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RNA editing in chloroplast NADH Dehydrogenase (ndhA) of salt stressed wild barley revealed
novel type G to A

Abstract
The ndhA gene of NAD(P)H dehydrogenase in chloroplast DNA is vital for the electron transport chain
and needs to be studied, especially in the context of RNA editing and its effects. Wild barley (Hordeum
vulgare subsp. spontaneum) plants were studied in 4 groups, with exposure to 500 mM NaCl for 0
hour — control (accession no. OM262848), and three treatment groups: 2 hours (accession no.
OM?262849), 12 hours (accession no. OM262850) and 24 hours (accession no. OM262851) and their
RNA was sent for RNA-seq sequencing. The sequences were submitted to NCBI SRA archives and
analyzed together after filtering for high quality. This was done to show the RNA editing position and
percentages at 10 sites across the ndhA gene. The RNA edits were validated using quantitative-PCR
and homology models for the ndhA protein after exposure to salt stress were also generated. The four
treatments showed five C to U changes (C50, C303, C563, C1042, C1047), three U to C changes
(U550, U592, U1066),and two G to A changes (G111,G1046). We investigated the extent and effect
of RNA editing in ndhA transcripts from chloroplasts of barley. We observed high RNA editing
percentages after the second hour of salt stress .We have also observed for the first time about ‘U to

C’ RNA edits in ndhA gene of wild barley.
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1. Introduction
Cellular metabolism and host phenotype in eukaryotes and prokaryotes, especially high organisms such as
plants, is controlled at many steps. Epitranscriptomic modifications to RNA transcribed from exons are one
of them. One of the recently discovered modifications is RNA editing, which is widespread and has been
found to occur predominantly in chloroplasts and mitochondria. RNA editing is present in most organisms,
and it involves insertions, deletions and/or base substitutions, leading to the modification of primary RNAs
including mRNAs, tRNAs, microRNAs and even long coding RNAs (Picardi et al., 2014). In plants, editing
of RNA often involves the deamination process from cytidines to uridines (C-to-U), which is catalyzed by
pentatricopeptide repeat proteins (PPR) which have 30-40 amino acid motifs specific for binding to target
RNA molecules (Takenaka et al. 2013). Some researchers claim that deciphering the mode of action of PPR
proteins might provide novel approaches to find RNA editing sites [Cheng et al., 2016]. While RNA editing
is primarily used to repaic, DNA mutations, editing of coding regions in plants has an impact on the protein

expression profile (Edera et al., 2018). Recently, numerous studies reported the linkage of RNA editing with




cellular stress response in plants and corresponding downstream cellular metabolism including electron
transport in plant organelles such as chloroplast and mitochondria (Yuan and Liu, 2012; Yuan et al., 2021)
especially in wild plants like wild barley (Ramadan et al., 2023). The chloroplast NDH has Fd-dependent
PQ reductase activity which is mainly involved in photosystem [-mediated cyclic electron transport
(Shikanai, 2016). NDH complex is coded by at least 11 genes and ndhA is one of the key components. It is
possible that this component could become critical to plant synthesis if it is subjected to any RNA editing.
Changes in the ndhA mRNA through RNA editing and corresponding ndhA subunit protein, might have a
significant effect on electron transport because NDH complex prevents drastic ion changes in stroma during
stress (Peng etal., 2011) and thus it might lead to drought sensitivity as shown in Arabidopsis and Soyabean
(Rodrigues et al.,2017). Recent advances in genomics such as next-generation sequencing (NGS) and RNA-
seq technology have proved to be fast, reliable and high-throughput tools for identifying RNA edits in plants.
By using RNA-seq data, as well as improved bioinformatics tools, it has been possible to find accurate edits
by avoiding artefacts (Bentolila et al., 2013). This information can be further validated by quantitative PCR
and accessory bioinformatics tools for discovering novel edit sites and their effects on the corresponding
protein. We studied the RNA editing changes due to salt stress and after salt stress for 2 , 12 and 24 hours

in wild barley plants using RNA-seq data, and further validated by qRT-PCR.

