

Commercial vacc ine "A" was an o i l  emulsion  vaccine pres ented in  a 1 ml 

vo lume dose '"hereas Commercial  vac cine "B" was an alum pre c ipitated vacc ine 

pre sented in a 4 ml v o lume dos e .  For the latter , two o r  more dos e s  were 

rec ommended but the manufacturers of  the first  impli ed that one dose  would 

provide substantial protecti on . 

( a )  Vac c ination Commerc ial vacc ine s "A" and " B" were admini s tered 

according to the manufacturers ' ins truc tions exc ept that the two do s e s  of 

Commercial  vacc ine " B" were s eparated by a two week interval . Other vac

cines vere inj ected sub cutaneousl:y: on the s id e  of  the upper ne ck in  a 2 ml 

vo lume dose . For the two dose s chedule groups , inoculati ons were giv en on 

alternate s ide s  two we eks apart : where only one dos e was intended 1 this 

was given at the time of other first doses . 

(b ) Challenge The chal lenge procedure was carried o ut according to 

the method de s cribed by Egerton et al . ,  ( 1 969 ) , as was used in  the previ ous 

two trials . Two feet  of  each sheep ,.;e re cha l le nged with hoof agar grown 

c e l l s : F .  nodosus (J3/22 ) for homologous challenge and F .  nodo sus (AS/C ) 

for the heterologous chall enge . 

RESULTS 

A .  Assessment of local reaction to adjuvants 

In Vac c ine Tri al I the McMaster formulation c aused severe reacti ons 

at one or  both inj e ction  s ites in s ix out of  s even sheep .  The r eact i ons 

were characterised by abs c e s s  formati on and oedema that extended  down the 

j ugular groove . All  the se reacti ons were j udged unac c eptable  be caus e of  

carcass  and hide damage . Formulati ons containing aluminium hydroxide g e l  

with e i ther F .  nodc sus (J3/2 2 )  whole  culture o r  with F .  nodosus (J3/22) c e l l s  

caused  an acc eptable  degree of  l o cal  reacti on characterised  by swe l ling and 

induration c onfined to  the inj e ction s i te . 

In Vac c ine Trial I I  it  was possible to  compare the degree o f  l o cal  

reaction caus ed by the McMaster formulation wi th that involv ing oth e r  

mineral o i l  adjuvant systems . Both the double  emuls i on and water-in-oi l 

adj uvants l.! aus ed fewer severe reacti ons than the HcMaster formulation  but 

even s o  they were generally unacc eptable  ( Table  IV . I ) .  Vac cines  based on 

an aluminium hydroxide gel adj uvant sys tem were again entirely satis factory 

whi le  alum pre c ipitated vacc ines  although c aus ing s l i ghtly more reaction  than 

the latter were c ons idered largely acc eptable  ( Table IV . I ) . The greater 

numbe r  of  sheep inj e cted with the alum pre c ipi tated vac c ine in  Vac c ine Trial 

I I I  enabled an important feature of thi s fo rmulation to b e  ob served whi ch 

was that s ingle vacc ine doses  caus ed only minimal reacti ons but two dos e 
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s chedules  caused s ome l e s ions that were j udged unacc eptable  ( Table I V . I I ) .  

The two do se  s chedu le  o f  Commerc ial vacc ine "B"  caus ed a pattern of  reacti ons 

very s imilar to that o f  the Alum ( one per c entJ precipitated vac c ine but 

Commerc ial vacc ine "A" , known to contain an o i l  adj uvant , was c ons iderably 

more reactive and mo s t  o f  the re sulting l e s i ons were j udged unac c eptable  

( Tabl e  IV . II ) .  

I n  summary , water-in-oi l  adj uvant vac c ine s  caused s evere  reacti ons 

that were largely unacc eptable . Alum pre cipitated vac cine s  caused l o cal  re

acti ons that were usually acc eptable and most o f  the more severe l e s i ons were 

as s o c i ated with a two dose  scheuule . Local reac tions to aluminium hydroxide 

gel adj uvant vac c ine s were always acc eptable .  

B .  Re s i stance o f  sheep to challenge 

Vacc ine Trial I 

i )  The influenc e of method of challenge 

Although a val id  c ompari son of th e swab o r  horn agar cu lture methods 

of challenge c ould be  made only within the c ontro l group , obs ervati ons were 

made on al l she ep and the results sho,.,r that aplJro::-::imate } y  equal numb ers  of 

feet became infected i rrespective of th e chal l enge me thod ( Table  IV . I I I ) . 

There  wa s no s tati sti cally s ignifi cant difference  between the numbers  of  feet 

of c ontrol sheep infe cted by either method at 3 or 4 week3 after chal lenge 

(p � 0 . 35 and p � 0 . 2 respectively ) . 

i i )  Re s i s tanc e t o  chal lenge 

All  c ontrols  be came severaly affe cted but all s heep vaccinated vi th 

the McMast.er adj uvant/F . nodosus (J3/22 ) c e l l s  combinati on were  strongly 

protected against infe ction ( p  = 0 . 003 ) . Thi s res i s tance showed in the form 

of group and susc eptibi lity s c ores far lowe r  than th os e for contro l s  

( Table IV . IV )  and the fact that only. one  f o ot  of  one sheep i n  this  vacc inated 

group showed activ e and progressive horn s epar�tion on pos t challe nge  week 4 

( Table IV . V) . In  the o ther  sheep of thi s group where iiif e cti on b e came we l l  

e stabli shed res o luti on was rapid whereas infe ction in  contro l sheep progressed . 

In  the other two vac c i nated groups there  �re re  c onsiderable  between-sheep 

differences ; for  example in  both groups 3 out o f  7 sheep had far  higher 

sus c eptibi l ity s c ores  than the remainder ( Tabl e  IV. IV ) . Any extra c e l lular 

antigens pre s ent in the whole  culture vacc i ne , as oppos ed to F. nodosus (J3/22 ) 

c e l l s  suspended in  phosphate buffered  s al ine , did not improv e  the protecti on 

rate . By both methods of evaluation the sheep  vaccinated with the aluminium 

hydroxide gel/F .  nodosus (J3/22 ) c e l l s  c ombinati on were as we l l  pro t e c ted 

as the group that r e c e ived  the aluminium hydroxide ge l/F .  nodosus (J3/22 ) 

who le culture c ombi nation ( Tables IV . IV and I V . V) . 
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In terms of numbers  of feet  infected ( Tabl e  IV . V ) , al l vaccinated 

groups were s i gnificantly more  res i stant than the control  group and the 

McMaste r formulation vacc ine was supe rior  to both the aluminium hydroxide 

ge l adj uvant vacc ines (McMaster vacc ine p = -< 0 . 001 , Aluminium hydroxide 

ge l/whole  culture p = 0 . 04 ,  A luminium hydroxide gel/c e l ls p = 0 . 001 ; McMaster 

vac cine compared Aluminium hydroxide ge l/c e l l s  p = 0 . 02 3 ) .  

Vacc ine Trial I I  

During the pe r i od of  pos t-challenge obs ervati ons , three  she ep aborted 

in the pens and succumbed  t o  postparturient metritis . One oth e r  she ep 

deve l oped severe foot abs c e s s . Sus ceptibi l ity s cores of  the s e  an imals were 

omitted from the final analys i s .  

Re si stan0 e t o  cha l lenge 

The sus c eptib i l i ty s c ores  of  a l l  the vacc inated groups were  far l ower  

than that o f  the c ontro l s  but in the Double:  emulsion ,  Organ i c  po lyme r and 

Aluminium hydroxide vaccine groups , there were individual she ep that had 

susceptibi lity s c ores  equ�l to or greater than the c ontrol group mean. In 

each of  the Double emuls i on and Organic  po lymer groups there were two unin

oculated feet that dev e loped spec ifi c foot-rot infection followed by horn 

sepa:::ati on , whereas in  the contro l  group the re were four such feet . 

In the c ontro l  group , assessment s c ores  on post chal l enge weeks 3 ,  4 

and 5 were higher than those  on week 2 whereas in all  the vacc inated groups 

where an individual sheep was e s s ential ly prote cted , the asses sment s c ore 

reduced as from post chal lenge week 2 .  

There were two di stinct ly di fferent l evel s of r e s i 3 tance  to  infe cti on .  

The mo st  res i s tant sheep were i n  groups vac c inated with the McMaster/biphas i c  

medi um ,  McMaster/fe�menter or  Alum/fermenter  combinati ons . With a much l ower 

lev e l  of r e s i stanc e were all  the other vacc inated groups and as  the s e  had 

been inj ected wi +,h e 1 ther the least reactiv e  o r  some of the mos t reactive 

adjuvant formulations , th9 resu lts showed that the p rotecti on afforded by o. 

vac c ine was not ne c e s sar i ly related to the degree of l o cal reacti on it  induced . 

Sus ce�tibi l i ty s c ores  for individuals  and groups of  sheep are shown in 

Tabl e  IV .VI and the numbers of  s heep and feet  affected with active and pro

gres s ive horn s eparation on po st  ch8 l lenge week 4 are s hown in Tab l e  IV . VI I .  

There was no s ignifi cant difference between protection affo rded by 

the McMaster/biphas i c  medium or the McMaster/fermenter  combinations (p = 0 . 1 9 ) .  

Thes e  two formulations and Alum ( one per  c entJ pre c ipitated vac c ine afforded 

s ignifi cant protecti on (p  = 0 . 0001 , p = 0 . 007 and p = 0 . 0003 re spe c tive ly) . 

No s i gnificant prote ction was demonstrable  for  other groups except the 

water-in-oi l/fermenter combination in whi ch vacc inated sheep had fewer feet  
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Re s i stanc e to homo logous cha ll enge 
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Thi s challenge caus ed a smal ler number  o f  contro ls  to b e c ome i nfe cted 

and the group sus ceptib i lity s c ore was lower than in Vac cine Trial I I  

( Tabl e  IV , VI I I ) . Two dos es  o f  the Alum ( one per cent. ) precipitated vac c ine 

afforded no advantage over  c ontrols in susc eptibi lity s c ore and thi s  group 

had two as against one uninoculated foot showing spec ific  infecti on . How

ever  the group of sheep given two do ses  of the alum adjuvant formulation had 

fewer individuals and fewer feet sho,ving activ e  and p rogres s ive horn 

s eparation on post chal lenge week 4 .  The group of she ep that r e c e ived one 

dose o f  alum pre c ipitated vacc ine had a lower susc eptib i l ity s c ore than the 

two dose  vacc inated group but the numbers  showing active and progre s s iv e  

horn s eparati on o n  post challenge week 4 were a pproximately the same f o r  each 

s chedule . The di fferences between th e numbers o f  affected vac cinated and 

c ontrol  sheep did not reach the 5 per cent. l ev e l of s i gnifi cance  ( one dose  

p = 0 . 09 ;  two dos e  p = 0 . 06 )  but fewer feet o f  vaccinated she ep were in

volved  (both vac c ination  schedule s ,  p = <0 . 02 ) . 

Re sistance to h� tero l ogous cha l l enge 

F .  nodosus (A8/C ) caus ed consistent infe c tion in the c ontro l group and 

c ons j stently high sus ceptibility s c ores  ( Tabl e  IV . IX) . I n  the contro l gro up 

thre e uninoculated feet  subsequently exhibited foot-rot infection w ith horn 

s eparation and every vacc inated group had one or more o f  the:::; e naturally 

acquired infecti ons . S igni fi cant prote ction was evident in  sheep given 1 or  

2 do s e s  of  the Alum ( one per c ent, ) pre c ipitated vacc ine ( p  = 0 . 004 ) , which  

was shown by l ower group sus c eptibi l ity s c ores and fewer she ep and f e et  with 

active and progre s s ive  horn separation on post  chall enge week 4 than +.he 

c ontro l group . Commercial  vacc ine " B" showed protection at a s l ight ly l ower 

lev e l  (p = 0 . 04 ) .  The least e ffective prote ction was afforded by Comrne :r·c ial 

vac c ine "A" but even in thi s  group sheep  had l ower sus ceptibility s c ores  

than c ontrols  and fewer feet  showing active  and progressiv e  horn s epara ti on 

on po st  challenge we ek 4 ( p  = 0 . 01 ) .  

DI SCUSSION 

The s creening tests  for local reacti on i n  New Zeal and Romney type sheep 

demonstrate cl early that whereas aluminium hydroxide gel adjuvants are 

ac ceptable ,  the McMaster  and other water-in-oi l adjuvants are not . Alum 

formulations cause generally acceptable reactions but s ome o f  the s e  b e c ome 

abs c e s s e s  that rupture and leave a small  scar on  heal ing .  Sec ond d os e s  given 

1 4  days after the first  caus ed more local reaction ( Table IV . I I )  and thi s  
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may be  due to an Arthus-type reaction at the se cond s ite . 

Skerman and Cairney ( 1 972 ) state that the s everity of the reaction to 

F. nodosus adj uvant vac c ines i s  proportional to  the amount o f  bac terial anti

gen they contain . To avoid  unnecessary carcass  damage it i s  imperative that 

the irritancy of any vacc ine should be minimal . However ,  foot-rot vac c ines 

are not so  e ffective  that one could afford to reduc e the c ontent of  antigeni c 

materi al . There fore a different approach would be to c oncentrate upon 

culture purificati on , the identifi cati on of c omponents respons ible  for evok

ing sheep prote ction and final ly formulation with adj uvant using the important 

bacte rial  components only . 

Of the range o f  adj uvants te sted , aluminium hydroxide gel proved to be 

the best  vehi c l e  for F .  nodosus oecau3 e of j ts r e latively mi ld reac tivi ty ,  

its  s tRbility ,  its free flowing character and the possibiliti e s  that exi s t  

for multivalent antigen formulati ons inc orporating the clostr idial range of 

vaccines . In an attempt to compensate for the l e s s  e ffe ctive adj uvant effect 

of  aluminiwn hydroxide ge l ,  modificati ons were  made in +,h e antigen content. 

but ne i ther the inclus ion  of who le e;ulture nor increas ing the nwnber of 

F .  nodosus c e l ls caus ed any improvement in pro tection ov e r  the s tandard 

5 x 1 09 cells/dose formulation .  As the local  reacti ons caused by the Alum 

( one per  cen�) vac c i ne were l�rgely ac ceptabl e  and the protection a fforded 

approached that of the MCJ'·laste r  formulation , further work on the alwninit:m 

hydroxide ge l formulation was stopped in favour of alum bas ed vaccines . The 

re sul ts of  protection in Vaccine Trial I I I  were  favourable for the Alum ( one 

pe r c entJ  pre c ipi tated who l e  culture formula 0ion and at the pres ent time 

thi s type of vac cine provides the best c ompromi se  between mi nimum degree of 

l o cal damage to the c arcas s and hide , and maximum lc·1 e l  of prote cti on against 

foot-rot infe ction .  

The severity of  chal lenge was adequate as determine d  by the generally 

cons i s tent re sponse in c ontro l  groups and by asses sment scores  of  al l  sheep 

on post challenge we eks 1 and 2 .  In  ful ly sus ceptible sheep , from we ek 2 

onwards , the as se s sment s c ores  c ontinued to  ri s e  whereas in e s s enti a l ly 

re s i stant animals  the s c ore  s topped ris ing by week 3 and began to fal l as 

r e so lution c ommence d .  As a measure of r e s i s tance to attempted F .  nodosus 

infe c tion ,  the sus c eptibi l ity s c ore was used to enable  a more  obj e c tive c om

par i son to be made between sheep in one group . I t  s e rved to  do thi s and for  

individual sheep  to  reduce the errors aris ing from differenc es  in a s s e s sment 

s c o r e s  between weeks . The se  e rrors were bel ieved to be caused by the 

activity of bacteria as soc iated wi th F. nodosus because what i s  s e en during 

c l inical  examination o f  foot-rot l e s i ons i s  the damage caused by F .  necrophorus 

and other bacteria aided by F .  nodosus (Egerton , Robe rts and Pars ons on , 1 969 ) . 
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A s  a resul t  the c l ini ca l  differences  observed between vaccinated groups do 

no t ne c e s sari ly or  immediate ly refl e ct  the effectiv eness  of F. nodo sus vac

c ine s . Substanti a l  wi thin-group variation in sus c eptibi l ity s c ores  oc curred 

in  approximately two out of e ight sheep in most groups other  than the 

McMaster/biphas ic  vac c ine group . Thi s var iati on between she ep could have arisen 

from e ither diffe renc e s  in  re spons e to  vac cination , variable  effe cts  of 

the foot  conditi oning proc�ss , differenc e s  in  the severi ty of cha l l enge 

or may be as the result  of a c ontribution from a l l  three . 

During the pe riod of  observations after cha l l enge , interdigital de r

matitis  was seen o c casiona l ly in both vac cinated and c ontrol  she ep . Wi thout 

peri odi c and repeated smear examinations it would hav e been impo s s ible  to 

determine '"hether F .  nodosus was invc lved o r  not , but as protecti on in the 

f i e ld from foot-rot vac c ination is  rare ly a l l  o r  none ( Ege rton and Burrel l , 

1 970 ) persistent interdigital infe cti on may provide a reservo i r  for  infection 

of  unprotected animal s . 

In Vac cine Trial I I I  the heterol ogous cha l l enge by F .  nodosus (A8/C ) 

was mo�e s evere than homo l ogous chal l enge by F .  nodo sus (J3/2 2 )  (8/8 and 6/8 

c ontr o l  sheep infected re3pective ly ) but the Alum (one per c en�) prec ipitated 

vacc ine by a 1 or 2 dose  s chedule protected we l l  aga1nst both strains . Com

r:le r c ia l  vacc ine "A" may have been l e s s  effective because only one do se  was 

us ed . Skerman ( 1 97 1 ) s ��ggested that. s ingl e  vacc ination was s omewhat l e s s  

e ffective than doub l e  vacc ination when using an o i l  adj uvant vac cine . The 

results  o f  prote c tion  tri als  in the f i e ld  against homo logous and hete ro l ogous 

chal l enge (Egerton and Burre l l ,  1 970 ; Skerman , 1 971 ; Sl<.:.erman and Cai rney , 

1 972 ) suggest that vac cines  protect better when the l eve l  of ch a l l enge i s  

greater .  For homo l ogous cha l l enge , th i3  may point to a pos s ib l e  c orre lation 

between virulence and immunogeni city as sugge sted by Egerton and Burre l l  

( 1 970 )  but the same explanation would only ho ld  for the hetero logous system 

i f  protection was re l ated to an an tigen common to  a l l  or  mo st s trains . Sker

man and Cai rney ( 1 972 ) have sugge sted that antigeni c components of the 

o rgani sm that are c apab l e  of stimulating hos t  immuno l ogical  defence  me chani sms 

may be feature s of general oc currence  in the natural populati ons o f  F .  nodosus . 

At pres ent the nature of these  antigens i s  not known although there i s  

evidenc e that they exi s t , and in the heat stable fra ction of the bacterial  

ce l l  (Egerton , 1 972b ; Chapter VII o f  this  the s i s ) .  

Be cause of  the natura l ly o ccurring form o f  cha l lenge , and the natural 

'�onditi oning' ' of the foo t ,  trials of a vacc ine under fie ld  condi ti ons would 

be much more des irabl e  and a more real i st i c  te s t  of farm use potentia l . How

ever indoor pen trial s  c an be carri ed out at wi l l  wi th the c ertainty o f  

infe ction starting on a certain day and the animal s a r e  avai labl e  f o r  repeat

ed and detai l ed examination . I t  was found d iff i cult to c ontro l  the foot 
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environment for  a l l  groups s o  that conditi ons were s imi lar and thi s factor 

of v ariation in pen mo i s ture i s  b lamed for  the l e s s  severe F .  nodosus 

(J3/22 ) chal l enge that o c curred in Vac c ine Trial I l l .  Be cause each treat

ment group was kept in a separate pen , al l  the sheep in a trial were not 

exposed to the same degre e  of cont inuing F .  nodo sus chal lenge . In  consequence 

the number  o f  uninoculated feet subsequently exhib i ting specific  infection 

was not who l ly an index o f  sheep prote ction but may a l s o  have been inf luenced 

by the magni tude of ground infection wi thin any pen . 

The underfoot conditi ons for  the sheep are undoubtedly the worst 

featu1 e of pen trials . Thi s re ached its mos t  s e ri ous }Jroporti ons duri ng 

the s e cond trial when three  sheep died as a consequence  o f  post-parturi ent 

me triti s .  Obvious ly wethers  or dry sheep must be us ed in pen trial s o f  this  

kind i f  the standard fo rm o f  experimental infe ction (Egerto n ,  et al . ,  1 969 ) 
c ontinues to  be used . Thomas ( 1 9 62b ) produced c l ini cal fo ot-rot in the 

horns o f  two she ep and i £  goats are equal ly sus ceptib le  in th i� s i te pro

gres s ive infection could be  maintained wi thout undue di s c omfort to the animal . 

As an alternative and perhaps more  sui table  vac c ine evaluat1 on te st  the goat 

horn system de s e rves furthe r consideration . 

Only three  cas e s  o f  foot abs c e s s  or inf e ctive bulbar ne crusis  (Robe rts , 

Graham , Egerton aad Parsons on , 1 968 ) arose amongst 1 32 sheep chal l enged i n  

an env i ronment presumably highly contaminated wi th F .  ne crophorus . Thi s  i s  

s imi lar t o  the rati o ( 3  o f  1 2 1 ) f o r  s impl e  F .  ne crophorus interdigital  

i nfection that extended to  the de eper ti s sue s as reported by Beveridge ( 1 9 41 ) .  

I t  f o l l ows that conditi ons conducive to the devel opment of  infe cti ous bul

bar ne c ro s i s  we re no t pre s ent during the pen  trials . The host  and e nv iron

mental factors as soc iated with F .  necrophorus and C .  pyogenes  combined 

infe ction have been extens ive ly studi ed in Aus tral i a  ( Roberts et  al . ,  1 968 ) . 
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Summary and Conc lus i ons 

1 .  McMaster formulation and o ther water-in-o i l  emuls i on adj uvants when 

incorporated into vaccines with F .  nodosus , caus ed s evere l o cal reacti ons 

at the inj ection s ite . Alum ( one per cent� pre c ipitated whole cul ture 

vac c ine caus ed general ly acc eptabl e  l o ca l  reac ti ons and aluminium hydroxide 

g e l  vaccines caused minimal reactions that we re a lways ac ceptabl e .  

2 .  The McMaster/biphas i c  combination was a consi stently effectiv e vaccine 

but other water-in-o i l  adj uvant vaccines al though equal ly unac c eptable  be

c ause  of  l o cal reacti ons , afforded l e s s  protect ion . Alum ( one per cent� 

pre c ipitated whole  culture vacc ine produced re s i stance against infe ction that 

approached the degree of pro tection afforded by the McMaster formulati on .  

The Alum vac c ine by a one  or  two dos e s chedule was effe ctive agains t  homo l o

gous and heterol ogous cha l l enge wi th F .  nod0sus . Alumini 1un hydroxide gel  

vac c ine s  afforded s ome protection but thi s was not  improved by inc ludi ug 

e i ther twi ce  the number o f  F .  nodo sus c e l ls  or F .  nodosus whole ca lture in  

addition to  the s tandard c e l l  suspens i on .  

3 .  F .  nodosus (J3/22 ) c e lls  grown i n  ei ther  biphas i c  medium o r  a 1 0  l 

f ermenter were equally satisfactory for providing prote 8iive antigen . C e l l s  

grown in  GC broth at the 600 l scale  were ased succe s sful ly as the s ourc e  of 

protective antigen in Vac c ine Tri a l  I I I . 



TABLE IV .  I 

Degre e of  acceptabi l ity of l o cal reactions to two do ses  o f  vac c ine form

ulated w ith di fferent adjuvant sys tems 

Adj uvant 

McMaster 

McMaster 

Water-in-o i l  

Doub l e  
emul s i on 

Organic  
p o lymer 

Alum 
one per cent . 

Alumi nium 
hydroxide 

Vac c ine 

Culture 

Biphas i c  medium 
c e l l s  

* 
Fermenter 
c e l ls 

Fermenter 
c e l l s  

Fermenter  
c e l l s  

Fermenter 
ce lls  

Fermente .c 
who le culture 

Fermen+-er 1 0  c e l l s  ( 1 0  /d ose ) 

* 
1 0  l v o lume . 

Number o f  she ep with stated 
l e s i on[No . o f  sheeE in grouE 

Ac ceptable  Marginally Unacceptab l e  
acceptabl e  

0/8 0/8 8/8 

0/8 1 /8 7/8 

0/8 4/8 4/8 

0/8 3/8 5/8 

8/8 0/8 0/8 

6/8 2/8 0/8 

8/8 0/8 0/8 



TABLE IV . I I  

Degree of ac ceptabi l ity of l o cal reacti ons to one or two do ses  of vacc ine 

formulated w i th a l um or o i l  adjuvant 

Adj uvant 

Alum 
one per cent . 

Alum 
one per cent . 

Vac c i ne 

Culture 

* 
Fermenter 
"'hole  culture 
1 dos e  

Fe rmenter  
whole  culture 
2 dcs e s  

Commercial vaccine "A" 
o i l  1 dose  1 ml 

C ommerc ial vac c 1ne "B" 
alum 2 do ses  
pre c ipitated each 4 ml 

* 
600 1 volume . 

Number o f  she ep with stated 
l e s i on/No . of sh e ep in group 

Ac ceptable  

1 6/1 6 

9/1 6 

0/8 

4/8 

Margi nal ly 
ac ceptgble  

0/1 6 

6/1 6 

1 /8 

3/8 

Unac c eptab l e  

0/1 6 

1 / 1 6 

7/8 

1 /8 



TABLE IV . I I I  

Numbe r  o f  feet  affe cted with foot-rot after attempt ed infecti on by 

appl i c at ion of  s1v-ab o r  horn agar culture ( HAC ) 

Adj uvant 

McMaster  

Aluminium 
hydroxide 

Aluminium 
hydroxide 

Controls  

Numbe r  o f  feet infected/ 
Vac cine No . 

Culture After 
Swab 

Biphas i c  medium 0/7 
c e l l s  

Biphas i c  medium 2/7 
who l e  culture 

Biphas i c  medium 3/7 
c e l l s  

5/7 

HAC Horn agar culture . 

of fe 2 t  chall enged 
3 wk After 
HAC Swab 

1 /2 1  0/7 

8/2 1 4/7 

4/2 1 2/7 

1 4/2 1 6/7 

4 �v-k 
HAC 

1 /2 1  

8/2 1 

5/2 1 

1 3/2 1 



TABLE IV . IV 

Sus c eptibi lity s c ores for individual sheep and for groups inje c ted wi th 

d i fferent vac cine s and c hall enged with the homologous strain in Vac c ine 

Trial I 

Adj uvant 

McMaster  

Aluminium 
hydroxide 

Aluminium 
hydroxide 

Controls  

Vac cine Sus c eptibil ity scores*  

Culture 

Biphas i c  mediwn 
c e l l s  

Biphas i c  medium 
whole  cu l ture 

Biphas i c  medium 
c e l l s  

* 

Group 

8 

4 

1 4  

Corrected to neare st  whole  number . 

She ep 

o ,  o ,  o ,  o ,  1 '  
2 ,  3 .  

o ,  3 ,  3 ,  4 ,  1 1 , 
1 1  ' 2 5 .  

o ,  o ,  2 ,  3 ,  7 ,  8 ,  
9 .  

8 ,  9 ,  1 1 , 1 7 ,  1 8 ,  
1 8 '  20 . 



TABLE IV . V  

Numbers of  she ep and feet  showing active and progres s iv e  horn separation 

on post- cha l l enge week 4 i n  Vaccine  Tri al I 

Adj uvant 

McHaster 

Aluminium 
hydroxide 

Aluminium 
lqdroxide 

Controls  

Vac c ine 

Culture 

Biphasic  medium 
c e l l s  

Biphasic  medium 
whole  culture 

Bipha s i c  medium 
c e l l s  

Numbe r  with hor� separati on* 
/No . challenged 

Sheep Fe et  

1 /7 1 /28 

6/7 1 2/28 

4/7 7/28 

7/7 1 9/28 

* Active and progress ive . 



TABLE IV . VI 

Sus c eptibi l ity s c ores for indiv idual she ep and for groups inje cted wi th 

di fferent vac c ines and challenged with the homo logous strain in Vaccine 

Tri al II  

Adj uvant 

McMaster 

McMaster 

Water-in-o i l  

Double 
emulsion 

Organic 
po lymer 

Alum 
one per cent. 

Aluminium 
hydroxide 

Controls  

Vac cine 

Culture 

Biphasic  medium 
c e l l s  

* 
Ferrnenter 
c e l l s  

Fermenter 
c e l ls 

Ferment e r  
c e l l s  

Fermenter 
c e l l s  

Fermente r  
whol e  culture 

Fermenter 
c e l to 
( 1 0  /dose ) 

* 1 0  1 volume 

Susc eptib i l ity scoresf 

Group 

4 

6 

1 0  

1 4  

1 3 

6 

1 3 

2 3  

She ep 

1 ,  1 ,  2 ,  4 ,  5 ,  6 ,  6 ,  
6 .  

3 ,  3 ,  3 ,  5 ,  7 ,  7 ,  1 4 . 

3 ,  6 ,  7 ,  1 1 , 1 2 ,  1 3 , 
1 4 '  1 5 .  

4 ,  5 ,  1 1 ' 1 4 ,  1 6 , 1 6 , 
( 1 9 ) ,  t 24 ) . 

7 ,  9 ,  1 0 ,  1 0 ,  1 1 ' 1 2 ,  
( 2 3 ) , ( 2 3 ) . 

4 ,  5 ,  5 ,  5 ,  6 ,  9 .  

3 ,  5 ,  8 ,  1 3 ,  1 9 , 2 3 ,  
2 3 .  

1 2 ,  ( 1 7 ) ' 2 1 ' 2 3 ,  2 3 ,  
( 27 ) , ( 2 9 ) , ( 30 ) . 

f Corre cted t o  nearest who l e  numbe r  

( - ) One uninoculated foot posi tive foot-rot .  



TABLE IV . VI I  

Numbers  o f  sheep and feet  showing active and progress iv e  horn separation 

on pos t-chal lenge week 4 in Va c c ine Tr ial I I  

Vac c ine 

Adj uvant 

McMaster  

McMaster 

Water-in-o i l  

Double  
emulsion 

Organi c 
po lymer 

Alum 
one per cent . 

Aluminium 
hydroxide 

Controls  

Culture 

Biphas i c  medium 
c e l l s  

Fermenterrf 

c e l l s 

Fermenter 
c e l l s  

Fermenter 
c e l l s  

Fermenter 
c e l l s  

Fermenter 
who l e  culture 

Fermenter 1 0  c e l l s  ( 1 0  /dos e )  

* Active  and progres s iv e  

:f- 1 0  l vo lume . 

* 
Number  wi th horn separation 

/No . chal l enged 

Sheep Fe et  

0/8 0/1 6 

2/7 2/1 4 

6/8 7/1 6 

7/8 1 1 /1 6 

7/8 1 0/1 6 

0/6 0/1 2 

6/8 1 0/1 6 

8/8 1 4/1 6 



TABLE IV. VII I 

Sus c eptibi l i ty s c ore s and numbers of  she ep and feet  showing active and progressive  horn separati on on post

challenge week 4 in Vac c ine Trial  I I I  

Vac cine 

Adjuvant 

Alum 
one per cent . 

Alum 
one per c ent . 

Controls  

- Homologous chal lenge -

Culture 

Fermenterrf 
whol e  culture 
1 do se  

Fermenter 
whol e  culture 
2 do ses  

Gronp 

9 

1 5 

1 6  

* Active and progress ive  

;6 600 l vo lume 

Sus c eptibi l ity Scores
) 

She ep 

4 ,  5 ,  7 ,  7 ,  8 ,  1 0 ,  1 4 ,  
1 6 . 

3 ,  1 1 , ( 1 4 ) , 1 6 ,  ( 1 7 ) , 
1 8 ,  1 9 , 1 9 . 

9 '  1 1  ' 1 2 ' 1 2 ' 1 9 '  ( 20 ) ' 
2 1 ' 22 . 

( - ) One uninoculated foot positive foot-rot 
1 Corre cted to nearest  whole  numb e r .  

* 
Number with horn s eparation 

/No . cha l lenged 

Sheep Feet  

2/7 2/ 1 4  

2/8 2/1 6 

6/8 1 0/1 6 



TABLE IV . IX 

Sus c eptibi l ity s c ores and numbers of sheep and feet showing activ e  and progress iv e  horn s eparation on po st

challenge week 4 in 'va c c ine Trial  I I I  

Vac cine 

Adj uvant 

Alum 
one per cent . 

Alum 
one per c ent . 

Culture 

Fermenter
f: 

whole  culture 
1 dose  

Fermenter 
who le culture 
2 dose s 

Commercial  vacc ine "A" 
o i l  

Commercial  vac c ine "B" 
alum prec ipitated 

Control s  

* Active and progre s s ive  

f 600 l vo lume 
a 

- Hetero logous cha l lenge -

Gr0up 

1 6  

1 3  

1 9  

1 4  

2 5  

Sus c eptibi l ��f Scores
1 

Sheep 

6 , 1 0 , 1 0 , 1 5 ,  1 7 , 20 , 
( 24 ) , ( 26 ) . 

3 ,  9 ,  1 1 ' 1 3 , 1 4 ,  1 4 , 
( 1 7 ) , ( 2 5 ) 

1 0 , 1 6 , 1 7 ,  1 8 ,  1 9 ,  
( 20 ) , 22 , ( 2 6 ) .  

4 ,  8 �  1 3 , 1 4 ,  ( 1 7 ) ,  1 8 ,  
1 9 '  20 .  

20 , 22 , 23 , 24 , ( 24 ) , 
2 6 ,  ( 2 7 ) , ( 30 ) . 

* 
Numbe r  wi th horn s eparation 

/No . chal lenged 

Sheep Fe et 

2/8 2/1 6 

2/8 2/1 6 

7/8 9/1 6 

4/8 6/1 6 

8/8 1 7/1 6a 

Corrected to nearest whole  number 

- ) One uninoculated foot pos i tive fo ot-rot 

1 6/1 6 for analys i s . 
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Introduc tion 

5 1 . 

By showing that the agglutination titre  o f  she ep rose during foot-

rot infe cti on ,  Egerton and Roberts ( 1 97 1 ) e s tublished that the infecting 

o rgani sms make contact  with the immunol ogi c a l  system of  the hos t .  A s l i ght 

rise  in  ti tre s e en during natural infe ction  was not asso c iated wi th any 

increase in  re s i s tanc e to  artifi c ia lly induc ed infe c t i on whereas the v ery 

much higher titres re corded after vacc inati on were as so c iated with a s i gni

ficant l ev e l  o f  prote ction .  When untreated live  c e ll s  were  used  in  the 

agglutination te st  there was no correlation between the post-vac c ination  

t itre  and the degree of  re s i s tanc e against infe ction but Egerton ( 1 972b ) 

has sugges ted that the agglutination t itre  o f  serum wi th boi l ed c e l l s  might 

be a more  re liable  index of r e s i stance in  individual s . The endors ement of  

thi s hypothes i s  was of  obvious importanc e in  improving understanding o f  the 

mechani sms of  prote ction  and pos sibly predi c ting the immune s tatus of she ep .  

Ac c ordingly c omparative agglutination t e st s  were c arri ed out us ing a s ingl e  
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s e rum sample  against  unwashed formal in treated c e l ls and agains t washed 

and bo i l ed c e ll s . An attempt was made also  to di scover  whether  interferenc e 

exi sted between agglutinogens in  vitro as this might be  rel ated to the l evel 

of prote ction o f  sheep in the fie ld . 

Serum samples  '"e re available  from new born and three day o ld lambs , 

normal adults and a range o f  mature sheep before and after vac cinati on . 

As mo st  of  the s e  sheep  had been inj e c ted with a variety o f  adj uvant vac c ine 

formulati ons before they were chall enged wi th F .  nodosus , the opportuni ty 

exis ted to relate the agglutination t itres both to the immune s tatus o f  the 

donor and also  to the effect  of ad j uvant employed in the vacc ine . Other 

groups o f  she ep had been vac c inated during a foot-rot  outbreak or had been 

v a c c inated and then challenged wi th a heterol ogous F.  nodosus  � train . 

A c c ordingly sera from the s e  anima ls was us ed to determine the heterologous 

t i tre . The relati onship o f  titres  between s trains was studied more 

extens ively using strain- ·spec i f i �  antisera and spec i f i c  abs orption of anti -

body .  

MA TERIALS AND METHODS 

Cell  suspens ions 

i )  Unheated c e l l s  F.  nodosus c e l l s  were harvested from biphas i c  

medium and , wi thout washing we re su�pe�ded i n  phosphate buffered s aline 

c ontaining 0 . 5  per c ent . formal i n .  The agglutinogens of the s e  c e l l s  that 

reacted with antiserum were  reas oned to  be s i tuated supe rfi c ia lly and were  

by definition s tabl e  to formal in t:ceatment . As  explained in Chapter I l l 

the nature of  the F .  nodo sus surfac e antigens was not ful ly explored b ut for 

c onveni ence in thi s  chapter and the re s t  of the the s i s  they wi ll  be  referred 

to  as "K" c.gglutinogcns anC:. th e reac t.Lon  involv ing an ti serum , as " K" 

agglutination . 

. . ) 1 1 ,  Heated c e l ls F .  nodosus c e l l s  were harve sted from hoof agar , 

biphas i c  medium or GC  broth cultures . They were washed three  time s in  

phosphate buffered saline , pH 7 . 4 ,  boi led for  60-90 min . , washed again three 

times and finally suspended in pho sphate buffered saline . The agglutinogens 

of the se  c e l l s  were  therefore reas oned to be f i rmly attached to  the c e l l  

and by defini tion s tabl e  t o  bo i ling . For c onvenienc e  these  antigens wi l l  

be  referred t o  a s  s omat i c  o r  " 0" agglut inogens and the reaction inv o lv ing 

antiserum as s omati c or  " 0" agglutinati on1 

All  c e l l  suspens i ons were adj usted to contain 5 x 1 0
8 

c e l l s/ml . 

Detai ls  o f  the methods used for preparing c e l l  suspens i ons are  des-

It  i s  not the writer ' s  inten tion to imply that F .  nodosus " K" and "0" 

agglutinogens as defined , are identi c al to  K and 0 antigens o f  the Entero
bacteriaceae . 
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c ribed i n  Appendix XI . 

Sera Serum was c o l l e c ted  from she ep involv ed i n  the t hree vac cine  trials  

( Chapter IV ) and Experiment Therapy I ( Chapter  XI ) at vari ous time s before 

and after e ither vac c ination or attempted infe ction wi th F.  nodo sus . 

" Resistant " or  " Susceptible"  sheep ( s era ) In  each treatment group 

of  v�c c ine Tr ials I ,  I I  and III , the most r e s i s tant and the most susc eptible 

sheep were se lected by identifying the most  extreme susc eptibi l ity s c ores  

e ach  s ide of the group mean s core . Thereafter  these  sheep ( s era ) became 

entitled ei  ther" r e s i stant'' or " sus c eptible"  and were usual ly pai red f or  

c omparison in a number  o f  s ero l ogi cal tests . 

Serum was c o l l e c ted at birth from lambs born to normal  or  va(;c inated 

ewe s , and furthe r samp l e s  were taken 3 or 4 days late r .  

For experiments invo lving " K "  reactions between strains , s pe c i f i c  

anti s era against F .  nodvsus (J3/22 ) ,  F .  nodo sus (McM1 9 8 )  an� F .  nodosus  

(M9/4 ) were  used as standards . Antis era were prepared according to the 

techniques des cribed in Appendix X .  

