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Abstract

Pseudouridine (V) is widely distributed in mRNA and various non-coding RNAs in yeast and mammals, and the spe-
cificity of its distribution has been determined. However, knowledge about Ws in the RNAs of plants, particularly in
mRNA, is lacking. In this study, we performed genome-wide pseudouridine-sequencing in Arabidopsis and for the first
time identified hundreds of W sites in mRNA and multiple ¥ sites in non-coding RNAs. Many predicted and novel ¥
sites in rRNA and tRNA were detected. mRNA was extensively pseudouridylated, but with Ws being under-represented
in 3’-untranslated regions and enriched at position 1 of triple codons. The phenylalanine codon UUC was the most
frequently pseudouridylated site. Some Ws present in chloroplast 23S, 16S, and 4.5S rRNAs in wild-type Col-0 were
absent in plants with a mutation of SVR1 (Suppressor of variegation 1), a chloroplast pseudouridine synthase gene.
Many plastid ribosomal proteins and photosynthesis-related proteins were significantly reduced in svr1 relative to the
wild-type, indicating the roles of SVR1 in chloroplast protein biosynthesis in Arabidopsis. Our results provide new in-
sights into the occurrence of pseudouridine in Arabidopsis RNAs and the biological functions of SVR1, and will pave
the way for further exploiting the mechanisms underlying ¥ modifications in controlling gene expression and protein
biosynthesis in plants.

Keywords: Arabidopsis thaliana, proteome, W-sequence, pseudouridine, pseudouridine synthases (PUSs), suppressor of
variegation 1 (SVR1), transcriptome.

Introduction

Pseudouridylation, the isomerization of uridine (U) into
pseudouridine (W), is the most universal post-transcriptional
modification of RNA nucleosides for controlling gene expres-
sion in various cellular processes of living organisms (Hsu et al.,
2017; Roundtree et al., 2017; Zhao et al., 2017). Accordingly,
W is considered as being the fifth ribonucleoside, and has long

been known to widely exist in various ribosomal RINAs (258,
18S, 5.8S, and 5S rRINAs), transfer RINA (tRNA), and small
nuclear RNA (snRNA) with high conservation at many posi-
tions (Spenkuch ef al., 2014; Li et al., 2016; De Zoysa and Yu,
2017; Adachi et al., 2019). In recent years it has been found
to be ubiquitously present in mRNA in yeast, mammals
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(including humans), and the parasite Toxoplasma gondii (Carlile
et al.,2014; Lovejoy et al., 2014; Schwartz et al., 2014; Li et al.,
2015; Nakamoto et al., 2017).

There is evidence that Ws are frequently distributed in evo-
lutionarily conserved and functionally important regions in
rRNA, tRNA, and other non-coding RNAs (ncRNAs). These
modifications facilitate the stabilization of RNA structure and
ribosome biogenesis and activity,and regulate rRINA processing,
pre-mRNA splicing, and protein synthesis, thereby control-
ling growth, development, and responses to stresses in diverse
organisms (De Zoysa and Yu, 2017; Hsu ef al., 2017; Adachi
et al., 2019). Although the full details of the biological roles
of Ws in mRNA are not yet clear, artificial pseudouridylation
on mRNA results in the conversion of translation termination
(nonsense) codons into sense codons (Karijolich andYu, 2011).
In addition, increased pseudouridylation levels of mRINA are
induced by heat stress, oxidative stress, nutrient deficiency, and
stimulation of the immune system, and the levels are altered
during cell differentiation (Carlile et al., 2014; Schwartz et al.,
2014; Li et al., 2015; Nakamoto et al., 2017). These findings
suggest that Ws within mRINA may be of most importance in
modulating transcript stability and protein translation, thereby
controlling cellular development and adaptations to environ-
mental stimuli in living organisms.

Pseudouridines are catalysed through two different mech-
anisms. The first is pseudouridine synthases (PUSs) alone
catalysing the isomerization of U to W. The second is the
pseudouridylation of U by ribonucleoproteins (RINPs), which
consist of four common core components including Cbf5p
(Centromere-binding factor 5) in yeast or dyskerin in humans,
that are guided to their targets by box H/ACA small nucleolar
RNAs (snoRNAs) through a 10-12-nt complementary frag-
ment (Rintala-Dempsey and Kothe, 2017; Adachi et al., 2019).
Pseudouridylation of prokaryotic RNAs and eukaryotic tRINA
is enabled solely by PUSs. Isomerization of U into W in eu-
karyotic RNAs except for tRNA is mediated by both RNA-
independent and RNA-dependent mechanisms (Carlile et al.,
2014; Schwartz et al., 2014; Li et al., 2015; De Zoysa and Yu,
2017). Disruptions in PUSs consistently lead to marked defects
of growth and development in yeast and T gondii (Zebarjadian
et al.,1999; Anderson et al., 2009) and to serious diseases in hu-
mans (Hoareau-Aveilla ef al., 2008; Fujiwara and Harigae, 2013).
Mutations in SVR1 (Suppressor of variegation 1, AT2G39140),
which encodes a chloroplast pseudouridine synthase, cause
growth arrest and reduced sensitivity to phosphorous depriv-
ation in Arabidopsis (Yu et al., 2008; Lu et al., 2017).

