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Ribosome biogenesis is fundamental to growth and development in eukaryotes and is linked to human diseases and cancer.
Arabidopsis thalianaMORPHOLOGY OF ARGONAUTE1-52 SUPPRESSED 2 (MAS2) participates in splicing and 45S ribosomal
DNA (rDNA) expression. In a screen for MAS2 interactors, we identified RIBOSOMAL RNA PROCESSING 7 (RRP7), an
ortholog of yeast rRNA processing protein 7 (Rrp7), which is required for 18S ribosomal RNA (rRNA) maturation. Arabidopsis
rrp7 mutants exhibit a pleiotropic phenotype including slow growth, altered shoot phyllotaxy, aberrant venation in lateral
organs, partial infertility, and abscisic acid hypersensitivity in seedlings. In Arabidopsis, RRP7 localizes mainly to the
nucleolus, the site of the 45S rDNA transcription that produces a 45S pre-rRNA primary transcript, precursor of the 25S, 18S
and 5.8S rRNAs. Lack of RRP7 function perturbs 18S rRNA maturation, causes nucleolar hypertrophy, and results in an
increased 25S/18S rRNA ratio. Arabidopsis contains hundreds of 45S rDNA genes whose expression is epigenetically
regulated, and deregulated, in rrp7 mutants. Double mutant analysis revealed synergistic interactions between RRP7 alleles
and alleles of MAS2, NUCLEOLIN1 (NUC1), and HISTONE DEACETYLASE 6 (HDA6), which encode epigenetic regulators of
45S rDNA transcription. Our results reveal the evolutionarily conserved but divergent roles of RRP7 as a ribosome biogenesis
factor.

INTRODUCTION

The ribosome is a molecular machine that originated 3 to 4 billion
years ago. It translatesmRNAs (mRNAs) into proteins in a process
universal to all life forms (Petrov et al., 2014). In eukaryotic cells,
cytoplasmic, mitochondrial, and chloroplast ribosomes are
composedofa largesubunit (LSU)andasmall subunit (SSU), each
consisting of 1 to 3 rRNAs (rRNAs) and tens of ribosomal proteins
(RPs) (Wilson and Doudna Cate, 2012). For example, the eu-
karyotic cytoplasmic (80S) ribosome iscomposedof;80RPsand
four rRNAs, which include one 28S/25S rRNA (28S in metazoans,
and 25S in plants and yeast), together with 18S, 5.8S, and 5S
rRNAs.

The 28S/25S, 18S, and 5.8S rRNAs are the final products of the
transcription and complex processing of a single polycistronic
precursor, the 47S/45S/35S pre-rRNA (47S in metazoans, 45S in
plants, and 35S in yeast; Henras et al., 2015; Lafontaine, 2015).
The 47S/45S/35S rDNA genes are transcribed by RNA poly-
merase I (RNAPol I) in the nucleolus, resulting in a single 47S/45S/
35S pre-rRNA, which undergoes chemical modifications, endo-
nucleolytic cleavages, and exonucleolytic trimmings to render

mature 28S/25S, 18S, and 5.8S rRNAs (Supplemental Figures 1
and 2).
Biogenesis of the 80S ribosome beginswith the transcription of

the 47S/45S/35S rDNA genes and processing of their primary
transcripts to render mature 28S/25S, 18S, and 5.8S rRNAs. The
SSU and LSU are assembled in the nucleus and exported to the
cytoplasm in almost completely mature form. The 40S subunit
contains the 18S rRNA and ;33 RPs, whereas the 60S subunit
contains the 28S/25S, 5.8S, and 5S rRNAs, and ;47 RPs (Weis
et al., 2015). Thefinal eukaryotic 80S ribosome is assembled in the
cytoplasm from a 40S SSU and a 60S LSU.
Work on the yeast (Saccharomyces cerevisiae) 80S ribosome

has elucidated its composition, architecture, action, and the in-
teractions of its components (Woolford and Baserga, 2013;
Chaker-Margot et al., 2017).Muchof theassemblyandmaturation
of the yeast 40S ribosomal subunit is performed by a large ri-
bonucleoprotein complex termed the SSU processome or 90S
preribosomal particle (Phipps et al., 2011). The SSU processome
is cotranscriptionally assembled during transcription of the 35S
rDNA by the stepwise recruitment of ribosome biogenesis factors
(RBFs). Many of these RBFs assemble as subcomplexes prior to
their incorporation into the SSU processome. Some sub-
complexes are small nucleolar ribonucleoprotein particles
(snoRNPs) that include a snoRNA that is partially complementary
to different regions of the 35Spre-rRNA. The snoRNAs guide site-
specific cleavages, ribose 29-O-methylation (box C/D family
snoRNAs), and uridine-to-pseudouridine conversions (box
H/ACA snoRNAs) (Kiss et al., 2002).
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Examination of yeast snoRNPs has identified key factors in
rRNA processing. Yeast U3 snoRNA is a conserved member of
the box C/D family that plays a central role in SSU processome
assembly and function (Hughes and Ares, 1991; Beltrame and
Tollervey, 1992, 1995). RBFs identified based on their copre-
cipitation with U3 snoRNA are referred to as U-three proteins
(Utps; Phipps et al., 2011). Together with U3 snoRNP, one
subcomplex that joins the nascent SSU processome is UtpC,
including the essential Ribosomal RNA processing protein 7
(Rrp7), which is required for 18S rRNA maturation (Baudin-
Baillieu et al., 1997; Krogan et al., 2004; Phipps et al., 2011),
U3snoRNA-associatedprotein 22 (Utp22), and the four subunits
ofCasein kinase2 (CK2) (Kroganet al., 2004;Phippset al., 2011).
Yeast UtpC components also bind to the transcription factor
Interact with Fork Head 1 (Ifh1) to form the CURI (CK2, Utp22,
Rrp7, and Ifh1) complex, which does not belong to the SSU
processome (Rudra et al., 2007).

TheCURI complex is thought to play a key role in coordinating
the two parallel pathways required for ribosome biogenesis in
yeast: (1) the transcription of rDNA and the processing of pre-
rRNAs to produce mature rRNAs, and (2) the transcription of
genes encoding RPs (Rudra et al., 2007). When 35S rDNA
transcription is active, most Rrp7 and Utp22 molecules are
engaged in processing 35S pre-rRNAs and are not available
to form CURI complexes, and this in turn allows Ifh1 to bind
Repressor/activator site binding protein 1 (Rap1) and the Fork
head-like 1 (Fhl1) transcription factor in the promoters of RP-
encoding genes, thus activating their transcription. Conversely,
when 35S rDNA transcription is less active, lfh1 contributes to
the formation of CURI complexes, it does not bind Rap1 and

Fhl1, and transcription of RP-encoding genes is not induced.
Furthermore, the loss of Rrp7 function reduces 40S ribosomal
subunit production and increases the expression of RP-encoding
genes (Rudra et al., 2007).
ARGONAUTE1 (AGO1; Baumberger and Baulcombe, 2005) is

themainArabidopsis thaliana (Arabidopsis) ribonuclease involved
in posttranscriptional gene silencing pathwaysmediated by small
RNAs, including microRNAs (miRNAs). We previously performed
second-site mutagenesis of the ago1-52 hypomorphic and viable
mutant and isolated 22 extragenic suppressors. We named the
corresponding genes MORPHOLOGY OF ARGONAUTE1-52
SUPPRESSED (MAS; Micol-Ponce et al., 2014). One of these
genes, AT4G02720 (MAS2), encodes a perinucleolar protein that
negatively regulates 45S rDNA expression (Sánchez-García et al.,
2015).
In a screen based on the yeast two-hybrid (Y2H) assay, we

identified 14 interactors of MAS2, including two putative RBFs,
encoded by the AT2G40430 and AT5G38720 genes. AT2G40430
encodes the putative ortholog of yeast Nucleolar protein 53
(Nop53) and human (Homo sapiens) Glioma Tumor-Suppressor
Candidate Region Gene 2 (GLTSCR2), which was named SMALL
ORGAN4 (SMO4) by Zhang et al. (2015). AT5G38720 and its plant
orthologs have not been studied; it is annotated to encode a rRNA
processing 7 protein at TAIR10, Araport11 and NCBI. Here, we
studied the action and interactions of AT5G38720, whichwe have
named RRP7. We show that Arabidopsis RRP7 is important for
18S rRNA maturation and that it is functionally related to MAS2,
as well as NUCLEOLIN1 (NUC1) and HISTONE DEACETYLASE
6 (HDA6), which are epigenetic regulators of 45S rDNA
transcription.
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RESULTS

RRP7 Orthologs Share an RRP7-like Domain Occupying
Their C-terminal Half

RRP7 is annotated at The Arabidopsis Information Resource 10
(TAIR10) and Araport11 (Cheng et al., 2017) databases as en-
coding a 306 amino-acid ortholog of yeast Rrp7. Both yeast Rrp7
and its human RRP7A ortholog are essential proteins required for
18S rRNA maturation (Baudin-Baillieu et al., 1997; Krogan et al.,
2004; Phippset al., 2011; Tafforeau et al., 2013). The identities and
similarities among the full-length sequences of these three pro-
teins are low: 20.9%and35.4% (ArabidopsisRRP7versushuman
RRP7A), 14.1%and25.6% (ArabidopsisRRP7versus yeastRrp7)
and 16.4% and 32.7% (human RRP7A versus yeast Rrp7), re-
spectively (Supplemental Figure 3).

