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Living cells, whether they are com- 
ponents of complex tissues and organs 
or function as unicellular organisms, 
are not static units but can change 
morphologically, adapt to environ- 
mental conditions by biochemical al- 
teration, or express different functions 
at different times in the life cycle. A 
major task of modern biologists is to 
understand the control of these cell 
changes. Recent investigations of the 
genetic control mechanisms which 
operate in microbial cells indicate that 
not all the genes in a given cell are 
translated into protein at the same 
time (1), and that environmental 
factors can and do influence gene ex- 
pression (2). In a differentiating cell, 
undergoing a series of biochemical and 
morphological changes within a regu- 
lated time sequence, controls must 
also exist to ensure the organization and 
sequential expression of these events 
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during the life cycle of the cell. A 
persistent notion among developmental 
biologists has been that organizational 
control functions are a regular com- 
ponent of the genetic composition of 
each cell. Important advances in the 
understanding of cellular differentiation 
would seem to lie in exploring systems 
of interacting regulatory genes in- 
volved in the programmed expression 
of well-defined characteristics. 

The control mechanisms that are 
ultimately shown to regulate the 
process of differentiation in one type 
of cell may not be applicable to all 
cells. In both prokaryotes and 
eukaryotes, however, the observable 
changes accompanying cell develop- 
ment do reflect variations in the pat- 
terns of protein synthesis. It is possible 
that the complex genetic machinery of 
the eukaryote demands different or 
additional controls of protein synthesis 
(3). A full understanding of the regu- 
latory mechanisms of differentiating 
prokaryotic cells, however, might pro- 
vide a valid basis for extrapolation to 
cells of higher organisms. Most 
importantly, prokaryotic cells that 
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undergo cellular differentiation are ac- 
cessible to study by the established 
techniques of bacterial genetics. One 
such area in which significant contribu- 
tions to the control of cell regulation 
have come is sporulation and germina- 
tion in the genus Bacillus (4). In these 
studies it has become apparent that 
control at the level of selective mes- 
senger RNA production (transcription) 
represents the basic mechanism whereby 
the cell organizes its development 
(5, 6). Clues as to the universality of 
this type of control mechanism may 
come from the exploration of other 
readily studied bacterial systems. It is 
in this context that we have attempted 
to develop a simple system, using the 
dimorphic Caulobacter bacteria, to 
study the regulation of cellular dif- 
ferentiation. 

Systems for Studying 

Bacterial Differentiation 

Relatively few bacteria carry out a 
defined morphogenesis, other than cell 
division, during their normal life 
cycles. Still fewer bacterial species 
both differentiate and offer ease of 
genetic and biochemical manipulation. 
The criteria that make the use of 
bacteria reasonable as model systems 
for cell development include (i) a 
simple and well-defined differentiation 
pattern which can be studied in 
synchronized cell populations, (ii) the 
ability to grow the cells on defined 
media, permitting the correlation of 
biochemical events with morphological 
development, and (iii) the availability 
of mutants and a system for the ex- 
change of genetic information. Dif- 
ferentiating bacteria that offer a 
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possibility for study include Bacillus, 
Streptomyces, Arthrobacter, Myxobac- 
ter, and Caulobacter. 

The spore-forming Bacilli fulfill all 
of these criteria and have commanded 
the greatest amount of attention; 
progress with this system has been ex- 
tensively reviewed (4, 5). These rod- 
shaped bacteria differentiate by form- 
ing heat-resistant and chemically re- 
sistent spores which can again become 
vegetative rods through the process of 
germination and outgrowth. Sequential 
changes occurring in a sporulating cell 
have been carefully defined and include, 
in addition to morphological altera- 
tions (7), the appearance of new 
enzymes (8), alterations in electron 
transport pathways (9), and the syn- 
thesis of spore-specific substances (10). 
Analysis of mutant organisms has 
demonstrated that genetic determinants 
govern these morphological and bio- 
chemical changes (11). The definition 
of the sequential expression of specific 
genes has been greatly facilitated be- 
cause the outgrowth of cultures of 
spores to form vegetative cells proceeds 
synchronously (5). During outgrowth, 
the first gene product is new messenger 
RNA, followed by the formation of 
new proteins and enzymes (5, 12). This 
control of sequential expression, which 
appears to be mediated at the level of 
transcription (5), has been demon- 
strated to be due to a new type of 
RNA polymerase which can be isolated 
from sporulating Bacillus subtilis. This 

polymerase differs from that of the 
vegetative cells in that the /-subunit 
of the core enzyme is altered along 
with an alteration in template spec- 
ificity (6). Thus Bacilli offer important 
guidelines not only to the study of the 
control of differentiation of bacterial 
cells, but perhaps of eukaryotes as well. 