Much recent progress has been made in understanding the
positions and roles of Ws in various RINAs, as well as the mech-
anisms of PUS action in bacteria, yeast, mammals (including
humans), and T gondiia (Carlile et al., 2014; Schwartz et al.,
2014; Li et al., 2015; De Zoysa and Yu, 2017; Nakamoto et al.,
2017; Rintala-Dempsey and Kothe, 2017). However, know-
ledge about the function of Ws in these RNAs and PUSs in
plants is largely lacking. In particular, it remains to be deter-
mined whether Ws occur in mRINA in plants. In this study, we
performed a transcriptome-wide analysis of pseudouridylation
of Arabidopsis RINAs by applying a pseudouridine-sequencing
method, and identified hundreds of pseudouridylation sites

in mRNA, and a number of predicted and novel W sites in
rRNAs, tRNAs, and other ncRINAs. We also explored the pos-
sible targets and roles of SVR1 in Arabidopsis. Our findings
will pave the way for further investigations on the mechanisms
and functions of W modifications in plants.

Materials and methods

Plant material

Seeds of” Arabidopsis thaliana wild-type (WT, Col-0) and svr! mutants
(SALK_013085, obtained from the Arabidopsis Biological Resource
Center) were surface-sterilized using 0.1% HgCl, for 5 min, washed with
sterile ddH,O five times, and sown on Murashige—Skoog (MS) agar plate
containing 3% (w/v) sucrose. After stratification at 4 °C for 2 d, the seeds
were germinated and the seedlings were grown in a growth chamber
for 2 weeks (21/18 °C, 14/10 h day/night, 80-100 pmol m ™2 s light
intensity, ~70% relative humidity). The seedlings were then planted in
nutritional soil (humus soil:vermiculite 1:1, v/v) for a further 12 d. Fully
expanded young leaves were collected, immediately frozen in liquid ni-
trogen, and stored at —80 °C.

Pseudouridine-sequencing library construction

Pseudouridine-sequencing (Pseudo-seq, W-seq) libraries were prepared
according to the method of Carlile et al. (2014, 2015) with some modi-
fications. In brief, ~6 mg total RINA was extracted from 6 g of young
leaf samples according to the method of Suzuki et al. (2004). The con-
centrations of RNA were measured by NanoDrop 2000 (ThermoFisher
Scientific) and the quality of RNA was assessed using agarose gel elec-
trophoresis and RNA 6000 Nano Chips on an Agilent 2100 Bioanalyzer
(Agilent Technologies). About 10-20 pg of high-quality mRINA was iso-
lated from 2 mg total RNA using a Dynabeads® mRNA DIRECT™
Purification Kit and RiboMinus™ Plant Kit for RNA-Seq (Invitrogen).
The purity of mRINA was checked using RNA 6000 Nano Chips on an
Agilent 2100 Bioanalyzer.

About 10-25 pg total RNA or mRNA were fragmented using a
NEBnext Magnesium RINA Fragmentation Kit at 94 °C for 6-9 min
for mRINA or 10-15 min for total RNA. The reactions were quenched
and the fragmented RNA was collected. Three-fifths of the RNA frag-
ments were treated with 0.4 M N-cyclohexyl-N’-(2-morpholinoethyl)-
carbodiimide methl-p-toluenesulphonate (CMC) (Sigma) in BEU
bufter (7 M urea, 4 mM EDTA, 50 mM bicine, pH 8.5) (+CMC, treat-
ment) and two-fifths of the RINA fragments were treated with BEU
buffer alone (—CMC, control). Reversal of CMC from Us and Gs and
dephosphorylation of RINA fragments were then carried out following
the method of Carlile et al. (2015). RNA fragments of 60—100 nt were
selected, eluted, and precipitated.

An adapter (5 Phos/TGGAATTCTCGGGTGCCAAGG/3’
ddC) was synthesized by Sangon Biotech Co., Ltd (Shanghai,
China). Adenylation of the adapter was performed using a 5 DNA
Adenylation Kit following the manufacturer’s instructions (New
England Biolabs). Ligation of the 3’-end of the 60-100-nt RNA frag-
ments with the pre-adenylated adapter, RNA reverse-transcription
(RT  primer: 5 Phos/GATCGTCGGACTGTAGAACTCTGAAC
CTGTCGGTGGTCGCCGTATCATT/iSp18/CACTCA/iSp18/
GCCTTGGCACCCGAGAATTCCZY), and selection of cDNA were
then conducted according to the method of Carlile ef al. (2015). About
110-140-nt cDNA fragments were selected and circularized using
CircLigase™ ssDNA Ligase. PCR amplification of the cDNA was car-
ried out using the circle DNA as templets and specific primers (forward:
AATGATACGGCGACCACCGA; reverse: CAAGCAGAAGACGGC
ATACGAGATXXXXXXGTGACTGGAGTTCCTTGGCACCCGA
GAATTCCA; where XXXXXX is the barcode) (Carlile et al., 2015).
The PCR products were then gel-purified, precipitated, and sequenced
on an [lumina Hiseq 2500 with 50-bp single-end reads by Biomarker
Technologies Co, Ltd (Beijing, China).
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Sequencing data analysis

For analysis of the sequenced data for RNA pseudouridylation, adaptor
sequences were removed using the programme cutadapt (v1.14) (Martin,
2011), and low-quality reads were trimmed using the Btrim (v0.2.0) soft-
ware (Kong, 2011). The remaining sequences were then mapped to the
Arabidopsis genome (https://www.arabidopsis.org) using the software
Tophat2 (v 2.1.1) (Trapnell et al., 2009).

