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SUMMARY

Cell proliferation is integrated into developmental progression in multicellular organisms, including plants,
and the regulation of cell division is of pivotal importance for plant growth and development. Here, we report
the identification of an Arabidopsis SMALL ORGAN 2 (SMO2) gene that functions in regulation of the
progression of cell division during organ growth. The smo2 knockout mutant displays reduced size of aerial
organs and shortened roots, due to the decreased number of cells in these organs. Further analyses reveal that
disruption of SMO2 does not alter the developmental timing but reduces the rate of cell production during leaf
and root growth. Moreover, smo2 plants exhibit a constitutive activation of cell cycle-related genes and over-
accumulation of cells expressing CYCB1;1:p-glucuronidase (CYCB1;1:GUS) during organogenesis, suggesting
that smo2 has a defect in G,—IVl phase progression in the cell cycle. SMO2 encodes a functional homologue of
yeast TRM112, a plurifunctional component involved in a few cellular events, including tRNA and protein
methylation. In addition, the mutation of SMO2 does not appear to affect endoreduplication in Arabidopsis leaf
cells. Taken together we postulate that Arabidopsis SMO2 is a conserved yeast TRM112 homologue and
SMO2-mediated cellular events are required for proper progression of cell division in plant growth and

development.
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INTRODUCTION

Plant morphogenesis is largely post-embryonic, and new
organs, including leaf, stem and flower, originate from mer-
istem, followed by growth up to their specific sizes. Cell
division, differentiation and expansion are pivotal processes
necessary for organogenesis (Beemster et al., 2003; Tsukaya,
2003, 2006, 2008; De Veylder et al, 2007). Considerable
advances have been made in recent years in understanding
the control of cell division at the cellular level, and the basic
molecular machinery driven by cyclin/cyclin-dependent
kinase (CDK) complexes has been defined in model organ-
isms, including animalsand plants (Dewitte and Murray, 2003;
Malumbres, 2005; Inzé and De Veylder, 2006; Gutierrez, 2009).
However, theregulationofcell divisionduring developmentis
not well understood, partly because of the complexity of its
tight coordination with cell differentiation/expansion and
integration into developmental progression (Mizukami, 2001;
Tsukaya, 2003, 2006, 2008; Ingram and Waites, 2006).
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In plants, iterative cell divisions are essential for the
maintenance of apical meristems and the growth of organs
(Dewitte and Murray, 2003; Inzé and De Veylder, 2006;
Gutierrez, 2009). In Arabidopsis, disruption of some cell
cycle-related genes, such as CYCD3 or CDKB2, leads to a
defect in both meristem and organ development (Dewitte
et al, 2007; Andersen et al., 2008), while disturbance of
some other genes often alters organ growth and plant
architecture. For example, mutation or misexpression of
Arabidopsis genes such as E2Fa and DPa, E2FC, RBR or
CDKF;1, inhibits the growth of aerial organs and thus
reduces their final sizes (De Veylder et al., 2002; Desvoyes
et al., 2006; del Pozo et al., 2006; Takatsuka et al., 2009).
Overexpression of CDK inhibitors (KRPs) or the antiphos-
phatase PAS2, which modulates cyclin-dependent kinase A
(CDKA) activity, impedes cell division and results in a
stunted-plant phenotype with smaller organs (Wang et al.,
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2000; De Veylder et al., 2001; Da Costa et al., 2006). In
addition, recent studies on the control of plant organ size
suggest that the duration of cell proliferation during organ-
ogenesis is a major factor in determining the overall size of
plant organs (Anastasiou and Lenhard, 2007; Gonzalez et al.,
2009; Krizek, 2009).

As a fundamental biological process, cell division in
plants is known to be modulated by a variety of develop-
mental and environmental cues, such as plant hormones
and light, at either cellular or whole plant levels (Beemster
et al., 2003; del Pozo et al., 2005; Dohmann et al., 2008;
Achard et al., 2009; Ubeda-Tomas et al., 2009). On the other
hand, most intrinsic cellular events may also impinge on the
progression of cell division and thus affect plant growth and
development. For instance, loss of function of Arabidopsis
FASCIATA1 (FAS1), a chromatin assembly factor subunit,
blocks mitotic progression in G,-M phase, leading to
irregular cellular organization in the apical meristems and
the inhibition of organ growth (Kaya et al., 2001; Ramirez-
Parra and Gutierrez, 2007). Similar phenotypes have been
reported in the Arabidopsis mutants of TEBICHI, a homo-
logue of Drosophila and mammalian DNA polymerase 0
involved in DNA repair (Inagaki et al., 2006), and of HOBBIT
(HBT), a CDC27 subunit of an anaphase-promoting complex
(APC/C) (Willemsen et al., 1998; Blilou et al., 2002; Pérez-
Pérez et al., 2008). A recent study also revealed that disrup-
tion of Arabidopsis HISTONE MONOUBIQUITINATION1
(HUB1) inhibits primary root and leaf growth, due to the
misexpression of cell cycle genes in the G,—M transition and
a prolonged cell cycle duration (Fleury et al., 2007), sug-
gesting that histone modification is involved in regulation of
the progression of cell division in plants.

