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Das Endosperm dient der Ernährung des Embryos und ist daher von wesentlicher 

Bedeutung für das Überleben und den evolutiven Erfolg der Blütenpflanzen. 

Insbesondere in Gramineen spielt das Endosperm eine entscheidende Rolle für die 

menschliche Ernährung. Die Entwicklung dieses Gewebes basiert auf der schnellen 

Abfolge von Kernteilungzyklen, die zur Bildung eines großen Syncytiums mit 

mehreren hundert Kernen führt. Trotz der eminenten Wichtigkeit des Endosperms ist 

die dabei treibende Kraft, die Regulation durch die Zellzyklus-Maschinerie während 

dieses Prozesses, nur wenig verstanden. In der vorliegenden Arbeit wurden zwei 

Ansätze zur Analyse der molekularen Rolle der Zellzyklusmaschinerie für die 

Kontrolle des Wachstums und der Proliferation des Endosperms verfolgt. Der erste 

Abschnitt beschäftigt sich mit einer, fünf Mitglieder zählenden, Unterfamilie 

mitotischer Zykline vom B1-Typ (B1-Zykline).  Die Untersuchung der Expression 

und Lokalisierung dieser B1-Zykline offenbarte eine Anreicherung während der 

G2/M-Phase, als auch eine Bindung an Chromatin und den mitotischen 

Spindelapparat. Diese B1-Zykline regulieren auf redundante Art und Weise die 

Mitose während des gesamten Lebenszyklus; insbesondere im Endosperm zeigen 

Doppel- und Tripelmutanten dieser Zykline massive Kernteilungsdefekte. In dieser 

Arbeit konnte gezeigt werden, dass B1-Zykline essentiell zur Aufrechterhaltung der 

Architektur des Spindelapparats sind und dadurch die Zellteilung kontrollieren. 

Zusätzlich zum revers-genetischen Ansatz wurde die Existenz natürlicher Variabilität 

bei Arabidopsis genutzt um wichtige Regulatoren des Samenwachstums und der 

Endosperm-Proliferation zu identifizieren. Die Analyse der Samenmasse in 

rekombinanten Populationen dreier Inzucht-Linien (recombinant imbred lines - RIL), 

die aus einer einheitlichen Elterngeneration hervorgehen, ergab 12 QTLs, hierin 10 

Haupt- und 2 komplexe loci, die einen wichtigen Einfluss auf die 

Samenmassenproduktion ausüben. Zusätzlich wurden anhand einer Est-Col RIL 

Population zwei QTLs, ein Haupt- und ein komplexer Locus, identifiziert, die die 

Entwicklung autonomer Endosperm-Proliferation aufgrund der Befruchtung mit 

cdka;1-mutantem Pollen beinflussen. Die genomische Lokalisierung dieser QTLs 

stimmt nicht mit der Position der B1-Zykline überein und stellen daher zusätzliche 

Regulatoren der Endosperm-Proliferation dar. 
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Figure I-1 Schematic representation of development of endosperm (upto 16-nuclei 
stage) in Arabidopsis thaliana.  
(A) Primary endosperm nucleus showing position near zygote. (B) Upon 1st division, two 
nuclei are formed that get positioned at poles of enlarging central cell. (C) 2nd division 
produces 4 nuclei, relatively in a filamentous arrangement. (D) Upon 3rd division, 8 nuclei are 
formed arranged in planar arrangement. These first three rounds of division leading to the 8-
nuclei stage are synchronous. (E) Successive 4th division begins at micropylar region and 
proceeds to the chalazal. (F) Upon 4th division, 16 nuclei are formed that are arranged into 
three developmental domains within the common cytoplasm. Nuclei around the zygote 
arranged in the micropylar domain are elongated, those in the central chamber are peripheral 
to the central vacuole, while nuclei that arranges in the chalaza are clustered in dense 
cytoplasm (Taken from Brown and Lemmon 2003). 
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NOOVB!r'()! +0! '&F^! NOPOfF! J434&'$&R^! 40! 8',! '&,.! .Y,+$=+*! 02'0!3#0'04.(! 4(! 02+!

MMS#! )+(+! $+,#&0,! 4(! $+*#504.(! .9! 4(0+)#3+(0! 5+&&! +&.()'04.(^! 82452! 9#$02+$!

$+*#5+,!+(*.,I+$3!)$.802!eT'$54'!+0!'&F^!NOOVfF! !o(!02+!.02+$!2'(*^!3#0'04.(,!

4(!IT#V!I>[#!'(*!:I!!&+'*!0.!4(5$+',+!4(!,++*!,4>+!'(*!3',,!eM.9#/#!+0!'&F^!NOOVB!

o20.!+0!'&F^!NOOVB!J52$#99!+0!'&F^!NOOWB!o20.!+0!'&F^!NOOgfF!:#$02+$3.$+^! 02+!)+(+!

*.,')+!'&,.!'II+'$,! 0.!Y+! 5$#54'&! 0.!*+0+$34(+! 94('&! ,++*! ,4>+! 5.(,4*+$4()! 02'0!

4(5$+',+*! I'0+$('&! 5.(0$4Y#04.(! $+,#&0+*! 4(! &'$)+$! ,++*,! *#+! 0.! 4(5$+',+*!

(#3Y+$!.9!+(*.,I+$3!(#5&+4!82+$+',!+[5+,,!.9!02+!3'0+$('&!)+(.3+!$+,#&0+*!4(!

,3'&&+$!,++*,!eJ5.00!+0!'&F^!Pgg\fF!

!
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?DH I,%%!+&+%,!.,14%$/).'!04.(#1!,#0)'-,.6!0,5,%)-6,#/!

!

1'(R!.9!02+!3#0'(0,!02'0!'99+50!+(*.,I+$3!*+=+&.I3+(0!'$+!',,.54'0+*!8402!5+&&!

*4=4,4.(! *+9+50,! &+'*4()! 0.! '&0+$+*! +(*.,I+$3! I$.&49+$'04.(! .$! 5+&&#&'$4,'04.(!

eJ'Y+&&4! '(*! c'$/4(,^! NOOgfF! X! $+5+(0! ,0#*R! .9! 0$'(,5$4I0.3+! '('&R,4,! .9!

I$.&49+$'04()! +(*.,I+$3! 2',! 4*+(0494+*! ZgS! )+(+,! 02'0! '$+! +[I$+,,+*! *#$4()!

+'$&R!,++*!*+=+&.I3+(0!'(*!2'=+!+(*.,I+$3!I$+9+$$+*!+[I$+,,4.(!I$.94&+!e-'R!

+0! '&F^! NOO\fF! o#0! .9! 02+! ZgS! )+(+,^! NZ! )+(+,!8+$+! 9.#(*! 0.! Y+! 5.$+! 5+&&! 5R5&+!

$+&'0+*F! L2+! 5.$+! 5+&&! 5R5&+! )+(+,! 4(5&#*+*! '&&! 02$++! 5&',,+,! .9! 5R5&4(,^! 5R5&4(!

*+I+(*+(0!/4(',+!A!'(*!-!'&.()!8402!4(24Y40.$,!.9!1:</!&4/+!<>T/F!G.8+=+$!(.0!

3#52! 4,! /(.8(! 'Y.#0! 02+! 3.&+5#&'$! 3+52'(4,3! .9! (#5&+'$! *4=4,4.(! 4(!

+(*.,I+$3!'(*!2.8!='$4.#,!5+&&!5R5&+!$+)#&'0.$,!5.(0$4Y#0+!*#$4()!+(*.,I+$3!

*+=+&.I3+(0F!!

7+=+$02+&+,,^! ='$4.#,! 3#0'(0,! 2'=+! Y++(! $+I.$0+*! 8402! *+9+50,! 4(!

+(*.,I+$3! 5+&&#&'$4,'04.(! ,#52! ',! *(@.8^!U&6++0^!.)&U0+^!-+0)*;0!

'(*!/-`(W+0!eJ.$+(,+(! +0! '&F^! NOON'B! C().#99! +0! '&F^! NOOVfF! ?7occ%^!GC7?%c! '(*!

XL:GV!&.5'&4,+,!0.!02+!5+&&!I&'0+^!82+$+',!Ec%CX-%!4,!'!345$.0#Y#&+6',,.54'0+*!

I$.0+4(^! 82452! 9.$3,! 5$.,,6Y$4*)+,! '3.()! 345$.0#Y#&+,! ec'#Y+$! +0! '&F^! PggZB!

1#&&+$!+0!'&F^!NOONB!J0$.3I+(!+0!'&F^!NOONB!C().#99!+0!'&F^!NOOVfF!L2+,+!3#0'(0,!'$+!

(.0! *4$+50&R! 4(=.&=+*! 4(! +(*.,I+$3! *4=4,4.(! 4(,0+'*! 02+R! $+)#&'0+! +(*.,I+$3!

4(*4$+50&R!02$.#)2!5R0./4(+,4,F!!

J.3+! 3#0'(0,! .9! X$'Y4*.I,4,! &4/+! ()(*&^! -)+W! '(*! 0;0!, 2'=+! Y++(!

52'$'50+$4,+*! 02'0! ,2.8+*! 02+! I$+,+(5+! .9! +(&'$)+*! (#5&+4! 4(! 02+! +(*.,I+$3!

$+,#&04()! 9$.3! ,#55+,,4=+! $.#(*,! .9! -7X! $+I&45'04.(! 8402.#0! ,#Y,+]#+(0!

,+I'$'04.(! .9! 02+! 52$.3.,.3+,! '(*! 02+! 9.$3'04.(!.9! *'#)20+$! (#5&+4! ec4#! '(*!

1+4(/+^!Pgg\B!J0+4(Y.$(!+0!'&F^!NOONB!L>'9$4$!+0!'&F^!NOONB!E4)(.5524!+0!'&F^!NOOgfF!

L2+!TXK\!)$.#I!.9!)+(+,!+(5.*+!I$.0+4(,!.9!02+!0#Y#&4(69.&*4()!5.3I&+[!$+]#4$+*!

9.$! 345$.0#Y#&+! 9.$3'04.(! 82+$+',! MXMIN!)+(+,! +(5.*+! I$.0+4(,! 02'0! '$+!

4(=.&=+*! 4(! 52$.3.,.3+! *R('345,^! '(*! $+)#&'04.(! .9! 4(0$'5+&&#&'$! =+,45&+!

0$'(,I.$0!ec4#!'(*!1+4(/+^!Pgg\B!J0+4(Y.$(!+0!'&F^!NOONB!L>'9$4$!+0!'&F^!NOONfF!L2+!

%-%P! 4,! '! (.=+&! I&'(06,I+54945! I$.0+4(^! 82452! 4,! +,,+(04'&! 9.$! 345$.0#Y#&+!

9#(504.(!'(*!(#5&+'$!I$.&49+$'04.(!*#$4()!+(*.,I+$3!*+=+&.I3+(0!eE4)(.5524!+0!
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'&F^! NOOgfF! C(! ,I40+! .9! 02+! 9'50! 02'0! 02+,+!3#0'(0,! 5'#,+! *+9+50,! $+&'0+*! 0.! 5+&&!

*4=4,4.(!02+$+!$+&'04.(,24I!0.!5.$+!5+&&!5R5&+!)+(+,!4,!(.0!R+0!#(*+$,0..*F!!

!

?DJ I,%%!+&+%,!+)#/.)%!(#!-%$#/'!
!

L2+! )$.802! '(*! *+=+&.I3+(0! .9! '&&! .$)'(4,3,! *+I+(*,! .(! I$+54,+! $+I&45'04.(!

'(*!+]#'&!*4,0$4Y#04.(!.9!02+!)+(+045!3'0+$4'&^!82452!4,!'55.3I&4,2+*!*#$4()!02+!

5+&&! 5R5&+F! L2+! 5+&&! 5R5&+! 4,! &'$)+&R! *4=4*+*! 4(0.! 08.! I2',+,D! 4(0+$I2',+! '(*!

340.,4,! e1fF!L2+! 4(0+$I2',+! 4,! 02+!I+$4.*! 4(!82452! 5+&&,!I$+I'$+! 02+3,+&=+,! 0.!

#(*+$).! 340.,4,^! 82452! 4,! 9#$02+$! ,#Y*4=4*+*! 4(0.! 02$++! I2',+,! TP! e)'I! Pf^! J!

eJR(02+,4,f^! TN! e)'I! Nf! e:4)#$+! C6NfF! TP6! '(*! TN6! I2',+,! '$+! '&,.! /(.8(! ',!

)$.802! I2',+! *#$4()! 82452! 5+&&,! 4(5$+',+! 02+4$! ,4>+! '(*! ,R(02+,4,+! *499+$+(0!

I$.0+4(,!'(*!+(>R3+,!$+]#4$+*!9.$!5+&&!*4=4,4.(F!-7X!$+I&45'04.(!.55#$,!*#$4()!J6

I2',+F! -#$4()! 340.,4,^! '! ,4()&+! 5+&&! *4=4*+,! 4(0.! 08.! *'#)20+$! 5+&&,! 0RI45'&&R!

5.(0'4(4()! +]#'&! 52$.3.,.3+! (#3Y+$,! '(*! ,434&'$! )+(+045! 3'0+$4'&! '&4/+! 02+!

3.02+$! 5+&&! e:4)#$+! C6NfF! X&02.#)2! 02+! .=+$'&&! 5+&&! 5R5&+! 5.(0$.&! 3'524(+$R! 4(!

