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ABSTRACT

rBRNA processing and assembly of ribosomal pro-
teins during maturation of ribosomes involve many
ribosome biogenesis factors (RBFs). Recent studies
identified differences in the set of RBFs in humans
and yeast, and the existence of plant-specific RBFs
has been proposed as well. To identify such plant-
specific RBFs, we characterized T-DNA insertion mu-
tants of 15 Arabidopsis thaliana genes encoding nu-
clear proteins with nucleotide binding properties that
are not orthologues to yeast or human RBFs. Mutants
of nine genes show an altered rRNA processing rang-
ing from inhibition of initial 35S pre-rRNA cleavage
to final maturation events like the 6S pre-rRNA pro-
cessing. These phenotypes led to their annotation as
‘involved in rRNA processing’ - IRP. The irp mutants
are either lethal or show developmental and stress
related phenotypes. We identified IRPs for matura-
tion of the plant-specific precursor 5-5.8S and one
affecting the pathway with ITS2 first cleavage of the
35S pre-rRNA transcript. Moreover, we realized that
5’-5.8S processing is essential, while a mutant caus-
ing 6S accumulation shows only a weak phenotype.
Thus, we demonstrate the importance of the matura-
tion of the plant-specific precursor 5-5.8S for plant
development as well as the occurrence of an ITS2
first cleavage pathway in fast dividing tissues.

INTRODUCTION

Ribosome biogenesis is an essential process in which pre-
ribosomal RNAs of the pre-40S and pre-60S particles are
processed to form mature 80S ribosomes consisting of the

small 40S and large 60S ribosomal subunit (1). The nascent
35S pre-rRNA transcript within the 90S pre-ribosomal par-
ticle is transcribed by RNA-Polymerase I in the nucleolus.
The polycistronic transcript contains the 18S, 5.8S and 25S
pre-rRNAs separated by two internal transcribed spacers
(ITS1, ITS2) and flanked by two external transcribed spac-
ers (5-ETS, 3'-ETS, (2)). The 5S pre-rRNA is synthesized
independently by RNA-polymerase 111 in the nucleus.

The mature 40S ribosomal subunit comprises the 18S
rRNA and 33 ribosomal proteins, whereas the 60S riboso-
mal subunit contains the 258, 5.8S and 5S rRNAs and 47
ribosomal proteins. The ribosome assembly and processing
is best described for Saccharomyces cerevisiae (3,4). Today,
the regulation of rRNA modification and hypermodifica-
tion (5), the role of non-coding RNAs (6), the rRNA fold-
ing events (7) and structural constrains of the pre-ribosomal
particles have been largely explored based on fungal model
systems (8-16). Recent large scale bioinformatics and ex-
perimental studies expanded our knowledge on the funda-
mental processes of ribosome biogenesis in archaea (17-19),
humans (20-23) and plants (18,19,24). The process has been
linked to many human diseases (25,26) and to nucleolar
stress in humans and plants (27,28). In addition, functional
ribosome biogenesis is important for plant developmental
and growth processes (29-31), salt stress responses (32) and
the regulation of sugar metabolism (33-34).

The analysis of ribosome biogenesis in plants revealed
two alternative processing pathways co-existing in plants
(2,35). Pathway 1 starts with the 5-ETS removal followed
by the ITSI cleavage which leads to the separated assem-
bly of the pre-40S and pre-60S ribosomal subunit (2). This
pathway is comparable to the yeast rRNA processing way.
Pathway 2 is initiated by ITSI cleavage and subsequent re-
moval of the 5'-ETS, which is comparable to the human pro-
cessing pathway. Furthermore, specific precursors like the
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5-5.8S pre-rRNA have been identified as plant-specific in-
termediates in the rRNA processing pathway (29,30,36).

The rRNA maturation and modification depends on a
multitude of ribosome biogenesis factors (RBFs) and small
nucleolar RNAs (snoRNAs). For yeast, 255 RBFs asso-
ciated with rRNA processing are described (3). However,
only ~70% of yeast RBFs could be assigned in orthologous
groups together with plants proteins (18,19). Moreover, a
large scale screening in humans documented that human
genes orthologous to yeast RBFs are not always involved
in ribosome biogenesis in humans, while proteins known to
act in pathways distinct from ribosome biogenesis can act
as RBFs as well (23).

Consequently, the analysis of plant-specific RBFs is cen-
tral to understand the process and the regulation of ribo-
some biogenesis in plants. In support of this notion regula-
tion of ribosome biogenesis has been linked to plant-specific
signaling and stress response events. It has been demon-
strated that regulation of ribosome biogenesis is interlinked
with cellular regulation by the phytohormone auxin (31,37—
39). Auxin induces - among others - cell elongation and
division, both requiring a rapid increase of the proteome
and thus, relying on functional ribosomes. A similar link
can be established with respect to stress responses that are
accompanied by massive alterations of the transcriptome
and subsequently the proteome to cope with the new envi-
ronmental situations. It has been demonstrated that plants
with affected ribosome biogenesis are less efficient in stress
response and show severe phenotypes, e.g. under cold, salt
or metabolite stress (27,32,33,38). Thus, the description of
the inventory required for plant ribosome maturation is
paramount to link this important process to physiological
behavior of plants.

Among the identified and characterized RBFs in Ara-
bidopsis thaliana many factors are orthologous to yeast
RBFs (2,40,41; and references therein). In addition, plant
RBFs orthologous to yeast RBFs encoded by at least two
independent genes (1:n) have been identified. On the one
hand, an overlapping function in ribosome biogenesis of
both plant genes was observed, e.g. in case of Brxl (36).
On the other hand, distinct functionalities of the different
co-orthologues have been described. For example, only one
co-orthologue of Lsgl is essential for ribosome biogene-
sis, while the second co-orthologue most likely performs an
alternative function (42). Moreover, several plant proteins
not being orthologous to yeast or human RBFs have been
identified to be involved in rRNA processing and ribosome
biogenesis, for example the G-patch domain protein GDP1
(43), Pum23 (44) and APUM24 (27,45).

Remarkably, multiple nucleotide binding proteins with-
out orthologues to yeast or human RBFs have been identi-
fied in the proteome of the nucleus and nucleolus (24,46,47),
but their function remains largely unknown. As the iden-
tification of proteins specifically involved in plant ribo-
some biogenesis is important to initiate an understanding of
plant-specific regulatory events, we characterized 15 nuclear
plant proteins that are not orthologous to yeast or human
RBFs. Six of these proteins are conserved in eukaryotes, but
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their function has not been related to ribosome biogenesis.
By screening corresponding T-DNA insertion mutants we
identified nine factors with a function important for effi-
cient rRNA processing in plants, six of them without an or-
thologue in yeast or human in general. The mutation of the
selected factors by T-DNA insertion leads to lethality or se-
vere growth defects. In addition, the response to auxin or
glucose treatment as well as the tolerance to salinity stress
is altered when compared to wild-type plants. These phe-
notypes led to the annotation of the proteins as ‘involved in
rRNA processing’ - IRP.

Strikingly, while both a 5 extended (5'-5.8S) and a 3
extended (6S) precursor of the 5.8S have been identified
in plants, we observed that maturation of the 5'-5.8S pre-
rRNA is essential and cannot be bypassed by the pathway
utilizing the 6S pre-rRNA. Moreover, we identified a mu-
tant in which an intermediate P-C, accumulates upon auxin
treatment indicative of an ITS2-first processing pathway.
Subsequent analysis of rRNA processing intermediates in
fast dividing cell cultures uncovered the existence in vivo as
well. Thus, a second plant-specific pre-rRNA intermediate
exists beside the 5'-5.88.

