
served that some dpp-pka mutant clones in the dor- 
sal-anterior quadrant of the leg do not express WG. 
Possible explanations include the fdlowing: (i) repres- 
sion by endogenous DPP, affecting clones lxated 
near the A-P boundary; or (ii) the combination of 
dppl pka-Clh2 with Tn(JA1, dpp+) does not be- 
have as a complete loss of function for dpp. Clones of 
cells mutant for dppHG1 pka-Clh2 that cany Tn(JA1, 
dpp+) exhibit some DPP activity, in that they have a 
low level of expression of omb in the wing. Compara- 
ble dpP6' pka-Clh2 clones that lack the transgene 
do not express omb (32). For technical reasons, the 
clones examined here were generated in the pres- 
ence of the Tn(JA1, dpp+) transgene. Although not 
sufficient to repress WG in all cases, #is possible that 
the low level of DPP a c t i i  provided by the transgene 
prevents WG expression in some clones. 
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Purification and Molecular Cloning 
of Plxl , a Cdc25-Regulatory Kinase 

from Xenopus Egg Extracts 
Akiko Kumagai and William G. Dunphy 

Cdc2, the cyclin-dependent kinase that controls mitosis, is negatively regulated by 
phosphorylation on its threonine-14 and tyrosine-15 residues. Cdc25, the phosphatase 
that dephosphorylates both of these residues; undergoes activation and phosphorylation 
by multiple kinases at mitosis. Plxl, a kinase that associates with and phosphorylates 
the amino-terminal domain of Cdc25, was purified extensively from Xenopus egg ex- 
tracts. Cloning of its complementary DNA revealed that Plxl is related to the Polo family 
of protein kinases. Recombinant Plxl phosphorylated Cdc25 and stimulated its activity 
in a purified system. Cdc25 phosphorylated by Plxl reacted strongly with MPM-2, a 
monoclonal antibody to mitotic phosphoproteins. These studies indicate that Plxl may 
participate in control of mitotic progression. 

I n  dividing eukaryotic cells, the entry into 
mitosis is governed by M phase-promoting 
factor (MPF). MPF, which consists of the 
Cdc2 protein kinase and cyclin B, acts by 
phosphorylating substrates that are essential 
for the execution of mitotic processes (1 ). 
Before mitosis, the activity of Cdc2-cyclin 
B is suppressed through phosphorylation of 
its ThrI4 and Tyr15 residues by the Wee1 
and Mytl kinases (2). Cdc25, a dual-spec- 
ificity phosphatase that dephosphorylates 
both Thr14 and Tyr15, has a pivotal role in 
the cell cycle by activating CdcZ at the 
G2-M boundary (3, 4). In higher eu- 
karyotes, there are at least three members of 
the Cdc25 family (A, B, and C) that appear 
to act at different points in the cell cycle 
(5), but presently the role of Cdc25C in the 
G,-M transition is best understood. 

In Xenopus, Cdc25C (Xcdc25) under- 
goes extensive phosphorylation of its NH,- 
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terminal regulatory domain at mitosis (3, 
4). This phosphorylation strongly stimu- 
lates the Cdc2-specific phosphatase activity 
of Cdc25 and conceivably could have addi- 
tional roles in its localization or stability. 
The NH,-terminal region of Xcdc25, like 
that of Cdc25 proteins in other species, is 
rich in Ser-Pro and Thr-Pro motifs, which 
constitute part of the consensus recognition 
site for CdcZ and other cell cycle-regulated 
kinases (I ). Although Cdc2 appears to par- 
ticipate in the regulation of Xcdc25, there is 
at least one other mitotic kinase that phos- 
phorylates Xcdc25 (6, 7). In principle, this 
kinase or kinases could act upstream of 
CdcZ to trigger its activation. Alternative- 
ly, it could act downstream of CdcZ and 
thereby facilitate the progression through 
and eventual exit from mitosis. 

One clue about the identity of this 
Xcdc25-specific kinase is that the phospho- 
rylated form of Xcdc25 found at mitosis 
interacts strongly with the MPM-2 anti- 
body (8). The MPM-2 antibody binds to a 

phosphopeptide epitope present in various 
mitotic phosphoproteins, including other 
regulators of mitosis such as Weel, Mytl, 
NimA, and the anaphase-promoting com- 
plex (2, 9). Thus, one or more kinases that 
phosphorylate the MPM-2 epitope are most 
likely to participate in mitotic control (10). 

