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Abstract

Leaf growth and development are primarily driven by cell proliferation and expansion. Among a number of genes involved
in the regulation of cell proliferation, the GROWTH-REGULATING FACTOR (GRF) transcription factors have been estab-
lished to act as positive regulators of cell proliferation and leaf growth in angiosperms. While the Arabidopsis thaliana GRF
family comprises nine members, not all members of the family have been experimentally confirmed for the positive role, not
only due to no or only slight changes in leaf size of corresponding single mutants, but also due to unavailability of multiple
mutants to overcome the obstacle. Furthermore, some discrepancies and confusion in their roles have been disclosed in the
literature. Here, we systemically prepared a series of such multiple mutants and confirmed that all GRF members, except for
GREFS, acted as positive regulators of cell proliferation and leaf growth. We also systematically examined the spatio-temporal
distribution patterns of all nine GRF proteins in the leaf organ, and found that their distribution patterns were highly remi-
niscent of the behavior of the cell cycle arrest front. We therefore propose that GRFs play an important role in shaping the
arrest front and growth patterns of leaves.
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Introduction

Plant leaves are the primary organs that perform photosyn-
thesis and thus convert sun light into chemical energy as a
form of carbohydrates. The carbohydrates serve as nutri-
ent sources not only for plants to grow and develop, but
also for almost all living organisms on earth, including
humans, highlighting the importance of understanding leaf
growth and development. The leaf primordium develops
from a group of cells at the flank of the shoot apical mer-
istem and takes a finger-tip-like shape initially. Afterward,
it first undergoes vigorous cell division and develops into
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a flattened lamina structure (Donnelly et al. 1999; Tsukaya
2013; Sarvepalli et al. 2019). Over time, the lamina enlarges
to a mature leaf via a coordinated involvement of cell divi-
sion and expansion. The final size of leaf organs is primar-
ily under the control of genetic programs that determines
the rate and duration of cell proliferation and expansion. In
Arabidopsis thaliana (hereafter, Arabidopsis), the leaf pri-
mordial cells are highly prolific or meristematic with limited
cell expansion (Donelly et al. 1999; Autran et al., 2002; Lee
et al., 2009). Yet, the situation is reversed as the primordium
grows further: the cells in the distal region of the leaf lamina
start to lose their meristematic potential, initiating the dif-
ferentiation program manifested by vigorous cell expansion;
the non-meristematic region of the lamina expands to the
base gradually; and, eventually, the whole lamina loses cell
proliferation activities, except in some tissues, reaching its
final size with fully expanded cells. The transition bound-
ary between the meristematic cells and differentiating cells
seemingly moves in a tip-to-base direction, or basipetally,
displaying a moving front, so-called the cell cycle arrest
front.
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The cell division occurring in the leaf primordium is
tightly regulated by the core cell cycle regulator, the com-
plex comprising cyclins (CYCs) and CYC-dependent kinases
(CDKs). The CYC-CDK complexes are highly cell cycle
phase-specific (for reviews, see Vercruysse et al. 2020). In
brief, A-type CYCs (CYCAs) and D-type CYCs (CYCDs)
are mainly involved in regulation of the G, progression and
G,/S transition, while B-type CYCs (CYCBs) predominantly
drive the G,/M transition and progression through mitosis.
Similarly, A-type CDKs (CDKAs) exert their function dur-
ing G,/S and G,/M transitions, and B-type CDKs (CDKB)
mainly during the G,/M transition and progression through
mitosis.

A number of genes involved in regulation of cell prolif-
eration have been identified (Vercruysse et al. 2020). Among
them, the GROWTH-REGULATING FACTOR (GRF) and
GRF-INTERACTING FACTOR (GIF) transcriptional com-
plex have been known to be essential for plant growth and
development (for reviews, Kim and Tsukaya 2015; Omid-
bakhshfard et al. 2015; Liebsch and Palatnik 2020). The
GRF-GIF duo promotes the cell cycle activities of lateral
organs, such as leaves and floral organs, at their primordial
and actively growing stages, and thus contribute to deter-
mination of their final size and shape. GRFs are transcrip-
tion factors that are conserved in streptophytes, including
land plants (Kim 2019; Fonini et al. 2020). The Arabidopsis
thaliana GRF family is consisted of nine members. Mean-
while, GIFs are transcription co-activators that are highly
conserved in the major lineages of eukaryotic organisms,
including land plants, and the Arabidopsis thaliana GIF
family comprises three members. It has been shown that the
members of the two families in Arabidopsis and other model
plants form a transcriptional complex in almost all possible
combinations (Kim and Kende 2004; Horiguchi et al. 2005;
Liang et al. 2014; Liu et al. 2014; Duan et al. 2016; Zhang
et al. 2018).

