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a b s t r a c t

Ribosomal RNAs (rRNAs) provide the structural framework of ribosomes and play critical roles in protein

translation. In ribosome biogenesis, rRNAs acquire various modifications that can influence the struc-

ture and catalytic activity of ribosomes. However, rRNA modifications in plants have yet to be fully de-

fined. Herein, we proposed a method to purify rRNAs by a successive isolation with different strategies,

including polyA-based mRNA depletion and agarose gel electrophoresis-based purification, with which

highly pure rRNAs could be obtained. In addition, we developed a liquid chromatography-electrospray

ionization-tandem mass spectrometry (LC-ESI-MS/MS) method to systematically profile and characterize

modifications from the isolated highly pure plant 18S rRNA and 25S rRNA. LC-ESI-MS/MS analysis showed

that 10 and 12 kinds of modifications were present in plant 18S rRNA and 25S rRNA, respectively. No-

tably, among these identified modifications, 2 kinds of modifications of N2,N2-dimethylguanosine (m2,2G)

and N6,N6-dimethyladenosine (m6,6A) in 18S rRNA, and 4 kinds of modifications of m2,2G, m6,6A, N7-

methylguanosine (m7G) and 3-methyluridin (m3U) in 25S rRNA, were first reported to be present in

plants. Moreover, exposure of Arabidopsis thaliana to cadmium (Cd) led to significant changes of mod-

ifications in both 18S rRNA and 25S rRNA of plants, indicating that rRNA modifications play important

roles in response to environmental stress. The discovery of new modifications in plant rRNAs improves

the spectra of plant rRNA modifications and may promote the investigation of the functional roles of

plant ribosomes in regulating gene expression.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

RNA molecules contain plenty of chemical modifications that

play important roles in RNA metabolism [1]. Over 150 naturally

occurring RNA modifications have been identified to be present

in various RNA species, including ribosomal RNAs (rRNAs), transfer

RNA (tRNA), messenger RNA (mRNA), and microRNA (miRNA) [1–

4]. The modifications in RNA greatly expand the diversity of RNA

molecules. These RNA modifications have been revealed to modu-

late the secondary structure, folding, stability and degradation of

RNA molecules [5]. Many of these modifications in RNA are dy-

namically added and removed by writer and eraser proteins, which

has been considered as a new layer of RNA modification-mediated

regulation of a wide range of biological processes [6].

Ribosomes are composed of small subunit rRNA (SSU rRNA),

large subunit rRNA (LSU rRNA), and ribosomal proteins [7]. rRNAs
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provide the structural framework of ribosomes and play critical

roles in protein translation [7]. In ribosome biogenesis, rRNAs ac-

quire various chemical modifications in their transcription and

subsequent maturation process [8]. The changes in the rRNA mod-

ifications can influence the structure as well as catalytic activity of

ribosomes and therefore alter the efficiency and accuracy of trans-

lation, which confers an additional regulatory layer in gene expres-

sion [8]. It has been reported that mammal cytosolic rRNAs contain

more than 20 types of modifications [9], while Escherichia coli (E.

coli) rRNAs contain 17 kinds of modifications (Table S1 in Support-

ing information) [10].

Despite the high diversity of the RNA modifications observed

in nature, only a limited set of chemical modifications have

been characterized in plant rRNAs. In plants, it has been re-

ported that 10 kinds of modifications are present in the plant

SSU of ribosomes (18S rRNA), including N6-methyladenosine

(m6A), 5-methylcytidine (m5C), N7-methylguanosine (m7G), N1-

methyladenosine (m1A), pseudouridine (ѱ), 2′-O-methyladenosine

https://doi.org/10.1016/j.cclet.2022.05.045
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Fig. 1. The developed method for the purification of plant 18S rRNA and 25S rRNA. (A) Schematic illustration of the proposed method by a successive isolation with different

strategies, including polyA-based mRNA depletion and agarose gel electrophoresis-based purification. PMP, paramagnetic particles. (B) Separation of RNA from A. thaliana and

from E. coli by agarose gel electrophoresis. (C) Purification of the 18S rRNA and 25S rRNA of A. thaliana.