Yeast Rrp7 has both an N-terminal domain (NTD; amino acids
1–156), through which it dimerizes with Utp22, and a C-terminal
domain (CTD; amino acids 190–297) that has RNA binding ca-
pability and is required for its association with the central domain
of the18S rRNAcodingsequenceof the35Spre-rRNA.Deletionof
either NTD or CTD is lethal (Lin et al., 2013). Alignment of yeast
Rrp7with its human andArabidopsis orthologs indicates that only
the region containing the CTD is conserved to some extent
(Supplemental Figure 3). According to HomoloGene (www.ncbi.
nlm.nih.gov/HomoloGene), RRP7 proteins share an RRP7-like
conserved domain occupying their C-terminal half, which in-
cludes the CTD defined by Lin et al. (2013). The RRP7-like domain
of Arabidopsis RRP7 (135 aa) shares an identity and similarity of
31.6% and 52.5%, respectively, with its human ortholog (130 aa)
and 23.6% and 38.9%, respectively, with that of yeast (128 aa).
The amino acid sequence identity and similarity between the
RRP7-like domain of humanRRP7A and that of yeast Rrp7 are 21.
9% and 43.1%, respectively.

For multiple alignment of plant RRP7s, we selected one rep-
resentative species from different angiosperm lineages as clas-
sified inMyburgetal. (2014).WeusedonegeneencodinganRRP7
factor in Arabidopsis (AT5G38720, this work), Oryza sativa
(Os02g0728700), Vitis vinifera (VIT_14s0083g00590) and Nicoti-
ana sylvestris (LOC104216441), two paralogs in Populus tricho-
carpa (POPTR_004G106900v3 and POPTR_0017s14290g) and
Phoenix dactylifera (LOC103703294 and LOC103707756), and
three in Glycine max (GLYMA_07G204700, GLYMA_13G171200
andGLYMA_19G087700). The riceRRP7ortholog is annotatedas
splicing regulatory glutamine/lysine-rich protein 1, the Nicotiana
sylvestris ortholog as DEAD-box ATP-dependent RNA helicase
42 or General transcription factor IIF subunit 1, and those of
Phoenix dactylifera as RRP7A (LOC103703294) and RRP7B
(LOC103707756). In the case of multiple RRP7 orthologs, we
selected the longest isoform of the most similar protein to Ara-
bidopsis RRP7, as shown by BLASTP searches, which were
XP_002305975 of Populus trichocarpa (encoded by
POPTR_004G106900v3), XP_008784326 (RRP7A) of Phoenix
dactylifera (encoded by LOC103703294), and XP_003529364
(encoded by GLYMA_07G204700) ofGlycine max (Supplemental
Figure 4).

As expected, the level of conservation among plant RRP7
orthologs was higher than that shared with RRP7 orthologs from

other kingdoms, considering both their full-length sequences
and the RRP7-like domain only (Supplemental Figure 4 and
Supplemental Tables 1 and 2). For the full-length plant RRP7
orthologs, the lowest identity and similarity were 29.2% and 37.
6% (forGlycinemax versusOryza sativa) and the highest were 48.
2% and 58.2% (for Populus trichocarpa versus Vitis vinifera),
respectively. For the RRP7-like domains of plant RRP7 orthologs,
the lowest identity and similarity were 63.0% and 78.5% (for
Arabidopsis thaliana versus Populus trichocarpa) and the highest
were 81.3% and 92.5% (for Phoenix dactylifera versus Vitis vi-
nifera), respectively.

RRP7 Plays Several Roles in Arabidopsis Development

Weobtained twopubliclyavailable linescarryingT-DNA insertions
disrupting AT5G38720, SAIL_628_F08 and WISCDSLOX461-
464C16, which we named rrp7-1 and rrp7-2, respectively
(Figure 1A). Plants homozygous for these mutations were viable
and indistinguishable, and theyexhibitedslowgrowthandpointed
leaves (Figures 1B to 1J). This leaf phenotype is characteristic of
mutations in genes encoding RPs (Van Lijsebettens et al., 1994;
Horiguchi et al., 2011; Weis et al., 2015) and is similar, although
a bit more severe, to the phenotype caused by null alleles of
NUCLEOLIN1 (NUC1). NUC1 is a nucleolar protein involved in
transcriptional regulation of 45S rDNA and 45S pre-rRNA pro-
cessing (Petricka and Nelson, 2007; Pontvianne et al., 2007).
To confirm that the phenotype of rrp7 mutants was caused by

the absence of AT5G38720 activity, we constructed RRP7pro:
RRP7 and 35Spro:RRP7 transgenes and transferred them into rrp7
plants, and this fully complemented the mutant phenotypes
(Figures 1K to 1M). The 35Spro:RRP7 and 35Spro:RRP7:GFP
transgenes had no visible phenotypic effect when transferred to
the wild-type Col-0 background, although both caused RRP7
overexpression (Supplemental Figure 5).
All rrp7-1 and rrp7-2plants exhibited twoor three cauline leaves

emerging from each axil (Figures 2B and 2C), whereas wild-type
Arabidopsis plants produce only one per axil (Figure 2A) (Müller-
Xing et al., 2015). Despite their delayed growth, the rrp7mutants
reached a final stature similar to that of wild type (Figure 2D).
Siliques of these plants contained many unfertilized ovules and
only produced;10% viable seeds compared with Col-0 siliques
(Figures 2E to 2H). Flowering occurred earlier in Col-0 than in rrp7,
which also developed an increased number of vegetative leaves
before bolting (Figures 2I and 2J), suggesting that the late flow-
ering of the mutants is not simply a consequence of slow growth.
Arabidopsis NUC1 is also referred to as PARALLEL1 (PARL1)

because null parl1 mutants exhibit parallel veins in their cotyle-
dons, vegetative leaves, sepals, and petals, a pattern never ob-
served in wild-type plants (Petricka and Nelson, 2007). We found
that rrp7-1 cotyledons, first- and third-node leaves, and petals
also exhibited aberrant venation patterns (Figure 3). The cotyle-
donsof rrp7-1have twoareoles (closed loops) insteadof four (as in
Col-0), whereas parl1-2 cotyledons lack areoles. First- and third-
node rrp7-1 leaves, collected 21 d after stratification (DAS), ex-
hibited a reduced number of venation branching points. The basal
region of the lamina of rrp7-1 leaves has parallel veins (Figures 3J
and3K). InCol-0, petal veins formsomeareoles (Figure 3D), which
are absent from rrp7-1 and parl1-2 (Figures 3H and 3L).
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Morphometric analysis of leaf venation parameters commonly
used to describe vascular pattern complexity (Supplemental
Table 3) confirmed that vein patterning in leaves is more defective
in rrp7-1 than in parl1-2.

Loss of Function of RRP7 Causes Abscisic Acid
Hypersensitivity During Seedling Establishment

The role of abscisic acid (ABA) in the inhibitionof seedgermination
under adverse conditions is well known (Lopez-Molina et al.,
2001). Mutations in genes involved in several aspects of mRNA
metabolism, such as pre-mRNA maturation and mRNA degra-
dation, export, or translation cause hypersensitivity to ABA (Kuhn

et al., 2008). To determine whether rrp7-1 plants exhibit ABA
hypersensitivity, we sowed seeds of this mutant on ABA-
supplemented medium. The genotypes of other seeds that we
studied in thiswaywere:parl1-2; smo4-3, a null allele of theSMO4
gene,which encodesaRBF thatwe found to interactwithMAS2 in
Y2H assays (Sánchez-García et al., 2015); and amiR-MAS2.1,
a transgenic line producing an artificial microRNA partially in-
hibiting expression of MAS2 (Sánchez-García et al., 2015). As
controls, we used abscisic acid deficient1-104 (aba1-104) and
abscisic acid insensitive4-2 (abi4-2) seeds, which are hypersen-
sitive and insensitive to ABA, respectively (Quesada et al., 2000).
Asexpected, thegermination ratesof theseseedsdidnotdiffer—

all seeds germinated like their respective wild types (data not
shown). However, the seedling establishment rates clearly differed
among lines (Figure4).WhereasalmostallCol-0seedlingsexhibited
expanded cotyledons on 0.5 mM ABA, only 3.4 6 3.9% of rrp7-1
seedlings did so, and no expanded cotyledons were detected at
higherABAconcentrations.Thevalues forparl1-2were45.867.7%
at 0.5mM,14.864.2%at 1.5mM(50.464.7%ofCol-0), and 0.26
0.7%at3mMABA (10.462.4%ofCol-0). TheamiR-MAS2.1plants
weremore sensitive to ABA than Col-0 at all concentrations tested,
but to a lesser extent than parl1-2 and rrp7-1. No significant dif-
ferences were detected between smo4-3 and Col-0.