The role of the GRF-GIF duo as a positive regulator
of cell proliferation has been best studied in Arabidopsis
and further shown, in large, to be conserved in other model
plants, such as rice and maize, although, in certain organs
and conditions, the duo can regulate both cell number and
size (Kim and Tsukaya 2015; Omidbakhshfard et al. 2015;
Kim 2019; Liebsch and Palatnik 2020). Most of single, loss-
of-function mutants of GRFs displayed no or only minute
defects in leaf growth, whereas multiple combinations of
those single mutations caused an obvious reduction in leaf
growth, suggesting that GRF's seem to be functionally redun-
dant. In more detail, single mutants of grf/—grf4 displayed
the size and shape of the wild-type leaves, whereas their
double, triple, and quadruple mutants showed gradual reduc-
tions in cell proliferation activities, producing smaller and
narrower leaves than those of the wild type (Kim et al. 2003;
Kim and Kende 2004; Kim and Lee 2006). The grf5 single
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mutant produced slightly small leaves due to a reduction in
cell number (Horiguchi et al. 2005). The grf7 single mutant
also had smaller leaves than the wild type, although we
failed to recognize the difference in the same single mutant
allele (see below), and the grf8 single mutant did not show
any difference in leaf size compared with the wild type (Kim
et al. 2012), although GRF8 has been, by implication, pre-
sumed to be a positive regulator of cell proliferation (Tsu-
kaya 2021). In contrast, the grf9 single mutant displayed a
slightly bigger leaves with more cells than the wild type,
indicating that GRF'9 acts as negative regulators of cell pro-
liferation and leaf growth (Omidbakhshfard et al. 2018). It
should be noticed, however, that other reports showed no
significant changes in leaf size of the same grf9 mutant allele
(Horiguchi et al. 2005; Liang et al. 2014).

The cellular function and biological roles of GRFs in
Arabidopsis have been established through analyses of grf
multiple mutants and micro-RNA396 (miR396) overexpres-
sors (Liu et al. 2009; Rodriguez et al. 2010; Lee et al. 2018).
Arabidopsis miR396 targets almost all GRF mRNAs with
the exceptions of GRF5 and GRF6 mRNAs, inducing their
cleavage and degradation. As such, overexpression of the
MIR396 genes (MIR396a and MIR396b) by the viral 358
promoter downregulated GRF expression as a whole and
thus produced distinctively small and narrow leaves (Liu
et al. 2009; Rodriguez et al. 2010). 35S::MIR396b plants
showed reductions in both the cell number and expression
level of CYCBI;1::GUS, a molecular marker for the G,/M
transition and mitosis (Rodriguez et al. 2010).

Among the three members of the GIF family, GIFI (aka
ANGUSTIFOLIA3, AN3) plays a prominent role in leaf
growth, since gifl and an3 single mutants produce distinc-
tively small and narrow leaves due to a reduction in cell
proliferation (Kim and Kende 2004; Horiguchi et al. 2005).
Although gif2 and gif3 single mutants show no visible
defects, the mutations synergistically enhance the defective
leaf phenotype of gifl, revealing functional redundancy
between them: the gifl gif2 gif3 triple mutant produced tiny
leaves with a modicum of mesophyll cells due to down-
regulation of cell cycle-related genes, such as CYCs and a
CDK (Lee et al. 2009). In addition, when combined together,
gifl, an3, grf, and 35S::MIR396b severely compromise leaf
growth, giving rise to the notion of the GRF-GIF-miR396
regulatory module (Kim and Kende 2004; Rodriguez et al.
2010).

