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Abstract:  

Polyamines are often associated with ribosomes and thought to stabilize their integrity. In 

Arabidopsis, the polyamine thermospermine affects xylem cell fate. Thermospermine induces 15 

translation of SUPPRESSOR-OF-ACAULIS51 (SAC51) and SAC51-LIKEs (SACLs), which 

inhibit heterodimerization of xylem development proteins, LONESOME-HIGHWAY (LHW) and 

TARGET-OF-MONOPTEROS5. Here, we report a methyltransferase, OVERACHIEVER, that 

methylates the peptidyl transferase center of the 25S rRNA. Residue m3U2952 promotes functional 

thermospermine binding to a specific site connecting the P-site tRNA with rRNA residues in the 20 

peptidyl transferase center. This interaction enhances translation of SACLs but inhibits that of 

LHW. Our study uncovers the dependency between a conserved rRNA base methylation and a 

polyamine in orchestrating cell fate decisions, highlighting a role for the ribosome chemical 

landscape in translational regulation. 

 25 

 

Main Text  

 

Introduction 

The intricate chemical landscape of the ribosome has been brought into focus at a 30 

structurally high resolution (1–8). Typically, rRNA modifications such as pseudouridylation, 2’-

O-ribose methylation and various base modifications exhibit heterogeneity and dynamic behavior, 

suggesting that these alterations have specific, context-dependent roles (9). Another critical factor 

shaping the chemical landscape of ribosomes is the presence of ribosome-associated small 
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molecules. Antibiotics, amino acids, and sucrose bind to the peptidyl transferase center or nascent 

polypeptide exit tunnel and regulate translation of specific mRNAs by interacting with their 

nascent peptides (10–12). Up to 15% of cellular polyamines such as spermidine, cadaverine or 

putrescine, are associated with ribosomes, from humans to bacteria (13–18), mediated at least in 

part via binding to the rRNA (19). However, no specific cellular functions have yet been attributed 5 

to ribosome-bound polyamines despite their roles in diverse biological processes, including the 

regulation of cell proliferation, differentiation, autophagy, and aging (20, 21).  

  

OVAC writes m3U2952 in the 25S rRNA  

In an ethyl methanesulfonate screen for factors involved in vascular development in 10 

Arabidopsis thaliana (fig. S1 and supplementary text), we isolated the overachiever (ovac-1) 

mutant. ovac-1 carries a nonsense mutation in the gene At5g19300 and exhibits an increased 

number of secondary xylem vessels at the expense of procambial and parenchyma cells, starting 

from the onset of secondary development (6 days after sowing) throughout all subsequent stages 

examined (Fig. 1, A to D, Fig. 4A, fig. S22, A and B). The cause of the OVAC phenotype was 15 

confirmed by a second allele, the T-DNA insertion mutant ovac-2. ovac plants are stunted and 

more branched, but they show no other obvious morphological differences (Fig. 1E).  

Homology modeling of the OVAC protein sequence suggested that it is structurally 

homologous to the bacterial rRNA m3U methyltransferase yggj_haein (Protein Data Bank ID, 

1nxz), a member of the SPOUT superfamily of methyltransferases (22, 23). Therefore, we 20 

investigated whether OVAC is involved in rRNA m3U modification in Arabidopsis. The OVAC 

protein localizes to the nucleus in root tips and leaves, preferentially in the nucleolus (fig. S2, A 

and B), consistent with proteomics analysis of Arabidopsis cell culture (24) and suggesting that 

OVAC may target rRNA. To test this, we designed an RNA-sequencing (RNA-seq)-based method 

to search primarily for m3U harboring residues in rRNA that would be absent in ovac. We 25 

identified U2952 in the peptidyl transferase center of 25S rRNA, which had a decreased read count 

only in wild type (fig. S2D). Based on RNA modification databases and publications (25–28), the 

equivalent rRNA site in human, fruit fly, tomato, tobacco and in the Archaea Haloarcula 

marismortui harbors an m3U residue (Data S1). Mass spectrometry analysis using MALDI MS 

and tandem MS of Arabidopsis 25S rRNA (Fig. 1, F and G, fig. S2, E and F), and primer extension 30 

mapping (fig. S3, A and B) confirmed that this uridine is indeed methylated (and thus protected 

from RNase A cleavage in wild type), although a small fraction of non-methylated fragments was 
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also detected in the wild-type total cellular RNA (Fig. 1, F and G, fig. S2, E and F, and Data S2). 

In ovac, there was no trace of m3U2952 (leaving the site sensitive to RNase A cleavage), while 

modifications to the neighboring residues were 100% complete and identical to wild type (Fig. 1, 

F and G, fig. S2E, S3B, and Data S2). The relative intensity of the m/z 1625.2 (RNase T1-digestion 

product harboring m3U2952) was approximately five times higher compared to the m/z 1611.2 5 

(U2952) (fig. S2, E and F), indicating that in wild type, the U2952 position is at least 80% 

methylated in various tissues (Fig. 1, F and G, fig. S2, E and F).  

Introducing point mutations that substitute the conserved residues R127 and T310 in the 

OVAC methyltransferase domain with alanine did not compromise its protein expression but 

abolished methyltransferase activity in Arabidopsis (fig. S4, A and B). Consequently, expression 10 

of the mutated OVAC (mOVAC) failed to rescue the vascular and shoot developmental defects 

observed in the ovac mutant (fig. S4, C to E). In vitro analyses (29, 30) identified the bacterially 

produced recombinant Arabidopsis OVAC protein and the methyl group donor S-adenosyl 

methionine (SAM) as the minimal components required for the methylation of the U2952 residue 

of a synthetic rRNA transcript (Fig. 1, H and I). Taking these data together, we conclude that 15 

OVAC is an rRNA methyltransferase responsible for the m3U2952 base modification specifically 

in the peptidyl transferase center of 25S rRNA in Arabidopsis.  

 

m3U2952 enhances bifunctional translational regulation by thermospermine  

Next, we addressed the role of m3U2952 in Arabidopsis. In eukaryotic ribosomes, the 25S 20 

or 28S rRNAs are central components of 60S subunits. The relatively healthy phenotype of the 

ovac mutant is distinct among the many growth-impaired or embryonic-lethal mutants for 

ribosomal functions (31–33) (Fig. 1E). Given that it is a mutation in a single-copy gene, we 

speculated that OVAC may have a specific regulatory role rather than a housekeeping function.  

To understand how OVAC-mediated rRNA methylation affects ribosome function, we 25 

analyzed translation efficiency by performing ribosome footprinting and transcriptome analyses 

on wild-type and ovac roots (34) (fig. S5 and Materials and Methods). Genome wide analysis of 

ribosomal occupancy on mRNA species revealed 99.84% of transcripts were translated in a similar 

way between wild type and ovac, indicating a similar overall translation efficiency between wild 

type and ovac (fig. S6A). Consistent with this, mass spectrometry analysis of polysome fraction 30 

identified only four proteins enriched in the ovac mutant relative to wild type, none of them 

ribosomal (Data S3), indicating that ovac does not have a major effect on the ribosomal protein 
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components. The ovac mutation impacted the translation of only a small subset of transcripts: 15 

nuclear genes were significantly translationally upregulated, while another 15 genes were 

downregulated in an edgeR analysis (fig S6, A to C, and Data S4). Among these 30 genes, we 

prioritized those with known functions in vessel formation to account for the xylem differentiation 

phenotype observed in ovac mutants (Fig. 1, C and D). Based on this criterion, we first focused on 5 

SACL3 (Fig. 2A, fig S6, B and C, and Data S4).  

SACL3 together with its paralogs SACL1, SACL2, and SAC51 (SACLs) inhibit vessel 

differentiation by competing with TARGET-OF-MONOPTEROS5 for interaction with LHW (35–

37). The plant-specific polyamine, thermospermine, generated by ACAULIS5 (ACL5) promotes 

translation of SACLs by alleviating repression from conserved upstream open reading frames 10 

(uORFs), but how thermospermine mediates this translational control remains elusive (36–40). 

Consequently, we conducted ribosome footprinting and transcriptome analysis with and without 

thermospermine treatment to explore the genome-wide translational effects of thermospermine and 

m3U2952 in Arabidopsis roots (fig. S6 and Data S4 to S7). In the wild type, 222 genes were 

significantly regulated at the translational level by thermospermine (fig. S6, B and D, and Data 15 

S5). Among these, we identified 6 uORF-containing transcripts whose translation efficiency was 

enhanced and 20 where it was inhibited in response to thermospermine in the wild type but not in 

ovac (Data S8). Among these genes, translation of SAC51, SACL2, and SACL3 was upregulated 

(fig. S6, B to F). We also observed that the translation of LHW was downregulated in the wild type 

by thermospermine (Fig. 2A, fig. S6, B to F, Data S5 and S8). We validated these expression 20 

profiles using reporter genes (supplementary text and Fig. 2, B to E, and fig. S7).  

We next carried out a detailed analysis of ribosome occupancy along the SAC51, SACL3, 

SACL2, and LHW mRNAs. This analysis suggested that the OVAC-dependent rRNA methylation 

is required for thermospermine-dependent release of ribosome stalling at the uORFs of SACLs and 

induction of ribosome stalling at the uORF of LHW, respectively (fig. S8, S9 and S10). The 25 

ribosome stalling uORFs are conserved within each group but not between the SACLs and LHW 

(fig. S11A). We further observed that the ovac mutant phenotypes can be rescued by genetic 

mutations in the SACL uORFs or in the genes encoding LHW or LARGE SUBUNIT RIBOSOMAL 

PROTEIN 4 (RPL4), which suppress acl5 mutant phenotypes (36, 41) (supplementary text and fig. 

S11, A to I). By swapping the uORFs between SAC51 and LHW 5’ leaders, we determined that 30 

the uORFs were sufficient for the positive or negative effect conferred by the bifunctional 

thermospermine (fig. S12). Taken together, we conclude that thermospermine requires the OVAC-
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mediated m3U2952 modification to exert its bifunctional uORF-dependent translational regulation 

– promoting SACLs translation while inhibiting that of LHW. 

 

Thermospermine connects P-site tRNA with rRNA residues in the peptidyl transferase center  

  We hypothesized that residue m3U2952 might directly interact with thermospermine on the 5 

ribosome to modulate translation. We purified actively translating ribosomes (Materials and 

Methods) and determined their structure using cryo-electron microscopy (cryo-EM). By high-

resolution visualization of ribosomes (8), we first generated a 1.82 Å map of the wild-type 

Arabidopsis 80S ribosome carrying a bound P-site tRNA in the absence of thermospermine 

supplementation (tSpm-) (fig. S13A and Data S9). Although we could readily model water 10 

molecules and ions, we identified only a single thermospermine molecule, more than 50 Å from 

m3U2952 (fig. S14, A and D).  

We next generated a 2.2 Å map of purified wild-type Arabidopsis 80S ribosomes pre-

incubated with 100 µM thermospermine (tSpm+) for 10 min at 25 °C prior to cryo-EM grid 

preparation (Fig. 3, A and B, and fig. S13B), identifying 26 additional putative thermospermine 15 

binding sites compared to the tSpm- particles, 20 in the 60S subunit and 6 in the 40S subunit body 

(fig. S14A). The thermospermine molecules were all stabilized by electrostatic and hydrogen 

bonding interactions with the rRNA, mostly involving phosphate groups and water (fig. S14, B to 

D). We identified one thermospermine molecule in the peptidyl transferase center, in a groove 

between the entrance to the nascent polypeptide exit tunnel and the CCA-end of the P-site tRNA 20 

(Fig. 3, C and D and fig. S14A-molecule ‘*’). Like the thermospermine molecules identified 

elsewhere in the ribosome, this thermospermine molecule replaced water molecules observed in 

the tSpm- particles (fig. S15A) and made electrostatic interactions with the phosphate groups of 

rRNA residues C2403, C2404, A2807, U2953 (which is directly linked to m3U2952) and A2969 

(Fig. 3, C and D). To the best of our knowledge, this binding site has not been reported for any 25 

ligand other than water molecules. Thermospermine binding therefore bridges the P-site tRNA 

with the OVAC substrate m3U2952 in the peptidyl transferase center by interacting with the 

phosphate groups of residues C75 and A76 at the CCA-end of the bound P-site tRNA (Fig. 3, C 

and D).  

 30 

m3U2952 promotes functional binding of thermospermine to ribosome 
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We resolved the structure of 80S ribosomes purified from ovac mutant plants (+/- tSpm) at 

a resolution of 2.2 Å (fig. S13, C and D). Compared to wild-type tSpm+ ribosomes, all the 

thermospermine molecules in the ovac mutant tSpm+ particles were bound in an identical manner, 

apart from the thermospermine located in the peptidyl transferase center which adopted a distinct 

binding mode in which the interaction between the primary amine of thermospermine and the 5 

phosphate group of residue m3U2952 was disrupted (Fig. 3, E to H). The signal for thermospermine 

in this map was also less clearly defined, likely due to the altered hydrogen-bonding network with 

the net loss of two hydrogen bonds. Overall, this suggests that thermospermine binds more weakly 

to ovac ribosomes compared to wild-type ribosomes.  