For determination of W callings, the Arabidopsis gff annotation files
for coding genes of proteins, IRNAs, tRINA, and other RNAs, and those
for alternative splicing of mRINA precursors were downloaded from the
Arabidopsis website (TAIR10). Special python scripts were made for
each of the +/—CMC library pairs, and peak values for each position 1
nt 3" of a U (peak position) in the RNA transcriptional fragments were
calculated. The length of 5’-untranslated regions (UTRs) and 3’-UTRs
of the RINA fragments was regards as 200 bp if they are not annotated.
The threshold of peak values was determined according to the method
of Carlile et al. (2014):

+ rt—r
peak” = ws X ————
wr + wr
where r™ and r are the number of reads whose 5-ends map to the
position detected in the +CMC and —CMC libraries, respectively, and
wr' and wr are the numbers of reads whose 5’-ends map to a window
centred at the position assayed (not including reads at that position); ws is
the window size (except that position). Sites with peak positions greater
than a specified cut-off were defined as potential Ws.

For all analyses, the window size was set to 150 and the peak cut-off was set
to 1.0.The coverage depth for average reads in windows was at least 5, and the
numbers of reads whose 5"-ends mapped to a window was at least 5. A W site

that occurred in all three replicates was considered as a mapped site.

Reproductivity analysis of results between independent samples

Pseudo-seq of WT total RNA was repeated three times. The peak values
for each putative W site and for other sites in 258, 18S, and 5.8S rRNAs
in each replicate experiment were obtained according to the methods
described above. For comparison of the reproductivity of the detected W
sites between two replicated samples, all the peak values obtained in the
two replicated experiments were visualized in scatterplots.

Validation of mRNA and rRNA pseudouridylation by gPCR

For confirmation of the Pseudo-seq results, changes in melting tempera-
ture of quantitative real-time PCR (qPCR) products from 10 mRNA
and 18 rRINA fragments containing W sites, and two mRNA and two
rRNA harboring no W sites were examined after CMC treatment
following Lei and Yi (2017). Total RINA was extracted from leaves of
24-d-old Arabidopsis WT seedlings according to the methods described
above. mRNA was isolated using a Dynabeads® mRNA DIRECT™
Purification Kit. Half of the fragmented total RNA and mRNA were
treated with 0.4 M CMC as described above for the library prepar-
ation. The other half of the RNA was treated with the buffer without
CMC. cDNA was synthesized from the RNA using Random Hexamer
primer (TaKaRa) and SuperScript II reverse transcriptase (Invitrogen)
following Lei and Yi (2017). qPCR  experiments were carried out
using the cDNA, TB Green™ Premix Ex Taq™ 1I (Tli RNaseH Plus)
(TaKaRa), specific primers (Supplementary Table S1 at JXB online), and
a Lightcycler 480 II real-time PCR system (Roche). High-resolution
melting analysis was conducted using the LightCycler™ 480 II software
according to the method of Lei and Yi (2017).

Analysis of snoRNA-guided W modlifications

To examine the potential pseudouridylation sites guided by Box H/
ACA snoRNA, Arabidopsis snoRINA data were obtained from the Plant
snoRNA Database (http://bioinf.scri.sari.ac.uk/cgi-bin/plant_snorna/
home/) and from Chen and Wu (2009) (Supplementary Table 3). The
secondary structures of the snoRINAs were obtained using the software
Mtold with default parameters (http://unafold.rna.albany.edu/?q=mfold;

application run by Biomarker Technologies Co, Ltd), and the sequences
containing W sites that matched the known target sequences of
Arabidopsis snoRNAs were searched in the W-seq results.

Phylogenetic analysis of PUSs

The PUS genome sequence and gene annotation databases were down-
loaded from the yeast (https://www.yeastgenome.org/) and Arabidopsis
(http://www.arabidopsis.org) databases. The full-length amino acid
sequences of PUS proteins were aligned using the ClustalW software
with default parameters (Larkin ef al., 2007) and a phylogenetic tree was
then constructed following the alignment results using the neighbor-
joining method and 1000 bootstrap trials with the MEGA 5.0 software
(http://www.megasoftware.net).

