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SUMMARY

The function of transfer RNAs (tRNAs) depends on enzymes that cleave primary transcript ends, add a 30

CCA tail, introduce post-transcriptional base modifications, and charge (aminoacylate) mature tRNAs with

the correct amino acid. Maintaining an available pool of the resulting aminoacylated tRNAs is essential for

protein synthesis. High-throughput sequencing techniques have recently been developed to provide a com-

prehensive view of aminoacylation state in a tRNA-specific fashion. However, these methods have never

been applied to plants. Here, we treated Arabidopsis thaliana RNA samples with periodate and then per-

formed tRNA-seq to distinguish between aminoacylated and uncharged tRNAs. This approach successfully

captured every tRNA isodecoder family and detected expression of additional tRNA-like transcripts. We

found that estimated aminoacylation rates and CCA tail integrity were significantly higher on average for

organellar (mitochondrial and plastid) tRNAs than for nuclear/cytosolic tRNAs. Reanalysis of previously pub-

lished human cell line data showed a similar pattern. Base modifications result in nucleotide misincorpora-

tions and truncations during reverse transcription, which we quantified and used to test for relationships

with aminoacylation levels. We also determined that the Arabidopsis tRNA-like sequences (t-elements) that

are cleaved from the ends of some mitochondrial messenger RNAs have post-transcriptionally modified

bases and CCA-tail addition. However, these t-elements are not aminoacylated, indicating that they are only

recognized by a subset of tRNA-interacting enzymes and do not play a role in translation. Overall, this work

provides a characterization of the baseline landscape of plant tRNA aminoacylation rates and demonstrates

an approach for investigating environmental and genetic perturbations to plant translation machinery.

Keywords: aminoacylation, Arabidopsis thaliana, mitochondrial t-elements, post-transcriptional modifica-

tions, tRNAs.

INTRODUCTION

Transfer RNAs (tRNAs) play a pivotal role in the central

dogma of molecular biology by recognizing codons in

messenger RNAs (mRNAs) and delivering the correspond-

ing amino acid during protein synthesis. The expression

and maturation of tRNAs depends on interactions with

numerous specialized enzymes (Phizicky & Hopper, 2010).

Precursor tRNA transcripts are processed by the endonu-

cleases RNase P and RNase Z to remove their 50 leader

sequence and 30 extension, respectively (Hartmann

et al., 2009). The mature 50 and 30 ends then base pair to

form the acceptor stem with a 30 overhanging nucleotide

known as the discriminator base, which is followed by a 30

trinucleotide CCA sequence. This CCA tail can be

genomically encoded but is more often incorporated

post-transcriptionally by a CCA-adding tRNA nucleotidyl-

transferase (CCAse), which plays an important role in tRNA

quality control (Betat & M€orl, 2015). The maturation of

tRNAs also involves extensive post-transcriptional base

modifications, which can be essential for proper tRNA fold-

ing, stability, codon-anticodon recognition, and charging

by aminoacyl-tRNA synthetases (aaRSs) (Gieg�e &

Eriani, 2023; Motorin & Helm, 2010; Suzuki, 2021). Aminoa-

cylated tRNAs deliver their amino acid to the ribosome for

addition to the growing polypeptide chain during protein

synthesis, after which they can cyclically repeat the pro-

cess through multiple rounds of aminoacylation.

Availability of aminoacylated tRNAs is, thus, essential

for sustaining protein synthesis. The levels of aminoacyla-

tion in the cellular tRNA pool are also environmentally
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responsive and play important signaling roles

(Avcilar-Kucukgoze et al., 2016; Dittmar et al., 2005; Raina

& Ibba, 2014; Subramaniam et al., 2013). Being able to

measure the relative abundance of aminoacylated and

uncharged tRNAs is vital for understanding the associated

regulatory mechanisms.

In addition to canonical tRNAs, there are many tran-

scripts with tRNA-like sequences that can be recognized by

the same suite of enzymatic machinery. For example, the

maturation of human mascRNA (MALAT1-associated small

cytoplasmic RNA) depends on a tRNA-like structure that

recruits RNase P and RNase Z for cleavage of a long non-

coding RNA (lncRNA) precursor transcript. However,

mascRNA is sufficiently divergent in the structure of its D

stem and anticodon region that it is not aminoacylated by

aaRSs and does not interfere with translation (Skeparnias

et al., 2024). Another example is the tRNA-like structure

involved in the replication, translation, and genome encap-

sidation of the brome mosaic virus in plants. In this case,

however, recognition and aminoacylation by a host aaRS

is necessary for the full functionality of the viral element

(Bonilla et al., 2021).

Plant mitochondrial genomes contain another class of

tRNA-like sequences (t-elements) that are homologous to

tRNA genes and encode transcripts predicted to retain typi-

cal tRNA-like secondary structures (Forner et al., 2007;

Hanic-Joyce et al., 1990). Because t-elements often occur at

the 50 or 30 ends of plant mitochondrial genes, recognition

and cleavage of these structures by RNase P and RNase Z

can define the ends of mature ribosomal RNA (rRNA) and

mRNA transcripts (Forner et al., 2007; Warren,

Salinas-Gieg�e, Triant, et al., 2021). Initial characterization of

t-elements also indicated that they could act as CCAse sub-

strates in vitro, but they were not detectable in vivo, sug-

gesting they were unstable and rapidly removed

(Hanic-Joyce et al., 1990). However, subsequent investiga-

tion found that t-element transcripts are at least transiently

present in vivo and can carry post-transcriptionally added 30

nucleotides that are not genomically encoded (Forner

et al., 2007). Although this combination of findings suggests

the action of a CCAse, a typical CCA motif was rarely

observed in the analysis of in vivo transcripts. Indeed, in the

most extensively studied example (the t-element that is

transcribed at the 50 end of cox1), sequenced transcripts had

various strings of Cs and/or As but none of them had a

standard CCA tail (Forner et al., 2007). These findings raise

multiple alternative hypotheses: (i) the observed post-

transcriptional addition of 30 nucleotides to t-elements

in vivo is not mediated by a conventional CCAse, (ii) CCAse

activity is less specific when not acting on canonical tRNA

substrates, or (iii) t-elements with true CCA tails are aminoa-

cylated by aaRSs, inhibiting their detection with RNA

sequencing because ligation is blocked by the resulting

amino acid at the 30 end. A further uncertainty about

t-element metabolism is whether they are recognized by the

enzymes responsible for post-transcriptional base modifica-

tions and/or aminoacylation of tRNAs. Therefore, a more

comprehensive understanding of t-element processing and

function necessitates a detailed investigation of their rela-

tionships with the full suite of tRNA-interacting enzymes.

Recent advances have been made in

sequencing-based methods that can quantify expression

and determine aminoacylation state for tRNAs in a gene-

specific fashion (Behrens et al., 2021; Davidsen & Sulli-

van, 2024; Evans et al., 2017; Pavlova et al., 2020; Watkins

et al., 2022). These approaches incorporate a classic

method to distinguish between aminoacylated and

uncharged tRNAs that has been termed the “Whitfield

reaction” (Davidsen & Sullivan, 2024). This method

involves treatment with sodium periodate to elicit ring

opening and destabilization of the 30 ribose followed by

removal of the 30 nucleotide by incubation under basic

conditions. Because of the presence of an amino acid on

the 30 nucleotide of a tRNA protects the transcript from this

reaction, there is a resulting length difference between

aminoacylated tRNAs (full-length) and uncharged tRNAs

(lacking their 30 nucleotide).
In principle, the length difference generated by

periodate treatment can be assessed on a global level with

tRNA-seq. However, the extensive post-transcriptional base

modifications in tRNAs (Cappannini et al., 2024) create

substantial technical challenges because they can block

reverse transcriptase (RT) progression during generation

of complementary DNA (cDNA) (Padhiar et al., 2024;

Wilusz, 2015). Some tRNA-seq methods such as

YAMAT-seq specifically capture full-length tRNAs by tar-

geting transcripts with a 30 NCCA overhang for

double-stranded adapter ligation (Shigematsu et al., 2017).