(Am), 2′-O-methylcytidine (Cm), 2′-O-methylguanosine (Gm), 2′-O-
methyluridine (Um), and 1-methylguanosine (m1G) [11–15]. As for

the plant LSU of ribosomes (25S rRNA), 9 kinds of modifications

have been identified, i.e., Am, Cm, Gm, Um, ѱ, m6A, m5C, m1A and

m1G (Table S1) [11–16]. These modifications are involved in vari-

ous plant physiology processes, including plant development and

stress response [17]. However, so far, there are still lacks of sys-

tematic and comprehensive profiling of modifications in plant 18S

rRNA and 25S rRNA, which is partially due to the challenge in ob-

taining highly pure rRNAs.

The study of RNA modifications has made huge progresses in

the past decades due to the technological advancements [18–20].

For instance, the approaches of two-dimensional thin layer chro-

matography [21], dot blots with antibodies specific to given mod-

ification [22], capillary electrophoresis or liquid chromatography-

mass spectrometry, and chemical labeling-mass spectrometry have

been used to determine modifications in RNA [23–30]. In addi-

tion, some methods, such as chemical labeling/treatment, immuno-

precipitation, and enzymatic digestion in combination of high-

throughput sequencing, also have been developed to map modi-

fications in RNA [31–33]. These methods greatly promote the func-

tional investigation of RNA modifications.

In this study, we aimed to systemically profile and characterize

modifications in plant rRNAs. We initially chose the model plant

of Arabidopsis thaliana (A. thaliana) for the investigation. In the

RNA pool of eukaryotic cells, although mRNA only accounts for a

small fraction (<5%) [34], it may still affect the purity of isolated

A. thaliana rRNAs. In addition, it is worth noting that the A. thaliana

tissues might contain trace level of bacterial contamination. In this

regard, obtaining highly pure rRNA is critical to determinate new

modifications in A. thaliana rRNAs since contamination from other

RNA species or from bacteria may cause the false positive identi-

fication. Here we developed a method to purify rRNAs by succes-

sive isolation with different strategies, including (1) polyA-based

mRNA depletion and (2) agarose gel electrophoresis-based purifi-

cation (Fig. 1A). Generally, after the depletion of the A. thaliana

mRNA from total RNA, agarose gel electrophoresis was further em-

ployed to separate and purify the 18S rRNA and 25S rRNA of A.

thaliana, which could remove the potential contamination of E. coli

rRNAs from the isolated A. thaliana rRNAs.

With the proposed purification method, we then isolated the

18S rRNA and 25S rRNA of A. thaliana by agarose gel electrophore-

sis after polyA-based mRNA depletion. The results showed that A.

thaliana 18S and 25S rRNA and E. coli 16S and 23S rRNA could be

well separated in 1.2% agarose gel (Fig. 1B). The bands of the 18S

rRNA and 25S rRNA of A. thaliana were then cut and purified (Fig.

1C). We utilized qPCR to evaluate the purity of isolated 18S rRNA

and 25S rRNA (potentially presence of E. coli 16S rRNA and 23S

rRNA). To this end, the PCR amplification efficiencies of E. coli 16S

rRNA and 23S rRNA were firstly examined (Table S2 in Supporting

information). The results demonstrated that 92.0% and 105.6% am-

plification efficiencies toward E. coli 16S rRNA and 23S rRNA were

achieved (Fig. S1A and B in Supporting information), suggesting the

real-time qPCR was capable of the quantitative evaluation of the

purity of isolated rRNAs. The qPCR results showed that the purity

of the isolated 18S rRNA and 25S rRNA of A. thaliana were 99.70%

and 99.96%, respectively (Figs. S1C–F), indicating highly pure plant

18S rRNA and 25S rRNA.

With the highly pure A. thaliana rRNAs, we next profiled the

modifications in A. thaliana 18S rRNA and 25S rRNA. In this

respect, a liquid chromatography-electrospray ionization-tandem

mass spectrometry (LC-ESI-MS/MS) method for the simultaneous

detection of totally 57 modified nucleosides and 4 canonical nu-

cleosides were established (Table S3 in Supporting information).

Among these 61 nucleosides, there are 11 groups of isomers or

nucleosides with similar molecular weights (m1A, m2A, m6A, m8A

and m1I; io6A (cis) and io6A (trans); m1G, m2G, m6G and m7G;

m3C, m5C, m3U and m5U; f5C and m4,4C; s2U, s4U, s2C and ho5U;

hm5U, mo5U and m5s2U; Cm and Um; ca5C and ac4C; m5Um,

m5Cm and m4Cm; f5Cm and m4,4Cm) that have the same multiple

reaction monitoring (MRM) mass transition. However, under the

optimized LC and MS conditions, all the 61 nucleosides can be well

differentiated and determined (Fig. S2 and Table S4 in Supporting

information), which provided the essential platform for profiling of

modifications in rRNAs.