RRP7 Expression Is Widespread, and Its Promoter Shares
Regulatory Elements with SMO4 and MAS2

According to the eFP Browser and the TraVA databases (see
Methods), RRP7 is expressed in all organs and at all de-
velopmental stages,withmaximumexpressionat thebeginningof
seed germination. We constructed a transgene that had the GUS
reporter gene driven by the RRP7 promoter (RRP7pro:GUS). We
detectedGUSstaining inall tissuesofRRP7pro:GUSplants,whose
flowers and siliques showed no GUS activity (Supplemental
Figure 6), perhaps because the GUS assay is much less sensitive
thanmicroarray andRNA-seq analyses. Another possibility is that
the 1,026-bp genomic region upstream of the translation start
codon of RRP7 does not contain all of regulatory elements. It has
been shown that the majority of the regulatory elements (86%) in
Arabidopsis are located proximal to the transcription start site
(TSS; +1 bp position), from21,000bp to +200bp (Yu et al., 2016).
We also analyzed theRRP7,SMO4 andMAS2 promoters using

the PLACE and Athena databases (see “Methods” and
Supplemental Figure 7). We found a TELOBOXATEEF1AA1 motif
(AAACCCTAA) at the –20 to –12bpposition in theRRP7promoter,
and two identical GGCCCATTA motifs in the SMO4 promoter at
–52 to –44 and –82 to –74 bp from its TSS. These motifs corre-
spond to the UP1ATMSD (GGCCCAWWW, where W is A or T)
element, which also appears twice in the MAS2 promoter, once
(GGCCCAATA) at –65 to –57 and once (inverted) at –82 to –77 bp
(TATTGGGCC). Enrichment of the UP1ATMSD motif has been
found in the promoters of genes upregulated after main stem
decapitation in Arabidopsis (Tatematsu et al., 2005). The
TELOBOXATEEF1AA1 is a longer version of the UP2ATMSD
(AAACCCTA) and Telo-box (Short interstitial telomere) motifs
(AAACCCWA;whereW isA or T). The latter sequence is identical to
the repeat units of plant telomeres and has been preferentially
found in 59 flanking regions of Arabidopsis and rice genes

Figure 1. Structure of RRP7 and the Molecular Nature, Rosette Pheno-
type, and Transgene-Mediated Complementation of its Mutant Alleles.

(A) Schematic representation of RRP7, including the positions and mo-
lecular natureof the rrp7mutations.Blackboxes represent exonsandopen
boxes represent the 59- and 39-UTRs. Lines between boxes represent
introns, and triangles represent T-DNA insertions.
(B) to (J) Rosettes of Col-0, rrp7-1, and rrp7-2 plants as indicated.
(K) to (M) Rosettes of rrp7-1 RRP7pro:RRP7 (K), rrp7-2 RRP7pro:RRP7 (L),
and rrp7-2 35Spro:RRP7:GFP (M) plants.
Photographswere taken 7 (B) to (D), 14 (E) to (G) and (K) to (M), and 21 (H)
to (J) days after stratification (DAS). Scale bars: 1 mm.
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encoding components of the ribosome biogenesis machinery,
including RPs, snoRNAs, and RBFs (Tremousaygue et al., 1999;
Gaspin et al., 2010). The UP1ATMSD and UP2ATMSD motifs are
enriched among genes encoding RPs (Ma et al., 2012). These
results reinforce thehypothesis of a functional relationship among
RRP7,SMO4, andMAS2and their activity in ribosomebiogenesis.

RRP7 Is Mainly a Nucleolar Protein

To visualize the subcellular localization of RRP7, we generated
translational fusions of RRP7 and the gene encoding the green
fluorescent protein (GFP), under the control of the RRP7 en-
dogenous promoter (RRP7pro:RRP7:GFP) or the 35S promoter
(35Spro:RRP7:GFP). The RRP7:GFP fusions were functional, as
shown by full complementation of the mutant phenotype of rrp7
plants (Figure 1M). To visualize GFP fluorescence, we used roots
of Col-0 plants stained with Hoechst 33,342. This dye binds
strongly to double-stranded DNA and counterstains the nucleus,
but not the nucleolus, which contains mainly RNA. As expected,
identical GFP-fluorescence signals were detected in the nucleoli
using both the RRP7pro:RRP7:GFP (Figure 5A to 5C) and 35Spro:
RRP7:GFP transgenes. The GFP signal was broader than the
nucleolus and slightly overlapped with the DAPI-stained region.
To determine whether RRP7 is exclusively nucleolar, we per-

formed a fluorescent immunoassay using an antibody against
fibrillarin, a conserved nucleolarmethyltransferase that directs 29-
O-ribose methylation of pre-rRNAs, a commonly used nucleolar
marker.RRP7andfibrillarinpartially colocalized, because theGFP
signal occupied a larger portion of the nucleolus than fibrillarin. In
addition, a small portion of the GFP signal clearly colocalized with
DAPI around of the nucleolus (Figures 5D to 5I).

18S rRNA Maturation Is Impaired in the rrp7 Mutants

In yeast, rrp7 null mutations cause lethality, and rrp7 conditional
alleles reduce production of the mature 18S rRNA and 40S ri-
bosomal subunits. In these mutants, depletion of 18S rRNA ap-
pears to bemainly due to the inhibition of cleavage at the A2 site in
32S pre-rRNA, which leads to a loss of 27SA2 and 20S pre-rRNAs
(Supplemental Figure 1) (Baudin-Baillieu et al., 1997). In addition,
yeast Rrp7 coimmunoprecipitates with 90S pre-ribosomes con-
taining 35S or 23S pre-rRNAs (Lin et al., 2013).
To determine whether RRP7 plays a role in Arabidopsis 45S pre-

rRNAprocessing, we performedgel blot analyses ofRNAextracted
from rrp7 plants, using the S7 and S9 probes (Lange et al., 2011),
which bind the ITS1 and ITS2 regions of 45S pre-rRNA processing
intermediates, respectively (Figure 6A and Supplemental Figure 2).
Using the S9 probe, we found that the rrp7-1 and rrp7-2 mutants
overaccumulated the 35S(P), 33S(P9) and/or 32S pre-rRNAs, and
had much higher levels of 27SA2, 27SA3, and/or 27SB pre-rRNAs
than did wild-type plants or the complemented rrp7-1 RRP7pro:
RRP7 plants (Figures 1K and 6B). Hybridization with the S7 probe
indicated that the accumulated early precursor was 35S(P). In ad-
dition, we found a strong accumulation of P-A3 pre-rRNA—an in-
termediate of the ITS1-first pathway for 18S rRNA maturation—in
rrp7-1 and rrp7-2 but not in Col-0 or rrp7-1 RRP7pro:RRP7 plants
(Figure 6C and Supplemental Figure 2).

Figure 2. Pleiotropic Morphological Phenotype of rrp7 Plants.

(A) to (C)Presenceof asinglecauline leaf in theaxils ofCol-0 stems (A), and
three cauline leaves in the axils of rrp7 mutant stems (B) and (C).
(D) Adult Col-0 and rrp7-1 plants.
(E) to (G)Dissected siliques fromCol-0 (E), rrp7-1 (F), and rrp7-2 (G)plants.
Red arrows indicate unfertilized ovules.
(H) Fertility of rrp7 plants, expressed as the number of seeds per silique.
Seeds from ten siliques collected from five plants per genotype were
counted.
(I) Flowering time (number of days from stratification to bolting) in the rrp7
mutants.
(J) Number of rosette leaves that developed before bolting in rrp7 plants.
The assays shown in (I) and (J) were performed with at least 30 plants of
each genotype. Photographs were taken at 60 DAS (A) to (G). Error bars in
(H) to (J) indicate standard deviations. Asterisks indicate values signifi-
cantly different from the correspondingwild type in aStudent9s t test (***p<
0.001). Scale bars = 1 cm (A) to (C); 3 cm (D); and 1 mm (E) to (G).
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An additional RNA gel blot analysis was performed using the
p42-p43probe,whichhybridizes to theA2-A3segmentof ITS1and
allows detection of 27SA2 and 27SA3, but not 27SB pre-rRNAs
(Hang et al., 2014). We did not detect any 27SA pre-rRNA species
with the p42-p43 probe (Supplemental Figure 8); this observation
suggests that the 27SB pre-rRNA is the major contributor to the
overaccumulation of 27S pre-rRNAs visualized by the S9 probe in
rrp7 mutants (Figures 6A and 6B). These results suggest that
RRP7 participates in the P9 site cleavage at the 59-ETS-first
pathway, in the P1 cleavages at the ITS1-first pathway, and in the
C2 cleavage, after the convergence of both pathways.

We performed several circular RT-PCR amplifications to un-
equivocally identify the products overaccumulated in rrp7 plants,
discriminating among 35S(P), 33S(P9), and 32S pre-rRNAs;
among 27SA2, 27SA3, and 27SB pre-rRNAs; and among P-A3

and theother18SrRNAprecursors.Wecircularized totalRNA,and
the circular molecules obtained were reverse transcribed with
primers hybridizing into the mature 18S or 25S rRNA sequences
(Supplemental Table 4). The cDNAs obtained from circular

moleculescontaining the18Sand25S rRNAsequenceswerePCR
amplified with different primer sets (Supplemental Table 4).
The r1+r2primerpair shouldallowtheamplificationof35S(P),33S