However, this approach produces a highly biased pool of

sequences because it excludes tRNAs with base modifica-

tions that block RTs. The limitations of sequencing

full-length tRNAs can be partially overcome through treat-

ment with the dealkylating enzyme AlkB to remove some

inhibitory base modification or use of specialized RTs with

high processivity (Cozen et al., 2015; Scheepbouwer

et al., 2023; Warren, Salinas-Gieg�e, Hummel, et al., 2021;

Zheng et al., 2015). However, these approaches have their

own drawbacks because of the extensive RNA degradation

introduced by AlkB buffer conditions and increased poten-

tial for RT artifacts. An alternative or complementary

approach is to circularize cDNA or ligate a second adapter

to its 30 end after cDNA synthesis so that tRNA-derived

sequences are captured regardless of whether they are

full-length or truncated (Behrens et al., 2021; Pinkard

et al., 2020; Scheepbouwer et al., 2023; Watkins

et al., 2022).

In addition to the types of base modifications that

inhibit RT processivity, tRNAs contain many modifications
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that lead to nucleotide misincorporations or indels by RTs

during cDNA synthesis. The resulting sequence variants

provide the opportunity to infer the location and identity of

modified tRNA bases (Arriv�e et al., 2023; Behrens

et al., 2021; Clark et al., 2016; Enroth et al., 2019;

Gołezbiewska et al., 2024; Potapov et al., 2018; Vandivier

et al., 2019; Warren, Salinas-Gieg�e, Hummel, et al., 2021),

and these modification patterns have been compared with

aminoacylation levels to infer their role in tRNA charging

(Hernandez-Alias et al., 2023).

Plants are fascinating models for studying tRNA

metabolism because they maintain three parallel transla-

tion systems (nuclear/cytosolic, mitochondrial, and plas-

tid). However, despite the advances in using tRNA-seq to

measure aminoacylation levels, none of these approaches

have yet been applied to plants. Here, we use periodate

treatment in combination with a specialized tRNA-seq

method (Watkins et al., 2022) to distinguish between ami-

noacylated and uncharged tRNAs and tRNA-like transcripts

in the model angiosperm Arabidopsis thaliana. We also

complement this analysis with previously published

YAMAT-seq data (Warren, Salinas-Gieg�e, Hummel,

et al., 2021) to investigate the enigmatic plant mitochon-

drial t-elements.

RESULTS

MSR-seq captures all Arabidopsis tRNA isodecoder

families

We used total RNA samples from A. thaliana Col-0

rosettes (4 weeks old, three biological replicates) to gen-

erate and sequence multiplex small RNA-seq (MSR-seq)

libraries (Watkins et al., 2022) (Table S1). On average,

90.64% of the processed sequences mapped to a refer-

ence database consisting of annotated tRNAs in A. thali-

ana (Cognat et al., 2022), with 70.36, 19.62, and 0.66% of

the processed sequences mapping to nuclear, plastid,

and mitochondrial tRNA genes, respectively. All 220

unique tRNA gene sequences had mapped reads in one

of the libraries, and all but two had mapped reads in all

libraries (mapped read counts available via https://github.

com/dbsloan/Arabidopsis_aminoacylation). Some of the

reference sequences are similar enough that reads can

produce equal mapping scores for two or more reference

genes. When these ambiguously mapping reads are

excluded, nine of the 220 reference genes lacked any cov-

erage (eight tRNA-TyrGTA genes and one tRNA-SerAGA

gene), but all isodecoder families (i.e., sets of tRNAs that

share the same anticodon) found in Arabidopsis were still

represented. Abundance estimates were highly correlated

across biological replicates and different library treatment

methods (Figure S1). Raw read abundances should be

interpreted with caution because the tRNA sequencing

process can result in heavily biased representation of

specific genes, likely related to secondary structure,

post-transcriptional base modifications, and other chal-

lenges associated with tRNA-seq (Ma et al., 2021; Warren,

Salinas-Gieg�e, Hummel, et al., 2021). In this dataset,

tRNA-Trp is the most abundant isoacceptor family (i.e., a

set of tRNAs charged with the same amino acid),

accounting for an average of 19.6% of all nuclear tRNA

reads. At the other extreme, tRNA-Cys (0.3%) and tRNA-

His (0.8%) isoacceptors were very rare, accounting for

less than 1% of all nuclear tRNA reads. Given the rarity of

Trp in the proteome, it is unlikely that tRNA-Trp isoaccep-

tors are as abundant as suggested by read counts or that

the large differences among isoacceptors faithfully reflect

biological abundances. Accordingly, relative comparisons

across samples or treatment types may be the most infor-

mative interpretation of MSR-seq (and other tRNA-seq)

datasets.

CCA tail integrity and inferred aminoacylation levels vary

among tRNAs and among genomic compartments

For MSR-seq library construction, we split the RNA sam-

ples from each biological replicate (see above) into three

subsamples. One subsample was treated with periodate to

distinguish between aminoacylated and uncharged tRNAs

(see “Introduction” section). The other two subsamples

were used as a negative control (no periodate) or positive

control (deacylation prior to periodate treatment) for the

removal of the 30 terminal nucleotide. Results from these

three different treatments followed the expected pattern

(Figure 1), as the overall percentage of mapped reads with

an intact CCA tail in the test samples was intermediate

(mean of 55.1%) between the negative control (75.7%) and

the positive control (15.1%). Here and throughout, these

“CCA percentages” were calculated after excluding reads

lacking more than just a single 30 nucleotide (see below for

analysis of other read types that were missing additional 30

sequence). The fact that the 30 terminal nucleotide was not

removed from 100% of tRNA reads in positive control sam-

ples indicates that the periodate treatment was not fully

efficient in eliminating exposed 30 nucleotides and/or that

the preceding deacylation step was not fully efficient in

removing the amino acids to expose these ends. Likewise,

the fact that tRNA reads from negative control libraries did

not exhibit 100% retention of an intact CCA tail indicates

that a substantial percentage of transcripts in the in vivo

tRNA pool lack the 30 terminal nucleotide and/or that tRNAs

were subject to some degradation during the RNA extrac-

tion and library construction process. These alternative

interpretations are investigated below in the next two

sections.

In the periodate-treated test sample, inferred aminoa-

cylation levels differed substantially among tRNA genes.

The percentage of reads with intact CCA tails ranged over

two-fold across isoacceptor families (35.97–77.75%;
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Figure 2). Interestingly, the CCA percentage was signifi-

cantly higher for tRNAs encoded in organellar genomes

than in nuclear genomes when calculated as averages

across isoacceptor families (Figure 2) or isodecoder fami-

lies (Figure S2). Based on this observation, we reanalyzed

a previously published MSR-seq dataset from human cell
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Figure 1. MSR-seq data from Arabidopsis (this study) and human cell line tRNAs (Watkins et al., 2022).

Periodate treatment prior to MSR-seq library construction was used to estimate aminoacylation levels based on protection of the terminal nucleotide of the CCA

by the amino acid. Reported values for CCA tails (left) represent the percentages of reads with intact CCA tails after excluding reads that lacked more than just a

single 30 nucleotide. In contrast, non-CC/CCA percentages (right) represent the fraction of all tRNA reads that lack two or more nucleotides at their 30 ends, so
values between the two panels do not sum to 100%. Such reads represent a large percentage of the dataset, especially in periodate-treated libraries. Three bio-

logical replicates were sequenced per treatment, with highly significant differences for both CCA tail (P = 6.3e-7, one-way ANOVA) and non-CC/CCA percentages

(P = 5.1e-8, one-way ANOVA). The (periodate-treated) human samples are very similar to their Arabidopsis counterparts in terms of both CCA percentage and

non-CC/CCA percentage.
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Figure 2. Variation among Arabidopsis tRNA isoacceptor families and genomic compartments in CCA tail integrity in response to periodate treatment.

