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Leaf abaxial–adaxial patterning is dependent on the mutual repression of leaf polarity
genes expressed either adaxially or abaxially. In Arabidopsis thaliana, this process is
strongly affected by mutations in ribosomal protein genes and in ribosome biogenesis
genes in a sensitized genetic background, such as asymmetric leaves2 (as2). Most
ribosome-related mutants by themselves do not show leaf abaxialization, and one
of their typical phenotypes is the formation of pointed rather than rounded leaves.
In this study, we characterized two ribosome-related mutants to understand how
ribosome biogenesis is linked to several aspects of leaf development. Previously,
we isolated oligocellula2 (oli2) which exhibits the pointed-leaf phenotype and has
a cell proliferation defect. OLI2 encodes a homolog of Nop2 in Saccharomyces
cerevisiae, a ribosome biogenesis factor involved in pre-60S subunit maturation. In
this study, we found another pointed-leaf mutant that carries a mutation in a gene
encoding an uncharacterized protein with a G-patch domain. Similar to oli2, this
mutant, named g-patch domain protein1 (gdp1), has a reduced number of leaf cells.
In addition, gdp1 oli2 double mutants showed a strong genetic interaction such that
they synergistically impaired cell proliferation in leaves and produced markedly larger
cells. On the other hand, they showed additive phenotypes when combined with
several known ribosomal protein mutants. Furthermore, these mutants have a defect
in pre-rRNA processing. GDP1 and OLI2 are strongly expressed in tissues with high
cell proliferation activity, and GDP1-GFP and GFP-OLI2 are localized in the nucleolus.
These results suggest that OLI2 and GDP1 are involved in ribosome biogenesis. We
then examined the effects of gdp1 and oli2 on adaxial–abaxial patterning by crossing
them with as2. Interestingly, neither gdp1 nor oli2 strongly enhanced the leaf polarity
defect of as2. Similar results were obtained with as2 gdp1 oli2 triple mutants although
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they showed severe growth defects. These results suggest that the leaf abaxialization
phenotype induced by ribosome-related mutations is not merely the result of a general
growth defect and that there may be a sensitive process in the ribosome biogenesis
pathway that affects adaxial–abaxial patterning when compromised by a mutation.

Keywords: OLI2, GDP1, ribosome biogenesis, cell proliferation, adaxial–abaxial polarity regulation, leaf
development, Arabidopsis

INTRODUCTION

Ribosome biogenesis drives cellular growth, and, in principle,
individual cells must grow twofold before division during the
cell cycle. To do so, a large proportion of the gene expression
machinery in a cell is devoted to ribosome biogenesis (Warner,
1999). In multicellular organisms, behavior of individual cells
is under the control of developmental programs to establish
the appropriate shape and function of tissues and organs.
Therefore, ribosome biogenesis is expected to be important to
developmental pattering. However, the details of this putative
connection are not well understood.

In eukaryotes, cytosolic ribosomes consist of a 60S subunit and
a 40S subunit. Ribosome biosynthesis initiates in a specialized
membraneless nuclear subcompartment, the nucleolus. Pre-
ribosomal RNA [pre-rRNA: 45S rRNA in Arabidopsis thaliana
(Arabidopsis) and 35S rRNA in Saccharomyces cerevisiae (yeast)]
is transcribed by RNA polymerase I (Pol I) as a polycistronic
transcript from rDNA repeats and contains 25–28S, 5.8S,
and 18S rRNA sequences that are flanked by a 5′ external
transcribed spacer (5′-ETS) and a 3′-ETS and separated by
internal transcribed spacer 1 (ITS1) and ITS2 (Layat et al.,
2012). Ribosome biogenesis requires more than 200 ribosome
biogenesis factors (RBFs) and small nucleolar RNA (snoRNA)
species in addition to ribosomal proteins (r-proteins), and has
been best characterized in yeast. The 90S pre-ribosome, also
designated as the small subunit (SSU) processome, is a huge
ribonucleoprotein complex in which a nascent pre-rRNA and a
subset of r-proteins for SSU are encapsulated by U three protein
(UTP) complexes and U3 small nucleolar ribonucleoprotein
(snoRNP). Numerous RBFs dynamically join and dissociate from
the 90S pre-ribosome in a hierarchical manner and carry out
folding, cleavage, and trimming of rRNA precursors, as well as
assembly of r-proteins with rRNAs to produce pre-40S ribosomes
(Grandi et al., 2002; Pérez-Fernández et al., 2007; Kornprobst
et al., 2016; Chaker-Margot et al., 2017; Sun et al., 2017). The
remaining 3′ part of the pre-rRNA forms the large subunit
(LSU) processome and produces pre-60S ribosomes (Konikkat
and Woolford, 2017). The 5S rRNA is transcribed separately by
Pol III and forms a complex with RPL5 and RPL11, then joins to
a pre-60S particle (Zhang et al., 2007). Final maturation of pre-
ribosomal subunits takes place after export from the nucleus into
the cytoplasm (Nerurkar et al., 2015).

Approximately 250 ribosome biogenesis factors have been
identified in yeast by genetic and proteomics analyses. Similarly,
286 ribosome biogenesis factors have been identified in human
cells, but among them, 74 do not have a yeast ortholog
(Tafforeau et al., 2013). For land plants, orthologs to about

75% of yeast ribosome biogenesis factors were identified by
bioinformatics methods (Ebersberger et al., 2013). However,
only a small fraction of these molecules have been functionally
characterized in Arabidopsis (Weis et al., 2015a). These studies
suggest that molecular mechanisms for ribosome biogenesis are
largely conserved, but that some processes are mediated by
species-specific factors. A recent nucleolar proteomics analysis of
Arabidopsis supported this interpretation (Palm et al., 2016).

A plant-specific feature of ribosome biogenesis is also
seen in two routes of rRNA processing (Weis et al., 2015a).
In Arabidopsis, transcription of 45S rRNA is terminated
by endonucleolytic cleavage at site B0 in the 3′-ETS by
RIBONUCLEASE THREE LIKE2 (atRTL2; Comella et al., 2007).
Then endonucleolytic cleavage at site P within the 5′-ETS takes
place by the action of EXORIBONUCLEASE2 (XRN2) and
U3 snoRNP to yield 35S rRNA (Sáez-Vasquez et al., 2004;
Zakrzewska-Placzek et al., 2010). There are two alternative routes
for further processing of 35S rRNA accompanied by simultaneous
removal of the 3′-ETS (Missbach et al., 2013). In one pathway,
the 5′-ETS is removed before cleavage within ITS1 (5′-ETS-first
pathway) while in the other, cleavage within ITS1 of 35S takes
place prior to 5′-ETS cleavage (ITS1-first pathway). In yeast,
processing of pre-rRNA strictly follows the 5′-ETS-first pathway,
while the ITS1-first pathway is the major route in mammals
(Fernández-Pevida et al., 2015; Henras et al., 2015).