A major Xcdc25-specific kinase distinct 
from Cdc2-cyclin B (7) associated with 
exogenously added recombinant Xcdc25 in 
M-phase egg extracts from Xenopus. This 
kinase bound well to a histidine-tagged fu- 
sion protein containing the NH2-terminal 
domain of Xcdc25 (His6-Xcdc25-N, resi- 
dues 1 to 264) (11). We used a His6- 
Xcdc25-N affinity column and several con- 
ventional chromatographic steps (Superdex 
200, phosphocellulose, and Mono Q) to 
enrich this Cdc25-specific kinase activity 
approximately 2500-fold (Table 1) (12). 
Upon separation of this highly enriched 
fraction in a sucrose density gradient, a 
67-kD polypeptide (p67) comigrated closely 
with the kinase activity (Fig. 1) (13). We 
isolated several micrograms of p67 and se- 
quenced four of its tryptic peptides (14). 
Polymerase chain reaction (PCR) primers 
designed for two of these peptides were used 
to amplify an 850-base pair (bp) segment 
of the cDNA encoding p67 (15). This frag- 
ment was used to isolate a full-length 2.4 kb 
cDNA encoding an open reading frame 
that contains all four tryptic peptide se- 
quences (Fig. 2) (16). The complete amino 
acid sequence indicates that p67 is a typical 

b c d  1 2  3 4 5  6 7 8 9 1 0 1 1 1 2  
Fractions 

O t n - K E m m 2  
Fractions 

Fig. 1. Purification of a mitotic kinase that phos- 
phorylates the NH,-terminal domain of Xcdc25. 
(A) A cytosol fraction from an M-phase egg extract 
that had been eluted from a His6-Xcdc25-N aga- 
rose column (lane a) was subjected to chromatog- 
raphy on Superdex 200 (lane b), phosphocellu- 
lose (lane c), and Mono Q (lane d). The Mono Q 
fraction was separated in a sucrose gradient. 
Fractions from the columns and sucrose gradient 
(lanes 1 through 12, bottom to top) were subject- 
ed to SDS gel electrophoresis and silver staining. 
(B) Xcdc25-specific kinase activity of the sucrose 
gradient fractions. 
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Fig. 2 Predicted amino 
acidsequenceofp~xl(30)~ 

The nucleotide sequence of 

threekinasesareboxed. 
~h~ sequences corre- 

sponding to those ob- 

tained from twptic pep- 
tide analysis of Plxl are 
indicated by the lines 

PM Q I N P P Q D H T K I I L C P L W A A V S Y I D E K R E P R T Y K L S L I Q E P G C C K E L A S R L R Y A R T W V E K L Q S S K S A V A H V K A S A  
above the sequence: M l Q l N P P Q D H T K L I L C P L W A A V T Y I D E K R D P R T Y R L S L L E E Y G C C K E L A S R L R Y A R T W V D K L L S S R S A S N R L K A S -  
peptidel,KmU((T/G)T- W Q000000000 L N - P S D H W K L I L C P R n S A I T Y W D Q E K N P R T Y R P S T I V E N G V S K D L Y Q K I R Y A Q E K L R K W L E K W P T - - - - - - - -  no 00 0 
PNYIAPNL; peptide 2, 
XXYM(T/R); peptide 3, XX(D/I)APSTIDQTLR; and peptide 4, (A/S)- served asparagine that was mutated to alanine to create the catalytically 
GANTTP. (Unreadable residues are indicated with an X and ambiguous inactive Plxl N172A mutant. 
residues are surrounded by parentheses.) The asterisk denotes the con- 

Fig. 3. Phosphorylation of Xcdc25 by recombinant 
Plxl and conversion of Xcdc25 to an MPM-2 anti- - - C 
gen. (A) Purification of recombinant His6-Plxl pro- 
teins. Sf9 insect cells were infected either with no - -p67 

virus (lanes 1 and 2) or with a baculov~rus encoding 
either wild-type His6-Plxl (lanes 3 and 4) or its D 
N172A catalytically inactive mutant (lanes 5 and 6). B 
Forty-six hours after infection, the cells were incu- i 2 3 4 5 6 -xcdC25-P - -Xcdc25 
bated with (lanes 2,4, and 6) or without (lanes I ,  3, 
and 5) 100 nM okadaic acid for 3 hours. The gel >Xcdc25 

-p67 
depicts Coomassie blue staining of the recombi- 
nant proteins pur~fied by nickel agarose (23). (B) The 