Antibody absorpti on by F .  nodosus c e l l s  

In  order t o  s tudy the differenc e s  in  amount o f  unabsorbe� antibody 

after homologous o r  h8terologous reactions , mixtures  of  antiserum and ce lls  

were c entrifuged after the standard agglutination reaction time and the super

natant was us ed again against  fre sh c e l l  suspensi ons . Parti cular attention 

was paid to the pattern of agglutinated c e l l s  as wel l as to th e quanti tative 

differences . 

Somatic  inagglutinab i l ity 

An investi gat ion  of poss ible interferenc e between "K"  and " 0" agglutin

ogens , hereafter ca l l ed somatic  inagglutinabi l ity ,  was undertaken us ing 

" K" and "0" spe c i f i c  antisera prepared ac c ording to the method de s cr i b ed 

in Appendix X.  

Sero l ogy 

Agglutination reactions were carried out in Dryer ' s  tubes . 

For "K"  agglutinati on the tube s  were incubated in a water bath at 

37°C for 4 hr and then he ld at 4°C overnight . 

For " 0" agglutinati on the tubes  were incubated ln a water  bath at 

50°C for 24 hr and then he ld at 4°C overnight . 

Detai l s  o f  the methods used for  c arrying out these  agglutinati o n  tests  

are described 1n  Appendix XI . 

RESULTS 

Antibodi e s  react ive to both "K" and " 0" antigens o ccurred i n  the 

s e ra of  mos t  normal sheep examined . Such antibodi es  were dete ctab l e  in  



s era from three days o ld lambs whethe r they had been born to  normal o r  

v ac c inated e'.,re s .  

By 3 to 4 days o f  age , lambs born to vacc inated ewe s , had "K" 

agglutinati on titres  in the same range as the dam . Pre-c olos tral lamb 

s e 1·um was devoid  o f  agglutinating antibody . 

54 . 

The leve l s  o f  naturally acquired antibodies  ro se  only s lightly during 

foot-rot  infe c t i ons . 

Agglutinat i on titres  in vacc inated sheep rose rapidly s o on after the 

first  inj e c tion  and differed in lev e l  a c cording to the adj uvant system us ed 

in the vac c ine . 

( a )  Water-in-o i l  adjuvant vac c ine s Thi s  type o f  adj uvant s ys tem , 

of  which  the McMaster formulation  i s  an exumple , caus ed the grea�est  rise  

in  both the " K" and " 0" agglutinat i on t itre s . Seven days after  the first  

dose  o f  McMaster  adj uvant vac cine , l i l(" t i tres  of  pooled  s era ro s e  from 

approximately 80 to 5 1 2 0  and showed a further 32 fold increase  fol lowing 

a s e c ond do s e  o f  vaccine . The hi gh pre che ll enge ti tr€ i n  Vac c ine Trial I 

( Tabl e  V . I )  pers i s ted at approximate ly the same lev e l  f o r  the fol lowing 

s ix  weeks . The Double emul s i on and wate r-in-o i l  vac c ine formulations 

caused approximately the same degree of response in both "K" and " 0" agglut

ination ti tre s when compared with the McMaster  formulat. i_ on  i n  th e s�me trial 

( Table V . I I ) .  

In the compari son between " re s i s tant" and " sus ceptible " sheep , the 

"K" and " 0" agglutinati on ti tres o f " re s i s tant" she ep were always equal to 

o r  greater than tho se  of " sus c eptibl e "  sheep but parti cularly in the case 

o f  " 0" titre s , the di fferenc es were only in  the range of one or  two doubling 

di luti ons ( Tabl e  V . I I ) .  

The o i l  based Commercial  vac c ine "A" , by one inj e c ti on produced an 

i rregular response as measured by the ' 'K" agglutinati on ti tre ( Table V .  IV ) . 

The pooled s e ra titre was no higher than an uns timu ]a+.ed c ontrol sh e ep 

whereas that of  the " r e s i s tant " sheep was equal to levels  produced  by the 

water-in-o i l  adj uvant vac cines  ( Table V . II ) .  In spite  of the  ir regular 

"K" respons e , Commerc ial vaccine "A"  produc ed a s ignif i c ant ris e in  " 0" 

agglutination  titre ( Table  V . IV )  equal to that produc ed by oth er water-in-oi l  

formulati ons . 

(b ) Alum pre c ipitated adjuvant vac cines  

i )  Alum ( one  per c ent·) vac cine Two do ses  o f  this vac c ine produced  

a marginally greater r i se  in the "K" agglutinati on ti tre than that produc ed 

by the 1 dose s chedule  and thi s  leve l was largely maintained for  e i ght 

weeks after challenge . " Re s i s tant " sheep usual ly had higher "K" agglutina-
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t i on ti tre s than did " sus ceptible " she ep .  As the ris e i n  " 0" agglutinati on 

titre did not exceed two doubl ing di lutions by e i ther vac c ination s chedule , 

there were no obvious differenc e s  e ither  between titres  o f  " r e s i stant" o r  

" sus c eptible "  shee p ,  o r  between e ffects o f  one o r  two do s e s  o f  vacc ine . 

( Tabl e s  V . I I I  and V . IV) . 

i i ) Commercial  vac c ine " B" The pool ed s era sample had a "K" 

agglutination titre equal to that o f  unstimulated c ontro l s  and the two 

individual s e�um ti tres  were only frac ti onal ly high e r  ( Table  V . IV) . Somati c  

or  " 0" agglutination titres were approximately equal t o  tho se  produc ed by 

the Alum ( one per  c ent.) vac c ine anci therefore little d ifferent from tho s e  

of  c ontrol  sheep .  

( c ) Aluminium hydroxide gel vac c ines She ep inj e c ted �th th is  type 

o f  vac c 1ne responded moderate ly we l l  in  terms of "K"  agglutination titre 

and the titres of " re s i stant" she ep we"!:'e  c ons is tently e qual to or higher 

than the titres o f  " sus ceptible " sheep in the group ( Tables V . I  and V . I I ) .  

The rise  in " 0" agglutination ti tre 1>'as equal to tha t of  alum pre

cipitate<} vac c inef' and therefore c ould not be  cons ide red significant . 

I n  summary , water-in-oil  adj uvant. vacc ines p:::- oduced substantial  ri s e s  

i n  bo th "K" and " 0" agglutination titres , whereas alum pr e cipitated 

adj uvant and aluminium hydroxide adj uvant vacr ines  produced moderate r i s e s  

in  the " K" titre . Only ins i gni fi (.; ant differenc es were  noted between pre 

and post  -vacc ination " 0" agglutination ti tres . The immune status of  a sheep 

could not be  predi cted from the po �t-vac cination agglutination t itres  exc ept 

within very wide limits . 

( d )  Vac cination o f  fo ot-rot infected she2p The use of th e Alum 

( one per  centJ prR c ipi tated who le  c ulture vac cine on sheep wi th foot-rot 

produced a substantial r i s e  in  the "K" and an ins ignific ant rise in the " 0" 

agglutinct.ti on titres ( Table  V . V ) . Both o f  these  r i s e s  were short l ived .  

A s e c ond dose  o f  vac c i ne given three  weeks after the f irst  caus ed a pro

longation of the titres but no anamnesti c response .  

( e ) Reactions between F .  nodo su� strains For a l l  three  s trains 

t e sted , "K" agglutination titres  were higher in the homologous reaction 

than in the heterologous sys tem ( T�ble  V .  VI ) .  In the homol ogous reacti ons , 

F .  nodo sus (McM1 98 ) c e l l s  were agglutinated to the lowest  titre  of  the 

three  s trains . F. nodosus (J3/22 ) and F. nodo sus ( M9/4 ) c e l ls were 

agglutinated by their  homologous antis era to approximate ly the same titre . 

F .  nodosus ( J3/22 ) was the only strain in whi ch c e l ls were "typi cal ly"  

agglutinated i . e .  with complete c learing of the s upernatant . In  reactions 

inv o lving the c e l l s  o f  both the othe r strains , the supernatant remained 
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c l oudy o r  was only part c leared . 

( f ) Antibody absorption by F . nodosus c e lls  This experiment showed 

that the anti-F .  nodosus (J J/22 ) antiserum supernatant , afte r mixing with 

F .  nodosus (M9/4 ) c e l l s , s t i l l  contained mo st  of the original agglutinating 

activ ity fo r F .  nodosus (J3/22 )  c e l l s  whereas after the F .  nodosus ( M9/4 ) 

homologous reaction  there was far l e s s  unabso rbed antibody for F .  nodosus 

(J3/22 ) remaining ( Table  V . VII ) . The results  also showed that F. nodosus 

( M9/4 ) c e l l s  had absorbed less  antibody from ei ther homo logous o r  heterolo

gous antiserum than had F .  nodosus (J 3/22 ) c e lls . 

( g ) Somati c inagglutinab i l i ty Anti-F .  nodosus (JJ/22 ) anti s e rum 

rai s ed against bo i led c e l ls , agglutinated washed and bo i l ed F .  nodosus c e l l s  

t o  a higher titre thari formalin treated c e l ls ( Table  V . VI I I ) . In a c om

plementary test us ing the s ame reagents , f ormal in treated c e l l s  were  

aggll�tinated to  a much nigher  titre than washed and boi led � e l ls by the 

anti serum rais ed against formalin treated c e l ls . 

DISCUSSION 

The s l ight r i s e  in "K" and "0" aggluti nation titres in the s e ra o f  

unvac cinat2d she ep during foot-rot infection  confi rmed that invas i on by 

F . nodosus mus t be suff i c i ently deep to reac t wi th the immunologi c al system 

of  the host ; an observation or iginally made by Egerton and Roberts ( 1 97 1  ) .  

The re spons e i n  "K" agglut inating antibody to vacc ination w ith mineral 

o i l  adj uvant formulations was of the same order as reported earl i e r  by 

Egerton u.nd Roberts ( 1 971 ) and was c l early greater than i t, w·as to l e s s  

i rr itant vacc ine formulati ons . Alum pre c ipi tated vac c lnes and aluminium 

hydroxide gel  vac c i ne s  }'reduc ed "K" titres  o f  the s ame o rder and the s e  were 

approximately equal to the ge ometric  mean t itre s reported by Rober ts , Bos ter , 

Kerry and Calder ( 1 972 ) for another alum treated vacc ine . I n  Vac c inP. Trial  

I I I  ( Tables  V . I II and V . IV ) , the response in  "K"  agglutinating ant ibody was 

of a s l i ghtly l ower level  in spite of the fact that serum sampl e s  were 

tested 1 4  days after  the s e cond dos e  of vac c ine at a time when the response 

should be  at a peak .  Te sts  employing pools  of s e ra and tho s e  evaluating 

" sus c eptible"  and " re s i stant " indivi duals  were carried out at different 

time s  us ing different batche s of formal in  treated c e l l s  and thi s  may 

account for many ind ividual se rum t itres being we l l  above the poo l ti tre . 

Neverthe less  a l l  end po ints were " read b l i nd"  and standard contro l systems 

worked we l l  on b oth o c cas i ons s o  that c omparisons between poo l s  and c om

paris ons between i nd ividuals  may be c ons idered val id . 

Egerton ( 1 972b ) has suggested that for the McMaste r water-in-o i l  

formuJ ation vacc ine , s omati c  o r  " 0" agglutination titres o f  2000 o r  h i gher 
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may be  indi cative o f  prote ction .  The results of Vac c ine Tri al  I I  ( Table 

V . I I ) for a l l  water-in-oi l  vac c i ne formulations would tend to support Egerton ' s 

sugge s tion  but i t  i s  c lear from the results shown in Tables  V . I I ,  V . I I I  and 

V . IV that the same s tandard canno t  be applied to othe r forms of adj uvant 

vacc ine . For sheep inj ected with alum adjuvant vac c ines  the "K" agglutina

tion t itre appears to be a better indi cator than the " 0" titre , of re spons e 

to vacc inatiou . Although the magnitude of the aggluti nation ti tre prov ides 

no indi cation of  subsequent lev e l  of resistance against foot-rot , individuals 

or  groups of sheep wi th a poo l  "K" titre of not less  than 1 0 , 000 usual ly 

showed s igni fi cant prote ction . 

The method o f  challenge and asses sment of infe c t i on in she ep  are im

pre c i s e  te chniques upon whi r. h  to  bas e an analys is  o f  co rre lation between the 

lev e l  of  protection and agglutination titrP . Moreover only an experiment 

bas ed on an antigen extincti on des ign would provide al l the data needed and 

thi s  was c ons idered imprac ti cab l e  be cause of the numbers  o f  she ep required . 

However ,  the re sults of  agglutination tests  on selec ted s e ra as reported in 

thi s chapter , sugge s t  that for alum pre cipitated vac c ine s , whi ch at  pre s ent , 

are the most gene rally ac cepted formulations , the "K" o r  "0"  titre c annot be  

us ed to  predi ct  the immune s tatus o f  indiv idual she ep . In  sa lmone l los i s  and 

lepto spi rosis agglutination t�. tr e s  are used diagnosti c a l ly but wi thout refer

ence to protection and in bruc e l lo s i s  a disassociation bttween immunogeni c ity 

and agglutinogenic i  ty for Bruc e l la abor+,us fracti ons has  b e en parti cula,rly 

we l l  demonstrated ( Rasooly ,  Boras u.nd Geri chter , 1 9 68 ) . Alth o ugh agglutina

tion titres  c an serve as a us eful  index of r2sponse by the host  to an intro

duc ed antigen ,  any assoc iati on between titre and resistanc e to infecti oll 

s e ems largely fortuitous . 

The s erological  differenc e s  b etween s trains as previ o�s ly reported 

( Beveridge , 1 941 ; Thomas , 1 962a ; Ege rton , 1 972a ; Egerton and Morgan , 1 972 ) 

were c onfirmed and furthe1· info rmation wa" obtained . The quantitativ e dif

ferenc e s  in t itre were within the expected range for e s s enti ally different 

s trains but there was in additi on one depo s i t  pattern for F. nodo sus (JJ/22 ) ,  

and another for  F .  nodosus ( M9/4 ) and F .  nodo sus ( McM1 98  ( Table  V . VI ) .  Both 

o f  the last s trains were agglutinated by all  three antis era as a v ery fine 

granular depo s i t  on the s lope s of t he tube without ful l c l earing of  the supe r

natant . Thi s  pattern was s i mi lar to that obtained wi th F .  nodosus (J3/2 2 )  c e l l s  

grown in  hoo f  broth ( Chapter I I I ) .  A s  recyc l ing of  the supernatants ( Tabl e  

V . VI I ) demons trated typi cal  agglutinati on i n  the homo logous system but l ittle  

improvement in the heterologous , the resul ts suggest  that i f  F .  nodo sus ( J3/22 ) 

i s  grown in an appropriate medium , the c e l l s  wi ll  bear  dete rminants not s hared 

by the other two s trains . Unl ike the v i rulent fie ld strain F.  nodo sus (JJ/22 ) ,  
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F .  nodosus (M9/4 ) i s  poorly proteolyt i c  and was i so lated from benign foot

rot . This c ombination of l o,.;er enzyme produc tion and parti cular c l i ni cal 

features  of the type of  foot-rot sugge s t  that the superfi c ial  antigens 

that appear to be mi s s ing may be as s o c i ated wi th protease producti on and/or 

invasiveness . Although proteolyt i c  activi ty is beli eved to b e  gradual ly 

lost  on repeated subculture ( Egerton and Par s onson ,  1 9 69 ) , F. nodo sus 

(McM1 98 ) produces  the same amount of protease  as F .  nodosus (JJ/22 ) but 

unlike the latter , the virulenc e of F .  nodo sus (McM1 98 ) for she ep has not 

been te sted by the writer .  

The fine type agglutination pattern produc ed with F .  nodo sus ( M9/4 ) 

and F . nodosus (McH1 98 ) may indicate the abs ence  of o ne or more supe rfi c i al 

a.ntigens , whi ch by inference are p:cesumably pre sent in F .  nodosus ( JJ/22 ) .  

I t  i s  pos s ible  that the mo re virulent F .  nodo sus field s trains have additi on

al  antigens as s o c i ated with invas iveness  or  speed of  adaptati on to c hanges 

in  nutrition and if this  is the case , the s e le ction of th e s e  "mas ter"  

s trains for  vac c ine  mann facture c ould be  an important feature in  f i e ld 

e ffectiveness o f  the formulation . 

Another unusual feature of "K" antigens has been demons trated using 

F .  nodosus (JJ/22 ) gro'm in a 1 0  l ferment e r . When untreated c e l l s  from 

thi s  ba tch "'ere mixed wi th di lutions of h omo logous anti serum the re was no 

vis ible  agglutinati on and no c learing of the supe rnatant . However , the 

same c e l ls incorporated with a vari ety of  adj uvant systems and inj e c ted 

into sheep produc ed "K" agglutinin>; to high titre so demons trating the 

existenc e of " K "  determinants whi ch s eem unable to fun,... tion in  ant i s e rum . 

The same va c c ines  afforded high level s  o f  s heep protect ion in Vdc c ine  Tri al 

I I  and as the c e l l s  s-"fter �.;ashing and boi ling gave the best  " 0" reac tivi ty 

of any batch ( Chapter I I I ) there i s  the po s s ibili ty that a l l  functi onal 

determin�nts were �asked until  exposed  by washing in vitro or p ro c e s sing 

by c e l ls o f  the r e ti culoendothe l ia l  system in vivo . 

Masking o f  " 0" agglutinogens was demons trated by the re lative s omatic  

i nagglutinabil ity of  formal in treated � .  nodosus c e l ls ( Table  V . VI I I ) 

whi ch , unuer the c onditi ons of the t es t , may be due e ither  to the pre s ence 

of  superfi c i al heat-labile  agglutinogens or e lso to interferenc e by formalin . 

Formalin fixed flage lla  are known to interfere with somati c  agglutination 

( Crui ckshank , 1 96 5 ) but this  F .  nodo sus c e l l  suspens ion  was derived from 

biphasi c  medium and electron mi cro s c ope s tudi es  on c e l l s  cultured by this  

method hav e  not  shown filamentous appendage s  of any kind ( Chapter  I I ) .  

Formalin can almo s t  c ertainly be exonerated to o be cause the ant i s erum 

against heated c e l l s  was rai s ed us ing boi led , formal in  treated c e l l  sus

pension and therefore only heat labi l e  determinants of the unwashed c e l l s  
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would b e  mi s sing . From thes e  results , the inferenc� is that in  anti s e rum 

rai sed against washed and heated c e ll s , " K" aggJ utinogens caus e a b l o cking 

effect  that prevents  the full express ion of " 0" agglutinati on . Washed and 

boi led c e l l s , placed in  the s ame anti serum , are  able to real i s e  the full 

potential  of  the s omati c  agglutination titre . This  s i tuati on for F.  nodosus 

c orre sponds with that for c e rtain other bacteria wi thout extra c e l lular 

appendage s ;  name ly non-pil iated strains o f  Escherichia coli  that pos s e s s  

the surfac e K antigen in addi tion t o  the s omatic  0 antigen (Kauffmann , 1 947 ) .  

De La Cruz and Cuadra ( 1 969 ) have shown that the same relati onship  exists  

between heated and unheated c e l l  suspens i ons of  Bactero ides fragi li s and 

Bacteroides ovatus . 



Summary and Conc lus i ons 

1 .  Both " K" and " 0" agglutinating antibodies  agains t F .  nod o sus exist  

in  the  s erum of  normal sheep and both may rise  s l ightly during  foot-rot 

infe c ti on .  

60 . 

2 .  After  vac ci nation , "K" agglutination t itres rose  higher r e l ative to 

normal sheep l ev e l s  than somati c agglutination titres . 

3 .  Water-in-o i l  adj uvant vac cines  provoked the h ighest  " K" and " 0" 

agglutinati on responses . Somati c agglutination titres o f  2000 o r  greater 

may be indi cative  o f  satisfactory r e s i stance agains t F. nodosus inf e c ti on .  

4 .  Alum and aluminium hydroxide adj uvant var:cines provoked far lowe r 

" K" agglutination  ti tres and only v ery s l i ght rises  in  s omat i c  agglutination 

t itres . Ne i ther of the s e  were directly correlated wi th res i s tance  against 

F. nodosus i nfec tion but " K" titres  of 1 0 , 000 or m'J re  ''ere usually in

di cative o f  s i gnif i cant prote ct ion .  

5 .  I nj e ct ion  o f  foot-rot infe cted  sheep with an alur.1 pre c ipi tated vac-

c ine raised the "K" agglutinati on titre 1 6-fold but tl: 8 soma t i c  t i tre rose  

ins ignif i cantly . 

6 .  Sero l ogical  differenc e s  between s trains were confirmed . F .  nodo sus 

(J3/22 ) appeared to possess  addi�i onal spe c i f i c  determinants not shared by 

e i ther F .  nodosus ( M9/4 ) or ? .  nodosus ( McM1 98 ) .  

7 .  F .  nodosus (J3/22 ) showed somat i c  in�gglutinab i l ity and th i s  was con

s idered to be  due to a blocking e ffe ct  by superfi c ial heat-lab i le antigens . 



TABLE V . I 

Post-vac c inati on agglutinati on titres of " re s i s tant" or ' ' sus c eptible "  

sheep and pooled sera  from the same group in Vac c ine Trial  I 

:>, +' Pos t-vaccination  
* . .... 

Vac c ine ..--i Agglutination titres  � 

Adj uvant 

McMast.er  

Aluminium 
hydroxide 

Aluminium 
hydroxide 

Controls  

(!) . .... 

3 (.) ..0 (!) H . .... H H ::s +' 0 
Culture Cl> 0 P, (.)  U) m Cll m Formal in  treated Heated (.) m "K"  " 0" ::1 U) 

Biphas i c  poo l 1 1 63840 2 5 60 
c e l l s  R 0 1 63840 ND 

s 3 20480 ND 

Biphas i c  poo l  8 1 0240 640 
who le  R 0 20480 ND 
culture R 3 5 1 20 ND 

s 1 1  5 1 20 ND 
s 2 5  2 560 ND 

Biphas i c  poo l  4 1 0240-20480 320 
c e l l s  R 0 5 1 20 ND 

R 0 20480 ND 
s 9 5 1 20 ND 
s 8 5 1 20  ND 

pool  1 5 80 320 
R 8 80 ND 
s 20 1 60 ND 

* Two dos e s  at one week i nterval . Chall enged 28 days 
after s e c ond dos e  of vacc ine 

� Day before challenge 

R = " Re s i s tant " 

S " Sus c eptib l e "  

ND = Not done . 



TABLE V .  I I  

Post-vaccinati on agglutination titres o f  " re s i stant" or " sus c eptible " 

sheep and poo l ed s e ra from the same group in Vac c i ne Trial  I I  

-)(
Vac c ine 

Adjuvant Cul ture 

McMaster 

McMastcr 

Water-in-oi l  

Double  
emul s i on 

Alum 
one per c ent. 

O rgani c 
po lymer 

Aluminium 
hydroxide 

C ontrols  

Biphas i c  
c e l l s  

1 
Fe -cmenter 
c e l l s  

Ferment e r  
c e l l s  

Ferwenter 
c e l l s  

Fermenter 
who le  
culture 

£ermenter 
c e l l s  

Fe rmenter 
c e t63 
1 0  /dos e  

* 

Q) 6 (.) ;:::i H H ;:::i Q) 0 U) CfJ 

poo l  
R 

pool  
R 
s 

pool  
R 
s 

pool  
R 
s 

pool  
R 
s 

pool  
R 
s 

pool  
R 
s 

pool  
R 
s 

� 
·.-I 
.-I 
·.-I ,.0 Q) 
·.-1 H +' 0 P-; 0  Q) CfJ 

(.) CfJ ;:::i U) 

4 
2 

6 
3 

1 4  

1 0  
3 

1 4  

1 4  
5 

24 

6 
4 
9 

1 3 
7 

23  

1 3 
3 

2 3 

2 3  
1 2  
30 

Post-vacc ination i 
Agglutinati on ti tres '  

Formalin  treated  
"K" 

20480 
1 6000 

:> 40960 
8000 
4000 

20480-40960 
8000 
8000 

1 0240-20480 
1 6000 
8000 

20480 
1 6000 

8000 

1 280-2560 
8000 
8000 

5 1 20  
8000 
ND 

1 60 
200 
1 00 

Heated 
"0 "  

2 5 60-5 1 20 
5 1 20 

2 5 60 
5 1 20 

1 280-2 5 60 

1 280 
2560-5 1 20 

2 5 60 

1 2 80 
1 280-2560 
640 --1 280 

640 
640 

640-1 280 

640 
320-640 
320-640 

320 
640 

320-640 

ND 
320 

1 60-320 

Two do s e s  at two we ek interval . Chal lenged 20 
days after s e c ond dos e of vac c ine 

� Fourte en days before chal lenge  

Vo lume 1 0  1 

R = " Re s i stant" 

S = " Sus c eptible "  

ND = Not done . 



TABLE V . I I I  

Post-vac c inati on agglutination titres  of  " re s istant" or  " sus c epti b l e "  

sheep and poo l ed se ra from the same group in Vac cine Trial I I I  

Homo logous chal lenge - F .  nodo sus (J3/22 ) 

* 
Vac c ine Q) 

§ � 

� 
·r-1 
,....; ·r-1 

Pos t-vac c inati on � 
Agglutination t itre s 

Adj uvant Culture 

H ;:J Q) 0 Cf1 rll 

..0 Q) 
·r-1 H +" 0 P; U  Q) rll (.) 
rll 

Formalin treated 
" K" 

Heated 
" 0" 

Alum 
1 

Fermenter 

;:J Cf1 

one per c ent. who l e  
culture 

po o l  
R 

9 
5 

1 6  

640 
5 1 20 
2 560 

ND 
320-640 
3.20-640 s 

1 dose  

Alum 
one per c ent . 

Fermenter 
who l e  

poo l  
R 

1 5 
3 

1 9  

1 280 
1 0240 
2 5 60 

640 
1 60-320 

640 

Controls  

culture 
2 dos e s  

s 

pool  
R 
s 

1 6  
1 1  
2 2  

1 60 
80 

320 

1 60 -320 
1 60-320 
1 60-320 

* Two doses  at  two week interval .  Sing::Le dos e given at  time 
o f  other first  dos e s . Challenged 2 1  days afte r s e c ond 
d o s e  o f  vac c ine . 

Seven days before challenge . 

1 
Volume 600 1 

R = " Re s i s tant" 

S " Su s c eptible"  

ND Not done . 



TABLE V .  IV 

Post-v ac c inati on  agglutination titres  of  " re s i stant " or " sus c eptible "  

sheep and pool ed s era from the same group in Vac c ine Trial I l l  

Heterologous cha l lenge - F .  nodosus ( A8/C ) 

:>, +' Post-vacc ination  � 
* · rl  

rl 
Vac c ine (1) ·rl Agglutinati on ti tre s 

� (..) ..0 (1) H ·rl  H H ;::$ +' 0 (1) 0 P< (..) 

Adjuvant Culture U) lfJ (1) lfJ Formalin treated Heated (..) 
lfJ " K" " 0" ;::$ U) 

Alum F�rmenter 1 pool  1 6  640 ND 
oue per  c ent . vlho l e  R 6 1 280 640 

culture s 24 1 280 640 
1 <"los e  

Alum Fermenter  pool  1 J 1 280 ND 
one per c ent . who le  R 3 1 0240 320 

culture s 2 5  1 280 640 
2 doses  

Comme rcial  vacc ine "A" pool  1 8  1 60 2 5 60 
oi l R 1 0  1 0240 1 280-2 560 

1 dose  s 26  < 640 1 280 

Commerc ial vacc ine " B'' pool  1 4  40-80 640 
alum pre c i pi tated R 4 640 320-640 

2 doses  s 20 < 640 640 

Controls  pool  24  40-80 �m 
R 22 1 60 320-640 
s 30 1 60 32C-640 

* Two doses  at two week interval . Single do se  given at time of  
e ther fi rst  dos es . Chal lenged 2 1  days after s e cond dose  of vac c ine . 

Seven days before chal lenge 

Volume 600 l 

R " Re s i stant " 

S " Sus c eptible "  

ND Not done . 



TABLE V . V  

Effect  o f  vac c inati on o n  agglutination titres o f  sheep with existing 

foot-rot 

Agglutination 

Sheep treatment Pe riod after 
treatment Formalin  treated 

" K" 

none ni l 320 

none 3 wk 320 

none 6 wk 320 

b e fore  treatment n i l  320 

* 
s ingle vac c ine dose  3 wk 5 1 20 

s i ngle  vacc ine do s e  6 wk 1 280 

two doses  of  vac c ine 3 wk 5 1 20 
s eparated by 3 wk 

Alum ( one per c en�) pre c ipitated who le  culture 

F. nodo sus (J3/22 ) ,  fermenter vo lume 1 0  l .  

t itres 

Heated 
" 0" 

320 

320 

320 

320 

640 

320 

320-640 



TABLE V . VI 

Agglutination  reactions us ing formal in treated cells of  three  F .  nodo sus 

s trains _ with spe c i f i c  anti sera 

Ce l l s  
formalin treated 

F. nodosus ( J3/22 ) 

F .  nodosus (McM1 98 ) 

F .  nodosus (M9/4 ) 

Anti-F .  nodosus anti s erum 

J3/22 

8 1 920 
typical  

5 � 20 
part c l eared 

1 0240 
part c l eared 

McM1 98  

1 280 
part cleared 

1 0240 
no c l earing 

ND 

M9/4 

1 0240 
typical 

ND 

40960 
no cl earing 

ND = not done . 

TABL}<; V .  VI I 

Agglutinati on o f  F .  nodosus (J3/22 ) c e l l s  by unabsorbed antibody pre s eut 

in homo logous and heterologous anti s era from the previ ou� expe riment 

( Table  V . VI )  

Ce l l s  
formalin  treated 

F. nodosus ( J3/22 ) 

F .  nodosus (J3/22 ) 

Anti -F .  nodosus anti s e rum 

J 3/22 

1 280 
typical  

40960 
typi cal 

M9/4 

640 
part c leared 

2 5 60 
no c l earing 



TABLE V .  VI I I  

Agglutinati on reacti ons using formalin  treated, or washed and boi led  

F .  nodosus (J3/22 ) c e l l s wi th thei r  respe ctive and opposite spe c i fi c  

anti sera 

F .  nodosus (J 3/22 ) 

c e l l  treatr.1ent 

Washed , b o i l ed , wash2d 
in PBS 

Unwashed , forma l i n  
treated 

Agglutination titres of 
anti-F .  nodo sus (J3/22 ) anti s era 

Against 
boi led c e l l s  

1 0240 

1 280 

Against 
formal in treated c e l l s  

1 280 

1 63840 

PBS = Phosphate buffered saline pH 7 . 4  
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Introduction 
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Iut8rest in  the antiprote o lyti c  activity of s erum arose  b e c aus e 

vari ous F .  nodosus s trains were known to  produce  proteolyt i c  enzymes  nuring 

the logarithmi c and stationary phases  of gro"'th ( Thomas , 1 964a ) . Strains of  

F .  nodosu� caus ing benign foot-rot were known to produc e approximately half 

as much protease  as  strains that caus ed progressive fo ot-rot ( Thomas , 1 962a ; 

Egerton and Parsons on , 1 969 ) . As F .  nodosus s trains caus ing beni gn foot-rot 

are a l s o  non-invas ive , an assoc iation between pr ote o lyti c a ctivi ty and 

i nvasivenes s  has been  as sumed but the c ontribution that protease  make s to 

the pathogenes i s  o f  progressiv e  foot-rot has never been c l early defined . 

Thomas , ( 1 962 , c ited  by Merritt , Ege rton and Loi , 1 97 1 ) showed th,,t 

thes e  proteases  were inhibited by s erum o f  she e p ,  hors e s ,  rabbits  and man . 

The inhibitory fraction o f  a l l  sheep s e rum , inc luding pre c o los tral lamb 

s erum , was identified by Merritt , et  a l . ,  ( 1 97 1 ) as an oC -macr oglobulin . 

Further work at the McMaster Laboratory ( Commonwealth S c i entifi c and 

I ndustrial  Res earch Organi sati o n ,  1 969-70 ) showed that  shortly after vac

c ination another spec i f i c  F .  nodosus protease inhibitor  devel oped in the 

I gG
2 

fraction o f  s e ra .  As neither oC- -macrogl obulin nor I gG2 al one had any 

appre c i able  bacteri cidal activ ity agains t F .  nodosus (Egerton and Merritt , 

1 970 ) i t  was f e lt  unlike ly that sheep r e s i stance would b e  dependent upon 

antiproteolyti c  a ctivity .  Neverthe l e s s  the complementary interaction  be

tween IgG2 antiproteases  rai s ed by vac c ination and IgG1 in  the de struction 



o f  F .  nodosus in vi tro  had already been demonstrated (Merritt , et a l . , 

1 971 ) • 
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The inve s tigation de s c ribed in  this chapter was undertaken to deter

mine ,.,rhether o r  not the s e rum antiproteo lyti c activity was rai sed by 

vaccination and if so whe ther the re wer� quantitative differences  that 

c ould be  traced  back e ither  to the type of adj uvant or to the method of 

culture used for the F. nodosus cells  in the vaccine . 

Serum samples were  avai lab le from lambs  before and a fter  sucking 

c olostrum , from normal adult she ep and from other adults ei the r before  or 

after vac c ination or attempted F .  nodosus infe ction.  

MATERIALS AND HETHODS 

Sera 

Pools of s e ra were used  from treatment groups i n  �he three  vac c ine 

trials ( Chapte r IV ) and from Experiment The rapy I ( Chapter XI ) .  Pre

c o lostral and post  c o lostral lamb sera were obtaine d from lambs born to 

e ither vac c inated or normal dams . 

Indi cator  of prote olys i s  

Proteolytic  activity in  mixture s  was e st imated b y  the dige stion o f  

ge latin that o c c urred o n  2 mm "Lie strips o f  daylight exposed x-ray fi lm 

( Kodak Royal Blue RB54 )  p la�ed in the mixture s .  The s trips of  f i lm were  

p laced in tube s c ontaining the reacting mixtures  and "here  digestion had 

taken plac e , liquefaction  of the ge latin expos ed the transparent b lue  

Estar-RH base  beneath . 

Protease  

Freshly harvested culture supernatant was  f i ltered to remove the  

b acterial cells  and c onc entrated i n  vo lume 5 0  time s by overnight dialysi s  

at  4°C . t l th l l l aga1ns po ye y ene g yco  . The conc entrate was di stributed in  

1 . 5 ml amounts and stored at -20°C .  Eefore us e in  th e  anti-proteo lytic  

test , an  aliquot "as thawed and its prote o lyti c  activ i ty assayed a s  fol

l ows . Doubling di lutions of  culture supe rnatant in  phosphate buffered 

saline , pH 7 . 4 ,  were di stributed into 3 ml  di sposable plastic  te s t  tub e s  

and a n  indi cator s trip added to  each . The mixture s  were incubated at  37°C 

f or one hour after whi ch the s trips were examined f er gelatin dige stion . 

The end point was taken a s  the last tube where  dige stion was 50 pe r c ent .  

o r  more completed and the rec iprocal of the di lution  became the proteolyti c  

titre ascribed t o  the culture supernatant sample . 

Sero logy 

The antiprote o lyti c  te st  was c arried out in two s tage s .  

( i )  Serum di lutions  in  phosphate buffered saline , pH 7 . 4 , wer e  made 

up in 3 ml plasti c di spo sable  test  tubes . To each tub e  was added 0 . 2  ml  

of  s erum di lution and an equivalent amount of  culture  supe rnatant at the 
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c hosen dilution .  For the antiproteo lyti c titration, the culture super

natant was used e ight fold s tronger than its  proteo lyti c  t itre s o  that 

after additions of serum dilution and cult1rre supernatant di luti on , four 

" proteolyti c do s e s "  were avai lable i n  each tube . The mixture s  were pla c ed 

i n  a water bath at 37°C for one hour . 

( i i )  Indicator s trips of  x-ray film wer e  added to �he tub e s  and i n

c ubation allo>ved to c ontinue for another two hours after whi ch the t e st  

was read by e�amining the immersed part of  the indi cator strips . The end 

point was taken as that tube where prote olyti c activity had b e e n  c o mpletely 

vr  more than 50  ]Jer c ent. inhibited . The antiproteo lytic titre of  a serum 

was defined as the re c iprocal of the final s erum di lution in  the end point 

tube . 

RESULTS 

All normal sheep inc luding pre c o l �stral and post- c o los tral lamb s  had 

titres of antiproteo lyti c activity of  the same order i . e .  640 or 1 280 , and 

thi s did not change when  the sh eep became inf e cted with progre ssive  foot

rot .  When sheep with existing fo ot-rot were vacc inated with one or  two 

dos e s  of the Alum ( one per c ent.) pre cipi tated wholG culture  vac c ine , ei the r 

s chedule produc ed up to a four fold rise  in  the antipro teo lyti c titre 

( Table  VI . I ) . 

Water-in-oi l  vac c ines  used on normal she ep produc ed up to four f o ld 

increases in the antiprote olyti c titre , and two dos e s  o f  alum prG cipitated 

vac c ines prod 1 1ced a two fold increase ( Table VI . II ) .  Either a luminium 

hydroxide gel adj uvant. vac c ines  by a t�w do s e  s chedule , or one dos e  of the 

a lum prec ipi tated vac cines  did not change the autiprote olytic tit re .  

DISCUSSION 

The high antiprote o lyti c  ti tre s o f  n o rmal she ep s era are in a l l  pro

bability due to  the � -mac roglobulin de s cribed by Merritt , Egerton and Loi  

( 1 971 ) .  As antiprotea�ez  rai s ed by vac c inati on are o f  the IgG2 c lass  

(Merritt et  al . ,  1 97 1 ) i t  1 s  pos s ib le that QC -macrogl obulin activi ty i n  

the s era of  vac c inated sheep masks the response t o  vac cination unl e s s  the 

antiproteo lyti c  gamma globulin concentration rises  we l l  above that of t he 

0(. -macroglobulin . 

The more  reactive adjuvants such as the McMaster formulation and that  

used  in  Commercial  Vac c i ne "A" , were again respons ibl e  for  producing the 

greatest overall r i s e s  in antiproteolyti c ti tre . The s e  two vaccines  during 

Vac cine Trials I ,  I I  and I I I , ( Chapter IV) , produc ed s ome o f  the mos t  and 

s ome o f  the least e ffective prote ction of sheep by any form o f  vac ci ne . 
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The disassoc iation between prote ction and antiproteolytic titre sugge sted 

by the results above is c onfirmed by the ins ignificant ri se  in anti

prote olyti c titre produced by Alum ( one per centJ who le culture vac cine 

that in Vac c ine Trials II and Ill ( Chapter IV ) afforded s ignifi cant pro

tection when the sheep were chall enged with F. nodosus . 
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Summary and Conclusi ons 

1 .  The s e ra of all  normal she ep , inc luding lambs before  they had taken 

colostrum , had an antiproteo lytic titre  o f  the same orde r .  Thi s  titre 

remained unchanged during fo ot-rot  infe cti on . 

2 .  Vac c i nation o f  normal or foot-rot infec ted she ep caus ed only a slight 

rise  in the overall antiproteo lyti c  titre . In this re spe c t  water-in-oi l  

adj uvant vac c ines were more potent than the other vac c ine formulations . 

J .  There was no di rect re lationship between the serum antiproteo lyti c  

titre o f  individual sheep or  groups o f  she ep and their  immunity t o  foot

rot . 