TRM112 has been initially identified as a plurifunctional
cofactor of methyltransferases involved in both tRNA and
protein methylation in yeast (Purushothaman et al., 2005;
Heurgué-Hamard et al., 2006). Biochemical analysis indi-
cates that TRM112 is a subunit of both TRM11 and TRM9,
two tRNA methyltransferases necessary for the formation
of 2-methylguanosine at position 10 and modification of
anticodons at the wobble uridine (U34) position, respec-
tively (Purushothaman et al., 2005; Studte et al., 2008).
TRM112 was further found to be a cofactor of eukaryotic
release factor 1 (eRF1) methyltransferase (Heurgué-Ham-
ard et al, 2006), and might also interact with LYS9, a
saccharopine dehydrogenase, and other proteins (Krogan
et al., 2006; Studte et al., 2008; Yu et al., 2008), implying
that TRM112 possibly has a function in modification or
regulation of a few other cellular processes in yeast.
Recent biochemical study demonstrates that a human
homologue of yeast TRM112 can interact with the
HemK2a, a catalytic subunit of eRF1 methyltransferase,
to methylate eRF1 in vitro (Figaro et al., 2008), suggesting
that TRM112 might be functionally conserved in multicel-
lular organisms.

Here, we characterize an Arabidopsis small organ 2
(smo2) mutant, in which cell proliferation is inhibited during
growth of both aerial organs and root. We show that SMO2
is a functional homologue of Saccharomyces cerevisiae
TRM112, and provide evidence that disruption of SMO2
mainly inhibits the G,-M phase progression during organ-
ogenesis. Our analyses demonstrate that Arabidopsis SMO2
retains the function of yeast TRM112 and is required for
proper progression of cell division during organ growth.

RESULTS
Organ growth defects in smo2

To gain insight into how cell proliferation and/or cell
expansion is controlled during organogenesis, we gener-
ated a transgenic Arabidopsis population with T-DNA acti-
vation-tagging, and screened the mutants that exhibited
enhanced or inhibited growth of aerial organs. small organ 2
(smo2) was initially isolated for its dramatic reduction in leaf
size (Figure 1a). Detailed quantification showed that the
blade area of the fully expanded fifth leaves in smo2 only
reached to about 40% of that in the wild type (WT) (Fig-
ure 1c). An apparent size reduction was further observed in
all aerial organs in smo2, including cotyledon, hypocotyl,
inflorescent stem, floral organs and fruits (siliques) (Fig-
ure 1d, Table 1), and consequently plant height in smo2
decreased (Table 1). Furthermore, the growth of primary
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Figure 1 Organ growth is retarded in smo2.

(a, b) Morphology of Columbia-0 wild type (WT) (left) and smo2 (right) plants.
Four-week-old plants in (a) and 8-day-old seedlings in (b). Scale bars: 10 mm.
(c) The average area of fully expanded fifth leaves and primary root length of
8-day-old seedlings in WT and smo2. All the data were from at least 10 plants
of each genotype and shown as average volumes + SD; Student’s t-test,
**P < 0.01.

(d) Phenotype of flower, inflorescence stem, and silique of WT (left) and smo2
(right). Scale bars: 2 mm.
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Table 1 Phenotypic characterization of smo2. Fifty-day-old plants
were used for measurement of plant heights and silique lengths,
and flowering time is shown as the days from seed germination to
first flower emergence. The cotyledon areas were measured with
20-day-old seedlings, and hypocotyl lengths were with 5-day-old
seedlings grown in the dark. Data are shown as an average + SD

Measurements Wild type smo2

Plant height (cm)

Silique length (mm)
Hypocotyl length (mm) 17.0 +£ 0.7 (n = 20)
Flowering time (days) 26.2 + 1.2 (n=16)
Cotyledon area (mm?) 7.9+ 0.5 (n = 30)

29.1+£1.4(n=29)
13.2£0.7 (n = 15)

259 +1.2(n=28)
7.9+ 0.9 (n=15)

11.8 + 2.5 (n = 20)

25.8 + 3.8 (n = 16)
5.2 + 0.6 (n = 30)

roots in smo2 seedlings was also found to be inhibited
(Figure 1b), and the primary root length of 8-day-old
seedlings of smo2 was only 35% of that of the WT (Fig-
ure 1c). These observations indicate that the mutation of
SMO2 greatly impedes the growth of both aerial organs and
root in Arabidopsis.

