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FIG. 8. Mini-TnJO insertion in the Mu A cistron of strain MS2098. The drawing shows the Mu dII1681 map from Shapiro and Higgins (29)
plus the mini-TnJO insert detected in strain MS2098. The heavy arrows indicate the positions of the three Mu-specific oligonucleotide probes
used in this study. The Southern hybridization shows a HindIll digest of total DNA from duplicate subclones of strains MS2098 and MS2103
probed with the MuA-22 oligonucleotide. Strain MS2103 carries a mini-TnlO insertion unlinked to the Mu dIl1681 element and so produces
the parental 4.6-kb HindIll fragment between coordinates 1001 and 5565 on the Mu dII1681 map. Strain MS2098 produces the hybrid 6.2-kb
HindIll fragment extending from coordinate 408 of mini-TnlO (36) to coordinate 5565 of Mu dII1681. The position of the mini-TnJO insertion
was confirmed from a cloned BamHI fragment by noting the absence in HpaI digests of the HpaI-HincII fragment (1850 to 4219) of Mu dII1681
and detecting the hybrid 2.3-kb HincII fragment extending from coordinate 2928 of mini-TnJO to coordinate 4219 of Mu dII1681. Not all the
HincIl sites of the mini-TnlO are shown.

dase synthesis in MS1534 colonies depended upon Mu
dII1681 replication, the dark sectors and rings contained
cells with transposed lacZ sequences connected to many
different regions of the chromosome. Direct evidence of this
was seen in the Southern blots (Fig. 4 and 5). Did all of the
bacteria in these zones have new lacZ fusions, or was the
j-galactosidase phenotype the result of expression by a
distinct subpopulation of cells? Sampling and replating ex-
periments showed that sectors and rings contained more
than one cell type and indicated that ,B-galactosidase synthe-
sis occurred in cells which were no longer colony-forming
units. When bacteria were picked from dark rings on paren-
tal MS1534 colonies and streaked on XGal indicator agar,
only parental colony phenotypes were observed (29). Simi-
larly, when expansive dark sectors were resuspended, di-
luted, and plated, two colony types were observed (Fig. 2
and 3) (29). Of the CFU from the expansive dark sectors,
neither type contained new Mu dII1681 junction fragments
(Fig. 4). Thus, no colony formers with transposed lacZ
sequences were isolated from dark rings or sectors. This
meant either that the cells which had undergone Mu dII1681
replication, if viable, were such a small minority of the total
population that they could not be detected by these plating

tests or that these cells had lost their ability to form colonies.
The former possibility could be excluded by quantitative
analysis. Densitometry of junction fragments in bacteria
from dark sectors gave a figure of 8 to 13 new junctions per
genome equivalent, indicating that a minority component
(<10%) of viable cells with active fusions would each carry
over 80 new Mu d(lac) insertions. Moreover, microscopy of
bacteria resuspended from a dark sector showed that at least
5% of the cells stained blue. Thus, CFU with new junctions
would have been detected in our platings. Since they were
not observed, Mu dII1681 replication must have been lethal.
As illustrated in Fig. 6, this process drastically rearranged
the MS1534 chromosome. We also know that Mu-specific
replication dramatically changes the structure of the E. coli
genome (apparently tying it in knots) because Mu induction
results in increased nucleoid compaction (16).
The observation that a particular colony or regional phe-

notype could arise from a mixed cell population may well be
general for bacteria growing on surfaces. Scanning electron
microscopy examination of developing E. coli colonies re-
vealed many zones containing multiple cellular morpholo-
gies (26). An increasing number of phenotypes are known to
be subject to phase variations (1, 15, 31, 32, 35). It is
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significant that many of these phenotypes involve envelope
proteins and appendages important in bacterial aggregation
and attachment to surfaces. These phase variations have
functional utility in the context of bacterial proliferation on
surfaces, where cell tasks have to change as development
proceeds. In E. coli and Neisseria gonorrhoeae pathogene-
sis, for example, the initial infecting bacteria have to estab-
lish themselves on host epithelia, whereas cells that are
formed later in the colonization process will primarily aggre-
gate with other bacteria and elaborate toxins and protective
extracellular slime materials. Thus, mixed populations of
phenotypically differentiated cells are likely to prove the rule
rather than the exception with bacteria in natural situations.
Genome rearrangements occurred in a physiologically spe-

