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Abstract

RNA 5-methylcytosine (m°C) is implicated to have multiple biological and
molecular roles in single cell and multicellular organisms, including regulation
of mRNA translation and plant growth. However, there are still many questions
waiting to be answered. In my research, | addressed the roles of m°C on rRNAs
and tRNAs in Arabidopsis thaliana. In Chapter 2, NOP2, a putative rRNA m°C
methyltransferase was shown to be genetically redundant and essential for
ovule development. Three NOP2 orthologues, NOP2A, NOP2B and NOP2C
were identified in the A. thaliana genome and are genetically redundant. | found
nop2a nop2b mutants were lethal due to female gametophyte abortion at the
two to eight-nucleate stages. Reduction of NOP2A in nop2b nop2c mutants
using an artificial miRNA led to a range of post-embryo phenotypes, impaired
ribosome activity and reduced m°C methylation of C2268 on the 25S rRNA. In
Chapter 3, | tested tRNA cleavage in T2 RNase mutants, rms1, rns2, rns4 and
wild type under oxidative stress by northern blotting. Small RNA sequencing
suggested that loss of RNS2 results in changes of both pre-tRNA and mature
tRNA profiles under oxidative stress. | also tested tRNA cleavage without m°C
methyltransferase TRM4B, and without ribonuclease RNS2, and found m°C
appears to protect tRNAASP(CTC) from RNS2 cleavage. In Chapter 4, | explored
the processing and molecular targets of tRNA halves originating from cleaved
tRNAASPGTC) When a 35 nt 5-half tRNAAP fragment was expressed from a
strong polymerase Ill promoter and the transgene was transformed into plants,
no transgenic plants were recovered. Hence, we named this transgene, Killer.
Subsequent transient expression of Killer in Nicotiana benthamiana leaves
followed by small RNA sequencing and a targeted genetic suppressor screen
in Arabidopsis indicated that the 35 nt 5’-half tRNAAP in Killer was processed
into several sSRNAs, and involved RNA silencing proteins RDR6, DCL2, DCL3,
DCL4, AGO1, AGO3, AGO4, AGO5, AGO7, AGO9 and AGO10. Two sRNAs
from 5'-half tRNAASP appear to silence embryo-defective genes, At1g67490 and
At1g32490, thereby leading to embryo lethality. Taken together, my research
addressed functions of m°C methyltransferases NOP2 and TRM4B, and
revealed a role in the processing of tRNAASPS' in A. thaliana.
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Chapter 1. Epitranscriptome

introduction



1.1. Overview

The history and use of the term epigenetics are somewhat pliable. The
hypothesis of epigenetic changes affecting the expression of genes on
chromosomes was thought to be first defined by Nikolai Koltsov early last
century. Soon after in 1942, Conrad Waddington coined the term epigenetics
as pertaining to epigenesis, referring to the differentiation of cells from their
initial totipotent state during embryonic development. He used the phrase
epigenetic landscape as a metaphor for biological development in terms of how
genetic components may interact with the environment to produce a phenotype.
More recently Rob Holliday, in about 1990, defined epigenetics as, the study of
the mechanisms of temporal and spatial control of gene activity during the
development of complex organisms [1]. More recently, Arthur Riggs, Adrian
Bird and others have used much stricter definitions around the inheritance of a
phenotype through mitosis that is not explained by the DNA sequence [2],
[3]. Analogous to epigenetics, epitranscriptomics involves understanding all
functionally relevant changes to the transcriptome that do not involve a change
in the ribonucleotide sequence.

The term epitranscriptome is used to describe all the biochemical modifications
of the transcriptome within the cell. Now, more than 150 types of RNA
modifications were identified using a suite of advanced technologies [4], [5].
Initially, most RNA modifications were found in transfer RNAs (tRNAs) and
ribosomal RNAs (rRNAs). However, using high-throughput sequencing
methods, RNA modifications were also discovered on less abundant
messenger RNAs (mRNAs) and non-coding RNA (ncRNAs), including long
non-coding RNAs (IncRNAs), microRNAs (miRNAs) and siRNAs [6]. The
abundance of modifications differs amongst RNA species. For example, N1-
methyladenosine (m'A), pseudouridine (W), and 2’-O-methylation (2’0OMe) are
much more abundant on tRNAs and rRNAs, while N6-methyladenosine (m°A),
5-methylcytidine (m°C), and 2’0OMe are extensively enriched in mRNAs and
viral RNAs [7], [8]. Among the identified RNA modifications, methylation is the

most well-studied in plants and animals.



In the next section, | introduce prevalent cellular RNA modifications including
m°C, m®A, and W, and describe the so-called writer, eraser and reader proteins,
the distribution and functions of these modifications on mRNAs, rRNAs and
tRNAs. | then outline the production, and function of small RNAs derived from
cleaved tRNAs.

1.1.1. m°C

Among the identified RNA modifications, m°C is formed by adding a methyl
group to the fifth carbon of the cytosine base (Fig 1.1). First identified on DNA
[9] and later found on RNA [10], m°C was identified in all cellular RNAs,
including mMRNAs, rRNAs, tRNAs, IncRNAs, and small nuclear RNAs (snRNAs)

[11].
NH, NH,
N RCMT NT CHs
J\C ’ > J\,ﬁc ‘
+SAM
o N © N
| |

Cytosine 5-Methylcytosine

Figure 1.1: Cytosine is methylated to 5-methylcytosine by RNA cytosine
methyltransferases (RCMTs).

RCMT catalyses the transfer of a methyl group, CHs, from the donor substrate S-

adenosylmethionine (SAM) to the 5-carbon position of cytosine. Figure from [12].

1.1.1.1. m5C detection

The distribution and functional studies of m°C are underpinned by advances in
m°C detection. Transcriptome-wide m°C detection methods include RNA-
bisulfite-sequencing  (bsRNA-seq), methylated-RNA-immunoprecipitation
(meRIP-seq), Aza-IP-seq and miCLIP-seq. Each method has its advantages
and disadvantages. Bisulfite-sequencing was first utilised for detecting DNA
m°C in 1992 [13]. In the presence of sodium bisulfite, unmethylated cytosines

are converted to uracils and sequenced as thymines, while the methylated



cytosines remained unchanged during conversion and sequencing [14]. RNA
bisulphite-sequencing utilises the same principles as previously outlined for
DNA and has the advantage over other techniques of providing single-
nucleotide resolution and high specificity. However, this approach is unable to
reliability detect low abundance m°C in RNAs and fails to distinguish m°C from

other types of cytosine modifications, like m3C [15].

A second detection method is meRIP-seq which was first adopted to detect m°A
in RNA transcripts [16], [17]. meRIP-seq using a m°C antibody combined with
deep-sequencing was applied to map m®°C sites in animals and plants [18], [19].
A limitation of meRIP-seq is the inability to detect modifications at single-
nucleotide resolution due to the effective shearing length of IP input RNA is
about 100-150 nt [15]. A disadvantage of meRIP-seq is RNA second structure
that may inhibit the antibody binding and detection of potential m°C sites [20].
A potential second disadvantage is the specificity of the antibody, as an
antibody cross may react with another modification and therefore lead to

erroneous datasets [21].

The last methods to detect RNA m°C are Aza-IP-seq and miCLIP-seq that were
designed to identify the target sites of RNA cytosine methyltransferases
(RCMTs) by trapping and immunoprecipitation [22], [23]. RCMTs form a
reversible covalent intermediate with their target cytosine substrate however
both Aza-IP-seq and miCLIP-seq trap the RCMT bound to the target RNA. With
Aza-IP, RNA is mixed with 5-azacytidine (5-azaC) and RNA transcripts
containing m°C are trapped the RCMT by forming a covalent enzyme-RNA
adduct. Then, the protein and covalently bound RNA are immunoprecipitated
and sequenced. Even though Aza-IP can identify m°C sites at single-nucleotide
resolution, it also has limitations. Examples include 5-azaC is toxic to cells at
high concentrations and not all cytosines will be replaced by 5-azaC [24], [25]].
Compared to Aza-IP, the method, methylation-individual nucleotide resolution
cross-linking and immunoprecipitation (miCLIP) introduces a mutation of the
conserved cysteine in the catalytic domain (C271A) of the RCMT and
subsequently forms a covalently linked RNA-protein complex [26].

Immunoprecipitation and deep-sequencing identify the m°C site at the +1 site



of the sequencing read [27]. Even though it has high specificity, the method is

time consuming.

Except for the above detection methods for RNA modifications, the latest
nanopore sequencing technologies developed by Oxford Nanopore
Technologies allows to detect endogenous and exogenous RNA modifications
at the single-nucleotide and single-molecule resolution, as well as to predict
RNA modifications in individual reads based on nanopore data [28]-[30].
However, the application of nanopore was limited by the lack of available data
by which to recognize the location and abundance of known RNA modifications
and the inevitable error rate [28], [31].

In summary, all m°C detection methods have limitations. Therefore, to obtain
reliable, nucleotide resolution m°C data, a combination of approaches is
required.

1.1.1.2. m°C methyltransferases

Currently, two classes of RCMTs have been identified in eukaryotes. The first
is the Rossmann-fold superfamily of RNA methyltransferases (MTases) due to
the family sharing a Rossmann-fold motif (RFM) within the catalytic domain [32].
Among this class, five subfamilies, RCMT1, 2, 7, 8 and 9, are present in
eukaryotes, and each subfamily shares conserved amino acid sequences
across different species. The remaining RCMT subfamilies 3, 4, 5 and 6 are
distinctly prokaryotic [33]. RCMT7 family proteins are involved in the
methylation of tRNAs and mRNAs [34], [35] and NSUN2 methylates the tRNAs
structural position C34 of tRNAS(CAA) C40 of tRNACY(SCC) C48 and C49 of
tRNAASP(CTC) in humans [35]. The NSUN2 ortholog, TRM4B, has m°C
methylation activity on tRNAs at positions C48, C49 and C50, as well in non-
coding RNAs and mRNAs in A. thaliana [11], [36]. Members of the RCMT2
protein family mainly methylate rRNAs. For example, the Nucleolar protein 2
(NOP2)/NSUN1 catalyses methylation of C2870 in 25S rRNA in yeast [37].
Genome sequencing and characterization identified three paralogs of NOP2 in
A. thaliana, NOP2A/At5g55920 as known as OL/2), NOP2B/At4g26600 and



NOP2C/At1g06560. Recently published data shows that C2860 in 25S rRNA
was reduced in NOP2 RNAIi Arabidopsis plants [38]. Besides RCMT2, the
RCMT8 subfamily referred to as NSUNS in A. thaliana and RCM1 (rRNA
cytosine methyltransferase 1) in yeast also target rRNA methylation. The loss
of RCM1 specifically abolishes m°C at C2278 in 25S rRNA. Similarly, reduced
m°C methylation at C2268 in 25S rRNA was observed in nsun5 A. thaliana
mutants [36], [39].

Another class of eukaryotic RCMTs is Transfer RNA Aspartic acid
Methyltransferase (TRDMT1), also known as DNA methyltransferase (DNMT2)
due to its shared sequence methyltransferase motifs with DNA
methyltransferases [40]. TRDMT1 methylates tRNAs in various organisms
including Drosophila, A. thaliana and Homo sapiens [41]. Initially, TRDMT1 was
demonstrated to methylate tRNAASP(CTC) tRNAGY(ECC) and tRNAVaIAAC) at
structural position C38 in animals [42]-[44], and only tRNAASPCTC) in A, thaliana.
Subsequently, TRDMT1 has been demonstrated to also methylate C38 on
tRNACN(CCC) and tRNACY(ECC) in A, thaliana [45]. Although significant progress
has been made in identifying the writers of m°C, the targeting mechanism is

largely still a mystery.

1.1.1.3. m®C distribution

Mapping of m°C sites from various studies demonstrated that the distribution of
m°C on mRNA is not random. In A. thaliana, the majority of identified sites
identified by bs-RNA seq are in the coding sequence (CDS), and a slight
enrichment for sites in the 3’ UTR and 5’UTR [11]. While a divergent result in
m°C-RIP seq showed no m°C enrichment in the 3'UTR and 5’UTR in A. thaliana
[46]. In Hela and mouse cells, the data from bs-RNA seq have shown that the
m°C sites are enriched in 3’'UTR and 5’UTR and were not enriched in the CDS
[47], [48]. The contradictory m°C distribution could be explained by the different
tissues the RNA was derived from, depth of sequencing, detection sensitivity
and specificity or sensitivity to RNA secondary structure of the different
methods. Exploring m°C distribution in more species combined with genetics
tools is necessary to further clarify the distribution.



1.1.1.4. m3C Function

Although progress has been made in the detection, identification of
methyltransferases and transcriptome-wide distribution of m°C, we are only
beginning to reveal the cellular and molecular roles of m°C on RNAs. On tRNAs,
m°C methylation can stabilize tRNA secondary structure, promote translation
efficiency and regulate stress responses [37], [49]. In terms of mMRNAs, the
functional role of 3UTRs m°C is unclear. It has been proposed that m°C in
3’UTRs may be related to the binding of Argonaute I-1V proteins in humans that
function in the miRNA-guided decay of mMRNA and translational inhibition [50].
More recently, 5-methylation on mRNAs was shown to exert influence on RNA
metabolism through, mRNA stability, splicing, nucleus-to-cytoplasm export, and
alternative polyadenylation [48], [51], [52]. In humans, mutations in m°C
methyltransferases are associated with various diseases and altered
expression is observed in numerous cancers [53]-[55]. Like tRNA and mRNA
stability, RCMTs are linked to maintaining rRNA stability and translational
efficiency [27], [56]. In other RNA types, including long non-coding RNAs
(IncRNAs) and smaller non-coding RNAs, such as enhancer associated RNAs
(eRNAs) or vault RNAs (vtRNAs) m°C was also shown to play a role.
Specifically, m°C in the vital A-region of the IncRNA X-inactive specific
transcript (XIST) prevents binding of the chromatin regulatory PRC2 (polycomb
repressive complex 2) complex to XIST in vitro [57]. In nusn7 mutants,
decreased m°C levels on eRNAs correlated with decreased eRNA abundance,
demonstrating that m>C plays a role in eRNAs stabling and therefore fine-tuning
gene expression [58] Furthermore, methylation of the small non-coding RNA
vtRNA1.1 effects processing into smaller RNA fragments that have a miRNA-
like function [59]. Overall, these findings highlight the significance of RNA m°C

in molecular and cellular functions.

1.1.2. m®A

RNA N-méA is another well-studied RNA modification in yeast [60], plants [61]
and humans [62]. After being discovered on mRNAs, m®A was later found on
rRNAs and IncRNAs [63]. Compared to m°C, a better understanding of the mfA



writer, reader and eraser proteins has occurred in plants and mammals, which

is shown in Table 1.

Table 1.1: List of writers, readers, and erasers involved in RNA

methylation in A. thaliana and rice (Oryza sativa). Table from [64].

Type Gene name Arabidopsis gene ID Target RNA Function Rice ortholog Animal
counterpart
Writers MTA At4g10760 méA Embryo development LOC_0s02g45110 METTL3
MTB At4g09980 mPA Embryo development LOC_Os01g16180 METTL14

LOC_0s03g05420
LOC_0s10g31030

FIP37 At3g54170 mBA Development LOC_0s06g27970 WTAP
VIRILIZER At3g05680 mPA Development LOC_0Os03g35340 VIRMA
HAKAI At5g01160 mPA Development LOC_Os10g35190
TRM4A At4g40000 m°C LOC_0s08g37780
TRM4B At2g22400 m°C Root development LOC_0s09g29630

Readers YTHO1 (ECT11) At1g09810 mPAm'A LOC_0s01g22630 YTHDF1
YTHO2 (ECT9) At1g27960 LOC_0s08g12760 YTHDF2
YTHO3(CPSF30) At1g30460 LOC_0s06g46400 YTHDF3
YTHO4 (ECT7) At1g48110 LOC_0s03g20180 YTHDCH
YTHOS (ECT4) At1g55500 Development LOC_0s03g53670 YTHDC2
YTHOB (ECT8) At1g79270 LOC_0s01g48790
YTHO7 (ECT1) At3g03950 LOC_0s04g51940
YTHO8 (ECT5) At3g13060 LOC_0s08g44200
YTHO9 (ECT2) At3g13460 Trichome branching LOC_0s07g07490
YTH10 (ECT6) At3g17330 LOC_0s04g51950
YTH11 Atdg11970
YTH12 (ECT10) At5g58190 LOC_0s05g04000
YTH13 (ECT3) At5g61020 Trichome branching LOC_0s05g01520

Erasers ALKBH1A At1g11780 LOC_0s03g60190 ALKBH1
ALKBH1B At3g14140 LOC_Os11g29690
ALKBH1C At3g14160
ALKBH1D At5g01780
ALKBH2 At2g22260 LOC_0s06g17830 ALKBH2
ALKBH6 Atdg20350 LOC_0s10g28410 ALKBH6
ALKBH8 At1g36310 tRNA memSU LOC_0s04g51360 ALKBH8

LOC_Os11g43610

ALKBH8A At1g31600 tRNA mem5U
ALKBH8B At4g02485
ALKBH9A At1g48980 LOC_0s06g04660 ALKBHS5
ALKBHOB At2g17970 mPA Viral infection
ALKBHOC At4g36090
ALKBH10A At2g48080 LOC_0s05g33310
ALKBH10B At4g02940 mBA Flowering LOC_0s10g02760

In the mBA writer complex, methyltransferase-like 3 (METTL3), METTL14,
METTL16, Wilms’ tumor 1-associating protein (WTAP), and Vir-like m®A
methyltransferase-associated (VIRMA; KIAA1429) were demonstrated as
essential components in animals [65]-[68]. It is noteworthy that these
components are dependent on each other to regulate the méA methylation. For
example, although METTL3 predominantly exerts a methyltransferase activity,
the catalytic activity of the METTL3-METTL14 complex is much higher than
METTL3 or METTL14 alone, which indicates METTL14 enhances the MTase
activity of METTL3 [66], [69]. WTAP interacts with METTL3 and METTL14 and



is necessary for their localisation into nuclear speckles enriched with pre-mRNA
processing factors [65]. VIRMA guides specific target methylation by recruiting
the catalytic core components METTL3/METTL14/WTAP [70]. METTL16, a
newly discovered independent RNA methyltransferase, is responsible for 3'
UTR m®A in mRNAs and on A43 of U6 small nuclear RNA [71]. Additionally,
bioinformatics indicated that the CCHC zinc-finger-containing protein ZCCHC4
is an RNA m®A methyltransferase and was confirmed to be required for m8A on
human 28S rRNA [72]. Also, the CCCH zinc-finger-containing protein ZC3H13
was found to be essential for the Zc3h13-WTAP-Virilizer-Hakai complex, which
is vital for RNA mPA in mammals [73]. Based on orthology of the animal m®A
writers, the plant’'s methyltransferase complexes MTA (ortholog of METTL3),
MTB (ortholog of METTL14), FIP37 (ortholog of WTAP) and VIRILIZER
(ortholog of VIRMA) were identified. In A. thaliana, E3 ubiquitin ligase HAKAI
was found to be an important m®A writer component as knockdown of this
protein resulted in decreased m®A levels and pleiotropic phenotypes [74].

Eraser proteins, also known as demethylases, of mfA are members of the
alpha-ketoglutarate-dependent dioxygenase homologs (ALKBH) family and are
Fe (Il) and a-ketoglutaric acid-dependent. In mammals, the Fat mass and
obesity-associated protein (FTO) and Alkylation repair homologue protein 5
(ALKBHD5) are responsible for the removal of mfA in RNA [75], [76]. FTO could
demethylate not only m®A but also N3-methylthymidine (m3T) and N3-
methyluridine (m3U) from single-strand DNA (ssDNA) in mice and single-strand
RNA (ssRNA) [77].. ALKBH5 and FTO were demonstrated to participate in
multiple processes including splicing and production of longer 3'-UTRs of
mRNAs, maintaining mRNA translation stability and several other cellular
processes [78]-[81]. Another demethylase, ALKBH3, was identified for tRNA
mPA demethylation in human [82]. Sequence homology searches identified 14
ALKBH-like members in A. thaliana (Table 1) [83], of which only ALKBH9B
(At2g17970) and ALKBH10B (At4g02940) are related to mfA demethylation
during viral infection and floral transition [84], [85]. In summary, growing
numbers of mPA eraser proteins have been identified, but the activity and
substrate RNAs of most ALKBH family members in plants and animals are

unclear.



Members of the YT521-B homology (YTH) domain family (YTHDF1, YTHDF2,
YTHDF3, YTHDC1, and YTHDC?2) have a conserved mfA-binding domain that
has high affinity to m®A and are important m®A readers [86], [87]. Interestingly,
the different reader proteins recognize and bind different m®A RNAs and have
functional outcomes. For example, the first identified mfA reader, YTHDF2,
binds to mfA-modified RNAs and then accelerates their degradation by
recruiting the CCR4-NOT deadenylase complex [88]. Reader YTHDF1
recognises m°A sites around mRNA stop codons and enhances mRNA
translation and protein synthesis by interacting with translation initiation factors
and the 40S ribosomal subunit [89]. YTHDF3 cooperates with YTHDF1 to
promote the translation of methylated mRNAs and increase target RNA
degradation by interacting with YTHDF2 [90]. YTHDC1 has a role in exporting
m8A-methylated mRNAs from the nucleus [91]. YTHDC2 can also promote the
translation of méA-methylated mRNAs [92].

Besides the YTH proteins, other protein can act as m°A readers in animal cells.
One such family is the nuclear ribonucleoprotein (HNRNP). HNRNPC and
HNRNPG bind to m8A-methylated mRNAs and regulate mRNA abundance and
splicing, similar to YTHDC2 [93]. Another m®A binding protein is the insulin-like
growth factor 2- IGF2BPs, including IGF2BP1, 2 and 3. IGF2BPs recognise
m®A sites and enhance mRNA stability and translation in an m°A-dependent
manner [94]. Eukaryotic initiation factor 3 (elF3) could also bind mfA in the 5'
UTR region of transcripts and enhance cap-independent translation [95]. In the
A. thaliana genome, a total of 13 YTH domain proteins were predicted (Table
1), eleven of the 13 members have a highly conserved C terminus and are
named ECT1 to ECT11 for Evolutionarily Conserved C Terminus. YTHDO9
(ECT2), YTHD13 (ECT3), and YTHO5 (ECT4) were functionally recently
functional characterized [96], [97]. It was reported that ECT2 can bind mA RNA
in vivo, and plants depleted of ECT2 show a trichome-branching defect.
Additionally, ECT2 is cytoplasmic located protein and can regulate mRNA fate
by relocating bound RNA to stress granules upon heat exposure [97]. When
ECT4 was mutated, the ect2/ect3 mutants exhibited delayed leaf emergence

and leaf morphology defects [98], [99].
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RNA mfA in mammals was linked to various processes including RNA splicing,
RNA stability, RNA export, 3’UTR processing, and translation by genetic
analysis of the writer, eraser and readers (Fig 1.2). For example, in VIRMA and
METTL3-depleted cell lines, the 3'UTR length of mRNA transcripts was
extended by over 50% [100]. FTO was demonstrated to regulate alternative
splicing via moderating m®A levels and hence SRSF2 binding at splice sites
[101]. YTHDF2 is mainly bound to m8A near the stop codon, 3’'UTR and CDS,
indicating a role in mMRNA stability and translation [102]. FMRP binds to m°A-
modified mMRNAs and enhances their nuclear export to regulate neural
differentiation [103]. Functional analysis of m®A was also linked to cell
development, proliferation, differentiation, and cell motility. For example, up-
regulated ALKBHS reduces autophagy and promotes cell proliferation [104]. On
the contrary, depletion of FTO in mice can hamper the differentiation of primary
myoblasts into skeletal muscle cells [105]. Perhaps unexpectedly, METTL3 was
identified as an oncogene in cancer cells as METTL3 facilitated cancer-induced

gene expression associated with translation initiation factors [106].
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Figure 1.2: The m®A Methylation Machinery and the Biological Functions
of méA.

The N-mPA modification is installed onto cellular RNAs by the methyltransferase complex
comprising the methyltransferase-like 3 (METTL3)/METTL14 (methyltransferase-like 14)
heterodimer core subunit and other cofactors including WTAP, KIAA1429, ZC3H13, and
RBM15/RBM15b. Methyltransferase-like 16 (METTL16) alone can catalyse m°A formation on
U6 small nuclear (sn)RNA and some structural RNAs, whereas ZCCHC4 is responsible for the
deposition of m®A on rRNA. The RNA m®A modification can be reversibly removed by RNA
demethylases (erasers) fat mass and obesity-associated protein (FTO) and AIkB family
member 5 (ALKBH5). The biological functions of m®A modification are affected by specific
recognition by RNA binding proteins (readers), which regulates RNA fate by regulating RNA

splicing, export, decay, stabilisation, and translation. Figure from [107].

Functional studies of RNA m®A was also linked to plant development and
abiotic stress responses through genetic analysis of the writers, erasers and
readers. In A. thaliana, lack of m®A writer MTA leads to early embryonic lethality,
as it is essential for formation of shoot meristems and reduced MTA abundance
was linked to post-embryonic processes of lateral root growth, leaf and floral
tissue development [108]. Embryonic lethality was also observed in complete
depletion of FIP37, while partial loss results in the massive proliferation of shoot
meristems through increasing WUSCHEL (WUS) [109]. Other m®A writers in A.
thaliana, like VIRILIZER and HAKAI, also influence root and shoot growth and
cotyledon development [74]. Unlike m®A writers, functional knowledge about
m®A erasers and readers is more limited. In A. thaliana, alkbh10b mutants
displayed delayed juvenile to adult leaf transition, delayed flowering and
reduced ALKBH9B results in a high abundance of m®A in the alfalfa mosaic
virus genome of infected plants [110], [111]. m8A ECT family members were
illustrated to have a role in A. thaliana leaf and epidermal hair development [98].
Interestingly, in rice, the analysis of microarray data showed the expression
pattern of m®A writers MTA and FIP37 were enhanced by cold and heat stress,
and increased activity of eraser ALKBH1 was found after drought and cold
treatments. In contrast, the expression of reader YTHD4 does not respond to
cold stress [64]. The abiotic stress condition complicated the understanding of
the status of m®A, therefore disclosing the co-regulation mechanisms of writer,

eraser and reader of mA under abiotic stress on other species is beneficial to
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unveiling the mystery of m°A.

1.1.3. Other RNA modifications

1.1.3.1. Pseudouridine (¥)

Y is generated from uridine through a post-transcriptional isomerisation and
was identified more than sixty years ago. By now, the W is the first modification
to be discovered and the most abundant one in the RNA species [112]. More
recently, a transcriptome-wide profiling study revealed that the W sites were not
only found in rRNA, tRNA, and small nuclear RNAs but also mRNAs [113].
Notably, the catalytic reaction between uridine and W was achieved by two
mechanisms, namely, an RNA-independent mechanism and an RNA-
dependent mechanism [114]. RNA-independent pseudouridylation involves
various W synthases (PUSs) with specific substrates and sub-cellular domains
to convert uridine into W. However, the RNA-dependent mechanism is

accomplished by a box H/ACA small nucleolar RNAs (snoRNAs).

The advancement of high throughput pseudouridine-seq technologies
accelerates the identification of W sites. Four different high throughput
pseudouridine-seq methods (Pseudo-seq, W-seq, PSl-seq and CeU-seq) have
identified 1496 W sites in 867 yeast MRNAs under normal and stress stimulus
conditions. Also, there are 3083 W sites in 2174 human mRNAs, which mainly
accumulate in 5’ and 3’'UTR and CDS [114]. However, the biological role of ¥
in MRNAs is only beginning to be uncovered. Despite less evidence from the
experiment, the W was speculated to have the ability to modulate mRNA
structure, influence pre-mRNA splicing and 5’ capping and regulate RNA sub-
cellular localisation [115], [116]. Furthermore, the ¥ was demonstrated to
influence the mRNA stability. Such as the absence of PUS7, Pus family
enzymes regulating W sites, in yeast leads to the decreasing level of
pseudouridylated mRNA, showing a role in stabilising mRNA stability [117]. In
contrast, another study in wild-type and TgPUS1-mutant parasites indicated
that genes containing a TgPUS1-dependent W are relatively more abundant in

mutant parasites than wide type, suggesting that pseudouridylation is able to
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destabilise mRNA [118]. Therefore, studies referring to clarifying molecular
mechanisms underlying W-mediated regulation of mRNA stability should gain
substantial attention. Investigation of ¥ on other RNAs was also carried out.
Such as, it was demonstrated that W sites are functionally enriched in principle
rRNA regions, including the peptidyl transferase centre (PTC), the decoding
centre, the A-site finger (ASF) region and sites where ribosomal subunits
interact [119]. It was reported that the W in rRNAs is vital for the ribosome
biogenesis and protein translation in S. cerevisiae [120], [121]. Additionally, a
Functional study of W in tRNAs exhibited that W is able to maintain the tRNA
stability and decoding fidelity during translation [122].

1.1.3.2. 5-hydroxymethylcytosine (hm*C)

In RNA and DNA, TET- enzymes catalyse the oxidisation of m°C to hm°C (Fig
1.3) [123]. In Drosophila melanogaster decreased hm°C in dTet-deficient
mutants had impaired brain development. Moreover, transcriptome-wide
mapping revealed that hm°C is located in exonic and intronic regions of protein-
coding transcripts [124]. Further analyses identified a consensus sequence of
UCCUC repeats. In contrast to m°C, mRNAs with high hm°C content were
associated with active translation [125]. The distribution and biological functions
of hm°C in mammals and plants is actively being pursued.
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Figure 1.3: Chemical structures of all currently known RNA
modifications.

Adenosine-derived (yellow), guanosine-derived (pink), uridine-derived (purple), and cytidine-
derived (cyan) modifications are classified based on the parent ribonucleoside. The red
moieties indicate which portion of the modified ribonucleoside is different from the parent

ribonucleoside, whose structures are shown in the central circle. Figure from [126].

11.3.3.1land U

Adenosine-to-inosine  RNA editing (A-to-l editing), termed |, is also a
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transcriptional modification (Fig 1.3). It is formed by the adenosine deaminase
acting on RNA (ADAR) family of enzymes [127]. And there are three members
in humans, ADAR1 and ADARZ2, which mainly catalyse dsRNA-binding proteins,
while ADARS is thought to be a dominant negative regulator of the | editting
[128], [129]. Roughly 50 000-150 000 | editing sites were mapped in mice and
about millions in humans. Specifically, it is reported that 1741 | sites are located
in CD regions of transcripts from different human tissues [130], [131]. In recent
years, this modification has been discovered to influence the native secondary
structure of the mRNA [132].

Cytidine-to-uridine RNA editing (C-to-U editing), also named U (Fig 1.3), is a
critical post-transcriptional modification in mitochondria and chloroplasts
specific to flowering plants. In rice, a total of 491 U editing sites have been
identified in the mitochondria genome [133]. This editing could be found in 5'
or 3' UTR, introns, rRNA and tRNA, regulating splicing, stabilising transcript and
maintaining translation efficiency [134].

1.2. Messenger RNA modifications and

functions

Among the already identified RNA modifications, the m8A and m°C are the best
understood covalent nucleotide modifications in mRNAs. Mass spectrometric
(MS) quantification also identified other modifications in mRNA, including N 1-
methyladenosine (m'A), N 4-acetylcytidine (ac4C), hydroxymethylcytosine
(hm3C), 3-methylcytidine (m3C), cytosine to uridine (C to U) editing, m’G, Nm,
and 7,8-dihydro-8-oxoguanosine (8-oxoG) [135]. These modifications are less

well understood due to their lower abundance compared to m®A and m°C.

In plants, the abundance of mRNA modifications m®A and m®C is dynamic
during growth and development. In A. thaliana, a total of 4,881 different m°A
peaks were identified between 5-day-old seedlings and 4-week-old leaves [136].
In rice, m®A modification profiling identified 1,792 and 6,508 m®A-modified
genes in callus and leaves, respectively [137]. In the fruit of the ripening-
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deficient tomato sidm/2 mutants, more than 1,100 mRNAs showed an increase
of m®A compared to wild type [138]. In A. thaliana, 128, 201, and 859 m°C sites
were identified in siliques, seedling shoots, and root tissues, respectively, and
only 15 sites showed varying m°C levels amongst all three tissues [11]. In
another study, m°C sites were investigated in siliques and rosette leaves,
displaying the highest (0.036%) and lowest abundance (0.010%), respectively.
Of note, a slightly increasing trend of m°C level was observed from 3-day-old
to 15-day-old whole seedlings [139]. The above finding of m®A and m®C in
different tissues and development stages indicates the dynamic regulation
pattern of MRNA modifications in plants.

The molecular and biological importance roles of mRNA modifications have
been elucidated in multiple species. Being the most abundant mRNA
modification, m8A is mainly near the translation start codon and translation stop
codon, which confers its main roles in the translation process. To be more
specific, the dynamic m®A could be bound by some special protein and
influence the lifetime of mMRNA [79], [101], [103], [140]. Furthermore, the
biological role of mfA was reported to be associated with the embryo
development, stem cell fate determination [109], floral transition [141], trichome
and leaf morphology [98] in A. thaliana, fruit ripening in tomatoes [138], and
sporogenesis in rice [142] (Fig 1.4). The functional versatility of m®C on mRNA
has also been gradually disclosed in plants and animals. For example, as the
candidate sites were found in cis-acting regulatory motifs and miRNA/RISC
binding sites, the m°C were predicted to be involved in post-transcriptional
regulation of the mRNA metabolism [50]. Also, the m°C is related to mMRNAs in
low translation activity in A. thaliana [15]. Notably, the recent finding indicates
that m°C has a role in guiding mRNA over graft junctions to distinct parts in A.
thaliana [19], while the mechanism behind this function is unclear and the
mobility of mRNA conferred by m°C is still waiting to be mirrored in other
species. In addition, m°*C in human could be recognised by mRNA export
adaptor ALYREF via a methyl-specific RNA-binding motif and modulate the
export of bound mRNAs in an NSUN2-dependent way [143]. The investigation
of MRNA m°C on the growth of plants is sparse. It was only reported that the
decreased m°C levels caused by the absence of TRM4B in mRNA resulted in
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the short primary roots and a reduced number of lateral roots in A. thaliana [11] ,
[15]. In summary, the mRNA modifications m®A and m>C are vital for the mRNA
processing and the development of plants.

(A)
Embryo development 3’ UTR processing
SAM development ¥ HA}(Al
Apical domiance |<— MTA—MTB
Organ size |
Root development FIP37 VIR AA(n)

/\/\AA(n)

mRNA
Erasers

ALKBH9B/ALKBH10B

Viral infection| |
floral transition

mRM
AA(n)

Cytoplasm
Plant i
I Leaf and trichome
_— |development \ ECI3/4 — morphogenesis
AA(Nn)

(B)

AA(n)
Root | TRM4B (>
development [ Readers
: mRNA
/m mSsC /\AAA(,,) stability
—
Translation

AA(Nn)
AA(n) efficiency

AA(n)
mMRNA
Erasers

»

18



Figure 1.4: N6-Methyladenosine (mfA) and 5-Methylcytosine (m°C)
modifications in A. thaliana.

(A) Major players involved in m°A regulation in A. thaliana and their effects on plant
development. The methyltransferase complex (writers) and demethylases (erasers)
dynamically sculpt the reversible mA mRNA modification landscape in the nucleus. The
methyltransferase complex consists of MTA, MTB, FIP37, VIR, HAKAI, and possibly other
components, while the demethylases include ALKBH9B and ALKBH10B. m®A-methylated
mRNAs are specifically bound by mPA readers, such as three YTH domain-containing proteins
(ECT2, ECT3, and ECT4), in both the nucleus and cytoplasm. “-” indicates direct protein
interaction observed in vivo or in vitro between two proteins. A biological process affected by
the loss of function of individual components of the writer complex or erasers is colour-coded
accordingly. Overall, m®A-methylated mRNAs are involved in a wide range of plant
developmental processes. (B) m>C modification and its function in A. thaliana. m3C modification
is catalyzed by TRM4B, and modules root development. m°C is involved in mRNA decay and
translation. The erasers, readers, and other writers for m*C remain identified in Arabidopsis.
Figure from [144].

