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Eukaryotic ribosome assembly starts in the nucleolus, where the ribosomal DNA
(rDNA) is transcribed into the 35S pre-ribosomal RNA (pre-rRNA). More than two-
hundred ribosome biogenesis factors (RBFs) and more than two-hundred small
nucleolar RNAs (snoRNA) catalyze the processing, folding and modification of the
rRNA in Arabidopsis thaliana. The initial pre-ribosomal 90S complex is formed
already during transcription by association of ribosomal proteins (RPs) and RBFs. In
addition, small nucleolar ribonucleoprotein particles (snoRNPs) composed of snoRNAs
and RBFs catalyze the two major rRNA modification types, 2′-O-ribose-methylation
and pseudouridylation. Besides these two modifications, rRNAs can also undergo
base methylations and acetylation. However, the latter two modifications have not
yet been systematically explored in plants. The snoRNAs of these snoRNPs serve
as targeting factors to direct modifications to specific rRNA regions by antisense
elements. Today, hundreds of different sites of modifications in the rRNA have
been described for eukaryotic ribosomes in general. While our understanding of
the general process of ribosome biogenesis has advanced rapidly, the diversities
appearing during plant ribosome biogenesis is beginning to emerge. Today, more
than two-hundred RBFs were identified by bioinformatics or biochemical approaches,
including several plant specific factors. Similarly, more than two hundred snoRNA
were predicted based on RNA sequencing experiments. Here, we discuss the
predicted and verified rRNA modification sites and the corresponding identified
snoRNAs on the example of the model plant Arabidopsis thaliana. Our summary
uncovers the plant modification sites in comparison to the human and yeast
modification sites.
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INTRODUCTION

Ribosome biogenesis is an essential biochemical process in
all existing organisms. The formation of functional ribosomes
involves a huge number of different RNAs and proteins, which
have to act in a defined order. These factors catalyze various
steps during the maturation of ribosomal RNA (rRNA) from
the initial precursor including, their folding, modifications of
the rRNA and the assembly of ribosomal proteins. For model
systems like yeast, the understanding of molecular events during
ribosome biogenesis are already well described. For example,
comprehensive number of ribosome assembly factors and their
functions, in addition to availability of high resolution ribosome
structure, paved the way for in-depth analysis of ribosome
maturation in yeast (Woolford and Baserga, 2013; Klinge and
Woolford, 2019). While for the same processes in plant systems,
many aspects are yet to be given a detailed account. For
the analysis of the processes in plants, Arabidopsis thaliana
has become the model plant for the examination of ribosome
biogenesis next to crop plants like wheat and rice (Armache et al.,
2010b; Hang et al., 2018).

The maturation of 80S ribosomes is coordinated between
three different compartments of the cell. It begins with the
transcription of the 35S pre-rRNA by RNA-polymerase I in
the nucleolus (Tsang et al., 2003; Henras et al., 2008; Missbach
et al., 2013; Hellmann, 2020). The 35S pre-rRNA consists of the
three rRNAs 18S, 5.8S, and 25S. The 18S and 5.8S rRNA are
separated by the internal transcribed spacer 1 (ITS1), 5.8S and
25S rRNA by the internal transcribed spacer 2 (ITS2) and the
three maturing rRNAs are additionally flanked by the 5′- and 3′-
external transcribed spacers (ETSs); (Tollervey and Kiss, 1997;
Lafontaine, 2015; Weis et al., 2015b; Figure 1). This precursor
is subsequently processed and modified. The maturation of the
rRNA is assisted by ribosome biogenesis factors (RBFs) and small
nucleolar RNAs (snoRNAs) (Figure 2A). Initially, the 90S particle
formation is followed by subsequent splitting into pre-40S and
pre-60S particles. The maturation of these particles occurs in the
nucleolus, nucleoplasm and in the cytosol (Figure 1). During the
maturation of ribosomal subunits, the precursors of 18S, 5.8S,
and 25S rRNA are processed, folded and modified, and the final
steps occur in the cytoplasm before final assembly of the 80S
ribosomes (Henras et al., 2008; Palm et al., 2019; Sáez-Vásquez
and Delseny, 2019). In addition to the rRNAs transcribed on the
35S transcript, the large ribosomal subunit (LSU) contains a 5S
rRNA. This rRNA is transcribed independently in the nucleus by
RNA-polymerase III (Henras et al., 2008; Missbach et al., 2013;
Bassham and MacIntosh, 2017). The 5S rRNA forms the 5S RNP
together with the ribosomal proteins L5 and L18, which associates
with the 60S pre-ribosomal particle in the nucleoplasm (Leidig
et al., 2014; Lafontaine, 2015).

To date, more than 200 RBFs and more than 200 snoRNAs
were described to regulate ribosome maturation. In plants, the
inventory for both has been established by a combination of
experimental evidence and bioinformatics prediction (Barneche
et al., 2001; Brown et al., 2001; Qu et al., 2001; Chen C. L. et al.,
2003; Chen and Wu, 2009; Kim et al., 2010; Liu et al., 2013;
Palm et al., 2016; Azevedo-Favory et al., 2020). Considering the

importance of rRNA modifications for proper processing and
maturation of rRNA but also for the function of ribosomes, we
discuss in the following the current knowledge on the rRNA
modifications and snoRNAs in Arabidopsis and compare these
with the human and yeast modifications sites.

THE EUKARYOTIC snoRNAs

Alike messenger RNA (mRNA) and transfer RNA (tRNA), rRNA
is highly post-transcriptional modified (Sloan et al., 2017). For
yeast, it could be shown that the loss of individual modifications
within the rRNA is non-essential, while the lack of more than one
modification site, especially in important regions of the ribosome
has led to alterations in ribosomal processing but also rRNA
processing can be affected (Liang et al., 2009; Demirci et al., 2010;
Polikanov et al., 2015). Furthermore, different distributions of
modification sites can be related to different cell type as reported
for human ribosomes, where cancer cells carry a different subset
of modifications (Natchiar et al., 2017). Nonetheless, in contrast
it could be demonstrated that the loss of a single modification
site in zebrafish can have harmful effects during the early
development (Higa-Nakamine et al., 2012). However, only a
small number of rRNA modification types are known. The two
major modifications are 2′-O-ribose-methylation (2′-O-ribose-
me), where a methyl group is attached to the 2′ hydroxyl-
group of the ribose within nucleosides, and pseudouridylation
involving the conversion of uridine to pseudouridine (Zhao and
Yu, 2004; Ito et al., 2014). Recent studies in yeast showed, that
the acetyltransferase Kre33 acetylates the sites ac4C1773 and
ac4C1280 of the 18S rRNAs, which are guided by the two orphan
C/D box snoRNAs snR4 and snR45 (Ito et al., 2014; Sharma et al.,
2017b). Some snoRNAs like the abundant C/D box snoRNAs U3
and U14 are rather involved in pre-rRNA cleavage at the 5′-ETS
site and are therefore involved in 18S rRNA production (Brown
and Shaw, 1998; Venema and Tollervey, 1999; Brown et al., 2003).

