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Ribosome biogenesis is one of the most energy-consuming events in the cell and must therefore be coordinated with changes in

cellular energy status. Here, we show that the sugar-inducible gene ARABIDOPSIS PUMILIO PROTEIN24 (APUM24) encodes

a Pumilio homology domain-containing protein involved in pre-rRNA processing in Arabidopsis thaliana. Null mutation of

APUM24 resulted in aborted embryos due to abnormal gametogenesis and embryogenesis, whereas reduced expression of

APUM24 caused several phenotypes characteristic of ribosome biogenesis or function-related mutants. APUM24 interacted with

other pre-rRNA processing factors and a putative endonuclease for the removal of the internal transcribed spacer 2 (ITS2) of pre-

rRNA in the nucleolus. The APUM24-containing complex also interacted with ITS2, and reduced APUM24 expression caused the

overaccumulation of processing intermediates containing ITS2. Thus, APUM24 likely functions as an ITS2 removal-associated

factor. Most importantly, the apum24 knockdown mutant was hypersensitive to highly concentrated sugar, and the mutant

showed sugar-dependent overaccumulation of processing intermediates and nucleolar stress (changes in nucleolar size).

Furthermore, reduced APUM24 expression diminished sugar-induced promotion of leaf and root growth. Hence, a breakdown in

the coordinated expression of ribosome biogenesis-related genes with energy status may induce nucleolar stress and disturb

proper sugar responses in Arabidopsis.

INTRODUCTION

The eukaryotic ribosome is composed of two subunits, namely, the

60S large subunit and the 40S small subunit. The large subunit

comprises 25S, 5.8S, and 5S rRNAs and ;47 ribosomal proteins

(RPs),whereas thesmall subunitcomprises18SrRNAand;33RPs

(Henras et al., 2015; Weis et al., 2015a). Ribosome biogenesis

beginswith the biosynthesis of 45Spre-rRNAbyRNApolymerase I

in the nucleolus. This long transcript is processed into 18S, 5.8S,

and 25S rRNA via the truncation of 59 and 39 external transcribed

spacers (59ETS and 39ETS) and the removal of internal transcribed

spacer 1 and 2 (ITS1 and ITS2). The 45S pre-rRNA functions as

a scaffold for the assembly of 5S rRNA transcribed by RNA poly-

merase III in the nucleoplasm,RPs,numerous ribosomebiogenesis

factors (RBFs), and small nucleolar RNAs in the nucleolus to form

the 90S preribosomal particle. During the maturation step, the 45S

pre-rRNA in the 90S preribosomal particle is processed and the

particle is divided into 40S and 60S preribosome subunits. These

subunitsareexported into thecytoplasmandreassembled, thereby

becoming functional in the cytosol. Since rRNA synthesis is the

rate-limiting step of ribosome biogenesis, its modulation plays

a central role in controlling ribosome biogenesis (Kressler et al.,

2010; Tschochner and Hurt, 2003).

Since ribosomebiogenesis isoneof themostenergy-consuming

processes in the cell, it must be controlled in coordination with

changes in intracellular energy status (Lempiäinen and Shore,

2009). In fact, sugar deprivation treatments reduce rRNA syn-

thesis in bothmammalian and plant cells (Murayama et al., 2008;

Ishida et al., 2016), while exogenous sugar application increases

the expression levels of a number of genes associated with ri-

bosome biogenesis in Arabidopsis thaliana (Kojima et al., 2007),

as well as yeast andmammalian cells (Powers andWalter, 1999;

Iadevaia et al., 2014). Since ribosome biogenesis consists of

multiple processes, including pre-rRNA synthesis, RP and RBF

production, the assembly of these components, and pre-rRNA

processing, these processesmust be coordinatelymodulated in

response to the intracellular sugar status. Although the mech-

anism connecting sugar status (energy status) with ribosome

biogenesis has not yet been fully elucidated, several factors

involved in this mechanism have been identified. For instance,

a target of rapamycin (TOR) kinase and its downstream factor

RPS6 kinase (S6K) play critical roles in energy signaling in yeast

and mammalian cells (Loewith and Hall, 2011; Jewell and Guan,

2013). The TOR-S6K signaling pathwaywas also recently shown

to accelerate the transcription of not only rRNAbut alsomanyRP

genes in plant cells (Xiong et al., 2013; Xiong and Sheen, 2014).

The ribosome is required for translation, making it absolutely

essential for maintaining the vitality of the cell. Therefore, defects

in ribosome biogenesis or function exert pleiotropic effects on all

cellular functions (Byrne,2009).However, somedistinctmutations

in humanRPandRBFgenes lead todifferent but specificdiseases

knownas ribosomopathies throughanalmostcompletelyunknown

mechanism (Chakraborty et al., 2011; Armistead and Triggs-Raine,

2014). Ribosomebiogenesis is also strongly associatedwith tumor

suppression through the nucleolar stress response (also known as

the ribosome stress response) in mammals (Holmberg Olausson
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etal., 2012;Zhouetal., 2015).Nucleolarstress, i.e., thedisruptionof

the nucleolar structure caused by a failure in ribosome biogenesis,

leads to cell cycle arrest, senescence, and apoptosis (Boulon et al.,

2010;Nicolaset al., 2016). TheRP-mousedoubleminute2 (MDM2)-

p53 pathway, including the p53-targeted ubiquitin ligase MDM2

and the tumor suppressor protein p53, plays a central role in

controlling the nucleolar stress response in mammals (Zhou

et al., 2015). However, other pathways might also be involved in

the nucleolar stress response. In fact, the nucleolar stress re-

sponse also occurs in yeast cells lacking homologs of mam-

malian p53 and MDM2 proteins (James et al., 2014). The effects

of defects in ribosomebiogenesis or function in plants havebeen

investigated by phenotypic analyses of Arabidopsis mutants

with reducedexpressionofRPorRBF.Suchdefects frequentlycause

abnormal gametogenesis, embryogenesis, seed germination, root

elongation, and leaf morphology (Byrne, 2009; Horiguchi et al., 2012;

Weis et al., 2015a). Hence, the regulationof ribosomebiogenesis and

function is likely associated with plant-specific physiological pro-

cesses throughout the entire plant life cycle.

PumandFBF (PUF) proteins contain aPumilio homologydomain

(PUM-HD), which generally functions as an RNA binding domain

and is universally conserved in eukaryotic organisms (Spassov and

Jurecic, 2003). The canonical PUM-HD consists of eight PUF re-

peats in tandem, each ofwhich recognizes a single nucleotide in its

target RNA (Spassov and Jurecic, 2003). Typical yeast and

Caenorhabditis elegans PUF proteins bind to specific recognition

sequences in the 39-untranslated regions of theirmRNA targets to

modulate their translational efficiency or stability (Wickens et al.,

2002). However, PUF proteins have not yet been characterized in

plants, except for a few Arabidopsis PUF proteins. The Arabi-

dopsis genomeencodes 25 or 26PUFproteins that form aprotein

family designated the Arabidopsis Pumilio protein (APUM) family

(Francischini and Quaggio, 2009; Tam et al., 2010). Recently,

APUM5 was found to regulate Cucumber mosaic virus infection

and abiotic stress responses through direct binding to Cu-

cumber mosaic virus RNA and the 39-untranslated regions of

mRNAs from abiotic stress-responsive genes (Huh et al., 2013;

Huh and Paek, 2014). APUM9 controls seed dormancy, func-

tioning as a downstream factor of the dormancy regulatory genes

REDUCED DORMANCY5 and DELAY OF GERMINATION6 (Xiang

etal., 2014,2016).On theotherhand, itwas recentlysuggested that

APUM23 functions in rRNA processing by directly binding to a -

10-nucleotide sequence in 18S rRNA (Zhang and Muench, 2015).

APUM24 and its rice homolog were initially identified as the

nuclear glucose-inducible gene-encoded Armadillo/Pumilio

domain-containing proteins AtNuGAP1 and OsNuGAP1 (Aki and

Yanagisawa, 2009), and APUM24 was subsequently identified as

a member of the APUM family (Francischini and Quaggio, 2009).

APUM24 is localized to the nucleolus (Tamet al., 2010) and has an

amino acid sequence that is quite different from those of other

APUM proteins (Francischini and Quaggio, 2009). Furthermore,

unlikeotherAPUMproteins,APUM24containsanimperfectPUM-HD

sequence. Thus, APUM24might play a unique role in Arabidopsis. In

this study, to uncover themolecular function andphysiological role of

APUM24, we performed a variety of phenotypic analyses with Ara-

bidopsis plants harboring a null or knockdownmutation of APUM24

as well as proteome analysis of the APUM24-containing protein

complex. Our results suggest that APUM24 is an essential gene

encoding a pre-rRNA processing-associated factor necessary

for removal of ITS2. Moreover, reduced expression of the sugar-

inducible gene APUM24 induced nucleolar stress in a sugar-

dependentmanner, led tohypersensitivity tohighconcentrationsof

sugar, and largely diminished sugar-induced promotion of leaf

and root growth. Despite themany studies on nucleolar stress in

yeast and mammals, nucleolar stress in plants has rarely been

investigated. Hence, our findings uncover links among ribosome

biogenesis, nucleolar stress, and sugar responses in plants and

highlight thephysiological importanceofnucleolar stress inplant

cells.

RESULTS

Null and Knockdown Mutations of APUM24 Cause Abortion

and Delay in Embryogenesis

To reveal the physiological roles of APUM24, we examined the

phenotypesof twoArabidopsisT-DNA insertion lines.SinceaT-DNA

insertion is located within the 13th exon and 14th intron of APUM24

(At3g06810) in lines GABI_461E08 and SALK_033623, respectively,

these mutant alleles were designated apum24-1 and apum24-2

(Figure 1A). As described below, apum24-1 and apum24-2 are null

and knockdown mutant alleles of APUM24, respectively.