E 1 2 3 4 5 6 7  - - 

protein preparations from (A) were Incubated with - 
His6-Xcdc25 in the presence of [y-3'P]ATP and 
subjected togel electrophoresis and autoradiography. (C) His6-Xcdc25 phos- 
phorylated by His6-Plxl was subjected to phosphoamino acid analysis (24). 
(D) Treatment of His6-Xcdc25 with His6-Plxl shifts its electrophoretic mobil- 
ity. His6-Xcdc25 was incubated in the presence of ATP with a mock-purified 
preparation from Sf9 cells (lane I), His6-Pix1 (lane 2), or the His6-Plxl N172A 
mutant (lane 3). Alternatively, His6-Xcdc25 was isolated after incubation in either an M-phase (lane 4) or 
interphase egg extract (lane 5). All samples were subjected to immunoblotting with antibodies to Xcdc25 
(3). (E) His6-Plxl converts His6-Xcdc25 to an MPM-2 antigen. His6-Plxl (lanes 1 and 4), the His6-Plxl 
N172A mutant (lanes 2 and 5), or a mock-purified preparation (lane 3) were incubated w~th ATP in either the 
absence (lanes 1 and 2) or presence of His6-Xcdc25 (lanes 3 through 5). His6-Xcdc25 that had been 
incubated in either an interphase (lane 6) or M-phase egg extract (lane 7) was also loaded on the gel. All 
samples were ~mmunoblotted with the MPM-2 antibody (2). 

Table 1. Purification of an Xcdc25-specific kinase from M-phase extracts of Xenopus eggs. The 
Xcdc25-specific kinase activity of each fraction was measured as described (29). The amount of protein 
was determined either by the Bio-Rad assay (Cytosol, His6-Xcdc25-N-agarose, and Superdex 200 
fractions) or by silver staining (phosphocellulose and Mono Q fractions) with bovine serum albumin as a 
standard. 

Total protein Total activity Specific activity Purification Fraction 
(14 (nmol/min) (nmoVmg/min) (fold) 

Cytosol 75,000 0.975 0.01 3 
Xcdc25-N-agarose 1,200 0.548 0.457 
Superdex 200 480 0.274 0.572 
Phosphocellulose 5 0.01 9 3.715 
Mono Q 0.2 0.006 30 

serine-threonine kinase wi th its conserved 
catalytic domain in the NHz-terminal half 
of the polypeptide. The p67 protein is very 
similar to kinases in the Polo family, includ- 
ing human PLK l  (80% identical residues 
wi th p67) (1 7), Drosophilu Polo (53% iden- 
tical) (18), Schizosacchuromyces pornbe Plo l  
(40% identical) (1 9), and Sacchuromyces 
cerevisiae Cdc5 (37% identical) (20). Ac- 
cordingly, we have designated p67 as P l x l  
(for Polo-like kinase from Xenopw). 

We  expressed P l x l  as a six-histidine fu- 
sion protein (His6-Plxl) in baculovirus-in- 
fected Sf9 insect cells (Fig. 3A)  (21). Be- 
cause P l x l  activity is greater in mitotic than 
in interphase extracts from Xenopw eggs 
(7), we treated insect cells expressing His6- 
P l x l  wi th okadaic acid to drive them into a 
state resembling mitosis. We  also expressed 
a mutant version of His6-Plxl (N172A), in 
which a catalytically critical residue 
(Asn17') was changed to alanine (22). Both 
the wild-type and N172A forms of His6- 
P l x l  were purified from insect cells by chro- 
matography o n  nickel agarose (23) and in- 
cubated wi th recombinant His6-Xcdc25 in 
the presence of y3'P-labeled adenosine 
triphosphate ([y-32P]ATP). Wild-type His6- 
Plxlphosphorylated His6-Xcdc25 efficient- 
ly, whereas the N172A mutant did not  (Fig. 
3B). Phosphoamino acid analysis of the phos- 
phorylated His6-Xcdc25 revealed the pres- 
ence of both phosphoserine and phospho- 
threonine (Fig. 3C) (24). Ph~s~hory la t ion  
o f  Xcdc25 wi th His6-Plxl reduced the elec- 
trophoretic mobility o f  Xcdc25 substantial- 
ly, which is characteristic o f  Cdc25 derived 
from mitotic cells (Fig. 3D). The N172A 
mutant had no effect (Fig. 3D). The shifted 
form of Xcdc25 also reacted wi th MPM-2 
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Fig. 4. Increased phosphatase activity of Xcdc25 A , , 
after phosphorylation by His6-Plxl . (A) His6-Plxl I 
stimulates the ability of Xcdc25 to activate the 
Cdc2-cyclin B complex. His6-Acyclin B (28) was 
incubated in interphase egg extracts containing 
10 mM vanadate and cycloheximide (100 ~g/ml). 
The resulting inactive Cdc2-cyclin B complex B No Xcdc25 
phosphorylated on Thr14 and Tyr15 was purified 
by nickel agarose and kept on ice (lane 1) or , so 
incubated at 23.C for 30 min by itself (lane 2). In 