The 2′-O-ribose-me is the most frequently occurring
modification within RNA and can be important for RNA
degradation. For example, it was observed that miRNA and
siRNAs lacking 2′-O-ribose-me on the 3′ terminal ribose are
exposed to degradation (Zhao et al., 2012). In addition, 2′-O-
ribose-me defines local secondary structures (Filippova et al.,
2017). Likewise, the isomerization of uridine to pseudouridine
confers stability of hairpins by base stacking (Desaulniers
et al., 2008; Filippova et al., 2017). Modifications often occur
in functionally relevant areas of the ribosomes such as A, P,
and E sites, the peptidyl transferase center (PTC) and the
intersubunit bridge (Decatur and Fournier, 2002; Watkins
and Bohnsack, 2012). Remarkably, RNA and especially rRNA
modifications appear to be altered during development in
addition to environmental changes, which could indicate
ribosome heterogeneity (Sloan et al., 2017).

Small nucleolar RNAs are small RNA molecules essential
for the regulation and guidance of the post-transcriptional
modifications of rRNA, tRNA, and snRNAs (Kiss, 2001; Kruszka
et al., 2003; Chow et al., 2007). SnoRNAs exist in eukaryotes
and archaea, but not in bacteria (Terns and Terns, 2002;
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FIGURE 1 | Ribosomal RNA (rRNA) processing pathway in A. thaliana. After transcription the 35S pre-rRNA is formed. After cleavage at site P, the further processing
depends on the next cleavage site. While for pathway 1 the next cleavage occurs in the 5′-ETS (similar to the main pathway in yeast), the second and majorly used
pathway is characterized by a first cleavage in the ITS1 region (similar to the human pathway). The location of each existing precursor of Arabidopsis is shown.
However, the exact localization of 27S and 18S precursors are not fully analyzed yet. The figure was modified from Weis et al. (2015a).

Bhattacharya et al., 2016). Because of their importance for rRNA
folding and modification, they are often localized in the nucleus
where processing and modification of rRNA takes place (Kiss-
László et al., 1998). They are re-localized to the cytoplasm in
response to stress, which has so far only been described in yeast
(Holley et al., 2015). Whether this holds true for eukaryotes in
general needs to be elucidated.

The sizes of snoRNAs vary between 60 and 300 nucleotides
(nt; Falaleeva et al., 2017) and they are mostly transcribed by
RNA-polymerase II (Qu et al., 2015). Nevertheless, in cases of the
U3 gene in plants and in dicistronic tRNA-snoRNA genes, RNA-
Polymerase III is responsible for the transcription (Dieci et al.,
2009). The snoRNA gene organization varies between organisms.
Most snoRNAs in yeast are independently encoded, and only a
minority is localized in intronic regions or in cluster with other
snoRNA genes (Brown et al., 2003; Figure 2B). The majority
of snoRNAs in humans are organized in intronic regions, and
only few are encoded as independent genes (Figure 2B). In plant
genomes snoRNAs are encoded either independently, in intronic
regions or in intronic gene clusters as shown in rice (Figure 2B;
Leader et al., 1997; Brown et al., 2003). In addition, snoRNAs are
also organized in dicistronic tRNA-snoRNAs or snoRNA-miRNA
clusters as described in A. thaliana and rice (Kruszka et al., 2003;
Qu et al., 2015).

The snoRNAs are classified by the existence of conserved
sequence motifs (Bachellerie and Cavaillé, 1997; Weinstein and
Steitz, 1999). The so called C/D box and H/ACA box snoRNAs
form the two major classes, while some minor classes have been

identified as well. The C/D box snoRNAs are characterized by a
“C box” with a consensus sequence RUGAUGA (R stands for any
purine) and a “D box” (consensus sequence: CUGA) (Figure 2A).
Frequently, these snoRNAs contain additional, less conserved
boxes annotated as C’ and D’. The conserved C and D boxes
fulfill a multitude of functions and are amongst necessary for
the snoRNA import into the nucleolus (Samarsky et al., 1998;
Newman et al., 2000; Bertrand and Fournier, 2013). In contrast,
binding to the rRNA target region is accomplished by one or
two antisense elements of about 10–21 nt positioned upstream
of the D or D’-boxes. In most cases, the complement to the fifth
nucleotide of this element is modified in the rRNA (Barneche
et al., 2001; Kiss, 2001; Kruszka et al., 2003). The secondary
structure of C/D box snoRNA is characterized by a K-turn
motif that brings the C and D box (C’ and D’) in proximity
through stem loop formation, and by guide elements carrying the
antisense sequences (Matera et al., 2007). The C/D box snoRNAs
are components of small nucleolar ribonucleoprotein particles
(snoRNPs) that in addition consists of described four core
proteins fibrillarin (methyltransferase; Nop1p in yeast), NOP58
(Nop58p in yeast), NOP56 (Nop56p in yeast), and 15.5K (Snu13p
in yeast) (Rodor et al., 2011; Huang et al., 2016; Figure 2A).

The hinge box (H-box: sequence ANANNA, N stands for any
nucleotide) and the 3′ terminal located ACA box characterize
the H/ACA box snoRNA family (Brown and Shaw, 1998;
Kiss, 2001). The H and ACA boxes are required for nucleolar
import, for example (Bertrand and Fournier, 2013). H/ACA
snoRNPs form a hairpin-hinge-hairpin-tail structure with the
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FIGURE 2 | The snoRNPs and snoRNA localization. (A) Depicted are the C/D box snoRNPs and H/ACA snoRNPs. The C/D box snoRNPs contain the conserved C
(RUGAUGA) and D (CUGA) boxes and the two less conserved C’ and D’-boxes. The C/D box snoRNPs are composed of the methyltransferase fibrillarin/Nop1p,
NOP56/Nop56p, Nop58/Nop58p, and 15.5K/Snu13p. The rRNA has a 10–21 nt long complementary site to the according snoRNA. The 2′-O-ribose-methylation
takes place 5 nt downstream of the D or D’ box (asterisks). The H/ACA box snoRNPs are composed of at least one stem loop. The Hinge Box (ANANNA) is located
between two stem loops and the ACA box at the 3′ end of the snoRNA. The pseudouridine synthase NAP57/Cbf5p is modifying approx. the 15th nucleotide
(asterisks) of the rRNA upstream of the H and or ACA box, further the proteins NHP2/Nhp2p, Nop10/Nop10p, and GAR1/Gar1p are required. (B) The snoRNA gene
organization in different eukaryotes. Yeast snoRNAs are mainly localized in independent regions and lesser in intronic and polycistronic (cluster) regions. The human
snoRNA gene organization is mostly intronic with few independent genes and plant snoRNAs are mostly located within clusters of many snoRNAs. Only very few
examples for intronic and independent gene organization are known. For references see main text.

