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Summary 

The predominance of Bifidobaeteria in normal breast-fed babies is well estab- 
lished. Even under unfavourable hygienic conditions of delivery and during the 
breast-feeding period Bifidobacteria develop and colonize the intestinal tract at 
high concentrations. In the present study we investigated the interaction between 
Bifidobacterium longum and a pathogenic E. coli strain in the germ-free rat. 
Sequential  counts of the two bacterial strains allowed their proliferation to be 
followed. Electron microscopic as well as light microscopic examinations of 
selected intestinal mucosa segments revealed minor morphological changes. 

Bifidobacterium completely protected the rats against mortality from a consecu- 
tive infection with E. coli. Repeated inoculation of Bifidobacteria even decreased 
and kept down the initial E. coli population. 

Thus it appears that the germ-free rat is an appropriate model to study the 
development and interaction of both bacterial species and that the sequence of 
inoculation is most important. 

Zusammenfassung 

Das Vorherrschen von BiiSdobakterien in normalen, mit Muttermilch ern~hrten 
S~uglingen ist gut dokumentiert. Sogar unter ungC1nstigen hygienischen Bedingun- 
gen bei der Geburt und w~hrend der Stillperiode entwickeln sich die Bifidobakte- 
rien und kolonisieren den Darmtrakt in groJ~er Anzahl. In dieser Studie untersuch- 
ten wir die Wechselwirkung zwischen Bifidusbacterium longum und einem patho- 
genen E.-coli-Stamm in der keimfreien Ratte. 
Die Proliferation der beiden Bakterienst~mme wurde durch sequenzielle Probe- 

entnahme verfolgt. Die licht-mikroskopische und elektronen-mikroskopische 
Untersuehung yon ausgew~hlten Darmabsehnitten zeigte geringgTadige morpholo- 
gische Verfinderungen. 
Die Bifidobakterien sch(itzen die Ratten vollsf~ndig gegen Mortalit~t durch 

naehfolgende Infektion durch E. coli. Wiederholte Verabreichung yon Bifidobakte- 
lien verminderte dal~ber hinaus die E.-coll-Population und hielt diese auf einem 
niedrigen Niveau. Daher erscheint die keimfreie Ratte als ein angemessenes Mode]/ 
zum Studium der Entwicldung und Wechselwirkung yon beiden Bakterienst~m- 
men. Die Sequenz der Inokulation ist dabei yon groJ~er Bedeutung. 

Key words: germ-free rat, intestinal tract colonization, interaction, protection, 
Bifidobacterium, E. coli 
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I n t r o d u c t i o n  

As ear ly  as 1900, Tiss ier  (18) d i scovered  and  character ized,  in the  intesti- 
nal  t rac t  of  newborns ,  the  p ro tec t ive  effect  exe r t ed  by  Bi f idobac te r ium 
agains t  pa thogen i c  mic roo rgan i sms .  Thereaf te r  this subjec t  received 
in tens ive  and  p e r m a n e n t  a t t en t ion  a l though  s o m e  facets  have  remained  
unsolved .  

The  p r e d o m i n a n c e  o f  B i f idobac t e r ium (109/g of feces) in no rma l ly  born, 
b reas t - fed  bab ies  is well  es tab l i shed  (3, 13, 11, 8, 12). I t  is, however ,  m u c h  
less d e v e l o p e d  in babies  del ivered by  Caesar ian  section,  in those  whose  
m o t h e r s  had  u n d e r g o n e  ant ibiot ic  the rapy ,  in p r e m a t u r e s  or in babies  fed 
infant  mi lk  formulas .  In  all these  cases,  a mul t ip le  m i x e d  flora main ly  
c o m p o s e d  of  Escher ich ia  coli, C los t r id ium and  Bac te ro ides  rap id ly  pre- 
d o m i n a t e s  and  u n d e r  u n f a v o u r a b l e  hygienic,  nut r i t ional  or immunolog i -  
cal condi t ions ,  ser ious  l i fe- threatening infect ions  m a y  occur  (17, 1, 15, 16, 
19). 

F o r  this reason,  it is of  p r i m a r y  i m p o r t a n c e  to fur ther  inves t iga te  the  role 
of  B i f i dobac t e r i um and to es tab l i sh  def ini t ively w h e t h e r  this species  real ly 
exer t s  a p ro tec t ive  effect  in the  n e w b o r n  gas t ro in tes t ina l  tract.  