I&'(0,! 4,! 4(! )+(+$'&! =+$R!3#52! ,434&'$! 0.!.02+$! +#/'$R.0+,^! ,+=+$'&! ',I+50,! '$+!

#(4]#+! 0.! I&'(0,! eC(>+! '(*! -+! d+R&*+$^! NOOWB! -+! d+R&*+$! +0! '&F^! NOOZfF! :.$!

4(,0'(5+^! 02+$+! '$+! ,+=+$'&! 5+&&! 5R5&+! )+(+,! 02'0! '$+! #(4]#+! 0.! I&'(0! 5+&&,! .$!

I'$0454I'0+! 4(! I&'(0! ,I+54945! I$.5+,,+,! ,#52! ',! I&'(0! ,I+54945! 5R5&4(6*+I+(*+(0!

/4(',+,! &4/+! 1:<E/^! &'$)+! (#3Y+$! .9! 5R5&4(,! 5.3I'$+*! 0.! .02+$! .$)'(4,3,! .$!

I&'(0! ,I+54945! 5+&&! 5R5&+! 4(24Y40.$,! +F)F! $XI5G$G`$XI5G$G,>GKIMG:, e$X5`$5>f!

,#))+,04()! 02+! *499+$+(0! $+)#&'0.$R! (+08.$/! .9! 5+&&! 5R5&+! I$.)$+,,4.(! 4(! I&'(0,!

5.3I'$+*!0.!.02+$!.$)'(4,3,!eQ2#$523'(!+0!'&F^!NOOWB!d'(*+I.+&+!+0!'&F^!NOOWB!

E+$+,!+0!'&F^!NOOZB!-4,,3+R+$!+0!'&F^!NOPOfF!

!

!
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Figure I-2. General scheme of a eukaryotic cell-division cycle. 
The cell cycle is largely divided into two phases: interphase and mitosis (M). Interphase starts 
with the G1 phase, in which the biosynthetic activities of the cells take place; then moves into 
S phase where the DNA content is doubled and the last phase is G2 phase, which continues 
until mitosis starts. The mitotic event starts with condensation of chromosome into two sister 
chromatids (Prophase), break down of nuclear envelope (Prometaphase) and alignment of 
the chromosomes at metaphase plate (Metaphase), followed by separation of chromatids and 
movement to spindle poles (Anaphase) and reappearance of nuclear envelope (Telophase). 
Finally, the two daughter cells are formed upon cytokinesis. 
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/0:0/ 634-%.;<5(5.&5.+*=%.#)5)*
!

QR5&4(6-+I+(*+(0!?4(',+,!eQ-?,f!'$+!5.(,4*+$+*!0.!Y+!02+!5+(0$'&!5.3I.(+(0!.9!

5+&&! 5R5&+! 5.(0$.&! 3'524(+$R! 4(! +#/'$R.0+,^! 82452! $+)#&'0+! 02+! 5+&&! 5R5&+!

52+5/I.4(0,!e1.$)'(^!PggZfF!L2+,+!'$+!,3'&&!I$.0+4(,!eSU6UO!/-'f!Y+&.()4()!0.!

02+! 9'34&R! .9! ,+$4(+602$+.(4(+! I$.0+4(! /4(',+,! '(*! '$+! 02+! +,,+(04'&! I'$0! .9!

2+0+$.3+$45! +(>R3+! 5.3I&+[! '&,.! /(.8(! ',!340.,4,! .$!3'0#$'04.(! I$.3.04()!

9'50.$!e1E:f^!5.(,4,04()!.9!'!/4(',+!,#Y#(40!'(*!'!5R5&4(!,#Y#(40!e1.$)'(!'(*!-+!

A.(*0^! PggUfF! L2+! 5.(5+(0$'04.(!.9! 02+! /4(',+! ,#Y#(40! 4,! $+&'04=+&R! 5.(,0'(0! 4(!

5.3I'$4,.(!0.!02+!5R5&4(!,#Y#(40^!82452!.,54&&'0+,!*#$4()!02+!I$.)$+,,4.(!.9!5+&&!

5R5&+F!L2+!/4(',+!,#Y#(40!4,!5.3I&+0+&R!4('504=+!4(!'Y,+(5+!.9!5R5&4(!,#Y#(40^!Y#0!

+=+(!'90+$!Y4(*4()!.9!5R5&4(!,#Y#(40^!40!,04&&!$+]#4$+,!I2.,I2.$R&'04.(!.9!02$+.(4(+!

$+,4*#+,!(+'$! 02+!/4(',+!'504=+! ,40+! e1.$)'(^!NOOZfF!Q-?,!I2.,I2.$R&'0+! &'$)+!

(#3Y+$!.9!I$.0+4(,!4(!02+!5+&&^!02#,!'99+504()!,+=+$'&!5+&&#&'$!'504=404+,!4(!='$4.#,!

8'R,! e<Y+$,'[! +0! '&F^! NOOSfF! L2+! Q-?! ,#Y,0$'0+,! '$+! I2.,I2.$R&'0+*! +402+$! '0!

,+$4(+! .$! 02$+.(4(+! $+,4*#+! 0RI45'&&R! 9.#(*! ',! 5.(,+(,#,! ,+]#+(5+! &4/+!

kJ`LlEsk?`Kl!82+$+!E! 4,!I$.&4(+^!s! 4,!'(R!'34(.!'54*!'(*!?`K! 4,!Y',45! $+,4*#+!

&R,4(+!.$!'$)4(4(+!e74))^!PggSfF!

C(! '&&! +#/'$R.045! .$)'(4,3,^! '0! &+',0! .(+! .9! 02+! Q-?,! '&,.! 5.(0'4(,! '!

5.(,+$=+*!EJLXCK%!3.049!4(!02+!760+$34('&!5R5&4(!Y4(*4()!*.3'4(!e1+R+$,.(!+0!

'&F^!PggNfF!I3*J);6-/)/,(.*+)*&*!)+(.3+!5.(,4,0,!.9!PV!Q-?,!.$!Q-?!&4/+!/4(',+,^!

.#0!.9!82452!02+$+!4,!.(&R!.(+!3+3Y+$!82452!5'$$R!EJLXCK%!3.049!'(*!5'&&+*!',!

Q-?XBP^! 82452! I&'R,! '(! 43I.$0'(0! $.&+! '0! TP`J! '(*! TN`1! 0$'(,404.(! I.4(0,!

e1+()+,! '(*! 1#$$'R^! NOONB! C(>+! '(*! -+! d+R&*+$^! NOOWfF! o=+$! +[I$+,,4.(! .9!

Q-?XBP!2',!(.!+99+50! 4(!X$'Y4*.I,4,^! Y#0!2.3.>R).#,! &.,,!.9! 9#(504.(!3#0'(0,!

5.#&*! (.0! Y+! )+(+$'0+*! Y+5'#,+! .9! *+9+504=+! ,+5.(*! 340.,4,! *#$4()! 3'&+!

)'3+0.I2R0+! *+=+&.I3+(0! 4(! 2+0+$.>R).#,! I&'(0,! eC8'/'8'! +0! '&F^! NOOWB!

7.8'5/!+0!'&F^!NOOWfF!r+'/!&.,,!.9!9#(504.(!3#0'(0,!.9!Q-?XBP!2'=+!5+&&,!82452!

'$+!,4)(4945'(0&R!&'$)+$!4(!,4>+!5.3I'$+*!0.!84&*!0RI+!'&02.#)2!.=+$'&&!I&'(0!,4>+!

4,!,3'&&+$!e-4,,3+R+$!+0!'&F^!NOOZB!-4,,3+R+$!+0!'&F^!NOOgfF!!

L2+!(.(!EJLXCK%!Q-?,!2'=+!Y++(!5&',,494+*!9$.3!Q-?A!0.!Q-?T!',!8+&&!

',!Q-?!&4/+!/4(',+,!eQc?,f!eM.#Y+,!+0!'&F^!NOOOfF!Q-?A,!'$+!I&'(0!,I+54945^!',!02+R!

2'=+!(.0! Y++(! 9.#(*! 4(! '(R! .02+$! ,I+54+,! R+0F! Q-?A,! 5.(0'4(! '&0+$+*!EJLXCK%!
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3.049! '(*! Y',+*! .(! 02+4$! 5R5&4(! Y4(*4()! *.3'4(,^! '$+! 9#$02+$! )$.#I+*! 4(! 08.!

5&',,+,! ('3+&R! Q-?AP! 2'=4()! EELXcK%! '(*! Q-?AN! 2'=4()! EJ`ELLcK%! 3.049!

4(,0+'*! .9! EJLXCK%F! A.02! ,#Y)$.#I,! 2'=+! 08.!3+3Y+$,! 4(! +'52^! 3'/4()! 9.#$!

Q-?A,!4(!0.0'&! 4(!X$'Y4*.I,4,!)+(.3+!ed'(*+I.+&+!+0!'&F^!NOONfF!L2+!0$'(,5$4I0!

'55#3#&'04.(!I'00+$(!.9!02+!1:<E!!'(*!1:<E#!3+3Y+$,!='$4+,!*#$4()!5+&&!5R5&+!

',!1:<E!!'55#3#&'0+,!*#$4()!J^!TN!'(*!1!I2',+!82+$+!',!1:<E#!+[I$+,,4.(!4,!

,I+54945! 0.! TN! '(*!1! I2',+,^! ,#))+,04()! 02+4$! I.,,4Y&+! $.&+! 4(!340.045! +(0$R! ',!

8+&&! ',! 4(!340.,4,! e:.Y+$0! +0! '&F^! PggWB! J+)+$,! +0! '&F^! PggWB!1')R'$! +0! '&F^! PggZB!

<3+*'!+0!'&F^!PgggB!A$+R(+!+0!'&F^!NOONfF!K+5+(0!$+I.$0,!,#))+,0!$.&+!.9!Q-?:BP!4(!

I.,06+3Y$R.(45!*+=+&.I3+(0! 4(!X$'Y4*.I,4,! YR! $+)#&'04()! 02+!I$.0+4(! ,0'Y4&40R!

.9! Q-?-BN! eL'/'0,#/'! +0! '&F^! NOOgfF! L2+! 9#(504.(,! .9! 02+! $+3'4(4()!Q-?,!2'=+!

(.0! R+0! Y++(! #(*+$,0..*! 5&+'$&RF! ! G.8+=+$! 8+! *.! (.0! /(.8! R+0! 82452! .9! 02+!

5R5&4(! *+I+(*+(0! /4(',+! 4,! 43I.$0'(0! *#$4()! +(*.,I+$3! *+=+&.I3+(0! '(*!

I$.&49+$'04.(F!

!

/0:01 >5?7-#+%'.*'@*6<=;434-%.*#4+%A%+3*
!

L2+!'504=40R!.9!Q-?!4(!'(43'&,!'(*!R+',0!5'(!Y+!$+)#&'0+*!YR!'0!&+',0!9.#$!3+'(,!6!

Y4(*4()!.9!I.,404=+!5.9'50.$,!&4/+!5R5&4(,^!(+)'04=+!$+)#&'0.$,!&4/+!Q-?!4(24Y40.$,!

'(*! I.,404=+! '(*! (+)'04=+! I2.,I2.$R&'04.(! +=+(0,! .9! 02+! L6! '(*! E6! &..I!

$+,I+504=+&R!eE4(+,^!PggVfF!X,!4(!.02+$!3#&045+&&#&'$!.$)'(4,3,!I2.,I2.$R&'04.(!

.9! 02+! L6&..I! .9! 02+!X$'Y4*.I,4,!Q-?XBP! 4,! $+]#4$+*! 9.$! I$.I+$! 9#(504.(4()! .9!

Q-?XBP! e-4,,3+R+$! +0! '&F^! NOOZB! G'$',243'! +0! '&F^! NOOZfF! L2+! 4('504='04.(! .9!

Q-?`5R5&4(! 5.3I&+[+,! 5'(! Y+! '524+=+*! YR! #Y4]#404(63+*4'0+*! *+)$'*'04.(! .9!

5R5&4(,! '&.()! 8402! '! *4,04(50! 3.*+! .9! $+=+$,4Y&+! 4('504='04.(! 0$4))+$+*! YR!

I2.,I2.$R&'04()! 02+! Q-?! $+,4*#+,! &.5'0+*! 84024(! 02+! Q-?! XLE6Y4(*4()! &..I!

e7#$,+^!PggZB!E+0+$,^!NOONfF!L2+!(+)'04=+!I2.,I2.$R&'04.(!+=+(0!4,!3+*4'0+*!YR!

r++P`14/P`1R0P!I$.0+4(!/4(',+,!'(*!02+!5.3I&+[!$+3'4(,!4(!'(!4('504=+!,0'0+!

e7.$Y#$R!+0!'&F^!PggPfF!!

:#$02+$3.$+^!Q-?!4(24Y40.$,!eQ?C,f!02'0!.90+(!Y#4&*!'!,3'&&!9'34&R!.9!&.8!

3.&+5#&'$!8+4)20!I$.0+4(,^!'&,.!4(24Y40!Q-?!'504=40R!YR!04)20!',,.54'04.(!8402!02+!

5R5&4(`Q-?!5.3I&+[+,!e-+(45.#$0!'(*!-.8*R^!NOOUfF!C(!X$'Y4*.I,4,^!,+=+(!Q-?!