The extracted 18S rRNA and 25S rRNA with high purity from

leaves of A. thaliana were digested into nucleosides and analyzed

by LC-ESI-MS/MS. The confirmation of detected RNA modifications

was based on the consistence of retention times and MS2 spec-

tra between the detected modifications and nucleoside standards.

With these criteria, 10 kinds of modifications (Am, Cm, Gm, Um, ѱ,
m6A, m5C, m7G, m2,2G, and m6,6A) were detected from 2μg of 18S

rRNA by comparing to the 57 nucleoside standards (Figs. 2A and B

and Fig. S3 in Supporting information). Similarly, 12 kinds of mod-
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Fig. 2. Determination of modifications in 18S rRNA and 25S rRNA of A. thaliana. (A, B) The extracted-ion chromatograms of detected new modifications of m2,2G and

m6,6A from 2 μg of 18S rRNA, 18S rRNA with spiked standards, H2O blank, enzyme blank, 6 ng of E. coli 16S rRNA, and the nucleoside standards. (C-F) The extracted-ion

chromatograms of modifications of m2,2G, m6,6A, m7G, and m3U from 2μg of 25S rRNA, 25S rRNA with spiked standards, H2O blank, enzyme blank, 0.8 ng of E. coli 23S

rRNA, and the nucleoside standards.

ifications were detected from 2μg of 25S rRNA, including Am, Cm,

Gm, Um, ѱ, m6A, m5C, m1A, m2,2G, m6,6A, m7G, and m3U (Figs.

2C–F and Fig. S4 in Supporting information). In addition, we sepa-

rately added the standards of aforementioned modifications to the

digested nucleosides from 18S rRNA and 25S rRNA of A. thaliana.

The spiked nucleoside standards showed the same retention times

as those detected in A. thaliana (Fig. 2, Figs. S3 and S4). We also

checked these modifications in water or the sample with only en-

zymes and omitting rRNA. It can be seen that they were all unde-

tectable in these controls, which excluded the possibility that the

detected modifications were from the contamination of digestion

enzymes (Fig. 2, Figs. S3 and S4).

It is worth noting that, among the 10 kinds of modifications

(Am, Cm, Gm, Um, ѱ, m6A, m5C, m7G, m2,2G and m6,6A) detected

in plant 18S rRNA, 2 kinds of modifications of m2,2G and m6,6A are

the newly discovered modifications that have not been reported in

previous studies (Table S5 in Supporting information). As for the

25S rRNA, 4 kinds of modifications (m7G, m3U, m2,2G and m6,6A)

are the newly identified ones besides the other 8 kinds of mod-

ifications (Am, Cm, Gm, Um, ѱ, m6A, m5C and m1A) that have

been previously reported in 25S rRNA of plants (Table S6 in Sup-

porting information). We next carefully evaluated the effect of the

potential contamination of E. coli rRNAs in the determination of

new modifications in 18S and 25S rRNA of A. thaliana. The qPCR

analysis showed that the potential contamination of E. coli 16S

rRNA was less than 0.3%, i.e. less than 6ng of E. coli 16S rRNA

in 2μg of A. thaliana 18S rRNA (2μg×0.3%=6ng). We analyzed

the modifications from 6ng of E. coli 16S rRNA. The results sug-

gested that no signal was observed from 6ng of E. coli 16S rRNA

(Figs. 2A and B and Fig. S3), indicating that the detected modifica-

tions indeed came from 18S rRNA, but not from the potential trace

level contamination of E. coli 16S rRNA. As for the 25S rRNA of A.

thaliana, the potential contamination of E. coli 23S rRNA was less

than 0.04%. Again, no signal was observed from 0.8ng of E. coli 23S

rRNA (2μg×0.04%=0.8 ng) (Figs. 2C–F and Fig. S4). These results

demonstrated that the purity of the isolated rRNA could meet the

requirement for the identifications of new modifications in both

18S rRNA and 25S rRNA of A. thaliana.

