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ABSTRACT 

S trains of  lactic  s treptococci  charact eri z ed as bit t er chees e 
s tart ers multipli ed rapidly during normal chees emaking and 
r eached high populations in the curd b efor e s al t ing . The 
multiplic ation o f  s tart er s trains which are typically non­
bitter was inhib i t e d  by the c ooking t emperatures us ed in 
normal ChedQar che e s emaking , even though ac id  production  c on­
t inued . The populations reached were subs tantially l ower 
than with bitt er s tart ers . If  manufacturing c onditi ons were 
alt ered s o  that non-bitter strains reached high numb ers in 
the curd , chees es were bitt er . C o Lvers ely , bitternes s  was 
abs ent , or of reduc ed int ens ity,  when growth of c onventional�y 
bitter s tarters was restri c t ed during chees e manufactur e , 
e ither by the us e of  rai s e d  c ooking t emperatures , or by 
b ac t eri ophage attack . The results of  60 che esemaking trials 
with 1 0  s tarter s trains c onfirmed this as s oc iation b etwe en the 
s i z e  of  s tarter population reached during chees emaking and the 
pres enc e or abs enc e of bitterness . 

A new model is proposed to  acc ount f or the development o f  
b itterne s s  in Cheddar che es e .  Unlike other schemes WLere 
the produc tion of  b i tt er peptides is  attribut ed directly t o  
rennet action on c as ein , the new hypothesis c o nsiders that the 
s t arter s train is respons ibl e  for the format ion of bitt er­
flavoured peptides and do es not merely act to remove them . 
All s tart ers are p o t entially able  to  produc e either bitter or 
non-bitter che es e ,  depending upon the c o nditi ons of  manufac ture 
( inc luding bacteriophage devel opment ) and , henc e , the p opula-
t i on r8ached.  The respons e to s e l ec t ed manufac turing c on-
ditions rather than any singl e differenc e b etween particul ar 
s t arter s trains det ermines the likelihood of bitt erness 
devel opment . 

The key chees emaking trials were repeated us ing as eptic 
t echniques under c ontrolled bacterio logical c onditions . 
Previ ous s tudi es of  as eptically manufac tured chees e uti liz ed  
start ers which gave little Cheddar flavour o r  exhib it ed 
pronounc ed flavour defects . In this inves tigation , che es es  



made as ept ically with Streptoc occus cremoris AM2 alone , 
poss es s ed full Cheddar flavour and no off-flavours provided 
that normal manufacturing proc edures were followed.  Che es es 
made with Al'12 at a l ow c o oking temperature ( 33°C ) and ML8 
che es es made at the normal co oking· t emperature ( 38°C ) were 
extremely bitter and lacking in Cheddar flavour . When 
appropriat e  leve ls  of  bact eriophage were pres ent during 
manufacture , bitt erness was abolished entirely from both the 
ML8 and l ow-c ook AM2 chees es . There were acc ompanying 
increas e s  in Cheddar flavour scores . 

A s earch for temperate bac t eriophages and lys ogenic s trains 
in the l actic str eptoc occ i  us ed as s tart ers in chees emaking 
showed that the oc currenc e of lysogeny or defective lys ogeny 
c ould b e  relative ly widespread . A t emperat e bact eri ophage  
was induc ible  from Str . cremori s R1 by ultraviolet  irradiation 
or mitomyc in C treatment . Induc ed lysates produc ed plaques 
on lawns of 3 clos ely related Str.cremoris s trains , AM1 , SK1 1  
and us3 • Strain SK11 was reaclily lys ogenis ed . Str . cremori.s 
AM1 was the most rel iable  indicator s train , although the age 
of the culture us e d  for s e eding plat es was criti c al . Zones 
of lyeis , but no plaque format�on were obs erved on lawns of 
9 adJiti onal  Str . cremoris s trains . Several other s trains of 
b oth Str . cremoris and Str.lac tis were induc ibl e  by either 
tr eatment but no indic at or s trains for the induc ed phages 
w ere found . The s i gnific anc e of lysogeny in che es emaking 
c annot yet b e . ass es s ed . 
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PREFACE 

Thes e studies were undertaken to  investigat e the role  of  the 
s tart er s treptoc occ i  in the devel opment of bitt erness  and 
che es e  flavour in Cheddar che es e .  Becaus e o f  the s eas onal 
nature of the work and long p eriods r equir ed to obs erve the 
outcome o f  chees emaking experiment s a s econd pro j ect , the 
incidenc e of lys ogeny amongs t the strains of start er s trept o­
cocc i ,  was undertak en concurrent ly with the chees e investiga­
t ions . Mos t  previous studies had c onsidered only virul ent 
b acteriophaGes whereas temperat e bact eriophages had b e en 
virtually ignored . There was no c onfirmed report of lys ogeny 
in group N s treptoc occi when this investigation was c ommenc ed . 
I t  was pos sib l e  that s ome che es emaking charac t eris tic s of 
particular start er s trains were due t o  their lys ogenic nature . 

The results  of c onventional che esemaking trials c arried out 
t o  inves tigat e bitt erness development are report ed in 
S e ction I .  Sec tion II describ es experiments bas ed on che es e­
m aking using as eptic t echniques under c ontro l l ed bact erio­
l ogicel c onditions . The inve3t igations of  t emperate 
bac t,�riophages and lys o geny in the start er streptoc occi are 
contained in Sec tion III. 
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SECTION I 

THE GROWTH OF LACTIC STREPTOCOCCI DURING CHEESEMAKING 

AND THE EFFEC'l' ON BIJ:'rEIDTESS DEVELOPMENT o 

New 

New 

The findings have been published as follows: 

Lowrie, RoJ o, Lawrence, RoCo, Pearce, LoEo & 
Richards, EoLo (1972)o 

Zealand Journal of Dair�l Science and Technology 

1., 4LI--50. 
and 

Lowrie, Ro J. , & Lawrence, RoCo (1972). 

Zealand Journal of Dair;z Science and Technolog;y 

1., 51-53. 
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INTRODUCTI ON 

Singl e s trains of Streptoc occus cremoris and Str . lac t is have 
b e en c harac t eriz ed acc ording to  their tendency to  produc e 
bitter flavour vv-hen us ed  as start ers in the manufacture of 
Cheddar che e s e  ( Emmons et  al . 1 962 ; Lawrenc e & Pearc e ,  
1 97 2 ) . Whi l e  there is  general agreement that b ittern es s  in 
che e s e  is c aus ed by the accumulation of b i t t er peptides 
resulting from the act i on of  proteolytic enzymes on c as ein , 
the relative c ontributi ons of  rennet and s t arter prot einas e 
ac t ivity to  the formati on and degradation o f  bitter-tas ting 
p eptides ha?e not b e en resolved . 

C z ul ak ( 1 9 59 )  sugges t ed that the formation of  bitt er peptides 
was primarily due to  the action of  rennet  on cas ein ,  and that 
the s e peptides were degraded by proteolytic enzymes of  
"non-bitt er r: lactic s treptoc occ i  but not by "bitt er " s trains . 
Henc e ,  the s tarter s tr eptoc occ i  pJ.ayed no s i gnificant part 
in the development of b i tt erness . Bitt er start ers , acc ord­
ing to Czulak , had an entirely neutral rol e  and non-bitt er 
s trains degraded the b i t t er p eptides formed by rennet . 
Other invest igators have inter�ret ed their data to  support 
this hypothesis  ( C zul ak & Shimmin , 1 961 ; Emmons et al . 1 962 ; 
Jago , 1 962 ; Stadhouders , 1 962 ) . Sullivan & Jago ( 1 970a , 
1 970b ) suggested that the pos s ession of a pyrrolidone 
carboxylyl p eptidas e by non-bitt er , but not by bitt er 
starters , was the crit ical differenc e b etween s trains in 
the ir ab ility to degrade bitt er peptides . The detail ed 
inves tigati on of Exterkat e & Stadhouders ( 1 971 ) and sub s e­
quent s tudi es ( Sullivan et al . 1 973 ) however , showed that 
pyrro lidone carb oxylyl p eptidas e ac tivity was not only pres ent , 
but was oft en higher in c ell  extrac ts from bitter s trains 
than from non-bitt er s trains . 

An alternative to Czulak's hypothesis is that bit t er s trains 
of lactic s treptoc occ i are directly respons ib l e  for the 
formation of bitt er pcptides from cas ein , or from products  
of  rennet  action on c as ein . Gordon & Speck ( 1 96 5 )  report ed 

· that bitter s tart ers , in  c ontras t to non-bitter s trains , 
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c ould form bitt er c ompounds from c as ein in the abs enc e of  
rennet , which they attribut ed to greater pro t e olytic ac tivity 
by bitt er strains . Klimovsky et al . ( 1970 ) have als o sug­
gested that bitt er start ers pos s es s  greater proteolytic  
ac tivity than non-bitter s trains . The results of Harwalkar 
& Seitz ( 1 971 ) ,  who have c onc lusively sho�n that proteolys is 
of cas ein by bac t erial enzymes alone is suffic i ent to produc e 
bitter flavour c omponents , als o s ugges t  a pos itive role  for 
bitter s tart ers in the production o f  bitt erness  in ch e es e .  

In the pres ent s tudy , the growth characteris t i c s  of  bitter 
and non-bi t -';er s trains were inves tigated , init ially us ing a 
laboratory activity test  ( Pearc e ,  1 969 ) and sub s equently in 
chees emaking trials .  The results show that there is  a c lo s e  
ass oc i ation b etween the start er population reached during 
chees e manufacture , and the pres ence or abs enc e of bitt erness , 
suggesting that s t art er s treptoc occi contribut e direc t ly to 
the formation of  b itt er-flavour e d  c omponents .  

l"'ETHODS 

The che es emaking proc edures , manufacturing rec ords and 
meth0ds for chemical and b ac t eriological analys es and 
flavour evaluati on are reported in detail in Appendix I. 
The following is a summary of  thes e methods . 

Start ers and bac t eriophages 

Streptococcus cremoris s trains AM2 , HP and SK1 1  and Str . 
lactis s train ML8 were from the Ins titute culture  c o l l ec tion .  
Start er s trains were subcultured ( 1 %  inoculum) twice  we ekly 
in autoclaved reconstitut e d  skim milk ( 9 . 5% s ol ids ) , held  at 
4°C and incubate d  at 22°C overnight b efore sub -c ulture . 
Bulk start ers for chees emaking were grown in s t eamed 
( 1 . 75 h) whol e  milk ( 0.25-0 . 5% inoc ulum , 16 h ,  24°C ) . 

Whey s tocks of b ac teriophages were pr epared by  inf ec t ing the 
appr opriate host s trains with low l evels of the homol ogous 
bac t eri ophage ( 1 02-1 03 plaque forming units/ml ) during e arly 
logarithmic growth in autoc laved skim milk . Phage-infec t ed 



c ultures  were incubat ed at 30°C for 5 h ,  ac idified  ( 0 . 1  ml 
1 0% lactic  acid/ml c11ltur e ) , and c entrifuged ( 1 2 , 000 x g, 

1 4 .  

1 0  min) . The supernatants were assayed on the homologous 
hosts by s o ft agar overlay on M1 6 agar plates c ontaining 
0 . 005M c al c ium borogluconat e ( Lowrie  & Pearc e ,  1 971 ) .  Whey 
s t ocks c ontained 1 -5  x 1 09 plaque-forming units ( PFU ) /ml . 

Cheese  manufacture  

Cheddar chees es were  manufac tur ed from past euriz ed ( 72°C/ 
1 5  s ec )  c omm erc ial whole  milk , in the Institut e ' s  Proc e s s ing 
Hall by a small scale  ( 320 1) s imulation of  c onventional 
c ommercial methods . The s am e  calf  vell r ennet  l evel ( 22 ml 
r ennet/1 00 1 milk) and s etting t emperature ( 31 . 7°C )  were us ed  
in all experiments .  The titratab l e  ac idities at which the 
vats were run , dri e d ,  milled and s alt ed wer e , as far as pos s ­
ibl e ,  kept c onstant b e tween exp eriments . The s i z e  of cub es 
formed when the c oagulum was c ut end the ext ent o f  dry­
s tirring had to b e  alt ered when different cooking t emperatures 
were us ed , jn order to keep the mois ture c ont ent o f  the chees es 
within normal limits .  Aft er overnight pressing , chees e s 
( 1 8  kg) wer e film wrapped and �atured for 1 4  days at 1 3°C and 
s ubsequently at 7°C .  

Analys es of  the chee s e s  1 4  days aft er manufac ture showed 
that the mois ture c ont ents ( 3 1 . 1 -3 5 . 7�) , fat c ont ents 
( 34 . 5-39. 0% ) , salt-in-mois tur e  values ( 3 . 84-5 . 4��) and pH 
( 4 . 88- 5 . 1 6 ) were all within the acc epted limits for c omm ercial 
N ew Zealand Cheddar . 
Appendix I .  

Bitternes s  evaluation 

Compos i t i onal details are r ec orded in 

The occurrenc e and intensity o f  bitterness in che e s es , 3 and 
6 months aft er manufacture were as s es s ed as describ e d  by 
L awrenc e et al . ( 1 972 ) . 



Lab oratory ac tivity t ests  

Lab �ratory ac tivity t es t s  of s tart er strains were bas ed on 
the method of  Pearc e ( 1 969 ) . Pas t euriz ed whole  or rec on­
s t i tut ed skim milk was chilled , inoculat ed with the appro­
priat e start er ( ��) and divided into 10 ml quantities  in 1 9  
x 1 50 mm test  tub es . Cultures were incubat ed over the 
Che ddar cheesemaking t emperature profile  for 5-6 h .  Rennet 
( 1 :5000 ) was added after 20 min incubation . At each 
s ampling time two cultures were chilled in ic e wat er , and the 
curd and whey mac erat ed . The viab l e  colony c ount was deter­
mined from one culture , and pH from the other . The time 
taken by a starter s train to reach pH 5 . 2  in the act ivity 
t e s t  is  almost the s ame  as the "s et  to  salt" time in ac tual 
Cheddar che es emaking ( Pearc e , 1 969 ) . In the standard 
ac t ivity t es t  inoculat ed cultures  were incubated initially at 
31 . 7°0 for 70 min with rennet addition aft er 20 min incubation. 
Th e  t emperature  was rais e d  gradually over 30 min t o  reach 
37 . 8°0 at 1 00 min , and the cultures held at this t emperature 
unti l  the time equival ent to running of the whey in chees e­
making ( 1 80 min) , when the cultures were c o o l ed s l owly t o  
36 . 7°0 over the next 30 min . Aft er 60 min a t  36 . 7°0 
cultures were again s lowly c cGl ed over 30 min to 31 . 7°0 .  I f  
nec ess ary ,  incub ation was continued at 31 . 7°0 unti l  the 
cultures reached pH 5 . 2 .  

Start er colony c ounts 

Milk or curd s amples ( 1 0  g) were chilled and added to 90 ml 
chil led 2% tris odium c itrate in an AtoMix b l ender ( Measuring 
and Sc ientific Equipment Ltd , Crawl ey , England) .  Bl ending 
at full speed ( 1 3,000 rpm) for 2 min homogeniz ed the s ampl es 
and reduc ed chains of  s tr ept·oc occ i to  an average c o l ony 
forming unit ( OFU) of 2 . 3-3 . 0  c el ls depending upon the s train 
(Mar t l ey ,  1 972 ) . The effic i ency of  the b lending was checked 
microscopically . Blended samples  were dilut ed in 1 /1 0  
s trength M1 6 broth and plated for c olony counts by s oft agar 
overlay on M1 6 agar plat es (Lowri e & Pearce , 1 971 ) .  Plat es 

. 0 were incubated at 30 C for 1 8-24 h .  Assays for bac t erio-
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phage were c arried out on all s amples in chees emaking trials . 
The c olony c ount data was disregarded if the bacteriophage 
titre was greater than one hundredth of the dilut i on at 
which the s �ple gave adequate s t arter c ol ony c o unts . 

In cheesemaking experiments the c o l ony c ounts/g s ampl e  were 
multiplied by the rat i o  of the s olids c ontent of  finished 
chees e to s ol ids c ontent of s ample . All c olony c ounts  are 
therefore expressed as c olonies/g finished cheese, thereby 
overc oming the problems ass oc i ated with the changing moisture 
c ontents of s amples from different s tages of the cheesemaking 
proces s . In  activity tests the s alliple c omprised the ent ire 
c ontents of a '1 0  ml culture. Therefore, no c orrec ti on for 
the changing moisture c ontent was necess ary in these 
experiments .  

RESULTS 

Lab oratory activity tests  

Lab oratory act ivity tests,  which s i mulate cheesemaking c on­
diti ons , were us ed to c ompare the growth charac teristics  of 
the non-bitter s train Str . c remoris AM2 with Str . lactis  ML8, 
a typically bitter starter . ML8 grew rapidly throughout the 
standard ac tivity test  to a final population of greater than 
'1 09 CFU/ml and reached pH 5 . 2  in les s  than 5 h ( Fig . '1) . 
The growth pattern of  AM2 , on the other hand, was quite  dif­
ferent . The c olony count increas ed steadily in the early 
s tages of the activity tes t  and reached 1 08 CFU/ml after 
30 min at the cooking temperature o f  37 . 8°C .  Even though 
the pH c ontinued t o  fall, there was no further increas e in 
the viable colony c ount until the t emperature was reduc ed t o  
3'1. 7°C at 270 min . I n  the ·final hour required f or the 
cultures to reach pH 5.2 there was . a small but regular 
increase in colony c ount ( Fig . '1 ) . 

In ac tivity tes ts  carried out over the normal Cheddar cheese­
making temperature profile, the populat:i.on of .Al'12 was never 
greater than one-tenth that of ML8 at the time equivalent to  
s alting (pH 5 . 2 ) . Furthermore , microscopic examinat i on 
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Growth of Str. cremoris AM2 and Str. lactis ML8 during laboratory activity tests at different 
cooking temperatures. 

In standard activity tests at the normal cooking temperature, incubation was initially at 
31.7°C (A).  Rennet was added at 20 min (B) and at 70 min (C) the temperature was 
raised gradually over 30 min to 37.8°C ([)). After 80 min at the cooking temperature of 
37.8°C (E) cultures were cooled slightly to 36.7°C, then further cooled (F )  over 30 min 
until the original setting temperature of 31.7°C (G) was reached. 

The times at which cultures reached pH 5.2 are indicated by the arrows. 

The high temperature cooking experiments differed from the standard activity test in that 
cultures were at 39.4°C from D to E, instead of 37.8°C. In low cooking temperature 
experiments, the temperature from D to F was 33.3°C. 

• , AM2 at cooking temperature of 37.8°C; 6. , AM2 at cooking temperature of 33.3°C; 
o , Mla at cooking temperature of 37.8°C; • , Mla at cooking temperature of 39.4°C. 
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showed that AM
2 

cocci,  in c ontras t to ML8, were abnormal and 
dis t orted in appearanc e towards the end of the act ivity t e s t . 
The c ooking t emperatur e of  normal chees emaking ( 37 . 8°C ) , us ed  
in thes e activity tests,  was s ome  3°C above the  l ab oratory­
det ermined optimum for growth of AM2 • I t  was not unexpec t ed , 
there fore, that AM2 under thes e c onditions did not multiply 
as well  as ML8 which has a higher t emperature optimum . 

The r esults obtained in activity tests when AM2 was incubat e d  
a t  a l o w  c o oking t emperature and ML8 at a high cooking 
t emperature  are als o  shown in Fig . 1 .  AM2 b ehaved as a fast 
s tarter at �3 . 3 °C ,  the l owest c ooking temperatur e  at which 
Cheddar che es e can be r eadily manu£a0ture d .  Under thes e 
c onditions AM2 grew to  the same  high populations found with 
ML8 in the s t andard activity t es t, and als o  r eached pH 5 . 2  
in l e s s  than 5 h .  C onvers ely, the multiplication of ML8 was 
retarded when the c ooking t emp erature was increas ed to 39 . 4°C .  
Thi s  inhibition of ML8 was l es s  s evere  than obs erved with 
Al'12 at normal cooking t emperatures ( Fig . 1 ) .  The respons e of  
ML8 in acti�i ty tests t o  c ooking t emperature s  even higher than 
39 . 4°C was not investigat ed s inc e the advers e effects of 
exc e s s ively high cooking t emperatur es on the physical prop­
erties of the curd could have r esulted in s om ewhat abnormal 
chees e when the experiment was extended to actual chees emaking 
trial s . 

Che es emaking trials 

Chees emaking trials were undertaken to det ermine whe th er the 
changes induc ed in the growth charact eris tics  of AM2 ��d ML8 
by the us e of  different c ooking t emperatures  would influenc e 
the development and intens ity of bitter flavour . AM2 was 
us e d  as s tart er in che e s e s  c·o oked at 33 . 3°C and 37 . 8°C,  and 
ML8 in che e s e s  cooked at 33 . 3°C,  37 . 8°C and 39 . 4°C .  The 
manufacturing details and the star t er colony c ounts in s ample s  
taken a t  s etting, drying, mil l ing, b e fore s alting and aft er 
overnight pressing are shown in Tab l e  I .  



TABLE 1. CH E ESE MANUFACTUR Ea AT LOW, NORMAL AND H I GH COO KING TEMPERATU R ES 

Starter strain "Slow, non-bitter" strains "Fast bitter" strains 

AM2 SK11 M L8 HP 

Cooking temperature (°C) 33.3 37.8 33.3 37.8 33.3 37.8 39.4 37.8 39.4 

Inoculum (%) 2.2 2.0 2.0 2.3 1.8 1.8 2.2 1.8 1.8 

Time (h:min) 

set to dry 2:45 2:55 2:35 2:50 2:35 2:45 2:55 2:50 3:10 

dry to salt 2:00 2:45 2:55 3:40 2:25 2:25 3:10 2:00 2:55 

Total make time (h:min) 4:45 5:40 5:30 6:30 5:00 5:10 6:05 4:50 6:05 

Titratable acidity (%) 
dry 0.16 0.16 0.15 0.16 0.15 0.15 0.15 0.17 0.17 

mill 0.56 0.54 0.52 0.51 0.52 0.55 0.51 0.54 0.55 

salt 0.72 0.72 0.66 0.67 0.71 0.71 0.62 0.71 0.67 

Starter colony countsbx1o-6 

initial 170 150 200 220 170 160 190 87 91 

dry 800 530 2.400 480 2.400 3,400 2,100 750 540 

mill 2,500 350 3,600 360 5,800 4,700 3,200 1,100 360 

before salting 5,300 280 4.400 270 5,200 4.400 2,700 980 230 

after overnight pressing 260 7.2 280 5.9 4,300 3,700 840 370 78 

a Cheeses were manufactured by a small-scale simulation of normal commercial methods (Appendix 1). 
temperature was 31.7°C. 

The rennet level was 22 ml/100 I milk and the setting 

b Samples were blended and plated for colony counts which are expressed as colonies/g finished cheese. � U) 
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The effects o f  the s elected c o oking temperatures on the growth 
o f  AM2 and ML8 in cheessmaking were s imilar to  tho s e  obs erved 
in activity tests . At the normal c o oking temperature of  
3 7 . 8°C AM2 apparent ly underwent only 2 populati on doub l ings , 
and the viab le  c ount decreas ed slowly from drying unti l  s alt­
ing . ML8 doubled s ome 5 times giving a cel l  p opulation before 
s alting over 20 times greater than that of AM2• I t  is  pos­
s ible that AM2 reached its highest population bef ore drying , 
b ut this was not determined bec ause of  difficulties in 
obtaining representative s ampl es from the chees e vat between 
c utting and drying . 

At the l ow c ooking temperature o f  3 3 . 3°C, AM2 behaved as a 
typical fas t starter in cheesemaking .  In c ontrast to  manu­
f acture at normal temperatures , AM2 c ontinued t o  divide 
throughout the whole cheesemaking process  undergoing 5 
population doublings t o  give the high col ony count in the curd 
b efor� saltjng that is charac teristic of b itter s t arter 
s trains . I n  addition, the "set to f3alt" manufacturing time 
was reduc ed by almost  1 h .  The growth of  a sec ond s low non­
b i tter starter , Str . cremoris SK1 1 , was als o  inves tigated in 
chees emaking trials with normal and l ow c o oking temperatures 
( Tab�e I ) . Both the response to  the lowered c ooking tempera­
ture , and the colony c ounts rec orded livere almost i dentic al to 
those  obtained with AM2 • The p opulation of ML8 ( Tabl e  I )  
was also  increas ed in cheese c ooked at 33 . 3°C .  However , in 
this case the differences in c ol ony c ount was relatively smal l , 
the manufac turing time only 1 0  min faster , and the growth 

0 p attern the s ame as at the normal temperature of  3 7 . 8  C .  