(P9), and 32S pre-rRNAs (Figure 6A). We found reduced 32S and
increased35S(P)pre-rRNA levels in rrp7plants,comparedwithCol-
0 and rrp7-1 RRP7pro:RRP7 plants (Figure 6D). This result confirms
that the band observed by RNA gel blotting using the S7 and S9
probes (Figure 6B and 6C) corresponds to the 35S(P) intermediate.
The r3+r2 vs. r4+r2 primer pairs allowed us to discriminate among
the27SA2,27SA3 (onlywith r4+r2), and27SBpre-rRNAs (Figure6A).
With the r3+r2 primer pair, we found much less 27SA2 pre-rRNA in
rrp7 mutants than in Col-0 or rrp7-1 RRP7pro:RRP7. On the other
hand, the r4+r2 primer pair also revealed increased amounts of the
27SB intermediate in rrp7 plants (Figure 6D). We could not amplify
the 27SA3 intermediate, probably because it is rapidly processed to
27SB.These results show thatRRP7participates in theearlier steps
of 45S pre-rRNA processing, in which cleavage at the P9, P1 and P2

sites of 59-EST occurs (Supplemental Figure 2).
To confirm the nature of the product that we found to be

overaccumulated byRNAgel blots using theS7probe (Figures 6A
and 6C), we amplified the cDNA obtained from reverse tran-
scription of circularized RNAs containing the 18S rRNA sequence
using the r5+r6primerpair. Theseprimers shouldamplify theP-A3,
P9-A3, and 18S-A3 pre-rRNAs, which are intermediates of the
ITS1-first pathway of 18S rRNA maturation (Figure 6A and
Supplemental Figure 2). We concluded that the overaccumulated
intermediate detected by the S7 probe is the P-A3 pre-rRNA
(Figure 6D), supporting the requirement of RRP7 for cleavage at
the P1 site in the ITS1-first pathway (Supplemental Figure 2). We
also found reduced the 18S-A3 pre-rRNA in the rrp7 mutants.
These results also confirm that RRP7 participates in the P2

cleavage at the ITS1-first pathway.
The patterns of accumulation of intermediate species of the

rRNA biogenesis pathway found in rrp7 plants were opposite to
those found in Arabidopsis prmt3 plants, which carry a mutant
allele of the Arabidopsis PROTEIN ARGININE METHYL-
TRANSFERASE3 (PRMT3) gene. Loss ofPRMT3 function causes
over-accumulation of the 18S-A3 and 27SB intermediates, sug-
gesting that PRMT3 promotes the major (ITS1-first) pathway and
inhibits the minor (59-EST-first) pathway for 45S pre-rRNA pro-
cessing (Supplemental Figure 2; Hang et al., 2014).

In rrp7 Mutants, the 25S/18S Ratio Is Increased and 18S
rRNA Species Accumulate in the Nucleolus

We examined the rRNA profiles of the rrp7 mutants using an
Agilent 2100 Bioanalyzer, as previously used in a functional
analysis of putative RBFs in human HeLa cells (Tafforeau et al.,
2013). The 25S/18S mature rRNA ratios were 1.97 6 0.06 in the
rrp7 mutants and 1.33 6 0.15 in the wild type (Supplemental
Figure 9). Taken together, these results indicate that RRP7 is
required for the synthesis and/or stabilization ofmature 18S rRNA
species. In addition, the rRNA ratios in rrp7 are reminiscent of the
reduced 18S rRNA levels observed in yeast rrp7 conditional
mutants by Baudin-Baillieu et al. (1997).
Because the above results suggest that 45S pre-rRNA pro-

cessing is defective in the rrp7 mutants, we performed RNA fluo-
rescence in situ hybridization (RNA-FISH), using probes that detect

Figure 3. Aberrant Venation Patterns in parl1-2 and rrp7-1 Cotyledons,
Vegetative Leaves, and Petals.

(A) to (L) Diagrams were drawn from micrographs taken from cotyledons
(A), (E) and (I), first-node leaves (B), (F) and (J), third-node leaves (C), (G)
and (K), andpetals (D), (H)and (L).Cotyledonsand leaveswerecollectedat
21 DAS and petals were collected at 63 DAS from Col-0 (A) to (D), parl1-2
(E) to (H), and rrp7-1 (I) to (L) plants. Cotyledon, leaf and petal margins are
shown in orange. Scale bars = 1 mm.
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the mature 25S, 18S, or 5.8S rRNAs, as well as their respective
precursors.Noalteration in thesubnuclear localizationof5.8S rRNA
wasdetected (Figures7Eto7G,7L to7N),butnucleolarhypertrophy
and accumulation of one or more molecules containing the 18S
rRNAsequence, probably theP-A3 precursor, were observed in the
rrp7-1mutant (Figures 7Band 7I). In addition, we observed a strong
25SrRNAsignalwithin rrp7nucleoli,whichseemssimilar in intensity
to that within the wild-type nucleoli, but with a larger area, due to
nucleolar hypertrophy (Figures 7C to 7D, 7J to 7K)

To quantify the size of the nucleolus, we stained cells with DAPI
and acridine orange, which emits green or red fluorescence
depending onwhether it is bound toDNAor RNA, respectively. The
ratio of the size of the nucleolus to the size of the whole cell was
significantly higher (n=200, p< 0.001) in rrp7-1plants (0.286 0.07;
Figures7Rto7T) than inCol-0 (0.2160.06;Figures7Oto7Q).These
resultsconfirm that18SrRNAmaturation is impaired in rrp7-1plants
andsuggest thataccumulationof18SrRNAprecursors, inparticular
the P-A3 pre-rRNA, contributes to nucleolar hypertrophy, as has
been proposed for other Arabidopsis mutants defective in rRNA
maturation (Lahmyetal.,2004;Abbasietal.,2010;Chenetal.,2016).
We cannot exclude, however, that the other alterations of 45S pre-
rRNA processing shown by rrp7 mutants contribute to nucleolar
hypertrophy. In addition, it is likely that assembly and export of the
pre-40S particles containing the precursors of the ITS1-first path-
way are impaired in the rrp7 mutants.

Expression of the 45S rDNA Variants Is Altered in rrp7 and
smo4 Mutants

Four different variants (VARs) exist among the hundreds of copies
of the 45S rDNAgene in Arabidopsis. TheseVARsdiffer in their 39-
ETS sequences and their temporal and spatial expression pat-
terns, as observed in wild-type accessions (Figure 8A and 8B;
Pontvianne et al., 2010). The number of genomic copies of each
variant does not appear to be related to its expression levels.
Indeed,VAR1 is themost abundant 45S rDNAvariant inCol-0, but

it is only expressed during seed germination, and this accession
contains few copies of VAR2, but they are highly expressed. The
temporal expression pattern ofVAR1 ismodifiedbymutant alleles
of NUC1 (Pontvianne et al., 2010).
The similar phenotypes of parl1-2 and rrp7 mutants prompted

us to analyze the abundance of each VAR and its expression level
in the smo4-3 and rrp7-1 mutants. Using the p3+p4 primer pair
(Figure 8A and Supplemental Table 4), we amplified by PCR the
45S rDNA 39-ETS and measured its corresponding transcript
levels by RT-PCR (Pontvianne et al., 2010) using RNA extracted
from plants collected 14 DAS. There was no significant difference
in the genomic content of each VAR among the mutants and wild
type (Figure 8D and 8E). We did not detect VAR1 expression in
Col-0, andVAR2wasmuchmorehighly expressed thanVAR3and
VAR4, which were expressed at similar levels (Figure 8C;
Pontvianne et al., 2010). However, heterochronic expression of
VAR1 was detected in smo4-3 and rrp7-1, and increased ex-
pression of VAR2 and VAR3was detected in smo4-3 at the same
ratio as that ofCol-0.VAR3 expression levelswere higher in rrp7-1
than in Col-0. These results suggest that as already known for
NUC1, SMO4 and RRP7 also participate in the regulation of 45S
rDNA expression and are required for the negative regulation of
VAR1. Changes in the relative abundance of 45S rRNA variants
are usually interpreted as changes in their transcription (Kojima
et al., 2007; Pontvianne et al., 2010; Durut et al., 2014). Our
results, however, could also indicate differential turnover of the
variants.

RRP7 Interacts Synergistically with MAS2, NUC1, and HDA6

Double mutant analysis is a classical genetic approach to the
understanding of functional relationships between genes
(Pérez-Pérez et al., 2009). To genetically confirm the physical
interaction of RRP7 with MAS2 that we detected in our previous
Y2H-based screen (Sánchez-García et al., 2015), we obtained
double mutant combinations of rrp7-1 with mas2-1, a viable
MAS2allele that is adominant informational suppressorofago1-

Figure 4. Effect of Exogenous ABA on rrp7-1, smo4-3, parl1-2, and amiR-MAS2.1 Plants.

Percentageof seedlingsgrown inmediumsupplementedwithdifferentconcentrationsofABA thatdisplayedgreen, fully expandedcotyledonswhenscored
at 10DAS. Theabi4-2andaba1-104mutantswereusedascontrols. Theexperimentwas repeated three times, eachwith156seedsof eachgenotype, sown
onto three different plates. Error bars indicate SD. Asterisks indicate values significantly different from the corresponding wild type in a Student9s t test (*P <
0.05, and **P < 0.01). The genetic background of abi4-2 and aba1-104 is Col-5, and that of all other mutants is Col-0.
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52 and lacks phenotypic effects per se in a wild-type genetic
background (Sánchez-García et al., 2015). The rrp7-1 mas2-1
double mutant displayed a synergistic phenotype, with very
much dwarfed rosettes and narrow, pointed cotyledons and
leaves (Figure 9A and 9F, and Supplemental Figure 10). Despite
their strong morphological aberrations, rrp7-1 mas2-1 double
mutant plants completed their life cycles and produced
some seeds.

The physical interaction of SMO4 and RRP7 with MAS2 in Y2H
assays (Sánchez-García et al., 2015), the regulatory elements
shared by their promoters, and the synergistic phenotypes of the
rrp7-1 mas2-1 plants prompted us to obtain the rrp7-1 smo4-3
double mutant, which was morphologically indistinguishable
from the rrp7-1 single mutant (Figure 9B, 9G and Supplemental
Figure 10).