Although the cellular mechanism by which the GRF-GIF
duo regulates leaf growth has been largely understood, the
role or impact of all individual GRFs has not been experi-
mentally demonstrated. Besides, the inconsistency pertinent
to the role of GRF7 and GRF9 in leaf growth has been dis-
closed, as mentioned above. In the present study, we perform
a systematic assessment of the role and impact of each mem-
ber of the GRF family by constructing multiple grf mutants
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and demonstrate that most of the GRF members act as posi-
tive regulators of cell proliferation contributing to regulation
of the final size and shape of the leaf organ. We also discuss
the correlation between GRF action and the behavior of the
cell cycle arrest front.

Results

The gif1 gif2 355::MIR396b Triple Mutant Almost
Completely Compromises Leaf Growth

It was previously shown that the gifI grfl grf2 triple muta-
tions (simply, gifl grfl/2) resulted in a severe reduction in
leaf size and cell number (Kim and Kende 2004), and that

an3 and 35S::MIR396b also caused synergistic deterioration
in leaf growth (Rodriguez et al. 2010). Here, we extended
the genetic interaction between 35S::MIR396b and all gif
mutations (Fig. 1). 35S::MIR396b, gifl, gifl/2, and gif1/3
mutants produced small and narrow leaves with small num-
bers of mesophyll cells, which is obviously indicative of
the positive role of both the GRF and all GIF members in
cell proliferation and leaf growth, as reported previously
(Horiguchi et al. 2005; Lee et al. 2009; Rodriguez et al.
2010). Furthermore, introduction of gifl single and gifi/3
double mutations into 35S::MIR396b markedly reduced
leaf size and cell number. Moreover, gifl/2 35S::MIR396b
almost completely compromised leaf growth and cell pro-
liferation. In addition to the leaf size, higher the order of
mutational combinations was, narrower the leaf shape was
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Fig.1 Leaf phenotypes of gif and 35S::MIR396b mutants. A Leaf
phenotypes of 25-day-old plants: upper panel, whole plants and first-
to-fourth rosette leaves; lower, palisade cells in the maximum-width
region. Scale bars indicate 1 cm and 25 pm, respectively. B Area,
length, and width of the first pair of leaves (columns) as well as leaf
index (closed circles). C, Calculated numbers of palisade cells, which

0
WT 386 gift gif12 gif13 1x386 12x396 13x396

were derived from leaf area divided by cell area as well as counted
numbers of cells aligned along a transverse axis in the maximum-
width region. The number 396 indicates 35S::MIR396b; 1 X396, gifl
358::MIR396b; 12 %396, gifl gif2 358::MIR396b; 13 %396, gifl gif3
358::MIR396b. n=10 for leaf area, n=100 for palisade cell param-
eters. Error bars indicate S.E. values
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(leaf narrowness was indicated by the leaf index, i.e., a ratio
of leaf length divided by leaf width). The results clearly
showed the synergistic interaction between all gif mutations
and 35S8::MIR396b.

Apart from the changes in cell number of the mutant
leaves, their cell areas increased with inverse correlation to
cell numbers (Fig. 1C), which was referred to a ‘compensa-
tory’ syndrome occurring in response to a substantial reduc-
tion in cell number (Tsukaya 2002). Of note, however, the
compensatory increases in cell area were not to fully make
up for reductions in leaf size resulting from defective cell
proliferation.

Most of the GRF Members Act as Positive Regulators
of Cell Proliferation and Leaf Growth

It is conceivable that 355::MIR396b should exert its influ-
ence through miR396-targeted GRFs. In fact, the target
GRFs are downregulated by 35S::MIR396b, and even non-
target members, such as GRF5 and GRF6, are likewise
downregulated by 35S::MIR396b, probably because the
autoactivation loop of the GRF-GIF transcriptional com-
plex is impaired by miR396 overexpression (Liu et al. 2009;
Rodriguez et al. 2010; Debernardi et al. 2014). Neverthe-
less, it has not been fully understood which members of the
GRF family contribute to leaf growth and to what extent
(Vercruysse et al. 2020). To clarify the involvement and