Proteome analysis

Proteins were extracted from 1 g leat material of Arabidopsis seedlings and
re-dissolved in buffer (8 M urea, 100 mM triethylamonium bicarbonate,
pH 8.0). A 2-D Quant kit (GE Healthcare) was used to measure protein
concentrations. The proteins were then digested with trypsin, and pep-
tides were labeled with tandem mass tag (TMT). The dynamic changes
of the whole proteome were quantified by applying an integrated ap-
proach involving TMT labeling and LC-MS/MS. The resulting MS/MS
data were processed by the MaxQuant with an integrated Andromeda
search engine (v.1.5.2.8). Tandem mass spectra were searched against the
Uniprot Arabidopsis thaliana database (https://www.uniprot.org/) con-
catenated with a reverse decoy database. Trypsin/P was specified as the
cleavage enzyme allowing up to two missing cleavages. The mass error
was set to 10 ppm for precursor ions and 0.02 Da for fragment ions.
Carbamidomethylation on Cys was specified as the fixed modification,
and oxidation on Met and acetylation on the protein N-terminal were
specified as variable modifications. The false discovery rate thresholds for
proteins, peptides, and modification sites were specified at 1%.The min-
imum peptide length was set at 7. For the quantification method, TMT-
6plex was selected. All the other parameters in the MaxQuant were set to
default values (PTM-Biolabs Co., Ltd).

Gene ontology (GO) analysis was conducted for categorization of the pro-
teins encoded by the pseudouridylated mRINA by applying a GO annotation
module (http://www.arabidopsis.org) and the agriGO program with default
settings (FDR<0.05) (Tian et al., 2017). KEGG pathway analysis (https://
www.genome,jp/kegg/) was performed to determine functional categories of
the annotations of SVR 1-regulated proteins (Kanehisa ef al., 2016).

Results

Pseudouridine profiling analysis of total RNA and
mRNA in Arabidopsis

To identify W modifications in Arabidopsis ncRNAs and
mRNA at transcriptome-wide level, we prepared high-quality
cDNA libraries of total RNA and mRNA from leaves of plants
grown under normal conditions and then performed lllumina
RNA-sequencing using the single-nucleotide-resolution
W-seq method (Carlile et al., 2014). The W-seq procedures
were developed on the basis of the premature termination of
RINA reverse transcription at one nucleotide to the 3’-side of
the pseudouridylated site that was generated by CMC treat-
ment prior to cDNA synthesis (Carlile ef al., 2014). Twelve
cDNA libraries for total RNA (CMC-treated/+CMC, CMC-
untreated/~-CMC) and mRNA (CMC-treated/+CMC,
CMC-untreated/~-CMC) were constructed and sequenced.
Approximately 43.9, 47.3, 36.3, and 37 million reads were
obtained from the samples of CMC-treated total RINA,
CMC-untreated total RNA, CMC-treated mRNA and
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CMC-untreated mRNA, respectively (Supplementary Table
S2),and aligned to the Arabidopsis reference genome (TAIR 10).
All the data were submitted to NCBI (No. SRP156413).

By comparing the reads from a +CMC sample with those
from its corresponding —CMC one (the mock control), W
modifications in vivo were identified in the RNAs. Based on
the similar stringent criteria as described by Carlile ef al. (2014),
a total of 467 and 451 W sites were identified in ncRINAs and
mRNA, respectively. In total, 187 W sites were detected in
rRINA, 232 in tRNA, 13 in snRINA, 22 in snoRINA, and 13 in
other RNA (Fig. 1, Supplementary Tables S3, S4).

Pseudouridines are widely distributed in mRNA

To map the pseudouridylation profiling of Arabidopsis mRINA
in detail, we calculated the ratio of reads ending one nucleo-
tide upstream in the library from CMC-treated mRNA to
their corresponding reads in the library from the same RNA
without CMC treatment (Carlile et al., 2014). A total of
451 Ws were identified to be dispersedly distributed in 332
gene transcripts (Supplementary Table S4), which accounted
for 1.21% of all detected mRNAs (there are 27 416 genes in

Arabidopsis according to TAIR10). In total, 53 Ws were pre-
sent in the 5-UTRs, 374 were present in coding sequences
(CDS), and 24 were present in the 3’-UTRs (Fig. 2A), in-
dividually accounting for 11.75%, 82.93%, and 5.32% of the
total W number in mRINA, respectively. Intriguingly, two W
sites were characterized within the translation initiation codon
AUG while no Ws were detected in the translation termin-
ation codons (Supplementary Table S5).

To explore whether Ws were unbiasedly distributed along
mRNA sequences, we compared their distribution with that of
Us in 5-UTRs, CDS, and 3° UTRs using % tests. Significant
differences were found between the enrichments of Ws and
Us in the three regions of the transcripts. The content of Ws
was clearly lower than that of Us in the 3’-UTR while the op-
posite was found in the CDS and 5-UTR (P<107°) (Fig. 2B),
indicating that Ws preferentially occur in the coding sequences
and 5-UTR of mRNAs in Arabidopsis. Next, we calculated
the frequencies of W occurrence in triplet codons of mRINA,
and found that UUC, CUU, UUU, and UCU were frequently
pseudouridylated (Fig. 2C). Moreover, the frequency of W oc-
currence was higher in the first U than in the second one
when two U bases appeared sequentially in a codon, except for
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Fig. 1. Pseudouridines detected in ncRNAs and mRNA of Arabidopsis. Pseudo-seq reads are shown for (A) 25S rRNA (3000-3200), (B) 18S rRNA
(AT3G41768.1, 283-483), (C) tRNA (AT3G50505.1, 1-72), (D) SnRNA (AT3G57645.1, 470-670), (E) sSnoRNA (AT5G66564.1, 1-84) and (F) mRNA
(AT1G76180.1, 121-321). The units of the y-axes are reads per min. CMC-dependent peaks of reads are indicated by a dashed red line. The peak values
are means (+SE), n=3. (G) Distribution of detected Ws in various ncRNAs and mRNA.
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UUU (Fig. 2C). These data implied that positional bias of Ws
in codons exist in Arabidopsis. To refine the outcome of this
analysis, the probability of Ws occurring in each position of
the triplet codon within the coding region was also compared
with that of Us using % tests. This revealed that significantly
more Ws relative to Us were distributed at position 1 than at
positions 2 and 3 (P<0.05) (Fig. 2D).These findings suggested
that the base U in position 1 of the codon is preferentially
pseudouridylated in Arabidopsis.