MATERIALS AND METHODS
Orthologue search and domain architecture analysis

The orthologue search between yeast, human and A.
thaliana for identification of orthologous groups contain-
ing proteins known to function as RBFs based on litera-
ture (18,19) was performed via HaMStR and OrthoMCL
as previously described (24). For the additional informa-
tion about the orthologous groups in Viridiplantae the or-
thologue search via OrthoMCL (48) and InParanoid (49)
was performed using proteomes of 61 plant-species avail-
able from the phytozome (50). Based on the pangenome of
the Viridiplantae including the orthologous groups we de-
fined the earliest occurrence of the IRPs in the Viridiplan-
tac. The OMA browser (51) was used to identify ortho-
logues in all kingdoms of organisms (Supplemental Table
S1) down to LUCA to verify the results of our pangenome
of Viridiplantae and include the possibility to detect the an-
cestor of the IRPs in the whole tree of life.

The domain architecture of the protein sequence was an-
alyzed using Pfam (February 2017 (52)) and Prosite (Febru-
ary 2017 (53)) databases. The profile Hidden-Markov-
Models (pHMMs) were used via HMMER (54) to align do-
mains and functional motifs on the protein sequences. We
restricted the domains to putative nucleotide binding mo-
tifs and compared our findings with the domain annotation
of Aramemnon (55). Information about the genes and pro-
teins was extracted from Aramemnon and TAIR10 (56).

Construct generation

CDS of each RBF candidate was amplified by RT-PCR
using A. thaliana derived cDNA as described (29) with
oligonucleotides listed in Supplemental Table S2. The CDS
was cloned in the pRTds-GFP vector by the method previ-
ously described (24,42).
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Protoplast isolation, transformation and analysis of fluores-
cence

Protoplast isolation and transformation was done as pre-
viously described (29,57). In brief, leaves of 4-week-old A.
thaliana (short day conditions) were rubbed over sandpaper
and transferred into glass dishes with MCP (500 mM sor-
bitol, I mM CaCl,, 29 mM MES) supplemented with BSA.
The entire procedure takes about 20 min. Supernatant was
removed and exchanged for enzyme solution (1% cellulase
and 0.3% macerozyme in 20 ml MCP) and the leaves were
incubated for 2 h at 30°C. For release of protoplasts, petri
dish was gently shaken for a minute, subsequently filtered
through a 75 pm nylon mesh and underlaid with MCP in
100% Percoll. After centrifugation at 405 g for 8 min at RT,
supernatant was removed, protoplasts mixed with the resid-
ual Percoll and a second gradient was formed by addition
of 25 and 0% Percoll in MCP. After centrifugation at 270 g
for 8 min at RT, intact protoplasts were collected from the
interphase between 25 and 0% Percoll layer, pelleted and
adjusted to 10° protoplasts/ml in MMG solution (400 mM
sorbitol, 15 mM MgCl,, 5 mM MES). For transformation,
10° protoplasts were co-transformed with 10 wg of pRTds-
GFP and 10 pg AtFib2-mCherry vectors.

After 8 hours of protein expression, GFP-fluorescence
(excitation at 488 nm, emission at 505-525 nm) and
mCherry-fluorescence (excitation at 568 nm, emission 580—
610 nm) were analyzed by confocal laser-scanning mi-
croscopy using a Leica SP5 as previously defined (24,57).
The nucleolar localization of the protein of interest was
concluded form the overlay of the mCherry and GFP-
fluorescence. The nuclear localization was concluded from
both, the vicinity of GFP-fluorescence to the mCherry flu-
orescence and the overlay of the GFP-fluorescence with the
bright filed image (not shown).

T-DNA insertion plant lines

The T-DNA insertion lines were obtained from Notting-
ham Arabidopsis Stock Center (NASC); with the nomen-
clature given in Table 2 & Supplemental Table S3. Genomic
DNA preparation from leaves or flowers was done as de-
scribed (58). T-DNA insertions were mapped as established
(59). For analysis of the zygosity of the appropriate T-DNA,
PCR on isolated gDNA was performed using the T-DNA
left border oligonucleotide together with either the reverse
or the forward genomic primers (Supplemental Table S4;
(29)). The observed position of the different T-DNA inser-
tions is presented in Supplemental Figure S1. Screening for
homozygosity was performed in T1 and T2, while T3 was
used for further analysis.

Cultivation of plants on soil and plates

Seeds of T-DNA insertion lines were either directly sown
on soil or for further analysis placed on plates containing
% MS-medium with or without appropriate antibiotics for
selection. For phenotypic analysis plants were cultivated on
soil in growth chambers under long day conditions (14/10h
light/dark cycles at 21/18°C). For analysis of germination
rate and stress conditions, seeds were surface sterilized by

adding 6% sodium-hypochlorite for 1-2 min, followed by
70% ethanol for 1-2 min and subsequent five washes with
double distilled water. For synchronization of germination,
seeds were stratified for five days at 4°C in the dark and cul-
tivated under short day conditions (8/16 h light/dark cycles
at 21-18°C).

Northern Blot analysis and rRNA sequencing

RNA isolation from 14-day-old 4. thaliana seedlings was
performed as described (42,60). For isolation of RNA from
root cell cultures by the same method, A. thaliana root
cell culture was grown as described (24). Pelleted cells were
ground using liquid nitrogen and RNA isolated as described
for seedlings. Pre-rRNAs were separated by RNA gel elec-
trophoresis and detected by northern blotting as established
(29,42,61) with probes listed in supplemental Table S5. For
analysis of large rRNAs 1.2% agarose gel was used, while
small rRNAs were analyzed on 8% urea-polyacrylamide
gels.

rRNA intermediate sequencing was performed as de-
scribed in (45). Briefly, 1 pg of Arabidopsis root cell cul-
ture RNA was circularized using T4 RNA Ligase I (NEB),
with which reverse transcription was performed using 18S-
specific cRT oligo. The circular complementary DNA was
used as template for PCR reaction using oligos cRT-F
and cRT-R binding in outward facing orientation (Supple-
mental Table S5). The amplified product was subsequently
cloned in TA vector and sequenced in high copy numbers
to reflect intermediate variations.

Analysis of the T-DNA insertion plant lines

For analysis of the germination rate 100 seeds were sown
on MS-plates without antibiotics and kept under short day
conditions. After six days the ratios between germinated to
non-germinated were calculated. Growth stage analysis was
performed according to (62). Statistical significance of dif-
ference was tested by ANOVA.

Visualization of embryos in seeds was performed as de-
scribed previously (63): siliques of the same developmen-
tal stage were excised from wild-type and T-DNA insertion
lines and first incubated in 9:1 ethanol: acetic acid solution
overnight at room temperature, followed by incubation for
1 h in 90% ethanol and storage in 70% ethanol. Seeds were
photographed using the inverted Olympus CKX41 micro-
scope.

Treatment of T-DNA insertion lines

Auxin treatment was performed by supplementation of
half-strength MS-medium with 10 wM auxin. Seedlings
were harvested 14 days after germination and further
used for RNA extraction. For salt treatment half-strength
MS-medium was supplemented with 100 mM NaCl and
seedlings were photographed 25 days after germination.

