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in P1 than in AB even if the checkpoint was symmetrically acti-

vated in the two cells. A model consistent with these data are 

that asymmetric distributions of PLK-1 and CDC-25.1 are the 

primary regulatory events controlling asynchronous cell cycle 

timing, and that symmetric action of the DNA replication 

checkpoint on PLK-1 and/or CDC-25.1 increases asynchrony 

of cell division. Future studies on these proteins will be needed 

to test these hypotheses. 

 In summary, our studies have provided a clear model for 

differential control of cell cycle length at the two-cell stage: 

the polarity machinery generates asymmetry of the Polo-like 

kinase PLK-1 between AB and P1, and this in turn leads to dif-

ferential accumulation of CDC-25.1 in the nucleus. We suggest 

that regulation of Polo kinase activity or levels could be a 

general mechanism for controlling cell cycle length, as Polo 

kinases are highly regulated enzymes ( van Vugt and Medema, 

2005 ;  van de Weerdt and Medema, 2006 ). During development 

of all animals, cell cycle lengths become different, and this is 

usually linked with fate determination. An interesting future 

avenue of study would be to investigate whether there are de-

velopmental changes in Polo kinase levels in cells of distinctly 

different fates and whether or not those levels are critical in 

fate determination. 

 Materials and methods 
 Strains 
  C. elegans  strains were maintained using standard methods ( Brenner, 
1974 ). The following strains were used this study: N2, KK288 [ sqt-3(sc8) 
par-1(b274) IV /nT1(unc-?(n754)let-?)  (IV;V)] ( Kemphues et al., 1988 ), 
JA1438 [ dpy-1(e1) par-2(lw32)/sC1 ], KK571 [ lon-1(e185) par-3(it71)/
qC1 ] (used for immunofl uorescence experiments;  Cheng et al., 1995 ), 
KK653 [ unc-32(e189) par-3(it71)/qC1 ] (used for cell cycle timing 
 experiments;  Tsou et al., 2002 ) and KK300 [ par-4(it57ts)]  ( Morton 
et al., 1992 ). 

 To generate the GFP::CDC-25.1 animals, the full-length genomic 
fragment of CDC-25.1, comprising the fi rst ATG to the predicted stop, was 
gateway cloned into pID3.01 (a gift from G. Seydoux, Howard Hughes 
Medical Institute, Johns Hopkins University School of Medicine, Baltimore, 
MD). Simple arrays were generated by coinjection of the GFP::CDC-25.1 
construct (5  μ g/ml) together with the dominant  rol-6(su1006 ) plasmid pRF4 
(100  μ g/ml) and single-stranded oligonucleotides (1 mg/ml) to facilitate 
integration ( Mello et al., 1991 ). No integrants were obtained. Four extra-
chromosomal lines showed GFP::CDC-25.1 expression in the germline 
and early embryo similar to that of endogenous CDC-25.1 for more than 
six generations before being silenced. 

 Immunostaining 
 Antibody staining of embryos was performed as described previously 
( Andrews and Ahringer, 2007 ) using rabbit anti-CDC-25.1( Ashcroft et al., 
1999 ), rabbit anti – PLK-1 (both gifts of A. Golden, National Institutes of 
Health, Bethesda, MD;  Chase et al., 2000 ), mouse anti – CYE-1(a gift of 
E. Kiproes, University of Georgia, Athens, GA;  Brodigan et al., 2003 ), and 
mouse anti-tubulin (DM1A1; Sigma-Aldrich) primary antibodies and Alexa 
A488 and A594 secondary antibodies (Invitrogen). Embryos were imaged 
using a 63 ×  objective (Carl Zeiss, Inc.) on a microscope (Axioplan 2; Carl 
Zeiss, Inc.) fi tted with a confocal detection system (LSM 510 Meta; Carl 
Zeiss, Inc.). Secondary processing of images was performed using Photo-
shop CS3 and Illustrator CS3 (Adobe). 