The abovementioned temporal expression pattern of VAR1 is
also modified by mutant alleles of NUC2 (Pontvianne et al.,
2007), a partially redundant paralog ofNUC1, and the HISTONE
DEACETYLASE6 (HDA6; Aufsatz et al., 2002); NUC1, NUC2
and HDA6 are epigenetic regulators of 45S rDNA transcrip-
tion (Petricka and Nelson, 2007; Pontvianne et al., 2010; Layat
et al., 2012; Durut et al., 2014). To determine whether any of
these genes interacts with RRP7, we obtained double mutant

combinations of rrp7-1 with parl1-2, nuc2-2, or hda6-7. The
rrp7-1 parl1-2 plants exhibited very short roots and small ro-
settes with narrow leaves that accumulated anthocyanins
(Figure 9C, 9H and Supplemental Figure 10). Rosettes of rrp7-1
nuc2-2plantsweremorphologically similar to thoseof rrp7-1but
larger with pale leaves (Figure 9D, 9I and Supplemental Fig-
ure10). Althoughhda6-7plantswerebarely distinguishable from
wild type (Figure 9E and Supplemental Figure 10), rrp7-1 hda6-7
plants displayed themost extremephenotypeamong thedouble
mutants obtained, with very much dwarfed rosettes (Figure 9J
and Supplemental Figure 10). Unexpectedly, flowering was
earlier in rrp7-1 hda6-7 than in the rrp7-1 or hda6-7 single
mutants, both of which are late-flowering. Only some plants
produced some seeds, most of which (83.33%; n = 20) failed to
germinate. These synergistic phenotypes reveal a functional
relationship of RRP7 with NUC1 and HDA6.

DISCUSSION

In Silico Analyses Support the Evolutionary Conservation of
RRP7 as an RBF

Essential cellular functions, such as the translation ofmRNA into
protein, are evolutionarily conserved. The 80S ribosome is the
molecular machine that performs protein synthesis in the cy-
toplasm in Eukarya; its mature structure is very similar in all
organisms studied, although its biogenesis in fungi, plants, and
metazoans exhibits both evolutionary conservation and di-
versification (Tafforeau et al., 2013; Woolford and Baserga,
2013).
A number of RBFs have been extensively studied in yeast and

some have also been studied in human and/or mouse cells;
comparative analyses have provided examples of both conser-
vation and divergence. However, only a few RBFs have been
experimentally studied in plants (Weis et al., 2015). For example,
both yeast Rrp7 and human RRP7A share an NTD and a CTD, but
only the CTD is conserved (to some extent) in Arabidopsis RRP7.
These findings suggest that the ability of Rrp7 to bind pre-rRNAs
within preribosomal particles is conserved in Arabidopsis RRP7
and human RRP7A, but dimerization with an Utp22 ortholog is
conservedonly inRRP7A. Indeed,mammalianUtp22orthologsexist
(Utama et al., 2002), including mouse nucleolar RNA-associated
protein (Nrap) and human nucleolar protein 6 (NOL6), whose in-
teraction with RRP7A was demonstrated by affinity-purification
mass spectrometry. However, a role for NTD in such dimerization
is yet to be demonstrated (Huttlin et al., 2015).
According to HomoloGene, AT1G63810 encodes the Arabi-

dopsis ortholog of Utp22. This gene has not been studied and is
annotated as encoding a nucleolar protein in Araport11 and as
Nrap-like in the ARAMEMNON database (Schwacke et al., 2003).
The protein shares 31.3% identity with yeast Utp22 and 33.8%
with NOL6 and Nrap. As Arabidopsis RRP7 lacks an NTD, it likely
does not interact with the AT1G63810 gene product, unless they
dimerize in a way substantially different from that of RRP7A with
NOL6 (andRrp7withUtp22). Both, RRP7andUtp22have recently
been found in theArabidopsisnucleolarproteome (Montaciéet al.,
2017).

Figure 5. Subcellular Localization of RRP7.

(A) to (C) Confocal laser-scanning micrographs of roots from plants ho-
mozygous for the RRP7pro:RRP7:GFP transgene. Fluorescence signals
correspond to Hoechst 33342 (A), GFP (B), and the merged image (C).
(D) to (I) Immunolocalizationof fibrillarin in plants homozygous for theRRP7pro:
RRP7:GFP transgene.Fluorescencesignalsshow:fibrillarindetection inred (D)
and (E);DAPIstaining inblue (E)and (H);GFPfluorescence ingreen (G)and (H);
and the corresponding merged images (F) and (I). Scale bars = 10 mm.
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We identified theRRP7andSMO4RBFs in aY2H-based screen
for interactors ofMAS2, the Arabidopsis ortholog of humanNKAP
(Sánchez-García et al., 2015).MAS2, SMO4, andRRP7 appear to
be expressed in all tissues and developmental stages, particularly
in actively dividing cells (Sánchez-García et al., 2015; Zhang et al.,
2015; this work). Cis regulatory elements usually map within the
21,000 to +200bp (including introns) regions of Arabidopsis gene

promoters relative to the TSS, with a peak at 250 bp (Yu et al.,
2016). Indeed, we identified known regulatory elements within the
285 to 21 bp upstream regions of the MAS2, SMO4, and RRP7
promoters. These elements are shared by many genes related to
the translational machinery, providing additional support for the
assignment of MAS2, SMO4, and RRP7 to the functional class of
proteins related to the translational apparatus.

Figure 6. Early Steps in 45S pre-rRNA Processing and 18S rRNA Maturation in the rrp7 Mutants.

(A)Diagram illustrating the pre-rRNAs that can be detected in an RNAgel blot using the S7 and S9 probes. Modified fromHang et al. (2014). 59-ETS and 39-
ETS, external transcribedspacers. ITS1and ITS2, internal transcribedspacers.Redandgreenvertical stripesmark the regionsof thepre-rRNAs towhich the
S7 and S9 probes hybridize, respectively.
(B) and (C) RNA gel blots. Total RNA was separated in formaldehyde-agarose gels, transferred to a nylon membrane, and hybridized with the S9 (B) and
S7 (C) probes. RNAwas extracted fromCol-0, rrp7-1, rrp7-2, and rrp7-1 RRP7pro:RRP7 plants. EtBr: photographs of ethidium bromide-stained gels taken
beforeblottingas loadingcontrols. The16S,23Saand23Sbbandscorrespond tochloroplast rRNAs.Amagnifiedviewof theselected region isshown in (C),
corresponding with a very short exposure time, which allows distinction between the 35S(P), and 33(P9)/32S pre-rRNAs.
(D)Ethidiumbromide-stainedagarosegels (negative images) visualizing circularRT-PCRproducts. RNAwascircularized and reverse transcribedusing the
25SRT primer, and the cDNA obtained was PCR amplified with the r1+r2, r3+r2 and r4+r2 primer pairs. The cDNA PCR amplified with the r5+r6 primer pair
was obtained from RNA circularized and reverse transcribed using the r1 primer.
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Loss of RRP7 Function Causes Pleiotropic Developmental
Effects, but Not Lethality

Most yeast, human, and Arabidopsis genes encoding RBFs are
single-copy genes. Their null alleles, however, are lethal in yeast
and human or mouse cells, but not in Arabidopsis, and this is the
case for RRP7 (this work). A plausible explanation for the viability and
relativelymild phenotypes of the rrp7mutants is that yeast either does
not use alternative pre-rRNA processing pathways or uses these
pathwaystoalesserextent thandoesArabidopsis. Inanotherexample,
the Arabidopsismtr4 null alleles are viable and havemild phenotypes,
whereas their mammalian and yeast equivalents are lethal. Accumu-
lation of pre-rRNAs would occur as a consequence of rrp7 or mtr4
mutations, but the levels of mature rRNAs would be sufficient for
viability owing to the alternative pre-rRNA processing pathway(s).

Some other Arabidopsis genes encoding RBFs mentioned in
this work (NUC1 and XRN2) have a redundant paralog, which
explains their mildmutant phenotypes. The severe phenotypes of
the nuc1 nuc2 and xrn2 xrn3 double mutants confirm this ex-
planation (Zakrzewska-Placzek et al., 2010; Durut et al., 2014). By
contrast, null alleles of the genes encoding other Arabidopsis
RBFs, such as orthologs of yeast Rrp5, Periodic tryptophan
protein 2 (Pwp2), Nin one binding protein 1 (Nob1; Supplemental
Figure 1), Essential nuclear protein 1 (Enp1), and Nucleolar
complex protein 4 (Noc4) cause lethality in Arabidopsis, as do null
alleles of their orthologs in yeast (Missbach et al., 2013).

Although RRP7 is not essential, it appears to play important
roles in physiology and development as shown by the pleiotropic

phenotype of the rrp7 mutants, which exhibit a pointed-leaf
phenotype and defective leaf-vein patterning (two well-known
traits of ribosomal mutants; Van Lijsebettens et al., 1994;
Petricka and Nelson, 2007; Horiguchi et al., 2011; Weis et al.,
2015), delayed growth, altered phyllotaxy, late flowering, partial
infertility, and hypersensitivity to exogenous ABA at the seedling
establishment stage.Adeficiency inmature ribosome levelsmight
explain these phenotypes, although it is not clear why a general
reduction in mRNA translation causes specific defects in pro-
cesses as diverse and specific as phyllotaxy regulation, flowering
time control, embryogenesis, lateral organ venation patterning (or
provascular cell differentiation), and ABA perception.
The absence of RRP7 or NUC1 or the depletion of MAS2 (but

not the absence of SMO4) caused ABA hypersensitivity at the
seedling establishment stage. The strongest effect was observed
in rrp7 plants and the weakest was observed in amiR-MAS2.1
plants. These results suggest that RRP7, NUC1, and MAS2
contribute (to different extents) to the negative regulation of ABA
responses. RECEPTOR FOR ACTIVATED C KINASE 1 (RACK1)
and eIF6 are also required for normal ribosome production and
negatively regulate ABA responses in Arabidopsis; rack1mutants
are hypersensitive to ABA (Guo andChen, 2008; Guo et al., 2009).
In addition to its known role as a seed germination inhibitor under
adverse conditions, ABA appears to play a role in the regulation of
ribosome biogenesis. During germination, chromatin is decon-
densed at nucleolar organizer regions, histone acetylation at the
45S rDNA promoters increases, and transcription of these genes
is induced, but the opposite process occurs in plants grown in the

Figure 7. Subcellular Localization of 25S, 18S, and 5.8S rRNA Species in rrp7-1 Plants.