TABLE VI . I  

Effect  o f  vac cination on serum antipro teolytic  titre s of  she ep wi th 

exi sting foot-rot 

She ep treatment Period after treatment Antipro teo lytic  Titre 

none ni l 

none 3 wk 

none 6 wk 

before treatment ni l 

* 
s ingle vac c ine dose  3 wk 

single vac c ine dose  6 wk 

two doses  of  vac c ine 
3 wk s eparated by 3 wk 

* 
A lum ( one per centJ prec ipitat8d wholP.  culture 
F .  nodosus (J3/22 ) ,  f ermenter volume � 0  1 .  

1 280  

640 

640 

1 280 

1 280 

2 5 60 

1 280 



TABLE VI . I I  

Antiprote o lytic  titres  o f  pooled sera from groups of sheep vac cinated 

with various adjuvant/c e l l  combinations i n  Vac c ine 

Trials  I ,  I I ,  and I I I  

Vac c ine Vac c ine Anti prote o lyti c  
Adj uvant Culture Tri al No . titre 

McMaster Biphas i c  c e l l s I 5 1 20 

McMaster Biphas i c  c e lls  I I  2 5 60 

McMaster Fermenter c e l ls I I  2 5 60 

Water-in-oi l  Fermenter c e l ls I I  2 5 60 

Double  emuls ion  Fermenter c e lls  I I  1 280 

Commerc ial Vac c ine "A" I Il 5 1 20 

Alum Fermenter whole I I  1 280 
o ne per c ent .  culture 2 do ses  

Ahun Fer;nenter whole I I I  2 5 60 
one per c ent .  cultur e 2 doses  

Alum Fermenter  who le I I I  1 280 
one per cent. culture 1 do se  

Com.-nercial  Vac c ine "B" I I I  2 5 60 

Organi c Fermenter  c e l l s  I I  1 280 
p o lymer 

Alumi11ium Biphas i c  c e l l s  I 1 280 
hydroxide 

Aluminium Biphas i c  who le I 1 280 
hydroxi_de culture 

C ontrols  I 1 280 

Controls  I I I  1 280 
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Introduction 

The i nfluenc e of culture methods on both the morphology of  F .  nodosus 

and on the organi sm ' s  agglutinating properti es  have b e en d i s cussed  

( Chapters I I  and I I I ) . As doubl e  diffus i on in agar gel  provide s a con

veni ent system for the analysi s  o f  c omplex antigeni c mixtures (Wi l l i ams 

and Chase ,  1 97 1 ) , it was reas oned that by the us e of such a system the 



s pe c i fi c i ty and heat s tabi lity o f  c ertain F .  nodosus anti gens might be 

furthe r e stabli shed . Furthermore , pre c ipitation in ge l would enable  a 
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more pre c i s e  lo cal isation of reacting antigens and determine the i r  o c cur

renc e both in the bacterial  c e l l  and free in the cultur e  medium . An 

additi onal appli cation was s e en for s uch a system in that agar diffusion 

might be  used  to analyse the number  and intensi ty of  antigen/antibody 

systems o c curring between F .  nodosus antigens and the sera  o f  she ep with 

known histories  of foot-rot infe ction or  vacc ination wi th diffe rent adjuvant/ 

c e l l  c ombinati ons . 

MATERIALS AND METHODS 

Bacteria  F .  nodosus (J3/22 ) ,  F .  nodosus (McM1 98 ) ,  F� nodosus 

(McM1 9 9 )  and F. nodosus (A8/C ) we re grown from the wo rking s e ed establi shed 

for each s train . 

Untreated c e l l  extracts F.  nodosus c e lls  were  harvested from biphas i c  

medium o r  hoo f  agar .  The unwashed c e l l s  '"e re suspended in  a minimal amount 

o f  phosphate buffered sal ine , pH 7 . 4 ,  and passed twi c e  through the French 

pre s s  (Appendix VI ) .  Fo llowing c entrifugation the extrac t  was c oncentrated 

by dialysi s  agains t po lyethylene glyc ol  and stored in small  al iquots at 

-20°C .  

Culture supernatants C e l l s  grown in biphas i c  medium were deposited 

by c entri fugation and the supernatant culture fluid c o l l e c ted . The supe r

natant was sterili sed by fi ltrat i on through a Gamma-1 2  fj lter tube  ( '�!at

man , U . K . ) ,  c onc entrated by dialys i s  against polyethylene glyc ol  and 

stored at -20°C .  

Cell  washing� Cells  were washed three  times i n  phosphate buffered 

sal ine , pH 7 . 4 ,  and the washings c onc entrated by dialys i s  against po ly

e thylene glyco l . Small  aliquots were s tored at -20°C .  

Extracts of  boi led c e l l s  F .  nodosus c e lls cultured e i ther  on hoo f  

agar o r  i n  1 0  li tre batche s of G C  broth , were washed thr e e  times in  phosphate 

buffered s aline , pH 7 . 4 ,  before b e ing treated at 1 00°C f or  90 minute s .  

The c e l l s  were then washed a further three  times before be ing disrupted by 

two cyc l e s  through the French pre s s . 

Protease Protease was obtained from the culture supernatant of a 

GC broth-grown F .  nodo sus ( J3/22 ) culture . The protease was i s o lated by 

ammonium sulphate pre c ipitation and c o lumn chromatography procedures  and 

was generous ly donated by Mr S .  S i ngh , Department of Biotechno logy ,  Mas s ey 

Univers ity .  

Anti sera Antis era were  prepared in sheep against : 

F .  nodosus ( J3/22 ) :  c e l l s  harvested from biphas i c  medium were 

i nc orporated wi th Freund ' s  I nc omplete Adj uvant . 



F .  nodosus (Jv!cM1 98 ) :  c e l ls harvested from b iphas i c  medium 

were incorporated with Freund ' s  I nc omplete Adj uvant . 

F .  nodosus (McM1 99 ) : c el ls  harve sted from biphasi c  medium 

were incorporated with Freund ' s  Inc omplete Adjuvant . 
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F .  nodo sus (J3/22 ) Bo i led : c e lls  harve sted from biphasic  

medium were boi led for  90  minutes before be ing in c orporated with Freund ' s  

Incomplete  Adj uYant . 

F .  nodosus (J3/22 ) Soni cated : c e l � s harvested  from biphas i c  

medium were s onicated for 1 2  o r  20 minutes and ads orbed wi th aluminium 

hydroxide gel  for three days . 

F .  nodosus (J3/22 ) Culture supernatant : culture supernatant 

derived from a b iphasic  medium culture was concentrated by dialys i s  against 

po lyethylene glyco l  and incorporated wi th Freund ' s  Incompl ete Adj uvant . 

Control antis era were a l so  prepared against : 

Phosphate buffered saline , pH 7 . 4 ,  incorporated ei ther with 

Freund ' s  Incomplete Adjuvant o r  McMaster formulatio n .  

Incubated but unino culated hoof broth from biphas i c  medium in

corporated with Freund ' s  I ncompl8te Adj uvant . 

Ful l  detai l s  of the produc ti on of the se ant i s era are given in 

Appendix X .  

Rabbi t  anti-whole  sheep  se rum and rabbi t  anti -she ep IgG were obtained 

c ommerc ia l ly (Mi le s , Kankal\:ee ,  U . S . A . ) .  

Ant i s e ra taken from she0p  before , during and after naturally c ccur

ring foot-rot infecti ons were  avai lable  for  s tudy . Other  sheep anti.se:ra 

inc luded samples  from animals invo lved in Vac cine Trials  I ,  I I  and I I I  

( Chapter IV ) .  For comparative purposes , s era from s e le ctecl  " re s i stant" or 

" sus ceptible "  she ep  were cho s en  us i ng the c ri teria  de s c ribed  in Chapter  V.  

In addition , s erum samples  were obtained from lambs , born to e ither 

normal o r  vac c inated ewe s . I ni ti al samples  of s e ra were taken at birth 

before ingestion o f  c o l ostrum and a s e c ond one , three  to  four days l ater .  

Abs o rption of  antisera Certain anti sera were  in s ome instancPs  

absorbed with F .  nodosus (J3/22 ) c e l l s  grown eithe r i n  b iphas i c  medium or  

in  GC broth . Abs o rpti ons were done at 4°C for  1 or  24  hours : equal vol

umes of  ant i s e ra and c e l l  suspension  at a concentration o f  1 01 0  c e l l s/ml 

were us e d .  

I s o lati on o f  sheep serum IgG The method used was that o f  Stanworth 

( 1 960 ) . Sheep s erum dialysed against phosphate buffe r ,  0 . 01 M ,  pH 7 . 5  was 

absorbed with DEAE-ce l lulose  ( DE-32 , Whatman , U . K . ) that had been  equi li

brated with the same buffer .  The m ixture was he ld at 4°C for  five hours . 
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After thi s time the c e l lulose was r emoved by centrifugation and I gG-ri ch 

supernatant concentrated by dialys i s  against polyethylene glyco l  ( IgG 

fraction ) . Furthe r proteins were  e luted from the s edimented c e l lulose  by 

treatment with pho sphate buffer ,  0 . 3M ,  pH 7 . 5 . Thi s e luted material was 

c o l l e cted by centrifugation and s imi larly concentrated (DEAE e luti on ) . 

Double  diffusion in agar Agar di ffus ion was carried out in  one per 

c ent . " Ionagar" No . 2 ( Oxoid , London ) i n  i s otonic s aline ( Ouchterlony ,  

1 968 ) . A detai led a c count of the pr eparation and s ub sequent treatment of 

the plate s i s  included in  Appendix XIII . 

Immunoele c trophoresis  Immunoele ctrophore s i s  was carried  out in  e ither 

one per c ent . " Ionagar" No . 2 or  one per c ent . agarose  in barbitone buffer ,  

pH 8 . 6  ( AppePdix XI IIb ) .  

RESULTS 

1 .  Reacti ons using F .  nodosus untreated cel l extract  

( a )  General 

Sera from normal she ep and those  that had an exis ting fo ot-rot in

fecti on of  up to three months durati on ,  reacted against untreated c e l l  

extract  with a s ingle indi stinc t pre cipitate l ine ( Figure VI I . 1  we lls  3 ,  4 

and 7 ) . Mo st  s era from vac c inated she ep showed in  addit i on a more di stinct 

band whi ch was positi oned peripheraJ ly to the original immunopre c ipi tate , 

(Figure VI I . 1  we l l s  1 ,  2 ,  5 and 8 ;  Figure VII . 2  we l l s  3 ,  5 ,  and 7 ) , an� 

whi ch differed in  intens ity ac c ording to  the adj uvant/c e l l  combi nati on that 

had been used as vac cine . The line that arose as a result o f  vaccination , 

hereafter referred· to as line "V" was far less  di stinc t after  absorpti on 

o f  immune s e ra by F .  nodosus c e l l s  ( Figure VII . ?.  wel l s  2 and 4 ) . McMaster 

formulati on vac c ine �rom Vac c ine Tri al I ,  produc ed s era that regularly 

raised a s trong "V" l ine and 3 or 4 other  bands ( Figure VI I . 1 we l l  5 ) . 

( b ) F .  nodos us strai n re lati onships 

I n  the heterologous reacti ons involving both anti-F . nodo sus (McM1 98 ) 

antiserum and anti-F.  nodosus (McM1 99 ) anti serum with F .  nodosus (J3/2 2 )  

c e l l  extrac t ,  there  were reactions of  c omplete identity both for  l ine "V" 

and other fainter l ines ( Figure VI I . 1  wel l s  1 ,  2 and 8 ) . Le s s  intens e 

prec ipitates , not common to b oth s trains were also  demonstrated ( Figure 

VII . 3 ,  arrowed ) . Boi ling of the same F .  nodosus (J3/22 ) c e l l  extract  des

troyed al l reactivity ( Figure VII . 4  wel l  4 )  whereas the boi led  F .  nodosus 

(McM1 98 )  c e l l  extrac t  produced a double  l ine , blurred immunopre c ipi tate 

with its homologous antiserum , and a s i ngle line of identi ty when reacted 

against anti-F. nodosus (J3/22 ) antiserum ( Figure VI I . 4  we l l  2 ) .  



( c )  Sera from Vac c ine Trial I - Compari son of  " re s i stant" and 

" sus c eptib l e "  sheep 
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Figure s  VII . 5  and VI I . 6  show reactions between the homologous untreated 

c e l l  extract  and s era from " sus c eptible"  o r  " r e s i stant" sheep i n  Vac ci ne 

Trial  I .  The McMaster  adj uvant formulati on vaccine produced s era that 

showed 3 or 4 di s tinct  pre c ipitati on l ine s (Figure s VI I . 5  wel l s  2 ,  5 and 

8 ;  Figure VII . 6  we l l  4 )  whereas sera from she ep inj e cted w i th a lumi nium 

hydroxide adjuvant vac c ines , showed fewer l ine s  (Figure VII . 5  we l l s  3 ,  4 ,  

6 and 7 ) . Pre c ipi tate s against sera o f  " sus c eptible " sheep , were  usually 

fainter ( Fi gure VII . 6 )  and s ometime s l ine "V" was mi s sing from reacti ons 

between the c e l l  extract and se ra from sheep vaccinated with aluminium 

hydroxide adj�vant vac c ines  ( Figure VI I . 6  we l l s  2 ,  3 and 8 ) . However , there 

was no single  l ine that w�s c onsi s tently pre sent i n  reactions inv o lving 

" re s i s tant " she ep s e ra and cons i s tently abs ent from reacti ons inv o lving 

" susc eptible " sheep s e ra .  

( d )  Sera from Vac c. ine Trial  I I  

The numbe r  and the intens ity of pre c ipitati on bands between s era of  

vacc inated she ep  and the untreated cell  extract gave s ome indi c at i on of  th e 

type of  adj uvant u�ed  in the vac c ine . The Jl'lcMaster adjuvant vac c ine formu

lation gave r i se  to s e ra that reacted with several heavy l ine s ( Fi gures VI I . 7 

we l l s  1 and 2 ;  VI I . 9  we lls  2 and 3 ) , the Double emulsion formulation to 

fewer but equally di s tinct line s (Figure VI I . 9  we l l  1 ) ,  and Alum adj uvant 

to one distinct and s ometimes another fainter line ( Figures  VI I . 8  we l l  1 ) .  

Aluminium hydroxide adj uvant based vacc ine s produced se=a that r ea cted wi th 

untreated c e l l  extract to produc e 1 or 2 faint i mmunopre c ipitate s (Figure s  

VI I . 8  we l l  4 ,  and VI I . 9  we l l  4 ) .  For c ompa ri son , Figure VI I . 1 0  shows 

reacti ons that were  produced between the homologous boi led c e l l  antigen and 

sera from sheep vac c inated with one o f  the three mai n  adj uvant systems ; 

namely aluminium hydroxide (we ll  1 ) ,  alum (we l l  2 ) , and water-in-o i l  

emul s i on (we l l  3 ) . The di fferenc e s  i n  i ntens i ty of immunopre c ipi tates  are 

again  asso c i ated w ith the local  i rritancy of the adj uvant . 

( e )  Sera from Vac cine Trial I I I  

Samples  of  s e rum taken from she ep after vac c ination , reacted wi th 

untreated c e l l  extra�t  to produc e 2 or  3 immunoprec ipitates inc lud ing a 

s trong "V" l ine . By e ight weeks after chal lenge , s e rum from s heep  vacc inated 

with the Alum ( one p e r  cent . ) vacc ine had lost  much of its precha l l enge 

activity whe reas  activity in the se ra rai s ed  by the o i l  based  Comme r c i al 

Vac c i ne "A" pers i sted ove r  thi s  pe riod ( Fi gure VII . 1 1  ) .  A reacti o n  of  

identity for  l i ne "V"  was demonstrated between anti-F.  nodosus (JJ/22 ) 
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anti s e rum , IgG extra�ted from that antiserum and for  the pool of s era from 

she ep  vacc inated twi c e  with the Alum ( one per  cent . ) formulati on ( Figure 

VI I . 1 2  we l ls 1 ,  2 and 3 ) .  Sera from sheep vaccinated wi th Commerc ial Vac cine 

"B"  s howed a less  intense "V" line (Figure VI I . 1 2 we l l  7 )  and thi s line was 

bare ly vis ible in the reaction involving the pooled  s era of sheep vac

c inated with one dose  of the Alum ( one per  cent . ) formulati on (Figure VI I . 1 2  

we l l  4 ) . Two doses  of alum pre cipitated vaccines were mo re e ffe ctive  than 

one dose  in rais ing sera capable of produc ing a strong "V" line against 

untreated c e l l  extract ( Figure VI I . 1  3 we l l s  2 ,  3 and 4 ) .  In  reacti ons in

v o lving boi led c e l l  extract the same differenc P.s  between the e ffects of 

one or two dos e s  were apparent (Figure VI I . 1 4  we l l s  2 ,  3 and 4 ) . The poo l  

o f  s e ra  from sheep inj ected with Commercial  Vac cine "A" , reacted in double  

diffus i on against untreated c e l l  extract �i th a weak double  line , and 

against boi led c e l l  extract  with a s ingle blurred pre cj pitate c l o s e  to the 

se rum wel l  (Figure s VI I . 1 3  we l l  1 and VII . 1 4 we l l  1 ) .  

( f )  Transfer of maternal antibody 

Pre c o lostral lamb se rum was negative in all d ouble  diffusion tests 

whether or not the dam had b e e n  vac c inated . Serum from a four days o ld 

lamb born to  a ewe that had been  vac c ina ted five months previously , re

acted  against untreated c e l l  extract . The re were more line s of pre cipita

tion and they were better defined than those  between untreated c e l l  extract 

and s e rum of  the dam taken on the day of  parturition ( Figure VI I . 1 5 ) .  

Reaction of identity �as e stabli shed for one i ntense line , poss ibly 

l ine "V" , between sera  o f  the lamb and ewe . The s a111e quantitative relation

ships were demonstrated when the same sera were re�cted against boi led c e l l  

extract  ( Figure VII . 1 6  we l l s  1 ,  3 and 4 ) . 

2 .  Reactions using F .  nodosus culture supernatants 

I n  tests  invo lving s era o f  s e l e cted " resistant" and " su sc eptible " 

sheep  o f  Vacc ine Trial  I ,  tho s e  from sheep inj ecte d  wi th the McMaster  

f o rmula tion usually produced  the  mos t intense immunoprec ipitates  against 

c oncent rated culture supe rnatants ( FigUl·e VII . 1 7  we l l  8 ) . Amongst sera 

from sheep inj e cted with aluminium hydroxide adjuvant vac cine s , the immune

pre c ipitate s were  most obvious whe re she ep had been  inj e c ted wi th the who l e  

culture a s  opposed to  F .  nodosus c e l l s  alone (Figure VII . 1 7  c f .  we l ls 2 

and 3 ;  5 and 7 ) . It was expe c ted that th e serum i n  we l l  6 would have 

shown a s imi lar pre c ipitation pattern to that in  we l l  8 :  s imi larly s era in 

we l l s  1 and 4 were expec ted to  produce  c omparable  pre c i pitation line s . The 

obvious differenc e s  in prec ipi tation pattern were attributed to physi cal 

change s  in the ge l due to  dehydration . Rea ctions between anti-F .  nodosus 

anti s e ra and c ulture supernatant c oncentrates were shown to be c ommon to 

three  F .  nodosus strains ; one such c ross  r eaction i s  shown 1n Figure VII . 1 7 .  
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Spe c ial anti s era were used to furthe r define the i�munopre cipitates and 

Figure VI I . 1 8  shows that there was a s ingle  heavy l ine produced b e tween 

culture supernatant and all sheep s e ra inc luding those  raised agains t 

c ontro l materials  (Figure VI I . 1 8  we l l s  3 ,  4 and 5 ) . The same line i s  

apparent i n  Figures VII . 1  and VI I . 2  and was as sociated with reacti ons in 

whi ch e ither the untreated c e l l  extract or culture supernatant was deriv ed 

from liquid culture such as biphasic  medium o r  hoof  bro th .  

Serum from a three days o ld l amb reacted wi th concentrated cu lture 

supernatant in the form of a s ingle  di s ti nct  pr ecipitation line and thi s 

activity w·as not removed by serum· absorpti on wi th F .  n odosus c e l ls . There  

was  no  reaction between se rum e ither from the same lamb or  from a vaccinated 

ewe , <1-nd e ither hoof broth or GC bro th tha.t had been c onc entrated 50 time s .  

Reacti on of identity was demons trated for  immunoprecipitate lines 

formt;d behreen anti-F .  nodosus (J3/22 ) anti s erum and e ither F.  nod osus 

( j 3/2 2 )  culture supernatant , F .  nodo sus ( A8/C ) culture supe rn�tant or puri

fied  protease . The re lationship became apparent after reactants had been 

adj usted to  a standard prote o lyti c  titre ( Figures VII . 1 9  and VI I . 20 ) . 

3 .  React i ons us ing F .  nodosus c e l l  washings 

The washings (AppenQix VI ) o f  F .  nodosus c e l l s  tr� t  had b e e n  cultured 

in e i ther  b iphas i c  medium or GC broth or hoof broth , c onta.1ned antigens that 

reacted agai�s t pre c o lostral and po stc o lo stral lamb serum , s e rum from foot

rot infe cted sheep ( Figure VII . 2 1 ) and se rum f rom vacc inated she e p .  One 

faint immunopre c ipitate against homo logous antiserum remained after either 

boi ling the washings for 50 minute s o r  attempting absorption of antibody 

from the s erum us i �g F .  nodo sus c e l l s  ( Figure VII . 22 ) .  

4 .  Rea ct i ons us ing extracts  of boi led F .  nodosus c e l l s  

Reacti ons - between sheep s era and the extract o f  washed and bo i led 

F .  nodosus c e l l s  (Appendix VI ) 1vere s lower to deve l op and requi red larger 

amounts of  reactants . The type of prec ipitate produced appeared to be in

fluenced partly by the adj uvant used in the vaccine formulation that rai s ed 

the s erum . In  general , water-in-oi l  adj uvants re sulted i n  s era giving 

thi ck i ll-defined line s (Figure VII . 1  0 ,  we l l  3 ) , whe reas alum and aluminium 

hydroxide adj uvant vac c ine s produced s e ra giving mo re definite immune

prec ipitates (Figure VII . 1 4  we l l  4 ) . Antiserum rais ed by boi led  F .  n odo s us 

c e l l s  ( se rum 2280 Appendix X )  produced an intense reaction with untreated 

c e l l  extract ( Figure VII . 2 3 we l l  4 )  whereas the same hoo f  agar derived un

treated c e l l  extract when reacted against anti-F .  nodo sus (J3/22 ) ( f ormal

i sed  c e l l s ) antis erum , produced six moderate l ine s of pre c ipitation 

( Figure VII . 2 3 well 2 ) . 
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Us ing boiled c e l l  extra c t  there ''as no reaction wi th pr ecolostral 

lamb serum or normal sheep s erum . However ,  s e rum from  a she ep wi th s evere  

foot-rot infe ction of two weeks durati on produced a faintly vis ible re

action (Figure VI I . 24 we l l  1 ) . Six we eks after infe c ti on a furthe r se rum 

sample  rai sed a strong immunoprec ipitate against thi s material ; by thre e  

and a half months , when  the hoof was be ing shed , the pre cipitate was s e en 

as an indistinc t  line positi oned almost  on the lip of  the serum we ll  

( Figure VI I . 24 \.;e l ls 2 and 3 ) .  

Antibody against boiled  c e l l  extract  appeared  in  the serum of  a four 

days old lamb that had been born to a vacc inated ewe ( Figure VII . 1 6  we l l  4 ) . 

Reacti ons between  e ither F .  nodosus (J3/22 ) or F .  nodosus (McM1 98 ) boi led 

c e l l  extrac ts and the i r  anti s era in homologous or heterologous systems 

were s imi lar and appeared unaffe cted by serum abs o rptions us ing c e l ls of 

F .  nodosus (J3/22 ) .  The r e su lts were very s imilar irrespective  of ,-hethe r 

F .  nodosus (J3/2 2 )  (Figure s VI I .  25 and VI I .  2 6 )  or F .  nodo sus (MsM1 9 8 )  

( Figures  VII . 27 and VII . 2 8 )  had b e en used t o  provide tl-.e boi led c e l l  extra c t .  

There were c learly apparent differenc e s  i�  the yeactions between  

bo i led c e l l  extract and se rum from e ither a s e l e cted  " re s is tant" she ep  or 

a s e l e c ted " sus c eptib l e "  she ep .  

'Vhen sera from " susc eptib l e "  sheep »'ere  reacted , lines of  pre cipi ta

tion were e ither faint or absent whereas s e ra from " resi stant" sheep  pro

duced  di stinct  immunoprecipitates . Two lines  of reaction ''ere s ometime s 

s e e n  particularly i f  a water-in-oil  emulsi an formulati on vac cine had b e en 

used to rai se  the sera . The s e  immunopre c ipitates f ormed between i 111mune 

s e ra and either homologous o r  heterol ogous boi led � e l l  extract . Fi gure 

VI I . 2 9 (we l ls 1 and 2 )  shows immunopre c ipitate s produced by s era from 

" re s i s tant" sheep  that had been vac cinated wi th an aluminium hydroxide 

adj uvant vac c ine . Sera from "sus c eptible"  s l1e ep o f  the s ame group produced 

no reaction ( Figure VI I . 29 wells 3 and 4 ) .  
A s imi lar distinction between the s era o f  " r e sis tant" and " sus c eptible "  

she ep was apparent in diffe rent treatmeilt groups from Vac c ine Trial l i . 

Figure VII . 30 shows the difference in  reacti ons b e tween s e ra from " re s i s tant " 

and "susc eptible " sheep from a group vacc inated with another  alwninium 

hydroxide adjuvant formulation ( Figure VII . 30 wel l s  1 and 2 ) . The faint 

"pre c ipitate" line between b o i led c e l l  extract  and s e rum from a c ontro l 

sheep (we l l  4 )  was quite unexpe cted . 

Sera from sheep that had be en vac c inated with other adj uvant/ c e l l  

c ombinations also  reacted wi th boi led c e l l  extract to produce  pre c ipi tates  

that indi cated ei ther " r e s i stanc e "  or " susc eptibi l i ty" ( Figure VI I .  3 1 ) .  
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The type of adj uvant used in the vac c ine that rai s ed the immune s erum 

further determined the appearance of  the pre cipitati on lines  ( c f .  we lls  

2 and 4 ) . 

The effect  of e ithe r 1 or  2 do s e s  of  the Alum ( one pe r cent . ) pre

c ipi tated \\'ho le  culture vac c ine on  she ep already affected with foot-rot , 

was shown by the reactions produced by sera from she ep in Experiment 

Therapy I ( Chapter XI ) .  Two dos es  o f  vacc ine produc ed s l i ghtly more pre

cipitating antibody against boi led c e ll extract antigens than one dos e , as 

judged by the i ntens i ty of the reaction line (Figure VI I . 32 ) . 

5 .  Pre c ipitat�ng antibody in s erum fra cti ons 

When vari ous s e rwn fracti ons we re compared with the who le serum in 

immunodi ffus i o n ,  there were two qui te dis tinc t patterns of reaction ac c ord

ing to whether e i ther untreated c e l l  extract or bo i le d  c e l l  extrac t  were 

u� ed as the s ourc a  of antigen . Comparative te ats showed that whereas mo st  

pre c ipitating activity against the untreated c e l l  extrac t  was associated 

with serum prote ins e luted off the DEAE s lurry (Figure VI I . 33 c f .  we lls  2 

and 4 )  the IgG fraction of s e rum contained most  a c tiv ity against the heat 

treated c e l l  extract ( hgure VII . 34 c f .  '"e lls  2 anil_ 4 ) . The i s o lati on of 

IgG was shown to  be incomplete as the DEAE e lution c ontained apprec iable  

amounts o f  IgG  (Figuro s VII . 3 5b and VJ I . 37c ) .  The IgG fraction  of anti-

F .  nodosus (J3/22 ) anti serum was shown to c ontain an additi onal component 

that reacted with rabbi t  anti-sheep s e rum to produce  a faint precipitate 

line on the anode s ide of the we l l  ( Fi gure VII . 35b ) . 

In  double  diffus ion against rabbi t  anti-sheep IgG , the I gG fracti on 

produced a s ingle  intense prec ipitati on line wh�reas bo th anti -F . nodosus 

(J3/22 ) ant i s e rum and tha DEAE e luti on produced two lines of r eaction 

( Fi gure VI I .  38 ) .  

Pre c o l os tral s era of lambs bo rn to  e ithe r normal o r  vac c i nated ewes 

c ontained no IgG as indi cated by the abs ence  of a pre c ipitation line in  

the appropriate position  (diagram between Figure 3 5  and Fi gure 36 ) when 

reacted agains t rabbi t  anti-she ep s erwn ( Figure VI I .  36a and b ) . P ost

colostral sera taken from the same lamb s  when they were 3 or  4 days o ld ,  

reacted with an additi onal intense l i ne i n  the IgG , ( fast )  s e ctor  ( Figure 

VI I .  36a and b ) . 

The abs ence  of  IgG from pre c o lo stral lamb s era (Figure VI I . 38 we l l  1 )  

and i ts pre s en c e  in po stcolostral _ s erum from the s ame lambs , was c onfirmed 

in a reaction system against rabbi t  anti-sheep IgG (Figure VII . 37a and b ) . 

Essentially the same pattern o f  precipitation  line s was fo rmed be

tween rabbi t  anti-sheep serum and s e rum from e ither a normal ewe , a vac-

c inated ewe or a ewe with long-standing foot-rot ( Figure s VI I . 35 a  and 

VI I .  36c ) . 
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DISCUSSION 

Reactions with untreated c e l l  extract  

The immunoprec ipi tation that oc curred between all  she ep s e ra and 

untreated c e l l  extracts can be taken to be assoc iated with the normal 

s erum antiprotease shown by Me rri tt , Egerton and Loi ( 1 971 ) to be an 

oC. -macroglobulin .  Untreated c e ll washings reacted ,.,i th all  s e ra including 

that of pre c o lostral lambs  ( Figure VII . 2 1 ) but c e l l  extracts derived from 

F. nodo sus grown on hoof agar appeared to be less  r eactive , Cultur es  

grown in  biphasic  medium or GC broth yielded more pre c ipiti nogens agai nst 

normal serum and i t  i s  assumed that unwashed c e lls from the s e  s our ces  are 

coatetl wi th extrace llular antigens normally found free in  the supc rnatant . 

Conc entrated culture supernatants derived from different F .  nodo sus strains 

were s trongly reactive agains t all  she ep s era and parti cularly that from 

vac c �nated she e p .  By adj usting culture supernatant and purified proteas e  

t o  a c ommon prote olyti c titre i t  was shown that the reaction i s  dependant 

upon a spe c if i c  proteas e/antiproteolyti c  system whi ch i s  reve�led u s ing 

concentrated culture supernatant . Protease is al s o  r e leased upon lys i s  o r  

di s ruptio11 o f  c ells ( Thomas , 1 964a ) and untreated c e l l  extracts would be 

expe c ted to react wi-th spe c i fi c antiproteo lyti c  antibody in the for.n of 

immuno�re c ipitation . 

The identi ty of line "V" i s  sti ll  something o f  an enigma . A very 

faint "V" line was apparent in reactions involving s e ra from so1ne unvac

c inated �he ep that had foot-rot but it  never  appeared in reacti ons with 

s era of  uormal sheep .  The antibody re spons ib le for  l ine "V" could be 

partly a.bsorbed from s e rum by F .  nodo sus c e l l s  and therefore i t  appears to 

ari s e  as  the re sult of  a spe c ifi c  i mmune reaction . 

Line "V" intens i ty c lo s e ly followed the reactiv ity of the adj mrant 

used  in the vacc ine that rai s ed  the s erum . Water-in-oi l  vaccines  were the 

best  in this  respect and although two doses  o f  a lum adj uvant vac c i nes  rai s ed 

the rea0ting potential of th e s erum more than one d o s e , line "V" c ould n o t  

be u s e d  a lone t o  predi ct  the immune s tatus of  the donor she ep .  But bec a.us e 

of its  prominence i t  proved t o  be a good indicator o f  reactions of  identi ty 

i n  reactions with c omplex immunopre cipitate patterns . 

The reaction of  identity for line "V" has shown that it i s  c ommon  to 
at least  three F .  nodosus s trains . As the spe c ifi c ant ipro teolyti c  effe c t  

o f  immune s e ra i s  also  common t o  a t  l east three  F .  nodosus s trains , l ine 

"V" may repres ent e i ther the same reaction or one i nv olving the heat-labile  

surfac e  antigens . 

Figure VI I . 3  shows that c e l l  extracts made from different F .  nodosus 
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s trains c ontain  a large number of  antigens , s ome o f  whi ch  are strain 

spe c ifi c . The othe r important featureshown is  that the anti-F.  nodosus 

(J3/22 ) anti s erum used in  thi s test indi c ates  that F .  n od osus ( JJ/2 2 )  has 

many antigens in c ommon with F. nodo sus (McM1 98 ) . The matter  o f  strain 

spe c i fi c i ty in  regard to antigens and the impl icati ons of  thi s i n  sheep 

prote ction by vac c inati on will  be commented on  further i n  th e Gene ral Dis

cus s i on ( Chapter  XI I ) .  

In reac t i ons  i nvolving untreated c e l l  extract ,  the si tuati on of  

F .  nodosus , that has  antigens common to  oth e r  F .  nodosus strains a s  we l l  

a s  strain spec ifi c  antigens in  i ts s tructure , s eems simi lar to  that des

c ribed for three  s trains of  Sphaerophorus spps . by Wattre , Fi evez an� 

Beerens ( 1 971 ) ,  for  Bacteroides melaningeni cus by Hofstad ( 1 9 69 )  and for 

c e rtain oral Fus obacteria  by Kri stoffersen ( 1 969a and b ) . 

Transfer  o f  maternal antibody 

Immunopre c ipita�1on in agar demonstrated a s triking differenc e be

tween lamb sera ta.ken at birth and other samples  from lambs that ,.; ere  3 or 

4 days old .  In tests  us tng untreated o r  heat treated c e ll extracts  pre

c i pi tating activ i ty wa. s abs ent in pre c o J o stra l lamb s era , whereas  after the 

lamu had ingested c o l ostrum , reactivity of  s e rum was gr�ater than that from 

a va c c inated dam at parturition  ( Figur�s VI I . 1 5  and VI I . 1 6 ) . The pattern 

that emerges is in  ke eping with the transf er  of immunoglobulins rai s ed by 

othe r clas s e s  o f  bacterial vac c ine s ( Coope r ,  1 967 ) and the pre s enc e  of 

pas s ively acqnired antibodi es  may he lp to explain why young lambs s o  rare ly 

be c ome serious ly affected with foot-rot even though there may b e  an exi st

ing outbreak amongst  the- ewes . 

Pre c ipitating a ctivity in se rum fracti ons 

The maj or gammaglobulin arc with i t s  spur of partial non-identify 

between the slover migrating IgG2 and the faster  I gG1 i s  obvi ous as  the 

" gull  wing" form s e e n  in most  she ep s erum s amples s eparated by e le c tro

phore s i s  ( Figure VI I . 36c ) .  The exc eptions are the two specimens of pos t

c o l o s tral lamb s era ( Figure VI I . 36a ana b )  taken when the animals were 3 

o r  4 days old .  J onas ( 1 968 ) found that on the first  day after suckli ng , 

lamb s erum contained I gG1 , I gG2 an� I gM but when the lambs were 7 and 1 5  

days of  age , the I gG
2 

was barely detectable . In  v i e'v of the s e  f i nd i ngs it 

s e ems most  likely that  within 3 to 4 days post  suckling , a ll  I gG a c tivity 

in  lamb s erum has pas s ed into the I gG1 c la s s  and an arc a s so c iated � th 

I gG
2 would not b e c ome apparent again unti l  a ctive IgG production commenc ed .  

A yie ld o f  only 50 per  c ent . of  the avai lable IgG in  s e rum is  all  

that is  c laimed for  the one washing batch method o f  Stanworth ( 1 9 60 ) , s o  

that the pre senc e of  I gG in  the DEAE e lution was not  unexpe cted . The I gG 
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extracted was large ly unc ontaminated by other  imrnunoglobulins except for 

that c omponent re spons ible for the faint arc shown in Figure VI I . 35B .  An 
arc in that position ( c f .  diagram between Figures  VII . 35 and VI I . 36 )  c ould 

repres ent the sheep counterpart o f  I gA or  IgD ( S ilver stein , Thorbecke , 

Kramer and Lukes ,  1 963 ; Aalund , Osebold and Murphy , 1 9 65 ) both o f  ''hich 

have been  identified in ovine sera ( Heime r ,  Clark and Maurer , 1 969 ) . How

ever  Jonas ( 1 970 ) found a simi lar arc in sheep s erum ,  provisi onal ly named 

i tj3 1 -globulin and found that the serum protein was a heat-labi le  c om

ponent of  she ep complement . 

Rea cti ons wi th boi l ed c e l l  extra�t 

Immunopre cipi tate s between boi led c e l l  extract and immune s � rum con

s i s ted of up to three  line s and the intensity of the � e  was influenced by 

the adj uvant used in the vac c ine that raised the s erum . There  were no con

fusi!lg nvnspe c ific  lin& s rai sed  between boi led c e l l  extract and normal 

sheep serum but a ri.se  and fal l in s erum pre c ipi tating an+ibody c ould be 

f o l lowed in a sheep  that had had s evere and progre s s ive foot-rot in  all  

four feet for at  least  three  months ( Figure VI I . 24 ) . The immunoprecipitate 

between the c e l l  extract and s erum taken three  and a half months aftec the 

infection c ommenced (we l l  3 ) , appeared approximate ly half way between the 

reacting we lls  afte r 24 hours and by 48 hours 'vas almost  l o st  in  th2 anti

s erum well . The migration of the immunopre cipitate s ugge s�s  a gro s s  

inbalance  between reactants ( Claus en , 1 969 ) and in  thi s rarti cular test  

implies  that the antibody titre  had fallen si gnificantly.  At  thi s  stage 

the hoof wa s a lmost  shed and natural  reso luti on of the infe ction may have 

a c c ounted for  the decline in c i rculating entibody .  

The maj or  immunopre cipitate involving boiled  cell  extract  was c ommon 

to a l l  thre e  strains of F .  nodosus te sted . Like line 11V11 i n  reacti ons 

against untreated c e ll extract ,  activity appeared in s e ra from lambs only 

after suckling c olostrum from v a c c inated dams , and reactivity was pre sent 

in  the IgG fraction . However , Figure s  VI I . 33 and VI I . 34 show that whereas 

mo s t  activity against untreated c e l l  extract  resided in  the DEAE e lution 

f o l l owing separation  of the IgG fraction ,  all  activity against boi led c e l l  

extract lay in  the IgG fracti o n  o f  s erum . Thi s dis tribution  was taken t o  

mean that antibodi e s , perhaps important i n  protection , were loc ated i n  the 

gammaglobulin fraction of s erum . 

A most  s ignifi cant difference was demonstrated b e tween  the pre c i pi ta

tion  lines  produced by s era from " re s i stant" sheep , and those  invo lving s e ra 

from " susc eptible"  sheep . There  was a dis tinct quanti tative d ifference  

between "pair s "  of  s era within each of  the treatment groups invo lved in  

Vac c ine Trials  I ,  I I  and I I I .  The only obvious di s crepancy i n  an otherwi s e  
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predi ctabl e  pattern �rose over a c ontrol sheep . The very faint l ine  that 

developed between the c e l l  extract  and we l l  4 ( Figure VI I . 30 ) i s  di fficult 

to  explain as the control sheep c on c e rned had a susc eptib i li ty s c ore of 

1 2 .  It  i s  j us t  c onc eivable  that a previous natural i nfe ction  may have left 

res idual pre cipitating antibody : the she ep had not b een v a c c inated at any 

time . 