Additionally, current technology could only detect one kind of modification, while
interaction between multiple modifications may exist in a given transcript.
Therefore, to better understand how mRNA modification modulates translation
and gene expression, it will be necessary to update technologies to determine
the combinations of modifications in individual transcripts. As for the less
abundant chemical modifications, more breakthroughs should be made to
better understand its functions in mRNAs. Furthermore, high-throughput
sequencing methods coupled with new approaches are needed to reveal more
previously unseen mRNA modifications.

1.3. Ribosomal RNA modifications and

functions

In eukaryotic cells, roughly 2% of rRNA nucleotides are modified [145]. W and
2’-O-ribose-methylations are the most abundant rRNA modification and they
were installed through small nucleolar ribonucleoprotein complexes (snoRNPs)
consisting of multiple conserved proteins and a small nucleolar RNA (snoRNA),

which guides RNA to direct protein enzymes to the site of modification [124].
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2’-O-methylation is accomplished by the rRNA methylation complex, which
contains the methyltransferase NOP1 (yeast)/Fibrillarin (human) in combination
with scaffolding proteins, the RNA binding protein NHP2L1 and a single
snoRNA from the C/D box snoRNA family, which guide the ribose to be
methylated [146], [147]. While H/ACA box RNPs install y, each consisting of
one H/ACA snoRNA and four core proteins, namely GAR1, NHP2, NOP10 and
the pseudouridine synthase dyskerin (DKC1) [148], [149].

The W and 2'-O-ribose methylations sites are now mapped in multiple
organisms. In human rRNAs, 95 y sites and more than 106 2’-O-ribose-
methylations were identified, and the number is still increasing [150], [151]. In
yeast, 55 2’-O-methylation sites and 45 y sites have been mapped on rRNAs
[145]. In A. thaliana, a total of 117 2’-O-ribose-methylation sites were mapped
by the lllumina-based RiboMethSeq approach, 38 in the 18S rRNA, 2 in the
5.8S rRNA and 77 in the 25S rRNA sequences [152]. After the rRNA
modifications were mapped, numerous studies have focused on the rRNA
modifying enzymes and phenotypes associated with their loss. Three genes
homologous to the yeast and human Fibrillarin 2’-O-ribose methyltransferase
were identified in A. thaliana, AtFib1 (At5g52470), AtFib2 (At4g25630) and
AtFib3 (At5g52490) [153]. Both the AtFIB1 and AtFIB2 could partially
complement a conditional yeast NOP1/Fibrillarin mutant [154]. Surprisingly, six
novels C/D snoRNA co-precipitated with AtFIB2 and don’t appear to bind rRNA
targets, suggesting that the AtFIB2 might function in other coding and/or non-
coding RNA(s) [152]. The altered expression level of C/D box HIDDEN
TREASURE 2 (HID2) snoRNA results in pleiotropic developmental defects,
showing leaf polarity and slow growth in A. thaliana [155]. Moreover, depletion
of rRNA W is lethal to yeast [156]. Additionally, SUPPRESSOR OF
VARIAGATION1 (SVR1, At2g39140), encoding a chloroplast W synthase, is
required for proper chloroplast rRNA processing and protein translation [157].
Also, disordered of SVR1 leads to growth defects and decreased sensitivity to
phosphorous starvation in A. thaliana [158], [159].

The base methylations are also prevalent in rRNA. The m°C, being the best-

understood base methylation in rRNA, is catalysed by two RNA
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methyltransferases, NOP2 and RCM1 [36], [39]. In yeast, NOP2 and RCM1
were demonstrated as a 25S rRNA methyltransferase at positions C2870 and
C2278. The presence of m°C methylated sites is required to synthesise the
large subunit of the ribosome and is anisomycin sensitive in the yeast [160].
Sequence alignment shows three paralogs of NOPZ2 in the A. thaliana genome,
OLI2 (NOP2A), NOP2B and NOP2C [161]. The published data from our
laboratory shows there is no difference in the m°C level at nuclear LSU 25S
rRNA C2860 in single mutants of nop2a, nop2b, or nop2c and wild type [36].
Recently, the reduced m°C level was observed at 25S rRNA C2860 in
nop2a/NOP2B RNA. plants [38]. Interestingly, a homozygous double mutant of
nopZ2a nopZ2b could not be obtained from the segregating population in our
previous study and is fully investigated in chapter 2 of my thesis. Besides m°C,

other methylated bases are also enriched in rRNAs. N4-methylcytidine (m*C)

formed by RSMH was found at 16S rRNA C1402 and 12S rRNA C839 in E. coli
and humans [162], [163]. Also, CMAL (Chloroplast MraW- Like), an ortholog of
RSMH in A. thaliana, methylates the C1352 in chloroplast 16S rRNA. The
depletion of CMAL causes chloroplast function defects, showing abnormal leaf
and root development and overall plant morphology [164]. Another base
modification, N66-dimethyladenosine  (m2%A), is  catalysed by
dimethyladenosine transferase 1 (DIMT1), and its substrates are A1850 and
A1851 in human 18S rRNA are vital for protein synthesis and translation fidelity
[165]. Three dimethyladenosine transferase homologs (DIM1A, DIM1B, DIM1C)
have been characterised in A. thaliana. The point mutation in the dim1A mutant
leads to the lack of two m28A at the 3' end of 18S rRNA (A1785 and A1786),
exhibiting root epidermal defects, abnormal root meristem division, leaf
development, and trichome branching [166]. DIM1B was found in the 18S rRNA
of A. thaliana mitochondria, and it could substitute the E. coli rRNA dimethylase
activity of KsgA [167]. Surprisingly, it is reported that the catalytic activity of
DIMT1 is not necessary for the rRNA processing [168]. In yeast, the variants
had no obvious growth defects when the catalytical function of DIMT1 was
inactive [169]. Also, the study referring to human DIMT1 influences 18S rRNA
processing indicated that ribosome biogenesis requires the presence of the
DIMT1 rather than its RNA-modifying catalytic activity, demonstrating the

21



functions of m2®A is still somewhat elusive [168]. Whether this finding exists in

plants is still unknown.

The absence of single modification has no apparent effects on growth or
ribosome activity in yeast, while altered multiple modification sites lead to
reduced growth rates and translation rate [170]. Therefore, it is not yet clear
how different rRNA modification patterns affect ribosome function. Furthermore,
the rRNA is modified at various stages during the maturation of ribosomal
subunits. Specifically, the 2’-O-methylations and ¥ are extensively installed
during the early stages of ribosomal subunit maturation, the base methylation
commonly occur a little bit later, while little is known about the precise timing of
most of them so far [145]. It will be essential to clarify the precise timing of rRNA
modifications to understand better the interaction between different
modifications and the complex functions in the organism. This will pave the way
for understanding the role of rRNA modifications in regulating translation to
adapt the cellular proteome.

1.4. Transfer RNA modifications and

functions

Cellular tRNAs are the most heavily modified RNA concerning both number,
density and diversity, which contains up to 17% of the cells modified nucleotides
(Fig 1.5) [171], [172]. By now, more than 90 chemical modifications have been
found on tRNAs, including the most prevalent and abundant methylation
modifications, adenosine to inosine (A-l), acetylation of RNA bases, and
isomerisation of uridine to W or dihydrouridine (D) [5], [154], [173]. Specifically,
the functional roles of these modifications are dependent on their chemical
properties and the site on the second cloverleaf structure of the tRNAs [154].
Modifications on the anticodon loop have crucial roles in translation by
preventing frameshifting, expanding codon recognition, and strengthening the
codon-anticodon interaction. Thus, these bases are indispensable for effective
translational control [174]. Position 34 or 37 or both are heavily modified on
every tRNA and impact the tRNA-mRNA Watson Crick base-pairing [175].
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Furthermore, outside of the anticodon loop, modifications occur in the D-loop,
T-loop and variable loop, influencing structural stability, translational efficiency
and tRNA recognition [176]. The modified sites, the modification types and the

specific enzyme introducing the modification will be discussed below.
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Figure 1.5: Modifications in cytoplasmic tRNAs in S. cerevisiae.

Summary of tRNA positions modified on tRNAs. Nucleotides are shown as circles, the residues
34, 35, and 36 in the anticodon are labelled. Figure from [177].

Numerous tRNAs modifications have been discovered in plants, and the
fundamental roles of these modifications on plant growth and the response to
environmental stress have previously been discussed [178], [179]. In A.
thaliana, a total of 26 tRNA modifications were mapped through
chromatography combined with mass spectroscopy techniques [180], [181].
Among them, the m'G and m'l methylation at position 37 on tRNAs are
indispensable for vegetative and reproductive growth [182], the m'A
modification at position 58 of tRNA is required for embryo development [183],
the high level of m°C and its corresponding tRNA methyltransferase were
necessary for root development [11]. Similarly, loss of 2°-O-ribose methylation
at positions 32 and 34 of the tRNAs anticodon loop was linked to the immune

response to Pseudomonas syringae infection [178]. In rice, four kinds of tRNA
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modifications, Am, Cm, m'A and m’G are important in stress responses, while
the Gm, m°U and m°C were demonstrated to involve in the plant development
[179]. Furthermore, the pattern of tRNA modifications may be dramatically
variable during stress conditions and some stress-induced modification sites
were found in multiple organisms [184], [185]. For example, the level of 2'-O-
methyladenosine (Am) increases 10 times during salt stress and ABA treatment
in the rice [186]. In E. coli, some tRNA 2'-O-methylated positions, particularly
several Gm18 sites, are dynamically modulated under starvation and stress
conditions [187]. In summary, tRNA modifications not only play a vital role in
plant growth but also are involved in plant adaptation to stress conditions by
regulating the expression of crucial stress-related proteins [188], [189].

The formation and maintenance of various tRNA modifications are
accomplished by the tRNA methyltransferases (TRMs), and these TRMs play
an indispensable role in plant growth. m'A, the most prominent tRNA
modification in eukaryotes, is formed by the nuclear localized complex
AtTRM61(At5g14600)/AtTRM6(At2g45730) in A. thaliana [190]. The knockout
of either AtTRM61 or AtTRMG6 results in embryo arrest and seed abortion [183].
Strikingly, m'A is reversible in tRNAs, the ALKBH3 and ALKBH1 catalyse the
demethylation of m'A on the target tRNAs in humans [191], [192]. The m'G,
medication is mainly enriched at the &' half of tRNA in all confirmed plants, is
added by the TRM5 at position 37. Also, TRM10 in humans and A. thaliana are
required to modify m'G in tRNA at position 9 [179], [193]. Interestingly, both in
yeast and A. thaliana, TRM5 produces not only m'G, but also the modification
m'l [190], [194]. Dysregulation of AtTRM5 (At3g56120) impedes m'G and m'l
modifications, causing abnormal translation, disturbed hormone homeostasis,
reducing shoot and root biomass and delaying the flowering time [194], [195].
Furthermore, the 2’-O-ribose methyltransferase TRM7 (At5g01230) targeting
the anticodon loop is crucial for resistance to Pseudomonas syringae in A.
thaliana [196]. Knockdown mutants AtTad2 (At1g48175) and AtTad3
(At5g24670) exhibit a decreased level of adenosine-to-inosine editing at six
nucleus-encoded tRNA species, resulting in arrested embryo development at
the globular stage [197]. TRDMT1 methylates three tRNAs at position C38 in
animals (tRNAASP(CTC) t{RNAGY(GCC) gand tRNAVAAAC)) " however, only one m°C
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at position C38 in tRNAAP in plants [36], [42] . Another two TRDMT1 dependent
tRNAs at position C38 (tRNASWECC) and tRNAGYCCC)) were subsequently
characterised in plants. Also, TRM4B (At2g22400) methylates tRNA cytosines
at positions C48, C49 and C50 in plants. In A. thaliana trm4b mutants, show
decreased m°C levels on tRNAs and reduced cell division in the root meristem
which leads to shorter primary roots. Both the trm4b and trdmt1 trm4b are highly
sensitive to the antibiotic hygromycin, and this is likely due to altered tRNA

structures and hence reduced translation [11], [36].

1.5. tRNA fragments, tRNA-derived sRNAs

and functions

Typically, mature tRNAs are 76 to 90 nucleotides in length, forming a secondary
cloverleaf structure with a D-loop, a T-loop, an anticodon loop, a variable loop,
and an acceptor stem. Over the last decade, high-throughput sequencing
demonstrated tRNAs can give rise to SRNAs across all domains of life. These
SRNAs are often referred to as tRNA-derived small RNAs (tsRNAs). First
assumed to be random tRNA degradation products, it is now clear that tsSRNAs
are enzymatically cleaved from tRNAs by specific nucleases (Fig 1.6), and
accumulation in multiple organisms and tissues is induced by stress conditions
[198], [199]. The functional importance of tsRNAs are still mounting. tsRNAs
are frequently divided into two sub-classes, tRFs and tRNA halves, based on

their relative length and cleavage sites [200].
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cleaved by ANG at the anticodon ring. Fragments that are longer than tiRNAs are called stress-
induced tRNA-5 (sitRNA-5) or sitRNA-3. Figure from [201].

1.5.1. The production of tRFs

One type of tsRNAs are tRNA-derived fragments (tRFs) that are derived from
full-length tRNAs cleaved at either the T-loop (tRF-5s) or D-loop (tRF-3s) and
are about 19-30 nt in length. The majority of tRFs are derived from cleaved
mature tRNAs. Interestingly, tRFs were not only identified from nuclear
encoded tRNAs but also from mitochondrial and plastid genomes in plants
[202]-[204]. Ribonuclease cleavage of tRNAs to produce the tRFs is mediated
by DICER or DICER-like proteins (DCL) or Rnase T2 proteins although DCL
involvement is still controversial [205], [206]. For instance, DCL1 was reported
to be necessary for the production of specific 19 nt tRF-5s in the pollen of A.
thaliana [205], but Arabidopsis Dicer-like proteins, DCL1-4, do not play a major
role in the production of tRFs in another publication [206]. In mammals, tRFs
derived from tRNA®" are DICER-dependent [207], [208] and in A. thaliana,
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Rnase T2 was shown to be necessary for tRFs production, and did involve
DICER-like proteins, DCL1-4 [206]. Additionally, multiple reports in humans
show the biogenesis of tRFs requires RNase A protein ANGIOGENIN (ANG)
[209], [210]. The multiple ribonucleases required for tRF biogenesis may reflect
enzyme-modified tRNA specificity that occurs as a result of heterogeneous
tRNA modification patterns across cells and time that are still to be elucidated
[211].. In summary, DCL, RNase T2 and RNase A proteins are required for tRF

biogenesis however some questions remain to be clarified.

1.5.2. The production of tRNA halves

Another group of tRNA derived sRNAs are tRNA-halves, and these are
generated by cleavage at the anticodon loop, forming a corresponding 5’-half
or 3’-half tRNA that are about 31-40 nt in length [212]. In lower and higher
organisms, the production of tRNA halves is induced by cellular stresses,
including oxidative stress, heat shock, phosphate starvation, amino acid
starvation, ultraviolent irradiation or virus infection [213]-[215]. In some studies,
tRNA halves are also called tRNA-derived stress-induced RNAs [216]. To date,
the ribonuclease, Rny1p, required for tRNA cleavage to produce tRNA-halves
has only been identified in yeast and mammals. Rny1p, is a member of the
RNase T2 family (RNT2) and is conserved amongst eukaryotes [217]. Yeast,
Saccharomyces cerevisiae, rny1/A mutants do not cleave tRNAs into t-RNA
halves under stress conditions, demonstrating that Rny1p is required to
produce tRNA halves [218]. In humans, tRF-5s tRNASN(ECC) and tRF-5s
tRNACUCTC)  were up-regulated in ANGIOGENIN-treated cells [219].
Additionally, it was discovered that DICER also produces the 5'-half tRNAA(CGC)
under arsenite treatment in mammalian cells [220]. In A. thaliana, RNase T2
proteins, namely RNS1, RNS2 and RNS3 are essential endoribonucleases.
When the yeast rny1 strain was complemented by one of the three RNS
resulted in the production of tRFs and 5-half from tRNAMS(GTC) and tRNAAYACE)
in vitro and in vivo, which also supports the notion that the yeast RNase T2,
Rny1p, is able to produce both the tRFs and tRNA halves [206]. As the current
investigation of plant RNase T2 only focus on one of the members of plant
RNase T2 or is just confirmed in specific one tRNA, the second topic of my
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thesis will comprehensively elucidate the cleavage characteristics of plant
RNase T2 on multiple tRNAs.

Collectively, DICER, RNS and ANGIOGENIN can produce both tRFs and tRNA
halves, which indicates sophisticated processing of tRNAs. It is possible that
tRNA halves accumulate first, then further cleaved into shorter tRFs. This

question will be answered in Chapter 4 of my thesis.

1.5.3. Distribution of tRFs and tRNA halves

Deep sequencing has led to the characterization of tRFs and tRNA halves in
various organisms, especially under stress conditions [221], [222]. In humans,
a surprising number of tRF-3s but not tRF-5s accumulate after ANGIOGENIN-
mediated cleavage [210]. In yeast, northern blotting showed that tRNA halves
increase in abundance when cells are subjected to heat shock, methionine
starvation, nitrogen starvation or oxidative starvation [223]. tRFs and tRNA
halves populations have also been characterized in various plants, and relative
accumulation of individual tRFs or tRNA halves are produced in a
developmentally modulated manner and become dominant in tissue-specific
[224], [225]. For example, in A. thaliana, a 19nt tRF-5s tRNAGY(TCC)
representing over 80% of tRFs and accounting for up to 28% of the total root
sRNAs, was observed in the phosphate-starved roots but much less in the
shoots. The 5'-half of tRNAHIS(CTG) tRNAA(CCT) and tRNATP(CCA were confirmed
through northern blotting in seedlings upon oxidative stress, while the 5’-half
tRNACU(CTC) was only observed in A. thaliana flowers [223]. Alongside, the tRFs
ranging from the size of 18 to 25 nt were found in sRNA libraries from leaf,
inflorescence and pollen, the 19nt tRFs specifically accumulates to a higher
level in the pollen grains, especially the tRNAARASC) [205]. In rice, tRFs were
detected in embryogenic callus in which apart from tRFs-5s tRNAP™(CGC) the
tRFs-5s tRNAARAGC) accounting for 82% of the total tRF reads, is the highest
level [226]. Similarly, a 19-nt tRFs-5s tRNAA9(CCT) enriches at high pattern in
seedlings under cold stress, as well in A. thaliana under drought stress [227].
In barley, the tRF-5s tRNASY(TCC) js the most abundant in shoots under
phosphorous-deficient condition, followed by tRNAAS(CCT) gand tRNAARAGC)
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[228]. Besides the tRFs and tRNA halves, a longer group of tsRNAs were
detected in Giardia lamblia, which was 46 nt in length and was encystation-
induced [229].

Taken together, the reported studies outline that the tRNA halves could be
induced by stress, also the abundance shares the character of being tissue-
specific. Moreover, the majority of identified tRFs or tRNA halves are from the
5 sides, tRF-3s and 3 halves detection is sparse. Therefore, there is still a long

way to elucidate the abundance of tRFs and tRNA halves in multiple species.

1.5.4. The biological functions of tRFs and tRNA

halves

The biological functions of tRFs and tRNA halves have gradually been
disclosed in recent years (Fig 1.7). Among the functions attributed to tRFs and
tRNA halves, the regulation of translation seems to be the most prominent. For
instance, a part of tRF-5s tRNAARACC) from A. thaliana was observed in active
polyribosomal fractions, suggesting tRFs are translation modulators in land
plants [230]. Also, in mammals, the synthetic tRNAA? repress translation
through an elF4G:RNA interactions, and in this report, the terminal oligo-
guanine (TOG) motifs (4-5 guanine residues) at 5'-half tRNAA? and 5'-half
tRNACYs were the key elements for suppressing translation through interacting
with YB-1 and displacing elF4F [231]. While in A. thaliana, the tRNA halves
absence of TOG still could impede translation in vitro in the wheat germ extracts
[232]. Interestingly, translational silencer YB-1 is vital for 5-half tRNAA2-
mediated stress granule formation, while it has no influence on translation
repression [233]. Furthermore, some tRFs are proved to have similar miRNA
functions. tRF-3s tRNAUCAG) in cancer cells could decrease translation
through miRNA-like pathway [201], [234]. Also, in the miRBase database, miR-
1274b and miR-1274a have an identical 18 nt with tRF-3s tRNAYS and tRF-5s
tRNALYS, respectively, and there is a positive correlation between the ratio of
the miR-1274b:miR-1274a and the known tRF-3s tRNAVYS:tRF-5s-tRNAYS

ratio in the cell [235], [236].
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The other regulatory functions of tRFs and tRNA in molecular process halves
have been documented in plants and animals. Recently, researchers have
reported tRFs and tRNA halves were linked with various diseases, including
chronic lymphocytic leukemia (CLL), lung cancer, colon cancer, prostate cancer,
breast cancer ovarian cancer, infectious diseases and neurodegenerative
diseases [201], [238]. Some tRFs from nuclear have the ability to regulate
chromatin structure due to its interaction with ARGONAUTE (AGO) protein
[239]. In addition, tRNA halves involve in the cell cycle process and then
modulate the cell proliferation, especially tumour cell growth [240]. It was
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demonstrated that tiRNAs are able to bind to cytochrome C, and further inhibit
apoptosis [241]. Of note, some DCL1-dependent and AGO1-associated tRFs
target transposable elements (TEs) and maintain genome stability, specifically
retrotransposons [205], [242]. Furthermore, tRFs from rhizobial were confirmed
as signal molecules that modulate host nodulation [243].

tRFs and tRNA halves have roles in regulating gene expression through
interacting with RNA silencing component ARGONAUTE. Data from deep
sequencing libraries of immunoprecipitated ARGONAUTE proteins (AGO-IP)
and bioinformatics approaches showed that tRF-5s are mainly present in the
AGO1/3/4-IP fractions, for example the most abundant AGO1-associated tRF
was tRF-5s tRNAAY(CCT) |n contrast, the tRF-3s were associated with AGO2 in
mammals, examples including tRF-3s tRNALUCAG) and tRF-3s tRNAMS(CGTC),
[244]-[247]. Interestingly, the association between AGO and tRFs is regulated
by stress, for example AGO1-associated tRF-5s tRNACY(TCC) was strongly
increased under UV treatment [202]. Moreover, some specific plant tRFs may
function in DNA and chromatin modifications as a portion of 24 nt tRFs were
assocaited with AGO4 [227]. The target gene of tRFs could be find through
prediction based on the tRFs sequences. Transposable elements or long
terminal repeats containing have been identified to be the putative tRFs targets
in mice, rats, humans, and A. thaliana [248]. Although the targets of these AGO-
associated tRFs have been predicted, the confirmation still needs to proceed in
the future.

1.5.5. Regulation of tRNA cleavage through

modifications

A link between RNA modifications and tsRNAs formation is only starting to be
elucidated. Until now, tRNA cleavage was only reported to be regulated by m'A
and m°C abundance in either tRNA methyltransferase or demethylase mutants
[249]. ALKBH1, a cytosolic and mitochondrial m'A demethylase, effects tRNA

cleavage in a stress - specific manner [250]. Two m°C methyltransferases,

DNMT2 and NSUN2 protect tRNAs from stress-induced cleavage as mutants
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have increased tRNA halve formation [43], [44]. After exposure to either heat
shock or oxidative stress, mutant dnmt2 flies showed increased stress-induced
cleavage of tRNAs, and overexpression of Dnmt2 reduced tRNAASP(STC) and
tRNACYCCC{RNA half formation [43]. Also, increased tRNA cleavage catalyzed
by ANGIOGENIN occurs in nsun2 mutant mice, resulting in an enrichment of
tRNA halves from the NSUN2 substrate tRNAs (tRNAASP(CTC) tRNACGY(GCC) and
tRNAValAAC)) [251]. In A. thaliana, decreased tRNAASP(CTC) stability was
observed in trm4b mutants however tRNA-hlave abundance was not reported
[11]. Together, these findings suggest that methylation protects tRNAs from
stress-induced cleavage.

1.6. Conclusion

To date, many covalent chemical modifications were mapped on the
epitranscriptome of mMRNAs, rRNAs and tRNAs by high-throughput sequencing
in various species and cell types. The enzymes regulating these modifications,
distribution and regulatory roles have been partially elucidated in plants and
animals. However, we are only at the beginning of developing a comprehensive
understanding of the epitranscriptome and biological functions for plant growth,

development, stress tolerance and plant-pathogen interactions.

1.7. Research aims

RNA m°C has been implicated to have multiple biological and molecular roles
in various organisms, including regulating mRNA translation and plant growth.
However, there are still many questions waiting to be answered about RNA
m®°C. One of those questions | addressed was understanding the activity and
inheritance of rRNA methyltransferase NOP2, as previously nop2a nopZ2b
mutants were not obtained from a segregating population. An additional
question | addressed was understanding tRNA cleavage under oxidative stress
and the role of TRM4B and T2 ribonucleases as previously we observed
increased tRNA cleavage in trm4b plants. | finally addressed the question of
the function of cleaved tRNA halves originated from tRNAASP(GTC),
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The aims of my research are:

(1) To investigate the importance of rRNA methyltransferase NOP2 in
gametophyte development,

(2) To investigate the oxidative stress-induced tRNA cleavage regulated by
the plant T2 RNases and m°C, and

(3) To investigate the processing and targets of 5’-half tRNAASP(GTC),
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Chapter 2. The RNA 5-methylcytosine
methyltransferase NOP2 is essential
for ovule development in Arabidopsis

thaliana
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2.1. Abstract

RNA 5-methylcytosine (m°C) is a wide-spread post-transcriptional modification
present on mRNA and non-coding RNAs. Ribsomal RNA m®°C is important for
fine-tuning translational efficiency and ribosomal fidelity. Here, we focus on
NOP2, a putative rRNA 5-methylcytosine methyltransferase, and show NOP2
is genetically redundant and is essential for ovule development in A. thaliana.
Three NOP2 homologues, NOP2A, NOP2B and NOP2C are present in the A.
thaliana genome and we demonstrated genetic redundancy by generating
double mutants. We showed nop2a nop2b mutants were lethal and aborted at
the two to eight-nucleate stage during female gametophyte development. Gene
expression analysis using a GUS reporter assay showed that NOP2A was
expressed at all tested stages of plant growth. Mutant NOPZ2a plants were
smaller, with shorter roots and pointed rosette leaves. Reduction of NOP2A in
nop2b nop2c mutants using an artificial miRNA led a range of phenotypes from
abortion at the globular stage of embryo development through to viable, slower
growing seedlings. We also showed that all three NOPZ2 genes contribute to
m°C methylation of C2268 on 25S rRNA. Finally, we demonstrated that nop2
mutants have increased sensitivity to antibiotics suggesting impaired ribosome
activity. Taken together, our findings highlight the importance of NOPZ2 during

ovule and vegetative development.
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2.2. Introduction

More than 150 distinct post-transcriptional modifications have been discovered
on eukaryotic RNAs, and these modifications expand the functional space of
RNA [1]. Ribosomal RNAs (rRNAs) modifications are involved in diverse
biological processes including conformational stability, fine-tuning translational
efficiency and ribosomal fidelity [2]-[4]. Ribosomal RNA modifications vary
between prokaryotes and eukaryotes [5], collectively over 100 modifications
were identified on yeast rRNAs and over 200 modifications on invertebrate
rRNAs [6]. The most common RNA modifications involve methylation or
pseudouridylation, and are located in functionally conserved RNA regions from
bacteria to plants.

Typically, mature ribosomes are formed by two ribosomal subunits, the large
ribosomal subunit (LSU) and the small ribosomal subunit (SSU). In prokaryotic
ribosomes, 23S and 5S rRNAs are in the LSU and 16S rRNA is in the SSU. In
eukaryotes, 5S, 5.8S and 28S rRNAs are in LSU and 18S rRNA is in the SSU
[7], [8]. RNA cytosine methylation at the fifth carbon atom (m°C) is highly
abundant on cellular rRNAs [9]. Advancements in high-throughput sequencing
led to the identification of m°C on rRNAs in various species. For example, the
yeast LSU 25S rRNA is methylated at C2278 and C2870 [10], [11]. Apart from
yeast, Escherichia coli contains two m°C sites in the SSU 16S rRNA at C965
and C1407, and one single in LSU 23S rRNA m°C site at C1962 [12], [13]. In
humans, LSU 28S rRNA have two m°C sites at C3782 and C4447, and the LSU
5S rRNA is only methylated at C92 [14]-[16]. Additionally, one m°C site was
identified in hamster mitochondrial SSU 13S rRNA [17], which corresponds to
C911 in mouse SSU 12S rRNA [18]. In plants, a total of seven m°C sites were
identified in the nuclear LSU 25S, chloroplast SSU 16S, LSU 23S and
mitochondrial SSU 18S and LSU 26S rRNAs, and six of these m°C sites were
highly conserved in position and methylation percentage across all tested
species [10].

In eukaryotes, two RNA methyltransferases were characterized with a
Rossmann-like fold SAM binding domain [19], NOP2 (nuclear protein 2) and

RCM1 (rRNA cytosine methyltransferase 1) and demonstrated to methylate
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rRNAs [10], [20]. In yeast, NOP2 and RCM1 are rRNA methyltransferases
acting on C2870 and C2278 positions of LSU 25S. NOP2 is essential for the
synthesis of the large subunit of the ribosome [9], [20]. Yeast rcm1 mutants
exhibit hypersensitivity to azinomycin, which suggests the structure of 25S
rRNA was altered due to the lack of m°C modification at position C2278. More
broadly, NOPZ2 expression increases in various cancerous tissues and has the
potential to be used as a tumour marker [21]. Also, NOP2 is required for
nucleolar and blastocyst formation [22], [23]. The RCM1 homology, NSUNS in
A. thaliana, methylates C2268 in the 25S rRNA [10]. Genome sequence
analysis of A. thaliana identified three paralogs of NOP2, NOP2A (also known
as OLI2), NOP2B and NOP2C [24]. Polypeptide sequence alignment of
NOP2A, NOP2B and NOP2C showed that NOP2B has no motif IV, which is
predicted to be involved in the release of methylated RNA from the enzyme [25],
[26]. NOP2C has an altered motif N1, which is involved in RNA binding but is
not essential for RMTase activity [27]. Our previous research shows that there
was no difference in the m°C level at nuclear LSU 25S rRNA C2860 in single
mutants nopZ2a, nop2b, nop2c compared to wild type (WT) [10]. However
recently, reduced m°C level was observed at 25S rRNA C2860 in
nop2a/NOP2B RNAI plants [28]. From a biological perspective, NOP2A is
involved leaf cell proliferation, especially during leaf development [29]. Recently,
repression of NOP2A was linked with viral penetration of plant shoot apical
meristems [28]. In our previous data, we could not obtain nop2a nop2b double
mutants in a F2> segregating population, which suggesting that NOP2A and
NOP2B may act redundantly and are essential for plant viability [10].

In A. thaliana, ovules are indispensable reproductive organs consisting of the
outer integument, the nucellus and the female gametophyte in the center. The
female gametophyte, or megagametophyte, undergoes meiosis to produce four
haploid cells and then a round of mitosis to produce 8 haploid cells of which
one cell is the egg cell and the other is the central cell [30], [31]. A number of
studies have shown that there are numerous genes involved in ovule
development including those that function in polarity establishment, cell division,
floral organ determination, ovule identity, and structure specification [32]-[34].
In this study, we discovered a putative RNA methyltransferase, NOP2, which is
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essential for female gametophyte development. Understanding the factors that
influence the ovule development is of great importance from an agricultural and
economical point of view, as the ovule will determine the number of seeds that

develop in fruit, and thus crop yield.

In this study, we explored the function of three paralogs of NOP2 in A. thaliana,
NOP2A, NOP2B and NOP2C. We found that the nop2a nop2b mutants was
lethal due to female gametophyte abortion at the two to eight-nucleate stages.
However, by knocking down NOPZ2A using an artificial miRNA in either nop2b
or nop2b nop2c mutants, we were able to recover T1 seeds (namely
amiR_NOP2A nop2b and amiR_NOPZ2A nop2b nopZ2c). lllumina sequencing of
bisulphite-treated RNA from amiR_NOPZ2A nop2b and amiR_NOPZ2A nop2b
nop2c plants showed that all three NOP2 genes contribute to m°C methylation
of rRNA. Furthermore, we observed amiR_NOPZ2A nop2b nop2c seedlings
were more sensitive than wild type controls when treated with antibiotics
suggesting reduced rRNA methylation interferes with translational activity.
Finally, results from northern blotting and RT-gPCR analysis for rRNA
intermediates suggested that NOPZ2 methylation might be involved in

modulating rRNA activity and not rRNA biogenesis.
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2.3. Material and methods

2.3.1. Plant materials and growth conditions

A. thaliana (Columbia ecotype) were grown in Phoenix Biosystem controlled
environment rooms at 21°C under metal halide lights that provided a level of
photosynthetic active radiation (PRA) of 110 umol of photos/m?/s [10]. For in
vitro plant growth, A. thaliana seeds were surface sterilized in a solution
containing one part 10% sodium hypochlorite and nine parts 100% ethanol and
plated on 2 Murashige and Skoog (MS) medium supplemented with 1%
sucrose as previous described [35]. Plants were grown under long day
photoperiod conditions of 16 hrs light. Seeds of A. thaliana mutants nopZ2a
(salk_129648), nop2b (salk_054685) and nopZ2c (sail_1263 _B04) were
obtained from A. thaliana Biological Resource Center (ABRC).

Characterization of the mutant alleles, nop2a, nop2b and nop2c and double
mutants nop2a nop2b, nop2a nop2c, nop2b nop2c are as described previously
[10], [36]. Primers to detect nop2 mutants were generated using the SIGnAL
iSect Primer Design program. The PCR thermal cycling conditions were: 95°C
for 3 min followed by 35 cycles of 95°C for 15 sec, 55 °C for 20 sec, 73°C for
45 sec and the final elongation step at 73°C for 5 min.

The reciprocal crossing was performed for nop2a and nop2b, nop2a and nopZ2c,
nop2b and nopZ2c. Flowers were emasculated before anthesis and then
pollinated 48 hrs later. The segregation ratio for each nop2 was undertaken
using PCR analysis in the F1 population.

Nucleotide sequence data for the following genes are available from The
Arabidopsis Information Resource (TAIR) database under the following
accession numbers: NOP2A (At5g55920), NOP2B (At4g26600), NOP2C
(At1g06560).
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2.3.2. Plasmid construction and generation of

transgenic plants

MicroRNA targeting NOP2A was designed as the Web MicroRNA Designer
(WMD3) tools instruction (http://wmd3.weigelworld.org/cgi-

bin/webapp.cqi?page=Designer;project=stdwmd). The transcription library was

set to “TAIR9_cdna_20090619”, the minimum number of included targets is 1
and accepted off-target was 0. Micro RNA sequence was synthesized in
Integrated DNA Technologies (IDT) company and ligated into modified
pMDC111 vector which contains Actin2 (Act2) promoter
(Supplementary_Vectors). The construct was transformed into nop2b and
nop2bnop2c mutant plants by Agrobacterium tumefaciens-mediated floral
dipping method [37]. Transgenic plants were selected on 2 MS media
supplemented with 50 ug/ml kanamycin [38].