4(24Y40.$,! 8+$+! 4*+(0494+*! e*+,4)('0+*! ?KE,! .$! ?4I6$+&'0+*! I$.0+4(,f! '(*! '&&!
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+[5+I0!?KEV!,++3!0.! 4(0+$'50!8402!Q-?XBP!Y#0!(.(+!8402! 02+!340.045!Q-?APBP!

ec#4!+0!'&F^!NOOOB!-+!d+R&*+$!+0!'&F^!NOOPfF!
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Figure I-3. Cyclins-CDK: cell cycle control system. !
The upper part of the figure shows oscillating levels of cyclins namely G1-S, S and M during 
the cell cycle progression while the level of CDKs remain constant, hence the levels of CDK-
cylin complexes very much depend on the levels of oscillating cyclins. Formation of active 
G1/S-CDK complexes commits the cell to a new division cycle at the Start checkpoint in late 
G1. G1/S-CDKs then activate the S-CDK complexes that initiate DNA replication at the 
beginning of S phase. M-CDK activation occurs after the completion of S phase, resulting in 
progression through the G2/M checkpoint and assembly of the mitotic spindle. APC activation 
then triggers sister chromatid separation at the metaphase-to-anaphase transition. APC 
activity also causes the destruction of S and M cyclins and thus the inactivation of CDKs, 
which promotes the completion of mitosis and cytokinesis (Taken from Morgan 2007). 
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Figure I-4. Sequence homology among B-type cyclins. 
(A) Amino acid sequence alignment of Arabidopsis thaliana B1-type cyclins. The sequences 
are presented using the single-letter code. The long conserved region indicates the cyclin box 
and the sequence of destruction box is underlined. (B) Phylogenetic tree of Arabidopsis 
thaliana B1-type cyclins. The tree was constructed using Macvector® 11.1.1 software. 
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Figure R-1. GFP expression driven by respective promoters of CYCB1;1 through 
CYCB1;4 in roots. 
A, D, G and J demonstrate patchy expression of GFP in root tip cells of Col-0 under the 
control of respective promoters of CYCB1;1 through CYCB1;4 indicating that all four CYCB1s 
are expressed in roots of wild-type plants. B, E and H demonstrate accumulation of GFP 
signal in roots of cycb1;1-/-cycb1;2-/- plants under the control of CYCB1;1, CYCB1;2 and 
CYCB1;3 promoters, respectively. cycb1;1-/-cycb1;2-/- harbouring ProCYCB1;4:CYCB1;4DB-
GFP marker line were not available (na) (K). C and F demonstrate similar accumulation of 
GFP signal in the roots of cycb1;2-/-cycb1;3-/- plants under the control of CYCB1;1 and 
CYCB1;2 promoters, respectively, as was observed in cycb1;1-/-cycb1;2-/-. cycb1;2-/-
cycb1;3-/- harbouring ProCYCB1;3:CYCB1;3DB-GFP and ProCYCB1;4:CYCB1;4DB-GFP 
marker lines were not available (na) (I and L). 
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Figure R-2. GFP expression driven by respective promoters of CYCB1;1 through 

CYCB1;3 in endosperm. 

A, D and G demonstrate expression of GFP in endosperm nuclei of Col-0 seeds under the 
control of respective promoters of CYCB1;1 through CYCB1;3 indicating that CYCB1;1, 
CYCB1;2 and CYCB1;3 are expressed in endosperm. However, no GFP expression was 
detected in the endosperm for ProCYCB1;4:CYCB1;4DB-GFP marker line.  
B, E and H demonstrate GFP expression in the endosperm of cycb1;1-/-cycb1;2-/- seeds 
under the control of CYCB1;1, CYCB1;2 and CYCB1;3 promoters. GFP expression in 
enlarged endosperm nuclei revealed that they are arrested in G2/M phase.  
C, F and I demonstrate GFP expression in the endosperm of cycb1;2-/-cycb1;3-/- seeds 
under the control of CYCB1;1, CYCB1;2 and CYCB1;3 promoters, respectively. The mutant 
endosperm of cycb1;2-/-cycb1;3-/- showed similar phenotype as observed in cycb1;1-/-
cycb1;2-/-.  
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Figure R-3. Localisation of B1 type cyclins during different stages of cell cycle. 
(A) Mitotic cells were prepared form anthers and microtubules and CYCB:GUS proteins were 
detected by immunostaining using !-tubulin (red) and GUS (green) antibodies, respectively. 
DNA was counterstained with DAPI (blue). 
(B) Localisation of B1 type cyclins during metaphase. Pictures are the same as in (A) but 
signals from DNA, tubulin and CYCB1-GUS proteins are provided separately. 
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Figure R-4. T-DNA insertion mutants of Arabidopsis CYCB1s. 
(A) cycb1;1-1 (cycb1;1) and  cycb1;1-2 carries T-DNA insertion in third and sixth exons, 
respectively. cycb1;2 has T-DNA insertion in fourth exon, cycb1;3-1 (cycb1;3) carry the 
transposon insertion in second exon whereas cycb1;3-2 carry the T-DNA insertion in fifth 
exon. The T-DNA insertion is in third exon in cycb1;4 (B) Upper drawing depicts exon 
orientation for cycb1;5-1 according to TAIR9 annotation whereas the lower illustration depicts 
the putative exon orientation derived using Augustus gene prediction program, by manual 
feeding of genomic sequence in the software. The putative annotation shifted the T-DNA 
insertion position of cycb1;5-1 which was previously in exon 1 towards  5’ upstream region. 
The lower illustration also shows two other mutant lines cycb1;5-2 and cycb1;5-3 which 
carries T-DNA insertions in first and fourth introns, respectively. Empty box depicts intron and 
filled box depicts exon. Abbreviations are: LB and RB – T-DNA Left and Right border 
sequence. 
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Figure R-5. T-DNA insertion mutant lines for CYCB1s are null alleles. 
Quantitative real time PCR showed mRNA expression of CYCB1;1, CYCB1;2, CYCB1;3, 
CYCB1;4 and ACT (actin) in floral bud tissue of Col-0 (wild-type), cycb1;1-/-, cycb1;2-/-, 
cycb1;3-/- and cycb1;4-/- single mutants as evaluated by Cp (crossing point or cycle 
threshold) values. Wild-type Col-0 showed expression of all CYCB1s whereas respective 
cycb1 mutants were null for their respective alleles without affecting the gene expression of 
other B1-type cyclins. Actin gene expression served as internal control. 
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Table R-1 Percentage of seeds showing distribution of endosperm nuclei in different 
classes in CYCB1 single mutant lines 

Parental genotypes                                       
(female x male) 

seeds (%) with respective 
endosperm nuclei counts n 

1 - 16  32 - 64  128 - 512  

Col-0 selfed 0 7.69 92.7 39 

cycb1;1-/- selfed 0 15.38 84.62 39 

cycb1;2-/- selfed 0 33.33 66.67 39 

cycb1;3-/- selfed 0 0 100 40 

cycb1;4-/- selfed 0 0 100 39 

cycb1;5-/- selfed 0 0 100 45 
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Table R-2 Percentage of aborted seeds in CYCB1 double mutant lines  

Parental genotypes         
(female x male) aborted n Percentage 

Abortion (%) 

Col-0 selfed 69 1470 4.69 

cycb1;2 -/- cycb1;1-1 -/+ selfed 468 1578 29.65 

cycb1;2 -/- cycb1;3-1 -/+ selfed 231 936 26.63 

cycb1;2 -/- cycb1;1-2 -/+ selfed 336 1290 26.04 

cycb1;2 -/-cycb1;3-2 -/+ selfed 295 1114 26.48 

Col-0 selfed 36 895 4.02 

cycb1;1 -/- cycb1;5-/+ selfed 293 1037 28.25 

cycb1;2 -/- cycb1;5-/- selfed 23 542 4.24 

cycb1;3 -/- cycb1;5-/- selfed 27 648 4.16 
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Figure R-6. Seed defect in homozygous/heterozygous double, triple and quadruple 
mutants of CYCB1s. !
Representative picture of siliques of cycb1;2-/-cycb1;1-/+ (B) and cycb1;2-/-cycb1;3-/+ (C) 
homozygous/heterozygous double mutant plants showed desiccated seed (white 
arrowheads). The frequency of seed abortion increased with mutation of an additional allele 
as shown in cycb1;1-/-cycb1;3-/-cycb1;2-/+ triple mutants (D). The quadruple mutant cycb1;1-
/- cycb1;3-/-cycb1;4-/- cycb1;2-/+ showed ~50% seed abortion as depicted in (E). The first 
panel shows healthy seeds in wild-type Col-0 siliques (A).!
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R9'%'J!Q#9Re,'(*!'%'J!Q!9Re'%'J!Q#9R9F!L2+!UOh!.9!,++*,!9$.3!'%'J!Q!9Re'%'J!Q#9

R9,I&'(0,! 5.(0'4(+*! +(*.,I+$3!(#5&+4! 4(! 02+! $'()+!.9! P6PW! !82+$+',!.(&R!PZh!

,++*,!9$.3,'%'J!Q!9R9'%'J!Q#9Re,Y+&.()!0.!024,!$'()+"!o(!02+!.02+$!2'(*!VSh!.9!

0.0'&! +(*.,I+$3! (#5&+4! 9$.3! '%'J!Q!9Re'%'J!Q#9R9,8+$+! 4(! 02+! $'()+! .9! SN6WU,

5.3I'$+*! 0.! PSh! .9! '%'J!Q!9R9'%'J!Q#9ReF! L2+$+! 8',! ,&4)20! *499+$+(5+! 4(! 02+!

*4,0$4Y#04.(!I'00+$(!.9!+(*.,I+$3!(#5&+4!.Y0'4(+*!9$.3!'%'J!Q#9R9'%'J!Q49Re,'(*!

'%'J!Q#9Re'%'J!Q49R9, ,++*,F! X&3.,0! NVh! .9! 02+! 0.0'&! ,++*,! 9$.3! Y.02! 02+!

)+(.0RI+,! 5'$$4+*! +(*.,I+$3! (#5&+4! 4(! 02+! $'()+! .9! P6PWF! 7.0'Y&R! SPh! ,++*,!

5'$$4+*!SN6WU!+(*.,I+$3!(#5&+4! 4(!'%'J!Q#9R9'%'J!Q49Re,5.3I'$+*! 0.!.(&R!Pgh!

4(,'%'J!Q#9Re'%'J!Q49R9F,,
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Table R-3 Percentage of seeds showing distribution of endosperm nuclei in different 
classes in CYCB1 double mutant lines 

Parental genotypes                                       
(female x male) 

seeds (%) with respective endosperm nuclei 
counts n 

1 - 16 32 - 64  128 - 512   

Col-0 selfed 0 7.69 92.71 39 

cycb1;1-/-cycb1;3-/- selfed 0 1.92 98.08 52 

cycb1;1-/-cycb1;4-/- selfed 0 19.23 80.77 26 

cycb1;2-/-cycb1;4-/- selfed 0 30 70 50 

cycb1;3-/- x cycb1;4-/- selfed 0 0 100 50 

cycb1;1-/-cycb1;2-/+ selfed 17.39 13.76 68.85 138 

cycb1;1-/+cycb1;2-/- selfed 40.22 53.63 6.15 179 

cycb1;2-/-cycb1;3-/+ selfed 25.49 31.37 43.14 102 

cycb1;2-/+cycb1;3-/- selfed 26.92 19.23 53.85 104 
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Figure R-7. Endosperm nuclei defects in cycb1;1-/-cycb1;2-/- and cycb1;2-/-cycb1;3-/-  
DIC light micrographs of wild-type Col-0 seeds (A-C), double homozygous mutants cycb1;1-/-
cycb1;2-/- (D-F) and cycb1;2-/-cycb1;3-/- (G-I) seeds showing embryo and endosperm 
development at 2, 3 and 4 DAP are represented here. In Col-0, the number of endosperm 
nuclei successively increases and are of regular shape. In mutant seeds, fewer numbers of 
endosperm nuclei were visible with varying shapes (white arrowpoints) ranging from very 
large rounded (E), multipolar and spoon shaped (F) to tubular structure (H and I). Embryo 
(em) of the double homozygous mutants appeared to be normal at different developmental 
stages as in wild-type. All pictures are placed such that the chalazal pole of the seed points to 
the right and the micropylar pole with the developing embryo to the left. Scale bars: 50 "m 
,
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Figure R-8. Cellularisation defect in cycb1;1-/-cycb1;2-/- and cycb1;2-/-cycb1;3-/-  
endosperm 
A-C show confocal microscopic pictures of feulgen-stained seeds from wild-type Col-0 (A), 
cycb1;1-/-cycb1;2-/- (B) and cycb1;2-/-cycb1;3-/- (C) plants at 6 DAP stage. Wild-type seed 
showed typical cellularised endosperm and normal chalazal cyst, which was not visible in 
double homozygous mutants, although one or two endosperm nuclei were observed near 
posterior pole. Abbreviations are: A, anterior pole; C, chalazal cyst; E, embryo; P, posterior 
pole; PE, peripheral endosperm. Scale bars: 50µm 
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Table R-4 Percentage of seeds showing distribution of endosperm nuclei in different 
classes upon reciprocal cross of cycb1;2-/- 

Parental genotypes                                       
(female x male) 

seeds (%) with respective endosperm 
nuclei counts 

 
n 

 
 

1 - 16 32 - 64  128 - 512   

Col-0 selfed 0 7.69 92.31 39 

cycb1;2-/- selfed 0 40 60 35 

Col-0 x cycb1;2-/- 0 0 100 30 

cycb1;2-/- x Col-0 0 36.84 63.16 38 

Table R-5 Percentage frequency of double homozygous plants of CYCB1;1 and CYCB1;2 
that survived on 1/2MS plates 

Parental genotypes                                      
(female x male) 

No. of double 
homozygous 

Total number of 
plants/seed 

% double 
homozygous 

cycb1;2-/-cycb1;1-/+ selfed 87 649 13.4 

cycb1;2-/+cycb1;3-/- selfed 40 740 5.4 
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Figure R-9. No embryo defect in cycb1;1-/-cycb1;2-/- seeds 
Representative pictures of Col-0 (A) and cycb1;1-/-cycb1;2-/- (B) seeds showing heart stage 
embryo. It is postulated that such heart stage embryo can grow further with shrivelled seed 
coat and might germinate under controlled conditions giving rise to double homozygous 
plants. Scale bars: 50µm 
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Figure R-10. Phenotype of cycb1;1-/-cycb1;2-/- and cycb1;2-/-cycb1;3-/- plants 
A & B show 20 days old seedlings of Col-0 and cycb1;1-/-cycb1;2-/- growing on # MS plate. 