In Arabidopsis, impaired function of RBFs affects normal
processing of pre-rRNAs as well as diverse developmental
processes, such as auxin response, cell proliferation, root
epidermal patterning, vascular patterning, leaf shape regulation,
callus formation, and development of the gynoecium, embryo,
and female gametophyte (Shi et al., 2005; Griffith et al., 2007;
Petricka and Nelson, 2007; Lange et al., 2008, 2011; Fujikura
et al., 2009; Li et al., 2009; Abbasi et al., 2010; Huang et al.,
2010; Liu et al., 2010; Ohbayashi et al., 2011; Wieckowski
and Schiefelbein, 2012; Cho et al., 2013; Kumakura et al.,
2013; Missbach et al., 2013; Hang et al., 2014; Weis et al.,
2014, 2015b). Many of these phenotypes are also shared by
mutants defective in a gene for an r-protein (for review, see
Byrne, 2009; Horiguchi et al., 2012; Machida et al., 2015).
These findings suggest that production and/or function of
ribosomes may be associated with developmental regulation.
Recently, impaired ribosome biogenesis in mutants, such as
root initiation defective2 (rid2), was shown to induce ribosomal
stress (Ohbayashi et al., 2017). Explants from rid2 are unable
to form callus at high temperature and produce pointed leaves,
but these phenotypes are suppressed by mutations in the
NO APICAL MERISTEM, ARABIDOPSIS TRANSCRIPTION
ACTIVATION FACTOR1/2 and, CUP-SHAPED COTYLEDON2
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(NAC) transcription factor gene SUPPRESSOR OF RID TWO1
(SRIW1)/ANAC082 (Ohbayashi et al., 2017). Notably, rid2
mutants are defective in the processing of rRNAs, but this
phenotype is not suppressed by sriw1, indicating that SRIW1
mediates ribosomal stress to induce developmental alterations
(Ohbayashi et al., 2017).

The potential developmental roles of ribosomes have been
further expanded by observations that mutants defective in
r-protein significantly enhance the leaf polarity defect of
asymmetric leaves1 (as1) and as2 (Pinon et al., 2008; Yao
et al., 2008; Horiguchi et al., 2011; Szakonyi and Byrne, 2011;
Casanova-Sáez et al., 2014) and revoluta (rev) (Pinon et al.,
2008). In the double mutants, leaves fail to expand into a flat
laminar structure, but form in a trumpet- or needle-like shape.
Normally, the vascular tissues are organized such that xylem
and phloem tissues face the adaxial (upper) and abaxial (lower)
sides of the leaves, respectively (Waites and Hudson, 1995).
In contrast, vascular tissues in radialized leaves are organized
with the phloem tissues surrounding the vascular tissues, or in
extreme cases the vascular tissues are absent (Pinon et al., 2008;
Yao et al., 2008; Horiguchi et al., 2011). These double mutants
have increased or expanded expression of abaxially expressed
genes (Pinon et al., 2008; Yao et al., 2008; Horiguchi et al.,
2011), suggesting that mutations in r-protein genes enhance
leaf abaxialization in the as mutant backgrounds. A similar leaf
polarity defect was also found in mutants defective in Arabidopsis
PUMILIO23 (APUM23), which encodes a member of the Nop9
family involved in regulation of rRNA processing (Thomson
et al., 2007; Abbasi et al., 2010; Droll et al., 2010; Huang et al.,
2014; Zhang and Muench, 2015; Zhang et al., 2016). More
recently, mutations in RNA HELICASE10 (RH10), NUCLEOLIN-
LIKE1 (NUC-L1), and RID2 were also shown to enhance the leaf
polarity defect of as2 (Matsumura et al., 2016). RH10 is a member
of the DEAD-box RNA helicases, putative orthologs of which
are Rrp3 in yeast and DDX47 in human (O’Day et al., 1996;
Matsumura et al., 2016). NUC-L1 is an ortholog of nucleolin in
human and plays multiple roles in ribosome biogenesis (Sáez-
Vasquez et al., 2004). RID2 is a homolog of Bud23 in yeast, which
is a methyltransferase that catalyzes the methylation of G1575 in
18S rRNA (Ohbayashi et al., 2011; Létoquart et al., 2014). Yeast
and human orthologs of RH10, NUC1, and RID2 are components
of, or are associated with, the SSU processome (Turner et al.,
2009; Phipps et al., 2011; Sardana et al., 2013). These findings
imply that correct ribosome production and/or function are
required for leaf adaxial/abaxial patterning (Matsumura et al.,
2016).

To understand the mechanisms of ribosome biogenesis in
plants and how it is connected to developmental programs, we
have been trying to genetically identify individual RBFs and have
characterized their molecular and developmental phenotypes.
Although ribosome biogenesis is highly complicated, comparison
of phenotypes among different RBF mutants would provide
information concerning the general and specific functions of
each factor. The purpose of this study is to find differential
requirement of RBFs in two major leaf developmental processes,
namely cell proliferation and abaxial–adaxial pattering. In this
study, we found a novel gene for a nucleolar protein, G-PATCH

DOMAIN PROTEIN1 (GDP1), and characterized it together
with previously identified OLIGOCELLULA2 (OLI2; Fujikura
et al., 2009), which is a homolog of yeast nucleolar protein Nop2
involved in formation of 5-methylcytosine (m5C) at C2870 in
25S rRNA (Sharma et al., 2013). Loss-of-function mutants of
GDP1 andOLI2 exhibited a range of phenotypes frequently found
in mutants defective in r-proteins or RBFs. Interestingly, gdp1,
oli2, and double mutants between them did not show strongly
enhanced as2 leaf polarity defects despite their association with
significantly impaired cell proliferation in leaves. These results
suggest that the roles of ribosome biogenesis/function in leaf
adaxial/abaxial patterning and other developmental processes are
at least partially separate.