Cheese manufacture with cooking and cheddaring at the higher 
than normal temperature of 39. 4°C c aused ML8 to  b ehave as a 
s l ow starter in terms o f  chees emaking time .  Although the 
c ol ony counts were reduced at all b ut the first  s ampl ing time , 
the counts were still  greater than those observed in normal 
AM2 cheesemaking , even with a higher temperature during 
cheddaring ( Table I ) . A growth pattern more like that of  
AM2 in normal manufacture was observed when chees es made with 
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the bitt er Str . cremoris strain , HP, was cooked but not 
o· cheddared at 39 . 4  C .  The effect on ac id produc t i on was 

unnecessarily s evere if  HP, like  ML8 , was cooked and 
cheddared at this high temperature . From Table I it  c an b e  
s een that when the c ooking t emperature was rais ed from 
3 7 . 8°C to  39 . 4°C the HP colony c ounts at drying , mil ling and 
s alting were alt ered to the patt ern obs erved with AM2 and 
SK1 1  under normal che es emaking c onditions . 

Flavour evaluation 

Bitt erness  s c ores of chees es , 3 and 6 months after manufac­
ture , are shown in Tabl e  I I . Che eses  made with ML8 and HP 
under standard manufacturing c onditions were c ons i s t ently 
bitter ,  and those  made with AM2 and SK1 1  c ons ist ently non­
bitter ,  in all  che es emaking trials where the curd was c o oked 
at the normal t emperature of  37 . 8°C .  

Without exc eption , AM2 and SK1 1  che e s es manufactur ed at a 
low cooking t emperature were , in c ontrast t o  thos e made at 
normal cooking t emperatures , very b1tter when tas ted  at 3 
months . The tas t e  panel memb ers unanimous ly as s i gned high 
bitt ernes s s c ores to  the 3 month che es es , but at 6 months the 
range of s c ores  from individual tas t ers was wider . The 
average s c ores  ( Tab l e  II ) show ,  however , that the int ens ity 
of bitternes s  in AM2 and SK1 1  chees es manufactured at a low 
c ooking t emperatur e  was significantly lower when chees es  had 
matur ed for 6 months . ML8 , a bitter start er at 37 . 8°C ,  gave 
increas ed bitt erness in che e s e s  manufactured at the lower 
c ooking temp erature . The intens ified bitt erness was evid ent 
at both 3 and 6 months ( Table  I I ) .  

The typically bitter s tart ers , ML8 and HP, s howed a reduc ed 
t endency to  produc e bitt erness i f  chees es were manufac tured 
at a high c o oking temperature . Bitt ernes s was almost  
abs ent from HP che es es and s i gnific antly reduc ed in ML8 
che es es c ooked and cheddared at 39 . 4°C both 3 �d 6 months 
aft er manufac ture . 



TABLE 11. BITTERNESS8 O F  CHEESES GRADED 3 AND 6 MONTHS AFTE R MANU FACTU RE 

Starter No. of Cook Bitterness at 3 months B itterness at 6 months 

strain trials Temp. (OC) 
meanb meanb min. max. min. max. 

AM2 3 33.3 3.5 3.1 3.8 2.7 2.0 3.7 
6 37.8 1 . 1  1 .0 1.1 1.1  1.0 1 .1 

SK1 1  2 33.3 3.6 3.5 3.7 2.8 2.5 3.2 
2 37.8 1.1  1 .0 1 .1 1 .1  1.0 1.1 

M L8 2 33.3 3.0 2.5 3.5 3.8 3.8 3.8 

2 -37.8 2.7 2.4 2.9 3.2 3.0 3.3 
2 39.4 1 .7 1 .1 2.3 2.3 2.2 2.3 

HP 3 37.8 3.2 3.0 3.3 2.9 2.6 3.2 
3 39.4 1.9 1 .4 2.5 1.5 1.0 2.4 

HP 2 37.8 3.2 3.1 3.3 3.4 3.0 3.8 
2 37.8c 2.5 2.3 2.7 2.5 2.5 2.5 
2 37.8c 1 .9 1 .8 2.0 1 .8 1 .5 2.1 
2 37.8c 1 .4 1 .3 1 .5 1 .4 1.3 1.4 

a Cheeses (randomized coded samples) were gra�ed for bitterness by a panel of 8 - 10 experienced tasters on the following scale: 
1, bitterness absent; 2, bitterness possibly present; 3, definite bitterness; 4, intense bitterness; 5, extreme bitterness. 
Individual scores were averaged to give a mean panel bitterness score for each cheese. 

b Most cheesemaking trials were carried out twice. The maximum, minimum and mean panel scores of the cheeses are shown. N 
c Increasing amounts of bacteriophage hp added to each vat (see Table Ill). 

N 



In all experiments ,  chees es were bitter when the c ooking 
t emperature permit t ed either bitter or non-bitter strains 
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to  grow to a high population in the curd . C onversely , when 
s tarter growth had been limited , b itterness was absent or of 
reduc ed int ens ity in the chees es . It seemed likely , there­
fore , that reduction of the population of a normal ly bitter 
s tarter by bacterioph�ge action might also prevent or reduc e 
the development of bitt ernes s . 

Bacteriophage infec tion during chees emaking 

A s eri es of chees emaking trials was c arried out in which the 
b itter s t arter Str . cremoris HP was infec ted wi th small but 
increasing numbers of its homologous , virulent bac t eriophage 
immediately after the starter was added to the chees e vat . 
Infection with l ow levels of  bacteriophage had little effec t  
on ac id production , and presumably on the starter populat i on , 
until late in manufac ture. From Tab l e  III  it c ari b e  s een 
that the required titratab l e  a�idities for running , drying 
and milling were reached in s imilar times in the phage­
infected ana the c ontrol  vats . The time required to  r each 
the s alting acidity increas ed yrogr essively with the level  
o f  ir.:i_tial bacteriophage infec tion indicating that s ignificant 
lys is of the start er was occurring after milling . I t  was 
not pos sib l e  to obt ain meaningful s tarter colony c ounts 
b ec ause high bacteriophage levels near the end of manufac ture 
interfer ed with the plate c ount as s ays . An att empt t o  over­
c ome thic difficulty , by plating for HP c ol onies on agar 
c ontaining an antis erum to the bac t eriophage , was unsuc c e s s ful 
b ec aus e the neutraliz ing ac tivities of the available antis era 
were too l ow .  

The flavour evaluati on r esults ( Tab l e  II ) show that even very 
low  infection with b ac t eriophage was suffic i ent to reduc e the 
b itterness  of HP cheeses made und er otherwis e normal c ondi­
t i ons . Increas ing l evels of b acteriophage irfec tion 
brought ab out a progr ess ive decrease in the int ens ity o f  
bitternes s .  The HP chees e in which ac id produc tion had been 
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TAB LE I l l. 

CHEESE MANU FACTU RE8 WITH STR. CREMORIS HP I N  THE PRESENCE O F  
ADDED BACTE R I OPHAGE 

Bacteriophage (P FU/ml 
milk) added before rennet 0 50 500 

Time (h:min) 

set to dry 2;45 2:50 2:50 

dry to mi l l  1:30 1:30 1:35 

mill to salt 0:35 0:35 0:45 

Total time (h:min) 

set to salt 4:50 4:55 5:1 0  

Titratable acidity (%) 

run 0.1 5  0.1 5  0.1 5  

dry 0.17 0.17 0.1 7  

mill 0.54 0.53 0.53 

salt 0.72 0.72 0.72 

a Detai ls of cheese manufacture are given in Appendix I. 
The starter inoculum was 1.5%, the rennet level 22 ml/100 I milk, and the cooking 
temperature, 37.8°C. 

· 

2000 

2:50 

1:45 

1:05 

5:40 

0.1 5  

0.17 

0.52 

0.72 



most  affec t e d  by bac t eriophage , although non-bit t er , was 
s lightly abnormal in b o dy and pH . 

Additional experiments 

2 5 .  

The findings shown in Tables I and I I  have b e en c onfirmed in 
s tudies with 1 0  starter  strains in a total of 60 che es emaking 
experiments . Regardl ess  of the previous c las s i fi c ation of a 
s train as bitt er or non-bitter (Lawrenc e & Eearc e ,  1 97 2 )  
there was an unmistakeab l e  trend obs erved i n  every experi-. 
m ent . I f  the starter populations were increas ed , bitterness 
was produc e d  or int ens i fied .  I f  the star t er populations 
were decreas ed , by bac teriophage action or as a r esult o f  
manufacturing c onditions , bitternes s in the che es e was 
reduc ed or eliminat ed . The results  are summariz ed in 
Tab l e  IV and detai l ed data is given in Appendix I .  

DISCUSSION 

Starter populations and bitt erness development in Cheddar 
che es e  

There is a s triking differenc e b etwe en bitt er ru1d non-Gitter 
s trains of lactic s treptococci  in their growth charact eristics 
b o th in laboratory activity t ests  and in actual che e s em�cing 
trials . Bitt er s trains grew rapidly under normal che ese­
making conditions and reached high populations in ·the chees e 
curd prior t o  s alting . The multiplicati on of non-bitter 
s trains , on the other hand , was inhibited at the normal 
c o oking t emperature in chees emaking . The highest  viab l e  
c o l ony c ount was rec orded at drying and the c ount 
pro gressively decreas ed in the lat t er half of the manufac­
turing proc ess . Henc e ,  the populati ons of non-bitt er 
s t art ers were substanti ally lower than thos e  of bitter s trains 
b ef or e  the c urd was s alt ed .  

When the c o oking t emperatur e  was reduc ed t o  33 . 3°C ,  non­
bitter strains were abl e  to c ontinue multiplic ation through­
out the making proc ess  and reached the higher populations 
characteristic  of bitter start ers in normal che es emaking . 



TABLE IV. SUMMARY O F  E F FECTS O F  MAN U FACTURING CON DITIONS DURING CHEESEMAKING 
ON BITTERNESS PRODUCTION IN CHEESES MADE WITH 10 DIF FERENT STARTER STRAINS.a 

Starter Cheese manufacturing conditions 

Strain classification special characteristics object technique used no. of 
trials 

AM2 non-bitter ( consistently produces control normal manufacture 7 
( good-flavoured cheese increase starter no. low cooking temp. 3 

E8 variable ( attacked by rapidly control normal manufacture 2 
( multiplying phages increase starter no. low cooking temp. 2 

HP bitter ( typically bitter control normal manufacture 5 
( strain decrease starter no. high cooking temp. 3 

decrease starter no. bacteriophage 6 
increase starter no. reduced cooking temp. 1 

KH bitter similar to HP control normal manufacture 1 
(phage affected ?) 

132 bitter ( phage-resistant control normal manufacture 3 
( derivative of KH increase starter no. low cooking temp. 1 

decrease starter no. high cooking temp. 2 

ML1 non-bitter ( atypical in control normal manufacture 2 
variable ( several properties increase starter no. low cooking temp. 2 

ML8 bitter strain of Str. lactis control normal manufacture 2 
fruity increase starter no. low cooking temp. 2 

decrease starter no. high cooking temp. 2 

sK11 non-bitter ( derivative of AM 1 control normal manufacture 2 
( used as AM 1 substitute increase starter no. low cooking temp. 2 

z8 bitter control normal manufacture 1 
increase starter no. lower cooking temps. 2 
reduce starter no. high cooking temp. 1 
bacteriophage affected during make 4 

166 bitter ( new starter: no control normal manufacture 1 
( phage detectable reduce starter no. high cooking temp. 1 

a Details of manufacturing procedures and analyses are given in Appendix I. 

Mean bitterness scores 

3 months 6 months 

1.1 1.0 
3.5 2.8 

2.3 1.8 
3.3 2.8 

3. 2 3.0 
1.9 1.5 
1.9 1 .9 
3.3 3.6 

1.9 2.1 

2.8 2.9 
4.1 3.8 
1.5 1.5 

1.9 1.9 
4.0 3 .6 

2.7 3.2 
3.0 3 .8 
1.7 2.3 

1. 1 1.1 
3.6 2.8 

2.9 3.6 
3.6 3.9 
2.0 2.9 
1.4 1.1 

3.1 3.3 
2.8 2.9 

I 

i 
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The chees es  completely normal in analys is  1 4  days after 
manufacture, were very b itter  when tasted at 3 months by the 
flavour evaluation panel. The bitt erness s c ores  were, 
however , s ignificant ly l ower when che eses  had matured for 6 
months . 

A high c o oking t emperature  during che es e manufacture with 
c onventiona�ly bitter starters s imulated the t emperature 
inhibition impos ed on non-bitter s trains during normal 
Cheddar manufacture . The rec overab l e  colony c ount was 
reduc ed at all sampling times . The growth pattern of  the 
b itter Str . c remoris s train, HP, in chees es c o oked at 39 . 4°C 
was very s imilar to  that o f  the non-bitt er s train AM2 in 
normal che es emaking .  The viab l e  colony c ounts o f  I'1L8 in 
chees e c o oked and cheddared at 39 . 4°C were reduc ed to  only 
two-thirds of the values found under normal manufac turing 
c onditions . It was not unexpected that this co oking �empera­
ture  inhibi t ed ML8 l ess s everely than HP, s inc e the optimal 
growth t emperatures of Str . lactis  s trains are higher tnan 
tho s e  of mos t Str . cr emoris s trains . Nevertheless,  che es es  
made with HP or ML8 , in which the  s tarter population had b e en 
r educ ed were consist e�t ly l es s  bitt er than c ontrol  che es es  
made on the  s ame day. 

Bitterness  development 1n che es e was always pr event ed or 
r educ ed when the population of a bitter start er was limited 
either by a high c o oking t emperatur e or  by bact eriophage  
action during manufacture . When the  cooking t emperatures 
were varied to  alter the s i z e  of  the s tart er population the 
cheesemaking times als o  varied . The results of Lawr enc e & 
Gil l es ( 1 969 ) , however, have c l e arly demonstrat ed that the 
d evelopment of  bitt ernes s in che es e  is  not pre-det ermin ed by 
the rat e o f  ac id produc tion .  Furthermore, there were 
s i gnificant reducti ons in b it t erness int ens ity in chees e made 
�ovith HP in the pres enc e of added bac t eri ophage even though 
the rates of  acid production were nearly identical t o  rate s  
i n  c ontrol vats which gave bitter chees es · . 



28 . 

Thes e  experiments indicat e the need  for an ext ens ive 
r evi s i on of the hypothes is propos e d  by Czulak ( 1 959 )  t o  
acc ount for bitt erness in chees e ,  and a r e- evaluation of  the 
data int erpreted to support it . C z ulak ( 1 959 ) ass igned to  
non-b i t t er start ers the positive r o l e  of  degrading bitter 
peptides  produc e d  by r ennet ac tion on cas ein . In our 
experiments ,  che es es were bitter if the population of a non­
bitter s t art er was increas ed to levels found with bit t er 
s trains . The C z ulak hypothesis would predic t that s uch 
che e s e s  should have remained non-bitter .  C onvers ely , if  
bitt er s t art ers have the negative and pas s ive role  implied  
by this hypothesis , che es es should have s t i l l  b e en bitter 
when the populat i on of a bitter start er was reduc e d .  Again , 
the experiments r eported here show the opposite  result . 

I f  the che es emaking c onditi ons permitted s tart er strains to  
grow t o  high populati ons in the che e s e  curd the che e s e s  were 
invariably bitter , regardl es s of the bitt er or non-bitter 
charac t eristics o f  the s train in normal Cheddar manufacture . 
All s trains �ust therefore b e  potentially c apab l e  of c on­
tributing directly to  the formation o f  bitt er-flavoured 
c omponents in che es e .  The s tandard c ooking t emperature in 
Ched�&r manufacture ( 37 . 8°C ) , is near the optimum growth 
t emperatur e of c onventionally bitt er s tart ers , but s ub­
stantially ab ove that of non-bitter s trains . Indeed , many 
of the fast ( and b itter )  s trains in c ommerc ial us e in N ew 
Zealand today were s el ec t ed origina l ly for their ability t o  
rapidly reduc e methyl ene b lue at 37°C .  I t  is  possib l e  that 
the limitation of grov;th o f  non-bit t er start ers in normal 
Cheddar manufactur e may b e  related t o  the l o s s  of a s ingle 
t emperature-s ens itive  enzyme act ivity . Alt ernatively the 
r espons e o f  thes e strains t o . other 'changing factors during 
chees emaking , for example  pH , may b e  altered  U..."'lder c onditions 
of t emperature s tr es s , thus influenc ing subs equent activity 
during che es e maturation . 



A new hypothe3is  to ac c m.mt for the development of bitter­
nes s in Cheidar chees e 
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A s impl e  hypothes is which can acc omodate all  of  the availab l e  
evidenc e on bitterness  production in Cheddar che es e i s  sho1� 
schematically in Fig . 2 .  I t  is based upon the findings of  
Lawrenc e et al . ( 1 972 ) , Martl ey & Lawrenc e ( 1972) and the 
results reported in this s ection , all of which show that the 
s tart er streptococci are predominantly respons ib l e  for the 
development o� bitterne s s  in che es e .  
c ons ists of  2 maj or s t eps followed by 
b e  of les s e� importanc e ,  as follows : 

The propos ed mechanis m  
a third step which may 

( i )  

( ii )  

( ii i ) 

degradation o f  c as ein by r ennet produc es a pool  
of high mol ecular weight ( MW) peptides which 
are most ly non-b itter . 
s omE:: of  the s e  p eptides are hydrolys ed by the 
prot einas es of the s tart er st�eptococci  to l ow 
MW b itter peptides . 
thes e may in turn b e  further degraded to  non­
bitt er peptides and amino acids by p eptidas es 
from the start er s trep�ococci . 

The . es s ential feature o f  this hypothesis is  that all s tart er 
streptococci are potentially either bitter or non-bitter .  
The pres enc e or abs enc e o f  bitt erness in che es e  depends upon 
the influenc e of manufacturing c onditions ( including the 
amount of b ac teriophag e ) on particular start er s trains . 
Evidenc e for the s equenc e shown in Fig . 2 i s  given below.  

Act i on of  rennet ( 1) . The s impl est  interpretation of the 
data of  Lawrenc e et al . ( 1972 ) s uggests that the maj or role 
of  r ennet in flavoUI· development is  to provide high MW , 
predominant ly non-b itt er peptides which are the precurs ors 
of the bitter peptides . The formati on o f  b i tt er peptides 
by c al f  vel l  rennet ( 1 a ,  2a in Flg . 2 ) is c ertainly pos s ib le .  
However, in vi ew of tb e low c onc entration o f  rennet  normally 
us ed for che es e�aking , and the relatively high specificity 
of  the enzyme , its importanc e in bitternes s  development in 
Cheddar chees e is  c ons idered to  have been over- emphasiz ed . 
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Fig. 2. A model for bitterness development in Cheddar cheese. The bold arrows show the 
progressive sequence that is considered to be most important. The broken arrows show 
steps which are possible but unlikely to be significant in contributing to bitterness 
intensity. The intensity of bitterness in cheese made under normal conditions is dependent 
primarily on step 2, but may depend to a greater or lesser extent upon the balance 
between steps 2 and 3 in cheese made under less normal conditions. 
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Formation o f  bitter peptides (2) . The results  of  this 
inves tigat i on have shown that in chees es made us ing the same 
r ennet l evel ,  the development of  bitt erness  was relat ed t o  
the s tarter populati on reached during manufac ture . Regard­
l e s s  of the b itter or non-bitter c las sific ation of the 
s tart er s trains , all of the s trains t ested  had the potential 
t o  produc e bitterness v.rhen the manufacturing c ondi tio:ns 
permitt ed the start er to reach suffici ently high numb ers in 
the chees e curd . \fuen the population of  a normally non­
b it t er s train was increas ed , the chees e was bitter . 
C onvers ely , if  the growth of a normally bitt er s train was 
r e s tricted , b itt erness was abs ent from the che e s e  or o f  
reduc ed int ensity . Therefore ,  in Cheddar chees emaking the 
s t art er strains c ontribute direct ly to  the formation of  
b i t t ernes s . The s tart er s trains obvious ly need not differ 
in specifici ty sinc e non-bitt er s trains c ould be readily 
induc ed to  give bitter che es e s . 

A rapid rat e of  acid  production in chees emaking was 
as s ociated with high s t arter populations in the curd b efore 
s alting . Stadhouders ( 1 962 ) has sugges t ed that high rat es 
of  acid production during Gouda che ese  manufac tur e  c aus e a 
greater ret ention of r ennet in the curd and henc e increas ed 
bitt ernes s :  However , for Cheddar che es e this possibility is  
e liminated by the results of  the fast and s l ow chees emaking 
experiments of  Lawr enc e & Gil l e s  ( 1 969 ) , the reduction of 
b i tt ernes s by bact eriophage act i on in otherwi s e  normal 
che es emaking ( Tables II and III ) , and the analytical data · 
o f  Lawrenc e et  al. ( 1 972 ) . 

I t  s e ems likely therefore , that bitternes s  results  from the 
c onvers ion by the s tart er prot e inas es of s ome of  the high MW ,  
predominantly non-bitter peptides to  b itter peptides . Thes e 
appear to  b e  of  low MW ( Hodges , K ent & Richards on , 1 972 ; 
Mat oba et al . 1 969 ) . I n  addition to  exhibiting l ower pro­
t e o lytic act ivity than bitt er start ers (Martl ey & Lawrenc e ,  
1 972 ) , non-bitter strains do not reach the high populat ions 
in the curd b efore salting that are charact eris tic of bitt er 
lac tic s treptococci . The s e  obs ervati ons sugges t  that 



degradat ion of high MW peptides in chees e made with non­
b itter s trains under normal manufacturing c onditions i s  
limited . Low MW b itt er p ept ides may not then b e  produc ed 
in suffic i ent amounts to  c aus e det ectable  bitt ernes s .  
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Gordon & Speck ( 1 96 5 )  and Harwalkar & Seitz ( 1 971 ) have 
is olat ed bitter p eptide fractions from cultures o f  lactic  
s treptococci  grown in the abs enc e of rennet in  recons titut ed 
skim milk . Formati on of b itter flavoured c omponents from 
c as ein by lactic s treptococci  is therefore pos s ib l e  ( s t eps 
1 b , 2b in Fig . 2) . Hovvever , changes in either the c onc entra­
tion or type  of rennet  us ed in che ec emaking greatly aff e c t ed 
bitt ernes s  development , particularly by bitter s t art ers 
( Lawrenc e �t al . 1 972) . Such evidenc e ,  although s omewhat ­
c ircumst antial , do es  sugges t  that pathways which do not 
involve rennet in any way are likely to be of  l es s er 
importanc e .  

D egradation cf bitt er peptides (3) . A s triking feature o f  
the c ons i s t ently non-bitter s t.art ers i s  their poor survival 
in chees e s made under normal c onditions , in c ontras t to the 
prolonged survival of bitt er c: trains . .Martl ey & La'Nre:nc e 
( 1 972) c onc luded that the pO<.'r survival resulted from the 
high s ens itivity o f  non-bitt er strains to salt c onc entrations 
of 4-5% at pH value s b etwe en 5 . 0  and 5 . 2 .  Sens itivity t o  
s alt  and pH may b e  acc entuat ed when the cook t emperature  
during chees emaking is above the optimum growth t emperatur e 
o f  the strain and r educ ed if  the growth t emperatur e  is 
l owered . Becaus e a s imilar respons e may b e  induc ed if 
chees 8 made  with b it t er stEains is manufac tured at a high 
c o oking t e mperature , or when high bact eriophage  l evels 
develop , it  is not nec essary to postulate that any 
s p ecific ity b e  assoc iated with individual s trains . The 
question is only important if it is as sumed that poor 
survival of  start ers in Cheddar che es e is acc ompanied by c el l  
lys is when there might b e  a r e l eas e o f  c el l-bound peptidas es  
which c ould further degrade any bitter peptides previous ly 
produc ed . Some evidenc e of  lysis and rel eas e of  peptidas es  
has  b e en r eport ed by Law , Sharpe & Reit er ( 1 974) . 



33.  

Relative importanc e of the formation and degradation o f  
bitter peptides . Degradation of bitter p eptides almost  
c ertainly occurs t o  some  ext ent in all  che es es but may as s ume 
maj or importanc e only in the phenomenon described  by C zulak 
( 1 959 )  as trans i ent bitt ernes s . This has als o b e en not ed 
in trials at this Ins titut e , but only with chees es made with 
non-bitt er strains at low c o oking t emperatures or with 
unusual ly high c onc entrati ons of calf  rennet . 

