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S U M M A R Y  

All of 108 strains of Escherichia coli that synthesized K88 antigen caused 
mannose-resistant and eluting (m.r.e.) haemagglutination of guinea-pig erythro- 
cytes in a microhaemagglutination test; none of 23 representative strains did so in 
a tile haemagglutination test which requires firmer binding. It was concluded that 
the K88 antigen was the m.r.e. haemagglutinin since (i) only K88-positive strains 
caused m.r.e. haemagglutination (ii) K88-positive strains grown at 18 "C failed to 
produce both haemagglutinin and K88 antigen (iii) haemagglutinating activity was 
not detected in K88-negative mutants of a K88-positive enteropathogenic strain, 
and (iv) extracts of K88 antigen possessed haemagglutinating activity which could 
not be separated from the K88 antigen by the fractionation and serological pro- 
cedures examined. Haemagglutination appears to resemble the attachment of 
K88-positive bacteria to the gut wall in enteric disease and the haemagglutination 
test may assist in characterizing this mechanism. 

I N T R O D U C T I O N  

Serotypes of Escherichia coli that cause neonatal diarrhoea in piglets produce one of two 

closely related forms of K88 antigen (Sojka, 1971) designated K88ab and K88ac (Orskov, 

Orskov, Sojka & Wittig, 1964). K88 is a proteinaceous surface component of the bacterial 

cell (Stirm, 0rskov, 0rskov & Birch-Andersen, 1967a; Stirm, Orskov, Orskov & Mansa, 

1967b) and is the product of an episomal gene (0rskov & Orskov, 1966; Smith & Linggood, 

1970) which is not expressed at  18 "C (Orskov, Orskov, Sojka & Leach, 1961). 

Arbuckle (1970) observed that serotypes of E. coli that usually produce K88 antigen 

attach to the intestinal mucosa of piglets, and Smith & Linggood (1971) concluded that the 

virulence of E. coli for early-weaned piglets increased after the bacteria had acquired the 

ability to produce K88 antigen. Jones & Rutter (1972) demonstrated that K88 antigen was 

synthesized by a K88-positive enteropathogenic strain of E. coli in the small intestine of 

both gnotobiotic and conventional neonatal piglets where it functioned as an adhesin 

enabling the bacteria to adhere to and colonize the mucosa; the greatly reduced virulence 

of a K88-negative mutant strain was attributed to its inability to colonize the mucosa of the 

small intestine. 

In addition to the adhesive activity of the K88 antigen demonstrated in vivo, Stirm et al. 

(1967a) showed that in two laboratory-prepared cultures of E. coli, the K88 antigen was 

associated with mannose-resistant haemagglutinating activity. Although haemagglutinating 

activity may reflect a property that contributes to the infectivity of pathogenic E. coli, this 

has not been clearly demonstrated. For example, there is no apparent correlation between 

haemagglutinating activity and pathogenicity in strains of E. coli isolated from human 
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infants (Duguid, 1968) or pigs (Punyashthiti & Finkelstein, 1971); in contrast, the haemag- 

glutinating activity of strains of E. coli that cause diarrhoea in adult humans (Punyashthiti 

& Finkelstein, 1971), and in cultures of E. coli that are virulent for chicken embryos (Powell 

& Finkelstein, 1966), suggest that such a relationship may exist in some strains of E. coli. 

Since the adhesive nature of the K88 antigen is important in the pathogenesis of neonatal 

diarrhoea in piglets, the value of a haemagglutination test which demonstrates this mechan- 

ism is evident. 

M E T H O D S  

Strains of E. coli. Ten strains representing serotypes of porcine enteropathogenic E. coli, 

including strains W I  [OI49:K91 (B), K88ac (L):HIo], w3 [Or41 :K85ab (B), K88ab (L): 

H4], ~5 [08:K87 (B), K88ab (L) :HI~] ,  ~9 [0147:K89 (B), K88ac ( L ) : H I ~ ]  and WIO 

[08  : K87 (B), K88ac (L):  HI^] were supplied by Mr W. J. Sojka, Central Veterinary Labora- 

tory, Weybridge, Surrey. Twenty-two strains belongingyto the same OK groups including 

strain PI  10 [0147:K89 (B), K88ac (L)] were given by Dr H. W. Smith, Houghton Poultry 
Research Station, Huntingdon. K88-negative mutant strains were derived (q.v.) from strain 