For glucose treatment, half strength MS-medium was
supplemented with 200 mM glucose and seedlings were
photographed 25 days after germination. All stress treat-
ments were performed in growth chambers under short-day
conditions.
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Figure 1. Properties and occurrence of proteins identified in the nuclear
or nucleolar fraction by proteomic approaches. (A) The domain structure
of the 15 selected proteins is shown. The nomenclature is: ALBA, acetyla-
tion lowers binding affinity domain of an archaeal chromosomal protein;
La, motif adopts an alpha/beta fold that comprises a winged-helix motif;
MMSEF, Maintenance of mitochondrial structure and function; PRTMI,
C-terminal duplication domain of Friend of PRMT1; RRM, RNA recog-
nition motif; SAM, sterile a motif; WW, rsp5-domain or WWP repeating
motif. (B) The evolutionary occurrence of the genes coding for the 15 pro-
teins is shown.

Accession numbers

All accession numbers are listed in Table 1.

RESULTS

Domain organization of putative nuclear or nucleolar plant
proteins

We analyzed 15 proteins with a putative nucleotide bind-
ing domain that have been identified by proteomics in
the nucleolar or nuclear fraction after cell fractionation
(24,47). AT1G04980 and AT3G54960 contain predicted
thioredoxin domains (Figure 1A) found e.g. in proteins
with RNA chaperone activity (64). AT1G14900 contains
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a linker histone (H1, H5) domain (65). AT1G29250 and
AT2G34160 have a predicted ‘acetylation lowers bind-
ing affinity’ (ALBA) domain characterizing RNA bind-
ing proteins and both proteins are co-orthologues (66).
AT1G66260, AT4G17720 and AT4G32720 contain a RNA
recognition motif (RRM; (67)) and AT4G32720 a La-
domain known to bind RNA (La; 68). The AT3G01540 and
AT5G14610 have a WW-domain and domains characteris-
tic of e.g. helicases (DEAD/DEAH; 69). Moreover, both
proteins are co-orthologous. AT3G07170 encodes a protein
with an RNA binding domain called sterile a motif (SAM)
(70,71). AT3G11270 has a ubiquitous protease domain and
a domain that marks the protein as a proteasomal subunit
(72). AT3G51800 is characterized by the metallopeptidase
domain M24 that was found e.g. in transcription factor sub-
units (73), while AT4G25550 contains a nucleotide hydro-
lase domain found e.g. in enzymes involved in polyadenyla-
tion (74). AT5G12410 contains a so called THUMP (after
thiouridine synthases, RNA methylases and pseudouridine
synthases) domain found in RNA modifying enzymes (75).

The proteins selected are not in an orthologous group
with yeast or human RBFs. Orthologues of six of the
proteins are found in all eukaryotes (Figure 1B; Supple-
mental Table S1; AT1G04980, AT3G11270, AT3G51800,
AT3G54960, AT4G25550, AT4G32720). Three proteins
have orthologues in all orders of the analyzed Viridiplan-
tac (AT1G29250; AT2G34160; AT4G17720). Based on
our analysis four proteins have orthologous sequences
in Streptophyta (AT3G01540, AT3G07170, AT5G12410,
AT5G14610) and two in Magnoliophyta only (AT1G14900,
AT1G66260). In the orthologous groups containing
AT1G29250, AT1G66260, AT2G34160 and ATS5G12410
sequences sporadically occur in other eukaryotic species
like Leishmania, Naegleria, Galdieria or Leptomonas
species as well as the fungi species of Aspergillus, but
their distribution does not suggest a general occurrence
in all eukaryotes (Figure 1B asterisk, Supplemental Table
S1). Similarly, we identified some sequences from archaea
in the orthologous group containing AT3G01540 and
AT3G51800 as well as from bacteria in the orthologous
group containing AT3G01540 and AT5G14610. Again, the
occurrence of these sequences does not support a global
existence in these branches via OMA and the hierarchical
orthologous groups. Nevertheless, it might well be that
these proteins originated from bacterial ancestors.

Cellular localization of putative nuclear or nucleolar plant
proteins

To further support the annotated localization of the se-
lected proteins inferred from proteomics (24,47), we gen-
erated fusion proteins with N- or C-terminal GFP. We ap-
proached the fusion at both termini to avoid masking a spe-
cific terminal localization signal or motif for complex for-
mation. All fusion proteins were co-expressed in A. thaliana
mesophyll protoplasts with the nucleolar marker atFIB2-
mCherry (e.g. 29) to determine the intracellular localiza-
tion. Note, this approach yields an overexpression which
might in part enforce mis-localization in addition to proper
cellular localization of the fusion protein. We analyzed
GFP-fluorescence (Figure 2A, left), mCherry-fluorescence
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Table 1. Localization of the proteins determined by GFP or by published proteomics

Gene N-terminal GFP C-terminal GFP Palm (24) Montacié (47)
ATI1G04980 Cytosol/nucleus/nucleolus Cytosol/nucleus/nucleolus Cytosol/nucleus/nucleolus

AT1G14900 Nucleus/nucleolus Nucleus/nucleolus Cytosol/nucleus/nucleolus

ATI1G29250 Cytosol Cytosol Nucleolus -
ATI1G66260 Nucleus/nucleolus Nucleus/nucleolus Nucleolus Nucleolus
AT2G34160 Cytosol/nucleus Cytosol Nucleolus -
AT3G01540 Nucleus/nucleolus Nucleus/nucleolus Nucleolus Nucleolus
AT3G07170 Nucleus/nucleolus Nucleus/nucleolus Nucleus/nucleolus Nucleolus
AT3G11270 Cytosol/nucleus Cytosol/nucleus Nucleus -
AT3G51800 Cytosol/nucleus/nucleolus Cytosol/nucleus Cytosol/nucleus/nucleolus Nucleolus
AT3G54960 Cytosol n.d. Cytosol/nucleus/nucleolus -
AT4G17720 Cytosol Cytosol/nucleus Cytosol/nucleus

AT4G25550 Cytosol/nucleus Cytosol/nucleus Nucleus -
AT4G32720 Nucleus Nucleus Cytosol/nucleolus Nucleolus
AT5G12410 Nucleus Nucleus Cytosol/nucleus -
AT5G14610 nucleus/nucleolus Cytosol/nucleus/nucleolus Nucleus/nucleolus

The results presented in figure two are presented. Note that Montacie et al. tested only for presence in nucleolus.

(Figure 2A, middle) and chlorophyll auto-fluorescence of
chloroplasts (Figure 2A, right). In addition, the localiza-
tion of the GFP-fluorescence was analyzed by overlay with
the bright field image to distinguish between nuclear and
nuclear/cytoplasmic localization (not shown). Based on
these overlays of signals we conclude that AT1G66260
GFP-fusions show a nuclear and nucleolar localization.

GFP-fluorescence of AT1G29250 and AT3G54960 GFP-
fusions was identified in cytosol (Figure 2B; Table 1), of
AT4G32720 and AT5G12410 in the nucleus (Figure 2C; Ta-
ble 1) and of AT2G34160, AT3G11270, AT4G17720 and
AT4G25550 in both compartments (Figure 2D; Table 1).
AT1G14900, AT3G01540 and AT3G07170 GFP-fusions
expressed in protoplasts yielded GFP-fluorescence signals
in the nucleus and nucleolus (Figure 2E; Table 1), while
AT1G04980, AT3G51800 and AT5G14610 were identified
in all three compartments (Figure 2F; Table 1). Worth men-
tioning, for AT4G17720, AT2G34160 and AT5G14610 we
noticed variations for the N-terminal and C-terminal fusion
with respect to the detection in the cytosol (Table 1).