The full-length genomic promoter regions of NOP2A (2638 bp), NOP2B (2153
bp) and NOP2C (401 bp) were amplified from Col-0 genomic DNA template
with primers provided in the Supplemental Data. The amplified PCR products
were gel purified, A-tailed and cloned into Gateway entry vector PCRS8
(Invitrogen). The inserts were sequenced and then cloned into the destination
vector pMDC163, using the Gateway cloning system following the
manufacturer’'s protocol (Invitrogen) [39], resulting in the
pMDC163:NOP2A_promoter:GUS, pMDC163:NOP2B_promoter:GUS, and
pMDC163:NOP2C_promoter:GUS (Supplementary Vectors). The construct
was transformed into A. thaliana WT Col-0 plants by the A. tumefaciens -
mediated floral dipping method [37].

2.3.3. Seed sterilization and antibiotic stress

treatments

A. thaliana seeds were surface sterilized for 4 hrs by gas produced from a mixed
solution containing 1.5 mL of 32% HCI and 50 mL 12.5% NaClIO. The sterilized
seeds were plated on 72 MS medium supplemented with 1% sucrose on petri
dishes, then stratified at 4°C in the dark for four days before placing under

fluorescent light (110 umol of photos/m?/s) with a long-day photoperiod
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condition of 16 hrs light. To measure the root growth, seedlings on plates were
grown vertically and photos of the roots were taken at 10 DAG for root length
measurement using Imaged software. In antibiotic stress experiments,
seedlings were grown horizontally on media supplemented with different
antibiotics, 100 pg/mL spiramycin, 50 ng/mL cycloheximide, 50 pg/mL
streptomycin, 50 yg/mL erythromycin or 20 yg/mL spectinomycin, and plant
phenotypes were recorded after six days.

2.3.4. Microscopic observation of A. thaliana ovules

development

Fresh A. thaliana pistils were collected, and the carpels were removed to
expose the ovules before immediately placing in a bottle containing 4%
glutaraldehyde in phosphate buffer pH 6.8. Slight vacuum (~5 Torr) was applied
to the samples in glutaraldehyde for 30 mins and left-over night at room
temperature. Samples were then dehydrated through an ethanol series (20%,
40%, 60%, 70%, 80%, 95% and 100% ethanol) before clearing using benzyl
benzoate : benzyl alcohol (2:1 v/v) (BABB) series (BABB : EtOH (1:1 v/v),
BABB : EtOH (3:1 v/v) and BABB) [40]. Samples in BABB solution were viewed
under the FV300 confocal microscope (Olympus) using oil immersion. The
excitation beam was set at 488nm and the collection range from 488nm to
700nm.

2.3.5. Histochemical B-glucuronidase (GUS)

expression assay

GUS expression tissues were incubated with substrate solution, 2 mM XGluc,
0.5 mM KsFe(CN)s, 0.5 mM KsFe(CN)s, 50 mM Na:HPO4 pH 7.2 and 0.1 % (v/v)
Triton X-100 at 37 °C overnight. The tissues were then washed with 100 %
EtOH three times and incubated in EtOH for at least 1 hr before observation
under a stereomicroscope (Olympus SZ2_ILST). At least 10 independent
transgenic lines harbouring NOP2A_promoter:GUS, NOP2B_promoter:GUS
and NOP2C_promoter:GUS were tested for GUS activity.
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2.3.6. RNA bisulfite sequencing

Total RNA was isolated from ten-day-old WT and nop2 seedlings using the
Spectrum Plant total RNA kit (Sigma-Aldrich), and contaminating DNA was
removed using DNase | (Sigma-Aldrich). For each sample, 4 ug of total RNA
was bisulfite treated as previous described [10], [14], [41] and then 100 ng of
bisulfite treated RNA was used to prepare library using NEBNext Ultra
Ditrectional RNA library Prep Kit for lllumina (NEB). As bisulfite-treated RNA is
sheared, the fragmentation step of the library preparation was omitted, and
samples were quickly processed for first-strand cDNA synthesis after the
addition of the fragmentation buffer. 15 cycles PCR was performed at the
enrichment step. The libraries were sequenced on the lllumina HiSeq 2500
platform at ACRF, Adelaide. Detection of m°C level in samples were as
previously described [42].

2.3.7. Northern blotting

Total RNA was extracted from ten-day-old WT and amiR_NOP2A_nop2b
nopZ2c seedlings and 20-30 ug of RNA was loaded into each lane of a native 1%
agarose gel in 0.5X TBE buffer for electrophoresis. After electrophoresis, RNA
was then transferred onto a Hybond-N+ membrane and the membrane was
incubated with either a gamma-dATP32P labeled 5’ETS, ITS1, or ITS2 probes
for rRNA intermediate detection before being scanned using Phosphorimager
(Typhoon 3410) [43].

2.3.8. Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted from the leaves of ten-day-old WT and amiR_NOP2A
nop2b nop2c seedlings using Trizol reagent (Invitrogen). cDNA was
synthesized using the gene-specific primers for 25S rRNA, PDF2 and SAND
(Supplementary, Table 2) using Superscriptlll reverse transcriptase (Invitrogen).
The abundance of rRNA intermediate products (5-ETS, ITS1, ITS2, 5.8S, 18S
and 25S) was determined using quantitative real-time PCR (qPCR) with primers
from (Supplementary, Table 2), the LightCycler® 480 SYBR Green | Master mix
and Roche Lightcycler 480 system. Three biological replicates were carried out
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for each sample set. The relative expression was corrected using reference
genes PDF2 and SAND and calculated using the 27°T method as described
previously [35], [44].
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2.4. Results

2.4.1 NOP2A and NOP2B are required for the early

stages of seed development

Our previous study showed that nop2a nop2b mutant plants could not be
recovered in a segregating population derived from self-pollinating F1 nop2a -
/+ nop2b -/+ plant suggesting the double mutant was lethal, perhaps at an early
stage of development [10]. Therefore, we asked the question if NOP2A and
NOP2B are required during seed development. First, we investigated seed
development from reciprocal crosses between nopZ2a -/+ nop2b -/+ and WT.
Siliques were collected from each plant before desiccation, the seed pods
opened and the total number of developed and aborted seeds for each silique
were recorded. Interestingly, a significant portion of aborted seeds, ~25%, was
observed only in the nop2a -/+ nop2b -/+ () x WT (&) cross (Fig 2.1A, B).
However, no aborted seeds in the reciprocal cross WT (9) x nop2a -/+ nop2b -
/+ (&) were observed. In the F1 nop2a -/+ nop2b -/+ (?) x WT (&) population,
we did not identify any nopZ2a -/+ nop2b -/+ seedlings by PCR screening (Table
1). In contrast, nop2a -/+ nop2b -/+ seedlings were identified at the expected
frequency in the F1 WT () x nop2a -/+ nop2b -1+ () population by PCR
(Supplementary Table 1). Together this data suggested nop2a nop2b alleles
were not inherited through the female germline. To reassure ourselves of this
inference, we tested pollen grain viability of pollen derived from nopZ2 single
mutants, nop2a, nop2b and nop2c, and double heterozygous nop2 mutants,
nopZ2a -+ nop2b -/+, nop2a -/+ nop2c -/+ and nop2b -/+ nop2c -/+, using Lugol’s
stain [45] We did not observe any significant difference in pollen viability in the
mutants compared to the WT control (Fig 2.1C). Next, we the tested if the viable
pollen could germinate using an in vitro assay and we observed no difference
in the pollen germination of pollen derived from nopZ2a -/+ nop2b -/+ or WT (Fig
21D, E). Collectively, the pollen viability, pollen germination data and the
aborted seeds only in the nop2a -/+ nop2b -/+ () x WT (&) cross indicated that
NOP2A and NOPZ2B are vital for the early stage of seed development when
inherited through the female germline line.
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Figure 2.1: Functional NOP2a NOP2b are required in the female germline
for seed development.

(A) Seed development in five-day-old siliques from reciprocal crosses between nop2 mutants
and WT. The siliques were collected at five days after the pollination, seed pods were removed,
and images were taken under a stereo microscope. Seed development is normal for self-
pollinated WT (WT x WT), self-pollinated nop2 (nop2a -/- x nop2a -/-, nop2b -/- x nop2b -/- and
nopZ2c -I- x nop2c -/-), reciprocal crosses between WT and heterozygous nop2a (WT x nop2a -
/+ and nop2a -/+ x WT) , and reciprocal crosses between WT and heterozygous nop2 double
mutants (WT x nop2a -/+ nop2c-/+, nop2a -/+ nop2c -/+ x WT, WT x nop2b -/+ nop2c -/+ and
nop2b -/+ nop2c -/+ x WT). However, while the cross WT (Q) x nop2a -/+ nop2b -/+ (3) showed
normal seed development, the reciprocal cross nop2a -/+ nop2b -/+ () x WT (') showed some
seeds were aborted at the early stage of development (arrows). Scale bar = 2 mm. (B) Seed
abortion of different nop2 crosses. Aborted seed up to 25% was recorded for nop2a -/+ nop2b
-/+ x WT. All results were not significantly different from the control cross except the cross
shown with an asterix. * P<0.01, Student’s t-test, Error bars = SE. (C) Pollen viability test using
Lugol’s stain for pollen from WT, and nop2a -/+ nop2b -/+. The top panels show unstained
pollen. The bottom panels show viable pollen that uptake iodine from the stain and are
subsequently brown. Scale bar = 40 ym. (D) and (E) Matured pollen grains were collected from
WT and nop2a -/+ nop2b -/+ flowers and then germinated on a glass slide at 25 °C for 6 hrs
with light [46]. Pollen germination was observed under a microscope and imaged for the data
analysis. Scale bar = 100 um. Error bars = SE, * P<0.01 (Student’s t-test),
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Table 1. PCR detection of nop2 alleles in F1 plants derived from nop2a -
I+ nop2b -1+ x WT cross

F1 population Expected Segregation
segregation (%) results (%,
n=61)

nop2a +/+ nop2b +/+ 25 39

nop2a -/+ nop2b +/+ 25 19

nop2a +/+ nop2b -/+ 25 40

nop2a -/+ nop2b -/+ 25 0*

Total 100 100

* Statistical difference from the expected ratio as determined by the x? test.

2.4.2. nop2a -/+ nop2b -/+ female gametophyte aborts

at the two to eight-nucleate stage

The female gametophyte referred to as megagametophyte develops within the
ovule and has a critical role during the reproductive process. Female
gametophyte development occurs through several stages and includes three
rounds of mitosis to produce eight-nucleate cells and subsequent double
fertilization that gives rise to a mature seed [47], [48]. To elucidate whether
nop2a nop2b female gametes are involve in the seed abortion phenotype
described earlier, flowers from nop2a -/+ nop2b -/+ plants were emasculated,
the stigma wrapped in plastic to prevent cross-fertilisation. Two days after
emasculation, the siliques were collected, fixed in glutaraldehyde, and cleared
using benzyl benzoate: benzyl alcohol (BABB) before the ovules were observed
using a confocal microscope. Two days after the emasculation, all the female
gametophytes in the ovule of the WT control had completely undergone three
rounds of mitosis, and all of them were at the eight-nucleate stage (Fig 2.2 A-
C). After the eight-nucleate stage, the female gametophyte will finally develop
into the three-celled stage containing one egg cell, one fused central cell and
one synergid cell (Supplementary Fig 1). However, in nopZ2a -/+ nop2b -/+, the
female gametophytes failed to progress past the two to the eight- nucleate
stage (Fig 2.2 D-F) [49]. Therefore, it is likely that failure to develop egg cells
during nop2a nop2b female gametophyte underpins later seed abortion.
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WT

nop2a -/+ nop2b -/+

Figure 2.2: Female gametophyte development of WT and nop2a -/+
nop2b -+ plants.
WT gametophytes (A-C) and nop2a -/+ nop2b -/+ gametophytes (D-E) two days after

emasculation are shown. Gametophytes were fixed and imaged using a confocal microscopy.
(A) Two-nucleate female gametophyte (FG) with a vacuole at FG3 stage. (B) Four-nucleate
female gametophyte at FG4 stage. (C) Eight-nucleate/seven-celled female gametophyte at
FG5 stage. (D) The ovule of the seed aborted nop2a -/+ nop2b -/+ mutant at two-nucleate
female gametophyte (FG3 stage). (E) (F) The ovule of the seed aborted nop2a -/+ nop2b -1+
mutant at eight-nucleate female gametophyte (FG5 stage). CN, central cell nucleus; MN,
micropylar nucleus; CV, central vacuole; DAN, degenerated antipodal nucleus; DS,
degenerated synergid; EN, egg cell nucleus; EV, egg cell vacuole; SEN, secondary endosperm
nucleus. Scale bar = 25 ym.

2.4.3. MicroRNA knockdown of NOP2A in nop2b
nop2c mutants reduces vegetative growth and

increases seed abortion

Generating a null NOP2 for functional analysis was impossible, as nop2a nop2b
mutants were lethal. Therefore, we used an artificial microRNA (Supplementary
Vectors) approach to knockdown NOPZ2A in either nop2b or nop2b nopZ2Zc
mutants, and the transgenic plants were referred to as amiR_NOP2A nop2b or
amiR_NOP2A nop2b nopZc, respectively. Previously, we observed that nopZ2a
seedlings had a pointed leaf phenotype at early two to four-leaf stages (Fig 2.3
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A). The same leaf phenotype was also observed in amiR_NOP2A nop2b nopZ2c
seedlings (Fig 2.3B), suggesting that the microRNA successfully reduced
NOP2A, and therefore these plants were selected for further molecular analysis.
Both the amiR_NOP2A nop2b mutant plants and the amiR_NOP2A nop2b
nop2c mutant plants showed a reduced plant growth 10 days after germination
with significantly shorter roots compared to WT (Fig 2.3C and D). Furthermore,
seeds in siliques isolated from independent amiR_NOP2A nop2b nop2c lines
aborted at various stages of development (Fig 2.3E, F). Similar observations in
amiR_NOP2A nop2b lines were also made (Supplementary Fig 2).

To explore the expression pattern of NOP2A, NOP2B and NOP2C, promoter
fusions to the visual report B-Glucuronidase (GUS) were constructed and
transformed into Arabidopsis (Supplementary Vectors, Fig 2.3G). Broad
expression of all three GUS reporters was observed in the roots and rosette
leaves of seedlings. Due to time constraints, reporter gene expression was not
recorded in the reproductive tissues. Taken together, our results show that
NOPZ2 genes are crucial for plant development and are broadly expressed
throughout plant development.
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Figure 2.3: Phenotypic defects caused by knock-down of NOP2A

(A) The pointed leaf phenotype was present in plants up to the four-leaf stage of nop2a (right)
compared to WT (left). Scale bar = 1 cm. (B) The pointed leaf phenotype was also observed in
amiR_NOP2A nop2b nop2c plants. The WT control is shown in panel A (left). Scale bar = 1cm.
(C) Transgenic amiR_NOP2A nop2b and amiR_NOP2A nop2b nop2c seedlings have a short
root compared to WT at 10 days after germination. Scale bar =1 cm. (D) Quantification of the
root length data shown in panel (E). Error bars = SE (*P<0.01, Student’s t-test, n= 20). (E)
Opened siliques from three transgenic amiR_NOP2A nop2b nop2c lines. Line 1 had no seed
abortion, line 2 had seed abortion at globular stage (white seeds) and line 3 had abortion at the
early ovule development stage. Scale bar = 2 mm. (F) Microscopy of a translucent seed from
line 2 (right) in panel E appeared to abort at the globular stage compared to WT (left) seed that
developed to the two-cotyledon embryo stage. Scale bar = 25 pym. (G) Expression patterns of
B-Glucuronidase (GUS) reporters driven by the NOP2A (2638 bp upstream of NOP2A), NOP2B
(2153 bp upstream of NOP2A), or NOP2C (401 bp upstream of NOP2A) promoters in A.

thaliana seedlings. Scale bar = 1 mm.

2.4.4. NOP2A, B & C contribute to m°C methylation of
C2268 on 25S rRNA

Previously, NOP2 was demonstrated to methylate the 25S rRNA C2870 in
yeast [9], [20]. In Arabidopsis, there are three paralogs of NOP2, NOP2A,
NOP2B and NOP2C, and research about their methylation activity or target
m°C sites is sparse. In this study, the methylation levels at candidate m°C sites
of rRNAs were analysed for WT, nop2b nop2c, amiR_NOP2A, amiR_NOP2A
nop2b and amiR_NOPZ2A nop2b nop2c through RNA bisulphite sequencing. A
total of eight m>C sites in rRNA from nuclear, chloroplast and mitochondrial
rRNAs, 18S rRNA C960, 26S rRNA C1586, 16S rRNA C105, 16S rRNA C916,
23S rRNA C1940, 23S rRNA C1977, 25S rRNA C2268 and 25S rRNA C2860,
were investigated. While there was little difference in the methylation levels of
chloroplast and mitochondrial m°C sites from all the investigated lines (Fig 2.4),
there was a clear reduction in methylation level at C2268 of the nuclear 25S
rRNA when NOP2 function was inhibited in amiRNA lines (Fig 2.4). A reduction
in methylation at 25S rRNA C2268 was detected in amiR_NOPZ2A nop2b to
50%, and was even lower in amiR_NOP2A nop2b nop2c at 30% when
compared to WT levels of 70%. As expected, all the other examined rRNA m°C
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sites had similar methylation levels to WT. Taken together, NOP2A, NOP2B
and NOP2C contribute to the methylation of 25S rRNA C2268.

18S rRNA M C960
26S rRNA M C1586
16S rRNA C C105
16S rRNA C C916
23S rRNA C C1940
23S rRNA C C1977
25S rRNA N C2268
25S rRNA N C2860
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Figure 2.4: Ribosomal RNA m°C analysis in WT and NOP2 amiRNA lines.

The RNA from the ten-day-old seedlings were bisulphite-treated and then prepared for
sequencing library construction. The data were aligned to the Arabidopsis references and the
numbering was based on the nucleotide position of the corresponding Arabidopsis rRNA
reference sequence. A heatmap showing methylation percentage of measured cytosines in
nuclear (N), chloroplast (C) and mitochondrial (M) rRNAs in WT and knock-down NOP2 lines.

Cytosine positions are indicated next to rRNA (1 biological replicate).

2.4.5. NOP2 rRNA methylation may modulate
ribosome activity

Reduced NOP2 function in amiR_NOP2A nop2b nopZ2c plants reduced
methylation of nuclear 25S rRNA C2268. The 25S rRNA is a component of the
large subunit of the ribosome. Therefore, we investigated if ribosomal activity
was impaired by using several well described antibiotics that impair ribosome
activity. Seeds of WT and amiR_NOPZ2A nop2b nop2c were sown on agar
plates containing different antibiotics and the seedling phenotype was observed
six days after germination (Fig 2.5). On the control media, no germination or
cotyledon expansion differences were observed between WT and
amiR_NOP2A nop2b nop2c seedlings (Fig 2.5A). However, when
cycloheximide or erythromycin was added to the media, the germination of
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amiR_NOP2A_nop2bnop2c was significantly inhibited compared to WT (Fig
2.5A). The addition of spiramycin delayed the germination of amiR_NOPZ2A
nop2b nop2c compared to the WT (Fig 2.5A). Interestingly, the addition of
streptomycin caused photobleaching in WT but not in amiR_NOPZ2A nop2b
nopZ2c seedlings but adding spectinomycin caused photobleaching for both
lines. Finally, cycloheximide was previously demonstrated as a protein
synthesis inhibitor [50]. Overall, our result suggests that ribosomal activity is
partially impaired in seedlings with reduced 25S rRNA C2268 methylation.

To determine whether NOP2 plays a role in 25S rRNA biogenesis, we next
investigated the level of rRNA intermediates in amiR_NOP2A nop2b nopZ2c.
RT-gPCR analysis showed that the rRNA intermediates, 5-ETS, ITS1, ITS2,
5.8S, 18S and 25S have the same abundance as in WT [51] (Fig 2.5B). In
addition, detection of rRNA intermediates accumulation in amiR_NOPZ2A nop2b
nop2c by northern blotting detected no difference between amiR_NOP2A
nop2b nop2c and WT (Fig 2.5C). Therefore, it is possible that NOP2 is involved
in modulating rRNA activity but not rRNA biogenesis.
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Fig 2.5: 25S rRNA methylation modulates ribosome activity but not rRNA
biogenesis.

The ribosome activity in WT and amiR_NOPZ2A nop2b nop2c seedlings were
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investigated by the response to antibiotics. The rRNA intermediates were
examined through RT-gPCR and northern blotting on the leaves of WT and
amiR_NOPZ2A nop2b nopZc to investigate the rRNA biogenesis. (A) Seeds of
WT and amiR_NOPZ2A nop2b nop2c were grown on media containing either
cycloheximide, CHX; or antibiotics erythromycin, Ery; spiramycin, Spira; streptomycin,
Strep; or spectinomycin, Spec. The seedlings were photographed 6 days after
germination. Scale bar = 2mm. (B) RT-qPCR analysis of rRNAs and processing
intermediates in WT and amiR_NOPZ2A nop2b nopZ2c lines. For each line, 10 leaves
from 10 individual plants showing the nop2a leaf phenotype were harvested and bulked
together before RNA extraction. The data from three technical RT-gPCR replicates is
shown. (C) Detection of rRNA intermediates in WT and amiR_NOPZ2A nop2b nop2c
total-RNA by northern blotting. 5’ETS, ITS1, ITS2 probes were labelled with gamma-
dATP32P.

87



2.5. Discussion and conclusion

The function of NOP2 is best understood in yeast and mammals, while in other
organisms, like Arabidopsis, it is only starting to be investigated [52]. In yeast,
NOP2 is necessary for the function of the large ribosome subunit [9] and in
mammals, NOP2 was shown to be necessary for nucleolar and blastocyst
formation [22]. Here, three paralogs of NOP2, NOP2A NOP2B and NOP2C, in
Arabidopsis were investigated.

In this study, we showed that NOP2A and NOP2B are essential in early female
gametophyte development and explains why in an earlier report nop2a nop2b
mutants could not be recovered [10]. About 25% of aborted seeds were
observed in the crossing between nop2a -/+ nop2b -/+ (?) and WT (&), while
seed development in the reciprocal cross was normal. Besides NOP2A and
NOPZ2B, the auxin efflux carrier PIN1, the type | MADS-box gene AGL23 and
transcription factor MYB98 were also functionally characterized in female
gametophyte development [53]-[55]. The embryos homozygous of the agl23-1
allele are albino and fail to give rise to viable plants, which is due to the ag/23-
1 mutant embryo being unable to develop beyond the one-nucleate stage [54].
PIN1 downregulation leads to embryo sacs arrest at the one-nucleate and two-
nucleate stage [55]. While the female gametophyte cells of myb98 mutant
showed aberrant morphology after the eight-nucleate stage [53]. In our results,
why not all female gametophytes aborted at the two-nucleate stage, and some
progressed to the four and eight-cell stage is unclear. It is likely that the
developmental synchrony of female gametophytes was impaired by the loss of
NOP2.

To study NOP2 function post fertilization, we used artificial miRNAs targeting
NOP2 mRNA. Recovered transgenic lines had a range of phenotypes allowing
us to study ribosome function at the post embryo stage. An alternative approach
could have been driving NOP2 expression by a cell or organ specific promoter,
like ABI3, in the nop2 mutant that expresses predominantly in the female
gametophyte and early seed development, and is lowly expressed in tissues
developed post germination. Other approaches that could be used include

88



Cas9-genome editing to generate a nopZ2 allelic series or cell-specific mutant
alleles, or BRAINBOW-NOP2 complementation and Cre-Lox recombination to

study cell autonomous and non- autonomous effects [56]—[58].

NOPZ2A positively regulates seedling growth. Previously reported phenotypes
of pointed early-stage rosette leaves and shorter roots in nop2a mutants were
confirmed in our study [59]. The pointed leaves of nop2a mutants, namely leaf
abaxialization phenotype, was reported to be because of a cell proliferation
defect [29]. The pointed rosette leaves were exclusively observed at the two to
four leaf stage only in our study and later recovered to a wild type-type shape.
This may result from different NOP2-induced methylation levels at different
stages of plant growth, for example juvenile and adult leaves. This speculation

is worthwhile testing in future research.

The importance of the methylation activity of three NOP2 paralogs, NOP2A,
NOP2B and NOP2C was elucidated. Our previous research suggested that
NSUNS and NOP2A were required for methylation of C2268 and C2860 in
nuclear LSU 25S rRNA in A. thaliana [10]. | explored eight candidate m°C sites
in this study on WT, nop2b nop2c, amiR_NOPZ2A, amiR_NOP2A nop2b and
amiR_NOP2A nop2b nop2c. The methylation in chloroplast and mitochondrial
rRNAs remained unchanged in WT and all nop2 mutant lines. Likely another
RNA methyltransferases, for example bacterial Fmu, contributes to the
methylation [60]. It may be possible that the rRNA was demethylated before
being exported into the chloroplast and mitochondria and hence not detected
in our analysis. For the nuclear 25S rRNA rRNA methylation site C2268, the
methylation level significantly reduced in the amiR_NOP2A nop2b nopZ2c
mutant compared to other single or double mutants and WT. While for nuclear
rRNA methylation sites C2860 at 25S rRNA, the difference between double and
triple mutants is not very clear, which indicates the redundant activity among
NOPZ2A, NOP2B and NOP2C in methylation process at some sites.

The absence of NOP2 was previously shown to corelate with a reduction of
ribosomal subunits in multiple species. Data in yeast demonstrated that Nop2p
depletion impairs the processing of the 35S pre-rRNA and processing of the
27S pre-rRNA is greatly reduced, resulting in lower steady-state levels of the

89



25S and 5.8S rRNAs [61]. Additionally, six temperature sensitive nop2 mutants
exhibited dramatic reductions in levels of 60S ribosome subunits, as well the
25S rRNA defection under non-permissive conditions in S. cerevisiae [62]. In
mammals, RNAi-mediated NOP2 depletion leads to reduced developmental
potential and decreased abundance of ribosome RNA in bovine early embryos
[22]. Our study also analysed the influence of NOP2 on the rRNA biogenesis.
In our Arabidopsis experiments, rRNA intermediates were investigated by RT-
gPCR and northern blotting, and we observed no difference between WT and
the nop2 mutants, which indicates that Nop2 deletion did not exert an influence
on the rRNA biogenesis. Surprisingly, when the amiR_NOPZ2A nop2b nopZ2c
mutants were treated with antibiotics known to target ribosomal function, the
distinct response of amiR_NOP2A_nop2b nop2c mutants suggests that the
structure of ribosome may be changed [63]. The seeds of amiR_NOPZ2A nop2b
nop2c cannot germinate on medium supplemented with cycloheximide,
suggesting a defect in protein synthesis, possibly due to altered ribosome
functions [50], [64]. It is conceivable that the depletion of nop2 in Arabidopsis
alters ribosome activity and therefore translation. Surprisingly, recently it was
reported NOP2A plays a role in modulating the telomere length in Arabidopsis
this may contribute to the abnormal cell proliferation in nop2 mutants [65].

The role of three Arabidopsis NOP2 paralogs, NOP2A, NOP2B and NOP2C, in
ribosomal methylation and plant growth and development are beginning to be
illustrated. In this study, we elucidated that NOP2 is essential for the early
stages of ovule development in Arabidopsis, and functions as an rRNA
methyltransferase and mutants substantially influence growth. It appears likely
that the other rRNA methyltransferase also plays vital role in growth regulation

and remain to be explored.
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2.7. Supplementary data

Table 1. PCR detection of nop2 alleles in F1 plants derived from WT x

nop2a -/+ nop2b -/+

F1 population

Expected

segregation (%)

Segregation
results (%,

n=71)
nop2a+/+ nop2b +/+ 25 32
nopZ2a -/+ nop2b +/+ 25 28
nopZ2a +/+ nop2b -/+ 25 37
nopZ2a -/+ nop2b -/+ 25 2

Total 100 100

* Statistical difference from the expectation as determined by the x? test.

Table 2. Primers used in this chapter
Primers Sequence (5’-3’)
salk_129648 LP GCCTACGTCCATCCGAACTA

salk_129648_RP

AGGTGAAGAAAAGGGAAAGACA

salk_054685_LP

AGGCAACAACATACCTTTTGC

salk_054685_RP

AATCTACATCGCATGGGAGTG

99




sail_1263_B04_LP

TGAGATGGGCTTATTCATTGC

sail_1263_B04_RP

AGCTAAATGCGCCTAAAGGAG

Pro_NOP2A_F TGAGCCCAATAACTATATGGTGCCTTG
Pro_NOP2A_R ACCAGCATTTAGGTTTAGTGGCTTTC
SETS_F CTCATCCGTCCGTCCTTCGGGCAA
5ETS_R GCATTCATCGATCACGGCAA

ITS1_F TCGATACCTGTCCAAAACAG

ITS1_R AGACTTCAGTTCGCAGC

ITS2_F ATCGTCGTCCCTCACCATCC

ITS2_R GGGGTCGCTATATGGACTTTG
5.85_F CGACTCTCGGCAACGGATAT

5.85_R TTGTGACACCCAGGCAGACG

18S_F GACTCAACACGGGGAAACTTAC
18S_R GTAGCTAGTTAGCAGGCTGAGGTC
25S_F GTAAACGGCGGGAGTAACTATG
25S_R GGACTAGAGTCAAGCTCAACAGG
PDF2_F GGGCAATGCAGCATATAGTTC

100




PDF2_R

TGGGTCTTCACTTAGCTCCAC

SAND (At2g28390)_F

CAGACAAGGCGATGGCGATA

SAND (At2g28390) R

GCTTTCTCTCAAGGGTTTCTGGGT

Pro_NOP2B_F TCACTTTACTTCTCTGGTTTGAAAGA
Pro_NOP2B_R GAATCTAGTAAAGATGGAGGATGAGC
Pro_NOP2C_F TAAACAAGCAGATGAATATGATGGA
Pro_NOP2C_R AGGAGACTGGAGAGATAGAGAGAGC

Fig 1. Female gametophyte development of WT after FG5 stage.

(A) Seven-celled female gametophyte at FG6 stage. (B) FG8 stage showing

the three-celled female gametophyte. The female gametophyte consists of the

egg cell, central cell, and one persistent synergid cell. (C)-(E) Development of

an embryo from the zygote to early globular stages. Images were taken using

a confocal microscope with an excitation beam at 488nm. AN, antipodal

nucleus; CN, central cell nucleus; CPN, chalazal polar nucleus; CV, central

vacuole; DAN, degenerated antipodal nucleus; DS, degenerated synergid; EB,
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embryo; EN, egg cell nucleus; EV, egg cell vacuole; MPN, micropylar polar
nucleus; SEN, secondary endosperm nucleus; SN, synergid nucleus; V,
vacuole. Scale bar, 25 pym.

WT amiR_NOP2A nop2b

amiR_NOP2A nop2b #1 §

amiR_NOP2A nop2b #2 [

amiR_NOP2A nop2b #3 3 8

e et

Fig 2. Seeds in independent amiR_NOP2A nop2b lines aborted at

various stages of development.

(A) Opened siliques from three transgenic amiR_NOP2A nop2b lines. Line 1 had no
seed abortion, line 2 had seed abortion at globular stage (white seeds) and line 3 had
abortion at the early ovule development stage. Scale bar = 2 mm. (B) Microscopy of
a translucent seed from line 2 (left) in panel A appeared to abort at the globular stage
compared to WT (left) seed that developed to the two-cotyledon embryo stage. Scale

bar = 25 pm.
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Chapter 3. Functional roles of plant

RNases T2 and RNA modification 5-
methylcytosine on oxidative stress-
induced tRNA halves in Arabidopsis

thaliana

106



3.1. Abstract

Transfer RNA cleavage triggered by stress is a conserved molecular process.
tRNA halves originating from cleavage of the anticodon loop of the mature tRNA
in response to stress is now recognised as important, although the
ribonucleases required for producing the tRNA halves are only beginning to be
uncovered in plants. Furthermore, the roles of tRNA modifications in tRNA
cleavage are starting to be elucidated. This study aimed to elucidate the
mechanism of tRNA cleavage in response to oxidative stress and explore the
link between RNA 5-methylcytosine and Arabidopsis ribonuclease RNS2 in A.
thaliana. Northern blotting and small RNA sequencing demonstrated that RNS1,
RNS2 and RNS4 may be involved in tRNA cleavage into halves under oxidative
stress. In RNS2 mutants, changes in pre-tRNA and mature tRNA profiles under
oxidative stress were observed. Northern blotting data of irm4b and rns2 trm4b
seedlings indicated that the 5-methylcytosine protects tRNAASPETC) from
cleavage by RNS2. Using a ribosome integrity assay, both trm4b and rns2
trm4b mutants exhibit the same hypersensitivity to hygromycin. Overall, the
results in our study provide an understanding of tRNA cleavage in response to
oxidative stress and establish a role for RNS proteins. Future work still needs
to be conducted to disclose the complex link between m>C modification and
RNS2.
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3.2. Introduction

Functionally being a connection between the mRNA and the polypeptide
sequence of proteins, transfer RNAs (tRNAs) are present across all branches
of life. Typically, the mature tRNAs are 76-90 nucleotides in length, forming a
secondary cloverleaf structure with a D-loop, T-loop, anticodon loop, variable
loop, and an acceptor stem [1]. In eukaryotes, the production of tRNAs is
formed by transcription of a pre-tRNA by RNA polymerase Ill, removal of 5’ and
3’ sequences by RNase P and RNase Z, and finally the addition of CCA terminal
nucleotides to the 3’ end [2]. Apart from tRNAs canonical role in translation,
tRNA abundance and processing into smaller functional RNA fragments in
response to stimuli is now well established [3]-[5]. These observations were
first observed in high-throughput sRNA sequencing data sets originating from
various cellular non-coding RNAs. Initially thought of as random tRNA
degradation products, sSRNAs derived from tRNAs now appear to be modulated
by specific biological processes and accumulated in multiple organisms and
tissues [6], [7]. These tRNA-derived sRNAs are frequently separated into two

main sub-classes based on their relative length and cleavage sites [8].

One kind of tRNA-derived RNAs are tRNA-derived fragments (tRFs) that are
19-30 nt in length and are formed from cleavage at either the T-loop to give so-
called tRF-5s, or D-loop to give so-called tRF-3s. In Arabidopsis, tRFs
production can be DICER-like dependent or DICER-like independent [9]. For
example, DICER-like enzymes produce specific tRFs in the pollen of
Arabidopsis, maize and rice [10], [11]. Deep sequencing data in mammalian
cells revealed tRFs biogenesis is DICER dependent [12], [13]. The mechanism

for tRFs biogenesis still needs to be fully elucidated.

tRNA halves are 31-40 nucleotides in length and are produced from tRNAs
cleaved at the anticodon loop [14]. Accumulation of tRNA halves occurs under
various cellular stresses, including oxidative stress, heat shock, phosphate
starvation, amino acid starvation, ultraviolent irradiation or virus infection in

diverse organisms. tRNA halves were first described in the bacterium

108



Escherichia coli and required the nuclease PrrC in 1990 [15], and are now
described in yeast, mammalian cells, fruit flies, and plants by using high-
throughput sequencing and northern blotting [16]-[19]. Several papers
demonstrated the increased abundance of stress-induced tRNA halves are one
of the protein synthesis regulatory pathways in response to stimuli. For
example, the tRNA halves from ANGIOGENIN induction promote stress
granule assembly in mammalian cells [20]. Recently, the 3 halves of tRNAT
produced under nutrient deprivation interact with ribosomes and polysomes
and then stimulate translation by facilitating mRNA loading during stress
recovery [21].