WI ; strain WI(J2) was isolated after ethidium bromide treatment, strain ~ 1 0 3 5 )  was 

isolated after U.V. irradiation and strain W I ( J I ~ ~ )  was a spontaneous mutant. Strains ~ 2 8 2  

[08:K27 (A)-:H-1, ~ 5 2 0  [08:K27 (A)-, K88ab (L):H-] and si623/42 (OII:KIO:HIO, the 
test strain for the HIO antigen) were supplied by Dr Ida Orskov, Statens Seruminstitut, 

Copenhagen, Denmark. Cultures of E. coli incriminated in enteric disease of pigs were 

kindly given by Mrs A. F. Gush and Mr A. J. E. Woods, Veterinary Investigation Centre, 

Reading, and their identity confirmed by the methods of Edwards & Ewing (1962), Sojka 

(1965) and Cowan & Steel (1965). All cultures were examined for K88 antigen with specific 

K88b and K88c antisera (q.v.). The four strains used as controls in the tile haemagglutina- 

tion test 9044 (m.r.e. haemagglutinin), 9084 (mannose-sensitive haemagglutinin), 9085 
(mannose sensitive and m.r.e. haemagglutinin) and 9090 (no haemagglutinating activity) 
were obtained from Professor J. P .Duguid, Bacteriology Department, University of Dundee, 

Scotland. 
Isolation of K88-negative mutants of strain WI by ethidium bromide treatment. Strain WI 

was grown for 20 to 60 generations in Oxoid nutrient broth No. 2, containing ethidium 

bromide (3,8-diamino-5-ethy1-6-phenyl-phenanthridium bromide) (BDH Chemicals Ltd, 

Poole, Dorset) at  concentrations of 25 to 100 ,ug/ml. Cultures were plated onto Tergitol-7 

medium (Scherer, 1966) and after incubation at 37 "C for 48 h the colonies were examined 

for K88 antigen with OK antisera raised against strain w9. 
Isolation of K88-negative mutants of strain WI by U.V. irradiation. Nutrient broth cultures 

of strain WI were diluted to approximately I x 10' colony forming units (c.f.u.)/ml and 
irradiated (Universal UV Lamp, Gelman, Ann Arbor, Michigan, U.S.A.) at a distance of 

10 cm to give approximately 0-1 % survival; the survivors were cultured in nutrient broth at  
37 "C for 24 h before plating onto Tergitol-7 medium. Colonies were examined for K88 

antigen. 
Selection of spontaneous K88-negative mutants. Rabbit OK antiserum prepared against 

strain w9 was heated at  56 "C for 30 min, sterilized by filtration (220 nm, Millipore) and 

added to semi-solid agar in a Craigie tube (Cruickshank, 1965). A nutrient broth culture of 

strain WI was inoculated into the centre tube and after 18 h incubation at 37 "C, bacteria 

from the outer tube were streaked onto blood agar plates and incubated at  37 "C overnight. 

Colonies were examined for K88 antigen. 
Arztisera and serological tests. OK, 0 and H antisera (Sojka, 1965) and K88 antisera 
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(Stirm et al. 19673) were prepared in rabbits and examined as described previously (Jones 

& Rutter, 1972). Specific K88b antiserum was prepared by absorbing w5 OK antiserum with 

live W I O  bacteria, and specific K88c antiserum by absorbing W I O  OK antiserum with live 

w5 bacteria. 

0, H and K agglutination tests and immunodiffusion (Ouchterlony) tests were as described 

by Jones & Rutter (I  972). Immunoelectrophoresis was carried out in a medium of I % (w/v) 

Agarose (Miles-Seravac, Maidenhead, Berkshire) in 0.05 M-phosphate buffer, pH 7-4, on 

glass slides (5 x 7.5 cm) at  10 mA/slide. 