White arrowheads show conical leaf tip (B). 5 weeks old Col-0 and cycb1;1-/-cycb1;2-/- plants 

(C). 5 days old Col-0 (D) and cycb1;2-/-cycb1;3-/- seedlings (E, F and G) showed range of 

phenotypes like pigmented cotyledon stage (E), seedlings without primary roots (F) and 

cotyledons (G).!
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Figure R-11. cycb1;1-/-cycb1;2-/- plants show retarded root growth. 
Root lengths (in mm) measured for Col-0 (wild-type), cycb1;1-/-, cycb1;2-/- and cycb1;1-/-
cycb1;2-/- mutant plants grown on # MS plates for 10 days  are depicted in the bar graph. 
cycb1;1-/-cycb1;2-/- mutants showed smallest roots in comparison to single mutants and wild-
type plants. 
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Figure R-12. cycb1;1-/-cycb1;2-/- roots show mitotic defects 
Immunolabelling of Arabidopsis roots with anti-tubulin antibodies (red) and DAPI staining 
(blue). (A) Col-0 root. (B) cycb1;1-/-cycb1;2-/- root. The roots of cycb1;1-/-cycb1;2-/- showed 
distorted microtubule orientation compared to well organised microtubules in Col-0. C-H and 
I-N depicts early G2, late G2, prometaphase, metaphase, anaphase and telophase, 
respectively. The mutant roots showed oblique prophase (I), atypically condensed 
chromosomes in prometaphase (J), abnormal 3 to 4 polar mitosis (K), 3 polar metaphase (L), 
abnormal telophase with fused nuclei in M and N. Abnormal microtublar organization 
suggests that the cells are arrested in G2/M phase. Scale bars: 50µm 
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Figure R-13. cycb1;1-/-cycb1;2-/- endosperm show mitotic defects 
Immunolabelling of Arabidopsis seeds from Col-0 (A & B) and cycb1;1-/-cycb1;2-/- (C & D) 
with anti-tubulin antibodies (red) and DAPI (blue) is depicted. DAPI staining showed large (D, 
white arrowhead) and multipolar (D, yellow arrowhead) nuclei whereas tubulin staining 
showed absence of radial microtubules in the mutant endosperm nuclei compared to normally 
dividing nucleus (B) in wild-type. 
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Figure R-14. cycb1;1-/-cycb1;2-/- endosperm show accumulation of cells in G2 phase 
FACS analysis of roots (10 days after germination) (A & B), cotyledons (10 days after 
germination) (C & D) and seeds (4 days after pollination) (E & F) from Col-0 and cycb1;1-/-
cycb1;2-/- plants revealed increased accumulation of 4C ploidy in roots and cotyledon, 8C 
ploidy in cotyledon and only a slight increase of 6C in seeds obtained from cycb1;1-/-cycb1;2-
/- mutant plant compared to wild-type Col-0. 
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!
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'(*!8+$+! ,+&+50+*! 4(! ,#Y,+]#+(0! )+(+$'04.(,! 4(! 02+! $+,I+504=+! *.#Y&+!3#0'(0!

Y'5/)$.#(*F!X,! *4,5#,,+*! +'$&4+$^! +[I$+,,4.(! .9! 02+,+!3'$/+$! &4(+,! 4(! 02+! 5+&&,!

#(*+$!TN!.$!1!I2',+!8.#&*!+[I$+,,!T:E!82+$+',!(.!T:E!+[I$+,,4.(!8.#&*!Y+!

=4,4Y&+!4(!5+&&,^!82452!2'=+!'&$+'*R!5.3I&+0+*!340.,4,F!L2+!T:E!+[I$+,,4.(!.9!'&&!

02$++!3'$/+$! &4(+,!8',! .Y,+$=+*! 4(! '%'J!Q!9R9'%'J!Q#9R9! $..0,! e:4)#$+! K6PA^! %!
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'%'J!Q#9R9! $..0,! 5.3I'$+*! 0.!84&*! 0RI+! ,#))+,04()! 02+! '55#3#&'04.(!.9! 5+&&,! 4(!

TN`1! 0$'(,404.(! I2',+F! X! ,434&'$! T:E! +[I$+,,4.(! I'00+$(! 8',! .Y,+$=+*! 9.$!

E$.Q_QAPBPDQ_QAPBP-A6T:E^! E$.Q_QAPBNDQ_QAPBN-A6T:E! 4(! 02+! '%'J!Q#9R9

'%'J!Q49R9! $..0,! e:4)#$+! K6PQ! '(*! :fF! L2+! '%'J!Q#9R9, '%'J!Q49R9, ,++*&4(),!

2'$Y.#$4(),E$.Q_QAPBSDQ_QAPBS-A6T:E!5.#&*!(.0!Y+!.Y0'4(+*F!L2+!'('&R,4,!.9!

E$.Q_QAPBUDQ_QAPBU-A6T:E!4(!02+!3#0'(0!Y'5/)$.#(*!4,!#(*+$!I$.)$+,,F!

L2+! '('&R,4,! .9! E$.Q_QAPBPDQ_QAPBP-A6T:E^! E$.Q_QAPBNDQ_QAPBN-A6

T:E! '(*! E$.Q_QAPBSDQ_QAPBS-A6T:E! 3'$/+$! &4(+,! 4(! 02+! '%'J!Q!9R9'%'J!Q#9R9,

'(*, '%'J!Q#9R9'%'J!Q49R9, ,++*,! $+=+'&+*! 4(0+(,+! T:E! +[I$+,,4.(! 4(! 02+! )4'(0!

+(*.,I+$3! (#5&+4! e:4)#$+! K6NA^%^G^Q^:! '(*! CfF! Q.(,4*+$4()! 02+! 9'50! 02'0! 02+,+!

*.#Y&+!2.3.>R).#,!,++*,!5.(0'4(!.(&R!#I0.!PW!+(*.,I+$3!(#5&+4^!40,!4(0+$+,04()!

0.! .Y,+$=+! 02+! &'$)+! (#5&+4! +[I$+,,4()! T:E^! ,#))+,04()! 02+,+! '$+! 4(! TN`1!

0$'(,404.(! I2',+! '(*! 02+$+! 4,! '! +402+$! '! Y&.5/! .$! *+&'R! 4(! +(*.,I+$3! (#5&+4!

*4=4,4.(F!:4)#$+!K6NQ!4,!'!$+I$+,+(0'04=+!I450#$+!,2.84()!&'$)+!+(*.,I+$3!(#5&+4!

+[I$+,,4()! T:E!8402! ,+=+$'&! *'$/! ,I.0,!84024(^!82452! 5.#&*! Y+! 02+! (#3Y+$! .9!
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Figure R-15. cycb1;1-/-cycb1;2-/- show unaltered stomata development 
No differences were visible in stomata (white arrowheads) development in Col-0 (A) and 
cycb1;1-/-cycb1;2-/-  cotyledons 14days old (B).  
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!
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8',!(.0!5.3I&+0+&R!'Y.&4,2+*^!'&02.#)2!40!&+'*!0.!,++*!)$.802!'$$+,0^!$'4,4()!02+!

I$.Y'Y4&40R! .9! '(! '**404=+! .$! *.,')+! +99+50! .9! .02+$! 1F1E!/, *#$4()! ,++*!

*+=+&.I3+(0! '(*! +(*.,I+$3! (#5&+'$! *4=4,4.("! L.! +['34(+! 024,! I.,,4Y4&40R^! C!

5$.,,+*! '%'J!Q!9R9'%'J!Q#9Re! '(*! '%'J!Q#9R9'%'J!Q49Re, I&'(0,! '(*! .Y0'4(+*!

'%'J!Q!9Re'%'J!Q#9Re'%'J!Q49Re! 4(! :P! )+(+$'04.(! '(*! '%'J!Q!9R9'%'J!Q49R9
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'%'J!Q#9Re, 4(! ,#Y,+]#+(0!:N!)+(+$'04.(F! C! .Y,+$=+*! 02+! ,++*,! 4(! 02+! ,4&4]#+,!.9!

,+&9! I.&&4('0+*! '%'J!Q!9R9'%'J!Q49R9'%'J!Q#9Re! I&'(0,! '(*! 9.#(*! SUh! ,2$4=+&&+*!

,++*,!e:4)#$+!K6W-^!L'Y&+!K6WfF!

!

Table R-6 Percentage of aborted seeds in CYCB1 triple and quadruple mutant lines  

Parental genotypes                                                          
(female x male) aborted n 

Percentage 
Abortion 

(%) 

Col-0 selfed 18 1020 1.76 

cycb1;1-/-cycb1;3 -/- cycb1;2 -/+ selfed 452 1323 34.16 
 
cycb1;1-/-cycb1;3 -/-cycb1;4 -/-  cycb1;2 -/+ selfed 332 613 54.15 
    
!

X,!02+!I$.I.$04.(!.9!,2$4=+&&+*!,++*,!8',!24)2+$!02'(!NVh^!40!8',!&4/+&R!02'0!02+!

0$4I&+!3#0'04.(!5'#,+*!9'4&#$+!4(!02+!*+=+&.I3+(0!.9!.(+!.9!02+!)'3+0.I2R0+,F!C!

I+$9.$3+*!02+!$+54I$.5'&!5$.,,+,!Y+08++(!'%'J!Q!9Re'%'J!Q#9ReJ!Q49Re!3#0'(0,!

'(*! 84&*60RI+! I&'(0,^! 82452! $+=+'&+*! .(&R! uUOh! 0$'(,34,,4.(! .9! +'52! .9! 02+!

3#0'(0! '&&+&+! 4(,0+'*! .9! (.$3'&! VOh! 02$.#)2! 02+! 3'&+! ,4*+! 2.8+=+$! 02+!

0$'(,34,,4.(!02$.#)2!9+3'&+!,4*+!'II+'$+*!(.$3'&!,#))+,04()!02+!*+9+50!4(!3'&+!

)'3+0.I2R0+!eL'Y&+!K6ZfF!

!

Table R-7 Transmission rates of the cycb1;1, cycb1;2 and cycb1;3 alleles in triple mutants 

Parental genotypes                       
(female x male) 

Genotypes of F1 plants n 

cycb1;1-/+ cycb1;2-/+ cycb1;3-/+  

cycb1;1-/+cycb1;2-/+cycb1;3-/+ x Col-0 50% 51.50% 54.60% 192 

Col-0 x cycb1;1-/+cycb1;2-/+cycb1;3-/+     43% 39.44% 40.55% 360 
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FDJ "#$%&'('! )*! Q4$0.4-%,! 64/$#/'! )*! 6D6C/M/V* 6D6C/M1R! 6D6C/M8* #.&*

6D6C/ML!

!

L2+! &.,,!.9!1F1E!Q7! ,&4)20&R!+(2'(5+*! 02+!+(*.,I+$3!I2+(.0RI+!YR! 4(5$+',4()!

02+! (#3Y+$! .9! ,++*,! 8402! SN6WU! (#5&+4! 4(! 5.(p#)'04.(! 8402! '%'J!Q!9R9, '(*,

'%'J!Q#9R9, eL'Y&+! K6SfF, Q.(,4*+$4()! 024,! 9'50^! C! 9#$02+$! )+(+$'0+*! ]#'*$#I&+!

3#0'(0! '%'J!Q!9R9'%'J!Q49R9'%'J!Q79R9'%'J!Q#9Re"! L2+! 3#0'(0! I&'(0,! *4*! (.0!

,2.8!'(R!3.$I2.&.)45'&!*499+$+(5+!4(!&+'=+,!.$!4(9&.$+,5+(5+!5.3I'$+*!0.!84&*6

0RI+^!'&02.#)2!VUh!.9!02+!,++*,!4(!02+!,4&4]#+,!8+$+!'Y.$0+*!e:4)#$+!K6W%^!L'Y&+!

K6WfF! L2+! VOh! ,++*! 'Y.$04.(! 8402! .(+! .9! 02+! 2+0+$.>R).#,! '&&+&+! 5&+'$&R!