 Single confocal images of wild-type and mutant two-cell embryos 
immunostained with CDC-25.1 or PLK-1 were taken. Quantifi cation of 
nuclear and cytoplasmic fl uorescent levels were measured using identical 
circular region of interest positioned within the AB and P1 nuclei or in the 
AB and P1 cytoplasm as indicated (Metamorph; MDS Analytical Technol-
ogies). All values were normalized to the mean of wild-type AB cytoplasmic 
or nuclear levels and standard errors determined. p-values were calculated 
using the  t  test. 

related – like kinase ATL-1 and the CHK1-like kinase CHK-1; 

these proteins slow both AB and P1 division times, again with 

a preferential effect in P1. In mammalian cells, Cdc25 and Plk1 

have been found to be direct targets of the replication check-

point ( Smits et al., 2000 ;  Bartek et al., 2004 ;  van Vugt et al., 

2004 ;  van Vugt and Medema, 2005 ). We found that lowering 

embryonic PLK-1 and CDC-25.1 levels affects P1 cell cycle 

length more than that of AB. Therefore, if the DNA replication 

checkpoint negatively regulated PLK-1 and/or CDC-25.1 in 

 C. elegans  embryos, it would be expected to have a larger effect 

 Figure 5.    PLK-1 and CDC-25.1 levels in  par  mutants.  Normalized fl uo-
rescent intensities in AB and P1 for cytoplasmic PLK-1 (A) and nuclear 
CDC-25.1 (B) immunostained wild-type,  par-1 ,  par-2(RNAi) ,  par-3 ,  par-4 , 
and  mex-5/mex-6(RNAi)  two-cell embryos. Normalized means  ±  SEM 
shown. Corresponding p-values are given in Table S2 (C and D, available 
at http://wwws.jcb.org/cgi/content/full/jcb.200710018/DC1).   
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 RNAi 
 RNAi of  cdc-25.1  and  plk-1  was performed by feeding young adult her-
maphrodites RNAi bacterial clones (sjj_K06A5.7 for  cdc-25.1  and sjj_
K06H7.1 for  plk-1 ) as described previously ( Kamath et al., 2003 ;  Ahringer, 
2006 ).  cdc-25.1(RNAi)  embryos were analyzed 18 – 20 h after feeding 
at 20 ° C; these conditions lead to 100% embryonic lethality ( n  = 92). 
 plk-1(RNAi)  embryos were analyzed 18 – 20 h after feeding at 15 ° C; this 
causes  > 99% embryo lethality ( n  = 142). We observed that PLK-1 levels 
drop in both AB and P1 after RNAi depletion at 16, 18, and 20 h, with the 
asymmetry still apparent (Fig. S1). For simultaneous RNAi of  mex-5  and  mex-6 , 
double-stranded RNA corresponding to each gene was generated using 
(sjj_W02A2.7 and for  mex-5  sjj_AH6.5 for  mex-6 ) the T7 Ribomax RNA 
kit (Promega), pooled, and injected into young adult hermaphrodites 
(0.25 mg/ml each). Embryos were analyzed 36 h after injection at 20 ° C. 

 Differential interference contrast (DIC), GFP, and FRAP videos 
 To determine AB and P1 cell cycle lengths, 4D DIC movies of early em-
bryos were made at 20 ° C, taking 12 z sections at 10-s intervals using a 
63 ×  objective on a compound microscope (DMRE; Leica) fi tted with a digi-
tal camera (ORCA-ER; Hamamatsu) and running Openlab software (Impro-
vision) as described previously ( Zipperlen et al., 2001 ). AB and P1 cell 
cycle lengths were determined by measuring the time of onset of NEBD in 
the P0 cell to the onset of NEBD in AB or P1. For each set of experiments, 
movies of wild-type controls were collected on the same days as the mutant 
or RNAi embryos to control for environmental variations. 

 Movies of GFP::CDC-25.1 were made using an LSM 510 Meta 
confocal microscope. Image capture of 10 z sections of GFP::CDC-25.1 
and DIC was performed every 29 s for the non-FRAP videos and every 
11 s for the FRAP videos. For the FRAP videos, a non-FRAP time point 
was taken before the simultaneous bleaching of both AB and P1 nuclei 
(488 nm laser, 100% power, 200 iterations). All embryos survived to at 
least the four-cell stage. 