Tile haernagglutination tests (Duguid & Gillies, 1957). One drop (0.05 ml) of red cell 

suspension was mixed with one drop of saline (0.85 % NaCI) and one drop of bacterial 

suspension in the depression of a porcelain tile. The tile was agitated (Orbital shaker, Luck- 

ham Ltd, Burgess Hill, Sussex) either at  4 "C for 20 min or at room temperature for 20 min, 

after which it was chilled and the test continued at  4 "C. The tile was shaken at 37 "C or 

warmed over a bunsen flame to test for elution. Whole blood from guinea pigs, cows, sheep 

and fowl was freshly collected with sodium citrate (3.8 %, w/v, in distilled water) as anti- 

coagulant ; defibrinated horse blood (Wellcome Reagents Ltd, Beckenham) and washed 

packed human 0 red cells (kindly supplied by the Blood Transfusion Centre, Oxford) were 

also used. The red cells were washed three times in saline and the packed cells resuspended 

in saline to give 3 % (v/v) suspensions. Mannose-resistant haemagglutination was detected 

by the addition of 0.5 % D-mannose (BDH) to the saline diluent. 

Mannose-resistant and eluting haemagglutination was determined with bacteria grown on 

buffered glucose nutrient agar (Jones & Rutter, 1972) at 37 "C for 18 h;  bacterial growth 

was suspended in saline to give about 5 x 1o1O c.f.u./ml. For mannose-sensitive (m.s.) 

haemagglutination tests, bacteria were grown in buffered glucose nutrient broth at 37 "C 

for at least 24 h;  strains were subcultured for 48 h on ten successive occasions before being 

designated negative. 

Microhaemagglutination test. Doubling dilutions of bacterial suspensions from buffered 

glucose nutrient agar were prepared in saline with and without the addition of 0.5 % 
D-mannose in ' Microtiter' trays (Flow Laboratories, Irvine, Ayrshire). Equal volumes 

(0.025 ml) of red cell suspensions were added and the tests incubated on an ice bath (0 to 

3 "C) for I h. The trays and all reagents were chilled before use. The highest dilution of test 

material to give a complete and even sheet of agglutinated red cells was designated one 

haemagglutinating unit. Haemagglutination by cell-free K88 antigen was examined in the 

same way except that 0.05 M-phosphate buffered saline, pH 7.4 (phosphate saline) was used 

as the diluent (Jones, 1972). Fresh citrated guinea-pig red cells were used unless otherwise 

stated; the cells were washed twice in saline, resuspended to the original blood volume and 

diluted in ice cold saline to give a 3 % (v/v) suspension containing about I x IO* red cellslml. 

Bacterial suspensions were prepared as described for the tile haemagglutination test. 

Microhaernagglutination inhibition (h i . )  test. To doubling dilutions of antiserum previously 

heated at  56 "C for 30 min, an equal volume of four to eight h.a. units was added; the mix- 

tures were incubated at  37 "C for 2 h, chilled, and one volume of cold guinea-pig red cell 

suspension added. Tests were read after incubation on an ice bath for I h. 

Extraction and examination of the K88 antigen of strain WI.  Extraction of K88 antigen 

(Jones & Rutter, 1972) was based on the procedure of Stirm et al. ( I  967b). Preparations of 

K88 antigen were dissolved in phosphate saline and stored at -20 "C. 

Protein assay. Protein concentrations were determined by the method of Lowry, Rose- 

brough, Farr & Randall (1951). 

Assay ofK88 antigen. K88 antigen was assayed by radial diffusion (Mancini, Carbonara & 
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Heremans, I 965) in immunodiffusion agar containing ~ 8 8  antisera prepared against strain 

PI 10. After incubation at 37 "C for six days the precipitation zones were measured and the 

K88 content calculated by reference to an arbitrary standard (Jones, 1972). 
Polyacrylamide gel electrophoresis. Gels of 10 % (w/v) acrylamide and 0.27 % N,N'- 

methylene bis-acrylamide (Kodak) were prepared in a running buffer of 0.1 M-sodium 
phosphate buffer, pH 7.2, containing 0.1 % sodium dodecyl sulphate (SDS, specially pure; 

BDH). Extracts diluted in buffer containing I % SDS were heated in a boiling water bath 

for one minute, applied to the gels and electrophoresed at 10 mA/tube for 2 to 3 h. Gels 

were stained in 0.25 % Brilliant Blue R (Sigma) in 7 % (vfv) acetic acid; duplicate gels were 

examined for antigens by the method of Virella & Parkhouse (1971). 

Exclusion chromatography. Columns (I x 9 cm) of Sephadex G200 (Pharmacia) in 0.05 M- 

phosphate buffer, pH 7'4, and elution rates of 10 to 30 ml/h were used. 