Reference  to Figure VI I . 1 4  1vi l l  sh o1¥ that the immunopre cipi tate pro

duc ed by immune se ra rai sed agains t one d o� e  of Comme rc ial  Vac c ine "A"  

(we ll  1 )  is  the most  dense of tho s e  vi sible  but i t  is  l o cated c l o s e  to the 

s erum we l l . I t  i s  therefore i:1tere sting t o  note that she ep vac c inated with 

Commerc ial Vac c ine "A "  were relativ e ly sus c eptib le to F .  nodosus infection 

( Chapter IV ) whereas she ep vacc inated wi th alum pre c ipitated vac c ine s 

( Figure VI I . 1 4  we l l s  2 ,  3 and 4 ) were signi ficantly prote cted . The location 

o f  the pre c ipitate l ine adj a cent to  we ll  1 indicate s a low c onc entre tion o f  

s e rum antibody and subsequent sheep  challenge results suggest  that a s  an 

i ndi cator of immune status the pos i ti on of  precipitation l ine s may be as  or 

more important than their  intens ity .  

I n  general i t  wa s found that for any one treatment group , th e ) ntens ity 

and pos iti o n  o f  immunopre c ipitat& s between s erUQ and boi led c e l l  extract 

c ould be used to predi ct  the immune s tatus of th ose  s e l8 c ted sheep . 
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Summary and Conc lus ions 

1 .  In  double  di ffus i on in agar te sts a s ingle i l l-def ined iwnunoprecipi-

tate appeared between e ither normal lambs ' or  adult sheep sera , and either 

untreated c e l l  washings , untreated culture supernatant or F. nodo sus un

treated c e l l  extract . This  reaction was b e l i eved to be a s so c iated wi th 

the naturally o c c urring antiprotease  sho'm by Herri tt , Egerton and Loi 

( 1 971 ) to be an {)\, -macroglobulin .  Concentrates  of  l iquid media  did not 

produce reaction l ine s  with s erum of either normal or vacc inated she ep .  

2 .  Extracts o f  boi led F .  nodosus c e l l s  did not r eact with norma l  she ep 

serum . 

3 .  The potency o f  the adj uvant used in the vaccine  to rai s e  a s e rum was 

a determining factor  in the i ntens ity and type  of immunoprecipitate fon7!ed 

between that s e rum and either untreated or  b o i led c e ll extra c t .  

4 .  Dense immQnopr e c ipitatcs between s era o f  vac c ir-ated she ep and e ither 

c oncentrated culture supernatants or F.  nodo sus concentrated c e l l washings , 

were  shown by reacti ons vf identity wi th puri fied protease  to b e  a s s o c iated 

with a spe c ifi c  protease/anti-protease reaction .  The reacti on was not 

s train spe c i fi c . 

5 .  When reacted ,.,i th sera from sheep with exi sti ng fo ot-rot untreated 

c e l l  extract  s ometimes prciuced an ext_ra i mmunoprecipi tate . Against s era 

from vac c inated sheep , untreated c e l l  extrac t  reacted with numerous line s , 

mo s t  of which were hot strain spe c if i c . The most distinctive of th e s e , 

l ine "V" , was c ommon to three F .  nodos'IS s trains , s erum I gG and postc o lostral 

s erum from a lamb b o rn to a vacc inated ewe . Line "V'� c ould be partly 

abso rbed out with F .  nodosus c e l ls  and i t  was pustulated to  b e  a s s o c iated 

with either  the spe c if i c  anti�roteo lytic  e ffe ct  of s erum or c e rtain heat 

labile  surface antigens as the s e  too  were  an activity c ommon t o  all three  

F .  nodosus strains . There was some evidenc e  for the exi stence of strain 

spe c if i c  pre cipitinogeDs . 

The posi tion or  dens i ty of line "V" was not c orrel ated with r e s i stance 

against F .  nodosus infe ction .  

6 .  Boi led c e ll extract  reacted with 1 or  2 line s against s e rum from she ep 

e i ther with exi s ting foot-rot or that had been vac c inated .  The maj o r  immune

prec ipitate was common to three  F . nodosus s trains , s erum I gG and pos t

c o l o stral serum from a lamb born to a vac c inated ewe . For  any one vac c ine 

treatment group , e i ther  presenc e , l o cation and/or dens ity o f  the immune

pre c ipitate s was a s s o ciated with re s i stanc e  to F. nodosus inf e c ti on by the 

s erum dono r .  

7 .  Hos t  prec ipitating activity against b o i led c e l l  extract was pre s e nt 

in  the IgG fraction  o f  se rum whereas mos t  of the activity against  
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untreated c e l l  extract was present in the DEAE eluti on that also  contained 

IgG.  

8 .  Us ing batch fracti onation of se rum vith diethyl aminoethyl c e l lulose , 

an IgG fraction was obtained that was large ly uncontaminated  by other 

s erum prote ins . I t  was shown by immunoelectrophoresi s  that IgG was abs ent 

from pre colostral lamb s erum . In  s era taken from 3 and 4 days old lamb s , 

I gG activity res ided s olely in  the IgG1 ( fast ) c lass . 



FIGURE VI I . 1 

Reactions between untreated c e l l  extract and sera from normal and 

vac c i nated sheep 

Serum 

1 .  Anti-F .  nodosus (J3/22 ) anti s erum 

2 .  Anti -F .  nodosus (McH1 99 )  anti serum 

3 .  Control , 6 wk foot-rot 

4 .  She ep 626 ; 3 mth foot-rot 

5 .  McMaster/biphas i c  anti-F . nodo sus 
·
(J3/2 2 )  anti serum 

6 .  Contr0 l ,  6 wk foot-rot 

7 .  Freund ' s  I nc omplete Adjuvant/saline antise rum 

8 .  Anti-F.  nodosus ( McM1 98 ) anti s erum 

we l l s  didm . , outer 7 . 5  mm ,  inner 4 . 5  mm 

wel l s  separated 20 mm 

c entre we l l  � .  nodosus (J3/22 ) biphas i c , untreated c e l l  extract 

2 x 1 0
1 0  

c e l l s/ml 

FIGURE VI I .  2 

Reacti ons between  untre&ted c e l l  extract  and sera from vac c inated 

she ep - Vac c ine Trial I and one spe c ial anti serum 

Serum 

1 .  Controls pool , 6 wk after chal l enge 

2 .  C ontrols  poo l ,  6 wk after challenge absorbed 

3 .  Alumini� hydroxide/biphas i c  c e l ls prechal lenge 

4 .  Aluminium hydroxide/biphas i c  c e l l s  pre chal lenge abs orbed 

5 .  Aluminium hydroxide/biphas i c  who le  c ulture pre challenge 

6 .  Aluminium hydroxide/biphas i c  whole  culture pre chal lenge  absorbed 

7 .  Alum ( one per c ent . ) /GC fermenter  whole  culture ( 6  dose s ) 

8 .  Alum ( one per c e nt . )/GC fermenter whole  culture ( 6  dos es )  abs orbed 

we l l s  diam . , outer 7 . 5  mm ,  inner 4 . 5  mm ;  wel l s  separated 7 mm 

c entre we l l , F .  nodosus (J3/22 ) biphas i c , untreated c e l l  extract  

2 x 1 01 0  c e l l s/ml 





FIGURE VII . 3 

Re a ctions of  identi ty be tween F .  nodo sus (J3/2 2 )  and F .  nodosus 

(McM1 98 ) untreated c e l l  extrac ts,  and the ir  respe ctive and oppos ite  

anti sera 

1 • 

Antiserum or  c e l l  extract  

Anti-F . hbdosus ( J3/22 ) anti se rum 

2 .  F .  nodo sus ( HcM1 98 ) b iphasi c ,  untre ated c e l l  extract  

3 .  Anti-F . nodo sus (McM1 98 )  anti s e rum 

4 .  F .  nodosus (J3/22 ) biphas i c , untreated c e l l  extract 

we l l s  diam . 7 . 5  mm we l l s  separated G mm 

FIGURE VI I .  4 

Reacti ons o f  iden � i ty between F .  nodosus ( JJ/22 ) ar.d F .  nodosus 

(McM1 9� ) boi led c e l l  extracts , and the i r  respectiv e  and oppo s i te 

antisera 

Anti se rum or  c e l l  extract  

1 .  Anti-F.  nodosus ( J 3/22 ) anti s erum 

2 .  F .  nodosus (McM1 98 ) biphas i c , boi led c e l l  extract  

3 .  Anti-F .  nodosus ( McM1 98 ) Rntis erum 

4 .  F .  nodosus ( J3/22 ) biphasi c ,  b o i led  c e l l  extract  

we l l s  diam . 7 . 5  mm wel l s  s eparated 6 mm 
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FIGURE VII • 5 

Reactions  b e tween untreated c e l l  extract and a seri e s  of " re s i stant " 

sera from Vac c ine Trial  I 

1 • 

Serum pre chal lenge 

Anti-F .  nodo sus ( J3/22 ) anti s erum 

Sus c eptibi l i ty 
Score  

not done 

2 .  McMaster/biphas i c  c e l ls 

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

A luminium hydroxide/biphas i c  whole  culture 

.Aluminium hydroxi.de/biphas i c  c e l l s  

McMaste r/biphas i c  c e l l s  

Aluminium hydroxide/biphas i c  who le culture 

Alu.minium hydroxide/hiphc:..s i c  c e lls  

McMaster/biphaR i c  c e l l s  

w t; l l s  diam . , outer 7 .  5 mr:1 , inner 4 .  5 mm 

well s  separated 1 5  mm 

0 

1 

0 

9 

0 

0 

c �ntre  we l l  F .  nodosus (JJ/22 ) biphas i c , untreated c e l l  extrac t 
1 0  

= 1 . 6  x 1 0  c e l l s/ml 

FIGURE VII . 6 

Reacti ons between untreated c e l l  extract and a series  of  '' su� c ep

tible " s e ra from Vac c ine Trial I 

1 • 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

Se rum prechallenge Sus c eptibil ity 
s c ore  

Control  

Aluminium hydroxide/biphas i c  c e lls  

Aluminium hydroxide/bipr1as i c  who le culture 

McMaster/biphasi c  c e l ls (positive c ontrol serum )  

C ontr o l  

Aluminium hydroxide/biphas i c  c e lls  

Aluminium hydroxide/b ipha s i c  whole  culture 

Aluminium hydroxide/b iphas i c  who le  culture 

well s  diam .  outer 7 . 5  mm ,  i nner 4 . 5  mm 

we l ls s eparated 1 5  mm 

1 8  

9 

2 5  

3 

20 

8 

1 1  

1 1  

c e ntre we l l  F .  nodosus (J3/2 2 )  biphasic , untreated c e ll extract 

1 . 6 x 1 01 0  c e l ls/ml 
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FIGURE VI I .  7 

Reacti ons between  untreated c e l l  extract and s e ra from sheep in  

Vac c ine Tr ia l  I I  

1 • 

2 .  

3 .  

4 .  

Serum pre chal lenge 

McMas ter/fermenter c e l l s  

McMaster/biphas i c  c e l l s  

Nlt i-F .  nodosus  ( J3/22 ) anti s erum 

Contro l 

we l l s  d iam .  3 mm 

Sus c epti bi l i  ty 
s c ore 

7 

6 

not done 

30 

we l ls separated 4 . 5  mm 

c entre "e l l  F .  nodosus  (J3/22 ) biphas i c , untreated c e l l  extrac t 
1 0  1 . 6 x 1 0  cel ls/ml 

FIGURE VI I . 8  

Reac tions between untr eated c e l l extract and s era  from sheep in  

Vac c ine  Trial I I  

1 • 

2 .  

3 .  

4 .  

S erum pre challenge 

Alum ( one pPr cent . ) /fermenter who l e  culture 

Water-in-oi l/fermenter c e l l s 

McMaster/biph�s i c  c e l ls 

Aluminium hydroxide/fermenter c e l l s# 

::::us c eptibi l i ty 
s core 

d i ed 

1 4  

0 

1 9  

* 

we l l s  diam .  3 mm we lls  separated 4 . 5  mm 

c entre we l l  F .  nodosus (J3/22 ) b ipha� i c , untreated c e l l  extract 

1 . 6 x 1 01 0  c e l ls /ml 

* Susc eptibi l i ty s c ore o f  group , 6 
1 0  1 0  c e l l s/dos e  
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4 2 



FIGURE VI I . 9  

Reacti ons bet-ween untreated c e l l  extrac t an<i sera  from sheep in 

Vac c ine Tri a l  I I  

1 • 

2 .  

3 .  

4 .  

S 2 rum pre cha l l enge 

Double  emul s i on/fermenter  c e l l s  

McMaster/fermenter c e l l s  

McMaste r/bi phas i c  c e l l s  

Organi c polyme r/fermenter  c e l l s  

Susceptibi l i ty 
s core  

1 6  
* 

died  

0 

7 

we lls  dihm .  3 mm we l l s  separated 4 . 5  �n 

centre we l l  F .  nodo sus ( J3/22 ) biphas i c  untreated c e l l  extract 
1 0  1 . 6  x 1 0  c e l ls/ml 

* Sus c eptib i l i ty score  of group , 6 

FIGURE VII . 1 0  

Reacti ons between boi led c e l l  extract  and s e ra from sheep in Vac c ine 

1 . 

2 .  

3 .  

4 .  

Trial I I  

Serum precha ller.ge 

poo l o f  group Aluminium hydroxide/fermenter 

poo l o f  group Alum ( one per  c ent . ) /ferinenter 

culture 

poo l of  group Water-in-oi l/fermenter  c e lls  

pool  of  group Controls  

c e l l s  

Sus c eptib i l i ty 
s c ore 

* 
1 3 

whole 

6 

1 0  

2 3  

wells  diam .  7 . 5  mm we l ls separated 5 mm 

c entre W8 l l  F .  nodosus (J3/22 ) hoo f ,  agar , boi led c e ll extract 

8 x 1 09 
c e l ls/ml 

* 1 01 0  c e l l s/dos e  
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F IGURE VII . 1 1  

Compari son  o f  per s i s tence of pre c ipitating activ ity against untreated 

c e l l  extract in  poo l s  o f  s e ra from diffe rent treatment  groups in Vac

c ine  Trial I I I  

Se rum 

1 • Commerc ial  Vac c ine "A" �chal lenge 

Sus c eptj bi l i  ty 
s c ore 

1 8  

2 .  Alum ( one per cent .  ) /fermenter ,,,ho l e  culture , 

3 .  

4 .  

2 dos e s , po stchall enge 

Alum ( one per c ent . ) /fermenter  whole  culture , 

2 do s e s , �chal lenge 

C ommer c ial  Vac c ine "A" post chal lenge 

we l ls d iam . , outer  7 . 5  mm , inner 4 . 5  mm 

we l l s  s eparated 5 mm 

NA 

1 4  

NA 

c entre we l l  F .  nodo sus (J 3/22 ) ho of  agar , untreated c e l l 

extract 1 . 6 x 1 0
1 0  

c e l l s/ml 

NA Not appli cab l e  

FIGURE Vl i . 1 2  

Reacti ons b etween untreated c e l l extract,  and e i ther spe c i f i c  anti s era , 
IgG fra c tion,  or  poo l s  of  s er a  from different tre�tme nt gro�ps in 

Vac c i ne Tri al I I I  

1 • 

Serwn prechall enge 

Anti-F . nodosus (JJ/2 2 )  ant i s e rum 

Sus c eptibi l ity 
s c ore  

NA 

2 .  I gG fraction  o f  above NA 

3 .  Alum ( one per cent . ) /fe rmenter  whole  culture , 2 dos e s  1 4  

4 .  

5 .  

6 .  

7 .  

8 .  

Alum ( one per c ent . ) /fermente r  who l e  culture , 

Commer c i a l  Vac c i ne "A"  

Contro l s  

C ommer c ial  Vac c ine "B "  

Norma,l s e rum (prevacc ina tion of we l l  1 )  

we l l s  diam . , outer  7 . 5  mm ,  inner 4 . 5  mm 

we l l s  s eparated 1 0  mm 

do s e  1 6  

1 8  

24  

1 4  

NA 

c entre we l l  F .  nodo sus ( J3/2 2 )  biphas i c , untreated c e l l  extract 
1 0  2 . 1  x 1 0  c e l l s /ml 

NA Not appli cabl e  





FIGURE VI I . 1 3  

Compa ri s on o f  reacti ons between untreated c e l l  extrac t and poo ls o f  

s e ra from sheep i nje cted wi th one or two doses  of alum pr e c ipi tated 

vac c i nes  

1 • 

2 .  

3 .  

4 .  

Serum prechal l enge 

Commerc ial  Vac c i ne "A" ( o i l  1 
Commerc ia l  Vac cine  " B "  ( alum 2 

dos e ) 

dos e s )  

Sus c eptibi l ity 
s c ore  

1 8  

1 4  

Alum ( one per cent . ) /f ermenter \vho le  cu lture , 2 dos e s  1 4  
Alum ( one per c ent . ) /fe rmenter \Vho le culture , 

\Ve l l s  dj ftm . , outer  7 . 5 mm ,  inner 4 . 5  mm 

wel l s  s eparated 6 �n 

dos e  1 6  

c entre \Ve l l  F .  nodosus (J3/2 2 ) hoof  agar , untreated c e l l  extract 

1 . 6 x 1 01 0  c el l s/ml 

FIGURE VI I . 1 4  

Compa r i s on o f  rea ctions bet\Veen bo i led c e l l  extract and pools  of  s era 

from sheep in.i ec ted wi th one o r  two dos e s  o f  alum pre c ipita ted vac c i nes 

S e rum prechal l enge Sus c eptibi l i ty 
s c o re 

1 .  Comme rc ial  V_. c c i ne "A" ( o i l  1 dos e )  1 8  

2 .  Alum ( one per c ent . ) /fermenter who le culture , 1 dose  1 6  

3 .  Commerc ial Vac c ine "B" ( alum 2 dos e s ) 1 4  

4 .  Alum ( one per c ent . ) /fermenter whole  culture , 2 doses  1 4  

wel l s  d j am .  7 . 5  mm we lls  s eparated 5 mm 

c entre we l l  F .  nodosus (J3/2 2 )  GC broth fermenter , boi led  c el l  

extract 1 01 1  c e l l s/ml 
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FIGlJRE VI I . 1 5 

Compari s on of  reac ti ons between untreated c e l l  extract and s era o f  

e i ther lamb o r  dam about the time o f  parturit ion 

Serum 

1 .  Ewe , McMaster/biphas i c  c e l l s  vac c i ne , a fter 2 weeks 

2 .  Lamb pre c o l o stral 

3 .  Ewe , HcMaster/biphas i c  c e l l s  vacc ine , after 5 months . Day o f  

lambing . 

4 .  Lamb 4 days o ld 

we l l s  d i am ,  7 . 5  mm we lls  separated 5 mm 

c entre we l l  F .  nodo sus ( J3/22 ) hoof agar , untrea ted c e l l  extract 

8 x 1 09 c e l ls/ml 

FIGffitE VI I . 1 6 

Compari son of  reacti ons be tween boiled  e e l ]  extract and s e ra o f  e i ther 

l amb or dam about the time of parturi ti on 

S erum 

1 .  Ewe , McMaster/biphas i c  c e lls  vac c ine , after  2 we eks 

2 .  Lamb pre c o l o stral 

3 .  Ewe , McMas ter/biphas i c  c e lls  vac c ine , after 5 months . Day o f  

lambing . 

4 .  Lamb 4 days old 

we l l s  diam . , outer 7 . 5  mm ,  inner 4 . 5  mm 

we l l s  s eparated 5 mm 

c entre we l l  F .  nodosus ( J3/2 2 )  GC b roth fermenter ,  boi led c e l l  

extract  1 0 1 1  c e l ls/ml 
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FIGURE VI I . 1 7  

Reacti ons betveen culture supernatant and s era of s e l e c ted " res i stant" 

or " sus c eptibl e "  she ep in  Vac c ine Tri a l  I 

1 • 

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

§erum pre chal l enge 

Anti -F .  nodo sus (J3/22 ) ant i ersum 

Aluminium hydroxide/bipha� i c  whole  culture 

Aluminium hydrox�de/b i phas i c  c e l ls 

Anti -F .  nodo sus (J3/22 ) ant i s e rum 

Aluminium hydroxide /bi phas i c  c e l l s  

McMaster/biphas i c  c e l l s  

Aluminium hydroxide/bi phas i c  wh ole  culture 

McMaster/biphas i c  c e l l s  

Sus c eptib i l i ty 
s core 

NA 

0 

26 

NA 

0 

9 

2 5  

0 

wel l s d iam .  4 . 5  mm we l l s  s eparatPd 1 0  mm 

c entre we l l  F .  nodo sus  ( McM1 g9 ) biph�s i c , cul ture supernatant 

NA Not appli cable  

FIGURE VI I . 1 8 

* 
Rea c t i ons betveen cult �re supe rnatant and spe c i�l  anti s era as detai l ed 

Spe c i a l  ant i s e rum raised agains t  

1 .  F .  nodosus (J3/22 ) c e l l s  s oni cated batch 

2 .  F .  nodo sus (J:J/22 ) c e l l s  s oni cated batch 2 

3 .  Freund ' s  IncompletP.  Adj uvant + phosph�te  buffe red sal ine 

4 .  McMaster  adjuvant + phosphate buffered saline 

5 .  Freund ' s  Incomplete  Adj uvan � + hoof  broth 

6 .  F .  nodo sus (J3/22 ) b iphas i c  culture supernatant 

7 .  F .  nodo sus (J1/22 ) formal in  treated c e l ls , b o i led 

8 .  F .  nodo sus (J3/22 ) b iphas i c  c e l l s  

we l l s  diam . , outer  7 . 5  � ,  inner 4 . 5  mm 

we l l s  s eparated 7 mm 

c entre we l l  F .  nodo sus (J3/22 ) biphas i c , culture supernatant 

* De tai l ed in Appendix  X 
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FIGURE VI I . 1 9  

Reac ti ons between culture supernatants of d ifferent prote o lyti c  t i tres  

w i th anti-F .  nodo sus (J3/2 2 )  anti s e rum 

1 • 

2 .  

3 .  

4 .  

Outer  we l l  reactants 

Incubated ho of  broth 

F .  nodo sus (J3/22 ) biphas i c  culture supernatant 

F .  nodosus (J3/22 ) protease ( 900 fo ld pure ) 

F .  nodosus ( A8/C ) b iphas i c  culture supe rnatant 

We l ls diam . , outer 7 . 5  mm ,  i nne r 4 . 5  mm 

we l l s  s eparated 5 mm 

centre ve l l  anti-F .  nodo sus (J3/22 ) anti s erum 

FIGURE VI I . 20 

Conc entrated 

X 50  

X 50  

X 50 

Reacti ons between culture supernataat� of  standard proteo lyti c  titre 

with anti-F . nodo �us (J3/22 ) anti s erum 

1 .  

2 .  

3 .  

4 .  

Outer ve l l  reactants 

Incubated hoof broth 

F .  nodosus (J3/2 2 )  b i phas i c  culture supernatant 

F .  nodcsus (J3/22 ) proteas e ( 900 fold pure ) 

F .  nodosus (A8/C ) b iphas i c  culture supernatant 

ve lls  diam . , outer  7 . 5  mm ,  inner 4 . 5  mm 

wel l s  s eparated 5 mm 

c entre we l l  anti-F .  nodo sus ( J3/22 ) antiserum 

Conc entrated 

X 50 

X 50 

X 0 , 5  

X 2 5  
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F IGURE VI I .  2 1  

Reac ti ons between untreated c e l l  washings and either  pre c o l ostral or 

pos t c o l o s tral_ lamb s e ra 

Reac tants 

p Pre c o lo stral  l amb s erum 

1 • F .  nodo sus (AS/C ) biphas i c , b o i led c e l l  extract 

2 .  Contro l s  Vacc ine Tria l  I ,  6 wk after cha l lenge 

1 1  1 0  c e l ls/ml 

3 .  F .  nodo sus (A8/C ) biphas i c  ce ll  washings , untreated c one . x 50 

4 .  Normal s erum , l amb 3 days o ld 

p Pre c o l o s tral lamb s erum 

we l l s  di�m .  7 . 5  mm 

FIGlJRE VI I .  22  

we lls  s eparated 5 mm 

Reacti ons b etween bo i l ed e e l l  washings and homo l ogous A.ntiserum 

e i ther before o r  after abs orpt i on 

Reactants 

1 .  Anti-F .  nodosus (J3/22 ) ant i s erum , absorb8d with equival ent 
1 0  v o lume homo l ogous c e l l s  at 1 0  c e l ls/ml  

2 .  Anti-F.  nodosus (J3/22 ) ant i s erum 

3 .  F .  nodosus (J3/22 ) GC broth fermenter washings , boi l ed 60 min . , 

c one . x 50  

we l l s  diam .  7 . 5  mm wel l s  s eparated 4 . 5  mm 



/ 
I 

3 

p 

' p 



FIGlJRE VI I .  2 3  

Reacti ons betwe en untreated c e l l  extra ct  and an ti serum rai sed by 

e i ther formalin  treated c e J . l s  o r  boi led  c e l l s  

Serum 

1 . Normal sheep s e rum (wel l  2 �vacc ination ) 
2 .  Anti-F.  nodosus ( J3/2 2 )  formalin  treated ce l l s  antiserum 

3 .  Normal s e rum , l amb 4 days old  

4 .  Anti-F .  nodosus ( J3/22 ) boi led c e l l s  anti serum 

we l l s  diam . 7 . 5  mm we l l s  s eparated 5 mm 

c entre we l l  F .  nodo sus ( J3/22 ) hoof  agar , untreated c e l l  

extract 8 x 1 09 c e l l s/ml  

FIGURE VI  I .  24  

Ren.ctions b e tween boi l ed c e l l  extrac t and s e rial se rum sampl e s  taken 

from a she ep wi th foot-rot 

Sheep 626  s e rum sample s  

1 . Two weeks afte r  infe ction  

2 .  S ix  weeks after infe ct i on  

3 .  Three  and a hal f  months after infe c t i on 

4 .  Preinfecti on 

we l ls diam .  7 . 5  mm wel l s  separated 3 mm 

c entre we l l  F .  nodo sus (J3/22 ) GC broth fermenter , boi led  c e l l  

extract  = 1 01 1  c e l l s/ml 
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FIGURE VI I . 2 5  

Effects  o f  abs orpti on using F .  nodo sus (J3/22 ) c e l l s  on reacti ons 

between F .  nodosus (J3/22 ) b o i led c e l l  extract and homo l ogous anti-

s e rum 

1 • 

2 .  

3 .  

4 .  

F .  

F .  

F .  

F .  

* 
Anti-F . nodosus ( J3/22 ) ant i s erum absorbed with � 

nodo sus (J3/22 ) b iphas ic  c e l l s  washed 

nodosus (J3/22 )  b iphas i c  c e l l s  washed and bo i l ed 

nodosus (J3/22 ) b iphas i c  c e l ls untreated 

nodo sus (J3/22 ) ciphas i c  c e l l s  bo i led  

we l l s  diam . , outer 7 . 5  mm , inner 4 . 5  mm 

we l l s  s eparated 5 mm 

centre we l l  F .  nodo sus (J3/22 ) GC broth ferm8nte r ,  b o i led c e l l  

* 

extract 1 0
1 1  

c e l ls/ml 

1 0  0 1 0  c e lls/ml , equ::tl amounts serum , 24 hr . at 4 C 

FIGU11E VI I .  26  

Effe cts  of  abs orpti on using F .  nodosus (J3/22 ) c e l l s  on reacti ons 

between F .  nodosus (J3/22 ) bo i l ed c e l l  extrac t and h etero l ogous 

ant i s erum 

1 • 

2 .  

3 .  

4 .  

Anti-F. nodo,us (McM1 98 ) anti serum adsorbed wi th : 

F .  nodosus (J3l22 ) bipha s i c  c e l l s  washed 

F .  nodo sus (J3/22 ) biphas i c  c e l l s  washed and b o i led  

F .  nodo sus ( J3/22 ) biphas i c  c e l l s  untreated 

F .  nodo sus (JJ/22 ) biphas i c  c e l l s  bo i led 

we l l s  diam . , outer  7 . 5  mm , i nner 4 . 5  n� 

wel l s  s eparated 5 mm 

c entre we l l  F .  nodosus ( JJ/22 ) GC broth fermenter ,  b o i led  c e l l  

extract = 1 01 1  c e l l s/ml 



0 



FIGURE VI I . 27 

Effe cts  o f  absorption us ing F .  nodosus (J3/2 2 ) c e l ls o n  reacti ons  

b e tween F .  nodosus ( McM1 98 )  boi led cell  extract  and heterologous 

anti serum 

1 . 

2 .  

3 .  

4 .  

P .  

P .  

F .  

F .  

* 
Anti-F . no do sus (J3/2 2 )  anti s erum abs orhed '"i th : 

nodosus (J3/22 ) biphasic  c e l l s  washed 

nodosus (J3/22 ) biphas i c  c e lls  washed and bo i led 

node::;us (J3/22 )  biphas i c  c e l l s  untreated 

nodosus (J3/22 ) biphas i c  c e l ls boi led 

we lls  d iam . , outer 7 . 5  mm , i nner 4 .  5 mm 

we l l s  s eparated 5 mm 

c entre we l l  F .  nodosus ( McM1 98 ) biphas i c  boi led c e l l extract 

= 5 x 1 01 0 
c e l ls/ml 

* 1 01 0  c e l ls/ml , equal amounts serum , 24  hr at 4°C 

FIGURE VI I . 28  

Effe c ts o f  absorpti on us1ng F .  nod osu�  (J3/2 2 )  c e lls  on reacti ons 

between F .  nodosus ( McM1 9 8 )  boi led c e l l  extra c t  and homo logous anti -

s e rum 

1 . 

2 .  

3 .  

4 .  

Anti -F .  nodo sus ( McM1 9 8 )  anti s e rum 
* 

absorbed wi th ! 

F .  no do  sus (J3/2 2 ) b i pha:::; i c  c e l l s  washed 

F .  nodosus (J3/22 ) biphasi c c e l l s  washed and boi led 

F .  nodosus (J3/22 ) b ipha s i c  c e l l s  untre ated 

F .  nodosus (J3/22 ) b iphas i c  ce lls  b oi led  

we l l s  diam . , outer 7 . 5  nun , inner 4 . 5  mm 

we l l s  separated 5 mm 

c entre we l l  F .  nodosus (McM1 98 ) b iphas i c  bo i led c e l l  extract 

= 5 x 1 01 0  c e l ls/ml 

* 1 01 0  c e l ls/ml , equal amounts s erum , 24 hr at 4°C .  
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FIGURE VI I .  2 9  

Compari s on of reacti ons between F . nodo sus bo i led c e l l  extract and 

s era from e i ther  " re s is tant " or " sus c eptib l e "  she ep in one group of  

Vac c ine Tr ia l  I 

1 • 

2 .  

3 .  

4 .  

S erum pre chal lenge 
Sus c eptib i l i ty 

score  

Aluminium hydroxide/biphas i c  c e l l s  0 

Aluminium hydroxide/biphas i c  c e l l s  0 

Aluminium hydroxide/biphas i c  c e ll tJ  8 

Aluminium hydroxide/biphas i c  c e l l s  9 

we l l s  diam .  7 . 5  mm '..re l ls s eparated 5 mm 

c entre we l l  F .  nodo sus (A8/C ) biphas i c , bo i l ed c e l l  extract  

1 0 1 1  c e l l s/ml 

FIGURE VII . 30 

Compari s on of  rea c ti ons between F .  nodosus b o i led c e l l extrac t and 

s e ra from e i ther " re s i stant " o r  " susceptib l e "  she �p in Vac cine  Tri a l  II 

1 • 

2 .  

3 .  

4 .  

Se rum pre chal lenge 

* 
Aluminium hydroxide/fermenter c e l l s  

Aluminium hydroxide/fermenter  c e ll s  

C ontr o l  

Control  

Sus ceptib i l i ty 
s c ore 

2 3  

3 

30 

1 2  

well s  diam .  7 . 5  mm wel l s  s eparated 3 mm 

c entre  we ll  F .  nodo sus ( J3/22 ) GC broth fermente r ,  boi led c e l l  

extract = 1 01 1  c e l ls/ml 

* 1 01 0  
c e l l s/dos e  
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FIGURE VII . 31 

Compari s on o f  reactions between F .  nodosus bo i led c e l l  extract and 

s era from e i ther " res i stant" o r  " susceptible "  sheep i n  Vac c ine 

Tri al I I  

1 • 

2 .  

3 .  

4 .  

Serum prechallenge 
Sus ceptib i l i ty 

s c ore 

Organi c po lymer/fermenter c e l l s  2 3  

Organic  po lymer/termenter ce lls  7 

Double  emuls i on/fermenter c e lls  24 

Double  emuls i on/fermenter c e l l s  5 

wells  d iam .  7 . 5  mm wells  separated 3 mm 

c entre we ll  F .  nodosus (J3/22 ) GC broth fermenter , b o i led c e l l  

extract 1 1  I 1 0  c e lls  rr:.l 

FIGURE VI I . 32 

React i ons between F .  nodu sus bu i led c el l  extrac t c: nd poo l s  o f  sera 

from she ep with exi sting foot-rot and that had been vac cinated wi th 

e i ther  one or  t'vo doses  o f  the Al '.llll ( cne per cent . ) whole  culture 

formulation  

1 • 

2 .  

3 .  

4 .  

Serum pool  

Before vacc inati on 

Three  we eks after one do se  of  vacc i ne 

Thre e  we eks after no vac c inati on 
* 

Thre e  weeks after two doses  o f  v ac c i!!e  

we l l s  diam . 7 . 5  mm we lls s eparated 3 mm 

c entre we ll  F .  nodosus (J3/22 ) GC broth fermenter , b o i l ed c e l l  

* 

extrac t 1 01 1  c e l ls/ml 

s e parated by three we eks 





FIGURE VI I . 3 3 

Reacti ons b etween F .  nodosus  untreated c e l l  extract  and frac ti ons of 

anti-F . nodosus anti serum 

1 • 

2 .  

3 .  

4 .  

Anti-F.  nodosus (J3/22 ) ant i s e rum o r  fracti0n 

Normal  s e rum �vacc inat i on 

IgG fract i on post  vac cinati on  

Who l e  s e rum post  vac cinat i on 
* 

DEAE e luti on  post vac c inati on 

we l l s  di am . 7 . 5  mm we l l s  s eparated 5 mm 

c entre we l l  F .  nodosus (J3/2 2 )  hoof  agar , untreated c el l extract 

8 x 1 09 c e l l s/ml 

* Di ethylaminoethyl c e llulose  Appendix XI I I a  

FIGUR,E VI I .  34 

Reacti ons b etween F. nodo sus boi led c e l l  extract and fractions o f  

anti-F .  nodosus ant i s erum 

1 • 

2 .  

3 .  

4 .  

Anti -F . nodo sus ( J3/22 ) an ti s erum or fraction 

Normal :i' e rum �vac cinat i on 

IgG frac t i on post  v ac c inat i on 

Who le serum post  vac cinati on 
* 

DEAE e lution po st  vac cinati on 

we l l s  diam .  7 . 5  mm we l l s  s eparated 5 mm 

c e�tre  we l l  F .  nodo sus ( J 3/2 2 )  hoof  agar , b o i led c e l l  extract 

8 x 1 09 c e l ls /ml  
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FIGURE VI I .  35 

Reactions between rabbit anti-sheep s e rum and either normal s erum or 

anti-F . nodosus (J3/22 ) antiserum and its fractions 

a 

b 

-

Normal adult sheep serum 

Anti-F . nodosus (J3/2 2 )  anti s erum 

Anti-F.  nodo sus (J3/2 2 )  antiserum , IgG fraction 

Anti -F . nodosus (J3/2 2 )  antis e rum , DEAE e luti on 

Al l troughs 

rabbit 

anti-sheep 

s erum 

Album i n  + 
r 

Styli sed diagram showing approximate pos iti on of immunopre cipitate s 

formed between sheep s erum and rabbit anti-sheep s erum 

FIGURE VI I .  36 

Reacti ons between rabbit anti-sheep serum and s era of e i ther  new born 

lambs , or  from an adult sheep wi th longstanding foot-rot 

Pre co lo stral lamb s erum - vac cinated ewe 

a 

Po st c o l o stral o f  above 

Pre c o l o stral lamb serum - normal ewe 

b 

Po stco lostral o f  above 

Adult sheep s erum - longstanding f oot-rot 

c 

Normal sheep s erum 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

All  troughs 

rabbit 

anti-sheep 

s erum 
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FIGURE VI I .  37 

Reactions b e tween rabb i t  anti-sheep IgG and e i ther  sera of new born 

lambs o r  ant i-F .  nodosus (J3/22 ) ant i s e rum and its  fracti ons 
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81  . 

Fo l l owing the observati on that normal s l1e ep s eru:n inhibi ted the growth 

of  F .  nodo sus ( Beveridge , 1 941 ) , i t  wa3 shown tha t the inje ction of guinea 

pigs , rabbits or sheep  with F.  nodo sus p�oduced bactericidal  antibodies  

( Commonwealth Sci enti f i c  and I ndus trial  Re search Organisati on , 1 966-67 ) . 

Previ ous s tudies  with fluore s c in labe lled antiglobulin  had shown that 

s e rum antibody was capable  of diffus i on into foot-rot l e s i ons and of  making 

c ontact  wi th the infe c ting F .  nodo sus o rgani sms ( Commonwealth Sc 1entif i c  

and Industrial Re s earch Organi sation ,  1 967-68 ) .  Egerton and Merritt ( 1 970 ) 

s ubs equently showed that normal she ep s erum i s  bacteri c idal for F .  nodosus , 

and that the bacteri c ida l  titre may be e l evated 1 00 fold by vac cinati on .  

I n  b oth cases  the bacteri c idal  e ffe ct  was shown to  be  due to the c ombined 

a c t i on of  I gG antibody and heat labi l e  c omponents o f  s e rum . Thus there 

was c onsiderable  evidence from Aus tralian work to a c c ount for the protection 

afforded by foot-rot vac c ine s ( Egerton 1 970 ; Ege rton and Burre ll , 1 970 ) 
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and accordingly an investigation was undertaken to determine the s ame 

bas i c  informati on  for  F. nodo sus (JJ/22 ) and its  anti s erum . I t  was 

reasoned that the bacteric idal t itre of a s e rum might be  used as a means 

o f  predi cting the immune status of an ani mal , parti cularly i f  the ti tre 

was shown to be posi tively c orre lated with the degree of prote c ti on 

afforded by a vac c ine . In  the event o f  the s e  relati onships being c onfirmed , 

a bacteri olys i s  t e st  might be used to evaluate vac c ine s wi thout r e c ourse 

to  a sheep ch�l lenge experiment . 

Serum samples  were avai lable  from a l arge range o f  s he ep inc luding 

precol ostral and postcolo stral lambs , normal ewes , and others inf e cted with 

f o ot-rot and subsequently treated by vac c ination . Normal s heep  that were 

f i rst  vac c i na 0ed with a variety o f  adj uvant/cell  combinati ons and after-

wards chall enged wi tl1 F. nodosus , also  provided sera before and a fter both 

vacc ination and attempted infe ction .  

MATERIALS AND METHODS 

Bacteria  F .  nodG sus (JJ/�2 ) was m�intained in GC broth by sub-

culture every 48 h � . An ove rnight culture was di luted on the bas i s  of 

opti cal dens ity so that 0 . 1 ml c ontaineo an estimated 20 , 000 organi sms . 

Smears of  broth deposits were s tained by Gram ' s  method (Appendix XVIU . 

Antisera S era were c o l l e cted rrom she ep involved in  Vac c ine Trials  

I ,  II  and I II (Chapter I V ) both after  vac � ination and after chal l enge . 