 Image analysis of the non-FRAP and FRAP videos was performed us-
ing the Metamorph software. We measured the fl uorescence intensity of a 
single projected image generated from the three middle planes of both the 
AB and P1 nuclei for each time point. Identical circular region of interests 
were positioned within the AB and P1 nuclei and in the AB and P1 cyto-
plasm and measurements were taken for each time point. Nuclear mea-
surements were corrected for photobleaching with the cytoplasmic 
fl uorescent values. All intensity values were then normalized to the initial 
intensity value measured at AB for each all the embryos analyzed. The re-
sults were plotted using Cricket Graph III (Computer Associates). 

 Online supplemental material 
 Fig. S1 is a time course of PLK-1 immunostaining after RNAi depletion of 
 plk-1  and CDC-25.1 immunostaining after  cdc-25.1  RNAi depletion. Table S1 
contains data corresponding to  Figs. 2 and 5 . Video 1 is a movie of a wild-
type GFP::CDC-25.1 two-cell embryo. Video 2 is a FRAP movie of a wild-type 
GFP::CDC-25.1 two-cell embryo. Online supplemental material is avail-
able at http://www.jcb.org/cgi/content/full/jcb.200710018/DC1. 
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Table S1 A. Table for Fig. 2 
    P-value relative P-value relative 

  Cell cycle timing Wild-type AB Wild-type P1 

Genotype N AB P1 AB P1 AB P1 

Wild type 9 14.42 ± 0.26 16.60 ± 0.28     
cdc-25.1(RNAi) 5 18.10 ± 0.58 22.80 ± 0.80 1 � 10�5 0.012 2 � 10�8 6 � 10�7 
plk-1(RNAi) 8 17.74 ± 0.47 22.25 ± 0.68 3� 10�6 2 � 10�9 3 � 10�7 0.048 
Table S1 B. Table for Fig. 2 
    P-value relative P-value relative 

  Cell cycle timing Wild-type AB Wild-type P1 

Genotype N AB P1 AB P1 AB P1 

Wild type 11 12.50 ± 0.15 14.25 ± 0.16     
par-1 8 12.59 ± 0.03 12.59 ± 0.03 0.21 5 � 10�7 0.21 5 � 10�7 
par-3 11 14.35 ± 0.19 14.35 ± 0.19 1 � 10�7 0.5 1 � 10�7 0.5 
Table S1 C.  Table for Fig. 5 
 Normalized P-value relative P-value relative 

 Cytoplasmic PLK-1 Levels Wild-type AB Wild-type P1 

Genotype AB P1 AB P1 AB P1 

Wild type 1.00 ± 0.09 0.60 ± 0.06     
par-1 0.82 ± 0.08 0.81 ± 0.08 0.085 0.031 0.078 0.036 
par-2 1.19 ± 0.11 1.13 ± 0.11 0.109 0.001 0.198 0.002 
par-3 0.45 ± 0.05 0.46 ± 0.06 4 � 10�4 0.055 0.001 0.061 
par-4 0.87 ± 0.15 0.86 ± 0.14 0.235 0.074 0.215 0.057 
mex-5/6(RNAi) 0.50 ± 0.06 0.49 ± 0.06 0.001 0.136 0.001 0.11 
Table S1 D. Table for Fig. 5 
 Normalized P-value relative P-value relative 

 Cytoplasmic PLK-1 Levels Wild-type AB Wild-type P1 

Genotype AB P1 AB P1 AB P1 

Wild type 1.00 ± 0.15 0.53 ± 0.09     
par-1 0.80 ± 0.08 0.70 ± 0.06 0.265 0.014 0.072 0.054 
par-2 0.98 ± 0.09 0.92 ± 0.12 0.464 0.004 0.345 0.017 
par-3 0.32 ± 0.02 0.28 ± 0.02 0.001 0.03 0.001 0.015 
par-4 1.27 ± 0.10 1.10 ± 0.13 0.095 4 � 10�4 0.311 0.004 
mex-5/6(RNAi) 0.51 ± 0.06 0.45 ± 0.04 0.01 0.438 0.005 0.237 
(A and B) Mean cell cycle time in minutes with corresponding standard error values for data plotted in Fig. 2. (C and D) Normalized fluorescent intensities 
with corresponding standard error values for data plotted in Fig. 5. P-values were calculated by comparing mutant values to wild-type AB and P1 as 
indicated. 