We identified additional structural differences in the peptidyl transferase center of wild-10 

type compared to ovac mutant ribosomes (both tSpm+ and tSpm-). In the ovac ribosomes, a 

hydrogen bond was established between the N3 atom of residue U2952 and a potassium ion-

coordinated water molecule, altering the position of the base of U2952 due to the loss of its 3’-

methyl modification with an associated rotation of the base of U2953 at the entrance to the 

polypeptide exit tunnel (fig. S15, B and C). In addition, the conformation of the phosphate group 15 

linking C75 to the ribose moiety of A76 in the P-site tRNA differed between wild-type and ovac 

mutant ribosomes (fig. S15D). These structural data indicate that the OVAC-dependent U2952 

base methylation functionalizes thermospermine binding. To estimate the dependence of 

thermospermine binding efficiency on m3U2952, we determined the half maximal effective 

concentration (EC50) for SAC51 translation (fig. S16), and the half maximal inhibitory 20 

concentration (IC50) for LHW translation and vessel differentiation (fig. S17). The ovac mutant 

exhibited a 16.5-fold increase in the EC50 for SAC51 translation (fig. S16C), a 12.5-fold increase 

in the IC50 for LHW translation and a 16.8-fold increase in the IC50 for vessel differentiation (fig. 

S17, C and D). The data further indicate that the cooperative interaction between thermospermine 

and OVAC-dependent methylation in regulating SACL and LHW mRNA translation is mediated 25 

by a direct molecular interaction between thermospermine and the methylated base m3U2952 in 

the peptidyl transferase center. 

 

Thermospermine binding to the methylated ribosome switches cell fates  

To understand the impact of context-dependent modulation of thermospermine binding to 30 

ribosomes on xylem development, we first analyzed endogenous levels of thermospermine in wild 

type and ovac plants and then pharmacologically modified thermospermine levels. Consistent with 
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the idea of homeostatic control in hormonal circuits (42), we found a significantly higher 

thermospermine content in ovac compared to wild type, along with elevated transcript abundance 

of the thermospermine biosynthesis gene ACL5 (fig. S18, A and B). This aligns with the higher 

IC50 and increased resistance to thermospermine-induced inhibition of vessel differentiation in 

ovac compared to wild type (fig. S16, S17, and S18, C to E), indicating that methylation-dependent 5 

binding of thermospermine to the ribosome is the principal mode of action for thermospermine in 

inhibiting vessel differentiation during xylem development.   

On the other hand, treatment with the thermospermine biosynthesis inhibitor xylemin (43), 

resulted in an additive ovac phenotype, with a 4.4-fold increase in the number of xylem vessels 

per cross-section area compared to similarly treated wild type (Fig 4, A and B, and supplementary 10 

text). By comparing the extent of xylem differentiation between ovac and wild type on the one 

hand, and between ovac, xylemin-treated ovac, and methyltransferase inactive OVAC (mOVAC) 

on the other, we observed that, in the absence of the methylation, thermospermine can still exert 

residual xylem inhibitory activity albeit at a low level (Fig 4, A and B, and fig. S4, C and D). We 

interpret this supports the concept of methylation-dependent functional binding of 15 

thermospermine.  

Analogous to the enhanced thermospermine levels in ovac, the thermospermine-deficient 

mutant acl5 showed increased OVAC transcript and m3U2952 levels compared to wild type (fig. 

S18, F to H). Because the acl5 phenotype is weaker than that of the xylemin-treated ovac (Fig. 4, 

A and B) and SAC51 translation in acl5 still occurs but is reduced (38), it seems plausible that 20 

m3U2952 itself may contribute to SACL and LHW translation that suppresses vessel differentiation, 

possibly via structural alterations in the peptidyl transferase center (Fig. 3H and fig. S15, B to D). 

Consistently, loss of the m3U modification in animals results in defects in translation and lethality 

(30, 44)  

Finally, to examine vessel differentiation phenotypes in the context of our ribosome 25 

footprinting data, we examined the expression of various fluorescent translational reporters during 

secondary root development. Thermospermine-dependent SAC51 translation was reduced below 

detection level in xylemin-treated ovac (Fig. 4C, fig. S19, A to D, and supplementary text). 

Conversely, the steady-state translation levels of LHW were increased in ovac and acl5 compared 

to wild type, while xylemin treatment further increased LHW translation efficiency in ovac and in 30 

the wild type (Fig 4D, fig. S20, A to I, and supplementary text). In both cases, the decreased SAC51 

and enhanced LHW translation levels are in line with the extreme xylem vessel differentiation 
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phenotypes, in which almost all procambial cells differentiated as xylem vessel (Fig 4, A and B, 

and supplementary text). To investigate the impact of elevated LHW translation on xylem 

differentiation, an lhw mutation (36) was introduced into the ovac background. It partially but 

significantly rescued excessive xylem vessel differentiation induced by xylemin (fig. S21). 

Furthermore, expression of LHW without its uORF enhanced the ovac phenotype to a level similar 5 

to acl5 (fig. S22, C to E, and supplementary text), highlighting the need for LHW downregulation 

(identified here), in addition to SACL upregulation (36, 37, 45) to inhibit vessel differentiation. 

Together, these findings demonstrate that optimal bifunctional regulation of SACL and LHW 

translation depends on functional binding of thermospermine to the OVAC-methylated ribosome 

(Fig. 4E). 10 

 

Discussion 

In microorganisms, cooperative interactions between the peptidyl transferase center, the nascent 

peptide and the exit tunnel wall can regulate the translational activity of the ribosome by leveraging 

arrest peptides that cause the ribosomes that translate them to stall in response to specific 15 

metabolites (12). Supporting such a role for thermospermine, the effect of the ovac mutation on 

translational regulation can be suppressed by a missense mutation in the RPL4 “tentacle” domain 

that reaches into the exit tunnel wall constriction region (41) (fig. S11, B, G and H). Similarly, 

RPL4 mutations can release the translational arrest caused by ribosomal stalling in several other 

regulatory peptide sequences (41). However, the m3U2952-associated thermospermine binding 20 

site identified here in Arabidopsis is distinct from those of other well-characterized peptidyl 

transferase center-binding molecules, that typically block translation by competing with tRNA or 

sensing arrest peptides within the exit tunnel (12). Thermospermine binds to a position adjacent to 

these sites that bridges rRNA residues with tRNA, suggesting a distinct (potentially allosteric) 

mode of action based on structural determinants characteristic for thermospermine activity (46). 25 

Given that even in wild-type plants, approximately 20% of rRNAs remain unmethylated at 

U2952 (fig. S2, D and E), and that thermospermine production is tightly regulated and spatially 

restricted (35, 47, 48), it is possible that plants fine-tune the translational regulation of SACLs and 

LHW by integrating methylation status and thermospermine distribution. In this scenario, it is 

possible that the heterogeneity is cell-dependent, such that some cell types may be immune to 30 

thermospermine. Understanding how these regulatory dynamics influence differential cell fate 

decisions - whether in enhancing resilience to abiotic stresses (49) or in toggling between the fleshy 



Submitted Manuscript: Confidential 

Template revised July 2024 

10 

 

xylem tissues of edible storage organs and the woody growth characteristic of trees during xylem 

development - represents an important direction for future research.  
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Main Figures 

 

Fig. 1. OVERACHIEVER writes m3U2952 in the 25S rRNA. (A) Primary (bottom) and secondary 

(top) vascular development in Arabidopsis. (B) OVAC gene structure with mutation sites. (C) Root cross-sections 

stained with ruthenium red showing primary (4 days) and secondary (6, 8 days) development. Yellow arrowheads, 5 

primary xylem axis; blue asterisks, secondary xylem vessels. Scale bars, 20 μm. (D) Quantification of the secondary 

xylem vessels (n = 8~13, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤0.0001, Kruskal-Wallis with post-hoc Dunn’s test) from 

(C). (E) 7-week-old wild type Col-0 (WT), ovac-1, and ovac-2 plants. Scale bar, 2 cm. (F) Interpretation of RNase A 

(boxed) and T1 (underlined) digestion fragments from 25S rRNA from WT and ovac-2. m3U/U2952 is marked in red. 

(G) Mass spectrometric analysis of RNase A-digested 25S rRNA. Red and black arrowheads indicate methylated (red) 10 

and unmethylated (black) forms. Zoomed view highlights the dot-boxed region. The ribose methylations align with 

(50). (H) Primer extension analysis of in vitro methylation reactions; sequencing ladder, lane 1: wild type total RNA, 

lanes 2-4: reactions using indicated conditions. (I) Densitometric analysis of the primer extension stop near U2952 in 

(H); The asterisk (H) and the bold, underlined ‘U’ (I) indicate the primer extension stop preceding m3U2952. 

 15 
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Fig. 2. m3U2952 enhances bifunctional translational regulation by thermospermine (tSpm). 

(A) Translation efficiency of SACL and LHW mRNAs in the ovac-2 mutant under steady-state conditions, 

and upon tSpm treatment, compared to WT. The fold change (logFC) and the associated False Discovery 

Rate (FDR) are shown. n.d, not detected. Red indicates significant upregulation; blue indicates significant 5 

downregulation. (B) SACL translational reporter expression in 7-day-old root apical meristems (n = 7-10). 

Arrowheads indicate reporter-expressing cell lineages. SAC51: metaxylem, SACL3: protoxylem, SACL1: 

protophloem, SACL2: procambium. Scale bar, 20 µm. (C) SAC51 translation (pSAC51::5’leader::n3GFP) 

or transcription (pSAC51::n3GFP) in 8-day-old root apical meristems with/without 50 µM tSpm. Scale bar, 

20 µm. (D) LHW translational (pLHW::5’leader::n3mVenus) and transcriptional (pLHW::mutated 10 

5’leader::n3mTurq2) reporters in 8-day-old meristems treated with 50 µM tSpm. Arrowheads: the weak 

LHW transcriptional reporter expression in ovac-2.  (E) LHW translation efficiency from (D) (n = 4, 1303-

2249 nuclei, Wilcoxon rank-sum test with Bonferroni correction). 
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Fig. 3. m3U2952 promotes functional binding of thermospermine (tSpm) to the ribosome.  

(A) Cryo-EM map of Arabidopsis WT 80S ribosome with bound P-site tRNA (cyan). (B) Schematic of the 

peptidyltransferase center (PTC), with the CCA end of the P-site tRNA, tSpm, and residue m3U2952 

indicated.  (C) tSpm molecule (dark grey) bound in the PTC, interacting with phosphate groups (red/orange) 

of rRNA (white) and tRNA (cyan). Electrostatic interactions, grey dashed lines. Cryo-EM map, grey mesh. 5 

(D) tSpm bridges the phosphate group linking residues m3U2952 and U2953 with the CCA-end of the P-

site tRNA, close to the nascent polypeptide. (E) tSpm molecule bound in the PTC of the ovac mutant 

ribosome. Cryo-EM map, grey mesh. (F) tSpm molecule adopts an altered conformation in the ovac mutant 

ribosome whereby hydrogen bonding with the phosphate group of U2953 is lost. (G-H) Superimposition 

of tSpm-bound WT (white/grey/cyan) and ovac mutant (yellow) ribosomes. Cryo-EM maps, grey mesh; * 10 

indicates methyl group of m3U2952. 
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Fig. 4. Thermospermine (tSpm) binding to the methylated ribosome switches cell fate.  

(A) Root cross-sections of plants grown for 14 days with or without 50 µM xylemin. Gray, SR2200; Red, 

Fuchsin staining. Scale bar, 50 µm. (B) Number of xylem vessels per total vascular area from (A) (n = 24 

~ 30, Wilcoxon rank sum test with Bonferroni correction). (C) Maximal z-projection of confocal images of 

root cross-sections of WT and ovac-2 grown for 14 days on control or media supplemented with 50 µM 5 

xylemin. Scale bar, 20 µm. White dotted lines mark the xylem region in one panel as an example. White 

arrowheads highlight representative reporter expression in xylem cells. Magenta, Fuchsin staining. (D) 

LHW translation efficiency in mature roots of WT, ovac-2 and acl5 following 24 hours mock or 50 µM 

xylemin treatment (n = 8, Wilcoxon rank sum test with Bonferroni correction). (E) Schematic summary. 

acl5 is predicted to have a higher LHW-to-SAC51 ratio compared to ovac due to its higher LHW 10 

transcription despite lower translation efficiency (D) (figs. S20, E to I, S22, and supplementary text).  A 

purple symbol (tSpm) positioned next to a yellow star (m3U2952) indicates functional tSpm binding to 

ribosomes. The circle background represents total cross-section area. 
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Materials and Methods 30 

 

Plant materials and growth conditions 

The Arabidopsis thaliana (L.) Heynh (Arabidopsis) lines used in this study are detailed in Data S10. All 

Arabidopsis mutants are in the Columbia-0 background (Col-0, wild type, WT), except for cre1-10 (51) 

used in the mapping experiment is in the Wassilewskija-2 (Ws-2) background, and sacl (36) as well as 35 

sac56-d (41) used as sources of corresponding point mutations are in the Landsberg (Ler) background. Col-

0 plants expressing either pSAC51::5’leader::n3GFP or pSAC51::n3GFP(36) were crossed with ovac-2 to 

produce ovac-2 mutants containing these reporter constructs.  

mailto:yrjo.helariutta@helsinki.fi
mailto:ajw1000@cam.ac.uk
mailto:f.kir@bmb.sdu.dk
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For sterile plant culture, Arabidopsis seeds were surface sterilized in bleach (4% sodium 

hypochlorite with 0.02% tween-20) for 4-5 min with vortexing, or in bleach for 6 min followed by 70% 

ethanol washes. After the sterilization, seeds were washed with sterile water for 5-8 times and stratified in 

water at 4°C in darkness for 2-4 days. Seeds were plated on half-strength Murashige and Skoog (MS) (52) 

medium containing 1% Difco agar, 1% sucrose, and 0.5g/L MES, pH 5.7. For MS medium containing 5 

auxin, thermospermine, or xylemin, we added indole-3-acetic acid (IAA, Sigma) 50 mM stock in 70% 

ethanol, thermospermine hydrochloride (Santa Cruz) 100 mM stock in 50% DMSO or water, or xylemin 

(TCI) 100 mM stock in water, as indicated in the text. For experiments that required large amounts of 

material (such as rRNA methylation assays, protein extractions, ribosome purifications, and footprinting), 

the seeds were plated on nylon mesh (Normesh, 100 µm) and placed on the growth medium. The plates 10 

were incubated vertically in a 23°C growth chamber with long-day settings (16/8 hours light/dark) unless 

noted otherwise. Seedlings were grown on plates for up to 14 days before the experiments. For experiments 

requiring an extended period of growth, such as crossing, transformation, observation of adult plant 

phenotypes or propagation, the stratified Arabidopsis seeds were placed directly on compost (Levington 

F2) or transferred to compost as seedlings after cultivating on sterile plates for about one week. Crosses 15 

were performed by emasculating pistils and manually pollinating with the pollen of chosen lines, thus 

avoiding the self-pollination characteristic of Arabidopsis.  