DEAE-cellufose chromatography. Columns (I x 9 cm) of DEAE-cellulose (Whatman 
Chromedia DE I I, Reeve Angel Scientific Ltd, London) equilibrated in 0.05 M-phosphate 

buffer, pH 7-4, at 4 "C were loaded with 0.5 to I mg protein and eluted at 10 ml/h with 

increasing molar concentrations of NaCl in buffer. 

Caesium chloride isopycnic centrifugation. Caesium chloride (ultracentrifuge grade, BDH) 
was dissolved in phosphate saline containing K88 antigen extract. The density was calculated 

(Brakke, 1967) and adjusted to about 1-3 g/ml; after centrifuging at 150 ooog overnight at 

4 "C, fractions were collected and assayed. 

R E S U L T S 

Comparison of haemagglutination techniques 

Tile haemagglutination test. In preliminary tests with three K88-positive strains (WI, w9 

and ~520) and two K88-negative strains [WI(J2) and ~2821, only cultures of w9 and ~ 2 8 2  

caused haemagglutination. The haemagglutinins were mannose-sensitive, active on guinea- 

pig, horse and fowl red cells, and were present in cultures grown on nutrient agar and in 

nutrient broth. The same haemagglutinating activities were found in these five strains when 

the effects of different bacterial concentrations ( I  x IO* to 5 x lol* c.f.u./ml), agitation pro- 

cedures and temperatures (4 to 37 "C) were examined; m.r.e. haemagglutinins were not 

detected. 
Examination of the tile haemagglutinating activity of 20 K88-positive and 20 K88- 

negative cultures of E. coli freshly isolated from pigs confirmed these observations. No 
m.r.e. haemagglutinins were detected in the K88-positive cultures although four K88- 

negative cultures caused n1.r.e. haemagglutination of guinea-pig, cow or human 0 red cells. 
Mannose-sensitive haemagglutination was detected in I 2 K88-negative cultures, and in 

eight K88-positive cultures. The control strains (9044, 9084, 9085 and 9090) gave repro- 

ducible reactions of the m.s. and m.r.e. types and we concluded that the haemagglutinating 
activity associated with the K88 antigen (Stirm et al. 1967a) was not demonstrable with the 

tile test. 
~icrohaemagglutination test. In preliminary experiments, bacterial suspensions of w I, 

w9 and ~ 5 2 0  caused haemagglutination of red cells from some species which was not in- 
hibited by D-mannose (0.02 to 5.0 %, w/v); elution occurred at 37 "C and could be reversed 
at least five times without loss of titre by remixing and chilling on an ice bath. With the 

K88-negative bacteria WI(J2) and ~282, the red cells of all the animal species sedimented to 

form discrete buttons on the bottoms of the cups, as they also did in the absence of bacteria. 
Red cells from all the guinea pigs examined were consistently agglutinated by the three 
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K88-positive cultures ; between I and 10 bacterialred cell caused complete haemagglutina- 

tion at o to 3 "C, but titres were at  least 64-fold lower at  room temperature. Red cells from 

some cows, goats, sheep, chickens and humans were agglutinated by the K88-positive 

cultures but haemagglutination by all three K88-positive cultures occurred only with red 

cells from two of six chickens; between 10 and 150 bacterialred cell were necessary for 

complete haemagglutination. Horse red cells were not agglutinated by the three K88- 

positive cultures. 

Buffered glucose nutrient broth cultures of strains WI, w9 and ~ 5 2 0  contained K88 

antigen but haemagglutination was demonstrable only when the initial concentration of the 

bacterial suspension exceeded I x I O ~ O  c.f.u./ml. The haemagglutinating activity of nutrient 

broth cultures was then equivalent to that of nutrient agar cultures but haemagglutination 

was preceded by a prozone devoid of activity. Haemagglutination by nutrient agar cultures 

was inhibited when dilutions were prepared in nutrient broth instead of saline. 

Association between K88 antigen and the m.r.e. haemagglutinating activity 

Haemagglutinating activity of porcine strains. All of 105 strains of K88-positive E. coli 
(including 82 belonging to recognized enteropathogenic serotypes) produced m.r.e. haem- 

agglutination of guinea-pig red cells in the microhaemagglutination test; between I and 10 

bacterialred cell caused complete haemagglutination. No m.r.e. haemagglutinins were 

detected in 88 strains of K88-negative E. coli examined. Included in this group were 34 

strains belonging to recognized enteropathogenic serotypes and three untypable strains 

which caused m.r.e. haemagglutination of guinea-pig red cells in the tile test. 

