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Bacteria are often highly polarized, exhibiting specialized structures at or 
near the ends of the cell. Among such structures are actin-organizing 
centers, which mediate the movement of certain pathogenic bacteria 
within the cytoplasm of an animal host cell; organized arrays of membrane 
receptors, which govern chemosensory behavior in swimming bacteria; 
and asymmetrically positioned septa, which generate specialized progeny 
in differentiating bacteria. This polarization is orchestrated by complex 
and dynamic changes in the subcellular localization of signal transduction 
and cytoskeleton proteins as well as of specific regions of the chromo- 
some. Recent work has provided information on how dynamic subcellular 
localization occurs and how it is exploited by the bacterial cell. 

The main task of a bacterial cell is to 
survive and duplicate itself. The bacterium 
must replicate its genetic material and divide 
at the correct site in the cell and at the correct 
time in the cell cycle with high precision. 
Each kind of bacterium also executes its own 
strategy to find nutrients in its habitat and to 
cope with conditions of stress from its envi- 
ronment. This involves moving toward food, 
adapting to environmental extremes, and, in 
many cases, entering and exploiting a eukary- 
otic host. These activities often involve pro- 
cesses that take place at or near the poles of 
the cell. Here we explore some of the 
schemes bacteria use to orchestrate dynamic 
changes at their poles and how these polar 
events execute cellular functions. 

In spite of their small size, bacteria have a 
remarkably complex internal organization 
and external architecture. Bacterial cells are 
inherently asymmetric, some more obviously 
so than others. The most easily recognized 
asymmetries involve surface structures, e.g., 
flagella, pili, and stalks that are preferentially 
assembled at one pole by many bacteria. 
"New" poles generated at the cell division 
plane differ from old poles from the previous 
round of cell division. Even in Escherichia 
coli, which is generally thought to be sym- 
metrical, old poles are more static than new 
poles with respect to cell wall assembly (1), 
and they differ in the deposition of phospho- 
lipid domains (2). There are many instances 
of differential polar functions; among these is 
the preferential use of old poles when attach- 
ing to host cells as in the interaction of Bra- 
dyrhizobium with plant root hairs (3) or the 
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polar pili-mediated attachment of the Pseudo- 
monas aeruginosa pathogen to tracheal epi- 
thelia (4). An unusual polar organelle that 
mediates directed motility on solid surfaces is 
found in the nonpathogenic bacterium Myxo- 
coccus xanthus. The gliding motility of this 
bacterium is propelled by a nozzle-like struc- 
ture that squirts a polysaccharide-containing 
slime from the pole of the cell (5). Interest- 
ingly, M. xanthus, which has nozzles at both 
poles, can reverse direction by closing one 
nozzle and opening the other in response to 
end-to-end interactions between cells. 

The Role of Bacterial Cell Polarity in 
Pathogen-Host Interactions 

Unique uses of the cell pole are central to the 
remarkable tactics that some intracellular 
pathogens use to co-opt the actin machinery 
of mammalian host cells. For example, the 
Shigellaflexneri IcsA protein and the Listeria 
monocytogenes ActA protein, each located at 
an old cell pole (6, 7), nucleate host actin 
filaments to form a comet-like actin tail that 
propels the invading bacterium forward to 
penetrate a neighboring cell. Unipolar local- 
ization of these bac- 
terial proteins en- 
ables unidirectional 
actin-based motility. 

The manner by 
which these two ac- 
tin-nucleating pro- 
teins reach and are 
maintained at the 
bacterial cell pole 
differs in Shigella 
and Listeria. In the 
case of Shigella, 
IcsA is directly tar- 
geted to the mem- 
brane of the old pole 
(8). A segment of 
IcsA within the 
NH2-terminal region 
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is believed to make initial contact with a polar 
target and a short segment near the COOH- 
terminus maintains this polar interaction. 
Once IcsA recognizes and attaches to the old 
pole, it diffuses laterally toward the new pole. 
To sharpen the IcsA gradient and maintain its 
polar position, the cell uses an IcsA-specific 
protease (9, 10). This protease is distributed 
uniformly around the cell surface and its ac- 
tion creates a polar gradient of IcsA that 
results in a strong IcsA polar bias (Fig. 1A). 
Using an apparently different mechanism, the 
ActA protein initially localizes to both old 
poles of the dividing Listeria cell and then 
diffuses toward, but not across, the division 
plane, resulting in newly divided cells that are 
enriched for ActA at the old poles (11). 