Reported values represent the percentages of reads with intact CCA tails after excluding reads that lacked more than just a single 30 nucleotide. Biological repli-
cates are indicated by different shapes. The average frequency of intact CCA tails differs significantly across genomic compartments (P = 0.0005; one-way

ANOVA), with a lower rate for nuclear-encoded tRNAs than organellar tRNAs, as indicated by horizontal lines (means) in each panel. Met(e) and Met(i) refer to

elongator and initiator tRNA-Met genes, respectively. We also found a similar difference between organellar and nuclear reads when retention of CCA tails was

expressed as a percentage of total reads and not relative to just reads ending in CCA or CC (P = 1.5e-7; one-way ANOVA). A similar analysis subdivided into isode-

coder families is presented in Figure S2.
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lines (Watkins et al., 2022) and found a similar pattern, with

significantly higher percentages of intact CCA tails in mito-

chondrial tRNAs than in nuclear-encoded tRNAs

(Figure S3).

The premise of using periodate treatment to infer

aminoacylation levels is that uncharged tRNAs are suscep-

tible to removal of their terminal 30 nucleotide. However,

we found that tRNAs in negative control (no periodate)

libraries had frequencies of intact CCA tails that were

strongly correlated with the periodate-treated test samples

(r = 0.77; P = 8.9e-40), albeit with the control libraries at

higher levels (Figure 3a). Accordingly, organellar tRNAs

had a higher percentage of intact CCA tails than nuclear-

encoded tRNAs even without periodate treatment

(Figure 3a) (P = 6.9e-9; t-test). This observation implies

that nuclear-encoded tRNAs have lower aminoacylation

levels, in part because a smaller fraction of them within

the cellular pool have an intact CCA tail. It is also possible

that these tRNAs are more vulnerable to degradation dur-

ing RNA extraction and library construction for some rea-

son (including that they might be less likely to be

protected by an amino acid at their 30 end). Therefore, to
further investigate variation in aminoacylation levels, we

repeated the comparison of CCA tail percentage between

nuclear and organellar tRNAs, after dividing the value for

each gene under periodate treatment by the correspond-

ing value from no-periodate controls. This analysis also

found higher values for CCA tail frequencies for organellar

tRNAs than for nuclear tRNAs (P = 1.3e-5; t-test), meaning

that organellar tRNAs are more likely to keep their CCA

tail even when adjusting for their higher starting percent-

age of CCA tails.

In contrast to the strong correlation in the frequency

of intact CCA tails between test samples and negative con-

trols, there was little relationship between test samples

and positive controls (pre-deacylated with high pH treat-

ment prior to periodate treatment; Figure 3a; r = 0.04;

P = 0.55). In principle, pre-deacylation should make tRNAs

universally susceptible to the periodate. Many tRNA genes

showed the expected pattern, with intact CCA tail percent-

ages dropping to ~0% in the pre-deacylated libraries. How-

ever, many other tRNAs exhibited little or no difference

when a pre-deacylation treatment was applied, suggesting

that effectiveness of deacylation may vary across tRNAs

and that longer incubations may be necessary for complete

deacylation (Davidsen & Sullivan, 2024). Certain isoaccep-

tor families such as Ile, Thr, and Val showed especially

high retention of intact CCA tails despite pre-deacylation

treatment (Figure 3b). Overall, the retention of CCA tails

following pre-deacylation and periodate treatment exhib-

ited a striking correlation (Figure 3c) with previous esti-

mates of aminoacyl-tRNA half-life for Escherichia coli

tRNAs under similar deacylation conditions (Hentzen

et al., 1972).

RNA extraction method has minimal effect on CCA tail

integrity, but periodate treatment causes extensive RNA

degradation

Many Arabidopsis tRNA reads were missing more than just

the terminal 30 nucleotide. The frequency of such reads

was higher in periodate-treated samples than in negative

controls (no periodate) and increased further when we per-

formed a deacylation step prior to treating with periodate

(Figure 1). We also reanalyzed previously published MSR-

seq data (Watkins et al., 2022) from human cell lines and

found similar frequencies (Figure 1). The presence of short-

ened reads with incomplete CCA tails even in control

libraries could reflect the true presence of these molecules

in vivo, as CCA tail integrity can be responsive to environ-

mental and subcellular conditions (Czech, 2020; Lucas

et al., 2023; Scheepbouwer et al., 2024). However, artefac-

tual RNA damage may also contribute to this pool of short-

ened transcripts. Therefore, we performed a follow-up

experiment to investigate the possible role of damage dur-

ing RNA extraction and specifically the low pH in the acid-

phenol extraction method that is typically used to preserve

tRNA aminoacylation state (Zaborske et al., 2009). In this

follow-up experiment, we generated libraries for Arabidop-

sis RNA samples that were extracted in parallel with either

an acid-phenol protocol or a conventional Trizol protocol.

We found that the results from acid-phenol and Trizol RNA

samples were highly correlated (Figure S4) with signifi-

cantly higher percentages of reads with intact CCA tails in

the Trizol samples than in acid-phenol samples (P = 3.5e-

32 and P = 2.3e-34 in control and periodate treatments,

respectively). However, the difference between the extrac-

tion methods was very small (mean difference of 2.3% and

3.1% in control and periodate treatments, respectively).

The two extraction methods did not differ in the percent-

age of shortened reads that lacked more than just the ter-

minal 30 nucleotide (P = 0.06 and P = 0.72 in control and

periodate treatments, respectively). Therefore, the acid-

phenol extraction approach does not appear to have

caused a substantial increase in damage over conventional

Trizol methods. However, somewhat surprisingly, the simi-

lar readouts from the different extraction methods and the

fact that Trizol produced higher CCA tail percentages also

suggest that our acid-phenol extractions may not be better

than Trizol protocols at preserving the tRNA aminoacyla-

tion state.

To further investigate potential artifactual sources of

RNA damage, we compared the integrity of total Arabidop-

sis RNA in a sample treated with a series of periodate,

ribose, sodium tetraborate, and T4 polynucleotide kinase

incubations according to the MSR-seq protocol (see

“Methods” section) to an untreated control sample. This

comparison revealed extensive degradation in the treated

sample (Figure S5), confirming that effects are not limited
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Figure 3. Comparison of CCA tail retention across treatments.

(a) Correlation in percentage of Arabidopsis reads with intact CCA tails are shown for each biological replicate. Reported values represent the percentages of

reads with intact CCA tails after excluding reads that lacked more than just a single 30 nucleotide. The top row shows the comparison between the negative con-

trol libraries (no periodate) on the x-axis and the periodate-treated test samples on the y-axis. The bottom row shows the comparison between the periodate-

treated test samples on the x-axis and the positive control samples (pre-deacylated prior to periodate treatment) on the y-axis. Each point represents an individ-

ual tRNA gene (minimum of 100 reads per gene), with color indicating genome of origin and size proportional to the average number of reads mapping to that

gene. A one-to-one line is plotted in each panel.

(b) Values on y-axis represent the ratio of CCA percentages for the pre-deacylated treatment versus the standard periodate treatment by isoacceptor family. A

value of 1 indicates that pre-deacylation did not result in any reduction of CCA tail percentage, whereas a value of 0 indicates that pre-deacylation completely

eliminated CCA tails. Each point represents an isodecoder family averaged across genes with a minimum of 100 reads in that family and three biological repli-

cates. Point size reflects average read abundance for that isodecoder family. Met(e) and Met(i) refer to elongator and initiator tRNA-Met genes, respectively.