These results obtained by assessment of the GFP-
fluorescence were largely overlapping with the proteomic
detection (24,47). However, for AT1G29250, AT2G34160
and AT3G54960 we observed a discrepancy between the lo-
calization of GFP-fluorescence microscopy and the identifi-
cation by proteomics (Table 1). By proteomics, AT1G29250
and AT2G34160 were identified in the nucleolar fraction
and AT3G54960 in all three analyzed compartments (24).
In contrast, the GFP-fusion proteins of AT1G29250 and
AT3G54960 were localized in the cytoplasm and the GFP-
fusion protein of AT2G34160 in the cytoplasm and in the
nucleus (Figure 2B). Worth mentioning, all three proteins
have not been identified in the nucleolus by a subsequent
proteome analysis of this compartment (47). Nevertheless,
the cytosolic localization of the three proteins might re-
flect a partially dysfunctional population of the protein not
properly assembled into the complexes.

Mutants of the selected genes show a differential impact on
rRNA processing

For all 15 factors, we obtained available T-DNA insertion
lines (Supplemental Figure S1). We confirmed the localiza-

tion of T-DNA insertion by digestion and re-ligation of
gDNA and subsequent sequencing of PCR products with
T-DNA specific oligonucleotides (not shown). The zygotic
state of the plant lines was analyzed by PCR with gDNA.
For 12 lines a homozygous state was observed (Supple-
mental Figure S1), while only heterozygous mutant lines
of AT1G66260, AT4G17720, AT4G25550 and AT4G32720
could be isolated (Supplemental Figure S1). The T3 genera-
tion of all lines (assuming that ordered lines have been T0),
whether in homozygous or heterozygous state, were used for
subsequent studies.

The rRNA processing in all mutant lines was analyzed
by northern blots with established probes (Figure 3A, (29))
using ethidium bromide (EtBr) staining of mature rRNA as
loading control. For mutants of AT1G04980, AT1G14900,
AT3G51800, AT3G54960, AT5G12410 or AT5G14610 we
did not observe drastic alterations of the pre-rRNAs levels
(only quantification is shown, Figure 3C). In turn, for mu-
tants of nine factors we observed alterations in the abun-
dance of pre-rRNAs when compared to wild-type (Figure
3B). Based on the observed impact of these T-DNA inser-
tion mutants on rRNA processing we assigned the accord-
ing mutants as ‘involved in rRNA processing’ (irp).

The T-DNA insertion line of IRPI1 (AT3G07170, irpl-
1) had a reduced level of 35S, while both, 35S and 33S
pre-rRNAs were lower in heterozygote /RP2 mutants
(AT4G32720, irp2-1 +/—, irp2-2 +/—) than in wild-type
(Figure 3B, C). In irp3-1 +/— (AT4G17720, IRP3) 358, 338,
and 27S-Bg, pre-rRNAs are reduced. In turn, none of the
other detected pre-rRNAs analyzed accumulated in the mu-
tant plants. The T-DNA insertion in /IRP4 (AT3G11270,
irp4-1; Figure 3B, C) resulted in decreased levels of the 35S
and 33S pre-rRNAs and in a pronounced increase of the
5.8S+30 and 6S transcripts when compared to wild-type.
In irp5-1 and irp5-2 (AT1G29250, IRPS; Figure 3B, C) the
33S pre-rRNA was enriched, which might link its func-
tion to the regulation of P, cleavage. The mutant of /RP6
(AT3G01540, irp6-1) showed higher levels of 27S-A, and
27S-A; pre-rRNA. Mutants affecting the function of IRP7
(AT2G34160, irp7-1, Figure 3B, C) and IRP8 (AT G66260;
irp8-1) yielded in an increase of 27S-As, P-Aj, P’-A; and
18S-Aj3 precursors when compared to wild-type. Further-
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tom) is shown. (B-F) The overlay of GFP-, mCherry- and chlorophyll
auto-fluorescence for representative protoplast transformed with indicated
protein-GFP (top) and GFP-protein coding plasmids is shown (bottom).
The proteins with localization in the cytosol (B), nucleus (C) cytosol and
nucleus (D), nucleus and nucleolus (E) or cytosol, nucleus and nucleo-
lus (F) are grouped. Protein integrity was probed by western blot analy-

sis with GFP antibody (not shown). AT3G54960-GFP expression yielded
free GFP and the results were omitted (nd).
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Figure 3. Analysis of the rRNA processing. (A) The rDNA gene model
indicating the processing sites and annealing positions of the northern
probes. In grey the annealing position of probes additionally used in Fig-
ure 5C are indicated. (B) Representative northern blots, with probes indi-
cated (left), for T-DNA insertion lines with altered rRNA processing. The
names of the rRNA intermediates are indicated (right). (C) Quantifica-
tion of the intensities of different rRNA intermediates from multiple inde-
pendent experiments (n>3). Values were normalized to ethidium bromide
stained mature 25S and 18S rRNAs and are expressed as a ratio to the
intensity observed in wild-type. The baseline is set to 1 and the standard
deviation is shown as an error bar. In blue are all quantifications showing
more than 50% increase or decrease in the mutant, and in orange are all
below this threshold.
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more, in irp7-1 and irp8-1 +/—, as well as in irp9-1 +/—,
irp9-2 +/— and irp9-3 +/— (AT4G25550; IRPY), 5-5.8S
pre-TRNA accumulated.

Thus, we identified four factors not orthologous to yeast
or human RBFs affecting the synthesis or stability of the
35S and 33S (IRP1 to IRP4), two that influence maturation
of 27S-A; and 27S-A; (IRPS, IRP6) and two important for
18S maturation (IRP7, IRPS). In addition, IRP4 seems to
be required for 3" maturation of the 5.8S. In turn, IRP7-
IRPY function is important for 5'-5.8S pre-rRNA process-
ing or final quality control of ribosome biogenesis.

Mutants of IR Ps show an altered growth behavior

We analyzed the phenotype of the T-DNA insertion mu-
tants of IRPs. For all mutants confirmed to be homozy-
gous, germination rate is comparable to that of the wild-
type (Figure 4A, irp —/—). Consistent with a lethal phe-
notype, germination rate of mutants of IRP2 (irp2-1 +/—
and irp2-2 +/—), IRPS8 (irp8-1 +/—) and IRP9 (irp9-1 +/—,
irp9-2 +/— and irp9-3 +/—) was reduced by at least 25%
when compared to wild-type (Figure 4A). This is in agree-
ment with the highest expression of /RP2 in the embryo
of the pre-globular, globular and heart stage and of /RPS
in late development stages of seeds (Supplemental Figure
S2; (76,77)) and mature pollen (Supplemental Figure S3;
(76)). The expression of the gene coding for IRP9 is high in
the pre-globular and heart stage (Supplemental Figure S2;
(76)). The most drastic effect on germination was observed
for irp3-1 +/—, for which a germination rate of only 25% in
comparison to wild-type was observed (Figure 4A). Consis-
tent with this observation, the expression of the according
gene is highest in the embryo, the endosperm of developing
seeds (Supplemental Figure S2; (76,77)) and mature pollen
(Supplemental Figure S3; (76)).