impact of individual GRFs in leaf growth, we constructed
a series of multiple grf mutants in the Columbia accession
through a long process of cross-pollination. Single mutants
used are followings: grfl-3, grf2-1, grf3-1, grf4-1, grf5-2,
grf7-1, grf8-1, and grf9-1 (the grf6 mutant is not available
at present). They are all derived from T-DNA insertion (for
detailed information about their mutational nature, see Lee
et al. 2018; hereafter, the numbers for allele designation
were left out for simplicity, unless necessary). It should be
noted that, since the original grf2 mutation (designated as
grf2-0) was derived from the Wassilewskija (Ws) accession,
the grf1/2/3 triple mutant in this study was obtained after
five back-crosses with the Columbia (Col) accession. The
grf2 single mutant analyzed in this study was segregated out
from one more cross between the cleaned triple mutant and
wild-type Col and designated as grf2-1. All single mutants
did not show any visible changes in leaf size and shape,
although careful quantification reveals slight reductions in
some single mutants, such as grfl, grf3, and grf5 (Figs. 2
and 3). On the other hand, grfi1/3, grfl/4, and grfl/5 double
mutants developed noticeably smaller and narrower leaves
with fewer cells than those of their parental single mutants.
The grfl/2/3 triple mutant also showed smaller and narrower
leaves than its constituent single mutants, but not smaller
than the grfl/3 double mutant, probably because of the
mixed genetic background even after five back-crosses with
Col. We previously demonstrated gradual suppression of
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Fig.3 Quantitative parameters of grf mutants. A, B Size of the first
pair of leaves (columns) and leaf index (closed circles). C Calculated
numbers of palisade cells, which were derived from leaf area divided

leaf growth owing to additions of grfl-1, grf2-0, and grf3-0,
which are all in Ws (Kim et al. 2003; Kim and Kende 2004).
The results all together indicate that GRFI-GRF5 promote
leaf growth and cell proliferation. The leaf size of grf1/7
and grf1/3/7 was not different from those of grfI and grfi/3,
respectively, indicating that the grf7 mutation, albeit being a
null allele (Kim et al. 2012), did not affect leaf growth at the
particular combinations. At the other combinations (grf1/5/7
and grf1/3/5/7), however, the grf7 mutation revealed its addi-
tive influence, resulting in a little more reductions in both
leaf size and cell number compared with grf1/5 and grf1/3/5,
respectively, and moreover, its influence was significantly

by cell area. Error bars indicate S.E. values. Values of each group
with the same letters were not significantly different (P <0.05; one-
way analysis of variance with the Tukey test)

manifested in the grf1/3/4/5/7 quintuple mutant compared
with grf1/3/4/5. The change in leaf narrowness was also
prominent in the grf1/3/4/5/7 quintuple mutant (Figs. 2 and
3). It is clear therefore that GRF7 contributes to cell prolif-
eration and thus leaf growth, though with less impact com-
pared with GRFI-GRFS.

The positive role of GRF9 in leaf growth was also dis-
closed: although the grf9 single mutant showed almost no
reductions in leaf growth, grfi/3/4/5/9 had substantially
smaller and narrower leaves with fewer cells than grf1/3/4/5
(Figs. 2 and 3). On the other hand, any contribution to leaf
growth by GRFS8 was not detected at the levels of grf8
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single and grf1/5/7/8 quadruple mutants when compared
with grf1/5/7 (Fig. 3A). Even the one-order higher multiple
mutant, grf1/4/5/7/8, showed no difference in leaf size com-
pared with that of grf1/4/5/7 (Fig. 3B).

Additionally, significant reductions in cell number by
cumulative addition of mutations were accompanied by
increases in cell area in an inversely proportional manner,
which is a manifestation of the compensatory syndrome
(Fig. 3C).