In this investigation ( Tab l e  II ) it was found that che es es in 
which the populations of  non-bitter s trains had b e en inc reas ed 
by manufac t'ITing at a re latively low c ook t emperature ( 33 . 3 °C ) 
were very bitt er at 3 months , but there was a s i gnificant 
reduction in bitt erness aft er the che eses  had matured for 6 
months . The early bitt ernes s was c ons idered to result from 
an exc e s s ive produc tion of bitter peptides , due to  the 
increas ed s tart er numb ers . The proport ion of non-survivors 
was als o r elatively low in the ear ly s tages of ripening , 
sugges ting that bitter peptidcs may b e  formed at a rat e c on-
s iderably f::>ster than their degradation . The s ubs equent 
disappearanc e of bitterness  may be as s oc i at ed with the 
increas e in the numb ers of non-survivors found on prolonged 
ripeHing , s inc e it  is  possib l e  that p eptidas e ac tivity is 
r elated to  the abs o lut e numb er of non-survivors . On the 
other hand at normal c ook t emperatures  the proportion of 
survivors  t o  non-survivors always r emains relatively high in 
chees es made with bitter s trains . Such chees es were almos t  
always more bitter 6 months after manufac ture than at 3 
months . 

Low l evels  of bitt erness were also found at 3 months in che es es 
made with non-bitt er start ers and exc essively high rennet  
c onc entrations . In  thes e c ircums tanc es the rennet  may have 
c ontribut ed directly to the formation of  bitt er peptides . 
Alternatively the increas ed pool  of bitter peptide precurs ors 
resulting from the high r ennet levels us ed , m�y have allowed 
the p�oduction of bitt er peptides by the s tarter t o  initially 
exc eed their subs equent degradation . 
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C zulak ' s  hypothes is . The model propos ed in Fig . 2  differs 
substantially from the hypothes is proposed by Czulak ( � 959 )  
in which the s tarter us ed in Cheddar chees emaking plays no 
role in the formation of bitter peptides . Bitter peptide 
formation was attributed s olely t o  the action of rennet . 
Non-bitter starters were c ons idered by Czulak to  pos s es s  
s pec ific enzymes which all owed them to  degrade bitter 
peptides formed by rennet . While  C zulak ' s  hypothes is has 
been s upported by several other inves tigators ( Stadhouders , 
� 962 ; Enillons et al . � 962 ; Jago , � 962) , differenc es between 
starter strains either in the pos s es s ion of , or in the 
spec ific ity of , critical enzymes have yet t o  be shown 
unequivocally . 

A numbers hypothes is . The c las s ification of  starter s trains 
as b itter or non-b itter appears s omewhat crbitrary . The 
incidence of  bitternes s in Cheddar chees e depends not on a 
single characteristic of  the starter strain , but upon the 
response to the c onditions of manufacture . The maj or factor 
tha � determines whether a s tarter s train produc es bitter or 
non-bitter chees e is its ability to multiply under particular 
chees emaking c onditions and the population reRched . The 
s i z e  of  the starter population may b e  c ontrolled by illdnu­
facturing proc edures such as the choice of c o oking temperatur � 
Sullivan et al . ( � 973 ) have pointed out that the c ontrol  of 
bitternes s is es s entially the c ontrol  of t otal proteinas e 
act ivity , and that as well as limit ing the amount of s t arter 
proteinase by res tricting s tarter populations , the act ivity 
may als o be controlled by attention to pH and s alt c onc entra­
tion .  Such a view accepts that the starter s treptococci  
have a positive role in b itternes s formation and are not 
merely acting to remove it . . Bact eriophage provide an 
additi onal control on starter populations . I t  is pos s ible 
in practice that the potent ially high levels o f  s t arter 
are s eldom reached becaus e of bac t eriophage multiplic ation 
during cheesemaking . 



SECTION I I  

THE INFLUENCE OF BACTERIOPHAGE �WD COOKING TEMPERATURE 
ON FLAVOUR DEVELOPI'IENT IN CHEESE MANUFACTURED UNDER 

CONTROLLED BACTERI OLOGICAL CONDITIONS 

The findings have b een prepared for publication :  
Lowri e ,  R . J . , Lawrenc e ,  R . C .  & Peb erdy , M . F . ( 1 974). 

submitt ed to the Journal of  Dairy Res earch . 
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INTRODUCTION 

Tl1e firs t investigators to  utilize  as eptic chees emaking 
t echniques were unc ertain as to the role  played by the 
s tarter s treptoc o c c i  in the production of che es e flavour 
( Perry & Mc Gillivray , 1 964) . Other investigators , als o 
s tudying as eptically manufac tured che es e ,  were more specific . 
Start er was �onsidered to  b e  the main agent respons ibl e  for 
the development of b as ic Cheddar flavour ( Reiter et  al . 1 966 ; 
Lawrenc e ,  1 966 ) and the start er organisms thems elves were 
thought t o  make a direct c ontribution ( Reit er et al . 1 967 ) .  
Becaus e flavour was mild and develor>ed s lowly , supplementary , 
non- ess ential roles  in enhanc ing flavour were , however , 
ascrib ed t o  non-s tart er bac t eria , probably lactobacilli . 
The other flora and milk enzymes were b elieved to  play only 
a minor part , pos s ib ly acc el erating mat,J.ration ( Rei ter et al . 
1 966 ; Rei t er et al . 1 967 ) . Mor e rec ently , great er s i gni­
ficanc e has been attribut ed to  extrane ous variables  sudh as 

• 

the c omposit ion ,  enzymes , and initial flora of the milk and 
adventiti ous contaminating bact eria (Reit er & Sharpe , 1 971 ; 
Sharpe , 1 972 ; Reit er , 1 973 ) even though few details of  
additional experiments have b e �n report ed . 

Ext ens ive chees emaking trials c arri ed out at this Institut e 
us ing c onventional methods of manufacture showed that the 
s train of s tarter us e d  had a greater effect on che es e flavour 
than any of  the other factors examined (Lawrenc e et al . 1 972 ) . 
Only a limit ed numb er of  relat ed strains c ons is t ently gave 
che e s e  of good flavour (Martl ey & Lawrenc e ,  1 972) . Mos t 
s tart e�s produc ed s eri ous flavour defects especial ly bitt er­
ness  and fruitiness  ( Lawrenc e & Pearc e ,  1 968 ) but the 
pot ential for expres s i on of thes e defects in the chees e 
depended upon the manuf.actur·ing conditions . Measures which 
prevent ed the start er from reaching high populations in the 
che ese  curd , such as rais ed c ooking t emperature or the 
d evelopment of high l evels of bacteriophage during manufac ­
tur e , had a s ignific ant effect on che es e flavo·u.r by reduc ing 
or eliminating bitt ernes s  produ� tion ( Tabl e  IV ) .  
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The findings obtained when the key chees emaking trials were 
rep eated under bac t eriologically c ontrolled conditions are 
reported in this s ection . The results support the view that 
the s tart er s treptococci  are the only bact eria required for 
the c omplete  development of full Cheddar flavour . 

MATERIALS AND METHODS 

Start ers and bacteriophages 

Str . cremoris s train AM2 , Str . lactis s train ML8 , and virul ent 
bac t eriophages of AM2 ( am2 , NZDRI 799 ) and ML8 (ml8 , NZDRI 
646 ) were from the Institut e culture c ollec tion .  Start er 
cul tures were maintained as des cribed on page � 3 . 
Bact eriophage s tocks wer e  prepared as previous ly describ e d  
( page � 3) and filtered through Ford Sterimats in Beaumaris 
Standard Hemrnings Filt ers . 

Milk supply 

Che �s es were manufac tured during January and February � 973 
from mid-s eas on bulk herd c ommerc ial whol e  milk . The 
averaEe total plat e c ount of raw milk samples  was � . 58 x � 05 

( range , 2 . 2  x � 04 t o  5 . 2  x � 05 ) c o l ony forming units  ( CFU ) /ml 
on Standard Methods Agar (BBL ) . 
( 69 °C ,  5 min) average count was 
6 . 0  x � 03 to 9 . 7  x � 04 ) CFU/ml . 

Che es e manufacture 

Aft er pas t eurization 
4 4 . 84 x � 0  ( rang e , 

The apparatus and t echniques for Cheddar che es e manufacture  
under control l ed bacteri ological c onditions were e s s ential ly 
as describ ed by Perry & McGillivray ( � 964) . S everal minor 
modifications , inc luding the start er inoculation method of  
Chapman , Mabb itt & Sharpe ( � 966 ) , were inc orporate d  into the 
pro c e dure t o  improve as eptic t echnique and facilitate s ome  
mechanic al manipulati ons during manufacture . The amount of 
membrane filter-steriliz ed ( 0 . 45 pm pore s iz e , Mil l ipore 
C orp . ) calf vell  rennet ( 9  ml/50 l milk) and the s etting 
t emperature ( 32°C )  were the s ame in all experiments . As 
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far as possib l e  the titratable  acidities at running ( 0 . 1 3-
0 . 1 4% ) , drying ( 0 . 1 5-0 . 1 7% ) , milling (0 . 50-0 . 56%) and s alting 
( 0 . 62-0 . 70%) and the time from s etting to drying ( 2  h 40 min-
2 h 50 min) were kept c ons tant . Sinc e chees es were made 
with 2 start er s trains at 2 cooking t emperatures ( 33°0 and 
38°C )  and in the pr es enc e and abs enc e of bac t eriophage ,  s ome  
variations in the  start er inoculum ( 1 . 75-2 . 25%)  and the 
ext ent of dry-s tirring of  the curd were nec essary to  k e ep 
mois tur e levels within normal limits  and t o  give che e s e s  of 
c omparab le c ompos ition .  

Aft er overnight pres sing chees es were removed from the ho ops 
and their surfac es  painted lightly with 0 . 2% ( v/v) pimaricin 
s o lution , b efore film wrapping and s ealing . All pos s ib l e  
as eptic precauti ons were taken dur ing thes e manipulati ons . 
Che es es were matured at 1 3°C .  At int ervals , c ore s ampl es 
for microbiological and c ompos itional analys es were withdrawn 
as eptic ally from one hal f  o f  each chees e .  The remaining 
half was kept intact for flavour evaluation . 

Bacteriological analys es 

Milk s amples were taken as eptic ally from the vat b efor e and 
aft er pasteurizat i on and b e twe en the addition of  s tart er and 
rennet . Curd s amples were obtained immediat ely b efore 
s alting . Chees es  were s ampled at 1 ,  3 ,  7 ,  1 0  and 1 4  days 
then at 4 ,  6 ,  1 2  and 26 we eks from dat e of manufacture .  In 
s ome experiments the earlier sample s  were tak en at 1 , 4 ,  9 
and 1 4  days . Che es es manufactured as eptically in the 
pr es enc e of bac t eriophage were sampled the day after manu­
factur e ,  then at monthly int ervals . Samples were proc ess ed 
and plat ed for s t art er colony c ounts and checked for 
bact eriophage , as describ ed in App endix I .  Samples were 
als o plat ed on Standard Methods Agar for total plate c ount 
and on LBS agar ( BBL ) . Lactobacilli  or pedi oc occi were 
never detected in the past euriz ed milk samples . Their 
pres enc e on the LBS agar plates aft er 5 days incubation at 

0 30 C was us ed , therefore , as a test  for any c ontaminati on by 
adventiti ous organisms of the che es es during manufac tur e or 
maturing . 
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C ompo s itional analys es 

C ompos itional analys es o f  che e s e s  were carri ed out 1 4  days 
aft er manufac tur e .  Average values were , moistur e , 36 . 5% ;  
fat , 3 5 . 0% ;  salt , 1 . 4% ;  salt-in-mois tur e , 3 . 8% ;  mois ture 
in s olids-not-fat , 56 . �� ;  pH 4 . 95 .  The che es es pos s es s ed 
r el atively good body and t extur e and their moistur e l evels 
were s imilar to  those  r eport ed by Pbrry & Mc Gillivray ( 1 964) . 

Flavour evaluation 

As eptically manufac tur e d  che es es were as s es s ed for bitterness  
and Cheddar flavour devel opment at  3 and 6 months by  a panel 
of  6 experi enc ed j udges . Randomi z ed coded s amples were sub­
mitt ed  to the panel under controlled  c ondit i ons together with 
a lab elled standard s ampl e  of c onventionally manufac tured 
che e s e previous ly estab lished as having good flavour . Bitt er­
ness s c ores were as sign ed on the s ame scal e us ed in the 
grading of c onventionally manufactur ed che es e :  1 ,  abs ent ; 
2 ,  pos s ibly pres ent ; 3 ,  definit ely pres ent ; 4 ,  int ens e ;  
5 ,  predominant . Cheddar flavour was scored on an increas ing 
int ens ity scale  from 1 - 5 .  In prac tic e ,  chees es defic ient 
in Cheddar flavour s c or e d  2 or l es s . Che e s e s  with well­
devel op ed Cheddar flavour were graded at 3 or 4.  Individual 
s c ores were averaged t o  give mean bitt erness and Cheddar 
flavour panel s c ores for each chees e .  Panel reliability was 
checked peri odic ally by random duplication o f  samples . 

RESULTS 

Effectiveness o f  as eptic chees emaking techniques 

All 1 2  as eptic ally manufac tur ed che es es c onsidered in thi s 
s tudy had plat e counts on LBS agar of l es s  than 1 0  CFU/g in 
samples  taken throughout maturation , indicating that likely 
adventitious c ontaminants had b e en exc luded . Unless  bacterio­
phage had b e en added delib erat ely , t ests for bacteriophage 
were negative . Chees es  which did not me et  thes e requirements 
were rej ect ed . The l ow background level o f  thermoduri c 
bac t eria remained relatively c ons tant at ab out 1 04/g during 
the p eriod over which s amples  were taken . 
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Effect  of  s tart er s train on flavotiT development 

Two start er s trains , Stl' . lactis ML8 and Str . cremoris AM2 , 
were s el e c t ed becaus e of known differenc es in their flavour 
charact eris tics . Strain ML8 has b e en us ed frequent ly in 
flavour s tudies by other workers ( Perry , 1 961 ; Rob ertson & 
Perry , 1 961 ; Perry & McGillivray , 1 964) . I t  normally 
pro duc es b itter chees e ( Lawr enc e & G illes , 1 969 ) and may als o 
give other off-flavours various ly describ ed as fruity , malty 
or burnt ( Lawrenc e & Pearc e ,  1 972 ) . Chees e manufactur ed 
und er normal conditi ons with AM2 c ons istently has full 
Cheddar flavour and no off-flavours (Lawrenc e & Pearc e ,  1 97� ) . 
From Tab l e  V it c an b e  s een that thes e known flavour 
cparacteris tics were eY�ibited in the chees e manufactur ed 
as eptically at the normal c o oking t emperatur e .  .ML8 chees es 
were intens ely bitter and appeared lacking in Cheddar flavour . 
Chees es made under identical c onditions with AM2 were not 
b itter and pos s ess ed well-developed Cheddar flavour . Further­
more , int ensity of Cheddar flavour in thes e as eptic ally-made 
AM2 - '�he es es was approximat e ly equival ent t o  that in Al'12 
che e s es produc ed by c onventi onal ' non-as eptic ' methods 
( Tab le V ) . 

Effect of c o oking t emperature on flavour development 

Diff erenc es in flavour charact eris tic s as great as thos e 
b etween .ML8 and Al'12 were found when the same start er , AM2 , 
was us ed in as eptic che es emaking at different c o oking 
t emperatur es . At the low c o oking t emperature of 33 °C ,  AM2 
b ehaved as a typic al fas t  che es emaking start er and produc ed 
in the chees e the fl avour defects ass oc iat ed with fas t 
start er strains and predictab l e  from the results in Tables  
II and IV .  Thes e as ept ic ally made low-c ook AM2 che es es 
were similar to normal-c ook .ML8 chees e ,  intens ely bitter and 
apparently d efic i ent in Cheddar flavour ( Tab l e  V )  in contras t 
t o  the full-flavoured non-bitter AM2 chees e manufactured at 
the standard cooking t emperatur e  of 38°C . 



TABLE V. 

Starter 
strain 

M L8 

M L8 

AM2 

AM2 

AM2 

AM2 

AM2 

a 

p 
c 

I N F LUENCE O F  BACTE R I OPHAGE AND COO K I NG TEMPERATU RE 
ON BITTE RNESS AND CHEDDAR F LAVOU R DEVELOPMENT I N  CHEESE 

MANU FACTU RED U NDER CONTRO LLED BACTER IOLOG ICAL CONDITIONS 

Cooking Special conditions Number 
Average bitterness score a Average Cheddar flavour score 

temperature of trials 3 months 6 months 3 months 6 months 

normal (38°C - 2 3.7 4. 1  1.9 1 .7 

normal mla phage added b 2 1.0 1.0 3.0 3.3 

normal - 2 1 .5 1 . 1 2.9 3.1  

normal am2 phage added 1 1 .3 1.2 3.0 3.0 

low (33°C) - 3 3.9 4.1 2.0 1 .7 

low am2 phage added 2 1 . 1  1.0 3.3 3. 1 

normal conventional manufacture c 2 1 .3 1 . 1  3.1  3.4 

Bitterness and Cheddar flavour scores determined on increasing i ntensity scales of 1 -5. 

Bacteriophage added to m i l k  immediately before starter addition to give 2-5 x 1 02 PFU/ml mi lk .  

Smal l scale (320 I )  simulation of conventional commercial manufacture ( not 'aseptic' ) .  

� 
.... 
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Eff ect of bac t eriophage on flavour development 

Using as eptic t echniques ,  chees es were mad e with ML8 at the 
norma l cooking temperature and with Al12 at b oth normal and 
l ow cooking t emperatures in the pres enc e of  l ow initial 
amoLmts of the respective  homologous bac t eriophages . Phage 
l evels added to the vats had little  effect on ac id produc­
tion by the start er unti l  lat e in m�nufacture . The 
required titratable  ac idities  for running , drying and milling 
wer e  reached in times c omparab l e  with thos e in the corr espond­
ing phage-fr e e  trials ( Table  VI ) .  However , acid produc tion 
was retardec aft er mil ling , a�d s alting was delayed by 20-25 
min in the phage-infected  vats . The high phage titres in 
the whey at milling ( Tab l e  VI ) c onfirmed that phage l evels 
had c los ely approached the limits which permit e.lmos t  normal 
che e s emaking .  

Flavour evaluation results ( Tab l e  V)  substantiated earlier 
findings that the pres enc e of bac t eriophage  during che es e­
mak�ng markedly influenc ed the flavour pot ential of c ertain 
start er s trains ( Tab l es I I  and I V ;  s ee al s o  Lav1renc e & 
Gil l es , 1 973 ) .  The int ens e bitt erness ( s c ore  3 . 7-4 . 1 ) 
charac t erist ic of b oth normal rlli8 and low-c ook AM2 che es es 
was eliminat ed almost entir ely from che es e made in the 
pr e s enc e of  bacteriophage . Equally striking were the 
acc ompanying increas es in average Cheddar flavour scores , from 
1 . 7-2 . 0  to average values of 3 . 0-3 . 3 which equalled tho s e  of 
standard AM2 chees es and compared favourably with c on­
ventionally manufactured "non-as eptic " AI'12 che es es . The 
pres enc e of phage during the e s ept ic manufacture  of AM2 chees e 
at the normal c ooking t emperature had no obvious e ffec t upon 
the expec t ed well-devel oped Cheddar flavour . 

Starter survival 

Survival charac t eris tic s of s tart ers during che e s e  ripening 
have b een implicated b oth dir ectly and indirectly in the 
development of  Cheddar flavour as well as various off- flavours 
( Daws on & Feagan , 1 957 ; Perry , 1 961 ; Perry & McGillivray , 



TABLE VI .  

CHEESE MANU FACTU R E  UNDER BACTERI OLOGICALL V CONTROLLED 
CON DITIONS IN TH E PRESENCE OF ADDED BACT E R I OPHAGE 

AM2 AM2 M L8 
Strain and cooking temp. normal (38°C) cook low (33°C) cook normal cook 

homologous phage (PFU/ml 
milk) added before rennet 0 500 0 250 0 200 

Time (h:min) 

set to dry 2:45 2:45 2:50 2:50 2:40 2 :45 

dry to mill 2:10 2 :15 1:50 2:00 1:50 1:40 

mill to salt 0:25 0 :40 0:15 0:35 0:20 0:45 

Total time (h:min) 

set to salt 5:20 5:40 4 :55 5:25 4:50 5:10 

Titratable acidity (%) 
run 0.14 0.15 0.14 0.14 0.13 0.14 

dry 0.17 0.17 0.18 0.17 0.16 0.17 

mill 0.54 0.51 0.54 0.55 0.56 0.55 

salt 0.66 0.64 0.68 0.63 0.64 0.66 

detectable phage (PFU/ml} in 
whey at mil l ing x 10-6 0 120 0 8200 0 6700 

� 
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� 964 ; V edamuthu et  al . � 966 ; Rei t er et al . � 967 ; Martley 
& Lawrenc e ,  � 972 ) . Survival of ML8 and AM2 in chees es  
manufac tured as epti.cally at normal c o oking t emperatures 
( 37-38°C ) followed the trends found in earli er studi es 
( Perry , � 96� ; Martley & Lawrenc e ,  � 972 ) . Strain ML8 
exhibited  typic al Str . lac t is properti es of high maximum 
populations c ombined wi th prolonged survival in the che e s es 
( Fig . 3 ) . Immediately before salting (sampl e S ,  Fig . 3 ) the 
ML8 population in the curd had reached 5 x � 09 organisms/g . 
The day following manufacture , aft er salting and overnight 
pressing ML8 chees es still  had a c ount of ab out 5 x � 09 CFU/g , 
of which mor e than 50% c ould b e  recov ered aft er � 4 days 
maturation , s ome  20% aft er 6 weeks and still over �% at 3 
months . In AM2 chees es manufact� ed at the s ame  cooking 
t emperature of 37-38°0 maximum populations were l ow initially , 
and survival of the start er was extremely po or ( Fig . 3 ) . 
Colony c ounts of AM2 fell from approximat ely 1 08 CFU/g in the 
curd b efore s alting to b etween 5 x 1 06 and 1 07 organisms/g in 
the s alted and pre s s ed � day-old chees e ,  a decline of s ome 
90-95% in viab l e  c ount . The viable  c ount of AM2 c ontinued 
to fal l  rapidly and aft er 1 4  days was only 0 . 2% of the c ount 
before salting , in marked c ontrast to  the ML8 che e s e s . At 
6 we eks and 3 months from manufacture  plat e c ounts of AM2 were 

4-; about � 0  g ,  j us t  above the almost s tatic background of thermo-
duric non-s tarter bacteria . 

The survival curves  of AM2 in che es es made at the l ow c ooking 
temperature ( 33°C ) had features in c ommon with b oth ML8 and 
AM2 survival in che eses  manufactured at the normal c o oking 
temperatur e . Like ML8 at 38cC ,  the maximum population 
reached by AM2 at 33°C was high (>1 09/g) . Before s al t  
addition the start er popula�ion in the chees es  cooked a t  33°C 
was � 0- 20 times greater than in AM2 chees es made at the usual 
( 38°C ) c o oking t emperature . However , unlike ML8 , aft er 
salting there was a rapid decline in viable c ount of AM2 
although this was initially not as marked as in normal AM2 
chees e . Viable  c ount fell  by only 55-65% b etwe en s alting 
and removal from the press es . The s ensitivity of AM2 t o  salt 
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Fig. 3. Starter colony counts in maturing Cheddar cheese made using aseptic techniques. 

Plate counts of samples I (mi lk after inoculation with starter) and S (curd immediately 
before addition of salt) were multipl ied by the ratio of the solids content of the finished 
cheese to the solids content of the sample. These adjusted values are equiva lent to 
CFU/g cheese. Open and closed symbols indicate separate experiments. 

o , • ,  M L8 at cooking temperature of 38°C; 6 , • ,  AM2 at cooking temperature of 38°C; 
o , • ,  AM2 at cooking temperature of 33°C. 
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and pH appeared to  decreas e wh en c o oking t emperature  during 
che es emaking was b e low ins tead of above optimum growth 
t emperature of the s train . The c ombination of higher maxi-
mum populat ion and initially improved survival gave a viable  
c ount in the l ow-c o oked AJ.VI 2  che e s e s  that was 1 00-fold great er 
at one day than at the c orresponding time in normal AM2 
che e s es . Thereaft er , even though starter c ounts f el l  at 
c omparable rates  in both types of  AM2 che es es , the low­
c ooked cheeses  maintained the approximat ely 1 00 times higher 
start er count for 1 0  days . The differenc e in c ount r educ ed 
progressively until b etween L J- and 6 weeks from manufacture 
when start er c ounts in AM2 che es e manufactured at eith er 
c ooking t emperature were at similarly low l evels . 