 

Experimental design and statistical analysis 

Plants were grown in randomized positions, and samples were collected randomly, excluding individuals 20 

with visibly abnormal growth. Sample sizes for phenotyping and confocal imaging followed by 

quantification were determined based on experimental feasibility and data variability. The number of 

biological replicates is provided in each figure legend. Data were tested for normality and homogeneity of 

variance to determine the appropriate statistical tests, which are indicated in the corresponding figure 

legends. 25 

 

EMS mutant screen and identification of the mutated gene 

Seeds were treated with 0.2 % ethyl methanesulfonate (EMS) for 16 h at room temperature in darkness. 

Primary roots of 5-d old M2 seedlings were initially screened for altered GFP expression under a 

stereomicroscope (Leica), and subsequently the GFP pattern was analyzed in optical cross sections, 30 

typically 50 µm shoot-ward of the quiescent center, under a Leica TCS SP5 II confocal laser scanning 

microscope using a solid-state blue laser for GFP (480 nm/270 mW) at 63x magnification. For the confocal 

analyses, roots were mounted in 50 µg/mL propidium iodide solution (Sigma) to counter-stain cell 

borders. To identify the mutated gene, two strategies were applied. First, the double mutant ovac-1 cre1-12 

pAHP6::GFP (Col-0) was crossed with cre1-10 (Ws-2) (51) to generate an F2 mapping population for 35 
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amplified fragment length polymorphism analyses, yet maintaining the cytokinin hyposensitivity 

characteristic across the population. A mapping population of 15 individuals was selected based on a strong, 

expanded pAHP6::GFP signal in the primary root (fig. S1A) and a stunted, bushy growth habit of the adult 

plant (Fig. 1E). Second, whole-genome resequencing of the newly isolated mutant was performed 

(HiSeq2000 platform, Beijing Genomics Institute, BGI) to identify single nucleotide polymorphisms 5 

(SNPs). To create a single-mutant ovac-1 free of excess second-site point mutations, and to analyze the 

Mendelian inheritance pattern of phenotypic traits such as the stunted growth habit linked with the mutation, 

the EMS-generated ovac-1 cre1-12 pAHP6::GFP was crossed with Col-0 (with or without the 

pAHP6::GFP marker) twice.  

Based on the rough mapping approach, a 1.5 Mb window between markers nga106 10 

(http://signal.salk.edu/genome/SSLP_info/SSLPsordered.html  5.613.000 Mb) and UPSC_5-7134 (53) 

(7.134.242 Mb) was established in chromosome 5. Based on the whole-genome sequencing, two SNPs were 

identified within the rough mapping window: a C to A at position 6931476 that resides within an intron 

(At5g20490), and a C to T nonsense mutation at position 6495740 that results in an in-frame premature 

stop codon in the first exon of At5g19300 (Q50*, residue +148 from ATG). Once the nonsense mutation 15 

in At5g19300 was identified, we designed a genotyping analysis based on a derived cleaved amplified 

polymorphic sequence (dCAPS, (54) ; Data S11) assay for ovac-1 by digesting a PCR product of OVAC 

containing the target site with AvaII.  

An additional ovac allele, ovac-2 (SAIL_722_B08), was obtained from the Nottingham 

Arabidopsis Stock Centre (NASC) and crossed with Col-0 to confirm the genetic inheritance of the allele 20 

and isolate a homozygous transferred DNA (T-DNA) insertion mutant line in the F3 generation for 

subsequent experiments.  ovac-2 (V85, +256 from ATG) is a knockout allele with T-DNA insertion 

interrupting the first exon. This genotype was confirmed with primer pairs designed to amplify a WT allele 

or a T-DNA disrupted allele (Data S11, http://signal.salk.edu/tdnaprimers.2.html). The OVAC coding 

sequence is disrupted upstream of the RNA methyltransferase domain in both ovac alleles.  25 

 

Protein homology modeling 

The SANSparallel tool (55) was used for OVAC protein homology search and the Distance matrix 

alignment (Dali) web server (56) for structure comparisons. 

 30 

DAPI staining 

Seedlings (7–10 days old) expressing pOVAC::eGFP::OVAC were incubated for 20 minutes in DAPI 

staining solution (2 µg/mL 4′,6-diamidino-2-phenylindole (DAPI) and 0.1% (v/v) Tween 20 in phosphate-

buffered saline (PBS) buffer), then washed three times with PBS buffer prior to confocal imaging. 

 35 
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Identification of m3U sites in the rRNA by RNA sequencing and polymerase chain reaction 

Wild-type and ovac-2 seedlings were grown on half MS medium for 4 days and transferred on the same 

medium supplemented with 1 µM auxin to induce outgrowth of lateral roots for another 4 days before 

harvesting the roots. Total RNA was extracted using the RNeasy Plant Mini kit with an on-column DNase 

treatment according to manufacturer’s instructions (Qiagen) and again treated with DNaseI (Roche) before 5 

proceeding. To screen for RNA modifications at a single-nucleotide resolution, such as m3U that interfere 

with Watson-Crick base pairing during reverse transcription, we adapted library preparation methods 

described in (57, 58). Briefly, total RNA was fragmented to 80-150 bp using Magnesium RNA 

fragmentation and stop solution (NEB) for 5 min and analyzed on a Bioanalyzer 2100 using an RNA Pico 

chip (Agilent). The fragmented RNA was dephosphorylated with FastAP Thermosensitive Alkaline 10 

Phosphatase (Thermo Scientific), and a 3’ adaptor was ligated with T4 RNA Ligase I (NEB). The ligated 

RNA was reverse transcribed using AffinityScript Reverse Transcriptase (Agilent) at 55°C for 10 min. 

RNA was degraded, and a 5’ adaptor was ligated to the cDNA with FastAP Thermosensitive Alkaline 

Phosphatase (Thermo Scientific). We used the RNA Clean & Concentrator-5 kit (Zymo Research) to clean 

reactions throughout the protocol. Adaptor and reverse transcriptase primer sequences were as detailed in 15 

(57) (Data S11). The cDNA libraries were amplified for 12 cycles, cleaned with AMPure XP beads 

(Agencourt), and sequenced on Illumina HiSeq with 30-bp paired-end reads.  

Using bowtie2 (59), the 250-340000 read pairs of each cDNA library were aligned to the Arabidopsis whole 

genome (TAIR10) and to the rRNA sequences taken from GenBank entries X52322 and AF335842. About 

98% aligned to the whole genome, whereas ~85% and ~82% read pairs of wild type and ovac-2, 20 

respectively, aligned to the rRNA sequences. To identify rRNA positions with the termination of reverse 

transcriptase significantly differing between wild type and ovac-2, the RNA sequencing data were analyzed 

following calculations and criteria described in (58). Essentially, the two criteria that were to be satisfied 

were: Ψ-ratio >0.1 (Ψ-ratio = 3’ coverage+1 / coverage+1) and log2(Ψ-ratio[ovac-2] / Ψ-ratio[Col-0])| >3.    

To detect m³U2952 using RTL-P (Reverse Transcription at Low dNTP concentrations followed by 25 

Polymerase Chain Reaction) as described previously (30, 60), total RNA was extracted from 12-day-old 

seedlings following the method mentioned above. Reverse transcription was performed in a 20 µL reaction 

containing 400 ng of total RNA, 5 µM dNTPs, and 2.5 µM 25S rRNA-specific primer (Data S11). The 

resulting cDNA was amplified through a 21-cycle PCR using EmeraldAmp MAX PCR Master Mix (Takara 

Bio). 30 

 

Mass spectrometry (MS) analyzes for identification of modified nucleosides 

Total RNA was extracted from wild-type, ovac-2, and acl5-5 roots (root tips enriched by an auxin treatment 

as described above), as well as wild-type cotyledons and cauline leaves using the RNeasy Plant Mini kit 
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with an on-column DNase treatment according to manufacturer’s instructions (Qiagen). Cotyledons were 

harvested from 7-day-old sterile seedlings and cauline leaves from adult plants grown on compost.  

Relevant 25S rRNA sub-fragments were digested with the pyrimidine-specific RNase A (the 

digestion is characteristically inhibited by an m3U or a ribose methylation) or G-specific RNase T1, purified 

and analyzed by MALDI reflectron Time-of-Flight (MALDI-TOF) mass spectrometry according to (61). 5 

For quantitative analyses of the OVAC-dependent modification, one sample (such as wild type) 

was RNase A -digested in 18O water and the comparison (such as acl5) in normal water, resulting in a two-

Dalton mass difference when the digests were co-analyzed by MS. Finally, the signal intensities of the 

unmodified GGGU2952 products were compared and normalized for sample input through the intensity of 

an unrelated digestion product.  10 

 

OVAC protein purification 

Expression of the OVAC wild-type and OVAC-mut (with mutated G335A, G339A residues) recombinant 

proteins tagged with a maltose-binding protein (MBP) was carried out in one liter of Escherichia coli BL21 

(DE3) in Luria-Bertani (LB) media supplemented with kanamycin. The expression was induced with 15 

Isopropyl β-d-1-thiogalactopyranoside (IPTG) when OD600 reached approximately 0.9-1.0, and the 

expression was allowed to continue at 18°C for 12 hours. The next day, the cells were collected by 

centrifugation, washed once with PBS, and cell pellets stored at -75°C. 

The cell pellets were thawed on ice and cells were resuspended into 25 milliliters of ice-cold lysis 

buffer (10 mM imidazole, 250 mM NaCl, 50 mM, Tris-HCl pH 8.0) with freshly added 1 mM 20 

phenylmethylsulfonyl fluoride (PMSF). The cell suspension was passed through Emulsiflex for 10 min at 

10,000 psi at 4°C to lyse the cells. The lysate was centrifuged in SS-34 rotor at 10,000 g at 4°C for 30 min 

to remove large debris. The clarified lysate was applied on to 1 mL Ni-NTA beads and allowed to bind the 

resin with end-to-end mixing for 3 hours at 4°C. The beads were then spun down and washed with 30 mL 

wash buffer (20 mM Imidazole, 250 mM NaCl, 10 mM Tris, pH 8.0) in total four times. The bound proteins 25 

were eluted with 3 x 2 mL of elution buffer (350 mM Imidazole, 250 mM NaCl, 10 mM Tris, pH 8.0). The 

eluates were dialysed overnight at 4°C against storage buffer (200 mM NaCl, 1 mM DTT, 20 mM Tris-HCl 

pH 8.0) and concentrated with a 10 kDa cutoff Amicon concentrator. 

The concentration of the purified proteins was determined by comparing with a Bovine Serum 

Albumin (BSA) standard on a Coomassie stained SDS-PAGE. The gel was scanned using Sapphire FL 30 

Biomolecular Imager and quantified by AzureSpot Pro 1.4 program.  