As of yet, the investigation of ribonucleases cleaving the tRNA within the
anticodon-loop is still waiting to be fully discovered. Yeast Saccharomyces
cerevisiae ry1A strain does not produce tRNA halves under stress conditions,
demonstrating that RNY1, the RNase T2 ribonuclease family member,
isinvolved in tRNA cleavage [16]. In mammalian cells, the ANGIOGENIN,
belonging to the RNase A family, mediates the production of tRFs and tRNA
halves in response to stress [22]. Furthermore, it was discovered that DICER is
required for processing tRNA halves under the condition of arsenite treatment
in mammalian cells [23]. While the ribonucleases necessary for the tRNA
cleavage in plants are still poorly understood. In A. thaliana, it is shown that
RNS1, RNS2 and RNS3, the RNase T2 ribonuclease family member, are able
to complement the yeast rny1A mutant strain, producing tRFs and 5’ halves
from tRNAHS(CTC) and tRNAAYACE) jn vitro [9]. In addition, the RNS1 was
reported to produce specific tRFs and tRNA halves in A. thaliana [5], [10]. In
this paper, we systematically characterize the ribonucleases cleaving the
tRNAs in A. thaliana under oxidative stress and explore the profile of tRNA

halves with and without oxidative stress.

The link between RNA modifications has been gradually disclosed in multiple
organisms. Modifications within the anti-codon loop of tRNAs have crucial roles
in translation by preventing frameshifting, expanding codon recognition, and
strengthening the codon-anticodon interaction [24]. By now, more than 90

chemical modifications have been found on tRNAs [25]. Among the identified

109



tRNA modifications, 5-methylcytosine (m°C) plays a role in regulating tRNA
cleavage. For example, in NSUN2 mutant mice subjected to stress, increased
tRNAs cleavage mediated by the ribonuclease angiogenin was observed,
resulting in an increased abundance of tRNA halves [26]. Furthermore, in tRNA
methyltransferase DNMT2 mutant flies exposed to heat shock or oxidative
stress, increased tRNA cleavage was observed, and in contrast,
overexpression of DNMT2 reduced tRNAASP(CTC) and tRNACY(CCC) cleavage [27].
Overall, compelling evidence shows tRNA m°C sites prevents tRNAs cleavage
by ribonuclease under stress. TRM4B, one of the paralogs of RNA-specific
methyltransferase 4 (TRM4) in Arabidopsis, methylates some nuclear tRNAs
and mRNAs as shown in our previous research [28]. Arabidopsis trm4b
seedlings display increased sensitivity to oxidative stress, and genes in the
oxidative response pathway are constitutively activated, suggesting a role of
TRM4B in regulating oxidative stress responses. Furthermore, the abundance
of some TRM4B methylated tRNAs was reduced in {rm4b [29]. Many questions
arise from these observations including the role of tRNA cleavage by TRM4B
and RNase T2 ribonucleases.
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3.3. Materials and methods

3.3.1. Plant materials and growth conditions

A. thaliana (Columbia ecotype) were grown in Phoenix Biosystem controlled
environment rooms at 21°C under metal halide lights that provided a level of
photosynthetic active radiation (PAR) of 110 ymol of photos/m?/s [28]. For in
vitro plant growth, seeds were gas-sterilized using 50 ml 12.5 % sodium
hypochlorite and 1.25 ml 32% hydrochloric acid overnight and plated on
Murashige and Skoog (MS) medium supplemented with 1% sucrose, and then
incubate at 4°C for three days. Plants were grown under long-day photoperiod
conditions of 16 hrs light. Seeds of A. thaliana mutants rns1
(SALKseq_078116.1), rns2 (SALK_069588), rms4 (SALKseq_055304.0) and
trm4b (SALK_318_G04) were obtained from Arabidopsis Biological Resource
Center (ABRC). Characterisation of the mutant alleles, rns1, rns2, rns4, trm4b
and derived double mutants rns2 trm4b were previously described [1], [2].
Primers to detect nop2 mutants were generated using the SIGnAL iSect Primer
Design program (Supplementary Table 1).

Nucleotide sequence data for the following genes are available from The
Arabidopsis Information Resource (TAIR) database under the following
accession numbers: RNS1 (At2g02990), RNS2 (At2g39780), RNS3
(At1g26820), RNS4 (At1g14210) and TRM4B (At2g22400).

3.3.2. RNA extraction, library construction and

sequencing

Total RNA was isolated from ten-day-old WT and rns2 seedlings using TRIZOL
Reagent. 20 ug of total RNA mixed with RNA gel loading buffer was loaded
onto a 15% polyacrylamide gel and separated for 2 hrs at 100V, along with the
microRNA ladder. An estimated gel slice corresponding to 30-40 nucleotides

(nt) was transferred into a shredder column and spun at 13K rpm for 2 min into
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a clean tube. Sterilised 0.3 M NaCl was added to the shredded gel fragments
and rotated overnight and then the gel-purified RNA was precipitated using
isopropanol and glycogen. 6 ul of the resuspended small RNA was used for
library construction using the NEXTflex® Small RNA Sequencing Kit v3 for
lllumina® Platform (Perkin Elmer) following the manufacturer’s instructions. The
small RNAs were sequenced on lllumina® Nextseq®® in single read mode of
75 cycles at the Australian Cancer Research Foundation (ACRF, Adelaide). A

total of three replicates were sequenced for WT and rns2.

3.3.3. Small RNA sequencing data processing,

alignment, clustering, and annotation

The quality of sRNA sequencing data was checked by ngsReports
(https://qgithub.com/UofABioinformaticsHub/ngsReports). The lllumina small

RNA sequence adapter was trimmed by Trim Galore!, then the NEXTflex®
Small RNA 3’ adapter and the four random bases in both 3° and %’

adapters trimmed by the cutadapt (htips://cutadapt.readthedocs.io/en/st-

able/installation.html). Redundant sequence reads were removed by seqcluster

and the raw counts of unique reads were used for clustering analysis. The
seqcluster prepare function was used to assign the ID to unique reads

(https://github.com/Ipantano/seqcluster), followed by alignment to A. thaliana

TAIR10 (https://www.arabidopsis.org/) reference genome using the STAR
aligner v2.5.3 [31], with the parameter --alignintronMax 1 to disable soft-clipping
during the alignment process. Next, the reads aligned were clustered using the
cluster function and annotated using the Araport11 annotation [32]. Aligned
short reads were clustered under metaclusters by regions of the alignment. For
global sRNA profile detection, reads were normalised as recommended in
BEDtools genomecov function (https://bedtools.readthedocs.io/en/latest/cont-

content/tools/genomecov.html) (Pei et al, unpublished).
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3.3.4. Differential expression and Gene ontology (GO)

analysis

The Trimmed Mean Method (TMM) was adopted to normalize the raw counts
of the sRNA sequence data after being clustered [33], [34]. Differential
expression analysis was performed using the ExactTest method within edgeR
[33]. The p-value was corrected using Benjamin Hochberg correction.
Differentially expressed tRNA loci were filtered by using the following criteria:
logFC > 1.5, False Discovery Rate (FDR) < 0.01, and adjusted p-value < 0.01.

3.3.5. Oxidative treatment for seedlings

Gas-sterilized seeds were plated on 2 MS medium supplemented with 1%
sucrose. After stratification at 4°C for three days, the plates were moved to the
Phoenix Biosystem controlled environment rooms and were put vertically. Four
days after germination, the seedlings were transferred to the 2 MS medium
supplemented with 1% sucrose and 10 mM hydrogen peroxide for 4 hrs.
Oxidative treated seedlings were collected and snap frozen in liquid nitrogen
for subsequent RNA extraction.

3.3.6. Northern blotting for tRNA halves abundance

detection

Total RNA was isolated from ten-days-old WT, rns1, rns2, rns4, trm4b, rns1
rms2, rs2 rms4 and rns2 trm4b mutant using TRIZOL reagent. 10 ug of the total
RNA was proceeded to separate the different sizes of RNA on 12.5% urea-
polyacrylamide gel. After being transferred on the Amersham Hybond-
N+membrance for 3.5 hrs, the gel was stained in SYBR gold, and the RNA was
cross-linked on the membrane with a Stratalinker UV crosslinker.
Prehybridization could be conducted for up to several hours at 68°C in 20 ul of
the DIG easy Hyb Granules (Roche). 60 pmol of the 5-end Digoxin labelled
oligonucleotides Hybridization was added into 6 ml DIG easy Hyb Granules to
hybridise overnight at 40 °C (Supplementary Table 2). The membrane was
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washed in low-stringency buffer (2X SSC, 0.1% SDS) twice and high-stringency
buffer (0.1X SSC, 0.1% SDS) twice. The probe-target hybrid was localised with
the anti-DIG-alkaline phosphatase antibody (Roche). The membrane was put
into washing and blocking and detection buffer to visualise using the CDP-Star,
ready to use (Roche). Finally, the membrane was imaged by the Bio-Rad
Chemi-Doc MP Imaging System.

3.4. Results

3.4.1. Identification of Arabidopsis RNase T2

homologues

When | commenced my PhD, numerous experiments showed evidence that
ribonucleases RNY1 and ANGIOGENIN are required for stress-induced tRNA
cleavage in yeast and mammalian cells and no evidence was published in
plants for a role of RNY1-like proteins [16], [22]. However, in 2019 Megel et al
showed roles for RNS1 and RNS3 in tRNA half cleavage in Arabidopsis.
Nevertheless, | will describe my experiments.

As the genome of the members of the RNase T2 family is highly conserved in
all eukaryotic organisms, five ribonuclease paralogue members (RNS1, 2, 3, 4
and 5) in A. thaliana were identified [35], [36]. In this study, the amino acid
sequence of yeast RNY 1 and A. thaliana RNS1, 2, 3, 4 and 5 were collected
separately from the TAIR and the Saccharomyces Genome Database. Firstly,
as we can see from Fig 3.1A, the analysis of evolutionary relationships among
the RNase T2 ribonuclease showed that the RNS2 was clustered into a high-
homology branch of ScRny1, the following are RNS4 and RNS1. Furthermore,
two active histidine sites were identified in the multiple alignments (Fig 3.1B),
which have been characterised to be a conserved RNaseT2 catalytic activity
and are vital for the nuclease activity of ScRny1 [37]. Finally, the data of the
percent identity matrix from Clustal Omega shows that the RNS2, RNS4 and
RNS1 share 24%, 23% and 27% sequence similarity with ScRny1. Therefore,
this paper focuses on the RNS1, RNS2 and RNS4 in A. thaliana.
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Figure 3.1: RNS1, RNS2 and RNS4 may be the main homologues of
ribonucleases identified in A. thaliana.

(A) The phylogenetic tree was constructed by using the amino acid sequences of RNS1-5
(RNS1: At2g02990, RNS2: At2g39780, RNS3: At1g26820, RNS4: At1g14210, RNSS5:
At1g14220) in Arabidopsis and RNY1 of S. cerevisiae. The alignments and phylogenetic tree
were performed by implementing Clustal Omega (EMBL-EBI, UK). (B) Multiple amino acid
sequence alignment of Arabidopsis RNS domain and S. cerevisiae RNY1. The alignment was
carried out by using Clustal Omega. Two T2 Rnase conserved amino acid motifs were

identified. The yellow box represents active sites.

To confirm the function of RNS1, RNS2 and RNS4, the T-DNA insertion lines
SALKseq_078116.1, SALK 069588, and SALKseq 055304.0, were chosen
and screened for homozygous. We measured the mRNA abundance of RNS1,
RNS2 and RNS4 and found almost no mRNA abundance in the homozygous
T-DNA insertion mutants (Fig 3.2B). The insertion sites of each allele mutant
were labelled as indicated in Fig 3.2A. The double mutants rns1 rns2 and rns2

rns4 were also made and screened for homozygous.
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Figure 3.2: Identification of rns mutants in A. thaliana.

(A) Genomic structure of RNS and T-DNA insertion sites. Black shaded boxes show exons
and intervening line lines are introns. ATG is initiating methionine, TAA, TGA and TAG are stop
codons. (B) Relative transcript levels of RNS1, RNS2, and RNS4 were quantified by reverse
transcription PCR.

3.4.2. Arabidopsis RNS1, RNS2 and RNS4 all cleave

tRNA into halves under oxidative stress

As outlined in the introduction, tRNA cleavage is a conserved response to
oxidative stress in yeast, A. thaliana and mammalian [17]. RNS1 was reported
to possibly have roles in the processing and/or degradation of tRFs in land
plants [5]. Also, the RNS1, RNS2 and RNS3 of A. thaliana were documented
to complement rny 10 yeast and generate the tRNA halves in vitro [9]. To better
understand the cleavage activity of RNS on tRNA halves for A. thaliana, we
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measured the accumulation of 5’-half tRNA fragments in single mutants rns1,
rns2, rs4, and double mutants rns7 rns2 and rns2 rns4 by Northern blotting.

As detailed in Fig 3.3, in all hydrogen peroxide treated rns mutants and wild
type seedlings, the abundance of the 5’-half tRNA fragments of tRNAASPCTC),
tRNAAYCCT) and tRNAMS(GTC) |l dramatically increases, which indicates that the
oxidative stress efficiently intensifies the tRNA cleavage. The highest
abundance of 5-half tRNA fragments was observed in tRNAA9(CCT) (Fig 3.3A)
and the lowest abundance of 5-half tRNA fragments was observed in
tRNAASP(GTC) (Fig 3.3C, D), which reflects that not every tRNA could be cleaved
at the same efficiency. Furthermore, the reduced 5’-half tRNAA9(CCT) fragments
were only observed in ms1, the reduced 5-half tRNAAP(CTC) fragments were
just detected in rns2, and the absence of RNS4 cause the reduced 5’-half tRNA
fragments in tRNAASPETC) gnd tRNAMS(CTO) |t seems that not every RNS is able
to cleave all the tRNAs. Of note, there are two more bands between the full-
length and 5’-half tRNAAS(CTC) in rs1 with hydrogen peroxide treatment. Apart
from checking the tRNA cleavage in rns single mutants, we also detected the
abundance of 5-half tRNAASPCTC) fragments in double mutants rms? ms2 and
rms2 rms4 (Fig 3.3C, D). For rs1 rns2, the decreased abundance of 5-half
tRNAASP(CTC) fragments is not very obvious compared to wild type with hydrogen
peroxide treatment. While the cleavage of tRNAASPGTC) decreased by 20% in
rns2 rns4 mutants when compared to wild type. These findings suggest that the
RNS1, RNS2 and RNS4 all could cleave the tRNA under oxidative stress in A.
thaliana.

Of note, in all the rns mutants without hydrogen peroxide treatment, decreased
abundance of all 5’-half tRNA fragments was observed in rns7 in comparison
to wild type. In contrast, the absence of RNS2 increased the abundance of 5'-
half tRNA fragments. It is possible that the RNS2 may involve in other

processing and causes RNA degradation or cleavage.
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Figure 3.3: RNS1, RNS2 and RNS4 all cleave the tRNAs under oxidative
stress in A. thaliana.

Ten-old-day wild type, s 1, ms2, ms4, rs1 rms2 and rns2 rns4 seedlings were treated with 0
and 10 mM hydrogen peroxide for 4 hrs. (A)(B) Left: representative northern blotting analysis
of tRNAAYCCT and tRNAHSCTO for wild type, rms1, ms2, and rs4. The bottom is the ribosomal
band staining after transferring. Right: quantitative analysis of RNS substrate tRNAA9(CT) and
tRNAHS(CTC) The signal intensities were normalised to ribosomal subunits and were also
chosen to indicate the cleavage efficiency. (C) Left: representative northern blotting analysis of
tRNAASPCTO) for wild type, rs1, rs2, and double mutant rns? rs2. The bottom is the ribosomall
band staining after transferring. Right: quantitative analysis of RNS substrate tRNAASP(CT®) The
signal intensities were normalised to ribosomal subunits and were used (?) to indicate the
cleavage efficiency. (D) Left: representative northern blotting analysis of tRNAASPCTC) for wild
type, ms2, ms4, and double mutant rns2 rms4. The bottom is the ribosomal band staining after
transferring. Right: quantitative analysis of RNS substrate tRNAAP(CTC), The signal intensities

were normalised to ribosomal subunits and were used to indicate the cleavage efficiency.

3.4.3. The variation in the accumulation of tRNA half

fragments caused by the absence of RNS2

Due to the increased abundance of 5-half tRNA fragments in rns2 before
hydrogen peroxide treatment and the high sequence similarity with ScRny1, we
explored the variation of tRNA halves accumulation caused by RNS2 through
sequencing. The length of sequenced small RNA is roughly about 30-42 nt,
nearly the same size as the tRNA half. The differential expression analysis of
mapped tRNA halves reads between wild type and rns2 mutants under non-
oxidative and oxidative stress was conducted using the exactTest in edgeR. As
shown in Fig 3.4A, B, there are more upregulated tRNA half loci in both WT and
rns2, which suggests more tRNA are cleaved under oxidative stress. However,
there is no remarkable count difference between the upregulated and
downregulated tRNA half loci caused by oxidative stress in rns2 and WT (Fig
3.4C). This result is in line with our northern blotting analysis that RNS2 is not
the only ribonuclease cleaving for the tRNAs. Only one upregulated tRNA loci
in the rns2 compared to WT without oxidative stress. Apart from being mapped
to the mature tRNA, the differential expressed tRNA halves were also mapped
to pre-tRNA. The percentage of pre-tRNA and the corresponding mature tRNAs
in the up-regulated and downregulated tRNA loci are presented in Fig 3.4E.
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Overall, it is evident from the sequencing results that the loss of RNS2 could
not only influence the population of mature tRNA under oxidative stress, but
also the pre-tRNA.
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Figure 3.4: The accumulation of tRNA halves varies due to the loss of
RNS2 in A. thaliana.

Ten-old-day wild type, rns2 seedlings were treated with 0 and 10 mM hydrogen peroxide for 4
hrs. The tRNAs were separated and purified for library construction. (A-D) The upregulated and
downregulated tRNA loci were identified in the compared groups, including wild type with
oxidative relative to nonoxidative stress, rns2 with oxidative relative to nonoxidative stress, rns2
relative fo wild type under oxidative stress and rns2 relative to wild type under nonoxidative
stress. (E) Histogram of pre-tRNA and the corresponding mature tRNA percentage identified in
the upregulated and downregulated tRNA loci in the compared groups, including wild type with
oxidative relative to nonoxidative stress, rns2 with oxidative relative to nonoxidative stress, rns2
relative to wild type under oxidative stress and rns2 relative to wild type under nonoxidative
stress.

3.4.4. Correlation with methyltransferase TRM4B and
ribonucleases RNS2 in A. thaliana

Previously, it was reported in mouse and flies subjected to oxidative stress that
the methylation by DNMT2 and NSUN2 could inhibit the tRNA from being
cleaved, suggesting that m°C may interfere with the interaction between tRNA
cleavage and ribonucleases [26], [27]. In our previous work, the TRM4B has
been proved to be necessary for three m°C sites (C48, C49, and C50) in nuclear
tRNAASPCTC) - and the decreased full-length tRNAASP(CTC) fragments were
observed in trm4b [29]. Therefore, to further test whether the TRM4B-mediated
methylation could prevent the ribonuclease RNS2 catalyzed tRNA cleavage in
A. thaliana, we identified the homozygous double mutant rns2 trm4b and
subjected them to oxidative stress, then measured the abundance of 5-half
tRNAASP(CTC) fragments by northern blotting. It was shown in Fig 3.5A that the
full-length tRNAASP(CTC) decreased in trm4b and rns2 trm4b mutants under
nonoxidative and oxidative stress conditions compared to wild type and rns2
mutants, which indicates that more tRNAASP(CTC) has been cleaved without the
protection of m3C modification, or less tRNAASP(CTC) were synthesized. However,
the decreased full length of tRNAASPCTC) in trm4b and rns2 trm4b mutants
resulted in the unexpected decreased abundance of 5-half tRNAASPCTC)
fragments. We suspected that the cleaved 5-half tRNA without m°C
modification might be processed into small non-coding RNAs or be degraded,
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which could also explain the much more 5'-half tRNAASP(CTC) fragments in rms2
than the trm4b under oxidative stress. As expected, the 5-half tRNAASPGTC)
fragments are much less in rns2 trm4b than the frm4b response to oxidative
stress. These results provide important confirmation that m°C modification

could partially protect the tRNAASPCTC)  from the cleavage by RNS2 in A.
thaliana under oxidative stress.
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Figure 3.5: Correlation with m*C modification and ribonucleases RNS2 in
A. thaliana.

(A) TRM4B could partially protect the tRNAASPTC) from the cleavage from RNS2. Ten-old-day
wild type, rns2, trm4b and rns2 trm4b seedlings were treated with 0 and 10 mM hydrogen
peroxide for 4 hrs. Left: representative northern blotting analysis of tRNAASPCTO) rns2, trm4b,
and rns2 trm4b. The bottom is the ribosomal band staining after transferring. Right: quantitative
analysis of RNS and TRM4B substrate tRNA*sP(CT®)_ The signal intensities were normalised to
ribosomal subunits. (B) The response of wild type, rns2, trm4b and rns2 trm4b to hygromycin.
The sterilized seeds were placed on a 0 and 15 ug/ml medium for ten days after germination.

Beyond the function of methylating the tRNAs, the TRM4B is also crucial for
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mMRNAs and non-coding RNAs [29]. Loss of the TMR4B caused changes in
global small RNA profiles in A. thaliana (Pei et al, unpublished data). RNS2 has
been demonstrated to mediate the accumulation of rRNA intracellularly [38].
The short primary root phenotype in trm4b caused by the reduced cell division
in the root apical meristem was restored in rns2 trm4b [29] (Pei et al,
unpublished data), which may be due to the accumulated rRNA in vacuole
caused by loss of RNS2 [39]. Hygromycin was thought to alter the conformation
of the A-site in the ribosome, resulting in inhibiting translocation and reducing
translational fidelity [40]. As this correlation between TRM4B and RNS2, we
wonder whether the absence of both TRM4B and RNS2 could affect the
translation. We placed seeds of wild type, rns2, trm4b and rns2 trm4b on the
medium containing 15 ug/ml of antibiotic hygromycin B. The sensitivity of rns2
to hygromycin is the same as wild type, which could be found in Fig 3.5B. It is
likely that the accumulated rRNA caused by lacking RNS2 activity did not
influence the translation [39]. As expected, the trm4b mutants exhibited
increased sensitivity to hygromycin after germination, which is consistent with
our previous study [28]. Also, we observe from Fig 3.5B that the double mutant
rns2 trm4b showed increased sensitivity to hygromycin. Therefore, it could be
inferred that an unknown interaction between reduced methylation in trm4b and

increased rRNA accumulation in rns2 led to translation reduction.
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3.5. Discussion and Conclusion

Prior research documented the biogenesis of tRNA halves in A. thaliana. For
example, Megel et al. (2018) demonstrated that the production of 5’-half
tRNAAR(TEC) gnd the tRF-5s of tRNAA(TEC) could be restored in vivo and in vitro
in the yeast rny1A mutant strain complemented with either Arabidopsis RNS1,
RNS2 or RNS3. Alves et al. (2016) provided evidence that some specific tRFs
that were 19 or 20 nts are dependent on RNS1. However, these studies were
either conducted to check the change of tRNA derived fragments caused by
one of the RNase T2 ribonuclease family members or were designed to explore
the cleavage activities of Arabidopsis RNS on specific one tRNA. Furthermore,
published data from our laboratory supported the idea that the additional m°C
sites on tRNAs play a role to strengthen the tRNA stability in A. thaliana, and
the decreased tRNA stability may contribute to the hypersensitivity to oxidative
stress in trm4b mutants and reduce translational efficiency [28], [29]. Also, the
depletion of TRM4B leads to the upregulation of some chromosome specific
sRNA expression (Pei et al, unpublished). Nevertheless, the alteration in the
accumulation of tRNA halves regulated by m°C and the RNase T2 ribonuclease
under oxidative stress in A. thaliana still has not been elucidated. In this study,
we combined northern blotting and small RNA sequencing to investigate the
cleavage activity of different Arabidopsis RNS under oxidative stress compared
to wild type, to disclose the variation of tRNA halves caused by mutation of
RNS2. At the same time, the co-regulatory function of TRM4B and RNS2 on
tRNA cleavage and the translation were also tested.

We found in A. thaliana that RNS2 may be the highest homology branch of
ScRny1, the following are RNS4 and RNS1. The increased abundance of three
5’-half tRNA fragments in all rns mutants and wild type treated with hydrogen
peroxide demonstrates that the RNase T2 ribonucleases RNS are induced
under oxidative stress, which indicates that all the Arabidopsis RNS are able to
cleave tRNAs into halves. Strikingly, the cleavage efficiency of all RNS on the
three different tRNAs varies, with the highest on tRNAAP(GTC) and lowest on

tRNAAQ(CCT) It seems very probable that the mSC provides protection for the
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tRNAs for specific tRNA molecules from cleavage, as there are three TRM4B-
dependent m°C sites in nuclear tRNAAP(CTC) one TRM4B-dependent m°C site
in nuclear tRNAHS(CTG) and none in tRNAA(CCT[28]. Meanwhile, it was found
that not all three intact tRNAs could be cleaved by each RNS, which may be
due to the differentially tissue-specific expression of Arabidopsis RNS during
plant development [9]. The cleavage of tRNAAP(GTC) is modest less in double
mutant rns2 rns4 than rns1 rns2, demonstrating that the cleavage function of
RNS4 may be more obvious for ten-days-old seedlings exposed to oxidative
stress. Of note, the increased 5’-half fragments of all three tRNAs were
observed in rns2 mutants without oxidative stress treatment, which suggests
the loss of RNS2 may trigger RNA degradation through other unknown
mechanisms. Furthermore, the small RNA sequencing data disclosed that the
loss of RNS2 could not only influence the population of mature tRNA under
oxidative stress, but also the pre-tRNA. While, it is mentioned in one publication
that the decreased tRFs from tRNAARAGC) s not attributed to the
downregulation of RNS1 and RNS3 in Botrytis cinerea-affected A. thaliana,
which may provide a new hint for investigating the coorelation with the enzyme
activity of Arabidopsis RNS and tRNA cleavage [41].
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Figure 3.6: Proposed model for the interaction between TRM4B and
RNS2.

Under oxidative stress conditions, the Arabidopsis RNS exit from the vacuole and endoplasmic
reticulum to the cytoplasm to cleave the tRNAs without the m®C site, and the cleaved tRNA
halves might be processed into the sSRNAs. While under the optimal growth condition, on the
one hand, the mRNAs absence of TRM4B might be cut by RNS2 exit from the vacuole and
endoplasmic reticulum and diced into small RNAs, on the other hand, the tRNAs without the

m°C cooperated with the accumulated rRNA may reduce the translation.

As the seeds of trm4b and rns2 trm4b exhibited hypersensitivity to hygromycin
compared to WT and rns2, we are reasonable to assume that a subtle
interaction between reduced methylation in frm4b and increased rRNA
accumulation in rns2 might lead to the translation reduction. Furthermore, under
oxidative stress, the decreased full-length tRNAASPCTC) in trm4b mutants
indicates that the protective function of m°C is abolished. Compared to wild
type and ms2, the decreased 5'-half tRNAASP(CTC) fragments in frm4b seem
likely that the cleaved tRNA halves are further processed into a smaller
fragment. This explanation could be supported by unpublished data in our
laboratory that the absence of m°C sites in trm4b leads to the upregulation of
sRNAs (Pei et al, unpublished). Moreover, only a slight decrease of 5-half
tRNAASPCTC) fragments could be detected in double mutant ms2 trm4b
compared to frm4b exposed to oxidative stress, which suggests that other plant
RNase T2 ribonucleases also have the cleavage efficiency. Therefore,
investigating the change of tRNA halves and sRNAs (18 to 21 nt in length) in
wild type, rs2, trm4b and rns2 trm4b through small RNA sequencing is very
necessary for future work. Also, making other double mutant rns71 trm4b, rns4
trm4b and then examining the accumulation of tRNAP(GTC) through northern
blotting will be needed to validate the cleavage role of other Arabidopsis RNS

in rm4b mutants.

Overall, the insights gained from this study broaden our understanding of the
cleavage feature of Arabidopsis RNS on tRNAs under oxidative stress.
Furthermore, the reduced translation in double mutants rns2 trm4b, and the
unpublished data in our labarotary referring to the upregulated sRNAs in trm4b
provide compelling evidence that the RNAs without the m°C sites might
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proceed into small RNAs catalysed by RNS or DICER and then modulate the
translation (Figure 3.6).
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3.7. Supplementary data

Table 1. Oligonucleotide primer sequences

Primer Sequence

SALKseq_078116.1-LP AAGGGAATTCGATCTCAGCTC

SALKseq_078116.1-RP AATGAAGAAGAGCTGGCCAAC

SALK_069588-LP CTCGATGAAGACTTACCGTGAC

SALK_069588-RP CTGGCCTAGTCTCAGTTGTGG

SAlLseq_389_A06.1-LP ATCATGCATGAACAGGCTAGG

SAlLseq_389_A06.1-RP CATGATGTAGGGATCAAACCG

SAlLseq_286_A12.1-LP ATAGCCAAAAAGGATGTTGCC

SAlLseq_286_A12.1-RP TCTGCATAATTGTTTCCACAGG

SALKseq_055304.0-LP ACACAGGTGCCATGCTTATTC

SALKseq_055304.0-RP ACAGAGCCTTGTCGTGTCTTC

SAIL_318_GO04-LP AACAGTTTCCTGGTTGCCGTTTG

SAIL_318_G04-RP CAAACAGACATATTTACGATAGGCGGA
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Table 2: Probes used for northern blotting

tRNA Probe sequence

tRNAASP(GTC) GACAGGCGGGAATACTTACCACTATACTACAACGAC

tRNAA(CCT) AGGAAACAGACGCTCTATCCACTGAGCTACAGGCGC

tRNAMIS(GTE) AACGTGGAATTCTAACCACTAAACTACAGCCAC
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Chapter 4. Towards understanding the
lethal effect of transgene expressed 5’-
half tRNA”sP, Killer, in Arabidopsis

thaliana

136



4.1. Abstract

Besides the canonical role of tRNAs in protein synthesis, tRNAs are cleaved at
different positions, particularly under stress conditions, to produce tRNA halves
and tRNA-derived fragments (tRFs) in numerous organisms. Mounting
evidence supports roles of tRFs in transcriptional and translational regulation,
stress granule assembly, ribosome biogenesis, and apoptosis. tRNA halves are
35-40 nucleotides in length and whether the tRNA halves are further cleaved
and their biological function is still unclear in plants. Herein, we show that a
transgene expressed 5’-half tRNAASP (tRNAASPY), so-called Killer, results in
seedling or embryo death in A. thaliana. Interestingly, transformation of
mutagenized nucleotides at 16, 17t 21t 22t 26t 27t positions of Killer
resulted in recovered transgenic plants for all nucleotides suggesting that all
Killer nucleotides were important. Both small RNA sequencing data and
mutants isolated from a genetic suppressor screen indicate that Killer was
processed into several sRNAs involving RDR6, DCL2, DCL3, DCL4, AGO1,
AGO3, AGO4, AGOS5, AGO7, AGO9 and AGO10, resembling a sRNA-like
mechanism. Further investigation illustrated that two sRNAs derived from
tRNAASPS that may silence the expression of embryo-defective genes,
At1g67490 and At1g3249, thereby leading to death. Our results suggest a
sRNA-like processing of tRNA*PS/Killer after being transformed into A. thaliana.
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4.2. Introduction

The application of high-throughput sequencing technology offers an excellent
opportunity for researchers to gain a deeper insight into the small RNAs (sSRNAs)
originating from various cellular non-coding RNAs. Currently, two rising sorts of
sRNAs named tRNA-derived small RNAs (tsRNAs) are gaining particular
attention in all branches of life, tRFs in 19-30 nucleotides (nt) in length and
tRNA halves that are 31-40 nt in length. The biogenesis of tRFs and tRNA
halves in yeast, plants and mammalian cells was clarified in an increasing list
of research (Chapter 3). However, the functional significance of them is only

beginning to be uncovered.

Before the understanding the diverse biological roles of tsSRNAs, it is also crucial
to gain insight into the population of tsSRNAs. Generally, tRNAs are thought to
be the most heavily modified cellular RNAs concerning the number, density and
diversity, containing up to 17% modified nucleotides [1], which challenges the
characterization of tsRNAs through sequencing approaches. The developed
tRNA-seq, hydro-tRNAseq and YAMAT-seq have been widely adopted to
quantify tsRNAs [2]-[4]. Meanwhile, there is debate whether the sequenced
tsRNAs data should be only aligned to the mature tRNAs database because
the genome could produce the tsRNAs [5]. In a few recent studies, the
sequenced data was only either mapped to mature tRNA or genome sequence,
while Thompson et al. (2018) determined to map the sequenced reads to tRNAs

and A. thaliana genome [5]-[7].

Advanced sequencing techniques and the application of bioinformatics
extensively facilitated the profiling and abundance of tsRNAs in numerous
plants and tissues. For instance, in A. thaliana, a 19 nt tRF-5s from tRNAGY(TCC),
representing over 80% of tRFs and accounting for up to 28% of the total root
sRNAs reads, were observed in the phosphate-starved roots library but were
much less in the shoots library; the tRF-5s from tRNAASP(CTC) was also detected
much more in roots libraries than shoots, which is consistent with the northern

blotting data. The author proposed that it is difficult for the tRFs to move from
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root to shoots because of the long-distance [8]. Upon oxidative stress, 5’-half
of tRNAHiIS(GTG) tRNAAG(CCT) gnd tRNATP(CCA) were accumulated in A. thaliana
seedlings, while the 5’-half of tRNA®U(CTC) was just observed in flowers [9].
Specific tRFs ranging from 18 to 25 nt were found in sRNA libraries from
Arabidopsis leaf, inflorescence and pollen, the tRF-5s of tRNAARACC) jn 19 nt
distinctively accumulated to a higher level in the pollen grains [10]. Besides, a
19-nt tRF-5s of tRNAAY(CCT) was found at a high pattern in A. thaliana seedlings
under drought stress, as well in rice under cold stress [7]. A study conducted
on the pumpkin suggested tRNA halves in the phloem sap were thought to be
a potential long-distance signal [11]. tRFs were also elucidated in rice
embryogenic callus in which the tRF-5s from tRNAARAGC) gccounting for 82%
of the total tRF reads are the most abundant [12]. In addition, it is reported the
tRF-5s are accumulated in barley under the phosphorous-deficient condition,
with tRNASY(TCC) being the most abundant in shoots, followed by tRNAA9(CCT)
and tRNAARAGC) [13]. Apart from the tRFs and tRNA halves, a longer group of
sRNAs derived from tRNAs were detected in Giardia lamblia, which was 46 nt
in length and was encystation-induced [14]. Taken together, the reported
studies revealed the tRNA cleaved fragments could be induced by stress, and
the abundance shares the character of being tissue specific. Moreover, the
majority of identified tRFs or tRNA halves are originated from the 5 side, study
concerning tRF-3s and 3 halves is sparse. In addition, only numbers of tRFs or
tRNA halves are related to the specific stress in limited reports. Therefore, there
is still a long way to elucidate the abundance of tRFs and tRNA halves in

multiple species.