Other groups of bacteria, such as 
Streptomyces, Myxobacter, and Ar- 
throbacter, offer distinct advantages 
with respect to some of the above- 
mentioned criteria while they remain 
deficient in others. Of these groups, 
the Streptomyces can be grown on de- 
fined media and are particularly amen- 
able to genetic study. Hopwood and 
Sermonti have extensively studied the 
genetics of these bacteria (13). The 
life cycle includes spore germination 
to form a vegetative cell that develops 
into a complex mycelium, then 
septates into aerial hyphae, and then 
produces single spores that can re- 
initiate the differentiation cycle. Only 
recently, however, have there been 
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not be grown on defined m 
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veloped. Arthrobacter pres 
vantage distinct from Strej 
Myxobacter in that its sim] 
tiation process, which co 
biochemically and morpholo 
defined sphere-rod transitic 
environmental control (15) 
drawback of this system, a 
bacter, is the absence of a 
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genetic events and phei 
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the defined criteria and ca 
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Properties of Caulobacter 4 

Bacteria of the Caulob 
are aerobic, gram-negative 
which, like Pseudomonas, 
hexoses via the Entner-Dou 
way (16). A unique featur 
bacter bacteria is that the 
obligatory well-defined r 
changes during their life 
Fig. 1). The Caulobacter 
guishable morphologically 
have a stalk at one pole 
(18). The wall of the stalk i; 
with both the lipopolysaco 

mucopeptide layer of the cell wall (19, 
20). Under normal growth conditions a 
new stalked cell synthesizes an intracyto- 
plasmic structure at the pole opposite 

-+ the stalk (16, 19-21), and this process 
represents the first step in a cycle of 
differentiation. It has been suggested 
that this structure is a membranous 
organelle that can be distinguished 

I 3o ,, t from cell mesosomes by the lack of 
life cycle of continuity with the cytoplasmic mem- 

brane (21, 22). The same type of 
membranous organelle is found at the 
stalked pole of the mature cell, as 

lition of the shown in Fig. 2, A and B. We are 
examination still unsure of the nature of this orga- 
levelopment nelle, because electron microscopic 
studies with analysis does not consistently reveal a 
?ed the iso- discrete, membranous structure in the 
mutants in region of the polar organelle (23). 
)lecular be- The second occurrence in the differenti- 
iesis (14). ation process is the formation of a 
induced to single flagellum and several pili also 
) microcyst at the pole opposite the existing stalk 
but it can- (Fig. 1) (19, 20). Binary fission yields 
ledia, and a a sessile stalked cell and a motile 
At been de- swarmer cell (Fig. 2C). The daughter 
ents an ad- swarmer cell must differentiate into a 
)tomyces or stalked cell before it is capable of cell 
ple differen- division. This transition, the third step 
nsists of a in the differentiation process, involves 
>gically well- the deposition of new cell wall ma- 
)n, is under terial at the point of attachment of 
. The main the flagellum to the cell (20). The 
is in Myxo- preexisting polar membrane structure 
genetic sys- now constitutes the interior of the 
ion between newly forming stalk, where the flagel- 
notypic re- lum can be found as an appendage at 
,monstrated. the tip of the stalk. Eventually the 
rticle is to flagellum falls off and can be re- 
icter fulfills covered in the medium (24). Auto- 
in therefore radiographic experiments performed by 
plement the Schmidt and Stanier (20) demon- 
I systems in strated that the site of stalk synthesis 
into control is restricted to the juncture of stalk 
ng prokary- and cell. Each step in the differentia- 

tion process, therefore, represents the 
synthesis of a specific structure (polar 
membrane, flagellum, pili, stalk) at a 

crescentus specific site in the cell, and at a specific 
time in the cell's life cycle. 

acter genus The genome of Caulobacter cres- 
organisms centus is contained in approximately 

metabolize 3 X 10-8 microgram of DNA per cell 
Idoroff path- (25), similar to Escherichia coli, a 
re of Caulo- bacterium of approximately the same 
y carry out size. A unique feature of Caulobacter 
norphogenic DNA is the existence of a satellite band 
cycles (17; that can be detected only in the stalked 
are distin- cell (Fig. 3). It is not known whether 

in that they the satellite band is a piece of DNA 
of the cell with a lower guanine plus cytosine 

s continuous (G + C) content or one that has un- 
charide and usual bases. Chemical analysis of total 
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Table 1. Characteristics of DNA bacteriophage ?CbK and its host Caulobacter crescentus 
(25). C, cytosine; A, adenine; G, guanine; T, thymine; T,,,, melting temperature. 

Properties 0(CbK C. crescentus 

Buoyant density in CsCI 1.53 g/cm:c 
1 by 2 lum 

Size of head 195 by 64 nm 
Size of tail 275 nm 

DNA content 57 percent 3 X 10-8 jug/cell 
DNA buoyant density in CsCl 1.721 g/cma 1.718 g/cm: 
DNA s.,,. 63.5S 
DNA T,,, 95?C 94?C 
DNA base composition C - 32.5; A - 17.4 C - 33.5; A - 16.5 

G = 32.7; T:= 17.4 G = 33.7; T = 16.4 
* In saline sodium citrate. 

stalked cell DNA labeled with 32p 

revealed a G + C content of 67 per- 
cent, and all of the radioactive ma- 
terial migrated during electrophoresis as 
either adenine, cytosine, guanine, or 

thymine mononucleotides (26). The pres- 
ence of the satellite band in stalked cells 
may therefore represent extra DNA 
with a low G + C content, which is 
either physically separated from the 

bulk of the nuclear DNA or replicated 
specifically during the stalked phase 
of the differentiation cycle. 