MATERIALS AND METHODS

Plant Materials
The wild type accession of Arabidopsis used in this study
was Columbia-0 (Col-0). T-DNA insertion lines (Salk_065904
[gdp1-1], Salk_041661 [gdp1-2]) were obtained from the
Arabidopsis Biological Resource Center (ABRC). gdp1-3 was
previously identified as #416 (Horiguchi et al., 2006a,b),
and oli2-1 and oli2-2 (Salk_129648) were reported previously
(Fujikura et al., 2009). Seeds were sown on rockwool and
grown at 22◦C under a 16-h light/8-h dark photoperiod
for quantitative characterization of leaf phenotypes and RNA
preparation. Seedlings were watered daily with 0.5 g L−1 of
Hyponex (Hyponex Japan). For fluorescence imaging of root,
seedlings were grown for 5 days on half-strength Murashige
and Skoog (MS) medium supplemented with Gamborg B5
vitamins and 3% (w/v) sucrose, and solidified with 0.5% (w/v)
gellan gum at 22◦C under a 16-h light/8-h dark photoperiod.
Oligonucleotide pairs for genotyping of gdp1 alleles are listed in
Supplementary Table S1.

Generation of Transgenic Plants
An approximately 1.6-kb GDP1 promoter region with or
without the GDP1 transcribed region was amplified and cloned
into pDONR201 using BP clonase (Thermo) followed by
transfer of the insert into pBGGUS (Horiguchi et al., 2005)
or pHWG (Horiguchi and Tsukaya, unpublished) with LR
clonase II (Thermo) to yield pGDP1::GUS and pGDP1::GDP1-
GFP constructs, respectively. For construction of pOLI2::GUS, an
OLI2 promoter DNA fragment and GUS cDNA were cloned into
pDONR P4P1R and pENTR/D-TOPO (Thermo), respectively,
and combined into the Gateway binary vector, pGWB501
(Nakagawa et al., 2007), with LR clonase II plus (Thermo).
For construction of pOLI2::GFP-OLI2, a 3.6-kb promoter region
of OLI2, GFP cDNA, and a transcribed region plus a 4.1-kb
3′ untranscribed region of OLI2 were amplified and cloned
into pSMAH621 digested with HindIII and SacI using an
In-Fusion HD cloning kit (Clontech). These constructs were
introduced into Arabidopsis by the floral dip method (Clough
and Bent, 1998). Transgenic plants with a single T-DNA
insertion were selected and homozygous T3 plants were used.
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Oligonucleotides used in the construction of these vectors are
listed in Supplementary Table S1.

RNA Analyses
Total RNA was prepared from shoots of wild type, gdp1, oli2,
and gdp1 oli2 using Trizol reagent (Thermo). Isolated RNA was
treated with DNase I (Thermo) followed by first-strand cDNA
synthesis with SuperScript III reverse transcriptase (Thermo)
primed either with oligo (dT) (for messenger RNA) or random
hexamers (for rRNAs). The cDNAs were subjected to semi-
quantitative and quantitative RT-PCR (RT-qPCR). RT-qPCR
was carried out using GoTaq qPCR master mix (Promega)
with an ABI7500 real-time PCR system (Thermo) by the
11Ct method. The expression level of ACTIN2 (ACT2) was
used as an endogenous control for mRNAs, while 18S rRNA
was used as an endogenous control to determine rRNA
intermediate levels. Oligonucleotide pairs used to detect AUXIN
RESPONSE FACTOR3 (ARF3), KANADI2 (KAN2), YABBY5
(YAB5), PHABOLUSA (PHB), PHAVOLUTA (PHV), REV, and
ACT2 were described previously (Iwakawa et al., 2007). Other
oligonucleotide pairs are listed in Supplementary Table S1.

For detection of rRNA intermediates by Northern
hybridization, aliquots of 3 µg of total RNAs isolated from
12-day-old shoots were separated by formaldehyde-agarose
gel electrophoresis (1.2%, w/v) and transferred onto nylon
membranes by downward capillary transfer. After ultraviolet
crosslinking of RNA to the nylon membranes, hybridization
was carried out using a DIG Northern starter kit (Sigma–
Aldrich) and hybridization signals were detected using a
digital imaging system (LAS 4000 mini; GE Healthcare). RNA
probes were generated using 5′-ETS, ITS1, and ITS2 DNA
fragments amplified with the appropriate oligonucleotide pairs
(Supplementary Table S1) and T7 RNA polymerase.

Microscopic Observation
Quantitative analyses of leaves were carried out as described
(Horiguchi et al., 2005). Plants were gron for 25 days and
first leaves were fixed in a formalin/acetic acid/alcohol [FAA,
formalin: acetic acid: 70% (v/v) ethanol = 1:1:18] solution,
cleared using a chloral hydrate solution (200 g chloral
hydrate, 20 g glycerol, and 50 ml dH2O) and observed by
stereomicroscope (M165FC; Leica) and differential contrast
interference microscope (DM2500; Leica), respectively. Leaf
blade area and the projection area of palisade cells in adaxial
subepidermal layer was determined using Image J1. For each leaf,
the palisade cell area was determined by mearuing at least 20
cells. Average palisade cell size was determined using data from
10 leaves. Cell density in adaxial subepidermal layer was manuary
determined by counting cells in a unit area. The number of cells
in adaxial subepidermal layer per leaf was estimated by dividing
the leaf blade area with the cell density. For fluorescence imaging
of pOLI2::GFP-OLI2/oli2-1 and pGDP1::GDP1-GFP/gdp1-1 lines,
roots of 5-day-old seedlings were fixed in phosphate buffered
saline (PBS, pH 7.0) containing 4% (w/v) paraformaldehyde,

1https://imagej.nih.gov/ij/

washed twice with PBS, and stained with 4′,6-diamidine-2′-
phenylindole dihydrochloride (DAPI; Merck) or Calcofluor
White M2R (Merck) and cleared with TOMEI-II (Hasegawa et al.,
2016). For fluorescence imaging of leaves, 14-day-old shoots
grown on rock wool were fixed in PBS [pH 7.0 containing 4%
(w/v) paraformaldehyde, washed twice with PBS, and treated
with TOMEI-II]. Fluorescent signals were observed with a
confocal laser scanning microscope (LSM710 or LSM800; Zeiss).
Histochemical staining of promoter::GUS lines was carried out
according to Donnelly et al. (1999).

RESULTS

Identification of gdp1 Mutants and
Characterization of Their Vegetative
Phenotypes
During the course of studying mutants with altered leaf
size and shape, we found that two T-DNA insertion lines
of At1g63980 (Salk_065904 and Salk_041661) exhibited the
“pointed-leaves” phenotype that is typically observed in mutants
defective in r-protein genes and ribosome biogenesis genes
(Figures 1A–C,E). An additional allele was also found in our
mutant collection reported previously (#416; Horiguchi et al.,
2006a,b) that had a 26-bp deletion in the third exon and a point
mutation in the third intron (Figures 1A–C). As At1g63980 was
not a characterized gene and it was apparent that At1g63980 does
not encode an r-protein, we decided to characterize these mutants
in relation to ribosome biogenesis.