Severa l  h y p o t h e s e s  of  the  poss ib le  p ro tec t ion  m e c h a n i s m  have  a l ready  
been  a d v a n c e d  (17, 1, 6). Firstly, s o m e  ev idence  sugges ts  tha t  Bif ldobac-  
teria m a y  lower  the  intes t inal  p H  to 5, thus  se lect ively  inhib i t ing  o ther  
ecological  compet i to r s .  This  condi t ion  is f avoured  b y  the  compos i t i on  of 
h u m a n  b reas t  milk,  wh ich  is h igh  in lac tose  and  works  as a specif ic  
subs t r a t e  for  Bif idobacter ia .  Fu r the rmore ,  the  low pro te in  and  low phos-  
pha t e  con ten t  of  b reas t  mi lk  m a y  con t r ibu te  to the  low buf fe r ing  capac i ty  
in c o m p a r i s o n  to cow's  mi lk  (4). I t  was  also pos tu la ted  tha t  the  con t inuous  
s u p p l y  of  a specif ic  bu t  ye t  unde f ined  g rowth  factor  for Bi f idobac te r ia  
m i g h t  be  at leas t  par t ia l ly  r e spons ib le  for the  p r e d o m i n a n c e  of  this species  
in b reas t - fed  bab ies  (9). In  addi t ion,  there  is unequ ivoca l  ev idence  tha t  
h u m a n  co los t rum conta ins  var iab le  a m o u n t s  of  cer ta in  i m m u n o g l o b u l i n s  
wh ich  p ro tec t  aga ins t  c o m m o n  pa thogens .  However ,  sc reening  of  com-  
m o n  non  pa thogen i c  mic roo rgan i sms ,  par t icu lar ly  of  the  S t r ep tococcus  
and  Lac tobac i l lus  species ,  revealed  only in S. faecalis  and  L. bu lgar icus  
s o m e  ce l l -bound and  cell-free factors,  which  deve loped  a p ro tec t ive  
m e c h a n i s m  agains t  E. coli (10). 

Our  objec t ive  in the  p re sen t  s tudy  was  to tes t  the p roposed  pro tec t ive  
ef fec t  o f  B i f i dobac t e r i um agains t  pa thogen ic  Escher ich ia  coli and  to 
es tab l i sh  the  shor t - t e rm evolu t ion  of  these  two species  in the  germ-f ree  rat. 
In  this  context ,  we  were  in te res ted  in s tudy ing  the  inf luence of  the  
inocula t ion  s equence  as well  to fol low up, by  l ight  and  scann ing  e lec t ron  
mic roscopy ,  the  poss ib le  changes  of  intes t inal  m o r p h o l o g y  s u b s e q u e n t  to 
colonizat ion and  in te rac t ion  b y  bo th  bacter ia l  species.  

Mater ia l  a n d  m e t h o d s  

Germ-free rats, 4-6 weeks old, obtained from Iffa Credo (Saint-Germain-sur- 
l'Arbresle, France) were kept in plastic isolators of the Trexler type. The feed, 
supplied by Usines Alimentations Rationnelles (U.A.R., Villemoisson-sur-Orge, 
France), was irradiated at 4 MR. This sterile standard rat chow as well as water was 
given ad libitum. The air locks were sterilized with an aqueous solution of 2 % to 



Fame, et al., Barrier ef fect  o f  Bif idobacterium longum 43 

35 % peracetic acid (Air Liquide Champigny, France), and all other material was 
autoclaved at 120 ~ for 30 minutes. 

The first exper iment  consisted of a single oral administration of the E. coli and B. 
longum. In the second exper iment  repeated inoculations took place. The E. coli 
strain of human origin 0111B 75-44 was obtained from Dr. H. Hilpert, Nestl~ 
Products Technical Assistance, Co. Ltd., Research Dep., La Tour-de-Peilz, Switzer- 
land. 

The Bifidobacterium strain B1990, classified as Bifidobacterium longum, was 
obtained from Dr. T. Sozzi, Nestl~ Products  Technical Assistance Co. Ltd., LINOR, 
Food Products  Development  Centre, Orbe, Switzerland, from the collection of Prof. 
Scardovi, Bologna, Italy. 

