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Abstracts. Expression of fimbriation was studied in Escherichia coli K-12 CA8000 HfrH,
and its cya, crp and MS2 resistant mutants. The cells of cya+ crp+ parent strain were observed to be flagellated bacilli, lacking fimbriae, unable to agglutinate erythrocytes and deficient in ability to produce surface pellicle during growth in stationary culture. The cells of
cya and crp mutants were observed to be cocci or coccobacilli devoid of flagella, having
haemagglutinating activity, fimbriated and capable of producing surface pellicle in
stationary cultures. The fimbriation and haemagglutinating activities were lower in cya
mutants grown with cAMP supplementation. The cya and crp mutants produced relatively
small, smooth and compact colonies consisting mostly of fimbriated cells, like those of
earlier described Fim σ mutants. The cya+ crp+ MS2 resistant mutant produced large sized
colonies like those of parent but was deficient in conjugal donor ability. It resembled cya
and crp mutants in haemagglutinating and fimbriation properties. The cya and crp mutants
have been earlier shown to be deficient in several Tra functions including conjugal donor
ability. It is concluded that Escherichia coli K-12 cells express fimbriation when Tra functions
of F-plasmid carried in them are not expressed either due to deficiency of active cAMPreceptor protein complex or mutation in F-plasmid or when F-plasmid is absent.
Keywords. Escherichia coli fimbriae; type 1 fimbriation; fimbriation under F-plasmid
control; fimbriation under cyclic AMP control; cyclic AMP-receptor protein complex;
conjugative F-plasmid.

Introduction
Cells of certain Hfr, F + and F –sub-strains of Escherichia coli K-12 project from
their surface short, rigid, hair like proteinaceous appendages called type 1 fimbriae
(pili) (Brinton, 1959; Maccacaro and Hayes, 1961; Duguid and Old, 1980). The fimbriae are supramolecular hydrophobic structures about 7 nM in width consisting of
helically arranged monomers of the 17 kd pilin polypeptide (Brinton, 1965). They are
known to determine (i) the ability of cells to form pellicle on the surface of static
broth cultures (Old and Duguid, 1970), and (ii) the adhesive properties for binding to
a variety of erythrocytes and other eukaryotic cells (Duguid and Old, 1980; Parry
and Rooke, 1985). Analogous structures on entero- and uro-pathogenic strains of
E. coli have been shown to be involved in colonization leading to pathogenicity (Mooi
and DeGraaf, 1985; Uhlin et al., 1985). Stable fim (pil) mutants have been isolated in
a F – substrain of E. coli K-12 and shown to map at 98 min on the conventional
chromosome-map of E. coli K-12 (Swaney et al., 1977a and b). Observations on the
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phenotype of fim mutants have not provided any clue about the function of type 1
fimbriae of E. coli K-12.
Variation in fimbriation among some of the E. coli K-12 substrains has been
studied and as a result two types of controls on fimbriation have been inferred.
(i) It has been observed, in certain sub-strains, that fimbriation is reversible. That is,
fimbriated cells when grown on nutrient agar produce colonies composed largely of
unfimbriated cells and contrariwise unfimbriated cells inoculated into broth and
allowed to grow statically give rise to cultures in which fimbriated cells are preponderant. This kind of fimbriation phenotype has been designated as Fim + (Maccacaro
and Hayes, 1961). The reversible fimbriation, also called as phase variation, has been
attributed to a metastable regulatory element controlling transcription of fimbriae
genes. In these bacteria the transcription switch for a cell oscillates between on and
of states at a rate of 10 -3/generation (Eisenstein, 1981). (ii) In certain other substrains of E. coli K-12, fimbriation has been reported to be relatively more profuse
and more stable. This kind of phenotype has been designated as Fim σ (Brinton,
1959; Maccacaro and Hayes, 1961). The causal mechanism for Fim σ phenotype has
not been outlined. In this connection, Fim σ like phenotype observed in the E. coli
K-12 cells carrying strain J96 fimbriae genes has been associated wmyh mutations in the
hyp (hyperfimbriation) gene element of the fim gene-cluster (Orndoff and Falkow,
1984a and b).