Structural changes that occur dur- 
ing the Caulobacter life cycle include 
the synthesis of a new cell wall to 
form the stalk (20) and the tempo- 
rally controlled appearance of a cell- 
wall receptor site for a DNA bacteri- 
ophage (27). In order to correlate 
such cellular alterations with biochem- 
ical events, D. Button, of this labora- 
tory, is studying the chemical composi- 
tion of the C. crescentus cell wall at 
different stages of the differentiation 
cycle. In general, the lipopolysaccharide 
(LPS) component of gram-negative 
cell walls contains a neutral sugar 
backbone structure coupled to a struc- 
ture referred to as lipid A (28). The 
neutral sugar composition of Caulo- 
'bacter LPS was analyzed in popula- 
tions of swarmer cells and stalked cells 
and was found to be identical. The 
most abundant sugar is D-glucose; the 
remainder of this fraction, as deter- 
mined by gas-liquid chromatography, 
includes D-glycero-D-mannoheptose, L- 
glycero-D-mannoheptose, D-galactose, 
D-mannose, and an unidentified poly- 
hydroxy compound (29). The LPS 
also contains 2-keto-3-deoxyoctuloso- 
nate (KDO), but o-phosphorylethanol- 
amine and glucosamine-phosphate, com- 
ponents of LPS in E. coli and Sal- 
monella, cannot be detected (29). Fur- 
ther investigation of the lipid moiety 
showed that both Sf-hydroxymyristic 
acid and lauric acid are absent (29). 
We have concluded from these studies 
that, although C. crescentus is a gram- 
negative organism, it has no "lipid A" 
in its water-soluble LPS and that both 
Caulobacter cell forms have the same 
wall composition. 

Caulobacter Viruses 

Fig. 2. Electron micrographs of Caulobacter- crescent-us: (A and B) Thin sections of 
osmium-fixed stalked cells of Caulobacter (41) (X 81,000; scale, 0.2 ,/m) [courtesy 
of Dr. P. G. Model]. A membranous structure (arrow) is evident as the base of the 
stalk in (A), but not in (B); (C) dividing cell negatively stained with phosphotungstate 
(X 22,000; scale, 0.2 Arm) [courtesy of Dr. P. Atkinson]. 
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Seven distinct groups of lytic bac- 
teriophages that specifically infect 
Caulobacter have been isolated and 
classified according to their nucleic 
acid content, host range, and serology 
(30). In addition, it has been reported 
that temperate bacteriophages could be 
induced from several Caulobacter 
strains (31). We have analyzed the 
physical characteristics of both a lytic 
RNA and DNA bacteriophage, and 
their relation to their dimorphic host, 
C. crescentus, during various steps in 
the infection process (26, 27, 32). 
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The RNA bacteriophage pCb5 (32) 
is a small polyhedron 23 nanometers 
in diameter, whose sedimentation co- 
efficient (s20,w) is 70S, which is com- 
posed of a single molecule of single- 
stranded RNA and a protein coat as- 
sembled from two structural proteins. 
The phage appears to contain the 
genetic capacity to code for a coat 
protein subunit, a protein analogous 
to the R17 maturation protein, and an 
RNA polymerase not present in unin- 
fected cells (32). Bacteriophage pCb5 
differs from the E. coli RNA phages 
in that it specifically infects Caulo- 
bacter, contains histidine but lacks 
methionine in its coat protein, and is 
extremely salt-sensitive. During the in- 
fection process 4Cb5 specifically ad- 
sorbs to pili present on the Caulobacter 
swarmer cell (33). Susceptibility of 
the host cell to RNA phage infection 
during only a limited time in its life 
cycle poses unique problems in phage 
propagation, since at any given time 
in a log-phase culture susceptible 
swarmer cells compose approximately 
15 percent of the population. Diffi- 
culties in obtaining liquid lysates of 
high titer were overcome by allowing 
small numbers of bacteria to grow for 
12 to 16 hours in the presence of 
10-3 phage per bacterium. Under 
these growth conditions phage-sensitive 
swarmer cells are continually being pro- 
duced by the resistant stalked cell popu- 
lation (32). 

The DNA bacteriophage pCbK was 
isolated in our laboratory and shown 
to be among the largest known bac- 
terial viruses (26). The phage, com- 
posed of protein and DNA, has an 
elongated polygonal head 195 by 64 
nm and a flexible tail 275 nm in length 
(Fig. 4). The properties of the double- 
stranded DNA from <pCbK are similar 
to those of the host cell with respect 
to buoyant density, melting point, and 
G+ C content (Table 1). We analyzed 
the mode of infection of C. crescentus 
with this bacteriophage and determined 
that the phage specifically infects the 
swarmer cell or a predivisional form 
with swarmer cell characteristics (27). 
Initial evidence that the phage required 
a specific host property for productive 
infection came from one-step growth 
experiments with synchronized popu- 
lations of swarmer and stalked cells. 
A longer eclipse period was observed 
with the stalked cell than with the 
swarmer cell, suggesting that time was 
required for the formation of the sensi- 
tive cell type (27). The hypothesis that 
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Table 2. The ability of bacteriophage ?CbK to absorb, infect, and inject its DNA into 
swarmer and stalked cells of wild-type and mutant host strains (27). 