Exper iment  i 

The rats were divided into 4 groups of 6 animals. One group served as B. longum 
control, another as a germ-free control while in the two other groups animals 
received cross-over inoculation either with E. cob or B. longum first followed by the 
other strain after 20 days. 

After one week of adaptation and controls for the germ-free status all groups 
received the first inoculation of 1 ml of culture by gavage: broth + 3 x 10" B. longum, 
or broth + 35 x 10" E. eoli. After 20 days the animals of the cross-over groups 
received a 2nd inoculation with the other strain. Microbial counts in the faeces were 
made 24-48 hours later, again after 72-96 hours as well as once a week thereafter. 

The exper iment  lasted 8 weeks after which all animals were killed by chloroform 
narcosis and weighed. Samples of ileum, caecum and colon were removed for 
examination by light and scanning electron microscopy. The culture media used for 
sterility tests were Eugon Agar plates, 10 ml tubes of  nutritional peptone broth, 
10ml tubes of Schaedler  medium, a broth of heart and brain and agar plates of 
Sabouraud and Fungiphil  (B. D. M4rieux, Lyon, France). For E. coli, MacConkey 
broth and agar plates of the same medium were used for detection and counting. B. 
longum were grown in a specific agar broth (hydrolysate of lactalbumin 16 g/1 - 
lactose 20 g/1 - sodium acetate 20 g/1 - meat extract 12 g/1 - Agar Difco 6 g/l), steam- 
sterihzed for 20 minutes at 120 ~ This deep gel technique allows verification of the 
respiratory type in the absence of  gaseous emissions. 

Exper iment  2 

This exper iment  was designed to investigate multiple inoculations of both E. coli 
and B. longum. Three groups of 16 rats each received at the start (To) of  the 
exper iment  either E. eoli alone or E. coli followed by B. longum or B. longum 
followed by E. coll. C~oss-over inoculation was initiated 20 days after the  first 
inoculation, E. coli alone inoculated rats received only broth at this time. Adminis- 
trations were continued with the respective strains at days 34, 36 and 37. At day 54, 
all rats were killed (chloroform anaesthesia) and samples of  intestine were removed 
as in the first experiment.  

Scann ing  electron microscopy  

The intestinal samples were severed 2cm above and 2 cm below the eaeeal 
junction. Catheters were inserted into the cut ends and secured with surgical 
thread. Fixat ive solution (2.5 % glutaraldehyde in 0.1 M phosphate buffer at pH 7.2) 
was injected with a syringe attached to the catheters via a Y-coupling until the 
intestine and caecum were slightly but  obviously inflated (14). The exterior of the 
tissue was bathed with fixative solution during the procedure. The tissue was fixed 
for two hours and stored in phosphate buffer. Cross-sectioned pieces of  tissue 
approximately 7 mm in width were dehydrated through a graded series of water- 
ethanol solutions and dried by the critical point method, using CO2. After mount ing 
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on s tubs with conduct ive silver paint,  the specimens were coated with gold in a 
sput ter ing device. Examinat ion  and photography were performed with a Cam- 
br idge Stereoscan 600 or a Cambridge  $4-10 SEM. 

Optical microscopy 

Sections of caecum, colon and i leum were opened, appl ied to a piece of  cardboard  
and p lunged into l iquid nitrogen. The frozen pieces of t issue were cut on a cryostat  
microtome,  at -17  ~ and mounted  onto a warm microscope slide. The sections were 
cut to 10 ~m and left to dry  at room temperature.  They were stained with New Gram 
stain (5), Acr idine Orange (C.I. Basic Orange 14) and Phosphine  3R (C.I. Basic 
Orange 15). Immunof luorescence  labelling of E. coli was performed with Bacto-FA 
E. coli poly  A (Difco). 

R e s u l t s  

M i c r o b i a l  c o u n t s  w e r e  c a r r i e d  o u t  on  t h e  f e c e s  o f  e a c h  a n i m a l  a n d  t h e  
r e s u l t s  a r e  e x p r e s s e d  as  m e a n s  o f  6 to  16 ra t s .  