4(*45'0+*! 0.8'$*,! 02+! )'3+0.I2R045! *+9+50! 82452! 8',! 9#$02+$! 5.(94$3+*! YR!

$+54I$.5'&! 5$.,,! .9! '%'J!Q!9R9J!Q49R9'%'J!Q79R9'%'J!Q#9Re,3#0'(0!8402!84&*60RI+!

I&'(0,F! L2+! 0$'(,34,,4.(! $'0+! .9! 2+0+$.>R).#,! '%'J!Q#! '&&+&+! 8',! .(&R! gFS\h!

02$.#)2! 9+3'&+! )'3+0.I2R0+! '(*! SWh! 02$.#)2! 3'&+! )'3+0.I2R0+! 4(,0+'*! .9!

(.$3'&! VOh! eL'Y&+! K6\fF! L2+! 2.3.>R).#,! '%'J!Q!! '&&+&+! *4*! (.0! ,2.8! '(R!

0$'(,34,,4.(! *+9+50! '(*! 0$'(,3400+*! POOh! ',! +[I+50+*F! L2+! $+*#5+*!

0$'(,34,,4.(!.9!'%'J!Q#!'&&+&+!02$.#)2!Y.02!02+!I'$+(0,!,#))+,0,!02'0!4(!1F1E!/!

'$+!$+]#4$+*!9.$!Y.02!3'&+!'(*!9+3'&+!)'3+0.I2R0+!*+=+&.I3+(0F!

!

Table R-8 Transmission rate of the cycb1;2 allele in quadrupule mutant 

Parental genotypes                                                      
(female x male) 

Genotypes of F1 plants 

n 

cycb1;1-/+ cycb1;2-/+ 

cycb1;1-/-cycb1;3-/-cycb1;4-/-cycb1;2-/+ x Col-0 100% 9.38% 96 

Col-0 x cycb1;1-/-cycb1;3-/-cycb1;4-/-cycb1;2-/+ 100% 36% 61 
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FDK E9E?R!$!-)''(@%,!'4@'/.$/,!*).!ISIO?TI9<!+)6-%,NU!

C(!'! $+5+(0! ,0#*R^!%7-oJE%K1!-%:%QLCd%P! e%-%Pf!2',!Y++(!52'$'50+$4,+*! 4(!

X$'Y4*.I,4,^!82452! 9#(504.(,! ',! '!345$.0#Y#&+!Y4(*4()!I$.0+4(! '(*! 4,! +,,+(04'&!

9.$! ,++*! *+=+&.I3+(0! eE4)(.5524! +0! '&F^! NOOgfF! L2+! 0;0!! 3#0'(0! 5'3+! 0.! .#$!

'00+(04.(!.84()!0.!40,!,434&'$!&'$)+!+(*.,I+$3!(#5&+4!I2+(.0RI+!',!.Y,+$=+*!4(!
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'%'J!Q!9R9'%'J!Q#9R9, '(*, '%'J!Q#9R9'%'J!Q49R9, *.#Y&+! 3#0'(0,F! C(0+$+,04()&R^!

'34(.! '54*! ,+]#+(5+! '('&R,4,! .9! %-%P! $+=+'&+*! I$+,+(5+! .9! ,+=+(! 5.(,+(,#,!

Q-?!I2.,I2.$R&'04.(!,40+,!84024(!02+!%-%P!,+]#+(5+^!&+'*4()!0.!02+!2RI.02+,4,!

02'0!%-%P!5.#&*!Y+!'!I.,,4Y&+!,#Y,0$'0+!9.$!Q_QAP`Q-?!5.3I&+[+,F!L.!)+0!'!94$,0!

24(0! 49! %-%P! 4,! '! I.,,4Y&+! ,#Y,0$'0+! 9.$! Q_QAP`Q-?! 5.3I&+[^! 02+! .Y=4.#,!

]#+,04.(! 8',! 82+02+$! %-%P! 5.6&.5'&4,+,! 8402! Q_QAP,F! X,! 40! 2',! '&$+'*R! Y++(!

,2.8(!02'0!%-%P!5.6&.5'&4,+,!8402!345$.0#Y#&+,!*#$4()!3+0'I2',+^!C!I+$9.$3+*!

5.6433#(.9&#.$+,5+(5+! ,0'4(4()!8402! '(04Y.*4+,! $+5.)(4,4()! '&I2'! 0#Y#&4(! '(*!

%-%P! eI$.=4*+*! YR! -$F! M.2(! -..('(f! 4(! 02+! 94=+! *'R,! .&*! $..0,! .9! '%'J!Q!9R9,

'%'J!Q#9R9, '(*! 84&*60RI+! Q.&6OF! L2+! %-%P! ,4)('&! 8',! (.0! *+0+50+*! '&.()! 02+!

,I4(*&+!345$.0#Y#&+,!4(!02+!*4=4*4()!5+&&,!e:4)#$+!K6PWfF!L24,!$+,#&0!,#))+,0,!02'0!

I$.Y'Y&R! 02+! %-%P! +[I$+,,4.(! &+=+&! 4,! 0..! &.8! .$! 02+! '(04Y.*R! 4,! (.0! ,I+54945!

+(.#)2! 0.! *+0+50! %-%P! )&, A)A6F! L.! )+(+045'&&R! ='&4*'0+! 02+! 2RI.02+,4,^! C! 2'=+!

5$.,,+*!0;0!!3#0'(0!8402!'%'J!/,3#0'(0,!'(*!:N!)+(+$'04.(!'('&R,4,!4,!'8'40+*F!

!

!

!
 
Figure R-16. Co- immuno-flouroscence staining of EDE1 with alpha-tubulin in Col-0 
and cycb1;1-/-cycb1;2-/- 
Immunolabelling of roots with antibodies recognising EDE1 (green), tubulin (red) and nuclear 
staining with DAPI staining (blue) was performed on Col0 control root (A) and cycb1;1-/-
cycb1;2-/- double mutant (B). Co-localisation of EDE1 with tubulin was not detected in the 
dividing cells. 
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FDL VPW!$#$%&'('!)*!',,0!2,(13/!4'(#1!/3.,,!',/'!)*!M7W!-)-4%$/()#'!

!

L.! 5.3I&+3+(0! 02+! $+=+$,+! )+(+045,! 'II$.'52! 0.! *4,,+50! ,++*! *+=+&.I3+(0^! C!

+[I&.40+*! 02+! +[4,04()! ('0#$'&! ='$4'04.(! 4(! X$'Y4*.I,4,! 0.! 4*+(049R! 43I.$0'(0!

$+)#&'0.$,! .9! ,++*! )$.802! '(*! *+=+&.I3+(0F! L2+! ('0#$'&! ='$4'04.(! 2',! Y++(!

.Y,+$=+*! 4(! 02+! ,++*! 8+4)20! '(*! ,++*! ,4>+! '3.()! *499+$+(0! '55+,,4.(,! .9!

X$'Y4*.I,4,!e<()$#!+0!'&F^!NOO\fF!C(!'(!+'$&4+$!,0#*R!4(=.&=4()!02+!KCc!I.I#&'04.(!

c+$! '(*! Q=4^! ,4[! bLc,! '99+504()! ,++*! ,4>+!8+$+! 4*+(0494+*! eX&.(,.6A&'(5.! +0! '&F^!

PgggfF!C(!02+!I$+,+(0!,0#*R!C!2'=+!#,+*!02$++!KCc!I.I#&'04.(,!X(P6Q=4^!X(P6c+$!

'(*!c+$6Q=4F!L2+!52.45+!.9!02+,+!KCc!I.I#&'04.(,!8',!Y',+*!.(!02+!9'50!02'0!X(6P!

,++*,! '$+! ,3'&&+$! ',!8+&&! ',! &4)20+$!82+$+! ',! Q=4! I$.*#5+,! 2+'=4+$! '(*! Y4))+$!

,++*,F!L2+!,++*,!.Y0'4(+*!9$.3!c+$!'$+!Y4))+$!'(*!2+'=4+$!5.3I'$+*!0.!X(6P!Y#0!

,3'&&+$!'(*!&4)20+$!5.3I'$+*!0.!Q=4F!L2+!'('&R,4,!.9!,++*!3',,!0$'40!#,4()!02+,+!

02$++!KCc!I.I#&'04.(,!2'=4()!.(+!5.33.(!I'$+(0!'&&.8+*!*4$+50!5.3I'$4,.(!.9!

02+! &.54! ,+)$+)'04()! 4(! 02+! 02$++! '55+,,4.(,F! :.$!bLc! '('&R,4,^! POO! ,++*,!8+$+!

5.#(0+*!'(*!8+4)2+*!e3)f!4(!0$4I&45'0+,!9.$!+'52!KCc!.9!02$++!I.I#&'04.(,F!r402!

024,!]#'(040'04=+!*'0'!,+0^!bLc!'('&R,4,!8',!I+$9.$3+*! 9.$!+'52!KCc!I.I#&'04.(!

'(*!bLc,!8+$+! 4*+(0494+*! '(*! &.5'&4,+*! YR! Q.3I.,40+! C(0+$='&!1'II4()! eQC1fF!

L2+! bLc! '('&R,4,! .9! 02$++! KCc! I.I#&'04.(,! $+=+'&+*! *+0+504.(! .9! ,+=+$'&! &.54^!

82452!4,!I$+,+(0+*!4(!02+!0'Y&+!8402!02+!$+,I+504=+!='$4'(5+!9.$!4(*4=4*#'&!&.5#,!

eL'Y&+! K6\fF! C(! '**404.(! 08.! 5.3I&+[! bLc,! 8+$+! *+0+50+*! ',! 8+&&F! L2+! 94$,0!
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Table R-8 QTL analysis for seed weight 

QTL number RIL 
population Chromosome no. marker variance 

QTL1 An-1 X Cvi 1 nga59 9.60% 

QTL2 An-1 X Cvi 3 MSAT3.5 7.30% 

QTL3 An-1 X Cvi 4 CIW7 16.80% 

QTL4 Cvi X Ler 1 PVV4 15.00% 

QTL5 Cvi X Ler 1 EC.66C 15.80% 

QTL6 Cvi X Ler 3 FD.111L-
Col/136C 4.70% 

QTL7 Cvi X Ler 4 GB.490C 12.70% 

QTL8 Cvi X Ler 5 BF.168 4.80% 

QTL9 Ler X An-1 3 SNP 105 11% 

QTL10 Ler X An-1 5 snp236 6.10% 
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Figure R-17. QTL associated with endosperm division value (EDV) for Est-1-Col-0 (EC) 

and Bay-Sha (BS) RIL populations. Linkage maps are shown for each chromosome with 

BS on the left and EC on the right. QTL identified using CIM are shown by arrows and 

complex QTLs are represented by the dotted lines.!
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The expression of CYCB1;1 through CYCB1;4 was investigated using marker lines 

ProCYCB1;1:CYCB1;1DB-GFP to ProCYCB1;4:CYCB1;4DB-GFP. The analysis of 

GFP expression in roots revealed patchy expression pattern for all CYCB1 marker 

lines. Similar expression pattern has been reported earlier for CYCB1;1 marker line 

displaying patchy pattern of GUS expression in cells which are in G2/M transition 

phase in Arabidopsis (Doerner et al., 1996; Shaul et al., 1996; Colon-Carmona et al., 

1999). Further, ProCYCB1;2:GUS line has also been reported as mitotic marker line 

for cells in G2/M transition phase (Schnittger et al., 2002b).  In conformity with these 

previous reports, the expression of ProCYCB1;1:CYCB1;1DB-GFP to 

ProCYCB1;4:CYCB1;4DB-GFP in root cells signifies that these cells are in G2/M 

transition phase. The lack of GFP expression in the remaining cells indicates that GFP 

fusion protein has been degraded in the cells completing mitosis and throughout G1 as 

well as S-phase. This suggests that CYCB1;3 and CYCB1;4 follow similar temporal 

expression during mitosis in roots as has been reported earlier for CYCB1;1 and 

CYCB1;2. 
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I found similar oscillating expression of CYCB1;1 to CYCB1;3, in 

proliferating endosperm nuclei. In contrast, no CYCB1;4 driven GFP expression was 

observed in the proliferating endosperm. This suggests that CYCB1;4 exhibits a 

distinctive tissue specific expression pattern in comparison to other CYCB1s and is 

probably not required during nuclear divisions in endosperm.  

The localisation study of CYCB1s in Arabidopsis revealed that CYCB1;1 and 

CYCB1;2 exclusively localised to the chromatin during metaphase whereas CYCB1;3 

was mainly associated with chromatin although a large fraction was also in the 

cytoplasm and at the spindle. Interestingly, CYCB1;4 mainly localised at the spindle 

and in the cytoplasm with no detectable association with the chromatin during 

metaphase. As a truncated version of the CYCB1;1 was used for the reporter 

construct, we can not fully exclude a possibility that the full length protein localises to 

other cellular structures, besides chromatin. The localisation studies of mammalian B 

type cyclins B1, B2 and B3 showed differences in their intracellular localisation 

pattern. Among the three B type cyclins, only CYCB1 is essential in mammals, which 

is mainly cytoplasmic during the interphase and rapidly translocates to the nucleus at 

the end of prophase and associates with mitotic apparatus in the course of mitosis. It 

localises to chromatin, microtubules, kinetochores and centrosomes (Bentley et al., 

2007; Chen et al., 2008). In contrast, CYCB2 localises mostly to Golgi apparatus in 

both interphase and metaphase (Draviam et al., 2001). CYCB3 is only poorly 

expressed in mitotic cells, but its mRNA is readily observed in both male and female 

meiosis (Nguyen et al., 2002). On the other hand, Drosophila has two B-type cyclins, 

CYCB and CYCB3 (Nieduszynski et al., 2002). It has been reported that CYCB 

localises to the cytoplasm during interphase and early prophase before entering to the 

nuclei during prophase where it associates with the spindle after nuclear envelope 

breakdown. In contrast, CYCB3 was reported to localise in the nuclei throughout the 

whole cell cycle (Huang and Raff, 1999). The onset of degradation of B and B3 

cyclins in Drosophila also differs as CYCB is degraded at metaphase/anaphase 

transition, while CYCB3 is degraded during anaphase (Parry and O'Farrell, 2001). 