Phage Phage Phage 32P-DNA 
Cell type adsorption eclipsedrecovered in host cell 

(count/min) 

Wild-type swarmer 90 80 558 
Wild-type stalked 80 1 19 
0-Resistant I swarmer 0 4 96 
?-Resistant I stalked 0 3 62 
0-Resistant II swarmer 90 64 
0-Resistant II stalked 95 69 

adsorption to stalked cells is reversible 
was confirmed by observations with 
wild-type cells and two classes of pCbK- 
resistant mutants; the phage is not 
eclipsed and remains viable (Table 2). 
Adsorption followed by DNA injec- 

t 
a) u 
D 

- 

(V 
< 

Buoyant density --- 
Fig. 3. Microdensitometer tracings of 
DNA in CsCl after 20 hours of centrifu- 
gation at 44,770 rev/min. (A) DNA iso- 
lated from stalked Caulobacter cells which 
banded at p = 1.718 g/cm3 and p = 1.703 
g/cm3. (B) DNA isolated from swarmer 
Caulobacter cells which banded at p = 
1.718 g/cm3. Clostridium perfringens DNA 
(p = 1.691 g/cm3) was used as a reference 
marker [from (26)]. 

tion occurs only in the swarmer and 
predivisional cell forms. It appears, 
therefore, that the synthesis of a new 
phage attachment site that permits 
phage DNA injection illustrates an- 
other facet of differentiation in the 
Caulobacter life cycle. This phage re- 
ceptor site apparently resides in the 
wall LPS (29). Sonically treated ex- 
tracts of pure populations of swarmer 
and stalked cells were prepared and 
extracted with phenol (Table 3; 29). 
The LPS was recovered in the aqueous 
phase, and protein was quantitatively 
recovered in the phenol phase. Bac- 
teriophage pCbK was specifically in- 
activated by the LPS fraction of the 
swarmer cell, but not by the same 
fraction from the stalked cells. There- 
fore a structural moiety present in the 
swarmer cell appears to be absent or 
altered in the stalked cell. Antibodies 
were prepared against the LPS from 
wild-type cells and from the bacterial 
mutant "o resistant I" which fails to 
adsorb phage (see Table 2). An anti- 
gen observed in the wild-type cell was 
not present in the phage-resistant mu- 
tant. The total LPS composition of "6 
resistant I" was also determined, and 
it was found to be identical to wild 
type, with the exception that there was 
a 20-fold reduction in the amount of 
D-glucose present in this fraction (29). 

Cell Synchrony 

The study of an organized sequence 
of events requires populations of cells 
doing the same things at the same 
time. Swarmer and stalked cells can 
be separated by differential centrifuga- 
tion (17), since the stalked cell offers 
greater frictional resistance in a cen- 
trifugal field than the swarmer cell 
does. At stationary phase, 95 percent 
of the cells are stalked. Remaining 
swarmer cells, as well as cell clusters 
(rosettes), are removed by low-speed 
centrifugation. Synchronous growth is 
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initiated by incubating the stalked 
cells in relatively dilute cultures at 
30?C. We have observed microscopi- 
cally that by 80 minutes approximately 
50 percent of the total cell population 
consists of motile swarmer cells. Si- 
multaneous measurement of viable 
count showed that cell division occurs 
at 80 minutes (Fig. 5A). 

Swarmer populations can be ob- 
tained when pure stalked cells go 
through one cell division, and 50 per- 
cent of the resulting population exists 
as swarmer cells. These are centrifuged 
at low speed, and synchronous growth 
is initiated by incubation at 30?C in 
fresh broth. Since we had determined 
the time required for stalked cells to 
divide and measured the time required 
for cell division starting with swarmer 
cells we deduced the interval required 
for the transition of swarmer cells to 
stalked cells (Fig. 5B). Swarmer cell 
populations, observed by microscopy 
and viable count measurements, di- 
vide 110 minutes after the start of 
growth. Swarmer cells develop stalks, 
therefore, in 30 minutes (34). Stove 
and Stanier followed the growth cycle 
of single clones of C. crescentus in mi- 
croculture and showed that cell transi- 

Table 3. Effect of extracts of the host cell 
wall on infectivity of bacteriophage ?SCbK 
measured as plaque-forming units (PFU). 
Bacteriophage pCbK was mixed with a known 
quantity of wall extract and its infectivity 
was determined. The control PFU was deter- 
mined by infection of unfractionated cells (29). 

Source of ICbK 
infectivity wall extract (PFU) 

Control 346 
Stalked cells 
Aqueous phase (10 mg/ml) 320 
Stalked cells 
Phenol phase (10 mg/ml) 368 
Swarmer cells 
Aqueous phase (5.2 mg/ml) 7 
Swarmer cells 
Phenol phase (5.2 mg/ml) 334 

tion occurred in 25 to 30 minutes (17). 
We have developed a technique for 

obtaining relatively pure populations 
of dividing cells based on the differ- 
ences in buoyant density of cells in a 
mixed population. Cells in the log 
phase of growth in medium containing 
0.2 percent glucose are layered on an 
equal volume of medium supplemented 
with 20 percent glucose in a simple 
glass centrifuge tube. Centrifugation 
for 3 minutes at 37,000g suffices to 

concentrate the dividing cells at the 
interface between the two glucose so- 
lutions. This technique obviates the 
need for using stationary phase cells 
in the synchronization process and thus 
reduces the metabolic fluctuations re- 
sulting from adaption of stationary 
phase cultures. 