The At1g63980 gene product has a G-patch domain near
its amino-terminal region (Figure 1D). The G-patch domain
is about 48 amino acid residues in length and contains several
conserved glycine residues (Supplementary Figure S1). This
domain is often found in RNA processing proteins with or
without known RNA-binding motifs (Aravind and Koonin,
1999). Therefore, we named At1g63980 G-PATCH DOMAIN
PROTEIN1 (GDP1), and Salk_065904, Salk_041661, and #416
were designated as gdp1-1, gdp1-2, and gdp1-3, respectively
(Figure 1C). The Arabidopsis genome includes at least 15
G-patch domain-containing protein genes. The structures of
individual G-patch domain proteins differ in the location and
number of G-patch domains, combination of RNA-binding
motifs, and amino acid lengths (Supplementary Figure S1).
Among them, GDP1 appears to be a single-copy gene.

The two T-DNA insertion alleles of gdp1 did not accumulate
GDP1 transcripts at a detectable level, while gdp1-3 showed
GDP1 transcript accumulation at a lower level than wild
type, as determined by RT-PCR using an oligonucleotide pair
that amplifies the whole coding region (Figure 1F). When
oligonucleotide pairs designed to amplify partial GDP1 cDNA
fragments corresponding to the 5′ and 3′ regions of the coding
sequence were used, the 5′ fragment was amplified in gdp1-1 at
a level similar to the wild type, but neither the 5′ nor 3′ regions
were detectable in gdp1-2 (Figure 1F). In gdp1-3, both fragments
were detected at lower levels than in wild type (Figure 1F). These
results suggest that gdp1-2 is a null allele. We also considered both
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FIGURE 1 | Genetic analyses of gdp1 alleles. (A) Shoots of wild type (WT) and gdp1-1, gdp1-2, and gdp1-3 alleles grown for 25 days. Bars, 1 cm. (B) The first
leaves of WT and gdp1-1, gdp1-2, and gdp1-3 alleles. Bar, 5 mm. (C) Schematic diagram of mutation points of gdp1 alleles. Red arrows indicate oligonucleotides
used for genotyping of gdp1 alleles. Black arrows indicate the mutation points in gdp1-3. T-DNA insertions in gdp1-1 and gdp1-2 are indicated by triangles. Bar,
100 bp. (D) Schematic diagram of GDP1 protein. Arrows indicate the positions of oligonucleotides on the corresponding GDP1 transcript used for RT-PCR analysis.
Bar, 100 amino acid residues. (E) Genotyping of gdp1-1 and gdp1-2 alleles. Oligonucleotide pairs indicated by letters were used to amplify genomic DNA fragments
from the WT and the two gdp1 alleles. (F) RT-PCR analysis of GDP1 transcripts. Total RNAs were isolated from 10-day-old shoots and subjected to reverse
transcription followed by PCR with oligonucleotide pairs indicated by letters. (G–I) Quantitative analyses of leaf phenotypes. The leaf blade area (G), the projection
area of leaf mesophyll cells (H), and the number of leaf mesophyll cells (I) in the adaxial subepidermal layer of palisade tissues of first leaves are shown. First leaves
were harvested from 25-day-old plants. n = 10, mean ± SD. Asterisks indicate statistically significant differences compared to WT (P < 0.05, Student’s t-test).
(J) Leaf palisade cells observed from a paradermal view. Bar, 100 µm. Representative cells are highlighted.

gdp1-1 and gdp1-3 to be strong loss-of-function alleles as their
phenotypes were almost identical to gdp1-2, as shown below.

We examined the leaf phenotypes of gdp1 at the cellular level.
Both the area of the leaf blade and the number of palisade cells in
the subepidermal layer of the first leaves were reduced by about
20% in gdp1 compared to the wild type (Figures 1G,I). On the
other hand, the projection area of palisade cells was similar in
both gdp1 and wild type (Figures 1H,J). These phenotypes were
similar to those observed in oli2, oli7, and oli5, the latter two of
which are defective in paralogous r-protein genes, RPL5A and
RPL5B (Fujikura et al., 2009). These oli mutants showed strongly
enhanced cell enlargement in leaves of angustifolia3 (an3), which
is defective in a transcription coactivator (Horiguchi et al., 2005)
by further reducing the leaf cell number (Fujikura et al., 2009).
Similar to these mutants, when gpd1-1 was crossed with an3-4,
the resultant double mutant showed a further decrease in number
of leaf palisade cells in the subepidermal layer (86% fewer than
wild type) and triggered excessive cell enlargement (Figure 2;
237% larger than wild type), which is known as compensated
cell enlargement (Horiguchi and Tsukaya, 2011; Hisanaga et al.,
2015).

The above developmental phenotypes are quite similar to
those observed in mutants defective in r-protein genes and
ribosome biosynthesis genes. To examine potential genetic
interactions between gdp1 and these ribosome-related mutants,

gdp1-1 was crossed with various r-protein defective mutants
reported previously (Figure 3; Horiguchi et al., 2011). Generally,
these double mutants showed an additive phenotype as
determined from the number of leaf palisade cells (Figure 3D).
The double mutants showed reduction of leaf palisade cells
in the subepidermal layer by 13–39% when compared with
respective parental r-protein mutants (Figure 3D). In relation
to the projection area of palisade cells, the double mutants
tended to have a larger cell size than parental r-protein mutants,
showing the occurrence of compensated cell enlargement
(Figure 3C). Consequently, the overall shoot size and first
leaf size were less significantly reduced from single r-protein
mutants (Figures 3A,B). A unique exception was found in
rps6a-2. Strikingly, gdp1-1 rps6a-2 had 66% fewer leaf palisade
cells in the subepidermal layer when compared with rps6a-2,
suggesting a synergistic interaction between these two mutations
(Figure 3D).

We also examined genetic interactions between gdp1-1 and
oli2-1 (Figure 4). The double mutants between gdp1-1 and
oli2-1 produced smaller shoots and narrower leaves than the
respective parental mutants (Figures 4A,B,D). The double
mutants frequently produced monocots or tricots that were
rarely observed in the single mutants (Supplementary Figure S2).
Although the effect of each single mutation on the number of
leaf palisade cells in the subepidermal layer was relatively weak
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FIGURE 2 | Genetic interaction between gdp1 and an3. (A) Shoots of
25-day-old WT, gdp1-1, an3-4, and gdp1-1 an3-4. (B) The first leaves of WT,
gdp1-1, an3-4, and gdp1-1 an3-4. Bar, 1 cm. (C) Leaf palisade cells
observed from a paradermal view. Bar, 100 µm. (D–F) Quantitative analyses
of leaf phenotypes. Leaf blade area (D), the projection area of leaf mesophyll
cells (E), and the number of leaf mesophyll cells (F) in the adaxial
subepidermal layer of palisade tissues of first leaves are shown. First leaves
were harvested from 25-day-old plants. n = 10, mean ± SD. Statistically
significant differences were indicated by different letters (one-way ANOVA with
Tukey HSD test, p < 0.05).