None of the CYCB1s in Arabidopsis showed a expression and degradation pattern 

similar to CYCB3 in Drosophila. Taken together, the cell cycle dependent localisation 

of Arabidopsis CYCB1s resembles behaviour of mammalian CYCB1 and Drosophila 

CYCB but not CYCB3.  

*
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To investigate the functional relevance of CYCB1s in Arabidopsis, T-DNA mutant 

lines for CYCB1;1 through to CYCB1;5 were analysed. Compromising the function of 

individual CYCB1s neither showed an obvious morphological alteration nor affected 

the overall plant growth compared to wild-type suggesting that none of the individual 

CYCB1s are essential by its own for vegetative growth of Arabidopsis plant. However, 

cycb1;2-/- seeds displayed fewer nuclei in endosperm compared to wild-type seeds 

without affecting their viability.  

One third of 3DAP seeds of cycb1;2-/- contained up-to 64 nuclei compared to 

7% of 3DAP seeds of wild-type endosperm nuclei. Interestingly, the number of 

endosperm nuclei in cycb1;2-/- showed ~25% reduction in comparison to wild-type 

which pointed to a potential sporophytic recessive defect. The reciprocal cross of 

cycb1;2-/- with wild-type plants confirmed that indeed there is a maternal effect of 

CYCB1;2 and the cross of cycb1;2-/+ with wild-type can distinguish between 

sporophytic and gametophytic effect. The analysis of segregation of number of 

endosperm nuclei in the seeds obtained from the reciprocal cross of cycb1;2-/+ with 

wild-type would help in distinguishing between sporophytic and gametophytic defect. 

In case of gametophytic defect, I would expect quarter of total seeds having fewer 

number of nuclei as what was observed in cycb1;2-/- reciprocal cross whereas 

sporophytic defects should not cause any reduction in number of endosperm nuclei 

until unless it is dominant. The quarter number of the seeds showing mutant 

phenotype in case of gametophytic defect can be explained by the less penetrance of 

the mutant allele.   

The T-DNA mutant for CYCB1;5 did not show any obvious defects. However, 

during the course of study, certain discrepancies emerged with respect to CYCB1;5 

gene annotation. In one of the previous reports, the gene annotation of CYCB1;5 

suggested that CYCB1;5 lacked Cyclin C domain and was speculated as a 

pseudogene, most likely a product of duplication event in CYCB1;2 (Wang et al., 

2004a). Meanwhile, in one of our current studies, my colleague Daniel Bouyer found 

upregulation in the expression of CYCB1;5 in fie mutants along with gain in 

H3K4me3, indicating that CYCB1;5 is probably not a pseudogene (data not shown). 

Recent release of TAIR 10 database changed the previous annotation of CYCB1;5 

which led me to investigate the alternative annotation for CYCB1;5. I used the 
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program ‘Augustus’ (http://augustus.gobics.de/), which is trained for the gene 

prediction in Arabidopsis thaliana, to cross-check the annotation of CYCB1;5. 

Augustus annotated CYCB1;5 differently compared to TAIR 9 and TAIR 10 and 

shifted the transcription start site downstream by skipping first four small exons, 

whereas the annotation of other CYCB1s did not change on this server (Stanke et al., 

2004). This annotation of CYCB1;5 also resulted in change of the insertion site of T-

DNA from first exon to ~1.2 Kb upstream of the gene. Further, no ESTs spanning the 

first four exons could be found in the databases whereas two ESTs traversing cyclin 

box were found in the database. Considering these new findings, new T-DNA lines 

for CYCB1;5 were ordered for further analysis. 
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Analysis of specific double mutants cycb1;1-/-cycb1;2-/+, cycb1;1-/+cycb1;2-/-, 

cycb1;2-/-cycb1;3-/+ and cycb1;2-/+cycb1;3-/- revealed the occurrence of 25% 

shrivelled seeds in the siliques. A quarter of seed abortion in these double mutants 

suggests that CYCB1;1, CYCB1;2 and CYCB1;3 are required during seed 

development and act redundantly. According to classical genetics, the selfing of 

homozygous heterozygous mutant plants would result in 25% double homozygous 

progeny thus the phenotype of the shrivelled seed in these double mutant 

combinations might originate from a sporophytic recessive trait. The endosperm 

nuclei number in the shrivelled seeds also showed a distribution pattern which 

supports the sporophytic recessive trait in the double mutant combinations as almost 

25-40% such seeds contained only up to 16 nuclei. This result suggests that CYCB1;1, 

CYCB1;2 and CYCB1;3 are essential for nuclear division in endosperm. The analysis 

of shrivelled seeds revealed the presence of enlarged nuclei of different shapes and 

sizes suggesting that these nuclei failed to undergo mitosis efficiently and most likely 

endoreplicated, resulting in enlarged nuclei. 

The seeds from double mutants cycb1;2-/-cycb1;3-/+ contained more number 

of nuclei in the range of 128-512 compared to cycb1;2-/-cycb1;1-/+, although the 

percentage of shrivelled seeds remained similar in both genotype combinations. This 

difference in endosperm nuclei number could be a result of the Noessen ecotype 
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background of cycb1;3-/- which shows faster nuclei proliferation and larger seed size 

compared to Col-0. 

The double homozygous mutants cycb1;1-/- cycb1;3-/-, cycb1;1-/- cycb1;4-/-, 

cycb1;2-/-cycb1;4-/- and cycb1;3-/-cycb1;4-/- did not show any apparent 

morphological defects or shrivelled seeds, although there were some seeds with 

reduced number of endosperm nuclei compared to wild type in cycb1;1-/-cycb1;4-/- 

and cycb1;2-/-cycb1;4-/-, suggesting that other B1 type cyclins might be 

compensating for the mutated CYCB1s in these plants. 

  The cycb1;1-/-cycb1;5-/+ plants also contained 25% shrivelled seeds whereas  

cycb1;2-/-cycb1;5-/- and cycb1;3-/-cycb1;5-/- plants did not show any seed defect. 

The appearance of shrivelled seed phenotype in cycb1;1-/-cycb1;5-/+ suggests a 

potential role of CYCB1;5 during seed development which is plausible considering 

that CYCB1;5 shares high sequence homology with CYCB1;2. Although as the 

mutation in CYCB1;5 is neither in the coding region nor in the UTR, it is difficult to 

make a conclusion on the basis of the data obtained with this mutant line. 
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The presence of only upto 16 enlarged endosperm nuclei in the mutant seeds did not 

appear to influence the embryo growth and proliferation. In some of the shrivelled 

seeds, embryo was observed in late heart stage with only upto 16 endosperm nuclei. 

However, it has been reported in Arabidopsis that at the time of first zygotic division, 

12 to 16 endosperm nuclei are already present, suggesting a interrelationship between 

embryo development and endosperm proliferation (Boisnard-Lorig et al., 2001). 

Nevertheless, the present data suggests that embryo development continues even with 

fewer number of endosperm nuclei in consistence with the recently reported cdka;1 

and glauce mutants which show development of embryo upto globular stage with 

fewer number of autonomously proliferating endosperm nuclei and single central cell 

nucleus, respectively (Ngo et al., 2007; Ungru et al., 2008). This raised the question to 

what extent embryo development depends on endosperm proliferation as well as 

whether the fewer endosperm nuclei could cellularise at later stages of seed 

development.  
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Cooper and Brink postulated that compromised endosperm proliferation leads 

to early collapse of developing seeds (Cooper and Brink, 1942). However in the 

present study the embryo proliferation does not appear to be dependent on number of 

endosperm nuclei. Nevertheless, the size of the endosperm nuclei appears very large 

and might be able to store the optimum amount of nutrition required for developing 

embryo. In such circumstances, the appearance of shrivelled phenotype of mutant 

seeds could be explained by the collapse of empty endosperm cavity because of 

continuous growth of maternal integuments to support developing embryo. This might 

further lead to arrest of the embryo growth. However, cycb1;1-/-cycb1;2-/- and 

cycb1;2-/-cycb1;3-/- mutant seeds obtained from homozygous heterozygous parents 

could germinate with 13% and 5% efficiency, respectively, if grown in a controlled 

environment on ! MS plate,  whereas in normal situation the 25% double 

homozygous seeds should be obtained. The existence of cycb1;1-/-cycb1;2-/- and 

cycb1;2-/-cycb1;3-/-  clearly indicates that embryo growth and development does not 

depend on number of endosperm nuclei. However, the low germination efficiency of 

cycb1;1-/-cycb1;2-/- could be because of shrivelled seed coat that could desiccate 

early, thus leading to embryo growth arrest. The same argument can explain the less 

efficiency of germination of cycb1;2-/-cycb1;3-/-  seeds considering the fact that 

because of Noessen ecotype the seeds tend to grow larger but due to lack of 

endosperm nuclei results in shrivelling of the seed coat, early desiccation and arrest of 

embryo development. 
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The cycb1;1-/-cycb1;2-/- and cycb1;2-/-cycb1;3-/- seeds could develop with as few as 

upto 16 endosperm nuclei or less. However the endosperm nuclei did not cellularise 

in these mutants. The previous studies have suggested that in Arabidopsis the 

endosperm nuclei start cellularising once the embryo reach upto globular stage 

(Mansfield and Briarty, 1990).  However another study suggested that cellularisation 

in endosperm is coupled to mitosis and it only starts at globular stage of 

embryogenesis in conjugation with 8th mitotic cycle in endosperm i.e. with more then 

100 nuclei present in the endosperm (Sorensen et al., 2002b). In contrast to these two 
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reports, the present study suggests that embryo can grow beyond globular stage 

without depending on cellularisation in the endosperm nuclei however it appears that 

4 division of endosperm nuclei is not sufficient for the cellularisation to take place.  
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The immunostaining analysis of cycb1;1-/-cycb1;2-/- roots revealed various defects 

related to chromatin material and microtubule organisation during mitosis. In the 

mutant roots we observed untimely appearance of pre-prophase band, which 

eventually hampered the cytokinesis in the roots. The formation of a cortical 

preprophase band (PPB) of microtubules during prophase is a characteristic feature of 

plant cell division, which decides the future plane of division. Once the cell enters 

into mitosis the microtubule PPB is disassembled and the actin component of the PPB 

also disappears, leaving behind an actin depleted zone in the cell cortex, which further 

marks the division site throughout mitosis and cytokinesis. After completion of 

mitosis, phragmoplast appears between daughter nuclei, which are formed of 

microtubules and actin filaments.  

Although the formation of PPB is unique to plants, the microtubule is 

universally involved during cell division in different forms. In a recent study in 

mammals showed that CYCB1 localises to unattached kinetochores during 

prometaphase and it has also been reported that CYCB1 may play a role in the 
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attachment of microtubules to kinetochores and maintenance of the spindle 

checkpoint that controlling the timing of anaphase (Bentley et al., 2007; Chen et al., 

2008). This suggests that the activity of cyclin B1-CDK molecules localised to 

kinetochores may contribute to the attachment of microtubules to kinetochores and 

chromosome alignment, presumably through phosphorylation of co-localised 

substrates (Chen et al., 2008). Considering the precedence of mammalian CYCB1 and 

its function during mitosis, our data suggests that CYCB1;1 and CYCB1;2 are required 

for proper microtubule orientation during mitosis in roots. 
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The presence of more than one enlarged endosperm nuclei in mutant seeds suggests 

that initial rounds of mitosis might result in few nuclei but later on mutant nuclei 

continue to grow in size, without cytokinesis, generating large nuclei with several 

nucleoli. This could be explained by several rounds of failed mitosis or by fusion of 

multiple post mitotic nuclei, or by endoreduplication. However, the large mutant 

endosperm nuclei did not show any chromosomal condensation or aberrant mitotic 

structures suggesting that the enlarged nuclei might arise by endoreduplication.  

The microtubule organisation is different in endosperm compared to root as 

cortical microtubules or preprophase bands are absent, whereas a branched 

phragmoplast spreads along the interzone formed by the overlap of radial microtubule 

systems emanating from each nuclear-cytoplasmic domain. However no radial 

microtubules could be observed in cycb1;1-/-cycb1;2-/- endosperm nuclei suggesting 

a spatial role of B1-type mitotic cyclins in microtubule organisation and orientation in 

Arabidopsis. 

As discussed earlier, the enlarged cycb1;1-/-cycb1;2-/- endosperm nuclei fail 

to cellularise. Similar enlarged endosperm nuclei phenotype have previously been 

reported in the ttn3 and ede1 mutant endosperm (Liu and Meinke, 1998; Pignocchi et 

al., 2009). The cellularisation occurred in ttn3 seeds despite the presence of giant 

nuclei and viable seeds were produced, however ede1 mutant endosperm could never 

cellularised and showed aborted seeds.  