The organ growth defect in smo2 is due to retarded cell
proliferation

During organogenesis, cell proliferation and expansion/
elongation are responsible for growth of an organ, and leaf
and root have been found to be good models for studying
organ development (Scheres and Wolkenfelt, 1998; Tsukaya,
2003, 2008). To understand the cellular basis of the reduction
of organ size in smo2, cell proliferation and expansion in the
leaf and root were further investigated. We first compared
the leaf palisade cells, whose sizes contribute most to the
final size of a leaf, between smo2 and WT. As shown in
Figure 2(a) and (b), in contrast to the dramatically reduced
leaf size, the palisade cells of the fully expanded fifth leaf in
smo2were found to be significantly enlarged. The estimated
number of palisade cells per fifth leaf in smo2 was only
about 21% of that in the WT (Figure 2d). These observations
imply that it is the defect in cell proliferation rather than cell
expansion that accounts for the smaller leaf phenotype in
smo2, and compensatory cell enlargement has occurred
during smo2 leaf growth and development.

We then compared the meristem and mature zones of the
primary root between smo2 and WT. Although cellular
organization and cell size in the root meristem (RM) seemed
to be similar between two genotypes (Figure 2c), the RM size
and the number of meristematic cells in RM were apparently
reduced in smo2, the number of meristematic cells in smo2
RM being about 60% of that in WT RM (Figure 2c,d).
However, in the mature zone of the root, the cortex cell
length remained almost unchanged between WT
(166 + 10 um) and smo2 (169 + 10 um). Since RM size and
cortex cell length in the mature zone reflect the status of cell
division and cell elongation during root growth (Beemster
and Baskin, 1998; Baskin, 2000; Ivanov et al., 2002), our
observation demonstrates that the mutation of SMO2 affects
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Figure 2. Anatomical characterization of smo2 leaves and roots.

(a, b) The palisade cells of the fully expanded fifth leaf in wild type (WT) (a) and
smo2 plants (b). Scale bar: 50 um.

(c) The root meristem (RM) image of 8-day-old seedlings of WT (left) and
smo2 plants (right). The top arrowhead indicates the transition zone between
meristem and elongation-differentiation zone, and the bottom one marks the
quiescent centre of the RM. Scale bar: 50 pm.

(d) The estimated palisade cell number per leaf and the cortex cell number of
RM in WT and smo2 plants. Five cleared blades of fully expanded fifth leaves
from each genotype were used for measurement of the leaf area and
determination of the palisade cell number per leaf under a microscope. At
least 10 cleared roots from each genotype were counted for the cortex cell
number in the RM. Data are shown as average values + SD; Student’s t-test,
**P < 0.01.

cell proliferation rather than cell elongation during root
development.

smo2 reduces the rate of cell production during leaf and
root growth

In plants, the growth of an organ by cell proliferation is
determined by the rate of cell production and developmental
timing. To further examine the effect of SMO2 on cell pro-
liferation, we first compared the growth kinematics and rates
of abaxial epidermal cell division of first leaves between
smo2 and WT. After initiation, the leaf blades expanded
exponentially until 8 days in both WT and smo2, after which
the leaf growth rate in smo2 appeared to decrease much
more than that in WT, and then blade growth ceased from
the 13th day after initiation in both genotypes (Figure 3a).
These observations imply that smo2 does not affect the
developmental timing of a leaf. In contrast to the dynamics
of the leaf area in the two genotypes, epidermal cell number
per leaf primordium seemed similar for the first 2 days, but
the number differences per leaf then became significant
since day 3 between WT and smo2, in which the cell num-
bersin smo2increased apparently more slowly than those in
the WT (Figure 3b), suggesting that cell division is inhibited
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Figure 3. Growth kinematics and cell production analysis of smo2 leaf and
root.

(a) Average blade area of first leaves.

(b) Average epidermal cell number on the abaxial side of first leaves.

(c) Rate of cell division of epidermal cells on the abaxial side of first leaves.
(d) Average primary root length.

(e) Rate of cortex cell production in primary roots.

At least four blades of first leaves and eight primary roots from each genotype
were assayed for their growth and cell production at each time point
indicated. Data are shown as average values + SE.

and compensatory cell expansion has occurred in smo2
when a leaf undergoes growth by cell proliferation. To shed
more light on the reduction in cell number in smo2 leaf, we
compared the rate of epidermal cell division between the
two genotypes, and found that the rate of division of WT
epidermal cells was indeed much higher than that of smo2
ones at early stages; nevertheless, cell division in both WT
and smo2 blades then ceased almost at the same develop-
mental time (Figure 3c), indicating that smoZ2 does not affect
the duration of cell division during leaf growth. Furthermore,
the rate of production of cortex cell in smo2 primary roots
was also found to be constantly lower than that in WT after
germination, consistent with the indeterminate manner of
growth of primary roots at this developmental stage (Fig-
ure 3d,e). Taken together, we conclude that the mutation of
SMO2 reduces the rate of cell production during leaf and
root growth.

smo2 has a defect in G,-M phase progression

Because the rate of cell production is reduced in smo2 leaf
and root, we speculated that smo2 might have a defect in
progression of cell division. To test this, we first examined
the expression of five cell cycle checkpoint-related genes in
WT and smo2, including CYCD3;1, HISTONE H4, CYCA1,1,
CYCB2,3 and CYCB1,1, by real-time quantitative reverse-
transcriptional polymerase chain reaction (qRT-PCR), and
found that the expression of all these genes was elevated in
the smo2 mutant, among which the CYCB1,1 transcripts in
smo2 reached a level of approximately 3.8-fold that in WT
(Figure 4a), implying that the cell cycle in smo2 is indeed
disturbed.