The rate of leaf development was comparable between
mutants of IRPI, IRP4, IRPS, IRP6, IRP7, IRPS8 and wild-
type (Figure 4B, 1.02, 1.06, 1.12). In contrast, irp2-1 +/—,
irp2-2 +/—, irp3-1 +/—, irp9-1 +/—, irp9-2 +/— and irp9-3
+/— showed a reduced developmental rate when compared
to wild-type (Figure 4B, 1.02, 1.06, 1.12). In addition, plants
of these six lines were smaller than wild-type plants and mu-
tants of /JRP9 showed a chlorotic phenotype (Figure 4C).

Development of the inflorescence was delayed in case of
irp5-1, irp5-2, irp7-1 +/—, irp8-1 +/—, irp9-1 +/—, irp9-2
+/— and irp9-3 +/— when compared to wild-type (Supple-
mental Figure S4). Further, we observed a reduced growth
of the inflorescence for irpl-1 and irp3-1 +/—, but a longer
inflorescence for irp4-1 (Supplemental Figure S4).

The initiation of the first flower bud is delayed in irp5-
1, irp5-2, irp7-1 +/—, irp8-1 +/—, irp9-1 +/—, irp9-2 +/—
and irp9-3 +/— (Figure 4B, 5.1). In contrast, for most of the
mutant lines (irpl-1, irp2-1 +/—, irp2-2 +/—, irp5-1, irp5-2,
irp6-1, irp7-1, irp8-1 +/—) a faster flowering was observed
(Figure 4B, 6.9). Standing out, irp9-1 +/—, irp9-2 +/— and
irp9-3 +/— plants were delayed in general (Figure 4B, 1.02—
6.9).

Thus, we observed four developmental phenotypes for
the different factors. (I) The mutants of /RP2 and IRP3
showed a delayed initial growth. (IT) The mutants of /RP5,
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Figure 4. Growth and development of the mutants with defects in
rRNA processing. (A) Germination rate for the different mutant lines
was determined. Values with statistically significant difference to wild-type
(P < 0.001) are indicated (*). (B) Growth analysis of the mutant lines ac-
cording to Boyes et al. (62). The stage 1.02 (2 rosette leaves > 1 mm in
length), 1.06 (6 rosette leaves >1 mm in length), 1.12 (12 rosette leaves >1
mm in length), 5.1 (first flower buds visible) and 6.9 (flowering complete)
is shown. Values with statistically significant difference to wild-type (P <
0.01) are indicated (*). (C) A representative plant of the indicated mutants
after 14 days of growth. (D, E) Silique length (D) and the number of seeds
per silique (E) of the indicated mutants is presented. The black bar shows
wild-type and the blue inset in (E) the number of pale seeds. Values with
statistically significant difference to wild-type (P < 0.001, * or P < 0.01,
**) are indicated. (F) Shown are representative pale seeds of the indicated
six mutant strains. A green wild-type seed is shown for comparison. On the
bottom there are illustrations of the globular, heart, linear cotyledon and
mature green stage of the seeds. The illustrations are according to (77).



IRP7 and IRPS8 had a delay of initial flowering. (III) The
mutants of all /RPs except IRP3, IPR4 and IRP9 showed
an early completion of flowering, while (IV) the mutants of
IRPY showed a general delay of growth. Remarkably, for
irp4-1 we observed only a weak developmental phenotype
represented by extended inflorescence (Supplemental Fig-
ure S4).

Mutants of IRP2, IRP3 and IR P9 lead to an arrest of embryo
development

We were unable to isolate homozygous mutants of /RP2,
IRP3, IRPS and IRP9. Germination of the seeds of the ac-
cording mutants shows an at least 25% reduction (Figure
4A). In addition, we observed a reduction in the length of
the mature siliques for the mutants of /RP3 and IRP9 (as
well as of /RP4) in comparison to wild-type (Figure 4D;
Supplemental Figure S5). The number of seeds per silique
is lower in the mutants of JRP2, IRP3 and IRP9 when com-
pared to wild-type (Figure 4E). Moreover, we observed a
significant number of pale seeds in the siliques of /RP2,
IRP3 and IRPY, but not of IRP8 (Supplemental Figure S5).

Inspection of the pale seeds of irp2-1 +/— and irp2-2 +/—
revealed that the embryo was arrested in the heart stage
(Figure 4F; (78)). The embryo in pale seeds of irp3-1 +/—
was arrested in pro-embryo/globular stage (Figure 4F). For
the mutants of /RP9 the number of detected pale seeds
was lower than for IRP2 and IRP3. Moreover, the three
IRP9 mutants showed a somewhat differential phenotype
likely caused by the different T-DNA insertion site. While
embryos in pale seeds of irp9-1 +/— and irp9-2 +/— were
mostly arrested in the heart stage, most of the pale seeds of
irp9-3 +/— contained embryos in the torpedo stage (Figure
4F). Thus, the pale seeds observed in the siliques of /RP2,
IRP3 and IRPY explain the lower germination rate of the
according mutants.

The stage of embryo developmental arrest parallels
the previously established expression profile (Supplemen-
tal Figure S2; (76,77)), where IRP2 was found to be highly
expressed in preglobular, globular and heart stage, IRP3
transcript abundance increases from preglobular to globu-
lar stage and IRP9 transcript is high in the preglobular and
the heart stage. Moreover, the observed phenotype of ar-
rested embryo development in pale seeds is comparable to
that found for mutants of other RBFs (29).

IRPS5, IRP6 and IRP7 function is required during auxin in-
duced growth

It has been proposed that ribosome biogenesis is regulated
by the phytohormone auxin (31,37-39). In turn, auxin in-
duces cell growth and division which requires high rates of
protein synthesis and defects in ribosome biogenesis would
cause alterations of the plant response to auxin. This is doc-
umented by an enhanced activity of e.g. RNA polymerase
I required for rRNA precursor synthesis (79-81). Hence,
auxin treatment will highlight the importance of ribosome
biogenesis factors for maturation of the early rRNA pre-
cursors. Consequently, we analyzed the rRNA processing of
the homozygotes IRPS5, IRP6 and IRP7 mutants showing
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an enhanced level particularly of 33S and 27S pre-rRNA
(Figure 3) after treatment with 10 uM auxin (Figure 5A;
(82)) to define the time of action of the according factors.

For wild-type we observed that auxin treatment reduced
the abundance of the early forms of pre-rRNA (35S, 33S,
27SA;,/Ajz and 27SBs,1 ), while the late forms of pre-rRNAs
are not as drastically affected in their abundance (P-Aj, P’-
Ajz or 18S-Aj; Figure 5A, B left). For irp5-1 we detected
a further increase of the accumulation of 33S after auxin
treatment when compared to untreated plants (Figure 5B).
Thus, in comparison to wild-type where 33S abundance is
reduced upon auxin treatment, the observed pre-rRNA pro-
cessing phenotype (Figure 3) is even more pronounced.

Auxin treatment of irp6-1 yielded an increase of the
35S as well as of 27SBg;. pre-rRNA when compared to
wild-type and the untreated mutant (Figure 5A, B). The
27SA;/Ajz remained enhanced in the mutant, but did not
show a further accumulation when compared to untreated
wild-type (Figure 5A, B). For irp7-1 we realized an accu-
mulation of P-Aj and P’-Aj intermediates when compared
to the plants grown in the absence of auxin (Figure 5A, B).
Moreover, we observed the accumulation of an additional
rRNA intermediate with probe p2 (Figure 5A, triangle).