Dynamically Localized Signal 
Transduction Proteins and the 
Maintenance of Asymmetry 
Two-component signal transduction proteins 
are a principal signaling system in bacteria 
(12). In these systems, the sensor domain of 
the histidine kinase component responds to an 
internal or external signal by catalyzing phos- 
photransfer from ATP to an internal histidine 
residue. This phosphate is transferred, in turn, 
from the phosphorylated histidine to an as- 
partate on the second component, a response 
regulator. Once activated by phosphorylation, 
the response regulator interacts with a DNA 
or protein target, or transfers the phosphate to 
downstream components of a phosphorelay. 
Many such two-component signaling proteins 
are dynamically localized to cell poles (13, 
14). In Caulobacter crescentus, these local- 
ized signaling proteins are used to coordinate 
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cell-cycle progression with polar differentia- 
tion (14). 

Caulobacter exploits polar asymmetry to 
generate dissimilar progeny at each division: 
a swarmer cell that uses a single polar flagel- 
lum and associated chemosensory apparatus 
to propel the cell toward food and a stalked 
cell that uses a polar stalk to adhere to a 
source of food. After a period of motility, the 
swarmer cell releases the flagellum and 
grows a stalk at the same pole to continue the 
cycle. The flagellum, the chemotaxis appara- 
tus, and the pili secretion mechanism are built 
de novo at one pole of the predivisional cell 
(Fig. 2A), governed by localized two-compo- 
nent signal transduction proteins (Fig. 2B). 
For example, the polar localization of the 
PleC histidine kinase is critical for polar pili 
biogenesis (15). 

Asymmetry is maintained in Caulobacter 
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by the temporally controlled localization of 
structural and regulatory proteins to the cell 
pole and the subsequent proteolysis and release 
of these polar components in preparation for the 
next cell cycle. The polar proteins are cleared 
from the swarmer cell pole as part of its differ- 
entiation into a stalked cell, yielding a cell 
that lacks polar structures opposite the stalk 
pole (14) (Fig. 2A). Removal of these polar 
proteins involves temporally controlled 
proteolysis that releases the flagellum, clears 
the cell of chemoreceptors, and releases pili 
secretion proteins that then diffuse away 
from the pole. The polar PleC histidine ki- 
nase is required both for its own release and 
for the removal of the pili secretion proteins 
from the pole during the swarmer-to-stalked 
cell transition (16). At the same time, another 
two-component signaling protein, the response 
regulator PleD, controls flagellar basal body 

proteolysis (17). Thus, 
different signaling pro- 
teins mediate these 
two critical proteolytic 
events. 

Another two-com- 
ponent signaling pro- 
tein, the histidine ki- 
nase DivJ, moves in 
and occupies the cell 
pole as it is vacated 
by PleC when the 
swarmer cell differen- 
tiates into a stalked cell 
(Fig. 2B). PleC release 
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ulator CtrA, are critical for progress through 
the Caulobacter cell cycle and are governed 
by polar positioning (18). CtrA, which is 
present in swarmer cells and predivisional 
cells, but not stalked cells (Fig. 2B) controls 
the expression of about 25% of the 550 genes 
that are temporally controlled during the 
Caulobacter cell cycle (20). CtrA-P also 
transiently binds to and silences the origin of 
DNA replication to prevent premature reini- 
tiation of replication; initiation of chromo- 
some replication requires clearance of CtrA 
from stalked cells by targeted proteolysis 
(21). The CckA histidine kinase is transiently 
localized to the cell pole coincident with the 
synthesis of CtrA (Fig. 2B). Both autophos- 
phorylation of CckA and activation of CtrA 
by phosphorylation occur at the time when 
CckA is localized to the cell poles. Thus, 
signaling from proteins captured at the cell 
poles coupled to cell cycle-controlled prote- 
olysis regulates cell-cycle progression and 
asymmetry in this organism. 