The apum24-1 heterozygotes (Figure 1B) grew normally during

the vegetative phase; however, they developed aborted seeds

(Figure 1C), suggesting that apum24-1 is defective in gameto-

genesis and/or embryogenesis. We therefore backcrossed the

heterozygote to wild-type plants three times and investigated the

segregation ratio of apum24-1 in the progeny of the backcrossed

line after self-pollination. After self-pollination, we failed to obtain

anyplantshomozygous forapum24-1, and the ratioofwild-type to

heterozygous plants in the progeny population was very different

from1:2 (Table 1;x2 test, P=0.004). Thus, apum24-1 is likely impaired

in both gametogenesis and embryogenesis.

To clarify the relationship between the apum24-1 allele and

defects in gametogenesis and embryogenesis, we generated

transgenic plants homozygous for apum24-1 by introducing

a genomic DNA fragment containing the APUM24 locus into an

apum24-1 heterozygote (Figure 1B). The genomicDNAcontained

a 1.2-kb region upstream of the transcription start site, the entire

transcribed region, and a 1-kb region downstream of the poly-

adenylation site, as well as a FLAG-tag-encoding sequence in

front of the stop codon of the APUM24 coding region (Figure 1A).

We established the transgenic line (line Comp-1) by genotyping

(Figure 1B) and examined transcripts from the introduced and

nativeAPUM24 genes in the T3 progenies usingRT-PCR analysis

with appropriate primers (Figures 1A and 1D). Transcripts from

the introduced APUM24 gene (Figure 1D, panel a-e) but not from

thenativeAPUM24gene (panel a-b)were detected in this line. The

levels of expression of the endogenous APUM24 gene in the wild

typewere comparable to those of the introducedAPUM24gene in

the transgenic line (Figure 1D, panels f-g and h-i). Because the

introduced DNA included parts of neighboring genes from up-

streamanddownstreamofAPUM24 (At3g06800andAt3g06820),

we also confirmed that the expression levels of these genes were

not affected in theComp-1 line (Figure 1D).All embryosdeveloped
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normally into seeds in the siliques of this transgenic line (Figure

1C), and the growth of the transgenic linewas similar to that of the

wild type throughout the vegetative phase (Figure 1E). Therefore,

apum24-1 is a null allele that causes lethality in the generative

phaseofgrowth. The ratioofwild-type toheterozygousplantswas

1:1 (x2 test, P = 0.317) in a progeny population produced by

crossing wild-type plants with an apum24-1 heterozygote as the

paternal parent (Table 1). However, when the apum24-1 hetero-

zygote was used as the maternal parent, the segregation ratio

was not 1:1 (x2 test, P = 0.005), and the transmission efficiency

was 62.5% (Table 1). These results indicate that the apum24-1

allele negatively affects female gametogenesis as well as

embryogenesis.

On the other hand, homozygotes for the apum24-2 allele

(Figure 1B) were viable. Therefore, the homozygote is referred to

as the apum24-2 mutant hereafter. In apum24-2 mutant seed-

lings, APUM24 transcripts were detectable but at levels much

lower than those in wild-type seedlings, indicating that the

apum24-2mutant is a knockdownmutant (Figure 1D, panel a-b;

Supplemental Figure 1A). RT-PCR analysis using two sets of

Figure 1. Null and Knockdown Mutations of APUM24 Cause Embryonic Lethality and Delayed Embryogenesis.

(A) Schematic representation of the native APUM24 allele and the APUM24 allele introduced by transformation (APUM24-FLAG). White and black boxes

indicate untranslated and coding regions in exons for APUM24, respectively. Red and blue triangles indicate the positions of T-DNA insertions in the

apum24-1 and apum24-2mutant alleles, respectively. “ATG” and “TGA” indicate the translational initiation and stop codon, respectively. The orangebox is

a region encoding three copies of FLAG tag. Arrows indicate the positions of primers used for genotyping or RT-PCR.

(B) to (G)Wild-type plants, a heterozygote for the apum24-1 allele [apum24-1(+/2)], a homozygote for the apum24-2 allele (apum24-2), and transgenic lines

homozygous for the apum24-1 or apum24-2 alleles but harboring an introduced wild-type APUM24 allele (Comp-1 and Comp-2) were used.

(B) PCR-based genotyping. Primers indicated in (A) were used for PCR amplification of the native APUM24 (a-b), apum24-1 (c-b), apum24-2 (d-b), and

introduced APUM24 alleles (a-e), respectively.

(C) Photographs of seeds in siliques. Arrowheads indicate aborted embryos. Bar = 1 mm.

(D) RT-PCR analysis of APUM24 transcripts from the native and introduced APUM24 loci. Primers indicated in (A) were used for PCR-based specific

detection of transcripts from the native (a-b) and introduced APUM24 loci (a-e). Transcripts containing the region upstream (f-g) or downstream (h-i) of

the T-DNA insertion sites, and transcripts from neighboring genes ofAPUM24 (At3g06800 and At3g06820) were also analyzed.UBQ10was used as an

internal control.

(E) Photographs of the seedlings grown on 1/2 MS plates for 2 weeks. Bar = 1 cm.

(F) Photographs of seeds and isolated embryos. DAF, days after flowering. Bar = 1 mm.

(G) The 200-seed weight values. Error bars indicate SD (n = 3). Statistical significance was determined by ANOVA, followed by a Tukey-Kramer test. Means

that are significantly different from each other (P < 0.05) are indicated by different letters.
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primers for amplification of the regions upstream and down-

stream of the inserted T-DNA demonstrated that the T-DNA

insertion did not cause the accumulation of truncated APUM24

transcripts (Figure 1D, panels f-g and h-i). Consistent with the

severe effect of the apum24-1 null allele on embryogenesis, the

apum24-2 mutant developed wrinkled seeds (Figure 1F), and

the seed weight of the apum24-2mutant was lighter than that of

the wild type (Figure 1G). To investigate this phenotype in more

detail,weobservedembryosat variousstagesof embryogenesis

and found that embryogenesis was delayed in the apum24-2

mutant (Figure 1F). By introducing the wild-type APUM24 locus

into the apum24-2mutant,wegeneratedacomplementation line

(line Comp-2) (Figures 1B and 1D). Because the introduction of

the wild-type APUM24 locus rescued both the delayed em-

bryogenesis and abnormal seed shape of themutant (Figures 1F

and 1G), we reasoned that the wrinkled seeds of the apum24-2

mutant were probably caused by delayed embryogenesis. To

establish a link between reductions in APUM24 expression

and the phenotype of the apum24-2 mutant, we produced

APUM24-targeted artificial microRNA (amiRNA) lines. Two of

these lines (apum24i-1 and apum24i-2), in which APUM24 ex-

pression was repressed at a level comparable to that in the

apum24-2 mutant (Supplemental Figure 1A), similarly developed

seeds with abnormal shapes (Supplemental Figure 1B). These

results suggest that reductions in APUM24 expression affect

embryogenesis.

Interactions of APUM24 with Pre-rRNA

Processing-Associated Proteins in the Nucleolus

To reveal the biological process in which APUM24 is involved, we

performed proteomic identification of proteins that coimmunopre-

cipitated with APUM24. Using cell lysates of wild-type Arabidopsis

T87 cells and cells expressing MYC-tagged APUM24, we identified

candidate proteins that specifically interact with APUM24. The

proteins thatweredetectedonly incells expressingMYC-tagged

APUM24 included many RPs and several pre-rRNA processing

factors for 60S ribosome biogenesis (Kojima et al., 2007; Weis

et al., 2015b; Burgess et al., 2015) (Table 2). Furthermore, co-

expression analysis using the ATTEDII program (http://atted.jp;

Obayashi et al., 2007) suggested that APUM24 is coexpressed

with BIOGENESIS OF RIBOSOMES IN XENOPUS1-2 (BRX1-2)

(Supplemental Figure 2), whose product coimmunoprecipitated

with APUM24 (Table 2). BRX1-2 and its paralog, BRX1-1, belong

to theBRIXdomain-containingprotein family,whichmight function

in ribosome biogenesis in animals, yeast, and plants (Kaser et al.,

2001; Weis et al., 2015b). Thus, APUM24 appears to function in

ribosome biogenesis.

To investigate the interactions of APUM24 with BRX1-1 and

BRX1-2 in vivo, we performed bimolecular fluorescence comple-

mentation (BiFC) analysis with the N-terminal half of GFP (nGFP)

and the C-terminal half of GFP (cGFP) (Walter et al., 2004). Prior to

BiFC analysis, we confirmed the nucleolar localization of APUM24

bycoexpressing itwithmCherry fused tofibrillarin1 (FIB1-mCherry),

anucleolus-localizedmarkerprotein (Barnecheetal.,2000;Tametal.,

2010; Figure 2A). As reported previously (Weis et al., 2015b), BRX1-1

and BRX1-2 also localized to the nucleolus in our assay (Figure 2A).

We observed GFP fluorescence in the nucleolus after transient co-

expression of the APUM24-nGFP fusion protein with cGFP fused to

BRX1-1orBRX1-2 inNicotianabenthamiana leaves (Figure2B). In this

assay, we also coexpressed FIB1-mCherry to identify transformed

cells and to visualize the nucleolus. Furthermore, we used another

nucleolar localized protein, SLOWWALKER1 (SWA1), a homolog of

U3 small nucleolar ribonucleoprotein15 of the yeast 18S rRNA pro-

cessing complex (Shi et al., 2005), as a negative control (Figure 2B).

Because GFP fluorescence was observed in the nucleolus after

coexpression of SWA1-nGFP with NuGWD1-cGFP and NuGWD1-

nGFP with SWA1-cGFP (Figure 2B), as reported previously (Ishida

et al., 2016), we considered SWA1-nGFP and SWA1-cGFP as ap-

propriatenegativecontrolsinthisexperiment.Neitherthecoexpression

of SWA1-cGFP with APUM24-nGFP nor the coexpression of SWA1-

nGFPwithBRX1-1-cGFPorBRX1-2-cGFP(Figure2B) resulted inGFP

fluorescence.Furthermore,GFPfluorescencewasnotdetectedincells

solely expressing nGFPor cGFP fused toAPUM24,BRX1-1, BRX1-2,

SWA1, and NuGWD1 (Supplemental Figure 3). Thus, the results

of BiFC analysis suggested that APUM24 interacts with pre-rRNA

processing-associated factors in vivo.