 

Primer extension analysis and in vitro methyltransferase reaction conditions 

Primer extension analysis was used to map the m3U2952 residues on Arabidopsis 25S rRNA. Total RNA 

was extracted from roots of 7-day old plants, or whole seedlings, using the RNeasy Plant Mini kit with an 35 



Submitted Manuscript: Confidential 

Template revised July 2024 

27 

 

on-column DNase treatment (Qiagen). The total RNA (1 µg) was ethanol precipitated with 1 pmol of a 32P-

labeled DNA primer or 10 pmol of fluorescent DY782-labeled primer (Data S11) and annealed by heating 

to 95°C followed by slow cooling to 50°C. Annealing was carried out in 50 mM Tris-HCl (pH 8.3), 50 mM 

KCl, 1 mM EDTA. For extension, samples were adjusted to 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM 

MgCl2, 10 mM DTT, 0.5 mM to 1 mM dNTPs, 50 µg/mL actinomycin D, 1 U/µL RiboLock, 2 U/µL 5 

MashUp-RT (62). Extension reactions were incubated at +60°C for 30 min and terminated at 85°C for 5 

min. After extension, template RNA was digested with RNase H and RNase A and the reactions were 

purified by phenol-chloroform (pH 7) extraction and ethanol precipitation. Extension products were 

analyzed on a 9% urea-polyacrylamide gel together with a sequencing ladder generated with the labelled 

primer and dideoxy chain termination method from a synthetic plasmid containing a 2000 bp fragment of 10 

the 3’ end of Arabidopsis 25S rRNA gene. With reactions using 32P labeled primer, the gel was dried, 

exposed on an imaging plate and scanned using Sapphire FL Biomolecular Imager and 638 nm laser and 

424 nm shortpass filter. With DY782-labeled primer the gel was directly scanned with Sapphire FL 

Biomolecular Imager using 784 nm IR-laser and 829/62 nm filter. Quantification was done using AIDA 

software (Elysia Raytest). 15 

For in vitro transcription of the synthetic Arabidopsis rRNA, a 1457 bp DNA fragment was first 

amplified using a forward primer flanked with a T7 promoter and a reverse primer that anneals to the 3’ 

end of the 25S rDNA (Data S11). The resulting DNA fragment was used in in vitro transcription reaction 

with in-house purified T7 RNA polymerase in 1× transcription buffer [120 mM HEPES-KOH (pH 7.5), 

24 mM MgCl2, 20 mM DTT, 1 mM spermidine], supplemented with 5 mM each NTP, 1 U/μL RNase 20 

inhibitor, and 1.5 U/μL T7 polymerase. Transcripts were purified by phenol–chloroform extraction and 

ethanol precipitation. 

For the in vitro methylation, the in vitro transcribed synthetic rRNA was used at a final 

concentration of 0.375 μM in 25 μL reactions containing 0.5 mM S-adenosylmethionine (SAM) and 1 mM 

recombinant OVAC protein or its SAM-binding deficient, inactive mutant (OVAC-mut carrying G335A, 25 

G339A mutations), in 1× methylation buffer [50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 10 mM MgCl2, 

10 mM DTT, 0.5 U/μL RNase inhibitor]. Reactions were incubated at 25 °C for 2 hours and purified by 

phenol–chloroform extraction and ethanol precipitation. Methylation was assessed by primer extension as 

described above. 

 30 

Plant protein extraction and immunoblotting 

Roots of 7-day old seedlings were harvested and ground in liquid nitrogen. Total proteins were extracted 

as described in (63). Protein concentrations were determined using a Detergent Compatible assay (Bio-

Rad), equal amounts (70 μg total protein) resolved by SDS-PAGE and subjected to immunoblotting using 

standard procedures. The immunoblots were probed with a monoclonal Anti-FLAG M2 primary antibody 35 
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(Sigma #F-1804), and signal detected using enhanced chemiluminescence with a Goat Anti-Mouse IgG (H 

+ L)-HRP Conjugate secondary antibody (BioRad #1706516).   

 

Ribosome footprinting along with transcriptomics  

Ribosome footprinting analyzes of the ovac-2 and wild type with and without thermospermine have been 5 

performed using the Illumina Ribo-Seq kit with a few modifications. Samples were grown on mesh on half-

strength MS media for 7 days and incubated in 100 µM thermospermine-containing or mock liquid media 

for 10 hours in the treatment rounds, 10 hours is sufficient to upregulate the SAC51 translational fusion 

reporter (pSAC51::SAC51 5’leader::n3GFP). If not treated, samples were harvested from the mesh after 7 

days. We collected about 1/3rd of the root for each experiment and shock froze the samples before grinding 10 

them to a fine powder without letting them thaw. The first analysis was performed as follows: 1.6 mL 

powder was mixed with Polysome extraction buffer (10.2 mL H2O, 280 mg deoxycholic acid, 2.8 mL 20% 

polyoxyethylene-10-tridecylether, 5.6 mL 1M Tris-HCl pH 8, 700 µL 2M KCl, 700 µL 1M MgCl2, 28 µL 

1mM DTT, 28 µL 100 mg/mL CHX, 28 µL 2 u/µL DNase TURBO as in  (64)). We concentrated the buffer 

higher because water crystals developed during harvesting diluting the samples. Samples were incubated 15 

by shaking for 10 min on ice and centrifuged for 12 min at 4 °C and 14 000 rpm. The supernatant was 

separated into one aliquot for total RNA (100 µL) and one aliquot for footprint RNA (400 µL). 10 µL 10% 

SDS were added to the total RNA sample and stored for RNA extraction at a later point on ice or at -80°C. 

We followed the Ribo-Seq protocol from Illumina. For monosome collection, we used microspin S-400 

columns washed with equilibration buffer (75 mL H2O, 20 mL 1M Tris-HCl pH 8, 2.5 mL 2M KCl, 2.5 20 

mL 1M MgCl2) on a vacuum manifold. We purified the RNA with RNA Clean and Concentrator kits (T-

25 and T5 for the later stages) from Zymo and removed rRNA with the Illumina RiboZero root kit. Footprint 

RNA was cut out from a 15% urea polyacrylamide gel and libraries were cut out and purified from a 10% 

TBE Polyacrylamide gel and diluted to 10nM in a pool for sequencing.  

Data analysis ribosome footprinting: We used the TAIR10 genome sequence, the Araport11 25 

genebuild, and ncRNA sequences downloaded from the ENSEMBLPlants FTP site 

https://plants.ensembl.org/info/data/ftp/index.html. Adapter and quality trimming were performed with 

FASTP (65). Quality control was performed with FASTQC and MultiQC. Sequences mapping to different 

ncRNA populations were identified using bowtie2 and removed from the dataset (59). The remaining reads 

were aligned with the TAIR 10 genome sequence using STAR (66). Read count matrices were generated 30 

from the alignment and the counts were subsequently adjusted to FPKM values. Pearson correlation 

coefficients among biological replicates of RNA-seq and ribosome footprinting (fig. S5, A and B) were 

calculated from FPKM values using R. Read length distribution, P-site position, and three-nucleotide 

periodicity were analyzed with the RibosomeProfilingQC package in R (fig. S5, C to E) (67). We used 

edgeR’s classic quantile-adjusted conditional maximum likelihood method (qCML) to compute differential 35 
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transcription measurements (68). Translation efficiency is calculated as ratio between counts derived from 

ribosome footprints and RNA-seq. edgeR was used to identify significant (p<0.05) up- or downregulation 

in translation efficiency in each condition. To identify genes with uORFs whose translation is altered by 

thermospermine treatment in the wild type but not in ovac, we selected uORF-containing transcripts (69) 

that showed significant changes in translation between wild-type plants with and without thermospermine 5 

treatment but exhibited no significant changes in ovac under the same conditions. 

 

Ribosome purifications for cryo-electron microscopy (Cryo-EM) 

Roots of 6-day-old Arabidopsis seedlings were harvested in liquid nitrogen, and ribosomes were purified 

as follows. Frozen root powder was suspended in 2.3 volumes of ice-cold lysis buffer (modified from 10 

(64))(200 mM Tris, pH 8.8, 200 mM KCl, 36 mM MgCl2, 1% Triton-X100, 1% Brij 35, 1% Tween-40, 1% 

NP-40, 1 mM DTT, 1 mg/mL heparin, 2% PTE, 1% Deoxycholate, Complete protease inhibitor) in an ice-

cold mortar, and ground until achieving liquid consistency. The lysate was incubated on ice for 1-1.5 hours 

and centrifuged through a QiaShredder (Qiagen) column (1 min, 14000 rpm, 4°C) to remove cellular debris. 

The flow through was collected, incubated on ice for 5 min, and clarified by centrifugation (10 min, 12,000 15 

g, 4°C). The supernatant was collected, layered at 1:1 ratio over Plant Sucrose Cushion (400 mM Tris, pH 

8.8, 35 mM MgCl2, 200 mM NaCl, 1 mM DTT, 1.75 M sucrose, Complete protease inhibitor) and 

centrifuged overnight (either 18 hours 20 min, 50 000 rpm, 4°C, S55-S rotor, or 18 hours, 41 000 rpm, 4°C, 

AH650 rotor). The pellet was carefully rinsed with ice-cold water and resuspended into Final Ribosome 

Buffer (50 mM Hepes, pH 7.4, 5 mM MgAc, 100 mM KAc, pH 7.5, 1 mM DTT, Complete protease 20 

inhibitor) on ice for 5 hours. 

To transform the polysomes into monosomes, 1 mM CaCl2 and micrococcal nuclease (0.15 U/µL) 

were added. The reaction was incubated in a 25°C water bath for 7 min, transferred on ice, and the nuclease 

was inactivated by adding 2 mM EGTA. To remove any remaining particles, the sample was centrifuged 

for 10 min at 20,000 g, 4°C, and the supernatant was collected. 25 

Monosomes were purified using size-exclusion chromatography. The gel filtration column with 1 

mL bed volume of Sephacryl S300HR (GE Healthcare) was equilibrated with Final Ribosome Buffer. The 

sample was loaded, and the column ran with the Final Ribosome Buffer. Fractions were collected manually, 

and their concentration was determined by measuring A260 with Nanodrop. 

 30 

Cryo-EM sample preparation, data collection, and processing 

4 µL of purified Arabidopsis 80S ribosomes were deposited on a graphene-coated Quantifoil R2/2 300 

mesh copper grid (Graphenea) functionalized with 1-pyrenemethylamine (Sigma-Aldrich) (8) and 

incubated for 30 s in a Vitrobot Mark IV device set at 4 °C and 100% humidity. Excess liquid was blotted 

at force -7 for 1s, the grid was plunge-frozen in liquid ethane and stored in liquid nitrogen. Datasets were 35 



Submitted Manuscript: Confidential 

Template revised July 2024 

30 

 

collected using EPU (Thermo Fisher Scientific) on a Titan Krios microscope equipped with either a TFS 

Falcon4i or a Gatan K3 detector (Data S9) operating in fast data collection mode. Pre-processing (up to 

particle extraction stage) was either performed in cryoSPARC (70) using patch motion correction and patch 

ctf correction or in RELION (71) using MotionCor2 (72) and CTFFIND (73) and extracted particles were 

then imported in cryoSPARC where a combination of ab initio reconstruction and heterogeneous refinement 5 

was used to remove ‘junk’ particles. CryoDRGN (74) was used to represent the heterogeneity of 40S 

rotation states and tRNA-bound states. 40S-rotated and P-site bound ribosomes were of particular interest 

as they showed a well-defined peptidyl transferase center featuring clear signal for the CCA end of the 

tRNA as well as the nascent peptide backbone in the exit tunnel. Selected particles were filtered in 

cryoSPARC and a round of masked 3D classification focusing on the P-site tRNA was run to select for 10 

highly homogeneous particles. This final set of particles was used for homogeneous refinement in 

cryoSPARC with all global parameters refinement as well as per-particle defocus refinement enabled. 

Where the entire data processing had been performed in cryoSPARC, this was followed by a reference-

based motion correction step (75). Where pre-processing had been performed in RELION, selected particles 

were compiled into a star file using pyem software (76) to perform bayesian polishing in RELION and 15 

subsequently re-imported into cryoSPARC. In both cases, a round of homogeneous refinement was then 

run in cryoSPARC with the same parameters as above to generate the final map. The structure of the WT 

tSpm- ribosome sample was first built in Coot (77), using the deposited 8b2l pdb model as an initial 

template. Refmac/Servalcat (78) was used for structure refinement and generation of the map-to-model 

FSC curves. The resulting model was then fitted into maps obtained for other samples and manually rebuilt 20 

where appropriate. All ligands were positioned and refined manually in Coot. As the maps represent an 

average of extracted actively translating ribosomes, mRNA was modelled as a poly-U chain and nascent 

peptide as a poly-A chain. The P- and E-tRNAs were represented as Phe (GAA) tRNA since its structure 

had previously been determined in pdb 8b2l. Prior to the final structure refinement in Refmac, a round of 

real-space refinement in Phenix (79) was performed to optimize protein and RNA geometry. Figures were 25 

generated in ChimeraX (80). 

 

Ribosome profiling and polysome proteomics  

Samples were grown on mesh on half-MS for 7 days and 1/3rd of the root was harvested and shock-frozen 

in liquid nitrogen. Samples were ground to a fine powder without allowing to thaw. 750 µL tissue was 30 

mixed with the same amount of polysome extraction buffer (1 mL 2M Tris pH 9, 1 mL 2M KCl, 500 µL 

0.5M EGTA pH 8.3, 360 µL 1M MgCl2, 7.14 mL H2O, 80 µL β-mercaptoethanol, 10 µL 50 mg/mL CHX, 

10 µL 50 mg/mL Chloramphenicol, 500 µL 20% detergent mix (20% (w/v or v/v) of each Brij-35, Triton 

X-100, Igepal, CA 630, Tween 20 in water), 1mL 2% polyoxyethylene-10-tridecylether 10% Deoxycholic 

acid, 10 mg heparin, in a total volume of 10 mL) and kept on ice for 10 min with occasional inversion. 35 
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Samples were centrifuged for 2 min at 14,000 rpm at 4°C and the supernatant was purified through 

QiaShedder columns (700 µL column). 700 µL sample was layered on a sucrose gradient (18% 2.0 mL, 

26% 1.9 mL, 34% 1.9 mL, 42% 1.9 mL, 50% 1.9 mL, 60% 0.5 mL in gradient buffer pH 8.4 (50 mL 10x 

buffer contain 2.43 g Trizma base, 0.75 g KCl, 1.02 g MgCl2 with 50 μL 50 mg/mL CHX and 50 mg 

heparin), centrifuged for 90 min at 275,000 g and fractionated into 14 microtubes (sensitivity 1.0, flow rate 5 

1.5 mL/min). The polysomal fractions 7-9 were combined and sent for MS analysis. 