To further substantiate the role of SMO2 in cell cycle
progression, we introduced a pCYCBI1,;1:Dbox-GUS con-
struct into smo2. The CYCB1;1:GUS reporter marks a state
of cells from G, to M phase progression, allowing us to
visualize these cells at G,-M phases (Colédn-Carmona et al.,
1999). As shown in Figure 4(b) and (c), the number of cells
expressing CYCB1;1:GUS in smo2 RM was obviously more
than that in WT RM, and the most dramatic accumulation of
CYCB1;1:GUS protein was observed in smo2 leaf primordia
and juvenile leaves whose cells were undergoing cell prolif-
eration, though basipetal gradients of GUS expression still
existed in young leaves. Since CYCB1,1promoter is activated
in G, phase and Dbox-GUS protein is degraded at metaphase
(Coldn-Carmona et al, 1999; Criqui etal., 2001), these
observations, together with the highest up-regulated expres-
sion of CYCB1,;1(Figure 4a) and decreased cell production in
smo2 leaf and root development (Figure 3), suggest that
disruption of SMO2 mainly delays or arrests cell cycle
progression in the G, or M phase during organ growth.

Molecular cloning and expression of SM0O2

Since smo2 was isolated from a T-DNA mutagenesis popu-
lation, we backcrossed smo2 with the WT and examined F,
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Figure 4. The expression of cell cycle-related genes in smo2.

(a) Expression levels of some cell cycle-related genes in wild type (WT) and
smo2. Data were collected from the real-time quantitative RT-PCR analysis
and are shown as averages + SE from triplicate repeats and three biological
replicates; Student’s t-test, *P < 0.05.

(b) CYCB1;1-GUS expression in the leaf primordia and developing leaves of
WT (left) and smo2 (right). Twelve-day-old seedlings were assayed for the
GUS activity. Scale bars: 2 mm.

(c) CYCB1;1-GUS staining in WT (left) and smo2 (right) root meristem (RM)
zones. Scale bars: 100 pm.

and F, progeny to understand the genetic nature of the
mutation. All F; plants showed the WT phenotype, and F,
plants displayed a segregation of WT:smo2 as 3:1 (375:123,
P > 0.75), demonstrating that smoZ2 is a single-gene reces-
sive mutant. Meanwhile, antibiotic resistance analysis of F,
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plants revealed that smo2 contained a single T-DNA inser-
tion in its genome (resistant:sensitive = 370:128) and the
T-DNA insertion was co-segregated with smo2 phenotype,
suggesting that smo2 is most likely caused by the T-DNA
insertion event.

We then identified the genomic sequence flanking T-DNA
by thermal asymmetric interlaced PCR (TAIL-PCR) (Liu et al.,
1995), and found that a T-DNA fragment was inserted at the
5-untranslated region of At1g22270, 28 bp upstream of the
start code ATG (Figure 5a). No transcript of At1g22270 was
detected in smo2 plants by RT-PCR analysis (Figure 5b). To
verify whether At1922270 is SMO2, a molecular comple-
mentation experiment was carried out by introducing a
2.5-kb WT genomic DNA fragment from the promoter to the
3-untranslated region of At1922270 into smo2, and almost
all transgenic smo2 plants exhibited the WT morphology
(Figure S1a in Supporting Information). We therefore con-
clude that the phenotypic change in smo2 is caused by the
disruption of At19g22270.

To determine the expression pattern of SMOZ2, we gener-
ated transgenic plants expressing a pSMO2:GUS fusion
gene and examined GUS activities in seedlings and devel-
oping organs. As shown in Figure 6, strong GUS staining
was observed in shoot and root meristem regions as well as
in leaf and lateral root primordia, and a moderate level of
GUS expression was detected in the cotyledon vascular
bundles and root pericycles. In flowers, a high level of
expression was mainly seen in young siliques (Figure 6e).
The tissue-specific expression of SMO2 is consistent with
the role of SMO2 in the regulation of cell division during
organogenesis.

SMO2 encodes a small protein of 124 amino acids. In the
Arabidopsis genome, there is another putative gene
(At19g78190) that encodes a protein sharing ~78% amino
acid identity to SMO2, which is temporarily named SMO2-
LIKE (SMO2L) (Figure 5c). However, the expression of
SMO2L was only detected in anthers (Figure S1b), which
was quite different from that of SMO2 (Figure 6). Introduc-
tion of a construct of pSMO2:SMO2L into smo2 failed to
complement the organ growth defects in smo2 (Figure S1a),
suggesting that SMO2L and SMO2 may have functionally
diverged in Arabidopsis.