Haemagglutinating properties of K88-positive strains grown at 37 and 8 "C. Thirty-four 

strains of K88-positive E. coli grown at 18 "C for 48 h on buffered glucose nutrient agar 

produced neither K88 antigen nor haemagglutinin. Cultures of the same strains grown at 

37 "C for 16 h on the same medium produced both K88 antigen and haemagglutinin. 

Haemagglutinating activity of the K88-positive strain w I and its K88-negative mutants. All 

colonies examined from broth cultures containing 0, 25 or 50 pg ethidium bromidelml 

were K88-positive; in contrast, 262 of 806 colonies examined from broth cultures contain- 

ing 75 or IOO ,ug/ml did not produce K88 antigen. No m.r.e. haemagglutinating activity 

was detected in the K88-negative isolates whereas all the K88-positive isolates caused 

haemagglutination. 

Only three of 648 isolates examined after U.V. irradiation were K88-negative. The three 

K88-negative isolates did not cause haemagglutination whereas all K88-positive isolates 

retained this property. 

All 300 colonies isolated from Craigie tube cultures containing anti-K88 serum were both 

IS8 8-nega tive and haemagglutinin-negat ive. 

Properties of cell-free K88 antigen extracts. Immunodiffusion and immunoelectrophoretic 

tests on crude extracts of K88 antigen from strain WI demonstrated traces of 0 and H 

antigens which could be removed by repeated precipitation to give antigenically pure K88. 

Two components were detected when crude K88 antigen was examined on polyacrylamide 

gels; the major, fast moving component was identified as K88 antigen and the minor com- 

ponent as H antigen. Only the faster component was present in antigenically pure prepara- 

tions of K88. 

Extracts of crude and antigenically pure K88 from strain WI agglutinated guinea-pig 

red cells at o to 3 "C in the presence of D-mannose (0.5 %, w/v); 0.2 to 1-5 pg of protein 

agglutinated I x IO* red cells; no haemagglutination occurred at room temperature. K88 
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Table I. The inhibition of bacterial and cell-free haemagglutinins of strain W I  

by selected antisera 

Dilutions of antisera were incubated with 8 haemagglutinating units of cell-free K88 antigen or bacterial 
suspension at 37 "C for 2 h after which the reaction mixture was chilled and red cells were added. Haem- 
agglutination inhibition (h.i.) titres were the highest dilutions of serum to inhibit haemagglutination after I h 
on an ice bath. Saline was added in place of red cells to tests with bacterial suspensions and the highest 
dilution of serum causing bacterial agglutination was recorded after overnight incubation at 4 "C. Titres 
are the reciprocal dilutions of antisera. Precipitins (+, present; -, absent) were detected with the immuno- 
diffusion technique. Details of the antisera and the antigenic structures of the E. coli strains are given in 
Methods. 

Cell-free K88 
A 

7 7 Bacterial suspension 
Preci pi tins .- 
-7 Agglutinin 

An tiserum H.i. titre K88 H 0 H.i. titre titre 

32 64 PI  10 anti-K88 512 + 
WI anti-OK I 28 + + + 16 512 

W I ( J ~ )  anti-OK < 2  + + < 2  256 

+ < 2  4 WI anti-0 < 2  

si623/42 anti-H < 2  < 2  256 

Normal serum < 2  

- - 

- 
- - 

- + - 

< 2  < 2  - - - 

extracts from five other K88-positive cultures also caused m.r.e. haemagglutination of 

guinea-pig red cells at o to 3 "C. 

Crude extracts from the K88-negative mutants WI(J2), W I ( J ~ ~ )  and W I ( J I ~ ~ )  prepared in 

a similar manner, contained only 0 and H antigens; only the H antigen was detected in 

polyacrylamide gels. Extracts of these strains did not agglutinate guinea-pig red cells in the 

microhaemagglutination test. 

Fractionation of the cell-free haemagglutinin and K88 antigen. When extracts of strain w I 

were fractionated on Sephadex G200 columns the K88 antigen and haemagglutinin eluted 

together in the void volume as a single peak. 0 and H antigens, when present in the extracts, 

were eluted with K88 antigen. 