Polar Clustering of Chemotaxis 
Proteins 

Chemoreceptor complexes are localized pre- 
dominantly at the cell poles (22, 23), but the 
reason for this polar clustering has been mys- 
terious. Studies of the chemotaxis machinery 
in E. coli have shown that chemoreceptors are 
organized into large membrane-associated, 
two-dimensional arrays and that formation of 
these arrays depends on the presence of the 
cytoplasmic histidine kinase CheA and the 
coupling protein CheW. Each of the chemo- 
receptors assembles into a two-dimensional 
lattice containing hundreds or thousands of 
receptors, which are held together by bridg- 
ing connections to CheA and CheW (24). 
The receptors form dimers, and these dimers 
form trimers, yielding "trimers of dimers" 
that can be of mixed receptor composition 
(24, 25). These mixed-receptor trimers bind 
CheA and CheW to form "signaling teams" 
that collaborate to activate the shared CheA 
molecule. Signaling interactions between 
the receptor teams may play an important 
role as well (24). These mechanisms of 
communication within and between recep- 
tor signaling teams may be the key to the 
high detection sensitivity of bacterial che- 
moreceptor networks (24). 

The mechanism that causes the chemore- 
ceptors to congregate in clusters at the cell 
poles is not known. In this regard, the pattern 
of localization of chemoreceptor clusters ob- 
served in filamentous cells of E. coli is in- 
triguing (26). When cell division in E. coli is 
blocked, the cells grow into motile filaments 
that are as much as 50 times the length of 
normal cells. Immunofluorescence microsco- 
py shows that the chemoreceptors in the fil- 
aments are located in clusters both at the 
poles and at irregular intervals along the fil- 
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ament (26). The mechanism driving the 
placement of these clusters along the elongat- 
ed cells is unknown, but their existence sug- 
gests that the polar location in normal cells is 
not the result of a membrane property unique 
to the ends of the cell. 

Polar Oscillations and Generation of a 
Medial Division Site 

Dividing cells face the fundamental challeng- 
es of restricting cytokinesis to a specified 
position within the cell and initiating division 
at the appropriate time in the cell cycle. The 
division site in E. coli is determined by the 
tubulin-like GTPase FtsZ, which polymerizes 
into a ring-like structure along the inside 
surface of the membrane across the short axis 
of the cell (27). This "Z ring" is assembled at 
the cell center between the daughter chromo- 
somes after DNA replication and chromo- 
some segregation have taken place. Early 
studies showed that when a mechanism that 
restricts the Z ring to the cell middle is made 
inoperative, anomalous divisions occur near 
the cell poles, indicating that the cell poles 
are capable of supporting cytokinesis unless 
specifically prevented from doing so (28). 
The mechanism that prevents Z ring forma- 
tion at the poles involves a complex (MinCD) 
of the FtsZ polymerization inhibitor MinC 
and the ATPase MinD, as well as a topolog- 
ical specificity determinant MinE. 

The E. coli Min proteins exhibit remark- 
able dynamism (29). MinCD forms a mem- 
brane-associated polar cap at one end of the 
cell with MinE then forming a band at the 
mid-cell (Fig. 3A). As this MinE band moves 
toward the pole, MinCD is ejected from the 
membrane. The ejected MinCD proteins re- 
group at the opposite pole and MinE forms 
another band at the mid-cell to once again 
move to the pole (this time the opposite pole) 
and eject the MinCD cap anew. The period of 
the entire cycle is a few tens of seconds so 
that multiple oscillations can occur during 
each round of cell division. The formation of 
polar zones requires the ATP-dependent as- 
sociation of MinD with the membrane (Fig. 
3B). MinE stimulates the ATPase activity of 
MinD, thereby dislodging MinD and MinC 
from the membrane in such a way as to 
ensure oscillation of MinCD between the 
halves of the cell (30). The net effect of this 
oscillation is to increase the average concen- 
tration of MinE at mid-cell and the average 
concentration of the membrane-associated 
and Z ring-inhibiting MinCD complex at all 
membrane sites other than at mid-cell (31). 