Pleiotropic Defects in Developmental Processes in

apum24-2 mutants

Arabidopsis RP and RBF mutants frequently exhibit delayed

embryogenesis and germination and short primary roots, as well

as abnormal alignment of vascular bundle tissues, leading to the

formation of leaveswith abnormal shapes, such aspointed and/or

serrated leaves (Byrne, 2009; Horiguchi et al., 2012; Weis et al.,

2015a). We therefore investigated whether the apum24-2mutant,

as well as brx1-1 and brx1-2 (Weis et al., 2015b), displays such

phenotypes. Like the brx1-2 mutant, which has pointed and

serrated true leaves (Weis et al., 2015b), apum24-2 had abnor-

mally shaped true leaves (Figure 3A). Furthermore, germination

was delayed in both apum24-2 and brx1-2 (Figure 3B), and their

Table 1. Segregation of apum24-1 (+/2) Self-Progeny and Reciprocal Crosses between apum24-1 (+/2) and the Wild Type (+/+)

Parental Genotypes

(Female 3 Male)

Genotypes of F1 Plants (n)

Total (n)

Transmission

Efficiency (%)a x2 Test (P)+/+ +/2 2/2

+/23+/2 115 163 0 278 141.7 0.004b (vs. 1:2)

+/+3+/2 78 66 0 144 84.6 0.317 (vs. 1:1)

+/23+/+ 88 55 0 143 62.5 0.005b (vs. 1:1)

aTransmission efficiency (%) = (mutant/wild type) 3 100.
bSignificant difference (P < 0.05).
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primary roots were shorter than those of the wild type (Figure 3C).

Similar to the apum24-2 mutant, two independent APUM24-

targeted amiRNA lines also showed pointed true leaves with

serrated edgesand root growthdefects (Supplemental Figures1C to

1E). Under other conditions, we observed that the brx1-1 mutation

caused pointed- and serrated-leaf phenotypes (Supplemental

Figure 4), as mentioned in the Discussion. Because some Ara-

bidopsis mutants defective in ribosome biogenesis or function

showed antibiotic resistance (Abbasi et al., 2010; Rosado et al.,

2010), we also investigated primary root growth of apum24-2 in

the presence of two antibiotic compounds (streptomycin and

chloramphenicol) and found that these antibiotics had only

a small effect on root elongation in the apum24-2 mutant

(Supplemental Figure 5). These results imply that the nucleolus-

localized protein APUM24 is involved in the control of development

via its activity to regulate ribosome biogenesis.

The APUM24-Containing Complex Is Involved in 45S

Pre-rRNA Processing

SinceAPUM24hasaputativeRNAbindingdomain, PUM-HD (Tam

et al., 2010), and apum24-2 mutant showed ribosome-related

Table 2. Proteins That Were Specifically Coimmunoprecipitated with MYC-Tagged APUM24

Scorea Protein Name AGI Code Distinct Peptides %AA Coverageb Total Spectral Intensity

Pre-rRNA processing-related proteins

158.97 Homolog of NOP56 AT1G56110 10 22.0 1.88E+08

72.31 Homolog of NOP58 AT3G05060 5 10.8 3.38E+07

69.58 Homolog of NOP58 AT5G27120 4 7.5 4.33E+07

33.28 BRX1-2 AT1G52930 3 10.6 4.02E+07

28.56 OLI2/NOP2A AT5G55920 2 2.6 5.66E+07

RP

139.8 RPL4A AT3G09630 8 25.3 1.24E+08

74.02 RPL8A AT2G18020 4 20.9 6.95E+07

65.90 RPL5B AT5G39740 4 15.2 4.40E+07

65.32 RPS13B AT4G00100 4 33.7 1.62E+08

60.69 RPL14B AT4G27090 4 34.3 2.16E+08

60.51 RPL6C AT1G74050 4 15.0 3.99E+07

53.47 RPL3A AT1G43170 4 9.2 1.28E+07

49.47 RPL7B AT2G01250 4 19.0 1.55E+08

47.21 RPL23Aa AT2G39460 3 22.0 4.44E+07

46.39 RPL13aB AT3G24830 3 14.5 1.22E+08

46.15 RPS18A AT1G22780 3 15.7 2.88E+07

41.23 RPL12B AT3G53430 3 22.2 2.04E+08

40.98 RPP0B AT3G09200 3 10.3 2.18E+07

35.16 RPL90B AT1G33120 3 13.9 6.04E+08

33.83 RPS15Aa AT1G07770 3 26.1 1.55E+07

30.41 RPL7A AT1G80750 3 10.5 3.98E+07

28.11 RPL27C AT4G15000 3 14.0 2.11E+09

27.53 RPL7aBc AT3G62870 3 6.2 1.42E+07

26.86 RPL7aAc AT2G47610 3 6.2 1.09E+07

26.02 RPS14B AT3G11510 3 14.6 2.79E+07

23.07 RPL18C AT5G27850 1 5.8 2.55E+07

22.77 RPL11B AT3G58700 1 7.6 2.12E+07

21.95 RPS6A AT4G31700 1 6.0 1.09E+07

21.93 RPL15A AT4G16720 2 10.2 2.24E+07

Others

57.73 ADL1E AT3G60190 4 9.7 5.13E+07

48.84 Unknown protein AT5G57120 3 11.5 1.30E+07

45.60 Nhp2-like AT5G08180 3 14.7 6.91E+07

37.06 ACT2 AT3G18780 3 5.5 4.85E+06

35.52 HSC70-2 AT5G02490 3 4.1 1.58E+08

32.33 DCP1 AT1G08370 3 5.4 6.96E+07

30.27 HTA7 AT5G27670 3 21.3 1.00E+08

27.62 Unknown protein AT5G09840 3 4.0 2.60E+08

23.93 MAK16 protein-related AT1G23280 1 4.2 3.86E+06

22.51 Unknown protein AT3G18600 2 4.5 1.69E+07

aCalculated by Spectrum Mill (Agilent).
bAA, amino acid.
cIndistinguishable.
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developmental phenotypes, we performed RNA immunopre-

cipitation (RIP) assays to examine the binding of the APUM24-

contaning complex to pre-rRNA. We prepared cell lysates of

apum24-2 expressing (or not expressing) FLAG-tagged APUM24

under the control of its own promoter and performed immuno-

precipitation with anti-FLAG antibodies after cross-linking proteins

to RNA using formaldehyde and sonication to fragment RNA. After

confirming immunoprecipitation of FLAG-tagged APUM24

(Supplemental Figure 6), we quantified the levels of rRNA that

coimmunoprecipitated with APUM24 by performing RT-qPCR

with several pairs of primers used to amplify different regions of

thepre-rRNAormature rRNA(Figure4A).Amongvarious fragments

produced from thepre-rRNAandmature rRNA, only fragments that

contained a part of ITS2 (primer sets 4, 5, and 6) were significantly

enriched, depending on the expression of FLAG-tagged

APUM24 (Figure 4B). These results suggest that the APUM24-

containing complex specifically interacts with ITS2-containing

pre-rRNA intermediates (see Figure 5A).

Next,wemonitored the rRNAprocessing steps in the apum24-

2 mutant by RT-qPCR to detect and quantify processing inter-

mediates. We used a primer for the sequence that would remain

in rRNA and a primer for 59ETS, 39ETS, ITS1, or ITS2 in each PCR

to quantify respective processing intermediates, whereas pri-

mers for the 5.8S rRNA sequence were used to quantify the total

amounts of rRNA and pre-rRNA (Figure 5A). The results indicate

that intermediatescontaining ITS2 (i.e., intermediatescontaining

region 5 or 6) accumulated in the apum24-2 mutant in excess,

although the amounts of other processing intermediates as well

as the total amounts of rRNA in the apum24-2 mutant were

similar to those in the wild type (Figure 5B). As shown in Figure

5A, it is known that there are multiple forms of ITS2-containing

intermediates (Weis et al., 2015a, 2015b). Thus, we performed

RNA gel blot analysis to characterize further the pre-rRNA

processing intermediates in apum24-2. Using probe p1 de-

signed to detect 35S, 33S/32S, 27SA2, P-A3, and 18S-A3/P’-A3

pre-rRNAs (Figure 5A), we detected bands corresponding to

these pre-rRNAs, although mature rRNAs were also weakly

detected, probably becauseof nonspecific interactionsbetween

theprobeDNAand thevery abundantmature rRNAs. Very similar

band patterns were obtained using RNA from the wild-type and

apum24-2 Arabidopsis plants when using probe p1 (Figure 5C).

On the other hand, consistent with the results of RT-PCR

quantification of pre-rRNA (Figure 5B), using the probe p2 de-

signed to detect 35S, 33S/32S, 27SA2, 27SA3, 27SB, 7S, and

6Spre-rRNAs,wedetectedbands corresponding to all of these

pre-rRNAs but with overrepresentation of 27SA3 and/or 27SB

pre-rRNA and 7S pre-rRNA bands, indicating that these RNAs

accumulated in the apum24-2 mutant (Figure 5C)

To investigate which pre-rRNA, 27SA3 or 27SB pre-rRNA,

overaccumulated in the apum24-2 mutant, we subjected total

RNA to circular RT-PCR (cRT-PCR), which identifies the 59 and 39

ends of RNA via self-circularization with T4 RNA ligase

(Abbasi et al., 2010). Total RNA extracted from the wild-type

and apum24-2 plants was circularized and reverse tran-

scribed, andPCRswere performedwith primers designated to

amplify the sequences attached to the 25S or 18S rRNA se-

quences (see details in Methods). In the amplification tar-

geting the 25S rRNA sequence, we detected a PCR product

specific to RNA from the apum24-2 mutant in addition to

aPCRproduct corresponding tomature 25S rRNA (Figure 6A).