(A) to (T) Fluorescence signals correspond toHoechst 33342 (A), (H), (O) and (R), an 18Sprobe (B) and (I), a 25S probe (C) and (J), a 5.8S probe (F) and (M),
acridine orange (P) and (S), and their corresponding merged images (D), (K), (G), (N), (Q) and (T). Scale bars = 10 mm.

2864 The Plant Cell

http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1


presence of ABA (Zhang et al., 2012). ABA also induces the ex-
pression of DEAD-BOX ATP-DEPENDENT RNA HELICASE 57
(RH57), whose product is involved in 45S pre-rRNA processing;
the rh57-1nullmutant ishypersensitive toABA (Hsuetal., 2014). In
addition, Arabidopsis NUC1 is likely a substrate of SUCROSE
NONFERMENTING 1 (SNF1)-RELATED PROTEIN KINASE 2
(SNRK2) in response to ABA (Umezawa et al., 2013; Wang et al.,
2013). The auxin gene expression1-5 (axe1-5) allele of the HDA6
gene also causes hypersensitivity to ABA (Chen et al., 2010).
Notably, we found a synergistic phenotype in the rrp7-1 hda6-7
double mutant, indicating a genetic interaction between RRP7
and HDA6.

RRP7 Is a Mainly Nucleolar Protein that Is Required for 18S
rRNA Maturation

Ananalysis of thenuclear proteomeofArabidopsis identified1602
proteins in the nucleolar fraction and 2544 in the nuclear fraction,
1429 of which overlapped; RRP7 was detected in both fractions
(Palm et al., 2016). Consistent with these findings, we found that
RRP7 mainly localized to the nucleolus but also was found at its
periphery, which might correspond to the perinucleolar com-
partment in human cells. This dynamic structure is enriched in
RNA binding proteins, including RNA polymerase III, nucleolin,
and factors involved in the regulation of alternative splicing
(Pollock and Huang, 2010). The only overlapping subnuclear lo-
calization of the RRP7 and MAS2 interacting proteins is the pe-
riphery of the nucleolus, which could indicate a role for RRP7 in
splicing, as already proposed for MAS2 (Sánchez-García et al.,
2015).
The information about RRP7 factors is very scarce, with most

information coming from Saccharomyces cerevisiae Rrp7. The
function of yeast Rrp7 has been deduced based on the effects of
itsdeletion,conditionaldepletion,andsite-directedmutagenesison
growth and molecular phenotypes, including the accumulation of
pre-rRNAs in rrp7mutants (Linetal., 2013).TheyeastRrp7protein is
part of the SSU processome, which synthesizes the 18S rRNA via
cotranscriptional cleavage at the A0, A1, and A2 sites of the 35Spre-
rRNA, generating 27SA2 and 20S pre-rRNAs (Supplemental Fig-
ure1).Bycontrast, the23Spre-rRNA,which includesmostof the59-
ETS, results from endonucleolytic cleavage at the A3 site of the 35S
pre-rRNA prior to cleavage at the A0, A1, and A2 sites via an alter-
native pathway (Supplemental Figure 1; Granneman and Baserga,
2004;Chaker-Margotetal., 2017).Both the23Sand21Spre-rRNAs
accumulate in yeast rrp7 conditionalmutants (Baudin-Baillieu et al.,
1997). The 21S pre-rRNA results from cleavage at the A1 site
(corresponding to the Arabidopsis P2 site; Supplemental Figures 1
and2)of22Spre-rRNA,which inturn isproducedbycleavageof23S
pre-rRNAatA0 site (which could be equivalent to theArabidopsisP9
site; Supplemental Figures 1 and 2). Accumulation of the 23S and
21S pre-rRNAs reveals that cleavage of A0 and A1 is delayed in rrp7
mutants. Therefore, Rrp7 is required primarily for cleavage at A2 site
(A2 in Arabidopsis), but also to a lesser extent at A1 (P2) and A0

(P9) sites.
We demonstrated that Arabidopsis RRP7 is involved in 18S

rRNAmaturation, as is yeastRrp7. In theArabidopsis rrp7mutants
studied here, some 18S rRNA precursors overaccumulate,
whereas others are depleted, compared with wild type. Over-
accumulation or depletion of a pre-rRNA indicates that it is the
substrate or the product, respectively, of a partially or completely
blocked processing step that requires RRP7.We found increased
levels of 35S(P) and reduced amounts of the 32S and 27SA2 pre-
rRNAs, but the 27SA3 and P-A3 pre-rRNAs were not depleted.
These observations clearly indicate that RRP7 is required for P9
site cleavage at the 59-ETS-first pathway, but not for A3 site
cleavage at the ITS1-first pathway. The participation of RRP7 in
the cleavage of the P9 site of 35S(P) pre-rRNA suggests the
possibility of a similar role at the P9 site of P1-A3 pre-rRNA. The
levels of the substrate (P1-A3) and product (P9-A3) of this step of
the ITS1-first pathway, however, were indistinguishable from
those of the wild type (Supplemental Figure 2 and Figure 10).

Figure 8. 45S rDNA VAR Expression in smo4-3 and rrp7-1.

(A) and (B) Schematic representation of the 45S pre-rRNA (A) and its 39-
ETS polymorphic region (B). 59-ETS and 39-ETS, external transcribed
spacers. ITS1 and ITS2, internal transcribed spacers. The p3 and p4 pri-
mers were used for PCR amplifications (Supplemental Table 4).
(C) to (E) PCR analysis of the relative abundance of 45S rDNA variants
(VAR1-VAR4) in reverse-transcribed RNA (C), and genomic DNA (D)
and (E), from Col-0, smo4-3, and rrp7-1 plants as indicated. Relative
amounts of each 45S rDNA variant (E) were determined using the Agilent
DNA 1000 kit on an Agilent 2100 Bioanalyzer. VAR4was not detected. The
ORNITHINETRANSCARBAMYLASE (OTC ) housekeeping gene (Quesada
et al., 1999) was used as an internal control in (C).
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Depletionof32Sand27SA2pre-rRNAscouldbeaconsequence
of defective cleavage at the P9 site of the 35S(P) precursor;
nevertheless, it may also be caused by altered cleavage at the P2

site of 33S(P9) pre-rRNA. The latter hypothesis is supported by the
reduction of the 18S-A3 pre-rRNA, which is likely to be due to
defective cleavage at the P2 site of P9-A3 pre-rRNA. However, no
increase in P9-A3 pre-rRNA was observed. We also detected
substantial accumulation of the P-A3 intermediate, indicating
defective P1 site cleavage at the ITS1-first pathway. Furthermore,
overaccumulation of 27SB pre-rRNAs also suggests the partici-
pation of RRP7 in the cleavage at the C2 site, which would involve
RRP7notonly in18S rRNAmaturationbut also in thematurationof
the 25S and 5.8S rRNAs (Supplemental Figure 2 and Figure 10).
However, alteration in themature 25S and 5.8S rRNA levels is not
supported by the increased 25S/18S rRNA ratio that we have
found (Supplemental Figure 9). An alternative explanation to the
implication of RRP7 in C2 site cleavage is that the primary effect of
its depletion is to impair 18S rRNA production in the rrp7mutants.
Thus, the increased 27SB pre-rRNA level would be an indirect
effect of RRP7 depletion.

Compared with yeast Rrp7, less is known about mammalian
Rrp7a, a single-copy gene that has also been named Gastric
cancer antigen Zg14, since it was identified in a search for human
immunogenic proteins for gastric cancer (Lin�e et al., 2002). Rrp7a
was annotated in large-scale cDNA sequencing projects (Kawai
et al., 2001; Okazaki et al., 2002). According to HomoloGene, the
human RRP7A protein shares 83.9% identity and 91.8% simi-
larity with its mouse Rrp7a ortholog. Mouse Rrp7a is expressed
in preimplantation embryos and is required for the morula-to-
blastocyst transition, as shown by the lethality caused by its
knockdown bymicroinjection of double-stranded RNA in zygotes
(Maserati et al., 2014). Surprisingly, Rrp7a is found throughout the
cytoplasm but not in the nucleus of eighT cell blastomeres,
prompting the authors to suggest that this protein is a structural
component of the ribosome. More recently, however, human
RRP7Ahasbeen identifiedasamemberof thenucleolar proteome
of HeLa cells, and its depletion by small interfering RNAs caused

a reduction in the levels of 21S and 18S-E pre-rRNAs, both of
which are precursors of the 18S rRNA (Tafforeau et al., 2013).
Our results indicate high functional conservation between yeast