1. S ing le  inoculat ions  ( e x p e r i m e n t s  I a n d  2, f igs.  1A/1B) 

W h e n  g i v e n  a l o n e  to  g e r m - f r e e  ra t s ,  B. l o n g u m  or  E. co l i  d e v e l o p e d  to  a 
s t a b l e  p o p u l a t i o n  o f  109-10 l~ l i ve  b a c t e r i a  p e r  g r a m  o f  feces ,  w h i c h  co r r e -  
s p o n d s  to  t h e  u s u a l  5.108-101~ f o u n d  for  o t h e r  m i c r o o r g a n i s m s .  

2. Crossed inoculat ions  ( e x p e r i m e n t  1, f igs.  2A/2B) 

A)  W h e n  g i v e n  20 d a y s  a f t e r  a f i r s t  i n o c u l a t i o n  o f  B. l o n g u m ,  E. co l i  g r e w  
o n l y  to  108 w h i c h  is 10 % o f  t h e  l e v e l  a t t a i n e d  in  1. T h e  e s t a b l i s h e d  

.Q  

me,1 0 B.Iongum 

,~) 2'o 3'0 4'o ~'o Days 
Fig. 1A. Development  of B. longum after single inoculation in the germ-free rat. 
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1~ 2'o 3~ 4~ 5'0 
Fig. lB. Development of E. coli after single inoculation in the germ-free rat. 

Days 

popu la t ion  of  B. l o n g u m  (5.109) was  not  a l tered b y  s u b s e q u e n t  inocula-  
t ion of  E. coli. 

B) The  es tab l i shed  popu la t i on  of  E. coli d r o p p e d  f rom 5.109 to 5.108 w h e n  
B. l o n g u m  was  i n t roduced  af ter  20 days;  whi le  B. l o n g u m  es tab l i shed  a 
no rma l  popu la t i on  level. Af ter  15 days,  E. coli r ecove red  and  its popula -  
t ion increased  to p rev ious  levels. 

3. Crossed inoculat ion fo l lowed  b y  repea ted  inoculat ions  wi th  the sec- 
ond strain, ( e x p e r i m e n t  2, figs. 3AJ3B) 

A) The  inhib i t ing  effect  of  p rev ious ly  es tab l i shed  B. l o n g u m  popu la t ion  on 
E. coli was  not  abo l i shed  b y  r epea t ed  inocula t ions  wi th  E. eoli. 

B) On the  contrary ,  r epea ted  inoeula t ions  wi th  B. l o n g u m  inhib i ted  the  
recovery  of  E. eoli as e s tab l i shed  in 2B. 

Pathogen ic  e f fec ts  

On all occasions ,  w h e n  B. l o n g u m  was  g iven  first, no clinical s igns or 
o ther  pa thogen ic  effeets  we re  observed .  However ,  w h e n  E. eoli was  the  
first inoeulant ,  we  observed ,  in the  first  expe r imen t ,  3 deaths  out  of  6 rats  
and,  in the  second  expe r imen t ,  6 dea ths  out  of  32 rats. This  shows  tha t  the  
pa thogen ic  effect  of  E. eoli was  effect ive  in the  germ-f ree  rats. Dea ths  
occur red  a lways  wi th in  48 hours  of  inoculat ion.  
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Fig. 2A. Development of B. longum and E. coli after single cross inoculaUon in the 
germ-free rat. 
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Fig. 2B. Development of E. coli and B. longum after single cross inoculation in the 
germ-free rat. 
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Fig. 3A. Development  of  B. longum and E. eoli after crossed and repeated inocula- 
tion with E. coli in the germ-free rat. 
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Fig. 3B. Development  of E. coli and B. longum after crossed and repeated inocula- 
tion with B. longum in the germ-free rat. 
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Scann ing  electron microscopy  

A s t r ik ing  obse rva t i on  was  tha t  m u c u s  p r o d u c t i o n  c lose ly  re la ted  to the  
p r e s e n c e  of  bac ter ia .  In  germ-f ree  contro ls ,  only  some smear s  of  m u c u s  
were  seen  and  the  ac t iv i ty  of the  gob le t  cells  was  very  low; w h e n  inocu- 
l a ted  e i the r  by  E. coli  or B. longum,  the  in tes t ine  s h o w e d  a h igher  con ten t  
of mucus ;  the  h ighes t  a m o u n t  be ing  o b s e r v e d  in rats  i nocu la t ed  wi th  bo th  
species .  