The present study provides evidence that in fim+ E. coli K-12 harboring F plasmid
such as in the strain HfrH, the cya (adenyl cyclase deficient) and crp (cAMP receptor
protein (CRP) deficient) mutants express stable fimbriation like that in previously
described Fim σ mutants. It is also shown that fimbriation in E. coli K-12 fim+ strains
occurs only when the conjugative plasmid F is absent or expression from it is turned
off.
Material and methods
Strains and culture conditions
The genotypes and phenotypes of the bacterial strains used are given in table 1.
Bacterial cultures were grown in tryptone broth (TB), tryptone agar (TA) or minimal
medium agar based on Davis-Mingioli salts. The growth temperature used was 30°C.
The compositions of the media have been described (Kumar, 1976).
Electron microscopy
Bacteria were grown as patches on TA medium. A loopful from a patch was suspendded in 20µl of 0·01 M MgSO4. Suspension was placed on Formvar coated copper
grid with a loop and allowed to dry. The grid was shadow casted with gold-palladium
and lightly stained with phosphotungstic acid. Philips model 300 was used for the
electron microscopy of the samples on grids.
Haemagglutination tests
Whole bacteria were used in these tests. Heparinized blood of rabbit or chicken was
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used. The red cells were separated by low speed centrifugation, washed suspended in
0·15 M NaCl and stored on ice. Bacteria to be tested were drawn from patches
grown on agar medium. The media used were TA, nutrient agar, MacConkey agar
and triple sugar iron agar (all Difco). To carry out a test about 20 µl of erythrocyte
suspension was taken on a microscope slide. A loopful of bacteria drawn from a
patch were mixed into the suspension of blood cells. The slide was manually rotated
a couple of times and examined after 3 min. Several tests were performed on the same
slide and suitable controls were done on each slide. Diluted erythrocyte suspensions
were used for quantifying haemagglutination.
Other methods
Nitrosoguanidine (NG) was the mutagen employed. Stationary cultures were treated
with about 50 µg/ml NG for 4 h. After washing, cells were transferred to fresh broth
and incubated with aeration for 12 h. The cultures were then diluted and plated on
TA to recover discrete colonies. Other procedures used have been described previously (Kumar, 1976; Kumar and Srivastava, 1983).
Results
Fimbriation in the strain CA8000 and its cya and crp mutants
Brinton (1959) and Maccacaro and Hayes (1961) examined several F-, F+ and Hfr
strains of E. coli K-12 and observed that some of the strains of each kind were unfimbriated (Fim-). One of the Hfr strain they found unfimbriated was HfrH, isolated
by Hayes (1953). The wild type strain CA8000 of the present study is a derivative of
this HfrH strain. Strains ED54 (cya) and ED56 (crp) are one step spontaneous
mutants derived from CA8000. Fimbriation in the 3 strains was compared (table 2
and figures 1 and 2). The cells of the cya + crp+ HfrH strain CA8000 were found to be
unfimbriated. On the other hand, cells of its cya and crp mutants were found to be
fimbriated. It was also found that fimbriation on the cells of cya mutant was lower
when they had been grown in the presence of 5 × 10 -4 M cAMP as compared to
Table 2. Expression of fimbriation and flagellation by E. coli K-12 HfrH strain
CA8000 and its cva and crp mutant derivatives.

a

CA8306 cells were found to be poorly flagellated but density fimbriated like those of
ED54 and ED56.
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Figures 1-4. Electronmicrographs of E. coli K-12 CA8000 HfrH and its derivatives. 1. A
cell of the strain CA8000, rod shaped, flagellated and lacking fimbriae. A fraction of ED54
cells grown with cAMP supplementation looked like this cell. 2. Two cells of the strain
ED54 (cya); shaped as cocco-bacilli, fimbriated but without flagella. A broken flagellum can
be seen in the background. The cells of strains ED56 and CA8306 looked like these.