Although all the reaction mechanisms in 
the Min system are not fully characterized, 
dynamic reaction-diffusion models based on 
the known mechanisms and observed phe- 
nomenology can reproduce the behavior of 
the Min proteins, and they support several 
general conclusions (29, 32): (i) Active trans- 

port of the Min proteins is not required, be- 
cause diffusion of the free molecules through 
the cytoplasm is fast enough to support the 
observed movements. (ii) The oscillations are 
initiated spontaneously and are robust over a 
broad range of parameters and cell lengths 
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Fig. 3. Polar oscillation of MinCD coupled to 
dynamic localization of the MinE ring. (A) The 
assembly and disassembly of the MinCD com- 
plex around the poles of the cell, bounded by 
the MinE ring at the rim of the MinCD cap. As 
the MinCD cap disassembles, the MinE ring 
moves toward one pole. A new MinCD cap then 
assembles at the opposite pole, accompanied 
by the assembly of a new MinE ring at its rim 
(29). (B) The dynamic interaction of MinD-ATP 
with the membrane. When polymerized MinD 
interacts with MinE, ATP is hydrolyzed and 
MinD is released from the membrane (31). 

representative of the normal cell. (iii) Period- 
ic FtsZ bands are predicted for long cells, as 
observed in filamentous cells. Also, the rod- 
shaped geometry of the E. coli cell appears to 
be important to the dynamics of system. In- 

deed, a strictly one-dimensional reaction dif- 
fusion model captures the behavior quite well 
(32). 

In E. coli, localization of the division 
plane deviates from mid-plane by only a few 
percent (33). It is remarkable that a yardstick 
based on concentration gradients can produce 
this precision. It is important that the yard- 
stick is entirely intrinsic to the properties of 
the Min proteins and does not seem to depend 
on any metric cue provided by the cell at its 
poles or elsewhere. 

Not surprisingly, other mechanisms ap- 
pear to reinforce the mid-cell positioning of 
the Z ring. During DNA replication, newly 
duplicated daughter chromosomes separate 
from each other, forming two large masses 
known as nucleoids with a DNA-free zone in 
between. The nucleoid appears to interfere 
with Z-ring assembly (34), perhaps by close 
contact with the inside surface of the cyto- 
plasmic membrane, where the nucleation of 
FtsZ polymerization is believed to take place. 
Polymerization is favored in the cell middle, 
where chromosome segregation has created a 
space between the DNA masses. Thus, dy- 
namic protein and nucleic acid determinants 
work together to ensure that the cell finds its 
precise mid-point when it undergoes binary 
fission. 

Polar Division in Bacillus subtilis 
As we have seen, bacteria localize many pro- 
teins to an extreme terminus of the cell. An- 
other mode of polarization is asymmetric di- 
vision, which occurs during spore formation 
by B. subtilis. Growing cells of B. subtilis 
divide by binary fission, but cells that have 
begun to sporulate produce a septum at a 
polar position. In this case, the developing 
cell (the sporangium) divides into dissimilar 
sized compartments called the forespore (the 
smaller compartment) and the mother cell. 

How does the switch to polar division 
occur, and what is its biological significance? 
As in E. coli, Z-ring formation in growing 
cells of B. subtilis is restricted to the cell 
center by the action of the division inhibitor 
MinCD (35). During sporulation, polar divi- 
sion commences with the formation of a me- 
dially sited Z ring, but instead of undergoing 
cytokinesis the medial ring unfurls into a 
helical structure that grows toward both poles 
[36, (Fig. 4)]. The helix seems to redeploy 
FtsZ from the center to both ends of the cell, 
and it is eventually replaced by two polar Z 
rings (36, 37). This remodeling into a helix 
and finally into polar Z rings is under devel- 
opmental control mediated by the FtsZ-inter- 
acting protein SpoIIE and a sporulation-spe- 
cific increase in FtsZ levels (36). Both polar 
Z rings have the potential to form a septum, 
but cytokinesis is restricted to one pole be- 
cause the first septum to form sets in motion 
events that block septum formation at the 
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distal pole (38, 39). Thus, the formation of a 
septum at one pole locks in asymmetry by 
triggering events that prevent a second round 
of septation. 

Once the polar septum is formed, the spo- 
rangium has to differentially activate programs 
of gene transcription in the forespore and the 
mother cell. Gene expression in the forespore is 
governed by the transcription factor OF whose 
activation in a cell-specific manner is the con- 
sequence of two pathways (40). One pathway 
involves SpoIIE, which (in addition to its role in 
the formation of the FtsZ helix) incorporates 
into the polar septum during cytokinesis (41, 
42) and contributes to the selective activation of 
rF in the forespore (43-45). The second path- 