To gain insights into the putative roles of Ws in
mRNA, we examined the functions of proteins en-
coded by the pseudouridylated mRNA. The results
showed that the enriched proteins were mainly involved
in responses to stimuli or stress, metabolic processes,
biosynthetic processes, energy generation, and photosyn-
thesis (Fig. 3; Supplementary Table S6), suggesting that
pseudouridylation of mRNA may play important roles in
these processes in Arabidopsis.

Methodological validation of the pseudouridylated sites
detected by Pseudo-seq

To check the reliability of the Pseudo-seq analysis for the
pseudouridylated sites that were determined, three sets of
experiments were conducted to test the putative sites of

pseuouridylation. In the first set of experiments, we examined
the total RNA-sequencing data to define the conserved known
Ws. When we constructed a library from CMC-treated total
RNA, and the ncRNAs remaining in the samples allowed us
to use the predicted Ws in rRINA or tRNA as a set of internal
positive controls. As previously reported, there are 32 predicted
W sites in 25S rRINA, 25 in 18S, and one in 5.8S in Arabidopsis
(Brown et al., 2003; Chen and Wu, 2009) and 23 W sites in
eukaryotic tRNA (Bjork ef al., 1987). Of these, we identi-
fied 21/32,14/25,1/1, and 13/23 in 258 rRNA, 18S rRNA,
5.8S rRNA, and tRNA, respectively (Supplementary Fig S1,
S2, Supplementary Table S7). These results were in agreement
with the predicted data, although some W sites were not found
under our experimental conditions (Bjork et al., 1987; Brown
et al., 2003; Chen and Wu, 2009). Notably, we discovered 26
novel W sites in 25S rRINA, 15 in 18S rRINA, one in 5.8S
rRINA, and 12 in tRINA.

We next examined the reproducibility of the results between
two independent samples by comparing the peak values for W
sites with those for other sites in rRINAs across pairs of condi-
tions. Scatterplots of the W peak values from the two samples
were highly correlated, and clear differences in distribution ex-
isted between the values for W sites and those for other sites
(Supplementary Fig. S3). The high experimental repeatability
provided a good validation of the putative W sites.
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Fig. 3. GO enrichments of genes for W-containing transcripts in Arabidopsis.

In the third set of experiments, we used mutants of a chloro-
plast pseudouridine synthase SIVR1 as a negative control for
validation of our deep-sequencing data (Yu et al., 2008).
Theoretically, disruptions in PUSs should lead to marked de-
creases of pseudouridylation of rRNA and tRNA, which re-
sult in growth inhibition in yeast and T gondii, and serious
diseases in humans (Zebarjadian et al., 1999; Hoareau-Aveilla
et al., 2008; Anderson et al., 2009; Fujiwara and Harigae, 2013).
Parallel Pseudo-seq runs of both WT and svr! mutants were
performed in order to compare the reads from CMC-treated
samples with those from the corresponding CMC-untreated
ones. In total, 15 and four W sites were identified in chloroplast
rRNA in the WT and svr1, respectively (Supplementary Fig.
S4, Supplementary Table S8). Among these, four ¥ modifica-
tions that were detected in the WT chloroplast 23S rRNAs,
six in 16S rRNAs, and one in 4.5S rRNAs were absent in the
mutant (Supplementary Table S8). By contrast, no significant
differences in W sites were found in 25 rRNA and 18S rRNA
between the WT and the svr1 plants (Supplementary Fig. S5).

Validation of mRNA and rRBNA pseudouridylation using
a gPCR-based method for W site recognition

To further validate the putative W sites in ncRINAs and
mRNA, we applied a qPCR-based method for locus-specific
detection of pseudouridine, which was based on W-CMC-
induced mutation/deletion in ¢DNA synthesis causing
read-through qPCR products with different melting tem-
peratures (Lei and Yi, 2017). We selected 11 W sites as tar-
gets in the mRNA (AT1G20620, W-477, W2600, W3215;
AT1G76180, W221; AT2G41100, W-157; AT3G01500, W892;
AT3G04640, W38;AT3G45140, V3384, W3385;AT5G56795,
W51; ATCG01020, W113) and two negative control sites
(AT1G20620, 473-568 bp; AT2G41100, 800-889 bp), and
examined the melting curves of the related qPCR products