Sequencing revealed that this product originated from 27SB

pre-rRNA, not from 27SA3 pre-rRNA. It is also noteworthy that

we did not detect the PCR product of 26S pre-rRNA that

contains apart of ITS2 (Figure 5A). Additionally,wedidnotdetect

any unprocessed intermediates through amplification targeting

Figure 2. Interactions of APUM24 with BRX1-1 and BRX1-2 in the

Nucleolus in Vivo.

(A) Nucleolar localization of GFP fused to APUM24, BRX1-1, or BRX1-2

(APUM24-GFP, BRX1-1-GFP, or BRX1-2-GFP). Green fluorescence from

GFP and fluorescence from FIB1-mCherry as a nucleolar marker were

simultaneously monitored by transiently expressing these proteins in

N. benthamiana leaves. Images for GFP were merged with those for

fluorescence from mCherry (Merged). The 49,6-diamidino-2-phenylindole

(DAPI) staining indicates nucleoplasm. Bars = 10 mm.

(B) Representatives of BiFC analyses. Typical images obtained during the

observation ofmany transformed cells are shown. APUM24 fused to nGFP

(APUM24-nGFP) was coexpressed with cGFP-fused BRX1-1 and BRX1-2

(BRX1-1-cGFPandBRX1-2-cGFP) inN.benthamiana leaves.Combinations

ofAPUM24-nGFPandSWA1-cGFP,andSWA1-nGFPandBRX1-1-cGFPor

BRX1-1-cGFPservedasnegativecontrols.ThecombinationofSWA1-nGFP

and NuGWD1-cGFP, and NuGWD1-nGFP and SWA1-cGFP served as

controls for theproductionofactiveSWA1-nGFPandSWA1-cGFPproteins.

FIB1-mCherry and DAPI staining are the same as in (A). Bars = 10 mm.
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the 18S rRNA sequence (Figure 6B). Taken together, the results

of RT-PCR-based pre-rRNA quantification, RNA gel blot analysis,

and cRT-PCR analysis suggested that 27SB and 7S pre-rRNAs

accumulated in excess in the apum24-2 mutant.

APUM24 Interacts with the Putative ITS2 Endonuclease

Complex in the Nucleolus

Recently, Gasse et al. (2015) identified the ITS2 processing complex

in the nucleolus of Saccharomyces cerevisiae. This complex

contains ScLas1, which cleaves pre-rRNA at the C2 site, and

ScGrc3,which phosphorylates the 59end of the cleaved site, as

well as ScRai1 and ScRat1, which possess exonuclease ac-

tivities for the generation of mature 25S rRNA. By performing

BLAST searches, we found that At5g12220 and At5g11010 are

putativeorthologsofScLas1andScGrc3, respectively (Supplemental

Table 1 and Supplemental Figures 7 and 8). Although the func-

tions of their products have not yet been clarified, we desig-

nated At5g12220 and At5g11010 as AtLAS1 and AtGRC3,

respectively. Although CLPS3 and CLPS5 are similar to ScGRC3

Figure 3. apum24-2 and brx1-2 Mutants Have Similar Phenotypes.

(A)Photographsofshootsof7-d-oldseedlings (upperpanel) and true leavesof10-d-oldseedlings (lowerpanel) ofwild-typeArabidopsis,apum24-2, and the

complemented line (Complemented), aswell as the brx1-1 and brx1-2mutants. Arrowheads indicate pointed leaves (upper panel) and serrated edge (lower

panel). Bars = 1 mm.

(B) Time course of germination rates. The germination rates of 50 seeds were counted over time. Error bars indicate SD (n = 3).

(C) Photographs (upper panel) and quantification (lower panel) of primary root lengths of 7-d-old seedlings. Horizontal white lines were put on the tip of the

primary roots. Error bars indicate SD (n=7). Statistical significancewasdeterminedbyANOVA, followedbyaTukey-Kramer test.Means that are significantly

different from each other (P < 0.05) are indicated by different letters. Bar = 1 cm.
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(Supplemental Table 1), they have been already characterized as

homologs of the human polyadenylation factor CLP1 (Xing et al.,

2008). Thus, they were excluded from further analyses.

Analysis with the ATTEDII program suggested that AtLAS1

and AtGRC3 are coexpressed with RBF genes and APUM24

(Supplemental Figure 9). Furthermore, AtLAS1 and AtGRC3

fused to GFP localized to the nucleolus (Figure 7A), although

GFP-fused AtGRC3 was detected throughout the nucleus. We

therefore examined the interactions of APUM24 with AtLAS1

and AtGRC3 via BiFC assays. The GFP fluorescence patterns

detected in these assays revealed interactions ofAPUM24with

AtLAS1 and AtGRC3, as well as interaction of AtLAS1 and

AtGRC3, in the nucleolus (Figure 7B). We did not detect GFP

fluorescence using the SWA1 negative control proteins that

were used in Figure 2 and also confirmed that cells expressing

only nGFP or cGFP fused to AtLAS1 or AtGRC3 alone did

not emit fluorescence (Supplemental Figure 3). Together, the

results suggested that APUM24, together with AtLAS1 and

AtGRC3, is likely involved in ITS2 removal.

The apum24-2 and brx1-2 Mutants Are Hypersensitive to

High Concentrations of Sugar

Thetranscriptionof ribosomebiogenesis-or function-relatedgenes

and ribosomal DNA is generally activated by sugar provision, and

APUM24 is a sugar-inducible gene (Aki and Yanagisawa, 2009;

Kojima et al., 2007; Ishida et al., 2016). Furthermore, we confirmed

the sugar-inducible expression of BRX1-1 and BRX1-2, as well

as APUM24, using wild-type seedlings treated with various

metabolizable sugars (glucose, sucrose, and fructose), with

nonmetabolizable sugar (mannitol) serving as an osmotic

control (Figure 8A). We therefore investigated the responses of

apum24-2, brx1-1, and brx1-2 to sugar by monitoring plant

growth on medium containing 0, 100, or 200 mM glucose or

200 mM mannitol (Figures 8B and 8C). High concentrations of

metabolizable sugar repress cotyledon expansion and pro-

mote the accumulation of anthocyanin, a sugar stress marker,

in Arabidopsis seedlings (Martin et al., 2002). These effects

were much more evident in apum24-2 and brx1-2 than in the

wild-typeplants, indicating that impairing the functions of APUM24

and BRX1-2 causes Arabidopsis seedlings to become hypersen-

sitive to high concentrations of sugar.

Nucleolar Stress Occurs in Response to the Sugar Status

of apum24-2

To investigate the link between impaired rRNA synthesis and the

modified sugar response, we compared the levels of rRNA pro-

cessing intermediates in apum24-2 seedlings grown on medium

containingdifferent concentrationsof glucose (0, 50, and150mM)

or 150 mM mannitol (Figure 9A). Interestingly, unprocessed in-

termediates containing ITS2 overaccumulated specifically in

the presence of exogenous glucose, indicating that the over-

accumulation of rRNA processing intermediates depends on

the sugar status of the cell.

In yeast and animal cells, the accumulation of abnormal rRNA

due to dysfunctional rRNA processing causes nucleolar stress,

which is characterized by reduced or enlarged nucleolar size and

altered cell growth/proliferation and stress responses (Holmberg

Olausson et al., 2012; Zhou et al., 2015). In plants, the ribosome

biogenesis-related DEAD-box helicase RH10 acts as a link

between temperature-dependent rRNA processing defects

and nucleolus enlargement (Matsumura et al., 2016). Thus, we

investigated whether the sugar-dependent overaccumulation

of pre-rRNA intermediates causes nucleolar stress in the

apum24-2 mutant. We transiently expressed FIB1 fused to

GFP as a nucleolar marker protein in Arabidopsis mesophyll

protoplasts prepared from leaves of wild-type and apum24-2

seedlings grown on 0 or 50 mM glucose-containing medium.

Since the nucleolus in these cells could be visualized by ob-

serving green fluorescence, we measured the sizes of nucle-

olar zones and evaluated the effects of the apum24-2 allele and

glucose on nucleolar size (Figure 9B). The nucleolar sizes in

wild-type cells were comparable regardless of exogenous

glucose application. Moreover, no difference was observed in

Figure 4. RIP Assay for the Binding of APUM24 to 45S Pre-rRNA.

(A)Organization of 45S pre-rRNA and positions of specific primers used to

amplify regions 1 to 8. Vertical lines indicate the site of endo- or exo-

nuclease processing steps. ETS and ITS are external and internal tran-

scribed spacer, respectively.

(B) RT-qPCR analysis of RNA coimmunoprecipitated with APUM24-

FLAG protein by anti-FLAG antibodies. Enrichment of pre-rRNA or

rRNA with specific regions (regions 1 to 8 in [A]) by coimmunopre-

cipitation was calculated with values obtained using the output

sample versus those using the input sample.UBQ10 is shown as a non

binding control. Error bars represent SD (n = 3). Asterisks indicate

statistically significant differences between values obtained with apum24-2

(Control) and apum24-2expressingAPUM24-FLAG (APUM24) byStudent’s

t test (P < 0.05). The lower panel shows a view enlarged in the vertical

direction.
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Figure 5. Pre-rRNA Processing in the apum24-2 Mutant.

(A)Diagram illustrating themajor pathways of 35S pre-rRNA processing and 35S pre-rRNA processing intermediates in plants (Weis et al., 2015a, 2015b).

Vertical lines and arrowheads indicate the sites of endo- or exonuclease processing. ETS and ITS are the external transcribed spacer and the internal

transcribed spacer, respectively. Regions 1 to7 indicate pre-rRNA fragments thatwere amplifiedbyPCRwith specificprimer sets toquantify the respective

pre-rRNAs; 5.8S rRNA (region C) was also amplified to compare the total amounts of total rRNA in each sample in (B). Regions p1 and p2 indicate the

positions of probes for RNA gel blot detection in (C).

(B) Relative levels of processing intermediates in the apum24-2mutant and the complemented apum24-2 line grown in the presence of 150 mM glucose.

