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A genetic complementation analysis of 75 stable nonpiliated mutants ofa type
1 piliated strain of Escherichia coli K-12, AW405, was performed. Strains
containing pairs ofpil mutations were constructed by the infectious transfer of
an F101 plasmid containing onepil mutation intoE. coli K-12 AW405 containing
another pil mutation. The presence or absence of type 1 pili on the merodiploid
strains was determined by agglutination with type 1 pilus antiserum. All 75
mutants fell into one of four complementation groups. The pattern of comple-
mentation defined three cistrons involved in pilus formation, pilA, pilB, and
pilC. The fourth complementation group was composed of a large number of
mutants defective in both pilA and pilB functions.

Pili, nonflagellar filamentous appendages
that appear in large numbers on the cell sur-
face, are associated with a broad spectrum of
bacterial types. We refer to chromosomally de-
termined pili as "somatic" to distinguish them
from the conjugative pili associated with trans-
fer genes of plasmids (see reviews by Brinton
et al. [4, 5], Duguid and Gillies [9], and Ottow
[12]). Type 1 pili of Escherichia coli, the proto-
type of somatic pili, have been extensively de-
scribed and characterized and shown to be com-
posed of a single repeating subunit, pilin,
arrayed in a helical structure that self-assem-
bles in vitro (3, 4, 5, 7).
Type 1 piliation of an E. coli strain can be

readily observed in the electron microscope or
detected by precipitation of cultured cells with
antibody prepared against purified type 1 pili.
In addition, piliated cells ofE. coli have a selec-
tive growth advantage over nonpiliated cells
when grown under conditions of limiting oxy-
gen (11; P. Gemski, Jr., Ph.D. thesis, Univer-
sity of Pittsburgh, Pittsburgh, Pa., 1964). In a
prior publication (13), we used these properties,
as well as a subtle difference in colonial mor-
phology which we discovered to be characteris-
tic of nonpiliated derivatives of our strain, to
isolate a series of stable E. coli K-12 mutants
that are defective in pilus production. In this
paper we describe the results of complementa-
tion analysis of these mutants.
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Previous genetic studies of type 1 piliation in
E. coli showed (6, 8) that at least one chromo-
somal site affecting type 1 piliation could be
located at a position corresponding to 98 min on
the E. coli K-12 linkage map of Bachmann et
al. (2). Although we did not know whether any
of our pili-defective mutants had also resulted
from lesions in this region ofthe map, it seemed
reasonable to assume that at least one of them
would be located at this site. We therefore used
the following rationale for our experiments: (i)
F' plasmid, F101, which carries a region of the
E. coli chromosome containing the markers pil
thr leu ara (10), was transferred into a series of
pili-deficient mutants. Matings resulting in a
merodiploid with a Pil+ phenotype could be in-
terpreted as indicating that the mutation of the
pil mutant was located in the chromosomal
region carried by F101 and recessive to expres-
sion of the wild-type gene on the plasmid. (ii)
Pil- isolates were selected from the merodiploid
strain to obtain homogenotes in which the orig-
inal pil mutation on the chromosome also oc-
curred, as a result of recombination, on the
F101 plasmid. (iii) Such F101 derivatives were
then transferred into the rest of the series of
mutants defective in type 1 piliation. Transcon-
jugants were tested for type 1 piliation to deter-
mine whether or not the chromosomal lesions
could be complemented by the plasmid deriva-
tive. Our results allow us to conclude that each
of the pil mutants tested bears a recessive mu-
tation in the region of the E. coli chromosome
carried by the F101 plasmid and is assignable to
one of four complementation groups. These are
interpretable as reflecting the activities of
three pil cistrons.
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MATERIALS AND METHODS
Bacterial strains and growth media. The strains

used are described in Table 1. The pil mutants and
their characteristics were described previously, as
were growth media (13).

Mating procedure. Donor and recipient strains
were grown to log phase in Z medium and mixed in a
ratio of approximately 1:5 in a total volume of 0.5
ml. They were allowed to stand at 370C for 45 min
and then vortexed for 30 s before dilution and plat-
ing. When larger volumes were used in the mating,
small flasks were employed and shaken gently for
the same time period.