6o lanes 3 through 8, samples containing His6- = 
Xcdc25 (lanes 3 through 5) or lacking His6- 40 
Xcdc25 (lanes 6 through 8) were incubated for 
30 min in the presence of a mock-purified prep- 20 

aration (lanes 3 and 6), the His6-Plxl N172A o 
mutant (lanes 4 and 7), or His6-Plxl (lanes 5 and o 10 20 
8) before addition to the inactive Cdc2-cyclin B Time (rnin) 
complex. At the end of the activation assay, H I  
kinase a d i i  was assessed by gel electrophoresis and autoradiography (3). (B) Dephosphotylation of 
the Thr14 and Tyr15 residues of Cdc2 by various forms of the His6-Xcdc25 protein. A Cdc2-cyclin B 
complex that had been labeled with 32P by treatment with Mytl (2) was incubated for the indicated times 
in the absence of His6-Xcdc25 (open triangle) or in the presence of His6-Xcdc25 that had been treated 
with His6-Plxl (closed circles), the His6-Plxl N172A mutant (open circles), a mock-purified preparation 
(closed squares), an interphase egg extract (closed triangles), or an M-phase egg extract (open squares). 
The 32P content of Cdc2 was measured with a Phosphorlmager after gel electrophoresis. 

antibodies in immunoblots as did His6- 
Xcdc25 protein incubated in M-phase ex- 
tracts from Xenopus eggs (Fig. 3E). 

Phosphorylation of Cdc25 by P l x l  mod- 
ulated the Cdc2-specific phosphatase activ- 
i ty of Cdc25. Treatment o f  Xcdc25 with 
H id -P l x l  increased the ability of Xcdc25 to 
activate Cdc2-cyclin B (Fig. 4A). In control 
experiments, His6-Xcdc25 treated either 
wi th the N172A mutant o f  His6-Plxl or 
wi th a mock-purified preparation did not 
undergo activation (Fig. 4A). Moreover, 
His6-Plxl did not activate Cdc2-cyclin B in 
the absence o f  Xcdc25 (Fig. 4A). His6-Plxl 
alone did not phosphorylate histone H1 (Fig. 
4A) but did phosphorylate casein (7, 25). 

In another assay for Cdc25 activity, we 
first radiolabeled a recombinant Cdc2-cy- 
c l in B complex o n  Thr14 and Tyr15 with 32P 
by treatment wi th the kinase M y t l  (26). 
His6-Xcdc25 that either had been treated 
wi th His6-Plxl or incubated in an M-phase 
egg extract was more active in dephospho- 
rylating the complex than was His6-Xcdc25 
that either had been treated wi th the His6- 
P l x l  N172A mutant or incubated in an 

interphase egg extract (Fig. 4B). 
Our findings indicate that recombinant 

P l x l  phosphorylates Xcdc25 at multiple 
sites and regulates its activity. T o  examine 
whether this phosphorylation occurs at 
physiologically relevant sites, we prepared 
tryptic phosphopeptide maps o f  His6- 
Xcdc25 that had been phosphorylated wi th 
His6-Plxl, an M-phase X e n o p  egg extract, 
or a recombinant Cdc2-cyclin B complex 
(Fig. 5). The phosphopeptide map o f  His6- 
Xcdc25 incubated in M-phase extracts re- 
vealed the presence o f  at least 20 discrete 
spots. The maps of His6-Xcdc25 phospho- 
rylated by His6-Plxl or Cdc2-cyclin B 
~ ie lded  at least 10 and 7 tryptic phos- 
phopeptides, respectively. In mixing exper- 
iments, we determined that most o f  the 
peptides in the maps o f  His6-Xcdc25 that 
had been phosphorylated by either Hid- 
P l x l  or Cdc2-cyclin B were also present in 
the map o f  His6-Xcdc25 that had been 
incubated in the M-phase egg extract (7). 
Except for three phosphopeptides, most o f  
the sites phosphorylated by His6-Plxl did 
not overlap wi th those modified by Cdc2- 

cyclin B. Taken together, these findings 
indicate that P l x l  ~hos~horvlates Cdc25 at . . ,  
physiologically relevant sites. 