3. Two cells of the strain ED837 (cya and haemagglutinating mutation)-surface features are
identical to ED54 cells. 4. A cell of the strain ED836 (cya, fim), shaped as cocco-bacillus
and lacking both flagella and fimbriae.

when grown in the absence of cAMP. Contrariwise, the cells of crp mutant grown in
the presence or absence of cAMP were found to be about equally fimbriated (data
not included). These results were taken to suggest that fimbriation in the E. coli, K-12
HfrH strain CA8000 is under negative control of cAMP and cAMP-receptor protein.
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Fim σ phenotype of cya and crp mutants
In their work Maccacaro and Hayes (1961) designated a class of stably fimbriated
mutants of E. coli K-12 as Fim σ. They observed that Fim σ mutants produced small,
smooth and compact colonies on nutrient agar. The colonies were entirely composed
of fimbriated cells. Recently, Orndoff and Falkow (1984b) reported stably fimbriated
mutants in E. coli strains harboring fimbriae genes of the heterologous strain J96.
These hyperfimbriated (hyp) mutants produced colonies similar to those described
for Fim σ mutants.
Previous work (Kumar, 1976) has established that the cya and crp mutants of
E. coli K-12 CA8000 produce small and smooth colonies relative to larger and
roughish colonies of the parent strain. Measurements of the diameters of the 48 h old
colonies produced by 3 strains on tryptone agar revealed that the average area of the
CA8000 colonies is about 5 fold larger than that of both cya and crp mutants (figure 5).
The number of colony forming units/colony for the strain CA8000 was established to
be about 2 × 106. The corresponding figure for cya and crp mutant colonies was
about 106. These data indicated that colonies of cya and crp mutants of CA8000
must be relatively compact. Since the colonies of cya and crp mutants proved to be
smoother, smaller and more compact than the colonies of the cya+ crp+ parent
strain, it is suggested that cya and crp mutants possess Fim σ phenotype.

Figured 5. Colonies of CA8000 and ED54 strains of E. coli K-12. Large colonies are of
CA8000 and smaller ones of ED54. The colonies of the strain ED835 look like those of
CA8000 and those of ED56, CA8306, ED836 and ED837 like those of ED54.
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Surface pellicle formation in the stationary cultures of cya and crp mutants
Each of the 72-96 h stationary cultures of ED54 and ED56 strains grown in tryptone
broth had surface pellicle. In the culture tubes, the pellicle was visualized as a layer of
bacteria on the surface of liquid medium or thick layer of growth stuck to the culture
tube wall just about the surface level. Pellicle formation was not observed in the
cultures of CA8000. Thus correlation was observed between fimbriation and pellicle
formation.
Haemagglutination properties of cya and crp mutants
Haemagglutination tests were performed on the strains CA8000, CA8306, ED54 and
ED56 grown on a variety of solid agar media. Both rabbit and chicken erythrocytes
were employed. Complete correspondence was noted between fimbriation and haemagglutinating properties of these strains (table 3). Haemagglutination was not seen
with CA8000 cells. The cells of CA8306, ED54 and ED56 caused strong haemagglutination. When cells of CA8306 and ED54 grown on medium supplemented, with
10-3 M cAMP or 0·5 M NaCl were used, weaker haemagglutination was observed.
Table 3. Haemagglutination properties of E. coli Κ12 strain CA8000 HfrH and its cya and crp mutant
derivatives.

a

Cells for these tests were taken from patches of
growth produced on tryptone agar, nutrient agar or
triple sugar iron agar, all Difco.
b
Haemagglutination with ED54 was found to be
mannose sensitive.