SMO2 encodes a functional homologue of yeast TRM112

A BLAST search in GenBank revealed that SMO2 shared
amino acid similarity to yeast TRM112, a putative zinc-finger
protein identified initially as a functional component of
methyltransferases (Purushothaman et al., 2005; Heurgué-
Hamard et al., 2006). SMO2 homologues were then found in
the genomes of all model eukaryotic organisms, such as rice
(Oryza sativa), human (Homo sapiens), mouse (Mus mus-
culus), fruit fly (Drosophila melanogaster) and worm
(Caenorhabditis elegans). Sequence alignment analysis
showed that Arabidopsis SMO2 had 28-53% amino acid

Journal compilation © 2009 Blackwell Publishing Ltd, The Plant Journal, (2009), doi: 10.1111/j.1365-313X.2009.04085.x
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Figure 6. Tissue-specific expression of the SMO2 gene.

GUS staining was assayed with transgenic plants expressing the pSM02:GUS
fusion gene in a 7-day-old seedling (a), root meristem (b), root vasculature
and lateral root primordia (c), leaf primordia and juvenile leaves (d), and
young siliques (e). Scale bars: 5 mm in (a); 100 um in (b)~(d); 1 mm in (e).

Figure 5. Molecular cloning of SMOZ2.
(a) Schematic representation of the SMO2 locus.

smo2 The coding region of SMO2 (At1g22270) is

SMO2 indicated as a black rectangle and untranslated
regions (UTRs) as white rectangles. The T-DNA
(triangle) was inserted at the 5" UTR of SMO2,
28 bp upstream of ATG.

(b) The RT-PCR analysis of SMO2 expression in
wild type (WT) and smo2 plants.

(c) Alignment of SMO2-related homologues.
Arabidopsis SMO2 and SMO2L and TRM112
homologues from other eukaryotes were aligned
for amino acid similarity. The shading modes
represent different levels of amino acid conser-
vation, and asterisks refer to the Cys residues for
zinc binding in yeast TRM112. At, Arabidopsis
thaliana; Os, Oryza sativa; Hs, Homo sapiens;
Mm, Mus musculus; Dm, Drosophila melanog-
aster; Ce, Caenorhabditis elegans; Sc, Saccharo-
myces cerevisiae.

identity to TRM112 homologues (Figure 5c), implying that
TRM112 is an evolutionarily conserved protein. However,
the putative zinc-binding domain of TRM112s in yeast, bac-
teria and some archaea was not present in multicellular
organisms (Heurgué-Hamard et al., 2006) (Figure 5c).

Yeast TRM112 has been suggested to be a multifunctional
cofactor that interacts with methyltransferases and other
proteins, and disruption of the TRM112 gene in yeast
resulted in a slow growth phenotype (Purushothaman et al.,
2005). To investigate the functional relationship between
SMO2 and TRM112, we conducted a functional complemen-
tation test by expressing SMO2 in yeast trm112 cells. The
haploid trm 112 mutant cells were isolated by sporulation of
S. cerevisiae Y25421 and transformed with Arabidopsis
SMO2. As shown in Figure 7(a) and (b), the slow growth
phenotype resulting from impeded cell division in trm112
cells was restored when transformed with either SMOZ2 or
TRM112, whereas trm 112 cells alone or transformed with an
empty vector still grew very slowly, demonstrating that
SMO2 is a functional homologue of TRM112. Nevertheless,
introduction of SMO2ZL into trm112 cells just partially
restored the growth of trm712 cells (Figure Sic), further
supporting the conclusion that SMO2 and SMO2L have
functionally diverged.

SMO2 does not affect nuclear endoreduplication in leaf cells

To substantiate the role of SMOZ2in G,-M phase progression
and investigate whether the mutation of SMO2 affects cell
endoreduplication, which is often, but not always, correlated

© 2009 The Authors
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Figure 7. SMO2 is a functional homologue of yeast TRM112 protein.

(a) Functional complementation of trm 112 cells by expressing SMOZ2. Haploid
Saccharomyces cerevisiae (wild type, WT), haploid yeast trm112 cells
(trm112), haploid yeast trm112 cells carrying yeast TRM112 (TRM112),
SMO2 (SMO2) or empty pYES2 vector (Vector) was incubated at 30°C for
3 days.

(b) Time course of yeast cell growth. The yeast cells of each genotype
described above were cultured for 24 h and then diluted to OD600 = 0.15-0.17
in liquid medium as the starting concentration, and cell density was thereafter
measured at intervals of 4 h. Data shown are from three biological replicates.

with the final size of a cell (Sugimoto-Shirasu and Roberts,
2003; Ferjani et al., 2007), we performed a flow cytometric
examination with nuclei of both juvenile and fully expanded
fifth leaves. In juvenile leaves (4 days after initiation), the
percentage of 4C cells in smo2 was indeed higher than that
in WT, whereas the number of 2C cells in smo2 was reduced
accordingly (Figure 8a), further supporting that SMO2
affects Go-M phase progression in cell cycles. In fully
expanded leaves, however, smo2 seemed to have slightly
more 2C cells than WT, and the percentages of cells from 4C
to 16C between two genotypes remained comparably simi-
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Figure 8. Nuclear polyploidization analysis of smo2 leaf cells.