Inspired by the observed additional rRNA intermediate
after auxin treatment of the irp7-1 mutant we compared the
profile of pre-rRNAs isolated from flowers and cell cultures
representing a fast dividing system. While the additional in-
termediate was barely detectable in flowers, it is present in
the cell culture (Figure 5C, star). Circular RT-PCR and se-
quencing of the fragment revealed that the 5’ end originates
from cleavage at P-site and the 3’ end from cleavage at C,
and subsequent endo- or exonuclease activity (Figure 5D).
Remarkably, while sequencing the intermediates we realized
few fragments with poly-A adenylation consistent with tag-
ging for degradation (83).

The irp mutants are sensitive to salt and sugar stress

Ribosome biogenesis was linked to stress responses and
sugar provision (27,32,33). Consequently, we analyzed the
growth of the irp mutants in the presence of 100mM NaCl
(Figure 6A). We realized a reduced growth of all mutants
judged from the rosette diameter when compared to wild-
type. The strongest reduction is observed for irp2-1, irp2-
2, irp3-1, irp9-1, irp9-2 and irp9-3 (Figure 6A, classes d, cd
and ¢). Moreover, all mutants except irp4-1, irp7-1 and irp§-
1 show a chlorotic phenotype. In contrast, the wild-type is
just slightly impaired in growth when compared to normal
growth conditions and does not show chlorosis.

Growth on 200 mM glucose showed a different pheno-
typic pattern. Here, irp4-1, irp6-1 and irp7-1 show no signifi-
cant reduction of growth when compared to wild-type (Fig-
ure 6B, class ab). All other T-DNA insertion lines show re-
duced growth and an enhanced anthocyanin level which has
been associated with sugar stress (27,84). Nevertheless, irp2-
1, irp2-2, irp5-1, irp8-1, irp9-1, irp9-2 and irp9-3 showed a
more dramatic effect than the other three mutant lines (Fig-
ure 6B, classes d, c¢d, ¢). Thus, we are able to link the func-
tion of IRPs to abiotic stress response, but at the same time
realized that not all IRPs are equally important.
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Figure 5. rRNA processing after auxin treatment. (A) Representative
northern blots with probes indicated on the left for irp5-1, irp6-1 and irp7-1
grown in the presence of or absence of 0.5 mM auxin is shown. The name of
the rRNA intermediate is indicated on the right. The triangle show rRNA
intermediates that only occur after auxin treatment. (B) Quantification of
the intensities of the northern blot results for the different rRNA inter-
mediates shown in (A). Values were normalized to the ethidium bromide
stained mature 25S and 18S and are expressed as ratio between signal after
auxin treatment and without auxin treatment. Black bars show values for
T-DNA insertion lines and grey bars for wild-type. Standard deviation is
shown. (C) Representative northern blots, with probes indicated (bottom),
using isolated RNA from flowers (fl) and cell cultures (cc). The annealing
of the probes is indicated in Figure 3A. The migration of the mature rRNA
is indicated on the left and of the rRNA intermediates are indicated on the
right. The triangle marks the new P-C, intermediates, which is highlighted
by a star and not detectable with p6. (D) The fragments were mapped to
rRNA for determining the extremities with respect to P and C; site (n =
21) and the number (right) the distance from C,. Star indicates fragments
with polyadenylation.

DISCUSSION

Additional nine factors influencing rRINA processing in A.
thaliana

We have identified nine proteins without yeast or human
RBF orthologue (Figure 1; Table 2) that play an important
role in rRNA processing in A. thaliana (Figure 3). We an-
notated the factors and the according mutants as ‘involved
in rRNA processing’ (IRP). Thus, we provide evidence of
plant specific RBFs which are involved in the processing of
various plant pre-rRNA precursors, ranging from 33S mat-
uration to processing of the 5'-5.8S pre-rRNA.

Mutants of /RPI to IRP4 show a reduction of the 35S
pre-rRNA (Figures 3 and 7). In addition, the 33S pre-rRNA
is reduced in the mutants of /RP2 to IRP4 and the 27S-Bg,1.
pre-rRNA in the mutant of /RP3. This links the function of
IRPI1, IRP2 and IRP3 to the transcription of 35S or to the
regulation of 35S or 338 stability.

In addition to the impact on larger pre-rRNAs, the muta-
tion of IRP4 causes an enhanced occurrence of the 5.8S+30
and 6S pre-rRNA (Figure 3). This suggests that IRP4 is in-
volved in the final maturation of the 3’ end of the 5.8S rRNA
and that accumulation of the larger pre-rRNAs might be a
feed back to the delay of 5.8S processing.

The mutant of /RPS5 causes an accumulation of the 33S
pre-rRNA (Figures 3 and 5) and the mutant of /RP6 de-
fective in 27S-Bg,; cleavage (Figures 3 and 5). Thus, IRP5
and IRP6 are likely involved in the early rRNA matura-
tion. Again, the accumulation of 27S-A;/3 in the mutant of
IRP6 might be the consequence of the delay in 27S-Bg,1.
pre-rRNA processing.

IRP7 appears to be involved in processing of P’-A; (Fig-
ure 3) and its mutation causes the accumulation of a P-
C, pre-TRNA upon addition of auxin (Figure 5). Mutation
of IRP8 causes an accumulation of the 18S-Ajz pre-rRNA.
Thus, the function of these two IRPs affects the maturation
of the small subunit. Worthwhile mentioning, the mutant of
IRPS shows an accumulation of other pre-rRNAs as well
(Figure 3).

Moreover, IRP7, IRP§ and IRP9 affect the processing of
the plant-specific rRNA intermediate 5'-5.8S (Figures 3 and
7). Thus, four of the identified proteins are involved in plant-
specific rRNA processing pathways (5'-5.8S and P-C, pre-
rRNA cleavage).

The IRPs are largely conserved in plants

IRP2, IRP4 and IRPY are conserved in all eukaryotes (Fig-
ure 1, Table 2), but their orthologues in yeast or humans
have no described function as RBF. All three proteins have
been annotated in the past, but only for IRP2 and IRP4
an additional function has been identified. This is not un-
expected because several human disease-related genes (e.g.
DUSPI11 or NOL7), and likewise the yeast proteins Snu66,
a component of the spliceosome and the pre-mRNA splic-
ing factor Prp43p were described to be involved in rRNA
processing (23,85,86). Based on the overlap between pro-
teome analysis after fractionation (24) and intracellular dis-
tribution of GFP-fusion proteins IRP2, IRP4 and IRP9 are
localized in the nucleus (Figure 2).
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Figure 6. Sensitivity of irp mutants to salt and glucose. (A, B) Representative images of plants grown on plates supplemented with 100 mM NaCl (A) or
200 mM glucose (B) are shown on the top. The diameter of the plants was determined and the results for the indicated number of plants (number below
box) is shown as a box plot. For heterozygous lines the diameter was first clustered and after occurrence of two populations the one with diameters like
wild-type was omitted. Significance of the differences was analyzed (P < 0.001) and same letters indicate values without statistically significant variation
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Table 2. Properties of T-DNA insertion lines affecting rRNA processing