The embryo did not appear to be affected by cytokinesis defects in the aborting 

seeds of cyclin B1 mutants. It is possible that the functional redundancy among the 
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members of CYCB1s or may be other B type cyclins could account for no embryo 

defect.  
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The quadruple mutant cycb1;1-/-cycb1;3-/-cycb1;4-/- cycb1;2-/+ showed 54% seed 

abortion and reciprocal cross of this line with wild-type suggested that transmission of 

cycb1;2 allele was reduced to 9% through female side and 36% through male side 

compared to expected 50% in ideal condition, confirming the defect in both male as 
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well as female gametophyte development. This suggests that mitotic cyclins CYCB1;1, 

CYCB1;2, CYCB1;3 and CYCB1;4 are required for male as well as female 

gametophyte development. However, as the transmission is still not completely 

blocked, it raises a possibility that CYCB1;5 might also be required during 

gametophytic development and in absence of first four CYCB1s, try to compensate the 

effect. It is apparent that 41% of female gametophyte is defective suggesting that 

additional 13% seeds might abort due to defective pollen homozygous for all four 

CYCB1s.  

The female gametophyte appears to be severely affected compared to pollen, 

which can be explained by the fact that megaspore cells are larger in size compared to 

microspores and they require progression through three full mitotic cycles, for which 

cyclins could have become limited. At the same time pollens are produced in large 

number and can cover up defective pollen resulting in more transmission rate.  

Recent reports of duo1 mutants in Arabidopsis has described failure of mitotic 

entry in duo1 germ cells due to lack of germline expression of G2/M regulator 

CYCB1;1, suggesting a DUO1 dependent CYCB1;1 activity during male germline 

development (Brownfield et al., 2009). Further, it has also been reported that APC/C 

stimulates production of miR159, which down regulates DUO1 expression, leading to 

reduced CYCB1;1 transcription in male germline of Arabidopsis (Zheng et al., 2011). 

In coherence with these reports our data confirms that B1 type cyclins indeed are 

involved in male germline development. Further genetic analysis of duo1 and miR159 

mutant with CYCB1 mutants needs to confirm the hypothesis. 
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Recently characterised ede1 mutant showed similar endosperm phenotype as was 

observed in cycb1;1-/-cycb1;2-/- and cycb1;2-/-cycb1;3-/- seeds. The EDE1 protein 

also contains seven consensus CDK phosphorylating sites and was expressed in the 

microtubules during mitosis. This led to the hypothesis that EDE1 could be a potential 

substrate for CYCB1/CDK complex. The immunostaining of roots with EDE1 

antibody did not recognise any signal, which could be because of low expression of 

EDE1 invivo or low sensitivity of the antibody. To further investigate this hypothesis, 
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in vitro kinase assay has been planned. The CYCB1 mutants have also been crossed 

with ede1 to identify the potential genetic interactions.  

Additionally other proteins that are expressed in microtubules during mitosis 

could also be the potential substrate for CYCB1s. Recently, the transcriptome analysis 

of endosperm revealed several seed specific endosperm preferred cytoskeleton-

associated genes listed in Table D-1 (Day et al., 2009). Many of these genes contain 

putative CDK phosphorylation site and genetic studies with CYCB1 mutants could 

identify novel substrates for CYCB1s.   

  

Table D-1 Early seed specific endosperm preferred cytoskeleton-associated genesa  

Locus Name Description No. of CDK 
phosphorylation sites 

CDK 
phosphorylation site 

Spindle assembly 

At2g28620 AtKRP125c Kinesin-5 1 TPRK 

At2g36200 AtKRP125b Kinesin-5 1 TPTK 

At3g10310 ATK4 like Kinesin-14 2 TPPR, TPVK 

Phragmoplast formation 
At1g18370 HIK Kinesin-14 3 TPER, TPQK, TPAR 

At3g23670 PAKRP1L Kinesin-12 2 SPAK, SPSK 

At4g14330 PAKRP2 Kinesin-12 
2 

TPNK, SPDK 

Uncharacterised kinesins 

At5g02370  Kinesin-13 2 TPAK, SPTK 

At5g23910  Kinesin-13 4 TPRK, SPFK, TPEK, 
SPWK 

At1g63640  Kinesin-14 1 SPRR 

At1g55550   Kinesin-4 1 TPKK 

a Data derived and modified from (Day et al., 2009). 
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IXNMGS^5GNMI,.$!ITGMIKI#, 9$.3! 52$.3.,.3+! U! 4,! (.0! 5.=+$+*! 4(! 024,! bLc!

$+)4.(! e14>#/'34! '(*! :4,52+$^! NOOOB! M.9#/#! +0! '&F^! NOOVfF! 7.(+02+&+,,^! 02+!

,+5.(*!3'p.$!bLc!.Y0'4(+*!9$.3!.#$!'('&R,4,!4,!9$.3!c+$6Q=4!.(!52$.3.,.3+!C!

&4(/+*!8402!3'$/+$!EddU!'(*!+[I&'4(,!PVh!='$4'(5+!9.$!02+!,++*!3',,!0$'40^!'(*!

4(0+$+,04()&R!5XNX4!)+(+!+(5.3I',,+,!024,!bLc!$+)4.(F!G.8+=+$!0.!='&4*'0+!02+!

bLc!8+!(++*!0.!*.!5&',,45'&!3'II4()!'II$.'52F!!

!

!! L2+!bLc!'('&R,4,! 9.$!,++*!8+4)20!#,4()!c+$6Q=4!KCc!I.I#&'04.(!2',!Y++(!

I+$9.$3+*! +'$&4+$! ',! 8+&&! '(*! PO! bLc! 8',! .Y0'4(+*! 5.3I'$+*! 0.! ,4[! 9$.3!

I$+,+(0!,0#*R!eX&.(,.6A&'(5.!+0!'&F^!PgggfF!L2+!,4[!bLc!+[I&'4(!W\FVh!='$4'(5+!

9.$!02+!,++*!3',,!0$'40F!L2+!&.,,!.9!9.#$!bLc!5.#&*!Y+!Y+5'#,+!.9!+(=4$.(3+(0'&!

52'()+,!.$!,.3+!.02+$!+[0+$('&!9'50.$,^!82452!34)20!2'=+!4(9&#+(5+*!,++*!3',,!

'0!02+!043+!.9!I&'(0!)$.802F!

!
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!

L2+! ('0#$'&! ='$4'04.(! 0..&! 2',! 9#$02+$! Y++(! #04&4,+*! 9.$! '! =+$R! ,I+54945! 0$'40!

',,.54'0+*!8402!'#0.(.3.#,!I$.&49+$'04.(!.9!5+(0$'&!5+&&!8402.#0!I$.I+$!*.#Y&+!

9+$04&4,'04.(!#I.(!I.&&4('04.(!8402!';U*Q!!I.&&+(!e7.8'5/!+0!'&F^!NOOWB!<()$#!+0!

'&F^! NOO\B! X8! +0! '&F^! NOPOfF! L2+! ';U*Q!! 3#0'(0! I.&&+(! 5'#,+! '&3.,0! VOh! ,++*!

'$$+,0! *#+! 0.! &'5/! .9! ,+5.(*! 9+$04&4,'04.(^! 2.8+=+$! 02+,+! I.&&+(! 5'(! 3#0#'&&R!

$+,5#+! 02+! 'Y.$04.(! .9! ,++*,! 4(! 3'0+$('&! )'3+0.I2R045! :CJ! 5&',,! 3#0'(0,!

,2.84()!.=+$!I$.&49+$'04()!.9!+(*.,I+$3!(#5&+4!8402.#0!9+$04&4,'04.(F!L24,!&+*!0.!

02+!2RI.02+,4,!02'0!02+!('0#$'&!='$4'04.(!4(!02+!+[I$+,,4.(!.$!9#(504.(!.9!)+(+,^!

82452! 5'#,+! 3'0+$('&! )'3+0.I2R0+! *+9+50! +F)F! :CJ65&',,! )+(+,^! 34)20! Y+!

$+,I.(,4Y&+!9.$!02+!.Y,+$=+*!='$4'04.(!4(!'#0.(.3.#,!+(*.,I+$3!I$.&49+$'04.(F!

L2+! bLc! '('&R,4,! Y',+*! .(! 02+! %-d! .Y0'4(+*! 9$.3! 4(*4=4*#'&! KCc! .9! %,06Q.&!

I.I#&'04.(!$+=+'&+*!.(+!bLc!.(!0.I!.9!52$.3.,.3+!CCC!'(*!5.4(54*+(0&R!024,!bLc!

5.&.5'&4,+*!8402!I$+=4.#,&R!*+,5$4Y+*!<IKFT$]!e<IKf!bLc!9.#(*!4(!A'R6J2'!KCc!

I.I#&'04.(! e<()$#! +0! '&F^! NOO\fF! L2+! 5.&.5'&4,'04.(! 8402! <IK! bLc! '&&.8+*!

5.3I'$4()! 02+! )+(.345!I.,404.(!.9! 4*+(0494+*!bLc! 4(! 08.!KCc!I.I#&'04.(,F! L2+!

5.3I'$'04=+!'('&R,4,!.9!3'$/+$!I.,404.(,! 9$.3!Y.02!KCc!I.I#&'04.(,!*+5$+',+*!

02+!bLc!,4>+!#I0.!NWO1A!5.(0'4(4()!u\OO!)+(+,F!G.8+=+$^!8+!5'(!(.0!$#&+!.#0!

02'0! 02+! bLc!34)20! Y+! 5.3I&+0+&R! 4(*+I+(*+(0! .9! +'52! .02+$! '(*! 024,! 5'(! Y+!

52+5/+*! YR! ='$4.#,! $+54I$.5'&! 5$.,,+,! Y+08++(! 02+! I'$+(0,! .9! 02+,+! 08.! KCc!

I.I#&'04.(,F!7.(+02+&+,,^!02+!.Y=4.#,!]#+,04.(!8',!82+02+$!02+$+!4,!'(R!/(.8(!

3'0+$('&! +99+50! )+(+! 4,! I$+,+(0! .$! (.0! 4(! 02+! &4,0! .9! \OO! )+(+,^! '(*! 4(*++*!8+!

9.#(*!KAKP!4(!02+!34**&+!.9!024,!&4,0F!KAKP!4,!.(&R!2.3.&.)#+!.9!$+04(.Y&',0.3'!

$+&'0+*!)+(+!4(!X$'Y4*.I,4,^!82452!4,!+[I$+,,+*^!4(!9+3'&+!)'3+0.I2R0+!'(*!02+!

3#0'04.(! 4(!KAKP!4(404'0+*!+(*.,I+$3!*4=4,4.(! 4(!'Y,+(5+!.9! 9+$04&4,'04.(!e%Y+&!

+0!'&F^!NOOUfF!L24,!3#52!4(9.$3'04.(!3'/+,!KAKP!'!I.0+(04'&!5'(*4*'0+!82452!5'(!

I$.Y'Y&R!$+,5#+!02+!';U*Q!!,++*!'Y.$04.(F!G.8+=+$^! 4(!.#$! &'Y^!+=+(!02+!,0$.()!

'&&+&+,! .9! KAK! *4*! (.0! ,2.8! 02+! '#0.(.3.#,! +(*.,I+$3! I$.&49+$'04.(!8402.#0!

9+$04&4,'04.(F!!L2#,!02+!5&',,45'&!bLc!3'II4()!'II$.'52!4,!$+]#4$+*!0.!4*+(049R!02+!

',,.54'0+*!&.5#,!9.$!02+!5.(5+$(+*!0$'40!.9!4(0+$+,0F!

!
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!

JD? :$/,.($%'!

:0/0/ 6,5H%4#-)*#.&*#.+%$%'+%4)*
!

X&&! 52+345'&,! '(*! '(04Y4.045,! #,+*! 8+$+! .9! '('&R045'&! ]#'&40R! '(*! 2'=+! Y++(!

I#$52',+*! 9$.3! 1+$5/! e-'$3,0'*0^! T+$3'(Rf^! K.02! e?'$&,$#2+^! T+$3'(Rf^!

-#52+9'! eG''$&+3^! 7+02+$&'(*,f! '(*! J4)3'! e-+4,+(2.9+(^! T+$3'(Rf! #(&+,,!

.02+$84,+!4(*45'0+*F!

:0/01 E.W3H5)V*("%H5")*#.&*U%+)*
!

L']! E.&R3+$',+! #,+*! 8',! I$.*#5+*! 4(! &'YF! E$43+$,! 8+$+! I#$52',+*! 9$.3!

C(=40$.)+(! e?'$&,$#2+^! T+$3'(RF! ?40,! 8+$+! ,#II&4+*! 9$.3! J4)3'! e-+4,+(2.9+(^!

T+$3'(Rf^!K.52+!e1'((2+43^!T+$3'(Rf!'(*!bCXT%7!eG4&*+(^!T+$3'(RfF!

:0/08 T-#.+*H#+5"%#-*
!

E&'(0,! 8+$+! )+$34('0+*! .(! ,.4&! .$! P`N! 1J! 3+*4#3! '(*! +402+$! )$.8(! #(*+$!