The juvenile (4 days after initiation) (a) and fully expanded (b) blades of fifth
leaves of wild type (WT) and smo2 plants were used for examining the cell
nuclear ploidy with a flow cytometer. The percentages of cells with different
nuclear polyploidy levels were calculated based on four independent repli-
cates of each genotype and shown as averages + SD.

lar (Figure 8b), indicating that smo2 does not affect nuclear
DNA endoreduplication in leaf cells. Given that palisade cells
in fully expanded smo2 leaves were dramatically enlarged
(Figure 2a,b), our finding also demonstrates that polyploi-
dization is not responsible for the compensatory enlarge-
ment in smoZ2 palisade cells.

DISCUSSION

SMO2 is required for the progression of cell division during
organ growth

By genetic screening, we identified the smo2 mutant with
small organs and short roots, and our further analysis
demonstrates that SMO2 is required for proper progression
of cell division. SMO2 is highly expressed in root and shoot
meristems and the developing organs (Figure 6), and dis-
ruption of SMO2 reduces the rate of cell production (Fig-
ure 3), thus leading to the organ growth defect. Previous
studies have shown that overexpression of a non-degrad-
able CYCB1;1 or inhibition of CYCB1;1 degradation impedes
cell cycle progression in G, and M phases (Weingartner
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et al., 2004; Pérez-Pérez et al., 2008). Our findings of dra-
matic accumulation of CYCB1;1 in smo2 suggest that the
mutation of SMO2 may mainly block Go-M phase progres-
sion in the cell cycle (Figure 4), which is further supported by
our observation that smo2 juvenile leaves contain more 4C
cells. On the other hand, the elevated expression of other cell
cycle checkpoint genes in smo2, such as CYCD3;1, HISTONE
H4, suggests that SMO2 is also likely to affect other cell cycle
phases. In Arabidopsis, similar cell division progression
defects have been reported in the mutants that mainly
involve the chromatin modification or DNA repair and rep-
lication, such as abo4-1, tebs and fas1 (Inagaki et al., 2006;
Ramirez-Parra and Gutierrez, 2007; Yin et al., 2009). Our
characterization of smo2 provides the evidence that SMO2-
mediated events are required for proper progression of cell
division during plant organ growth.

Regulation of cell cycle progression and control of plant
organ size

During organogenesis, proper cell cycle progression is
essential for the development of an organ. In plants, retar-
dation of the cell cycle often results in a reduction in organ
size (De Veylder et al., 2001; Inagaki et al., 2006; Fleury et al.,
2007; Ramirez-Parra and Gutierrez, 2007), whereas acceler-
ation of cell cycle progression does not appear to impinge
on the final size of organs. For example, ectopic expression
of CYCD2;1in tobacco accelerates the rate of cell production
by shortening the duration of the cell cycle but does not
change the final size of aerial organs (Cockcroft et al., 2000),
suggesting that the mechanism governing organ size by cell
proliferation is beyond the control of cell cycle progression.
Moreover, recent characterization of the genes involved
in control of organ size, such as AINTEGUMENTA (ANT),
ARGOS, ARF2, KLUH and AN3 (Mizukami and Fischer, 2000;
Hu et al., 2003; Horiguchi et al., 2005; Schruff et al., 2006;
Anastasiou et al., 2007), strongly suggests that the duration
of cell proliferation during organogenesis may be
an important mechanism determining final organ size
(Anastasiou and Lenhard, 2007; Gonzalez et al., 2009;
Krizek, 2009). Our observation that smo2 does not affect the
timing of cell proliferation suggests that SMO2 may not be a
regulator of plant organ size. Indeed, overexpression of
SMO2 in Arabidopsis did not increase the final size of aerial
organs (Figure S1d,e), and the reduction of leaf size in smo2
was found to be genetically independent of those in ant,
35S-ARGOS, arf2 and kluh (data not shown).

Potential mechanisms by which SMO2 regulates cell
division

Our finding demonstrates that Arabidopsis SMO2 is a
homologue of yeast TRM112 and has a function in regula-
tion of the progression of cell division. However, the
molecular mechanism underlying such regulation is still
unclear. In yeast, TRM112 has been identified as a multi-

functional cofactor of tRNA and protein methyltransferases,
which play roles in modification of tRNA and eRF1
(Purushothaman et al., 2005; Heurgué-Hamard et al., 2006;
Studte et al., 2008). Disruption of the TRM112 gene leads to
the defect in tRNA methylation and slows yeast cell division,
but how TRM112 affects cell division remains unknown.
Firstly, although a mutation in TRM11 or TRM9, a catalytic
subunit of tRNA methyltransferase that interacts with
TRM112, does not impede yeast growth under standard
laboratory conditions (Purushothaman et al., 2005; Studte
et al., 2008), there is no evidence that abolition of modifi-
cation of both of them at tRNAs could alter yeast cell divi-
sion. Secondly, TRM112 can interact with Ydr140w, a
component of eRF1 methyltransferase, and disruption of
Ydr140w in yeast leads to a growth defect (Niewmierzycka
and Clarke, 1999; Heurgué-Hamard et al., 2005, 2006),
implying that TRM112 might regulate cell division through
the modification of eRF1. Moreover, TRM112 is also likely to
interact with other proteins, such as LYS9, SFH1 or ECM16
(Krogan et al., 2006; Yu et al., 2008); the possibility could not
be excluded that the function of TRM112 in cell division may
be via the involvement of other biological processes.