Salt Sugar
TG oG Occurrence Line name  Stock center ID Zygosity DD sensitivity sensitivity
AT3G07170 Streptophyta irpl-1 Salk-006113.53.35.x Homozygote Early flowering C/RRDC RRDC
AT4G32720 Eukaryota irp2-1 Sail_313C08 Heterozygote  Arrested embryo dev. C/RRD A/RRD
irp2-2 Gabi_870F12 Heterozygote  Arrested embryo dev. C/RRD A/RRD
AT4G17720 AT5G16840 Viridiplantae irp3-1 Sail_365B01 Heterozygote ~ Arrested embryo dev. C/RRD A/RRD
AT3G11270 AT5G05780 Eukaryota irp4-1 Salk_128568.33.50.x Homozygote  Reduction of silique RRD -
length
ATI1G29250 AT2G34160 Viridiplantae irp5-1 Gabi_560B06 Homozygote Growth delay, early C/RRD A/RRD
flowering
irp5-2 Salk-069210.55.50.x Homozygote Growth delay, early C/RRD A/RRD
flowering
AT3G01540 AT3G06480 Streptophyta®-8 irp6-1 Salk-073018.54.25.x Homozygote Early flowering C/RRD
AT5G14610
AT2G34160 AT1G29260 Viridiplantae ipr7-1 Gabi-128D08 Homozygote  Growth delay, early RRD
flowering
ATI1G66260 AT5G37720 Magnoliophyta ipr8-1 Gabi_714H09 Heterozygote ~ Reduced germination RRD A/RRD
growth delay, early
flowering
irp9-1 Salk_077667.14.70.n Heterozygote  Arrested embryo dev., C/RRD A/RRD
growth delay
AT4G25550 Eukaryota irp9-2 Salk-032994.56.00.x Heterozygote  Arrested embryo dev., C/RRD A/RRD
growth delay
irp9-3 Salk_117288.49.45.x Heterozygote  Arrested embryo dev. C/RRD A/RRD

growth delay

TG...targeted gene; OG...orthologous genes; DD...developmental defects, RSS...response to salt or sugar stress; A: orthologues identified in few archaeal genomes, B:
orthologues identified in few bacterial genomes; C: chlorotic (C) phenotype, enhanced anthocyanin content (A) or reduced rosette dimension (RRD).

IRP2 contains a RRM and a La domain that are known
to bind RNA (Figure 1; (67,68)). The protein was iden-
tified as a homologue of the human Lal protein and an
embryonic-lethal phenotype was reported (87), which is
consistent with our observation (Figure 4; Supplemental
Figure S5). It was reported that AtLal/IRP2 binds to the
S'UTR of the WUS mRNA (88) and interacts with pre-
snoR43.1 (87) targeting the 18S rRNA (89). Considering
the impact on snoRNA production, we cannot exclude that
the impact of AtLal/IRP2 on rRNA processing is indirect
through snoR43.1 maturation.

IRP4 was previously assigned as subunit Rpn8b of the
26S proteasome (72). We conclude that the impact of
Rpn8p/IRP4 on ribosome biogenesis might be linked to a
defect of the 26S proteasome, especially as subunits of the
268 proteasome have been identified in the nucleolus as well
(47). Moreover, AT5G05780 not analyzed here is ortholo-
gous to IRP4. Consistent with the existence of an ortho-
logue with similar function, we were able to isolate a ho-
mozygote mutant that shows only a weak phenotype (Fig-
ure 4; Supplemental Figure S1).

IRPY contains a domain annotated as nucleotide hydro-
lase and was annotated as cleavage factor CFIS2 of the
polyadenylation machinery (74). However, despite a yeast
two hybrid analysis yielding an interaction with the endonu-
clease CPSF30, the poly(A) tail binding protein PAPS4 and
a fragment of the PAPS binding partner FIPS5 (74), the
function in plants was not yet demonstrated. Remarkably,
the heterozygous mutant shows a significant growth reduc-
tion (Figure 4; Supplemental Figure S4) and an accumula-
tion of the 5'-5.8S pre-rRNA (Figure 3).

Among the factors with impact on rRNA processing,
IRP3, IRPS5, IRP7 and IRP8 are found in all Viridiplan-
tae (Figure 1). IRP3 contains an RRM domain (Figure 1)
and is at least localized in the cytosol and nucleus (Figure
2). The mutant is embryonic-lethal (Figure 4). This suggests
that the observed orthologue (AT5G16840; Table 2) does
not perform a comparable function. The heterozygous mu-
tant of IRP3 showed defects in accumulation of 35S, 33S
and 27S-Bg,1. pre-rRNA (Figure 3). The nucleolar localized
IRPS is characterized by an RRM domain and was pre-
viously annotated as ALY 3 without further experimental
analysis (Figure 2; (90)). The defect of rRNA processing is
widespread (Figures 3 and 7). Remarkably, IRPS contains
a PRMT1 domain, which is characteristic for methyltrans-
ferases (Figure 1). Recently, a comparable widespread im-
pact on rRNA maturation was described for the methyl-
transferase AtPRMT3 (91). Considering that IRPS con-
tains an RRM domain for RNA interaction, the widespread
function of IRPS is consistent with a global function in
rRNA processing in plants as assigned to AtPRMT3.

IRP5 and IRP7 are orthologues, but perform different
functions. The proteins contain an ALBA domain (66). By
GFP-fusion we identified IRPS5 in the cytosol and IRP7 in
the cytosol and nucleus (Figure 2, Table 1), and by mass
spectrometry in the nucleolus (24). Considering the impact
of IRP5 on 338 processing and of IRP7 on P’-Aj processing
(Figures 3 and 5) it is likely that the GFP-fusion resulted in
mistargeting of the protein. The mutant of /RP5 and IRP7
showed a delay of initial flowering and a reduced inflores-
cence stem growth (Figure 4, Supplemental Figure S4).

Two proteins are specific for Streptophyta, namely IRP1
and IRP6 (Figure 1). IRP1 is localized in the nucleus and



nucleolus (Figure 2) and contains a SAM-domain (Fig-
ure 1; (70,71)). The protein is not essential (Supplemen-
tal Figure S1) and the mutant shows a reduced accumu-
lation of the 35S rRNA (Figure 3). IRP6 belongs to the
DEAD/DEAH-helicases and was annotated as atDRH1
(92). A recent study suggested a function of atDRH1/IRP6
in the regulation of mRNA export from the nucleus based
on the mRNA accumulation in the mutants (93). In agree-
ment with this notion, the GFP-fusion protein was local-
ized in nucleoplasm and cytoplasm (Figure 2). However, the
protein is also present in the nucleolus (Figure 2, (24)) and
especially 27S-A/3 pre-rRNAs accumulate in the mutant
(Figure 3).

Thus, we identified six proteins that are either plant-
specific or have plant-specific functions as RBF (IRP2,
IRP3, IRP4, IRP7, IRP§ and IRP9). However, two of the
analyzed IRPs (IRP2 and IRP4) might function upstream
of processes directly involved in rRNA maturation. Never-
theless, their function is central for rRNA processing as the
abundance of specific pre-rRNAs is affected in the accord-
ing mutants. In addition, two IRPs are specific for Strepto-
phyta (IRP1 and IRP6).