and Arabidopsis RRP7 proteins because in both cases their loss
cause overaccumulation of 18S rRNA precursors of the ITS1-first
pathway. However, due the differences of this pathway in yeast
and Arabidopsis, it is not easy to identify the equivalent cleavage
sites. Arabidopsis RRP7 seems to participate mainly in the
cleavage of the P9 and P1 sites, both of which could correspond to
A0 inyeast.However, yeastRrp7andArabidopsisRRP7alsocould
be functionallydivergent in their functions.YeastRrp7 isspecifically
involved in 18S rRNA maturation and has not been found to par-
ticipate in5.8Sor 25S rRNAmaturation, butArabidopsisRRP7may
participate in their maturation. The inability of Arabidopsis rrp7
mutants to use both pathways to producemature 18S rRNAwould
reduce the concentration of the 18S rRNA and consequently, the
numberof40Spre-ribosomalparticlesable toassemble intomature
80S ribosomes. In this model, rrp7 cells would have an excess of
60S subunits compared with 40S subunits, and this would explain
their increased 25S/18S rRNA ratio, which in turn leads to a de-
ficiency in mature ribosomes, thereby causing delayed growth
(Supplemental Figure 9 and Figure 1B to 1G).
In addition, the nucleolus is enlarged in rrp7 cells, likely due to

the accumulation of 18S rRNA species, particularity the P-A3

intermediate, which we detected by RNA-FISH. Enlarged nucleoli
have been observed in other mutants affected in genes encoding
RBFs, such as arabidopsis pumilio23-1 (pum23-1) and RNA
helicase10 (rh10-1; Matsumura et al., 2016) In apum23-1 plants,
18S and 5.8S rRNA precursors accumulate, but their mature
rRNAs do not, indicating that, like RRP7, APUM23 is involved in
35S pre-rRNA processing and/or the degradation of pre-rRNA
processing byproducts (Abbasi et al., 2010).
As mentioned in the Introduction, the loss of function of yeast

Rrp7 reduces 18S rRNA production, which in turn induces the
expression of RP-encoding genes and causes a deficiency in the
formation of 40S ribosomal subunits and leads to subsequent
lethality (Rudra et al., 2007).Our in silico analysis revealedputative

Figure 9. Genetic Interactions of rrp7-1 with mas2-1, smo4-3, parl1-2, nuc2-2, and hda6-7.

(A) to (J)Phenotypesof rosettesofsingle (A) to (E)anddouble (F) to (J)mutants. Imagesshowrosettesofmas2-1 (A),smo4-3 (B),parl1-2 (C),nuc2-2 (D), and
hda6-7 (E) plants (top row) along with rrp7-1mas2-1 (F), rrp7-1 smo4-3 (G), rrp7-1 parl1-2 (H), rrp7-1 nuc2-2 (I), and rrp7-1 hda6-7 (J) plants (bottom row).
Photographs were taken at 21 DAS. Scale bars = 1 mm.
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Arabidopsisorthologsof theUtp22andCK2membersof theCURI
complex, but not of Ifh1, suggesting thatArabidopsis lacksaCURI
complex. However, we cannot exclude the possibility that RRP7
forms part of another complex that coordinates the pathways for
the biogenesis of rRNA and RP ribosome components.

Null mutations of yeast Rrp7 are lethal. By contrast, the lack of
function of Arabidopsis RRP7 and human RRP7A impairs 18S
rRNA biogenesis but the mutants are viable. This observation
cannot be explained by functional redundancy because both are
single-copy genes. More studies will be required to understand
this difference and the absence of anomalies in ribosome bio-
genesis in Arabidopsis rrp7mutants. Our results might shed light
on the activity of the mammalian orthologs of Arabidopsis RRP7,
given the scarcity of information available.

RRP7 Is Functionally Related to MAS2, HDA6, and NUC1

Several of our in silico and experimental results suggest that
RRP7 and MAS2 are functionally related. In addition, the syn-
ergistic phenotypes of rrp7-1 parl1-2 and rrp7-1mas2-1 are very
similar, indicating that RRP7 genetically interacts with NUC1
and MAS2. The merely additive phenotype of rrp7-1 nuc2-2
plants was expected, given that NUC2 expression is almost

undetectable in wild-type plants and that this gene is thought to
play a marginal role in ribosome biogenesis compared with
NUC1 (Durut et al., 2014). The extremely severe phenotype of
rrp7-1 hda6-7 suggests a relationship ofRRP7withHDA6 closer
than with NUC1 or MAS2.
MAS2 participates in the control of 45S rDNA expression, as

well as splicing (Sánchez-García et al., 2015).NUC1 is involved in
the regulation of 45S rDNA expression and 45S pre-rRNA pro-
cessing (Petricka and Nelson, 2007; Pontvianne et al., 2007).
HDA6 participates in several epigenetic processes, including 45S
rDNA, transgene, and transposon silencing (Aufsatz et al., 2002;
Probst et al., 2004; Earley et al., 2010), but it has not been as-
sociated with 45S pre-rRNA processing. The link betweenMAS2,
NUC1, and HDA6 is their participation in the regulation of 45S
rDNA transcription, a process that might involve RRP7. This
genetic evidence reinforces the notion that RRP7 is involved in
45S rDNA transcriptional regulation. Indeed, we detected heter-
ochronic activation of the VAR1 45S rDNA variant in the rrp7
mutants. We cannot rule out the possibility that this is an indirect
effect caused by impaired 45S pre-rRNA processing if 45S rDNA
transcription is subjected tonegative feedbackself-regulation.On
the other hand, deregulation of 45S rDNA transcription does not
appear tocontribute to thephenotypeof rrp7, because inhda6and

Figure 10. Proposed Roles for RRP7 in 45S pre-rRNA Processing Based on the Molecular Phenotype of the rrp7 Mutants.

Red arrows indicate over-accumulated (↑↑↑) or depleted (↓) pre-rRNAs, asdetected byRNAgel blots and circular RT-PCRassays using the rrp7mutants. In
our model, Arabidopsis RRP7 is assumed to participate in the steps of 45S pre-rRNA processing in which the substrate is overaccumulated in the rrp7
mutants (P9, P1 andC2 cleavages; orange ovals). The questionmark in C2 cleavage (bottommiddle) indicates that overaccumulation of 27SB pre-rRNA can
alternatively be explained as an indirect effect of impaired 18S rRNAproduction. RRP7might also participate in the steps inwhich the product is depleted in
the rrp7mutants (P2cleavages;grayovals).BecauseRRP7participates in theP9cleavageat the59-ETS-firstpathway, itmightalsocleave thesamesiteat the
ITS1-first pathway (yellow oval). Short-lived pre-rRNAs are shown in faint colors. Other details are as shown in Supplemental Figure 2.
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smo4 plants, VAR1 is also heterochronically misexpressed and
their developmental phenotypes are very mild (Pontvianne et al.,
2010; this work). In conclusion, our findings demonstrate that
RRP7actsasaplantRBF, functionally related toMAS2,NUC1and
HDA6, and they increase our understanding of the conservation
and diversification of RRP7 function among eukaryotes.

METHODS

Plant Material and Growth Conditions

The Arabidopsis thaliana (L) Heynh. Columbia-0 (Col-0) wild-type ac-
cession was initially obtained from the Nottingham Arabidopsis Stock
Center (NASC; Nottingham, UK) and propagated at our laboratory for
further analysis. Seeds of the rrp7-1 (SAIL_628_F08), rrp7-2 (WISCD-
SLOX461-464C16), parl1-2 (SALK_002764; Petricka and Nelson, 2007),
mtr4-2 (GK_048G02; Lange et al., 2011), hda6-7 (also named rts1-1;
Aufsatz et al., 2002) and nuc2-2 (GABI_178D01; Durut et al., 2014) mutants
werealsoprovidedbyNASC.Themas2-1allelewas isolated inour laboratory
(Sánchez-García et al., 2015). All T-DNA insertional mutants were in theCol-
0 background. Plant culture, seed sterilization, and sowing were performed
as previously described (Ponce et al., 1998; Berná et al., 1999).

Culture mediumwas supplemented, when required, with hygromycin
(15 mg$mL21). ABA sensitivity assays were conducted with three plates
per genotype, each sownwith 52mutant and 52wild-type seeds, and the
assays were repeated three times. For these ABA assays, the medium was
supplemented with 0, 0.5, 1.5, and 3 mM ABA, and non-germinated seeds,
seeds exhibiting aborted germination, and seedlings with expanded, green
cotyledonswere scored 10DAS. The scores of each linewere obtained after
calculating the percentages of germinated seedlings on supplemented
medium versus the same line on non-supplemented medium.

Gene Nomenclature and Genotyping

RRP7 can be found under accession number AT5G38720 at TAIR (http://
arabidopsis.org) and Araport (http://araport.org). NUC1 and NUC2 have
been also termed PARL1 and PARALLEL1-LIKE 1 (PARLL1), respec-
tively (Petricka and Nelson, 2007). HDA6 is also annotated as AXE1
(AUXIN GENE EXPRESSION 1; Murfett et al., 2001), RNA-MEDIATED
TRANSCRIPTIONALSILENCING1 (RTS1; Aufsatz et al., 2002), andRPD3-
LIKE HISTONE DEACETYLASE 3B (RPD3B).

The presence of T-DNA insertions in the genes under studywas verified
by PCR using the primers shown in Supplemental Table 4. Discrimination
between thewild-typeMAS2 andmutantmas2-1 alleleswas performed as
described in Sánchez-García et al. (2015).