The biological function of tRFs and tRNA halves has been gradually disclosed
in many studies in recent years. Among the functions attributed to tRFs and
tRNA halves, although the regulation of translation seems to be the most
studied, the patterns of action appear to vary based on the organism and the
category of tRF [15]. For instance, the 5’- half of tRNAA2 and tRNA®Y® with the
terminal oligo-guanine (TOG) motifs (4—5 guanine residues) at 5’ ends have the
ability to suppress translation through displacing elF4F in human [16]. While in
A. thaliana, it was observed that there is no correlation between the tRNA
halves with TOG and the translation inhibition in vitro [17]. Furthermore, a small
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part of tRF-5s derived from tRNAARAGC) in young leaves of A. thaliana under
normal conditions was observed to associate with actively elongating
polyribosomal fractions, which demonstrates the tRFs may be slightly and
regularly modulate translation in land plants [15]. Intriguingly, whether the tRFs
are interacting with ARGONAUTE (AGO) and are dependent on mRNA
sequence to repress translation through the canonical silencing pathway is still
inconclusive. Some studies on human and plants implicated that tRF-5s can
inhibit protein translation through association with polyribosomes rather than
ribosomal subunits [15], [18]. This is different to what has been described in
deep sequencing libraries of immunoprecipitated Argonaute proteins (AGO-IP)
and bioinformatics approaches in A. thaliana where the tRF-5s are mainly
present in the AGO1/3/4-IP fractions [19]. Meanwhile, the association between
AGO and tRFs could be regulated by stress, like, AGO1-associated tRF-5s
from tRNASMTCC) population were enormously increased under UV treatment
[20]. Although the targets of these AGO-associated tRFs have been predicted,
the confirmation still needs to proceed in the future.

Apart from being a translational regulator, the tsSRNAs were elucidated to be
vital in other various cellular processes. Such as, the specific tRF-5s from
tRNAGY(CCC) in mammalian cells was documented to be a regulator of
noncoding RNA and the subsequent global chromatin organization [21]. And
increasing studies unveiled the tRFs in mammals involved in the cell cycle
process and then modulate the cell proliferation, especially the tumour cell
growth [22]. Of note, some DCL1-dependent and AGO1-associated tRFs were
reported to target transposable elements (TEs) and maintain genome stability,
specifically retrotransposons, in both plants and mammals [10], [23].
Furthermore, tRFs from rhizobial were confirmed as signal molecules that
modulate host nodulation [24].

However, the functional investigation of tRNA halves is challenging due to their
structure and length. In Chapter 2, we proposed that tRNA halves were cleaved
into sRNAs and then involved in cellular regulation. In this Chapter, T-DNA
constructs expressing either full-length or tRNA halves were transformed into A.

thaliana to identify their possible cellular function, but unexpectedly we did not
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obtain transgenic plants for the 5’-half tRNA construct, tRNA”PS| suggesting
expressing this RNA leads to egg cell, embryo or seedling death. Hence, we
called this construct, Killer. Next, we performed mutagenesis of specific
nucleotides sequence in Killer and recovered transgenic plants for all tested
positions. Small RNA sequencing of Nicotiana benthamiana leaves infiltrated
expressing Killerindicated the 35 nt tRNAASPY was processed into sSRNAs. Short
Tandem Target Mimics (STTM) and psRNATarget analysis suggests Killer-

derived sRNAs target two embryo essential genes.
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4.3. Materials and methods

4.3.1. Plant materials and growth conditions

A. thaliana (Columbia ecotype) were grown in Phoenix Biosystem controlled
environment rooms at 21°C under metal halide lights that provided a level of
photosynthetic active radiation (PRA) of 110 ymol of photos/m?/s [25]. For in
vitro plant growth, seeds were gas-sterilized (50 ml 12.5 % sodium hypochlorite
and 1.25 ml 32% hydrochloric acid) overnight and plated on %2 Murashige and
Skoog (MS) medium supplemented with 1% sucrose, then were put 4°C for
three days. Plants were grown under long-day photoperiod conditions of 16 hrs
light and 8 hrs darkness. When screening for transgenic plants, the
corresponding antibiotics was added into the media MS medium without

sucrose. The seeds in the plate underwent a 2-day stratification period, a 4-6

hrs light regime, 48 hrs dark and 24 hrs light [26].

Seeds of A. thaliana mutants ago1-27 [27], ago2-1 (Salk_003380), ago3-1
(SM_3_31520), ago4-3 (WiscDsLox338A06), ago5-3 (SALK_063806), ago7-1
(Salk_037458 ), ago9-1 (Salk_127358 ), ago10 (zlI-3), dcl2-1 (Salk_064627 ),
dcl3-1 (Salk_005512), dcl4-2 (GK_160G05), rdr2-2 (Salk_059661 ), rdr6-15
(SAIL_617) were obtained from Arabidopsis Biological Resource Center
(ABRC).

The crossing was performed for WT X WT, ago 1-27 (tRNAASPCTC)S) (/+) X
ago 1-27 (tRNAASP(GTO)8) (-/+), ago 1-27 (tRNAASPETO)8) (/+) X WT and WT X
ago 1-27 (tRNAASP(CTC) %) (/+). Flowers were emasculated before anthesis and
then pollinated after 48 hrs.

4.3.2. Transient infiltration of N. benthamiana and the
GFP detection

Electroporation was used to transform the plasmids into Agrobacterium
tumefaciens. The cells were cultured in the Luria-Bertani broth supplemented
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with 50 ug/mL kanamycin, 50 ug/mL rifampicin, 25 uM acetosyringone and 20
mM MES at 30 °C for 48 hrs. The cultured cells were centrifuged and then
resuspended in infiltration buffer (1x MS salt, 10 mM MES, 200 uM
acetosyringone, 2% sucrose) to an OD of 0.6. All suspensions were left in the
dark for 2 hrs before being infiltrated into the abaxial side of N. benthamiana
pBin-35S-mGFP5 leaves using a 1 mL needle-less syringe. After being
infiltrated for four days, the leaves were cut into small sections to observe the

GFP signal using an epifluorescence microscope.

4.3.3. Northern blotting for tRNA halves abundance

detection

Total RNA was isolated from ten-days-old seedlings using TRIZOL Reagent.
10 ug of the total RNA was proceeded to separate the different sizes of RNA
on 12.5% urea-polyacrylamide gel. After being transferred on the Amersham
Hybond-N+membrance for 3.5 hrs, the gel was stained in SYBR gold, and the
RNA was cross-linked on the membrane with a Stratalinker UV crosslinker.
Prehybridization could be conducted for up to several hours at 68°C in 20 ul of
the DIG easy Hyb Granules (Roche). 60 pmol of the 5-end Digoxin labelled
oligonucleotides Hybridization was added into 6 ml DIG easy Hyb Granules to
hybridise overnight at 40°C. The membrane was washed in low-stringency
buffer (2X SSC, 0.1% SDS) twice and high-stringency buffer (0.1X SSC, 0.1%
SDS) twice. The probe-target hybrid was localised with the anti-DIG-alkaline
phosphatase antibody (Roche). The membrane was put into washing and
blocking and detection buffer to visualise using the CDP-Star, ready to use
(Roche). The membrane was imaged by the Bio-Rad Chemi-Doc MP Imaging
System.

4.3.4. Plasmid construction and generation of

transgenic plants

For different tRNA fragments expression constructs, a gene block flanked by
Ascl and Sacl restriction sites was constructed containing the AtU3b promoter,
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full-length A. thaliana tRNAASP(CTC) and polyT sequence (Supplementary Table
2). The top and bottom strand sequences containing Ascl and Sacl restriction
sites were synthesised and annealed for the other tRNA fragments to produce
dsDNA. Gene block and other synthesised tRNA fragments are provided
(Supplementary Table 3). Then, 25 ng of the gene block was used for the A-
tailing reaction and ligated into Gateway entry vector pCR8 TOPO TA (Thermo
Fisher Scientific). After being confirmed by PCR and sequence, the plasmid of
pCR8:TOPO:AtU3b:tRNAASP(CTC): poly T was enzyme digested by Ascl and Sacl
to replace the other tRNA fragments (Oligos for PCR and sequence are
provided in Supplementary Table 1). All the regenerated constructs were also
sequenced for verification. Finally, all the constructs were cloned into the
destination vector pMDC100 through the LR Gateway cloning system following
the manufacturer’s protocol, resulting in the
pMDC100:AtU3b:tRNANNNNNN):-5olyT construct (Supplementary vectors) [28].
The constructs were transformed into A. thaliana wild type by Agrobacterium-
mediated floral dip[29]. The T4 seeds were screened on 72 MS medium
supplemented with 1% sucrose and 60 ug/mL Kanamycin [26].

For the four STTM expression constructs, vectors pUC57 containing the STTM
sequence flanked by Spel and Sacl restriction sites was synthesized
(GenScript). The sequence of four STTM is provided (Supplementary Table 4).
pUCS7 vectors were enzyme digested by enzymes Spel and Sacl, and the
sticky ends of STTM were ligated to the linear expression vector, resulting in
the circular vector pGreen:Act2_pro:STTM:Act2_ter (Supplementary vectors).
After being confirmed by PCR and the sequence (Oligos for PCR and sequence
are provided in Supplementary Table 1), the four different STTM expression
constructs were co-transformed with construct pMDC100:Atu3b:tRNAASP(CTC)
S:polyT into A. thaliana wild type by Agrobacterium-mediated floral dip [29].
Also the four pGreen:Act2_pro:STTM:Act2_ter constructs were transformed
into A. thaliana wild type by Agrobacterium-mediated floral dip [4]. The T4 seeds
of co-transformation were screened on 2 MS medium supplemented with 1%
sucrose and 60 ug/mL Kanamycin [26]. The Ti seeds of
pGreen:Act2_pro:STTM:Act2_ter were sown in seed raising superior
germinating soil (Debco, Australia), then the 10 ug/mL Basta (Ammonium
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Glufosinate) were sprayed onto the young seedlings for screening
4.3.5. Small RNA sequencing data processing,

alignment, clustering, and annotation

The quality of sSRNA sequencing data was firstly checked by ngsReports
(https://qgithub.com/UofABioinformaticsHub/ngsReports). The lllumina small

RNA Adapter for sequence data was first trimmed by Trim Galore, then the
NEXTflex® Small RNA 3° adapter and the four random bases in both 3* and

5 adapters trimmed by the cutadapt (https://cutadapt.readthedocs.io/en/st-

able/installation.html). The redundant reads of sequence data were removed

by seqcluster and the raw counts of unique reads were used for clustering
analysis. The seqcluster prepare function was used to assign the ID to unique
reads (https://github.com/Ipantano/seqcluster), followed by alignment to A.

thaliana TAIR10 (https://www.arabidopsis.org/) reference genome through
STAR aligner v2.5.3 with the parameter --alignintronMax 1 to disable soft-
clipping during the alignment process. Next, the reads aligned were clustered
through cluster function and annotated with Araport11 annotation [30]. Aligned
short reads were clustered under metaclusters by regions of the alignment. For
global sRNA profile detection, reads were normalised as recommended in

BEDtools genomecov function (https://bedtools.readthedocs.io/en/latest/cont-

content/tools/genomecov.html) (Pei et al, unpublished).
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4.4. Results

4.4.1. Failure to isolate transgenic lines expressing the
Killer construct/5’-half of tRNAASP(GTC)

As first documented by Thompson et al., (2008), tRNA cleavage is a conserved
molecular response to oxidative stimulus in yeast, human cell lines and plants.
Sequence data showed that the accumulated tRNA halves are often tissue-
specific. Therefore, it is necessary to clarify the function of specific tRNA halves
in A. thaliana. Therefore, either the full-length sequence, 5’-half from
nucleotides 1 to 36 or 3’-half from nucleotides 36 to 72 of both tRNAASP(GTC) gand
tRNACGNCTE) were chemically synthesized as dsDNA and inserted into a
transgene vector containing the polymerase Ill AtU3b promoter a PolyT
terminator, and plant selectable kanamycin marker gene (Figure 4.1A, B). An
obvious difference between our transgene expressed tRNA halves and the
cellular tRNA halves is that the transgene derived tRNA halves would not have
RNA modifications as these are thought to be added to full-length, folded tRNAs
[1]. Nevertheless, the engineered constructs were transformed into A. thaliana
via floral dipping [29]. Unexpectedly, no kanamycin resistance T seedlings
were recovered for the 5'-half of tRNAAP (labelled tRNAASP 5’ in Figure 4.1)
compared to either full-length, 3’-half tRNA*s? or the corresponding constructs
of tRNACM (Figure 4.1C, D). We then screened about 10 times more seed to
recover transgenic 5'-half of tRNA*SP plant, however none were recovered. To
determine if this observation was specific to the 5-half of tRNAASPY we
generated and transformed four control 5’ half tRNA constructs of tRNAGY(GCC),
tRNAAQ(CCT) tRNAHIS(CTE) and tRNAT(CTA) Transgenic plants were recovered
of all four controls (Figure 4.1B, C). Therefore, we proposed that the tRNAASPY
construct might cause egg, embryo or seedling death when transformed into A.
thaliana. We called the 5'-half tRNAAP/tRNAASP 5’ construct, Killer.
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Figure 4.1: Transgenic plants expressing 5’-half tRNAASP (tRNAAPS’) are
not recovered after transformation into A. thaliana.

(A) T-DNA region of pMDC100_AtU3b::polyT. The kanamycin gene that confers resistance
to kanamycin in planta is not shown. AtU3b is the Arabidopsis U3b polymerase Ill promoter.
Ascl and Sacl restriction enzyme sites were used to clone either full-length or tRNA halves.
polyT is the pollll terminator sequence. attL1 and attL2 are GateWay recombination
sequences. (B) Cartoon representation of ten tRNA sequences that were cloned into
pMDC100_AtU3b::polyT. Pink indicates the 5 tRNA region and green indicates the 3’
region of the selected tRNAs. (C) After Agrobacterium mediated floral dipping
transformation of the ten transgenes, transgenic plants were recovered after kanamycin
selection of approximately 1,000 harvested seeds as determined by seed mass except for
tRNAASPS, About 10,000 seeds were screened in an attempt to recover a single tRNAASP®
transgenic plant however were recovered. Recovered seeldings were confirmed to contain
the transformed cassettes by PCR (data not shown). (D) Left, an example of a tRNAAP T4
transgenic, kanamycin resistant T+ seedling and right, examples of kanamycin sensitive
seedlings after transforming tRNAAPS,
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4.4.2. Transgenic lines recovered after mutagenesis of
nucleotides in tRNA”SPY /Killer

To ascertain which specific nucleotide sequence(s) were vital for egg cell,
embryo or seedling death caused by Killer, we performed mutagenesis of single
or double nucleotides. Considering canonical cleavage of mRNA is interfered
with ARGONAUTE (AGO) and guided by sRNAs, which normally happens in
the 10" and 11" nucleotide of complementarity relative to the sSRNAs. Therefore,
the 10" and 11™ nucleotides from the 5’ end of tRNAASP® were replaced by other
nucleotides, as well as the 161, 17t 21t 22t 26t 27t (Fig 4.2A). These
ten different constructs containing the mutagenesis sequence of tRNAA*® were
transformed into A. thaliana. Surprisingly, transgenic lines could be screened
from the seeds in each of the transformed plants (Fig 4.2B). It shows that nearly
every nucleotide chosen is important for the tRNAASPS to kill the transgenic lines.
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Figure 4.2: Identification of nucleotides necessary for the lethal effect of
KillertRNAAsPY

(A) Specific sites of tRNA*P 5" were mutagenized as indicated by an asterisk. The nucleotide
above the blue line is the new base. Ten different mutagenized fragments were cloned into
vector pMDC100:AtU3b::polyT to produce recombinant plasmids. (B) The number of transgenic
plants obtained from the ten vectors and the control plasmid, Killer. The number of ten-day-old
antibiotics resistant seedlings are shown and were subsequently PCR confirmed (data not

shown). The modified nucleotide position is shown in the x-axis ranging from position 10-27.
4.4.3. Identification of genetic suppressors required

for the lethal phenotype of Killer

Generally, the double-stranded RNA (dsRNA) is cut by DICER-LIKE (DCL)
proteins to generate small interfering RNAs (siRNAs) normally in 20-24 nt
length; next, the ARGONAUTE (AGO) proteins proceed with the loading of one
strand of these siRNAs to get the RNA-induced silencing complex (RISC) to
lead the posttranscriptional gene silencing (PTGS) or transcriptional gene
silencing (TGS) of the target RNA [31]. Considering the size and the secondary
structure, we made the hypothesis that the tRNAA*S was firstly synthesized
into double-stranded by the RNA-DEPENDENT RNA POLYMERASE (RDR)
due to the structure instability, then was cut into several sRNAs by DCL and
subsequently processed into siRNAs for gene silencing (Fig 4.3A). Therefore,
we ask the question of which genetic suppressors incorporate into the
processing of the tRNAAS.  We ftransformed the  construct
pMDC100:AtU3b:tRNAAPS:polyT into the Arabidopsis genetic suppressors
background mutants (ago7-27, ago2-1, ago3-1, ago4-3, ago5-3, ago7-1, ago9-
1, ago10, dcl2-1, dcl3-1, dcl4-2, rdr2-2, rdr6-15 ), the transformation of
pMDC100:AtU3b:tRNAAP:polyT was used as the comparison. As expected, the
transformation of pMDC100:AtU3b:tRNAASP:polyT in mutants could get the
kanamycin-resistance seedlings ( Fig 4.3B). While for the transformation of
pMDC100:AtU3b:tRNAAPS:polyT, the maijority of transformed mutants could
get kanamycin-resistance seedlings apart from the mutants ago2-1 and rdr2-2
( Fig 4.3B), which suggests that the tRNAASPS might be processed into several
fragments of sSRNAs in which most of the genetic suppressors are incorporated.
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Figure 4.3: Identification of genetic suppressors of KillertRNA”SPS in A.
thaliana.

(A) The predicted mechanism of KillertRNA” 5 processing and mRNA targeting. After the
transgene expressing the 5 half tRNA fragment was transformed into Arabidopsis, double-
stranded RNA is formed, processed via a RNA silencing RNA pathway involving a RNA
dependent RNA polymerase (RDR), Dicer-like ribonuclease (DCL) and Argonaute effector
protein (AGO). (B) The number of transgenic plants obtained after transformation of either full-
length tRNA”SP (control) or Killer constructs into various mutants. WT is wild type A. thaliana.
Ten-day-old antibiotic resistant seedlings were identified and confirmed by PCR (data not

shown).
4.4.4. Observation of seed development in the genetic

suppressor mutant transformed with tRNAASPY

The dysregulation of genetic suppressors like AGO1, DCL2 and RDRG6
contribute to the obtaining of transgenic lines having tRNA**S. Subsequently,
we performed the crossing between genetic suppressors mutants transformed
with tRNA*sPS" and wild type to check if the crossing seeds could be developed
normally. We selected one of tRNAASPY transformed mutant ago1-27 (ago1-27
(tRNAAs%)) for assay. The self-crossing of WT and ago7-27 (tRNA%%%) was
conducted for control. As we can see from the Fig 4.4A, aborted seeds in the
siliques could be observed in the F1 cross between ago1-27 (tRNAA%) (Q) x
WT (J) and WT () x ago1-27 (tRNA*%) (3). The aborted seeds in the F1

cross were counted and shown in Fig 4.4B. Overall, it has been again
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evidenced that the AGO1 is associated with the processing of tRNAASPY as well
other genetic suppressors besides the AGO2 and RDR2 in A. thaliana.

A
WTXWT | PREEE B B 2 o B A W
ago 1-27 (tRNA*?5)(-/+) X ago 1-27 (tRNA?S)(-/+)
ago 1-27 (tRNA"5)(-/+) X WT
WT X ago 1-27 (tRNA*?5)(-/+))
I Healthy seed [ Aborted seed
B WT X WT

ago 1-27 (tRNAASP 5)(-/+) X ago 1-27 (tRNAASP 5)(-/+)
ago 1-27 (tRNAASP 5)(-/+) X WT

WT X ago 1-27 (tRNAASP 5)(-/+)

: é 110 1I5 20
Number of seed
Figure 4.4: Seed abortion occurred in translation inhibitor mutant ago1-
27 seedlings transformed by pMDC100:AtU3b:tRNAASP:polyT.

(A) Observation of seed development in F1 crosses of WT X WT, ago1-27(tRNA 45P%) (-/+) X
ago1-27(tRNA A®%) (-/+), ago1-27(tRNA A%®) (-/+) X WT and WT X ago1-27(tRNA AP%) (-/+).
(B) The number of healthy/green or aborted seeds per silique from different crosses. Green or
healthy seed numbers are shown in black and aborted seeds are shown in white. The pollen

donor is written second.

4.4.5. Identification of the tRNAAsPY derived sRNAs

after transient expression in N. benthamiana

To further test our hypothesis that the tRNAASP® was processed into SRNAs and
then influence the translation in A. thaliana, we infiltrated the plasmid containing
pMDC100:AtU3b: tRNAAPS:polyT (tRNAASPY) into the leaves of transgenic N.
benthamiana  having  pBin-35S-mGFP5, the plasmid containing
pMDC100:AtU3b: tRNAAsP:polyT (tRNAASP) and the Agrobacterium tumefaciens
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without the plasmid was used as control (Fig 4.5A). Five days later, either the
GFP fluorescence signal under microscope or the qPCR on GFP relative
abundance on N. benthamiana leaves shown that infiltrated plasmid having
both the tRNAASPY and tRNAP lead to the decreased GFP expression (Fig 4.5B,
C). Furthermore, the transient infiltrated leaves on fifth days were collected for
sRNAs extraction prepared for northern blotting and library construction. As we
can see from the Fig 4.5D, E, the infiltration of plasmid having the tRNAASPY
results in the increased 5'-half of tRNAASP(CTC) gbundance, in comparison to the
no plasmid and tRNAASP infiltration, which indicates the plasmids were
successfully infiltrated into the leaves of N. benthamiana. As proposed the
tRNAASPS” was processed into sRNAs shorter than 35 nt, so the SRNAs on the
gel windows were roughly about 35 nt and the corresponding 18-25 nt were cut
and purified for small RNA sequencing. The sequencing data analysis of the N.
benthamiana leaves infiltrated with the plasmid having the pMDC100:AtU3b:
tRNAAPS:polyT demonstrated that the several SRNAs from the tRNAAPS in a
different range of size were mapped to the genome (Fig 4.5F), which supports
our hypothesis and consistent with the genetic suppressors results. Among
these sRNAs, a 19 nt sRNAs from the tRNA”? is the most abundant.
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Figure 4.5: sRNAs derived from tRNA”sPS are different lengths and
accumulate in N. benthamiana

(A) Transient infiltration of the tRNAAP> and tRNAA®? constructs in N. benthamiana 35S-mGFP5.
No plasmid control were leaves infiltrated with Agrobacterium without a binary T-DNA plasmid.
(B) The GFP signal was observed five days after infiltration by epifluorescence microscopy. (C)
The mRNA abundance of GFP mRNA in infiltrated leaves was determined by RT-PCR. The
error bars show the standard deviation of the mean from three replicates. (D) Northern blotting
analysis using a tRNA”PCTC) probe on RNA purified from the infiltrated N. benthamiana leaves.
The full-length tRNA is shown as a clover leaf symbol. The RNA loading control was the
ethidium bromide stained gel prior to transfer. (E) Quantitative analysis of tRNAASP(GTC)
abundance in infiltrated N. benthamiana leaves The signal intensities were normalised to
ribosomal subunits. (F) Genome browser view of full-length tRNA*s"- Small RNA sequencing
data from infiltrated leaves expressing the tRNA*sPS and tRNA”*? transgene. The green arrow

shows the 5’ half sequence.

4.4.6. Inhibition of the tRNA”sP® by STTM in A. thaliana

The STTM, an effective technology tool, has been widely designed to
simultaneously block the function of SRNAs in plants and animals, in which the
sequence of two binding sites at the two sides of the stem-loop is
complementary to target sSRNAs except for trinucleotide bulge at the 10t or 11t
nucleotides [32]. Therefore, to prevent the sSRNAs from tRNAASPS binding to the
mRNA and leading to seedlings death, the STTM construct was introduced into
our experiment. Considering the sequence and direction of the double-strand
RNA of tRNAAsPS' four STTM constructs, STTM5, STTM3, STTM5 reverse, and
STTMS3 reverse were designed and co-transformed with pMDC100:AtU3b:
tRNAASPS:polyT into A. thaliana (Fig 4.6A, B). The T1 seeds from co-transformed
plants and transformed plants with only STTM were screened with kanamycin
and BASTA (Ammonium Glufosinate) separately. Since there are no
transformed tRNAAsP®, the transgenic plants only containing the four STTM
constructs could all be detected (Fig 4.6C). After normalising to the co-
transformation rate [33], [34], we screened three and twelve T transgenic
plants from the co-transformation of STTM5 with tRNAA*> and STTM3 with
tRNAAPS (Fig 4.6C), which indicates the bottom strand of tRNAASPY s
processed into sSRNAs and two of them results in the gene silencing. The T4
plant co-transformed with STTM5 and tRNA**S was further PCR confirmed
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(Fig 4.6D). Furthermore, we also check the abundance of tRNAASPS" in wild type,
STTMS transformant plants and the co-transformant plants of STTMS and
tRNAASPS through northern blotting. As we can see from the northern blotting in
Fig 4.6E and the quantification data in Fig 4.6F, the abundance of 5’-half in
tRNAASP(CTC) decreases in comparison to wild type and the STTM5 transformant
plants. It is likely that the SRNAs from the transformed tRNAASPY are bound by
the STTMS construct and prevent its targeting. Because three STTMS
transformant lines are heterozygous or the RNA loading problem, the data of
abundance of 5-half in tRNAASPCTC) exhibits fluctuation. Overall, the transgenic
plants from the co-transformation of STTM5 and STTM3 with the tRNAASPY
verify our assumption that the 35 nt single-stranded tRNAASP® was firstly
synthesised into double-stranded RNA, then it was cut into SRNAs in which two
single-stranded sRNAs from the bottom strand of tRNAAsPS inhibit the target

gene expression.
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Figure 4.6: STTM constructs alleviate the lethal function of Killer in A.
thaliana.

(A) (B) Based on the direction and sequence of tRNAA*® 5, four STTM sequences, STTM 5,
STTM3, STTM5 reverse (STTM5 R), or STTM3 reverse (STTM3 R) were constructed in a
pGreen vector driven by the ACTIN2 promoter and contained an ACTIN2 terminator. (C) The
number of transgenic plants obtained after transforming wild type (WT) Columbia with either
single or double plasmids (STTM5, STTM5 + tRNAA®S STTM5 R, STTM5R + tRNAAsPS,
STTM3, STTM3 + tRNAAPS STTM3 R and STTM3 R+ tRNA*sP), (D) PCR detection of the
kanamycin gene in antibiotic resistant T+ seedlings after transformation of double plasmids
STTM5 + tRNAASPS (E) Northern blotting analysis using a tRNA*sP(6T) probe of RNA isolated
from wild type (WT) or T1 seedlings transformed with plasmids STTM5 and double plasmids

STTMS5 + tRNAAS (F) The signal intensities were normalised to ribosomal subunits.

4.4.7. Target prediction of two sRNAs from the
tRNAASPY

The results from the above validation provide compelling evidence that the
tRNAASPS transformed into A. thaliana has been processed into several sSRNAs
by genetic suppressors, and the recovery of transgenic plants from the co-
transformation of STTM5 and tRNAASPY also verifies our presumption. Next, the
priority is to identify the target gene of these two sRNAs and then proceed with
the validation. Currently, the developed psRNATarget is widely adopted to
identify the targets of plant SRNA through analyzing complementary matching
between the sRNA sequence and target mMRNA sequence using a predefined
scoring schema and by evaluating target site accessibility [35]. Consequently,
we input the corresponding reverse complementary sequence of STTM5 and
STTM3 of the tRNAASP¥ into the psRNATarget web server and got a list of
candidate genes. Among them, two embryo-defective genes At1g67490 and
At1932490 were found. Therefore, we think two sSRNAs from tRNAAPS target
these two embryo-defective genes and lead to the dysregulation of them, which
may explain the non-transgenic lines from the transformation of tRNAAsPS',
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Figure 4.7: Prediction of the target embryo-defective genes of two
SRNAs from tRNAAsPS’,
Upper panel shows the sequence of of tRNAA*® and the sequence of STTM5 and STTM3.
Below panel shows predicted micro-RNA sequences derived from tRNAA*® and candidate
target genes using psRNATarget. Among the list of candidate genes, two embryo-defective
genes At1g67490 and At1g32490 were found.
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4.5. Discussion and conclusion

Since the beginning of this century, stressed-induced tRNA halves and tRFs
discussed in multiple organisms have been recognised as part of the cellular
response. As of now, the ribonucleases needed for the tRNA cleavage have
been gradually disclosed [36]-[38], and the next focus for the research would
be the multi-functionality of the tsRNAs, especially under stress conditions. The
potential molecular function of specific tRFs has been broadly deciphered,
including regulating protein translation and non-coding RNA activity,
modulating gene silencing, and impacting human disease and other cellular
activities [39]-[42]. However, very little is known about the physiological
function of certain tRNA halves, especially in plants.

Our Northern blotting results and the published data indicated that the
abundance of tRNA”PS increased upon oxidative stress [9]. Due to the
technical difficulty in purifying the certain tRNA halves, we, therefore, attempt
to address the impacts of tRNA”*Son molecular function by using the synthetic
tRNA sequence. Interestingly, only the transformation of tRNAASP® results in the
seedling death in our study, compared to its full length, 3’-half and other 5’-half
tRNAs. Taking into consideration the D-loop in secondary structure and the size
in 35 nt, the transformed tRNAASP® was suggested to be firstly synthesized into
double-stranded RNA then processed into the smaller fragments and get
involved in the canonical gene silencing pathway.

Our attempts to mutagenesis some specific nucleotides of tRNAAS all
obtained the transgenic plants, suggesting the selected nucleotides are vital for
the further processing of tRNAA*_ The sequenced data on tRNAASP® transient
infiltrated leaves of N. benthamiana verified that the 35 nt tRNAA*S was
processed into a series of SRNAs at different lengths in which the 19 nt is the
most dominant, and the genetic suppressors RDR6, most members of the DCL
and AGO are all involved. Besides the AGOZ2, the other members of the AGO
were found to be associated with sRNAs from tRNAASPS which could be

explained by the nucleotides preference of AGO [19]. Specifically, the sRNA
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with the uracil at the 5’ terminal is preferentially bonded by AGO1 [43], while
the AGO4 and AGO5 have a strong preference for adenine and cytosine
separately [44]. In addition, the length preference of AGOs is also suggested
with the siRNAs, the AGO1 and AGOS are incorporated with 19 nt siRNAs, and
the AGO4 and AGOG6 are mostly correlated with 23-26 nt siRNAs [7], [45].
Furthermore, DCL2, DCL3 and DCL4 generate siRNAs in certain sizes
respectively, 22, 24 and 21 nt [46]. As of yet, report about the stability of tRFs
and tRNA halves is sparse. In general, our results provide compelling evidence
that there are sSRNAs produced from the tRNA halves, which disclose that the
cleaved tRNA halves are not stable and may be the resource of tRFs and
sRNAs.

The developed technique STTM and the website psRNATarget are widely
adopted to study the function of miRNA. The STTM is designed to silence the
miRNA, and the psRNATarget is used to predict the target gene of miRNA [32],
[35]. Therefore, we designed four STTM constructs based on the sequence of
tRNAASPS - the co-transformation of four STTM constructs with tRNAASPY
revealed that the two sRNAs from the bottom strand of tRNA”PS" |ead to the
seedling death through canonical gene silencing pathway. Two embryo-
defective genes, At1g67490 and At1g32490, were predicted to be the target of
these two sSRNAs by the psRNATarget. However, confirmation is needed to be
conducted in the future.

The tRFs were also suspected to bind to the genetic suppressors AGO to form
the RISC to inhibit the target gene expression. Various investigations have
been conducted to rationalise this assumption. Specifically, the LTR
retrotransposon AthilabA was suggested to be targeted and cleaved by a 19 nt
tRF-5s from tRNAMSUCAT) in the pollen of A. thaliana [10]. Similarly, the tRFs
from rhizobial were confirmed to regulate soybean (Glycine max) development
and nodule formation, thereby exerting a vital impact on the symbiotic
regulation between bacteria and root [24]. In addition, the tRF-5s from
tRNAABAGC) gre indicated to be linked with AGO1 to inhibit the expression of
Cytochrome (CYP71A13) upon fungal infection [47]. It is noteworthy that
tsRNAs may compete with dsRNA precursors and siRNAs for DCL or AGO
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binding, respectively under stress conditions [48]. Zeljko et al. (2013) provide
evidence that the DCL2 activity on long dsRNA substrates was inhibited by the
increased tRFs under heat shock, leading to an inhibition of siRNA pathway-

dominated genes [49].

The functional validation of tRFs through the miRNA-like pathway could simplify
the investigation of the biological role in some tRFs and the sRNAs from the
tRNA halves. Nevertheless, there are still some uncleared questions. Such as
the cleavage sites generally are between the 10" and 11" nucleotides of
miRNA, while the 13" and 14" nucleotides of tRF-5s from tRNAARACC) were
suggested to cleave the CYP71A13 mRNA [47]. Furthermore, molecular insight
into the association between tRF-3s and 3’-half tRNA and microRNA-like gene

silencing activities is less.

Overall, our study revealed that the cleaved 5’-half of tRNAASP could be cleaved
into sRNAs and then get involved in gene silencing, which advances our
understanding of cleaved tRNA halves. However, whether other tRNA halves
experience the processing as tRNAAsPY is still unclear. Meanwhile, the seedling
death caused by the transformation of tRNAASP® provides a potential opportunity
that the tRNA”SPY could be developed for the herbicide application.
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4.7. Supplementary data

Table 1. Primers used in this chapter

Primer name Sequence (5’—3’)
pMDC100:AtU3b-F2 CCTTGACCAATGTTGCTCCC
pMDC100:AtU3b-R2 TCAAACAAATGGCGTCTGGG

pGreen:Act2_pro:STTM-F2 | GGCTGATGATATCGCTGAGC

pGreen:Act2_pro:STTM-R2 | CAAGTGAAGATGGAGGTAGCA

KAN_F TAAAGCACGAGGAAGCGGTCAG
KAN_R CAGACAATCGGCTGCTCTGATG
M13/pUC-F TGTAAAACGACGGCCAGT
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M13/pUC-R CAGGAAACAGCTATGACC
pGreen:Act2_pro::Act_ter-F | TTGTAGTGTCGTACGTTGAACAG
eGFP-F AAGGGCGAGGAGCTGTTCAC

eGFP-R GCCGTTCTTCTGCTTGTCG

mGFP-F AGTGGAGAGGGTGAAGGTGATG
mGFP-R GCATTGAACACCATAAGAGAAAGTAGTG
EF-F CACGCATTGCTTGCTTTCA

EF-R TCCATCTTGTTACAGCAGCAAATC

Table 2: Probe for northern blotting

Probe Probe sequence (5°—3’)

GACAGGCGGGAATACTTACCACTATACTACAAC
tRNAAsP(GT | GAC

C)

Table 3: The sequence of gene block AtU3b_tRNAASP(GTC) polyT

Sequence (5’—3’)

GCGGCCCGTTTACTTTAAATTTTTTCTTATGCAGCCTGTGATGGA
TAACTGAATCAAACAAATGGCGTCTGGGTTTAAGAAGATCTGTTT
TGGCTATGTTGGACGAAACAAGTGAACTTTTAGGATCAACTTCA
GTTTATATATGGAGCTTATATCGAGCAATAAGATAAGTGGGCTTT
TTATGTAATTTAATGGGCTATCGTCCATAGATTCACTAATACCCA
TGCCCAGTACCCATGTATGCGTTTCATATAAGCTCCTAATTTCTC
CCACATCGCTCAAATCTAAACAAATCTTGTTGTATATATAACACT
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GAGGGAGCAACATTGGTCAAGGCGCGCCGTCGTTGTAGTATAG
TGGTAAGTATTCCCGCCTGTCACGCGGGTGACCCGGGTTCGAT
CCCCGGCAACGGCGGAGCTCTTTTTTTTTTAAAGG

Table 4. The synthesized sequences of tRNA fragments used for

cloning.