(only 10–30% reduction), the double mutants showed a reduction
by about 65% compared to the wild type level (Figure 4F). The
projection area of leaf palisade cells was more than 83% larger
in gdp1-1 oli2-1 than the wild type, indicating compensated cell
enlargement (Figures 4C,E). These phenotypes were found in
different allelic combinations, gdp1-3 oli2-2 (Figure 4). As OLI2
encodes a putative m5C methyltransferase and likely participates
in ribosome biogenesis (Fujikura et al., 2009), the strong genetic
interaction between gdp1 and oli2 suggests a role of GDP1 in
ribosome biogenesis.

Tissue-Specific GDP1 and OLI2
Expression and Subcellular Localization
of Their Gene Products
When GDP1 expression was observed in a pGDP1::GUS
transgenic line, relatively strong GUS staining was detected
in the shoot tip, young leaf primordium, root tip, and floral
buds (Figures 5A–D). Active ribosome biogenesis takes place
in the proliferating cell population. Therefore, GDP1 expression
in actively developing tissues is consistent with the expected
function of GDP1 in ribosome biogenesis. On the other
hand, pOLI2::GUS transgenic lines showed GUS staining in
guard cells and the basal parts of lateral roots rather than
in these tissues (Figures 5E,F). We considered this result to
indicate that the promoter region used in the transgenic line
was insufficient to show the authentic expression pattern of
OLI2. To overcome this problem, we generated pOLI2::GFP-
OLI2/oli2-1 lines. These transgenic lines fully complemented
the leaf shape of oli2-1 (Figures 6D–F). In relation to cell
proliferation, the two pOLI2::GFP-OLI2/oli2-1 lines had even
greater numbers of leaf palisade cells in the subepidermal layer
than the wild type (Figure 6F). In contrast to the pOLI2::GUS
lines, strong GFP-OLI2 signals were observed in leaf primordia
and root apical meristem (Figures 5H,J). We also generated
two pGDP1::GDP1-GFP/gdp1-1 lines that also complemented
the gdp1 leaf phenotypes (Figures 6A–C). GDP1-GFP signals
were also found in root tips and leaf primordia (Figures 5G,I).
In addition, strong expression levels of GDP1 and OLI2 were
found using the electronic Fluorescent Pictograph (eFP) Browser
(Winter et al., 2007). These results suggest that both GDP1 and
OLI2 are strongly expressed in actively growing tissues that have
a high demand for ribosome production.

No information is available regarding the subcellular
localization of GDP1 even in nucleolar proteomics analyses
(Brown et al., 2005; Pendle et al., 2005; Palm et al., 2016), while
OLI2 was detected as a nuclear/nucleolar protein (Palm et al.,
2016). We examined the subcellular localization of GDP1-GFP
and GFP-OLI2 in root tips stained with DAPI. DAPI stains
nuclear chromosomal DNA, and the nucleolus is recognized
as a round and dark region in the center of the nucleus. Both
GDP1-GFP and GFP-OLI2 signals were found in DAPI-negative
nuclear regions (Figures 6G,H). As the nucleolus is the center
of ribosome biogenesis, the nucleolar localization of GDP1 and
OLI2 further supported their roles in ribosome biogenesis.

Processing of rRNAs in gdp1, oli2, and
gdp1 oli2
We next examined the effects of gdp1 and oli2 mutations
on rRNA processing. A brief overview of rRNA processing
intermediates relevant to this experiment is shown in Figure 7A.
We first examined whether the levels of rRNA intermediates were
altered in these mutants. RT-qPCR analysis suggested that rRNA
intermediates containing 5′-ETS, ITS1, or ITS2 accumulated at
higher levels in gdp1-1, oli2-1, and gdp1-1 oli2-1 than in the
wild type (Figure 7B). The oli2-1 mutation seemed to have a
stronger negative effect on rRNA processing of ITS2-containing
intermediates than those containing 5′-ETS or ITS1. On the other
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FIGURE 3 | Genetic interactions between gdp1 and various r-protein mutants. (A) Shoots of 25-day-old WT, gdp1, r-protein mutants, and double mutants between
them. Bar, 1 cm. (B–D) Quantitative analyses of leaf phenotypes. Leaf blade area (B), the projection area of leaf mesophyll cells (C), and the number of leaf
mesophyll cells (D) in the adaxial subepidermal layer of palisade tissues of first leaves are shown. First leaves were harvested from 25-day-old plants. n = 10,
mean ± SD. Statistically significant differences among four plant lines namely, wild type, gdp1-1, single r-protein mutants, and double mutants between gdp1 and
the r-protein mutants were indicated by different letters (one-way ANOVA with Tukey HSD test, p < 0.05). In (D), relative cell number in gdp1 and double mutants on
the basis of WT and parental single r-protein mutants, respectively, are shown.

hand, gdp1-1 had a broader impact on the accumulation of rRNA
intermediates compared to oli2-1 as the levels of 5′-ETS-, ITS1-,
or ITS2-containing rRNA intermediates accumulated by more
than twofold compared to the wild type. Unexpectedly, the 5′-
ETS-, ITS1-, and ITS2-containing intermediates accumulated
at similar levels in gdp1-1 oli2-1 compared to those found
in gdp1-1, despite their synergistic negative effect on cell
proliferation (Figure 7B). Next we examined the patterns of
rRNA intermediate accumulation by Northern hybridization
(Figure 7C). In gdp1-1, oli2-1, and gdp1-1 oli2-1, 35S rRNA
accumulated at higher levels than in the wild type. These mutants
also accumulated 27SA, 27SB, P-A3, and 18SA3 rRNAs at higher
levels than those seen in the wild type. Similar to the results
of RT-qPCR analyses (Figure 7B), gdp1-1 oli2-1 showed only
modest increases, if any, in levels of these rRNA intermediates
compared to their parental mutants (Figure 7C). These results
indicate that OLI2 and GDP1 are required for normal progression
of rRNA processing.