A BLAST search in Arabidopsis genome annotation has
found that there exist homologues of yeast TRM9, TRM11,
Ydr140w and LYS9 (data not shown), suggesting that SMO2
also potentially interacts with multiple proteins in Arabid-
opsis. Previous study shows that an Arabidopsis knockout
mutant of LKR/SDH, a homologue of yeast LYS9, displays a
phenotype indistinguishable from WT under normal growth
conditions (Zhu et al., 2001). However, there is still a lack of
biochemical or genetic evidence about whether SMO2
interacts with these candidate partners as does the yeast
homologue. Therefore, further biochemical and genetic
studies on SMO2-interacting proteins in Arabidopsis are
necessary to distinguish which of the interactions is respon-
sible for the role of SMO2 in cell cycle progression during
organ growth.

Functional divergence of SMO2 and SMO2L

In Arabidopsis, SMO2L is identified as the only gene
homologous to SMO2. Because SMO2 and SMO2L share
78% amino acid identity and have a similar gene structure
(without the intron), it is likely that SMO2 and SMO2L are
a result of a gene duplication event. The topology of the
phylogenetic tree of TRM112 homologues from a few
model organisms suggests that flowering plants and
animals may have had a single ancestor TRM112 gene,
and the gene duplication events might have taken place
after the splits of these species (Figure S2). Consistently,
monocot rice and sorghum as well as eudicot wine grape
genomes still contain a single-copy TRM112 homologous
gene, and low copy number TRM112 homologues are
found in the genomes of other plant and animal species
(Figure S2).

© 2009 The Authors
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Our findings that Arabidopsis SMO2 is a homologue of
yeast TRM112 and SMO2L is not functionally redundant to
SMO2 imply that these two genes have undergone evolu-
tionary sub/neo-functionalization. SMO2 may retain the
ancestral function of TRM112, because the disruption of
SMO?2 alone causes retardation of the progression of cell
division and SMO2 could complement the cell division
defect in yeast trm 112 cells. SMO2L, on the other hand, only
partially rescued yeast trm712 cells and could not comple-
ment the phenotype of smo2 even under the SMO2
promoter, consistent with the notion that SMO2L has
functionally diverged from TRM1712 and SMOQO2. Although
the function of SMO2L is unknown, our characterization of
SMO2 and SMO2L here illustrates that the duplicated copies
of genes are functionally diversified in plants.

EXPERIMENTAL PROCEDURES

Plant materials and growth conditions

smo2 was isolated from a T-DNA transgenic population in the
Columbia-0 background. Unless described otherwise, the sterilized
seeds were geminated on 1/2 MS medium and all plants were
grown in a culture room or growth chamber at 22 4+ 1°C with illu-
mination of 80-90 pmol m~2 sec™' and a 16-h light/8-h dark photo-
period (Jing et al., 2009). For measurement of hypocotyl length,
seedlings were grown vertically in the dark for 5 days.

Morphological and cytological analyses

To determine the size of leaf and palisade cells, fully expanded
leaves were excised and photographed, and then cleared with
chloral hydrate as previously described (Jing et al., 2009). The pal-
isade cells at approximately the central position of a half leaf were
visualized under a microscope and photographed. The average cell
number per area was calculated. Areas of leaves and cells were
measured with IMAGE J software (http://rsbweb.nih.gov/ij/), and the
total number of palisade cells per leaf was estimated by the total leaf
area multiplied by the average cell number per area.

Growth kinematics and cell production in leaf and root

Growth kinematic analysis of first leaves was performed as
described (De Veylder et al., 2001). At least four plants of WT and
smo2 grown in the same plate were harvested daily after the first
leaf initiation (when the area reached 0.02-0.03 ym?), placed in
methanol overnight, and subsequently cleared with and stored in
lactic acid for microscopy. Leaf area, cell area and abaxial epidermal
cell number were examined as described (De Veylder et al., 2001),
and an average cell division rate was determined as the slope of the
log,-transformed number of cells per leaf with second-degree and
five-point differentiation formulae (Erickson, 1976).

For kinematic analysis of root growth, at least eight seedlings
grown vertically were used for measurements of primary root length,
cortex cell length and meristem size. The cell length in the mature
zone and the number of cortex cells in the RM were determined with
cleared primary roots under a microscope. The rate of cell production
of primary root was calculated by the increased root length per day
divided by the cortex cell length in the mature zone.