Male-phage sensitivity tests. Approximately 0.05
ml of an overnight Z broth culture was added to 0.6
ml of soft Z agar containing 0.001 M CaCl2, and the
mixture was poured into one-fourth of a Z-agar
plate. A drop of a male-specific phage (MS-2) lysate
(1010 plaque-forming units/ml) was placed on each
overlay. The plates were then incubated overnight.
Sensitivity to the phage confirmed the presence of
an F factor in the strain tested.

Agglutination test with type 1 pilus antiserum.
Type 1 pilus antiserum was prepared as described
previously (13). A 0.04-ml portion of a culture to be
tested and 0.04 ml of a 1:500 dilution of antiserum in
saline were gently mixed on slide agglutination
plates for 15 min at room temperature (22 to 25°0).
The plates were covered with large petri dish lids to
prevent evaporation during the reaction. Results
were recorded after the plates were examined under
slight magnification. Control reactions consisting of
0.04 ml of cells and 0.04 ml of saline were performed
for each culture tested.

RESULTS
Construction of episomes carrying the Pil-

mutations. To obtain F' plasmids carrying a
series ofour Pil- mutations that would be suita-
ble for use in complementation analysis,
UTH4109 was mated with 18 of the PL1000
series mutants. Thr+ Leu+ transconjugants
were selected on minimal medium containing
histidine and thiamine. Four typical colonies

from each mating were purified on the same
selective medium and tested with type 1 pilus
antiserum to confirm that the presence of the
plasmid resulted in the synthesis of type 1 pili
by the recipient. In all cases, the antiserum
tests were positive for the F'Pil+/Pil- strains,
establishing that all of the pil mutants used
resulted from mutations located in the region of
the chromosome carried by the F101 episome
and were recessive to a wild-type allele.

F'Pil-/Pil- homogenotes were then obtained
for each of the 18 strains. Either the selective
plates from the same mating, or colonies ob-
tained by spreading the F'Pil+/Pil- isolates on
minimal medium, were examined under
oblique lighting as described previously to dis-
tinguish colonies with the difference in trans-
parency from the majority (F'Pil+/Pil-) of colo-
nies typical of the Pil- phenotype (13). These
colonies were then tested with type 1 pilus anti-
serum. If a negative antiserum test was ob-
tained, presence of the F101 plasmid was con-
firmed in the F'Pil-/Pil- by testing sensitivity
of the strain to male-specific phage.

F'Pil-/Pil- isolates were readily obtained
from some strains and more difficult to find for
others. For a difference in colony transparency
to be detectable, the plates had to be examined
within 18 to 20 h after the cells were plated on
minimal medium. In general, colonies with the
unusual morphology were seen at a frequency
of approximately 1/500.

F'Pil-/Pil- strains were given PL3000 series
numbers corresponding to the number of the
PL1000 series mutant from which they were
derived.
Complementation between Pil- mutants.

Each of the F'Pil-/Pil- donors (series PL3000)
were mated with the Pil- NaiR series of mu-
tants (PL2000) and plated on minimal medium
containing histidine, thiamine, and 10 ug of

TABLE 1. Bacterial strains

Strain Genotype Comments Source

AW405 F- thr leu his thi lac gal ara xyl str ton Wild-type Pil+ parent ofthe type 1 pili J. Adler
tsx mutants

UTH4109 F' pil+ thr+ leu+lthr leu his arg pro rec Contains the FlOl plasmid described T. Matney
str by K. B. Low (10)

PL1001-PL1100 F- thr leu his thi lac gal ara xyl str ton Pil- derivatives of AW405
tsx pil

Mutagenesis of AW405

PL2001-PL2100 F- thr leu his thi lac gal ara xyl str ton NaIR derivatives of PL1001-PL1100 Selection in the pres-
tsx pil nal ence of nalidixic acid

PL3001-PL3100 F' pil- thr+ leu+lthr leu his thi lac gal Pil- homogenotes of F101 and the UTH4109 crossed with
ara xyl str ton tsx pil PL1001-PL1100 series of pil mu- PL1001, etc. followed

tants by selection of pil-
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nalidixic acid per ml. Ten Thr+ Leu+ NalR colo-
nies were selected at random and purified on

the same selective medium. Each ofthe ten was
then tested for its reaction with type 1 pilus
antiserum and for its sensitivity to the male-
specific phage MS-2. For all strains that were
MS-2 sensitive (and therefore maintained the
F101), the antiserum tests were used as the
criterion for complementation. For many of the
strains, additional confirmation of Pil pheno-
type was made by electron microscopy.
The results of 718 complementation tests

with 75 pil mutants are shown in Table 2. A
plus indicates that all Thr+ Leu+ sexductants
from the PL3000 series and the PL2000 series
cross gave a positive type 1 pilus antiserum
agglutination test. A minus indicates that no

agglutination could be observed. Five to ten
Thr+ Leu+ colonies were tested from each cross.