Fimbriation on non-haemagglutinating mutants of ED54
The strong haemagglutinating property of cya strains was used to isolate nonhaemagglutinating mutants. Cultures of the strains CA8306 and ED54 were mutagenized
with nitrosoguanidine and plated on TA to obtain discrete colonies. These colonies
were purified by streaking and then tested for inability to utilize lactose, maltose and
arabinose and for resistance to phage λ to confirm the presence of original cya
mutation. The clones that passed the test were patched on TA in duplicate. The
growth obtained was used to test the ability of mutants to agglutinate rabbit erythrocytes. In all 3400 colonies derived from mutagenized culture of CA8306 and 1800
colonies similarly obtained from ED54 were screened. A total of 15 nonhaemagglutinating mutants were isolated, 8 from ED54 strain and 7 from CA8306 strain. The
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bacteria of these mutants were examined in electron microscope for surface appendages. Among the mutants, two classes were detected; a class of mutants were unfimbriated (figure 4) and mutants of the other class were fimbriated (figure 3). These
observations suggested that in E. coli K-12, the haemagglutinating function is
complex and fimbriae can be of two types—haemagglutinating and nonhaemagglutinating. Whereas haemagglutination is a test for the presence of fimbriae, nonhaemagglutination does not indicate absence of fimbriae.
Haemagglutination and fimbriation properties of MS2 resistant mutants of CA8000
Earlier it has been shown that cya and crp mutants of the strain CA8000 fail to
produce sex pili on account of poor expression of Tra functions in the absence of
active cAMP-CRP complex in these mutants (Kumar and Srivastava, 1983). This
finding and the present observation that cya and crp mutants of the strain CA8000
express well their fimbriation functions led us to the question whether there is any
direct relationship between the expression from integrated Factor and lack of fimbriation in the wild type HfrH. To examine this question, strain ED835 was isolated
as a spontaneous tightly MS2 resistant mutant of CA8000 and characterized. ED835
was found to be strongly haemagglutinating and fimbriated like ED54 and ED56.
Thus the results suggested that lack of fimbriation must be correlated with expression
of Tra functions from the A-factor located on the HfrH chromosome.
Discussion
In the experiments reported here, one of the observations is that in E. coli K-12
CA8000 HfrH strain, the wild type cya+ crp + bacteria are nonhaemagglutinating,
unable to form pellicle during growth in static broth cultures and unfimbriated and
isogenic cya and crp mutants are haemagglutinating, pellicle forming and fimbriated.
These results mean that cAMP (deficient in cya mutants) and its receptor protein
(deficient in crp mutants) negatively regulate expression of fim genes. In relation to
this conclusion it is necessary to reinterpret here the divergent observations of
Eisenstein et al. (1981) and Eisenstein and Dodd (1982) on fimbriation in cya+ and
cya strains of E. coli K-12. Eisenstein and coworkers, in their study reported in 1981,
had observed E. coli K-12 CA8000 HfrH cultures to be poorly fimbriated. They had
observed cultures of its cya mutant CA8306 as fimbriated. Decrease in fimbriation on
addition of cAMP to CA8306 cultures was also observed by them. However, their
observations on the strain 5336 (Perlman and Pastan, 1969) diverted them from
implicating cAMP in the negative control of fimbriation. The cells of strain 5336
were found to possess few fimbriae and fimbriation on them improved by supplementation with cAMP, the latter, like in a strain of Salmonella typhimurium (Saier et al.,
1978). In their study strain 1101, the immediate parent of 5336, from which 5336 had
been derived by mutagenization with NG had not been included. The strain 1101
itself had been earlier derived from strain 3000 after treatment with NG (Fox et al.,
1967; Fox and Wilson, 1968). Fimbriation properties of strains 3000 and 1101 are not
known. It will be of interest to note that a sister strain of 1101 called 1100 improved
β-galactosidase expression 2-fold when cAMP was supplied to it exogenously
(Perlman and Pastan, 1969). Thus observed differences between the fimbriation
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phenotypes of cya mutants CA8306 and 5336 reported by Eisenstein et al. (1981)
could be attributed to inherent differences in their genetic backgrounds. Interestingly,
Eisenstein and Dodd (1982) next studied effect of cya mutation on fimbriation in the
CSH50 F– strain of E. coli K-12. In this study the isogenic strains CSH50 (cya+) and
VL391 (cya-854) were both found to be fimbriated. Fimbriation of VL391 was not
reduced much by the presence of cAMP in the medium. Eisenstein and Dodd (1982)
did not note the negative effect of cAMP on fimbriation because, as shown in the
present study, the effects of cAMP and its receptor protein on fimbriation are
mediated via expression of Tra genes from the conjugative plasmid F.