DI SCUSSION 

Earl i er as eptic che es e s tudi es ( Perry & McGillivray , 1 964 ; 
Reit er et al . 1 967 ) were c arri ed out with start er s trains 
which  c aus ed marked flavour defect s  in the c he es e  and normally 
gav� little Cheddar flavour . In  this investigation ch ees es 
made with Str . cremoris s train AM2 c ons ist ent ly poss e s s ed  the 
ch.araC' t eristic fl avour dis tinc tive of natural Cheddar . and no 
off-flavours provided that normal c o oking t emperaturss were 
us ed . Moreover , the multiplic ation of bac t eriophage during 
manufac ture had a pronounc ed effect  on the outcome of che ese  
which would otherwi s e  have been of  poor flavour . Bitt erness 
c ould b e  eliminated and Cheddar f lavour apparently improved . 
Thes e findings es tablish c onc lus ively that the r es tric tion o f  
s tart er numb ers , either b y  the appropriat e combination o f  
start er s train and making proc edur es , or by the pres enc e of  
bac t eriophage throughout manufactur e , will  minimiz e  o ff­
flavour produc t i on and ensur e  full Cheddar flavour development 
even in as eptically produc ed chees e . There is  no n e ed to  
postulate that non-start er flora or native milk enzymes , in 
eith er the raw milk or the ripening ch e es e ,  have preliminary 
or auxiliary rol es in the product i on of charact eris tic  
Cheddar flavour . 
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The striking , but indirec t , e ffect o f  bacteriophage on 
flavour has s ome important implications . Perry & 
I'1c Gillivray ( 1 964) attribut ed the increas ed flavour of che ese  
made in  an open vat, over that of  che e s e  made as eptic all� to  
the  pres enc e of  adventitious non-start er bact eria . They 
overlooked the pos s ibility that the c omparative enhanc ement 
of flavour result ed from bact eriophage  infection rather than 
fortuitous bact erial contamination . Inde ed , growth of  
b act eriophage during che es emaking to l evels which restri c t  
start er numb ers without markedly retarding rat es o f  ac id  
production may provide a general expl anation for the anomalous 
r esults obtained in many of the flavour trials c arri ed out iL 
c ommerc ial factori es . 

Reiter e t  al . ( 1 967 ) c onc luded  that the flavour produc t s  in 
Cheddar che es e mus t have b e en produc e d  by the enzymes o f  the 
dead start er organisms , a c onc ept first put f orward by Orla­
J ens en ( 1 921 ) and rec ently s upport ed by the findings of Law 
et al . ( 1 974) . At firs t s ight the poor survival of s train 
AM2 Qnd the effec t s  of bac t eriophage appear to support the 
hypothes is that death , auto lys is or lys is of the s tart er c ells 
by phage is  a prerequis ite  for flavour devel opment . I-�owever , 
the dec l ine  in start er numb ers occurred at almos t  equ�_l_ ly 
rapid rates in either the normal ( 38°C ) cook , good-flavour ed 
AM2 che e s e s  or the l ow ( 33°C ) cook , very bitter AM2 che es es . 
Sinc e the maximum s tarter population reached in the l ow c o ok 
AM2 chees es  was s om e  1 0-20 times higher than in the AM2 
che es es made at 38°C the t otal mas s o f  non-rec overab l e  and 
presumab ly dead s t art er bac t eria was always very much great er 
in the po or-flavour e d  chees e . Death or lys is  of start ers 
during chee s e  maturation would therefore appear unimportant in 
preventing bitt erness  or pro�oting che es e  flavour . 

N ormal Cheddar flavour will develop i f  s tart er numbers are 
c ontroll ed s o  that only suffic i ent ac id is produc ed to  give 
chees e of the requir ed moistur e  and pH , and if the manufactur­
ing proc edures us ed  and perc entage of s alt added ensure that 
net survival of the s tart er organism s is  low but nevertheless  
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adequat e for utilization of res idual lac t os e  in the young 
che es e . Ac idity devel opment by the start er thus partly 
det ermines the enviro1�ent in which the maturation proc ess  
occ urs as  well as  controlling the growth of  non-s t arter 
bac t eria and henc e any off-flavours that they might produc e .  
Should the s tart er its elf r e ach too high a population or 
s urvive t o o  long , flavour defec ts  such as bitt erness  which 
mask or detl·act from chees e flavour are produc ed . 
Accumulat e d  c ircumstantial evidenc e suggests  s trongly that 
the reduc t i on or removal of unpl eas ant flavours is  as soc iat ed 
with improved perc eption of  the Cheddar flavour . The main 
role  of the s tart er organisms may t�erefore b e  limited 
merely to  providing a suitab l e  environment which allows the 
elaboration of  charac t eristic chees e flavour . Whe ther the 
chemical c ompounds that contribut e to this desirab l e  flavour 
are als o produc ed by the starter has yet t o  b e  determined . 



SECTION III  

TEMPERATE BACTERIOPHAGES AN D  LYSOGENY IN 
LACTIC STREPTOCOCC I  USED AS STARTERS IN 

CHEESEMAKIN G .  

Some of  the results of  this investigati on have 
b e en published : 

Lowri e ,  R . J .  ( 1 974) . 
Appli ed Microb iology � , 21 0-21 7 .  
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INTRODUCTION 

Virulent bact eriophages o f  lactic s treptoc occ i  us ed as 
s tart ers in che es emaking have b e en s tudi ed ext ens ively s inc e 
their disc overy nearly 40 years ago (Whitehead & C ox ,  1 93 5 ) . 
The effects of b ac t eriophage have always b e en c ons idered 
undesirable  becaus e they were quickly shown t o  b e  respons ib l e  
for impaired or erratic ac id produc�ion by chee s e  start ers 
and frequently for total start er failure . The lit erature on 
lactic s treptoc occal  bac t eriophages has b e en regularly 
revi ewed (Whi�eh ead , 1 9 53 ; Collins , 1 962 ; Reiter & M�l l er­
Mads en , 1 963 ; Rob ertson , 1 966 ; Reiter ,  1 973 ) . Mos t 
invest igati ons have c onc erned virul ent bac t eri ophages , with 
the emphasis upon preventing or reduc ing their int erf erenc e 
in the chees emaking proc ess . Many di ffic ulties  have b e en 
enc ount er ed in the propagati on and as say of  thes e  phages 
resulting in numerous att empts to  develop s atis fac tory 
plating procedur es and c ons equent variation in as say t ecru1i­
ques ( Cherry & Wat s on ,  1 949 ; Deane & Nelson , 1 952 ; Potter 
& N �ls on ,  1 952 ; Pette , 1 953 ; Miko laj cik ,  1 964 ; Rob ertson 
1 966 ; Lowrie & Pearc e , 1 971 ; Douglas , Qanb er-Agha & 
Phillips , 1 974) . 

Temperat e bacteri ophages and the pos s ibiliti es o f  lys ogenic 
strains of lactic s trept oc occi have b e en c ons idered but 
rec eived relatively littl e  att enti on . Phage-c arrying 
cultures  which were stab l e  for many months but c ould b e  
freed  o f  phage by c areful c o l ony re-is olation had b e en found 
by Hunt er ( 1 947 ) and sub s equent ly us ed as chee s e  start ers 
(Hunt er & Whit ehead , 1 949 ) . Thes e  cultur es , which c ould b e  
c onfus ed with lys o genic cultures , probably carri ed a 
virulent phage which multiplied on s ensitive s egregants from 
a mainly resistant population .  There had b e en no rigorous 
demonstration of lys ogeny in group N s treptococci  when the 
pres ent s tudy was c ommenc ed.  During the latter part of  the 
inves tigation , Kozak et al . ( 1 973 ) d emons trated inducib l e  
t emperat e phages i n  Str . lac tis and Str . diac etilactis . 
Prob l ems  in the routine det eGt ion and enumeration of 
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of virul ent phages , together with the compl exity of  their 
int erac tions with the host s trains , undoubt edly hindered 
the charact eri z at i on of t emperat e phages , lys ogenic s trains 
and indicator hos ts . 

Despit e  s imilar di fficulti e s  ( Zabriskie , Read & Fischetti , 
1 972 ) lys ogenic s trains have b e en demonstrat e d  unambiguous ly 
in streptococci of other s erologic a� groups . Lys ogeny 
appears t c  be  widespread in groups A (Kj ems , 1 958 , 1 960 ) and 
C ( Fox & Wittner , 1 965 ) . Some lys ogenic s trains have also 
been found in groups G ( C o l on ,  C o l e  & Leonard , 1 971 ) and H 
( Pars ons et al . 1 972 ) . 

Suspec t ed lys ogenic s tart er s treptoc occi were firs t 
recorded by Reit er ( 1 949 ) . Czulak & Naylor ( 1 9 56 ) and 
Craw�ord & Galloway ( 1 962 ) referred t o  cultures of  start er 
streptococci  as lys ogenic but no details were r eport ed . 
Preliminary results indicating pos s ib l e  lys ogeny were 
describ ed by Sandine et al . ( 1 962 ) but no r ep ort c onfirming 
the _. obs ervations was published . Oram & Reit er ( 1 968 ) s tated 
that they knew of no proven lys ogenic host-phage  sys t em in 
the group N s treptococci . 

Induc tion of lys is  by ultraviolet ( UV ) irradiation of  Str . 
cremoris C1 1 -56 was found b y  K eogh & Shimmin ( 1 969 ) , although 
they were unable  t o  show the pr es enc e of a typical t emperat e 
phage . Lys at es from s train C1 1 -56 produc ed c l ear zones  on 
9 of 1 2  s trains of  Str . c� emoris when s pott ed on appropriat ely 
s eeded plates . Striking features of  the lytic spec trum were 
that s train C1 1 - 56 was its elf  s ens itive to the lys at e and 
that plaque formation was not obs erved . El ectron micro­
graphs showed that the lys at e  c ontained phage-like particles , 
mostly empty heads . The antibact eri al act ivity of  lys at es 
was attributed t o  the pr es enc e of  an induc ed d efective 
bact eriophage or a l ethal c omponent of it . McKay & Baldwin 
( 1 973 ) obs erved c ompl ete b ac t eriophages in e l e c tron micro­
graphs of  UV-induc ed lysat e s  of Str . lactis C 2 ,  but they fail ed 
to  find an indicator strain . 
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Kozak et al . ( 1 973 ) examined 87 s trains of lactic strepto­
c oc c i  as pot ential lys ogens . They found that UV tre atment 
caus ed lysis  and lib eration of phages , which c ould b e  
det e c ted on indicator s trains , from 5 of 46 Str . lactis  and 
2 o f  24 Str . diac etilactis s trains . Lys at es from one o f  the 
induc ib le  Str . lac tis and both of the Str . diac etilactis  
s trains contained phages able  t o  multiply on  s everal 
indic at ors belonging to all  three species of lactic s tr epto­
c occ i .  The other four inducible  s trains had a singl e 
indic at or which was a s train of Str . lactis . No lys ogens 
were found among the 1 7 s trains of  Str . cremoris examined even 
though various induction proc edur e s  were attempt ed . 

There are numerous reas ons why lys ogenic s trains of  s tart er 
s treptoc occi might b e  important : 

( i )  such strains may b e  a s ourc e of phages virul ent 
on other s trains us ed in s t arter rotations . 

( ii )  

( ii i )  

( iv)  

lys ogens may act  as  a res ervoir of  phages with 
the pot ential t o  attack newly introduc ed s trains , 
to mutat e to  virul enc e ,  or t o  rec ombine  with 
virulent phages aff ecting , for example , hos t  
range or multiplication rat e .  
lys ogenic strains may poss ess  additional propert i es 
of bacteriophage resis tanc e , as well as res istanc e 
to  the particular t emperat e phage . 
s ome conditions enc ountered during chees emaking , 
such as rais ed c ooking t emperatures , may induc e 
phage development by the lys ogens resulting in 
unpredictab l e  acid  production .  Alternatively , 
induction might c ontrol starter populations and 
henc e prevent the oc currenc e of  start er-ass ociated 
off-flavours in the . cheese . 

( v )  genetic exchange and variab ility amongst strains 
may be increas ed through t emperat e phages and 
lysogeny . 

Becaus e of  the obvious pract ical and theoretical signi ficanc e 
of  lys ogenic start er s trains , a s el ec tion of  s ingl e  s trains 
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of group N strept ococci  us ed as s tarters for chees emaking 
in N ew Z ealand were investigat ed as potential lys ogens . An 
induc ibl e  strain o f  Str . cremoris was found , as well as s trains 
upon which the lys ates c ould form plaques . Bac teriophage 
partic l es were s e en in electron micrographs of  the lys ates 
and s ome  charac t eristics of the temperat e phage and the 
lys ogenic host were inves tigated .  C onditions which gave 
most  obvi ous lys is  and high est t emperate phage titres in 
this s train were us ed to screen other start er s trains for 
lys ogenic ity.  S everal s trains were found to be  induc ibl e  
but only one more s train was found which gave plaque forma-
tion on an indic ator strain . Lys ates from another s train 
which was readily induc ed produc ed z ones of  lys i s  but no 
plaques  on lawns of  7 s trains . The remaining induc ib l e  
strains showed neither plaques nor lytic z ones when lys ates 
wer e t e s t ed on lawns of  34 potential indicator s trains . 

MATERIALS AND METHODS 

Strains o f  lactic s treptococci  

All  of the  cultures  us ed in this s tudy were che es e s tart er 
strains of Str . lac t is and Str . cremoris from t�e c ollec t i on of 
the N ew Z ealand Dairy Res earch Inst itute (NZDRI ) . Strains 
were  obtained as fre ez e-dried powders which were dis s o lved in 
autoclaved rec ons t itut ed skim milk ( RSM) , incubated overnight 
at 30°C ,  then streaked out on M1 6 agar plat es . Singl e 
c ol oni es  were inoculated  int o autoc laved RSM to  check their 
ability to  coagul at e  milk and ac id-producing activity . 
I s olat es  were trans ferred t o  M1 6 broth , sub-cultured daily 
for 3 days then maintained in deep-stab cultures in ·M1 6 agar 

0 at 4 C .  Stab-cultures were sub-cultured every 6 we eks . 

Bac t eriophages 

Virul ent bacteriophages , the propagating host s trains and 
the cat alogue numb er under which the phages are deposit ed in 
the NZDRI collection are detailed in Table VII . The 
t emperat e bacteriophage induc ib l e  from Str . cr emoris R1 by UV 



TABLE V I I. 

BACTERIOPHAGES USED I N  PHAGE-SENSITIVITY TESTS 

trivial 
propagating host 

name strain species 

am1 AM1 cremoris 

am2 AM2 cremoris 

ba1 BA1 lactis 

ba2 BA2 I act is 

br4 BR4 cremoris 

c13 c, 3 cremoris 

ea E8 cremoris -
h1 H 1 lactis 

hp HP cremoris 

kh KH cremoris 

ml3 M l3 la et is 

ml8 M L8 la et is 

P2 p2 cremoris 

r1v R1 cremoris 

rl R1 cremoris 

r6 R6 cremoris 

sk11 S K11 cremoris 

zs z8 cremoris 

a EOP = titre on test strain x 100 
titre on propagating strain 

NZ ORI  
Catalogue 

number 

601 

602 

604c 

611c 

614c 

615 

616 

617 

733 

618 

623c 

633 

640 

643c 

668 

670 

671 

672 

673 

651 

694 

695 

696 

652 

720 

688 

69oc 

667 

b Symbols for E O P  ; +++, 1 00% - 1 % ;  ++, 1 %  - 0.01%; 

AM1 

+++b 

++ 

r 

r 

r 

± 

± 

± 

± 

r 

r 

r 

r 

r 

r 

r 

r 

r 

± 

r 

r 

r 

r 

± 

± 

± 

+++ 

r 

+, 0.01% - 0.0001%; ±, inconsistent response; r, resistant to > 1 0
8

/ml. 

c neutralized by anti·serum to phage ml3 (643) .  
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or mitomyc in C (MC ) treatment was designat ed r1 t .  A 
virul ent phage  ( 652 ) of Str . cremoris R1 was referr ed to as 
r1 v .  

Media and growth of cultures 
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Lac tic streptoc occi  were grown routinely at 22°C or 30°C 
without shaking in M1 6 broth from a 2% inoculum of  an over­
night ( 22°C ,  1 6  h ) broth cultur e . 

M1 6 broth ( Lowrie  & Pearc e ,  1 971 ) was prepared from m edia 
products of Baltimore Biologic al Laboratories Inc . , and 
c ontained per litre : 

Polypeptone 5 . 0  g 
Phytone pept one 5 . 0  g 
B e e f  extrac t 5 . 0  g 
Yeast extract 2 . 5  g 
s odium ac eta t e  trihydrat e 3 . 0  g 
asc orb ic ac id ( s odium s alt ) 0 . 6  g 

The pH was adj us t ed to 7 . 0-7 . 1  with 2 N NaOH and autoc laved 
at 1 5  psi for 1 5  min . Autoc l aved lactos e or dextros e s o lu­
tion was added to  a final conc entration of 0 . 5% b efo� e us e . 

For M1 6 agar the ab ove ingredi ents ( exc ept lactos e or 
dextrose ) were dis s o lved in 450 ml wat er and added to 500 ml 
hot diss olved �fo Davis N ew Z ealand agar . St eri l e  lac tos e 
or d extros e  s olution ( 5  g in 50 ml ) was added when the aut o­
c laved medium had c ooled  to ab out 50°C .  Agar for plates was 
normal ly supplement ed with calc ium ions . To avoid vis ib l e  
pr ec ipitation of  c omponents o f  the medium , c alc ium i ons were 
added as calc ium b orogluc onate ( Vet erinary grade , May and 
Baker Ltd , Dagenham , England ) . A s tock s olution ( 0 . 5 M ) was 
dilut ed 1 0-fold into the autoc laved energy s ourc e s olution , 
which was careful ly ad ded to the warm agar . The final c on­
c entration of calc ium b orogluc onate  was 0 . 00 5  M.  

M1 6 s oft agar c ontained 0 . 45% Davis agar . Calc ium b oro­
gluc onate was added ( 1  ml/1 00 ml agar , from a 0 . 5  M s t ock 



s o luti on) aft er s oft agar had b e en melted and c oo l ed t o  
46° C .  

C o l ony c ounts 
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Samples were first dilut ed with chill ed 0 . 1 4  M NaC l  t o  a 
final volume  of 1 00 ml and b l ended at full speed  ( 1 3 , 000 rpm) 
for 1 min in an AtoMix b l ender . This treatment reduc ed 
chains of lactic s treptococci  to an average c olony-forming 
unit ( C FU ) of 2 . 2-2 . 6  c occi . Str . cremoris R1 had chains of 
up to 1 2-1 6 c ells l ong during logari thmic growth . Micro­
scopic examination o f  s amples  aft er the bl ender treatment 
showed that 65-70% of c ells were in diploc oc c i , 25-30% in 
fours and 3-4% in chains of 6 .  

Aft er bl ending , s amples were dilut ed in 1/1 0  s trength f11 6 
broth and appropriat e  dilut ions plat ed . on 1'11 6 agar plat es  by 
s oft agar overlay . Plat es  w ere inc ubated at 30°C for 
1 6-24 h .  

Turh idity measur ements 

Optical density ( OD ) of cultures was measured in a Baus ch 
and Lomb Sp ectronic 20 c olorimet er as an es t imat e of c el l  
c onc entrati on . A standard curve was prepar ed for Str . 
cremoris R1 in M1 6 broth by measuring the turbidity , then 
plating s amples from cultur es growing at 30°C .  This  pro­
c edur e was us ed , ins t ead of diluting a conc entrated c el l  sus­
p ens ion ,  to  avoid p o s s ib l e  c omplicati ons from changes in the 
optical properties  of the bact eria during growth . The 
r elationship betwe en OD at 580 nm and colony c ount on M1 6 
agar ( aft er blending) was nearly linear over a h�tndr ed t imes 
range of OD readings ( Fig . 4) . An OD value of  0 . 2  at 580 nm 

repres ent ed approximat ely 1 08 C FU/ml . 

Ass ay of bacteriophages 

Phage was assayed by a soft agar layer method ( Adams , 1 9 59 ) 
us ing M1 6 agar containing 0 . 005  M calc ium borogluc onat e . In 
most c as es , plat es were s e eded with 0 . 1 -0 . 2  ml of the 
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required overnight ( 22°C ,  1 6  h )  cultur e .  When Str . cremoris 
.Al"'1 was us ed as an indic ator for phag e  r1 t ,  plat es were 
inoculated with 0 . 1  ml of  a 30°C ,  24 h cul t ur e . Plat es 
were s e eded with mid-logarithmic cultures o f  Str . lac t is 
strain :ML8 and deriva tive s trains SK3 , Wl'1.1 and WM2 b ecaus e 
stati onary phas e cultures  c ontained non-dispers able  c lumps 
of c el l s  and produc ed uneven lawns . 

The lytic spec trum of phage-c ontaining lys at e s  was det ermined 
by spotting 1 0  pl quant iti e s  of membrane-filt ered ( Millipore 
HA membrane , 0 . 45 pm por e s iz e )  lys at es on plat es previous ly 
s e eded with the s el ec t ed s trains by s o ft agar overlay . 
Lys at es wer� normal ly t e s t e d  undi lut ed and at s everal dec imal 
dilutions . Plat es were incubat ed at 30°C for 1 6  h .  

Mitonyc in C (MC )  treatment o f  cultures 

Selec t ed cultures  were grown in M1 6 br oth at 30°C to an OD580 
of ab out 0 . 1 when MC ( Sigma Chemic al C o . , St . Louis , Mo . )  was 
added , normally t o  a final c onc entrat i on of 1 pg/ml . Incuba­
tiori was c ontinued at 30°C and the on580 was f o llowed unti l  
compl eti on of lys is or unt il  the culture ent ered the 
stationary phas e of growth . Stock cultur es o f  MC ( 1 00 pg/ml ) 
were s t ored at 4°C anG. r enewed we ekly . 

Ultravi o l e t  ( UV) irradiation of  c ultures 

Cultures  in the mid-logarithmic phas e of growth in M1 6 broth 
at 30°C were harves t ed by c entrifugat i on ( 1 0 , 000 x � for 
1 0  min) r esuspended in 1 00 ml chilled  buffer ( 0 . 05  M phosphat e 
buffer in 0 . 1 4 � NaC l ,  pH 6 . 5 ) and b l ended in an AtoMix 
blender as des cribe d  ab ove ( page 56) . Aft er b l ending , c ells 
were twic e c entrifuged and resuspended in buffered s aline . 
Aft er the s ec ond cyc l e  of  c entrifugati on ,  c el l s  were suspended 
in suffic ient buffered s aline to give an on580 o f  1 . 0 
�5 x 1 08 CFU/ml ) . Quantiti es of 1 ml were UV irradiated 1n 
in petri dishes of 5 . 5 cm diamet er , 29 cm fron a Hanovia 
bact eric idal UV lamp for int ervals of  5 sec to  s everal min 
duration . Aft er UV irradiat ion suspec ted lys ogens were 
dilut ed 1 0-fold int o 1"11 6 broth , incubat ed at 30°C and 
examined at int ervals  for lys i s . 



Propagation of phage 

Virul ent phages were propagat ed on their homol ogous hosts 
( Tabl e  VII) in .M1 6 broth c ont aining 0 . 005 I'1 c alc ium b oro-
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gluc onat e .  Phage  ''ras added in a 1 : 1 00 rat i o  ( PFU to  C FU )  
to early logarithmic cultures ( 5  x 1 06 CFU/ml ) which were 
incub at ed at 25°C or 30°C until lys i s  occurre d .  Lys at es 
were c entrifuged ( 1 0 , 000 x � for 1 0  �in) and filt ered through 
.Millipore HA membrane filt ers . Phage stocks prepared in 
this way were stored in small quant ities ( wi thout chloro form)  
at 4°C • 

.MC- or UV-induc ed lys at es  of  Str . cremoris R1 were plat ed on 
Str . cremoris AM1 t o  ob tain plaques of  phage r1 t .  Singl e 
plaques were picked into 1 ml quantities of  .M1 6  broth , from 
which 0 . 1  ml volumes wer e inoculat ed into early logarithmic 
phas e ( about 1 06 CFU/ml ) 1 0  ml cul tur es of Str . cremori s  AI'11 . 
Infec t ed cultures were incubated at 25°C for 1 6  h ,  when titres 
on strain AI'11 were 1 06-1 07 PFU/ml . Several variations of 
sta�dard proc edures for preparing phage st ocks were us ed . 
Att empts to pr epare high t itre s tocks were unsuc c ess ful . 
The best  stocks obtained routinely , c ontained ab out 2 x 1 07 

PFU/ml when as s ayed on strain A.M1 • 

Conc entration of  phage r1 t 

Phage r1 t was c onc entrat ed from .MC-induc ed lys at es of  Str . 
cremori s  R1 b ec aus e the titre  of thes e lysates  was s imilar 
to the b est  obtainable by propagati on on s train A.M1 • 
Logarithmic ally growing cultures ( 2000 ml ) of strain R1 in 
.M1 6 broth at 30°C were induc ea with .MC (0 . 5 pg/ml ) . Aft er 
lys is was c ompl et e the induc ed phage was c onc entrated by a 
dextran sulphat e-polyethyl e:r:te glyc o l  2 phas e s eparation 
sys t em ( Alb erts s on ,  1 967 ) . A crude phage c onc entrat e was 
obtained exactly as describ ed for c oliphage T 2  ( Alb ert s s on ,  
1 967 ) . Polyethyl ene glyc o l  6000 ( laborat ory grad e )  was a 
product of BDH Chemic als Ltd ,  Pool e , England . Dextran 
sulpha te 500 was obtained from Sigma Chemical  Co . , and dri ed 
over P2o5 in a des iccator . 
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Phage  conc entrat es from 2000 ml lys-at es ( total volume , 
approximat ely 25 ml ) were c entrifuged ( 28 , 000 rpm , 2 h )  
us ing the 30 rotor in a Spinc o L2-65 ultrac entrifuge . 
Pell ets were resuspended gently in � -2 ml 0 . � % b ovine s erum 
albumin solution and c entrifuge d  ( � 5 , 000 rpm , 5 min ) in a 
Servall RC- 2  c entri fuge . Several phage pr eparations were 
pool ed and the cyc l e  of  high and l ow speed c entri fugations 
repeated . Approximat ely � ml of t emperat e phage r� t of  
greater than � 0� 0  PFU/ml on s train AM� was obtained from 
each litre of R� lys at e .  