way explicitly exploits the inherent polarity of 
the chromosome (46-48). Before asymmetric 
division, B. subtilis contains two chromosomes, 
each oriented with its single origin of replica- 
tion at an extreme pole of the cell (49) (see 
below). Initially, when the polar septum is 
formed, only the region near the origin is 
trapped in the forespore; the remaining two- 
thirds of the chromosome remain in the mother 
cell (Fig. 4). A DNA translocase in the septum 
pumps the origin-distal portion of the chromo- 
some into the forespore (49). Thus, the fore- 
spore briefly lacks a full complement of genes. 
One of these genes located near the terminus of 
the chromosome encodes the anti-sigma factor 
SpoIIAB, an unstable inhibitor of aF. There- 
fore, when the forespore is formed it initially 
lacks the spollAB gene, whereas the mother cell 
has two copies. The resulting delay in bringing 
the anti-oF factor gene into the forespore (and 
hence the delay in replenishing the unstable 
inhibitor) permits oF activation in the forespore 
(40). 

The sporangium also exploits the polar 
septum as a beacon to attract proteins that 
orchestrate subsequent morphogenesis. Af- 
ter division, the membrane on the mother- 
cell face of the septum migrates around 
and fully engulfs the forespore (Fig. 4). 
Proteins, such as SpoVM, are carried along 
on the membrane during engulfment, first 
localizing to the polar septum and then 
traveling with the mother-cell membrane as 
it envelops the forespore (50). Mutants 
that have a uniform distribution of SpoVM 
in the mother cell are impaired in sporula- 
tion, which suggests that proper sporula- 
tion function is dependent upon proper 
localization. 

Localization by Diffusion and Capture 
One possible means for membrane proteins to 
reach the polar septum is by direct insertion into 
the septal membrane by a dedicated secretory 
apparatus. Alternatively, they could insert any- 
where in the membrane and reach their ultimate 
destination by diffusion. A revealing example is 
the sporulation membrane protein SpoIVFB. 
As in the case of SpoVM, SpoIVFB is normally 

first seen at the polar septum. It then migrates 
with the septal membrane during engulfment. 
Experiments in which the timing of SpoIVFB 
synthesis was altered indicate that SpoIVFB 
actually initially localizes to the cytoplasmic 
membrane and then rapidly reaches the polar 
septum by diffusion, where it is captured (51) 
(Fig. 1). Caulobacter chemoreceptors reach the 
cell pole by a similar diffusion and capture 
mechanism (52). 
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Fig. 4. Polarization during sporulation. (A to C) 
The origin regions (blue) of the two chromo- 
somes (green) localize to extreme opposite 
poles while the medial Z ring (red) is rede- 
ployed into two polar rings via a helical inter- 
mediate. (D) One of the polar Z rings is con- 
verted into a polar septum (gray), creating 
forespore and mother cell compartments and 
trapping the origin-proximal region of a chro- 
mosome in the forespore. The remainder of the 
chromosome is pumped across the septum. (E 
and F). The septal membranes migrate around 
the forespore, engulfing it within the mother 
cell. 

Polar Segregation of the Origins of 
DNA Replication 
The pole can be the target for chromosome 
regions as well as for proteins. Visualizing 
specific sites on the chromosome shows 
that the origins of replication (each bacte- 

rial chromosome has a single bidirectional 
origin) rapidly move apart toward opposite 
cell poles after replication starts (53). Usu- 
ally origin regions migrate only partway to 
the poles, but there are two cases in which 
origin regions reach the extreme ends of the 
cell. Before initiation of replication, the 
origin is localized to the stalked pole of the 
Caulobacter stalked cell (54). Then, during 
DNA replication, one of the two origin 
regions moves to the extreme opposite pole 
of the cell. The other case is sporulation in 
B. subtilis when newly duplicated origin 
regions migrate to extreme opposite poles 
of the sporangium (55, 56). 