For the MS analysis, the disulfide bonds were reduced with dithiothreitol (final concentration 5 

mmol/L; Sigma-Aldrich, St. Louis, MO), and the cysteine residues were carbamidomethylated with 

iodoacetamide (final concentration 15 mM; Sigma-Aldrich, St. Louis, MO). The proteins were digested 

with 2.5 μg of sequencing-grade modified trypsin (Promega, Madison, WI). The resulting peptides were 10 

purified with C18 MicroSpin columns (The Nest Group, Inc., Ipswich, MA). After C18 purification, the 

samples were evaporated to dryness with a vacuum centrifuge and stored at − 20°C. Prior to LC–MS 

analysis, the samples were re-solubilized with 15 min sonication in 30 μL of 1% acetonitrile + 0.1% 

trifluoroacetic acid in LC–MS grade water (all from VWR, Radnor, PA). 

The MS analysis was performed on a Q-Exactive mass spectrometer using Xcalibur version 3.0.63 15 

coupled with an EASY-nLC 1000 system via an electrospray ionization sprayer (Thermo Fisher Scientific). 

In detail, peptides (10% sample) were eluted and separated with a C18 precolumn (Acclaim PepMap 100, 

75 μm x 2 cm, 3 μm, 100 Å, Thermo Scientific) and analytical column (Acclaim PepMap RSLC, 75 

μm × 15 cm, 2 μm, 100 Å; Thermo Scientific), using a 120-min linear gradient and detected with a Q-

Exactive MS (Thermo Scientific) using top10 data-dependent acquisition, in which the 10 most intense ions 20 

from each MS1 full scan were fragmented and analyzed in MS2.  

The Arabidopsis thaliana proteome from UniProt (UP000006548, retrieved 8.9.2025), 

supplemented with common contaminants and decoy sequences, was used for protein identification. Label-

free quantification (MaxLFQ) (81) intensities were obtained from FragPipe output (Fragpipe v23.0, 

MSFragger v4.3) (82). Proteins identified in fewer than 3 samples were discarded. MaxLFQ intensities 25 

were log₂-transformed, and missing values imputed using QRILC to approximate low-abundance signals. 

Differential protein abundance between WT and ovac samples (n = 5 biological replicates each) was 

assessed using two-sample t-tests applied to imputed log₂ intensities with p-values adjusted by the 

Benjamini–Hochberg method. Adjusted p-values under 0.01 were considered significant, if log₂ fold change 

between WT and ovac samples was either over 1 or under -1. Ribosomal proteins were identified by 30 

searching Quickgo (83) for cellular component ribosome (GO:0005840), and filtering with the qualifier 

“part_of”. All analyses were performed in Python (v3.12) with pandas, numpy, statsmodels, scipy, 

matplotlib, and seaborn.  

 

Molecular cloning and transformation 35 
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For initial complementation analyses, a genomic fragment spanning the OVAC locus and containing 489 

bp of the sequence upstream of the transcriptional start was cloned as a 3100 bp Bam HI-Eco RI fragment 

into pGREEN1079 and introduced to ovac-1 cre1-12 pAHP6:GFP. The promoter region was limited to 

approximately 0.5 kb to avoid the flanking gene in the same orientation. mOVAC that harbors two point 

mutations within the RNA methyltransferase domain was created using QuikChange Lightning Multi Site-5 

Directed Mutagenesis Kit (Agilent). mOVAC has R127 (CGT to GCT) and T310 (ACC to GCC) mutated 

into alanine, thus disrupting the two predicted active sites of the methyltransferase domain of OVAC.  

For the in vitro transcription of Arabidopsis rRNA, and the dideoxy chain termination to generate 

a sequencing ladder, a synthetic 2000 bp fragment from the 3’ end of the 25S rDNA was ordered ready-

cloned in pUC19 vector (Twist Bioscience). For the OVAC protein purifications, the coding sequence was 10 

ordered tagged with MBP and ready-cloned in pET-28a(+) vector (Twist Bioscience) for expression in E. 

coli. 

For the translation experiments in protoplasts, we created the pGreen2x35SLUC plasmid (Addgene plasmid 

#108228), produced by introducing into the plasmid backbone pGreenII0800-LUC(84) the 2x35S promoter 

sequence derived from plasmid pGJ1425(85). The 2x35S promoter was introduced at the 5’ of the Firefly 15 

luciferase gene and separated by a polylinker sequence where the wild-type or mutant versions of the 5’-

leader of the SACL3 gene were cloned.     

Other plasmids with genetic components originating from Arabidopsis were generated using the 3x 

Multisite Gateway (Invitrogen) system. The OVAC promoter was cloned by amplifying a 489 bp fragment 

upstream of the transcription site and inserting it into the pDONR-P41R entry vector. The coding sequence 20 

of OVAC was cloned as a 2392 bp genomic (or a 1412 bp cDNA) fragment into the pDONR-221 or the 

pDONR-P2rP3 entry vector. For transcriptional and translational fluorescent reporter constructs we used 

GUS/RFP (86) or GFP (87). The 3xFLAG tag was subcloned into the pDONR-221 entry vector from the 

pCI-neo-3x-FLAG vector (88), to subsequently generate plants expressing N-terminal 3xFLAG tagged 

recombinant proteins (OVAC or mOVAC) under the control of the OVAC promoter. Entry clones were 25 

recombined into destination vectors (pHm43GW, pBm43GW, or pFR7m34GW) by MultiSite Gateway LR 

reactions. To introduce sacl point mutations, the mutated SACLs gDNA (36) were cloned and transformed 

into wild type and the ovac-2 background to avoid a Col-0/Ler hybrid.  

To generate plants carrying three reporters (1. pLHW::5’leader::n3mVenus, pLHW::mutated 

5’leader::n3mTurq2, and pACL5::n3mScarlet-I; 2. pLHW::5’leader::n3mVenus, 30 

pSAC51::5’leader::n3mTurq2, pACL5::n3mScarlet-I; 3. pSAC51::SAC51 5’leader-LHW 

uORF::n3mVenus, pSAC51::SAC51 5’leader-SAC51 uORF::n3mTurq2, pSAC51::mutated SAC51 

5’leader::n3mScarlet-I; 4. pLHW::LHW 5’leader-SAC51 uORF::n3mVenus, pLHW::LHW 5’leader-LHW 

uORF::n3mTurq2, pLHW::mutated LHW  5’leader::n3mScarlet-I ), the Golden Gate cloning system was 

used (89) . A 1717 bp fragment of the LHW promoter (excluding the 5’leader) and an 1811 bp fragment of 35 
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the ACL5 promoter (including the 5’leader) were amplified from Arabidopsis genomic DNA. The LHW 

and SAC51 5’leader sequence was amplified from Arabidopsis cDNA, and a mutated version was generated 

by replacing the ATG start codon of its uORF with a TAG stop codon. Chimeric 5′ leaders were synthesized 

by Twist Bioscience: one in which the last uORF of the SAC51 5’ leader was replaced with the LHW 

uORF, and another in which the LHW 5′leader uORF was substituted with the last uORF from SAC51. All 5 

sequences were domesticated for Golden Gate cloning by removing internal BsaI and BpiI restriction sites 

and cloned into Level 0 constructs, which were subsequently assembled into Level 1 and Level 2 constructs. 

In the case of the Homo sapiens (human) OVAC, the coding sequence of C9orf114 (RefSeq 

NM_016390) was synthesized (DNA2.0), and cloned into AvrII/MluI sites of the pCI-neo-3x-FLAG vector 

(88) to generate an N-terminal 3xFLAG tagged in vivo mammalian over-expression construct.   10 

All transgenic lines were created by an Agrobacterium-mediated (strains GV3101, 

GV3101::pMP90), standard floral dip method (90). Seeds were selected on MS plates containing 

appropriate antibiotics (DL-Phosphinothricin (PPT), hygromycin) or based on a FastRed/FastGreen 

selection system (91). At least two or three independent lines were analyzed for each construct. We note 

that the N-terminal translational fusion protein eGFP-OVAC was non-functional, as it did not complement 15 

the ovac mutant phenotypes in any of the 13 individual transgenic lines generated. 

 

Cell culture, transfection, and immunofluorescence 

HEK293 cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine 

serum and 2 mM L-glutamine using standard procedures. To over-express C9orf114 protein in HEK293, 20 

cells were transiently transfected using Lipofectamine 2000 (Thermo) and 100-750 ng of the mammalian 

over-expression construct for 48 hours. To confirm C9orf114 over-expression in the transfected cells, 

lysates were prepared by adding Laemmli sample buffer to the cells and run on an SDS-PAGE followed by 

immunoblotting. Immunoblots were processed using standard procedures, using primary antibodies against 

the FLAG (Sigma M2, #F-1804) tag, and analyzed using enhanced chemiluminescence with an HRP-25 

conjugated anti-mouse (Invitrogen #31430) secondary antibody. To analyze the cellular localization of 

3xFLAG-C9orf114 in HEK293 cells by immunofluorescence, an anti-FLAG-GFP secondary antibody 

(Invitrogen #A-11122) was used. For imaging under a Leica SP8 confocal microscope, coverslips were 

mounted using ProLong Gold Antifade Mountant with DAPI (Thermo) to stain for DNA in the nuclei.  

 30 

RT-PCR analyses of specific mRNAs  

Total RNA was extracted using RNeasy Plant Mini kit (Qiagen) with DNase treatment to avoid genomic 

DNA contamination. cDNA was synthesized from 0.5-1 µg RNA with a cDNA synthesis kit using a mixture 

of Oligo dT and random hexamer primers (Roche). LightCycler SYBR Green master mix (Roche) was used 

in a LightCycler 480 device (Roche) following manufacturer’s default program recommendations for 35 
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quantitative RT-PCR (qRT-PCR). OVAC and ACL5 transcript levels were normalized to a respective 

housekeeping gene PP2A.  

 

Protoplast assays, Luciferase firefly/Renilla  

Protoplasts were obtained from leaf tissues and transiently transformed according to (92). The translation 5 

experiments in protoplasts were based on transient expression of dual-luciferase reporter assays(93). After 

protoplast transient expression of the different constructs, translation of the reporter Firefly luciferase was 

quantified using Renilla luciferase as a reference, which was insensitive to thermospermine treatments. 

 

Tobacco infiltration  10 

Tobacco (Nicotiana benthamiana) infiltration was performed following a previously published protocol 

(94). Briefly, Agrobacterium tumefaciens strain GV3101 was cultured overnight at 28 °C in 10 mL of LB 

medium supplemented with kanamycin (100 mg/L) and rifampicin (50 mg/L). Cultures were pelleted by 

centrifugation and resuspended in infiltration buffer (10 mM MES, pH 5.6, 10 mM MgCl2, 200 μM 

acetosyringone) to an optical density (OD600 nm) of 0.8 ~ 0.9. Bacterial suspensions were infiltrated into the 15 

abaxial side of leaves from 4-week-old tobacco plants using a blunt-tipped 1 mL syringe. For 

thermospermine or mock treatments, 50 μM thermospermine or an equivalent volume of mock in 

infiltration buffer was infiltrated into the same leaf regions 24 hours after Agrobacterium infiltration using 

a blunt-tipped 1 mL syringe. Leaf tissues were collected 21 ~ 24 hours after thermospermine or mock 

treatment for confocal imaging. A total of five to nine infiltrated spots from two to three leaves were imaged 20 

per construct and condition. 

 

Thermospermine measurements  

Polyamine measurements were conducted using 21-day-old plants. Roots from 50 plants per biological 

replicate were collected, with three independent replicates generated. Polyamines were purified and 25 

quantified following the procedures described in 65,66.  

 

Histology 

Arabidopsis roots and hypocotyls were fixed and embedded in Historesin (Leica) as described (97, 98). 

Cross sections were obtained using a rotary microtome (Leica). Before imaging, the sections were stained 30 

in 0.05% toluidine blue (and 0.05% ruthenium red, sequentially). Alternatively, the tissues were fixed and 

cleared using ClearSee (99) and stained with calcofluor white or with 0.1% (v/v) SCRI Renaissance 2200 

(SR2200) stain before observing. Histochemical staining for GUS activity was carried out as described in 

(100). For vibratome sections, hypocotyls were fixed in 4% formaldehyde and embedded in 4% agarose 

following a protocol described in (101). Transverse sections were made by vibratome Leica VT1200S and 35 
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stained with 0.1% (v/v) SCRI Renaissance 2200 Stain and 0.05% Fuchsin stain before imaging by confocal 

microscope.  