Addj ti onal sera we re avai lable from she ep involved in a f i e ld o�tbreak of  

f oot-rot (ExpP.riment Therapy I - ChaptP.r XI ) .  
Anti-F .  nodo sus ( JJ/22 ) anti serQ� was us ed in  the growth-inhibition 

t e s t  as a s tandard anti s erum . 

The growth-inh1 biti on test  required s e rum d i luti ons to be f ir st  

mixed with F .  nodosus c e l l s  and then incubated in GC broth . A c c o rdingly 

a l l  s era were steri l i s ed by Mi l lipore fi l tration as de s c ribed in  Appendix 

XIV. 

When required s era were inactivated by heating at 56°C for  3 0  minute s .  

Complement Two pools  of guinea pig  se rum were shown to inhibi t  

growth o f  F .  nodo sus . Frecolostral lamb s e rum at a di lution o f  1 /5 also  

inhibited growth . At a di lution of 1 /1 0 ,  no inhibi tion was evident and 

at that di luti on pre c o los tral lamb s erum was used as a s ource  o f  c omplement 

factors . 

Antibody absorpti on Serum antibody absorption was carried  out at 

2°
C f h or one our us ing a 24 hr GC broth culture o f  the homologous o rganism 

at  1 x 1 09 
c e l l s/ml  mixed with an equal vo lume o f  the se rum d i lution .  

Bac te rial growth-inhibiti on test  Doubl ing di luti ons o f  s e r a  in  

v e ronal buffered s al ine , pH  7 . 2 ,  were mixed with a s tandard inoculum of  
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b a c te ria , and after incubation at 37°C for one hou= , were added t o  roller  

culture tubes of  GC  broth to determine whether or  not there  had b e en  an 

inhibitory effe c t  on  the o rgani sms . 

Heat-inactivated sheep  se rum was mixed wi th an equal amount o f  

di luted precolostral lamb s erum be fore addition of bacteria .  

Standard c ontrol tubes  contained e i ther  veronal buffered s a line plus 

organi sms in GC broth , or veronal  buffered saline plus di luted pre c o l o s tral 

lamb serum plus o rgani sms in GC broth . 

All tubes  were incubated at 37°C for three  days during whi ch vi sible  

growth was recorded twi c e  dai ly . · Bacterial growth took the �orm o f  a shim

mering opac ity throughout the broth . The end point of  a t itrati on  was taken 

as the last tube in whi ch fai lure of bacterial growth was in<J.i cated by the 

broth remaining c l e a r .  The titrP was defined a s  the re c ipro cal o f  the 

final serum di lution in the nominated tube . 

Ful l  details  o f  the te chnique are des cribed in  Appendix XIV .  

RESULTS 

Growth-inhi b it i on by norma l she ep s e rum The growth-inhibi tory 

activity of  normal sheep s erum was s hown by prolongation o f  the l ag phase  

in tubes  c ontaining s erum in  high di luti on and a total i nhibition  o f  growth 

in tubes  c ontain ing l e s s  di luted serum . 

Granular depo s i ts developed in  the base  o f  tube s containing the l e s s  

di luted se rum parti cularly i f  the se rum had been preheated . Gram s ta i ned 

smears  of  the material  showed it to be a pink amorphous mas s . 

Sera from normal sheep had a growth-inhibiti on ti tre o f  1 60 or 320 . 

Abs o rption of  the c e  s e nt wi th F .  n odosus c e l ls caus ed the growth-inhibitory 

activity t o  be markedly reduc ed ; to a ti tre of  1 0 .  

The growth-inhibitory activi ty was remov ed by heating normal sheep  

s e ra at 56°C f or  30 minutes . The addi ti on o f  di luted pre c o l o stral l amb 

s erum restored the a ctivity to such heat-treated s e ra ,  and c ontro l tubes  

c onfirmed that the  l amb s era al one had no growth-inhibi tory effe c t .  

Growth-inhibiti on by s era from vaccinated sh e ep In high di luti ons 

of s era from vac c i nated she ep there was a prolongation of the lag phase o f  

grow+.h .  More conc e ntrated immune s era complete ly inhibi ted growth i n  the 

l iquid  medium .  In  those  tubes containing di luti ons o f  s era approachi ng the 

end point of the t itration serie s ,  plaque s of 5-1 0  mm diameter  c o ns i sting 

of agglutinated F. nodosus organi sms formed on the s ide s o f  t he tube s .  In  

addition to the s e  plaque s , granular depo s i ts identi cal w ith thos e  s e e n  i n  

normal serum ti trations , accumulated i n  tubes  containing l es s  di luted s e rum . 

The growth-inhibition titres o f  s e ra from vac ci nated sheep  were  no 

high e r  than tho s e  rec orded f or the s era of non-vac c inated she ep ( Tables  

VII I . I ,  VI I I . II and VII I . II I ) . 
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Absorption with F .  nodosus c ells  o f  s era from vacc inated she ep sub

stantially reduced the growth-inhibiti on t itre as it had for  normal sheep 

s e ra .  

A striking d i stinction h etwe en the two c las s e s  o f  sera  was that the 

activity of s era from vac c inated sh eep remained unchanged after pretreat

ment at 5 6°C for 30 minute s .  I t  was ma rkedly reduced by heat treatment at 

70°C for 1 0  minutes . 

The re sults o f  ei the r heat treatment er  absorption by c e l l s  on the 

different s erum samples , are compared and summari s ed in Table  VI I I . ! .  

Growth-inhibition by ser� from sheep infected with foot-rot Sheep 

wi th exis ting foot-rot o f  at least  six we eks duration had no  homo l ogous 

growth-inhibi tory activity in the i r  sera . The same absenc e o f  a c tivi ty was 

confirmed in a pool  of s era taken from sheep that Lad be come i nfected wi th 

severe  foot-rot during a f i eld outbreak ( Table YIII . I I ) . 

Growth-i nhibition by s e ra from sheep in  Va c c ine 1rial I I I Nei ther 

the adj uvant used for  the va c c ine nor the number  o f  do � e s  o f  v a c c i ne 

admini stered had any d emonstrable  e ffect  on the growth-inhib iti on ti tre of 

s e rum of  sheep involved in Vac c ine Trial I l l .  As wi th the s era of oth er 

vac c inated sheep , titres of  the o rder of  320 were real i s ed and the activity 

was res istant to heating at 5 6°C for 30 minutes  ( Table VIII . II I ) .  

DISCUSSION 

Although F .  nodo sus appeared to grow we ll on� e it was adapted to GC 

broth , it was noti ceable that the lag phase  was shortened by the add i ti on 

of  di luted pre c olo stral lamb s erum or heated normal she ep s erum .  As normal 

she ep  serum grow·th-inhibi  tory activ ity was shown partly by a prolongati on 

of  the lag phase , it follows that the addi tion of  the standard complement 

factor  s ourc e ,  namely pre c o lostral lamb s e rum , was providing s ome undefined 

nutrient whi c h  was absent in  GC broth and whi �h tended to enhance  bacterial  

growth . 

Pre c o lostral lamb s erum should also  provi de a source  of antibody-free 

c omplement (Egerton and Merritt , 1 970 ) and at the arbitrari ly cho s e n  di lution 

o f  1 /1 0 , pre c o l o stral lamb se rum provided a factor  that ful ly restored the 

growth-inhibitory activi ty of heat inactivated serum from normal she ep . 

The c omplement level of  pre c o l os tral lamb s era was a s s e s s ed  by i t s  

abi l i ty t o  lys e  sens i ti s ed ( anti-erythro cyte-antibody coate d )  e rythrocyte s . 

Undi luted prec o l os tral lamb s e rum gave s ome  degree o f  haemolysi s  but pre

c o l o s tral lamb serum di luted 1 /1 0  appeared negative in  thi s  respect .  How

ever this f inding did  not exc lude the pos s i b i l ity that pre c o lo stral l amb 

se rum at a di lution  o f  1 /1 0  might c ontain tho s e  h eat lab i l e  complement

factors  nec e s s ary for the expre s s i on of growth-inhibiti on by normal sheep  

serum . 
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The agglutinated growth that formed o n  the s ides  o f  tubes  was 

e as i ly dis lodged so free ing organi sms into suspens ion and the resulting 

hazine ss  in the broth did cause some diff i cu lty in determination o f  the 

end point . Egerton and Merritt ( 1 970 ) referred to agglutinated growth 

that occurred in s erum from vacc inated s he e p  in th e  absence  of c omplement . 

Although agglutinated F . nodosus c e l l s  Irom the plaques appe ared morpholog

i cally typi cal , no form o f  organi sm , lys ed or othenris e ,  c ould  b e  recogni sed  

i n  the granular depo sits that s ettled in  the  tubes containing l e s s  di luted 

s e rum . It  was as sumed that there had been comple te c e l lular dis rupti on 

wi th autolys i s . 

The term growth-inhibiti on rather than bacte riolys i s  was pr eferred 

to  de s cribe the test  under cons ideration be c aus ed lys ed c e l l s  were not 

s e e n ,  and fer inhibition of  bacterial  growth or pro longation of the lag 

phas e ,  " growth-inhibition"  appeared to be mere appropriate . 

The fac t  that growth-inhibi ti on titre s o f  a l l  untreated s era  were  of  

the same order at 1 60-320 , rai sed the doubt that differen c e s  between  s era 

may have been masked by an imbalance in the test in whi ch th e dose  o f  

o rgani sms was overwhe lming small differenc e s  in  se rum antibody leve l . To 

i nv e stigate thi s  p o s s ibi l ity ,  graded dos e s  o f  F .  n�dosus c e l ls ( cal culated 

to c ontain between 1 000 and 2 , 000 , 000 organi sms ) were added to s tandard 

di lutions of antis erum . The main e ffect  of the titration was to extend or 

shorten the lag phase  and as the titre remained unchanged , the s ens it ivity 

of  the test was not appre c i ably improv2d . Thi s  re sult showed that  any 

d ifference s  in 2ctiv i ty between s era ware not being masked by an ove r-large 

dose  of organi sms . It also  served to c onfirm the s tateme nt made by We idanz 

and Landy ( 1 963 ) that as the perc entage of  bacteria ki lled  i s  a functi on 

o f  c onc entration o f  antibody , a reduct ion in  size  o f  ino culum even by 1 000 

f o ld does not appre c i ably increase the sensi tivity of the te s t .  

The bacteri c i dal  ( growth-inhib itory )  a ctivi ty o f  normal s e rum against  

Gram-negative organisms i s  attributable  to  a system c ompri sed  of s pe c i fic  

antibody ,  compl ement and dival ent cati ons ( Os awa and Mus che l ,  1 960 ; 

We idanz and Landy , 1 963 ) .  The normal s erum activi ty de s cribed in  th i s  

chapter fits  thi s  d e s cription and i t  se ems reasonable  t o  a c c ept the v i ew 

o f  Ege rton and Merritt ( 1 970 ) that antibody against F .  nod osus f ound in 

normal sheep  s e rum may have b een rais ed by exposure to other Gram-negative 

organisms that share determinants wi th F. nodosus . 

A c ompletely unexpe c ted  finding in thi s seri e s  o f  experiments  was 

that growth-inhib i to ry activity of normal she ep  se rum was l o s t  when  the 

sheep  became infected  with foot-rot . Egerton and Roberts ( 1 971 ) had re-
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por ted that in the i r  tests , infection for thre e weeks inc reased the titre 

of  bacteri cidal antibody . A pos s ible  explanation for  the results pre

sented here i s  that leve l s  of cross reacting antibody in normal s erum are 

depleted by the d iffusion of  the antibody to the s it e  of F .  nodo sus 

infection and thi s drain exceeds the rate o f  manufacture of such antibody .  

I t  was noti c eable that the ti tre dropped between four and s ix wee ks after 

infection ( Table VI I I . I I )  and the results o f  Egerton and Roberts ( 1 9 71 ) 

appl i ed only to three  weeks after challenge . The challenge s train they 

us e d ,  F . nodosus ( No .  1 98 )  of the �1cHaster  c o l le ction ,  may have power s  of 

invasivene ss  and o f  rai s ing bacteri c idal antibody quite dis tinc t to thos e  

o f  F .  n odosus (J3/22 ) .  

The activity demons trated in  serum from vac c inated she ep was s tabl e  

t o  heating a t  5 6°C f o r  3 0  minutes but was who lly destroyed by heating a t  

70°C f o r  1 0  minute s .  Such growth-inhibito ry activi ty c ould be absorbed out 

with F. nodosus c e l l s  and therefol'e it appears t o  function spe c i fi ca l ly as 

an antibody system but unlike bacteriolyti c antibody there appe ars to be 

no dependence upon c omplement factors for its  full expre s s i on .  Apart from 

the difference  in  heat s tability o f  the activi ty assoc iated with e ithe r  

normal sheep se rum o:- that of  serum from vac cinated sheep ,  vac c inatl on  made 

no difference t0 the growth-inhibiti on titre . This  finding was qui te unlike 

that of Egerton and Merritt ( 1 970 ) who rai s ed the b ac teri cidal  ti tre of  

se rum from the ir  experimental she ep at least  1 00 fold by vacc ination .  

The s e  differenc es  c an pos s ibly be  explained by  different interpretati ons 

of e nd points parti cularly as the s e  are influenc ed partly by the o c currenc8 

of agglutinated organi sms . But there are o the r fundamental d i fferenc es  

between the te chniques  used  by  Ege rton and Merritt and thos e used  for  the 

growth-inhibiti on test  described above that prec lude an unqualified  � om

par i s on of  the two s e ts o f  re sults . Whereas Egerton and Merritt us ed the i r  

s tandard F .  nodosus s trains and the inoculum o f  0 . 1 5  m l  contained approx

imate ly 200 , 000 c o lony forming uni ts , the te chnique us ed here employed 

F.  nodosuR  (J3/22 ) and the ino culum of 0 . 1  ml contained an e stimated 2 0 , 000 

o rgani sms . However ,  the mo st  s ignifi cant d ifference i s  probably a s s o ciated 

with the different culture media used for each te st , be caus e as s hown in 

Chapter  I II ,  different broth formulations have  a marked influence  on the 

resulting antigenic s tructure of organisms and thi s may determine the i r  

reactivi ty t o  antibody pre s ent in  sheep s erum . 

To summari s e , the se  tests  have demonstrated three important f eatures  

of  humoral activity against metabol i sing F .  nodosus o rgan i sms . Fi rstly,  

there  i s  c ons iderab l e  growth-inhibi tory activ i ty in s e rum of  normal sheep 
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and thi s effect  i s  d�pendent on heat lab i l e  components .  S e condly , the 

leve l of activity in  the s e rum of n ormal she ep is no longer demonstrabl e  

when foot-rot infe ction has b e en  pres ent for  at  l ea st  s ix  weeks . Thirdly , 

growth inhibitory activity in  the s erum o f  vaccinated sheep  o c curs to the 

same titre as that in  the s erum of  normal s heep , i s  equally spe c i f i c  and 

the refore absorbable by F .  nod o sus organi sms , but func tions wi thout the 

help  of  a factor ( s ) provided by di luted prec olostral lamb s e rum . 
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Summary and Conclus i ons 

1 .  Growth of  a s tandard inoculum of  F .  n odosus c e lls in  GC broth was 

inhibi ted to the same degree  by s erum e i ther from normal she ep o r  f rom 

sheep that had been  vac cinated with di fferent adj uvant/cel l  c ombinations . 

2 .  The activ i ty of  normal sheep serum was destroyed by heating at  5 6°C 

for  30 minutes but the activity c ould be  completely restored by factor ( s ) 
pre sent in di luted pre colostral lamb s erum . 

3 .  Normal s erum growth-inhibitory activi ty was signif i c antly reduced by 

abs o rption with F .  nodosus c e l l s .  Lower d i luti ons o f  s erum were as s o c i ated 

,.,;_ th amorphous depo s i ts in the tube that devel oped after incubati o n  with 

organi sms . 

4 .  Sera fr�m vac c i nated sheep co 11tained growth-inhibitory activi ty that 

was unaffected by heating at 5 6°C for 30 minute s but was s i gnifi cantly 

reduced  by heating at 70°C for 1 0  winute s .  

5 .  Activity of  s e ra of  vacc inated sheep  was signifi cantly reduced  by 

abs o rption w\th F .  nodosuR c e l ls . 

6 .  Plaque s of  agglutinated organi sms were s e en on the s ides  o f  tub e s  

approaching the end point and amorphous depos i ts deve loped in tubes  c on

taining l e s s  di lut�d s e rum . 

7 .  In  two unre lated groups of sheep infected wi th severe foot-rot ,  pools  

of  s e ra taken after  s tSveral we eks infe cticn were shown to  be  devoid  o f  

growth-inhibitory activity .  



TABLE VI I I . I 

Effe ct  of  e i ther  antibody absorption or  vari ous heat  treatments on the 

growth-inhibition titres  of  se ra from eith e r  normal or  vac c inated sheep 

SE: rum 

Normal 
s erum 

Serum growth-inhib i ti on titre 
after s tated se rum treatment 

Ni l Absorpti on 56°C/30mi n .  

320 1 0  ..q 20 

56 °C/30min .  
plus PCLS 

320 

Anti-F .  nodosus 320 
(J3/22 ) 

80 320 ND 

anti s erum 

PCLS Pre c o lostral l amb s erum 1 /1 0  

ND = Not done . 

ND 

..q 30 



TABLE VII I . II  

Effe ct  of  natural ly acquired or experimental ly induced foot-rot on th e 

growth-inhib i ti on titres of  sera of affected and unvac cinated s he ep 

Serum 

C ontro ls  pre-chal lenge 

C ontrols  pas t-chal l enge 

after 2 wk 

after 4 wk 

after 6 wk 

Poo l  Experiment Therapy I 
( f i e ld outbreak of  foot-rot ) 

Treatment 

Ni l 

56°C/30 min .  

56°C/30 min .  
plus PCLS 

Ni l 

Ni l 

Ni l 

Ni l 

Growth-inhibition titre 

1 60 

<20 

1 60 

1 60 

1 60 

<20 

<20 

PCLS = Prec o lostral lamb se rum 1 /1 0 . 



TABLE VI I I . I I I  

Growth-inhibition t itre s  of  heat -treated s era of  groups of  sheep j n

jec ted with different adjuvant/ce l l  c ombinations in  Vac c ine Tria l  I I I  

Vac c ine Serum Growth-inhibit i on 
Adj uvant Culture treatment t i tre 

Alum Fermenter 5 6°C/30 min .  320  
( one per cent . ) who le  culture 

1 dose  

Alum Fermenter 5 6°C/30 min .  320 
( one per c ent , ) who l e  culture 

2 doses  

Commercial  vac ci ne "A" 5 6°C/30 min .  320 
o i l  

Commercial vacc ine " B "  5 6°C/30 min .  320 
alum 

Controls  5 6°C/30 min . 80 

Contro ls  Ni l 640 
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The demonstrati on by Egerton and Merritt ( 1 9/ 0 )  of bacteri c idal anti 

bodi es  against F .  nodo sus in normal sheep serwn partly explained th e 

original observati on of  Beveridge ( 1 94 1 ) that sheep se rum not only fai led 

to promote F .  nodosus growth on "V-F" agar but inhib ited it  in  the pres ence 

of  horse serum . 

The exp� ri mental results de s cribed in the last ch�pter showed that 

there were di stinc tly di fferent spe c i f i c  growth-inhibi tory activi t i e s  

pres ent in  normal she 3p se rum a s  opposed t o  thos e found i n  se rum from vac

c i nated. animals . In v ie1·.' of  ihe techni cal diff i culti e s  inherent i n  the tube 

test  i t  1·!as c ons ide :;.'ed worthwhile  -to  inve sti gate " growth-inhibition" as 

exhibited c �  s o l id  media by organi sms that were exposed  to different c on

c e ntrati ons o f  sheep  s erum contained in filter  paper d i s c s . 

MATERIALS AND METHODS 

Bacteri a F .  nodosus (J3/22 ) was subcultured on  hoof agar for 4-5 

days and a l oop of rough coloni es  used to inoculate the  te st  plate of hoof 

agar . 

Smears of  c ol oni e s  were s tained by Gram ' s  method and examined by the 

l i ght mi c ro s c ope . 

S era Two s era were c ompared : 

i )  A " re s i stant" she ep se rum sample was obtaine d from a she ep that 

had r e c e ived two inj e ct i ons of the McMaster/biphas i c  c e l ls vac c ine , and that 

had a sus c eptibi l ity s c o re of  one in  Vac c ine Trial I .  
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i i ) A " sus ceptible "  sheep serum sample  was obtained from a Contro l  

group sheep that had a sus c eptib i l i ty sc ore o f  1 8  1 n  Vac c ine Trial  I .  

Sera were di luted in pho sphate buffered saline ( Appendix XVIa ) and 

s te ri l i sed by Mi llipore filtrati on as described in  Appendix XIV . 

Fi lter  paper di s c  t e st  Fi lter paper di s c s  (No . 740-E , Sch l e i c her  

and Schne ll , New York ) were steri lised by autoclaving and plac ed four t o  

a p late on  fre shly inoculated hoof agar . 

Four or five drops of  e i ther  se rum di lution or  sterile  phosphate 

buffered sal ine , pH 7 . 4  ( negative contro l )  were delivered on to the di s c  by 

Pas teur pipette and the plates  incubated agar uppermost  in a l l  anaerobi c j ar 

at  37°C for  three days . 

Us ing oblique l ighting and a plate  dis s e cting mi cros cope , the area 

around the border of  the di s c s  wus exa111ined for growth inhibition or changes 

in c ol ony appearance .  

RESULTS 

Discs  saturated with e ither  phosphate buffered s al ine or s e rum frvm 

the " sus ceptible "  she ep ,  did not inhibi t the growth of typi cal rough 

c o loni e s  c f  F .  nodosus . 

Where s e rum fre>m the ' 're s i s tant" sheep had been  appli ed , smo o th type 

F .  nodosus c o lor.i e s  ( Chapter  I I )  grew in a 1 0  mm wide zone around the di s c  

whereas typ1 cal rough c o l oni es  grew e l s ewhere o n  t h e  agar . Thi s e ffe c t  of  

s e rum remained unchanged after heat treatment at 56°C for  30  minute s .  No 

i ntermed�ate type c o l oni e s  were s een .  

The width of z one c ontaining smooth co loni e s  was  approximate ly pro

porti onal to the di lution of s erum applied to the d i s c  ( Table IX . I ) . 

Around those  di s c s  in  whi ch the serum from the "resistant" sheep was 

most  c onc entrated , there was s ome evidence of complete  growth i nhibi tion .  

There was no  apparent di fferP.nce in the morpho logy of F .  nodosus 

c e ll s  taken e ither from smooth type or  rough c o l oni e s . 

D ISCUSSION 

The abi li ty of  s erum from a " re s i stant " vac c i nated sheep to bring 

about the c hange in  F .  nodosus c o lony formati on was due to a heat r e s i stant 

factor not pres ent in se rum from a normal " susceptible "  sheep .  As a re sult 

o f  this i t  was dec ided to deliberately s e l e ct  rough c ol oni es  at the working 

s e e d  p lus one stage , as it was reas oned that smooth type c o loni e s  ari s e  

only a s  the result o f  s ome metabolic  insult . 

As the growth-inhibitory activity of  s e ra ( Chapter VII I )  from vac

c inated sheep was also  r e s i stant to heating at 56°C for 30 minute s i t  i s  

p o s s ibl e  that both o f  the se  heat stable  functions are  manifestations o f  the 
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s ame inhibi tory system . The advantage of the di s c  test  over  the growth

i nhibition tube te st  is that normal sheep s erum do e s  not p roduce any 

e ffe c t  on the type of F .  nodosus c o l ony and the refore the pos s ibi l i ty 

exi s ts for c omparing s era that have been raised by di fferent adj uvant/ 

c e l l  combinati ons . 

Devel opment of the di s c  test  was not pursued but the l imited results 

reported here were encouraging . Lawn cultures of s tandard laboratory 

s trains of e ither E .  c o l i , an ()(.. haemo lytic  o;taphyl o c o c cus , � haemo lytic  

s trepto c o c cus or  Salmone lla  typhimurium were not affe c ted ei the r  in  the ir  

degre e of  growth or  c o l ony mor:t;:hology by serum from ei ther " sus c eptible " 

o r  " re s i stant" sheep . Verifi cati on of the spe c i f i c i ty o f  the activity by 

reac ting unre lated antisera agains t F. nodcsus culture s on hoof  agar was 

not  a -ttempted . 

A c ompari son  of the influence  on c o l ony characteristi c s  of F .  nodosus, by 

anti s era rai sed by different vacc inati on s c hedules  might provide relevant 

data on the immune s tatus of the s erum do�or . 
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1 .  In F .  nodo sus cultures  growing on hoof  agar , c ontact  with s erum 
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from a vacc inated " re s i s tant" sheep caus ed a change in c o l ony form from 

the typi cal rough c o loni es  to the smooth type . 

2 .  Under identi cal cultural conditi ons , s e rum from a normal " sus c eptib l e "  

she ep had n o  effect  on the deve lopment o f  typi cal  rough c o l oni e s . 

3 .  No intermediate-type co loni e s  developed . 

4 .  The act1vi ty o f  s erum from a " re s i stant " sheep remained unchanged 

after  heating at 56°C for 30 minut2 s .  

5 .  The fi lter paper di sc  test  results were suffi c i ently interesting to 

warrant further investigati ons into the spe c i f i c i ty of  the react ion . 



TABLE IX . I  

Induced change 1n F .  nodosus c o lony tyPe o n  ho of  agar when expos ed to 

se rum o f  a " r e s i s tant" she ep 

Se rum 

" Susceptibl e "  
she ap  

" Re s i s tant" 
she e p  

" Re s i stant " 
she e p  

Sal i ne 

Smo oth type c o loni e s  when exposed 
Serum at stated d i luti on 

treatment 
1 /2 1 /4 1 /8 1 /1 6  1 /J;:> 1 /64 

Ni l ND ND ND 

Ni l ND ++++ ++ + + 

5 6°C/:�O min .  ++++ ++++ ++++ ++ + + 

Ni l 1-I'D ND ND ND ND 

= No inhibiti on in  growth o f  rough c o loni e s  

+ t o  ++++ Zone o f  smooth type c o l oni e s  

ND Not done . 

to s e ra 

1 /1 2 8 

ND 

ND 



93 . 

CHAPTER X 

D E T E C T I 0 N 0 F D E L A Y E D - T Y P E  H Y P E R -

S E N S I T I V I T Y A S A N  E X P R E S S I 0 N 

C E L L - M E D I A T E D I M M U N I 'l' Y I N S H E E P 

F 0 0 T - R 0 T 

Introduction 

Materials  and Methods 

Sheep 

Antigens 

Protein c onc entration 

I ntradermal skin te s t  

Intracorneal  inj ection 

Re sults 

Di scus s ion  

Summary and Conc lus i ons 

Tables  

Figure 

I ntroduction 

p . 93 

p . 94 

p . 94 

p . 94 

p . 94 

p . 94 

p . 94 

p . 95 

p . 96 

p . 98 

Fo llowing p . 98 

Fo llowing p . 98 

0 F 

'v I T H 

F .  nodo sus infecti ons are restri cted to the avas c �lar epidermis and 

in  this  s i te the organi sms are not exposed to phagocytos i s  (Egerton and 

Rob erts , 1 97 1 ) .  Despite this  re lative i s o lation Irom the blood supply , 

f o o t-rot infe ctions e l i c i t  a humoral immune response . Such a re sponse 

has been demonstrated in a number  of ways ( Egerton and Merritt , 1 970 ; 

Chapters V to IX inc lusive , of this the s i s ) and thP incr8ased re s i s tance 

o f  vacc inated sheep has been attributed to the de struction of F .  nodosus 

by bacteric idal antibody with complement , di ffus ing i nto the infe cted 

epidermi s (Egerton and Roberts , 1 97 1 ) .  Howeve r ,  immune respons es  whether  

they ari se  as a result of  natural infe ction or  as  a c ons equenc e o f  vac

c ination generally show both humoral and c e l l  mediated aspe cts . The 

me chanism o f  prote ction afforded by F .  nodosus vac c ination has not been  

ful ly explained and a complementary functi on of  c e l lular defence ac tivi ti e s  

and humoral antibody invo lvement was c ons idered poss ible . The e xperiments 

that are de s cribed in thi s  chapter were de s i gned to s e e  whethe r  or  not c e ll

mediated re spons es  occur in animals  infected with foot-ro t .  

I n  vivo tests are the mo st  c onvenient and re l iabl e  techniques ava i l

able  for thi s  purpose  and those  that are used depend upon the demonstrati on  

o f  de layed-type hypersens i tivi ty .  Two s ites  on  the animal b ody were  chosen  

f or inoculation of  antigen ; intradermal and intrac orneal . The intradermal 

s i te has the disadvantage that reacti ons of the de layed-type are often 
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prec eded by immediate hypersens i tivity .  On the o ther  hand t h e  substance 

of  the cornea as the s ite for  inj e ction of antigen has the advantage that 

the  t i ssue norma l ly has  no b lood vessels  and the refore no contact  wi th 

c i rculating antibody ( Herbert , 1 970 ) .  

Thre e  antigens were chosen for comparison .  Ce l l  extract of F .  nodo sus 

(J3/2 2 ) ,  the same s train used  for  attempted infe ction  o f  sheep , was 

employed for homo logous tests . Re sponses  were c ompared wi th that of  antigen 

prepared from Es cheri chia c o li , a ubiquitous organi sm that 'vould be 

prominent in the normal she ep  environment . The thi rd material used for  

i nj e c tion was c e l. l extract  of  a bacterium pathogeni c for  cauli flowers , and 

thi s provided a complete ly unrelated control antigen.  

t-'f�\TERIALS ANll HETHODS 

Sheep Three � lass�s  of sheep were cho s e n  for comparison .  Fi rstly , 

there  were four with normal feet  and no his tory o f  previous fo ot-rot . 

S e c ondly , there were five  s heep with active and pr ogre s sive fo ot-rot and 

ano ther wi th beni gn foot-rot and therefore the se  animals  might be expe cted 

t o  b e  sens i ti s ed to  F .  nodo sus anti gens . The third c lass  of she ep inc luded 

e i ght  individuals  that had recently experi enced attempted F.  nodosus 

i nfe ction and as s ome had become infected wi th fool--rot. and o thers remained 

normal , the group provided two dire r. t ly  c omparable  sub-groups . 

Antigen.s Antigens as e i ther  untreated c e l l  extracts , b o i led  c e l l  

extracts o r  concentrated c ulture supe rnatants ,  we re derived from : F .  nod o sus 

(J3/22 ) whi ch had been cultured in biphas i c  medium , Escherichia c o li , 

s train E (Department of Mi c robio logy and Geneti c s ,  Mas � ey Univers i ty ) , 

cul tured overnight in beef heart infusion broth and Pe ll i cularia filamentosa 

( Sub Department of P:ant Pathology ,  Mas sey Univers i ty )  cultured on dextro s e  

peptone agar at  25 °C .  Where  possible  mate rial s were s teri lised  by Mi l l i

pore  f i ltration before inj ection .  

Cont�ol materials  o f  culture medium , phosphate buffered sal ine o r  

d i s t i l l ed water  were always t e sted in paral le l .  

Protein concentrati on Ce l l  extyacts were adjusted in  vo lume to give 

a s tandard protein c oncentration as j udged by the i r  absorbency at  280 nm .  

Intradermal skin t e s t  Approximately 0 . 1 ml  amounts o f  antigen were 

inj ected intradermal ly e i ther on the bare pubic area of the abdomen o r  

e l s e , after c lipping the woo l , o n  the s ide overlying the thorax . The in

j e c ti on s i te was examined dai ly during four days for  changes in  c ol our and 

palpated for swe l l ing o r  induration . 

I ntracorneal injection Sheep were  anae sthetised  using thiopentone 

s odium o r  CT 1 341. ( " Saffan" ) given by intravenous inj e c tion (Appendix XY ) . 
With the eyeball immob i l i sed by c ountertraction l igatures , antigen was 
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i nj e c ted into the substance of the cornea through R 26  g (0 . 45 mm ) x 1 3  mm 

needl e . The opposite  eye of each sheep was used e i ther for compari s on of 

another  antigen or  for inj e ction o f  c ontrol  material . Occasi onally two 

i nj e ctions \vere  made into one c ornea . Suc c e s s ful s i ting o f  the inj e ction 

was c onfi rmed by the appearance  of an opsque bleb or " s tar" . The inj e � tion 

s i te s  we 1·e examined dai ly for  ev idence of l o cal i s ed o r  diffuse opac i ty .  

RESULTS 

The respons e of  normal sheep or a benign foot-rot infected sheep t� 

the intradermal injection of  e ither F .  nodosus (J3/22 ) c e l l  extract  

or culture supernatant 

Ne i ther F .  nodosus anti gens nor biphasic  culture me dium i nj e cted as a control , 

c aused any untoward reaction on intraderma l inj e ction into  ncrmal sheep . 

A trans ient indurati on that devel o:r;ed between 1 and 4 honrs re solved over

night . A sheep with benign foot-rot showed a more marked reacti on to 

i nj e ction with F. nodosus antigens . An i ll-defined oedematous reaction of  

app�oximately 3 cm in  diameter that aro se  one hour after inj e ction pers i s ted 

for four hours . Control  inj e cti ons of biphas i c  medium were n egative in 

thi s  animal ( Table X . I ) .  

The response o r  norma l sheep to the intradermal 0 r  intrarorneal 

ini e c t ion of ei the r F .  nodosus or E .  c o l i  antigens 

The intradermal inj e ction of e i ther F .  nodosus or E .  coli  anti gens caused  

a mi ld and trans ient reaction in normal sheep as  de s crib ed above . The 

intra corneal  inj e ction of e ither  c e l l  extract caus ed an immedi ate l o cal i s ed 

opac ity that di sappeared ...,i thin hours . Twentyfour hours after the inj ec-i,i cn , 

the F .  nodosus c e l l  extrac t  s i te appeared as a pinpoint white  spot sur

rounded by a 2 mm zone o f  opac i ty .  The same degree  of local  opacity al so  

appeared at  the E .  c o l i  c e l l  extract s i te but 24  hours late r .  

The respons e of foot-rot infected she ep to the intradermal o r  i nt ra

c orneal  inje ction of  e i ther untreated F .  nodosus antigens or  untreated 

E. c o l i  antigens 

The intradermal inj e ction of e i ther untreated F .  nodosus  or untreated E .  c o l i  

antigens into foot-rot infected sheep resulted in a similar  degree  of 

l o cal reaction . An area of skin 1 -2 cm in  diameter  showed swe l ling whi ch 

r ea ched its  maximum s i z e  after 4 hours and was c ompletely r e s o lved with i n  

48  hours . 

The intraco rneal inj e ct i on of  e ither antigen caus ed opac it i e s  to  

deve lop at the inj e ction si te s . Reacti ons to both anti gens were apparent 

after  24  hours and persisted for  four days before r e s o lving . The opac i ty 

due to E .  c o l i  antigens was mo re marked than that due to F .  nodo sus 

antigens ( Table X. II ) .  
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The responsP. o r  normal she ep o r  foot-rot infected sheep to the 

intrac ornea l  injection of  e i ther  untreated F .  nodo sus c e l l  extract 

or  heated F.  nodosus c e l l  extract 

No rmal sheep responded to the intrac orneal inj e c ti on of e ither normal or 

heated ( 1 00°C for 60 minutes ) F .  nodosus c e l l  extracts  in a s imila r  manner .  

The reaction had fully deve l oped by 24 hours after i nj P. c ti on and showed 

marked re s o lution during the next t'-'O days . 

Foot-rot infected sheep al s o  re sponded to bo th c e l l  extracts  to the 

same degree  (Figure X . I )  but in the s e  she ep the c orneal opacity was more 

intens e than that seen in normal sheep and it  pers i s ted without fading for 

f our days ( Table  X . I I I ) .  

The response  of  foot-rot infe cted sheep to the intracorneal inje c ti on 

of  e ither  F .  nodosus untreated c e l l  extract  or  P .  fi lamentosa un-

treated c e ll extract  

Foot-rot infe cted she ep responded to  the intracorneal inj e c tio� o f  F .  nodo sus 

ant igens as explained above i . e .  a corneal opacity developed at the in

j e c ti on s i te after 24 hours and pe rs i sted for f our days . The response to  

an  i ntracorneal  inj e c tion o f  c omparable  amounts of  P .  fi lamentosa antigen 

was minimal and did not exc eed  that given by saline inj e cti ons used as 

c ontrols . 

DISCUSS ION 

Skin reactions to the intradermal inj e ct ion of F. nodosus c e l l  extracts 

were  unrewarding . The extent of the reactions was di ffi cult to fo l l ow 

b e c ause of  the skin pigmentation .  Bo t.h normal sh eep and an animal wi th 

benign foot-rot showed trans i ent re spons e s  whi ch W8re maximal at four hours 

and re s o lved by 24 hours . The timir.g of  the deve lopment of the s e  reacti ons 

was more characteristic  of antibody mediated rea c tions and quite  unlike 

thos e  expected  o f  c e l l-mediated immunity .  Tl,e respons e o f  normal s heep 

t o  F .  nodosus antigens and the re spons e of  both normal and i nfected sheep  

t o  biphas i c  medium alone , made further evaluation of this t e st  sys tem appear 

unprofitable . 

The i ntracorneal te s t ,  a lthough eas i e r  to i nterpret than the intra

dermal test , was diffi cult  to exe cute . Immobi li s ation of the eyeba l l  and 

the depo s ition of antigens within the cornea l  substanc e  were  diffi cult t o  

achieve . Howeve r ,  the d i fferenc e s  in  reactivity o f  normal or  foot-ro t  

infe c ted sheep to the intracorneal inj e c ti on o f  F .  nodosus antigens a s  

initially obs e rved was promi s ing .  Foot-rot infe c ted sheep responded with 

a c orneal reaction that was b oth more intense and persis ted longer  than 

that of normal she ep .  The absenc e  of react i on fol lowing the i ntracornea l  

inj e c ti on of  P .  filamentosa  c e l l  extract showed that reactions i n  fo ot-rot 
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i nfe cted  sheep were not due s imply to the depos ition o f  foreign material  

i n  a s e nsitive area . 

Foot-rot infected s heep also  showed a s imi la r response to  the i ntra

c ornea l  inj e ction of both F .  nodo sus untreated and heat treated c e l l  

extrac t .  Thi s re sult sugge sted that those  antigen ( s )  re spons ibl e  f o r  

evoking a re sponse res ide in  the heat stable  fraction of the c e l l  and 

they may be analagous to the endotoxi c lipopolysac charide antigen of oral 

Fus obacteria (Kri stoffersen , 1 969a and b ) . 

The spe c ifi c ity of  the reaction shown by infected sheep to F .  nodosus 

�nti gens was plaGed in  doubt  by the abi lity of E .  c o l i  anti gens to cause 

s imi lar or even more intens e reacti ons than F .  nodosus an tigens 1n  infe cted 

she ep . E .  coli  antigens reacted al so  in sheep known to have no hi story of  

c l ini cal foot-rot inrection .  An  explanation o f  the s e  findings could be  

provided by the o ccurrenc e of  shared a�tigenic dete r�inants between the two 

o rganisms . Although agar diffus ion tests fai led to  show any reRc tivity 

between E .  c o li extract und anti-£ .  nodosus (J3/2 2 )  anti s erum , thi s cannot 

be  taken as  proof that s11ch an antigeni c s imilarity do e s  not  exi st . I f  

infe c tion with F .  nodosus caus e s  the sen s i ti sation o f  a populati on of 

lymphocyte s carrying in total rec eptor sites  for a range of antigen deter

minants , then exposure of  the animal to any of the r e l evant groupings will  

re sult in ce ll-mediated reactions . As  E .  c o li forms part of the normal gut 

f l ora of she ep and i s  wide spread 1n the animals ' e nvironment , i t  1 s  not un

reasonable  to expe ct s ome degree of  s e�siti sation to the organi sms , to 

result from such prolonged and intimate c ontac t .  