Summary 
Bacteria exploit polar positioning for many es- 
sential functions. To survive in dilute aquatic 
environments, Caulobacter uses polarity to 
generate an asymmetric predivisional cell, 
which upon division yields a daughter cell that 
swims away to find food. Bacterial pathogens 
such as Shigella and Listeria use proteins locat- 
ed at one cell pole to nucleate an actin tail to 
propel it through an invaded host cell. Forward 
motion in liquid or solid surfaces is facilitated 
by polar organelles such as flagella or pili. 
Recently discovered polar nozzles secrete slime 
to allow bacteria such as Myxococcus to glide 
along a surface. To survive under harsh condi- 
tions, B. subtilis produces a spore near one cell 
pole after an asymmetric cell division. To carry 
out these specialized functions, bacterial cells 
exhibit a high level of spatial organization with 
complex structures placed at or near the poles 
or at midcell exactly when needed. Regulation 
of gene expression is coupled to progressive 
changes at the cell poles, and spatial deploy- 
ment of the chromosome itself is coupled to 
these regulatory mechanisms. Orchestrating 
these changes are dynamic mechanisms involv- 
ing as-yet-unidentified polar cues and/or self- 
contained, reaction-diffusion systems that oscil- 
late from pole-to-pole. 
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The eggs of Caenorhabditis elegans and Drosophila bear little similarity to 
each other, yet both depend on the par genes for control of anterior- 
posterior polarity. Here we explore possible common roles for the par 
genes (pars) in converting transient asymmetries into stably polarized 
axes. Although clear mechanistic parallels remain to be established, par- 
dependent regulation of microtubule dynamics and protein stability 
emerge as common themes. 
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The key to every biological problem must 
finally be sought in the cell, for every 
living organism is, or at some time has 
been, a cell. 

E. B. Wilson, 1925 [(1), p. 1] 

A major challenge in developmental biology 
is to understand how asymmetries are elabo- 
rated along the main body axes. How are 
heads made different from tails and every- 
thing in between? Remarkably, in many or- 

ganisms these morphological differences can 
be traced back to the one-cell stage, where 
axis determinants localize to opposite ends of 
the egg. For many biologists, this realization 
has meant that to understand axis formation, 
one must first understand how asymmetries 
arise within a single cell: the egg. 

Genetic screens in Drosophila and C. ele- 

gans have identified several regulators of egg 
polarity. These two models were long 
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thought to bear little resemblance to one an- 
other. In Drosophila, polarization of the egg 
begins during oogenesis and requires micro- 
tubules. In contrast, in C. elegans polariza- 
tion begins after fertilization and requires the 
actin cytoskeleton. The discovery of a group 
of genes essential for polarization of the C. 
elegans embryo ("par" genes) proved to be a 
turning point in the field (2). par-3 and par-6 
encode two PDZ domain proteins, which to- 
gether with the atypical protein kinase C 
PKC-3, form a complex in the anterior half of 
the C. elegans zygote (3-5). The serine thre- 
onine kinase PAR-1 and the ring finger pro- 
tein PAR-2 occupy the posterior half (6, 7). 
Two other genes, par-4 and par-5, encode 
proteins that are uniformly distributed (8, 9). 
Mutations in any one of these genes disrupt 
polarization of the zygote. Homologs of the 
par genes were soon discovered in mammals, 
where they regulate the polarization of epi- 
thelial cells, and in Drosophila, where they 
regulate epithelial and neuronal polarity [re- 
viewed in (10, 11)]. These observations 

prompted several groups to investigate 
whether the par genes might also regulate 
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polarity in the Drosophila egg. Thus far, 
results indicate that this is the case. In fact, 
except for par-2, homologs of all the par 
genes have now been identified in Drosoph- 
ila and are required for egg polarity (12-20). 
This remarkable conservation raises an ap- 
parent paradox: how can the same group of 

genes regulate polarity in such dissimilar 
cells (Fig. 1)? Here, we explore this issue by 
focusing on the role of the par genes in 

regulating anterior-posterior (A/P) polarity. 
We refer the reader to (21) and (22) for 

comprehensive reviews of axis formation in 

Drosophila and C. elegans. 

Establishment of A/P Polarity in C. 

elegans 
In C. elegans, polarization of the egg begins 
after fertilization and is initiated by the sperm 
asters, which marks the future posterior end 
of the embryo (23-26). The first sign of 

polarity is seen when contractions of the egg 
cortex suddenly cease in a small area near the 

sperm pronucleus and internal cytoplasm be- 

gins to flow toward that area (27). The cue 
that initiates these rearrangements is not 
known but appears linked to the nucleation of 
microtubules by the sperm-derived centro- 
somes (24-26). The actin cytoskeleton is also 
involved: cytochalasin treatment and deple- 
tion of the nonmuscle myosin NMY-2 block 

polarization (28-30). Close contact between 
the sperm asters and the cortex has been 
correlated with the onset of polarity (31), 
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