Effects of gdp1 and oli2 on the Leaf
Polarity Defects of as2
As many mutants defective in an r-protein gene show the
enhanced leaf abaxialization phenotype of as2, we examined
whether gdp1 and oli2 also have similar developmental effects. In
this experiment, we included as2-1 rpl4d-3, which was reported
previously to show very strong leaf abaxialization (Horiguchi
et al., 2011). The as2-1 oli2-1 plants showed only moderately

enhanced leaf abaxialization, as determined from the frequencies
of formation of needle and trumpet-like leaves (Figures 8A,B).
On the other hand, gdp1-1 mutation had an even weaker effect
on the leaf polarity defect of as2 than oli2-1; as2-1 gdp1-1
only occasionally produced trumpet- and needle-like leaves
(Figures 8A,B). We also generated as2-1 gdp1-1 oli2-1 triple
mutants. In contrast to the synergistic negative effect of gdp1-1
and oli2-1 on cell proliferation (Figure 4), the triple mutant
showed only slight enhancement of the leaf polarity defect
compared to as2-1 oli2-1 (Figures 8A,B). Next, we examined
the expression levels of leaf polarity genes. Abaxially expressed
genes, such as ARF3, KAN2, and YAB5, were slightly upregulated
in gdp1-1, oli2-1, and as2-1, and the degree of upregulation
increased progressively in double mutant combinations among
as2-1, gdp1-1, and oli2-1 and as2-1 gdp1-1 oli2-1 triple mutants
(Figure 8C). On the other hand, the expression levels of adaxially
expressed genes, such as PHB, PHV, and REV, were relatively
constant between wild type and both single and multiple mutants
examined (Figure 8C). These results suggest that gdp1 and oli2
upregulate the expression levels of ARF3, KAN2, and YAB5,
and slightly enhance leaf abaxialization of as2. However, the
effects of gdp1-1 and oli2-1 on leaf abaxialization were much
weaker than those of rpl4d-3 (Figures 8A,B). One possible
explanation for this observation is that a ribosome biosynthesis
defect has the potential to induce leaf abaxialization in as2-1,
but at the same time, GDP1 and OLI2 also play roles in the
promotion of leaf abaxialization. To examine this possibility, we
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FIGURE 4 | Genetic interaction between gdp1 and oli2. (A) Shoots of 25-day-old WT, gdp1 alleles, oli2 alleles, and double mutants between them. Bars, 1 cm.
(B) First leaves. Bars, 5 mm. (C) Leaf palisade cells observed from a paradermal view. Bar, 100 µm. (D–F) Quantitative analyses of leaf phenotypes. Leaf blade area
(D), the projection area of leaf mesophyll cells (E), and the number of leaf mesophyll cells (F) in the adaxial subepidermal layer of palisade tissues of first leaves are
shown. First leaves were harvested from 25-day-old plants. n = 10, mean ± SD. Statistically significant differences were indicated by different letters (one-way
ANOVA with Tukey HSD test, p < 0.05).

generated as2-1 rpl4d-3 gdp1-1 and as2 rpl4d-3 oli2-1. These
triple mutants did not show alleviation of the leaf polarity
defect of as2-1 rpl4d-3, but had more severe developmental
defects judging from their smaller shoot size and formation
of filamentous first and/or second leaves (Figure 8D). This
result suggests that GDP1 and OLI2 are dispensable for leaf
polarity establishment and/or maintenance even in the as2
background.

DISCUSSION

Involvement of GDP1 and OLI2 in
Ribosome Biogenesis
In this study, we found that GDP1 and OLI2 are strongly
expressed in developing tissues and encode different
nucleolar proteins. Their loss-of-function mutations cause
developmental phenotypes that are often observed in RBF-
defective mutants and affect rRNA processing. These results
suggest that the two nucleolar proteins are involved in ribosome
biogenesis.

OLI2 is a homolog of yeast Nop2, which has methyltransferase
activity and modifies 25S rRNA at a specific cytosine
residue (m5C2870; Sharma et al., 2013). This modification
is evolutionarily conserved at an equivalent site in animals
(Maden, 1988) and plants (Burgess et al., 2015). However,
m5C2870 is dispensable in yeast as catalytically inactive Nop2
is able to complement a nop2 deletion mutant (Bourgeois

et al., 2015). Nop2 is a component of the LSU processome
(McCann et al., 2015) and acts as one of the B factors necessary
to carry out the processing of 27S rRNA into 25S and 5.8S rRNAs
(Hong et al., 1997; Talkish et al., 2012). Depletion of Nop2 results
in increased accumulation of 27S rRNA and corresponding
decreases in levels of mature 25S and 5.8S rRNAs (Hong et al.,
1997).

The conserved m5C methylation site in 25S rRNA in plants
indicates the presence of a functional ortholog of Nop2 in
Arabidopsis. However, this modification normally presents in
oli2 mutant alleles (named nop2a in Burgess et al., 2015). This
may be due to functional redundancy among the OLI2 gene
family; double mutants between nop2a and nop2b are lethal
(Burgess et al., 2015). Therefore, direct evidence for OLI2 as
an m5C methyltransferase is lacking at present. In addition,
while both nop2 in yeast and oli2 show overaccumulation
of precursors that retain the intact ITS2, and nop2 reduces
the 25S rRNA level, oli2 does not detectably reduce the
25S rRNA level (Figure 7C). This suggests that the overall
processing mechanisms involving OLI2 and Nop2 are conserved
in eukaryotes, but their details may differ. Taken together,
these results indicate that OLI2 plays a role as an RBF;
however, whether it is a genuine Nop2 ortholog remains to be
determined.

In this study we also identified a novel nucleolar RBF named
GDP1, which contains a G-patch domain. In yeast, two G-patch
domain proteins, Gno1 and Pfa1, are involved in ribosome
biogenesis (Guglielmi and Werner, 2002; Lebaron et al., 2005;
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FIGURE 5 | Tissue-specific expression analysis of GDP1 and OLI2. (A–D)
Histochemical staining of pGDP1::GUS plants. (A) A 4-day-old seedling.
(B) Primary root tip. (C) A 12-day-old seedling. (D) Inflorescence. (E,F)
Histochemical staining of pOLI2::GUS plants. (E) A 5-day-old seedling. The
insert shows a close-up view of guard cells in a cotyledon. (F) A lateral root.
(G,H) Confocal images of 5-day-old pGDP1::GDP1-GFP/gdp1-1 (G,I) and
pOLI2::GFP-OLI2/oli2-1 (H,J). (G,H) Leaf primordia. (I,J) Primary root tips.
Calcofluor fluorescence, GFP fluorescence, and merged images are shown
from left to right. Bars in (A,C–E): 1 mm, (B,F,I,J): 100 µm, insert in (E):
50 µm, (G,H): 0.5 mm.