Cel l-mediated j mmuni ty i s  associated wi th c ondi ti ons 1 n  which the s en
s i t i sing antigen remains " fixed" at its  s i te o f  int roduc ti on ( Bl oom , 1 97 1 ) .  

I n  thi s s i tuation the antigen rather than being c arried to the lymphoid 

ti s sue s and indacing antibody synthes i s , makes contact  predominantly wi th 

c ir culatine small  lymphocyte s and e l i c its what i s  mainly a c e l l-mediated 

r e sponse . Foot-rot infe ctions involving the prolonged o ccupation by mi cro

organi sms of  avas cular sites  mi ght act as  a s ourc e  of  p eripheral sen s itis

ation and induce c e l l-mediated immunity . What r o le s uch  a form o f  immunity 

might play in  resi s tance is  not kncwn. With the current intere st  in c e l l

mediated immunity ,  fo ot-rot infection might s erve as  a useful  mode l be cause  

F .  nodosus is exceptional in be ing restri cted to and adapted for l ong term 

existence in an avascular s ite . 
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Summary and Conc lusions 

1 .  As a means o f  testing for de layed-type hypers ensi ti vi ty ,  the intra-

dermal te st  using F. nodosus antigens gave inconc lus iv e  re sults and in  

its  pre sent form the test  i s  unsati s factory .  

2 .  Intraco rneal inj e ction of F .  no do sus c e l l  extract caus ed an opac i ty 

that deve loped during the first  day and that was more intens e and pe r

s i s ted longer in sheep wi th foot-rot , tha n in normal sheep . 

3 .  The c orneal reacti on provoking c omponent in F .  nodosus c e l l  extract 

was resistant to boi ling . 

4 .  The inj e cti on of  E .  c o li c e l l  extract caus ed the same degre e of  

tempo rary corneal opac ity as F .  nod osus c e l l  extract .  The c ros s-reactivity 

was attributed either to the o c currence o f  antigeni c determinants c ommon 

to both organi sms or to the re spcns e of she ep when l o cal environment anti

gens are enc ountered in an unusual s ite . 

5 .  Ce l l  extract of P . f i lamentosa , an agent caus ing " damping-nff"  in  

cauliflower s e edl ings , e li c i ted no  re sponse on intracorneal inj e cti on o f  

sheep .  The abs ence o f  reaction was attributed to the c omplete foreigness  

of  the antigens to  sheep . 



Sheep 

Normal 

Benign 
foot-rot 

TABLE X . I 

Degree of  l o cal  reaction in  one normal sheep and one sheep affected wi th benign foot-rot, in  

response to an intradermal injection of  F .  nodosus culture extrac t 

Inoculum/Hours afte r inj e ction 

F.  nodosus (JJ/2 2 )  
biphas i c  untreated 

c e l l  extract 

F .  nodosus (McM1 99 ) 
biphas i c  culture 

supernatant 
Di sti l led water Biphas i c  medium 

1 

+ 

++ 
0 

4 

+ 

+++ 
0 

24 

+ 

++ 
0 

No reaction 

4 24 

+ 

+ 

+ to ++++ = Degree of  l ocal reaction 

0 = I l l-defined oedema . 

4 24 4 24 

+ ++ 

+ + 



Foot-rot 
i nfected sheep 

Sheep A 

Sheep B 

TABLE X . I I  --

Extent o f  c o rneal opac i ty in  two foot-rot i nfected sheep in  r e sponse to i ntraco rneal 

inj�ction of  e ithe r  F .  nodosus untreated c e l l  extract or E .  c o li untreated c e l l  extract  

Inoculum/Hours after  inj e c ti on 

F .  nodosus (J3/22 ) E .  � o l i  (E ) E .  c oli  c e l l  free 
biphas i 8 , untreated broth , untreated Hoof broth culture 

c·e l l  extract c e l l  .. �xtract supernatant 

24 48 96 24 48 96 24 48 96 24 48 96 

+ + fading +++ +++ fading SL 

+ + fading ++++ ++++ fading SL SL fading 

= No reaction 

+ to ++++ Extent of  opacity 

SL = Slight diffuse opacity .  



TABLE X .  I I I  

Degree  and extent of c orneal opac i ty in e ither normal or foot-rot infe cted 

sheep, in respons e to intracorneal i njecti on of ei ther untreated or  boi led 

c e l l  extract 

She ep  

Normal 

Normal 

I nfe cted 

Infected 

- - - -

Normal 

* 
Normal 

Infe cted 

Infe cted 

Corneal 
F .  nodosus (J3/2 2 )  Hours after 

hoo f  agar 
c e l l  extract 24 48 

+ fading 
heavy 

p . p . p . p .  
pale pale 

Untreated 
++ + 
pale heavy 

+ + 
heavy he avy 

- - - - - - - - - - - - - - - - - -

+++ + 
pal e  pale 

++ ++ 
heavy pale 

Boiled  
+ ++ 
heavy heavy 

p . p .  p . p .  
heavy pale 

* Vacc i nated 1 8  wk prev i ous ly 

+ to ++++ = Extent of opaci ty 

p . p .  = pinpoint . 

opac i ty/ 
inj e ct i on 

72 

faded 

fading 

+ 
heavy 

+ 
hE:!avy 

- - - -

faded 

faded 

++ 
heavy 

p . p .  
fading 

96 

faded 

faded 

+ 
heavy 

+ 
heavy 

faded 

faded 

++ 
heavy 

p . p .  
pale 



FIGURE X . 1 

Corneal opacity in  r e sponse to intracorneal  i nj ection 

o f  F .  nodo sus bo i l2d cell  extract admini s t e red 48 hr 

previously.  The she ep had severe fo ot-rot .  
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Vac c ination l S  rare ly us ed a s  an aid in  treatment o f  di s ea s e  Le

c ause prote cti on is best afforded by preventi on of infection rather  tl1an 

by interference w ith an e stablished pathological  r�oce s s . In many diseases  

the  c ours e of  infe ction l eading to <ieath o r  recovery i s  s o  rapid that even 

i f  vaccine s  were used in treatment , the outcome cf the i llne s s  vould be  

determined long before the host  had had time to  re spond . But in  foot-rot 

where infe ctions may pers i s t  for months and sometimes years (Beverldge , 

1 941  ) ,  the vac cir..ated animal has adequate time in whi ch to re spond a11.d thus 

there i s  a l ogi cal  basi s  for vac c ine therapy . 

The exact mode o f  action of  foot-rot vac c ines i s  sti l l  large ly un

e xplained ( Egerton and Roberts , 1 97 1 ) and i n  prophylacti c use , al though 

vaccinati on prevents the maj ority of  inj e c ted  sheep from becoming infe cte d ,  

s ome sheep a t  risk c ontract  interdigital skin infe ction and o thers  deve l op 

a mi ld form o f  the f i e ld disease  (Egerton and Burre l l , 1 970 ) . However , 

f oot-rot that oc curs in vacc inated sheep is  cons i stently l e s s  invas ive , 

lasts  a shorter time and affe cts fewer feet  per sheep  than does  the d i s ease 

in co ntrols  expos e d  to  the same infec ti ons (Egerton , Morgan and Burre l l ,  

1 972 ) . 
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The curative effect  of foot-rot vac c ines  has b e en we l l  documented 

( Egerton and Burre l l , 1 970 ; Egerton and Roberts , 1 97 1 ; Skerman , 1 97 1 ; 

Egerton and Horgan , 1 972 ; Skerman and Cai rney , 1 972 ) and amongst vac c inated 

sheep , the rate of r e c overy is usually s i gni fi c antly faster than i n  c on

tro l s . 

Although muc h  of  the work pre s ented in thi s thes i s  has been concerned 

b oth with thos e  features of bacterial  culture that might determine immuno

geni c ity and the re sponse of sheep  to vac c inati on ,  during the cours e  o f  

this work an opportunity aro se  t o  investigate the therapeuti c  propertie s 

o f  vac c ination . 

A smal l  flo cl� of  mixed aged Romney and Romney/Cheviot  c ross  ewe s , 

most  o f  them lame be caus e o f  advanc2d  and largely untreated f oot-rot , were 

o ffered for expe rimeP tal inve stigation . Since  the flock had l amb ed th ree 

months previous ly ,  there had been 3poradi c cases  of  foot-rot amongst  the 

ewes and the s e  had been topi cally treated at irregular inte rvals . 

The maj o r  ontbreak started �fter weaning wh2n the ewe s were turned 

onto rank pas ture in  river mea.dov.JS during s everal we eks o f  humid weathe r .  

At the initial examination , sound-footed sheep were turne d  away to anothe r 

padnock and the remaining 24 affected with foot-ro � were put as ide for a 

more detai led examination . 

Thi s parti cular group of sheep was cho s en for a vaccine  therapy trial  

be cause of i\-10 important features  of the outbreak. Firstly , the fo ot-rot 

l e s i ons were typi cal ly progre ssive  and the re  were enough she ep affec ted at 

approximately the same stage to enable  valid c omparisonB  to be made between 

treated and untreated groups . Sec ondly , c l imatic  c onditions at  that time 

in the early Summer  v2 re fu.vourable  for  c onti nuing infe ction ( Graham and 

Egerton , 1 968 ) . I t  was felt that wi th a high level of  c ontinuing chal l enge , 

the therapeuti c re s�lts  of  vac cination would not be  obscured  by natural 

re so lution of infection amongst untreated c ontro l sheep .  

HATERIALS AND HETHODS 

i )  Clinical  examination Each  fo ot  o f  every sheep was examined and 

the extent and severity of foot-rot l e s i ons recorded (Appendix IXa ) us ing 

the asses sment s c or e  method (Appendix IX) . Detai l s  were r e c orded after the 

initial  examination  and at three and s ix  weeks after treatment by vac clna

tion . 

i i )  Vac c ine evaluati on Treated groups were given o ne o r  two doses  

at thre e week intervals of  the Alum ( one per  c ent . ) pre cipitated F .  nodosus 

(J3/22 ) GC broth fermenter ,  who le culture vac c ine . As s e ssment s c ores  of 

individual sheep  and groups were c ompared before  and after  vacc ination . 
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I n  addition , at three weeks and six  we eks after  vacc ination , the 

foot-rot l e s i on ( s ) of every sheep were evaluated as e ither c omplete ly 

active , mo stly active , mostly re s o lved or co mplete ly reso lved . 

i i i ) Initial  examination Large flaps of horn were removed by 

paring but no attempt was made to remove a l l  ne croti c tis sue . Regardles s  

o f  the fo ot-rot asses sment s core , alternate sheep after examination were 

given 2 ml of  vac c ine ( treated group ) or l e ft untreated ( c ontrol  group ) . 

All  the she ep were returned to the river  pasture . 

iv ) Examina tion after three weeks Al l  the feet were re-examined 

and l e s ions pared unti l active fo ot-rot was diagnosed or unti l healthy 

ti s sue was reached i . e .  reso lving l e s ions were the more l ike ly to be 

extensively pared .  

Six of the 1 2  sheep in the treated group were s e lected randomly for  

inj e ction with a s e c onu dos e of vaccine . 

All the sheep were returned to the riv e r  pasture . 

v )  Examinati on after six weeks All fo ot-rot l e s i ons were pared 

right back to expose  active infection or  healthy tis sue . Mos t  control  

sheep  were vacc inated as a f�rm of  treatment . 

All sheep were walked through a five pe r cent . fo rmal in footbath two 

to  three weeks late r .  

vi ) Statisti cal ana lys is  Data on  the degre e of  re � o luti un we re 

c ontracted to produce 2 x 2 c ontingency table s and Fi sher ' s  exact te st  

(Bai l ey ,  1 969 )  was used  for  direct calculation o f  the proba o i l i ti e s . 

As 6es sment s c or e s  provide an obj e ctive means o f  recording the re spon�e 

o f  an individual shee p  but b�caus e such s cores  are determined by many 

factors other than the state o f  F. nodosus infectio n ,  the data were not 

used for evaluation of group re sponse . 

RESULTS 

i )  Examination after thre e weeks In the vac c inated group , foot-rot 

l e s i ons appeared l e s s  "activ e  and progre s s ive " as shown by drying of the 

ne crotic  horn matrix whereas amongst the control  (untreated ) she ep , f oot

rot l e s i ons remained l arge ly unchanged . In general lamene s s  was l e s s  

apparent amongst vacc inated s heep . Of the 1 2  vacci n ated she e p  only one fai led 

t o  re spond as  j udged by assessment s c ore  whereas f iv e  o f  1 2  untreated con

trol sheep had the same or  greater a s s e s sment scores  th an at  the initial  

examination ( Table  XL I ) .  Ten out of  the 1 2  untreated sheep had "mo st ly 

activ e "  l e s ions ( Tabl e  XL I I ) :  only one out of the 1 2  she ep  that had 

been vacc inated once had "mostly active " l e s i ons . The di ff ere nc e  i n  

re sponse between treated and c ontro l groups was highly signifi cant ( p � 0. 0002 ) . 
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i i ) Examinati cn after six weeks One o ut of s ix sheep vac c inated 

once , one out of s ix sheep vacc inated twi c e  and s 1x out of  1 2  untreated 

sheep had as ses sment s c ores  greater than at the time of the pre-treatment 

examination .  

In  general the two groups of vacc inated she ep ranked equally (p 0 . 4 )  

and showed marked benefit  from treatment ( Table  XI . I I ) . Taking the two 

vaccinated groups together there were  more she ep wi th "most ly res o lved"  

l e s i ons than amongst untreated c ontrols (p = 0 . 004 ) . 

Three c ontrol  sheep were found to have c ontracted cutaneous myias i s  

w i thin the foot-rot l e s i on .  

The group o f  she ep that had b e en vac c inated twi ce  had slightly more 

asses sment � c ore c ontributP.d f1·om interdigital spac e l e s i ons , as oppos ed 

to  hoof separation l e s i on� than e ithe r of  the othe� two groups . 

D ISCUSSION 

For the duration o f  the trial the 24 ewes were mai ntained under  c on

s tantly moist  o r  wet foot  conditions and the ambient t2mpe rature remained 

high .  Thi s  c ombination ,  coupled wi th e onside rahle  night humidi ty ,  was c on

ducive  to the spread and continuing activity of  foot-rot infe ction (Graham 

and Egerton , 1 968 ) thus providing a severe te st  for the effectiv ene s s  of  

the vacc ine . Be cause extens iv e paring was de liberately not carried out and 

topi cal treatment was not attempted ,  foot conditions remained i11 favour of  

F .  nodosus pers i sting . Even so some temporary res o luti on oc curred in all  

groups inc luding c ontro l s  pre sumably becaus e the supe rfi c ial parlng had 

exposed  infecticn sites  to normal drying effects and aerobi c  c ondi tj ons . 

Howev e r ,  six  weeks after the initial examination ,  only two of 1 2  c ontrol  

sheep had "mostly re s o lved" foot-rot l e s ions as agains t nine controls . 

Three o r  four ewes that showed more of  the characteristics  a s s o c iated 

with the Chevi ot  breed than the Romney , respcnded poorly to vacc ination . 

As an example , sheep 252  (Table  XI . I ) was c ons iderabl)' wors e  after  two 

do s e s  of vac c ine than at the pre-treatment assessment . It c ertainly s e emed 

as  though the Cheviot-type sheep e ither had a mo re pers i st ing and s evere 

infecti on or  had re sponded to vaccination less  we l l .  No c onclus i ons c ould 

be drawn from such a smal l  number  o f  sheep and becaus e pre-treatment 

s e le cti on had not inc luded breed " type " as a variable  for random d i stribu

tion .  Other reports in the literature have drawn attention t o  the sus

c eptibi lity of  the Merino breed be ing greater than that of  cros s-b red sheep 

( Beveridge , 1 94 1 ; Egerton , Morgan and Burre l l ,  1 972 ) . 

Although a signifi cant re spons e to vac c ination was demonstrated at 

three  and six  weeks after the treatment no s ignifi cant difference was 

d emonstrated between one or  two dos e s  of vacc ine . Thi s  i s  not t o  say that 
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a difference does  no t exi s t  and the us e o f  larger groups o f  sheep  might 

show thi s . 

In large s cale  treatment trial s , both Egerton and Burre l l ( 1 970 ) and 

Skerman ( 1 971 ) found that two doses  of a 'vater-in-oi l  adjuvant vacc ine 

were  more e ffective than one d os e . Egerton and Roberts ( 1 97 1 ) us ing the 

s ame type of F .  nodosus vacc ine but inc orporating Freund ' s  incomplete  

adj uvant instead of  the McMaster adj uvant , found that healing c ommenced  two 

to  four we eks after the f irst do se  of vacc ine and was c omplete at e ight 

we eks . As the peak of  antibody re sponse t o  a water-in-oi l  adj uvant vac

c ine is not reacl.ed until  about the 60th day after a s ingle subcutane ous 

inj e ction (Herbert , 1 967 ) , in o rder  to s timulate the best  re sponse the 

timing of the s e c ond inj e ction may be quite criti cal . Trials so  far report

e d  have employed intt:rval s of e ither one we ek (Egerton and Bur:::-e l l , 1 970 ; 

Egerton and Roberis , 1 97 1  ; Egerton and. Morean , 1 972 ) , t'vo weeks ( Skerman , 

1 9'7 1 ; Ske rman and Cai rney , 1 972 ) or  s ix we eks ( Robe rts , Foste r ,  Kerry and 

Calde r ,  1 972 ) , anu apart from the s ix week� i nte rval used  for an a lum 

pre cipitated fo:::-mu lat i on1 ; the interval s e ems to have be en cho sen on an 

arbitrary bas i s . To obtain the maximum benefit from vac cination attenti on 

mus t  be paj d to the between-dose  interval and it ic: l ike ly that the optimum 

interval wi l l  be d j f fe rent for vacc ine� uti l i � ing e i ther mine ral o i l  or  

alum adj uvants . I t  i s  also  pos s ib l e  that the between-dose  inte rval for the 

prophylactic  use o f  vacc ine may be di fferent to  that advocated for thera

peuti c us e be�ause in the former a sustained re sponse  may be more useful 

whereas in therapy a maximum r e sponse ove r  a short pe riod  may be  more 

e f fective . 

Three  out of the 1 2  untreated sheep became affected  with cutane ous 

myi asis  in the foot during the six  week observati on peri o d .  Unde r  the most  

d e s i rable  husbar-dry c ondi tions o f  careful paring and topi cal treatment ,  the 

healing foot-rot  l e s i on i s  unlike ly to attract flies  but the d e l ib e rate 

negle c t  method adopted  in thi s trial has demons trated  how rapid ly a necroti c 

f oot  l e s i on be c omes attractive for b low fl i e s  and provides  an ideally 

she ltered site  for  deve lopment of  cutaneous myiasis . 

Commercial literature claims that m aximum agglutination t i tres  were 

obtained when the interval  between  do s e s  was extende d  to  six  weeks - as oppos ed  

t o  shorter periods . 
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Summary and Conc lusi ons 

1 .  Vacc inati on admini ste red during a fo ot-rot outbreak was effective 

in a c c e l erating reso luti on of l e s i ons notic eably wi thin three we eks , in 

spi te of  the environmental condi ti ons remaining favourable for continui ng 

F .  nodo sus infe ction .  

2 .  Vac cinati on should be  more effective i f  careful paring and formalin 

f o otbathing were  carried out concurrently . 

3 .  A s chedule of two do ses  of  the Alum ( one p er cent . ) pre c ipitated 

who l e  culture vaccine given at a three we ek interval was no more e ffective 

than a s ingle vac c ine do s e . 

4 .  As in prophylactic  use o f  the vacc ine , there was ar. incons is tent 

therapeutic  response to vac cinati on -

S .  Thi;:;  tria l  highlighted the risk of cutaneous myiasis  deve loping as 

a d j rect  c onsequence of negle cted foot-rot l e s i ons . 



TABLE XI . I  

Re sponse of foot-rot infe cted sheep to e ithe r one or  two doses  of Alum 

( one per c ent . ) pre c ipi tated wh ole  culture vac cine 

Sheep Assessment score  

No . Group Pre- Mean After Mean After Mean treatment 3 .. -:::t 6 wk 

207 ReV 1 5 4 1 

2 3 9  ReV 32 0 0 

240 ReV 1 9  1 7  0 2 0 5 
247 ReV 1 3 0 5 

2 5 2  ReV 8 4 1 9  

2 6 1 ReV 1 3  4 4 

2 68 V 1 7  9 6 

2 8 1  V 27 0 

2 90 V 26 23  2 
7 

0 1 0  
29 5  V 21 2 1  1 0  

296  V 3 1  <:; 1 1  / 

2 99 V 1 8  6 3 1  

* 
209 c 33  1 4  3 5  

* 
2 1 8 c 2 3  1 2  4 

2 2 9  c 1 0  0 

2 3 3  c 1 6  3 8  3 2  

2 37 c 1 5 6 3 

243 c 1 5 1 7  3 1 3  5 1 4  
248 c 1 5  1 0  2 1  

* 
2 54 c 27 32  1 6  

2 5 9  c 2 1  7 1 

263  c 7 1 6  1 4  

270 c 1 1  1 2  1 7  

284 c 7 7 1 7  

* Cutane ous myiasis  

c = Controls  

V = Vac c inated once 

ReV = Vaccinated twi c e . 



Sheep 
treatment 

Controls  
untreated 

Vac c inated 
once 

Vac cinated 
twi c e  

TABLE XI . II 

Re sponse of  foot-rot infected she ep to e ither one or t�o dos es  of Alum ( one 

per c ent . ) pre c ipitated whole culture vaccine 

Numbe rs of sheep 

Three  weeks after f i rst treatment Six  weeks after first treatment 

C omplete ly 
re so lved 

1 

3 

3 

Mostly 
resolved 

1 

2 

3 

Mostly 
active 

2 

n i l  

ni l 

Completely 
active 

8 

1 

ni l 

Complet e ly 
resolved 

1 

2 

3 

Mostly 
resolved 

1 

3 

Mostly 
ac tive 

ni l 

ni l 

Complete ly 
active  

1 0  
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CHAPTER XI I 

G E N E R A L D I S C U S S I 0 N 

As the s tarting point in the development o f  any bacterial vacc ine it 

i s  standard practi ce to s e le c t  the most virulent f i e ld s train ( s )  and aim 

to maintain the ir  original characte ristics . The same princ iples have been 

fo l lowed in the development of a foo t-rot vac c ine by the i s o lation of  an 

appropriate strain , freeze-drying a bulk of seed to provide starting cul

ture  for each batch and by paying parti cular attention to the physi o logical  

requirements o f  the growing organism .  

The virulence o f  lyophi l i zed F .  nodosus ( J3/22 ) has b e en conf irmed Ly 

the abi l ity o f  c e l ls cultured on hoof agar to infe ct she ep and cause s evere 

progress ive foot-rot on �t l east four oc casi ons . 

The morpho logy of such ce lls has been shown by e le ctron mi crosc opy to 

be strictly comparable  to the natural ly oc curring organi sm in terms of 

intrac e l lular struc tures  such as vo lutin granules and other prominent features  

such as  the laye red ce:: l1 wal L In addition , pi l i  were s e en on the c e l l s  

cultured on hoof  agar as we l l  as on ce lls oc curring in the natural state . 

The s e  ext1 ace l lul�r appendages may account fo r the c l ear zone seen around 

the o rganism in  preparati ons made from either infec ted feet or the organi sms 

in culture . Although Egerton ( 1 972b ) has demonstrated by means o f  indi an ink 

extrace llnlar s l ime as sociated with F .  nodosus c e l l s  grown OE hoo f  agar , the 

same material c ould not be c onfirmed by simi lar experiments carri ed out 

dur ing this study . 

I t  i s  known that the antigeni c structure of organisms can be inf luenced 

by the i r  c onditi ons of culture ( Commom.,real th Sc i enti f i c  and Industrial 

Re s e arch Organi sati on, 1 969-70 ; We inbaum , Kadis  and Aj l ,  1 97 1 ) .  The antige::�s  

of F .  nodosus c ould be grouped into three main c lasses  and the amounts o f  

each demonstrated c ould be  i nf luenced both by the method o f  c e l l  culture and 

by the laboratory technique used to indicate reactivity . The antigen found 

free in  culture supernatant and assoc iated wi th c e l l s  grown in l iquid media , 

was identi fied as proteas e by reactions of  identity with the purifi ed 

material  in double  diffus i on in agar tests . 

Attached loos ely to the bacteri al c e l l  surface were heat-labi l e  

anti gens that were eas i ly di s lodged and thes e  were  designated " K" antigens . 

They were demonstrable  by agglutination and double  diffus i on in agar tests . 

The thi rd c lass o f  antigens c ould be demonstrated after the c e l l s  had 

been  subj ected to vigorous washing , and boil ing for 90 minutes .  The s e  



\ 

1 06 .  

antigens were de signated " 0" and i t  was found that they were agglutinated 

to l ow ti tre in antis era rai s ed by formal in treated F. nodosus c e lls . 

Thus an antigeni c structure i s  sugge sted for F .  nodosus that c lo s e ly 

para l l e l s  that of the Enterobacteriac eae ( Crui ckshank , 1 965 ) . The analogy 

can be taken further in c onsideration o f  th e parti cular ro l e s  played by 

each of  the unti gen c lasses  in virulence and pos s ib ly in th e protect1on 

afforded by vacc ination .  

Proteas e production has been us ed by �gerton and Pars onson ( 1 969 ) to 

c la s s i fy strains of F. nodosus into two groups . Tho s e  strains produc ing 

sma l l  amounts of proteas e cause benign foot-ro-t:. and are re la ti vely non-invas e . 

The other strains produce greater amounts o f  protease , caus e progre s s ive  

foot-rot and by definition are  there fore invas ive . Although indi cative of  

s train virulence , protease appears to be unnecessary as an antigen com

ponent for vac c ine . Thi s  is supported by the results o f  Egerton and Roberts 

( 1 971 } who produced a highly protective vac cine us ing c e l l s  har ,.r e sted from 

hoo f  agar and therefore lacking in proteasP. . Such a vacc ine afforded 

equal ly as much prote ction as anoth e r  formulation us ing cel l s  grown in 

biphas i c  medium (Egerton and Bur:..· e l l ,  1 970 ) . F. nodosus c e l ls grown 1n  

biphas ic medium po s s e s s  si gni ficant antounts of proteas e wh i ch can be d emon

s tra ted by double  di ffus i on in agar . More signi fi c rntly , from the results 

o f  Vac c ine Trial I i t  was shown that a vacc ine consis ting o f  F.  nodosus 

c e l l s  and culture supe rnatant , protected no better than the same fo rmula

ti on incorporating c e l ls alcne . 

. The "K" antigens were eas i ly dis lodged .from most  c e ll concentrate s  by 

s imple  washing but they we re s tabi l i s ed by e ither formal in o r  mi ld heat 

treatment . On the other hand "K" antiger..s prP s ent on hoof agar-grown c e l ls 

were more stable  to washing pe rhaps because the pi l i  prote cted the antigen 

l ayer from di s l odgement . It  was c l ear both from the r eactions of  identity 

in  double  di ffus ion using untreated c e l l  extract and f�om agglutinati on 

results  after anti s erum abs orption , that F .  nodo sus (JJ/22 ) anti serum c on

tained antibody agains t the "K" antigens o f  o ther F .  nod osus s trains . The 

cro s s  reac ti on inc luded one vi rul ent field strain i s ol ated from another part 

o f  New Zealand . Thi s  i s  of  part icular interest  s inc e Egerton and Morgan 

( 1 972 ) have r e c ently reported the partial  fai lure o f  a vac c ine in  c i rcum

s tances  where a se rologi cal  differenc e was demonstrated between the strain 

of F. nodosus used in the vac c ine and the s train causing the f i e ld outbreak . 

Becaus e anti-F .  nodosus ( J J/22 ) anti s e rum agglutinate s o ther strains o f  

o rgani sm , the s trains must share antigeni c  determinants and it  rai s e s  the 

pos s ibi l ity o f  "master"  strains or at least the pos s ib le existence of c er-
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tain virulent strains that share a common antigen .  The importance  of thi s 

feature in  s e l e ction o f  strains for vacc ine production i s  s e lf-evident and 

the s earch for wide-spe ctrum anti gens could be mos t rewarding . Neoh and 

Rowley ( 1 970 ) have drawn attention to a protein c omponent , c ommon to  two 

di s tinct Vibrio cholerae strains , which they sugges t  may be useful as a 

"universal"  cholera vaccine to prote ct agains t all  s ero l ogi cal  types .  I n

suffi c i ent work has been done on the antigenic  s tructure of  a s i gr-i ficant 

number  o f  F. nodo sus field strains to expand further on this aspect . 

One F .  nodosus strain that po s s es sed "K" anti gens was " 0"-inagglutin

able  in homologous anti s erum ; a feature we l l  recogni sed  in the " co l i  group" 

(Kauffmann , 1 947 ) .  In  v i ew of  the partial heat stabi l ity of  F .  nodosus " K" 

antigens ( stah l e  at 60°C for 60 min-.J.tes ) ,  by the Kauffmann s cheme they would 

be de s ignated B-type anticiens rather than 1-type which are s tri ctly heat-

labi le . The great importanc e of  antigens lies  i n  the i r  abi l ity to  en-

hance  bac terial virulence e ither 0y the ir inherent toxic properti e s  direct

ed at the host  o r  by shi e lding th e organisms from antibody directed at the 

bacterial membrane . Re cent work in othe r fie lds has c on firmed the import

anc e  of " K" antigens 1n relati onship to virulence ( Lancet , 1 972 ) . It has 

been  suggested that not only the ir  pres enc e but also the actual amount o f  

"K" antigen may be important and the p0s sibility exi sts that c ommon deter

minant groups may be shared between unre lated spe c i e s  o f  �gani sms . The 

widespread nature of c ertain determinants may partly explain the reacti ons 

· that o c curred in sheep inj ected i ntracorneally with E .  c o l i  anti gens 

( Chapter  X ) . 

The " 0" antigens , f irmly attached to the c e l l  we l l  and stable to  bo i l-

ing , were demonstratei by agglutinati on and by double di ffus ion in agar . 

The latter technique showed that the same s omatic  antigens were common to 

three  F. nodosus strains . Thus i f  the analogy wi th the Enterobacteriac eae 

is taken further ,  in al l probab i l i ty the " 0" antigens represent the po ly

saccharide determinants of  the bacteri al endotoxin (Rowley , 1 9 7 1  ) .  

The titre s of anti-"K" or  anti-"0" antibody as shown by aggl utinatio·n 

o r  double  diffus ion have b een us e ful in determining the role each antigen 

may play in stimulating re spons e to infection or in c ontributing to pro

tection  afforded by vaccination .  High "K" or " 0 "  agglutination titres were  

not a lways as s o c iated with re s i·s tance  against F .  n odosus infection and low 

" K" or  " 0 "  agglutination titres were not always indicative of sus c eptibi l ity .  

As shown i n  Chapter VI I ,  the immunoprecipitati on pattern produced between 

s e ra and an extract of boi led F .  nodosus c e l ls gave s ome indi cati on of the 

immune status of the s erum donor . Sero logi cal activity o f  thi s  kind in

di cate s a spe c if i c  respons e to vac cination but because the vacc inated sheep  
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are subsequently found to be immune i t  doe s not ne c e s sari ly follow e ither 

that protecti on is mediated by humoral antibody or that the antibody 

demonstrated plays any part i n  res is tanc e against infecti on . Although it 

was valid and instructive to compare the antigenic structure of  F .  nodo sus 

wi th that of other bacterial spe c i e s  such as E .  coli  that appear to have a 

s imi lar c onformation ,  once the aspect of prote cti on agains t infection is  

c ons idered , compari s ons cease to  be relevant because o f  the  to tally di f

ferent patterns of di seas e .  

I t  was shown in Chapters I I  and I I I  that a vi ru lent f i e ld strain of 

F.  nodo sus could be s e l e cted on tile bas i s  of i ts history and morpho logy :  

after culture by the appropriate method , the anti genic  s tructure was re

tained . In Chapter IV , trials with various adj uvant systems l ed to the 

s e l e c ti on of a formulati on that was acc eptable  for the degree o f  local re

action it caus ed , and i ts adj uvanting potency was such that inc o rporation 

with F .  nodosus ce lls produced a prote ctive vaccine . The forego ing evidenc e 

demonstrated the s ignifi cant protection afforded by vac c ination but it  pro

vided no indicati on of the manner in whi ch immunity was effected . 

The 8vidence in favour · of  protection be ing medi ated by s erum antibody 

i s  c onsiderable .  Egerton and Me rri tt ( 1 970 ) showed tha t  normal s erum 'vas 

bac teri o lyti c fo< F .  nodosus and that the titre could be  rai s ed 1 00 fold by 

vacc ination . More convinc ing was the fact that Egerton ( pers . c omm . ) had 

prote cted sheep with inj e cti ons o f  IgG derived from immune sheep s era 1Yhereas 

c omparabl e  controls  became severe ly infe cted . The amounts c f  I gG trans

ferred are uruUlown . Confi rmatory ev idenc e of the protectiv e effect  of  

immune s e rum was provided by Skerman ( 1 972 ) who showed that when lambs were 

cha llenged at ten days of age , tho s e  born to vac cinated ewes were 3 i gnifi

cantly more  resis tant to  attempted y. nodosus infe ction than lambs born to 

unvaccinated ewes . The manner in  whi ch the parturient ruminant concentrate3 

s erum antibody into the colostrum has been re cogni s ed for s ome time ( Byam

bel l ,  1 970 ) and this  might provide the recipi ent offspring with serum lev e l s  

o f  antibo�y higher than those  of the dam . The transfer  of  antibody from 

ewe to lamb was demonstrated by double  diffusi on in agar when postc o lo stral 

lamb s era , reacted against untreated c e l l  extract ,  produced more  prominent 

prec ipitates than did s erum taken from the dam at lambing . As .a result  of  

thi s s e l e ctive concentrati on , the lev e l s  of  c i rculating antibody 1n young 

lambs may be s i gni fi cantly higher than in adults exposed to natural in

fection . Leve l s  in  lambs may be  high enough to ac c ount for the l ow inciden c e  

o f  s evere  foot-rot amongst she ep of  that age . 

Egerton and Roberts ( 1 971 ) have postulated that the fai lure o f  anti

body induced by infecti on either  to e ffec t a cure or to protect  against 
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l ater  infe c tion c an b �  explained s imply in  terms of  quantity :  the amount 

of antibody rai s ed by infection would be much less  than the amount rai s ed 

in response to vac c ination . In  fac t bacterial growth-inhibition studies  

( Chapter VI I I ) showed that normal l evels of  serum activity were abs ent after 

s everal we eks o f  natural foot-rot infecti on . As the normal de cay rate for 

she ep serum antibody is  1 6  per c ent . per week (Barr , Gl enny and Howie , 1 9 5 3 )  

whi ch could not acc ount for the reduction observed , the ac c e lerated di s

appearanc e was attributed to  a differential attraction t o  the inflamed 

area and this  drain exc eeded the rate of antibody synthesi s .  

An unsuc cessful attempt , ?:lot ful ly report "d he re , was made to  c onfirm 

the protective e ffect o f  pas s ively acquired antibody . Five hundred mi li

litre amounts o f  s erum from vacc inated ewes were transferred to normal 

r e c ipi ents immediate ly befo:re cha llenge by application vf F. nodosus c e l ls 

to  the c ondi ti oned foot . The s e  s erum transfers were repeated weekly . The 

donor serum had an initial  " K "  agglutinati on titre of  1 : 50 , 000 whi ch was 

suff i c i ent to provide a final "K" agglutin�> ti on titre cf 1 : 1 0 , 000 in the 

rec ipi ents . The respons e to challenge was inc ons istent and where infection 

did become establi shed , progre ss  was unusual ly s low . Thi s  fai lure of  the 

vi rulent s train to infect  was attributed to the J ow ambient temperature 

experi enced during the trial pe riod . Night temperatures  often fe l l  below 

1 0°C and at thi s leve l ,  not only does fo ot-rot fai l to spread but there i s  

an induced fal l i n  temperature o f  the sheep extremities  ( Graham and Egerton , 

1 968 ) . F .  nodo sus is s l ow growing at 37°C and does not multiply at a l l  

be l ow 20°C (Beveridge , 1 941  ) .  

The mechanism of  immuni ty i s  divisable  into two maj o r  c las s e s  acc ord

ing to the mediation of e ffect on the pa1·as i te : an Gibody-mediated or  c e l l

medi ated . Both general ly oc cur together , in fact Rowl8y ( 1 97 1 ) take s the 

c ompromis e  view that both humoral and c e l lular elements are ins eparably 

inv o lved . 

Both antibody-mediated and c e l l-mediated response s  o ccur in  natural 

infecti ons of foot-ro t .  Chapters  V ,  VI , VI I , VI II and IX dealt with :::-e

spouse s  measurable  by s ero l ogical means and the s e  confirmed previ ous reports 

( Egerton and Merritt , 1 970 ; Egerton and Roberts , 1 97 1 ; Merritt 1 Egerton 

and Loi , 1 971 ) .  Apart from a pas s ing menti on of the pos s ible  role  of c e l ls 

in foot-rot infe cti on ( Egerton and Roberts , 1 971 ) , c e l l-mediated immunity 

had not b e en s e ri ous ly c ons idered as a pos s ibility before , but the r e sults 

pre s ented in Chapter X �how that a c e l lular response  do e s  o c cur during 

natural i nfection and it can be  c onfirmed by the demonstrati on of de layed

type hypersens i tivi ty .  

The two forms o f  immuni ty are taken t o  be  the re sult o f  the form of 
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antigeni c s timulus and the respons e to thi s can be explained i n  terms of 

the activ iti e s  of two sub-populations of  lymphocytes ( Craddock , Longmire 

and McMi llan ,  1 97 1  ) .  Antibody i s  formed by cells mainly resident in 

lymphoid ti s sue whereas c ell-mediated immunity i s  a func ti on of c i rculating 

c e l l s· that are usually expo s ed to antigen retained in areas remote from the 

main lymphoid c entres .  

In  natural foot-rot infe cti on there are periods o f  F .  necrophorus 

invas ion re sulting in inflammatory changes .  In  such a substrate F .  nodosus 

c e l l s  would be exposed to phagocyti c and other destructive influenc es  so 

that antigenic material might be c a:ri ed to antibody-forming lymphoid tis

sue with a resulting bri ef  and mi ld antibody re spons e .  

In vacc inat i on on the other h:wd , antigen i s  largely he ld at the s ite 

of inj e ct i on by both the Qdj uvant and the host reacti on assoc iated wi th 

the adj uvant/antigen combination .  Under  thes e  circums tances  c irculating 

lymphocytes  have ready ac �ess  to dntigen and may be c ome s ensiti s ed by this 

exposure to a gre ater de�re e than might l)�phocytes s e s s i le in  lymphoid 

ti s sue . 

After vac c ination the an tibody level ri ses  s i gnificantly ; highest  in 

thos e  animals inj e cted with water-in-o i l  fo rmulations . There is no question 

that the rise  in  s e rum titre prov ides a convenient index of  the degree  of  

re sponse to  vacc inati cn by the hos t .  Furthermore , as c i rculating s erum 

gamma gl obul in has been shown to di ffuse to the s ite of  F .  nodo sus infe ction 

( Commonwealth Sci enti fic and Industrial Re search Organi sati on , 1 967-68 ) , it  

s e ems l ike ly Gh�t antibody and complement acting togeth8r  would be  directly 

damaging io F .  nodo sus o rgani sms in  the epidermis as sugge �te� by Egerton 

and Merritt ( 1 970 ) .  