(c) Comparison of CCA retention rates [unweighted average of values in panel (b)] with aminoacyl-tRNA estimated for Escherichia coli tRNAs at 37°C, pH 8.6

(Hentzen et al., 1972). These half-life estimates are strongly correlated with the observed retention of CCA tails in Arabidopsis after a 30-min pre-deacylation at

37°C, pH 9.0 followed by periodate treatment (P = 7.9e-6, log-transformed). Reported r values in panels (a) and (c) are Pearson correlation coefficients. ***Statis-
tical significance at a P < 0.001 threshold.
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to removal of just a single 30 nucleotide. Recent optimiza-

tion efforts have shown that the desired outcome of peri-

odate treatment can be obtained with much shorter

periodate incubation times at lower temperatures and

replacement of sodium tetraborate incubation with a less

basic alternative to limit these additional forms of damage

(Davidsen & Sullivan, 2024).

Periodate treatment results in near-complete removal of 30

terminal nucleotide from synthetic spike-in control tRNAs

Given that deacylating RNA samples prior to periodate

treatment did not lead to complete elimination of 30 nucle-
otides (Figures 1 and 3), a more robust positive control for

periodate-mediated removal would be desirable. There-

fore, in the follow-up experiment that compared acid-

phenol and Trizol extraction methods, we also included a

synthetic “spike-in” tRNA that was added to each Arabi-

dopsis RNA sample prior to library construction. Because

these synthetic tRNAs are not aminoacylated, periodate

treatment would be expected to fully remove terminal 30

nucleotides. Indeed, reads derived from the spike-in exhib-

ited near-complete elimination of the 30 nucleotide, with an

intact CCA tail percentage of only 1.7% in periodate-treated

samples (Figure 4). This finding implies that the failure to

completely remove 30 nucleotides from some Arabidopsis

tRNAs (Figures 1 and 3) was likely the result of incomplete

deacylation rather than low efficiency of the periodate

reaction itself.

The addition of a synthetic spike-in tRNA also pro-

vides insights into the origins of shortened reads that lack

two or more nucleotides from their 30 ends. In principle,

the synthetic tRNAs should all retain intact CCA tails in

control (no periodate) libraries, and they should only have

a single 30 nucleotide removed in periodate-treated librar-

ies. We found that the CCA tail percentage in control

libraries was higher for the synthetic tRNAs than for Arabi-

dopsis tRNAs, but it still fell short of 100% (Figure 4). Fur-

thermore, the majority of reads derived from the synthetic

tRNAs in periodate-treated libraries lacked two or more 30

nucleotides (Figure 4). This observation supports the con-

clusion that periodate treatment and downstream reactions

can result in more extensive damage than the expected

removal of a single 30 nucleotide (Davidsen & Sulli-

van, 2024). In addition, even in control libraries, there was

a substantial frequency of these shortened reads derived

from synthetic tRNAs (Figure 4). Thus, it appears that RNA

handling and the process of library construction itself (e.g.,

overnight adapter ligation reaction) may result in some 30

end degradation.

Truncated tRNA sequences reveal “hard-stop” base

modification and tRNA fragmentation points

Some tRNA post-transcriptional base modifications inhibit

RT progression (“hard stops”) and result in truncation of

cDNA products at internal positions within the tRNA tem-

plate (Padhiar et al., 2024; Wilusz, 2015). In addition, there

is an abundance of tRNA-derived fragments (tRFs) within

cells (Keam & Hutvagner, 2015; Lalande et al., 2020). Map-

ping the positions where sequencing reads start relative to

the 50 end of mature tRNAs can be used to infer positions

of hard-stop base modifications and/or tRF breakpoints

(Figure 5; Figure S6). We found that some Arabidopsis iso-

decoder families produced almost exclusively full-length

tRNA sequences (e.g., nuclear tRNA-AspGTC and tRNA-

GluTTC), whereas a few were almost always internally

truncated (e.g., nuclear tRNA-LeuCAG and tRNA-LysTTT).

Many others exhibited a mix of full-length and internally

truncated reads (e.g., nuclear tRNA-AlaAGC and tRNA-

SerGCA). Internal truncations were concentrated at the

positions immediately 30 of known base modifications (Fig-

ure 6), including m1A, m1G, m2
2G, and the diversity of

modifications at the anticodon wobble position (base 34)

and immediately after the anticodon (base 37) (Cozen

et al., 2015; Gołezbiewska et al., 2024; Masuda & Hou, 2024;

Warren, Salinas-Gieg�e, Hummel, et al., 2021; Zheng

et al., 2015). Because size selection in our library construc-

tion restricted the analysis to reads of at least ~35 nt in

length, truncations near the 30 end of tRNAs were not

investigated.

The distribution of 50 mapping positions for a given

isodecoder family was generally similar between

periodate-treated and control libraries. However, nuclear
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Figure 4. Inclusion of a synthetic tRNA spike-in control in MSR-seq
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gle 30 nucleotide. In contrast, non-CC/CCA percentages (bottom row) repre-
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tRNA-IleTAT (Figure 5) and plastid tRNA-LysTTT

(Figure S6) exhibited intriguing exceptions. For these two

isodecoder families, there was a major truncation point

indicated by reads starting at nt position 34 (the wobble

position of the anticodon) in periodate-treated samples,

which was at very low frequency in no-periodate controls.

We also found a large increase in nucleotide misincorpora-

tions or deletions at the neighboring position 33 in the

subset of reads that are not truncated for these two isode-

coder families in periodate-treated libraries (Figure S7).

Similar observations in other species have been attributed

to reactivity of periodate with 2-thio modifications at the

wobble position (Davidsen & Sullivan, 2024; Katanski

et al., 2022). However, given that 2-thio modifications are

present in many tRNAs, it is not clear why this dramatic

effect of periodate treatment was only observed in nuclear

tRNA-IleTAT and plastid tRNA-LysTTT. More generally,

many isodecoder families showed increases in the fre-

quency of partial reads distributed across numerous low-

frequency internal truncation points in periodate-treated

libraries (Figure 5; Figure S6), suggesting more widespread

effects of periodate treatment.
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Figure 5. 50 Mapping position of MSR-seq reads for all Arabidopsis tRNA isodecoder families found in the nuclear genome.

Counts are represented per thousand reads that mapped to the nuclear tRNA gene set (averaged across the three biological replicates). Control libraries (black

bars) are shown as positive values above the x-axis, while periodate-treated libraries (red bars) are shown as negative values below the x-axis. Mapping posi-

tions are standardized based on the Sprinzl coordinate system (Sprinzl et al., 1998).
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Mapping 30 read end positions (Figure 7; Figure S8)

can identify the breakpoints for 50 tRFs (note that, unlike

truncations at the 50 end, shortening on the 30 end of a read

cannot be caused by hard-stop modifications and RT inhi-

bition). Although most isodecoder families lacked major

internal 30 truncations points, there were some notable

exceptions, such as nuclear tRNA-ValAAC (Figure 7) and

plastid tRNA-IleCAT (Figure S8). When mapped at the level

of individual genes, 50 tRFs were most associated with

breakpoints in the anticodon loops of nuclear tRNAs

(Figure S9). However, it should be noted size selection dur-

ing library construction limited detection of tRFs <~35 nt in

length. Comparative mapping of end positions between

periodate-treated and control libraries also illustrates the

effect of periodate on 30 nucleotide removal, as well as

the sizeable population of reads that lack more than a sin-

gle 30 nucleotide (Figure 7; Figure S8).

Post-transcriptional base modifications inferred from

misincorporation patterns

Mapping the positions of nucleotide substitutions and indels

onto reference sequences can identify bases that are post-

transcriptionally modified (Arriv�e et al., 2023; Behrens

et al., 2021; Clark et al., 2016; Enroth et al., 2019; Gołezbiewska

et al., 2024; Potapov et al., 2018; Vandivier et al., 2019; War-

ren, Salinas-Gieg�e, Hummel, et al., 2021). Using data from

control (no periodate) libraries, we generated a global sum-

mary of position-specific misincorporation frequencies

across all Arabidopsis tRNAs (Figure 8), revealing striking

patterns such as the ubiquitous signature of the m1A58 modi-

fication in nuclear tRNAs (but not organellar tRNAs) and

widespread misincorporations corresponding to the m2
2G26

modification (Motorin & Helm, 2010). Many other positions

known to harbor modifications show high rates of misincor-

porations in multiple tRNAs (Cappannini et al., 2024;

Suzuki, 2021). It should be noted, however, that somemodifi-

cations can be “silent” with regard to generation of RT misin-

corporations. Therefore, the absence of a misincorporation

signature should not be taken as evidence that a base is

completely free of modifications.