Electron micros c opy 

High titre oac t eriophage  pr eparations were di luted � 0-fold 
into 0 . �% b ovine s erum albumin s oluti on and negatively 
s t ained with an equal vo lume of 2% neutraliz ed phosphotungstic 
ac i d ,  ammonium molyb date  or uranyl ac etat e . Aeros ols  of 
stained preparati ons were sprayed on to  carbon film grids and 
examined us ing a Phillips El'1200 elec tron microscope . 

RESULTS 

S e arch for lys ogens 

Initially bac t eria-fre e  filtrat e s  from overnight 1'1� 6 broth 
cultur es of 3 2  s trains o f  lactic s treptoc occi  ( 22 Str . 
cremoris and � 0  Str . lac t is ) were spotted ( � 0  pl )  on lawns of  
the s e  32  strains on 1'1� 6 agar suppl ement ed with calcium ions . 
No  obvious instanc es o f  lysis , phage-reactions or growth 
inhib ition were obs erved in the � 024 s train c ombinat ions 
examined . 

Treatment with induc ing agents , however , gave more positive 
resul ts . When MC was added to logarithmically growing 
( OD580 of 0 . � ) 1'1� 6 broth culture s  at 30°C ,  at final c on­
c entrati ons of  0 . 5- and � . 0 yg/ml , overt lys is resulting in 
c ompl ete  cl earing of the culture s  was obs erved in 4 ( c .1 3 , 
BK5 , R� and TR) of 22 Str . cremoris s trains and 2 ( BA� and H� ) 
of 7 Str . lac tis strains which were t ested . Samples o f  
crude lysates from MC-treated cultures o f  the s e  6 s trains 
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were s tained with ammonium molybdat e ,  potas s ium· phospho­
tungs tat e and uranyl ac etat e and examined in an electron 
micro s c ope . Struc tur es res embling bacteriophage or phage 
components were s e en only in lysates  from Str . cremoris R1 . 
In addit i on ,  in pr eliminary lytic spectrum det erminat ions 
the lys at e  from strain R1 s howed plaque format i on on s ome  
strains . Str . c remoris R1 was , ther e fore , s el ec t ed for 
further study. 

MC induc tion of lys is in Str . cremoris R1 

The effects of MC additi ons to  cultures of Str . cremoris  R1 
are shown in Fig . 5 .  Ne ither time of  addition nor final 
conc entration of MC was a particularly critical factor in 
induc ing lys is o f  cultures . Cultures  incubat ed at 30°C were 
induc ibl e  by a range of MC c onc entrat i ons from 0 . 1 -4 . 0  pg/ml , 
provided that cultures were growing logarithmic a lly and c on­
tained l es s  than ab out 1 08 CFU/ml . MC conc entrations b e lo1:1 
0 . 1  pg/ml caus ed no obs ervab l e  departure from the c ontro l  
OD5�0 curve . Addition of  MC a t  l evels o f  higher than 
2 . 0  pg/ml reduc ed the initial  increas e in OD580 and ther e was 
progress ively l e s s  lysis . At 5 . 0  yg/ml there was almost  no 
growth and no lys is . 

In the s tandard proc edure adopt ed for MC induc tion of  lys is , 
MC was added at a final conc entrati on of 0 . 5-1 . 0 pg/ml to  
logarithmic ally growing cultures which had reached an OD580 
of 0 . 1 (� 5  x 1 07 CFU/ml aft er b l ending ) . Under thes e 
c onditi ons there was litt l e  effect on growth for s ome 30 min ; 
then the rat e of increas e in OD580 s lowed gradually over the 
next 60-90 min , followed by marked and rapid lys is of the 
culture ( Fig . 5 ) . Higher or l ower MC c onc entrations gave 
l ess c omplete  lys is  of cultures . 

UV induc t i on of lysis  in Str . cremoris R'1 

Survival o f  Str . cremoris R1 and of an appar ently non-induc ibl e  
s train of  Str . lac t is , ML3 aft er UV irradiati on of  b l ender­
treat ed cultures under the c onditions describ ed in Methods 
( page 58) are shown in Fig . 6 . Str . lac tis ML3 (NCDO 763 ; 
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T I M E  ( h r )  

Induction of lysis in  Str. cremoris R 1 with mitomycin C. 

At the time indicated by the arrow, an M16 broth culture ( 1 000 ml) of strain R 1 at 
30°C was divided into 4 cultures of 250 ml, which received, no additions (curve A) ,  
0.5 J.tg/ml MC (curve B ) , 1 .0 Jlg/ml MC (curve C )  and  2 .0  J.tg/ml (curve D).  Incubation 
was continued at 30°C, and 10 ml samples were withdrawn at 30 min intervals for OD 
readings. 

The induction of lysis after UV irradi.ation of Str. cremoris R 1 for 1 0  sec (from 
Fig. 7A) is shown for comparison (curve E ) .  
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NZRCC 20030 ) which has a mean chain l ength of 2 . 64 c o c c i  
under a vari ety of  cultural c onditions ( Thomas & Batt , 1 968 ) 
was c ons idered to  r epres ent a typic al  non-induc ible  s train 
of lac t ic streptoc occus , and UV dos es  could b e  operati onally 
defined from the l e thal effec ts on this strain . The 
survival curve appeared to b e  linear for at leas t  30 s ec of 
exposur e  to UV irradiati on .  There were no vis ible  s igns 
of lys i s  when UV-irradiated s ampl es o f  ML3 were  dilut ed into 
M1 6 broth and incub ated at 30°C for s everal hours . 

Str . cremoris R1 showed an unusual UV survival curve ( Fig . 6 ) 
with a marked disc ontinuity in the plot of plate c oun t  agains t 
UV exposur e  betwe en 1 0  and 20 s ec .  The change in s l ope  o f  
the curve occurred a t  the dos es o f  UV which gave mos t pro­
nounc ed lys is when samples wer e subs equently diluted into 1'11 6 
brotJ.1 and incubat ed at 30°C ( Figs 7a and 7b ) .  Under the 
c ondi ti ons us ed for UV irradiation , 5 s ec was the minimum 
exposure required t o  c aus e vis ible lys is of s train R1 • 
C ons ist ent and ext ens ive lys is  of cultures r esul ted from 
1 0-1 5 s ec of UV irradiat i on . Longer exposures to UV brougb t 
about progressively less  lys i s . Aft er 30 s ec of  UV irradi a­
tion G train R1 showed litt l e  growth and no lys is during 4 h 
of  sub s e quent incub ation in 1'11 6 broth at 30°C .  The OD580 
readings showing growth and lys is of R1 trans f erred to 1'11 6 
broth aft er 5 , 1 0 ,  1 5 ,  20 and 30 s ec of  UV treatment are 
shovm in Figs 7A and 7B . The rec overable c olony c ount at 0 
time aft er inoculati on into 1'11 6 broth provided the data for 
the R1 survival curve in Fig . 6 . The results  of  1 0  s ec o f  
UV irradiation are als o inc lud ed in Fig . 5 � The patt ern o f  
induct ion after thi s  exposure to UV irradiat i on was very 
s imilar to that brought ab out by MC addition . 

Lyt ic spectrum determinations 

MC - and UV- induc ed lysates of  s train R1 were s potted 
undiluted , and at decimal dilutions on lawns of  34 strains 
of Str . lactis and Str . cremoris . · Tab l e  VIII lists  the 1 2  
s trains , all Str . cremoris  which gave a pos itive respons e .  
S erial dilutions of the 1'10-induc ed lysate wer e plated by the 
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Fig. 6. S urvival of Str. cremoris R1 and Str. lactis M L3 after exposure to U V  irrad iation. 

Cultures were washed by cycles of centrifugation and resuspension in phosphate-buffered 
sal ine solution, and subjected to blender treatment (to reduce chains of streptococci to 
mainly diplococci ) before UV irradiation. I rradiated samples were d i luted in 1 / 1 0  strength 
M16 broth and plated on M16 agar plates as soon as possible after irradiation. 

• , Str. lactis M L3; o , Str. cremoris R 1 . 
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irradiated with UV l ight as described in the text. A non-irradiated sample (curve A )  
and samples irradiated for 5 sec (curve B) .  1 0 sec (curve C )  and 1 5 sec (curve 0 )  were 
di luted into M1 6 broth and incubated at 30°C. Readings of 0 0580 were made at 
30 min intervals. 
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s oft agar layer t echnique on all 1 2  s trains which had shown 
either lytic z ones , turb id zones or plaques in the spot 
tests . Plaque formati on oc curr ed on only 3 s trains , AM1 , 
SK1 1  ( an AM1 derivative ) and a c lo s e ly relat ed strain , us3 . 
The z ones of lys i s  obs erved on the r emaining 9 strains were 
not c aus ed by s ens itivity of s ome s trains to  MC still  pres ent 
in the MC -induc ed lysat es , b ec aus e lys at es obtained by UV 
treatment of R1 showed the same comb inat ion o f  plaquing and 
non-plaquing reac t ions in the lytic spectrum ( Tab l e  VIII ) .  
Furthermore 6 of these  9 s trains showed no s igns of  induc­
tion by MC under c ondi tions which c aus ed lys i s  of s train R1 ( Tab l e  XI ) .  

The lytic spectrum of a c onc entrat ed MC -induc ed R1 lys at e  was 
als o t e s t ed . The conc entration proc edures ( page 59) rais ed 
PFU on AM1 from N1 07/ml to  � 1 o1 0;m1 , but no c hanges were found 
in the range of s trains showing zones of lys i s 7 and there was 
no inc reas e in the numb er o f  s trains exhibiting plaque forma­
tion . The c onc entrat ed R1 lys ate was dilut ed to a titre 
( PF�/ml ) on AM1 s imilar to  that in c rude R1 induc ed lysat es . 
The lyt ic spectrum was s t i l l  virtually unchanged ( Tab l e  VI II ) 
thus � liminating the pos s ib ility that the lytic  z ones 
result ed from s ome relatively non-spec ific r eac t ion .3uch as a 
phage-induc ed lys o zyme . 

The phage  pres ent in induc ed R1 lys ates was i s olated from 
plaques produc ed on AM1 and propagated  on thi s  s train and OL 

us3 • Phage preparations of great er than 1 07 PFU/ml on AM1 
were difficult t o  obtain . From Tab l e  VIII i t  can b e  s e en 
that only 2 ( c1 3 , ill�2 ) of the 9 s trains which showed positive 
but non-plaquing r eactions to  R1 lys ates were r etained in 
the lytic  spectrum aft er the phage had been w.�opagat ed on 
AM1 • Plaque formation and · relativ e  effic i ency of  plating 
(EOP ) on s trains AM1 , SK1 1  and us3 were unchanged . Phage  
preparations grown on us3 rarely exc e eded 1 06 PFU/ml on AM1 
or us3 •  Titres were too  l ow for lytic spectrum t es ts . 



TABLE VI I I .  

Strain of 
Str. 

LYTIC SPECTRUM8 OF TEMPERATE AND VI RULENT BACTERIOPHAGE$ 
OF STR. CREMORIS STRAI N R1 . 

lytic 

RI 
culture 

induced 

spectrum 

R1 lysates . f cremoris b r1v.R 1 g r1t.AM1 
fi ltrate c 

uv MC MC,conc. d MC, dil. e 

R1 

AM 1 

AM2 

BR4 

c, 3 

HP 

KH 

ML1 

p1 

p2 

R6 

SK1 1  

us3 

a 

b 

c 

d 

e 

g 

h 

- - - - - - 1 .4 X 109 h 

- 3.7 X 107 3.0 X 107 1 .2 X 1010 1 .8 X 107 2.8 X 107 4.0 X 102 

- ± ± ± - + + 

- + + + + - -
- ++ ++ ++ ++ ++ -
- ++ ++ ++ ++ - -
- ++ ++ ++ + - -
- ± + + ± - -
- ++ ++ ++ + - -
- ++ ++ . ++ ++ - -
- + + + + - 5.3 X 102 

- �.0 X 106 2.3 X 106 6.7 X 109 8.3 X 105 2.2 X 106 8.0 X 1 01 

- 1 .8 X 107 1 .4 X 107 6.9 X 109 9.2 X 106 1.1 X 107 3.8 X 102 

Symbols: +, lysis; ++, pronounced lysis; ±, weak or inconsistent lysis; -, no lysis. 

No lysis was observed on 1 0 Str. lactis (BA1 , BA2, c1 0, H 1 , M L3, SK 1 , M L8, SK3, WM 1 , WM2) 

and a further 1 1  strains of Str. cremoris (AM3, BK5, E8, H2, K, S K4, T R ,  z8, 1 66, 1 58, 924) 

which were tested. 

Phage preparation tested. 

Concentrated MC- induced R 1 lysete (- 1 0
1 0 PFU/ml) .  

X 1 000 dilution of concentrated MC-Induced lysete. 

Temperate phage from Str. cremoris R 1 propagated on strain AM 1 . 

Virulent phage of Str. cremoris R 1 propagated on strain R 1 . 

PFU/ml in preparations which showed plaquing reaction In spot tests. 
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Charac t eristic s of strain R1 and its verific ation as a 
lys ogen . 
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History.  The s train was obtained in 1937 from U�ited  � 

Dairi es  Ltd . , England , by H . R .  Whit ehead who named the 
cultur e  UD1 . An isolat e  from thi s  culture , UD1 12 ( 22 . 3 . 38 )  
was renamed R1 • The strain was maintained at this Ins t itut e 
by dai ly sub-culture in skim milk with periodic s el ection and 
sub s equent sub- culture o f  active ac i d-produc ir-g co loni es 
(Whit ehead et al . 1 956 ) . Res erve cultures were kept deep­
frozen and in the freez e-dried st at e . A new sub-culturing 
regimen was adopt ed ab out 1 968 . Sub-culturing in autoc lavad 
RSM was reduc ed t o  1 -2 t imes we ekly. Freshly inoculat ed 
cultures were h e ld at  4°C and incub ated at  22°C for 1 6-24 h 
b efore sub-cultur e . Ptrrity and acid-produc ing ac tivity of 
thes e cultures wer e checked  s emi-annually by plating on a 
citrat ed-milk agar medium ( Pearc e ,  Skipper & Jarvis , 1 974) and 
t esti�g is olat es  in an ac t ivity t e s t  ( Pearc e ,  1 969 ) . The 
strair ... may give rise  to s loi'IT variant s (Pearc e ,  1 970 ) although 
som0 of  thes e may b e  lac tos e-negat ive derivatives . 

Virul �nt bac t eriophages . There are early r eports of phages 
virul ent on Str . cremoris R1 (Hunt er , 1 939 ) . One virulent 
phage of  R1 (NZDRI 652 , original ly i s o J.at ed  from che es e -v,rhey 
produc ed when R1 was the s t arter in us e)  is referr ed to in 
this s tudy as phage r1 v .  The s ens itivity o f  s train R1 to 
r1 v and 27 other virul ent phages of different hos t  range , 
isolated from che ese  whey s ampl es , i s  shown in Tab l e  VI I .  
Strain R1 was attacked by 1 3 isolates  at high effic i enci es 
which approached thos e at whi�h they attacked their propagat­
ing hosts . Medium or low s ensitivity (EOP , 0 . 1 -0 . 0001%) to 
8 other phages was found . Strain R1 appeared resis tant to 
7 of the phages t ested . 

Lys ogenic sta t e  of strain R1� The interac t i ons o f  s ome 
virul ent phages with the ir hosts  may superfic ially s imulat e 
lys ogeny (Hayes , 1 968) . The pos s ib ilities  of  ps eucolys ogeny 
and the c arrier s tate wer e cons ider ed bec aus e phage-c arrying 
che es e and lac t ic cas ein start ers were wel l  known (Hunt er , 



'1 947 ; Hunt er & Whitehead , '1 9LJ-9 ; Pett e ,  '1 9 53 ; Crawford & 
Gal loway , '1 962 ; Thomas & Lowri e ,  '1 974a , '1 974b ) . The 
foll owing were adopted as t ests  to  show c onc lus ively that 
Str . cremoris R1 was a lys ogenic s train : 

( i )  stability on repeated purific ation and sub-culture 
and inducibi lity by differ ent induction proc edures . 

( ii )  plaque formation on an indic a�or strain . 
( ii i ) lys ogeni sati on of  another strain with the phage  

induc ed from R1 • 
( iv)  curing of the sus pected lyso gen . 

( v )  pres enc e of bacteriophage in el ectron micrographs 
of lys at es . 

Stab i lity of the lys ogenic charac t er of strain R1 with 
repeated r e-is olation and sub-cultur e  
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The R1 culture which was current ly availab l e  for dis tribution 
to  che es e  fac tori e s , as well  as fre e z e-dri ed stock cultur es of  
R1 pr epared in  '1 968 , '1 967 , '1 962 and '1 955 were obtained , 
inoculat ed int o autoclaved RSM and incubated  at 30°C unti l  
c oagulation occurr e d .  C lott ed cultures wer e purifi ed by 3 
cyc les  of plating at high di lut i on ( '1 0-20 c o l oni es/plat e )  on 
M'1 6 agar , followed by inoculation of  s ingl e c olonies into 
tub es of autoclaved RSM . Thes e milk cultures were examined 
microscopic ally and t e s t ed for ac id production in an ac t ivity 
t es t  ( Pearc e , '1 969 ; and page '1 5 � Is olates from the 5 dif­
ferent sourc es  were ind�_stinguishab l e  and showed no obvious 
differenc es from the R1 is olat e upon which the initial  
obs ervati ons were made . 

Broth cultures  wer e  tested  for s usc eptibility to 5 different 
virul ent phages ( r1 v ,  c1 3 , p2 , sk1 1 , z8 ) and subj ect ed to the 
previ ous ly described MC and UV induction proc edures . Patt erns 
of  phage susc eptib i lity and respons es to  the induc tion treat­
ments were identical . Lys at es were of similar titr e on 
s train Al'11 ( approximat e ly '1 07 CFU/ml ) and there were no dif­
ferenc es obs erved in the lytic spec trum results when lysat es 
were spotted on lawns of  the '1 2  Str . cremoris strains listed in 
Tab l e  VIII . 



The R1 c ul ture in which the t emperat e phage was original ly 
found was , therefore , a true lysogen and unlikely to  b e  an 
artifac t , a chanc e c ontaminant , an atypic al is olate or a 
phage-c arrying ps eudolys ogenic culture . 

The indicator strain 

7'1 • 

Of the 3 s trains on which R1 lysat es produc ed plaques , Str . 
cremoris AM1 cons i s t ently gave the highest plat e  count s  for 
the phage  pres ent in induc ed R1 lys at e s . Strain AM1 was 
us ed routinely as the indicator for this phage ( designat ed 
r1 t ) . Initially , the plaque counts o f  phage  r1 t on AM1 
showed c ons iderab l e  variat ion . It s oon became  apparent that 
the age o f  the culture us ed  for s e eding plat es  had a marked 
effect on plating e ffic iency .  Highest EOP on AM1 was found 
when plat es  were s e eded from cultures grown we ll  into the 
s tationary phas e of growth by incubation at 30°0 for 24 h .  
Plaque c ounts were always l ower , frequently r educ ed to '1 0% ,  
'1 %  or even 0 . '1% i f  cultures grown at 22°0 or s till  in 
logarithmic growth were us ed as host c ells for plating r1 t 
from induc ed R1 lysates . 

Table  IX shows the results of  experiments c arri ed out t o  
det ermine i f  the speci�l c onditions nec essary for highest  
EOP on AM1 were a requir ement for s tationary phas e hos t c ells , 
s ome sup ernatant fac tor , or s imply a low pH in the cultur e 
us ed for s eeding plates . The titre of  r1 t was c l early 
charac t eris tic of the s tage of growth of the culture . Changes 
in pH , s uspending medium or c ell c onc entrat ion appeared to  
have no  s ignific ant effec t .  

The age o f  s eed culture als o affec t ed EOP of r1 t phage on 
s trains SK1 1  and us3 . The �ffects were not as pronounc ed 
as with AM1 , pos s ibly b ec aus e with the s e  hos ts the ass ay was 
alr eady at such l ow effic i ency that this fac tor was not 
s ignific ant . 

Variations in titre of  induc ed R1 lys ates depending upon 
plating c onditions s uggested  that the indic ator for r1 t phage 
was its e l f  b ecoming lysogeni sed . Specific att empts t o  



TABLE I X. 
E F F ECT O F  AGE, pH AND SUSPENDING M E D I U M OF STRAI N AM 1 SEED CULTU R ES 

ON TITRES OF I N DUCED r1t PHAG E 

culture 

stationary 

phase AM 1 

(30°C, 1 6  h) 

logarithmic 

phase AM 1 

(30°C, 4 h) 

-

treatment 

untreated 

centrifuged, resusp. in original volume of own supernatant 

centrifuged, resusp. in original vol .  of supernt. from log. culture 

centrifuged, resusp. in original volume of new broth 

untreated 

centrifuged, resusp. in 1 /3 vol. of own supernatant 

centrifuged, resusp. in 1 /3 vol.  supernt. from stat. culture 

centrifuged, resusp. in 1 /3 vol. of new broth 

---- - -----

OD580 pH 

0.70 4.6 

0.70 4.7 

0.65 5.9 

0.62 6.6 

0.29 5.7 

0.78 5.5 

0.68 4.7 

0.81 6.3 

PFU/ml phage 
r1t detected 

2.04 X 108 

2.41 X 108 

2.21 X 108 

2.34 X 108 

3.30 X 106 

2.30 X 106 

1 .24 X 106 

2.02 X 106 

...., N 
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d emonstrat e lysogeni s ation of  AM1 by phage r1 t were inc on­
c lusive . Att empts to charac teriz e is olates of AM1 which 
were sus p ec t ed r1 t lys ogens were c omplicated by diffic ulties  
o f  cons is t ently demonstrating resis tanc e to  r1 t and als o by 
the  pos s ibi lity that AM1 was already lys ogeni s ed and 
induc ib l e  under c ertain c onditions . 

Att empt ed lysogenisat io� of other s trains 

The 9 s trains showing turb id z ones , or zones of  lys is in 
their react ion to s pot tests  with induc ed R1 lysat es ( Tabl e  
VIII ) but never exhib iting plaque formation , may have b ec ome 
lys ogeni s ed by phag e  in the lys ates . Colonies were is olated 
from the lytic z ones  and turbid ar eas on all 9 s trains and 
t e s t ed as suspec t ed lys o gens . Is olat es and c ontrol cultures 
were scre ened for phage susc eptibility and resis tanc e ,  and 
induc ibi l ity with MC treatment . Results were negative , 
inc onc lus ive  or insuffic i ent ly differ ent from the respons e o f  
c ontrol cultures t o  c l early demons trat e lys ogenisaticn by 
r1 t : 

Lys ogeni sation of s train SK1 1  

Strain SK1 1 , which exhibits b etter growth charac t eri3tics  on 
s ynthetic media than its par ent strain AM1 , was examined in 
detail for evidenc e of lys ogeni sat ion by phage r1 t b ec aus e 
EOP on this strain r emained lowest , regardl ess of age of  s e ed 
c ultur e .  Is olat ions were made from the turbid z ones form ed 
when a MC -induc ed lys at e of R1 was s potted 0v2 x 1 05 PFU on 
AM1 /1 0 ,U drop) on a lawn of  SK1 1  on M1 6 agar . Mat erial from 
the turbid zones was streake d  on to M1 6 agar plat es which were 
incubat e d  for 48 h .  Twenty c learly s eparat ed c o l onies  were 
trans ferred into M1 6 broth . Thes e cultures were tes t ed for 
induc ibility with MC , the pres enc e of phage in induc ed 
lys ates  and their phage susc eptibility and resistanc e patt erns 
were examined . 