We further employed the high-resolution MS analysis to vali-

date the new modifications detected in 18S rRNA and 25S rRNA of

A. thaliana. The retention times of new modifications detected in

the rRNAs of A. thaliana were similar to the nucleoside standards

(Fig. 3). Moreover, the parent ions and product ions (m/z shown in

blue) of the detected new modifications in the 18S rRNA or 25S

rRNA of A. thaliana were identical to their corresponding theoreti-

cal values (m/z shown in red) as well as to those of the nucleoside

standards (Fig. 3), further confirming these detected new modifi-

cations. Taken together, with the isolated highly pure rRNAs, we

identified 2 kinds of new modifications of m2,2G and m6,6A in 18S

rRNA, and 4 kinds of new modification of m2,2G, m6,6A, m7G and

m3U in 25S rRNA of A. thaliana.

We next quantitatively measured the detected modifications

(Am, Cm, Gm, Um, ѱ, m6A, m5C, m7G, m2,2G, m6,6A, m1A and m3U)

in A. thaliana 18S rRNA and 25S rRNA. Various amounts of nucleo-

side standards and fixed amounts of isotope internal standard (rC-

13C5) were mixed to construct the calibration curves by plotting

the peak area ratios (nucleosides/rC-13C5) against the amounts

of nucleosides. The results indicated that good linearities were

achieved and the coefficients of determination (R2) were higher

than 0.99 (Table S7 in Supporting information). The limits of de-

tection (LODs) of the detected modifications ranged from 0.1 fmol

to 318.5 fmol (Table S7). It can be seen that two uridine modi-

fications (Um and ѱ) have higher LODs than other modifications,

which is due to the low ionization efficiencies of uridine modifica-

tions in LC-ESI-MS/MS analysis. The relative errors (REs) and intra

and inter-day relative standard deviations (RSDs) were calculated

to evaluate the accuracy and precision of the method. The results

showed the REs and RSDs were less than 11.0% and 13.5%, respec-

tively (Table S8 in Supporting information), demonstrating good

accuracy and precision of the developed method.

With the validated LC-ESI-MS/MS method, we quantified the

levels of these detected modifications in 18S rRNA and 25S rRNA

of different A. thaliana tissues, including leaves, stems and flow-

ers (Fig. S5A in Supporting information). As the aforementioned

results, Am, Cm, Gm, Um, ѱ, m6A, m5C, m7G, m2,2G and m6,6A

were detected in 18S rRNA of A. thaliana leaves, stems and flow-

ers; Am, Cm, Gm, Um, ѱ, m6A, m5C, m7G, m2,2G, m6,6A, m1A

and m3U were detected in the 25S rRNA of A. thaliana leaves,

stems and flowers. As for the newly identified modifications in

18S rRNA of A. thaliana leaves, stems and flowers, the measured

contents of m2,2G and m6,6A ranged from 0.0040% to 0.0069%

(m2,2G/G) and from 0.1922% to 0.2126% (m6,6A/A), respectively

(Figs. S5B and C). As for the newly identified modifications in 25S

rRNA, the quantification results of these modifications of m2,2G

(0.0037%−0.0050%, m2,2G/G), m6,6A (0.0199%−0.0347%, m6,6A/A),

m7G (0.0031%−0.0056%, m7G/G), and m3U (0.04792%−0.1253%,

m3U/U), were all obtained from different tissues of A. thaliana

(Figs. S5D–G). We also measured the contents of other modifica-

tions that were previously reported present in A. thaliana (Fig. S6

in Supporting information). The quantification results showed that

the measured levels of these modifications were comparable to the

previous studies (Tables S5 and S6).
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Fig. 3. Identification of new modifications in 18S rRNA and 25S rRNA of A. thaliana by high-resolution mass spectrometry. (A, B) The extracted-ion chromatograms and

product ion spectra from the m2,2G and m6,6A standards (above) and 18S rRNA of A. thaliana (below). (C–F) The extracted-ion chromatograms and product ion spectra from

the m2,2G, m6,6A, m7G, and m3U standards (above) and 25S rRNA of A. thaliana (below).