,0'(*'$*!)$++(2.#,+!5.(*404.(,!.$!4(!'!)$.802!$..3F!X$'Y4*.I,4,!3#0'(0!I&'(0,!

#,+*! 4(! 024,! ,0#*R! 8+$+! ',! 9.&&.8,D! 02+! '%'J!Q!9!! '(*! '%'J!Q#! 9$.3! 02+! ?.(5>!

5.&&+504.(! eQ,'Y'! ?.(5>^! 1'[! E&'(5/! C(,040#0+! 9.$! E&'(0! A$++*4()! K+,+'$52! 4(!

Q.&.)(+^!T+$3'(Rf^,'%'J!Q49!,b-/(!8=8Cc!9$.3!02+!KC?%7!5.&&+504.(!e_./.2'3'^!

M'I'(f^!'%'J!Q!9#,bT?wOZ\TPPf^!'%'J!Q49#,bT?wSVNQPPf!'(*,'%'J!Q7,bS<d4=D1C!f!

9$.3!02+!TXAC6?'0!5.&&+504.(!eA4+&+9+&*^!T+$3'(Rf!'(*!'%'J!Q89!,bJXc?wPOO\UUc,

'(*! ';U*Q!9!! eJXc?wPOW\OgFSUFgOFsf! 8+$+! .Y0'4(+*! 9$.3! J4T7Xc! 5.&&+504.(!

eJXc?!4(,040#0+!4(!c'!M.&&'^!Q'&49.$(4'^!<JXfF!!

X! 5.$+! ,+0! .9!N\S! $+5.3Y4('(0! 4(Y$+*! &4(+,! eKCcf! *+$4=+*! 9$.3! '! 5$.,,!

Y+08++(!%,06P! '(*! Q.&6O!8',! #,+*! eJ528'$0>! +0! '&F^! NOOgfF! L2+!KCc! I.I#&'04.(!

c+$6Q=4^!Q=46X(P!'(*!c+$6X(P!8+$+!/4(*&R!I$.=4*+*!YR!E$.9F!1''$0+(!?..$((++9!

e1'[!E&'(5/!C(,040#0+!9.$!E&'(0!A$++*4()!K+,+'$52!4(!Q.&.)(+^!T+$3'(RfF!
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L2+!E$.Q_QAPBPDQ_QAPBP-A6T:E!0.!E$.Q_QAPBUDQ_QAPBU-A6T:E!$+I.$0+$!&4(+,!

8+$+!/4(*&R!I$.=4*+*!YR!E$.9F!E+0+$!-.+$(+$F!!

!

JD= :,/3)0'!

:010/ T-#.+*?"'K+,*4'.&%+%'.)*
,

I3*J);6-/)/,(.*+)*&*!,++*,!8+$+!)+$34('0+*!+402+$!.(!,.4&!.$!.(!P`N!1J!3+*4#3!

5.(0'4(4()! OFVh! ,#5$.,+! '(*! OF\h! ')'$.,+F! L2+! ,++*,!8+$+! ,0+$4&4,+*! 4(,4*+! '!

,3'&&!='5##3!5.(0'4(+$^!82452!5.(0'4(+*!NO!3&!.9!Y&+'52!e-'(?&.$4[!YR!Q.&)'0+6

E'&3.&4=+^! G'3Y#$)f! '(*! N! 3&! .9! 5.(5+(0$'0+*! 2R*$.)+(! 52&.$4*+F! L2+!

+='I.$'04()! 52&.$4(+! ,0+$4&4,+*! 02+! ,++*,! 84024(! 'II$.[43'0+&R! U! 0.! PN! 2.#$,F!

1#0'(0!I&'(0,!$+,4,0'(0!0.!,#&9'*4'>4(+^!/'('3R54(!.$!2R)$.3R54(!8+$+!,+&+50+*!

.(!x!1J6!')'$!I&'0+,!YR!#,4()!VFNV!y)`3&!,#&9'*4'>4(+^!VO!z)`3&!/'('3R54(!.$!

NV! z)`3&! 2R)$.3R54(^! $+,I+504=+&RF! E&'(0,! 8+$+! )$.8(! #(*+$! ,0'(*'$*!

)$++(2.#,+!5.(*404.(,!8402!02+!0+3I+$'0#$+!5.(*404.(,!$'()4()!9$.3!P\!0.!NViQ!

.$!4(!5#&0#$+!$..3,!#(*+$!&.()6*'R!5.(*404.(,!8402!'!PW`\!2!&4)20`*'$/!5R5&+!'0!

P\iQ!.$!NOiQ^!$+,I+504=+&RF!!

:0101 P5.'H%4*<J!*("5(#"#+%'.*@"'H*(-#.+*+%))75*
!

:.$! 24)2602$.#)2I#0! EQK! Y',+*! )+(.0RI4()^! )+(.345! I&'(0! -7X! 8',! 4,.&'0+*!

#,4()!'!]#45/!'(*!'&0+$('04=+!I$+I'$'04.(!3+02.*!eA+$+(*>+(!+0!'&F^!NOOVfF!o(+!

.$!08.!R.#()!&+'=+,!8+$+!2'$=+,0+*!'(*!I#0!4(0.!'!N!3&!*++I!8+&&!.9!'!gW!8+&&!

040+$!I&'0+!eE'$0!7#3Y+$D!NWZOOP^!A+5/3'(!.$!,434&'$!I$.*#50!9$.3!drKfF!L2+!

I&'(0!,'3I&+,!8+$+!0$+'0+*!*4$+50&R!8402!VOO!y&!.9!-7X!+[0$'504.(!Y#99+$!eV!3&!P!

1! L$4,`GQ&! IG! ZFN! m! W!3&! V!1! 7'Q&! m! PO! )! ,#5$.,+! '(*! '*p#,0+*! 0.! 02+! 94('&!

=.&#3+! .9! POO!3&!8402!8'0+$f! '(*! '! ,3'&&!3+0'&! Y+'*!8',! '**+*! 0.! 9'54&40'0+!

2.3.)+(4,'04.(F! X90+$! 5&.,4()! 02+! 040+$! I&'0+! 8402! 5.&&+504.(! 345$.0#Y+! 5'I,!

eb4')+(^! 1'0F! 7.FPOVPPWSf^! 02+! I&'(0! 04,,#+! 8',! 2.3.)+(4,+*! '0! '! 24)2!

9$+]#+(5R! 4(! 02+!14[+$14&&!11!SOP! eK+0,52^!G''(^! T+$3'(Rf! 9.$! N6S!34(F! L2+!

I&'0+,!8+$+!5+(0$49#)+*!9.$!PO!,!0.!,I4(!*.8(!02+!&4]#4*!9$.3!02+!345$.0#Y+!5'I,!

'(*! 02#,! 0.! '=.4*! 5$.,,! 5.(0'34('04.(F! PFV! y&! .9! 024,! ,.&#04.(! 8',! #,+*! ',!

0+3I&'0+! 9.$! EQK! #,4()! ,0'(*'$*! L']6E.&R3+$',+! '(*! PO! 043+,! EQK! Y#99+$!
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8',!+402+$!*4$+50&R!#,+*!9.$!)+(.0RI4()!.$!,0.$+*!'0!tNOiQ!9.$!9#$02+$!#,+F!

:0108 X&5.+%@%4#+%'.*'@*H7+#.+*#--5-5)*$3*T6>*
!

L.!*+0+$34(+!'!84&*!0RI+!.$!'!3#0'(0!'&&+&+^!'&&+&+6,I+54945!I$43+$!5.3Y4('04.(,!

8+$+! )+(+$'0+*! ',! 4&&#,0$'0+*! 4(! L'Y&+! 116PF! L2+! )+(+! ,I+54945! 9.$8'$*! '(*!

$+=+$,+!I$43+$!8',!#,+*!0.!'3I&49R!'!84&*!0RI+!'&&+&+!82+$+',!3#0'(0!'&&+&+!8',!

'3I&494+*!#,4()!)+(+!,I+54945!9.$8'$*!I$43+$!'(*!L6-7X!=+50.$!,I+54945!$+=+$,+!

I$43+$^!$+,I+504=+&RF!!

!

!

Table MM1: Primers used to amplify a wild-type or mutant allele 

Primer name  Primer sequence (5' - 3') Gene 

cyclin b11 f CGTGGCTTTGACTGGAATTT CYCB1;1 

cyclin b11 r TAATCTCGTGGCCTCCATTC   

cyclin b11 gk-078g11 f CTGATCCTGGTGGAGTGGTT CYCB1;1-2  

cyclin b11 gk-078g11 r AAGCGTTCGTCCTTGGAGTA   

cyclin b12 f GAAGAAATCTGGCCACCTCA CYCB1;2 

cyclin b12 r GGAAACTAATTGCACGCATCT   

cyclin b13 f GGCGTGAATCTTCACAATCC CYCB1;3 

cyclin b13 r CGTATTCCACAGCAGCAAGA   

cyclin b13 gk-352C11 f TTTTGGGGAATCTTGAATGG CYCB1;3-2  

cyclin b13 gk-352C11 r ACGTCGTCGTTTGGTGTTTT   

cyclin b14 f GTGGAATCGCAGGTTTTTGT CYCB1;4 

cyclin b14 r CGTCTCTGGCATCAACTCAA   

cyclin b15 844 f GGAGAGACAAGGTGGCTTTG CYCB1;5 

cyclin b15 844 r TGCCCGATATCTTCCAGTTC   

K204-FISH2  CAGTCATAGCCGAATAGCCTCTCCA KONCZ 

K54-Salk-LB GCGTGGACCGCTTGCTGCAACTCTCTCAGG SALK 

F156-Ds5-2a TCCGTTCCGTTTTCGTTTTTTAC RIKEN 

K59-GabiLB1 ATATTGACCATCATACTCATTGC GABI 

N-034 CCAGATTCTCCGTGGAATTGCG CDKA;1 

*
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L.0'&! K7X! 8',! 4,.&'0+*! 9$.3! I&'(0! 04,,#+,! #,4()! 02+! K7+',R! E&'(0! 14(4!

?40!eb4')+(fF! X! -7',+! eL'?'K'f! 0$+'03+(0! 8',! '&,.! I+$9.$3+*! 0.! '=.4*! -7X!

5.(0'34('04.(F! L2+! K7X! 5.(5+(0$'04.(! 8',! 3+',#$+*! #,4()! '! 7'(.*$.I! 7-6

POOO! 4(,0$#3+(0F! SFV! y)! .9! 0.0'&! K7X! 8',! $+=+$,+! 0$'(,5$4Y+*! #,4()!

J#I+$J5$4I0{! CCC! $+=+$,+! 0$'(,5$4I0',+! /40! eC(=40$.)+(fF! X(! '**404.('&! ,0+I! .9!

K7',+!G!0$+'03+(0!'0!SZiQ!9.$!NO!34(#0+,!8',!I+$9.$3+*!0.!+&434('0+!$+3'4(4()!

K7XF! L2+! 5-7X!8',! 9#$02+$! I#$494+*! '(*! 5.(5+(0$'0+*! YR! #,4()!bCX]#45/! EQK!

E#$4945'04.(! ?40! eb4')+(f! '(*! 02+! 5.(5+(0$'04.(! 8',! *+0+$34(+*! YR! 7'(.*$.I!

7-6POOO!4(,0$#3+(0F!:4('&&R^!#,4()!5-7X!',!02+!0+3I&'0+^!]EQK!8',!I+$9.$3+*!

.(! '! c4)2065R5&+$! cQU\O! 4(,0$#3+(0! eK.52+f! ',! I+$! 02+! 3'(#9'50#$+$q,!

4(,0$#504.(,F! L.! '=.4*! '3I&4945'04.(! .9! #(,I+54945! EQK! 9$')3+(0,! .$! I$43+$!

*43+$,^! &4)20QR5&+$!U\O!J_AK!T$++(!C!1',0+$!?40!eK.52+f!8',!#,+*^!'(*!5.$$+50!

3+&04()!I.4(0,!8+$+!3.(40.$+*F!L2+!I$43+$,!#,+*!9.$!]#'(040'04=+!EQK!'$+!&4,0+*!

4(!L'Y&+!11NF!

!

Table MM2: Primers for quantitative real time PCR 

Primer name Primer sequence (5' - 3') Gene 

cycb11qfp1 TTGCTGCTCGAGAGAAGAAGGCTA CYCB1;1 

cycb11qrp1 ACATATTCCACAGCTGCGAGGTCA   

cycb12qfp1 TACATTGCAGTTCCACACCGGCTA CYCB1;2 

cycb12qrp1 TAGCAACACCTCCATTCTCTGCCT   

cycb13qfp3 AGTCGAAGGAGGAAAGCTTAACCG CYCB1;3 

cycb13qrp3 GCTCACGCTTATCACCTCTTGCTT   

cycb14qfp1 CCGAAGAATGTTGCAGGACATGGA CYCB1;4 

cycb14qrp1 TTGTCTGCTGCTGTGGTTGTTTCG   

ACTF GTTGCCATTCAGGCCGTTCTTTC ACT7 

ACTR CAGAATCGAGCACAATACCGGTTG   

*

,
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:010B Z,'-5;9'7.+*("5(#"#+%'.*'@*)55&)**
!

E4,04&,!'(*!,4&4]#+,!.9!*499+$+(0!*+=+&.I3+(0'&!,0')+,!8+$+!I$+I'$+*!',!*+,5$4Y+*!
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