Distribution Patterns of GRF::GUS Fusion Proteins
During Leaf Growth

Expression patterns of some GRF genes in leaves have been
examined using the B-glucuronidase (GUS) marker gene
fused to their promoters or whole genomic sequences (Kim
et al. 2003; Horiguchi et al. 2005; Rodriguez et al. 2010;
Liang et al. 2014; Beltramino et al. 2021). In the present
study, we systematically prepared transgenic plants express-
ing the GUS gene fused to the whole genomic sequences of
all nine GRFs, including the ~2 kb-long promoter as well
as exons and introns, and performed the GUS assay. Among
all, the leaves of Ppp;-:GRF1::GUS (simply, GRF1::GUS)
and GRF2::GUS displayed prominent signals (Fig. 4). The

day 3 11

Rre1::GRF1::GUS | §

e

Rrr2::GRF2::GUS

Rgr3::GRF3::GUS

Rres::GRF4::GUS

Rrrs::GRF5::GUS

Rrre::GRF6::GUS

Rre7:GRF7::GUS

Rrrs::GRF8:GUS |08

Rers:GRF9::GUS

Fig.4 Spatio-temporal distribution patterns of GRF::GUS fusion pro-
teins during leaf growth. The first pair of leaves or one of them were
presented. Numbers on top indicate days after germination. Scale bar
100 pm
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Fig.5 Localization patterns of CYCB1;1::GUS fusion proteins dur-
ing leaf growth. The first pair of leaves or one of them were shown.
Numbers on top indicate days after germination. Scale bar 100 um

signals were strongly detected all over the whole primor-
dial leaves at 3 and 5 days after germination (DAG). After-
ward, the signals began to fade away from the leaf tip, being
restricted to the basal region over time, and finally disap-
peared almost completely at 11 DAG. The staining patterns
of GRF3::GUS-GRF9::GUS were, in large, similar to those
of GRFI::GUS and GRF2::GUS, though weaker than those.
Unlike the others, however, GRF4::GUS and GRF6::GUS
started to display the signal at 5 DAG, and GRF4::GUS
appeared at the distal region of leaves at 5 DAG. On the
other hand, the staining signal of GRF8::GUS was barely
detected, indicating that no detectable effect of the grf8
mutation on leaf growth may be due to the extremely weak
expression of GRFS in the leaf. In summary, the results sug-
gest that expression of most of GRF genes is active at the
earliest primordial stages, after which the expression is rap-
idly repressed in a tip-to-base direction.

Expression Patterns of the Core Cell Cycle Genes

It has been well established that the CYCBI,1::GUS fusion
gene specifically marks the cells that are in the G,/M tran-
sition and mitosis (Donnelly et al. 1999; Vercruysse et al.
2020). We employed the marker gene to investigate changes
in the mitotic activities during leaf growth. In the wild type,
CYCBI;1::GUS expression was detected in a high level
all over the first pair of the wild-type primordial leaves at
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5 DAG, and then started to fade away from the tip, being
restricted to the base (Fig. 5). Finally, the expression com-
pletely disappeared at 11 DAG, although it persisted in the
veins. In contrast, the levels of CYCBI;1::GUS expression
were very low in grfl/3/5 and grfl/3/4/5 mutants. Moreo-
ver, its expression front moved downwards earlier than that
of the wild type, resulting in almost no signals at 9 DAG.
CYCBI;1::GUS expression was more impaired in grfl1/3/4/5
than in grf1/3/5, revealing an additive role of GRF4 in regu-
lation of CYCBI;1::GUS expression. The expression pat-
terns of CYCBI;1::GUS in gifl and 35S::MIR396b were
similar to those in grf multiple mutants, resulting in no sig-
nals at 9 DAG, except for the veins. CYCBI;1::GUS expres-
sion was further impaired by gifl 355::MIR396b double
mutations.

It is noteworthy that the development of the vascular
structures of all the mutants were severely impaired. Most
of the mutants did not develop the tertiary veins, and the
gifl 358:MIR396 double mutant developed only the primary
vein.