tail and the hinge region being single stranded (Dragon et al.,
2006). The nucleotide to be modified is positioned about 15 nt
upstream of the ACA or hinge motif, respectively (Lindsay et al.,
2013; Figure 2A). Alike the C/D box snoRNAs, H/ACA box
snoRNAs are components of snoRNPs. However, the known
snoRNPs containing an H/ACA box snoRNA consist of the
proteins dyskerin/NAP57 (pseudouridine synthase; Cbf5p in
yeast), NHP2 (Nhp2p), NOP10 (Nop10p), and GAR1 (Gar1p)
(Rodor et al., 2011; Figure 2A).

Another minor class of snoRNAs unifies the mitochondrial
RNA processing (MRP)-RNAs, a snoRNA family which
lacks conserved boxes, but harbors rRNA processing activity

(Bertrand and Fournier, 2013). Additional snoRNAs without
typical motifs are deposited in plant snoRNA databases as well
(Yoshihama et al., 2013).

THE snoRNAs IN PLANTS

Since the first discoveries of snoRNAs in 1970’s (Reddy et al.,
1974, 1979) different studies targeted the identification of plant
snoRNAs by experimental approaches. Early on, the snoRNAs
U3, U14, and U49 were identified in plants based on similarity
to the snoRNAs of yeast and vertebrates (Kiss et al., 1991;
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Leader et al., 1994, 1997). Remarkably, U3 in plants is transcribed
by the RNA polymerase III and possess a different capping than
found for U3 in yeast or human (Kiss et al., 1991). By dot-matrix
analysis of Fib1 and Fib2, the plant-specific snoRNAs U60.1f and
U60.2f were discovered (Barneche et al., 2000).

After the release of the A. thaliana genome (Kaul et al., 2000)
snoRNAs were identified by computational strategies searching
for C/D box characteristics, rRNA complementarities or other
structural attributes (Zhou et al., 2000; Barneche et al., 2001;
Brown et al., 2001; Qu et al., 2001). The next boost for the
discovery of plant snoRNAs came by RNomics on either total
RNA from different tissues or from the nucleolar RNA of
A. thaliana (Marker et al., 2002; Kim et al., 2010; Streit et al., 2020)
and by re-analysis of existing small RNA datasets of different
A. thaliana tissues and growth stages (Chen and Wu, 2009).
This analysis was initially focused on Arabidopsis and was then
extended to Oryza sativa (Chen C. L. et al., 2003; Liu et al., 2013).
Today, 10,654 different H/ACA box snoRNA genes and 6064
different C/D box snoRNA genes are deposited in the database
snOPY (Yoshihama et al., 2013).

In contrast to globally discovered snoRNAs, only a single plant
snoRNA is functionally characterized. The C/D box type snoRNA
HIDDEN TREASURE 2 (HID2) associates with 45S pre-rRNA
but is not relevant for 2′-ribose methylation at position G2620
as this modification was not altered in an according mutant
(Zhu et al., 2016). It was speculated that other snoRNAs might
complement for HID2 function (Zhu et al., 2016), which needs
to be verified. Thus, the analysis of the snoRNA function and the
complementarity of the different snoRNA genes of the different
families will be a major target of future research.

THE rRNA MODIFICATION IN PLANTS

There are two major types of rRNA modifications, namely
2′-O-ribose-methylation and pseudouridylation. However, for
yeast and human rRNAs, base methylations were additionally
described (e.g., for yeast dimethylase Dim1p) (Lafontaine et al.,
1995). Furthermore, yeast rRNA was also found to be acetylated
(Ito et al., 2014; Sharma et al., 2017b). However, the latter two
modification types have not been described so far in plants
(Piekna-Przybylska et al., 2007).

Initially, the analysis of the individual snoRNAs was
accompanied by the analysis of the rRNA modification
sites, e.g., by primer extension analysis (Barneche et al.,
2000). Recently, genome-wide pseudouridine sequencing verified
predicted pseudouridine modifications in cytosolic and plastidic
ribosomes (Sun et al., 2019). At the same time, this approach led
to the discovery of yet unknown modification sites as well (Sun
et al., 2019). Remarkably, the ITS1 separating the 18S rRNA from
5.8S is modified as well (Sun et al., 2019). However, future studies
are required to explore whether this is a unique modification or
whether ITS1, ITS2 and the ETS regions are generally modified,
and to understand the role of modifications of the pre-rRNA.
A complementary analysis using RiboMethSeq for detection of
2′-O-ribose-me modifications yielded novel modification sites as
well (Azevedo-Favory et al., 2020).

Different approaches exploring the modifications of the rRNA
in Arabidopsis yielded a total of 321 rRNA modification sites
(Barneche et al., 2001; Qu et al., 2001; Chen and Wu, 2009;
Kim et al., 2010; Sun et al., 2019; Azevedo-Favory et al.,
2020; Streit et al., 2020). A total of 79 2′-O-ribose-me and
43 pseudouridylation sites were assigned for the 18S rRNA,
of which 44 2′-O-ribose-me and 28 pseudouridylation sites
were experimentally confirmed. For 25S rRNA, 132 2′-O-ribose-
me and 64 pseudouridylation sites are proposed, of which 86
and 51, respectively, are experimentally confirmed. For 5.8S
rRNA, three sites carrying 2′-O-ribose-me were predicted due
to antisense elements found in three snoRNAs of which two are
experimentally confirmed. Accordingly, a recent study confirmed
the predicted U22 pseudouridylation and mapped a new site at
U78 (Sun et al., 2019).