Red letters indicate the nucleotides of tRNAASP(CTC) that were mutagenized.

tRNA fragment

Top strand

(5—=3)

Bottom strand

(5—3)

tRNAAsp(GTC)

CGCGGTCGTTGTAGTATA
GTGGTAAGTATTCCCGCCT
GTCACGCGGGTGACCCGG
GTTCGATCCCCGGCAACG
GCGAGCT

CGCCGTTGCCGGGGATCGA
ACCCGGGTCACCCGCGTGA
CAGGCGGGAATACTTACCAC
TATACTACAACGAC

tRNAAsp(GTC) 5

CGCGGTCGTTGTAGTATA
GTGGTAAGTATTCCCGCCT
GTCAGCT

GACAGGCGGGAATACTTACC
ACTATACTACAACGAC

tRNAASP(GTC) 3

CGCGACGCGGGTGACCCG
GGTTCGATCCCCGGCAAC
GGCGAGCT

CGCCGTTGCCGGGGATCGA
ACCCGGGTCACCCGCGT

tRNAGIn(CTG)

CGCGTATAGCCAAGTGGT
AAGGCACCGGTTTTTGGTA
CGGCATGCAAAGGTTCGA
ATCTTTTACTCCAGAGCT

CTGAGTAAAAGGATTCGAAC
CTTTGCATGCCGGTACCAAA
AACCGGTGCCTTACCACTTG
GCTATA
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tRNAGIN(CTG) &

CGCGTATAGCCAAGTGGT
AAGGCACCGGTTTTTGGTA
CGAGCT

CGTACCAAAAACCGGTGCCT
TACCACTTGGCTATA

tRNAGIN(CTG) 3

CGCGGCATGCAAAGGTTC
GAATCCTTTTACTCCAGAG
CT

CTGGAGTAAAAGGATTCGAA
CCTTTGCATGC

tRNAGIY(GCC) &

CGCGGCACCAGTGGTCTA
GTGGTAGAATAGTACTCTG
CCAGCT

GGCAGAGTACTATTCTACCA
CTAGACCACTGGTGC

tRNAArg(CCT) 5

CGCGGCGTCTGTAGCTCA
GTGGATAGAGCGTCTGTTT
CCT AGCT

AGGAAACAGACGCTCTATCC
ACTGAGCTACAGACGC

tRNAHiS(GTG) 5

CGCGGTGGCTGTAGTTTA
GTGGTAAGAATTCCACGTT
GTG AGCT

CACAACGTGGAATTCTTACC
ACTAAACTACAGCCAC

tRNATyr(GTA) 5

CGCGCCGACCTTAGCTCA
GTTGGTAGAGCGGAAGAC
TGTAGTAGTTAGCT

AACTACTACAGTCTTCCGCT
CTACCAACTGAGCTAAGGTC
GG

tRNAAsp(GTC) 5

10" G to A

CGCGGTCGTTGTAATATAG
TGGTAAGTATTCCCGCCTG
TCAGCT

GACAGGCGGGAATACTTACC
ACTATATTACAACGAC
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tRNAASPETO) 5 | CGCGGTCGTTGTAGGATA | GACAGGCGGGAATACTTACC
GTGGTAAGTATTCCCGCCT | ACTATCCTACAACGAC

M"Tto G GTCAGCT

tRNAASPGTO) 5 | CGCGGTCGTTGTAAGATA | GACAGGCGGGAATACTTACC
GTGGTAAGTATTCCCGCCT | ACTATCTTACAACGAC

10M+11% GTC AGCT

GT to AG

tRNAASPGTO) 5 | CGCGGTCGTTGTAGTATA | GACAGGCGGGAATACTTACC
GAGGTAAGTATTCCCGCCT | TCTATACTACAACGAC

16" Tto A GTCAGCT

tRNAASPCTO) 5 | CGCGGTCGTTGTAGTATA | GACAGGCGGGAATACTTACT
GTAGTAAGTATTCCCGCCT | ACTATACTACAACGAC

17" Gto A GTC AGCT

tRNAASPCTO) 5 | CGCGGTCGTTGTAGTATA | GACAGGCGGGAATACTTACT
GAAGTAAGTATTCCCGCCT | TCTATACTACAACGAC

16M+17 GTC AGCT

TG to AA

tRNAASPGTO) 5 | CGCGGTCGTTGTAGTATA | GACAGGCGGGAATACGTAC
GTGGTACGTATTCCCGCCT | CACTATACTACAACGAC

21" Ato C

GTC AGCT
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tRNAASP(GTC) S | CGCGGTCGTTGTAGTATA | GACAGGCGGGAATATTTACC
GTGGTAAATATTCCCGCCT | ACTATACTACAACGAC
22" Gto A GTC AGCT

tRNAASP(GTC) S | CGCGGTCGTTGTAGTATA | GACAGGCGGGCATACTTACC
GTGGTAAGTATGCCCGCC | ACTATACTACAACGAC
26" Tto G TGTCAGCT

tRNAASPGTC) 5 | CGCGGTCGTTGTAGTATA | GACAGGCGGAAATACTTACC
GTGGTAAGTATTTCCGCCT | ACTATACTACAACGAC
21" Cto T GTCAGCT

Table 5. The sequences of four STTMs used to suppress tRNAAsP(CTC)
biological function.

The green letters indicate the Sacl and Spel enzyme recognition sites, the blue
letters indicate the tri-nucleotide bulges. The underlined nucleotides indicate
the region forming a week stem-loop.

STTM Sequence (5'—3’)
name
STTM 5 GTCGTTGTAGTCTGATAGTGGTAAGTTGTTGTTGTTAT
GGTCTAATTTAAATATGGTCTAAAGAAGAAGAATGTCGTTGTAG
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STTM 3 TGGTAAGTATTCAGCCCGCCTGTCGTTGTTGTTGTTA

TGGTCTAATTTAAATATGGTCTAAAGAAGAAGAATTGGTAAGTA

STTM 5 TTACCACTATACTACTACAACGACGTTGTTGTTGTTAT

GGTCTAATTTAAATATGGTCTAAAGAAGAAGAATTTACCACTAT

STTM 3 GACAGGCGGGACTGATACTTACCAGTTGTTGTTGTTA

TGGTCTAATTTAAATATGGTCTAAAGAAGAAGAATGACAGGCG

The plasmid structures used in this chapter
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(9178) Pmel

M13 fwd

(8965) HindIII
(8957) PstI - Sbfl
(8947) Sall
(8935) BamHI
(8932) Smal
(8930) KpnI - TspMI - Xmal
(8926) Acc651
(8924) Apal
(8920) PspOMI
(8911) AbsI

T-Overhang

(8403) Pacl
(8394) Spel
(8374) Alel

(CaMV 35S promoter (enhanced)!
(7300) Ncol
(6652) RsriII
(CaMV poly(A) signal
(LB T-DNA repeat

(5935) BclI*
(5804) Psil
(5659) BpulOI
(5520) PpuMI
(5478) BspHI
(5328) Blpl

(4982) SspI

RB T-DNA repeat

BsaBI* (1331)
PasI (1338)

AclT (1932)

(pVST RepA)

BsiWI (2891)
Nhel (3007)
BmtI (3011)

EcoNI (3320)
Bsal (3410)
Agel (3501)

Mrel - SgrAI (3789)
BstZ17I (3991)

(4944) NsiI

PMDC100_AtU3b_5'tRNAAsp_PolyT
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(6851) Psil LB T-DNA repeat
(6833) Fsel MauBI (77)

AfIIT (271)

FspAI (473)

AarI (537)

Eco01091I - KflI - PpuMI (650)
Afel (710)

PfIFI - Tth111I (727)

BsaHI (859)

Nhel (980)
BmtI (984)
Bsu36I (996)

(6179) DraIIl

(5988) Nrul

IL—
NOS terminaty,. &

(5770) PaslI
(5732) EcoNI

(5647) AsiSI NotI (1364)

Sall (1393)
AccI (1394)
XbaI* (1451)

Ndel (1612)

pGreen_ACT2 Pro_STTM_ACT2 3'UTR BsrGL - Tatl (1674)

6931 bp

XmnI (2075)

BseRI (2185)
Pfol* (2281)

BstBI (2689)
BsiWI (2713)
BbvCI (2805)
EcoRV (2818)

(4858) AIWNI~ \
(4760) BaeGI - Bme1l5801I

(4756) ApalLI .

(4379) Stul

/‘9c 9’(‘\‘\
(4255) BspQI - SapIl 3000

%/ 'O’"O,nOter
3 4000| yw

CAP binding site Eco53KI (2827)
SacI (2829)

Swal (2878)
Spel (2927)

Alel (3062)

T3 promoter
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Chapter 5. Discussion and future

directions
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Amongst the identified 170 cellular RNA modifications, m°C is one of the most
extensively studied modifications occurring on mRNAs, and non-coding rRNAs,
tRNAs and IncRNAs [1], [2]. The importance of m°C is manifested in m°C RNA
methyltransferase mutants, as a short primary root in Arabidopsis trm4b
seedlings, reduced short-term memory in nsuns2 Drosophila flies, and
autosomal-recessive intellectual disability in nsuns2 patients [2]-[4]. While
progress has been made in expanding the RNA m°C field, there is many
aspects still to be elucidated. In my thesis, | investigated the molecular and
biological role of the putative rRNA methyltransferase NOP2 in Arabidopsis in
Chapter 2. Then, | explored the regulatory roles of methyltransferase TRM4B
and the plant RNase T2 on tRNA cleavage under oxidative stress in Chapter 3.
Finally in Chapter 4, | explored the processing and targets of one tRNA half,
tRNAASP(GTC)

The regulatory network of ribosome-

biogenesis factors

Ribosome biogenesis is accomplished through pre-rRNA processing,
modification and folding, in which ribosome biogenesis factors (RBFs), small
nucleolar RNA (snoRNA) species and ribosomal proteins (r-proteins) are
involved [5], [6]. Ribosome biogenesis is complicated and the best studied
organism is S. cerevisiae in which about 250 RBFs have been identified so far.
In plants, orthologues of over 80% the yeast RBFs have been bioinformatically
identified [6], [7]. Only some of these RBFs have been investigated to date.

The role of ribose base modifications on rRNAs have been gradually uncovered.
Being an RBF, NOP2 introduces methyl groups onto cytidine to produce m°C
residues on rRNAs and are described in yeast and plants [8], [9]. As
demonstrated in Chapter 2 of my thesis, three NOP2 homologues, NOP2A,
NOP2B and NOP2C in the Arabidopsis genome all contribute to methylation of
C2268 on the 25S rRNA. Apart from m°C, the rRNAs are highly modified with

other modifications, such as 2'-O-methylation and pseudouridylation. Recently

the variation of rRNA modifications was shown to be a source of ribosome
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heterogeneity [10], thereby extending translation. As | discussed in the Chapter
1 of this thesis, the RNA modification m°C are dynamic upon environmental
stress conditions, and variation in rRNA modifications may assist the ribosome
to translate specific mMRNAs to adapt to environmental challenges. Furthermore,
the benchmark data with known RNA modification sites were used to predict
whether novel RNA sequences have RNA modifications through machine
learning [11]. Therefore, it is necessary to explore if the specific rRNA
modification pattern is related to characterising the ribosome subunits in
performing the specific cellular functions, for example in promoting or
repressing translation. To fully elucidate the roles of rRNA modifications and
translation, single-cell-sequencing to detect rRNA modifications combined with
translational assays, like Ribo-seq, will be required. Combining this data with
physiological and developmental defects will lead to a great understand of the

role of rRNA modifications and organism growth and development.

Dysregulation of RBF in plants is linked to diverse and important molecular and
developmental processes. For example, RBF’'s SWA1 and Af{RH36 are vital for
cell mitotic division during female gametogenesis [12], [13], and TOZ is also
indispensable for embryo development [14]. In addition, leaf polarity defects
were observed in Arabidopsis RBFs mutants, including PUMILIO23 (PUM23),
G-PATCH DOMAIN PROTEIN (GDP1) and RNA HELICASE10 (RH10) [15]-
[17]. Our nop2a mutants have a short root, pointed rosette leaves and abnormal
female gametophyte development, which is consistent with previous reports
and a role in ribosome-related protein synthesis during cell proliferation [18].
Very recently, NOP2A was shown to have a critical role in telomere length
homeostasis in A. thaliana, somewhat similar to the role of RBFs in regulation
telomeres in yeast [19]. However, the exact molecular role of NOP2A in
telomere length homeostasis in Arabidopsis remains unclear. It is worth
speculating that NOP2A may methylate the telomere RNA component, TERC,

and TERC-m®C is essential for telomere length homeostasis.

The interactions between different RBF were reported to regulate the growth of
plants. For example, additive phenotype of enhanced leaf development defects

were observed in double mutants of gdp7 and oli2. OLI2 was found to interact
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with another RBF, BRX, in plants with extended lifespans [17], [20]. These
examples illustrate the interactive effects of RBFs. Studies have also shown
that climate change can affect phenotypes of these mutants. The benefits and
risks of utilising these interactions through promotion of translation of different
typoes of mMRNAs needs to be carefully considered.

Exploring the biogenesis of tRNA-derived
small RNAs

The full repertoire of ribonucleases and related factors that produce tRNA
halves remains to be elucidated. Experiments presented in Chapter 3
investigate the role of plant ribonuclease RNases T2 on the production of tRNA
halves under oxidative stress in Arabidopsis. A growing body of evidence
demonstrates that Rny1, angiogenin, and plant Rnases T2 are able to produce
both the tRNA halves and tRFs in yeast, mammalian cells and plants under
stress conditions [21]-[23]. Whether DICER contributes to the accumulation of
tRFs is still controversial in plants. Furthermore, the tRNA halves could also be
produced without experimental stress treatment, as demonstrated in results
presented in chapter 3. Therefore, further experiments are required to clarify
how tRNA halves could be produced under normal conditions and whether
these types of tRNA halves are related to biological processes.

Different hypotheses have been put forward to link tRNA cleavage and stress
stimulus in plants. For example it has been reported that the ribonuclease Rny1,
angiogenin and RNS2 transition from membrane-bound to the cytoplasm under
stress [21], [24], [25]. The release of these ribonucleases is assumed to be a
result of environmental stress but the mechanism of the transfer of ribonuclease
has not been characterised. The cleavage of tRNA triggered by stress-induced
ribonucleases should inhibit the translation as a result of the decreased tRNA
pool. As is evidenced in this study, the absence of RNS2 under oxidative stress
leads to the perturbation of both mature tRNAs and pre-tRNAs. However, the
full-length tRNA pool is not significantly affected by the increased abundance
of tRFs and tRNA halves [26], [27]. It remains unclear whether the new tRNAs
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are synthesised to maintain the translation after sensing a stress-induced tRNA

cleavage signal.

The cleavage characteristics of the specific ribonuclease are still unclear.
Current research suggests that angiogenin and Rny1 give rise to the specific
accumulation of partial types of tRNA halves [21], [28]. Similarly, in our results
show that members of plant Rnases T2 family, RNS1, RNS2 and RNS4 only
cleavage specific tRNAs, and the cleavage efficiency of each ribonucleases
RNS vary among different tRNAs. Future research will clarify whether there is
a common feature among the specifically cleaved tRNAs and identify the
molecular mechanisms underpinning interaction of the ribonuclease with the
specific tRNAs.

The influence of tRNA modifications on cleavage has been implicated in a wide
range of research. Evidence provided in this thesis and the literature shows that
m°C sites on tRNAs maintain tRNA stability and reduce the accumulation of
tRNA halves [1], [29]. However, the protective effects of tRNA modifications on
stress-induced cleavage are only considered for individual modification. It is
known that the tRNAs can be subject to a variety of modifications [30], which
may act as individual signal or in combination with other modifications. In
addition, tRNA modifications can be affected by environmental changes [31],
[32]. This can complicate the understanding of tRNA cleavage as it is difficult
to determine if tRNA cleavage is a result of altered tRNA modifications level or
stress-induced ribonuclease activity. Another open question is the inheritance
of tsRNA modification from parental tRNAs. Therefore, purified endogenous

tsRNAs should be qualified for modification identification.

The potential function of tRNA-derived
small RNAs

Despite our increased understanding of the biogenesis of tRFs and tRNA
halves, their specific functional and regulatory targets have not been
established yet.
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In chapter 4, we describe results on the processing of transformed 5-half
tRNAASPGTC) in A, thaliana. Specifically, in our study, the artificial synthetic 5'-
half tRNAASP(CTC) sequences were used which ignores RNA modification and
the loss of activity, which might fail to explore the interactome of 5-half
tRNAASP(CTC) - Development of effective methods to obtain high purified
endogenous single tsRNA from biological sources will facilitate the in-depth
molecular functional analysis of single specific tsSRNAs. Approaches aimed at
deciphering the structure of endogenous tsRNAs have not been developed yet,
and it is unclear if the original D-loop in the parent tRNAis still present in the 5’-
half tRNA or if the 5’-half tRNA might form a different RNA structure?

The tRFs were reported to be functionally analogous to miRNAs due to their
similar size, however it is currently unclear if tRFs act as the canonical miRNA-
regulated pathway. Recent work in plants has shown that the tRF-5s from
tRNAARMREC) may cleave the CYP71A13 mRNA between nucleotides 13 and 14,
rather than the 11 and 12 [33]. In animals, a short seed region complementary
to the target mMRNA is normally located on the 5' end of the small RNA, while a
seed region at the 3' end of a tRF molecule results in mMRNA repression [34],
[35]. In addition, computational analysis of large-scale datasets demonstrated
that the tRFs seem to recognise the mRNAs through multiple seed regions [36].
It is likely that some tRFs require the conserved motif in the seed region for
cleavage. Clarifying the mechanism of the seed region for tRFs is vital for the
subsequent prediction of the target genes. Development of specific tools for the
prediction of target genes of tRFs is urgently needed for plants and animals. A
throrough understanding of the role of the seed region in the miRNA-like
pathway, accurate target gene predication and experimental validation are
imperative for understanding the function of tRFs.

Stress-induced tRFs and tRNA halves have been observed in various cellular
processes and are under appreciated to date. In humans, tsRNAs from specific
are proposed as biomarkers in cancer progression and disease [37], [38].
However, the regulatory mechanism forming these tRFs in cancer cells and
disease development is still unclear. Therefore, it is an urgent need to clarify

the tRFs expression, biological function and interactions in cells to realise their
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medical application. In plants, the production of tRFs and tRNA halves were
linked to both biotic and abiotic stress conditions. In black pepper, tRF-5s
tRNAAa(CEC) was highly expressed after infection with the wilt pathogen,
Phytophthora capsica although the significance is still to be clarified [39]. In
wheat, tRF-5s tRNACU(CTC) tRF-5s tRNAWYSCTN tRF-55 tRNAT(CCT) were linked
wheat resistance against Fusarium head blight [40]. Interestingly, Rhizobium
tRFs from tRNAValCAC) tRNAGCNAITCC) gand tRNACNCTC) were demonstrated to
modulate nodulation efficiency in legumes [41]. Therefore, tRFs are good

candidates to exploit for improving tolerance to abiotic and biotic challenges.

Concluding remarks

In summary, results presented in this thesis advance our understanding of the
regulatory roles of RNA m°C on rRNAs and tRNAs in Arabidopsis. The
importance of rRNA m°C methyltransferase, NOP2, was demonstrated initially
during ovule and then vegetative development and provides a framework to
further explore in crop plants. Investigation of the ribonucleases giving rise to
tRNA halves in response to oxidative stress and exploration of the link between
tRNA cleavage and tRNA m°C methyltransferase, TRM4B, expanded our
knowledge into tRNA processing and plant growth. | also progressed our
understanding of tRNAASP(STC) half function, and processing into SRNAs. Given
climate change is on our doorstep, novel genetic and epigenetic approaches
will need to be utilized to enhance crop yields. The research conducted in this
thesis is a step towards a plant biotechnology approach to address this

challenge.
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Abstract

Modified nucleosides in tRNAs are critical for protein translation. N'-methylguanosine-37
and N'-methylinosine-37 in tRNAs, both located at the 3'-adjacent to the anticodon, are
formed by Trm5. Here we describe Arabidopsis thaliana AtTRM5 (At3g56120) as a Trm5
ortholog. Attrm5 mutant plants have overall slower growth as observed by slower leaf initia-
tion rate, delayed flowering and reduced primary root length. In Attrm5 mutants, mRNAs of
flowering time genes are less abundant and correlated with delayed flowering. We show
that AtTRMS5 complements the yeast trm5 mutant, and in vitro methylates tRNA guanosine-
37 to produce N'-methylguanosine (m'G). We also show in vitro that AtTRM5 methylates
tRNA inosine-37 to produce N'-methylinosine (m'l) and in Attrm5 mutant plants, we show a
reduction of both N'-methylguanosine and N'-methylinosine. We also show that AtTTRMS5 is
localized to the nucleus in plant cells. Proteomics data showed that photosynthetic protein
abundance is affected in Attrm5 mutant plants. Finally, we show tRNA-Ala aminoacylation is
not affected in Attrm5 mutants. However the abundance of tRNA-Ala and tRNA-Asp 5’ half
cleavage products are deduced. Our findings highlight the bifunctionality of AtTRMS5 and the
importance of the post-transcriptional tRNA modifications m'G and m'l at tRNA position 37
in general plant growth and development.
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Introduction

RNA has over 100 different post-transcriptional modifications that have been identified in
organisms across all three domains of life [1-5]. While several RNA modifications have been
recently identified on mRNAs in yeast, plants, and animals, tRNAs are still thought to be the
most extensively modified cellular RNAs [6-9]. These tRNA modifications are introduced at
the post-transcriptional level by specific enzymes. These enzymes recognize polynucleotide
substrates and modify individual nucleotide residues at highly specific sites. Some tRNA modi-
fications have been shown to have a clear biological and molecular function [10, 11]. Several
tRNA modifications around the anticodon have been demonstrated to have crucial functions
in translation, for example, by enhancing decoding [12], influencing the propensity to ribo-
somal frameshifting or facilitating wobbling [13-15]. Modifications distal to the tRNA antico-
don loop can also directly influence the tRNA recognition and/or translation process [16] or
can have roles in tRNA folding and stability [1, 17]. However, the precise functions of many
tRNA modifications still remain unknown despite often being conserved across species. Often,
loss of a tRNA modification does not negatively impair cell growth or cell viability under stan-
dard laboratory growth conditions [18]. However, under environmental stress, such mutants
display a discernible phenotype [11].

The tRNA anticodon loop position 37 is important to maintain translational fidelity,
prevent frameshift errors and translational efficiency [10, 19-21], and almost all tRNAs are
modified at this site. There are two prominent modifications at tRNA position 37: N'-methyl-
guanosine (m'G37) and 1-methylinosine (m'I). Trm5 in humans, yeast, and Pyrococcus abyssi
has been described as having multifunctionality [22-24]. N'-methylation of guanosine at posi-
tion 37, m'G37, is performed by TrmD-type enzymes in bacteria, functionally and evolution-
arily unrelated Trm5-type proteins in Archaea and Eukaryote, Trm5p in yeast Saccharomyces
cerevisiae, and TRMTS5 in vivo in humans [21-23, 25-27]. Trm5p complete loss of function
mutants in yeast Saccharomyces cerevisiae are lethal whereas mutations in TRMTS5 lead to mul-
tiple respiratory-chain deficiencies and a reduction in mitochondrial tRNA m'G37 [10, 23,
26). In humans, TRMT5 (tRNA methyltransferase 5) catalyses the formation of m'G37 in vivo
on mitochondrial tRNA"™ and tRNA™" [22, 28]. N'-methylguanosine has been described in
eukaryotic tRNAs at two positions; at position 37 catalysed by TrmS5, and the other at position
9 catalysed by Trm10 [29]. In contrast to bacteria TrmD, which requires a guanosine at posi-
tion 37, human TRMTS5 can also recognise and methylate inosine at position 37 with some
limited activity [22]. Similarly, Trm5p has also been shown to catalyse inosine to m'I modifica-
tion in yeast in a two-step reaction, where the first adenosine-to-inosine modification was
mediated by Tadlp [11, 18, 26, 30]. As m'G is an intermediate during the modification of gua-
nosine to wybotusine (yW), tRNAs from trm5 mutants were also devoid of yW [28]. The yeast
Trm5p protein has been shown to be localised to the cytoplasm and mitochondria and it is
thought that Trm5p protein present in the mitochondria is required to prevent unmodified
tRNA affecting translational frameshifting [23, 26]. In the unicellular parasite Trypanosome
brucei, Trm5 was located in both the nucleus and mitochondria and reducing TrmS5 expression
led to reduced mitochondria biogenesis and impaired growth [31]. Interestingly, Trm5 and
m'G37 were shown to be essential for mitochondrial protein synthesis but not cytosolic trans-
lation [31].

Little is known about tRNA modifying enzymes in plants, especially the plant homolog of
this bifunctional methyltransferase. Here, we report the identification and functional analysis
of AtTRM5 (At3g56120) from the model plant Arabidopsis thaliana. We demonstrate that
Attrm5 mutant plants are slower growing, have reduced shoot and root biomass and display
late flowering. Furthermore, we demonstrate that in vitro TRMS5 is required for m'G37 and

PLOS ONE | https:/doi.org/10.1371/journal.pone.0225064 November 22, 2019

2/26

191



@ PLOS I O N E TRMS-mediated tRNA methylation in plants

m'I37 methylation at the position 3’ to the anticodon and in vivo tRNAs enriched from
Attrm5 plants have reduced m'G and m'L

Results
Identification of At3g56120 as a TRM5 homolog

In yeast (Saccharomyces cerevisiae), m' G37 nucleoside modification is catalysed by Trm5p/
ScTrmS5 [26]. We searched for Arabidopsis thaliana homologs by using blastp and HMMER
and identified a high confidence candidate, At3g56120, with 49% similarity to ScTrm5 (52
Fig). Alignment of At3g56120 with yeast, human, Drosophilia, Pyrocococcus, and Methanococ-
cus Trm5 homologs identified three conserved motifs and catalytically required amino acids
(R166, D192, E206) present in At3g56120 (S2 Fig). We subsequently will refer to At3g56120 as
AtTRMS. In the Arabidopsis genome, AtTrm5 has homology to At4g27340 and At4g04670
and both genes were recently named as TRM5B and TRM5C, respectively (S2 Fig and [32]).
We have also identified TRM5 homologs in algae, bryophytes and vascular plants (Fig 1A and
S1 Fig). We focussed our experiments on Arabidopsis At3g56120/AtTRMS5 as the protein had
the highest amino acid similarity to yeast ScTrm5.

To functionally characterize AtTRMS5 we isolated two T-DNA insertions, SALK_022617
and SALK_032376, and identified homozygous mutant plants for each insertion (Fig 1B).
SALK_022617 and SALK_032376 were named trm5-1 and trm5-2, respectively. Next, we mea-
sured AtTRM5 mRNA abundance in both mutants and detected almost no transcripts in both
mutants (Fig 1C). We generated a genomic construct of AtTRMS that contained the endoge-
nous promoter, coding region, and UTRs, transformed the construct into trm5-2 and demon-
strated that the AtTRM5 mRNA levels were similar in two complemented lines when
compared to wild type plants. Subsequently, the extracted tRNAs from wild type and the trm5
mutants were purified, digested and modified nucleosides measured by mass spectrometry
(Fig 1D). In both trm5 mutant alleles, nucleoside m'G levels were reduced to about 30% of the
wild type and m'G levels were restored to wild type levels in both complemented lines (Fig
1D). Nucleoside m'G is present at tRNA positions 9 and 37 [26], therefore the residual m'G
levels in trm5 mutants may be the result of tRNA m'G at position 9. In saying this, we cannot
exclude an alternative explanation that the residual m'G levels in trm5 plants are the result of
activity of either TRM5B or TRM5C.

In yeast, Trm5 has also been reported to also catalyse m'I on tRNAs [11, 26]. We therefore
measured m'I levels in purified tRNAs from both Arabidopsis trm5 mutants and wild type
control plants. In both trm5-1 and trm5-2 mutant alleles, nucleoside m'I levels were reduced
to about 10% of wild type levels and were restored to wild type levels in plants of both comple-
mented lines (Fig 1D). It is possible that the residual m'I in trm5 plants may be m'I at position
57 (4, 33, 34]. In summary, we identified At3g56120 as a TRM5 homolog in Arabidopsis thali-
ana, identified two AtTRM5 mutant alleles, trm5-1 and trm5-2, and both mutants showed a
significant reduction in m'G and m'L

AtTRMS is involved in leaf and root development and flowering time
regulation

Before undertaking growth measurements, we grew wild-type Columbia, trm5-1, two comple-
mented lines, and two overexpression lines together under long-day conditions, harvested and
dried the seeds to minimise any maternal or environmental effects. To observe the early
growth stages of seedlings, we grew the six lines (wild type, trm5-1, two complemented lines
and two overexpression lines) on plates for 10 days (Fig 2A). The trm5-1 seedlings were
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Fig 1. TRM5 is conserved in plants and has dual-functionality in modifying RN A bases. (A) Unrooted phylogenetic tree and
sequence conservation Circos plot of putative TRM5 proteins from yeast (Sc), tomato (S), grape (Vv), Arabidopsis (At), maize
(Zm), rice (Os), Marchantia (Mp), Physcomitrella (Pp), Chlamydomonas (Cr), and Ostreococcus (Ot). The ribbons were coloured
based on sequence identity, with blue < = 25%, green 25-50%, orange 51-75% and red for 76-99%. (B) Exon-intron structure of
the putative TRMS5 locus (At3g56120) showing the T-DNA insertion sites of the trm5-1 and trm5-2 alleles (as indicated by the
open triangles). Black boxes and grey boxes represent coding regions and untranslated regions, respectively. (C) Relative transcript
level detected by qPCR in wild type, trm5-1 or trm5-2 seedlings. (D) Relative nucleoside level of modification m'G and m'I
detected by HPLC/MS in wild type, trm5-1 or trm5-2 seedlings.

https://doi.org/10.1371/journal.pone.0225064.9001

noticeably smaller than the wild type. In contrast, no clear differences were evident between
wild type, the complemented and overexpression lines. To rule out the possibility that the
reduced growth in trm5-1 seedlings was due to slower germination, we measured the germina-
tion of trm5-1 and wild type and no difference was observed (53 Fig). Reduced growth of
trm5-1 roots was also evident on plate-grown plants (Fig 2B). Interestingly, trm5-1 primary,
lateral and total (primary + lateral) root lengths were reduced in trm5-1 when compared to
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Fig 2. Phenotype analysis of frm5, complemented lines (35S:TRMS5 #rm5-1) and TRMS5 overexpression lines (35S:
TRMS). (A) Seedlings were sown on % MS media plates and grown for 7 days and photographed. (B) Seedlings of wild
type, trm5, complemented lines (35S:TRMS5 trm5-1), TRM5 overexpression lines (355:TRM5) were vertically grown on
Y2 MS medium for 10 days and then photographed. (C) Plants were grown on soil under long day photoperiods and
photographed 15 days after germination. (D) Wild type, trm5-1, two complementing (35S:TRMS5 trm5-1) and two
overexpressing lines (35S:;TRM5) were grown under long days and plants photographed at flowering.

https:/doi.org/10.1371/journal.pone.0225064.9002

P

wild-type plants (54 Fig). We also measured the lateral root number and found that trm5-1
plants had reduced numbers when compared to the wild type (S4 Fig). In contrast, no differ-
ences in the root growth were evident upon comparison of the wild type and the comple-
mented lines. In TRM5 overexpression lines, primary and lateral root lengths were slightly
longer than in the wild type (Fig 2B and 54 Fig).

At inflorescence emergence in wild-type plants grown under long days, we observed
reduced rosette leaf numbers, smaller leaves and reduced fresh weight in trm5-1 plants (Fig 2C
and 2D; S3 Fig). Sectioning of the shoot apical meristems of wild type and ¢trm5-1 plants at
wild-type floral transition, confirmed that trm5 plants were later flowering (S3 Fig). We
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measured the flowering time of wild type, trm5-1, complemented, and overexpression lines
under both short and long days and observed that mutants produced more rosette leaves and
flowered later than the wild type (Fig 3A; S3 Fig). Plants overexpressing TRMS5 flowered
slightly earlier than wild type under both long and short-day conditions (Fig 2D; S3 Fig).

AtTRMS is involved in circadian clock and flowering time gene expression

To explore the molecular basis of delayed flowering in trm5-1, we measured the mRNA abun-
dance of circadian clock and flowering time related genes by quantitative RT-PCR over a
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Fig 3. More leaves, slower flowering and impacted photosynthetic genes in trm5 mutant of Arabidopsis thaliana.
(A) Rosette leaf number (long-day conditions), cauline leaf number and days to flower (short day conditions) of wild
type and trm5 mutant. (B) The mRNA abundance of circadian clock-related genes over a 24-hour period. 17-day-old
seedlings of wild type, trm5-1, complemented lines (35S:TRM5 trm5-1), TRMS5 overexpression lines (35S:TRMS5) were
grown on % MS medium for 10 days and then harvested every 3 hours. The expression levels of TOC1, PRR7, GI, CO,
FT, and LFY were measured and normalized relative to EF-1-o. Data presented are means. Error bars are + SE, n=3
biological replicates. An asterisk indicates a statistical difference (P<0.05) as determined by Student’s t-test. 0 hours is
lights on and 16 hours is light off. Shaded area indicates night, whereas Zeitgeber time is abbreviated as ZT.

https://doi.org/10.1371/journal.pone.0225064.g003
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24-hour period (Fig 3). In trm5-1 plants, lower abundance of the clock genes TIMING OF
CAB EXPRESSION 1 (TOCI), and PSEUDO RESPONSE REGULATOR 7 (PPR7), and the flow-
ering time regulator genes GIGANTEA (GI), CONSTANS (CO) and FLOWERING LOCUS T
(FT) were observed at ZT10 to ZT22. The reduced abundance of the flowering time regulators
GI, CO, and FT in trm5-1 mutants correlates with delayed flowering. As expected, the down-
stream floral meristem identity gene LEAFY (LFY) had lower abundance at almost all tested
time points in the trm5 mutant when compared to wild type (Fig 3B). The downregulation of
circadian-clock related genes were also detected in the RNA-seq data (S2 Table). Together
these results support a role for AtTRMS5 in plant growth, development, and flowering time
regulation.

AtTRMS5 m'G methyltransferase activity

To test AtTRMS m'G methyltransferase activity in vivo, a Atrm5 mutant strain in yeast (Sac-
charomyces cerevisiae, Sc) that is defective for the tRNA m'G37 modification was used for
genetic complementation. The mutant not only has defective tRNA m'G37 but also a slow
growth phenotype when compared to wild type or a congenic strain (Fig 4A). Full-length
ScTrm5 and AtTRM5 were cloned into yeast expression vectors. From the AtTRMS5 expression
vector, a catalytically inactive mutant Attrm5 R166D was generated by site-directed mutagene-
sis. After the three vectors had been transformed into the yeast Atrm5 mutant, cell growth and
m'G nucleoside levels were observed (Fig 4). Not only were the slow growth and nucleoside
levels rescued when expressing ScTrm5 but they were also rescued when expressing AtTRM5
(Fig 4A and 4B). However, the catalytically inactive Attrm5 R166D did not rescue either the
slow growth or m'G nucleoside levels (Fig 4A and 4B).