FIGURE 6 | Intracellular localization of GDP1-GFP and GFP-OLI2. (A,D) First
leaves of transgenic gdp1-1 lines harboring a pGDP1::GDP1-GFP construct
(#2 and #8) (A) and a pOLI2::GFP-OLI2 construct (#30 and #31) (D) grown for
25 days. (B,C,E,F) Quantitative analyses of leaf phenotypes of the gdp1 (B,C)
and oli2 (E,F) transgenic lines. Leaf blade area (B,E), and the number of leaf
mesophyll cells (C,F) in the adaxial subepidermal layer of palisade tissues of
first leaves are shown. In (B,C,E,F), data are means ± SD (n = 10). Statistically
significant differences were indicated by different letters (one-way ANOVA with
Tukey HSD test, p < 0.05). (G,H) Subcellular localization of GDP1-GFP (G)
and GFP-OLI2 (H) in cells stained with DAPI. Fluorescence images of DAPI,
GFP, and merged images are shown from left to right. Bars, 10 µm.

Chen et al., 2014). According to PANTHER version 12.02

(Mi et al., 2016), GDP1 was classified as a protein family
(PTHR23149) that also contains Gno1 and its ortholog in
human, PINX1. These three proteins harbor a G-patch domain
in their amino-terminal side. On the other hand, Pfa1 has a
G-patch domain in its carboxy-terminal side and also has an

2http://www.pantherdb.org/publications.jsp
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FIGURE 7 | Accumulation of rRNA intermediates. (A) Brief overview of rRNA intermediates detected by either RT-qPCR or Northern hybridization. Parts of rRNA
intermediates amplified by RT-qPCR and those detected by Northern hybridization are indicated by red arrows and green boxes, respectively. (B) RT-qPCR analysis
of rRNA intermediates. n = 3, mean ± SD. Statistically significant differences were indicated by different letters (one-way ANOVA with Tukey HSD test, p < 0.05).
(C) Northern hybridization of total RNAs. Shoots of 12-day-old WT, gdp1-1, oli2-1, and gdp1-1 oli2-1 were used.

R3H domain. Gno1 associates with both 90S pre-ribosomes and
early pre-60S ribosomes, but only transiently with early pre-
40S ribosomes (Chen et al., 2014). The lack of Gno1 leads to
processing defects within the 5′-ETS and ITS1 (Chen et al.,
2014). Downstream rRNA intermediates, such as 27S rRNAs
and mature 18S and 25S rRNAs are reduced in gno1. In gdp1,
35S and 32S rRNAs increased, but in contrast to gno1, 27SA/B
rRNAs increased without detectably affecting the steady-state
levels of 25S and 18S rRNAs (Figure 7C). Thus, gdp1, like
gno1, seems to affect multiple steps of rRNA processing, but
it has a partially different effect on rRNA processing. Thus,
whether GDP1 has an orthologous function to Gno1 remains to
be elucidated. An emerging molecular role of G-patch domain
protein is the activation of DEAH/RHA helicases (Robert-
Paganin et al., 2015). Both Gno1 and Pfa1 function in ribosome
biogenesis in close association with the DEAH/RHA helicase,
Prp43. Future characterization of an Arabidopsis homolog of
Prp43 may provide additional insight into the function of GDP1.

Relationships between R-Proteins and RBFs
In a series of genetic crosses, we found an additive or synergistic
genetic interaction depending on the combination of single

mutants examined. The combination between gdp1 and most
r-protein mutants examined resulted in an additive phenotype.
This suggests that processes of GDP1-dependent ribosome
biogenesis and those involving these r-proteins occur largely
independently. On the other hand, the synergistic genetic
interaction between gdp1 and oli2 suggests the interdependence
of GDP1 and OLI2 functions in ribosome biogenesis. In yeast,
Gno1 acts at multiple steps of ribosome biogenesis in close
association with Prp43 (Lebaron et al., 2005, 2009; Chen et al.,
2014). Prp43 is expected to function in rearrangement of pre-
ribosomal particles through its RNA helicase activity (Lebaron
et al., 2005, 2009). Nop2 is an essential protein and is required
for hierarchical recruitment of the B factors (Hong et al.,
1997; Talkish et al., 2012). Thus, successive changes in the
geometry of pre-ribosomes are important for the progression of
subsequent processes. The interdependence of GDP1 and OLI2
functions may have arisen from the dynamic nature of ribosome
biogenesis.

Unexpectedly, gdp1 oli2 did not show marked increases in
the levels of rRNA intermediates compared to its parental
single mutants (Figure 7). This discrepancy may have
been due to the nature of the experiments, in that our
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FIGURE 8 | The effects of gdp1 and oli2 on leaf development in the as2 background. (A) Shoots of as2-1, as2-1 rpl4d-3, as2-1 gdp1-1, as2-1 oli2-1, and as2-1
gdp1-1 oli2-1 grown for 25 days. Bars indicate 1 cm except for the close-up view of as2-1 rpl4d-3 where it shows 5 mm. (B) Frequencies of flat, trumpet-like, and
needle-like leaves. More than 13 plants were examined and all rosette and cauline leaves were scored. (C) Expression levels of leaf polarity genes. Shoots of
10-day-old seedlings were used for RNA extraction. n = 3, mean ± SD. (D) Shoots of as2-1 rpl4d-3, as2 rpl4d-3 gdp1-1, and as2 rpl4d-3 oli2-1 grown for 25 days.
Bars, 1 mm. Statistically significant differences were indicated by different letters (one-way ANOVA with Tukey HSD test, p < 0.05).

RNA analyses determined the steady-state levels of rRNA
intermediates. Further characterization of GDP1 and OLI2
and measurement of rRNA processing rate could resolve this
issue.

Another notable interaction was found between gdp1 and
rps6a. Despite being a component of the 40S subunit, RPS6A
was shown to interact with the histone deacetylase HD2B
and NUCLEOSOME ASSEMBLY PROTEIN1 (NAP1), and to
regulate transcription of 45S rRNA (Kim et al., 2014; Son
et al., 2015). Thus, the exceptionally strong interaction of
rps6a with gdp1 among other r-protein mutants may have
been due to the role of RPS6A in ribosome biogenesis. Similar
synergistic relationships were also reported between another
pair of RBF mutants, apum23 and nuc-l1 (Abbasi et al., 2010).
In the same work, double mutants between apum23 and
as1/2 enhancer5 (ae5)/rpl28a or ae6/rpl5a were reported not
to show more severe phenotypes than the respective single
mutants (Abbasi et al., 2010). As ae6 is an allele of oli5, and
gdp1 oli5 shows an additive phenotype in relation to the cell
proliferation defect (Figure 3), evaluation of genetic interactions
between ribosome-related mutants based solely on shoot size
could miss a more fundamental interaction. In summary, our

genetic experiments suggested that a combination of weak
defects in RBFs may cause a marked reduction of the flow
of ribosome biogenesis, resulting in a strong cell proliferation
defect.