RegionsCand1 to 7 are indicated in (A). The values are expressed relative to the levels inwild-type seedlings, andUBQ10wasusedas an internal control to

normalize thevalues.Errorbars represent SD (n=3).Asterisks indicatestatistically significantdifferencesbetween themutantsand thewild typebyStudent’s

t test (P < 0.05).

(C)RNAgelblotdetectionofpre-rRNA intermediateswithprobep1orp2whosepositionsare indicated in (A). Theethidiumbromide (EtBr)-stainedgel image

is shown as a loading control. Detected pre-rRNA intermediates are indicated. Abundant rRNAs (25S, 18S, 16S, and 23S rRNAs) were nonspecifically

detected. M, RNA marker.
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the size of the nucleolus in protoplasts from wild-type versus

apum24-2 seedlings grown without exogenous glucose.

However, in protoplasts from seedlings grown in the presence

of 50 mM glucose, the nucleolus size was significantly smaller

in the apum24-2 mutant than in the wild type (Figure 9B). To

further confirm this observation, we repeated the experiment

with GFP fused to another nucleolus-localized protein, SWA1,

that did not interact with APUM24 (Figure 2B) and obtained

similar results (Supplemental Figure 10A). These results indicate

that nucleolar stress is dependent on sugar status in the

apum24-2 mutant. This finding is consistent with the sugar-

dependent overaccumulation of processing intermediates

containing ITS2 in apum24-2 (Figure 9A) and the hypersen-

sitivity of this mutant to high concentrations of sugar (Figures

8B and 8C).

According to previous reports, nucleolar stress negatively

affects cell growth andcell proliferation inmammal and yeast cells

(Holmberg Olausson et al., 2012; Zhou et al., 2015). We therefore

evaluated the effects of nucleolar stress on cell growth and cell

proliferation in theapum24-2mutantbymeasuring thesizesoffirst

true leaves of the seedlings grown on medium containing 0 or

50mMglucose (Figures 9Cand9D). The leaf sizesof thewild-type

plants grown in the presence of a low concentration of glucose

(50 mM) were larger than those grown in the absence of exoge-

nously supplied glucose. However, interestingly, the apum24-2

mutant did not show a glucose-induced increase in leaf size

(Figures 9Cand9D). Similarly, the glucose-inducedpositive effect

on rootgrowthwasmuch lower in theapum24-2mutant than in the

wild type (Figures 9E and 9F). The sugar-induced increases in leaf

and root growth of the seedlings of the complemented line were

similar to those ofwild-type seedlings. Taken together, the results

suggest that reductions in APUM24 expression result in a sugar-

dependent pre-rRNA processing defect that triggers nucleolus

stress and abnormal sugar responses.

DISCUSSION

Our results indicate thatAPUM24 is an essential gene encoding

a novel factor involved in pre-rRNA processing. The apum24-1

null mutant is embryonic lethal, whereas the apum24-2 knockdown

mutant displays phenotypic features of ribosome biogenesis

or function-defective mutants, suggesting that APUM24 plays

a unique role in Arabidopsis. Importantly, the reduced ex-

pression ofAPUM24 induced sugar-dependent defects in pre-

rRNA processing and nucleolar stress, ultimately leading to

hypersensitivity to high concentrations of sugar anddecreases

in growth in response to low concentrations of sugar in apum24-2

seedlings. Hence, our findings uncover linkages among ribosome

biogenesis, nucleolar stress, and sugar responses in plants, paving

the way for the new research field of nucleolar stress signaling and

its connection to the regulation of plant growth.

APUM24 Is an Essential Factor with a Unique Role in

Pre-rRNA Processing in Arabidopsis

The null mutation of APUM24 led to embryonic lethality, as it

influenced both gametogenesis and embryogenesis (Figure 1,

Table 1). This finding indicates that APUM24 plays an essential

role in pre-rRNA processing. Another APUM protein, APUM23,

also functions in pre-rRNA processing (Abbasi et al., 2010;

Huang et al., 2014). Indeed, apum23 and apum24-2 mutants

exhibit similar phenotypes, namely, abnormal shoot and root

development, and defects in pre-rRNA processing (Abbasi

et al., 2010; Figures 3 and5). However, theAPUM24-containing

complex interacted with ITS2 (Figure 4), while APUM23 inter-

acts with 18S rRNA (Zhang and Muench, 2015). Therefore, the

functions of APUM23 and APUM24 are not redundant. The

observation that the apum24-1 single mutation led to embryo

lethality (Figure 1) strongly supports the unique role of APUM24

in Arabidopsis.

Puf-A (alsoknownasKIAA0020)andPuf6aretheclosestproteins

toAPUM24amonghumanandyeastproteins, respectively, sharing

74% and 70% similarity with APUM24, respectively. Despite their

Figure 6. Circular RT-PCR Analysis Revealed Overaccumulation of 27SB

Pre-rRNA in the apum24-2 Mutant.

Products of cRT-PCR targeting RNA containing the 25S rRNA sequence

(A) or 18S rRNA sequence (B) were analyzed by 2% agarose gel elec-

trophoresis and the gels were stained with ethidium bromide. Three in-

dependent clones corresponding to ;150- and 500-bp products in (A)

were sequenced to confirm that the former and latter bands were derived

from mature 25S rRNA and 27SB rRNA, respectively. Three independent

clones corresponding to the;250-bp product in (B)were also sequenced

to confirm that it was derived from mature 18S rRNA. M, DNA marker.
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similarity, the function of Puf-A in ribosome biogenesis is currently

unknown. Puf-A is encoded by a gene that is highly expressed in

humanbreastcancercellsandplaysa role in thecellular responseto

genotoxic stress through direct binding to poly(ADP-ribose) poly-

merase1 to inhibit theactivityof thisenzyme (Changetal.,2011;Fan

etal.,2013).Bycontrast,yeastPuf6playstworoles:One isrelatedto

the asymmetric distribution ofASYMMETRICSYNTHESISOFHO1

mRNA (Gu et al., 2004) and the other is related to the biogenesis of

the60S ribosome.Puf6 is found in the60S ribosome fractionduring

sucrose density gradient centrifugation (Lee et al., 2007; Li et al.,

2009). Additionally, the Dpuf6 deletion strain of S. cerevisiae

shows a slowgrowth phenotype like that of ribosomebiogenesis

defective mutants with 35S, 27S, and 7S pre-rRNA processing

defects (Lee et al., 2007; Li et al., 2009). Recently, it was reported

that Puf6 is involved in ribosome biogenesis via its role in the

loading of Rpl43 into the large subunit of the ribosome in concert

with LOCALIZATION OFmRNA1 (Loc1) protein (Yang et al., 2016).

Since APUM24 coimmunoprecipitates with 60S ribosome

biogenesis-related proteins, including homologs of Nop56,

Nop58, BRX1-2, and OLI2 (Table 2; Kojima et al., 2007; Weis

et al., 2015b; Burgess et al., 2015) and APUM24 is involved in

ITS2 removal (Figures 5 and 6), APUM24 and Puf6 may share

a conserved role as components of early pre-60S particles.

However, nohomologofLoc1hasbeen foundyet inArabidopsis,

and theDpuf6deletion strain did not show lethality, in contrast to

theArabidopsis apum24-1mutant (Table 1). Therefore, APUM24

and Puf6 might also have different roles in plant and yeast cells.

Further analyses will be necessary to clarify the relationship

between Arabidopsis APUM24 and yeast Puf6.

APUM24 Is Involved in the Removal of ITS2 from Pre-rRNA

in Arabidopsis

The processing of 45S pre-rRNA, an essential step for matu-

ration of the ribosome, begins with independent cleavages at

several sites by distinct endonucleases (Weis et al., 2015a;

Figure 5A). RNA fragmentsoriginated from ITS2were specifically

enriched by coimmunoprecipitation with APUM24 in RIP assays

(Figure 4), and APUM24 possesses PUM-HD as a putative RNA

binding domain. Thus, APUM24 itselfmight bind to ITS2directly.

Furthermore, processing intermediates, 27SB and 7S rRNAs,

accumulated to higher levels in the apum24-2mutant than in the

wild type,while the levelsof otherprocessing intermediateswere

similar in the wild type versus the apum24-2 mutant (Figures 5

and 6). Therefore, APUM24 is likely involved in ITS2 removal.

We also demonstrated nucleolar interactions of APUM24 with

Arabidopsis proteins homologous to yeast ScLas1 and ScGrc3

(Figure 7B). ScLas1 is a member of the Higher Eukaryotes and

Prokaryotes Nucleotide binding (HEPN) endonuclease super-

family (Anantharaman et al., 2013), and the ScLas1 complex,

containing ScLas1, ScGrc3, ScRat1, and ScRai1, forms a higher

order complex, theRNAprocessome, for thedegradationof ITS2

inpre-rRNA (Gasseet al., 2015). Althoughwedidnot examine the

enzymeactivity ofAtLAS1, theRX4Hmotif (anactive site of endo-

RNase) (Anantharaman et al., 2013) is conserved in AtLAS1

(Supplemental Figure 7), implying thatAtLAS1mightbe integrated

into an RNA processome, together with APUM24, involved in

cleavage at the C2 site in Arabidopsis. Therefore, we assume that

APUM24 is involved in ITS2 removal via aC2cleavage step andnot

via a degradation step from 7S to 6S pre-rRNA. Although we de-

tected overaccumulation of 7S pre-rRNA in addition to 27SB

pre-rRNA, we speculate that this may be a side effect of over-

accumulation of 27SB pre-rRNA. The nucleolar surveillance

system, 39-59exonucleolyticRNAdecaypathways for thequality

control of pre-rRNA processing, might be involved in this phe-

nomenon (Lafontaine, 2010).

We demonstrated that APUM24 interacts with BRX1-1 and

BRX1-2. These homologs of Xenopus laevisBRX and yeast Brx1

are involved in the biogenesis of the 60S subunit (Kaser et al.,

2001), suggesting that APUM24 and BRX1-1/BRX1-2 are in-

tegrated into the sameprotein complex. In aBrx1-depleted yeast

strain, cleavage at the A3 site in ITS1 and the subsequent 59-39

exonucleolytic trimming of the 59 end of the cleaved pre-rRNA to

produce 5.8S rRNA are defective (see Figure 5A), and inter-

mediates that are not processed at the A3 site accumulate in

Figure 7. Interactions of APUM24 with AtLAS1 and AtGRC3 in the

Nucleolus.