RNA Isolation, RT-PCR, RNA Gel Blot, and Circular RT-PCR Assay

Each biological replicate of RNA was isolated with TRI RNA Isolation
Reagent (Sigma-Aldrich). RNA samples were either treated twice with
DNase using 2 U of TURBO DNase (TURBO DNA-free Kit, Thermo Fisher
Scientific) per microgram of RNA or not treated, depending of their use for
RT-PCR or RNA gel blots, respectively.

RT-PCR experiments were performed using three biological replicates,
each replicate consisting in a pool of three plants. Each plant of a pool was
selected from a different plate. PCR amplifications of 45S rDNA or RNA
variants for the determination of its relative abundance in genome and
expression were performed with the p3+p4 primer pair (Supplemental
Table 4) using genomic DNA or cDNA as templates, respectively, from
plants collected 15 DAS. Genomic DNA was isolated using the DNeasy
Plant Mini Kit (Qiagen), and RNA and cDNA were prepared as previously
described. RT-PCR products were visualized by electrophoresis in an

agarose gel, whereas PCR products from genomic DNAwere purifiedwith
theAgencourt AMPureXPsystem (BeckmanCoulter), processed in a 2100
Bioanalyzer using the Agilent DNA 1000 kit and PCR products, and the
relative abundance of each variant was determined with the 2100 Expert
Software (Agilent Technologies).

RNA gel blot analyses were performed with digoxigenin (DIG)- labeled
probes: theS7andS9probesare59-DIG labeledoligonucleotides (Eurofins
Genomics), and the p42-p43 probe was obtained by PCR using 11-DIG-
dUTP (Roche) and the p42+p43 primer pair. Primers for the synthesis of
both probes (Supplemental Table 4) were described in Lange et al. (2011).
RNA gel blot analysis of 3 mg of total RNA samples was performed in 1.2%
(w/v) agarose/formaldehydeor 6%polyacrylamide/8Mureagels. TheRNA
was visualized and transferred via cross-linking to an Amersham Hybond
N+ nylon membrane (Thermo Fisher Scientific). Electrophoresis, hybrid-
ization, and detection were performed as previously described (Jover-Gil
et al., 2014). In brief, the membrane was prehybridized for 2 h at 65°C and
hybridized overnight at 65°Cwith 149 ng$mL21 of probe. No blocking agent
was added to the hybridization solution, as recommended by the manu-
facturer. The membranewas incubatedwith 0.05 U$mL21 of Fab fragments
from an anti-digoxin antibody from sheep, conjugated with alkaline phos-
phatase (a-DIG-AP, Fab fragments; Roche), washed twice, equilibrated in
detection buffer, and incubatedwith 25mMCDP-Star (Roche) diluted 1:200
in detection buffer for 5 min in the dark. Visualization of RNA bands was
performed by developing Lumi-film chemiluminescent films (Roche) that
were exposed to the membrane for 20 min or overnight.

Circular RT-PCR was performed as described in Hang et al. (2014),
using 5 mg of total RNA. The 25SRT and r1 primers (Supplemental Table 4)
were used for reverse transcription of circularized 25S and 18S rRNA
precursors, respectively, using Maxima reverse transcriptase (Thermo
Fisher Scientific) following the manufacturer9s instructions. PCR amplifi-
cationswere performedwith the r1+r2, r3+r2, r4+r2, and r5+r6 primer pairs
(Supplemental Table 4).

Construction of Transgenic Lines

Transgenic plants were obtained as described in Sánchez-García et al.
(2015). The transgeneswere obtained using the pGEM-T Easy221 entry
vector and the pMDC32, pMD164, pMDC83, andpMDC107destination
vectors (Curtis and Grossniklaus, 2003). To construct the 35Spro:RRP7
and 35Spro:RRP7:GFP overexpression transgenes, the full-length coding
sequence (withstopcodonsremovedtoobtain theGFPtranslational fusions)
of RRP7 was PCR amplified from Col-0. The 1,026-bp genomic region
upstreamof the translationstartcodonofRRP7wasPCRamplifiedandused
as the promoter to drive the RRP7pro:GUS, and RRP7pro:RRP7:GFP con-
structs. All constructs were verified by sequencing before being transferred
into plants. Primers used to obtain these constructs and for Sanger se-
quencing are described in Supplemental Table 4. Sanger sequencing was
performedwith ABI PRISMBigDye Terminator Cycle Sequencing kits on an
ABI PRISM 3130xl Genetic Analyzer (Applied Biosystems [now Thermo
Fisher Scientific], Waltham, MA, USA).

Morphometry, Histology, Histochemical Assays, and RNA-FISH

A Nikon D-Eclipse C1 confocal microscope was used for microscopy.
Micrographs were digitally processed using EZ-C1 operation software
(Nikon). For venationpatternmorphometry, thephenoVein software (http://
www.plant-image-analysis.org/) was used with samples of cotyledons,
leaves, and petals, which were collected, cleared, and mounted on slides,
and the correspondingmicrographs taken and converted into diagrams as
previously described (Candela et al., 1999; Robles et al., 2010; Jover-Gil
et al., 2012).

GUS assays were performed as described by Robles et al. (2010): GUS
activity was analyzed in plants homozygous for the GUS transgene, and

2868 The Plant Cell

http://arabidopsis.org
http://arabidopsis.org
http://araport.org
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plantcell.org/cgi/content/full/tpc.18.00245/DC1
http://www.plant-image-analysis.org/
http://www.plant-image-analysis.org/


photographs were taken from three plants from each of three independent
lines per genotype.

Visualization of RRP7 subcellular localization was performed in roots
from RRP7pro:RRP7:GFP or 35Spro:RRP7:GFP transgenic plants collected
at 10 DAS. For immunolocalization with fibrillarin, RRP7pro:RRP7:GFP
seedlings were collected at 10 DAS and squashed on slides in a mix of 1x
PBS and 4% paraformaldehyde. Immunodetection of fibrillarin was per-
formed using a 1:250 dilution of the mouse monoclonal anti-fibrillarin
antibody [38F3] (Abcam), followed by detection with a 1:1,000 dilution
of TRITC (tetramethylrhodamine-5-isothiocyanate)-conjugated anti-mouse
IgG secondary antibody (Sigma-Aldrich). Nuclei were stained as previously
described (Díaz-Tielas et al., 2012) with Hoechst 33342 and the Vectashield
mounting medium (Vector Laboratories).

RNA-FISH was performed as described in Parry et al. (2006), with
some modifications. Approximately 100 cells from first- and second-
node leaves from 10 plants collected at 12 DAS per genotype were
analyzed. The leaves were fixed in glass vials at 600 mbar for 25 min.
Probes were obtained using the labeled oligonucleotides shown in
Supplemental Table 4 and were used in a 0.5 mg$mL21 hybridization
solution. Samples were mounted on slides with a drop of Vectashield
antifademountingmedium (Vector Laboratories, Burlingame, California,
USA) containing 10 mg$mL21 of Hoechst 33,342.

Acridine orange staining was performed as described by Hirano et al.
(2011). Nucleoli outlines were drawn on a Wacom DTF-720 Pen Display
with theAdobePhotoshopCS3software, andoutlineareasweremeasured
using the NIS Elements AR 3.1 image analysis package. The ratio between
the nucleolus and whole cell areas was obtained from;200 cells from 10
plants per genotype.

Bioinformatic and Statistical Analyses

BLASTPsearcheswereperformedagainst thesequences for all organisms
at theNationalCenter forBiotechnology InformationBLASTPserver (NCBI;
https://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1997) using the
NCBI non-redundant database with default settings. Alignments were
obtained with ClustalW (http://www.ebi.ac.uk/Tools/msa/clustalo/; Larkin
et al., 2007) andshadedwithBOXSHADE3.21 (http://www.ch.embnet.org/
software/BOX_form.html). Pair-wise identity and similarity percentages
were calculated from the alignments using the Ident and Sim feature of the
Sequence Manipulation Suite (http://www.bioinformatics.org/sms2/ident_
sim.html; Stothard, 2000).

For promoter analysis, the Scan tool of the PLACE (Plant cis-acting
regulatory DNA elements; http://www.dna.affrc.go.jp/PLACE; Higo et al.,
1998, 1999) and Athena (http://bioinformatics1.smb.wsu.edu/cgi-bin/
Athena/cgi/home.pl; O’Connor et al., 2005) databases were used. The
original PLACEwebsite is no longer available, but its data set of regulatory
motifs can be accessed at http://togodb.biosciencedbc.jp/togodb/view/
place_main#en.

Spatiotemporal gene expression patterns were obtained from the
TraVA (Transcriptome Variation Analysis) database (http://travadb.org/;
Klepikova et al., 2016), which is based on RNA-seq data. For TraVA output
visualization, the Raw Norm option was chosen for read counts number
type, and default values were chosen for all other options. To compare the
mutant, transgenic, and wild-type lines, the Mann-WhitneyU-test (n# 10)
or Student9s t test (n > 10) was used.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative database under the following accession numbers: ABA1
(AT5G67030), ABI4 (AT2G40220), HDA6 (AT5G63110), NUC1
(AT1G48920), NUC2 (AT3G18610), MAS2 (AT4G02720), OTC
(AT1G75330), RRP7 (AT5G38720), SMO4 (AT2G40430). Germplasm

included seeds of rrp7-1 (SAIL_628_F08), rrp7-2 (WISCDSLOX461-
464C16), parl1-2 (SALK_002764; Petricka and Nelson, 2007), mtr4-2
(GK_048G02; Lange et al., 2011), hda6-7 (also named rts1-1; Aufsatz
et al., 2002) and nuc2-2 (GABI_178D01; Durut et al., 2014) that were
provided by NASC.
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