 

Confocal imaging for reporter expressions 

For confocal imaging of root apical meristem with SACL reporters, 7-day-old seedlings were fixed in 4% 5 

formaldehyde, stained with SR2200 or propidium iodide, and cleared using ClearSee(99) prior to 

visualization. To assess SAC51 and LHW translation in root tips and during secondary development, and to 

determine the half maximal inhibitory concentration for LHW translation, 6- or 7-day-old seedlings grown 

on half-strength MS medium were transferred to medium containing various concentrations of 

thermospermine indicated, 50 µM xylemin or a mock treatment and incubated for 24 hours. For SAC51 10 

reporter expression analysis during secondary development and the half-maximal excitation concentration 

for SAC51 translation, seedlings were grown for 14 days on medium with various concentrations of 

thermospermine indicated, 50 µM xylemin or a mock treatment before processing. All seedlings were fixed 

in 4% formaldehyde, and roots from 14-day-old plants were sectioned at the hypocotyl-root junction by 

vibratome Leica VT1200S and stained with SR2200, while younger seedlings were directly stained and 15 

cleared before confocal imaging. Confocal images were acquired using a Leica TCS SP8 confocal 

microscope with a 63×/1.20 WATER objective for root tips and a 20×/0.70 DRY objective for cross-

sections of the hypocotyl-root junction and the mature part of the roots, where ACL5 expression is detected 

in xylem parenchyma and/or pericycle cells (fig. S13E). This region was selected because ACL5 serves as 

a secondary xylem vessel marker, and xylem pole pericycle cells contribute to cambial development (35, 20 

101).  

The image resolution was set to 512 x 512 or 1024 x 1024 pixels, with a z-step size of 1 µm. 

Excitation settings were 405 nm (SR2200 and calcofluor white), 488 nm (GFP), 514 nm (mVenus), or 561 

nm (Fuchsin staining), while emission settings ranged 430 ~ 445 nm (SR2200 and calcofluor white), 496 ~ 

521 nm (GFP), 525 ~ 555 nm (mVenus), and 590 ~ 615 nm (Fuchsin staining), respectively. To determine 25 

xylem vessel density per total cross-section area, the total cross-section area (including xylem, phloem and 

phelloderm) was measured using Fiji software (102) and the number of xylem vessels and total number of 

cells were either manually counted based on Fuchsin staining or counted using Cellpose (103). 

Segmentation and quantification of fluorescence intensity of nuclear-localized GFP (n3GFP), mVenus 

(n3mVenus), mScarlet-I (n3mScarlet), or mTurquise2 (n3mTurq) were performed on z-stacked 16-bit 30 

confocal images using FRETENATOR2 (104, 105) plugin in Fiji software.  

Supplementary Text 

 

Identification of the OVERACHIEVER   
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In search of novel modifiers of cytokinin-mediated vascular patterning, known for its robustness in 

the Arabidopsis primary root (106), we performed an EMS mutagenesis screen for pAHP6::GFP 

misexpression in the cytokinin hyposensitive background, cre1-12. Given that the expression pattern of 

AHP6 in the primary root is restricted to the protoxylem and the adjacent two pericycle cells only (107), it 

can be regarded as a highly specific marker of differentiating protoxylem. From the EMS screen, we 5 

selected a mutant named overachiever (ovac) that displayed an expanded pAHP6::GFP expression domain 

(fig. S1A). The ovac-1 mutation is recessive, and the mutant plants are fertile and grow vigorously in 

optimal conditions (Fig. 1E). The expanded AHP6 domain correlates with the presence of an excessive 

number of protoxylem cell files at the ends of the xylem axis in the ovac-1 cre1-12 double mutant primary 

root (fig. S1B). Occasionally, we could see a full double axis of xylem cells (fig. S1B) which resembles the 10 

root phenotype reported for the cytokinin receptor double mutant ahk3 cre1 (107). These phenotypic 

analyses suggest that OVAC may control xylem differentiation by spatially restricting cytokinin signaling 

via promoting AHP6 expression. Based on quantitative analysis of the cross-sections, we found that the 

ovac single mutants showed normal primary vascular development but excessive formation of xylem 

vessels during secondary development (Fig. 1, C and D, and fig. S1A).   15 

To identify the gene underlying the ovac-1 mutant phenotype, we first performed whole-genome 

sequencing and rough mapping of the double mutant ovac-1 cre1-12 (Materials and Methods). We 

discovered an early stop codon in the first exon of an uncharacterized, putative RNA methyltransferase 

gene (At5g19300), that resided within the mapping window of 1.5 Mb located in chromosome 5 (Fig. 1B). 

OVAC is a single copy gene that is conserved across the plant and animal kingdom. To confirm the gene 20 

identification, we tested for allelism and complemented the ovac mutant phenotype by transforming the 

At5g19300 full genomic context or coding sequence with 0.5 kb of the 5’ region. 0.5 kb of the promoter 

region were sufficient to complement ovac (figs. S1A and S4E). To examine the cell-specific expression, 

we fused the 0.5 kb OVAC promoter that was sufficient for complementation with GUS/RFP, and observed 

the reporter construct in plants. OVAC is highly expressed in the root tip, emerging lateral roots and the 25 

root/hypocotyl junction (fig. S1C). In cross-sections of the hypocotyl, OVAC is expressed in xylem 

parenchyma cells (fig. S1D). Homology modelling of the OVAC protein sequence showed 47% and 32% 

identity to a human 4rg1B (C9orf114), that we confirmed to localize to the nucleolus (fig. S2C)(40), and a 

Methanobacterium methyltransferase 1k3rB, respectively. These proteins are representatives of the 

Archaea and Eukaryota protein family COG2106 and characterized by a conserved, putative RNA 30 

methyltransferase domain with a putative RNA-binding OB-fold domain inserted in the middle (22).  

 

In vitro reconstitution of the 25S rRNA m3U2952 modification reaction 

We used in vitro reconstitution to define the minimal conditions required for the m3U2952 

modification. For this, we set up a primer extension analysis (fig. S3A) to identify methylated and 35 
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unmethylated U2952 residues on rRNA at one-nucleotide resolution. Primer extension reaction is a widely 

used method for mapping modified nucleotides, particularly 2’-O-methylation on rRNA (108) but can be 

used for other modifications on any RNA. m3U modifications have been shown to generate strong primer 

extension stop bands because of its incompatibility as base-pairing partner in unmodified RNA or DNA 

duplex (30). We initially confirmed the functionality of the assay by analyzing the U2952 modifications 5 

from total RNA pools derived from WT and ovac-2 plants. We observed a strong primer extension stop one 

nucleotide preceding the modified nucleotide with WT but not ovac-2 total RNA pool (fig. S3B) confirming 

the location of the m3U modification. In repeated experiments this main primer extension stop was 

frequently followed by weaker bands of variable intensity, known to result from polymerase “stuttering” 

reaction where 1-2 untemplated nucleotides are added after pausing of the polymerase (108).  10 

For in vitro reconstitutions, we used recombinant catalytically active WT methyltransferase 

(OVAC-WT) and a catalytically inactive version of the enzyme (OVAC-mut) (fig. S3C). The G335A and 

G339A substitutions in OVAC-mut are expected to disrupt the binding to cofactor S-adenosyl methionine 

(SAM) and render the enzyme catalytically inactive. The inactivating mutations were designed based on 

the earlier work on Drosophila ortholog (30). As a substrate for m3U modification we used in vitro 15 

transcription with T7 RNA polymerase to produce unmodified 1475 nt 3’ fragment of the Arabidopsis 

rRNA. In the presence of SAM, only the OVAC-WT but not OVAC-mut was able to methylate the U2952 

position of the synthetic RNA (Fig. 1H), identifying the minimal conditions for the m3U2952 modification. 

 

Ribosome profiling and RNA-seq analyses of Arabidopsis roots  20 

We performed ribosome profiling and RNA-seq analyses of roots to assess both translational 

regulation and transcript abundance across different genotypes and treatments. To identify genes with 

altered translational efficiency, we calculated the ratio of ribosome footprint counts to RNA-seq counts and 

applied edgeR to detect significant changes (FDR < 0.05) in up- or downregulation (|logFC| > 0.5) under 

each condition (fig. S6 and Data S4 to S7).  25 

Through the comparisons, we identified genes that responded consistently across analyses. As 

described in the main text, three genes (SAC51, SACL2, and SACL3) showed reduced translation in ovac 

(with or without thermospermine treatment) relative to corresponding wild-type controls but were 

upregulated by thermospermine only in wild type (fig. S6B). Conversely, one gene (AT4G30960) was 

upregulated in ovac compared to wild type but downregulated by thermospermine in wild type (fig. S6B). 30 

In addition, five genes (GBF5, GBF6, VTC2, VTC5, and AT5G41990) showed no response to 

thermospermine in wild type but exhibited altered translation specifically in ovac under both treated and 

untreated conditions comparing to wild type (fig. S6B), suggesting OVAC-specific regulation. There are 

four additional genes whose translation was altered in the same direction in both the ovac vs. wild type and 

the thermospermine-treated wild type vs. mock-treated wild type (fig. S6B). Given that ovac mutant has an 35 
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increased amount of thermospermine (fig. S18, A and B), these genes are potentially regulated in their 

translation by thermospermine alone. For instance, Polyamine oxidase 4, a polyamine catalytic enzyme, is 

upregulated in its translation in both contexts, implying that high amount of polyamine induces its 

catabolism as reported previously (109, 110). We therefore regard these 13 genes of 30 genes as direct 

impacted translation by OVAC and/or tSpm.  5 

Beyond these, we identified 186 genes (35 genes upregulated and 151 genes downregulated), 

including LHW, that were altered in their translation by thermospermine in wild type but not in ovac (fig. 

S6B). As we validated that LHW translation is downregulated by thermospermine in wild type, but not to 

the same extent in ovac, this indicates that LHW regulation also depends on OVAC and thermospermine. 

It is possible that additional genes among this set of 186 are similarly regulated. It is also possible that the 10 

differential regulation by tSpm of many of the remaining 186 genes and 17 genes (ovac vs. WT comparison) 

more likely reflects indirect effects, arising from altered cell fate decisions or downstream consequences of 

misregulated translation of key transcription factors such as SACLs and LHW, which are central regulators 

of vascular development. 

Finally, unlike other SACL genes, we observed that SAC51 and LHW transcript abundance appears 15 

to be altered by thermospermine treatment in wild type (increased or decreased, respectively) but not in 

ovac (fig. S8B, S9 and S10). Because their translation is significantly up- or downregulated by 

thermospermine only in wild type, we consider it plausible that the observed transcript abundance changes 

are coupled to, or arise as a consequence of, altered translational efficiency.  

 20 

Phenotypic recovery of ovac by the mutations in SACLs, RPL4, and LHW  

The thermospermine biosynthetic locus ACL5 was identified based on a loss-of-function mutation 

causing a severely stunted phenotype and excessive xylem vessel formation (39). Three types of mutations 

can suppress this phenotype: (1) point mutations in the inhibitory uORF sequences of SAC51 and SACL 

genes (36, 38), (2) mutations in the ribosomal proteins LARGE SUBUNIT RIBOSOMAL PROTEIN 10 25 

(RPL10) (111) and RPL4 (41), and (3) T-DNA insertion in LHW (36). These data suggested that the 

inhibitory interaction between the SACL uORF peptides and ribosomes results in substantial reduction in 

SACL translation in acl5. Furthermore, reducing LONESOME-HIGHWAY/TARGET-OF-MONOPTEROS5 

heterodimerization through a lhw mutation in acl5 can compensate for the defective SACLs translation in 

acl5 (36, 37).  We investigated whether these mutations rescue ovac phenotypes. The uORF point mutation 30 

alleles, sacl3-10, sacl3-31, and sac51-104, significantly suppress the excessive vessel differentiation in 

ovac, restoring it to the wild type level (n = 37 ~ 54 per each line of ovac sacl3-10 and ovac sac51-104, and 

n = 4 ~ 8 per each line of ovac sacl3-31, fig. S11, A to E), and markedly rescue the shoot phenotype in ovac 

(n = 3 for wild type, ovac, ovac SAC51, and ovac sac51-104, fig. S11F). The sac56-d introduces a G75R 

mutation within the RPL4 tentacle that contributes to the central ribosomal exit tunnel wall constriction 35 
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(41). In the ovac, sac56-d (41) partially restored the xylem differentiation (39.9 ± 3.07% recovery toward 

wild-type level compared to the ovac mutant; mean ± SE, n = 34 ~ 42 per each genotype, fig. S5E) and 

shoot phenotype (n = 12 plants for ovac-2 sac56-d and ovac-2, fig. S11, G and H). Furthermore, we also 

observed that the lhw mutation can partially rescue the xylem vessel differentiation phenotype of ovac, with 

a recovery of 40.1 ± 6.93% toward wild-type levels (mean ± SE, n = 18 ~ 25 per each genotype, fig. S11I). 5 

We interpret that the partial rescue in these cases may be due to a weak nature of mutation in rpl4 or 

existence of redundant gene functions in lhw. Given that LHW translational suppression is impaired in ovac 

(Figs. 2, A, D and E, 4D, and S20, E to I), we concluded that the excessive xylem vessel differentiation in 

ovac is caused by defective SACL translation and impaired LHW translational suppression.  