S c a n n i n g  of  the  in tes t ina l  m u c o s a  sur face  d id  not  show any  changes  of 
its m o r p h o l o g y .  Thus  it a p p e a r e d  tha t  the  d i f ferent  m i c r o o r g a n i s m s  did 
not  i n d u c e  m o r p h o l o g i c a l  mod i f i c a t i on  of  the  mu c os a l  surface.  

In  the  i nocu l a t ed  an imals ,  the  bac te r i a  co lon ized  the  lower  par t  of  the  
i leum,  the  c a e c u m  and  the  colon. Most  of t h e m  were  e n t r a p p e d  in the  
mucus .  Others  were  s i tua ted  close to the  sur face  of  the  mucosa .  The  B. 
l o n g u m  a d h e r e d  by  m e a n s  of  f i l amen tous  s t r ands  e x t e n d i n g  to the  
m u e o s a l  sur face  (fig. 4). E. coli  were  spo rad ic  and were  seen  in p laces  
w h e r e  mie rov i l l i  were  d e s t r o y e d  (fig. 5). 

Optical m icroscopy  

B. l o n g u m  s ta ined  wel l  w i th  New Gram,  Acr id ine  Orange  and  Phos-  
p h i n e  3R. This  spec ies  was  found  on the  m u c o s a l  surface  or in c lus te rs  of 

Fig. 4. Scanning electron microscopy of the ileum of a B. longum inoculated rat. 
x 40,000. This picture shows the mucosal surface. The tips of the microvilli appear 
tightly packed. The B. longum adhere closely to this surface, and filamentous 
strands extending from the bacteria reinforce this adhesion. 
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Fig. 5. Scanning electron microscopy of the ileum of an E. coli inoculated rat. 
x 17,000. The microvilli of the mucosal surface are destroyed in the region where the 
bacteria (E. coli) adheres to the membrane. 

mucus .  In  contrast ,  E. coli, identified by immunof luorescence ,  was seen to 
penetrate  the epi thel ium of the mucosa  and to form colonies in deeper  
layers of  the gut  wall. 

Discuss ion  and  c o n c l u s i o n  

This s tudy  provides  evidence that  inoculat ion of Bifidus bac ter ium 
longum protects  germ-free rats f rom the pathogenic  effects of a subse- 
quent  E. coli infection. In  fact, no deaths were observed in the experi- 
ments  wherein  germ-free rats received B. l ongum prior to E. coli. How- 
ever, with the reverse sequence  of  inoculat ion after single oral administra-  
tion of  E. coli alone or B. l ongum after several days, mortalities occurred  
always within the first 48 hours.  Thus there were 3 deaths out of  6 rats and 
6 deaths out  of  32 rats respectively.  As no other  pathological  s y m p t o m s  
were observed over the fol lowing 50 days, it is assumed that the survivors 
developed a resistance to the pathogenici ty.  It cannot  be exc luded that in 
certain cases the acute  death was at tr ibutable to a rapid bacteriaemia,  
since immunof luo rescence  revealed disseminated nests of  E. coli in the 
submucosa  of  killed animals. 

The mechan i sm by  which  B. l ongum protected the rats against the 
pa thogenic  effects of  E. coli under  our  exper imenta l  condi t ions  are still 
unclear. 
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In  mice,  it was  s h o w n  (6, 7) tha t  Shigel la  f iexner i  was  e l imina ted  by  E. 
coli in shor t  t e r m  e x p e r i m e n t s  and  tha t  a s train of  Ristel la  was  e l iminated  
b y  a s t ra in  of  Lac tobac i l lus  w h e n  lactose  was  added  to the  diet. 

We can  p r o b a b l y  exc lude  such  a nutr i t ional  subs t ra te  effect  in our  trials 
s ince in the  p re sen t  inves t iga t ions  an unspeci f ic  c o m m e r c i a l  s t andard  diet 
was  fed to the  rats, and  no a t t em p t s  were  m a d e  to boos t  the  g rowth  of B. 
l o n g u m  in vivo. 