The antigen and haemagglutinin were eluted from DEAE-cellulose columns as a single 

peak by 0-1 M-NaC1 in buffer (peak A). The maximum amounts of haemagglutinin, K88 

antigen and material absorbing at 280 nm were recovered in the same fraction; 0 antigen, 

when present, was also eluted by 0.1 M-NaCl in buffer. H antigen was eluted by 0.05 M- 

phosphate buffer and nucleic acid-rich material was eluted by I -0 M-NaCl in buffer. In some 

preparations, an additional peak of K88 antigen and haemagglutinating activity was eluted 

by 0.2 M-NaCl in buffer (peak B); the maximum recovery of K88 antigen and haem- 

agglutinin coincided in the fraction preceding the fraction with the maximum 280 nm 

absorbance. Although the ratio of maximum haemagglutinin to K88 antigen was higher in 

peak B compared with peak A, this ratio was more variable within peak B. In experi- 

ments conducted at  room temperature (22 to 25 "C), all detectable K88 antigen and haem- 

agglutinin was eluted by 0.2 M-NaC1 in buffer. 

K88 antigen and haemagglutinin banded together in caesium chloride gradients at a 

density of approximately 1-3 I g/ml; the maximum activities of both components coincided 

with the maximum absorbance at  280 nm. 

Serological analysis of the m.r.e. haernagglutinin. The results of haemagglutination inhibi- 

tion tests with selected antisera prepared against E. coli antigens are shown in Table I .  

Haemagglutination by cell-free extracts of strain WI was inhibited only by PIIO K88 and 

WI OK antisera and these were the only antisera that contained K88 precipitins. Bacterial 
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haemagglutination was also inhibited by these antisera. The h.i. titre was not related to the 

bacterial agglutinin titre ; however, subsequent serological examinations showed that only 

P I  10 K88 and W I  OK antisera contained K88 agglutinins. In additional tests with 42 anti- 

sera prepared against live and boiled bacteria and K88 extracts, only the 27 antisera that 

contained K88 antibody inhibited the bacterial and cell-free haemagglutinins of strain w I .  

Because all the antisera had been prepared from materials that contained both haem- 

agglutinin and K88 antigen, haemagglutination inhibition may not be attributable solely to 

IS88 antibody. To determine whether K88 antigen and haemagglutinin were associated with 

the same antigenic component, OK antisera prepared against W I  and w9 (K88ac-positive) 

and w3 and w5 (K88ab-positive) were absorbed with live cultures of each strain to remove 

K antibodies and the changes in h.i. and agglutinin titres were then measured in tests with 

live cultures. 

Unabsorbed sera inhibited haemagglutination by the four strains. The changes in the h.i. 

and K88 agglutinin titres of absorbed antisera were similar. For example, absorption of 
W I  OK antisera with w3 cultures resulted in loss of agglutinating and h.i. activity against 

w3 and w5 but not against W I  and w9; this can be attributed to absorption of K88a. 

Absorption of W T  OK antisera with w9 cultures resulted in loss of agglutinating and h.i. 

activity against all strains, and results with the other absorbed antisera supported the con- 

clusion that K88 antigen and haemagglutinin were associated with the same antigenic 

component. Additional agglutinins in the W I  and w9 OK antisera were removed only by 

absorption with the homologous strain and did not inhibit haemagglutination. 

D I S C U S S I O N  

The m.r.e. haemagglutination of guinea-pig red cells by all K88-positive strains of E. coli, 

and its absence in cultures grown at  18 "C and in K88-negative mutants of strain W I ,  

suggested that the m.r.e. haemagglutinin detected in the microhaemagglutination test was 

the K88 antigen. This conclusion was supported by haemagglutination inhibition tests which 

demonstrated that K88 antigen accounted for the haemagglutinating activity of strain W I ,  

and that K88 and haemagglutinin were antigenically similar in three other cultures. However, 

it is possible that inhibition of the haemagglutinin is due to precipitation and inactivation 

of the K88 antigen, and not to the binding of antibody to the active site of the haem- 

agglutinin. Fractionation studies indicated that K88 and haemagglutinin eluted together, but 

the occasional elution of two peaks, A and B, containing K88 antigen and haemagglutinin 

from DEAE cellulose requires explanation. Polyacrylamide gel electrophoresis studies 

indicated that partial degradation of the antigen rather than two species of K88 accounts 

for this result, so that peak B probably consisted of degraded K88 antigen. Degradation 

may also account for the different ratios of K88 to haemagglutinin in peak A compared with 

peak B, since the movement of K88 antigen through agar is known to be retarded by its 

filamentous nature (Mrskov, Mrskov, Jann & Jann, 1971). 