Inferring relationships between base modification and

aminoacylation rates

Base modifications can alter tRNA stability and molecular

interactions. Therefore, they have the potential to affect

aminoacylation rates (Hernandez-Alias et al., 2023). To

investigate this possibility, we first tested for a difference

in misincorporation rates in periodate-treated libraries

between reads with intact CCA tails (aminoacylated tRNAs)

and reads with CC tails (uncharged tRNAs). This analysis

showed that misincorporation rates were highly correlated

between these two read classes with no significant differ-

ence in rates between CCA and CC reads (P = 0.10;

Figure S10). Therefore, misincorporation data did not pro-

vide evidence for an effect of single base modifications on

aminoacylation rates.

We next considered 50 truncations as another proxy

for base modifications. In this case, we did find that
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reads with 50 truncations had higher percentages of

intact CCA tails than full-length reads in periodate-

treated libraries (Figure S11). This pattern was observed

for plastid (P = 2.5e-11), mitochondrial (P = 1.1e-5), and

nuclear (P = 2.4e-6) tRNAs, but the average difference in

CCA percentages was approximately twice as large for

organellar tRNAs than for nuclear tRNAs (Figure S11).

The control (no periodate) libraries did not show this

same pattern (P > 0.05 for each of the three genomes),

which is consistent with the hypothesis that some of the

base modifications that cause 50 truncations during

cDNA synthesis can facilitate aminoacylation. However,

the magnitude of these effects is small (Figures S11–S13),
and they run counter to the results from misincorpora-

tion data, which did not show an effect. Therefore, alter-

native interpretations should also be considered. For

example, it is possible that the secondary structure of

purified tRNAs is correlated with aminoacylation state

and affects RT progression. Some of the reads with

truncations at their 50 ends might also result from 30
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Figure 7. 30 Mapping position of MSR-seq reads for all Arabidopsis tRNA isodecoder families found in the nuclear genome.

Counts are represented per thousand reads that mapped to the nuclear tRNA gene set (averaged across the three biological replicates). Control libraries (black

bars) are shown as positive values above the x-axis, while periodate-treated libraries (red bars) are shown as negative values below the x-axis. Mapping posi-

tions are standardized based on the Sprinzl coordinate system (Sprinzl et al., 1998).
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tRFs (including those that are part of nicked but structur-

ally intact tRNAs; Costa et al., 2023) rather than hard-

stop modifications that block RT progression. If tRFs

exhibit different rates of aminoacylation than full-length

tRNAs, it could produce detectable differences in this

analysis of 50 truncations.

Figure 8. Heatmap representation of RT misincorporations across different tRNA isodecoder families and nucleotide positions in MSR-seq control (no periodate)

libraries.

The color scale reflects the average percentage of nucleotide substitutions and deletions for three biological replicates. Data are only reported for replicates with

a read count >50. Mapping positions are standardized based on the Sprinzl coordinate system (Sprinzl et al., 1998), and corresponding structural positions are

shown on the x-axis (see Figure 6 for definition of structural elements).
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Mitochondrial t-elements are transcribed, cleaved, base-

modified, and CCA tailed – but not aminoacylated

The A. thaliana Col-0 mitochondrial reference genome

(GenBank NC_037304.1) has eight annotated t-elements.

To detect additional CCA-tailed transcripts that may be

expressed and processed by tRNA-interacting enzymes, we

reanalyzed a previously published Arabidopsis YAMAT-seq

dataset (Warren, Salinas-Gieg�e, Hummel, et al., 2021). This

analysis detected expression and CCA-tailing of a family of

tRNA-PheGAA-like sequences. One of these sequences is

included in the plantRNA database (Cognat et al., 2022) as

tRNA-TyrGTA-171 843 because of a nucleotide substitution

converting the GAA anticodon (Phe) to GTA (Tyr). How-

ever, this and other tRNA-Phe-like sequences in the Arabi-

dopsis mitochondrial genome have been previously

annotated as potential pseudogenes due to their diver-

gence in sequence (Sloan et al., 2018). In total, there are

seven unique tRNA-Phe-like sequences in the Arabidopsis

mitochondrial genome (corresponding to 11 different loci

due to additional identical duplicates). Some of these

retain the GAA anticodon, whereas others share the

derived GTA anticodon. We excluded one of these unique

sequences from subsequent analysis because it repre-

sented only a small fragment and was not detected by

YAMAT-seq. Analysis of YAMAT-seq data also found

expression of a sequence that is 30 of the mitochondrial

orf315. This 63-nt transcript does not exhibit obvious

homology to any tRNA gene, but it has sequence comple-

mentarity between its 50 and 30 ends, suggesting a “stem-

loop” structure with a single-nucleotide 30 overhang and

added CCA tail. The same sequence is also present in the

mitochondrial genomes of many other angiosperms.

Having cataloged the set of CCA-tailed mitochondrial

transcripts, we then determined whether these were cap-

tured in our MSR-seq dataset. Overall, we found MSR-seq

reads for five of eight previously annotated t-elements, all

six of the analyzed tRNA-Phe-like sequences, and the

orf315-adjacent sequence. In some cases, read abundance

was extremely low (Figure S14), but we detected dozens to

hundreds of reads per library for the 50 cox1 t-element, 30

ccmC t-element, tRNA-Phe-like sequences, and the orf315-

adjacent stem-loop (Dataset S1), enabling further

investigation.

MSR-seq control (no periodate) libraries identified a

diversity of post-transcriptionally added 30 tails on the

ccmC and cox1 t-elements (Table 1) (Forner et al., 2007).

The most common addition for the ccmC t-element was a

canonical CCA tail, but many non-canonical variants were

also detected. For the cox1 t-element, a CCA tail was also

abundant but slightly less common than a non-canonical

CA tail. For reasons that are not clear, the distribution of

post-transcriptionally added tails for the cox1 t-element

was notably different than observed in a previous analysis

(Table 1) (Forner et al., 2007). Specifically, past sequencing

of 19 cDNA clones did not identify any with a canonical

CCA tail in contrast to the abundance of CCA tails in our

dataset.

We also identified clear signatures of RT misincor-

porations in the ccmC t-element at the 26G nucleotide, a

major target for post-transcriptional base modifications in

tRNAs (Figure 9b). The mitochondrial ccmC t-element is

homologous to plastid tRNA-IleCAT. The misincorporation

profile at G26 is very similar between these two transcripts

(dominated by deletions and G ? C substitutions;

Figure 9b). Therefore, it is possible that the ccmC t-element

has the typical m2
2G26 modification that is common at this

position. However, plastid tRNA-IleCAT also shows sub-

stantial hard-stop activity at this site, with a truncation rate

of >50% at the 30 nucleotide (position 27), whereas the

ccmC t-element does not show any evidence of RT inhibi-

tion at the homologous position (Figure 9). This contrast

raises uncertainty as to whether the ccmC t-element and

plastid tRNA-IleCAT share the same modification at this

position. Although RT misincorporation and truncation pat-

terns for the same base modification can vary depending

on sequence context (Behrens et al., 2021; Hauenschild

et al., 2015), the ccmC t-element and plastid tRNA-IleCAT

share identical flanking sequences, so any differential

effects on RT would have to be mediated by the extensive

sequence divergence in the middle of the transcripts

(Figure 9b). Determination of the precise modification at

the G26 position in the ccmC t-element will require a more

direct approach such as liquid chromatography–mass

spectrometry. In addition to the misincorporation signature

at G26, the two homologs share a high frequency of 30

truncations after the 64U nucleotide (Figure 9). However,

the t-element lacks the strong modification signatures that

Table 1 Various post-transcriptional additions to the 30 end of
sequenced mitochondrial t-elements

30 Addition

Raw read counts in control (no periodate) libraries

ccmC t-
element

cox1 t-element
(this study)

cox1 t-element
(Forner et al., 2007)

CCA 86 151 0
CC 35 47 3
C 12 19 4
None 0 12 6
CA 0 180 1
CCAAA 0 1 1
CAAAA 0 0 2
CCAA 4 4 0
CCAC 0 3 0
CAAA 0 1 0
CAA 0 3 0
CACA 0 1 0
AC 0 1 0
A 0 0 2

� 2024 The Author(s).
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are present 33U and 34C in plastid tRNA-IleCAT, which is

not surprising because of divergence in the anticodon loop

that distinguishes the two sequences (Figure 9b).