Discussion

Most of GRF Members Act as Positive Regulators
of Cell Proliferation During Leaf Growth

Since the discovery of GRF transcription factors in deep-
water rice a couple of decades ago, many researchers have
elucidated the roles and significance of GRFs in various
aspects of plant growth and development (Van der Knaap
et al. 2000; Kim and Tsukaya 2015; Omidbakhshfard et al.
2015). Among those, the role of GRF in leaf growth has
been most extensively studied in Arabidopsis, producing
evidence for the notion that GRFs are positive regulators of
cell proliferation and thus determine the final size and shape
of leaves. As mentioned above, however, not all members
of the GRF family have been empirically tested not only
due to the difficulty in phenotypic analysis of correspond-
ing single mutants, but also due to unavailability of mul-
tiple mutants. Here, we prepared a series of such multiple
mutants and demonstrated that all GRFs with the exception
of GRF8 acted as positive regulators of cell proliferation and
leaf growth (Figs. 2 and 3).

We previously demonstrated that GRF1-GRF3 acted
as positive regulators of cell proliferation in leaf growth
by analyzing the grfl-1/2-0/3-0 triple mutant, which was
in the Ws accession (Kim and Kende 2004; Kim and Lee
2006), although their cellular role was wrongly attrib-
uted to cell expansion in the initial analysis (Kim et al.
2003). Here, we once more confirmed the previous results
by analyzing the grf1-3/2-1/3-1 triple mutant, which was
nearly isogenic to the Col accession. The result would help

to dispose of the confusion caused by the initial analy-
sis. We also previously concluded that GRF4 acted as a
positive regulator of cell proliferation by analyzing the
grfl-1/2-0/3-0/4-1 quadruple mutant (Kim and Lee 2006).
The quadruple mutant was, however, derived from the
cross between grf4-1 in Col and the grfl-1/2-0/3-0 triple
mutant in Ws, and thus, the conclusion was obscured due
to the drawback of the mixed genetic background. Here,
we clearly demonstrated the role of GRF4 in cell prolif-
eration and leaf growth by comparing multiple mutants,
which are all in Col (Figs. 2, 3 and 5). Analysis of mul-
tiple mutants containing the grf5 mutation revealed the
robust contribution of GRFS5 to cell proliferation and leaf
growth (Figs. 2 and 3), as previously shown by Horiguchi
et al. (2005). Recently, Beltramino et al. (2021) showed
the additive effect of grf3 and grf5 on cell proliferation
and leaf growth.

We noticed that some of our data pertinent to GRF7 and
GRF9 were in discrepancy with previous ones. Kim et al
(2012) reported that the grf7-1 single mutant and GRF7-
specific RNA-interference lines produced smaller leaves
than the wild type, although the authors did not analyze
cellular parameters. To the contrary, we failed to recog-
nize any significant changes in leaf size of the same single
mutant allele and were able to detect an obvious reduction
in leaf size and cell number only when the grf1/3/4/5 and
grf1/3/4/5/7 multiple mutants were compared. The dis-
crepancy might stem from different conditions of plant
culture: the previous and this studies analyzed plants
grown on agar plates and soil, respectively, suggesting a
possible reconciliation.

Unfortunately, however, the discrepancy between the
results from Omidbakhshfard et al. (2018) and this study
seems hardly to be resolved. The previous study showed
that grf9-1 and grf9-2 single mutants had slightly bigger
leaves with more cells than those of the wild type, suggest-
ing that the wild-type GRF9 acts as a negative regulator of
cell proliferation. Unlike in the case of grf7 mutants, the
growth conditions, including seed stratification and photo-
period regime, were similar in both studies. The authors also
meticulously demonstrated that the negative effect of GRF9
on cell proliferation was, at least in part, mediated by the
transcriptional activation of a target gene, which encodes the
OBP3-RESPONSIVE GENE 3 transcription factor acting
as a negative regulator of cell proliferation. To the contrary,
this study revealed that the same grf9-1 single mutant as
used in the previous study was not bigger than the wild type
and that GRF9 acted as a positive regulator of cell prolif-
eration (Figs. 2 and 3). Horiguchi et al. (2005) observed a
slight increase in leaf size of the grf9-1 mutant, though not
supported by statistics, and Liang et al. (2014) found no con-
tribution of the grf9-1 mutation to leaf growth at the level of
the grf7/8/9 triple mutations.
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The GRF-GIF-miR396 Module May Play a Pivotal
Role in Shaping the Behavioral Features
of the Arrest Front