Occasionally one or two colonies from a cross
that otherwise yielded agglutinating cells
failed to show agglutination. In each case, how-
ever, these proved also to be female, as judged
by their resistance to bacteriophage MS-2.
Therefore, they were considered to be chromo-
somal Thr+ Leu+ recombinants which no longer
maintained the F101 episome carrying the pil
heterogenote. For this reason, only colonies
shown to be male were considered in recording
agglutination results. Transconjugants from a

few crosses appeared to give a poorer agglutina-
tion than would normally be expected, al-
though the reaction was definitely positive.
These are indicated on the table by an asterisk.

It is clear from Table 2 that all the stable
mutants isolated fall into four complementa-
tion patterns. We have named these groups
AB, A, B, and C. Group AB was represented by
33 mutants, A by 4, B by 19, and C by 19. Group
AB fails to complement mutants in either
group A or B and thus appears to be lacking two
otherwise complementing activities. Therefore,
the results can be summarized in terms of 3
functional activities for type 1 pili production
as shown in Table 3.

DISCUSSION
The complementation pattern indicates that

at least three functional activities are required
by E. coli K-12 for type 1 pilus production. The
cistrons determining these activities-A, B,
and C - must all be located within the region of
the bacterial chromosome, which is carried by
F101, since all ofthepil mutants tested could be
complemented by at least one set of F101 deriv-
atives. Preliminary results of interrupted mat-
ing experiments and cotransductional analysis
employing the deoA marker (1) confirm this
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conclusion and indicate that mutations from all
complementation classes are located at approxi-
mately 98 min.
One especially interesting aspect of our re-

sults is the presence of a large number of mu-
tants isolated in complementation class AB.
The mutants in this class were obtained with a
variety of mutagens including ultraviolet light,
5-bromouracil, and nitrosoguanidine, and
about half are revertible to a Pil+ phenotype
(13). Therefore, it seems unlikely that they
should all be deletions or result from double
mutations. In any case, the absence of a similar
class of mutants that do not complement A and
C or B and C suggests that the A and B activi-
ties can easily be affected simultaneously,
whereas the C cistron may be somewhat in-
dependent in location and function. There are
several possibilities that could have given this
result. We shall mention only those we con-
sider most likely.
One explanation ofthe AB class ofmutants is

the proposal that the A and B activities are
products of contiguous genes under coordinate
control, and are easily subject to simultaneous
loss by polar mutation or by mutation in a cis-
dominant control site, such as the operator lo-
cus of an AB operon under positive control.
Transdominant mutations affecting the expres-
sion of two genes (as found in negative control
systems) can be eliminated from consideration
since all the mutants isolated are recessive to
the wild type. If some of the mutants in the AB
class result from mutations affecting the
expression ofA and B by alteration of a control
site, it would seem that the C gene could not be
a part of the same operon. All class AB, A, and
B mutants complemented class C mutants. It is
conceivable that there are two genes A and B
under positive control and that the C gene prod-
uct might be a positive control protein.

Variation in type 1 piliation according to
growth condition and the phenomenon of phase
variation (13) support the hypothesis that type
1 pilus production must be subject to regula-
tion. We proposed that phase variation may
reflect the capacity of cells to alternate between
two physiological states in which piliation is
only one of several properties affected (13).
Expression of piliation could easily be subject to
physiological regulation (through, for example,
the accumulation of effector molecules) if the
pil genes are in an operon such as that sug-
gested above. The pil functions must be clari-
fied if such a model is to be substantiated.
An alternative explanation is the possibility

that the A and B functions belong to the same
protein product determined by a gene AB; that
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TABLE, 2. Complementation of pil mutants

pil mutation in donor PL3000 strains (F' pil.Ipil,,)