Genetic Defects in RBFs Do Not Always
Induce Strong Leaf Abaxialization in as2
Several reports described enhanced leaf abaxialization in as2
by r-protein mutants (Byrne, 2009; Horiguchi et al., 2012;
Machida et al., 2015). Recently, mutations in three RBF
genes, NUC-L1, RH10, and RID2, were also shown to strongly
enhance leaf abaxialization in as2 (Matsumura et al., 2016).
In yeast, orthologs of these three proteins are components of,
or RBFs associated with, the SSU processome. These findings
suggested a tight link between the SSU processome and AS2-
dependent cell fate decision (Matsumura et al., 2016). In addition,
APUM23 encodes a homolog of yeast Nop9, and apum23
also strongly enhances the as2 leaf polarity phenotype (Huang
et al., 2014). Although the precise functions of APUM23 and
Nop9 could differ, APUM23 is able to partially complement
the nop9 mutant phenotype in yeast (Huang et al., 2014).
Interestingly, Nop9 is also a component of the SSU processome
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(Zhang et al., 2016). In contrast to reports regarding these
RBFs (Huang et al., 2014; Matsumura et al., 2016), gdp1,
oli2, and even gdp1 oli2 had little or very mild effects on
the enhancement of leaf abaxialization in the as2 background
(Figure 8). These results suggest that not all of the RBFs
are tightly linked with leaf adaxial/abaxial polarity. Gno1
was found in the SSU processome, pre-40S, and pre-60S
ribosomes (Chen et al., 2014). If GDP1 is also a component
of the SSU processome, this argues against a link between the
SSU processome and leaf abaxial/adaxial polarity regulation.
A possible explanation for this discrepancy is that there may be
a key structure or a subcomplex within the SSU processome,
dysfunction of which is linked to leaf abaxialization in as2.
This is a likely scenario, as the SSU processome is a 2.2-
MDa ribonucleoprotein composed of modular subcomplexes
(Pérez-Fernández et al., 2007). On the other hand, Nop2 is
a component of the LSU processome in yeast, and OLI2 is
a putative ortholog of Nop2. Several scenarios may explain
the limited effect of oli2 on leaf abaxialization. First, the
LSU processome may not have a link to the regulation
of adaxial/abaxial polarity. However, we consider this to be
unlikely, because we reported previously that mutations in
RPL4D encoding a 60S r-protein have a very strong effect
on leaf abaxialization in as2 (Horiguchi et al., 2011), and,
in yeast, RPL4 is incorporated during an early stage of pre-
60S formation (Gamalinda et al., 2014; Stelter et al., 2015;
Chen et al., 2017). Similar to the SSU processome, the LSU
processome may also have a link to adaxial/abaxial patterning
through its local structures. As ribosome biogenesis is a highly
dynamic process, surveillance of ribosome biogenesis defects
at every step is probably impossible. Consistently, in yeast
cells with specific genetic backgrounds, aberrant ribosomal
subunits can escape from the surveillance systems and engage
in translation (Rodríguez-Galán et al., 2015). On the other
hand, surveillance at multiple key checkpoints to sense local
defects of nascent ribosomes represents an easier strategy. The
differential contributions of RBFs to leaf abaxial/adaxial polarity
regulation may be correlated with their relative importance to
such checkpoints.

Our genetic analyses on gdp1 and oli2 illustrated that a
genetic defect in ribosome biogenesis leads to cell proliferation
defect but it does not have a strong effect to enhance leaf
abaxialization when it is introduced into the as2 background.
A contrasting example is found in rpl4d where rpl4d single
mutants do not have a clear cell proliferation defect yet it
causes very strong leaf abaxialization in the as2 background
(Horiguchi et al., 2011). These examples suggest there may be
a critical point during ribosome biogenesis that is linked to
the regulation of leaf adaxial/abaxial polarity. It is noteworthy
that oli2 has a statistically significant effect to upregulate YAB5
expression when compared to as2 (Figure 8C) but it did
not result in strong leaf abaxialization. In as2 rh10, strong
leaf abaxialization is dependent on ARF3 (Matsumura et al.,
2016). The expression levels of ARF3 in as2 rh10 and as2
gdp1 oli2 were four and threefold higher than that in the wild
type plants, respectively (Matsumura et al., 2016; Figure 8C).
Although plant samples used in these studies were different

(shoot tips or whole shoots), the differential sensitivities of leaf
abaxialization in these mutants might be attributable to the
degree of enhanced ARF3 expression. An increasing number
of characterized ribosome biogenesis mutants of Arabidopsis
should offer an opportunity to localize such a point through
quantitative and comparative analyses of these mutants in a
future study.

A critical issue concerning the above discussion is whether
there is actually such a checkpoint in plants. In mammals,
ribosome biogenesis defects lead to activation of the tumor
suppressor, p53, which acts as a transcriptional activator and
triggers stress responses, such as cell cycle arrest, senescence,
and apoptosis (Kastenhuber and Lowe, 2017). Under normal
conditions, p53 is ubiquitinated by the E3 ubiquitin ligase,
MDM2, and subjected to proteolysis. On the other hand,
ribosome biogenesis defects inhibit MDM2 activity through
direct interaction between the 5S rRNA-RPL5-RPL11 complex
and MDM2 (Sun et al., 2010; Sloan et al., 2013; Bursac
et al., 2014). However, plants have orthologs of neither p53
nor MDM2. Recently, Ohbayashi et al. (2017) showed that
the NAC transcription factor gene, SRIW1, is upregulated
in rid2. Notably, rid2 sriw1 still suffers from the rRNA
processing defects, but the developmental phenotypes, such
as impaired callus formation and pointed leaf formation,
were suppressed (Ohbayashi et al., 2017). These results
indicated that the observed developmental phenotypes are
indirect consequences of rRNA processing defects, and are
more directly mediated by the ribosomal stress response
in which SRIW1 plays a central role, similar to p53 in
animals.

In this study, we showed that gdp1 oli2 double mutants
had a very strong cell proliferation defect, but enhanced
the leaf polarity defect of as2 less strongly. How a defect
in a general cellular process such as ribosome biogenesis
interferes with a specific developmental process is an important
emerging issue in plant developmental and cell biology (Tsukaya
et al., 2013). We suggest that the cell proliferation defect
in leaf primordia and leaf abaxialization triggered by a
mutation in RBF or an r-protein gene could be mediated
by different mechanisms. It will be interesting to examine
whether these developmental phenotypes are mediated by
SRIW1.
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