I n  MC-induc tion t e s ts there was a s l owing of rat e of increas e 
in turbidity in all cultures , inc luding the c ontrols . Aft er 
incubati on for 5 h all culture sup ernatants or lys at es 



( inc luding th e contro l  SK1 1  cultures ) were tested for r1 t 
phage on lawns of AM1 • Of the 20 is olates  treat ed as 
s uspected lys ogens , 4 produc ed lysat es which gave plaque 
formation on AM1 • N one o f  the other is olat es or the SK1 1  
c ontro ls ( s ome  of which had lys ed after MC treatment ) gave 
any s igns o f  phage r eac t ions or lys is on AM1 . 
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The results  o f  phage  s ens itivity tes ts  are shown in Tab l e  X .  
Two isolat es , code-named I601 and I604 , proved t o  b e  res istant 
to r1 t phage  in c ontras t to  the susc eptibility sho�in by 
c ontrol SK1 1  cultures and other isolat es from the s ame turbid 
s pot . The s e  isolat es  appeared to be derivatives o f  SK1 1  
which had b �c ome lys ogeni sed by phage r1 t b ec aus e :  

( i )  cultures were induc ib l e . 
( ii )  an incr eas e in detec tab l e  r1 t phage c oincided with 

induc tion.  
( iii ) cultures 3howed the s ame  patt ern of s ens it ivity as 

SK1 1  to virul ent phages . 
( iv) cultures were res istant to  phage r1 t .  

One of thes e  r1 t phage -resistant SK� 1 isolat es was puri fi e d  
by s ub-c loning through 3 cyc l es o f  plating , s e lecting c o l onies 
and culturing . A c ontrol SK1 1  culture  was tr eat ed in an 
ident ical manner . Induc tion with MC and the detection o f  
phage demons trab l e  on AM1 are shown in Fig . 8 .  The � ehaviour 
of  the c ontrol  SK1 1  cultur e  is  also  shown . Induc tion of  
lys is was l es s  obvious than in s train R1 and the l evel of 
spontaneous ly induc ed phage much higher . N evertheles s , there 
was a definite  increas e in the l evel of r1 t phage  aft er MC 
treatment . No phage  was det ec tab l e  on AM1 in s amples  from 
either untr eated or MC-treat ed SK1 1  c ontrol  cultures . 

Att empt s t o  derive a c ured s train o f  R1 

C ultures o f  R1 were expos ed t o  UV irradiat ion for periods of  
up to  s everal minut es  under the conditions pr evious ly 
des crib ed ( page 58) to allow only 0 . 01% , 0 . 001% ,  0 . 0001% and 
0 . 00001% s urvival . Irradiat ed cultures were plated on M1 6 



TABLE X. 

isolate 

SK1 1  

1 -601 

1-614 

1 -605 

1 -608 

1 -617 

AM 1 

R1 

PHAG E SENSITI V I TY8 O F  STRAI N SK1 1  AND SUSPECTED LYSOGEN IC ISOLATES 

a 

b 

c 

reason for 
testing 

control 

) suspected 
) 
) r1t lysogens 

) other 
) isolates 
) from same 
) turbid 
) spot 

r1t indicator 

source of r1t 

am1 
1 X 108 C 

s 

s 

s 

s 

s 

s 

s 

r 

phage preparation test� b 
sk1 1  rat MC-induced 

1 X 109 2 X 107 

s s 

s r 

s r 

s s 

s s 

s s 

s s 

r r 

Symbols: s, sensitive; r, resistant; ±, i nconsistent reaction. 

spot tests ( 1 0  J.ll ) on lawns of test strain on M 1 6  agar plates. 

PF U/ml in phage preparation. 

rat UV- induced 
2 X 107 

s 

r 

r 

s 

s 

s 

s 

r 

r1v 
1 X 109 

± 

r 

r 

r 

r 

± 

s 

s 

I 

..... U1 
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Fig. 8. I nduction of suspected SK11 lysogens with mitomycin C. 

MC (1.0 J..Lg/ml )  was added to logarithmically growing cu ltures of SK1 1  (curve B) and the 
suspected r1t phage-lysogenised derivative (curve D) at the time indicated by the arrow. 
ODsso readings of untreated control cultures of S K11 (curve A) and of the suspected 
lysogen (curve C) are also shown. 

Samples were plated for PFU of phage r1t on strain AM1 from control (curve E) and 
MC-treated (curve F) cultures of the suspected lysogen. No evidence of phage could be 
detected in corresponding samples from the SK1 1  cultures. 
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agar p lat es ( without added c alc ium i ons ) and s ingle  c o l onies 
inoculated into M1 6 broth . Cultures  isolat ed in this  way 
were t es t ed as follows : 

( i )  

( ii )  
( ii i )  

( iv)  
(v)  

s ens itivity to phage r1 v at high dilut ions to  
c onfirm that is olat es wer e R1 cultur es  and not 
c ont aminants .  
s ens itivi ty to phage  r1 t .  
induc ibility with MC . 
pres enc e of  r1 t in induc ed lys ates . 
phage s ens itivity and resis tanc e patt ern . 

Over 1 00 is olat es were t e s t ed . N o  obvious ly c ured s train 
which gave the expected results from the firs t 4 tests  was 
found . Lysis o f  cultures o f  all the isolat es was readily 
induc ibl e  with MC treatment . There was s ome  vari ati on in 
the l evel of  r1 t phage d etec table  on AM1 in thes e induc ed 
lys at es , but this  c ould have b e en due to  ass aying pr oc edur es 
( page 71 ) .  

It  �as possible  that s train R1 was a multipl e lys ogen . I f  
only one o f  s everal prophages were lost , gross induc ibi lity 
might remain unchanged . Some evidenc e of l o s s  o f  a prophage  
might be  det ected in the respons e t c  other phages bes ldes r1 t 
which c ould b e  r e-lys ogeni sing any cured is olates . To  test 
this hypothesis the parent culture , R1 , and is o lat es from 
heavily UV-irradiated cultures wer e t ested for their 
s ens itivity or res is tanc e t o  6 s erologically r elat ed phages 
( Tab l e  VII ) of markedly different hos t range , ml3 , b a1 , ba2 , 
br4 , h1 and sK1 1 . The c ontrol R1 c ulture was known t o  b e  
s ens i tive to  only 3 of  the phages . Is olat es  were examined 
for changes in overall sus c ept ibil ity or in the l evel o f  
s ens itivity t o  thes e phages .. N o  indications o f  an alt ered 
phage immunity patt ern wer e  detec t ed in any, R1 is olat e . 

Charac t eristics o f  the induc ed r1 t phage 

Onc e Str . cremoris AM1 had b e en estab lished as the indic ator 
strain for phage r1 t it was pos s ib l e  to re-inves tigat e the 
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induc tion of  s train R1 and as s ay for the pres enc e of this 
t emperate phage in induc ed and non-induc ed cultures . I t  c an 
b e  s een from Fig . 9  that there was a low but c ons i s t ent rat e 
o f  s pontaneous induction during logarithmic growth of  s train 
R1 in M1 6 broth .  Detectable  r1 t phage was at a PFU to CFU 
ratio of 1 0-6 until  the mid-logarithmic phas e of  growth . 
This ratio increas ed s lightly as the culture - ent er ed lat e 
l ogarii{hmic growth then fell suddenly with the ons et of  
s tationary phas e . Sinc e the  l evels of phage r1 t det ectab l e  
i n  non-induc ed R1 cultures never exc e eded 5 x 1 02 PFU/ml on 
s train AM1 at any time , it is not surprising that the lytic 
spectrum tests  with culture filtrat es gave negative result s 
( Table VIII ) .  

The increas e in det ec table  r1 t phage in a MC-induc ed R1 
culture is shown in Fig . 1 0 .  This increas e ,  oft en great er 
than 1 04 PFU/ml over that found in untreat ed c ontrol cultures , 
c oinc ided with the s lowing of increas e in OD580 and c ommenc e­
ment of lys is . The induc ed c ulture  reached a maximum OD580 
equ�valent t o  1 . 7 x 1 08 CFU/ml ( from 6 x 1 07 CFU/ml at MC 
addition) b efore lys is of 90% of the c ells . The phage titre 
in this lys ate  of  5 x 1 06 PFU/ml on the indicator s tr&in , AM1 , 
r epres ent ed a burst  of less  than 1 detectable  phage/· 1 0  induc ed 
c el ls . 

V ery rec ent ly. careful as say proc edures have rai s ed EOP on AM1 
by some 5-1 0 times ( c f .  Tab l es VIII and IX ) . Similar results 
have b een achi eved als o oy us ing a different as s ay medium 
( p ers onal c ommunic ation from L . E . Pearce ) . Even s o , the 
l evel of detectab le phage in i nduc ed lysates is s till  
r elatively l ow.  

Relationship betwe en virulent and t emperate phages of 
Str . cremoris R1 

The host range of  a virulent phage of R1 , r1 v propagated on 
R1 is shown in Tab l e  VIII . A low inc idenc e of  plaque 
format ion on strain R6 together with the expec t e d  virul enc e 
on R1 were the only differenc es in the range of  hosts on 
which the virulent and t emp erat e phages c ould form plaque s . 
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Fig. 9. The presence of phage r1t in a non-induced culture of Str. cremoris R 1 . 

M1 6 broth (500 ml)  was inoculated (2%) from an overnight culture of strain R 1 and 
incubated at 30°C. Samples were withdrawn at 30 min intervals and CFU/ml or R 1 
on M1 6 agar plates determined following blender treatment (curve A) .  The balance of 
the sample was chil led and centrifuged ( 1 0,000 x g for 1 0 min) .  Supernatants were 
assayed for phage r1t using Str. cremoris AM1 as the indicator strain (curve B ). 
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Fig. 10. Phage r1t in a MC-induced culture of Str. cremoris R1. 

A M16 broth culture prepared as in Fig.  9 was incubated at 30°C. MC (1.0 J.Lg/m l )  was 

added when the cu lture reached an O D580 of 0.1 (arrow). Samples were withdrawn at 
intervals for O D  readings (curve A). The balance of each sam ple was centrifuged and 

supernatants were assayed for phage r1t as in  F ig. 9 (curve B) .  The OD profi le (curve C) 

and r1t phage levels (curve D)  of an untreated control cu lture are also shown. 



PLATE I .  Bacteriophages o f  Streptococcus cremoris strain R 1 negatively stained 
with neutral 2% potassium phosphotungstate. 
Bar markers represent 100 nm. 

A. Virulent phage r1v. Magnification, X1 80,000. 
B. Temperate phage r1t. Magnification, X 1 80,000. 
C. Phage, phage fragments and ghosts in a MC-induced lysate 

of Str. cremoris R1 . Magnification, X85,000. 
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I n  routine propagat i on of phage  r1 v on R1 , lys is normal ly 
occurs when cultur es are in lat e logarithmic growth , the time 
when spontaneous ly induc ed t emperat e phage is highest ( Fig . 9 ) . 
Plaque formation on AM� , SK1 � and us3 may merely repres ent 
the ext ent of temperat e phage c ontamination of the virul ent 
phage preparation . 

The s imilarity in hos t  range b etween the virul ent phage ( r� v ,  
652 , originally iso lated from chees e whey) and the induc ed 
phage  suggested that the former might b e  a virul ent mutant o f  
the t emperat e phage . An examination of e l ec tron micrographs 
o f  the 2 phages showed that they were indeed very s imilar in 
appearanc e and dimensi ons ( Pl at e  1A  and 1 B ) . The mos t  
s triking c ontras t b etween the virul ent and t emperate r1 phages 
was the high amounts of inc omplete phage part ic les , fragments 
and ghos t s  that were s e en in t emperate phage preparati ons 
( Plate  1 C ) .  Ext ens ive s earching of grids was nec es s ary in 
order to find fragm ents or ghosts in r� v pr eparati ons . 

The high inc idenc e of  inc omplete  phage partic l es may have 
b e en an artifac t of the c onc entration proc edur es or result ed 
from MC induction c onditions , which may have b e en exc e s s ively 
rigorous . Howevsr , ghosts nnd inc omplete partic l es have 
b e en obs erved in normal pr eparations of other �rirulent phages 
( Lowri e & Pearc e , 1 970 ) . 

Induc ibil ity of other strains of Str . lactis and Str . cremoris 

In  the pre liminary experiments conduct ed at the outs et of  · this 
investigation , s everal s trains , from which Str . cremoris R� 
was s elec ted  for detailed study , showed induc tion of lys is 
when treated with MC or expos ed to UV irradiation . C onditions 
which gave most c ons istent �nduction of lys is with strain R1 
were us ed  t o  re-t e s t  the remaining 2� strains of Str . cremoris 
and 1 0  Str . lactis s trains . 

The respons es of Str . cremoris s trains to the induc tion pro­
c edures us ed  are shown in Tab l e  XI . In addition to R1 , 3 
s trains , BK5 , c1 3  and TR showed overt lys is aft er MC treat­
ment or UV irradiation . Variable  results were ob tained with 

f I 
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6 s trains A11'1 ' Al'12 , AM3 , I1L1 , SK1 1  and us3 which were t e s t ed 
wi th MC . UV treatment failed  to give more c ons istent results.  
No signs of induc t i on were obs erved in '1 2 s trains . 

The 3 s trains ( Al11 , SK1 '1 ' us3 ) upon which R-'1 lys at es produc ed 
p laques may thems elves b e  induc ible  and lys ogenic . Only one 
( c -'1 3 ) of the 9 strains upon which R� lysat es gave lytic 
z ones (but no plaques )  was c l early induc ib l e . Inc ons ist ent 
r e spons es  to  induc t i on treatments were  found with 2 ( ML-'1 , 
AM2 ) of the strains . The b alanc e of  6 s trains showed no 
evidenc e of  being lys ogeni� . 

Tab l e  XII shows the results ob tained when '1 0 s trains of  Str . 
lac tis  were treat ed with MC . Of thes e s trains , 5 were als o 
t ested by UV irradiation . As in the preliminary experiments ,  
2 s trains , BA-'1 and H-'1 gave pronounc ed lysis after MC or UV 
treatment . An additional s train , c-'1 0 was found to  b e  
induc ibl e  with MC . Respons es t o  MC treatment s ugges ting 
possible  induction were found in 4 s trains . The similarity 
of  �espons e of 3 o f  the strains was not unexpec t ed sinc e 2 
( SK3 , WM-'1 ) were derivatives of the third , ML8 (Tab l e  XI I ) .  

N one of the lys at es from Str . lactis MC- or UV -induc ed lys ates  
showed any pos itive  results  in lytic spec trum t ests . Evidenc e 
o f  s ome lytic ac tivity on other strains was found in lys ates 
induc ed from 2 of  the Str . cremoris s trains . Induced  lys ates 
from c-'1 3 produc ed plaques on AM -'1  and us3 and a z one o f  lys is 
on Str . l actis  H-'1 . Whi l e the plaguing reac tions were s imilar 
t o  thos e  found with R lys at es , lytic zones on other s trains 

'1 
were not found . Lys at es from Str . cremoris TR showed lytic 
z ones on a range of s trains very s imilar to  tho s e  aff ec t ed by 
R1 lysat es , namely AM-'1 , AM3 , HP , KH , ML-'1 , P1 and P2 . However , 
plaque formation was not obs erved on any s train . 

DISCUSSION 

Lys ogeny amongst s trains o f  group N lactic s treptococci  has 
b e en s us pected for s ome years ( Reiter , '1 949 ; C zulak & Naylor , 
1 956 ;  Crawford & Gall oway , '1 962 ; Sandine et al . 1 962) , and 
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TABLE X I .  

I N DUCTION O F  LYSISa I N  STRAINS OF STR. CREMORIS 

inducing agent 

strain 

mitomycin C b uv i rradiation c 

AM 1 ++ , ± ++ , ± 

SK1 1  
d ± NTe 

AM2 ++ , - ++ , ++ 

AM3 - , ± + 

BK5 ++ , +++ +++ 

BR4 - -
c1 3  +++ +++ 

Ea - -
H2 - -
HP - -

p1 - -
p2 - -

KH - -
ML1 ± ± 

R1 +++ f +++ g 

R6 - NT 

SK4 - NT 

TR +++ +++ 

us3 ++ , ± ± 

Za - -
1 58 - NT 

1 66 - NT 

See Table X I I  for footnotes. 



TABL E  X I I .  

I N DUCTION O F  LYSISa I N  STRAI NS O F  STR. LA CTIS 

strain 

BA1 

BA2 

c, o 

H1 

M L3 

sK1 
d 

M La 

SK3 

wM 1 
WM2 

a Symbols :  

inducing agent 

m itomycin c b UV irradiation c 

+++ +++ 

+ ± 

++ NT e 

+++ +++ 

- -
- -
+ NT 

+ NT 

± NT 

- NT 

+++, following treatment with inducing agent, 00580 doubled , 

then fell to below the value when treatment with the inducing 

agent commenced. 

++, at least one doubling of 00580 after in itiation of induction 

treatment fol lowed by fal l  in 00580 value to near that at which 

treatment was commenced. 

+, in itial 00580 dou bled, fol lowed by definite reduction but not 

to values as low as those when treatment commenced. 

±, less than one doubl i ng of 00580 fol lowed by a s l ight fal l  in OD. 

-, no indication of fal l  i n  00580 after treatment with inducing 

agent. 

Stra ins were tested at least twice: when different resu l ts were obtained, both are shown. 

b MC treatment (0.5 - ,  1 .0-, 2.0 J.lg/ml)  carried out as in Fig. 5. 
c UV i rradiation (5, 1 0, 1 5, 20 sec) as for F igs. 6 and 7. 
d Stra ins i ndented are derivatives of precedi ng strain.  

e Not tested. 

f Pattern of induction of lysis shown in F ig. 5. 

g Pattern of induction of lysis shown in F ig. 7. 
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it is s urpris ing in view o f  the inc reasing c ommerc ial s i gnifi­
canc e of Str . cremoris s trains that this presumed lys ogeny has 
not b e en c onfirmed much earlier . C ertainly , the s impl e  pro­
c e dur es of looking for phages in cul ture filtrat es and cros s ­
streaking of suspec ted lys ogens have , i� the main , b e en 
unsuc c e s s ful . Where reac tions b etwe en strains have b e en 
ob s erved the pos s ibiliti es of inhibition of growth by culture 
products , such as the nis in antibiotic s were not specifically 
el iminated .  

Strains of group N streptococci  induc ible by 2 very frequently 
us ed induc ing agents , UV irradiat ion and MC treatment , appe�r 
to  b e  relatively widespread . Us e of ei ther o f  thes e agents 
caus ed unambiguous induc t i on of lys i s  in 4 of 22 Str . cremoris 
and 3 of  1 0 Str . lactis  s trains that were inves tigat ed in this 
study . A further 8 strains gave l es s  cl ear-cut results . 
Ko zak et  a l . ( 1 973 ) found that 5 o f  46 Str . lac tis and 2 of  
24  Str . di ac etilac t is s trains were UV induc ib l e . Thes e 
workers fai l ed t o  find induc ibl e  Str . cremoris s trains but 
ind·u.c tion by UV treatment o f  s trains of this spec i es had 
alr eady b een shown by Koegh & Shimmin ( 1 969 ) and by Reit er 
( 1 973 ) although no temperat e phages had b e en charac t eJ.· iz ed . 
It  may well b e  that lys ogeny , or defective lys ogeny , is  such 
a c ommon feat�r e  of the group that the abs enc e of indic ator 
s trains rather than of lys ogens has i.'JJ.peded the study of  
t emperat e bac t eriophages . For example , McKay & Baldwin ( 1 973 ) 
failed  to  find an indicator for the phage r evealed in e l ectron 
micrographs of lys at es UV-induc ed from Str . lac tis C2 even 
though it was s ubs equently shown that this phage may b e  us ed 
to trans duc e a lactos e metabolism marker (McKay , C ords & 
Baldwin , 1 973 ) . An alt ernative explanation for the abs enc e 
o f  indic ators and the s e emi�gly high occurrenc e of defec tive 
phage , is  that the c onditi ons of induction with UV and 
part icularly with MC (Levine , 1 961 ;  and review by Szybalski 
& Iyer , 1 967 ) may have b e en unduly rigorous or too harsh and 
have had s everely dawaging effects on the induc ed phages . 

Indic ator strains on which plaque formation occurred , were 
found initially for only one ( Str . cremoris R1 ) of the 6 
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s trains that showed overt lys is aft er UV irradiation or MC 
treatment . In addition , z ones of lys is , but no plaque 
formati on were produced on lawns of s everal s trains . Unlike 
the report of Keogh & Shimmin ( 1 969 ) , no lys is was obs erved 
on lawns of  the s train which gave ris e to the lysat e . Of 
the 3 c lo s ely relat ed s trains on which R1 lys at es produc ed 
plaques , Str . cremoris AM1 was s el ec t ed as the routine 
indicat or for the phage induc ed from R1 , although s train AM1 
is  an unusual indic ator in s everal respects . In addition 
t o  b eing itself a potential lys ogen , the his tory of the 
c ulture  us ed for s e eding plat es was found to  have a s triking 
effect on the EOP of  phage r1 t .  Highest plating effic i enc �es  
were obtained wi th lat e s tationary-phas e c ells  that had grown 
at 30°0 .  The r eas ons why thes e c�ltures have the highest 
plat e c ounts are not understood and the finding was unexpect ed 
b ecaus e the us e of early t o  mid-logarithmic c ultures for 
s e eding plates was es s ential for highest EOP of  s ome group H 
t emperat e phages on their indicato� Str . sanguis  s train Wicky 
( Pars ons et al . 1 972 ) . Frequently , no plaque formati on what­
s o ever was obs erved if  l0garithmic ally growing AM1 cultures 
were us ed in r1 t as says . 

I t  is not surprising that AM1 was a poor propagat ing s train 
for r1 t phage . I t  is pos s ible  that AJI1 may b ec ome lys o­
geni sed by phage r1 t but dir ect evidenc e c ould not b e  
obtained . However , s train SK1 1  which cons i s t ently showed 
lowest EOP for r1 t ,  did b e c ome  lys o geni sed s inc e r1 t phage­
resistant co lonies  from which the phage c ould be induc ed by 
MC treatment wer e readily is olated from the turbid areas 
formed on SK1 1  l awns by lys at es of s train R1 . Attempts to 
acc omplish this us ing other strains were unsuc c es s ful and the 
SK1 1  r esults were c omplicat �d by the possib l e  lys ogenic ity 
of the parent SK1 1  cultures . The s ens itivity of the r1 t­
lys ogeni s ed SK1 1  is olat es t o  2 s erologically different viru­
l ent phages ( am1 and sk1 1 ) was unchanged from that of the 
parent s train . The res istanc e of s train R1 to thes e 2 
phages is  not then specifically as s oc iat ed with the pres enc e 
of this t emperat e phage . 
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An inadequacy of the indic at or s train alone s e ems 
insuffic i ent reas on to acc ount for the generally low l evel 
o f  phage r1 t det ectable in either induc ed or non-induc ed R1 
c ultures . Rapid ads orption o f  the induc ed phage to  c el l  
d ebris may caus e the appar ently l ow t itres o f  phage , s inc e 
l os s es as high as 99 . 9% of PFU have b e en attribut ed to  such 
ads orption in a group H temperat e phage sys t em ( Pars ons et 
al . 1 972 ; Parsons & Col e , 1 973 ) . Very rec ently, improved 
plating t echnique s  have rais ed  EOP of r1 t on AM1 • Neverthe­
less , induc ed lys ates  are s t i l l  of l ow titre . 

Lysates from strain R1 caus ed lytic reactions but no plaque 
formation o� s everal strains in addit i on to thos e that showed 
plaques . The pos s ibiliti es of inhibitory sub s tanc es or of 
s ome modi fic ati on and restriction phenomenon have not b e en 
eliminated entirely . The s irr:ilari ty in J.y·tic s pectrum 
produc ed by crude and conc entrat ed R1 lysat es and dilutions 
of the c onc entrat e d  preparat ions would argue against the 
pres e�c e of s ome  s imple  inhib itory c ompotmds . I t would s eem 
mor0 likely that s train R1 is  lys ogeni sed , perhaps defectiv�ly 
by more than one phage , or that only a small proportion of the 
induc ed phages is infective . The high inc idenc e of 
inc ompl e t e  phage partic les obs erved in el ec tron micr'.J;sraphs 
o f  induc ed R1 lys at es is c ompatibl e  with either pos s ib i lity ,  
b ut this c ould als o result from the c onc entration proc edures 
or from the conditi ons of induction . 