Most synchronization techniques 
yield populations of cells growing and 
dividing with a good deal less than per- 
fect synchrony. The maximum con- 
certed increase in cell number that we 
have observed is 80 percent (see Fig. 
5). This degree of asynchrony, how- 
ever, still permits us to observe the 
fundamental changes occurring in the 
Caulobacter life cycle. Synchronized 
cells, beginning with swarmers, were 
treated with 14C-labeled amino acids 
at 10-minute intervals during the 110- 
minute differentiation cycle, and the 
newly synthesized proteins were ana- 
lyzed by electrophoresis in polyacryla- 
mide gels in the presence of sodium 
dodecyl sulfate (35). Thirty minutes 
into the cycle, at the time when swarm- 
er cells have grown stalks and are no 
longer motile, a sharp change in the 
pattern of protein bands ibecame ap- 
parent in stained gels and in autora- 
diograms (24). These differences most 
certainly represent changes in enzyme 
content and regulatory proteins, as well 
as in structural proteins. We are now 
attempting to correlate some of the 
bands with structural proteins peculiar 
to the morphogenesis observed in 
Caulobacter. Two of the major bands 
have been tentatively identified as 
flagella or pili protein (or both) by 
comparing gels of either whole swarm- 
er or stalked cells with fractionated 
swarmer cells and flagella and pili 
purified from the medium of cultures 
in the log phase of growth (24). 

We could have inferred from a gross 
fstudy of Caulobacter morphogenesis I~ ~ .iiP s~ ~ that new structural proteins are pro- 

duced during differentiation, and from 
a knowledge of molecular genetics we 
recognize that new enzymes are prob- 
ably synthesized or activated (or both) 
for the purpose of building new cell 
structures. Cataloging the appearance 
or disappearance of proteins during 
differentiation permits us to follow 
cell changes. There still remains the 

........... Ilag~~~~~~~~ ~crucial matter of defining the regula- 
tion of these changes at the molecular 
level. The focus of these studies on the 
defined development of Caulobacter 
is now directed toward an understand- 

Fig. 4. Electron micrograph of bacteriophage ?CbK negatively stained with uranyl ing of the specific inducers and regu- 
acetate (X 440,000) [courtesy of Dr. A. K. Kleinschmidt]. lators of differentiation. 
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Assay for Differentiation in 

Caulobacter 

Study of Caulobacter mutants that 
are blocked at various stages of morph- 
ogenesis is a promising approach to- 
ward understanding the relation be- 
tween gene function and the concerted 
series of events that eventually result 
in differentiation. In order easily to 
identify differentiation mutants, we 
developed a technique with which to 
monitor the transition between Caulo- 
bacter cell types in synchronized cul- 
tures. 

The differentiation assay is based on 
the fact that RNA and DNA bacterio- 
phage receptor sites are synthesized at 
specific times in the cell's life cycle. 
RNA bacteriophage pCb5, labeled with 
radioactive adenine, is retained on 
Millipore filters only if combined with 
cells (36; Fig. 6A). Since pCb5 spe- 
cifically combines with the pili present 
on swarmer cells (33), the swarmer 
cell loses the ability to retain labeled 
phage as it changes into a stalked cell 
and pili are lost (34). The time re- 
quired for the transition of swarmer to 
stalked cells was deduced to be 30 min- 
utes (see above). This time span was 
confirmed by the phage adsorption as- 
say, because the binding of radioactive 
phage stopped at 30 minutes, along 
with the loss of cell motility.observed 
microscopically. Thus the RNA phage 
adsorption assay reflects morphogenic 
changes occurring in Caulobacter and 
can be used to monitor simply and ac- 
curately the transition in synchronized 
cultures of swarmer to stalked cells. 

A complementary phage assay is 
provided by measuring the appearance 
of the cell LPS receptor site specific 
for the injection of phage 5CbK DNA 
labeled with [3H]adenine (Fig. 6B). 
When phage was added to synchro- 
nized stalked cells, an increase in the 
ability to support injection of phage 
DNA occurred between 50 and 60 
minutes. The structural changes oc- 
curring in the wall of a stalked cell 
preparing for cell division can thus 
be observed and defined by a simple 
radiochemical assay (27). 

(37). The transition of swarmer to 
stalk cells in Caulobacter is obligatory 
for survival, and therefore the proc- 
esses of differentiation are essential 
functions of the cell. Approximately 
70 Ts mutants of Caulobacter cres- 
centus which are unable to form colo- 
nies at 37?C but grow normally at 
23?C have been isolated (38). These 
mutants were isolated from cultures 
treated with the mutagen nitrosoguani- 
dine and, in large part, are of inde- 
pendent origin. The isolation proce- 
dure, which excludes a selective step, 
was based on the method described 
by Hartwell for obtaining Ts mutants 
of yeast (39). The Caulobacter mu- 
tants vary in their ability to survive 
after exposure to the restrictive temp- 
erature, since they were never exposed 
to 37?C during the isolation steps. 
Mutants which are defective in DNA 
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Caulobacter Mutants 