Leaf growth results from coordinated processes of cell
proliferation and expansion, which is spatiotemporally
orchestrated through the activities of growth-promoting
and growth-repressing regulators (Sarvepalli et al. 2019).
Some of those regulators are expressed in gradients as a
result of their own transcriptional activities and/or post-
transcriptional control by their upstream regulators, such
as miRs. Therefore, those regulatory players underpin
the spatio-temporal modulation of cellular properties and
behaviors, resulting in a growth gradient. The basipetal gra-
dient, in which the arrest front progresses in a tip-to-base
direction, is commonly found in most monocot and eud-
icot plants, although other types of growth gradient have
been defined for other eudicot plants (Das Gupta et al. 2015;
Nelissen et al. 2016). Arabidopsis leaves display the basi-
petal growth gradient (Sarvepalli et al. 2019). Initially, cell
proliferation vigorously occurs throughout the emerging leaf
primordia in an exponential manner, which is revealed by
the CYCBI;1::GUS marker and kinematic analyses of leaf
growth (Donnelly et al. 1999; Autran et al. 2002; Ferjani
et al. 2007; Lee et al. 2009). As the primordia grow further,
the meristematic activities started to disappear from their
tips, forming the arrest front (Donnelly et al. 1999; Kazama
et al. 2010). Cells residing in the distal region of the arrest
front stop to divide and start to expand vigorously, whereas
cells in the proximal region continue to divide actively.
When the arrest front touches the base, almost all cells in the
leaf blade, except for vascular and meristemoid cells, shut
down its meristematic program, giving way to the differen-
tiation program and leading to the exponential expansion
of cell volume and leaf size. Similarly, the expressions of
most GRF's were strong throughout the emerging primordia,
then started to disappear in a tip-to-base direction, and were
almost completely shut down at 9 DAG (Fig. 4), indicating
that GRF expression displays a basipetal gradient. On the
other hand, miR396 levels displayed an acropetal gradient,
i.e., high in the distal region and low in the proximal region
(Rodriguez et al. 2010; Beltramino et al. 2018). Further-
more, both grf multiple mutations and 35S::MIR396b not
only reduced the number of CYCBI;1::GUS-positive cells
in the primordia, but also caused a precocious movement
of the CYCBI;1::GUS boundary (Fig. 5; Rodriguez et al.
2010). The results indicate that the GRF-miR396 module
regulates both the rate and duration of cell cycling and also
suggest that the module may be involved in regulation of the
formation and/or maintenance of the arrest front. The notion
is supported by the fact that overexpression of GRF5 signifi-
cantly delayed the downward movement of the arrest front
(Vercruyssen et al. 2014). A previous study proposed that
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the repression of GRF expression by miR396 may contribute
to the behavior of the arrest front (Rodriguez et al. 2010).
The present study provides further evidence, supporting the
proposal. In addition, the expression gradients of the GRF-
miR396 module during leaf growth seem to be conserved in
other species with the basipetal growth pattern, highlighting
the importance of the module with respect to the behavior of
the arrest front (Das Gupta et al. 2015).

The notion may hold true for the GIF family, since the
gifl mutation reduced the number of CYCBI;1::GUS-pos-
itive cells in the primordia and caused a precocious move-
ment of the CYCBI;1::GUS boundary (Fig. 5). Expres-
sion patterns of GIFs closely overlapped the behavior of
the arrest front (Horiguchi et al. 2005; Lee and Kim, 2014;
Kawade et al. 2017). Kinematic analyses on leaf growth of
gif 1/2/3 and an3 mutants revealed that GIFs regulate both
the rate and duration of cell cycling (Ferjani et al. 2007;
Lee et al. 2009). Activation of GIF1/AN3 delayed the down-
ward movement of the arrest front (Vercruyssen et al. 2014).
Taken together, we propose that the GRF-GIF-miR396
module may play a pivotal role in shaping the behavioral fea-
tures of the arrest front. Kazama et al (2010) hypothesized a
KLUH-derived mobile growth factor to explain the behavior
of the arrest front. It is therefore tempting to speculate that
the GRF-GIF-miR396 module may mediate the action of
the putative mobile growth factor. Recently, it was shown
that GIF1/AN3 proteins diffused through the plasmodesmata
and established a gradient from a base-to-tip direction, sug-
gesting that it might act as a mobile growth factor (Kawade
et al. 2017).