To ac count for the s j gnif i cant protecti on against infection afforded 

by vacc i�ation , it �s postulated t�at inj e ction ( s )  of  adj uvant/antigen 

c ombinati ons cause a j oint respons e that may change the r e lative importanc e 

o f  the two type s  o f  immunity .  Whe reas natural infection do e s  caus e both 

s ome degree of  antibody production and � barely di s c ernible s ens itisation 

o f  c i rcula�ing lymphocytes ( Chapter X) , vac c inati on may cause a substantial 

s timulation of  c e ll-mediated immunity. Such a s timulation of both forms 

of immuni ty c ould provide f or  a formidable c omplementary e ffec t .  

I nfection o f  an avas cular s i te a s  oc curs i n  fo ot-rot , would miti gate 

against c ontact between F. nodosus and antibody under normal c i rcumstanc e s , 

but the waves o f  F .  necrophorus i nvas iveness  produce inflammatory reacti ons 

and the resulting exudate offers a means of  di ffus i on between capi l laries  

and the epidermal matrix . Cel l-mediated immunity i s  l e s s  dependent on 

pas s iv e  means of  access  and sens i ti s ed c e l l s  would be  exposed  to F·. nodosus 
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o rganisms during the ir  movement through the epidermi s .  At time s o f  

F .  nec�ophorus invasivenes s ,  c e l l-mediated immunity would be markedly 

s t imulated because immunologically c ommitted lympho cytes migrate from the 

c i rculation into inflammatory exudates  (Koster , McGregor and Mackaness , 

1 97 1 ) .  In c onne ction wi th this  sugge sted mode of prote cti on , i t  would be 

interesting to examine by l ight and e lectron mi cros copy s er ial bi opsy 

s pec imens o f  the interdigital skin of both contro l and vac c inated sheep 

f or  s everal w� eks after attempted infecti on . Such a s tudy would provide 

i nformation on the prevalence of b oth normal and degenerating y. nodo sus 

o rgani sms , and bcth the degree and type of ce llular re sponse as s o c iated 

wi th the causative and o ther organi sms . 

The prE s ent work has gone s ome way to def ine the o c currence and ro le 

of c e l l-as so c iated auti gens that may be responsible  for the undoubted 

e ffect i_vene s s  of vacc ine s .  Although the basic  mech� i sms by which  immuni ty 

i s  mediated remain unresolved , a tentative sugge sti on i s  o ffered to  account 

for  the bene fi c ia l  effec �s of  vac c ination and ultrastructural studies  are 

r e c ommended to provide information on the e ffect o f  immuni ty at the s ite 

of infe ction . 
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S U M M A R Y  

Foot-rot i s  a disease  in whi ch the primary transmitting organism 

Fus i formis nodosus i s  restricted to a superfi cial and avas cular part of  the 

foo t .  The re lative i s o lation o f  the i nfected s ite from humoral influences  

mi tigate s against provocation o f  an immune re sponse and in fact  exposure 

to natural infection does not caus e a sheep to be more res i s tant to sub

sequent re-infe cti on . The announc ement in 1 970 that a foot-rot vacc ine 

had been deve l oped whi ch was e ffec tive in both prophylactic  and th erapeutic  

roles , aroused widespread interest  for two reas ons . Fi rstly , vacc inati on 

promi s ed a more e ffi c i ent means of  contro l ling fi eld infection and s e c ondly 

there  was the academi c intere st  in the mode of action of such a vac c ine . 

The ,.,ork reported here had three  maj or obj ectives . Firstly it  was 

c ons idered important to define thos e  factors associ ated wit� the culture of  

F .  nodosus that might influence the antigenicity of  the organ1 sm . Thi s 

s tuuy was undertaken in anti c ipati on of  the scaling-up pro � e s s  from the 

existing experimental techniques to the me thods of culture required lor 

the commerc ial man�factura · o f  vacc ine on a large s c al e .  S e condly , an 

adj uvant/antigen c ombinati on was s ought that would afford the maximum degree 

of  protecti on wi thout producing an unacceptable degree  of carcass or hide 

damage at the inj ection s ite . Thi rdly , the investigation aimed to s e l e c t  

on e  or  more in vi tro tests that be cause o f  a pos itiv e corre lati on with sheep 

protection , might be used for vac cine evaluation as an alternative to sheep 

challenge experiments . I �  was hoped that s tudy in thi s area  woul� add to an 

understanding of  the me�hani sm o f  immunity as applied to foot-rot infe ction .  

Studie s  of  F .  nodosus preparations by l ight and ele ctron micrc s c opy 

showed that although colony form and bacterial morpho logy were inherent 

characteri st i c s  of  a parti cular strain ,  they c ould be  i nfluenced e i ther  by 

factors in s erum or  by constituents of  the culture medium .  A c ons c i ous 

s e l e ction  of rough c oloni e s  of the organism was always applied after it had 

b e en showa that exposure of o rgani sms to immune serum induced a changP. from 

the rough to the smooth type c o lony .  

Pi l i  were observed on F .  nodosus c e l l s  cultured on hoo f  agar as we l l  

as  on  natural ly o c curring c e l l s  but they were absent from preparations in  

whi ch the c e l l s  had been grown in  biphas i c  medium .  As c e l l s  from biphas ic  

medium had b e en shown to  be as protective in vac cine s as  c e l ls grown on 

hoof agar , pi l i  were not c ons idered a nec e s sary antigenic c omponent o f  trial 

vac c ine s . Anti genic  structure , as assessed by tube agglutination , was also  

determined by the culture method and depended partly upon the genotypic  

characteri sti c s  o f  the s e ed strai n .  

In  addition to  protease found in the culture supernatant F .  nodosus 
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c e l l s  carry both heat-labile  "K" agglutinogens and heat-stable  " 0" agglutin

ogens . Although "K" antigens were eas i ly dis l odged , treatment by formalin 

o r  mild heating tended to stabi l i s e  them whereas the "0" antigens withstood 

vigorous washing and boiling proc edures . The presence o f  a cl ear z one 

around the o rgani sms and the exi stence  of eas i ly di s l odged supe rfic ial  

antigens were  s uggestive of a capsule or sl ime layer , but no such s tructure 

was demonstrated by standard techniques .  The c l ear z one s e en around the 

organi sms by l i ght mi crosc opy was attributeG to the pi l i  or l i ght refraction . 

Culture o f  the o rgani sm in e ither hoof  broth or  GC broth r e sulted in cells  

that were not  agglutinated by l1omo logous anti s erum but the same c e l ls were 

both antigenic  and immunogeni c after incorporation with adj uvant . This  

suggested the exis tenc e of  s ome layer that shi e lded the "K"  antigens in  

anti s e rum but \vhich was penetrated by  e l ements of ihe defence me chani sm in  

the sheep . One virulent field strain o f  F .  nod?sus po s s e s s ed agglutinogen i c  

dete rminants n o t  shared by some oth e r  s trains and thi s might pa,tly ac count 

for i ts abi l ity to afford prote ction again3t homologous and heterologous 

cha l lenge . 

Studi e s  o f  the antigenic s tructure of c e l l s sho�ed that the re were 

thre e  c las s e s  of antigens that could b e  demonstrated . Firstly , protease 

o c curred in culture supernatants and was associated wi th c e l ls grown in 

liquid culture . The identity of th e a ntigen was c onfi rmed us ing dcuble 

diffus ion in agar but titrations were also made po s s ible  by uti l i s ing the 

antiproteo lyt i c  factors preser.t in e i ther n0rmal or immune s era . Se�ondly , 

the superfi c i a l  ' ' K" antigens caused agglutination of  c e l l s  in  an ti s e :ra and 

when  c e l l s  grown on hoof agar were involv ed in thi�  reaction there  was an 

initial " f l o c culation" that may have b een due to the pi l i . Reacti ons in

v o lv ing "K" antigens were also apparent by immunoprecipitati on ; in  part

i cular the transfer o f  maternal antibody to t�e 14mb was demonstrated us ing 

doubl e  diffus i on in agar . Thirdly the " 0 " antigens , firmly a ttached to the 

c e l l  and stab le  to boiling ,  caused agglutinati on of F .  nodosus c e l ] s in 

immune sera  and l ike the "K" anti gens , they c aused immunopre ci pi tate s  in 

doubled di ffus ion in agar tests . Transfer o f  maternal antibody was also 

demonstrated us ing " 0" antigens ; mo s t  anti-"0"  activi ty was pre s ent in the 

IgG fraction o f  s e rum . 

Thus F .  nodosus s trains were  shown to po ssess  an antigeni c structure 

c l o s e ly res embling that o f  the Enterobacteriac eae . The " K" antigens of  one 

s train caused "0 "  inagglutinabi l i ty ,  a property thought to be as s o c iated 

with virulence . Certain "K" anti gens are bel ieved to be  inherently toxic  

t o  the hos t  and the i r  cros s-re lati onships between strains may be  an indi ca

t i on of  the abi l i ty to produce c ro s s-pro tection ;  an important point for 
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v ac c ine production .  

At  this s tage , a v irulent f i e ld strain had been s e le cted and its  

antigeni c structure had been retained by appropriate cu lture technique s .  

The definitive test  was to establ i sh whethe r o r  not the antigens were 

immunogeni c and accordingly F. nodosus c e l l s  were incorporated wi th an 

adj uvant for potency testing . Three di fferent adj uvant systems were  used 

in  c ombinati ons with F .  nodosus c e l ls derived from di fferent me thods of 

culture . 1vater-in-o i l  adjuvant v ac c ines cat!sed an unacc eptably severe 

l o cal reac tion in New Zealand-type Romney sheep although c ertain formula

tions of thi s kind , namely the �cMaster fo rmulation , afforded c on s i s tent 

sheep protection of a high orde r .  Other water-in-o i l  formulati ons al though 

equal ly i rritant locally ,  afforded an ins igaificant degre e of prote ction .  

The maj ority o f  reacti ons caused by alum pre c ipitated vac c ine s were acc ept

abl e  and formulati ons of this  kind usually provided sheep  prote ction of the 

same order as that afforded uy the best water-in-oi l adj uvant vacc ines . 

Aluminium hydroxide adj uvant vacc ines produced a minim�l loc a l  reactio� but 

the degre e of  prote ction afforded was insuffi ci e�t .  

Sero l ogi cal  tests confi rmed the existence o f  three distinct cla�ses  

o f  antigen assoc iated wi th F .  nodo sus cuJ ture s . The humoral response was 

c lo s e ly linked with the adj uvant sys tem us ed in the vacc ine : water-in-oil  

vac c ine s always produced the greate st re sponse as  determined by four types 

of  s erologi cal  titrati on . The re sponse to proteas 8 was general ly o f  a low 

order and ins ignifi cant in the case of s ome vac cine s .  Agglutination titres 

against the "K" antigens were of  a high order and wh i l e  some reacti ons were 

shown to be  s train specifi c , mos t  were  c ommon to al l s trains te sted . Re

sponse s  by sheep to the " 0" antigens were minimal and in  the case  of  the 

l e s s  i rritant adj uvant fo1mulati ons , ins igni fi cant . 

The spe c if i c  bacterial growth-inhibitory activ i ty o f  normal se rum was 

c ons iderable  and was shown to be dependant upon a heat- labile  factor . The 
' 

or iginal lev e l  o f  activity c ould be  res tored to heated s erum by the pro-

v i s i on of a factor o c curring in pre co l o s -t.ral lamb serum . Vac c inati on of  

normal ewes did  not  increas e the growth-inhibitory titre  but the re was a 

qual i tative change in  that activity after vac c ination was s table to  heating 

but still  c ould be abs orbed with F .  nodosus c e l ls . 

None .o f  the s ero logi cal te st  results were corre lated wi th immunity of 

the s erum donor but c ertain thre shold l eve l s  were usually indi cative o f  

sheep prote ction .  I t  was found that extreme cases o f  " r e s is tant " o r  " sus

c eptible "  sheep provided s era that reacted quite differently in double  di f

fus i on 1n agar tests . 1Vhen reacted agains t an extract o f  bo i led F .  nodosus 

c e l l s , s era from " r e s i stant" she ep produced pre cipitates  that were prominent 
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whereas s era from " sus c eptible "  sheep produced e ither no lines  o r  they were 

faint . 

No s ingle s e rologi cal test was found that could be  us ed to replace 

sheep challenge experiments as a means of vacc ine evaluati on but the com

bined results o f  s everal in vitro tests provide a us eful indic ation o f  the 

vacc ine potency and should be us ed as a means of maintaining uni form 

quality .  

Delayed-type hypers ens itivity to  F .  nodosus antigens was demonstrated 

in she ep with foot-rot infe cti on arid thi s was taken to indic ate the 

exi stence of  c e l J -mediated immunity . Although both humoral and c e l l

medi ated immunities  are stimulated } n  natural infecti ons o f  foot-ro t ,  the 

combined respons e s e ems insuffi c i ent to provide res i stance to r e infection . 

Neverthe less  vacc ination of sheep with an appropriate adj uvant/antigen c om

binati on affords s ignificant protecti ofi against both �he form o f  F .  nodo sus 

infection encountered in the fie l�. and a severe eyperimental challenge . 

Though the mechani sm of prote ct i on afforded by vac c ination remains 

unexplained , a c omplementary role  fo r antibody-mediated and c e l l-mediated 

immuni ty has been  postulated . 
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APPENDIX I 

MAINTENANCE OF ANAEROBIC CONDITIONS 

The systems developed by the wri ter  were based upon principle s laid 

down by Hungate ( 1 969 ) and Barnes ( 1 969 ) . 

Two gas mixtures  were used routine ly for  preparing medi a ,  c overing 

ino culated media and flushing head spaces  in c ontainers during culture 

transfers . 

( i )  A mixture o f  90 per cent. H
2 , . 1 0  per c ent , co2 ( N2/c o2 ) was used to  re-

place the vacuwn in  anaerobic  j ars for culture of agar plate s , and als o for 

reduc ing the c opper c olwnn ( se e  b e l ow )  when ne c e s sary . 

( i i ) A mixture of  90 per cent,  oxygen-free  N2 , 1 0  per c ent C0
2 

( N2/co2
) W<\S 

used at all  other time s . To remove any residual oxygen from the gas l i ne s  

and bladders , or  traces  i�  the gas mixture itse lf , the c omplete  apparatus 

( Fi gure App . I . 1 ) was we l l  flushed out before use each time , as s uon as 

the heated c opper c o lumn (Moore , 1 966 ) had r eached its operating temperature 

of 350°C .  (Fi gure App . I . 2 ) 

Liquid media we 1 �  s tured in the reduced state under N2
/co2 and re

autoc laved directly before  use under the same gas in s ealed c ontaine rs . 

Black butyl rubbe r  bungs Si ze  00 ( Smith-Biolab ,  Auckland , N . Z . ) were used 

for roller culture tubes  No . 1 801  ( Be ll c o , New Jersey,  U . S . A . )  and for the 

5 5  ml vacc ine c ontaine r (Glaxo , Palmerston North , N . Z . ) .  Black butyl 

rubber  washers were used to seal  the 600 ml c ontainer rim i ns ide  the three-

way di s tributor head . ( Figure App . I . 3 ) 

To keep rubber  bungs on during autoc laving , wi re  holders  (Moore , � 966 ) 

were used on individual roller  culture tube s ,  and screw-down c l amp frames 

for a s eries  o f  the same tubes  or  for the 5 5  ml  vac cine containers  ( Figure s 

App . I . 4  and App . I . 5 ) . 

The gas l ine outlets c ons i s ted o f  a Luer-Lok f itting , 2 ml  hypodermic 

glass  syringe plugged with ster i l e  c otton woo l  (Figure App . I . 1 ) . To the 

end c ould be fitted an 1 8  gauge ( 1  . 1  mm )  1 50 mm straight hypode rmi c needle 

or  any of  a variety of spe c ia l ly shaped wider bore ne edle s  that had been 

des igned for gas s ing during parti cular transfer  manipulations . The needle 

was steri l i sed  in a bunsen flame immediate ly before each transfer  was made . 



FI GURE APP . I .  1 

Gas s i ng apparatus Ga s ent e red at lower l e f t  into the heated c oppe r c o lumn (A ) . 

Thi s was insulated with fibregla s s  wadding and a s b e s t o s  rope . The ope rating 

tempe rature o f  350-370°C was maintained by an E l e c tr o the rmal heat 

regulator ( C ) . 

Gas l e ft the c o lumn top l e ft , pas s ed through the b l adder ( B )  and by a s e r i e s  o f  

g l a s s  s t op c o cks c ould b e  dire c te d  t o  out l e t s  ( D )  c ons i s ting o f  2 ml hypo

de rmi c syringe s plugged with s t e r i l e  c o tton wo o l . A var i e ty of hypode rmi c 

ne e d l e s  c ould b e  attached to the syringe s f o r  ga s s i ng du ring s pe c i fi c  

manipulati ons . 

The main gas l i ne pas s e s  out of p i c ture top r i ght . I t  was used to carry H2/co2 
i nt o  the open a i r  during redu c t i o n  o f  the c oppe r chips . 

--- --- -----------�-----------------------------------------





F IGURE APP . I . 2  

Pa rt-s tripped heated c oppe r  c o lumn sLowing 

i nne r g l a s s  c o lumn c ontaining c oppe r  chips 

wi th the rmome te r a l ongs ide and surr ounded 

by an El e c tro th e rma l heat ing tap � o  

The inn e r  and out e r  Pyrex glas s c o lunu1s 

w e r e  packed with fibregla s s  wadding . 

FI GURE APP . I .  3 

S i x  hundred ml c onta iner with th reade d th re e 

way d i s tributor h e ad (B )  s e a l ed with b utyl rub b e r  

washe r .  

The hooded pipe tte (A ) c onne c t s  dire c tly wi th 

i he g l � s s  tub e g o i ng t o  the b o ttom of the 

c o nta ine r .  

The gas f i l t e r  ( C )  c o nne c t s  wi th the head spac e 

o f  the c ontaine r s o  that N2/co2 c ould b e  us ed t o  

drive broth o ut through the p i p e t t e  (A ) . 





FIGURE APP . I .  4 

Screw down c lamp for  autoc laving roller  

culture tubes  with black butyl bungs in  

:;:> lace . 

On the right a s iDgle ro l le r  culture tube 

i s  he ld i n  a wi re spring with aluminium 

cap c overing the bung . 

FIGURE APP . I .  5 

Screw down c lamp used for autoc laving up to 

twelve 55 ml vacci ne c ontainers . 

Black butyl bungs are hidden by the aluminium 

caps . 

Biphasic  medium was routine ly prepared using 

thi s apparatus for the agar s lants , and the 

600 ml c ontainer (Figure App . 1 . 3 ) to di s

tribute the broth . 





APPENDIX I I  

METHOD OF CULTURE EMPLOYED FOR PRIMARY ISOLATION OF FUSIFORMIS NODOSUS 

Glass petri di shes containing hoof agar were us ed  fre shly prepared , 

or  after holding in the reduced state in an anaerobi c  j ar for  up to 48 hr . 

The plates were dri ed in  a hot air oven at 70°C for 2-4 min .  only and 

inocula ted as soon  as possible  afterwurds . The original swab or loopful 

of S tuart ' s  transport medium surrounding th� swab , or loopful of sucrose  

s o luti on (Merritt , 1 960 ) was plated out ove r  four or five areas c f  the 

plate , flaming the loop between  each l ocation .  Sometimes a sec ond plate 

was ino culated as a c ontinuing di luti on series  from the original waterial . 

Steri l e  filttr  pape rs werP. ins erted in the di sh lids ( Thomas , 1 9 5 8 )  

before  plac ing the plates  i n  the anaerobic  j ar ,  agar uppe rmost . Approxi

mat e ly 20g of calcium chloride crystals in a Universal bottle wera 

enclo s ed  in each anaerobi c j ar .  The filter papers and calcium c"hloride 

were i nc luded to absorb surpltis moi s ture that might aid  spreading organi sms . 

Either Bai rd and Tatlock ( Chadwe ll Heath , U . K . ) c o ld catalyst j ars , or  the 

Gas Pak Anaerobi c  System ( Bi o  Que st , Maryland , U. S . A . ) were us ed .  The j ars 

were f i lled with 90 per cent H2/1 0 per cent C02 e ither by three air 

evacuations to 650 mm Hg and replacement from a bladder tor the B & T j ar ,  

o r  by using the gas-liberating sachets for the Gas Pak system .  I ncubation 

was carri ed out �t 37°C for four t o  five Jays after which time the j ars 

were  opened , the calc ium chloride dis carded and the c atalyst reneved . 

Plate s were examined by oblique lighting at a �agnificati on  o f  x 1 0  on a 

Bausch and 1omb di s s e cting mi c ro s c ope with a black �latform . Co lonie s  of  

F .  nodosus were usually in c ontact  with mi s c e llaneous c ontaminants . They 

wer e  recogni sE:d  by a di s ti nctive "moat" appearance due to e tching of the 

agar surface  around the c o lony periphery .  The centre portion was usual ly 

rai s ed , and mucoid in appearance .  Coloni t s  o f  promising appearance were 

subcultured on to fresh plate s of  horn agar and incubated anaerobically for 

four days . I s olates in  pure culture were c onfirmed as  F .  nodosus by the 

appearance o f  the c olony , s tained  smear examination and fai lure to grow 

a erobi cally .  The c olony and individual bacteria appearanc e s  o n  hoof agar 

c onformed to the de s c ription given by Beveridge ( 1 9 38a , 1 94 1 ) and in the 

Annual Report of the N . Z .  Department Agriculture Res earch Divi s i on ( New 

Zealand Mini stry o f  Agri culture and Fi sheries , 1 968-69 ) . 



APPENDIX I Ia 

HOOF AGAR 

Thi s culture method was based on the modifi cation  by Roberts and 

Ege rton ( 1 969 ) , o f  the original formula tion o f  Thomas ( 1 9 58 ) . 

Hoo f  pmvder Fee t  were obtained from sheep at slaughte r ,  washed in  tap 

water  and the hoof " s lipper" removed by a 1 5-30 second immersion i n  water 

kept near boi ling . Whi le it  was s t i l l  soft , the hoof was cut up into 

s i,rips about 0 . 5  �m wide . The se  we n �  thoroughly washed in  di sti lled  water 

and then dri ed  on trays at 37°C for 2-3 days . The strips were run two or  

thre e  times through a roller  mi l l  ubing a fine s i eve and the resulting 

hoo f  powder was stored in tins at room temperature . 

Formula 

Dextros e  

Yeast extract ( 1 0xcj d )  

Prote o s e  peptone ( 2Difco  o r  Oxo id )  

' Lab-Lemco '  meat extract ( Oxoi d )  

Sodium chloride 

Di sti lled water 

pH adj usted with 4N NaOH to 8 . 1  

Hoof powder 

Agar (Davi s ,  Christchurch , N . Z . ) 

( final pH �bout 7 . 6 )  

g/1 00 ml  

0 . 1 5  

0 . 2  

1 . 0 

o .  5 

o .  5 

1 -2 . 0  

1 . 6 

The mixture was bo i led , the head space of  the flc.sk f i ll e d  '-Ti th a N2/co2 
mixture and 1 00 ml amvunts dispensed into ' Penrose oval ' bottl e s  and 

s ealed  under the same gas . 

Ster i li sation Autoc laved at 1 2 1 °C for 20 min . 

Storage Refrigerated at 4°C .  

Use The agar was l iquefied i n  a boi ling water bath and held a t  5 6°C ready 

for  pouring . Twenty to 2 5  ml agar were poured into each petri di sh of 

9 . 5  cm diameter ,  and hoo f  parti c l e s  were s uspended a s  evenly as pos sible  

during the proc ess . Afte r  s etting , the plates were dried at 70°C i n  a 

hot air oven for 2-5 minutes  and e ither inoculated immediate ly or  he ld i n  

the reduced  state in an anaerob i c  j ar a t  room temperature for up t o  one 

we ek . 

1 

2 
Oxo id ,  London . 

Difc o ,  Detroi t ,  U. S . A .  



APPENDIX I Ib 

HOOF BROTH 

This culture method was based on the modi ficati on  by Roberts and 

Egerton ( 1 969) , of the original formulations of Thomas ( 1 958 , 1 963 ) . 

Formula 

Yeast extract ( Di fc o  or  Oxoid )  

Proteo s e  peptone (Difco or  Oxoid ) 

' Lab-Lemco '  meat extract (Oxoid )  

Sodium chloride 

Di sti lled water  

pH adj usted with 4N NaOH to  8 . 1  

Hoof powd9r 

Trypsin  ( 1  : 2 5 0 ;  Difc o )  

Autoc laved at 1 2 1 °C for 20 minutes 

g/1 00 ml 

0 . 2  

1 . 0 

o .  5 

o .  5 

1 -2 . 0  

1 . 0 

Hoof fi ltered off and pH adjusted to 7 . 4  

The troth was boi led , dis tributed and sealed under a N2/co2 mixture 

in  1 00 ml amounts .  

Final steri l i sation was carri ed out by autoc laving at 1 1 0°C for  1 5  

minute s .  

Storage Refrige rated at 4°C .  

Us e Immediately before use  the broth was boi led and the head space  of  

the f lask filled with a N2/co2 mixture . Dextrose  s o luti on and s odium 

thio g lycollate s o lution were added to a final c oncentrati on of  0 . 5  pe r c ent. 

and 0 . 1  per cent - respectiv e ly .  Di stribution under gas into the final c on

tainers was preceded by a final auto claving at 1 1 0°C for 20  minute s .  

For biphasi c  medium (Appendix II c ) , the final auto c laving was 

carried out in  bulk and the broth in  a reduced  s tate , was dis tribute d  ove r  

the s lants us ing an asepti c technique . ( Fi gure s  App . I . 1 , App . I . 2  and 

App . I .  5 ) .  



APPENDIX I I c  

HOOF BROTH OVER HOOF AGAR - BIPHASI C  MEDIUM 

Thi s  culture method was a modificati on of  the original, de s crib ed 

by Egerton and Burre l l  ( 1 970 ) .  

Ho of  agar vas liquefied by boi li ng and distributed under a N2/co2 
mixture as a 1 0  ml s lant in  5 5  ml  round vac c ine bottl e s . The bottle s were  

c lo s ed  with bored out black butyl bungs s ize  00  and placed in  a s crew 

down c lamp for autoc laving at 1 ? 1 °C for 20 min. ( Figure App . I . 5 ) , After 

c o o l ing at the appropriate angle , the agar s lants were remov ed  from the 

c lamp and used  immedi ately or  were stored fer up to 1 4  days at 4°C .  At 

the time of use , the bung was removed , the vac ci re bottle head space  

flushed out with fresh N2/co2 �ixture , and 40 ml o f  pre-reduc ed  hoof broti1 

added under the same gas . ( Figu1·e App . I . 3 ) . The butyl bung was re

plac e d  and the biphas i c  medium placed at 37°C unti l  ino culation .  Two t o  

4 m l  o f  culture was inj e cted through th& bung using a pregassed dispo sable  

syringe  fi tted wi th a 22 gauge ( 0 . 65 mm ) x 2 5  mm hypodermic needle . 

An account o f  harvesting the biphas ic  culture after 24-48 hr i s  

inc luded i n  Appendix XI . 



APPENDIX lid  

GC  BROTH 

This Lroth was devel oped for large s cale  vacc ine production as an 

alternative to growing F .  nodosus i n  biphasi c medium (Egerton and Burre l l ,  

1 970 ) or on hoof agar ( Thomas , 1 95 8 ) . Bas i c  ingredi ent s  o f  the medi um 

were the same a s  Thomas ( 1 963 ) used for his l iquid medium , but to tho s e  

e s s entials were added enzymati c  digests of o ther proteins and another  

peptone . The latter had been se lected becaus e of  signifi cant F .  nodosus 

growth enhancement during previous s creening tests for sui table  ni trogen 

s ourc e s . 

GC broth was s tPri l i s ed by autoclaving at  1 2 1 °C for 1 5  min.  and '·ms 

�tored .Ln 50  ml amounts under a N2/co2 mixtu:;:-e , at room temperature . 



APPENDIX I I  I 

STRAINS OF FUSIFORMIS NODOSUS 

1 . Strain 1f1 3 ,  1fallacevi lle  Animal Re search Station ,  New Zealand , by 

c ourte sy of Dr M.  Skerman , was suc ce s s fully reconstituted from the freeze

dri ed  state but was subsequently lost  during subculturing . At  this  s tage 

in  the write r ' s  s tudy, the e s s ential culturing requir ements were poorly 

under stood .  

2 .  3trains McM1 98 and McM1 99 , McMaster Institute , Sydney , by courtesy 

of  Hr A .  1febster and Hr J.  Ege rton . Bot.h s trains were succe s sfu l ly re

c onstituted from the freeze-dried s tate and a bulk of  freeze-·dri ed seed  

prepared from each in two pas sage s .  

3 .  Strain A8/C , Ashb'lrton ,  New Zealand , was i s o lated by Hr R .  Lynch at 

Glaxo  Laboratori e s , Palmercton North from ne c roti c sheep hoof material 

transported. in Stu.art ' s  transport medium at 4°C .  One s train was i s o lated 

and a bulk of  freeze-dried  s e ed was prepared in  thre e passaga s .  

4 .  Strains R7/E, R7/N, :2.7/P, R7/W, and R7/Y ,  Riversdale , New Zee.l and , 

were  i s o lated by the writer  at Glax0 Laboratori e s , Palme rston North , from 

ne c rotic  sheep  hoof  material trans ported in  Stuart ' s  tra nspo rt mediwn for  

24 hr at 4°C .  Fiv e  strains were  i s o lated and a bulk of  free ze-dried  s e ed 

was pr8pared from each in  two pas sage s .  

5 .  Strains H9/4, H9/6 and H9/7 ,  Hassey Univ ersity ,  New Zealand ,  were 

i s o l ated by the writer  in  the Animal Health Department from interdigi tal 

ne c r otj c detritus on swabs he ld in Stuart ' s  transport medium at 4°C for 

24 hr before p lating out . Three s trains were  i s olated and a bulk of 

fre e z e-dried  seed was prepared from each in f our pas sage s . The inf e c ted  

animal , a five  year o ld Romney ram , showed s evere  interdigi tal  ski n  ne cros i s 

o f  a l l  four feet and thi s c ondition persi sted as such , wi thout horn i nvolve

ment , de spite topical  and parenteral treatment . Smears o f  the detri tus 

taken over  a period of 1 4  months a lways contained large numbers  of typical 



F.  nodosus-like organi sms . During a three  month period during whi ch thi s  

ram was kept o n  wet ,  fae cally contaminated bedding , the c lini cal c ondition 

remained unchanged but a mi lder type of inte rdigital dermatitis deve l oped 

in  a susceptibl e  she ep kept in the same pen . Smears of the se  new l e s i ons 

were  suggestive of  foot-rot but were  not fully c onfi rmed by the appearance  

o f  typi cal F. nodosus-like organi sms . The donor ram i nfe ction was 

diagnosed  as non-progressiv e  or b enign fo ot-rot ( Thomas , 1 9 62a ; Egerton 

and Parsonson ,  1 969 ; Morgan , Pi ercy and Ege rton , 1 97 2 )  on the b as i s  of a 

per s i s ting interdigital dermatiti s that did not inc lude horn s ep�raticn ,  

but  from whi ch F .  nodosus was i s o lated and s e en  repeatedly in  smears . The 

i s olate F .  nodosus (M9/4 ) , was characterist1cally l ow i n  pro teo lyti c  

activity .  

6 .  Strains cbM1/B, cbM1 /C ,  cbH1 /G, and cbM1/H ,  Mas st:y University ,  New 

Zeal and , were i s o lated by the writer in  the Animal Health Department from 

a yearling Jersey heifer that showed severe i nterdigital dermatiti s and 

ne cro s i s  beneath the horn of al l four feet . Swabs of  the detritus and 

mate rial beneath necroti c horn were trans ferred immediat e ly to Stuart ' s  

transport medium and he ld at 4°C for up to four hours oefore  p lating out 

o n  hoof agar containing ground sheep hoof .  Four strains were i s o lated and 

a bulk of freeze-dried s e ed was prepared from e ach in four pas sage s . 

7 .  Strains J3/1 3, J3/1 6,  J3/20, and JJ/22 , "Jenn<Jrsmead' ' , Bunnythorpe , 

New Zealand , were i s o lated by the writer at Glaxo Laboratori e s ,  Palmerston 

North from sheep artif i c ia l ly infected in pens by swab transfer  from 

natural ly o c curring f i e ld cases of foot-r8t .  The re sulting infecti on  was 

a s evere and progres s iv e  one , eventual ly caus ing shedding of the c omplete 

horn ' s l ipper ' .  Ne croti c material c o l le cted from the deepe st  parts 

b eneath s eparating horn was e ither used as inoculum dire c t ,  after thorough 

mixing with 0 . 2 5M sucrose  (Merritt , 1 960) ; or , afte'r rubbing on a s l i ghtly 

moi stened swab , transferred into Stuart ' s  transport medium and he ld at 4°C 

for  up to four hours . Four strains were i s o lated and a bulk o f  fre eze

drie d  s eed  was  prepared from each in two passage s .  Thes e  vials of  J3/22 

were des ignated "grand master  s eeds " , from which "master s eeds " were pro

duc ed  in  two more pas sages .  A large bulk of "working s e eds"  was p roduced 

after  a further two pas s ages and he ld in  the freez e-dried  state at -20°C 1  

viz .  "working seeds"  were c oded J3/22/6 , s ignifying s ix pas sage s . 

(Appendix I lia ) . 



APPENDIX I IIa  

CODING OF  FUSIFORMIS NODOSUS STRAINS 

An ab�revi ated c ode was de s igned fer s e curity and b revity purposes  

and so  that for  each  F .  nodosus s train at any passage , the foll owi ng 

detai l s  were identifiable , 

( i ) Ge ographical  area of  i s o lati on . 

e . g .  M =  Mas s ey ,  R = Riversdale , J = ' Jennersmead ' ,  

cbM = cattle beast , Mas sey .  

( i i ) Numbe r  o f  attempted i s o lation experiment . Detai led records o f  the 

te ch.niq_ues us ed for each at tempt were kept and from the s e  accounts , the 

most  suc c e s �ful methods werP retained for future us e .  

e . g . J3 third �ttempted i s o lati on experiment , 

M9 - ninth attempted i s o lation experiment . 

( i i i )  By number  or  lette r ,  the parti cular B train ( s )  cultured from any one 

parti cular i s olation attempt . Each strain was derived from a di fferent 

c ol ony picked off the primary i s o lation p late . 

( iv )  

e . g .  A8/C = only one i s o lati on made from attempt A8 and 

that strain de s ignated  " C " . 

J3/1 3 ) 

J3/1 6 ) 
) four strains were i s o lated from attempt J3 . 

J3/20 ) 

J3/22 ) 
) 

The last number  of  the c ode a lways referred tv the number o f  

passage s the culture had undergone s inc e i s o la�i on . 

e . g .  J3/22/6 = J3/22 at woyking s e ed s tage , R7/p/2 = R7/p at 

master  s e ed stage . 



APPENDIX IV 

FREEZE-DRYING 

To prepare a bank of uniform working seed  materi a l , pure culture s  o f  

F .  nodosus were heav i ly se eded on to brlefly dried hoof agar plate s , and 

incubated at  37°C for four days in anaerobic j ars  containing a H2/C02 
mixture . The culture s  we re harvested by flooding each plate wi th 0 . 5- 1  ml  

of  freeze-drying medium1 and drawing acros s the surface  of the agar a 

stainless  stee l b J unt s craper that dis lodged the co l oni e s  into the fluid .  

The c onc entrated bacterial c e ll suspens i on was di stributed in  amounts 

of 0 . 1  ml - 0 . 25 ml into 2 ml vials and immediate ly p laced at -20°C .  

Fre eze-drying was car�ied out i n  an Edwards PIT machine us ing tbe fo l l ow

ing s chedule ,  

( 1 ) 0 The she lve s  were pre-c oo led  to -20 C ,  l oaded , and the product he ld 

at  thi s  temperature overnight ( approx . 1 8  hr ) .  

( 2 )  Full  vacuum �as applied  for 24 hr and then the free zing unit was 

turned off . 

( 3 )  The shelf  temperature was allowed to  rise  to  �·o om temperature ove r  

the next 2 4  hr . 

( 4 )  The vacuum was turned off , West seal�  applied and the vacuum repla�ed 

to  a pre s sure of  approximately 0 . 1  mm Hg . 

( 5 )  The vials  were permanently s ealed with a crimped aluminium ring .  

( 6 )  All  the vials we 1 e  che cked for  vacuum us ing an Edwards High Frequency 
0 0 Te st er ,  before storag� at -20 C or  at 4 C ,  and before  reconsti tution . 

Re c onstituti on.  One ml o £  dis t i l led water was added to the vial  with a 

disposable  syringe and the remaining vacuum releas ed . With gentle  agitation 

re-suspens ion of  c e l l  material o c curred almo st immediately.  Hoof agar plate s 

were  ino cul�ted by spreading out 1 -3 drops o f  the c e l l  suspens i on ove r  four 

area s ,  the l oop being f lamed between each .  The plate s w er e  incubated in  

an anaerobic  j ar f o r  four days and the �ppropriate type of F .  n odosus 

c o l ony s e le cted for further culture . 

Freeze-drying medium 

Glaxo " 1 01 0" Virus F . D . Medium 

Horse  serum ( 5 6°C/30 min . ) 

80'/o 

20% 



APPENDIX V 

PREPARATI ON OF CELLS FOR ELECTRON MICROSCOPY 

Three different fixation  methods were used : 

METHOD I Double  Fixation ( after. Karnovsky , 1 965 ) 

( i )  C e l ls depo sited as a pe l l et  by centrifugati on .  

( i i ) Pe llet  fixed in half  s trength Karnovsky fixative c ons i sting o f  

2% formaldehyde 

3% glutaraldehyde 

0 . 1 M  phosphate buffer pH 7 . 2  
0 

for  2 hr at 4 C .  

( i i i ) Washed twi ce  i n  fre sh buffer  1 5  min . each , at 4°C .  

( iv )  Post-fixation in 1 per  c ent . o smium tetroxide i n  phosphate buffer 

pH 7 . 2  for 1 hr at 4°C .  

( v ) Washed twi c e  l.n fr9sh buffer  1 5  min .  e ach , at 4°C .  

Further steps carri ed out at room temperature . 

(vi ) Dehydration in  graded al c oho l s eri e s  namely , 

2 5% ethanol 30 min .  

50% et:b 'lnol 30 min .  

75% ethanol overnight 

95% ethanol 30 min .  

1 00% ethanol 30 min . 

1 00% ethanol 30 min .  

(vi i )  Inf i ltration o f  dehy�rated pe l l et  using 

propylene oxide 1 00% 1 0  min . , repeated once . 

(v i i i ) Introduction of epcxy re s in "Durcupan-ACM" ( Fluka AG , Buchs SG , 

Switzerland ) in  

propylene oxide 2 5% hr 

50% hr 

7 5% ove rnight 

1 00% 6 hr . 

( ix )  Pel l et  embedded 1n fresh 1 00 per c ent . epoxy re s in  i n  s i ze  4 gela tin 

capsules  for 48 hr . at 60°C .  

METHOD I I  Double  Fixat i on (Wi l liams and Luft , 1 968 ) , - ( TAPO )  

( i ) Cells  depos i ted as a pellet  by centrifugation . 

( i i ) Pe l l et  fixed in fol l owing ,  made up 2 hr . prev i ous ly , 

1 . 2% glutaraldehyde 

1 %  Tri s .  ( 1  - az iridinyl ) phosphine oxide 

0 . 1 M  phosphate buffer pH 7 . 0  

for 2 0  min .  at room tempe rature . 