cffic manner on agar substrates. Our results showing that Mu
dII1681 transpositions and rearrangements were temporally
and spatially regulated did not represent an isolated case.
There have been other examples of physiologically specific
and functionally meaningful genetic changes occurring epi-
sodically in bacteria growing on agar surfaces. One closely
parallel case was the involvement of the Mu cts62 prophage
in the formation of coding sequence fusions by the original
Casadaban technique (20). The formation of hybrid araB-
lacZ cistrons was studied in detail; fusions arose only in
response to specific selection and with a very characteristic
periodicity (20). This case has recently been cited as an
example of "directed mutation" (4). The araB-lacZ fusion
system was very similar to the Mu dII1681 situation in three
important ways: (i) genetic rearrangements were necessary
to express lacZ; (ii) an unlinked Mu c+pApl prophage
prevented the rearrangement; and (iii) certain growth condi-
tions (low levels of glucose enrichment in the selective agar)
led to periodic waves of DNA rearrangement (20).

Studies of bgl activation in E. coli colonies on Mac-
Conkey-salicin agar (7) demonstrated that Mu-based sys-
tems were not the only examples of growth history-depen-
dent DNA rearrangement. These contemporary examples of
physiologically specific genetic events are instances of the
phenomenon known in the early part of this century as
"microbic dissociation" (6). Microbic dissociation referred
to pleiotropic hereditary changes that were observed to
occur regularly in older bacterial colonies, giving rise to
papillae and sectors in which multiple phenotypes diagnostic
for the parent strain (morphology, fermentation, antigeni-
city, etc.) had "dissociated" into a new set of characters. It
has been pointed out that regulation of genetic change by
growth history has very important evolutionary conse-
quences (4, 7). One of the main advantages to studying
colonies on agar substrates, compared with working with
liquid cultures, is that colonies preserve a history of all
clonal relationships and make it possible to discern pattern
and regularity in hereditary changes. Each colony is, in
effect, an evolutionary microcosm.

Future directions in the study of bacterial morphogenesis on
surfaces. On laboratory media, the basic geometry of colony
organization is circular. Concentric patterns arise in bacte-
rial colonies because of sequential cellular differentiations
during growth. As a consequence, the colony is a heteroge-
neous but organized structure. The morphogenetic capabil-
ities displayed on agar plates are an expression of bacterial
systems for organization of growth on substrates in nature.
Because bacterial growth is so highly structured, it is not
realistic to understand the physiological, biochemical, or
even genetic activity of a colony or any bacterial surface
population in terms of an "average" cell.

Investigating how different cells and groups of cells inter-

act to produce a proliferating multicellular community will
involve a variety of approaches, including many of those
applied to Drosophila melanogaster and other higher organ-
isms, such as in situ hybridization and immunostaining (15).
Since we have identified Mu dII1681 replication as one
process sensitive to sequential cellular differentiations, we
can use our knowledge of Mu regulation to provide an array
of molecular probes for examining how specific regulatory
elements (e.g., IHF and similar DNA-binding proteins and
HflA protease) vary during colony development. It will also
be necessary to have ways to score genetic differences
affecting specific functions involved in orderly colony mor-
phogenesis. The Mu d(lac)-XGal vital staining system pro-
vides one easy way to test known markers and identify new
mutations (22). As mentioned above, we have used this
system to isolate a series of mini-TnJO insertions into the
MS1534 chromosome leading to altered colony develop-
ment. The inserts were picked up because they led to new
,-galactosidase staining patterns. All but three were not
linked to the Mu dII1681 element by P1 transduction. A
majority of the inserts altered the morphologies of mature
colonies and affected the patterns of cell division and micro-
colony organization in the first few hours of development.
Our results with filter paper immobilization of colonies will
also prove useful in further studies of different phase varia-
tion systems and their regulation. The ability to visualize the
spatial organization of Mu DNA replication within colonies
immobilized on filter paper means that a molecular analysis
of colony structure is not limited to special situations involv-
ing histochemical strains. We anticipate that this method can
be applied to a variety of different macromolecular synthe-
ses.
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