 10 

Analysis of bifunctional translational regulation of SACLs and LHW  

To validate the ribosome footprinting data (Fig. 2A), we examined expression of translational 

reporters of SAC51, SACL1, SACL2, SACL3 and LHW with and/or without thermospermine treatment. 

Analysis of translational reporters containing the uORFs without treatment confirmed that the translation 

of all SACL genes was inhibited in ovac compared to wild type (Fig. 2B). In wild-type root tip, 15 

thermospermine significantly enhanced the expression of SAC51 uORF fusion reporter but not in the ovac 

mutant (Fig. 2C). However, no visible changes were detected in SAC51 transcriptional reporter expression 

in the ovac in response to thermospermine (Fig. 2C). Dual-luciferase assays on various gene forms of 

SACL3 with wild-type and ovac leaf protoplasts confirmed enhanced translation of SACL3 upon 

thermospermine treatment in wild type but not in ovac (fig. S7, A and B). The sacl3-31 dominant mutation 20 

(36) facilitated translation in both wild type and ovac, however, thermospermine treatment further enhanced 

translation only in wild type (fig. S7, A and B).  

Since the LHW transcription is downregulated in the ovac compared to wild type (Fig. 2, D and E), 

we generated transgenic plants carrying two fluorescence reporters: one fused with the native LHW uORF 

and another with a mutated uORF where its start codon was replaced by a stop codon to remove regulatory 25 

effect of uORF (112), allowing calculation of translation efficiency based on fluorescence intensity 

considering the transcriptional differences. Thermospermine treatment significantly reduced LHW 

translation efficiency in root tip of both genotypes, but it remained higher in ovac than in the wild type (Fig. 

2, D and E). A two-way ANOVA test showed that there was a significant interaction between the effects 

of thermospermine and the OVAC-mediated methylation on LHW translation efficiency (p = 2.2e-16). The 30 

thermospermine-induced downregulation of LHW translation efficiency was significantly greater in the 

wild type than in ovac (Fig. 2, D and E). However, the overall expression of LHW is downregulated in the 

ovac compared to the wild type due to the reduced transcription (Fig. 2, D and E).    

To investigate the translation of SAC51 and LHW reporters during secondary development, we 

grew plants on media supplemented with thermospermine and/or xylemin for 14 days. Unlike in the root 35 
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tip, where SAC51 transcription levels did not differ between wild-type and ovac (Fig. 2C), we observed a 

significant reduction in SAC51 transcriptional reporter expression in ovac compared to wild type during 

secondary growth (fig. S19, B and C). However, the translational decline in ovac was significantly 

pronounced than the reduction in the transcriptional reporter expression across all conditions (fig. S19D), 

confirming that SAC51 translation is impaired in ovac relative to wild type during secondary development. 5 

Notably, while SAC51 transcription remained unchanged in ovac upon xylemin treatment compared to 

untreated ovac, SAC51 translation was abolished in xylemin-treated ovac, as indicated by the absence of 

detectable fluorescence (Fig. 4C and fig. S19, A to C). Furthermore, co-application of xylemin and 

thermospermine in ovac restored SAC51 translation (fig. S19, A to D), vessel differentiation, and growth 

to levels comparable to untreated ovac (fig. S19, E to G). In contrast, the same treatment in wild type 10 

resulted in a substantial increase in SAC51 translation, leading to severe inhibition of vessel differentiation 

(Fig. 4C and fig. S19, A to C). These findings confirm that the functional binding of thermospermine to the 

methylated ribosome is essential for the maximal induction of SAC51 translation (Fig. 4E). 

For LHW, 14-day thermospermine treatment confirmed its role in repressing LHW translation in 

wild type, consistent with observations from primary development in root tips (Fig. 2, D and E, and S20, A 15 

to D). However, 14-day xylemin treatment significantly reduced LHW transcription in wild-type xylem 

tissue (fig. S20A), preventing an accurate assessment of translation efficiency during secondary xylem 

development under these conditions. To circumvent this limitation, we conducted a 24-hour treatment and 

examined mature roots, focusing on vascular cells and xylem pole pericycle cells, where the secondary 

xylem vessel marker ACL5 is expressed (35). Unlike in the root tip (Fig. 2, D and E), LHW translation 20 

efficiency was higher in both ovac and acl5 mutants compared to wild type (Fig. 4D and fig. S20, E to I), 

confirming that OVAC-mediated methylation is necessary for translational inhibition of LHW. Moreover, 

LHW translation efficiency was higher in ovac than in acl5, indicating that OVAC-mediated methylation 

itself exerts an additional inhibitory effect on LHW translation independently of thermospermine binding 

in mature roots. Thermospermine treatment reduced the LHW translation efficiency in acl5, ovac, and wild 25 

type, although the ovac mutant retained a relatively higher translation efficiency compared to both wild 

type and acl5, consistent with findings from root tips (Fig. 4, C and D, and fig. S20, E to I). These results 

confirm that the maximal suppression of LHW translation requires functional binding of thermospermine 

to methylated ribosome (Fig. 4E).  

Finally, to further validate that m3U2952-mediated bifunctional roles of thermospermine in LHW 30 

and SAC51 translation, we examined their translation in the mature part of wild-type and ovac roots with 

or without thermospermine treatment (fig. S7, C and D). Consistently, we observed that the ovac mutant 

exhibits significantly reduced SAC51-to-LHW translation ratio in response to thermospermine, compared 

to wild type (fig. S7, C and D). These results confirmed that the bifunctional regulation of thermospermine 

depends on its m³U2952-promoted binding to the ribosome.  35 
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Elevated LHW expression in acl5 causes exaggerated vessel differentiation compared to ovac  

We found that overall LHW expression was significantly higher in acl5 than in ovac due to 

decreased LHW transcription in ovac (fig. S20, F and G), despite LHW translation efficiency in acl5 was 

not higher than in ovac (Fig. 4D). Consistent with this, acl5 mutants displayed an increased proportion of 5 

vessels relative to total cells and cross-sectional area compared to ovac (fig. S22, A to D). Moreover, 

increasing expression of LHW by introducing a mutated uORF-fused LHW in ovac significantly enhanced 

vessel differentiation and caused severe dwarfism, phenocopying the acl5 (fig. S22, C to E). Taken together, 

these findings indicate that the more severe vessel differentiation phenotype observed in acl5 compared to 

ovac is primarily attributed to the higher LHW expression in the absence of thermospermine production.  10 

 

Supplementary Figures 

Fig. S1. Identification and characterization of OVAC. 

 (A) Confocal optical cross-sections show typical pAHP6::GFP expression in the primary root in various genetic 

backgrounds. Arrowheads indicate an expanded pAHP6::GFP domain in the double mutant ovac-1 cre1-12 and ovac-15 

2 cre1-12. Roots were counter-stained with propidium iodide. Scale bar, 20 μm. (B) histological sections of primary 

roots. Protoxylem is indicated with arrowheads. Sections were stained with toluidine blue. Scale bar, 10 μm. (C) 

expression pattern of OVAC, illustrated by GUS staining of a 4-day-old seedling. Arrows point at the shoot apex, 

root/hypocotyl junction, lateral root primordium, and the root tip. (D) cross-section of 33-day-old hypocotyl with GUS 

staining. Black asterisks and red arrows indicate differentiated vessels and xylem parenchyma cells, respectively. 20 

Plants were grown under short-day conditions (9 hours/15 hours, light/dark). Scale bar, 20 μm.  
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Fig. S2. m3U2952 modification by OVAC.  

(A and B) Cellular localization of the OVAC protein (pOVAC::eGFP::OVAC) in the root meristem (A) and leaves 

(B). The orange arrowhead indicates the nucleolar localization of the protein. Roots were stained with propidium 

iodide and leaves were stained with DAPI. Scale bar, 20 µm. (C) Protein localization of C9orf114, the human ortholog 5 

of OVAC, in HEK293 cells. Scale bar, 20 µm. (D) RNA-seq read counts of Arabidopsis rRNA species in WT and the 

ovac-2 mutant. The red-boxed region contains the residue U2952 in the 25S rRNA. (E) Mass spectrometric analysis 

of an RNase T1-digested 25S rRNA sub-fragment from WT (top) and ovac-2 (bottom) roots, focusing on m/z region 

relevant for U2952 methylation (red letters and arrowheads). (F) Mass spectrometric analysis of an RNase A digested 

25S rRNA sub-fragment from cauline leaves (upper red graph) or cotyledons (bottom black graph) of the WT, showing 10 

only the m/z ranges relevant for the U2952 modification.  
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Fig. S3. Primer extension analysis and recombinant OVAC production for the in vitro reconstituted m3U2952 

modification reaction.  

(A) Schematic illustration showing the principle of the primer extension analysis used for m3U residue mapping.  (B) 

Primer extension analysis of the m3U2952 modification from Arabidopsis total RNA pools derived from WT and 5 

ovac-2 plants. The first four lanes are a sequencing ladder. The primer extension stops corresponding to the U2952 

(located one nucleotide before the modified nucleotide) is indicated with a red star on the right. Sequence track on the 

left also indicates the RNA modifications detected in this study by Cryo-EM. (C) SDS-PAGE showing the 

quantification of the purified MBP-tagged OVAC and OVAC-mut proteins together with a titration series of BSA 

used for concentration determination. 10 
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Fig. S4. OVAC methyltransferase activity is required for OVAC function.  

(A) Immunoblotting against FLAG of total plant root extracts from three independent lines of ovac-2 expressing 

catalytically inactive OVAC variant (mOVAC) or wild-type OVAC (OVAC), and from WT and ovac-2 plants. The 

asterisks indicate nonspecific bands. (B) Primer extension analysis of the m3U2952 modification from Arabidopsis 

total RNA pools derived from each transgenic line indicated, WT and ovac-2 plants. The first four lanes are a 5 

sequencing ladder. The primer extension stops corresponding to the U2952 (located one nucleotide before the 

modified nucleotide) is indicated with a red box. (C) Representative root cross-sections of 14-day-old each transgenic 

line indicated, WT and ovac-2 plants grown on mock or xylemin (50 µM)-containing media. Scale bar, 20 µm. (D) 

The graph quantifies vessel numbers per total cross-section area for WT, ovac-2, and independent transgenic lines (n 

= 11 ~ 18, Wilcoxon rank-sum tests with Bonferroni correction). (E) Transgenic Arabidopsis harboring the mOVAC 10 

gene on the right and wild-type OVAC on the left in ovac-2 background. (n = 10 ~ 11). Scale bar, 4cm. 



Submitted Manuscript: Confidential 

Template revised July 2024 

45 

 

 

Fig. S5. Quality assessment of RNA-seq and ribosome footprinting (Ribo-seq) datasets.  

(A and B) Pearson correlation coefficients based on FPKM values among biological replicates of RNA-seq (A) and 

Ribo-seq (B) samples. (C) Average read length distribution of Ribo-seq and RNA-seq of biological replicates across 

the indicated genotypes and treatments. (D and E) Three-nucleotide periodicity of Ribo-seq and RNA-seq reads 5 

analyzed with the RibosomeProfilingQC package (67), calculated either from reads of length 29-30 nucleotides (D) 

or from all reads (E). 
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Fig. S6. Summary of differential translation efficiency analysis.  

(A) Overview of comparisons between the indicated datasets for differential translation efficiency. EdgeR was applied 

to detect significant changes (FDR < 0.05) in up- or downregulation (|logFC| > 0.5) under each comparison. (B) Venn 

diagram showing significantly regulated genes in translation efficiency from the four comparisons indicated in (A). 5 

(C to F) Volcano plots displaying differentially regulated genes in translation for each of the four comparisons. 

SACLs, LHW, and their paralogs are highlighted. 
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Fig. S7. Enhanced bifunctional translational regulation of thermospermine (tSpm) by m3U2952. 

(A and B) Dual-Luciferase assay in WT and ovac-2 leaf protoplasts using p35S:: SACL3 uORF::F-LUC (A) or 

p35s::sacl3-31 uORF::F-LUC (B) (n = 6 -14, one-way ANOVA). (C) LHW and SAC51 translational reporters in 8-

day-old mature roots from WT and ovac with or without 24-hour 50 µM tSpm treatment. (D) SAC51/LHW 

fluorescence intensity normalized to mock condition from (C) (n = 3 - 4; 76-196 nuclei, Wilcoxon rank-sum test).    5 
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Fig. S8. Ribosome footprinting reads coverage and transcript levels of SACLs and LHW. 

(A) Ribosome occupancy on SAC51, SACL3, SACL2 and LHW mRNA. The peaks represent the number of 

reads/positions visualized with Integrative Genomics Viewer (113) (n = 3). (B) Transcript levels of SACLs 

and LHW in WT and ovac-2 with and without 100 µM thermospermine (tSpm) from transcriptome analysis 5 

(n = 3). Student's T-test, ns, no significance, * P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001.  
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Fig. S9. RNA-seq and ribosome footprinting profiles of SAC51 and SACL3 in WT and ovac-2 with 

or without thermospermine (tSpm) treatment. 

RNA-seq coverage is shown with a light-yellow background. Ribosome footprinting reads are plotted 

with their first nucleotide aligned to the predicted P-site and are color-coded according to reading frame: 5 

black (first/expected frame), magenta (second frame), and blue (third frame). Plots were generated using 

the ggRibo (114). 
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Fig. S10. RNA-seq and ribosome footprinting profiles of SACL2 and LHW in WT and ovac-2 with 

or without thermospermine (tSpm) treatment. 