The haemagglutinins produced by K88-positive cultures were detected only in the micro- 

haemagglutination test and the different behaviour of K88-positive cultures in the micro- 

haemagglutination and tile haemagglutination tests may be attributed to the low affinity of 

the haemagglutinin for the surface of the erythrocytes; this view is supported by the temper- 

ature dependence and thermal elution of the haernagglutinins, both of which are probably 

caused by thermal agitation. The greater shearing forces generated in the tile test may be 

sufficient to disrupt the relatively weak bonds between the red cell and the m.r.e. haem- 

agglutinin. In contrast, three K88-negative cultures caused m.r.e. haemagglutination of 
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guinea-pig red cells only in the tile technique, suggesting that these bacteria require greater 

and more frequent collisions with the red cell before adhesion occurs. 

K88-positive cultures agglutinated all the samples of guinea-pig red cells examined but 

did not agglutinate red cells from all the animals of any other species; additional m.r.e. 

haemagglutinins were not detected with the tile test and it seems that individual differences 

may occur in the affinity and availability of the red cell receptor for the K88 haemagglutinin. 

Our observations that red cells from a single animal were not agglutinated by all the K88- 

positive strains examined may explain the results of Punyashthiti & Finkelstein ( I  97 I )  who 

found that only one of six K88-positive cultures agglutinated fowl red cells. Similar varia- 

tions in the reactions of red cells from different species have been observed with other 

m.s. and m.r.e. haemagglutinins (Duguid, I 964). 

The m.r.e. haemagglutination of guinea-pig erythrocytes distinguished K88-positive 

strains of E. coli from K88-negative enteropathogenic strains and other strains of porcine 
origin. The absence of haemagglutinating activity in K88-negative enteropathogenic strains 

is surprising because attachment of strains of the same serotypes to the intestinal mucosa 

of pigs has been described in vivo (Smith & Halls, 1968; Drees & Waxler, 1970). Recently, 

we have confirmed that these strains do not haemagglutinate red cells from other species, 

and since they do not attach to tissue from the small intestine of piglets in vitro (Jones & 

Rutter, 1972) it appears that these K88-negative pathogens do not produce adhesive sub 

stances when grown on laboratory media, but may do so in vivo. 
Jones & Rutter (1972) showed that only K88-positive E. coli attached to piglet intestinal 

tissue; adhesion was inhibited by K88 antiserum and was absent from cultures grown at 

18 "C and from K88-negative mutants of strain W I .  The similarity between the m.r.e. 

haemagglutinin and the adhesin of K88-positive E. coli suggests that the mechanism of 

haemagglutination and attachment to the mucosa of the piglet intestine may be similar. 
Possibly the K88 antigen reacts with a glycoprotein receptor in the intestinal mucus (Jones, 

1972) similar to that present on the surface of guinea-pig erythrocytes. 
Adhesive and haemagglutinating properties have been recognized in many species of 

Enterobacteriaceae (Duguid, Smith, Dempster & Edmunds, 1955 ; Duguid & Gillies, r 957, 

I 958 ; Duguid, I 959 ; Duguid, Anderson & Campbell, I 966), and the adhesive mechanisms 

that enable E. coZi strains pathogenic for calves (Smith & Orcutt, 1925) and infants (Drucker, 
Yeivin & Sacks, 1967) to attach to the mucosa of gut, and the adhesive properties described 

in Streptococcus pyogenes (Ellen & Gibbons, I 972) and Vibrio cholerae (Freter, I 969), may 

also cause agglutination of suitable erythrocytes. Recently, m.r.e. haemagglutination has 
been detected in cultures of E. coli that are pathogenic for calves (M. R. Burrows, personal 

communication) and in an enteropathogenic strain of K88-negative E. coli (G. W. Jones 
and G. T. H. Brown, unpublished results) that is known to attach to the gut wall of piglets 

(Bertschinger, Moon & Whipp, 1972). Thus, in vitro techniques that demonstrate bacterial 

attachment may be of value in the elucidation of an important step in the pathogenesis of 

some bacterial diseases. 
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