0.06 0.08

GeneRatio

0.04

from samples with and without CMC treatment. We found
that the melting curves in each CMC-treated mRINA sample
containing a putative W site were significantly different from
those in the corresponding CMC-untreated sample, while the
melting curves of qPCR products from mRNA without Ws
in the +CMC samples were quite similar to those in the —
CMC samples (Fig. 4). We also examined the melting curves of
a total of 10 qPCR products from 25S rRNA (W783, W973,
W1060, W2339, W2489, W2965) and 18S rRNA (W761,
Y1000, W1486, W1634), and two negative control fragments
(203—287 bp in 25S rRNA and 498-585 bp in 18S rRNA).
Clear alterations in melting temperature were observed in all
the curves from samples containing Ws compared with W-free
samples (Fig. 5), Collectively, these results suggested that the
detected W modifications did indeed exist in these mRINA
and rRINA molecules in Arabidopsis.

The melting curves of the qPCR data from 23S rRNA
(W1346, W2623) and 16S rRNA (W49, W1159) fragments
of the WT and svrl after CMC treatment were compared
with the corresponding curves with no CMC treatment. The
melting temperatures for the WT samples were markedly dif-
ferent, whilst those from the svrl mutant were similar (Fig.
6), indicating that the identified Ws are catalysed by SVR1 in
Arabidopsis.

Possible mechanisms for isomerization of Us to Ws in
Arabidopsis RNAS

Ws are formed through isomerization of Us by PUSs and RNA-
dependent mechanisms. Ten W-catalysing enzymes including
nine PUSs (PUS1-9) and Cbf5p are found in yeast (Rintala-
Dempsey and Kothe,2017). Among these, PUS4 and PUS7 have
been determined to specifically recognize the core consensus
sequences ‘GUWCNANYCY’ and ‘UGWAG’, respectively
(Lovejoy et al.,2014; Schwartz et al.,2014; Rintala-Dempsey and
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Fig. 4. Melting curves of gPCR products from 10 mRNA fragments from Arabidopsis with identified W sites and two negative controls (NC) with no W
sites. Red and blue lines represent gPCR data from +CMC and -CMC samples, respectively. Experiments were repeated at least three times.

Kothe, 2017). We therefore examined all the pseudouridylated
RNA harboring these specific sequences in Arabidopsis. A total
of 11 and 67 putative PUS4 targets were present in mRINA
and tRINA, respectively, and five Ws were putative PUS7 targets
in tRNA (Supplementary Table S9), indicating that these Ws
are likely to be catalysed by homologs of PUS4 and PUS7 in
Arabidopsis (Supplementary Fig. S6).

To determine whether Ws within rRINAs and mRINA were
synthesized by snoRNA-guided mechanisms, we obtained 50
Arabidopsis H/ACA snoRNAs and predicted their secondary
structure, and analysed the H/ACA box-targeting sequences.
In total, four unique sites were identified in 25S rRNA, five in
18S rRINA, and six in mRINA (Supplementary Fig. S7). These
sites perfectly matched to the canonical H/ACA snoRNA

targets, suggesting that snoRNA-dependent Cbf5p orthologs
in Arabidopsis are responsible for the formation of these Ws
(Supplementary Fig. S6).

Possible biological roles of W modifications of RNAS in
Arabidopsis

To further understand the putative roles of Ws in Arabidopsis
rRINA and tRINA, we examined the locations of the Ws in
these RNAs. We found that W1000, W1104, and W1118 were
located in the decoding site of the 40S ribosome subunit and
that W2844, W2855, W2870, W2884, W2945, and W2965
were in the peptidyltransterase center and A-site of 60S ribo-
some subunit (figure 3 in Sloan ef al.,2017).The decoding sites,
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Fig. 5. Melting curves of gPCR products from 10 rRNA fragments from Arabidopsis with identified W sites and two negative controls (NC) with no W

sites. Red and blue lines show gPCR results from +CMC and -CMC samples,

center, and A-site are functionally important regions and es-
sential for protein synthesis (Sloan et al., 2017). Hence, these W
sites may play pivotal roles in protein translation in Arabidopsis.

In addition, Ws were observed to occur in positions 13 (D
stem), 27 (anticodon loop), 38 (anticodon loop), 39 (anticodon
stem), and 55 (TWC stem-loop) in tRNA (Supplementary
Fig. S2B). These Ws have been determined to play significant
roles in stabilization of the tRINA secondary and tertiary struc-
ture, and to contribute to the accurate and efficient decoding
ability of tRNAs in yeast (Charette and Gray, 2000; Lorenz
et al., 2017). We calculated the frequency of W sites detected
in each nucleotide of tRNA and found that the most fre-
quently pseudouridylated sites occurred at positions 27, 38—40,

respectively. Experiments were repeated at least three times.

and 54-56 (Fig. 7). All of these sites except for 56 were previ-
ously predicted and are highly conserved in eukaryotic tRINA
(Bjork et al., 1987).