(A) Subcellular localization of AtLAS1 (At5g12220.1)-GFP and GFP-

AtGRC3 (At5g11010.2) fusion proteins. Green fluorescence from AtLAS1-

GFP and GFP-AtGRC3 transiently expressed in N. benthamiana leaves

(GFP) and fluorescence from FIB1-mCherry that was simultaneously ex-

pressed as a nucleolar marker protein (mCherry) are shown. GFP images

were merged with mCherry images (Merged). DAPI staining indicates

nucleoplasm. Bars = 10 mm.

(B) Typical images obtained by BiFC analyses. AtLAS1-nGFP was coex-

pressed with cGFP-AtGRC3, and APUM24-nGFP was coexpressed with

AtLAS1-cGFP or cGFP-AtGRC3 in N. benthamiana leaves. The combina-

tions of AtLAS1-nGFP, AtLAS1-cGFP, or nGFP-AtGRC3 with SWA1-cGFP

or SWA1-nGFP are shown as negative controls. FIB1-mCherry and DAPI

staining are the same as in (A). Bars = 10 mm.
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excess (Kaser et al., 2001). The overaccumulation of processing

intermediates containing ITS1 in the Arabidopsis brx1-1 and

brx1-2mutant (Weis et al., 2015b) indicates that, like yeast Brx1,

BRX1-1 and BRX1-2 play a role in the removal of ITS1 but not

ITS2 (Kaser et al., 2001). These findings suggest that, despite the

interaction between APUM24 and BRX1-1/BRX1-2 in the nucleo-

lus, APUM24 and BRX1-1/BRX1-2 are specifically involved in

different pre-rRNA processing steps, namely, the removal of

ITS1 and ITS2, prompting the question of how the same

APUM24- and BRX1-1/BRX1-2-containing complex partic-

ipates in cleavage at different sites in a specific manner. Al-

though no experimental data exist to resolve this question, we

speculate that different isoforms of the protein complexmight

have different RNA binding specificities. Alternatively, the

interaction between APUM24 and BRX1-1/BRX1-2 might be

due to the formationof a ternary complex containing anunknown

protein, and the complex containing only APUM24 or BRX1-1/

BRX1-2 might bind to pre-rRNA. To date, few studies have fo-

cused on the molecular mechanism underlying pre-rRNA pro-

cessing in plants (reviewed in Weis et al., 2015a). Our findings,

together with our previous finding that the pre-rRNA processing

complex contains plant-specific components (Ishida et al.,

2016), emphasize the importance of further analysis of the RNA

processome for ribosome biogenesis in plant cells.

Although both brx1-1 and brx1-2 mutants overaccumulate

pre-rRNA intermediates, only thebrx1-2mutantdisplayspointed

Figure 8. Sugar Responses of apum24-2, brx1-1, and brx1-2.

(A) Relative expression levels of APUM24, BRX1-1, and BRX1-2 in 8-d-old seedlings treated with 50 mM mannitol (Man), fructose (Fru), glucose (Glc), or

sucrose (Suc) for 3 h. The expression levels of these genes in untreated seedlings (0 h) were set to 1. The sugar-responsive marker gene, At1g80130 (Price

et al., 2004), was used as a control, and UBQ10 was used as an internal control. Error bars represent SD (n = 3).

(B) Seedlings of the wild type, apum24-2, the complemented apum24-2 line (Complemented), brx1-1, and brx1-2 were grown for 7 d on 1/2 MS medium

plates containing the indicated concentrations of glucose (Glc) or mannitol (Man). Bar = 1 mm.

(C)Relative anthocyanin levels in the seedlings in (B). The anthocyanin content ofwild-type seedlingsgrownwithout sugarwasset to 1. Error bars represent

SD (n = 3). Statistical significance was determined by ANOVA, followed by a Tukey-Kramer test under each experimental condition. Means that are

significantly different from each other (P < 0.05) are indicated by different letters.
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and serrated leaves (Weis et al., 2015b; Figure 3A). We thus

investigated the brx1-1 mutation-dependent phenotype by

generatingabrx1-1as2doublemutantbecause theas2mutation

sometimes potentiates the leaf morphological abnormalities

caused by other mutations (Machida et al., 2015). We observed

that brx1-1 as2plants, likebrx1-2plants, developed pointed true

leaveswith serrated edges, although the as2mutant itself did not

show this phenotype (Supplemental Figures 4A and 4B). To-

gether with our results showing interactions between APUM24

and both BRX1-1 and BRX1-2 (Figure 2), this result supports the

previous proposal that the functions of BRX1-1 and BRX1-2 are

redundant (Weis et al., 2015b).

Figure 9. Sugar-Dependent Nucleolar Stress in the apum24-2 Mutant.

(A)Sugar-dependent accumulation of the pre-rRNA processing intermediates in the apum24-2mutant. Total RNA was prepared from seedlings of

thewild type, apum24-2, and the complemented line (Complemented) grown onmedium containing different concentrations of glucose (Glc) (0, 50,

and 150 mM) or 150 mMmannitol (Man) for 7 d. For RT-qPCR, primers for amplification of regions 6 and C (indicated in Figure 5A) were used. Error

bars represent SD (n = 3). The values are relative to the levels in wild-type seedlings, and UBQ10 was used as an internal control to normalize the

values.

(B) Upper panels display representative nucleoli in mesophyll protoplasts from the wild type, apum24-2, and the complemented apum24-2 line (Com-

plemented) grown on medium containing 0 or 50 mM glucose (Glc) for 7 d. The nucleolus was visualized by observing green fluorescence from transiently

expressed FIB1-GFP. The graph shows a box plot of the quantification of nucleolus size (n = 50). Dots indicate outliers. Statistical significance was

determinedbyANOVA, followedby aTukey-Kramer test under each experimental condition.Means that are significantly different fromeachother (P< 0.05)

are indicated by different letters. Bar = 5 mm.

(C) and (D)Representatives (C) and area quantification (D)of the first true leaves of the plants grown onmediumcontaining 0or 50mMglucose (Glc) for 9 d,

respectively. Bar = 1 mm. Error bars represent SD (n = 20).

(E) and (F) Representatives (E) and quantification of the primary root length (F) of the plants grown onmedium containing 0 or 50mM glucose (Glc) for 9 d.

Error bars represent SD (n = 9). Horizontal white lines were placed on the tips of the primary roots. Bar = 1 cm.
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Nucleolar Stress Responses in Plant Cells Might Be

Mediated by Alternative Routes Rather Than the

RP-HDM2-p53 Pathway

We detected the occurrence of nucleolar stress (reduced nucle-

olar size andgrowthdefect) in theapum24-2mutant (Figures 9B to

9F) and accompanying accumulation of processing intermediates

harboring ITS2 (Figure9A).Nucleolar stress inplantcells has rarely

been investigated to date; there are only a few reports concerning

mutations that induce modulations in nucleolar size in plant cells.

Qi et al. (2016) reported enlarged nucleolus size in a maize (Zea

mays) mutant possessing a mutation in an AAA-ATPase gene

involved in the export of the 60S ribosome from the nucleus to the

cytoplasm as nucleolar stress. Mutations in two genes, DOMINO

andAtREN1, were also reported to cause an increase in nucleolar

size (Lahmy et al., 2004; Reňák et al., 2014). However, the

physiological relevanceof changes innucleolar size toany internal

or external signal responses in plant cells remains unknown. On

the other hand, the nucleolus is a key stress-responsive organelle

in yeast and animal cells, and the importance of nucleolar stress

has already been clarified in animal cells. Nucleolar stress is asso-

ciated with a variety of growth regulation-associated phenomena,

including cell growth/proliferation defects, cell cycle arrest, senes-

cence, and apoptosis in animals (Holmberg Olausson et al., 2012;

Zhou et al., 2015). Hence, nucleolar stress likely plays critical roles in

plants, even in controlling plant growth. This study showed that re-

ductions innucleolarsizeandattenuationofsugar-dependentgrowth

promotion occurred simultaneously in the apum24-2 mutant. The

findingthatsugar-dependentnucleolarstressoccurs intheapum24-2

mutant lays the foundation for exploring new roles of the nucleolus in

plant cells.

In human cells, nucleolar stress is mainly transmitted through

the RP-HDM2 (human homolog of the MDM2)-p53 pathway. In

this pathway, some RPs that accumulate due to dysfunctional

ribosome biogenesis are translocated from the nucleoli to the

nucleoplasm and subsequently bind to the p53-targeted ubiquitin

ligase HDM2 to increase the stability of tumor suppressor protein

p53,which regulates cell proliferation arrest, apoptosis, and so on

(Zhouetal., 2015).However, plants, like yeast, lackHDM2andp53

homologs (Rutkowski et al., 2010). Therefore, mechanisms other

than the RP-HDM2-p53 pathway are required for the nucleolar

stressresponse inplantcells.AlthoughtheRP-HDM2-p53pathway

is a major pathway for inducing the nucleolar stress response in

human cells, alternative routes for nucleolar stress responses, in-

cluding the RPL3-dependent pathway and the RPL11-dependent

pathway, havebeendiscovered inhumans (Esposito et al., 2014;

Challagundla et al., 2011). Therefore, the p53-independent

pathwaysmightmediate and induce nucleolar stress responses

in plant cells.