Pro c e eded as from s tep ( i i i ) in METHOD I .  



METHOD I l l Ryter and Ke llenbe rger Fixation ( Ryter  and Kel l enberger ,  1 9 5 8 )  

( i ) C e l ls in culture were fixed i n  s itu , o r  surfac e growth was s c raped 

d ire ct  into the Ke l l enberger  fixative .  The method de s c ribed by Glauert  

( 1 965 ) us ing Ke l lenberger ' s  fixative , Ke l lenberger ' s  buffer ,  tryptone medium 

and the uranyl acetate washing fluid was fo l l owed ,  exc ept that agar 

embedding was found unnec e s sary be cause the pe l l e t  stayed intact . 

( i i )  Proceeded from the uranyl acetate wash to step (vi ) ,  i n  METHOD I .  

Thereafter s e ctions were c: ut on the L . K . B .  1 1Ultrotome 11 and pi cked 

up on c arbon coated formvar support fi_ lms on 200 mesh c opper  grids . The 

preparations were s tained for 1 0  min .  with lead c itrate ( Re�1olds ,  1 9 63 ) 

and examined in a Phi lips EM200 e l e c tron mi c ro s c ope . 



APPENDIX VI 

PREPARATION OF BACTERIAL CELL EXTRACTS 

1 • Crude c e l l  extract Unwashed F .  nodosus c e l l s  suspended in  PBS at 

a known conc entration were subj e cted tc 2 runs through a precoo led French 

pre s s  ( 1vabash Hydrauli c Pre s s , Indiana , U . S . A . ) at a pre s sure of 5 , 000-

7 , 000 lb/sq . in .  ( -A- 1 8 , 000 kg/sq . cm ) . Thi s  is equivalent to 422 te chni cal 

atmospheres ( at )  where at = 736 mm Hg . The suspensi on cl eared considerably 

and Gram stained -preparati ons showed la1·gely a pink lac ey network c ontain

ing few intact F .  nodo sus c e lls . The extrac t was centri fuged in a Spinco 

UJ tra c entri fuge ( Beckman , Pa lo Alto , U . S . A . ) at 5 1 , 000 x K· for 30 min . 

to l eave a cl ear supernatP nt above a small  grey-green plug . Protein 

e stimation was based on the absorb�ncy of  the c e l l  extract at 280 nm in a 

Uni cam sp500 spec trophoto�ete r .  As a pos i t i v e  sontrol , sh e ep gamma-globul i n  

0 . 5  Ing/ml ( Fraction I I  7 1 -879 Run � OVI Hyland , L c s  Ange les , U . S . A . ) was run 

ir. paralle l .  Before us e in double  diffus ion in agar tests , the c e l l  extract 

was c onc entrated i n  vo lume tenfold by dialys i s  against po lyethylene glyco l . 

C e l l  extracts were stored frozen at -20°C .  

2 .  Boi l ed crude c. e l l  extract The unwashed bacterial  cell  suspens i on  was 

placed in a boi l ing wa ter bath for 90-1 20 min .  before  French pre s s  treat

ment . 

3 .  Washed boi led c e l l  extract The bacterial  c e l l  suspens i on wa s washed 

thre e  times iL PBS and the f inal suspens i on of c e lls  plRced in a b o i l ing 

wat er  bath as above . The suspens i on wa5 washed again three  time s befor e  

French pre s s  treatmer.t . 

4 .  Washed c e l l extract. The bacterial c e l l  suspens ion was washed thre e 

times  in PBS before French pre s s  treatment . 

5 .  Washj ngs The washings from the washed c e l l extract first  step were 

reduced back to the o riginal vo lume by dialys i s  against po lyethylene glyco l .  

Thi s  material was c entrifuged fo r 30 min . at 5 1  , 000 x K· before an estima

tion  of prutein conc entration was carri ed out . 



APPENDIX VII 

ULTRA-SONIC DISRUPTION OF CELLS 

F .  nodosus c e l l  suspens i ons in di sti l led water o r  PBS were transferred 

to a special glass  c ontainer and capped .  Thi s  c ontainer surrounded by an 

i c e  bath was fixed into a 1 00 watt Ultrason i c  Di s integrator (Measuri ng a nd 

Sc i e ntific  Equipment Ltd . , London ) bearing a 1 0  mm probe . The machine was 

s et  on auto and gave peak pitch at 8 mi crons ampli tude . Samples  of the c e l l  

suspens ion were examined a t  5 ,  1 0  and 2 0  min . after s tarting s oni cati on .  

The re was l i ttle  or  no  change 1n the appearance o f  c e l ls . After 20  min .  the rA 

was heating of  the susp2ns ion to about 60°C in  spite o f  the i c e  bath . 

The fai lure of thi s  technique to dis integrate F .  nouosus c e l ls in 

spite  of  lengthy sonication , and the undes irable  heating of  the c e l l  sus

pens i o n ,  caused an investigati on of  French pre s s  treatment . Thi s  proved 

suc c e s sful as a means  of  c e l lular di sruption (Appendix VI )  and became the 

standard method us ed the reafter .  



APPENDIX VII  I 

ADJlN ANT SYSTEMS 

1 • Aluminium hydroxide gel "Vaxoge l "  ( Evans , Speke , U . K . ) 

Thirty per c ent. in  PBS l eft to ads orb at room temperature for 72 hr . 

2 .  Anhydro1�s o i l  with aluminium monostearate (Muggleton and Hi lton , 1 9 6 6 )  

The c e l l  suspens i on was freez e-dried and powdered by shaking wi th g lass  

beads before adding the ge l .  

3 .  Oi l in '-rater/aluminium hydroxide ge l (Muggleton and Hi lton , 1 9 66 ) 

Ninety pel' c ent. o i l-in-water emulsion with c e ll suspens ion al one , or 90 per 

cent. o i l-in-water emuls i on with � e l l  suspension adsorbed onto 30 per cen� 

aluminium hydroxide ge l .  

4 .  Potash-alum prec ipitated Six preparati ons were made ; as 20 pAr 

c en�, 1 0  per c en�, 2 per c en� and 1 per cen� w/v alum with c e l l  suspension :  

o r  p er  cent. and 2 per c en� alum rrec ipi tated whole  cul ture . 

5 .  Water-in-oi l (Muggletcn d.nd Hi lton , 1 91)6 ) Light paraffin o i l  was 

mixed with 3 per cent. "Arlace l  80" and 3 per cent., "Arlacel 83" and h ea+. 

s teri lised . Sterile  d i sti l l ed water  30 pe r cent. was emuls ified with 70 per 

c ent. of the o i l/"Arlac e l s "  mixture . The :resulting water-in-oi l  emuls ion 

was added to a wet cake of F .  nodo sus c e lls . 

6 .  Organi c polymer with aluininiUJ!1 hydroxide F. nodosus c e l l s  were 

incorporated with the organi c po lymer and the resul ting mixture ads orbed 

wi th aluminium hydroxide ge l .  

7 .  McMaster formulation (Egerton and Burre l l , 1 970 ) F .  nodosus c e l ls 

were  emuls i fi ed wi th She l l  Ondina o i l  s ix pa rts , wool  wax one part . 

8 .  Double  emuls i on (Herbert , 1 967 ) The sal ine c ontinaoll s phas e c on-

tained a water -in-oil  emuls i on c ontaining the !mti gen .  

ASSESSMENT OF LOCAL REACTIONS 

Local reactions were ass e s s ed acc ording to four ma1n criteria and 

subgraded for re c ording as fo l l ows : -

1 • Size  

( a )  Length and width measured in cm .  

(b )  Di s crete , diffus e or  l oculated . 

2 .  Cons istency 

Soft , tense , f irm ,  hard or  very hard . 

3 .  Depth 

Flat , s li ghtly raised , rai s ed ,  or  markedly rai s ed .  



4 .  Seri ous changes 

(a ) Inflamed skin 

(b ) Necrosis  ( c o ldne s s , 

( c ) Abscessation 

(d ) Extensive oedematous 

pal lor , etc ) 

swe l ling .  

On the bas i s  o f  these  re c ordings each s ite was graded as 

( a ) Acc eptab l e  N o  reaction 

S light reaction 

( b ) Marginally acc eptable  

o r  ( c ) Unacceptable  

Judgment of Adjuvant Sys tems for Local  Reacti on 

1 .  Aluminium hydroxide gel  alone 

Aluminium hydroxide �el with c e l l s  

2 .  .Ar.hydrous o i l  with aluminium :-:�onoste:uate 

3 .  

4 .  

5 .  

alone 

Anhydrous o i l  with �luminium monostearate 

'"i th c e l ls 

Oi l-in-water emuls i on alone 

Oi l- in-water emulsion with c e lls  

Oi l-in-water emuls i on with aluminium 

hydroxide ge l with c e l l s  

Potash-alum 1 0  per c ent. with c e l l s  

Potash-alum 20 per c ent. with c e l l s 

Fotash-aluTTl 1 pe r cent. pre c ipitated 

) 
) 
) 

whol e  

culture 

Potash-alum 2 pe � cent. pre c ipitated whole 

culture 

Wate�-in-o i l  with c e l l s  

6 .  Organi � po lymer with a luminium hydroxide 

7 .  

B .  

with c e l ls 

McMaster formulation , alone 

McMasier formulation ,  with c e l l s  

Double  emuls i on with c e l l s  

Acceptable 

Ac c eptable  

Ac ceptabl e  

Unacceptable 

Acc eptable 

Mar�inally acc eptable  

Marginal ly ac c eptable  

Unac c eptabl e  

Accept able  

Margina lly acceptablP. 

Margina lly accept able  

Ac c eptable  

Ac c eptable  

Unac ceptable 

Una c c eptable  



APPENDIX IX 

ASSESSMENT OF FOOT-ROT LESIONS 

Interdigital Spac e  

Skin/horn Junction 

for  each digit 

Hoof  Separati on  

o r  

or  

Mi ld inflammation  

s eve re  inflammati on 

Mi ld ulceration 

s evere ulceration 

Swel ling 

for  each digi t and 

and 

Hee l  

Sole  

Toe 

and extendi ng to abaxial  wal l  

Po s s ible  s c o re per f oot 

Pos s ible  s c o re per she ep 

S c ore  

2 

2 

0 . 2 5 

1 2 . 5  

50  

" Sus ceptibi l ity ; � ore " was defi ned as the mean of as s e s smeat s c ores  

on post-chal lenge weeks 3 ,  4 and 5 .  Thi s figure could be  a�pliea to an 

individual sheep o r  to a treatment group . 
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APPENDIX IXa 

ASSESSMENT SCORE RECORDING SHEET 

�Sh�e�e�p�N�o�·---------- Vacc ine 
Date of Chal l e nge 
Stage of Fe e t  at Chall enge 

Challenge Material 
Feet Chall enged 

Dat e :  �eeks Post Chal l enge : 

Site : 

Inter Digital Infl ammati on 

i ::-..:F RF ! LH R..'9: To tal C omments 

Space : �- -----+-----�--��--- �------r-----------� 

�----------------�Ul--c_e_r_a __ 

tion I ·��-+--�-�--��------r-----------� 

Skin Horn Junc tion: 

�L M L M L M  

Swell ing if4--+--�--<i-+-�--+----+------1 --- 1 
§.£P..�:a t:i . .2!..�� Horn: 

I H2 el 
I S o l e  

��--4---���--��--��------r-----------� 
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APPENDIX X 

ANTISERUM PRODUCTION 

Sheep - Romr-eyjBorder Le i c es ter  cross , mixed-aged ewes . 

Anti s e ra in sheep were produced against the fo l lowing F .  nodosus s trains , 

( a )  J 3/22/1 0 c e ll s  harvested from biphas i c  medium Sheep 1 876 

( b )  McM1 98/6 c e l l s  harvested from biphas i c  mediwn She ep  583  

( c ) McM1 99/6 cells  harvested from biphas i c  medium Sheep 29 

( d )  M9/4/8 c e l l s  harvested :t'rom biphas i c  me:lium Sheep 2029 

( e ) J3/22/1 0 c e l l s  harvested from biphas ic  medium , b o i l-

ed  for 90 min . Sheep 2280 

Method for Series  ( a )  to ( e ) 

A vo lume of c e l l  suspens i on in 0 .  5 per cent. forma lin PBS ( l<'PBS ) 

containing 1 . 4 x 1 01 0  to 3 x 1 01 C  c e lls  was emuls ified  with an equal 

v o lume of Freund ' s  Incomplete Adjuvant (FIA-Difco , De hci t ,  U. S . A . ) by 

repeatedly forc ing the mixture through a 1 9  gauge ( 1  mm ) needle adapted to 

fit a hypodermi c syringe e ither end . Depending on the final vo lume , u �  to 

7 . 5  ml  was inj ected intramuscularly deep into the thi gh mus cle s  each side . 

The inj ection was repeated after one week. After a furtb. er  two we eks a 
1 0  1 0  

total dose o f  0 . 1 5 x 1 0  to 2 . 5  x 1 0  c e l l s  suspended in PBS was i�j ec Ged 

subcutaneous ly .  Blood for s erum was collected ten days late r .  

The additi onal spe c ial  anti s e ra were made a s  fol l ows ; 

Strain Method of  Ce l l  Adjuvant Sheep No . 
F .  nodosus culture treatment 

( f )  J3/22/1 0 biphas i c  medium s oni ca.ti on Aluminium hyd ro- 2 1 1 3 
batch 1 1 2  min . xi de 

ads0rbed 3 days 

( g )  J3/22/1 0 biphas i c  mediwn s onicatior: Aluminiwn 872 
batch 1 0  hydroxide 

adso rbed 3 days 

( h )  J3/22/1 0 biphasic  medium c oncentrated FIA 20 1 6  
batch 1 CSN 

( i )  Incubated biphas i c  medium concentrated FIA 888 
but unin- as for CSN 
oculated 
hoof broth 

( j )  Formalin 0 .  5% in  phosphate buffered saline FIA 894 
pH 7 . 4  

( k ) Formalin 0 . 5% in  phosphate buffered McMaster  2 1 52 
s aline pH 7 . 4  formulation 



Method for series  ( f )  to (k ) 

A vo lume of 2 ml-9 . 8  ml was i nj e cted subcutaneous ly in  the mid neck 

region . Each dose c ontained an estimated 5 x 1 09 c ells  or an equiva lent 
8 amount of  supernatant based on a cu lture yi e ld o f  1 x 1 0  c e l ls/ml . The 

�ame dose  was repeated on the othe r  s ide of the neck one week late r .  

After a furthe r thre e  we eks , blood was c o l l ected f o r  s e rum . 



APPENDIX XI 

AGGLUTINATI ON TESTS 

Serum Sheep were b l ed from the j ugular vein into Vacutainers ( Becton

Di ckinson : New Jersey , U . S . A . ) ;  after whi ch the tubes were  held at 37°C 

for up to 2 hr , and after fre ez ing the clot from the glas s , at 4°C over

night . The c lot was removed and the serum c l eared by centri fugati on .  The 

s erum was us ed fre sh or after s torage at -20°C .  Doubl ing di lutions of s e rum 

in  PB� or in 0 . 85 pe r cent. normal �al ine were made us i ng an automati c  syringe , 

s i x  mixings at each step , and the same disposable  pipe tte throughout the 

s e ri e s . 

i )  Preparati on of  gros s  antigen 

Hoof  agar cul ture F .  nodo sus ce l l s  were s craped  and washed off hoof 

agar p lates  that had be eil incubated for four days . The susl)end ing medium 

was PBS or PBS with the additi on of  0 . 5  per cent. formal in  (Analar , 40 pe r 

cent formaldehyde ) ,  c oded FPBS . 

Bipha3 i c  medium culture F .  nodosus c e l l s  used as antigen in the 

agglutinati on test weJ � more usual ly obtained from biphasic  medium harve sted 

between 24 and 48 hr after inoculation .  Afte r r.:hecking each 55 ml vial for 

purity ,  tl.e broth portions were pooled through a P1  glass sinte red f i lter to 

remov e grv s s  parti c les . The F .  nodosus c e l l s  were depos i ted at 4°C i n  a 

c entrifuge at 2 300 x g. for 40 min .  The culture supe rnatant was remov ed 

from the d eposited c e lls  and thi s  liquid phase  ,.,as t e sted for proteolyti c 

activity ( � ee  Appendix XII ) .  The F .  nodo sus c e l ls were resuspended wi thout 

washing in a minimal amount of PBS or FPBS . A c e l l  count us i ng the Thoma 

s l ide  ( Hawksley ,  England ) ,  o r  e l s e  the improved Neubaue r c ounting chamber 

( " LumL :yte " ) ,  was carri ed out and a value ascribed to the c e l l  concent.rate . 

The antigen was used immedia te ly or stored at 4°C for up to ten months . 

Before us e the c oncentrated c e l l  suspens ion was di luted i n  PBS or  FPBS to 

a cal culated 5 x 1 08 c e l ls/ml . 

Te s t  The gros s  agglutination  test was carri ed out i n  Dryer ' s  agglutination 

tub e s  '..l sing equal amounts ( usually 0 . 3  to 0 . 5  ml ) of  s erum d i luti on , and c e l l  

suspensi on a t  5 x 1 08 F .  nodo sus/ml . The tubes were indivi du ally mixed by 

i nvers i on  twi c e , briskly shaken and then placed in  a water  bath at  37°C fo r 

4 hr . One reading was made then , and another after  holding the tub e s  for a 

further 24 hr at 4°C .  The end point was taken as that tube where th ere was 

agglutination of c e l ls as a v i s ible  depos it  at the base and/or on the s l opes 

of  the tube , with s ome di s tinct clearing of  the l iquid phase  abov e . Serum 

di lution titres quoted are the reciprocal of the end po int tube final di lution 

i . e .  after additi on of  anti gen .  A negative c ontrol  tube of antigen and PBS , 

and a pos i tive contro l s erie s  c ontaining antigen w ith d i luti ons o f  s tandard 



anti s erum of known titre , were inc luded in each t e st .  

i i ) Preparati on of heat-treated ant igen 

F .  nodosus c e l ls from hoof agar or GC broth , harvested in PBS , were 

washed three  times and placed in  a bo i l ing water bath for one hr . The 

ce l l s  were washed again three  time s , re suspended in  PBS and one sample taken 

for a direct  c e l l  c ount . Another s a�ple was used f or a di lution s er i e s  in  

FPBS and the s e  latter suspens ions �•ere  te sted for  opti cal  dens ity using 

opac i ty tubes  ( \{e l l c ome , Beckenham , U . K . ) and a modified  photoele ctri c 

c o lorimeter (Gall enkamp ) .  A value . was ascribed to the c e l l  c oncentrate 

whi ch \vas stored at 4°C .  Immediate ly before us e the su spe ns i on was di luted 

with PBS to an e stimated 5 x 1 08 c e l l s/rnl , or approximately equal to the 

opti cal  dens i ty of tube 1 .  Fo r incubation , the tubes were placed i n  a water 

bath 3-t sc/c for 24 hr , and then he ld overnight at 4°C 1  but :!. n al l o the r 

re spe cts  the " s omatic te st"  was carried out in  the same manner de s c ribed for 

the gross  agglutination tes t .  



APPENDIX XI I 

PROTEOLYTIC ACTIVI TY TEST 

Culture supernatants ( CSN) o f  hoof broth , GC broth , o r  biphas ic medium 

were drawn by vacutw (Ventura water-pump ) through a Whatman Gamma-1 2  grade 03 

s te ri li s ing fi lter . Doubling di luti ons of 1 ml CSN in  PBS pH 7 . 3-7 . 4  were 

made in di sposab�e  3 ml plastic tub e s . The i ndi c ator of proteolyt i c  

activity cons i sted of  s trips of dayli ght exp0s ed x-ray fi lm (Kodak Royal 

Blue , RB54 )  which we re approximate ly 2 mm wide by 90 mm long and normal ly 

a flat o live green c olour . One s trip was p laced in e ach tube and the rack 

placed in a water bath at 37°C .  Read ings o f  proteolytic  activity were  made 

after 30 min .  and hr . In thos e tube s  where proteo lys i s  o c curred , the 

ge latin coating was digested on one or both sides o i  the f i lm , exposing the 

transparent b lue bas e material . The �nd point was taken as the last  tube 

where dige sti on of the immersed porti on of s trip was 50  per c ent or  more 

c ompleted, and the proteolyti c  titre was defined as the r e c ipro cal o f  that 

CSN di luti on . 



APPENDIX XI Ia 

ANTIPROTEOLYTIC ACTIVITY TEST 

The three  c omponents of the test  were culture supernatant of a known 

proteo lytic  activi ty (Appendix XI I ) ,  she')p s erum of unknown ant iproteo lyti c  

activity and x-ray film t o  act as indi cator . 

Culture Supernat�nt ( CSN ) This  was material harvested from b iphas i c  medium , 

fi ltered to remove the bacterial c e l l s  and c0ncentrated in  volume 50 times 
by overnight dialys is  at 4°C agains t  po lyethylene glycol . The c onc entrate 

was divided into 1 . 5 ml �mounts and he ld at -20°C .  On the morning of a 

test , an aliquot was thawed and its prote o lytic activity reas sayed . The 

di lution cho sen for use in the te st  was three doubling d i lutions , i . e .  eight 

fold more concentrated than the proteo lyti c  titre . Therefore  after adding 

equal parts of CSN and s e rum di lution , four "proteolyti c dos e s "  were 2-Vai l

able  in each tube . 

She ep serum Doubl ing di lutions of  sheep 3 erum were made in PBS and to 

0 . 2  ml amounts o f  each ; an equivalent amount of  the cho sPn di luti on of CSN 
0 was added. The tubes were placed in a water bath at 37 C fo r o ne hour to 

allow for mixing and neutral i sati on .  

Te st  Indicator strips of  x-ray f i lm were placed in the same tubes  &ld 
0 

incubation al l owed to c ontinue at 37 C for another two hours after whi ch 

period the te st  was read . The end point was taken as that tube where  pro-

teolyti c  activ ity had been completely or  more than 50 per  c ent �vented . 

Pos itive c ontro l s  ( anti s e rum of known antipro teo lyti c  activi ty + CSN) , 

negative control&  (re-run of CSN assay ) , were inc lu0 ed in each test . 

antiproteolyti c titre  was defined as the rec iprocal of the f inal  s erum 

di lution2 in  the end point tube . 

2 
Serum di lut i on after additi on of CSN. 

and 

The 



APPENDIX XII I  

DOUBLE DIFFUSION IN  AGAR TEST 

The te chniques used were based on tho s e  o f  Ouchterlony ( 1 968 ) as 

des cribed by C lausen ( 1 969 ) . 

Double  diffus ion agar3 was re liquifi ed in a bo i l ing water bath and a 1 0  m .L 

glass pipe tte heated in the water  alongside . 

Glas s plc:..te s  that measured 90 x 1 1 0 x 2 mm were washed tho roughly c lean 

and stored dry in  packets away from dus t .  Directly before use they were 

flooded with 95  per c en� ethyl alcoho l , rins ed wi th abs olute alcoho l and 

afterwards anae sthetic  ether (May & Eake r ,  Dagenham , U . K . ) ,  then  drained dry 

and heated 1n a hot air oven to 70°C .  

Whil e  the p late was s ti l l  hot ,  i t  was placed on a l evel  table  and 

7-1 5 ml ( 1 1  ml was found best ) of  doub le di ffus ion aga� was evenly spread 

fre ehand with the pipette . The poured plate was c overed to avoid  l o s s  of 

moi s ture and when the agar had s e t ,  was removed to a damp c losed box at 4°C .  

After 2-48 hr , we l l s  were cut fre ehand ov� r  a drawn template , u s ing a variety 

of  we l l  spacings and diP. s  o f  vari ous diameters . The we l l s  were f i l led to 

the brim with c e l l  extracts or s era and diffus i on was al l owed to pro c e ed at 
0 

2 5  C for up to four 1aya . 

The completed preparati ons were w�sheJ in a magneti cal ly sti rred 0 . 85 

per c en� saline bath for three days , in dis ti l led  water fo r one hour and then 

c overed with filter  paper (Whatman grade I )  to dry out aJ.; room temperature 

over  30 hr . Dri ed  agar plates were stained wi th 0 . 5  per c ent. Amido Black 

us ing the method of Wieme , (Clausen , 1 969 - Appendix 1 e ) . 

3 Double diffus i on agar 

Formula 

" I onagar" No . 2 ( Oxoid L1 2 )  

Sodium chl oride 

Thi omersal  B . P . , 2% aqueous 

Di stributed in 20-25 ml amounts 

g/1 00 ml 

1 . 0 

0 . 85 

final 0 . 01 ( 0 . 5 ml/1 00 ml ) 

Ster i l i sat i on , Autoc laved at 1 2 1 °C for 1 5  min .  

Storage , Refrigerated a t  4°C 



APPENDIX XI I I a  

IgG FRACTIONATI ON 

The batch method des cribed by 3tanworth ( 1 960 )  was carried out using 

diethylaminoethyl c e l lulose  (DEAE ) , (mi crogranular DE32 , 1fua tman , England ) 

and 0 . 01 M  phosphate buffer pH 7 . 5  (Wi l liams ana Chase , 1 968 ) .  

The supernatant c ontaining gamma-globul in ,  and an elution of  the DEAE 

obtained by washing the s lurry with 0 . 3M phosphate buffer pH 7 . 5 ,  were 

dialy&ed against po lye thylene glycol  to a twofold concentration in  terms of 

the original se rum vo lume . 

/ 



APPENDIX XI IIb 

IMWJNOELECTROPHORESIS 

Glass  p late s  that measured 1 2 5 x 95 x 2 ml  were c l eaned as des c ribed 

(Appendix XI I I )  and c overed with 6-1 2 ml  of one per cent. " Ionagar" No . 2 

( Oxoid , London ) o r  one per cent. Agaro s e  ( " Seakem " , Marir.e C o l loid Inc . -

Bausch & 1omb ) iu veronal buffer4 , pH 8 . 6 . 

The wells  and troughs were cut freehanci over a drawn template and the 

we lls  fi l led with c e l l  extract ,  or s erum acting as the antigen c omponent . 

The plate was plac ed ove 1· re s ervoirs  o f  the same sodium barbitone buffer  

pH  8 . 6 ,  wi cks of fi lter paper were at�ached between res ervo irs and agar 

and the apparatus was connec ted to a 'vat s on Vi ctor Power Pack de l iver ing a 

c onstant direct  current of  1 5  m .  amp at 1 00 V for 2 hr . After thi s  period 

of  e le ctrophore s i s , the leads �ere r emoved , the troughs fi l l ed w ith specific  

antisera , and diffus ion allowed t o  proceed at  ro om temperature  i· t a c losed 

humid c ontainer for 24-48 hr . Wa shing , dry1ng and staining of  the preparati on 

was carri ed  out 1n the manner described for double  di ffus ion  in agar plates 

(Appendix XI I I ) .  

Antisera 

i ) Against F .  nodosus 

ii ) Against who l e  sheep serum 

i i i ) Agains t  sheep serum-IgG 

4 Formula 

Sodium barbitone 

Dis t i l led water to 

Adj ust pH to 8 . 6  using 0 . 5M-HC1 

Distilled water  to 

Prepared in she ep by v ari ous s chedule s  

(Appendix X )  

Rabuit anti-sheep s erum 

Rabbit anti-sheep I gG ,  lyophi l i �ed 

( Mi le s , K�nkakee ,  U . S . A . ) .  

20 . 62 g 

1 000 ml 

2000 ml . 



APPENDIX XIV 

BACTERIAL GROWTH-I��IBITION BY SERUM 

( 1 ) 'l'UBE TEST The technique was based on the method des cribed by 

Ege rton and Merritt ( 1 970) . 

( a )  Bac terial culture : F .  nodo sus (J3/22 ) was m�intained by sub-

culture every 48 hr in GC medium . The bacterial c e l l  concentrati on was 

estimated from opti cal dens ity readings using a Spe ctronic 20 spe ctrophoto

meter set a t  480 nm . An overnight culture was di luted 1 /1 000-1 /2C00 se that 

the 0 . 1  ml dose  per tube contained a cal culated 20 , 000 o rgan i sms . 

( b ) Serum was c entrifuged at 1 0 , 000 x K· fer 1 0  min .  at 4°C and then 

steri l i s ed by pass ing through a Mi l lipore fi lter 0 . 22 � a . p . d .  

were  made i n  v eronal buffered sal ine ( Appendix XVI a ) .  

Di lutions 

( c )  Complement s ource : Twu batche s o f  guinea pig s erum ( Ba ltimore 

Bi o logi cal s , Maryland , U . S . A .  and Fort Worth , Texas , U . S . A . ) at both 1 /5 and 

1 /1 0  di luti on , were shown to inhibit  F .  nodosus growth in GC medium . Pre

co lo strum lamb se rum (PCLS ) also  inhibited growth at 1 /5 but not at 1 /1 0 ,  

and at the latter di luti on i t  was used as a compl ement s ourc e .  

( d )  The Test :  Thi s was carried out by adding the c ulture inoculum of 

0 . 1  rnl  to s e rum di luti ons of 0 . 5  ml  ( or 0 . 2 5 ml do ub l e  s t :.:ength serum , plus 

0 . 2 5 ml complement s ourc e )  in 6 ml  bij ou bottles whi ch were  then placed in 
0 a water bath at 37 C for one hour . The 0 . 6  ml of  m� xture was trans ferred 

asepti cally under a N
2/co2 gas mixture to 4 . 4  ml GC m2dium in  a rol ler  culture 

tube , the head space  was r egas sed  and the butyl bung repla c ed . The tube3  
0 were incubated at 37 C for 2-3 days . Po sitive c oHtro l tubP.s  c ontaini!lg 

( i ) culture inoculum , veronal buffered sal ine and GC broth , f:.nd/or ( i i ) cul

ture inoculum ,  veronal buffered sal ine , c omplerr.cnt s ource  and GC broth , were 

always inc luded in the tes t .  

Vi s ib l e  growth i n  the broth was recorded dai ly . The end point of a 

titration was de c ided at � 72 hr incubation , as the last tube where  F .  nodosus 

growth appearing as c e l l s  in suspens i on was just inhibited . The t itre was 

defined as the reciprocal of the f inal s erum dilut i on in t he nomin�ted tube . 

( 2 )  FILTER PAPER DISC TEST Fi lte r  paper dis c s ,  1 2 . 7  �n diameter ,  ( No .  740-E 

Schlei cher and Schnel l , New York) were  steri lised by auto c laving at 1 2 1 °C for 

1 5  min . Fre shly poured and qui ckly dried hoof agar plates were heav i ly seeded 

wi th F.  nodosus culture from another  hoof agar plate , and up to four di s c s  

fi rmly pre s s ed down on  the surface  i n  an as eptic manner .  Four or five drops 

o f  steri le  s erum d i lution in phosphate buffered saline (Appendix XVI a )  were 

de livered on to the di s c  by Pasteur pipette . The plate s  were c l o s ed  and in-

cubated agar uppermost in an anaerob i c  j ar ,  at 37°C for three  days . Us ing 



oblique l i ght and a plate d i s s e cting micro s c ope the area around the border 

of  the di s c  was examined for growth inhibiti on or  changes  in colony 

appearance .  



APPENDIX XV 

TESTS FOR DETECTION OF SPECIFIC CELL-MEDIATED IMMUNI TY 

i )  Antigens 

Antigens were used in the form of � e ll extracts ( Appendix VI ) or 

culture supernatants ( CSN) . 

Homologous antigen F .  nodo sus ( J3/22 ) was cultured i n  biphas ic medium 

and used as the crude c e l l  extrac t .  The CSN from biphasic  medium culture 

was al s o  used . 

F .  nodo sus (J3/22/8 ) cultured on hoof  agar was used e ither as 

the c rude c e l l  extrac t or as a washed bo i led c e l l  extract .  The washings from 

thi s proc e s s  were also  used . 

No�-related antigen 

The "E"  strain o f  Es rhe richia c ol i  (Mi c rcbi ology :Uepartment , Mas s ey 

Univer s i ty )  was grown up ov ernight in beef h� art infus i on broth .  The 

bacterial c e l l s  were c entrifuged at 2 800 x K ·  for 30 min .  and , wi thout washing , 

subj e cted t o  two Frtnch rre s s  treatments 0o produc e a c rude c e l l  extract .  

Foreign antigen 

The causative agent of  "damping-off" in c;o,uliflower s e edl ings , 

Pe ll i cularia f:i lamentos::t  wa,:; grown up over four days on  dextrose peptone 

agar ( Appendix XVI ) , The growth was scraped off into dis ti l led water and 

a c rude cell  extract  u1ade by pass ing the mixture twi c e  through the French 

pres s .  

( i i ) I ntradermal Skin Test 

Normal sheep , or  thos e  i nfected with foot-rot , were inj e cted intra

dermal ly in the groin with 0 . 1  ml F .  nodosus c e l l  extract or culture super

natant . An area of  f'kin had been  pr 3pared 24 hr previous ly by cl ipping to 

remove any h�ir and swabbing with abso lute al cohol to c lean away tl1e greas e .  

Over the next four days the inj e �tion s i te was obs erved for changes 

in c o l our and palpated for swe l ling or induration.  

( i i i )  Intracorneal injection 

Sheep were anae sthetised  us ing 5 per cent thi opentone s odium s o lution 

(May & Baker ,  Dagenham , U . K . ) given intravenously to effe c t ,  o r  the steroid 

c ompound , CT1 341 " Saffan" ( Gl axo , Gre enford , U . K . ) at  1 2  mg total steroid 

per ml given intravenously as a cal culated dose  of 0 . 1 4  ml per Kg bodyweight . 

An eyelid retractor was positioned and a s ingle l o op of  nylon thread 

inserted into the dorsal s c lera .  When firmly he ld , thi s functi oned a s  a 

c ounter  force to the needle pres sure on the c ornea , whi ch otherwis e would 

have rotated the eyeball . 



Ce l l  extract , CSN , or control  materials  such as culture medium were 

inj ected into the substanc e of  the co rnea through a 26 g ( 0 . 45 mm ) x 1 3  mm 

needle .  Suc c e s sful inoculation was c onfi rmed by the appearance of an opaque 

bleb or  star . One o r  two inj e ctions were made into each eye . Whenever 

possible  the ino culum was steri l i s ed by pas s ing through a Mi l lipore fi lter 

0 . 22 fm a . p . d .  

The inj ection s ites were examined dai ly for evidenc e o f  l o cal i s ed o r  

diffuse opacity .  



APPENDIX XVI 

CULTURE MEDIA 

STUART ' S  TRANSPORT MEDIUM 

Formula, 

Anaerob i c  Salt Solution 

Thioglyc o l l i c  acid ( Difc o ) 

S odium hydroxide 1 N  

Sodium glyc erophosphate , 20% aque ous 

Calc ium chloride , 1 %  aqueous 

Di sti l led water 

Adj ustment of pH to 7 . 2  

Agar Solut i on 

Agar 

Di sti lled water 

Di s s o lved by steaming . 

Preparat i on of Medium 

2 ml 

1 2-1 5 ml 

1 00 ml 

20 ml 

90C ml 

6 g .  

litre 

Nine hundred ml of anaerobic  salt s o lution was added to the l i tre  of 

me lted agar and the pH adj usted to 7 . 3-7 . 4 .  Four ml of  0 . 1  per c ent. of 

methylene blue i n  water was anded and the mixture di stributed into s ix ml 

b i j ou bottles , f i l l ing almost to the top . 

Steri l i s ation ,  Autoc laved at 1 2 1 °C for 20  m1n . and c aps tightened 

down immediate ly . 

Storage , Room temperatur8 . 

Nutri ent egar was made up from Oxo id granule s  CM3 

Formula g/1 00 ml 

' Lab-Lemco '  beef  extract 

Yeast extract (Oxoid L20 )  

Peptone ( Oxoid L37 ) 

Sodium chloride 

Agar 

pH 7 . 4  

0 . 1  

0 . 2  

0 .  5 

o .  5 
1 . 5 

MacConkey agar was made up from Oxoid  granules  CM7 

Formula g/1 00 ml 

Peptone ( Oxoid L37 ) 2 . 0  

Lactose  

Bi l e  salts  ( Oxoi d  L5 5 )  

Sodium chloride 

Neutral red 

Agar 

pH 7 . 4  

1 . 0 

0 . 5  

o .  5 
0 . 0075 

1 . 2 



Blood agar cons i sted o f  5-1 0% whole  sheep blood ( c i trated )  added t o  the 

fo l l owing steri l i sed  agar base made from Oxoid  granule s  CM5 5 . 

Formula g/1 00 ml 

' 1ab-1emco '  be e f  extract 1 . 0 

Peptone ( Oxoid 137 ) 

Sodium chloride 

Agar 

pH 7 .  5 

1 .  0 

0 . 5  

1 .  5 

Dextrose  peptone agar 

Formula  

was made up from Oxoid granules CM1 3 .  

g/1 00 ml 

Peptone ( Oxoid 137 ) 

Dextro s e  

Sodium chloride 

Agar 

pH 7 . 2  

2 . 0  

1 . o  
0 . 5  

1 . 5  



APPENDIX XVIa  

BUFFERED SALINE SOLUTIONS 

Phosphate buffered saline (PBS ) 

Formula 

Sodium chloride \ 
Di-potass ium hydrogen phosphate 

Potas s i um di-hydrogen phosphate 

Di sti l led water 

Confirmation of pH 7 . 4  

Di stributed ,  1 00 ml amounts 

g/1 00 ml 

0 . 8  

0 . 1 2 1 

0 . 034 

Steri l i sation , Autoc laved at 1 2 1 °C for 20 min .  

Storage , Room temperature . 

Formalin -�re<t ted PBS had 0 .  5% formalin {l.nalar , 40% form?_ldehyde ) 

addecl (FPBS ) .  

Veronal buffered saline (VBS ) 

Made up from Complement Fixation Te st  Di luent Tablets ( Oxoid , Code BR1 6 )  

Formula g/1 00 ml 

Barbitone 

Sodium chloride 

Magnes i1oo chl oride 

Calcium chloride 

Barbi tone s o luble  

pH 7 . 2  

Di s tributed , 1 00 ml amounts 

0 . 0575 

0 . 8 5 

0 . 01 68 

0 . 0028 

0 . 01 85 

Steri l isation , Autoc laved at 1 2 1 °C for  20  min . 

Storage ; Room temperature . 

ACD s o lution (Acid citrate dextros e ) 

Formula ( for  430 ml b lood )  

Dextrose  

Sodium hydrogen citrate 

Dis ti l led water to 

1 . 7 g 

2 . 0  g 

70 ml 

Steril i sation , by fi ltrati on us ing a Gradocol  membrane , grade 0 3 

(Whatman ) . 



APPENDIX XVII  

STAINING METHODS 

Gram 1 s method 

Air dried smears were fixed by heat 

Methyl vio let  0 . 5% 

I odine s o lution 2%, to wash off 

methyl violet , 

Acetone to  de c o lourise , 2 o r  3 

times and immedia+. ely washed 

off with tap wate r 

Di lute carbol  fuchs in , 5% of 1 %  

s tr ong , 

Washed and b lotted dry 

G i emsa 1 s method 

Fixation by 111e thyl al cohol 3-5 min . 

45 sec . 

min . 

45 sec . 

Gi emsa s tain 1 0%  in pl1osphate: buffer , 

pH 7 . 3 , hr 

'l'Tashed in phosphate buffer pH 7 .  3 

Blotted dry 

Methyl ene b lue 

Air dri ed smears were fixed by heat 

Loffl e rs methylene blue 30% v/v of saturated 

al cohol i c  s o lution , 

Washed and b lotted dry . 

3 min .  
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