Second observation relates to the Fim σ (Macaccaro and Hayes, 1961) phenotype
of cya and crp mutants. It has been observed in this study that cya and crp mutants
of E. coli K-12 CA8000 HfrH are stably fimbriated and produce small, smooth and
compact colonies on Bacto-tryptone based agar medium.
In the present study it has also been observed that MS2 resistant mutant of E. coli
K-12 CA8000 HfrH is fimbriated. Considering that cya and crp mutants in the same
genetic background are also MS2 resistant and fimbriated, it is suggested that negative
control of cAMP and its receptor protein on fimbriation is indirect. The cAMP-CRP
complex is required for the expression of transfer genes of conjugative plasmid F and
one or more tra gene products negatively regulate expression of fim operon(s). The
conclusion reached here explains the observations on cya+ and cya versions of
CSH50 discussed above. Additional support to the above conclusion comes from the
phenotypes reported by McEwen and Silverman (1980, 1982) for E. coli K-12
AE1031 Hfr strain and its derivatives carrying temperature sensitive mutations cpxB1 and cpx -A2. The cells of cpx-A cpx-B double mutant grown under nonpermissive
conditions were characterized as round, fimbriated, lacking sex pili and deficient in
conjugational DNA transfer. In addition, their cell walls were noted to carry rather
large amounts of protein (s) in the range of 17kd molecular weight. Contrariwise,
cpx-A+ cpx-B+ cells and those of cpx-A+ cpx-B1 grown under permissive
conditions were found to be rods having sex pili but poorly fimbriated. Their cell
walls were found to carry very small amounts of 17kd protein. Thus when Hfr
function was inactivated by expression of cpx-A and cpx-B mutations, E. coli K-12
AEl0l3 appeared fimbriated. It is possible that cpx-A and cpx-B function in concert
with cAMP-CRP complex or that expression of cya, crp or both genes is under the
control of cpx-A and cpx-B. Besides cya, crp, cpx-A and cpx-B, sfr-A, sfr-B (Beutin
and Achtman, 1979), fex-A and fex-B (Lerner and Zinder, 1982) are also known to
be required for expression of Tra functions from F-plasmid. But the phenotypes of
mutants in the latter genes, in relation to fimbriation, are not known.
It appears that interaction within and between 3 sets of genes determine
fimbriation properties of E. coli K-12. These 3 groups of genes are: (i) various
chromosome-borne genes, including cya, crp, cpx-A, cpx-B, fex-A, fex-B, sfr-A, sfrB, and ilv-B; (ii) genes present on the genome of F-plasmid; (iii) regulatory, structural
and assembly genes specific for fimbriation. The details of roles of these genes in the
process of fimbriation remain to be elucidated.
At the end a few related questions about the importance of fimbriation in the
life of bacteria are perhaps pertinent. Two of these are: (i) Why expression of Fplasmid mediated DNA donorability requires the absence of fimbriation? (ii) Why
fimbriation can occur constitutively in F - bacteria? Fimbriated DNA-donor
bacteria may have difficulty in establishing effective conjugational contact with F–
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bacteria. Further, fimbriation may promote development of conjugational contact
between F- and unfimbriated male bacteria. There may be specific receptors free for
pilin binding on the surface of unfimbriated male bacteria but occupied on fimbriated
bacteria. Third question is: Why is there phase variation in fimbriation? Phase
variation permits development of populations of fimbriated as well as unfimbriated
cells in a culture. At any given location for bacteria there are likely to be microenvironments, naturally present or created by growth of bacteria. Some of these may
be more suitable for fimbriated bacteria and others for unfimbriated ones. For
example in stationary cultures, oxygen rich surface is more suitable for fimbriated
bacteria. Fimbriated bacteria can take advantage of surface on account of hydrophobic nature of their pili (Brinton, 1965; Salit and Gotschlich, 1977). Thus control
of fimbriation by phase variation in bacteria may be means for their exploiting the
various microenvironments of a milleu.
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