It has to be considered that the existing discrepancy between
detected and predicted modification sites might result from a
variability of the modification pattern in ribosomes of one cell, in
different tissues, at different developmental stages or in response
to environmental changes as discovered for other species named
ribosome heterogeneity (Sloan et al., 2017). However, as the
ribosome turn-over is comparatively slow, alterations in rRNA
modifications are considered to be more meaningful for long-
term changes (Ferretti and Karbstein, 2019). Although the final
annotation and confirmation of predicted sites requires further
research, in here the predicted sites are discussed as well. In the
following sections, the positioning of the modifications in the
rRNA, for selected modifications the function and the required
snoRNAs are discussed.

A VIEW ON THE rRNA MODIFICATION
SITES AND snoRNAs IN Arabidopsis
thaliana

A View on the Modifications in Plant
5.8S rRNA
For the 5.8S rRNA, three 2′-O-ribose-me sites were predicted
(Figure 3 and Supplementary Table 1), of which two sites were
mapped by primer extension (Barneche et al., 2001; Brown et al.,
2001; Qu et al., 2001). Additionally, two pseudouridylation sites
in 5.8S could be mapped as well (Sun et al., 2019). Thus, the
modification of the 5.8S rRNA in A. thaliana is more similar
to human with four modifications (two 2′-O-ribose-me and two
pseudouridylation sites) than to yeast, where only a single 9-site
at U73 is known so far (Piekna-Przybylska et al., 2007). However,
the 9-site in yeast exists in A. thaliana at position 978, although
this 9-site was found at the adjacent uracil in Arabidopsis
(Figure 3). The H/ACA box snoRNA snR43 targeting this site in
yeast (Piekna-Przybylska et al., 2007) could not be identified in
A. thaliana.

The sites Am47, Gm79, and 978 are localized in the
5.8S secondary structure, which is formed by three bulges
between the helices 5, 6, and 7 (Figure 3 and Supplementary
Table 1). Worth mentioning, the 2′-O-ribose-me at Gm79 in
A. thaliana (Figure 3) represents the Gm75 modification site in
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FIGURE 3 | Secondary structure diagram of the 5.8S rRNA and domain I of 25S rRNA of A. thaliana. There is no experimental determined secondary structure map
of the rRNA of A. thaliana. Hence, the secondary map of 5.8S (letters in green) and 25S (letters in black) was created based on the RNAcentral database (The
RNAcentral Consortium, 2019) and http://www.rna.icmb.utexas.edu. The positions for predicted (blue letter) and verified 2′-O-ribose-me (white letter in blue circle)
sites and the predicted (violet letter) and verified positions for pseudouridylation (white letter in violet circle) are shown. If several snoRNAs are annotated to target the
same site, the name is underlined. Analyses were conducted by using the snoRNA databases snOPY (Yoshihama et al., 2013) and the plant snoRNA DB (Brown
et al., 2003). Predicted and verified positions for 2′-O-ribose-methylations and pseudouridylations were obtained from Barneche et al. (2001), Brown et al. (2001), Qu
et al. (2001), Sun et al. (2019), Azevedo-Favory et al. (2020). Every tenth nucleotide is marked in red and every 50th nucleotide is labeled with the according number.
Framed small letters indicate the position of the structures shown separately and framed large letters indicate the position of the connections in subsequent images
(for A see Figure 4). The sequence used for the secondary structure map refers to the sequence of 5.8S and 25S of chromosome 2. The number in brackets
correspond to the modified nucleotide position. A small illustration of the whole 60S rRNA secondary structure highlighting the according region is enclosed.

humans (Piekna-Przybylska et al., 2007). Remarkably, in human
ribosomes the region which includes helices 5, 6, and 7 is
sandwiched between uL26, L35/uL29, L37, and eL39 (Khatter
et al., 2015) and the structure changes between the mRNA free

and the mRNA bound state (Graifer et al., 2005). A similar
structure was obtained in plant ribosomes, where the helices 5, 6,
and 7 are sandwiched by L24, L29, L37e, and L39e (Armache et al.,
2010a). Moreover, L29 was identified as one of the ribosomal
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proteins with diurnal alteration of the phosphorylation state
in Arabidopsis (Turkina et al., 2011). This suggest that the
modification in this region of the 5.8S rRNA might be important
for the ribosomal activity in translation (Gulay et al., 2017) or for
the ribosomal translation elongation (translocation), which was
found in cell-free extracts to be under the regulation of the 5.8S
rRNA as well (Elela and Nazar, 1997).

In addition, one modification is found in the bulge between
helix 2 and helix 3, and one in helix 10. All three helices are
formed by base pairing between 5.8S and 25S rRNA (Figure 3)
and are deeply buried in the ribosomal structure in the human
ribosomes (Khatter et al., 2015). Thus, it is likely that the
modifications are required for stabilizing the structure of the
ribosomes. Interestingly, the predicted 2′-ribose-O-me site at
position Gm155, which hypothetically is targeted by snoR4a/4b,
could not be confirmed by radiographic labeling of modified
nucleotides in wheat-embryo (Lau et al., 1974), suggesting that
this snoRNA is probably not involved in the modification but
rather in rRNA processing in the ITS2 region (Brown et al.,
2001). However, it is known that certain modifications of the
eukaryotic 5.8S are tissue specific (Nazar et al., 1975). Hence, it
remains possible that modifications like Gm155 are only present
in selected tissues or in developmental manner.

Furthermore, modifications such as 2′-O-ribose-methylations
at Um14 in rat liver appeared to be present in a higher
degree in the cytoplasmic fraction than in nuclear fractions
(Nazar et al., 1980). However, the cellular distribution of
the rRNA modifications in plant cells was not experimentally
approached so far.

A View on the Modifications in
Arabidopsis 25S rRNA
The 25S rRNA is the largest RNA within ribosomes and thus
it contains numerous modifications. For better discussion, the
25S rRNA is dissected in here into five domains along the rRNA
sequence. The 5′ region (bp 1–660) is assigned as domain I
(Figures 3, 4), bp 660–1440 as domain II (Figure 5), bp 1440–
1870 as domain III (Figure 4), bp 1870–2370 as domain IV
(Figure 6) and the 3′ region (bp 2370–3375) is assigned as domain
V/VI (Figure 7; Paci and Fox, 2015). The helical domains (H),
the expansion segments (ES), and pivoting regions (PR) are in
part numbered according to previous annotations (Taylor et al.,
2009; Paci and Fox, 2015). Expansion segments are additional
rRNA parts in eukaryotic rRNA compared to the prokaryotic
rRNA. Though expansion segments can vary in their sequence
and length but are rather conserved in their overall secondary
structure (Ramesh and Woolford, 2016).