Temperature-sensitive (Ts) mutants 
are of special value because they per- 
mit analysis of genes which control 
essential cellular functions, such as 
DNA, RNA, and protein syntheses, 
cell division, and cell wall synthesis 
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synthesis, RNA synthesis, and cell di- 
vision, have been identified. These 
mutants can be used to study the re- 
lation between macromolecular synthe- 
sis and the expression of the differen- 
tiated state in synchronously growing 
cultures. Of primary interest, however, 
are mutants defective in the various 
aspects of the differentiation process. 
A mutant that we refer to as TsM con- 
tinues to increase in mass after a shift 
to 37?C, but the viable count remains 
constant for 4 hours after the shift. 
During this period the cells, which can 
be observed by phase contrast micros- 
copy, grow erratically, rarely divide, 
and form long, branched cells. DNA, 
RNA, and protein syntheses continue 
at near normal rates. In order to deter- 
mine whether these cells are express- 
ing functions connected with differen- 
tiation at 37 C, we measured their 

20 40 60 80 100 120 140 160 180 
Time (minutes) 

Fig. 5. Synchronous growth of Caulobacter crescentus. Pure cultures of either stalked 
cells (A) or swarmer cells (B) were prepared and then incubated at 30?C. Portions 
were withdrawn at the times indicated and assayed for viable bacteria [from (34)]. 
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Table 4. Interspecific genetic exchange. The selective medium wa 
and minimal, pro for Cross II. CFU, colony-forming units. 

Strains or crosss Complete media Selective med Strains or crosses (F CF (CFU) (CFU) 

Cross I 
CBl5StrSBio+ 3.8 X 0101 1.0 X 102 

CVl15StrRBio- 8.6 X 1101 0 

CB15StrSBio+ X CVll1StrRBio-- 1.1 X 1011 1.9 X 105 

Cross II 

CV163StrRPro-Vit- yellow 1.0 X 109 0 

CB13StrSPro+Vit+ white 5.8 X 109 4.2 X 101 

CV163StrRPro-Vit- yellow X 
CB13Str"Pro+Vit+ white 1.0 X 1011 1.5 X 10O 

C 
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20 40 60 20 
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Fig. 6. Technique to monitor the transition between Caulol 
chronous cultures. (A) Selective adsorption of ['H]RNA bacter 
(34)]. (B) Selective injection of bacteriophage bCbK [3H]] 

Assay for differentiation in Tsf 

10 30 50 70 

Time (minutes) 

Fig. 7. Injection of bacteriophage 
TsM at 23? and 37?C. 

890 

?CbK [3HIDNA during 

.s minimal, str for Cross I; ability to support bacteriophage pCbK 
DNA injection (Fig. 7). Synchronized 

Recombination or populations of TsM were grown at 
spontaneous both 23? and 37?C and challenged mutation frequency mutation f y with radioactive phage at 10-minute 

intervals. The phage was unable to in- 
21-2 x 10-8 ject DNA at 37?C, whereas normal in- 

0 jection occurred at 23?C. With wild- 
1.7 x 10-6 type strains, phage DNA injection oc- 

curs normally at both temperatures. It 

0 appears, therefore, that TsM is unable 

1 x 10-8 to synthesize a phage receptor site at 
the restricted temperature, in addition 

1.5 x 10-6 to being unable to divide normally. 
Since normal Caulobacter cell division 
is dependent on cellular differentiation 
and one of the measurable determi- 
nants of the differentiation process is 

' ~ '+ ' B lacking at the restrictive temperature, 
9 TsM appears to represent a class of 

mutants blocked at some stage of dif- 
ferentiation. 

Essential for the study of molecular 
events in differentiation is the demon- 
stration of a mechanism of genetic ex- 
change in the Caulobacter genus. Such 
a demonstration would permit us (i) 
to show that the apparent Ts mutants 
are a result of genetic alterations, (ii) 
to evaluate and localize different gene 
loci responsible for normal or aberrant 
differentiation phenotypes, and (iii) to 
ultimately map the gene loci control- 

~40 60 80 ~ ling the cyclic differentiation process 
in Caulobacter. We have succeeded in 

bacter cell types in syn- mixing two populations of cells with 
iophage pCb5 [data from different drug resistance and growth 
DNA. requirements and have obtained pheno- 

types showing markers from both 
M parents (40; Table 4). Crossing was ac- 

complished by mixing the cultures on 
6 the surface of solid, glucose-supple- 

?+i~ ~mented medium. Presumed mating 
types were grown together on solid 
media for 48 hours, eluted from the 
"mating plate," resuspended in dis- 
tilled water, and then diluted and 

\~'x,~~ ~ plated onto selective media. In one such 
cross, streptomycin-sensitive biotin- 
prototrophic (StrSBio+) and StrRBio- 
genotypes were mixed, and StrRBio+ 
progeny were selected. The exchange 
of genetic information occurred with 
an apparent frequency of 1.7 X 10-6, 
while the frequency of spontaneous 
mutation of StrSBio+ to StrRBio+ was 
2 X 10-8 and that of StrRBio- to 