To test the m'G methyltransferase activity of AtTRMS in vitro, we incubated purified
recombinant proteins with tRNA substrates and measured the m'G levels. We expressed
AtTRMS5 as a GST fusion protein and purified the recombinant GST-AtTRMS5 protein. We
also generated a catalytically inactive GST- AtTRM5 recombinant protein by using site directed
mutagenesis, expressed and purified the GST-AtTRMS5 recombinant fusion protein. In yeast,
ScTrm5 methylates tRNA-His-GUG, tRNA-Leu-UAA, tRNA-Asp-GUC and other tRNA iso-
acceptors [11, 26, 32]. Yeast tRNA-Asp-GUC RNA transcripts were generated in vitro by using
T7 RNA polymerase, the tRNA transcripts incubated with the recombinant fusion proteins in
the presence of AdoMet and m'G nucleoside levels were measured (Fig 4D). m'G was detected
only when AtTRMS was provided (Fig 4D) and in a dosage dependent manner. No m'G was
detected when the catalytically inactive mutant AtTRMS5 was provided (Fig 4D). To test the
specificity of the methyltransferase activity on tRNA-Asp guanine at position 37, the guanine
nucleotide was mutated to an adenine nucleotide (tRNA-Asp-A37) and the m'G methyltrans-
ferase activity was measured. No m'G was detected after incubation with the fusion proteins
(Fig 4D). The overall results of the yeast complementation experiments suggest that guanosine
methylation occurred at position 37 of tRNA.

AtTRMS5 tRNA m'I methyltransferase activity

Previously in plants, TAD1 was demonstrated to oxidatively deaminate adenosine at position
37 of tRNA-Ala-(UGC) to inosine, and subsequently methylated by an unknown enzyme to
N1-methylinosine (m'[; Fig 5A). Human TRMS5 has been reported to methylate tRNA 137 but
with limited activity [22]. Given our observation that Attrm5 mutant plants had reduced m'I
(Fig 1D), we asked the question whether AtTRMS5 has methyltransferase activity on tRNA I37.
We developed a two-step approach, whereby purified AtTADI was first incubated with the
substrate tRNA-Ala-A37 to produce tRNA-Ala-137 and then the inosine methyltransferase
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activity of AtTRMS5 was measured by incubating AtTRMS5 with the tRNA-Ala-137 substrate.
Previously, in yeast ScTAD1 was demonstrated to deaminate tRNA-Ala-A37 to tRNA-Ala-137
in vitro [26] and Arabidopsis thaliana tadl mutants were reported to have reduced tRNA-Ala-
137 [11]. We expressed AtTADI as a GST fusion protein and purified the recombinant
GST-AtTADLI protein. We also generated a catalytically inactive GST-AtTAD1 mutant recom-
binant protein by using site-directed mutagenesis and expressed and purified the GST-At-
TADI1 mutant fusion protein. In a two-step assay, yeast tRNA-Ala-UGC RNA transcripts were
generated by in vitro transcription using T7 RNA polymerase, the tRNA transcripts were then
incubated with the recombinant fusion proteins in the presence of Mg”* and methyl donor S-
adenosyl-methionine (AdoMet), and the m'I nucleoside levels measured (Fig 5B). m'Twas
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Fig 5. TRM5-mediated m'I modifications in two-step reaction. (A) Proposed two-step modification model of TRM5-mediated m'G modification of
tRNA-Ala. (B) Relative nucleoside level of modification m'I with varying conditions of tRNA-Asp-A37, AtTAD1, AtTRM5 mutant, AtTAD1 mutant, and
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modifications. tRNAs were enriched, deep sequenced, aligned using segemehl to tRNA references and the modifications present were inferred from observed
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base substitutions between wild type and trm5-1. Position 37 in the gDNA, labelled as consensus, is an adenine. Sequence logo shows the proportion of
nucleotides and hence inferred modifications at positon 37. Anticodons TGC and CGC are shown in the sequence logos for Ala™“ and tRNA-Ala'“““,
respectively. Base substitutions observed from 3 biological replicates are shown. (D) Qualitative analysis of tRNA-Ala'*““’ modifications by Sanger sequencing.
tRNA-Al“““ was PCR amplified from wild type, tad1-2and trm5-1 and Sanger sequenced. Position 37 in the gDNA is an adenine. In wild-type cDNA, a
thymine was detected, in tadI-2 cDNA an adenine was observed and in trm5-1 a guanine was detected.

https://doi.org/10.1371/joumnal.pone.0225064.9005

detected only when GST-AtTAD1 and GST-AtTRMS5 were provided, and its production
occurred in a dosage-dependent manner (Fig 5B). No m'I was detected when the catalytically
inactive mutants AtTAD1 E76S or AtTRMS5 R166D were provided (Fig 5B). To test the speci-
ficity of the methyltransferase activity on tRNA-Ala alanine at position 37, the alanine nucleo-
tide was mutated to a cytosine nucleotide (tRN'A-Ala-C37) and the m'l methyltransferase
activity was measured. No m'I was detected after incubation with the fusion proteins (Fig 5B).
Collectively, these findings interestingly suggest that inosine methylation also occurs at posi-
tion 37, in addition to guanosine methylation.

To test the AtTRMS5 inosine methyltransferase activity in vivo, we measured tRNA position
modifications by cDNA sequencing from either mutant or wild type plants (Fig 5C and 5D).
In the sequencing assay, modification events at position 37 of tRNAs can be directly detected
by sequencing of amplified cDNA obtained by reverse transcription and comparison to the
DNA reference sequence as inosine is read as guanine (G) and m'I is read as thymine (T) by
the reverse transcriptase [10, 35]. As expected, we detected substitutions of A in the reference
to T at position 37 for tRNA-Ala-(TGC) and tRNA-Ala-(CGC) by using Illumina sequencing
in wild-type plants which is consistent with the presence of m'I (Fig 5C). m'I modifications
have previously been described in tRNA-Ala at position 37 in eukaryotes [11, 30, 33]. In the
trm5-1 mutant, no T’s were detected at position 37 (Fig 5C) which is consistent with AtTRM5
acting as a tRNA m'I methyltransferase at position 37. Based on our in vitro assay results,
AtTADI first deaminates tRNA-Ala-A37 to tRNA-Ala-137, and then AtTRM5 methylates
tRNA-Ala-137 to tRNA-Ala-m'137. We confirmed this pathway in tad1 and trm5 mutant
plants by Sanger sequencing of tRNA-Ala-(AGC) (Fig 5D). As expected, at position 37, A was
substituted to T in the wild type, whereas in trm5 mutants a G and in tad1 mutants an A were
observed (Fig 5D). These sequencing results are consistent with AtTAD1 first deaminating
A37 to 137 as previously reported by Zhou, Karcher (11), and AtTRM5 then methylating 137
to m'L. We also attempted to detect the putative loss of m'G in the tRNA-sequencing data, as
it has been reported that m'G is prone to be called as a T in sequencing [35]. However, this
was not observed in our datasets. Together, our in vitro and in vivo data provide support for
AtTRMS possessing tRNA m'I methyltransferase activity.

AtTRMS is localized to the nucleus

In yeast, SCTRMS is localized to both the nucleus and mitochondria [23, 36]. Localisation to
mitochondria is thought to be important as yeast strains with only nuclear-localized SCTRM5
exhibited a significantly lower rate of oxygen consumption [23]. In order to determine to
which subcellular compartment(s) AtTRMS is localized in Nicotiana benthamiana, we fused
TRMS to the Green Fluorescent Protein (GFP) reporter, transiently infiltrated the construct
into leaves and performed laser-scanning confocal microscopy to detect GFP fluorescence. To
unambiguously identify the nucleus, we stained the cells with DAPL. When we imaged the cells
(n =100), we observed distinct DAPI fluorescence in a single large circular structure per cell,
as expected for the nucleus (Fig 6). Next, we imaged the same cells for GFP fluorescence (Fig
6C) and overlayed the DAPI and GFP fluorescence. The two fluorescence signals showed per-
fect overlap (Fig 6D). We then searched for nuclear localisation signals (NLS) using the
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Bright Field DAPI

Fig 6. Subcellular localisation of TRMS5 translational reporter protein in Nicotiana benthamiana leaves. TRM5
was fused to Green Fluorescent Protein (GFP) to yield a TRM5-GFP translational fusion recombinant protein. The
construct was transiently expressed in N. benthamiana leaves and subcellular localisation was determined by confocal
ning microscopy. (A) Bright field, (B) DAPI stained, (C) GFP fluorescence, (D) overlay of DAPI and GFP
imagines. Scale bars = 20 um.

laser-

https:/doi.org/10.1371/journal.pone.0225064.9006

LOCALIZER (http://localizer.csiro.au/), LocSigDB (http://genome.unmc.edu/LocSigDB/),
and cNLS mapper (http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_form.cgi) programs
37-39). While LOCALIZER and LocSigDB did not predict any canonical or bipartite NLS,
cNLS mapper predicted with high confidence a 29 amino acid importin a-dependent NLS,
QKGCFVYANDLNPDSVRYLKINAKFNKVD, that starts at amino acid 236. Previous finding
in yeast suggested that no common canonical or bipartite NLS was detected in ScTrm5 [26],

which explains the outcome from LOCALIZER and LocSigDB. Multiple sequence alignment
of ScTrm5 and AtTRMS5 showed that only a few amino acids were conserved at the region
which the importin a-dependent NLS is detected for AtTRMS5 (S2 Fig). In summary, we con-
clude that, unlike in yeast, AtTRMS5 in Arabidopsis is only localized to the nucleus and may be
imported from the cytoplasm into the nucleus by the importin o-dependent pathway.

Proteins involved in photosynthesis are affected in trm5 mutant plants
Next, we performed a proteomic analysis to identify proteins that differentially accumulate in
trm5-1 plants when compared to the wild type by using the Tandem Mass Tag (TMT) method
(Fig 7). A total of 61571 peptide-spectrum match (PSM) were recorded, corresponding to
29011 peptides and 23055 unique peptides, respectively. 5242 protein groups were identified
by blastp searches against the TAIR_pep database. Proteins with fold changes >1.20 or <0.83
and a significance level of P <0.05 were considered to be differentially expressed. In this way, a
total of 263 proteins were identified (S3 Table). 102 proteins were upregulated, and 151
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Fig 7. Proteomic analysis of wild type and trm5-1. (A) Volcano plot of differentially abundant proteins between wild
type and trm5-1. In trm5-1, proteins that were increased in abundance are represented as blue dots, proteins decreased
in abundance as red dots, with threshold fold change > 1.2 or < 0.83 (increased or decreased) and P-value < 0.05.
There were 102 proteins increased and 161 proteins decreased in trm5-1. (B) GO and (C) KEGG terms enrichment
analysis. Each differentially abundant protein was first annotated in the GO or KEGG databases, enrichment analysis
was performed based on annotated differentially expressed proteins in wild type and trm5-1. The top 20 enriched GO
terms from Biological Processes (BP), Molecular function (MF), and Cellular Component (CC) are reported.

https://doi.org/10.1371/journal.pone.0225064.9007
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Table 1. Comparison between RNA-seq data and proteomics data of selected protein candidates.

Gene ID Protein log2FC Status
RNA-seq Proteomics | RNA-seq Proteomics

AT1G03540.1 | Pentatricopeptide repeat (PPR-like) superfamily protein N/A 3.12815 non-differentially upregulated
expressed

AT2G45180.1 | Bifunctional inhibitor/lipid-transfer protein/seed storage 2S albumin 2.012 0.56136 d gulated d gulated

superfamily protein

AT2G39480.1 | P-glycoprotein 6 N/A 0.43734 | non-differentially downregulated
expressed

AT5G50160.1 | ferric reduction oxidase 8 N/A 0.40435 | non-differentially downregulated
expressed

Four protein candidates with the highest fold change (p-value < 0.05) reported in the proteomics data were selected for further comparison.

https:/doi.org/10.1371/journal. pone.0225064.t001

proteins were downregulated in trm5 (Fig 7A). GO annotation of these differentially accumu-
lating proteins revealed enrichment of the GO terms thylakoid, chloroplast, and photosystem I
(Fig 7B). KEGG annotation revealed enrichment of proteins involved in photosynthesis, and
photosynthetic proteins, with most of these proteins encoded by genes found in the nuclear
and chloroplast genome. (Fig 7C). A further inspection on these GO terms with our proteo-
mics data showed that the photosynthesis-related proteins were downregulated in trm5
mutant. In the future, the abundance of these photosynthesis-related proteins could be valida-
tion by quantitative western blotting analysis. It is worthwhile to state that the abundance of
these photosynthesis-related proteins may be directly or indirectly affected by the loss of
TRMS5 in our experiment. Taken together, the GO and KEGG analysis demonstrated that
most differentially accumulating proteins are involved in processes related to photosynthesis.

Defects in tRNA m'G methylation can be expected to affect mRNA translation, particularly
of proteins that have high numbers of affected codons. Therefore, we were interested in identi-
fying genes that showed reduced expression at the protein level in our proteomics analysis of
trm5 plants, but no detectable reduction in mRNA abundance. To identify such mRNAs, we
performed RNA-seq on wild type and trm5 plants. We identified 1186 transcripts that were
reduced in abundance in trm5 and 580 transcripts that were increased in abundance by at least
2-fold and hierarchically clustered these transcripts (S2 Table and S5 Fig). Comparison of the
RNA-seq and proteomics datasets identified 133 proteins with reduced abundance, but with
no detectable reduction in mRNA abundance (S5 Fig). We further inspected the data by select-
ing four candidate proteins with the highest fold change reported in the proteomics data
(Table 1). From the selected candidate proteins, we discovered that three of the differentially
expressed proteins reported in the proteomics data were not differentially expressed in the
RNA-seq data, indicating that there is no change in transcripts levels leading to the fluctuation
of their corresponding proteins. Only one protein candidate (AT2G45180.1) showed
decreased fold change of mRNA, which correlates with the decrease of its corresponding pro-
tein reported in the proteomics data.

Finally, we performed a codon usage frequency analysis for this class of genes and detected
no codon bias towards triplets read by both m'I and m'G modified tRNAs (S5 Fig).

Modifications at position 37 affects tRNA-halve abundance

Since our previous results showed no bias towards codon usage in Atfrm5 mutants when com-
pared to wild type, we then asked if depleting m'G37 and m'I37 affects tRNA abundance. To
test this, we performed a northern blot analysis on the AtTRMS5 substrates tRNA-Ala-(AGC)
and tRNA-Asp-(GTC), respectively (Fig 8A). We did not observe any substantial change in the
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Fig 8. Loss of function of AtTRMS5 affects tRNA halve abundance. (A) Northern blot analysis of RNA from wild type, trm5-1
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https://doi.org/10.1371/journal pone.0225064.9008
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full-length tRNA abundances for both tRNA-Ala-(AGC) and tRNA-Asp-(GTC). However, we
unexpectedly observed significant decreases in the 5’ half abundance of both tRNA-Ala-
(AGC) and tRNA-Asp-(GTC) (Fig 8A), suggesting that the loss of m'G37 and m'137 affects
tRNA halve steady state abundance.

The anticodon region of tRNAs are known to impact tRNA aminoacylation as it interacts
with tRNA aminoacyl synthetase [40] and that tRNA position 37 at the 3" anticodon region has
a significant role in facilitating tRNA structure fidelity and anticodon interactions [20]. There-
fore, we investigated if the tRNA position 37 which is proximal to the 3" anticodon could affect
tRNA aminoacylation for tRNA-Ala-(AGC). We performed a tRNA aminoacylation experi-
ment to determine if the loss of m' G37 modification at the anticodon region of tRNA-Ala-
(AGC) affects tRNA charging (Fig 8B) and our results show that the loss of function of
AtTRMS5 does not affect acylation of tRNA-Ala (Fig 8B). One explanation for this observation
can be attributed to the nature of alanyl-tRNA synthetases that recognizes G3:U70 of tRNA
acceptor stem for tRNA charging instead of the anticodon region [41]. This showed that the
loss of m' G37 modification does not inhibit aminoacylation.

Discussion

The discovery of m'G and m'I at position 37 in tRN As of a wide range of eukaryotic and pro-
karyotic organisms underscores its importance as a key regulator of tRNA function and, pre-
sumably, translation [10, 21, 23]. Previous studies in bacteria have shown that m'G37 is
required for translational fidelity [21, 42, 43] and that mutations in the enzymes catalysing
m'G37 severely impact growth or cause lethal phenotypes [10, 23, 31]. The presence of m'G37
modification on tRNA-Asp prevents erroneous amino-acylation by arginyl-tRNA synthetase
as both tRNA-Asp and tRNA-Arg have highly similar structures [44].

In eukaryotes, m'G37 modification requires the methyltransferase TRM5. Here we report
that in plants, trm5 mutants have a 60% reduction in m'G and m'I levels, display severely
reduced growth and delayed transition to flowering. This is somewhat similar to human
patients that are heterozygous for one mutant and one functional allele of Trm5. They show
childhood failure to thrive and exercise intolerance symptoms [10].

With the 60% reduction of m'G and 75% reduction of m'I in trm5 plants, it is reasonable to
anticipate a significant impact on protein translation due to the reduced stacking effect of
m'G37 on base-pairing between position 36 and the first nucleoside in translated mRNA
codons. We observed a reduction in abundance of proteins involved in ribosome biogenesis
and photosynthesis, and this is likely to account for the observed reduced growth of the mutant
plants. A similar study by Jin et al. (2019) showed higher levels of polysomes in attrm5a
mutants compared to wild type and decreased levels of ribosomal subunit, which is anticipated
to reduce translation rate [45]. In the future, it would be interesting to test if translational
errors, such as ribosome stalling or frame shifting, occur in trm5 plants which would be similar
to what has been previously reported in bacteria with reduced tRNA m'G [26].

We localized Arabidopsis TRMS5 to the nucleus which is in contrast to the cytoplasmic and
mitochondrial localisation in other eukaryotes: Trypanosoma brucei, Homo sapiens (HeLa
cells) and Saccharomyces cerevisiae [10, 23, 31], although in one study S. cerevisiae Trm5 has
also been localized exclusively to the nucleus [36]. Interestingly, in yeast, Trm5 acts in the
nucleus to form m'G on retrograde imported tRNA™ after initial export from the nucleus
and subsequent splicing at the mitochondrial outer membrane. As retrograde tRNA import is
conserved from yeast to vertebrates [46, 47], it is tempting to speculate that TRM5-mediated
m'G formation occurs in retrograde imported tRNAs in Arabidopsis.
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Direct comparison of RNA-seq and proteomics data has been challenging as variation
in protein abundance in proteomics datasets can be confounded by multiple factors. Sev-
eral factors can cause fluctuation in protein levels with no change of mRNA abundance:
mRNA transcript abundance, translation rate, and translation resources availability (as
reviewed in Liu, Beyer (48)). This may explain the results of the initial comparison
between our RNA-seq and proteomics data, and the seeming discrepancies in the derived
sets of differentially expressed genes (52 and S3 Tables). In our RNA-seq data, microtu-
bule-related genes appeared to be significantly downregulated (AT1G21810, AT1G52
410, AT2G28620, AT2G44190, AT3G23670, AT3G60840, AT3G63670, AT5G67270,
AT4G14150, AT5G27000). However, we could not detect any differential expression of
these proteins in our proteomics dataset. This is not unexpected, as it has been reported
that protein and transcript abundances only rarely correlate in data analysis [48]. How-
ever, it has been shown that transcript abundance can still be used to infer protein abun-
dance [49]. Among the selected four candidate proteins (Table 1), we could observe only
one event of protein downregulation due to decreased transcript level: the lipid transfer
protein (AT2G45180) which is involved in lipid transport in chloroplasts. Lipid transport
is crucial in the formation of photosynthetic membranes in plants [50]. As several lipids
are important functional components of thylakoidal protein complexes involved in photo-
synthesis, the impacted lipid transport and lipid synthesis revealed by the GO term analy-
sis may contribute to the observed dysregulation of photosynthesis-related genes. This
finding is consistent with Jin et al. (2019) [45]. The remaining three candidate genes dis-
played no changes in transcript levels, but one candidate gene showed upregulation and
the other two downregulation at the protein level. The exact function of pentatricopeptide
repeat (PPR-like) superfamily protein (AT1G03540.1) is unknown, but the protein was
suggested to play a significant role in post-transcriptional modification of tRNAs [51].
The P-glycoprotein 6 (AT2G39480) belongs to the large P-glycoprotein family and is
known to play a role in mediating auxin transport, and disturbed auxin transport is
known to affect plant growth [52]. Our proteomics data suggested that the auxin transport
is affected (AT5G35735, AT3G07390, AT4G12980, AT5G35735) in the trm5 mutant. This
can be inferred to the reduced auxin levels in attrm5a as reported by Jin et al. (2019) [45].
Ferric reduction oxidase 8 (AT5G50160/AtFROS8) has been shown to participate in iron
reduction and was implicated in leaf vein transport [53]. We proposed that disturbed
photosynthesis in trm5 mutant plants is a secondary effect of dysregulated transport
processes.

Our findings also show that modified bases at tRN'A-Ala at position 37 does not affect
tRNA aminoacylation but does affect tRNA-Ala-derived 5 half steady state abundance. Both
tRNA aminoacylation and tRNA-derived halves were shown to effect translational fidelity [40,
54]. In yeast, the introduction of tRNA-derived halves, both 5" and 3’ fragments, affects tRNA
aminoacylation, suggesting that tRNA-derived fragments (tRFs) has a regulatory role in trans-
lation [54]. It was also demonstrated that these tRFs regulate tRNA-aminoacylation via inter-
acting with ribosome. The decreased amount of tRNA-Ala 5’ halves may explain the polysome
profile changes reported by Jin et al. (2019) [45].

The role of post-transcriptional RNA modifications in tRNA and mRNA metabolism and
their impact on plant growth and development in plants are only beginning to be elucidated.
Here, we have described the AtTRM5-mediated m'G and m'I methylation in tRNAs and iden-
tified crucial links between this modification, photosynthesis, plant growth, and protein trans-
lation. It appears likely that the many other tRN A modifications in plant tRNAs also play
important roles in translation and/or translational regulation which remain to be discovered.
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Materials and methods
Plant material and root growth experiments

Arabidopsis thaliana (Columbia accession) wild type and mutant plants were grown in Phoe-
nix Biosystems growth under metal halide lights as previously described [55]. For plate experi-
ments, seeds were first surface sterilized, plated on % MS medium supplemented with 1%
sucrose and sealed as previously described [1, 56]. All plants were grown under either long-
day photoperiod conditions of 16 h light and 8 h darkness or short-day photoperiods of 10 h
light and 14 h darkness.

Characterization of the mutant alleles, trm5-1 (SALK_022617) and trm5-2 (SALK_032376)
are as described previously [57]. The tadl-2 mutant was used as described previously [11].
Nucleotide sequence data for the following genes are available from The Arabidopsis Informa-
tion Resource (TAIR) database under the following accession numbers: TRM5 (At3g56120),
Atd4g27340, At4g04670, and TAD1 (At1g01760).

Analysis of root phenotypes was carried out on 11-day-old seedlings grown on ¥ MS agar
plates. A flatbed scanner (Epson) was used to non-destructively acquire images of seedling
roots grown on the agar surface. Once captured, the images were analysed by software package
RootNav [58, 59].

Plasmid construction and generation of transgenic plants

For the 355CaMV:TRMS5 construct, the full-length genomic region of At3g56120 including
the 5’"UTR and 3’UTR was amplified from Col-0 genomic DNA template with primers pro-
vided in (S1 Table) and cloned into Gateway entry vector pPENTRTM/SD/D-TOPO (Invitro-
gen). The insert was sequenced and then cloned into the binary destination vector pPGWB5 by
an LR recombination reaction, using the Gateway cloning system following the manufacturers
protocol (Invitrogen), resulting in the 35S:TRMS5 construct. For the TRM5p,,::TRMS5 con-
struct, the full-length genomic region of At3g56120 that included the promoter, 5UTR and
3’'UTR was amplified from Col-0 genomic DNA template with primers provided in (S1 Table)
and cloned into Gateway entry vector PCR8 TOPO-TA (Invitrogen). The insert was sequenced
and then cloned into the a modified (35S promoter removed) destination pMDC32 vector,
using the Gateway cloning system [60] following the manufacturers protocol (Invitrogen),
resulting in TRM5p,,: TRMS5. The 35S:TRMS5 construct was transformed into A. thaliana wild
type Col-0 plants or trm5-1 mutant plants by Agrobacterium-mediated floral dip method
respectively [61]. The TRM5p,::TRMS5 construct was transformed into trm5-2 mutant plants
by Agrobacterium-mediated floral dip method. Transgenic plants were selected on % MS
media supplemented with 50 pg ml™" kanamycin. TRMS transcript abundance was assessed in
at least five independent T plants using qRT-PCR and two lines showing the highest TRM5
transcript levels were carried through to homozygous T generation for phenotypic analysis.

Sub-cellular localization of TRM5

For analysis of subcellular localization of TRMS5, a 35S:TRM5:GFP construct was produced by
PCR amplification of the TRMS5 coding sequence from Arabidopsis seedling cDNA by using
the primers described in the supplementary data (S1 Table). The TRM5 cDNA was recom-
bined cloned into pCR8, sequenced and then recombined in frame into pMDC83 to produce
35S:TRM5:GFP. The 35S:TRM5:GFP construct was introduced into A. tumefaciens strain
GV3101 and transiently expressed in 5-week-old Nicotiana benthamiana leaves. Fluorescence
was analysed using a confocal laser-scanning microscope (Zeiss microscope, LSM700) and
excited with 488-nm line of an argon ion laser. GFP fluorescence was detected via a 505- to
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530-nm band-pass filter. The cut leaves were immersed in 10 uM 4°, 6-diamidino-2-phenylin-
dole (DAPI) at room temperature for 45 min, and then washed with PBS for 3 times (5 min
each). The blue fluorescence of DAPI was imaged using 404-nm line for excitation and a 435-
to 485-nm band pass filter for emission.

Shoot apical meristem sections

14, 18, or 22-day-old seedlings were fixed for 1 day in FAA containing 50% ethanol, 5% acetic
acid and 3.7% formaldehyde. The samples were then dehydrated through an ethanol series of
five one-hour steps (50, 60, 70, 85, 95% ethanol) ending in absolute ethanol (100%). The etha-
nol was gradually replaced with Histoclear containing safranine to stain the tissue, as follow-
ing: incubated in a Histoclear series (75:25, 50:50, 25:75 Ethanol: Histoclear) for 30 min and
followed by twice one-hour incubation in 100% Histoclear. The paraffin was polymerised by
baking overnight at 60°C, and the samples were embedded in paraffin. Sections were cut,
attached to slides and dried on a slide warmer overnight at 42°C to allow complete fixation.
The shoot apical meristem was observed using light microscopy.

Quantitative real-time PCR (qPCR)

For the transcription profiling of flowering-related genes and circadian clock-related genes,
17-day-old seedlings were sampled from Zeitgeber time (ZT) 1 and collected every 3h during
the day and night cycles, respectively. Total RNA was extracted the leaf samples using Trizol
reagent (Invitrogen). The relative expression levels of AtTRM5 were determined using quanti-
tative real-time PCR (qPCR) with gene-specific primers (S1 Table). The QPCR was performed
using the StepOnePlus real-time PCR system (Applied Biosystems) using Absolute SYBR
Green ROX mix (Applied Biosystems) for quantification. Three biological replicates were car-
ried out for each sample set. The relative expression was corrected using a reference gene
EFlalpha (At5g60390) and calculated using the 27244 method as described previously [11].

mRNA-sequencing

Total RNA, 1 ug, was extracted from 20-day-old Arabidopsis leaf samples using Trizol reagent
(Invitrogen) and purified using the RNAeasy Mini RNA kit (Qiagen). One hundred nano-
grams of RNA were used for RNA-seq library construction according the manufacturer’s rec-
ommendations (Illumina). First-strand cDNA was synthesized using SuperScript II Reverse
Transcriptase (Invitrogen). After second strand cDNA synthesis and adaptor ligation, cDNA
fragments were enriched, purified and then sequenced on the Illumina Hiseq X Ten. Three
biological replicates were used for RNA-seq experiments.

tRNA purification and tRNA-sequencing

Total RNA was isolated from wild type and trm5 10-day-old Arabidopsis seedlings using the
Spectrum Plant total RNA kit (SIGMA-ALDRICH) and contaminating DNA removed using
DNase I (SIGMA-ALDRICH). To enrich for tRNAs, 10pg of total RNA was separated on a
10% polyacrylamide gel, the region containing 65-85 nts was removed and RNA was purified
as previously described [56]. Purified tRNAs were used for library construction using NEB
Ultradirectional RNA library kit. Given the short sequences of tRNAs, the fragmentation step
of the library preparation was omitted, and samples were quickly processed for first-strand
cDNA synthesis after the addition of the fragmentation buffer. The remaining steps of library
construction were performed as per the manufacturer’s instructions. Illumina sequencing was
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performed on a MiSeq platform at The Australian Cancer Research Foundation (ACRF) Can-
cer Genomics Facility, Adelaide.

Yeast complementation

AtTrm5 (At3g56120) and ScTrm5 (YHR070W) was PCR amplified from cDNA and cloned
into pYE19 using a Gibson assembly reaction (NEB). Mutant AtTrm5 (R166D) was generated
by synthesising gene blocks (IDT) with nucleotides that mutated the translated proteins at
R166 and the gene block was cloned into pYE19 using a Gibson assembly reaction (NEB).
Yeast Atrm5 (Mat a, hisD1, leu2D1, met15D0, trm5:KanMX) was previously described [62].
Recombinant plasmids were transformed into A trm5 mutant strain and the resulting strain
was analysed for growth phenotypes and m'G nucleoside levels.

AtTrm5, AtTADI, ScTrm5 protein expression and purification and tRNA
methylation

Full length AtTrm5, mutant AtTrm5 (R166D) and AtTADI (Atl1g01760) cDNAs were cloned
into pGEX resulting in GST-AtTrm5, GST-AtTRM5-mutant, GST-TADI, respectively.
Mutant AtTADI1 (E76S) was generated by synthesising a gene block (IDT) with mutated
nucleotides and the gene block was cloned into pGEX using a Gibson assembly reaction
(NEB) resulting in GST-TAD1 mutant. IPTG (0.5 uM) was used to induce expression of the
proteins and the recombinant proteins were purified on a GST resin column (ThermoFisher
Scientific). tRNA-Asp-GUC or tRNA-Ala- AGC were transcribed in vitro with T7 RNA poly-
merase (Promega). Methylation reactions were performed in 100 mM Tris-HCI, 5 mM MgCl,,
100 mM KCI, 2mM DTT, 50 mM EDTA, 0.03 mg/mL BSA and 25 uM AdoMet. Substrate
tRNA was provided in a final concentration of 1-5 uM, AtTrm5 or AtTrm5 mutant proteins
from 6.0 to 12 uM and AtTAD1 or AtTAD1 mutant proteins at 5.0 uM.

mRNA-seq and tRNA-seq bioinformatics analysis

Global Mapping: Reads were first adapter trimmed using Trim galore v0.4.2 (http://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/) with default parameter. The quality of
the trimmed reads was checked using Fastqc (https://www.bioinformatics.babraham.ac.uk/
projects/fastqc/) and ngsReports (https://github.com/UofABioinformaticsHub/ngsReports).
Reads were then globally mapped to Arabidopsis reference genomes (TAIR10) [63] using
STAR v2.5.3 [64]. Mapped reads were counted using featureCounts [65]. The raw read counts
were normalized using sample size factor for sequence depth and differential expression analy-
sis between wild type and trm5-1 mutant samples was performed using DESeq2 v1.18.1 [66].
The tRNA-enriched reads were mapped to tDNA reference acquired from GtRNAdb (gener-
ated from tRNA-Scan SE v2.0) of Arabidopsis thaliana derived from TAIR10 reference
genome [63, 67-69] using segemehl v0.2.0 [68]. The mapped reads were then processed for
variant calling using GATK v3.7 [70]. Haplotype Caller in GATK v3.7 was implied to call for
variants, with the variant filtered using hard filtering as reccommended.

Proportion estimation: SNPs were identified in the wild type and trm5-1 samples were then
compared. SNPs at position 37 were extracted and analysed using vcftools [71]. Changes in
base pair modifications were indicated by base substitution due to the property of next genera-
tion sequencing as mentioned in [10, 35]. The ratio of the expected A-to-T conversion in wild
type samples and both the ratio of A-to-T (indicating no change in comparison to wild type)
and A-to-G in trm5-1 were analyzed as an indication of m'I depletion.
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Sanger sequence analysis of tRNA editing

tRNA purification and tRNA editing analysis were performed as described previously [11].
Cytosolic tRNA-Ala (AGC) were amplified by reverse transcriptase (RT)-PCR with specific
primers (tRNA-Ala-f and tRNA-Ala-r, S1 Table), and purified PCR products were directly
Sanger sequenced.

TMT-based proteome determination and data analysis

Total protein was extracted from 20-day-old Arabidopsis leaf samples and purified according
to a method described by [72]. Protein digestion was performed according to FASP procedure
described previously [73], and 100 yg peptide mixture of each sample was labelled using TMT
reagent according to the manufacturer’s instructions (Thermo Fisher Scientific). LC-MS/MS
analysis was performed on a Q Exactive mass spectrometer (Thermo Fisher Scientific) that
was coupled to Easy nLC (Thermo Fisher Scientific). MS data was acquired using a data-
dependent top20 method dynamically choosing the most abundant precursor ions from the
survey scan (200-1800 m/z) for HCD fragmentation (Shanghai Applied Protein Technology
Co., Ltd). Determination of the target value is based on predictive Automatic Gain Control
(pAGC). SEQUEST HT search engine configured with Proteome Discoverer 1.4 workflow
(Thermo Fisher Scientific) was used for mass spectrometer data analyses. The latest Arabidop-
sis protein databases (2018) was downloaded from http://www.arabidopsis.org/download/
index-auto.jsp?dir=/download_files/Proteins and configured with SEQUEST HT for searching
the datasets. The following screening criteria was deemed as differentially expression: fold-
changes >1.2 or <0.83 (up- or down-regulation) and the Benjamini-Hochberg corrected p-
value, P < 0.05 were considered significant.

tRNA nucleoside analysis

tRNAs were purified as previously described [56]. Twenty-five pg of tRNAs were digested with
P1 nuclease (Sigma- Aldrich) and 1.75 units of calf intestine alkaline phosphatase in 20 mM
Hepes-KOH (pH 7.0) at 37°C for 3 h. The mixture was diluted to a concentration of 15 ng/uL
and samples were injected into an API 4000 Q-Trap (ThermoFisher Scientific) mass spectrom-
eter coupled with LC-20A HPLC system (Shimadzu). All RNA samples analyzed were from
three biological replicates. A diode array UV detector monitored the LC signals from the
nucleosides, whereas in counts were recorded in positive mode (190-400 nm). The abundance
of each modified nucleoside was represented by its unique ion peak area and normalized to
the sum of the four canonical nucleosides (A, C, G and U nucleosides). Since m'G, m°G and
m’G have the same Q1 and Q3 mass, they were discriminated by retention time, in the order
of m’G, m'G and m°G, respectively. The identity of m’G peak was confirmed with external
standard (TriLink Biotechnologies) and the identity of m'G versus m’G was indirectly con-
firmed by results from yeast trm5 mutant

Northern blot for tRNA detection

Total RNA was isolated from the wild type, trm5-1 and 355: TRM5 trm5-1 Arabidopsis seed-
lings by using the TRIZOL Reagent (ThermoFisher Scientific). 20ug of total RNA was on 15%
urea-polyacrylamide gel and RNA was transferred to Amersham Hybond-N"membrane. After
cross-linking, prehybridization was performed for 3 hours at 68°C in 20pl of DIG easy Hyb
Granules (Roche). 60 pmol of 3-end Digoxin labelled oligonucleotides was added to hybridiza-
tion buffer (S1 Table) and hybridize for overnight at 40°C with gentle agitation. The mem-
brane was washed at low-stringency (2X SSC, 0.1% SDS) twice and high-stringency (0.1X SSC,

PLOS ONE | https:/doi.org/10.1371/journal.pone.0225064 November 22, 2019 20/26

209



@' PLOS|ONE

TRMS5-mediated tRNA methylation in plants

0.1% SDS) twice. The probe-target hybrid was localised with the anti-DIG-alkaline phospha-
tase antibody (Roche), and the membrane was put into washing and blocking and detection
buffer to visualize using the CDP-Star, ready to use (Roche).

tRNA aminoacylation assay

Total RNA of wild type, trm5-1 and 35S:TRM5 trm5-1 Arabidopsis seedlings were isolated and
analysed using the tRN A aminoacylation protocol as described in Zhou, Karcher (11), using a
specific probe for tRNA-Ala (AGC) (S1 Table).