Domain I of the 25S rRNA contains five mapped and
additionally nine predicted 2′-O-ribose-me sites (Figures 3, 4
and Supplementary Table 2), as well as two mapped and one
predicted pseudouridylation site(s). The methylations can be
found in helix 11, 15, and 24. Among others, helices 7, 18, 19, 20,
and 24 surround the exit tunnel for the nascent polypeptide chain
(Spahn et al., 2001). However, only in helix 24 two 2′-O-ribose-
me sites and one pseudouridylation site were mapped (Figure 3).
Accordingly, in human 28S rRNA, helix 24 carries a modification

at site Am389 and Am391 (Sharma et al., 2017a), while no
modification was found in domain I in yeast (Yang et al., 2016). In
fact, signal recognition particles (SRPs) (Halic et al., 2004), which
recognize specific sequences of nascent polypeptide chains from
the translating ribosomes interact with the tip of helix 24 of the
25/28S rRNA (Beckmann et al., 2001). In turn one could conclude
that human and plant ribosomes have evolved a similar mode
of binding to such molecular mechanisms. More intriguingly,
the presence or absence of modified nucleotides in this region
could be used as a complex regulator for the interaction of such
particles with the ribosomes of humans and plants. Furthermore,
snoRNAs for helix 24 modification were identified for humans,
but not for Arabidopsis (Supplementary Table 2). Hence, a
stand-alone enzyme might be responsible for these modifications
that could act in the cytoplasm of Arabidopsis.

Helix 11 of the 25S rRNA in Arabidopsis contains three
positions with modifications (two 2′-O-ribose-me and one
pseudouridylation site; Figure 3). However, this helix does not
carry modifications in yeast or human (Piekna-Przybylska et al.,
2007). Thus, it is highly likely that this helix has in plants
or at least in Arabidopsis a special function within the 60S
ribosomal subunits or even in the 80S ribosomes, which requires
such modification.

The region annotated as expansion segment 7 (ES7) contains
only one described modification site at Am660 which is targeted
by the snoRNAs U18-1 and 2 (Figure 4 and Supplementary
Table 2). The ES7 is known be localized at the ribosome surface
and belongs to the largest expansion segments with the highest
variability in eukaryotes (Ramos et al., 2016). It was found
that proteins binding to ES7 were relevant for regulations upon
environmental changes, 60S subunit biogenesis and transcription
elongation (Ramos et al., 2016). In contrast, yeast and human ES7
of the 25/28S is substantially greater than in plants (Parker et al.,
2018). Together with the fact that Arabidopsis ES7 carries a 2′-O-
ribose-me it can be concluded that plants evolved a special way
of regulating those important features during stress conditions as
well as in other regulatory functions.

Domain II of Arabidopsis 25S rRNA carries 29 putative 2′-
O-ribose-me sites of which 14 could be successfully mapped.
For pseudouridylation, 16 sites were predicted of which 13
were mapped (Figure 5 and Supplementary Table 2). Domain
II contains the GTPase center mainly composed of helix
43 and helix 44 (Figure 5), which is highly conserved in
all ribosomes (Ryan and Draper, 1991). In Escherichia coli,
this region including the ribosomal proteins L10 and L11 is
involved in the regulation of GTP hydrolysis by the elongation
factor G and TU (Egebjerg et al., 1990; Briones et al., 1998).
The rRNA of the GTPase center in A. thaliana contains
three mapped and two predicted modification sites, for which
associated snoRNAs are assigned (Figure 5 and Supplementary
Table 2). Interestingly the modifications seem to be unique for
A. thaliana since this segment is not modified in human or yeast
(Piekna-Przybylska et al., 2007).

In general, many of the mapped modification sites in
domain II are localized in stem structures (Figure 3). The
helices 27, 31, 32, 35, and 38 carry many modifications. In
yeast and human, helix 38 is exceedingly pseudouridylated but
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FIGURE 4 | Secondary structure diagram of the 3′ end of domain I (gray background) as well as of domain III of 25S rRNA of A. thaliana. The image is shown
according to the legend for Figure 3. Framed large letters indicate the position of the connections in subsequent images (for A see Figure 3; for B see Figure 6; for
D see Figure 5). The number in brackets correspond to the modified nucleotide position. A small illustration of the whole 60S rRNA secondary structure highlighting
the according region is enclosed.

does not contain any 2′-O-ribose-me modification (Piekna-
Przybylska et al., 2007). In Arabidopsis, pseudouridylations and
2′-O-ribose-me modifications were predicted in this particular
helix based on the detection of according snoRNAs. Moreover,
three pseudouridylation sites and one 2′-O-ribose-me were
experimentally confirmed in helix 38 of the rRNA of Arabidopsis.
Nevertheless, for the pseudouridylation site at ψ1060 an
according snoRNA could not be identified so far. Intriguingly,
helix 38 is involved in the formation of the intersubunit bridge

between the 60S and 40S subunit by interacting with S19p of
the 40S particle, and it is contacting the A-site bound tRNA in
yeast (Spahn et al., 2001). However, in comparison to the yeast
and human ribosomes, it can be proposed that the modifications
in this helix are involved in the structural stabilization of
this important subunit-subunit interaction site in Arabidopsis
(Karijolich et al., 2010; Sloan et al., 2017).

Further, helix 35 carries one mapped 2′-O-ribose-me site and
two pseudouridylation sites at U892 and U899. For the latter
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FIGURE 5 | Secondary structure diagram of domain III of 25S rRNA of A. thaliana. The image is shown according to the legend for Figure 3. Framed large letters
indicate the position of the connections in subsequent images (for C see Figure 6). PE annotates a pivoting element previously identified (Paci and Fox, 2015). The
number in brackets correspond to the modified nucleotide position. A small illustration of the whole 60S rRNA secondary structure highlighting the according region
is enclosed.

two sites guiding snoRNAs were not discovered (Figure 4 and
Supplementary Table 2), leading to the assumption that stand-
alone enzymes may be responsible. In yeast, helix 35 carries two
2′-O-ribose-me sites and in humans one pseudouridylation site
(Piekna-Przybylska et al., 2007). A second intersubunit bridge is

formed by helix 34 with the 40S subunit. Thus, also in this case
the modifications of helix 35 in plants are likely involved in the
stabilization of the neighboring structural element.