Nucleolar Stress Occurs in a Sugar-Dependent Manner

in the apum24-2 Mutant

Theoveraccumulationofprocessing intermediates containing ITS2

and the occurrence of nucleolar stress in the apum24-2mutant are

sugar-dependent (Figure 9). Since ribosome biogenesis requires

amassive amount of energy, and rRNAsynthesis is the rate-limiting

step of ribosome biogenesis, the sugar-dependent occurrence of

nucleolar stress in the apum24-2 mutant might be due to the

breakdown of the coordination of ribosome biogenesis-related

gene expressionwith cellular energy status. Therefore, our findings

reveal new physiological and molecular connections between

nucleolar stress and sugar responses in plants. Although we

observed the sugar-dependent occurrence of nucleolar stress in

apum24-2 seedlings grown with exogenously supplied sugar

(Figure9),wealso found that nucleolar stress inapum24-2grown

insoil under continuous illuminationdisappearedafter 2dof dark

treatment, which promotes the degradation of starch, the storage

formof glucose (Supplemental Figures 10B and 10C).We therefore

propose that sugar-dependent nucleolar stress is induced and

abolished by fluctuations in sugar concentrations in the physio-

logical range.

The transcription of rDNA and ribosome-related genes is pro-

moted by sugar treatment in yeast, mammalian, and plant cells

(PowersandWalter, 1999; Iadevaiaetal., 2014;Kojimaetal., 2007;

Ishida et al., 2016). Furthermore, nutrient-dependent rRNA tran-

scription is regulated by various mechanisms, such as chromatin

modification at the rDNA locus by histone methylation and the

regulation of RNA polymerase I activity by the TOR pathway in

mammals (Salifou et al., 2016; Mayer et al., 2004). However, little

was known about how the modulation of rRNA processing

regulates energy status-responsive ribosome biogenesis. The

next challenge is to uncover the effects of nutrients on pre-rRNA

processing, ribosome biogenesis, nucleolar stress, and stress-

induced responses.

METHODS

Plant Materials and Growth Conditions

Arabidopsis thaliana ecotypeCol-0was used as thewild type, as all T-DNA

insertion linesandmutantsused in thisstudywere in theCol-0background.

Seedsofapum24-1 (GABI_461E08)andbrx1-2 (GABI_771C02) (Weisetal.,

2015b) and seeds of apum24-2 (SALK_033623) and brx1-1 (SALK_004020)

(Weis et al., 2015b) were provided by GABI-Kat (Rosso et al., 2003) and the

Arabidopsis Biological Resource Center (Alonso et al., 2003), respectively.

Theseedsweresterilizedandsownonagarplatesofmediumcontaininghalf-

strength Murashige and Skoog salts (1/2 MS) supplemented with various

types and concentrations of sugar depending on the experiment. After

a 2-d cold treatment, the seeds were germinated and seedlings were grown

at 23°Cunder continuous light (;70mmolm22 s21; white fluorescence tube

lamps; FL40S EX-N TT; Mitsubishi Electric). Healthy seeds that were

harvested at the same time from plants that had been grown together in

the same growth chamber under identical conditions were used in all the

physiological experiments.

Generation of Transgenic Arabidopsis Plants

To produce transgenic plants complemented for the apum24-1 null

and apum24-2 knockdownmutations, a genomic DNA fragment for the

wild-type APUM24 locus was obtained by PCR using wild-type ge-

nomic DNA and four sets of PCR primers (Supplemental Table 2). The

four DNA fragments obtained were cloned into pCB302 (Xiang et al.,

1999) to reconstruct the wild-type APUM24 locus in a binary vector for

complementation tests. The resulting binary vector contained the

region from ;1.4 kb upstream of the translation start codon to ;1 kb

downstream of the stop codon and an insertion of the sequence for

three copies of FLAG tag in front of the stop codon. After verification by

DNA sequencing, the heterozygote for the apum24-1 allele and the

homozygote for the apum24-2mutant allele were transformedwith the
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binary vector using the floral dip method (Clough and Bent, 1998) with

Agrobacterium tumefaciens strain GV3101 (pMP90). To produce bi-

nary vectors for the generation of theAPUM24-targeted amiRNA lines,

DNA fragments spanning the amiRNA target sites (“581 to 601” for the

apum24i-1 line and “844 to 864” for the apum24i-2 line; positions are as

shown in the APUM24 cDNA sequence) were obtained by performing

serial PCRs on wild-type cDNA using two sets of PCR primers listed in

Supplemental Table 2. PCRs were performed using the distributed

protocol (http://wmd3.weigelworld.org/). The DNA fragments together

with the RPS5 promoter fragment, which was also obtained by PCR

using specific primers (Supplemental Table 2), were inserted between

PstI and EcoRI sites of pCB302 (Xiang et al., 1999). After verification by

DNA sequencing, the wild-type plants were transformed with the re-

sultant binary vectors using the floral dipmethod. Transgenic lineswith

a T-DNA insertion at a single locus were selected, and T3 progenies

homozygous for the inserted gene were selected and used for all

experiments.

Proteomic Identification of Proteins in the

APUM24-Containing Complex

To prepare the binary vector used to express MYC tag-fused APUM24 in

ArabidopsisT87cells, cDNA for theAPUM24coding regionwasobtained

by RT-PCR using primers APUM24 F’1 and R’1 (Supplemental Table 2),

and the EIN3 cDNA in the pHBTpro:EIN3-MYC expression vector

(Yanagisawa et al., 2003) was replaced with the APUM24 cDNA. The

resulting plasmid, pHBTpro:APUM24-MYC, was used to transform T87

cell suspension cells derived from Arabidopsis ecotype Columbia (Axelos

et al., 1992) according to the method of Ogawa et al. (2008). Transformants

were selected on JPLmediumplates containing 3 g/L gellan gum, 500mg/L

carbenicillin,and20mg/LhygromycinandmaintainedonJPLmediumplates

without antibiotics.

Suspension cultures of T87 wild-type cells and T87 cells expressing

APUM24-MYC were grown in liquid JPL medium. The harvested cells

(;4 g) were frozen in liquid nitrogen and homogenized with a multi-beads

shocker (Yasui Kikai) in 10 mL of extraction buffer (25 mM Tris-HCl, pH 7.5,

150 mM NaCl, 0.1% Nonidet P-40, 10% glycerol, and Complete Protease

Inhibitor Cocktail [Roche]). The cell lysates were incubated with anti-MYC

antibody-cross-linked Dynabeads (Thermo Fisher Scientific), and proteins

interacting with the Dynabeads were eluted as described previously (Ishida

et al., 2016). NanoLC-ESI-MS/MS analysis of recovered proteins was

performed on an electrospray ionization ion trap MS system (LC/MSD Trap

XCT Ultra; Agilent Technologies) as described previously (Aki et al., 2008;

Aki and Yanagisawa, 2009; Liu et al., 2017). Proteins not detected in T87

wild-type cell lysates but detected in cell lysates from T87 cells expressing

APUM24-MYCwere selected as candidate interaction partners of APUM24.

Because the MS spectral intensities of the respective peptides were

proportional to their amounts and the lower limit of intensity for detection

was ;1 3 105 in our MS spectral intensity-based comparative analysis

(Hamamoto et al., 2012), the selectedproteinswere estimated to bemore

than 100-fold more abundant in the immunoprecipitates obtained from

cell lysates containing APUM24-MYC than in the immunoprecipitates

obtained from T87 wild-type cell lysates.

Subcellular Localization Analysis via GFP and Split-GFP-Based

BiFC Assays

To generate plasmids for the subcellular localization assay and BiFC

analysis, cDNAs for the coding regions of APUM24, BRX1-1, BRX1-2,

AtLAS1, and AtGRC3 were obtained by RT-PCR of RNA from wild-type

Arabidopsis using the primers listed in Supplemental Table 3. The SWA1

andNuGWD1 cDNAs have been described previously (Ishida et al., 2016).

The resulting products were cloned into the pENTR/D-TOPO vector

(Thermo Fisher Scientific). Then, APUM24, BRX1-1, BRX1-2, and AtLAS1

cDNAs were introduced into pGWB5 to produce GFP C-terminal fusion

proteins, whereas AtGRC3 cDNA was introduced into pGWB6 to produce

the GFP N-terminal fusion protein. For the BiFC assay, APUM24,

SWA1, and AtLAS1 cDNAs were also introduced into pB4GWnG to

produce nGFP C-terminal fusion proteins, while AtGRC3 cDNAs were

introduced into pB4nGGW to produce nGFP N-terminal fusion pro-

teins.BRX1-1,BRX1-2,NuGWD1, andAtLAS1 cDNAswere introduced into

pB4GWcG,while AtGRC3cDNAwas introduced intopB4cGGW toproduce

cGFP C-terminal fusion or cGFP N-terminal fusion proteins, respectively.

Plasmids pGWB5, pGWB6, pB4GWnG, pB4nGGW, pB4GWcG, and

pB4cGGW were described by Tanaka et al. (2012), and LR Clonase II

(Thermo Fisher Scientific) was used to produce the constructs. All PCR

products and inserts were verified by DNA sequencing. The SWA1 and

NuGWD1 cDNAs were introduced into pB4GWcG and pB4GWnG, as

described previously (Ishida et al., 2016).

The subcellular localization assay and split-GFP-based BiFC assaywere

performedbycoinfiltratingNicotianabenthamiana leaves (Kapila et al., 1997;

D’Aoust et al., 2009) with derivatives of pGWB5, pGWB6, pB4GWnG,

pB4nGGW, pB4GWcG, and pB4cGGW as described previously (Maekawa

et al., 2014). The FIB1-mCherry expression vector was cotransformed with

the derivatives to identify transformed cells and to clarify the location of the

nucleolus (Maekawaetal., 2014).Twodaysafter infection,GFPfluorescence

was observed under a fluorescencemicroscope (BX51; Olympus) equipped

with a cooled color digital camera (DP80; Olympus).

Microscopy of Leaf Shape

First or second leaves were fixed in 100% ethanol, dehydrated through

a graded ethanol series, andmounted in clearing solution (chloral hydrate,

glycerol, andwater at a ratioof 8g:1mL:2mL). Imageswereobtainedunder

a stereomicroscope (MZ16F; LeicaMicrosystems) equippedwith a cooled

color digital camera (DXM1200C; Nikon Instruments).