All but one of the non-plaquing reac t ions wer e l ost  from the 
lytic spectrum when phage r1 t was propagat ed on strain AM1 • 
A host range modification o f  r1 t by AM1 cannot b e  eliminated , 
but it is  more lik e ly that R1 carri es  in addition to r1 t one 
or more induc ib l e , perhaps �e fec tive , phages which do not 
attack AM1 or c annot be carri ed or propagat ed by it . Pas s age 
through AM1 may fre e  r1 t lys ates from thes e other phages 
induc ed s imultane ous ly from R1 , caus ing loss  of  the lytic  
z ones from the r1 t · AM1 phage preparations . I t  may b e  more 
realis tic at this s tage to assum e  that the R1 lys ates  ar e 
mixed phage preparations . 
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Virul ent phages have b e en a maj or industrial prob l em in the 
manufactur e  of f erm ent ed dairy foods for many years 
( Whitehead , 1 953 ) . Virul ent phages of newly i s o lated 
s trains of lactic s tr eptoc o c c i  appear rapidly when thes e 
s trains are us ed c ommercially. The pos s ibil ity that thes e 
previ ously unknown phages aris e as virul ent mutants  of  
t emperat e phage may ac c ount for  their sudden appearanc e . 
N e ither the el ec tron micrographs nor the host range data 
would b e  inc ompatib l e  with this hypothesis  in the c as e  o f  
the virul ent and t emperat e phages of  Str . cremoris  R1 • 

Preliminary s tudi es of addit i onal strains in this inves tiga­
tion as we l l  as r eports from other workers , indicate  that 
lys ogeny , defective lys ogeny or even multiple lys ogeny is  
widespread in  the lactic streptococ c i , and as in  other groups 
of bacteria , mus t b e  r egarded as the norma l rather than the 
exc eptional c as e . At this s tage , there appears t o  b e  no 
c ons is t ent c orrelation b etwe en the particular charac t eris tic s 
o f  strains as start ers for che es emaking and the lys ogenic 
s ta.te . The relatively fr equent occurrenc e of suspected 
lys ogenic s t+ains would , however , indicat e the pos s ib ility 
of a sub s tantial r e s ervoir of phage from which new vi:::::-ul ent 
mutant s or rec ombinants might aris e .  
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CONCLUSIONS 

The s tart er streptococ c i  c ontribut e  direct ly to the forma­
tion o f  bitter flavour in Cheddar chees e .  The pot ential t o  
produc e bitter chees e may b e  reduc ed b y  c ontrolling s t arter 
populations in the che es e  by choic e of starter s train , 
manufac turing c onditions , or by bact eri ophage . 

The s t arter organisms may not have any direct role  in the 
produc tion of Cheddar flavour its e lf . Other than produc ing 
the c orrect environment which all ows Cheddar flavour t o  
develop , any additi onal e ffec t o f  the start er may b e  
detrimental , particularly i f  high s t art er populations ar e 
r eached . Exc e s s ive start er numb ers caus e off-flavours , 
especially bitt erness which appears to mask Ch eddar flavour . 

A s train of Streptoc occus cremoris has been shown t o  b e  
lys ogenic . Lys ogeny may b e  relatively widespread amongs t 
s trains of lact ic strept oc occ i us ed  as start e�s in che e s e­
making . There i s , as yet , no c ons istent c orrelat i on b etween 
the ·b ehaviour o f  any s train in che e s e manufac ture and the 
lys ogenic stat e . 



APPENDIX I 

EXPERIMEN TAL CHEE8ES : 
DETAILS OF MANUFACT�RE AN D AliALYSES 
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MATERIALS AN D  I"'IETHODS 

Milk supply 

Che e s es wer e manufac tured during the 1 971 -72 dairying s eas on 
us ing bulk herd commerc ial who l e  milk ( c as ein : fat ratio ,  
0 . 58 ± 0 . 02 ) which c ame  mainly from J ers ey c ows . The total 
plat e counts  were approximately 1 05 organisms/ml on Standard 
Methods Agar (BBL) . Aft er pas t euriz ation ( 72° C , 1 5 s ec )  
average c ounts  were about 2 x 1 04 organisms/ml . Thes e 
values wer e within the range shown by Lawrenc e et al . ( 1 972 ) 
t o  have no obvious influenc e on the development of chees e 
flavour . 

Che es e manufacture 

Experiment al che es es were manufac tured in the Ins titut e  
Proc essing Hall by a small s c al e  ( 320 1 )  simulation o f  c on-
ventional c ommercial chees emaking proc edures . 'rhe numb er o f  
experiment s which c ould be  carried out at onc e ,  on one day , 
was: limit e d  to  4 .  Bulk s tart ers were grown in st eamed 
( 1 . 5  h) who l e  milk ( 0 . 25-0 . 5% inoculum , 1 6  h ,  25°C ) . The 
s ame � alf vell rennet l evel ( 22 ml/1 00 1 milk ) and s e�ting 
t emperatur e ( 31 . 7°C )  were us ed  in all experiments . As far 
as possib l e , the titratab l e  ac idities at which the vat s were 
r1m , dri ed , milled and salted w ere kept c onstant b etwe en 
experiments .  The s i z e  of the cub es formed when the c oagulum 
was cut and the ext ent of  dry-s t irring of the curd b e fore 
cheddaring , were alt ered  when higher or l ower than normal 
c ooking t emperatures were us ed .  Thes e measures were 
nec essary for adequat e c ontro� of the moisture c ont ent of  the 
curd , and t o  keep the composition of the chees es within 
normal limits . After overnight pressing , che es es ( 1 8  kg ) . 0 were film wrapped and matured for 1 4 days at 1 3  C and sub-
s equently at 7°C .  

C ompositional analys es 

Sampl es of chees es were analys ed 1 4 days aft er manufactur e  
f o r  mois tur e , fat and NaCl c ont ents b y  s tandard proc edures  



( British Standard 770 , 1 963 ) . The pH values o f  chees es 
were det ermined from 1 0  g s amples  which had b e en ground in 
a mortar with the minimum amount of water ( l ess  than 2 ml ) 
to  give a smooth paste . 

Bacteriological analys es 
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Start er colony c ounts were det ermined aft er inoculat ion of 
the milk with start er and the addit i on of rennet ( s etting) , 
aft er most  of the whey had b e en run off ( drying ) ,  at milling , 
immediat ely b efor e  salting and aft er the ch ees es  had b e en 
removed from the hoops following overnight pre s s ing . Milk 
or curd s ampl es ( 1 0  g) were chilled and added to 90 ml 
chilled �fo trisodium citrat e s olut i on in an AtoMix b l ender 
(Measur ing and Sc i entific Equipment Ltd , Crawl ey , England ) . 
Bl eniing at full speed ( 1 3 , 000 rpm) homogeniz e d  the samples  
and reduc ed chains of  strept ococci  to  an average CFU of  
2 . 3-2 . 6  c ells depending upon the s train (Martl ey ,  1 972 ) . 
The effect iveness of the b l ending treatment was checked 
micros c opic ally. Blended s ampl es wer e dilut ed in 1 /1 0 
strength M1 6 broth and plated for c o l ony c ount s  by s o ft agar 
overlRy on M1 6 agar plates  ( Lowrie & Pearc e ,  1 971 ) . Plat es  
were incubat ed at 30°C for  1 8-24 h aerobically , or  i n  a 5% 
(v/v) co2-air mixture . 

As soon as the important influenc e of bac t eri ophage on 
flavour development was fully r eal i z e d ,  samples  taken for 
c olony c ount det erminations in che es emaking trials as well as 
whey s ampl es c o l l ec ted at running , milling and b e fore s alt­
ing were routinely as s ayed for bac t eriophage . Appropriat e 
diluti ons were mixed with the test  s t arter s train and plat ed 
us ing the s oft agar layer t echnique on M1 6 agar c ontaining 
0 . 005M c alc ium b orogluc onat e (Lowrie  & Pearc e ,  1 971 ) .  

Expres s i on of starter col ony c ount data 

Bec aus e of the large diff erenc es in moistur e c ont ents of 
sampl es  the obs erved s tart er colony c ounts /g of milk , curd 
or finished chees e wer e multiplied by the rat i o  of the 
s olids c ont ent of the finished che e s e  to the s o lids c ont ent 
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o f  the s ample . All c olony c ounts are , therefore ,  express ed 
as coloni es  /g finished chees e .  Pres entation of  the data in 
this way allows direct  comparis ons of the val ues rec orded 
for samples  from different stages of the chees emaking proc ess . 
Colony c ounts were int erpr et ed cautiously if  the bact eriophage 
t i tre of the sampl e ,  or of a whey sample  taken at a s imilar 
s t age in chees emaking , exc e ed ed 1% of the s tart er c ount . 

Fl avour evaluat ion 

Chees es were as s es s ed for bitterness development at 3 and 6 
months from manufac ture by a panel of  8-1 0 experi enc ed 
j udges . Sampl es , which were  c oded and randomi z ed ,  were  s ub­
mitted to  the panel  under c ontrolled c onditions together with 
a labelled s tandard s ampl e of chee s e  previous ly establish ed 
as not b it t er and poss essing good flavour . Bitt ernes s 
sc ores were as s igned on a 1 - 5 scale  as follows : 

1 .  abs ent 
2 .  possib ly pres ent 
3 - defini t e ly pres ent 
4 .  int ens e 
5 .  predominant 

The bitt erness value for each chees e was the average o f  the 
individual sc ores . Panel reliab il ity was checked peri od­
ic ally by random duplication o f  s amp l es . Cons i s t ency of  
grading was maintained by re-submitt ing s elected s amples  to  
c ons ecutive grading s ess ions . 

Cheese  s ampl es were als o as s i gned s c ores for overall 
acc eptab i lity of flavour on a scale  o f  1 -9 .  Poor che es es 
with s eri ous flavour defects had acc eptability values of  1 -3 , 
average che es es s c ored 5 and chees es of outstandingly go od 
flavour , 8-9 . 



Lis t  o f  experimental che e s e s  

Start er Dat e 

Al'12 ( non-bitt er ) a '1 7 .  9 .  7'1 
Al'12 
Al'12 24 . 9 . 7'1 
Al'12 
Al'12 28 . 9 . 7'1 
Al'12 
Al'12 5 .  '1 0 .  7'1 
Al'12 1 2 .  '1 0 .  7'1 
Al'12 28 . '1 • 72 
Al'12 3 . 2 . 72 
E8 ( variabl e )  27 . '1 0 .  7'1 
E8 
E8 23 • '1 '1 • 7'1 
E8 
HP (b itt er )  9 . 9 . 7'1 
HP 
HP 
HP 
HP 1 4 . 9 .  7'1 
HP 
HP 
HP 
HP '1 7 .  9 .  7'1 
HP 
HP 24 . 9 . 71 
HP 
HP 5 . 1 . 72 
HP 
HP 
KH (bi t t er )  3 . 2 . 72 
'1 32b (bitter)  3 . 2 . 72 
'1 32 9 . 2 . 72 
'1 32 
'1 32 

Special c onditions 

standard proc edure 
low c o oking t emperatur e  
standard proc edur e 
low c ooking t emperatur e  
s tandard proc edur e 
low c ooking t emperatur e  
) � c ontrol  non-bitter 
) chees e s made by 
) standard proc edure 
) 
standard proc edur e 
low c ooking t emperature  
standard proc edur e 
low c ooking t emperat ur e  
standard proc edure 
bac t eri ophage added 
bac t eriophage added 
bact eriophage added 
standard proc edure 
bact eri ophage added 
b ac t eriophage added 
bact eri ophage added 
standard proc edure 
high c ooking t emperatur e  
standard proc edure 
h�gh c ooking t emperatur e 
reduc ed c ooking t emperatur e  
standard proc edur e 
high c o oking t emperature 
standard procedure 
standard proc edure 
low c ooking t emperature  
standard proc edure 
high c ooking t emperature 
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Page 

98 
98 
99 
99 
99 
99 

'1 00 
'1 00 
1 00 
'1 00 
'1 05 
'1 05 
'1 07 
'1 05 
1 '1 '1  
'1 '1 '1  
'1 '1 '1  
1 '1 '1  
1 '1 2  
'1 '1 2  
1 '1 2  
1 '1 2  

98 
98 

'1 04 
'1 04 
1 04 
1 04 
'1 04 
'1 09 
'1 09 
'1 '1 0  
'1 1 0  
'1 '1 0 



List of  experimental che e s es ( c ontinued) 

'1 32 
'1 32 

Starter 

ML1 (non-bitter ? )  
l'1L'1 
1'1L'1 
ML'1 
ML8 ( b it t er )  
ML8 
l'1L8 
l'1L8 
l'1L8 
l'1L8 
SK1 1  ( non-b itt er)  
SK1 1  
SK1 1  
SK1 1  
z8 (bitter )  
z8 
z8 
z8 
z8 
z8 
z8 
z 8 
'1 66 (bit t er )  
'1 66 

Footnot e s  

Data 

'1 '1 . 2 . 72 

4 .  '1 '1 . 7'1 

26 . '1 '1 • 7'1 

'1 2 .  '1 0 • 7'1 

8 .  '1 0 .  7'1 

'1 4 . '1 . 72 

Spec ial c onditions 

standard proc edure 
high c ooking t emperatur e  
low c ooking temperatur e  
standar� proc edure 
low c o oking t emperature 
standard proc edur e 
low c ooking t emp erature 
standard proc edure 
high c ooking t emperatur e  
low c o oking temperatur e 
standard proc edur e 
high c ooking t emperature 
low c o oking t emp erature 
standard proc edur e  
low c ooking t emp erature  
standard proc edure 
low c ooking t emp eratur e  
low c ooking t emperatur e  
standard proc edure 
high c ooking t emperature 

c low co oking t emperature 
low c ooking temp erature c 

standard proc edure c 

high c o oking t emperature  c 

standard proc edure 
h�gh c ooking t emperature  

aT endancy to  bitt erness  under normal c onditi ons . 
bStr . cremoris '1 32 was i s o lated from Str . cremoris  KH . This 
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'1 '1 0  
'1 '1 0 
'1 06 
'1 06 
'1 06 
'1 06 
'1 02 
'1 02  
'1 02 
'1 03 
'1 03 
'1 03 
'1 0� 
'1 0'1 
'1 0/1 
'1 01 
'1 07 
'1 07 
'1 07 
'1 07 
'1 08 
'1 08 
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is olat e was res istant to a bact eriophage which attacked the 
parent s train , KH , and Str . cr emoris s trains HP and z8 • 

cHeavy c ontaminati on with b ac t eriophage . 
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Manufac turing rec ords and analys es 

Manufacturing rec ords and analys es of  all choes � c ons idered 
in this s tudy are rec orded in a standard format in the 
following pages . For all  che eses the s etting t emperatur e was 
31 . 7°C and calf vell rennet  ( 22 ml /1 00 l milk ) was us ed . 
C ompos itional , microb iologic al and fl avour analys es were 
c arri ed out as describ ed ab ove . 



Start er strain 

Manufac ture  dat e 
Spec ial  c onditi ons 

Inoculum (%)  
C ut o f  coagulum ( mm ) 
C ooking t emp . ( °C )  

Time  ( h : min) 
s et t o  dry 
dry t o  salt 
total make time 

Titratable  ac idity (%)  
dry 
mil l  
s alt  

Salt  added t o  curd (%)  

Start er ( CFU/ g ) x1 0-6 

s et 
dry 
mill  
b efore salting 
aft er pres s ing 

Analys is at 1 4  d 
mois ture (% )  
fat (%)  
N aC l  (%)  
pH 
s alt-in-mois ture (%)  

Flavour evaluation 
b i t t erness  3 m 
( 1 - 5 )  6 m 

overall sc ore 3 m 
( 1 -9 ) 6 m 

1 7 .  9 .  71 1 7 .  9 • 71 
c o ok t emp . 

2 . 1  
9 . 5  

37 . 8  

2 : 45 
2 : 40 
5 : 25 

0 . 1 6 
0 . 54 
0 . 73 
2 . 50 

2 . 1  
6 . 4  

33 . 3  

2 : 50 
2 : 30 
5 : 20 

0 . 1 7 
0 . 88 
0 . 90 
2 . 50 

98 . 

HP HP 

1 7 . 9 - 71 1 7 . 9 - 71 
c ook t emp . 

1 . 6  
9 . 5  

3 7 . 8  

2 : 45 
2 : 45 
5 : 30 

0 . 1 6 
0 . 52 
0 . 65 
2 . 25 

1 . 6  
1 2 . 7  
39 . 4  

2 : 45 
3 : 20 
6 : 05 

0 . 1 6  
0 . 65  
0 . 70 
2 . 75 

Not det ermined 

34 . 4  
36 . 0  

1 . 36 
4 . 89 
3 . 96 

1 . 3 
1 . 0  

5 . 4 
6 . 2  

1 1  

1 1  

1 1  

1 1  

34 . 6 
36 . 0  

1 . 33 
4 . 8 8 
3 . 84 

3 . 1  
3 - 7 

1 1  

11  

1 1  

1 1  

33 . 8  
36 . 0  

1 . 52 
4 . 96 
4 . 50 

2 .. 5 
1 . 9  

3 . 8  
4 . 6  

33 - 5  
36 . 0  

1 . 49 
5 . 1 4  
4 . 44 

1 . 4 
1 . 0 

4 . 5 
4 . 4  



Start er s train 

I /Manufac ture dat e 
I / Spec ial c ond�tions 

Inoculum (%)  
Cut of  c oagulum ( mm ) 
C ooking t emp . ( oC ) 
Time ( h : min ) 

s et to dry 
dry to  salt 
total make time 

Titratab l e  ac idity (%)  
dry 
mil l  
sal t  

Salt added to curd (%)  

Start er ( CFU/g)x 1 0-6 

s et 
dry 
mil l  
b efore s alting 
aft er pr essing 

Analys is at 1 4  d 
mois tur e (%) 
fat (%)  
NaC l (% )  
pH 
salt-in-mois ture (%) 

Flavo ur evaluation 
bitternes s  3 m 
( 1 - 5 )  6 m 

overal l  s c ore 3 m 
( 1 - 9 )  6 m 

.AM2 .AM2 

24 . 9 .  71 24 . 9 .  71 
c ook t emp . 

2 . 0  2 . 25 
9 - 5  6 . 4  

3 7 . 8 33 . ?> 

2 : 55 2 : 45 
2 : 45 2 : 00 
5 : 4-0 4 : 45 

0 . 1 6  0 . 1 6 
0 . 54 0 . 56 
0 . 72 0 . 72 
2 . 5 2 . 75 

1 50 1 70 
530 800 
3 50 2500 
280 5300 
7 . 2  260 

33 . 4 33 . 2  
38 . 5 38 . 5 

1 . 54 1 . 65 
4 . 96 4 . 92 
4 . 62 4 . 97 

1 . 0 3 . 8 
1 . 1 2 . 3  

5 - 9 2 . 5 
6 . 3 4 . 3  

MA�EY UNIVERSITY 
LI BRARY 
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.AM2 Al'12 

28 . 9 . 71 28 . 9 . 71 
c ook t emp . 

2 . 0  2 . 3  
9 - 5  6 . 4  

37 . 8  33 . 3  

2 : 45 2 : 40 
3 : 00 1 : 50 
5 : 45 4 : 30 

0 . 1 6  0 . 1 7  
0 . 53 0 . 52 
0 . 74 0 . 74 
2 . 25 2 . 75 

1 1 0 1 40 
1 60 71 4 

84 2550 
1 24 2580 
6 . 2  298 

34 . 1  34 . 0  
37 - 5  37 - 5  

1 . 3 5 1 . 51 
5 . 02 4 . 96 
3 . 96 4 . 44 

1 . 2 3 . 6 
1 . 0 2 . 8  

6 . 0  2 . 7 
6 . 3  4 . 2  



1 00 .  

Starter s train AI'12 Al'12 Al'12 Al'12 

/Manufac ture dat e 5 . 1 0 .  71 1 2 . 1 0 .  71 28 . 1 . 72 3 . 2 . 72 
I .' Spec ial c onditi ons normal manufacturing proc edures  

Inoculum (%)  2 . 2  2 . 2  2 . 0  2 . 0  
Cut of c oagulum ( mm ) 9 . 5  9 . 5 9 . 5  9 . 5 
C ooking t emp . ( oC ) 3 7 . 8  37 . 8  37 . 8  37 . 8  

Time ( h : min ) 
s et to  dry 2 : 30 2 : 40 2 : 50 3 : 05 
dry t o  s alt 3 : 05 2 : 45 3 : 05 2 : 50 
total make time 5 : .3 5 5 : 25 5 : 55 5 : 55 

T itratab l e  ac idity (%)  
dry 0 . 1 5  0 . 1 5  0 . 1 4  0 . 1 6  
mill  0 . 54 0 . 52 0 . 52 0 . 55 
salt 0 . 72 0 . 71 0 . 68 0 . 80 

Salt added t o  curd (%)  2 . 25 2 . 75 2 . 25 2 . 25 

Starter ( CFU/g )x 1 0-6 

s et 1 22 1 60 not det ermined 
dry 220 200 1 1  1 1  

mill 300 1 50 1 1  1 1  

b efore s alting 57 84 1 1  1 1  

aft er pr essing 4 . 6  1 0  1 1  1 1  

Analys is at 1 4  d 
moistur e  (%)  33 . 4  33 . 1  34 . 1  34 . 6  
fat (%)  37 - 5 38 . 0 38 . 0 36 . 0 
NaCl  (%)  1 . 58 1 . 56 1 . 43 1 . 40 
pH 5 . 01 4 . 97 4 . 98 4 . 91 
salt-in-mois tur e  (%)  4 . 73 4 . 71 4 . 1 9  4 . 04 

Flavour evaluation 
b itternes s 3 m 1 . o  1 . 1 1 . 0  1 . 3 
( 1 - 5 )  6 m 1 . 0 1 . 0 1 . 0 1 . 0 

overall score  3 m 7 . 0 6 . 3  6 . 3  4 . 2 
( 1 -9 )  6 m 7 . 1  6 . 8  6 . 4  6 . 6 



Start er strain 

Manuf�c turing dat e 
Spec ial  condit i ons 

Inoculum (%) 
, Cut of coagulum ( mm ) 
C o oking temp . ( °C )  

Time ( h : min ) 
s et to  dry 
dry t o  salt 
t o tal make time  

Titratable ac idity (%)  
dry 
mi l l  
s al t  

Salt added t o  curd (%)  

Start er ( CFU/ g ) x  1 0-6 

s et 
dry 
mil l  
b efore salting 
aft er pres s ing 

Analys is at 1 4  d 
moisture (%)  
fat  (%) 
NaC l (%) 
pH 
salt-in-mois ture (%)  

Flavour evaluat i on 
b i t t ernes s 3 m 
( 1 - 5 )  6 m 

overall score 3 m 
( 1 -9 )  6 m 

8 . 1 0 .  71 8 . 1 0 . 71 
cook t emp . 

2 . 3 
9 . 5  

37 . 8  

2 : 50 
3 : 40 
6 : .30 

0 . 1 6  
0 . 51 
0 . 67 
2 . 75 

220 
480 
360 
270 
5 - 9  

3 5 . 4  
36 . 0  

1 . 71 
4 . 98 
4 . 83 

1 . 0 
1 . 1 

6 . 5 
6 . 9 

2 . 0 
6 . 4  

33 . 3  

2 : 3 5  
2 : 55 
5 : 30 

0 . 1 5 
0 . 5 2 
0 . 66 
2 . 75 

200 
2400 
3600 
4400 

280 

34. 9  
36 . 0 

1 . 68 
4 . 97 
4 . 81 

3 - 7  
3 . 2  

3 . 1  
3 . 2  

1 01 0 

1 5 0  1 0 0 71 1 5 0  1 0 0 71 
c ook t emp . 

2 . 3 
9 . 5  

37 . 8  

2 : 55 
3 : 30 
6 : 25 

0 . 1 5  
0 . 53 
0 . 67 
2 . 75 

1 60 
1 50 

82 
1 2  

1 0 0 

35 - 7  
34 . 5  

1 . 52 
4 . 95 
4 . 26 

1 . 1  
1 . 0  

6 . 6 
6 . 9  

2 . 6  
6 . 4  

33 . 3  

2 : 55 
2 : 25 
5 : 20 

0 . 1 6  
0 .  51 
0 . 67 
2 . 50 

200 
1 700 
2300 
1 1 00 

1 50 

34 . 7  
34 . 5 

1 . 56 
4 . 94 
4 . 49 

3 - 5  
2 . 5  

3 . 1  
4 . 5 



Start er strain 

Manufacture  dat e 
Special  c onditi ons 

Inoculum (%) 
Cut of c oagulum ( mm ) 
C ooking t emp . ( °C )  

Tim e  ( h : min ) 
s et to dry 
dry to s alt  
t otal make time 

Titratable  ac idity (%) 
dry 
mill  
s alt 

Salt added to  curd (%)  

Start er ( CFU/g)x 1 0-6 

s et 
dry 
mill  
b efore salting 
a ft er press ing 

Analys is at 1 4  d 
moisture (%)  
fat (%) 
N aC l  (%) 
pH 
s alt-in-moisture (%)  

Flavour evaluati on 
b itt ernes s 
( 1 - 5 )  

overall s c or e  
( 1 -9 )  

3 m 
6 m 

3 m 
6 m 

5 . 1 0 .  71 
Cooking t emp erature 

2 . 2  
6 . 4  

33 - 3  

2 : 3 5 
2 ::05 
.4- : 40 

0 . 1 7  
0 . 54 
0 . 74 
2 . 75 

1 40 
4300 
4300 
5200 
4300 

33 . 4 
37 - 5  

1 . 58 
5 . 01 
4 . 73 

2 . 8  
2 . 1  

1 . 7 
9 . 5  

37 . 8  

2 :.40 
2 : 3 5 
5 : 1 5  

0 . 1 6  
0 . 53 
0 . 73 
2 . 38 

96 
3500 
5800 
4700 
4050 

32 . 7  
37 - 5 

1 . 64 
5 . 02 
5 . 02 

2 . 4  
3 . 0  

1 . 8  
1 2 . 7  
39 . 4  

2 : 50 
3 :. 1 0  
6 : 00 

0 . 1 6  
0 . 52 
0 . 60 
2 . 75 

1 90 
2200 
2700 
2400 
1 400 

31 . 3  
37 - 5  

1 . 54 
5 - 1 6 
4 . 92 

1 . 1 
2 . 2  

4 . 4  
3 - 7  

1 0 2 .  