RNA-seq coverage is shown with a light-yellow background. Ribosome footprinting reads are plotted with 

their first nucleotide aligned to the predicted P-site and are color-coded according to reading frame: black 

(first/expected frame), magenta (second frame), and blue (third frame). Plots were generated using the 5 

ggRibo (114).  
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Fig. S11. Phenotypic recovery of ovac. 

(A) Amino acid alignment of uORFs from SACLs, LHW, and LHW paralogs, with conserved residues highlighted 

and the mutations indicated. (B) Overview of mutants introduced to ovac-2. (C and E) Hypocotyl cross-sections (left) 

of 10-day-old WT, ovac-2, and ovac-2 expressing the indicated transgenes. Graph (right) quantifies vessel numbers 

in the cross-sections (n = 35 ~ 54). (D) Confocal images of hypocotyl/root junctions from the indicated plants. 5 

Frequencies of observed phenotypes are shown (bottom-right corner). (F) Images of 58-day-old plants (n = 3 per 3 

lines of ovac-2 SAC51 and ovac-2 sac51-104). (G and I) Hypocotyl cross-sections of 10-day-old (G) or 14-day-old 

(I) indicated genotypes. The graph (right (G) or bottom (I)) shows vessel numbers (n = 34 ~ 42 for G, n =18 ~ 25 for 

I). (H) Images of 50-day-old plants (n = 12 for ovac-2 sac56-d and ovac-2). Scale bar, 4 cm (F and H) and 20 µm (C 

to E, G and I); toluidine blue (C, E, G), Fuchsin staining (D), or Fuchsin staining and SR2200 (I). one-way ANOVA 10 

with Tukey’s test (C and I) or Wilcoxon rank-sum tests with Bonferroni correction (E and G). 
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Fig. S12. Conserved uORF peptides of SACL and LHW-mediated thermospermine-dependent 

translational regulation. 

(A) Tobacco leaves transiently expressing translational reporters (LHW 5′leader with SAC51 [construct 1] or LHW 

uORF [construct 2]) and a transcriptional reporter (LHW 5′leader with mutated (mLHW) uORF [construct 3]), treated 5 

with or without tSpm. (B) Quantification of each reporter fluorescence. (C) normalization to the transcriptional 

reporter (n = 5, 116 ~ 203 nuclei, Student’s t-test). (D) Tobacco leaves transiently expressing translational reporters 

(SAC51 5’leader with LHW [construct 4] or SAC51 uORF [construct 5]), and transcriptional reporter (SAC51 5’leader 

with mutated (mSAC51) uORF [construct 6]), treated with or without tSpm. (E) Quantification of reporter 

fluorescence. (F) Normalization to the transcriptional reporter (n = 7 ~ 8, 250 ~ 325 nuclei, Student’s t-test).  A white 10 

asterisk indicates a stop codon introduced by substituting the start codon of each uORF.  
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Fig. S13. Fourier Shell Correlation curves of cryo-EM reconstructions. 

(A to D) Gold standard half-map Fourier Shell Correlation (FSC, left panel) as generated in cryoSPARC and map-to-

model FSC (right panel) as generated by Refmac at the final structure refinement are shown for datasets of WT or 

ovac without (tSpm-) or with thermospermine (tSpm+): (A) WT (tSpm-), (B) WT tSpm+, (C) ovac tSpm-, and (D) 

ovac tSpm+. 5 
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Fig. S14. Thermospermine (tSpm) binding sites in the WT Arabidopsis ribosome.  

(A) Localization of all 27 putative tSpm binding sites found in the WT tSpm+ ribosome sample. Labeled molecules 

are represented in corresponding figure panels. The tSpm molecule marked by an asterisk ‘*’ is also shown in Fig. 3 

and Fig. S15A. (B to D) Example views of tSpm binding sites in the tSpm+ sample (left panel) compared to tSpm- 5 

sample (right panel). ‘d’ was the only tSpm molecule found in both WT tSpm- and tSpm+ samples. 
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Fig. S15. Thermospermine (tSpm) binding site in WT and ovac mutant Arabidopsis ribosomes. 

(A) tSpm binding site in the peptidyl transferase center; labelled ‘*’ in Fig. S14A and also shown in Fig. 3. (B) 

Superimposition of tSpm-bound WT (grey/cyan) and ovac (yellow) Arabidopsis ribosome structures showing different 

binding modes for tSpm and conformational change of U2952-U2953 residues. * indicates methyl group of m3U2952. 5 

(C) Close-up view of U2952 and U2953 in WT (left panel) and ovac (right panel) ribosomes. Cryo-EM maps, grey 

mesh; K+ ion, purple; water molecule, red. (D) Conformation of phosphate group linking P-site tRNA residues C75 

to A76 (pointed with arrow) in WT (left panel) and ovac mutant (right panel) ribosomes.  
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Fig. S16. Increased half-maximal excitation concentration (EC50) for SAC51 translation in ovac compared to 

WT.  

(A) Maximal z-projected confocal image of SAC51 translational (top) and transcriptional (bottom) reporters in cross-

sections of 14-day-old WT (left) and ovac (right) roots grown on the media containing the indicated thermospermine 5 

(tSpm) concentrations (µM). Scale bar, 20 µm. (B) Quantification of fluorescence intensity of SAC51 translational or 

transcriptional reporter of WT (left) and ovac (right) from (A) (n =10 ~ 18, one-way ANOVA with Tukey’s test). (C) 

Translational reporter fluorescence normalized to the mean of corresponding transcriptional reporter, with EC50 values 

estimated for WT (left) and ovac (right).  
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Fig. S17. Increased half-maximal inhibitory concentration (IC50) for LHW translation and vessel 

differentiation in ovac compared to wild type.  

(A) Maximal z-projected confocal image of LHW translational (top) and transcriptional (bottom) reporters in mature 

roots of 8-day-old WT (left) and ovac (right) treated with the indicated thermospermine (tSpm) concentrations (µM) 

for 24 hours. Scale bar, 20 µm. (B) Quantification of fluorescence intensity of LHW translational or transcriptional 5 

reporter of WT (left) and ovac (right) from (A) (n = 3 ~ 9, one-way ANOVA with Tukey’s test). (C) Translational 

reporter fluorescence normalized to the corresponding transcriptional reporter, with IC50 values estimated for WT 

(left) and ovac (right). (n = 3 ~ 9). (D) Number of xylem vessels in root cross-sections from fig. S16A at the indicated 

tSpm concentrations, with IC50 values estimated for WT (left) and ovac (right) (n = 12 ~ 31).  
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Fig. S18. Hyper-sensitivity of ovac to xylemin but not to thermospermine (tSpm).  

(A) Transcript level of ACL5 in 12-day-old seedlings of genotypes indicated.  (B) Quantification of tSpm in 21-day-

old roots of WT and ovac-2 (n = 3, Wilcoxon rank-sum test). (C) Transverse sections of roots grown on media with 5 

or without 50 µM tSpm for 14 days (n = 24 ~ 33). Note that the controls are the same as those in Fig. 4A. Scale bar, 

20 µm. (D and E) The number of xylem vessels and vascular area in the cross-sections shown in (C) (n = 24 ~ 33, 

Wilcoxon rank sum test with Bonferroni correction). (F) Transcript level of OVAC in 12-day-old seedlings of 

genotypes indicated.  (G) m3U2952 quantification in WT and acl5 rRNA roots by Mass spectrometric analysis. (H) 

A schematic of the primers used to detect m3U2952 (blue arrow, forward primer for loading control; red arrow, forward 10 

primer for m3U2952 detection; black arrow, reverse primer). Gel images for the loading control and m3U2952 

detection, and normalized m3U2952 band intensity relative to the loading control (n = 4, one-way ANOVA with 

Tukey’s test). Error bars, means ± SE (n = 4, Student's T-test) in A and F. 

 

 15 
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Fig. S19. Reduced SAC51 translation in ovac.  

(A and B) Maximal z-projected confocal image of SAC51 translational (A) and transcriptional (B) reporters in cross-

sections of WT and ovac roots grown on the media indicated for 14 days. White arrowheads highlight representative 

reporter expression in xylem cells. (C) Quantification of fluorescence intensity from (A and B) (n = 13~19, Wilcoxon 

rank sum test with Bonferroni correction). (D) Normalized fluorescence intensity of SAC51 translational and 5 

transcriptional reporters in ovac by means of corresponding wild type in each condition shown in (C) (n = 13~19, 

Wilcoxon rank sum test with Bonferroni correction). (E) Representative cross-sections of roots of WT and ovac-2 

plants grown on media indicated for 14 days. (F) Quantification of xylem vessels per total vascular area. (n = 13~17, 

Wilcoxon rank sum test with Bonferroni correction). (G) Seedlings grown on media indicated for 14 days. 0, no 

treatment; 50, 50 µM; 100, 100 µM, Scale bar, 20 µm (A, B, and E), 1 cm (G). Numbers indicate phenotype frequency. 10 
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Fig. S20. Translational inhibition of LHW by thermospermine (tSpm) and m3U2952.  

(A) Confocal images of LHW translational and transcriptional reporters in transverse sections of wild-type roots grown 

on the media indicated for 14 days. The region within the red dotted lines marks the xylem tissue. Red arrowheads 

highlight representative nuclear expression of the reporters. (B to D) Quantification of LHW translational and 

transcriptional reporter expression and LHW translation efficiency from (A). Xylemin-treated samples are excluded 5 

due to low reporter transcription in xylem tissue. (E) Confocal images of LHW translational and transcriptional 

reporters, as well as the ACL5 transcriptional reporter, in mature roots following 24-hour treatment with 50 µM tSpm 

or 50 µM xylemin. (F to H) Quantification of fluorescence intensity for the reporters in (E). (I) Look-Up-Table 

representation of LHW translation efficiency based on the images in (E). 

 10 
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Fig. S21. Phenotypic recovery of xylemin-treated ovac by loss-of-function of lhw.  

(A) Representative transverse sections of roots of WT, ovac-2, lhw, and ovac-2 lhw grown on media with mock or 50 

µM xylemin for 14 days.  Note that the control is the same as in Fig. S11l. Scale bar, 20 µm. (B) Images of seedlings 

shown in (A). Scale bar, 1 cm. (C to E) Quantification of the number of xylem vessels (C), vascular area (D), and the 

number of xylem vessels per vascular area (E) from (A). Statistical significance among genotypes in mock or xylemin-5 

treated condition was determined using one-way ANOVA with Tukey’s test (n =18 ~ 28).  
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Fig. S22. Enhanced vessel differentiation by elevated LHW translation in ovac.  

(A) A total number of cells in root cross-sections and (B) proportion of vessels among total number of cells from each 

genotype and developmental stage indicated. The same cross-sections in Fig. 1C and 4A were used for this 

quantification (n = 8 ~ 15, Wilcoxon rank-sum test for A, Student’s t-test for B).  (C) Representative confocal images 

of hypocotyl cross-sections (left) from 14-day-old C WT, acl5, ovac-2, and ovac-2 expressing either 5 

pLHW::5’leader::LHW or pLHW::mutated 5’leader (m5’leader)::LHW. Scale bar, 20 µm. (D) The graph (right) 

quantifies vessel numbers per total vascular area shown in (C) (n = 12 ~ 24, one-way ANOVA with Tukey’s test). (E) 

Representative images of 42-day-old plants (n = 3). Scale bar, 2 cm.  
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Supplementary Data 

Data S1. Arabidopsis 25S rRNA modifications identified in the current work, and their corresponding residues 

(modified or non-modified) in tomato (27), tobacco (28), human (1), fruit fly(30, 115) and yeast (2). For the 

Arabidopsis residues, the levels of modification are indicated as percentages. 

Data S2. Observed (MZ, obs.) versus expected theoretical (MZ, expt.) m/z-values of RNase A digested 25S rRNA 5 

sub-fragments prepared 

Data S3. Polysome proteomics of ovac-2 compared to wild type 

Data S4. List of genes showing altered translation efficiency in comparison between ovac-2 and Col-0. The 

translation of 15 genes is significantly upregulated and of 15 genes downregulated (EdgeR, FDR < 0.5, |logFC| 

>0.5) 10 

Data S5. List of genes showing altered translation efficiency in wild type upon thermospermine treatment. The 

translation of 43 genes is significantly upregulated by thermospermine and of 179 genes is downregulated (EdgeR, 

FDR < 0.5, |logFC| >0.5) 

Data S6. List of genes showing altered translation efficiency in comparison between tSpm-treated ovac vs mock-

treated ovac. The translation of 21 genes is significantly upregulated by thermospermine and of 60 genes is 15 

downregulated (EdgeR, FDR < 0.5, |logFC| >0.5) 

Data S7. List of genes showing altered translation efficiency in comparison between tSpm-treated ovac vs tSpm-

treated wild type. The translation of 6 genes is significantly upregulated and of 13 genes is downregulated (EdgeR, 

FDR < 0.5, |logFC| >0.5) 

Data S8. uORF-containing 26 genes showing altered translation efficiency in wild type but not in ovac-2 following 20 

thermospermine treatment (EdgeR) 

Data S9. Cryo-EM data collection and processing 

Data S10. Plant materials used in this study 

Data S11. Primers used in this study 
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