In domain III, a high density of modifications is present in
the region of helix 47, 50, 59a, and 60 (Figure 4). In yeast, it is

Frontiers in Plant Science | www.frontiersin.org 9 July 2021 | Volume 12 | Article 684626

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-684626 July 20, 2021 Time: 15:27 # 10

Streit and Schleiff snoRNA and rRNA Modification in Plants

assumed that Nop4 is binding to helices 47, 32, 26, 33 but also
to helix 60 bringing domain II and III in proximity (Granneman
et al., 2011). However, helix 47 in yeast carries no modifications,
while Arabidopsis helix 47 is highly modified. It can be speculated
that these modifications are required for proper processing of 25S
precursors like 27SB or 27S-A2/27S-A3.

Domains IV (Figure 6) and V (Figure 7) of the 25S rRNA
contain the highest degree of modifications. In both domains
a total of 66 sites for 2′-O-ribose-me sites are annotated from
which 53 could be successfully confirmed. However, for 13 sites
no snoRNA could be identified (Figures 6, 7 and Supplementary
Table 2). In contrast, 31 pseudouridylation sites were mapped,
while seven sites could not be verified yet. For 13 of the mapped
sites, the associated snoRNA is not known (Figures 6, 7 and
Supplementary Table 2).

The secondary structure map of the core region of 25S
rRNA of A. thaliana points to a high density of modifications
surrounding the PTC (Figure 7), which parallels findings for
other organisms (Decatur and Fournier, 2002). The PTC is
required for the peptide bond formation and peptide release
(Lilley, 2001; Polacek and Mankin, 2005; Torres de Farias
et al., 2017). In yeast, defective rRNA modifications in this
region lead to increased sensitivity to translational inhibitors
or changes in translational fidelity (Baxter-Roshek et al., 2007).
In Arabidopsis, especially the helices H73, H74, H75, H88,
H89, H90, H91, H92, and H93 contain the highest density of
modifications (Figure 7). Interestingly, Arabidopsis contains the
highest number of modification sites (34) in these particular
helices in contrast to yeast (16) and human (22). This leads to
the conclusion that these modifications are of prime importance
for the stability of the PTC structure. Nevertheless, Arabidopsis
60S subunit seems to be closer related to the human 60S
regarding the high density of modifications. In human ribosomes,
helix 74 is important for the accurate structure of the nascent
polypeptide exit tunnel (NPET) (Wilson et al., 2020) and helix 93
is a contact site for hydroxylated uL2, which induces structural
rearrangements in the PTC of the mature ribosomes (Yanshina
et al., 2015). The same could hold true for plants as well. The
tip of helix 89 interacts with the GTPase-associated center which
might depend on the modifications (Figure 5; Sergiev et al., 2005;
Baxter-Roshek et al., 2007) and the modifications in helix 92 were
found to be necessary for the correct folding of helix 90–92 in
yeast (Baxter-Roshek et al., 2007).

In domain IV, Helix 68, 69, and 71 (Figure 6), are involved
in the inter-subunit bridge formation between the 40S and 60S
(Spahn et al., 2001; Gigova et al., 2014). Helix 68 contains three
mapped methylation and one pseudouridylation sites (Figure 6).
One 2′-O-ribose-me site (Am 2210) is conserved in yeast
(Am2220) and human (Am3703; Piekna-Przybylska et al., 2007;
Supplementary Table 2). The yeast helix 68 contains two E-sites
(exit sites), which most probably exist in A. thaliana as well
(Xie et al., 2012).

Helix 69 is highly modified with two mapped
pseudouridylation sites and one mapped 2′-O-ribose-me site in
A. thaliana (Figure 6). This helix interacts with the tRNAs located
in the A and P-site, respectively (Ge and Yu, 2013). Similarly, a
cluster of modifications is localized in helix 69 in the yeast rRNA,

and their deletions led to e.g., severe growth phenotypes and a
lower translational rate (Liang et al., 2007). Helix 71 contains
two mapped 2′-O-ribose-me sites at Cm2283 and Gm2278
(Figure 6 and Supplementary Table 2). The site Cm2283 was
newly identified but the snoRNA targeting this region was not
found (Azevedo-Favory et al., 2020). However, while the human
rRNA is lacking this modification, it is conserved between yeast
and plants (Piekna-Przybylska et al., 2007).

Interestingly, the enigmatic exceptionally large expansion
segment 27 (ES27, Figure 6) was recently unveiled as essential
for translational fidelity, in which it seems to regulate amino
acid incorporation and by that prevents frameshift errors (Fujii
et al., 2018). Furthermore, it was found that this very flexible
region of the eukaryotic ribosomes serves as a scaffold for the
conserved enzyme methionine amino peptidase (MetAP), which
is required to remove co-translationally the first methionine
from the nascent polypeptide chain (Fujii et al., 2018; Knorr
et al., 2019). Just recently one pseudouridylation site (92028)
without known snoRNA was found in ES27 of Arabidopsis
(Sun et al., 2019).

The P-loop in helix 80 and the A-loop in helix 92 are
direct pairing sites for A- and P-site tRNA (Kim and Green,
1999). While the P-loop contains one confirmed 2′-O-ribose-
methylation site, the A-loop contains two mapped 2′-O-ribose-
me sites with the site Gm2912 having a known snoRNA targeting
this region. Moreover, the A-loop contains a pseudouridylation
site (Figure 7).

Domain VI containing the 3′-end of 25S rRNA from
nucleotide 2986 to 3375 contains the conserved sarcin/ricin loop
(S/R-Loop; Figure 7). This loop is the site of attack of the two
toxins α-sarcin, which is a ribonuclease produced by a fungus
and ricin, which is an RNA N-glycosylase synthesized by plants
(Endo et al., 1988; Macbeth and Wool, 1999). The attack inhibits
proper binding of the elongation factors, and thus, translation is
blocked (Szewczak and Moore, 1995). In human 60S subunits the
S/L-Loop shows a high degree of modifications in comparison to
plants or yeast (Figure 7; Piekna-Przybylska et al., 2007).

Domain VI harbors the lowest degree of modifications with
two mapped 2′-O-ribose-me sites with associated snoRNAs and
two mapped pseudouridylations sites in Arabidopsis. The two 2′-
O-me sites are within helix 100, one pseudouridylation sites in
H97 and one in H98 of ES39 (Figure 7). ES39 is exposed to the
ribosome surface, the exact function remains elusive, however
due to its presence in all eukaryotes it is obvious that eukaryotic
ribosomes require this segment (Nygård et al., 2006). For the
two pseudouridylation sites U3177 and U3100 a snoRNA is not
known so far. Interestingly, the Arabidopsis U3100 is conserved
in the human 28S rRNA (U4659), while yeast has not even one
modification regarding this specific region (Piekna-Przybylska
et al., 2007; Supplementary Table 2).