Supporting information

S1 Fig. Extended phylogenetic analysis of TRMS5 orthologues. (A) Circos plot of sequence
conservation of TRM5 orthologues in yeast (Sc), tomato (S), grape (Vv), Arabidopsis (At),
maize (Zm), rice (Os), Marchantia (Mp), Physcomitrella (Pp), Chlamydomonas (Cr),Ostreococ-
cus (Ot), humans (HsTrm5), Drosophila melanogaster (DmTrmS5), Pyrococcus horikoshii
(PhTYW?2), and Methanococcus jannaschii (MjTYW2). The ribbons were coloured based on
sequence identity, with blue < = 25%, green 25-50%, orange 51-75% and red for 76-99%. (B)
Unrooted phylogenetic tree of the same TRMS5 orthologues used to for sequence conservation
analysis.

(TIF)

S2 Fig. Bioinformatics characterization of TRM5 and related proteins. (A) Multiple
sequence alignment of TRMS5 proteins from Arabidopsis thaliana (At), yeast (ScTrm5),
humans (HsTrm5), Drosophila melanogaster (DmTrmS5), Pyrococcus horikoshii (PhTYW2),
and Methanococcus jannaschii (MjTYW2). Black shaded boxes are identical across all species.
Light shaded boxes are similar and nearly conserved residues. Asterisk indicates catalytic
important amino acids. The predicted 29 aa importin o-dependent NLS is boxed in red. (B)
Multiple sequence alignment of yeast Trm5p, Arabidopsis TRM5 (At3g56120) and the two
closest related proteins from Arabidopsis. Black shaded boxes are conserved in at least 2
sequences. Met 10+ like domain and S-adenosyl Methyltransferase Motif (SAM) are detected
in Arabidopsis TRM5 using NCBI Conserved Domains Search (https://www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). The position of importin a-dependent NLS is also indicated.

(TIF)

$3 Fig. Characterisation of growth and development in wild type, trm5 mutant, comple-
mented and overexpression lines. (A) Seeds (n = 100) of wild type and trm5-1 were sown on
¥ MS plates, stratified at 4 °C and then grown at 21 °C under long day conditions for 32
hours. Germination was measured at 8, 16, 24 and 32 hours after shifting to 21 °C. (B) Sections
of the shoot apical meristems of wild type and trm5-1 plants grown under long days for 14, 18
and 22 days. (C) The average fresh plant weight of long day grown plants. (D) The average
rosette leaf number at flowering; (E) The average days to flowering under long days. (F) The
rosette leaf number under short days. Data presented are means. Error bars are + SE (n = 16).
NF = did not flower. An asterisk indicates a statistical difference (P<0.05) as determined by
Student’s t-test.

(TIF)

$4 Fig. Root phenotypic analysis of seedlings. Seedlings of wild type, trm5, complemented
lines (35S:TRMS5 trm5-1), TRM5 overexpression lines (355:TRMS5) were vertically grown on %
MS medium for 10 days and then measured. (A) Total root length, (B) Primary root, (PR)
length, (C) average lateral root (LR) length and (D) LR number were measured 10 days after
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germination. Data presented are means. Error bars are + SE (n = 10 plants).
(TIF)

S5 Fig. RNA-seq and proteomic analysis of wild type and trm5-1. (A) RNA was purified
from 10-day-old seedlings of wild type (wt) and trm5-1 (n = 3). RNA-seq analysis was per-
formed and differentially abundant transcripts were hierarchically clustered. (B) An upset plot
showing positive overlapping mRNAs and proteins identified by RNA-seq and proteomics
analysis. (C) Codon bias analysis of codons in the up and down regulated proteins identified
by proteomics analysis.

(TIF)

S1 Table. Oligonucleotide primers used in this study.
(DOCX)

S2 Table. Differentially expressed genes identified by RNA-seq analysis of wild type and
trm5-1.
(XLSX)

$3 Table. Differentially abundant proteins identified by LC-MS/MS analysis of wild type
and trm5-1.
(XLSX)
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Abstract

RNA has coevolved with numerous posttranscriptional modifications to sculpt interactions with proteins
and other molecules. One of these modifications is 5-methylcytosine (m®C) and mapping the position and
quantifying the level in different types of cellular RNAs and tissues is an important objective in the field of
epitranscriptomics. Both in plants and animals bisulfite conversion has long been the gold standard for
detection of m®C in DNA but it can also be applied to RNA. Here, we detail methods for highly
reproducible bisulfite treatment of RNA, efficient locus-specific PCR amplification, detection of candidate
sites by sequencing on the Illumina MiSeq platform, and bioinformatic calling of non-converted sites.

Key words Bisulfite conversion, Epitranscriptome, Fluidigm Access Array, Illumina, Next-generation
sequencing, 5-Methylcytosine

1 Introduction

Cellular RNAs can be modified, or decorated, with more than
120 chemically and structurally distinct nucleoside modifications
[1]. The emerging field of epitranscriptomics [2] has been enabled
by the development of high-throughput mapping methods for
RNA modifications, typically based on second-generation sequenc-
ing. Transcriptome-wide positions of N1-methyladenosine (m'A,
[3-5]), N6-methyladenosine (m°A, [6, 7]), 5-methylcytosine
(m*C, [8]), and pseudouridine [9] have each been reported in
this way. To detect m*C in RNA, a range of methods have been
developed, including the indirect (aza-IP [10], miCLIP [11])
immunoprecipitation of methylated RNA or direct methods
(meRIP, [7]). Of particular interest here, the bisulfite conversion
approach previously used for DNA has been adapted to RNA
[12, 13]. Bisulfite conversion of nucleic acids takes advantage of
the differential chemical reactivity of m°C compared to

Mary McMahon (ed.), RNA Modifications: Methods and Protocols , Methods in Molecular Biology, vol. 2298,
https://doi.org/10.1007/978-1-0716-1374-0_9, © Springer Science+Business Media, LLC, part of Springer Nature 2021
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Fig. 1 Protocol overview showing the workflow for either parallel or single amplicon amplification for effective
detection of m°C. (a) Parallel amplification and sequencing of up to 2304 amplicons across 48 tissues and
48 primer pairs. Forty-eight different tissues can be selected, total RNA isolated and purified, spiked with
MGFP in vitro-transcribed control RNA and bisulfite converted. Bisulfite-converted RNA is reverse transcribed
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unmethylated cytosines; unmethylated cytosines are deaminated to
uracil while m®C remains as a cytosine.

The RNA bisulfite conversion method has been applied to
animals and plants [8, 14] using second-generation sequencing,
for example Illumina, based transcriptome-wide readout and has
mapped thousands of novel candidate m>C sites in a diverse array of
RNAs, including mRNAs and long noncoding RNAs (IncRNAs).
Here, we detail protocols for RNA bisulfite conversion, locus-
specific PCR amplification of up to 2304 amplicons, and bioinfor-
matics calling of converted or non-converted sites. Sequencing of
PCR amplicons is conveniently done on the Illumina MiSeq, as this
affords multiplexing of multiple distinct amplicons while still
achieving ample read depth for estimating the proportion of m*C
at targeted positions. For instance, each of the 96 Fluidigm indexed
adapters could be assigned to a separate RNA derived from differ-
ent tissues, and 96 multiple PCR amplicons per sample could be
included in the sequencing pool, potentially generating thousands
of independent quantitative measurements of the m°C levels in a
single MiSeq run (Fig. 1).

2 Materials

Prepare all solutions using RNase-free and DNase-free H,O and
analytical grade reagents. Store and prepare all reagents at room
temperature unless indicated otherwise. Prepare and perform bisul-
fite conversion, cDNA synthesis, and PCR amplification experi-
ments in an RNase-free area. Follow all state or national safety
and waste disposal regulations when performing experiments.

2.1 Total RNA 1. TRIzol™ reagent.
Extraction and In Vitro 2. Chloroform.
Tanecripion 3. Isopropanol.
4. 75% Ethanol.
5. Ultrapure™ H,0.
6. Monster Green™ Fluorescent protein phMGFP vector.

Fig. 1 (continued) (RT) to cDNA using gene-specific RT primers that include the positive control MAGS
(AT5G47480) and negative control MGFP. Target regions are PCR amplified using a Fluidigm Access Array
Integrated Fluidic Circuit (IFC); up to 2304 amplicons are harvested and eluted pools are quantified. Equal
concentrations of the pools are combined into a final pool, purified using AMPure beads, accurately quantified,
PhiX control library spiked-in, and subjected to sequencing on the lllumina MiSeq platform. (b) Single amplicon
amplification and sequencing. A single tissue is selected, RNA isolated and purified in triplicate, spiked with
MGFP in vitro-transcribed control RNA and bisulfite converted. Bisulfite conversion and cDNA synthesis are the
same as outlined above except a specific target RT primer is used. The target amplicon is PCR amplified,
triplicate amplicons are pooled, size and concentration are assessed on a Shimadzu MultiNA, and amplicons
are pooled at equal concentration. Pooled amplicons are purified, PhiX control library spiked-in, and subjected
to sequencing on the lllumina MiSeq platform
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2.2 Sodium Bisulfite
Conversion

2.3 cDNA Synthesis

7. Xbal restriction enzyme.

o]

. HiScribe™ T7 In Vitro Transcription Kit.

9. TURBO™ DNase.

10.
11.
12.
13.
14.
15.
16.

1.

0N O Ul W

S5

Phase Lock Gel ™ QuantBio (2.0 mL).
UltraPure ™ Phenol:Water (3.75:1 v/v).
100% Ethanol.

3 M sodium acetate, pH 5.2.

5 mg/mL Glycogen.

Agilent RNA 6000 Nano Kit.

Biological tissue samples (animal or plant).

Sodium bisulfite solution: 40% (w/v) Sodium metabisulfite,
0.6 mM hydroquinone, final pH 5.1.

To prepare the sodium bisulfite solution, prepare the
following:

0.6 M Hydroquinone: Weigh 66 mg hydroquinone and
placeinto a 1.5 mL tube. Add H,O to 1 mL and cover in foil to
protect from light. Place in an orbital shaker to dissolve.

40% (w/v) Sodium bisulfite: Dissolve 4 g sodium metabi-
sulfite in 10 mL H>O in a 50 mL falcon tube and vortex until it
completely dissolves.

Add 10pL 0.6 M hydroquinone to the 40% sodium bisul-
fite solution, vortex, and adjust pH to 5.1 with 10 M NaOH.
Filter the solution through a 0.2pum filter. Cover in foil to
protect from light (se¢ Note 1).

. 1 M Tris—HCI, pH 9.0.

. Micro Bio-Spin ™ P-6 Gel Columns.
. Mineral oil.

. 75% Ethanol.

. 100% Ethanol.

. 3 M sodium acetate, pH 5.2.

. 5 mg/mL Glycogen.

. SuperScript ™ IIT Reverse Transcriptase.
. 10 mM Mixed dNTDs.
. Single-target priming: 20pM Gene-specific oligo for each

amplicon. Here is an example of a positive control (MAG5)
and a negative control (mGFP) (all C should be converted to
U) primer sequence:

MAGS5: CACACACACCCATACATCCAC.

mGFP: AACAAAAAAATTAACCCCATC

. Pool target priming: Up to 48 primers at 20pM ecach. Design

for target genes of interest.
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Amplification

2.5 MultiNA
Microelectrophoresis
System

2.6 PCR Amplicon

1.
. First PCR primers: Examples of positive control (MAGS5) and

o 00 N O Ul W
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KAPA HiFi DNA polymerase.

negative control (mGFP) first round primer primers are shown

(underlined sequence = tag, BC = 8 nt barcode):

MAGS F: ACACTGACGACATGGTTCTACAGGTAAAGGT
AAAATTGGGTAATGAG.

MAGS R:

TACGGTAGCAGAGACTTGGTCT-[BC]-AGACCAAGTCT

CTGCTACCGTA.

mGFP F: ACACTGACGACATGGTTCTACAGAGGGTGAT
GGGAAAGGTAAG.

mGFP R: TACGGTAGCAGAGACTTGGTCTCAATCATCC
ACACCCTTCATC

. Second PCR primers (underlined sequence = tag, BC = 8 nt

barcode):

P5_CS1_F: AATGATACGGCGACCACCGAGATCTACACT
GACGACATGGTTCTACA P7_BC_CS2_R:

CAAGCAGAAGACGGCATACGAGAT -[BCJ-TACGGTAG-
CAGAGACTTGGTCT

. 10 mM Mixed dNTDs.

. Fluidigm Access Array Integrated Fluidic Circuit (IFC) 48.48.
. FastStart ™ High Fidelity PCR System, dNTPack.

. 20x Access Array Loading Reagent.

. 1 x Access Array Harvest Solution.

. 1x Access Array Hydration Reagent v2.

. Access Array Barcode primers for Illumina Sequencers-384:

Single Direction.

. DNA-500 Kit (Shimadzu Corporation).

1. Agencourt AMPure XP beads.

P ”’iﬁ"aﬁ"’_'_ ] 2. Qubit ™ dsDNA Broad Range Assay Kit.

i (uantioaton 3. KAPA Library Quantification Kit (Universal).

2.7 Library 1. 0.2 M NaOH.

Sequencing 2. Illumina MiSeq Reagent Kit v3 (150 or 600 cycles) (see
Components Note 2).

3 Methods

Carry out all procedures described below at room temperature
unless otherwise stated.
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3.1 RNA Extraction,
Purification,
and DNase Treatment

3.2 Generation

of the MGFP In Vitro
Transcript Spike-in
Control

3.3 Bisulfite
Conversion of RNA

Total RNA is extracted and purified directly from tissue with 1 mL
of TRIzol™ as per the manufacturer’s protocol. RNA is then
treated with TURBO™ DNase as per the manufacturer’s protocol.
Assess the integrity of the RNA by using a RNA 6000 Nano Chip
on the Agilent 2100 Bioanalyzer according to the manufacturer’s
protocol.

1.

10.

11.
12.

13.

Lincarize the phMGFP vector by using the restriction enzyme
Xbal and purify the linearized DNA vector according to the
HiScribe T7 In Vitro Transcription Kit protocol.

. Perform in vitro transcription according to the HiScribe T7 In

Vitro Transcription Kit protocol by using lpg of linearized
DNA. An incubation period of 4 h at 37 °C with the kit
components is sufficient.

. Add 2 U TURBO™ DNase and incubate at 37 °C for 30 min.

. Transfer the reaction to a Phase Lock Gel™ tube and make the

volume of the reaction up to 100pL with ultrapure H,O.

. Add an equal volume of phenol:water and chloroform, shake

vigorously for 15 s, and centrifuge at 15,000 x g for 5 min.

. Add the same volume of chloroform as in step 5 to the tube,

shake vigorously for 15 s, and centrifuge at 15,000 x g for
5 min again.

. Transfer the aqueous phase to a clean 1.5 mL tube. Add 1/10

volume 3 M sodium acetate, 3 volumes of 100% ethanol, and
1pL glycogen; vortex; and precipitate the RNA overnight at
—80 °C.

. Centrifuge RNA at 17,000 x gat 4 °C for 60 min and carefully

remove the supernatant.

. Add 1 mL 75% ecthanol to the RNA, invert five times, and

centrifuge at 7500 x g at 4 °C for 10 min (see Note 3).
Carefully remove the supernatant and let the pellet air-dry for
approximately 15 min (sez Note 4).

Resuspend the RNA in 25pL of ultrapure H,O.

Optional step: Treat 5pg of in vitro-transcribed MGFP tran-
script with 2 U TURBO™ DNase according to the manufac-
turer’s protocol at 37 °C for 30 min.

Assess the integrity and size of the MGFP in vitro transcripts by
using an RNA 6000 Nano Chip on the Agilent 2100 Bioana-
lyzer according to the manufacturer’s protocol (see Note 5).

. Add 1,/2000 of the MGFP RNA transcript to 2pg DNase-

treated purified total RNA. Increase the volume of the RNA
sample to 20pL with ultrapure H,O.

. Denature RNA by heating to 75 °C for 5 min in a heat block.
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. Preheat the sodium bisulfite solution to 75 °C, add 100pL to

the RNA, vortex thoroughly, and briefly spin in a microcentri-
fuge (13,000 x gfor 1 min).

. Overlay the reaction mixture with 100pL of mineral oil. Cover

the tube in aluminum foil to protect the reaction mixture from

light (sec Note 6).

. Incubate at 75 °C for 4 h in a heat block.

6. About 15 min before the bisulfite conversion reaction is com-

plete, prepare two Micro Bio-Spin Columns for each conver-
sion reaction by allowing the Tris solution in the column to
drain into a collection tube. Discard the Tris flow-through,
place the column back into the collection tube, and centrifuge
at 1000 x g for 2 min. Transfer cach column to a clean 1.5 mL
tube (see Note 7).

. Remove the bisulfite reaction mixture from the heat block and

gently transfer the aqueous layer (that is under the mineral oil)
containing the sodium bisulfite/RNA mixture to the Micro
Bio-Spin column (see Note 8).

. Centrifuge at 1000 x g for 4 min.

9. Carefully transfer the cluate into the second Micro Bio-Spin

10.

11.

12.
13.

14.

column placed in a 1.5 mL tube and repeat step 8.

Preheat the temperature of the heat block to 75 °C in prepara-
tion for step 12.

Add an equal volume of 1 M Tris—-HCI pH 9.0 to the second
cluate, vortex, spin briefly, and then overlay with 175uL of
mineral oil. Cover the tube in aluminum foil to protect the
reaction mixture from light.

Incubate at 75 °C for 1 h in the heat block.

Transfer the bottom aqueous layer containing the RNA to a
clean 1.5 mL tube.

Precipitate the bisulfite-treated RNA by following steps 7-11
in Subheading 3.2 and resuspend the bisulfite-converted RNA
in H,O (see Note 9).

. For efficient parallel amplification of 48 target amplicons on the

Fluidigm Access Array, use targeted cDNA synthesis to reduce
the amplification of spurious amplicons. Targeted cDNA syn-
thesis is achieved by designing reverse transcriptase
(RT) primers 30—40 nt 3’ of the cytosine(s) to be assayed. N.
B.: Design the RT primers such that they avoid areas of
bisulfite-converted cytosines as inefficient BS conversion may
result in unconverted cytosines and biasing of later amplifica-
tion. Sce Fig. 2.
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a MGFP (-m°C) negative control
RNA 5’ -CAUCACCAUGAUGAAGGGUG. . ............. GGCCACUACCGCUGCGACUUCAAG-3’
Bisulfite conversion
RNA 5’ -UAUUAUUAUGAUGAAGGGUG . . ... .vvvvnnn. GGUUAUUAUUGUUGUGAUUUUAAG-3’

Reverse transcription

DNA 5/ -ATAATAATACTACTTCCCAC. . ... ooennnnn. CCAATAATAACAACACTAAAATTC-3'

PCR amplification
Primers are designed such that
l they avoid converted cytosines

DNA 5’ -TATTATTATGATGAAGGGTG. . ....cvvvuun.. GGTTATTATTGTTGTGATTTTAAG-3’
b Mag5 (+m®°C) positive control
RNA 5’ -AGGCAAAACUGGGUAAUGAG ....... (ciTr— GAUGUCUCCAUCUAGUGGGAGCUG-3’

Bisulfite conversion

RNA 5’ -AGGUAAAAUUGGGUAAUGAG ....... (o JOmE— GAUGUUUUUAUUUAGUGGGAGUUG-3’

Reverse transcription

DNA 5 -TCCATTTTI_;ACCCATTAC'ITC ........ - TR CTACAAAAATAAATCACCCTCAAC-3’

PCR amplification
Primers are designed such that
they avoid converted cytosines

DNA 5/ -AGGTAAAATTGGGTAATGAG........ Corsraororas GATGTTTTTATTTAGTGGGAGTTG-3’

Fig. 2 Overview of bisulfite conversion of RNA, reverse transcription to cDNA, and PCR amplification. (a) In the
in vitro-transcribed MGFP sequence, unmodified cytosines (underlined) are converted to uracil, reverse
transcribed (RT) by reverse transcriptase to cDNA, and then PCR amplified. RT and PCR primers are designed
to avoid stretches of converted cytosines to prevent preferential amplification of converted sequences which
may incorrectly indicate efficient bisulfite conversion. (b) In MAG5 control and other candidate sequences,
primers are designed to span areas containing converted cytosines to preferentially amplify converted
sequences. C3349 is methylated in Arabidopsis thaliana and serves as an over-conversion control. Flanking
cytosines are not methylated and should be completely converted. Primers are designed with a T, of
59-61 °C, preferably with a 3’ G nucleotide and to amplify PCR products of 170-200 bp
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cs1 GS
GS cs2
b
P5 CS1
vY-Cs2 __ _BC _  P7

Region of interest |

Library length

Fig. 3 Overview of first and second PCR amplification of target regions. (a) For the first PCR, the forward PCR
primer is designed with the gene-specific sequence (GS) and universal forward tag called Common Sequence,
CS1 (5'- TACGGTAGCAGAGACTTGGTCT -3'), and reverse PCR primer is designed with the gene-specific
sequence (GSS) and universal reverse tag called Common Sequence CS2 (5’-ACACTGACGACATGGTTCTACA
-3'). (b) For the second PCR, the forward primer is designed with the CS1 and lllumina P5 sequences and the
reverse primer contains the CS2, barcoding, and lllumina P7 sequences. The Fluidigm barcodes or indexes are

10 ntin length

3.5 cDNA Synthesis

2.

1.

Design primers for the first round of PCR amplification so that
small amplicons are 170-200 bp, to allow efficient amplifica-
tion (see Notes 10 and 11). As the G/C content in the tem-
plate is low, design long primers to ensure that a Ty, is in the
rage of 59-61 °C. Add the CS1 sequence (5'-TACGGTAGCA
GAGACTTGGTCT-3') to the forward primer gene-specific
sequence (GSS) and CS2 (5- ACACTGACGACATGGTTC
TACA-3") to the reverse primer GSS. For the second PCR
amplification, use the forward primer containing the comple-
mentary sequences to the P5 Illumina flow cell combined with
CS1 (P5_CS1) and the reverse primer containing the barcode,
and complementary sequences to the P7 Illumina flow cell
combined with CS2 (P7_BC_CS2) primer (se¢ Note 12). See
Fig. 3.

Mix 500 ng of bisulfite-converted RNA, 1pL of 1 mM dNTP
mix, and 2pL of 10x pooled primer mix and add ultrapure
H,O to a final volume of 13pL. Incubate the mix at 65 °C for
5 min to denature the RNA.

. Reverse transcribe the bisulfite-converted RNA using Super-

Script™ III Reverse Transcriptase according to the manufac-
turer’s protocol. Add either pooled 48 RT primers for parallel
Access Array amplification or random hexamers for single-PCR
amplicons.
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3.6 Individual PCR
Amplification,
Quantification,

and Pooling

10.

11.

Suggested controls: Include RT minus controls for each
sample as the PCR primers are not necessarily designed to span
exon-exon junctions. In the controls, use 1pL of H,O instead
of reverse transcriptase.

. After the reaction is complete, dilute the cDNAs 1:10 in ultra-

pure H,O for PCR amplification.

. For a 10pL PCR, add 0.2pL of KAPA HiFi DNA Polymerase,

2uL of 5x HiFi Fidelity buffer (with MgCl,), 0.3pL of 10 mM
dNTPD, 0.4pL of 10pM forward primer (CS1_GSS), 0.4pL of
10pM reverse primer (CS2_GSS), 1pL of diluted ¢cDNA, and
H, O to a final volume of 10pL. Perform PCR for each ampli-
con in triplicate.

. Gently finger vortex, briefly centrifuge, and place into a pre-

heated thermal cycler.

. Perform a two-step thermal cycling PCR program. See Table 1

for more details.

. Pool the triplicates and perform an AMPure bead cleanup at a

ratio of 1.8:1 to remove unincorporated primers and primer
dimers. Repeat this step (se¢ Notes 13 and 14).

. Assess PCR amplicon size and concentration after separation

on a Shimadzu Microchip Electrophoresis System MCE®-202
MultiNA.

. Normalize the concentration of each amplicon in the experi-

ment by dilution with H,O to a concentration in the range of
0.5-5 ng/pL.

. Perform the barcoding and Illumina adapter addition PCR. In

a 10pL PCR, add 0.2pL of KAPA HiFi DNA Polymerase, 2pL
of 5x HiFi Fidelity buffer (with MgCl), 0.3uL of 10 mM
dNTP, 1pL of 10pM forward primer (P5_CSI), 1pL of
10pM reverse primer (P7_CS2), 2pL of diluted PCR amplicon,
and H>O to a final volume of 10puL.

. Gently finger vortex, briefly centrifuge, and place into a pre-

heated thermal cycler.

. Perform a two-step thermal cycling PCR program. See Table 2

for more details.
Assess PCR amplicon size and concentration after separation

on a Shimadzu Microchip Electrophoresis System MCE®-202
MultiNA.

Pool the amplicons in equimolar concentration and purify
them using AMPure beads according to the manufacturer’s
protocol. Use a ratio of beads to pooled amplicons of 0.9:1
to ensure binding of amplicons and not primer dimers or
unincorporated primers.
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Two-step thermal cycling conditions for the amplification of individual amplicons

Stage Temperature (°C) Time (s)
Initial denaturation 98 15
Step I (x10 cycles)
Denaturation OF 10
Annealing 60 30
Extension 72 15
Step II (%20 cycles)
Denaturation 94 10
Annealing 55 30
Extension 72 15
Final extension 72 60
Hold 4 Forever
Table 2
One-step thermal cycling conditions for the addition of barcodes and lllumina adapters
Stage Temperature (°C) Time (s)
Initial denaturation 98 15
One step (x12 cycles)
Denaturation 94 10
Annealing 63 30
Extension 72 30
Final extension 72 120
Hold 4 Forever

3.7 Parallel PCR
Amplification Using
a Fluidigm Access
Array Integrated
Fluidic Circuit (IFC)

12.

First estimate the DNA concentration using a Qubit dsDNA
Broad Range Assay Kit according to the manufacturer’s proto-
col. Then accurately assess the DNA concentration by using
KAPA Library Quantification Kit for Illumina® Platforms. Per-
form serial dilution of the pooled amplicons such that they fall
into the dynamic range of the assay of 5.5-0.000055 pg/uL.

. Prime the Access Array according to the manufacturer’s

protocol.

. Pre-warm the 20x Access Array loading reagent to room tem-

perature before use. Prepare the pooled 48-oligonucleotide
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10.

11

12.

13.

14.

15.

primer mix by mixing 2.0pL of 50pM CS1-GS forward, 2.0pL
of 50pM CS1-GS reverse, 5.0pL of 20 x Access Array loading
reagent, and 91pL of H,O to a final volume of 100pL.

. Finger vortex the mix and centrifuge to spin the contents to the

bottom of the tube.

. Prepare the sample premix solution by mixing 30pL 10x Fas-

tStart High Fidelity Reaction Buffer (without MgCl,), 54uL
25 mM MgCl,, 15pL DMSO, 6.0pL 10 mM dNTP mix, 3.0pL
FastStart High Fidelity Enzyme Blend, 15.0pL 20x Access
Array Loading Reagent, and 57pL H,O.

. Finger vortex the mix and centrifuge to spin the contents to the

bottom of the tube.

. Prepare the sample mix solutions, 48 in total, in a 96-well plate.

Mix 3.0pL sample premix, 1.0pL ¢cDNA, and 1.0pL Access
Array Barcode library primers.

. Thoroughly vortex the solutions for at least 30 s and then

centrifuge to spin down the contents to the bottom of the
plate. N.B.: Each well should receive a uniquely barcoded
primer pair.

. Load 4.0pL of the primer solution and 4.0pL of the sample mix

solution into the primer and sample inlets of the Access Array
by using an 8-channel pipette.

. Load the Access Array into the Pre-PCR IFC Controller AX

according to the manufacturer’s protocol.

Place the Access Array onto the FC1 Cycler and start thermal
cycling by selecting the protocol AA 48 x 48 Standard v1. The
thermal cycling conditions are presented in Table 3.

. To harvest the PCR products from the Access Array follow the

manufacturer’s protocol. Once the final step is completed, eject
the Access Array.

Collect the harvested PCR products into a labeled PCR
96-well plate. Carefully transfer 10pL of harvested PCR pro-
ducts from each of the sample inlets into columns 1-6 of the
labeled 96-well plate by using an 8-channel pipette.

Assess PCR amplicon size and concentration after separation

on a Shimadzu Microchip Electrophoresis System MCE™-202
MultiNA.

Pool the amplicons in equimolar concentration and purify
them using AMPure beads according to the manufacturer’s
protocol. Use a ratio of beads to pooled amplicons of 0.9:1
to ensure binding of amplicons and not primer dimers or
unincorporated primers (scc Note 14).

First estimate the DNA concentration using a Qubit dsDNA
Broad Range Assay Kit according to the manufacturer’s
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Multistep thermal cycling conditions for the Access Array

Temperature (°C) Time (s) Number of cycles
50 120 1
70 1200 1
95 600 1
95 15 10
60 30
72 60
95 15 2
80 30
60 30
72 60
95 15 8
60 30
72 60
95 15 2
80 30
60 30
72 60
95 15 8
60 30
72 60
95 15 5
80 30
60 30
72 60
protocol. Then accurately assess the DNA concentration by
using KAPA Library Quantification Kit for Ilumina® Plat-
forms. Perform serial dilution of the pooled amplicons such
that they fall into the dynamic range of the assay of
5.5-0.000055 pg/pL.
3.8 MiSeq . Prepare the sample sheet using the Illumina Experiment Man-
Sequencing ager by following the manufacturer’s protocol (see Note 15).

. Dilute the library to 10 nM in EBT buffer based on the con-

centrations determined by the qPCR. From this point, keep the
libraries on ice.

. Dilute the PhiX control library to 2 nM by adding 8uLL EBT

buffer to 2pL of the 10 nM PhiX control library (see Note 16).

. Denature the pooled libraries and PhiX control library sepa-

rately by adding 10pL of 0.2 M NaOH to 10pL of the 2 nM
libraries (se¢e Note 17).
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3.9 Bioinformatics
Analysis of Data

10.

. Vortex thoroughly to mix and centrifuge at 1000 x g for 30 s.

Incubate at room temperature for 5 min.

. Dilute the denatured pooled libraries and PhiX control library

separately to 20 pM by adding 980uL pre-chilled HT1 to 20pL

denatured libraries.

. Dilute the 20 pM pooled libraries and PhiX control library

separately to 10 pM by adding 500pL pre-chilled HT1 to
500puL 20 pM libraries.

. Combine 100pL of the 10 pM PhiX control library with 900pL

of the 10 pM pooled libraries and vortex to mix (see Note 18).

. Load 600pL of the final sample into the cartridge. Ensure that

air bubbles are removed by gently tapping the cartridge.
Perform the sequencing run according to the manufacturer’s
protocol.

. To trim the Illumina adaptor sequences that were incorporated

into the amplicons to permit sequencing of the 150 bp paired-
end reads, use Trimmomatic in palindromic mode [15].

. Sequencing reads can be aligned with meRanTK by using

Bowtic2 internally [16]. Assemble reference sequences for the
alignment by using the segments of RNA interrogated by
sequencing prior to bisulfite conversion.

. Extract the methylation state of individual cytosines from

bisulfite-read alignments by using meRanCall. The number of
reads can be extracted from the aligned sequencing reads in
order to determine read coverage at a given cytosine.

. To call differentially methylated cytosines use meRanCompare.

The number of reads can be extracted from the aligned
sequencing reads in order to determine read coverage at a
given cytosine (Fig. 4).

4 Notes

. Slowly add 10 M NaOH dropwise to the sodium bisulfite

solution while mixing. Slightly less than 1 mL is required to
adjust the pH to 5.1.

. The MiSeq Reagent Kit v3 (150- or 600-cycle) provides

1 x 150 bp or the 600-cycle kit allows combinations of cycles
that add to 600, for example 200 and 400 cycles.

. Do not machine or finger vortex the RNA as this will increase

the risk of RNA loss.

. Air-drying the samples in a sterile laminar flow hood is recom-

mended. Do not allow the RNA to completely dry as this will
cause difficulties in resuspending the RNA.
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Fig. 4 Representative analysis of an lllumina MiSeq amplicon sequencing of negative and positive controls. (a)
A region of the MGFP spiked-in in vitro control transcript showing even coverage and all cytosines are
converted (no methylation). The y-axis shows the read depth and the x-axis shows the cytosines (numbers) in
the sequenced region. (b) A region of the Mag5 gene that shows converted and non-converted cytosine,
C3349. Cytosines flanking C339 are completely converted, demonstrating that bisulfite conversion was very
efficient. The heatmaps display the cytosine non-conversion percentage

5. As the in vitro MGFP transcript will most likely be at a high
concentration, it is good practice to perform a serial dilution in
H, O such that the estimated concentrations are in the range of
5-50 ng/pL. Prepare and run three dilutions on the RNA
Nano chip.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

. Tilt the 1.5 mL tube at a 45° angle and then slowly pipette the

mineral oil directly on top of the RNA-bisulfite reaction
mixture.

. Emptying of the Micro Bio-Spin gel column takes about 2 min.

If the gel column does not empty by gravity, place the lid back
onto the column and remove again.

. Gently pipette the reaction mixture onto the gel bed and avoid

disturbing the gel bed. Minimize the transfer of mineral oil to
the column although there will be traces which is unavoidable.

. About 25% of the RNA is lost during the procedure, and we

find that 10pL of H,O/2pg RNA used in the bisulfite conver-
sion reaction results in concentrations of ~150 ng/pL.

Bisulfite treatment of the RNA causes significant shearing and
we have observed that shorter amplicons are preferentially
amplified over longer amplicons.

Longer PCR amplicons increase the tendency of detecting
non-converted cytosines in RNA exhibiting strong secondary
structure.

Inefficient bisulfite conversion may result in unconverted cyto-
sines, so it is important to ensure that the PCR primers are not
biasing the amplification toward converted cytosines.

Occasionally, not all triplicates successfully amplify and it may
be necessary to optimize the PCR.

We clute the purified PCR products in 10-30pL depending on
the amount of amplified PCR products.

After purification of the amplicons, residual ethanol may
remain in the purified amplicons. We find that concentrating
down the pooled amplicons even if there is <55pL and adding
H,O to 55pL are best to remove as much ethanol as possible.
The sample sheet is required to insert the sample names and
adapter indices used for each sample. We have selected the
“Other” as the category followed by “Fastq only.” This option
generates FASTQ files only and also enables the deselection of
downstream processing steps like adapter trimming, allowing
trimming and mapping to be performed separately.

The prepared PhiX library is added to the pooled amplicon
libraries as an internal control for the MiSeq sequencing run.

It is best to prepare fresh 0.2 M NaOH for the denaturation of
libraries.

Loading 10% PhiX control library is sufficient for low-diversity
libraries. We have previously loaded between 7 and 10 pM.
Underloading of the libraries can give cluster densities below
the optimal range and overloading of the libraries can give
cluster densities above the optimal range, reducing the quality
of the data. The optimal cluster density is 700-1000 K/mm?.
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