_ >_ ._^ StrRBio+ could not be detected. .In 
another cross, a strain resistant to 

t+___ - I - _ I streptomycin (StrR), which cannot use 
90 110 proline (Pro-) as a carbon source, 

requires vitamins (Vit-) and is yellow 
(StrRPro-Vit-) was mixed with a 

synchronous growth of strain sensitive to; streptomycin (Strs) 
which was proline and vitamin proto- 
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trophic (Pro+Vit+) and white (Strs- 
Pro+,Vit+). "Recombinants" (Pro+- 
StrR) were selected for ability to utilize 
proline as a carbon source in the pres- 
ence of Streptomycin medium contain- 
ing a source of vitamins, and oc- 
curred with a frequency of 1.5 X 10-6, 
while the spontaneous rate of mutation 
of Pro+StrS to Pro+StrR was 1 X 
10-8. In addition, the "recombinant," 
progeny of this cross were analyzed for 
the distribution of unselected vitamin 
(Vit) utilization and pigmentation 
(yellow or white) markers. Out of a 
total of 391 colonies examined the 
genotypes were distributed as follows: 
23, Pro+Vit-StrR, yellow; 334, Pro+- 
Vit+StrR, yellow; 30, Pro+Vit+StrR, 
white; indicating either a strong linkage 
between Pro and Vit markers or the 
presence of a partial diploid. 

It appears that the genetic transfer 
may be mediated by cell conjugation, 
because filtrates or cell extracts pre- 
pared by sonic treatment, substituted 
reciprocally for each of the parents in 
these crosses, fail to yield any recom- 
binant progeny. Although the mechan- 
ism of genetic exchange is still under 
investigation, it seems apparent that 
cell contact is required. It is possible 
that the Caulobacter swarmer cell, anal- 
ogous to the piliated male E. coli cell, 
transfers genetic information. 

Conclusions 

The foregoing studies are intended 
to define a differentiation process and 
to permit genetic access to the mech- 
anisms that control this process. In 
order to elucidate the basic mechanisms 
whereby a cell dictates its own defined 
morphogenic changes, we have found 
it helpful to study an organism that 
can be manipulated both biochemically 
and genetically. We have attempted to 
develop the studies initiated by Poin- 
dexter, Stove and Stanier, and Schmidt 
and Stanier (16, 17, 20) with the 
Caulobacter genus so that these bac- 
teria can serve as a model system for 
prokaryotic differentiation. 

The Caulobacter life cycle, defined 
in synchronously growing cultures, in- 
cludes a sequential series of morpho- 
logical changes that occur at specific 
times in the cycle and at specific loca- 
tions in the cell. Six distinct cellular 
characteristics, which are peculiar to 
these bacteria, have been defined and 
include (i) the synthesis of a polar 
organelle which may be membranous 
(21-23), (ii) a satellite DNA in the 
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stalked cell (26), (iii) pili to which 
RNA bacteriophage specifically adsorb 
(16, 33), (iv) a single polar flagellum 
(17), (v) a lipopolysaccharide phage 
receptor site (27), and (vi) new cell 
wall material at the flagellated pole of 
the cell giving rise to a stalk (19, 20). 
Cell division, essential for the viability 
of the organism, is dependent on the 
irreversible differentiation of a flagel- 
lated swarmer cell to a mature stalked 
cell. 

The specific features of the Caulo- 
bacter system which make it a system 
of choice for studies of the control of 
sequential events resulting in cellular 
differentiation can be summarized as 
follows. 

1) Cell populations can be synchro- 
nized, and homogeneous populations at 
each stage in the differentiation cycle 
can thus be obtained. 

2) A specific technique has been de- 
veloped whereby the progress of the 
differentiation cycle can be accurately 
measured by adsorption of labeled 
RNA phage or penetration of labeled 
phage DNA into specific cell forms. 
This technique can be used to select for 
mutants blocked in the various stages 
of morphogenesis. 

3) Temperature-sensitive mutants of 
Caulobacter that are restricted in macro- 
molecular synthesis and development 
at elevated temperatures have been 
isolated. 

4) Genetic exchange in the Caulo- 
bacter genus has been demonstrated 
and is now being defined. 

Two questions related to control 
processes can now readily be ap- 
proached experimentally. (i) Is the 
temporal progression of events occur- 
ring during bacterial differentiation 
controlled by regulator gene products? 
(ii) Is the differentiation cycle like a 
biosynthetic pathway where one. event 
must follow another? The availabil- 
ity of temperature-sensitive mutants 
blocked at various stages of develop- 
ment permits access to both questions. 
An interesting feature of the differenti- 
ation cycle is that the polar organelle 
may represent a special segregated unit 
which is operative in the control of 
the differentiation process. Perhaps the 
sequential morphogenic changes ex- 
hibited by Caulobacter are dependent 
on the initial synthesis of this organ- 
elle. Because the ultimate expression of 
cell changes are dependent on selective 
protein synthesis, specific messenger 
RNA production-either from DNA 
present in an organelle or from the 
chromosome-may prove to be a con- 

trolling factor in cell differentiation. 
We have begun studies with RNA 
polymerase purified from Caulobacter 
crescentus to determine whether cell 
factors or alterations in the enzyme 
structure serve to change the specificity 
of transcription during the cell cycle. 
Control of sequential cell changes at 
the level of transcription has long been 
postulated and has recently been sub- 
stantiated in the case of Bacillus sporu- 
lation (6). The Caulobacter bacteria 
now present another system in which 
direct analysis of these control mech- 
anisms is feasible. 
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Recently, there has been a great deal 
of concern over the role of women in 
today's society. There have been nu- 
merous allegations of discrimination 
against women in many areas, especial- 
ly in certain occupational and profes- 
sional fields. A significant part of the 
controversy has involved alleged bias 
against women in academia. 