A View on the Modifications in Plant
18S rRNA
The A. thaliana genome encodes for two different 18S rRNA
variants. While the 18S gene on chromosome 3 has a size of
1808 nt, the copies on chromosomes 2 and 4 contain 1804 nt.

Frontiers in Plant Science | www.frontiersin.org 10 July 2021 | Volume 12 | Article 684626

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-684626 July 20, 2021 Time: 15:27 # 11

Streit and Schleiff snoRNA and rRNA Modification in Plants

FIGURE 6 | Secondary structure diagram of domain IV of 25S rRNA of A. thaliana. The image is shown according to the legend for Figure 3. Framed large letters
indicate the position of the connections in subsequent images (for B see Figure 4; for C see Figure 5; for D see Figure 4; for E see Figure 7). The number in
brackets correspond to the modified nucleotide position. A small illustration of the whole 60S rRNA secondary structure highlighting the according region is enclosed.

The secondary structure model of 18S in here refers to the
gene in chromosomes 2 and 4, respectively (Figures 8, 9). The
SSU binds the mRNA to decode the genetic information in the
“decoding center‘’ (Schluenzen et al., 2000). For the 18S rRNA
in total 79 sites are predicted to be 2′-O-ribose methylated, of
which 44 are experimentally verified (Supplementary Table 3).
Similarly, from 64 predicted pseudouridylation sites 28 were
experimentally confirmed.

It is proposed that the decoding center within the SSU
consists of the helices 18, 24, 31, 34, and 44 (Liang et al., 2009),
which harbor many modifications in yeast. Helix 24 carries the
same 9-modification in yeast, human and A. thaliana. The
modifications in helix 18 vary between two 2′-O-ribose-me and
one 9-site in human, one 2′-O-ribose-me site in yeast and just
one 9-site in A. thaliana (Figure 8), while no methylation site
exists in A. thaliana.
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FIGURE 7 | Secondary structure diagram of domain V and VI of 25S rRNA of A. thaliana. The image is shown according to the legend for Figure 3. Framed large
letters indicate the position of the connections in subsequent images (for E see Figure 6). The region of the PTC is indicated in blue. The number in brackets
correspond to the modified nucleotide position. A small illustration of the whole 60S rRNA secondary structure highlighting the according region is enclosed.
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FIGURE 8 | Secondary structure diagram of the 18S rRNA (At2g01010) of A thaliana according to The RNAcentral Consortium (2019). Depicted are the positions
from 1 to 41, 436 to 1655, and 1750 to 1804. Predicted and verified positions for 2′-O-ribose-methylations and pseudouridylations, as well as of snoRNAs were
obtained from Brown et al. (2001, 2003), Qu et al. (2001), Yoshihama et al. (2013), Sun et al. (2019), Streit et al. (2020). The coloring is according to Figure 3.
Framed large numbers indicate the position of the connections in Figure 9. PE annotates a pivoting element and ES expansion elements previously identified (Paci
and Fox, 2015). The number in brackets correspond to the modified nucleotide position. A small illustration of the whole 40S rRNA secondary structure highlighting
the according region is enclosed.

Helix 34 contains four mapped 2′-O-ribose-me sites
in A. thaliana, while human and yeast contain three
2′-O-ribose-me sites. Both yeast and human 18S rRNA
contain three pseudouridine sites in helix 31 with one site
having the hypermodification m1acp39 (N1-methyl-N3-
aminocarboxypropyl-pseudouridine) at U1191 and U1248,
respectively. A. thaliana contains two predicted 9-sites in
this helix, while one of these sites U1192 is the yeast and
human equivalent of m1acp39 (Piekna-Przybylska et al.,
2007). However, it needs to be analyzed whether the plant
rRNA also carries hypermodifications as their vertebrate and
yeast counterparts.

In helix 44 of the A. thaliana, two 2′-O-ribose-me are mapped
and additional three are predicted, while only a single 9-site is

annotated (Figures 8, 9). In contrast, human 18S rRNA contain
two and yeast only one 2′-O-ribose-me sites in H44 (Piekna-
Przybylska et al., 2007). Interestingly, A. thaliana harbors a novel
and unique 9-site at U1702 in the helix 44 region of ES12
(Figure 9). In yeast, H44 just close to the 3′ end is one of the
binding sites for the helicase Prp43, which is required for final
maturation of 20S and 27S pre-rRNA, respectively (Bohnsack
et al., 2009; Pertschy et al., 2009). For example, in the case of
20S maturation in yeast, Prp43 is assumed to be involved in
unwinding of the pre-rRNA enabling endonuclease Nob1 for
cleavage at site D (Figure 1; Bohnsack et al., 2009). It is likely,
the modification at Am1754 could be necessary for binding of the
Prp43 helicase. Yeast, of all things lacks this modification in H44
(Piekna-Przybylska et al., 2007).
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FIGURE 9 | Continuation of the secondary structure diagram of the 18S rRNA (At2g01010) of A. thaliana according to The RNAcentral Consortium (2019). All
informations are listed in the legend of Figure 8. The number in brackets correspond to the modified nucleotide position. A small illustration of the whole 40S rRNA
secondary structure highlighting the according region is enclosed.

Expansion segment 6 (ES6) is located at the surface of
the small subunit and highly conserved in plants, vertebrates,
and yeast (Alkemar and Nygård, 2003, 2006). As longest
expansion segment it contains two mapped 9-sites, two mapped
2′-O-ribose-me sites and five predicted sites in A. thaliana
(Figure 8). In contrast, the rRNA of human ES6 has six
9-sites and two 2′-O-ribose-me sites, while the same element
in yeast contains two 9-sites and one 2′-O-ribose-me site

(Piekna-Przybylska et al., 2007). Remarkably, Arabidopsis ES6
shows similarities to both human and yeast. The two 9-sites
found in A. thaliana (9761 and 9762) are conserved with
the human sites (9814 and 9815) and that one of the
Arabidopsis 2′-O-ribose-me site (Am799) is conserved to the
yeast site (Am796; Figure 8, Piekna-Przybylska et al., 2007;
Supplementary Table 3). However, the function of this segment
and thus, their modifications remain elusive. In vivo crosslinking
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in yeast suggested that snR30/U17 snoRNAs can bind to two
conserved sites in the ES6 to permit proper 18S rRNA processing
(Fayet-Lebaron et al., 2009). As snR30 and U17 could not
be identified so far in A. thaliana, independent pathway for
modification might have evolved for A. thaliana.