The link between rRNA processing and cell physiology

The importance of ribosome biogenesis is already reflected
by the circumstance that homozygous mutants of four of the
nine IRPs are lethal, while mutants of two of the other four
factors (IRP5 and IRP7) show a reduced growth (Figure 4).
Here, IRP2 mutants, irp3-1 and /R P9 mutants show an em-
bryo development phenotype (Figure 4, Supplemental Fig-
ure S5). The irp8-1 line does not show a reduced seed num-
ber but a reduced germination rate by 25%. This suggests
that the mutant is recessive lethal allowing development of
the embryo but impeding germination. This explains the ab-
sence of mature homozygous mutant plants (Figure 4). The
survival of the embryo not expressing a functional variant
of a given IRP to a certain state might be explained by the
function of pre-existing proteins that is constantly diluted
by cell division to a level no longer sufficient to promote
proper ribosome maturation. Our results further document
that the orthologue of IRP3 encoded by AT5G16840 (Ta-
ble 2) and the orthologue of IRP8 encoded by AT5G37720
(Table 2) do not perform the same function.

The heterozygous mutants of /RP2 and IRP9 were de-
layed in growth when compared to wild-type (Figure 4; Sup-
plemental Figure S4). In addition, the mutants of /RPI,
IRP2, IRPS, IRP6 and IRP7 show an early flowering, which
is a typical stress characteristic (94). Such drastic pheno-
type is in agreement with previous reports for plant RBFs
(27,29,36,42-45) and documents the importance of ribo-
some biogenesis for cell survival.

The mutants of IRPI, IRP4 and IRP6 show only a weak
phenotype under normal growth conditions (Figure 4, Sup-
plemental Figure S4). For IRP4 and IRP6 this might in part
be explained by the existence of orthologues AT5G05780
for IRP4 and AT3G06480 for IRP6, which could perform
a comparable function (Table 2). Interestingly, the mutant
of the orthologue of IRP6 encoded by AT5G14610 did not
show any defects in pre-rRNA maturation (Figure 3). In
turn, the mutant of /RP6 like the mutant of IRP5 showed a
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more pronounced defect in pre-rRNA processing after en-
forcing growth by addition of auxin (Figure 5). It is well
established that auxin treatment enhances pre-rRNA syn-
thesis (79—-81). This might suggest that the function of IRP6
becomes rate limiting under conditions with pre-rRNA syn-
thesis and that the additional factors with comparable func-
tion are not fully sufficient under this condition (Figures 3
and 7).

It has been reported that sugar deprivation leads to re-
duced rRNA synthesis (33), while sugar treatment enhances
the expression of RBF and RP genes as well as genes coding
for subunits of snoRNP complexes (34). This is consistent
with the observed high sugar content in meristem tissues
with high rates of cell divisions and thus, a high demand on
energy (95). Mutants of the RBFs APUM24 or AtRHS7
show hyper sensitivity to high sugar contents (27,96), sim-
ilar to the phenotype of the mutants of IRP2, IRPS5, IRPS
and /RP9 (Figure 6). Based on the analysis of mutants of
AtRHS57 it was proposed that RBFs might act in feedback
inhibition of glucose induced abscisic acid accumulation
(97), the latter causing a delay of germination, growth and
assembly of photosystems (97). Thus, the process of ribo-
some maturation is directly linked to the cellular fate in cells
with high energy supply.

Remarkably, the mutants of the other /RPs (IRP1, IRP4,
IRP6, IRP7) are not as drastically affected by addition of
glucose. Note, all four are not essential in general and for
three we even observed orthologous sequences (Table 1).
In turn, all mutants are highly sensitive to salt stress when
compared to wild-type and most even show chlorosis (Fig-
ure 6). In general, high salinity represents an abiotic stress
that causes ionic toxicity and osmotic changes (98). In re-
sponse, a reprogramming of the cellular proteome occurs
that requires massive protein synthesis (99). Thus, ribosome
biogenesis is required to cope with the new cellular situa-
tion and accordingly, mutants with reduced synthesis rates
exhibit a loss of response capacity. Indeed, this is consis-
tent with the previous suggestion that the fidelity of ri-
bosome biogenesis under salt stress is regulated by post-
translational processing and might even involve abscisic
acid signaling (32). The latter would unify the responses of
ribosome biogenesis to the energy supply and to stress re-
sponses, at least to salt stress responses, which needs to be
explored in more detail in future.

The plant-specific pre-rRINA processing events

We discovered three IRPs involved in the maturation of the
plant-specific 5'-5.8S pre-rRNA (Figure 3) and discovered
an ITS2 cleavage first mode in fast dividing tissues (Fig-
ure 5). While IRP7 and IRPS8 influence the maturation of
the small ribosomal subunit as well, IRP9 appears to be
exclusively involved in 5'-5.8S pre-rRNA maturation (Fig-
ure 3). Remarkably, mutants of /RP9 involved in the pro-
cessing of the plant-specific precursor 5'-5.8S (2) showed
the strongest phenotype, as the mutation caused embryo
lethality, and even the heterozygous mutants showed re-
duced growth and a pale-leaf phenotype in the early phase.
In addition, /R P9 mutants were highly sensitive to high salt
and sugar treatment. This demonstrates that processing of
the plant-specific 5'-5.8S precursor is essential for viability,
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Figure 7. The impact of the IRPs in rRNA processing. The rRNA processing scheme in plants according to (2) with modifications to include our obser-
vations is shown. The arrow size on top illustrates the general importance of the major (ITSI first), the minor (5ETS first) and the ‘bypass’ (ITS2 first)
pre-rRNA maturation pathway. The involvement of the IRPs in pre-rRNA processing according to Figures 3 and 5 are shown. The color of the IRP name
is a simple guidance for the involvement in different pathways. Note, the effect of IRPS is dispersed. Intermediates in grey are further processed according

to the pathways shown before on the left side.

while the 6S pre-rRNA exists in parallel (2), and that IRP9
appears to be central for this processing. The exact mecha-
nism by which IRP9 regulates the processing remains to be
established. In turn, the mutant of JRP4 which is involved
in the maturation of 6S pre-rRNA is not lethal and does not
show a strong phenotype. Whether this reflects a lower de-
mand for 6S processing than for 5'-5.8S pre-rRNA matura-
tion or whether the orthologue can perform the same func-
tion, especially as both are expressed in comparable manner
e.g. in seeds (Supplemental Figure S4) needs to be further
investigated.

Moreover, an additional pre-rRNA intermediate became
detectable in irp7-1 after enforced growth by auxin addi-
tion (Figure 5). As mentioned above, addition of auxin on
the one hand enforces cell growth and division and on the
other hand accelerates pre-rRNA synthesis. Thus, in nor-
mal tissues the absence of IRP7 is not rate limiting, while
enhancing pre-rRNA synthesis uncovers the importance of
the factor. However, this intermediate becomes detectable
in fast dividing tissues represented in here by cell cultures
(Figure 5). The intermediate represents a pre-rRNA pro-
duced by P and C, cleavage and thus represents an 1TS2
cleavage first pathway (Figure 7) not yet identified in yeast
or humans. Thus, we have three pathways of pre-rRNA mat-
uration in plants, the previously described (i) ITS1 cleavage
first and (ii) the 5-ETS removal first (2), as well as the in
here identified ITS2 cleavage first (Figure 7). Based on cur-
rent knowledge we assume that the latter represents a path-
way occurring in fast dividing tissues. The importance of the
third pre-rRNA maturation pathway needs to be explored
in the future.
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