RT-qPCR Analysis

To quantify the expression levels of sugar-responsive genes, surface-

sterilized seeds were soaked in 50 mL of one-tenth-strength MS liquid

medium supplemented with 1 g L21 sucrose. After 2 d of cold treatment,

the seeds were grown at 23°C under continuous light conditions with

gentle shaking for 1 week. The cultured young seedlings were washed

well with one-tenth-strength MS liquid medium and cultured in 50 mL of

one-tenth-strength MS liquid medium in the dark for 1 d with gentle

shaking. Various sugars (mannitol, fructose, glucose, and sucrose) were

added to themediumat a final concentration of 50mM, and the seedlings

were harvested 3 h later. To monitor the pre-rRNA processing pattern,

seedlings were grown on 1/2 MS medium plates with or without glucose

or mannitol under diurnal light conditions (16 h/8 h).

RNA was prepared from seedlings using an ISOSPIN Plant RNA kit

(Nippon Gene) with a TURBO DNase kit (Thermo Fisher Scientific), and

reverse transcription was performed with SuperScript II reverse tran-

scriptase (Thermo Fisher Scientific) with random primers. PCR was

performed with a StepOne Plus Real-Time PCR System (Thermo Fisher

Scientific) using a KAPA SYBR Fast Quantitative PCR kit (KAPA Bio-

systems). The primer sequences and the efficiencyof eachPCRare listed

inSupplemental Table 3.Relative geneexpression levelswere calculated

using the DDCT method (Livak and Schmittgen, 2001) and normalized

relative to the expression levels of UBQ10.

Measurement of Anthocyanin Contents

Anthocyanin contents were determined as described by Mehrtens et al.

(2005) withminor modifications. In brief,;10mg of whole plant tissue was

submerged in 600 mL of acidic methanol (1% HCl, w/v) and incubated

overnight at 4°C with gentle shaking. Anthocyanin was extracted with
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400 mL of distilled water and 400 mL of chloroform. The absorption of the

extracts at 530 and 657 nm was measured, and anthocyanin levels were

calculated using the equation A530 – (A675 3 0.25).

RIP Assay

The RIP assay was performed basically as described by Saleh et al. (2008)

and Terzi and Simpson (2009). In brief, ;200 seedlings (16 d old) were

submerged and permeated with cross-linking buffer (10 mM Tris-HCl, pH

8.0, 0.4 M sucrose, 1 mM EDTA, 1% formaldehyde, 1 mM PMSF, and 13

Complete protease inhibitor) via vacuum infiltration for 15min; the reaction

wasstoppedbyaddingglycine (final concentrationof 200mM). The tissues

were ground to a fine powder in liquid nitrogen and suspended in 7.5mL of

extraction buffer (10mMTris-HCl, pH 8.0, 0.4M sucrose, 5mMDTT, 1mM

PMSF, 13 Complete protease inhibitor, and 200 units of SUPERase In

RNase Inhibitor [Thermo Fisher Scientific]). The slurry was filtered through

two layers ofMiracloth (Millipore), andMgCl2 and Triton X-100were added

to the filtrates to a final concentration of 10 mM and 0.2%, respectively.

After 10 min incubation, nuclei were recovered by centrifugation and

suspended in 1 mL of nuclear lysis buffer (50 mMHEPES, pH 7.5, 150mM

NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 0.3% SDS, 1 mM

PMSF, 13 Complete protease inhibitor, and 40 units of SUPERase In

RNase Inhibitor). After sonication toshearRNAand the removalof insoluble

materials by centrifugation, the nuclear lysate was mixed with 30 mL of

protein A agarose beads (Roche) and incubated for 1 h at 4°C to remove

proteins that nonspecifically interacted with the protein A agarose beads.

An aliquot (130mL) of the nuclear lysate was preserved as an input sample,

and the remainder was mixed with 30 mL of protein A agarose beads

conjugated with anti-DYKDDDDK antibody (Wako) and incubated for 16 h.

The immunecomplexeswere elutedwith 130mLof elution buffer (1%SDS,

0.1 M NaHCO3, and 5 units of SUPERase In RNase Inhibitor). For pro-

teolysis and reversal of cross-linking, 5mL of 0.5MEDTA (pH 8.0), 10mL of

1 M Tris-HCl (pH 6.5), 1.3 mL of 20 mg/mL proteinase K, and 10 mL of 5 M

NaCl were added to the input and eluted samples, which were then in-

cubated at 42°C for 1 h and 60°C for 1 h. RNA was recovered from the

samples with ISOGEN solution and a TURBO DNase kit, and reverse

transcriptionwasperformedwithPrimeScriptRTMasterMix (Takara). PCR

wasperformedasdescribedabove (forRT-qPCR) using rRNA-relatedPCR

primers (Supplemental Table 3). The fold enrichment was calculated as the

ratio of the RNA level from the eluate to that from the input sample.

RNA Gel Blot Analysis

Total RNA was isolated from 7-d-old seedlings grown on 1/2 MS solid

medium with 50 mM glucose using an ISOSPIN Plant RNA kit (Nippon

Gene) and a TURBODNase kit (Thermo Fisher Scientific). Total RNA (4mg)

was separated on a 1% agarose gel containing formaldehyde and

transferred to a positively charged nylon membrane (Hybond N+) (GE

Healthcare) by capillary transfer. Probe DNAs were prepared by PCR with

appropriate primers (Supplemental Table 2). DIG-labeling of probe DNAs,

hybridization, and detection were performed using a DIG High Prime DNA

Labeling and Detection Starter Kit II (Roche) following the manufacturer’s

instructions.

cRT-PCR Analysis

cRT-PCR analysis was performed according to themethod of Abbasi et al.

(2010). Total RNA (1.5mg)was prepared from7-d-old seedlingsgrownon

1/2MSsolidmediumwith 50mMglucoseusingan ISOSPINPlantRNAkit

and a TURBODNase kit and circularized with T4 RNA ligase (Takara Bio).

To detect RNA containing the 25S rRNA sequence, the first-strand cDNA

was synthesizedwith circularizedRNAand the 25S-cRTprimer, followed

by PCR using 25S-L and 25S-R PCR primers. To detect RNA containing

the 18S rRNA sequence, the first-strand cDNA was synthesized with the

18S-cRT primer, followed by PCR using 18S-L and 18S-R primers. After

a 35-cycle amplification, the cRT-PCR products were analyzed by 2%

agarose gel electrophoresis and the DNA bands were excised. The DNA

fragments recovered were cloned into the pENTR D-TOPO vector using

a TOPO TA cloning kit (Life technologies). Three independent clones per

cRT-PCR product were sequenced using M13F and M13R primers.

Primer sequences are listed in Supplemental Table 2.

Measurement of Nucleolar Size

To measure nucleolar size, expression vectors for GFP fused to the C

terminus of FIB1 (FIB1-GFP) or SWA1 (SWA1-GFP) were generated by LR

reactions using the entry vector pUGW5 (Tanaka et al., 2012) and FIB1 and

SWA1 cDNAs (Ishida et al. 2016) with LR Clonase II. The resulting vectors

were verified by DNA sequencing and used for transient expression of

FIB1-GFP and SWA1-GFP in Arabidopsis mesophyll protoplasts. The

protoplasts were isolated from young seedlings grown on 1/2 MS me-

dium plates with or without 50 mM glucose or plants grown in soil for

4 weeks with an additional 2 d in the dark or under continuous light.

Transient expression in Arabidopsis mesophyll protoplasts was per-

formed as described by Yoo et al. (2007) and Wu et al. (2009) with minor

modifications. After transfection, the protoplasts were incubated for 16 h

at room temperature in the dark. Images of GFP fluorescencewere taken

under a fluorescence microscope (BX51) equipped with a cooled color

digital camera (DP80) and utilized for nucleolus areas calculations with

Image J (Schneider et al., 2012).

Histochemical Detection of Starch

Detached leaves were depigmented with 5mL of 100% ethanol in six-well

plates for;16 h, followed by three washes with 5 mL of water. The leaves

were then stained with 2 mL of Lugol’s iodine solution (Sigma-Aldrich) for

10min, followedby twowasheswith 5mLofwater to remove the remaining

solution.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative database under the following accession numbers: APUM24

(At3g16810), BRX1-1 (At3g15460), BRX1-2 (At1g52930), FIB1 (At5g52470),

RPS8A (At5g20290), RPL4A (At3g09630), AtLAS1 (At5g12220), AtGRC3

(At5g11010), SWA1 (At2g47990), and NuGWD1 (At5g11240).

Supplemental Data

Supplemental Figure 1. Two Independent APUM24-Targeted amiRNA

Lines Display Phenotypes Resembling Those of the apum24-2

Mutant.

Supplemental Figure 2. Coexpression Network Including APUM24,

BRX1-1, and BRX1-2.

Supplemental Figure 3. Negative Controls for BiFC Analyses.

Supplemental Figure 4. The brx1-1 as2 Double Mutant Displays

Pointed True Leaves with Serrated Edges.

Supplemental Figure 5. Increased Antibiotic Resistances in apum24-2

and brx1-2.

Supplemental Figure 6. Specific Immunoprecipitation of APUM24-

FLAG Protein for the RIP Assay.

Supplemental Figure 7. Alignment of Amino Acid Sequences from

AtLAS1, HsLAS1, and ScLas1.

Supplemental Figure 8. AtGRC3, HsGRC3, and ScGrc3 Amino Acid

Sequence Alignments.
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Supplemental Figure 9. Coexpression Network Including APUM24,

AtLAS1, and AtGRC3.

Supplemental Figure 10. Sugar-Dependent and Light Treatment-

Dependent Nucleolar Stress in the apum24-2 Mutant.

Supplemental Table 1. Results of BLAST Searches to Identify Arabi-

dopsis Homologs of Components of the Yeast C2 Endonuclease Complex.

Supplemental Table 2. List of Primers Used for Vector Construction,

Genotyping, RT-PCR, RNA Gel Blot, and cRT-PCR.

Supplemental Table 3. List of Primers Used for RT-qPCR.

Supplemental Table 4. ANOVA Results.
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