Of particular note is the finding that grf, gifl, and
358::MIR396b mutants did not develop the tertiary and qua-
ternary veins, and gifl 35S::MIR396b did not develop even
the secondary veins (Fig. 5). It was reported that the cotyle-
dons of the grf1/2/3/4 quadruple mutant also had malformed
veins (Kim and Lee 2006). The results are in good agree-
ment with the observation that most of GRF's are expressed
in leaf veins (Fig. 4). The leaves of the gif1/2/3 triple mutant
developed only the primary veins, indistinguishable from
that of gif1 35S::MIR396 (data not shown). The results indi-
cate that the GRF-GIF-miR396 module plays an essential
role in the vasculature development, inviting more system-
atic and detailed analyses to understand how the module
regulates cellular and molecular processes involved in the
vasculature development.

Materials and Methods
Plant Material and Growth Conditions

The Arabidopsis thaliana seeds were sown on autoclaved
wet soil (Mix5, Sunshine, USA), stratified at 4°C for 3 days,
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and transferred to a growth room at 23°C under a photo-
period of 16-h light/8-h darkness, which was marked as 0
DAG. Soil was periodically supplemented with nutrients
(Bio Garden, E&G, Korea). 355::MIR396b and GRF2pro.:
GRF2::GUS seeds were kind gifts from Dr. Palatnik, and
CYCBI; 1::GUS seeds from Dr. Celenza.

Construction of Multiple Mutants

The construction process of multiple mutants was previously
described (Lee et al. 2018), and some additional multiple
mutants were prepared in this study by crosses between pre-
existing multiple mutants.

Construction of Pgg:: GRF::GUS

Most of Pgrp::GRF::GUS constructs were previously
described (Lee et al. 2018). Pgrps:-GRF8::GUS was con-
structed in this study using the In-Fusion Advantage PCR
cloning kit according to the manufacturer’s instruction
(Takara Bio, USA). The primers used for amplification of
the GRF8 genomic fragment, including the ~2 kb-long pro-
moter and 5’-untranslated region (UTR) as well as exons
and introns, but except the stop codon and 3* UTR, were
JHK660 and JHK663 (5-GCAGGTCGACTCTATAATGCG
AGGCTGAAGGTGT-3' and 5'-GACCACCCGGGGATCC
TGTGTAGCTTGAGCTTCT-3', respectively). In-Fusion
enzymes joined the PCR products and pBI101.1 linearized
with HindIIl and BamHI to be in frame with GUS. These
recombinant plasmids were confirmed by sequencing and
introduced into Arabidopsis plants by the Agrobacterium
tumefaciens-mediated transformation method (Clough and
Bent 1998). Dozens of independent transgenic lines were
selected on MS agar plates (0.5 X Murashige-Skoog salts,
1% sucrose, 0.8% phytoagar, 50 pg/ml kanamycin), and T,
lines were subjected to the GUS assay.

GUS Assay

The GUS staining procedure was performed according to
Rodrigues-Pousada et al. (1993) with a slight modification,
and photographs were obtained using a light microscope
(Eclipse NI-U, Nikon, Japan).

Measurement of Dimensional Parameters of Leaves

Digital images of detached leaves were acquired using a
scanner. Area, length, and width of the first pair of leaves
were determined with the image-analyzing program SCION-
IMAGE (Scion Corp.).

Number and Size of Palisade Cells

The first pair of leaves were fixed with ethanol/acetic
acid (6:1) for 4 h, and were washed with 100% ethanol
three times and 70% ethanol once, after which they were
cleared in the Visikol solution (USA) and mounted on
slide glass. The microscopic images were obtained by
using DIC microscope (Eclipse NI-U, Nikon, Japan). The
cell numbers were determined by counting the palisade
cells aligned along a transverse axis in the maximum-
width region of leaves (Fig. 1) or derived from leaf area
divided by cell area (Fig. 3). To determine cell area, ten
cells grouped in the halfway from the midvein to the leaf
margin at the widest point were analyzed with the SCION-
IMAGE software.
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