To examine whether the mutation in SIVR1 altered protein
synthesis, differences in leaf proteomes between the WT and
svrl were analysed by TMT labeling and LC-MS/MS methods.
The results revealed that the expression of 155 proteins was
clearly reduced in svr1 relative to the WT (ratio<0.667, P<0.05)
(Fig. 8). It was notable that the abundances of 53 chloroplast
ribosomal proteins and 63 photosynthesis-associated proteins
were clearly decreased in svr1. The ribosomal proteins included
RPL35, rpl36, RPL28, RPL27, rpl2-A, and RPL9, and the
photosynthesis proteins included eight psa proteins (psaA-H),
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six psb proteins (psbA-F), psbL, ribulose bisphosphate carb-
oxylase large chain (rbcL), ribulose bisphosphate carboxylase
small chain 1A (RBCS-1A), RBCS-1B, RBCS-3B, ATPaq,
and petC (Rieske Fe-S).The two classes of proteins accounted
for nearly three-quarters of all reduced proteins in the mutant
(Fig. 8; Supplementary Table S10) (all data have been submitted
to EMBL-EBI, No. PXD011814). Among them, psaF, rbcL,
ATPa, and petC have been reported to be reduced in svr?
compared with the WT (Yu et al., 2008). These findings indi-
cated that loss of function of SI/R1 inhibited the biosynthesis

of many ribosome and photosynthesis-related proteins, thus
regulating protein translation in Arabidopsis.

Discussion

In this study, we identified for the first time hundreds of W sites
within mRNA in Arabidopsis using the W-seq method (Carlile
et al.,2014). In addition, dozens of W sites in rRINAs, tRNAs,
and other ncRINAs were also detected (Supplementary Tables
S3, S4). These results imply that RNNA pseudouridylation may
be ubiquitous not only in heterotrophic organisms but also in
autotrophic organisms.

The W-seq method described by Carlile et al. (2014, 2015)
has been shown to be successful for finding Ws in RNA in
planta, and several aspects of our results confirmed that it is ap-
propriate for use in Arabidopsis. Firstly, we detected 21 out of
32 predicted W sites in 25S rRINA, 14/25 sites in 18S rRINA,
1/1 in 5.8S rRNA, and 13/23 in tRNA (Supplementary Figs
S1,S2, Supplementary Table S7; Bjork et al., 1987; Brown et al.,
2003; Chen and Wu, 2009). Our identification of the evolu-
tionarily conserved sites of pseudouridylation from ncRNAs
suggested that the CMC treatment of rRNA and tRNA was
effective, and this could be used as a criterion for identification
of Ws with high confidence. Secondly, the good correlation of
the peak values for the characterized W sites in rRNAs between
two independent sequencing runs verified the repeatability of
the method. The distributions of the W sites on scatterplots

2202 JoquianoN 0 Uo Jasn Areiqi Aiisieniun [euoneN ueliensny Ad 6y LSS/680S/61/0./910IMe/qX]/w0o dnoolwapeoe)/:sd)y woly papeojumod


http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz273#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz273#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz273#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz273#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz273#supplementary-data
http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erz273#supplementary-data

5098 | Sun et al.

Jogl0 (Fisher' exact test pvalue)
o B 10 15 20 25 30 35 40 45

B “log10 (Fisher" exact test p value)
0 10 20 30 40 50 60 70

chloroplast thylakoid membrane _ 50.36

21h00195 Photosynthesis - Arsbidopsis thaliana (thale cress) _ amn 9
{ = plastid thylakoid membrane | 50.36
nesnio R - artidopss st e s [N 5 thylakoid membrane NG 5.54
pmcnRRy e ok I g photosynthetic membrane NN 43.54
2 thylakoidpart |GGG 4551
@ thylakoid |GG 13.18
Bl chloroplast |GGG 1041
c D plastid N 3958
p—

‘Small sserit (Thermmss sqoaticns)

Ribosomal prorein

er-Ts[ sio ]
(5200 ] L3 | Lie [123he[ Lo | Side | Lie | Siv | L Ls% | NI
Lioe
e
Lstie | 130 | 26 [ 5% | Lite ['529 [5ishe] L9 ['033¢ [ Lide | Lie | 5k | Lie | La0he

L mem Pt
[(Ee]uz] Lstee | stan | o | -—m LLise sice |

T e ]
U | sane [ ome [ wane | T N R
= m s RRL
o0 = [(ETsels)

I e v SN S N (=] (]

[T T T [t [ 30 | 5% [ 15t [ Toke] 5% | t57Ae] T | Tie | taie [ T |
[s3he [ 56 [ e [ 5070 [ 519 [ 5ok [ e | sa6e | 5ot | savme | 520 | 5306 |
[t Tii8ae [ 122 T 1% | 1280 | 129 | 136s | 38

e lseTE]

Fig. 8. Proteins with decreased expression levels in the Arabidopsis svr7 mutant. (A) KEGG pathway-based enrichment analysis of proteins with reduced
expression. (B) GO-based enrichment analysis of proteins with reduced expression. (C, D) Diagrams for photosynthesis-related proteins (https://www.
kegg.jp/kegg-bin/show_pathway?map=map00195&show_description=show) (C) and chloroplast ribosome proteins (https://www.kegg.jp/kegg-bin/
show_pathway?map=ko03010&show_description=show) (D) in the enrichment pathways.

