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A study on KNOX gene functions for shoot apical

meristem development and maintenance in rice
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The body plan is one of the most remarkable differences between animals and
plants. During embryogenesis, in contrast to animals that usually complete their
organogenesis, plants form only a simple structure consisted of two. distinctive regions at
opposite poles. One is the shoot apical meristem (SAM) and the other is the root apical
meristem. Both meristems are organized groups of undifferentiated cells responsible for
post-embryogenic organ formation. The SAM maintains itself through replenishment of the
indeterminate cell population by stem cell activity, and produces all above ground organs
throughout the life cycle. Therefore, the unique Eody plan of plants relies on the dynamniic
but sustainable activity of the SAM, and the elucidation of the mechanisms to maintain the
SAM is a fundamental issue in developmental biology.

From previous studies, it has been revealed that Class I AnottedI-like homeobox
(KNOX) genes play indispensable roles in the SAM. ANOX genes are expressed in shoot
apex specifically, and down-regulated in differentiating organs. Loss-of-function mutants of
KNOX genes show shoot meristemless phenotype in Arabidopsis and maize, and conversely
their ectopic expression in differentiating organs disturbs normal differentiation, and
disrupts proper development in various plant species. Thus, KNOX genes are required for
the establishment and maintenance of the SAM through the regulation of indeterminate
cell state. In spite of importance of the SAM-specific expression of KNOX genes, virtually
nothing is known about the regulatory system that activates and/or maintains the
expression of KINOX genes in the SAM in any plant species. In addition, understanding of
KNOX gene function and SAM maintenance mechanism in rice was limited because of lack
of loss-of-function mutants except for OSHI15.

In order to gain the understanding of ANOX gene function in rice, I identified a
loss-of-function mutant of another member of rice KNOX gene, OSHI using TILLING
sytem. Expression analysis of mRNA and protein showed that this mutant was a null allele
of OSH1. oshl mutant once formed the SAM during embryogenesis, but lost the SAM just
after germination. oshl oshl5 double mutant failed SAM formation completely during
embryogenesis. These results revealed that OSHI is required for both formation and
maintenance of the SAM, and OSHI15 can compensate requirement of OSHI for SAM
formation, but not for SAM maintenance.

Surprisingly, regenerated shoot from oshl callus could survive until reproductive
phase, but no shoot was regenerated from oshl oshi16 double mutant callus. This result
implied different contributions of rice ANOX genes to SAM formation and maintenance
between germination and regeneration. Indeed, expression analysis revealed that oshl
mutant underwent the ANOX-scarce state temporally during germination, whereas
induction of OSH6, OSHI15 and OSH71 by phytohormone cytokinin (CK) could bypass the
state during regeneration. Interéstingly, the expression level of OSH43 was severely
reduced in oshl mutant both during germination and regeneration, and OSH6 and OSHI15
were also slightly down-regulated even with CK treatment. In oshl oshAl15 double mutant
embryo and regenerating callus, the expression level of all ANOX genes were severely
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reduced. Thus, these data indicated that the expression of ANOX genes depended not only
on CK but also on the function of ANOX gene themselves.

In consistent with this idea, ChIP assay using anti-OSH1 antibody showed that
OSH1 protein directly bound to all ANOX loci in vivo. Sequence comparison analysis
among KNOX gené orthologs in poaceae revealed that there were evolutionally conserved
putative OSH1 binding sites, TGAC/GTCA in enriched region by ChIP assay. Given that all
KNOX genes have redundant functions in the SAM, it is conceivable that the expression of
KNOX genes is regulated by a direct positive autoregulation.

Previous reports have shown that ANOX genes induce the expression of CK
biosynthetic emzyme adenosine phosphate isopentenyltransferase (IPT), and promote the
accumulation of CK in the SAM in Arabidopsis and rice. In this study, it was revealed that
the expression of KNOX genes was induced by CK. This indicates that the functions of
KNOX genes and CK mutually facilitate each other, and suggested the presence of another
positive autoregulatory loop of KNOX genes via phytohormone CK. A previous study, which
has shown that the expression of OSHI eventually disappears in the loss-of-function
mutants of LONELY GUY, an enzyme catalizing the final step of CK biosynthesis, also
supports this notion.

Taken together, I propose two positive autoregulatory loops of KNOX genes. In
this model, all cells in the SAM express ANOX genes through direct and indirect
autoregulation to maintain their indeterminate state during replenishment of cell
population prior to lateral organ initiation. In these cells, KNOX proteins directly bind to
evolutionally conserved TGAC/GTCA sequences on all KNOX loci, and activate and/or
maintain the expression of themselves. In addition, ANOX genes also induce the
expression of CK:biosynthetic emzyme IPT, and promote the accumulation of CK in the
SAM. In turn, CK also activates the expression of ANOX genes. Based on this hypothesis,
the positive autoregulations of KNOX genes emerges as a novel self-regulatory system of
the SAM that ensures the unique body plan of plants.

— 131 —



BHRCOEERROES

HEM DZETELZIHERE (Shoot Apical Meristem :SAM) %, H EEOTNTORELTEKT D &
BT, —EBEOMIENSEB LR EIND, SMEBRIZEETS hyEmalovaf X TR
FDZLRIEBAKDFENTH B 27 5 A1 Knotted-like homeobox (KNOX) BEFEHMRHEEIN TS,
KNOXIE/FEEIE. SAMTHRRANCHIE L, SMOMERRIZSETH D, LnLRB b, KNOKERFD
RENSRICEE LSRR SN ABBIZ O WTIE, ZEASDhs TR o T,

EEHBEFIE L. KNOXEG T & SAMDHI I Bk B fF b 4 XAV 2T o7, £7.
TILLINGIE % AT B EHR T 7 a—F T, A R OKNOXERTFD—20SHL (Oryza Sativa
Homeobox 1) DZEREBRMKEFRIE LTz, T DRMEREL S 5 —DDKNOXERF T H0SHIED
ZeRIS BAK R VNI fBAT DR, b DOBETISSAMERPHERFICEE T2 Z &Aool
ZeSRIS BARIISAMAR BRI A 2R T, ZORRANT, BERT VI L - TL, HEl#EEETY
A MNHIA=V BRI L THRETE T, . 2O, 34 "I A =V OFEIKNOGEREF DS
DAY N—DFRBUTEE LT, b A b IA = ERIZKNOGEETFREET D Z &R LT
7eds, WS A OHIEHDOFEIN TR S i, ‘
¥ 77, OSHIIREFDIBRETRETIE., MOKNOKGELEFDO—2>DFREBRBIET L, 0SHL & 0SHI5D
BELEREKTIIMOESTORKNGERFOFRANMET Lz, 62, SHIEREIIRT 57 n~vF s
CEILEEROER. OSHIZEBRBENMIEN T, BERB L UCMOKNKEEFICEE LTS Z &N
bhol, THHLDORERICH D&, EEEX., KNOGEGTORBRFE L TOHERICBWT, IE
D EEEEHSERENTWD LW RREERE L, ZOEDT 4 — KR 7 —Zi%, YA
MAA = VEERZN LIS DL, KNOX BB OESE R EBEEE (LT 28EOmEREESE LTS
EEZLND,

IS O MR EDEERRT v 7 TH D SAM B & ZHICBEE5 7 5 KNOX &ix
FEORBEHEEEICH - 2R b b T OTH S, BEEX. BEOT Fo—F2HEE
B LT, ZOREREECHRIICET CTHFEREL EIT, FEBLBTEEL
TR, AKERICRIT B EMEEOKEL ST THRIITH B L BT L,
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