Overall, these observations provide evidence that

mitochondrial t-elements and other tRNA-like sequences

are recognized and processed by RNase P, RNase Z,

CCAse, and enzymes that install post-transcriptional base

modifications. However, our MSR-seq data indicate that

the captured t-elements, tRNA-Phe-like sequences, and

orf315-adjacent stem-loop were not aminoacylated

because periodate treatment resulted in essentially com-

plete elimination of the terminal 30 nucleotide (Figure 9a;

Dataset S1).

DISCUSSION

The effectiveness of MSR-seq in measuring plant tRNA

expression and aminoacylation

The history of tRNA sequencing has long been a glass

half-full, half-empty affair. On one hand, tRNAs played a

pioneering role in the sequencing era, as a yeast tRNA was

the first nucleic acid ever sequenced (Holley et al., 1965).

On the other hand, they have arguably become the most

challenging class of RNAs to accurately and quantitatively

sequence. Recent innovations have begun to overcome

this challenge, and our findings show that the MSR-seq

workflow (Watkins et al., 2022) has promise for a more

complete representation of plant tRNA pools. Because it

can capture truncated RT products, this sequencing

approach does not discriminate against transcripts

carrying hard-stop base modifications. Accordingly, many

tRNAs were found almost exclusively as truncated prod-

ucts in our dataset (Figure 5; Figure S6). These include iso-

decoder families that were essentially undetectable in a

previous YAMAT-seq analysis of Arabidopsis (e.g., mito-

chondrial TyrGTA, SerTGA in all three genomes, and all

nuclear Leu isodecoder families) and many others that

were only detectable at appreciable levels with YAMAT-

seq if samples were pre-treated with dealkylating enzyme

AlkB to remove inhibitory base modifications (e.g., nuclear

IleAAT, LysTTT, eMetCAT, PheGAA, ThrTGT, and TrpCCA)

(Warren, Salinas-Gieg�e, Hummel, et al., 2021).

Therefore, capturing truncated products resulting

from RT inhibition greatly expands accessibility of the

tRNA pool. However, there are obvious drawbacks to

sequencing these truncated fragments. For example, unse-

quenced regions cannot be assessed for base modification

profiles (Figure 8), and shorter sequences can be difficult

to map unambiguously when multiple genes share similar-

ity at their 30 ends. In this study, our library size selection

restricted the analysis to sequences of >~35 nt in length,

so we did not investigate truncation patterns for extremely

short fragments. Although treating RNA samples with the

AlkB has been partially successful in circumventing inhibi-

tory base modifications (Cozen et al., 2015; Scheepbouwer

et al., 2023; Warren, Salinas-Gieg�e, Hummel, et al., 2021;

Zheng et al., 2015), the RNA degradation caused by its

iron-containing buffer is likely to be especially problematic

in the context of assays designed to use CCA-tail integrity

as a proxy for aminoacylation state. Continued
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Figure 9. Arabidopsis mitochondrial t-element end-positions and misincorporations. The 50 cox1 and 30 ccmC t-elements were both detected at substantial

abundance in MSR-seq dataset.

(a) The 50 end (top) and 30 end (bottom) mapping positions of reads are depicted in the same fashion as in Figures 5 and 7, respectively. Both ccmC (left) and

cox1 (right) t-elements are predominantly full-length on the 50 end, whereas ccmC shows a high-frequency internal breakpoint among the 30 ends. Periodate
treatment leads to almost complete removal of the terminal 30 nucleotide, indicating that the t-elements are not aminoacylated.

(b) The mitochondrial ccmC t-element (top) is homologous to plastid tRNA-IleCAT (bottom). Nucleotide misincorporation patterns reveal an abundance deleted

bases and nucleotide substitutions at G26 in both transcripts, indicating that the t-element likely shares the typical base modification at this position, although it

appears to act as a “hard-stop” in tRNA-IleCAT but not in the t-element. We did not detect modified bases in the cox1 t-element, which is not shown in panel

(b).
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optimization of RT activity may instead be key to improv-

ing representation of full-length tRNAs. The MSR-seq pro-

tocol includes an unusually long (overnight) RT incubation

step to partially overcome the inhibitory effects of base

modifications. Template-switching RTs derived from group

II introns have also been used in to improve processivity in

some tRNA-seq studies (Gołezbiewska et al., 2024; Scheep-

bouwer et al., 2023; Zheng et al., 2015), although they have

not always yielded superior results and there is potential

for template switching to yield artifactual chimeric prod-

ucts. Recent strides have also been made to circumvent

RT-associated challenges entirely by direct sequencing of

tRNAs with nanopore or mass spectrometry technology

(Lucas et al., 2023; Sun et al., 2023; Thomas et al., 2021;

White et al., 2024; Yuan et al., 2024).

Our main objective in this study was to infer the plant

tRNA aminoacylation landscape, and our results suggest

that MSR-seq coupled with periodate treatment is a prom-

ising approach. In particular, this method appears to be

highly effective at distinguishing a synthetic spike-in tRNA

with no amino acid from functional biological tRNAs (Fig-

ure 4), which lends confidence to biological conclusions

about tRNA-like sequences that do not appear to be ami-

noacylated and are, thus, unlikely to participate in transla-

tion (see below). However, our study also identified

limitations associated with using periodate-induced read-

length variation as a proxy for aminoacylation. The fact

that current treatment conditions do not consistently

remove one (and only one) nucleotide from uncharged

tRNAs or consistently leave aminoacylated tRNAs intact

makes the raw estimates of aminoacylation rates unreli-

able. This inconsistency also confounds the protective

effect from amino acids with any true biological differ-

ences in tRNA end length. Fortunately, an extensive effort

was recently made to optimize periodate treatments for

tRNA-seq (Davidsen & Sullivan, 2024), which identified

multiple factors that would likely reduce damage-related

artifacts observed in our study. Potential modifications to

our protocol include performing periodate treatment in the

dark, reducing the periodate incubation temperature and

duration, and using a lysine-containing buffer (pH 8.0) as a

source of primary amine instead of the more alkaline

sodium tetraborate treatment. Our data also suggest that

incomplete deacylation can be a significant source of bias

in tRNA-seq more generally (Figure 3), so optimization to

ensure complete deacylation may also be important.

Variation in aminoacylation rates between nuclear and

organellar tRNAs

One unexpected result from our analysis was the differ-

ence in average CCA tail integrity between nuclear and

organellar tRNAs (Figure 2; Figure S2). This observation

raises the question as to whether these two classes have

true biological differences in the standing ratio of

aminoacylated vs. uncharged tRNAs or differences in sus-

ceptibility to degradation that affects CCA tail integrity. The

notion that aminoacylation rates and/or CCA tail integrity

could differ substantially across subcellular environments

is plausible. For example, it was recently shown that mam-

mals sequester tRNAs in extracellular vesicle that differ in

CCA tail integrity from the rest of the cellular tRNA pool

despite similar base-modification profiles (Scheepbouwer

et al., 2024). However, the potential for methodological

artifacts should also be considered. We found similar dif-

ferences in CCA tail integrity between nuclear and mito-

chondrial tRNAs from human cell culture (Figure S3) in a

previously published MSR-seq dataset generated with the

same periodate treatment protocol (Watkins et al., 2022).