Ribosomal proteins and RBFs bind to specific regions within
the rRNA. It could be shown that Enp1 (essential nuclear protein
1) binds to an AUU sequence in helix 33 in yeast, where it
is required for pre-rRNA processing of 18S (Chen W. et al.,
2003; Granneman et al., 2010). Helix 33 in Arabidopsis contains
two 2′-O-ribose-methylations (Um1261 and Am1263) in the
downstream adjacent region of the AUU site (Figure 8 and
Supplementary Table 3). This seems to be unique for plants as
yeast and human 18S rRNA lack these modifications (Piekna-
Przybylska et al., 2007). Besides, a new modification site at
Cm1219 in helix 33 was predicted based on the identification of
the snoRNA SNORD72 (Streit et al., 2020).

Helix 41 of the 18S rRNA in A. thaliana contains two mapped
9-sites at U1483 and U1531 located within a region, which is a
binding site for rpS5 in yeast (Figure 8; Supplementary Table 3;
Granneman et al., 2010). However, human and yeast helix 41 of
the 18S rRNA is not modified (Piekna-Przybylska et al., 2007).

Helix 28 of A. thaliana 18S rRNA contains a single mapped
2′-O-ribose-me site at Cm1626 targeted by snoR70 and a
single novel 9-site at U1630 targeted from an unknown
snoRNA (Figure 8). Human 18S rRNA contains a 9-site at
the same position (U1692) in helix 28, whereas yeast lacks
any modification is this region (Piekna-Przybylska et al., 2007;
Supplementary Table 3). The helices 36 and 37 of A. thaliana
contain each one mapped 9-site at U1302 (H36, snoR88) and
U1311 (H37, unknown snoRNA; Figure 8). Although the human
helix 37 contains at least the counterpart of U1311 of Arabidopsis
at U1367, yeast helices are absent of these modification sites
(Piekna-Przybylska et al., 2007; Supplementary Table 3).

CONCLUSION

Prediction and experimental verification suggest that the rRNA
of A. thaliana is extensively decorated with different varieties
of modifications, where pseudouridylations and 2′-O-ribose-
methylations represent most of the modifications (Charette and
Gray, 2000; Dimitrova et al., 2019). For Arabidopsis 18S rRNA
almost 55% of all predicted 2′-O-ribose-methylation sites and
65% of all predicted pseudouridylation sites were successfully
experimentally verified (Supplementary Table 3). For the 25S
rRNA even 65% of all predicted 2′-O-ribose-methylation sites
and almost 58% of predicted pseudouridylation sites were
experimentally confirmed (Supplementary Table 2). In contrast,
the 5.8S rRNA carries only a low number of modifications
(Figure 3 and Supplementary Table 1). Two new modification
sites at 922, which is plant specific and 978 (yeast 973) were
found in the past (Sun et al., 2019; Supplementary Table 1).
In contrast, based on the antisense element of the snoRNA
snoR4a/4b (Brown et al., 2001) the modification at the 3′-
end of 5.8S rRNA (Gm155) was predicted, but could not be
experimentally confirmed (Supplementary Table 1).

The absence of experimental confirmation of predicted sites
can have three different reasons. (i) Although nowadays a huge
repertoire of techniques is used for mapping of modification
sites, a certain limitation in detection sensitivity still exists. An
interesting technique would be the use of mung bean nuclease
protection assay coupled to RP-HPLC (Yang et al., 2016). (ii) It
is discussed those modifications of the rRNA can be tissue or
development specific (Chen and Wu, 2009; Sloan et al., 2017;
Streit et al., 2020). Thus, the absence of detection can be the
result of the analysis of a specific type of ribosomal systems.
(iii) It is known that snoRNAs are also involved in the folding
of rRNA elements (Bertrand and Fournier, 2013). Hence, it
cannot be excluded at stage that some of the modification sites
predicted by the detection of snoRNAs might not exist, as the
snoRNA is required for guiding a snoRNP involved in rRNA
processing or folding.

The modifications in 5.8S varies between the three model
species. While yeast 5.8S rRNA contains only one modification
site in H7, human and plant 5.8S rRNAs carry two 2′-O-ribose-
me and two pseudouridylations (Figure 3; Supplementary
Table 1; Piekna-Przybylska et al., 2007). Modifications like
pseudouridylations in rRNA are required for the stability of
the RNA structure in the ribosomes and 2′-O-ribose-me are
necessary for translational accuracy and efficiency (Wu et al.,
2015; Erales et al., 2017). Consistent with this finding, the 5.8S
rRNA plays a crucial role in translation elongation (translocation;
Elela and Nazar, 1997), for which the modifications of 5.8S might
be important. In turn, it appears that the 5.8S rRNA of human and
plants share high similarities while yeast seems to have evolved a
unique way for keeping the structural and translational balance.

Remarkably, human and A. thaliana rRNAs share many
conserved sites, which are not present in yeast. This elucidates
that plant and human rRNA, despite the different sizes, are
closer related than plant to yeast rRNA. Moreover, a subset of
modifications is clearly unique to Arabidopsis like modifications
in the GTPase center (Figure 5), in ES27 (Figure 6) or ES3 in
the 18S rRNA (Figure 9). All these regions are targets of a subset
of RBFs and RPs. Hence, the plant specific modification pattern
stands in relation to the observed plant specificities of the rRNA
processing (Weis et al., 2015b; Sáez-Vásquez and Delseny, 2019;
Palm et al., 2019) and the modifications might be required for
stabilizing the binding of the rRNA to proteins.

Furthermore, alternative functions of snoRNAs were proposed
for the plant system. It was suggested that snoRNAs may
regulate the modification level of rRNAs and snRNAs under
stress as found for drought stress (Zheng et al., 2019). Thus,
snoRNAs might have additional functions in plants, which
must be discovered.

In future, it will be important to identify the snoRNAs
responsible for certain newly discovered modifications sites,
and in turn to map rRNA modifications in ribosomes isolated
form different tissues, from plants at different developmental
stages and after various stress treatments to complete the picture
of the Arabidopsis rRNA modification landscape. The latter
would perhaps show whether the high number of predicted
modifications sites argues for a high ribosome heterogeneity.
This concept might even be valid for ribosomes within a
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single cell but required for the translation of different mRNA
pools, which begs the analysis of the rRNA modification
profile associated with different mRNAs. Moreover, it will be
important to establish a complete profile of rRNA modifications
of other plants to allow conclusions on globally conserved
and species-specific modifications. The latter is of particular
importance to transfer the knowledge based on model systems
into agricultural applications.
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