Charges of discrimination against 
women in universities have been made 
both formally and informally. In the 
former category, Gruchow (1) cites 43 
colleges and universities which have 
been charged with discriminatory poli- 
cies against women under laws which 
call for the cancellation of federal con- 
tracts held by the schools. Bikman (2) 
investigated charges of discrimination 
at Columbia University and noted that 
women are admitted to the school and 
trained, but not hired; the few posi- 
tions they do obtain are at levels rela- 
tively lower than those offered to men. 
Harvard University has been particular- 
ly singled out by women's rights groups 
for discriminatory practices (3). In- 
formal or subjective evidence has also 
been widely publicized. Alexander (4) 

Recently, there has been a great deal 
of concern over the role of women in 
today's society. There have been nu- 
merous allegations of discrimination 
against women in many areas, especial- 
ly in certain occupational and profes- 
sional fields. A significant part of the 
controversy has involved alleged bias 
against women in academia. 

Charges of discrimination against 
women in universities have been made 
both formally and informally. In the 
former category, Gruchow (1) cites 43 
colleges and universities which have 
been charged with discriminatory poli- 
cies against women under laws which 
call for the cancellation of federal con- 
tracts held by the schools. Bikman (2) 
investigated charges of discrimination 
at Columbia University and noted that 
women are admitted to the school and 
trained, but not hired; the few posi- 
tions they do obtain are at levels rela- 
tively lower than those offered to men. 
Harvard University has been particular- 
ly singled out by women's rights groups 
for discriminatory practices (3). In- 
formal or subjective evidence has also 
been widely publicized. Alexander (4) 

The authors are, respectively, associate professor 
of behavioral science and management and re- 
search assistant in management and behavioral 
science at the Graduate School of Business Ad- 
ministration, New York University, New York. 
This article is based on a paper given at the 
Women in Science Symposium during the 137th 
annual meeting of AAAS, Chicago, Illinois. 

892 

The authors are, respectively, associate professor 
of behavioral science and management and re- 
search assistant in management and behavioral 
science at the Graduate School of Business Ad- 
ministration, New York University, New York. 
This article is based on a paper given at the 
Women in Science Symposium during the 137th 
annual meeting of AAAS, Chicago, Illinois. 

892 

obtained evaluations of bias against 
women by female faculty members at 
Johns Hopkins University: they de- 
scribed the discrimination they experi- 
enced as being in the form of "unseen 
pressure." There are numerous other 
anecdotal accounts highlighting the al- 
leged existence of discrimination against 
female faculty members (5). 

Perhaps the most conspicuous dis- 
crimination is evident from salary dif- 
ferentials between men and women. 
Alexander reports that salaries for 
women employed in higher education 
are generally lower (3). Bayer and 
Astin concluded that salary disparities 
between men and women exist in aca- 
demia across all ranks, work settings, 
and fields of specialization (6). Fur- 
thermore, a recent report in the field 
of chemistry indicates that "obvious 
differences in the earnings of men and 
women chemists" exist; these differ- 
ences seem to carry over time, rather 
than being clustered in the earlier years 
of employment (7). 

Even more illuminating are the sta- 
tistics which show that women are 
being discriminated against in the 
awarding of research grants. In the 
Senior Postdoctoral Fellowship compe- 
tition recently held by the National Sci- 
ence Foundation, 14 of the 395 appli- 
cants were women. Fifty-four grants 
were awarded-none went to women. 
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In a pilot study of grants and awards 
given by the National Science Founda- 
tion to university researchers in a phys- 
ical science discipline for the years 
1964-1968, women were only awarded 
less than 0.03 percent of the grants al- 
though they comprise 5 to 8 percent of 
the scientists in the discipline. Further- 
more, the mean dollar value of the 
awards received by women was smaller 
than that of those received by men. For 
the same discipline, however, no sim- 
ilar discrimination was observed in the 
awarding of grants by the National In- 
stitutes of Health (8). The American 
Chemical Society does not have a much 
better record: although no national 
award prohibits female applicants, the 
only one which has gone to a woman 
(with the exception of the Garvan 
Medal which is restricted to women) is 
an award in high school chemistry 
teaching (9). Similarly, out of the 827 
Sloan Research Fellowships that have 
been awarded by the Alfred P. Sloan 
Foundation over the past 16 years, only 
one or two women were among the 
recipients. 

Other inequalities facing women in 
academia have also been charged. Lack 
of job opportunities and fewer advance- 
ments are often cited (10). Other re- 
search has indicated that psychological 
and social barriers exist for women, 
especially in science. Specifically, White 
(11) concluded that it is difficult for 
women to attain "challenging interac- 
tion" with male colleagues, that men 
are hesitant about sponsoring women as 
proteges, and that women are denied 
the informal signs of recognition and 
belonging. 

Perhaps the key to the problem may 
be found in the analysis of cultural in- 
fluences. The dominant attitudes and 
norms concerning the role of the wom- 
an in our society are perceived to be 
incompatible with the concept of a suc- 
cessful professional woman. In the so- 
cialization process, children are condi- 
tioned as to which traits and professions 
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