However, other tRNA-seq analyses of aminoacylation

levels in human cell lines either did not see this same pat-

tern (Evans et al., 2017) or even showed the opposite trend

with lower inferred aminoacylation levels for mitochondrial

tRNAs (Davidsen & Sullivan, 2024). Therefore, future inves-

tigations will be needed to pinpoint the cause of this varia-

tion across studies. Regardless, focusing on gene-level

differences will also be important because it appears that

variation among genes is larger than the average differ-

ence between organellar and nuclear tRNAs.

Functionality of mitochondrial t-elements and other tRNA-

like sequences

To illustrate the utility of tRNA-seq approaches, we used

our data to interpret the expression and functional interac-

tions of mitochondrial t-elements. These tRNA-like

sequences are already known to be transcribed and

cleaved as part of expression with adjoining mRNA

sequences, in addition to evidence for post-transcriptional

addition of nucleotides to their 30 end (Forner et al., 2007;

Hanic-Joyce et al., 1990). We found that a full CCA tail was

the most or one of the most common post-transcriptional

additions (none of the t-elements have a genomically

encoded CCA tail) (Table 1). This observation suggests that

the 30 additions are mediated by a conventional CCAse

(von Braun et al., 2007) despite evidence for substantial

non-canonical tailing (Forner et al., 2007). Notably, some of

the annotated t-elements in the Arabidopsis mitochondrial

genome were rarely or never detected by either YAMAT-

seq or MSR-seq (Dataset S1), raising the possibilities that

they are either expressed at very low levels (or not at all)

or rapidly degraded.

In addition to CCA-tailing, our data show that mito-

chondrial t-elements can have post-transcriptional base

modifications (Figure 9b), implying an even larger set of

tRNA-interacting enzymes are capable of recognizing t-

elements. Importantly, however, we see almost complete

elimination of t-element terminal 30 nucleotides in

response to periodate treatment (Figure 9a; Dataset S1).

Despite caveats about inferring aminoacylation levels (see

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2024), 120, 2784–2802
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above), the extreme difference in CCA tail integrity in

periodate-treated libraries relative to actual tRNAs that are

known to function in translation appears to be strong evi-

dence that these transcripts are rarely, if ever, recognized

and charged by aaRS. We also found that the expressed

family of tRNA-Phe-like sequences and the orf315-adjacent

stem-loop in the mitochondrial genome show little or no

evidence of aminoacylation. It is, thus, unlikely that any of

these elements play a canonical tRNA role as decoder mol-

ecules in translation, but whether they play some other

mitochondrial or cellular function remains to be

determined.

Although our study has only investigated canonical

tRNAs in plastids, it is known that RNA secondary structure

plays an important role in defining plastid mRNA end

maturation and that the combined action of RNases and

RNA-binding proteins can create small non-coding RNAs in

plastids (Castandet et al., 2019; Ruwe et al., 2016; Small

et al., 2023). These observations raise the question as to

whether any plastid sequences play tRNA-like roles or func-

tion in a fashion similar to mitochondrial t-elements. To our

knowledge, it has not been determined whether any of

these transcripts interact with enzymatic machinery typi-

cally involved in tRNA metabolism. However, it has been

hypothesized that antisense tRNAs expressed adjacent to

protein-coding genes might serve as a suitable substrate

because the “mirrored” nature of these transcripts leads

them to adopt a tRNA-like secondary structure (Gawro�nski

et al., 2020). Even though many transcripts that contain

sequence antisense to plastid tRNA genes are produced

(Hotto et al., 2011), an earlier analysis of the angiosperm

Silene vulgaris did not find convincing evidence that these

“mirror tRNAs” were post-transcriptionally CCA-tailed

(Warren & Sloan, 2021). Nevertheless, future studies should

comprehensively investigate the expression, processing,

post-transcriptional modification, and even possible ami-

noacylation of the plastid non-coding transcript pool.

Overall, our findings highlight the level of caution and

specificity that is needed in interpreting functionality of

tRNA(-like) genes. Although it is tempting to use transcrip-

tion, cleavage, CCA-tailing, and post-transcriptional modifi-

cations as evidence for a functional role in translation, it is

important to test for aminoacylation and, even better, load-

ing of tRNAs onto ribosomes (Chen & Tanaka, 2018) to

make such determinations. Fortunately, the rapid and

ongoing advances in specialized tRNA-seq methods is cre-

ating opportunities for such comprehensive assessments

of tRNA metabolism.

METHODS

Plant growth and RNA extractions

Arabidopsis thaliana Col-0 seeds were surface sterilized for
10 min in a 50% bleach solution with Tween 20 (VWR; 0777A)

followed by three washes with sterile dH2O. They were then sown
onto MS-agar plates, consisting of 2.2 g of Murashige and Skoog
basal salts, 0.5 g b-(N-morpholino)ethanesulfonic acid, and 7.5 g
of Phytoblend plant agar (PTP01; Caisson Labs) per liter. Plates
were then sealed in parafilm and cold-stratified at 4°C for 2 days
before being transferred to an incubator for growth under a
16 h–8 h light/dark cycle. Plants were grown for 4 weeks for the
first MSR-seq experiment. Another batch of seeds was sown and
grown for 3 weeks for the second experiment. For each biological
replicate (three in the first experiment and two for each of the two
RNA extraction methods in the second experiment), one rosette
was pinched off from its root system with forceps and flash frozen
in liquid N2 (~15 to 20 mg of tissue per rosette).

All samples in the first experiment and half of the samples in
the second experiment were extracted with a modified version of
an acid-phenol protocol (Zaborske et al., 2009). Flash-frozen tissue
was immediately ground with a micropestle and resuspended in
500 ll of lysis buffer consisting of 300 mM NaOAc pH 4.5 (Thermo
Fisher; AAJ63669AE), 10 mM EDTA, pH 8.0 (Invitrogen; AM9262),
and 1% sodium dodecyl sulfate in RNase-free dH2O. Five hundred
microlitres of an acid-phenol, chloroform, isoamyl-alcohol mixture
(125:24:1) pH 4.5 (Invitrogen; AM9720) was then added and fol-
lowed by three bouts of ~15 to 30 sec of vortexing, keeping sam-
ples on ice between bouts. Samples were then centrifuged for
15 min at 20 000 g and 4°C. The resulting aqueous was then trans-
ferred to an additional 500 ll of the acid-phenol, chloroform,
isoamyl-alcohol mixture and vortexed, followed by centrifugation
under the same settings as above. After centrifugation, the aque-
ous phase was collected and ethanol precipitated, and the final
pellet was dissolved in 20 ll of 10 mM NaOAc pH 4.5. The other
half of the samples from the second experiment were extracted
with Trizol (Ambion; 15596018), following manufacturer’s instruc-
tion. The final pellet from each Trizol extraction was dissolved in
20 ll RNase-free dH2O.

MSR-seq library construction and sequencing

Sequencing libraries were generated following the published
MSR-seq protocol (Watkins et al., 2022) with minor modifications.
Specific differences relative to the published version included the
following: (i) we added 0.1% Tween 20 (VWR 0777A) in the high-
salt buffer, (ii) we used a single capture hairpin oligo (CHO;
Table S2), so each library was processed in a separate tube with
no multiplexing until the conventional Illumina indexes were
incorporated at the PCR stage, (iii) prior to PCR amplification,
beads with ligated adapter molecules were stored overnight at
�20°C because we found that doing so resulted in more consis-
tent amplification across samples, and (4) after amplification,
libraries were pooled for subsequent size selection on a BluePip-
pin (Sage Science) with a 3% cassette and Q3 Marker, using
“Range” settings and size limits of 170–275 bp. This size selection
window effectively eliminated small RNAs (e.g., miRNAs) and lon-
ger mRNAs/rRNAs, yielding libraries that were dominated by
tRNAs (Table S1) without any other forms of targeted enrichment.
A detailed version of the protocol used in these experiments is
available as Supporting Information and via GitHub (https://
github.com/dbsloan/Arabidopsis_aminoacylation).