Start er strain 

Manufac ture  date  
Special c onditions 

Inoculum (%) 
Cut of c oagulum (mm) 
C ooking t emp . ( °C )  

Time (h : min) 
s e t  t o  dry 
dry t o  s alt 
total make time 

Titratab l e  ac idity ( % )  
dry 
lliil l  
salt  

Salt  added to  curd (%)  

Starter ( CFU/g)x 1 0-6 

s et 
dry 
mil l  
b efor e s alting 
aft er pr essing 

Analys i s  at 1 4 d 
mois tur e  (%) 
fat ( % )  
NaCl ( %)  
pH 
s alt-in-moistur e  (%)  

Flavour evaluation 
bitt erness 
( 1 -5 )  

overall sc ore 
( 1 -9 ) 

3 m 
6 m 

3 m 
6 m 

l'1L8 l'1L8 l'1L8 

1 2 .  1 0 .  71 1 2 .  1 0 .  71 1 2 .  1 0 .  71 
Cooking t emperature  

1 . 8  
6 . 4  

33 . 3  

2 : 3 5 
2 : 25 
5 : 00 

0 . 1 5  
0 . 52 
0 . 71 
2 . 75 

1 70 
2400 
5800 
5200 
4300 

3 3 . 1  
38 . 0  

1 . 61 
5 . 01 
4 . 86 

3 . 6  
2 . 6 

1 . 8  
9 - 5  

37 . 8  

2 : 45 
2 : 25 
5 : 1 0  

0 � 1 5  
0 . 55 
0 . 71 
2 . 75  

1 60 
3400 
4700 
4400 
3700 

33 . 1  
38 . 0  

1 . 59 
5 . 04 
4 . 80 

3 . 0 
2 . 9  

2 . 2  
1 2 . 7  
39 . 4  

2 : 55 
3 : 1 0  
6 : 05 

0 . 1 5 
o .  51 
0 . 62 
2 . 50 

1 90 
21 00 
3200 
2700 

840 

31 . 6 
38 . 0  

1 . 42 
5 . 06 
4 . 50 

2 . 3  
2 . 3  



1 04 .  

Start er s train HP HP HP HP HP 

I 
Manufac ture dat e 24 . 9 . 71 24 . 9 .  71 5 . 1 . 72 5 . 1 . 72 5 . 1 . 72  

I 

Spec ial c onditi ons C ook t emp . C o ok t emp . 

Inoculum (%) 1 . 7 1 . 5  1 . 8  1 . 8  1 . 8 
Cut of  c oagulum ( mm) 9 . 5  1 2 . 7  9 - 5 9 . 5  1 2 . 7  
Cooking t emp . ( oC )  37 . 8 39 . 4  36 . 7  3 '7 . 8  39 . 4  

Time ( h : min ) 
s et t o  dry 2 : 45 3 : 05 2 : 50 2 : 50 3 : 1 0 
dry t o  salt 2 : 1 5  3 : 05 1 : 55 2 : 00 2 : 55 
total make time 5 : 00 6 : .'1 0 4 : 45 4 : 50 6 : 05 

Titratab i e  ac idity (%) 
dry 0 . 1 7 0 . 1 6 0 . 1 7 0 . 1 7  0 . 1 7 
mil l  0 . 52 0 . 50 · o . 54 0 . 54 0 . 55 
salt o .  71 0 . 65 0 . 71 0 . 71 0 . 67 

Salt added to  curd (%) 2 . 25 2 . 75 2 . 50 2 . 50 2 . 00 

Start er _ ( CFU/g ) x  1 0-6 

s et 63 59 78 87 91 
dry 492 452 71 5 750 540 
mil l  not rec orded 1 0 50 1 1 00 360 
b efore salting 735 1 32 930 980 230 
aft er press ing 269 1 56 340 370 78 

Analys is  at 1 4  d 
moisture (%) 33 . 6  31 . 5 32 . 5  32 . 3  32 . 6  
fat (%)  38 . 5  39 . 0  38 . 0  38 . 0 38 . 0  
NaC l (%)  '1 . 55 1 . 49 1 .  56 1 . 62 1 . 43 
pH 4 . 95 5 . 1 6 4 . 89 4 . 93 4 . 94 
s alt-in-mois ture (%) 4 . 62 4 . 73 4 . 80 5 . 02 4 . 38 

Flavour evaluation 
bitt erness 3 m 3 . 0  2 . 0  3 . 3  3 - 3  2 . 5  
( 1 - 5 )  6 m 2 . 9  1 . 1 3 . 6  3 . 2  2 . 4  

overall scor e  3 m 3 . 8 4 . 0  2 . 5 3 . 0 3 . 5  
( 1 -9 ) 6 m 3 . 9  5 . 1  2 . 5 2 . 7 3 . 6 



1 05 .  

Starter strain E8 E8 E8 E8 
I 

23 . 1 1 . 71 23 . 1 1 . 71 ,Manufacture  date 27 � '1 0 .  71 27 . 1 0 .  71 
I 

!Spec ial c ondit ions Cook t emp . C o ok t emp . 

Inoculum (%) 2 . 5  2 . 5  3 . 0  3 . 0  
Cut of  c oagulum ( mm ) 9 - 5  6 . 4  9 . 5  9 . 5  
Cooking t emp . ( °C ) 37 . 8  33 . 3  37 . 8  33 . 3  

Time  ( h : min ) 

s et to  dry 2 : 45 3 : 00 2 : 45 3 : 00 
dry t o  salt 3 : 25 3 : 00 3 : 50 3 : 20 
total make time 6 : 1 0 6 : 00 6 : 3 5 6 : 20 

Titratable  ac idity (%)  
dry 0 . 1 6 0 . 1 6 0 . 1 6  0 . 1 6 
mill  0 .  51 0 . 54 0 . 50 0 .  51 
s alt  0 . 58 0 . 68 o .  71 0 . 73 

Salt added to curd (%)  2 . 63 2 . 63 2 . 75 3 . 0  

Starter (CFU/ g ) x  1 0-6 

s et 1 30 1 30 1 95 1 90 
dry 51 0 1 9'1 0  1 1 00 1 930 
mill 1 1 00 2700 1 270 2600 
b efore salting 1 400 1 700 900 21 20 
after pres s ing 470 1 1 00 550 1 1 70 

Analys is at 1 4  d 
moistur e (% ) 34. 2  34 . 1  3 3 . 7  33 . 7  
fat (%)  36 . 0  36 . 0  36 . 5  36 . 5  
NaC l (%)  1 . 70 1 . 68 1 . 61 1 . 73 
pH 4 . 96 4 . 93 5 . 04 5 . 03 
s alt-in-mois ture (%)  4 . 97 4 . 93 4 . 77 5 . 1 4 

Flavour evaluation 
bitternes s 3 m 2 . 5  3 - 5 2 . 1  3 . 0  
( 1 - 5 )  6 m 2 . 3  3 . 0 1 . 3 2 . 6  

overall s c or e  3 m 3 . 9  3 . 1 4 . 4  3 . 1  
( 1 -9 )  6 m 4 . 5 3 . 2  6 . 1  3 - 7 



Start er strain 

�anufacture dat e 
I 

Spec i al conditi ons 

Inoculum (%) 
Cut of c oagulum ( mm ) 
C ooking temp ( °C )  

Time (h : min) 
s et to dry 
dry t o  salt 
total make t ime  

Titratable  acidity (%)  
dry 
mil l  
salt  

Salt added to  curd (%)  

Start er (CFU/g ) x . 1 o-6 

s et 
dry 
mil l  
b efore  salting 
aft er pressing 

Analys is  at 1 4  d 
moi s ture (%)  
fat (%)  
NaC l  (%) 
pH 
salt-in-moisture (%)  

Flavour evaluation 
bitt erness 
( 1 -5 )  

overall score  
( 1 -9 )  

3 m 
6 m 

3 m 
6 m 

4 . 1 1  . 71 4 . 1 1  . 71 
Cook t emp . 

3 . 0  
9 . 5  

3 7 . 8  

2 : 55 
3 : 20 
6 : 1 5  

0 . 1 7  
0 . 50 
0 . 50 
2 . 75 

1 60 
1 200 

840 
560 
450 

33 . 1  
36 . 5 

1 . 80 
4 . 94 
5 . 44 

5 - 5  
4 . 0 

3 . 0  
6 . 4  

33 . 9  

2 : 55 
2 : 25 
5 : 20 

0 . 1 8  
0 . 52 
0 . 65 
2 . 75 

1 60 
2500 
1 600 
1 500 
1 500 

33 . 2  
37 . 0 

1 . 74 
4 . 95 
5 . 24 

4 . 5 
4 . 2  

2 . 0  
1 . 2 

1 06 .  

26 . 1 1  . 71 26 . 1 1  . 71 
Cook t emp . 

3 . 0 
9 - 5  

37 . 8  

2 : 50 
3 : 40 
6 : 30 

0 . 1 7  
0 . 52 
0 . 67 
2 . 50 

206 
1 1 50 

525 
462 
335  

33 . 8  
36 . 5  

1 . 64 
5 - 0 5  
4 . 84 

2 . 3  
1 . 3 

3 . 0  
6 . 4  

33 - 9  

2 : 55 
2 : 3 5 
5 : 30 

0 . 1 7  
0 . 52 
0 . 67 
2 . 50 

1 74 
21 40 
1 900 
2560 
2020 

32 . 8  
36 . 5  

1 . 70 
5 . 03 
5 . 1 8  

3 - 5  
3 . 0  

3 . 4  
3 . 0 



Start er strain z8 z8 z8 z8 

Manufacture dat e 1 4 . 1 . 72 1 4 . 1 . 72 1 4 . 1 . 72 1 4 . 1 . 72 
Spec ial conditions C o oking temperatur e  

Inoculum (%)  1 . 25  1 . 5 2 . 0  2 . 25 
Cut o f  c oagulum ( mm ) 6 . 4  9 . 5  9 . 5  1 2 . 7 
Cooking t emp . ( oc ) 33 . 3  3 5 . 6  3 7 . 8  39 . 4  

Time ( h : min ) 
s et to dry 3 : 1 0 3 : 00 2 : 50 3 : 00 
dry t o  salt  2 : 1 5  2 : 25 2 : 3 5 2 : 45 
total make t ime 5 : 25 5 : 25 5 : 25 5 : 45 

Titratab l e  ac idity (%)  
dry 0 . 1 6 0 . 1 5 0 . 1 6  0 . 1 6  
mil l  o .  51 0 . 50 0 . 50 0 . 53 
salt  0 . 67 0 . 66 0 . 66 0 .  56 

Salt added to curd (%)  2 . 38 2 . 38 2 . 38 2 . 38 

Start er ( CFU/g )x 1 0-6 

s et 46 57 59 78 
dry 21 00 21 00 1 050 780 
mil l  2400 1 850 1 030 630 
b efor e salting 2800 "1 900 970 61 0 
aft er pressing 980 685 61 0 205 

Analys is at 1 4  d 
moisture  (%)  33 . 1  3 2 . 0  31 . 5  32 . 0  
fat (%)  38 . 0  38 . 0  38 . 0  38 . 0  
NaC l  (%)  1 . 39 1 . 42 1 . 41 1 . 48 
pH 4 . 95 4 . 96 4 . 97 4 . 97 
s alt-in-mois tur e  (%)  4 . 1 8  4 . 44 4 . 47 4 . 62 

Flavour evaluation 
bitt erness 3 m 3 . 8  3 . 4  2 . 9  2 . 0  
( 1 - 5 )  6 m 4 . 0  3 . 8  3 . 6  2 . 9  

overall scor e  3 m 2 . 5  2 . 8  3 . 4  4 . 4  
( 1 -9 )  6 m 2 . 1  2 . 6 2 . 6  3 . 7 



Start er strain 

Manufactur e  dat e 
Spec ial c onditions 

Inoculum (%)  
Cut of coagulum ( mm ) 
C ooking temp . ( °C )  

Time (h : min ) 
s et to dry 
dry to s alt 
total make time 

Titratab l e  ac idity (%)  
dry 
mill  
salt 

Salt added to  curd ( % )  

Starter ( CFU/g)x 1 0-6 

s e-c 
dry* 
mil l *  
b efore  s alting* 
aft er pressing* 

Analys is at 1 4  d 
moistur e  (%} 
fat (%)  
NaC l  (%)  
pH 
salt-in-moistur e  (%)  

Flavour evaluation 
bitt erness  
( 1 -5 ) 

overall s c ore 
( 1 -9 ) 

3 m 
6 m 

3 m 
6 m 

zs zs zs zs 

1 9 . 1 . 72 1 9 . 1 . 72 1 9 . 1 . 72 1 9 . 1 . 72 
C ooking temperatur e  

1 . 7 5  
6 . 4  

33 - 3  

3 : 00 
2 : 3 5 
5 : 3 5 

0 . 1 6 
0 . 53 
0 . 70 
2 . 38 

64 

1 . 75  
9 . 5  

3 5 . 6  

3 : 00 
2 : 55 
5 : 55 

0 . 1 6 
0 .  51 
0 . 70 
2 . 25 

74 

2 . 0  
9 . 5  

37 . 8  

3 : 00 
3 : 1 0  
6 : 1 0 

0 . 1 6  
0 .  51 
0 . 72 
2 . 2 5  

69 

2 . 0  
1 2 . 7  
39 . 4  

3 : 00 
3 : 30 
6 : 45 

0 . 1 5 
0 . 49 
0 . 65 
2 . 1 3 

78 

phage titre in wh�y b efor 2 
s alting x 1 0-'::;J 

1 00 

3 2 . 2 
38 . 5  

1 . 64 
4 . 93 
5 . 08 

1 . 7 
1 . 2 

5 . 6  
6 . 1  

9 . 5  

31 . 1 
38 . 5  

1 .  58 
5 . 00 
5 . 08 

1 . 2 
1 . 2 

5 - 7 
5 . 9  

30  

31 . 1  
38 . 5 

1 . 58 
5 . 00 
5 . 08 

1 . 8 
1 . 1 

5 . 0  
5 - 9 

30 

32 . 7  
38 . 5  

1 . 36 
5 . 0 5 
4 . 1 6  

1 . 0 
1 . 0 

5 . 4  
6 . 1  

* S everely c ontaminat ed by bac t eriophage 

1 08 .  



1 09 .  

Starter strain KH 1 32 1 66 1 66 

I ;Manufacture dat e 3 . 2 . 72 3 . 2 . 72 1 5 . 2 . 72 1 5 . 2 . 72 
I 

/ Spec ial conditions no phage no phage, c ook t emp . 

Inoculum (%) 2 . 25 2 . 25 2 . 1  2 . 1 
Cut of  c oagulum (mm)  9 . 5  9 . 5  9 . 5 9 . 5  
C ooking temp . ( oC )  37 . 8  37 . 8  37 . 8  39 . 4  

Time ( h : min) 
s et to dry 3 : 25 2 : 45 2 : 30 2 : 3 5 
dry to s alt 3 : 1 0 2 : 1 0 2 : 1 0 2 : 3 5 
t otal make time 6 : 3 5 4 : 55 4 : 40 5 : 1 0 

Titratable  ac idity (%)  
dry 0 . 1 5 0 . 1 6 0 . 1 5 0 . 1 5  
mil l  0 . 48 0 . 52 0 . 50 0 . 52 
s al t  0 . 59 0 . 67 0 . 66 0 . 66 

Salt added to curd. (%)  1 . 88 2 . 38 2 . 50 2 . 25 

Start er ( CFU/g)x  1 0-6 

s et 1 70 1 45 7 2  7 2  
dry 1 050 1 330 920 670 
mil l  940 1 400 1 500 730 
b efore salting 1 200 1 3 50 1 300 570 
aft er pr es s ing 700 550 1 500 640 

Analysis at 1 4  d 
mois tur e (%)  3 5 . 4  33 . 9  33 - 7  33 - 7  
fat (%) 36 . 0  36 . 0  38 . 0  38 . 0  
NaC l  (%) 1 . 36 1 . 67 1 . 43 1 . 65 
pH 4 . 95 4 . 93 4 . 98 4 . 92 
s alt-in-mois ture (%)  3 . 84 4 . 93 4 . 24 4 . 89 

Flavour evaluation 
b itternes s 3 m 1 . 9 2 . 5  3 . 1  2 . 8  
( 1 -5 )  6 m 2 . 1 2 . 9  3 . 3  2 . 9  

overall s c ore 3 m 3 . 6 3 . 0 3 . 4  3 - 3  
( 1 -9 ) 6 m 3 . 6  2 . 9 2 . 9 2 . 9  



1 1 0 .  

Start er strain 1 32 1 32 1 32 1 32 1 3 2  

.Manufa,ctur e  dat e 9 . 2 . 72 9 . 2 . 72 9 . 2 . 72 1 1 . 2 . 72 1 1 . 2 . 72 
Special c onditions C o ok t emp . Cook t emp . 

Inoculum (%)  2 . 25 2 . 25 \ 2 . 25 2 . 25 2 . 25 
Cut of c oagulum ( mm) 9 . 5  1 2 . 7  1 2 . 7  1 2 . 7  1 2 . 7  
C o oking t emp . ( oC ) 33 . 3  37 . 8  39 . 4  37 . 8  39 . 4  

Time ( h :  min) -
s et to dry 2 : 45 2 : 45 3 : 00 2 : 45 2 : 55 
dry to s alt  1 : 40 3 : 00 3 : 30 2 : 50 3 : 40 
total make time 4 : 25 5 : 45 6 : 30 5 : 3 5 6 : 3 5 

T itratab l e  ac idity- (% )  
dry 0 . 1 6  0 . 1 6  0 . 1 7 0 . 1 5 0 . 1 5 
mill 0 . 54 0 . 50 0 . 43 0 . 52 0 . 47 
s alt 0 . 69 0 . 70 0 . 46 0 . 66 0 . 56 

Salt added to  curd ( % )  2 � 25 2 . 00 1 . 75  2 . 50 2 . 50 

Start er ( CFU/g)x 1 0-6 

s et 1 1 0  93 90 1 00 88 
dry 2200 1 1 00 680 660 61 0 
mill 31 00 1 000 1 40 900 230 
b efore salting 3000 1 000 47 840 1 1 5 
aft er pressing 3200 500 41 530 27 

Analys is at 1 4  d 
mois ture  (%) 34 . 5  33 . 4  35 . 0  34 . 0  33 . 6  
fat (%)  37 . 0  37 . 0  38 . 0  38 . 0  38 . 0  
NaCl (%)  1 .  51 1 . 49 /1 . 39 1 . 48 1 . 48 
pH 4 . 88 4 . 95 5 . 1 2  4 . 95 5 . 01 
salt-in-moistur e (%)  4 . 38 4 . 46 3 - 97 4 . 3 5 4 . 41 

Flavour , evaluat i on 
b i t t erne s s  3 m 4 . 1 2 . 7  1 . 8  3 . 3  1 . 1  
( 1 -5 ) 6 m 3 . {3 2 . 8  1 . 9  3 . 0  1 . 0  

overal l  score  3 m 1 . 8  3 . 8  4 . 8  2 . 8  6 . 7  
( 1 -9 )  6 m 2 . 6  3 . 9  4 . 8  3 . 0 7 . 0  



Start er Strain 

Manufac ture dat e 
Special c onditi ons 

Inoculum (%) 
Cut of  c oagulum (mm)  
C ooking t emp . ( °C )  

Time ( h : min) 
s et t o  dry 
dry to  salt 
total make tim e  

Titratab l e  ac idity (%)  
dry 
mil l  
s al t  

Salt- added to curd (%) 

Start er ( CFF/g ) x  1 0-6 

s et 
dry 
mi:... l 
b efore s alting 
aft er press ing 

Analys is at '1 4  d 
mois tur e  (%) 
fat (% )  
NaCl (%)  
pH 
s alt-in-moisture (%) 

Flavour evaluati on 
bitt ernes s  
( '1 - 5 )  

overall score  
( '1 -9 )  

3 m 
6 m 

3 m 
6 m 

'1 '1 '1 . 

HP HP HP HP 

9 . 9 . 7'1 9 .  9 .  7'1 9 .  9 .  7'1 
phage added to 

no 
additi on '1 0/ml 

i�itial l evel of  
'1 00/ml 5000/ml 

'1 . 5 '1 . 5  '1 . 5 '1 . 5 
9 . 5  9 . 5  9 . 5  9 . 5  

37 . 8  37 . 8  37 . 8  37 . 8  

2 : 45 
2 : 00 
4 : 45 

0 .  '1 7  
0 . 55 
0 . 70 
2 . 50 

74 
400 

'1 030 
772 
302 

33 . 9  
38 . 0  

'1 . 45 
4 . 93 
4 . 28 

3 . 3  
3 . 0  

2 .  '1 
2 . 8 

2 : 45 
2 : 00 
4 : 45 

o .  '1 7  
0 . 56 
0 . 72 
2 . 50 

2 : 45 
2 :  '1 0 
4 : 55 

o .  '1 7  
0 . 54 
0 . 7'1 
2 . 50 

2 : 45 
3 : 20 
6 : 05 

0 .  '1 7  
0 . 55 
0 . 65 
2 . 25 

bac t eriophage pres ent 
" 11 

1 1  " 

1 1  11  

1 1  ,,  

33 - 5 33 . 5  
38 . 0  38 . 0  

1 . 48 '1 . 45 
4 . 92 4 . 90 
4 .42 4 .  3'1 

2 . 7  
2 . 5  

2 . 5  
3 . 8  

2 .. 0 
2 . '1  

3 . 4  
5 . 2 

11 

11 

11 

11  

34. 2  
37 - 5 

1 . 45 
5 .  '1 6  
4 . 32 

1 . 5 
'1 . 3 

4 . 0  
4 . 6  



Starter strain 

l"'an.ufac ture dat e 
Spec ial condit ions 

Inoculum (%) 
Cut of c oag1.,.lum (mm) 
C ooking temp . ( °C ) 
Time ( h : min) 

s et to dry 
dry to salt 
t otal make time 

Titratable  ac idity (%) 
dry 
mill  
s alt 

Salt added to  curd (%)  

Starter ( CFUig )x 1 0-6 

s et 
dry 
mill 
b efore salting 
after press ing 

Analys is at 1 4 d 
mois ture (%)  
fat (%) 
NaC l  (%) 
pH 
s alt-in-mois ture (%)  

Flavour evaluation 
b itterness 
( 1 -5 )  

overall s c ore 
( 1 -9 ) 

3 m 
6 m 

3 m 
6 m 

1 1 2 . 

HP HP HP HP 

1 4 . 9 . 71 1 4 . 9 . 71 1 4 . 9 . 71 1 4 . 9 . 71 
phage added to initial l evel of  

no I I I addition 50 ml 500 ml 2000 ml 

2 : 45 
2 : 05 
4 : 50 

0 . 1 7  
0 . 5  
0 . 72 
2 . 50 

33 - 5  
38 . 0  

1 . 43 
5. 04 
4. 28 

3 . 1  
3 . 8  

2 . 8  
2 . 9  

2 : 50 
2 : 05 
4 : 55 

0 . 1 7 
0 . 53 
0 . 72 
2 . 50 

1 . 5 
9 - 5  

37 . 8  

2 : 50 
2 : 20 
5 : 1 0  

0 . 1 7 
0 . 53 
0 . 72 
2 . 50 

Bac teriophage pr es ent 
1 1  

1 1  

11 

11 

32 . 1  
38 . 0  

1 . 54 
5 . 02 
L�. 80 

2 . 3  
2 . 5  

3 . 8 

1 1  

1 1  

1 1  

1 1  

33 . 0  
38 . 0  

1 . 49 
5 . 01 
4. 52 

1 . 8  
1 . 5 

5 . 2  
6 . 0  

1 1  

1 1  

1 1  

1 1  

1 . 5 
9 . 5  

3 7 . 8  

2 : 50 
2 : 50 
5 : 40 

0 . 1 7  
0 . 52 
0 . 72 
2 . 50 

33 . 0  
38 . 0  

1 . 48 
5 . 02 
4. 49 

1 . � 
1 . 4 

4 . 6 
5 - 9  
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