Likewise  in our  s tudies  the  i n v o l v e m e n t  of  lactoferr in  (2) or specific 
g rowth  factors  such  as p re sen t  in b reas t  mi lk  (1) or i m m u n o g l o b u l i n s  of 
the  IgA type  can be exc luded  f rom the exp lana t ion  of  the protec t ive  
m e c h a n i s m  o f B .  l o n g u m  agains t  E. coli. The  possibi l i ty  m u s t  the re fore  be 
re ta ined  tha t  B. l o n g u m  s t imula ted  the  i m m u n o - c o m p e t e n c e  of  the  germ- 
free rats  in such  a w a y  tha t  s u b s e q u e n t  infect ion wi th  E. coli af ter  twen ty  
days  abo l i shed  the  pa thogen ic  effects  of the  latter.  This  poss ibi l i ty  should  
be  fu r the r  inves t iga ted  inc luding  use  of  specif ic  immuno log ica l  tech- 
n iques  to ver i fy  this hypothes i s .  

I f  e i ther  B. l o n g u m  or E. coli are admin i s t e r ed  a lone to germ-f ree  rats  
bo th  s t rains  deve lop  to a s table  popu la t ion  in the  gut. The  level  of  this 
popu la t ion  be ing  set  b y  the  condi t ions  encoun te red  b y  the  mic roorgan-  
i sms  in this par t icu lar  ecological  n iche  such  as nutr ients ,  aerobic  condi- 
t ions and  space.  E. coli w h e n  p receded  by  B. l o n g u m  could deve lop  only to 
a m u c h  inhib i ted  popu la t ion  of  abou t  10 % the  unres t r i c t ed  level. This  
c lear ly d e m o n s t r a t e s  a bar r ie r  effect  of  B. l o n g u m  in this condit ion.  

The  inverse  s equence  of  inocula t ions  indicates  tha t  E. coli deve loped  
first  to the  e x p e c t e d  un inh ib i t ed  level  but,  af ter  cross  inocula t ion  wi th  B. 
longum,  had  to c o m p e t e  wi th  this new popu la t ion  wh ich  t empora r i ly  
r educed  E. coli in a s ignif icant  manner .  The  inhibi t ing effect, however ,  is 
not  p e r m a n e n t  and  E. coli again  at ta in the i r  p rev ious  level  of  10 ~ live 
bacter ia /g  faeces.  

Surpr i s ing ly  the  B. l o n g u m  popu la t ion  is comple t e ly  unaf fec ted  by  the 
increase  of  E. coll. Thus  there  is a m a r k e d  di f ference  d e p e n d e n t  on which  
s t rain is deve lop ing  first. Therefore ,  a l though  the  barr ier  effect  of  B. 
l o n g u m  agains t  E. coli is ev iden t  in b o t h  condi t ions,  the  dura t ion  of  the 
effect  is a f fec ted  by  the  order  of  inoculat ion.  

F u r t h e r m o r e  r epea ted  boos te r  inocula t ion wi th  B. l o n g u m  k e p t  down  
the  E. coli popu la t ion  for the  rest  of  the  obse rva t ion  period.  

These  inves t iga t ions  sugges t  tha t  it m igh t  be  wor thwhi le  to s tudy  
fur ther  in te rac t ions  wi th  o ther  pa thogen ic  m i c roo rgan i sms  cur ren t ly  
be ing  isola ted f rom rat  intest ines.  In  addi t ion  we  arbi t rar i ly  chose  a B. 
l o n g u m  strain w i thou t  ascer ta in ing  whe t he r  other  s trains of  this species 
were  m o r e  eff icient  in inhibi t ing the E. coli chosen.  

In  conclus ion,  we  d e m o n s t r a t e d  that  in the  f r ame  of  our  expe r imen ta l  
condi t ions  B. l o n g u m  pro tec t s  germ-f ree  rats  agains t  mor ta l i ty  caused  by  
the  pa thogen i c  effects  of  E. coli. 

The  order  of  inocula t ion  is of  i m p o r t a n c e  for the  p reven t ive  effect  and 
for a du rab le  protec t ion .  Mult iple  boos te r  inocula t ions  change  the 
d e v e l o p m e n t a l  prof i le  of  bo th  species  in a specif ic manner .  
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