In our first experiment, RNA samples were subjected to one
of three different treatments: (i) standard periodate treatment to
infer aminoacylation state, (ii) periodate treatment preceded by a
deacylation treatment, and (iii) a no-periodate control treatment.
Deacylation reactions (which were required for treatments #2 and
#3) involved a 30 min incubation at 37°C in 50 mM Tris–HCl pH
9.0, followed by ethanol precipitation. Periodate treatments were

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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performed as described in the original MSR-seq publication (Wat-
kins et al., 2022), using 500 ng of input RNA (either untreated or
pre-deacylated). For the no-periodate controls, 1 lg of deacylated
RNA was used as input for the library construction protocol.

In our second experiment, only the standard periodate and
no-periodate control treatments were performed (i.e., there was
no pre-deacylation treatment group), using RNA samples from the
two different extraction protocols (acid-phenol and Trizol). We
also included an internal control in these libraries by spiking in
1 ng of a synthesized tRNA (with the sequence of Bacillus subtilis
tRNA-Ile [GenBank NC_000964.3: 31932–32008]; Table S2). This
spike-in was added immediately prior to the periodate or deacyla-
tion step in the respective treatment.

After amplification and size selection, the final library pools
were sent to Novogene for 2 9 150 bp paired-end sequencing on
an Illumina NovaSeq platform. Raw reads for each library have
been deposited into the NCBI Sequence Read Archive (SRA)
(Table S1).

MSR-seq read processing and mapping

All scripts used in read processing and subsequent data analysis
are available via our GitHub repository (https://github.
com/dbsloan/Arabidopsis_aminoacylation). BBMerge (Bushnell
et al., 2017) was used to combine each pair of R1 and R2 reads
into a single sequence with the following parameters: ordered=t
qtrim=r minoverlap=30 mismatches=4. Merged reads were then
further trimmed with a custom script to remove the adapter
sequence from the MSR-seq CHO. Read pairs that could not be
combined by BBMerge or did not have the expected CHO adapter
sequence (Table S1) were excluded from downstream steps.

All successfully processed reads were mapped against a ref-
erence that consisted of the unique Arabidopsis thaliana Col-0
tRNA sequences in the plantRNA database (Cognat et al., 2022) as
of December 20, 2023. Later versions of our reference set also
included the synthetic spike-in B. subtilis tRNA-Ile sequence and
mitochondrial t-element and stem-loop sequences (see below).
Mapping was conducted with Bowtie v2.2.5 (Langmead & Salz-
berg, 2012), using the following sensitive parameters to facilitate
detection of reads with mismatches and indels that were intro-
duced due to post-transcriptional base modifications: -p 12 -L 10 -i
C,1 --mp 5,2 --score-min L,-0.7,-0.7. However, even with these sen-
sitive settings, mapping MSR-seq reads to tRNA references can be
problematic because RT terminal transferase activity results in
extra nucleotides being added past the 50 end of the original RNA
template and because reads that extend beyond the ends of refer-
ence sequences are heavily penalized under the Bowtie global
alignment settings. Therefore, we used a custom local alignment
pipeline based on NCBI BLASTN 2.14.1+ (Camacho et al., 2009) to
pre-process reads and trim 50 extensions prior to Bowtie mapping.
A custom script was then used to parse the Sequence Alignment
Map (SAM) file generated by Bowtie, quantifying the number of
reads that mapped to each reference sequence and determining
whether they contained a full CCA tail or were lacking one or more
30 nucleotides. This script was run both with and without an
option to exclude reads that map equally well to two or more ref-
erence sequences.

Detecting RT misincorporations and truncations

SAM files were also parsed to identify reads with mismatches or
small indels relative to the reference sequence, which can be
caused by RT misincorporations in response to post-
transcriptionally modified bases in the RNA template (Arriv�e
et al., 2023; Behrens et al., 2021; Clark et al., 2016; Enroth

et al., 2019; Gołezbiewska et al., 2024; Potapov et al., 2018; Vandi-
vier et al., 2019; Warren, Salinas-Gieg�e, Hummel, et al., 2021). For
a global analysis of variants across all reference tRNAs (Figure 8),
we used a previously published variant calling workflow (Edera &
Sanchez-Puerta, 2021). We also used Perbase v0.9.0
(https://github.com/sstadick/perbase) for analysis of sequence vari-
ants in some specific tRNAs of interest (Figure 9; Figure S7). In
addition, the mapping positions of 50 read ends were also parsed
from SAM files to infer internal truncation points, which may
result from base-modifications that block RT progression or from
strand breaks (i.e., 30 tRFs). Scripts used to perform SAM file pars-
ing and data visualizations are all available via our GitHub reposi-
tory (https://github.com/dbsloan/Arabidopsis_aminoacylation).

Sprinzl coordinate system

Although tRNAs share a typical structural organization comprised
of multiple stems and loops (Figure 7), the exact nucleotide posi-
tioning is not identical across tRNAs because of differences in the
lengths of some of these structural motifs and certain “variable”
elements. Therefore, we applied a standardized numbering
scheme (Sprinzl et al., 1998) that anchored gene-specific nucleo-
tide positions to their position in the canonical tRNA structure,
using the classification of structural elements from the plantRNA
database (Cognat et al., 2022) and a custom script (https://github.
com/dbsloan/Arabidopsis_aminoacylation).

Analysis of mitochondrial t-elements, pseudogenes, and

stem-loops

To investigate whether mitochondrial t-elements and other tRNA-
like sequences are expressed, post-transcriptionally processed,
and aminoacylated, we first used existing YAMAT-seq data (War-
ren, Salinas-Gieg�e, Hummel, et al., 2021) with a workflow to iden-
tify and quantify mitochondrially mapping reads that do not
overlap with annotated tRNAs or other genes as previously
described (Warren, Salinas-Gieg�e, Triant, et al., 2021). Based on
the results of this analysis, we included the eight annotated t-
elements in the Arabidopsis reference mitochondrial genome
(NC_037304.1), as well as a set of tRNA-Phe-like sequences, and
an expressed stem-loop associated with orf315 in our tRNA refer-
ence set used for mapping (Dataset S1). This reference set is avail-
able via GitHub (https://github.com/dbsloan/Arabidopsis_
aminoacylation). The MSR-seq mapping workflow described
above was then re-run with this updated reference to quantify
read abundance for these mitochondrial sequences and determine
whether they retained intact CCA tails.

Analysis of 50 tRFs

To identify tRFs that represent the 50 portion of tRNA genes, we
parsed SAM files and screened for reads that terminated >7 nt
from the annotated 30 end of the reference tRNA sequence. We
identified tRFs as high frequency if the reads ending at that posi-
tion represented >5% of all reads mapping to that tRNA. If other
positions separated by three or fewer nt also cleared this thresh-
old, we considered them to be a single tRF and assigned the tRF
position to 30-most site above this threshold. Customs scripts
were used to apply these criteria (https://github.com/dbsloan/
Arabidopsis_aminoacylation).

Reanalysis of published MSR-seq data from human

cell lines

To determine whether previously published MSR-seq data from
human cell lines (Watkins et al., 2022) showed similar frequencies

� 2024 The Author(s).
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of non-CC/CCA reads and differences between nuclear and mito-
chondrial tRNAs in CCA percentages as we observed in Arabidop-
sis, we re-analyzed sequences obtained from NCBI SRA
(SRR18302277, SRR18302278, and SRR18302279) with our pipe-
line. These three datasets were from control samples (i.e., no
stress treatment), with a standard periodate protocol used in
library construction (Watkins et al., 2022).
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