P l x l  binds, phosphorylates, and stimu- 
lates the phosphatase activity o f  the 
Cdc25 protein. P l x l  is related to the Polo 
family o f  protein kinases, which have been 
implicated in mitotic progression in vari- 
ous organisms (1 7-20, 27). The function 
o f  Polo has not  been established, but i t  
may regulate the operation o f  the mitotic 
spindle. Components o f  the mitot ic spin- 
dle and the anaphase-promoting complex 
become MPM-2 antigens at mitosis (8, 9). 
Thus, P l x l  may provide a mechanism for 
coordinating the regulation o f  Cdc2 wi th  
the progression o f  mitot ic processes such 
as chromosome segregation. 
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1 1. Baculovirus transfer vectors encoding histidine- 
tagged versions of the full-length Xcdc25 protein and 
its NH2-terminal domain were prepared by PCR. For 
full-length Xcdc25, an Nco I site at the initiation 
codon and a Bgl II site at the end of the coding region 
were created by PCR arnpliication of pBluescript- 
Xcdc25-1 (3) with the use of Pfv DNA polymerase 

Fig. 5. Phosphopeptide mapping of various phosphorylated forms of Xcdc25. His6-Xcdc25 was 
phosphorylated in 100 p1 of an M-phase extract (CSF) in the presence of 0.5 mCi of p2P]orthophosphate 
and purified with nickel agarose (top panel). His6-Xcdc25 was phosphorylated in vitro with His6-Plxl 
(middle panel) or recombinant Cdc2-cyclin B (bottom panel). In all cases, phosphorylated Xcdc25 was 
subjected to SDS gel electrophoresis and tlyptic phosphopeptide mapping (24). 

(Stratagene) and the following oligonucleotides: a, 
CATGCCATGGCAGAGAGTCACATAATG; and b, 
GAAGATCTTTAAAGCTTCATTATGCGGGC. The 
PCR was done for 20 cycles at 94°C for 1 min, 55°C 
for 2 min, and 75°C for 5 min. For the NH2-terminal 
domain of Xcdc25, the procedure was similar except 
that oligonucleotides a and c (GAAGATCTTTAATT- 
TAGAAGGGGTCCCG), which created a stop codon 
at amino acid 265, were used in the PCR reaction. 
The PCR fragments were ligated into pVLl393-His6 
(28). Recombinant baculoviruses were generated by 
standard procedures (Invitrogen), and proteins ex- 
pressed in Sf9 insect cells were purified with nickel 
agarose (Phanacia) (28). 
M-phase extracts from cytostatic factor ( C S W -  
ed Xeropus eggs were diluted with 2 volumes of ex- 
traction buffer (EB) (3) containing 1 mM phenylmeth- 
ylsulfonyl fluoride (PMSF), pepstatin (10 pglml), chy- 
mostatin (10 pglml), and leupeptin (10 pglml) and 
centrifuged at 180,Og for 1 hour at 4°C. The super- 
natant was incubated for 1 hour at 4°C with one-sixth 
volume of nickel agarose containing 1 mg of His6- 
Xcdc25-N protein per milliliter of beads. The beads 
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were washed once w~th buffer A [ I  0 mM tris-HCI (pH 
8.0), 10 pM phosphoser~ne, 10 pM phosphothreo- 
nne, 10 pM phosphotyrosne, 0.1 mM vanadate, and 
0.1 %CHAPS] contain~ng 500 mM NaCI, 5 mM EGTA, 
20 mM p-glycerolphosphate, and 1 JLM ~ncrocystin. 
After three addit~ona washes with the same buffer 
lackng mlcrocystn, bound protelns were eluted from 
the column with buffer Acontainng 500 mM NaCl and 
200 mM imidazole. The eluate was loaded on a Su- 
perdex 200 column equlibrated with buffer A contain- 
Ing 50 mM NaCI, 10 mM EGTA, and 10 mM EDTA 
Column fractions containng Xcdc25-spec~fic k~nase 
actvity were combned and incubated for 90 min at 
4°C with a one-tenth volume of phosphocellulose P I  1 
(Whatman, Hillsboro, OR) prepared as described r/. 
Wang and P. J Roach, in Protein Phosphon/at~on: A 
PracticalApproach, D. G. Hardie, Ed. (RL Press. Ox- 
ford, 19931, pp. 121-1 441. The phosphocellulose was 
washed wlth 5 volumes of buffer Acontainng 50 mM 
NaCl. Bound prote~ns were eluted n buffer A contain- 
ing 500 mM NaCI and 20 mM p-glycerolphosphate. 
The phosphocellulose eluate fraction was d~alyzed 
against buffer A containing 25 mM NaCI and 20 mM 
p-glycerolphosphate and loaded onto a Mono Q PC 
1.6/5 column (Pharmac~a) equilibrated in the same 
buffer. The Mono Q column was eluted w~th a linear 
gradent up to 1 M NaCI In the same buffer. 