Flow cytometric assay

The juvenile (4 days after initiation) and fully expanded (25 days
after initiation) fifth leaves of WT and smo2 were chopped with a
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razor, suspended in cold nuclear isolation buffer (Galbraith et al.,
1983) and flow cytometric analysis was carried out as described
(Jing et al., 2009) with a FACS Caliber flow cytometer (BD Bio-
sciences, http://www.bdbiosciences.com/).

Molecular cloning of SMO2

The flanking genomic sequence of T-DNA in smo2 was determined
by TAIL-PCR (Liu et al., 1995). For SMO2 genomic complementa-
tion, a ~2.5-kb fragment of WT genomic DNA containing a promoter
and the genomic region of SMO2 was cloned into pCAMBIA1300
and introduced into the smo2 mutant. Meanwhile, a fusion DNA
fragment of SMO2 promoter and SMO2L genomic DNA in pCAMBIA
1300 was also transformed into smo2to investigate whether SMO2L
is functionally equivalentto SMO2. In addition, the SMO2 cDNA was
cloned into pVIP96 to generate transgenic plants overexpressing
SMO2 (Hu et al., 2003).

Gene expression analysis

Total RNA was isolated from 10-day-old seedlings using a guani-
dine thiocyanate extraction buffer (Hu et al, 2000). Real-time
quantitative RT-PCR (qRT-PCR) was performed with a Rotor-Gene
3000 thermocycler (Corbett Research, http://www.corbettlife-
science.com/) with the SYBR® Premix Ex Taq® Il kit (Takara, http://
www.takara-bio.com/). The expression level of each gene was nor-
malized against the expression levels of ACTIN2. The relative
expression values were calculated from three biological replicates
using a modified 272°T method (Livak and Schmittgen, 2001). The
primers used for HISTONE H4, CYCD3;1, CYCA1,;1, CYCB2,;3 and
CYCB1;1 were as described previously (Menges et al., 2006; De
Schutter et al., 2007), and ACTIN2 was 5-GCTCCTCTTAACC-
CAAAGGC-3" and 5-CACACCATCACCAGAATCCAGC-3. To exam-
ine the progression of cell division, the transgenic plant carrying
pCYCB1,;1:Dbox-GUS was crossed with smo2, and homozygous
plants in the smo2 background were assayed for GUS staining
(Colén-Carmona et al., 1999).

To investigate the tissue-specific expression of SMO2 and
SMO2L, a 1.8-kb SMO2 promoter fragment and a 217-bp 3’-
untranslated region of SMO2 were fused with the fi-glucuronidase
(GUS) gene into pBI101, and a 2.0-kb promoter region of SMO2L
was fused with GUS accordingly, to generate transgenic plants. For
the GUS staining assay, seedlings or organs of homozygous
transgenic plants were incubated in a 50 mm Na-phosphate solution
(pH 7.0) containing 5 mm K4Fe(CN)g, 5 mm KsFe(CN)g, 0.1% Triton
X-100, and 1 mm 5-bromo-4-chloro-3-indolyl-B-glucuronic acid
(Gluc) at 37°C for several hours (Hu et al., 2003).

Yeast complementation

The S. cerevisiae trm112 heterozygous mutant Y25421 (BY4743;
Mat a/o; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LYS2; MET15/
met15A0; ura3A0/ura3A0; YNRO46w::kanMX4/YNRO46w) was
obtained from the European Saccharomyces Cerevisiae Archive for
Functional Analysis (EUROSCARF; Frankfurt/Main, Germany). The
cells were sporulated according to the method described at the
Saccharomyces Genome Deletion Project web page (http://www.
sequence.stanford.edu/group/yeast_deletion_project/spo_riles),
and subsequently digested by 1% nailase for 90 min. The digested
spores were diluted to 1:107 and spotted on yeast peptone dextrose
(YPD) medium for 4 days at 30°C and individual colonies were
identified by PCR for haploid trm772 and TRM112 cells. The cDNA
fragments of SM0O2, SMO2L and yeast TRM112 were cloned to
pYES2 and introduced into trm112 cells, respectively. The yeast
transformation and culture were performed according to standard
protocols (Gietz and Woods, 2002). The yeast cells of each genotype
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were diluted to OD600 = 0.15-0.17 in liquid medium, and the cell
density was determined at intervals of 4 h.

Sequence alignment and phylogenetic tree construction

All SMO2 homologues were identified from GenBank using the
protein basic local alignment search tool (BLASTp) (http://blas-
t.ncbi.nim.nih.gov/Blast.cgi). The alignment of full-length amino
acid sequences was used to construct the neighbour-joining (NJ)
tree using the meca3 (Molecular Evolutionary Genetic Analyses,
version1.1, Pennsylvania State University, http:/www.megasoft-
ware.net/) package. The boot strap values were calculated using
1000 replicates (LU et al., 2007).
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