ABa Aa Ba Ca

Recipient PL2000 6 51 215 169 412120 460 014 8strains (F-pil,nal) 5 6 15 1 21 5 1 16 9 4 12 1 20 4 60 0 14 8

ABa

- + ~~~+
+ + +
+ + +

+
+
+
+
+
+
+
+
+

- + +
- + +
- + +

+
- + +

- + +
- + +
- + +
- +1D +

- + +
- + +
- + +
- + +
- +b +

+
- + +
- + +

+

- +

+
+
+

+ +

+
+
+
+
+
+
+
+
+
+

- +

- +

- +

- +

- +

+

+

+
+
+
+
+

+
+

3
6
15
19
21
27
29
34
35
44
52
54
55
56
57
58
61
65
66
69
73
74
75
77
81
82
84
86
87
92
98
100

Aa
1

16
47
94

4
12
17
20
22
24
31
32
33
40
60
63
64
68
71
76
79
80
90

- +

- +

- +

- +

- +

- +

- +

- +

- +

- +

+



TABLE 2-Continued

pil mutation in donor PL3000 strains (F' pilX/pilX)

ABa Aa Ba Ca

Recipient PL2000 5 6 15 19 21 58 1 16 94 4 12 17 20 24 60 90 14 48
strains (F- plu, nal)

Ca
7 + + + + + + + + + + + + _

14 + + + + + + + + + + + + -

30 + + + + + + + + + + + + -
42 + + + + + + + - -
43 + + + + ± + + - -

45 + + + + + + + - -

46 + + + + + + + - -

48 + + + + + + + - -

49 + + + + + + + - -

53 + + + + + + + - -

59 + + + + -

62 + + + + + + + - -

70 + + + + + + + - -
72 + + + + + + + - -
78 + + + + + + + - -
83 + + + + + + + - -

88 + + + + + -
89 + + + + -

93 + + + + + -

a Complementation class.
b Antibody precipitation test less positive than usual.

TABLE 3. Complementation analysis of 75 pil
mutants of E. coli K-12

Complementation Complementation class; no. of mu-class; no. of mu- t
tants in each class

AB, 33 A, 4 B, 19 C, 19

AB, 33 _ _ _ +

A, 4 - + +

B, 19 - :+ +

C, 19 + + + -

is, that complementation classes A and B could
be the result of intragenic complementation.
This would explain why mutants that fell into
complementation class AB were obtained so

frequently, in comparison with those for class A
or class B. One might expect that intragenic
complementation could sometimes result in
only a partially active protein; that is, comple-
mentation between A and B class mutants
should be less efficient than between A and C or

between B and C mutants. Unfortunately, the
antibody precipitation test used as our assay of
complementation is not sufficiently quantita-
tive to establish differences in piliation. How-
ever, pilus antibody precipitation that was

poorer than usual was observed in transconju-

gants from crosses of the A mutant PL2047 with
the B mutants PL3012 and PL3016, and in
transconjugants from the cross PL3016 (A) with
PL2090 (B). Once the biochemical nature of the
complementing activities is known, it may be
possible to measure the level ofB activity in an
A-type and a C-type mutant as a test of this
model.
We expect that the mutants characterized in

this paper should also provide us with the basis
for development of a genetic system in which
the relatedness of somatic pili produced by
other E. coli strains may also be tested. The
introduction by recombination ofpil genes into
the chromosome of E. coli strains producing
other kinds of somatic pili should result in the
loss of piliation if the two kinds of pili are
controlled by the same genes. The introduction
of pil mutations on the F101 plasmid into pil
mutants of E. coli having other kinds of pili
could show the extent of genetic relatedness, if
any, by the complementation pattern obtained.
Somatic pili related to type 1 pili (as deter-
mined by morphology, physical properties, and
serological cross reactions) exist on many enter-
opathogenic strains of E. coli such as H10407.
Unlike the pili produced by AW405, H10407 pili
exhibit specific adhesion, twitching motility,
and agar pitting and probably determine viru-
lence. Isolation ofmutants ofH10407 affected in
piliation are now in progress. The genetic anal-
ysis of these mutants and comparison of their
properties with our AW405 mutants should

510 SWANEY ET AL. J. BACTERIOL.
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greatly elucidate the mechanisms by which so-
matic pili are produced and function.
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