We next investigated whether these newly detected modifica-

tions are prevalent in rRNAs of plants. In this respect, we examined

these modifications in rRNAs of different plants, including rice and

perennial ryegrass. Similarly to the A. thaliana sample, the results

showed that 10 modifications, including m2,2G and m6,6A, were de-

tected in 18S rRNA of rice and perennial ryegrass (Figs. S7 and

S8 in Supporting information); while 12 modifications, including

m7G, m3U, m2,2G and m6,6A, were detected in 25S rRNA of rice

and perennial ryegrass (Figs. S9 and S10 in Supporting informa-

tion). Quantification of these modifications in 18S rRNA and 25S

rRNA of rice and perennial ryegrass are shown in Fig. S11 (Support-

ing information). It can be seen that the levels of these new mod-

ifications were comparable in different plant species (Figs. S5 and

S11). Collectively, the results suggested that these newly identified

modifications are prevalent in rRNAs of different plant species.

Previous studies demonstrated RNA methylation could be di-

rectly or indirectly influenced by various environmental stresses

[35,36]. Cd is a widely distributed carcinogen in soil and over-

accumulation of Cd in plant cells could affect various physiologi-

cal processes of plants [37,38]. Here we evaluated the effect of Cd

stress on RNA modifications, including the newly identified ones,

in 18S rRNA and 25S rRNA of A. thaliana. We treated A. thaliana

with various concentrations of Cd (0, 50 and 100μmol/L) for 7

days and then harvested the seedlings of A. thaliana for rRNA iso-

lation and purification according to aforementioned rRNA isolation

method. We found that treatment of A. thaliana with 50μmol/L and

100μmol/L of Cd could lead to significant increase in the levels of

m6,6A in 18S rRNA, and m2,2G, m6,6A, and m7G in 25S rRNA (Fig.

4). Treatment of A. thaliana with 50μmol/L Cd could lead to signif-

icant increase in the level of m2,2G in 18S rRNA, but 100μmol/L Cd

4
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Fig. 4. Effect of Cd stress on the levels of modifications in A. thaliana 18S rRNA

and 25S rRNA. (A, B) Levels of m2,2G and m6,6A in 18S rRNA of A. thaliana upon Cd

stress with different concentrations. (C–F) Levels of m2,2G, m6,6A, m7G and m3U in

25S rRNA of A. thaliana upon Cd stress with different concentrations. ∗ P < 0.05; ∗∗

P < 0.01. Error bars represent standard deviation. (n=3). (G) Heatmap showing the

contents of modifications in 18S rRNA and 25S rRNA of A. thaliana upon Cd stress

with different concentrations.

treatment would lead to the decreased level of m2,2 G in 18S rRNA

(Fig. 4A). The content of m3U in A. thaliana 25S rRNA showed un-

obvious change upon Cd treatment (Fig. 4F). Similarly, the levels of

other modifications in A. thaliana rRNAs were also affected by Cd

stress, with majority of these modifications showing increased lev-

els upon Cd stress (Fig. 4G and Fig. S12 in Supporting information).

We speculated that Cd treatment would cause the changed activ-

ity or expression of enzymes responsible for the formation and re-

moval of modifications, which eventually leads to the altered levels

of modifications in plant rRNA. The underlying mechanisms of the

altered levels of rRNA modifications upon Cd stress are required

further investigation in future study. Nevertheless, these results in-

dicated that RNA modifications in A. thaliana rRNAs play physio-

logical roles in response to Cd stress.

In summary, we developed an rRNA isolation strategy through

polyA-based mRNA depletion and agarose gel electrophoresis-

based purification. Gratifyingly, this purification method is

amenable for obtaining highly pure plant 18S rRNA and 25S rRNA,

which enables the precise profiling and identification of modifica-

tions in plant rRNAs. Profiling and characterization of modifications

by LC-ESI-MS/MS analysis showed that 10 and 12 kinds of mod-

ifications were present in the 18S rRNA and 25S rRNA of plants,

respectively. Significantly, 2 kinds of modifications of m2,2G and

m6,6A in 18S rRNA, and 4 kinds of modifications of m2,2G, m6,6A,

m3U and m7G in 25S rRNA, were firstly discovered to be widely

present in plants. In addition, we observed that Cd exposure led

to significant changes of the levels of modification in both 18S

rRNA and 25S rRNA of A. thaliana, indicating that the modifications

in plant rRNAs should play critical roles in response to environ-

mental stress. Future study on identifying the methyltransferases

and demethylases of these newly identified modifications in plant

rRNAs may benefit the understanding of the functions of these new

modifications in plant rRNAs.
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