13. The Mono Q fract~ons contalnlng k~nase activity were 
pooled and loaded onto a 5 to 20% sucrose gradent 
in buffer A contaning 20 mM p-glycerolphosphate. 
The gradent was centrfuged at 40,000 rpm for 16 
hours in a Beckman SW55 rotor at 4°C. The frac- 
tions were collected and assayed for Xcdc25-specif- 
c k~nase activity (29). 

14. Proteins were separated by electrophoresis and 
blotted onto Problot (Applied B~osystems). p67 was 
excised and digested w~th sequencng-grade tryps~n 
(Boehr~nger Mannheim) in the presence of hydroge- 
nated Tr~ton X-100 as descrbed [J Fernandez, L. 
Andrews, S M. Mische. Anal. Biochem. 21 8, 11 2 
(1994)l. The ttyptc peptdes were separated by re- 
verse phase chromatography in an JLRPC C2/C18 
2.1110 column w~th the use of the SMART system 
(Pharmacia). Peptide sequence analys~s was per- 
formed with an ABI 476A sequencer (Appi~ed Bio- 
systems) in the Proten/Peptde Mcro Analytical Fa- 
cility at the Caiforna Institute of Technology. 

1 5. Three degenerate prmers corresponding to the peptde 
sequences KKXU(T/G)TPNYlAPEVL, (AISIGANTTP, 
and XX(D/I)APSTIDQ (30) were designed: p67-1, 
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A Model of Host-Microbial Interactions in an 
Open Mammalian Ecosystem 

Lynn Bry, Per G. Falk, Tore Midtvedt, Jeffrey I. Gordon* 

The maintenance and significance of the complex populations of microbes present in 
the mammalian intestine are poorly understood. Comparison of conventionally housed 
and germ-free NMRl mice revealed that production of fucosylated glycoconjugates 
and an al,2-fucosyltransferase messenger RNA in the small-intestinal epithelium 
requires the normal microflora. Colonization of germ-free mice with Bacteroides the- 
taiotaomicron, a component of this flora, restored the fucosylation program, whereas 
an isogenic strain carrying a transposon insertion that disrupts its ability to use 
L-fucose as a carbon source did not. Simplified models such as this should aid the 
study of open microbial ecosystems. 

A complex and dynamic microbial ecosys- 
tem inhabits the human intestine. Establish- 
ment of a microflora begins at birth and 
progresses through a series of colonizations 
involving more than 400 bacterial species 
(1 ). These colonizations result in a metabol- 
ically active entity in which anaerobes pre- 
dominate (2).  A specific region of the intes- 
tine's duodenal-colonic axis will at any giv- 
en  time contain resident (autochthonous) 
bacterial specles and a variable set of tran- 
sient (allochthonous) species that tempo- 
rartly occupy a fimctionally "empty" niche 
(3). Disruption of this open ecosystetn-for 
example, with antibiotics-has revealed the 
essential role played by the microbiota in 
preventing infectious diseases (4). 

The factors that allow components of 
this indigenous microbiota to establish and 
maintain their regional habitats are largely 
unknown. The stability of the ecosystem is 
all the more remarkable given that the in- 
testinal epithelium is rapidly renewed 
throughout life (5). Integration of the eco- 
system into the host may be achieved, at 
least in part, through dynamic interactions 
that allow microbes to modify cellular dif- 
ferentiation programs and thus create favor- 
able niches. One way of identifying such 
programs is by comparing genetically iden- 
tical mice that ( i )  have never been exposed 
to any microorganisms (germ-free, GF), (ii) 
have been raised with a "normal" function- 
al microbiota (conventional, CONV), and 
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