were significantly different from those of other sites in rRINAs
(Supplementary Fig. S3). A certain minimum number of reads
for the residues of interest in the sequencing data had been set
to minimize the false positive discovery signal (Nakamoto et al.,
2017). Thirdly, validation was provided by the qPCR-based
method for locus-specific pseudouridine detection, which is
dependent on mutations/deletions in cDNA synthesis caused
by W-CMC leading to qPCR products with altered melting
temperatures (Lei and Y1, 2017). Our results showed that the
melting curves of the qPCR products from 10 mRNA and
10 rRINA fragments containing detected Ws with CMC treat-
ment clearly differed from those without CMC treatment,
while the curves from four negative RNNA fragments were very
similar between the +CMC and —CMC samples. (Figs 4, 5),
implying that the identified pseudouridylation modifications
genuinely occurred in rRNAs and mRNA. Finally, disruption
of the chloroplast pseudouridine synthase gene SVR1 caused
marked decreases in the levels of mature chloroplast 23S, 168,
55, and 4.5S rRNAs (Yu et al., 2008). We consistently found
that four, six, and one W sites individually identified in 23S,
16S, and 4.5S rRINAs, respectively, in the WT were not present
in the svr1 mutant (Supplementary Table S8). However, no sig-
nificant differences in W modifications were observed in 25S
rRNA and 18 rRNA (Supplementary Fig. S5). Collectively,
these data suggest that W-seq is a powerful tool for the ac-
curate detection of W modifications in RINAs of Arabidopsis.

‘We examined naturally occurringmR NA pseudouridylations
in Arabidopsis and found that Ws were widely distrib-
uted in 5-UTRs, CDS, and 3-UTRs of mRNA (Fig. 2A;
Supplementary Table S4). Consistent with previous results
obtained from yeast,mammals (including humans),and 1" gondii

(Carlile et al., 2014; Lovejoy et al., 2014; Schwartz et al., 2014;
Li et al.,2015; Nakamoto et al.,2017), the level of W modifica-
tions relative to U in the 3’-UTR was markedly lower than that
in the 5'-UTR and CDS region, i.e. W is under-represented
in 3-UTRs of Arabidopsis mRINA (Fig. 2B). Furthermore,
we observed that the probability of pseudouridylation at pos-
ition 1 of the triple codon was clearly higher than that at posi-
tions 2 or 3 within the coding region (Fig. 2D), in accordance
with previous data from humans and 1. gondii (Li et al., 2015;
Nakamoto ef al., 2017). Mapping of W sequences has shown
that the valine codon (GUA) and phenylalanine codons (UUU
and UUC) are the most frequently pseudouridylated in yeast
and humans, respectively (Carlile et al., 2014; Li et al., 2015).
We also found that UUU and UUC were the most frequently
modified in Arabidopsis (Fig. 2C). Taken together, these find-
ings suggest that biased distributions of Ws in general regions
and in specific codon positions of mRINA may be a common
feature not only in animals but also in plants, implying that
a sequence-specific mechanism for W modifications within
mRINA may be conservative between both groups.

In total, we found 451 W sites in Arabidopsis mRINA
(Supplementary Table S4),a number comparable to that in yeast
(50-100) and human cells (100—400). No pseudouridylation
was detected in the translation termination codons of
Arabidopsis mRNA, although artificial modification of ¥ on
yeast mRINA allows conversion of nonsense stop codons into
sense codons (Karjjolich and Yu, 2011). Our GO analysis re-
sults showed that the W-containing transcripts that were en-
riched mainly played roles in responses to stimuli and stress,
and in metabolic processes, biosynthetic processes, energy gen-
eration, and photosynthesis (Fig. 3; Supplementary Table S6),
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indicating that mRINA pseudouridylation may be essential for
these processes in Arabidopsis.

In summary, our analysis of W-seq data in Arabidopsis
showed that W sites were highly biased towards the 3’-end
of tRINAs. Our selected size of RINA fragments was at least
60 nt, and mature tRNAs are only about 70-100 nucleo-
tides long (Torres et al., 2014). Thus, many RT stop products
that resulted from Ws at 3’-ends of tRINAs would have been
too short for read-mapping, and some Ws that occurred at
the 3’-end of tRINAs might not have been detected. In add-
ition, we found that the expression levels of 53 chloroplast
ribosomal proteins and 63 photosynthesis-associated pro-
teins were significantly reduced in the svr! mutant compared
with the WT (Fig. 8; Supplementary Table S10). Among the
photosynthesis-related proteins, four (psaF, rbcL, ATPa, and
petC) have been previously reported to be reduced in svrl
(Yu et al., 2008). Our results add significantly to the find-
ings by Yu et al. (2008) and suggest that SVR 1 plays a pivotal
role in modulating the translation of many chloroplast pro-
teins, including ribosomal proteins and those associated with
photosynthesis (Fig. 8). Our discovery of pseudouridylation of
mRNA in Arabidopsis raises the question of the significance
of modified nucleosides in mRNA in relation to coordin-
ation of responses to environmental cues, and this should be
the focus of further research.
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