1.1, Materials and methodsRNA-seq data retrieval and analysis
The RNA-seq data was downloaded from NCBI for 0-hour exposure or control (SRR1028012 and
SRR1028011), for 2-hour exposure (SRR1055527, SRR1049592, and SRR1049587), for 12-hour exposure
(SRR1049626, SRR1049609, and SRR1049570) and 24-hour exposure (SRR1049655, SRR1049648 and
SRR1049643).

1.2, RNA editing analysis

Significant RNA editing events were further investigated for linkage to other gene expression
characteristics. We used CLC Genomic Workbench 3.6.5. (Qiagen, Denmark) with some modifications for
reference assembly with plastome transcripts. Low quality reads were eliminated by filtering reads with
parameters for similarity =0.98 and length fraction = 0.98. The filtered good quality reads were then mapped
to chloroplast ndhA gene sequence from Hordeum vulgare subsp. spontaneum (Accession no. NC_042692).
The minimum percentage similarity was kept at 80% and the miniggum length of the mapping reads was
kept at 50%. The parameters for edited nucleotides was chosen as 5% low frequency variance, minimum
coverage was set as 20, minimum count was set as 4, and the minimum frequency was set as 5%. Once all
the parameters were defined, we could identify the total reads, depth of coverage and RNA editing sites.
The frequency of nucleotide conversion between eﬁ site due to exposure to salinity as compared to the
control was evaluated using the following formula: the number of reads for converted nucleotides divided

by the total number of reads.

1.3. RNA extraction




Wild barley (Hordeum vulgare subsp. spontaneum) plants were divided into 4 groups in triplicate, and
exposed to 500 mM NaCl salt for 0 (control), 2, 12 and 24 hours, undergontrolled light and humidity
conditions. Total RNA was isolated using TRIzol (Thermo, USA) as per the manufacturer’s guidelines.

The concentration of RNA was estimated by Nanodrop (Tecan, Finland).

1.4. Quantitative PCR for validation of identified editing sites

The RNA edits identified were selected to be validated by quantitative PCR. The total RNA from each group
was isolated using Qiazol (Qiagen, Cat No.79306) and treated with DNAse kit (Thermo, USA) to remove
any contaminating genomic DNA. The amount of total RNA was equalized to | pg for each sample and
corresponding cDNA was synthesized with 1 pM poly dT oligonucleotides using cDNA synthesis kit
(Biolegio, Netherlands), as per manufacturer’s instructions. To run the RT-PCR reaction, 50 | of reaction
éere setup in a Mx3005P qPCR system (Stratagene, USA) and the CT value was determined. The a-tubulin
ﬁlﬂ was used as a housekeeping gene (control) for normalization purposes.
The percentage of RNA editing was determined by the following formula: % RNA edits = 2(CT mean of T

variant—CT mean of C variant)/ {2(CT mean of T variant-CT mean of C variant) + 1} x 100, where C =

control and T = test sample data (Livak and Schmittgen 2001).

1.5, Validation of T and G sites at DNA level
To verify edit sites in identified DNA sequences from the ndhA gene, especially at U edit sites, we extracted
DNA from leaves of wild barley using DNeasy Plant Pro Kit (Qiagen, Germany) for use as template.
Traditional PCR was run using REDTaq® ReadyMix™ PCR master mix using forward and reverse primers
(having original and e{aed nucleotides) for five sites with two pairs of primers as mentioned (Table 1). PCR
conditions used were: 1nitial denaturation at 94 °C for 4 min, folBlved by 35 cycles of (94 °C for | min, 60
°C/30 sec and 72 °C for | min), final extension at 72 °C for 5 min and then storage at 4°C. The PCR products
were then run on 1.5% agarose gel and after confirmation of their size, were purified by PCR cleanup kit
and sent for Sanger. The sequencing results were further compared by alignment to validate the editing at

U/T or G/A sites as mentioned in Table 1.

1.6. Analysis for amino acids deduced for ndhA gene

The correspondence amino acids for RNA editing sits are identified by CLC genomic workbench 3.6.5. The
predictions for any change in the tertiary (3D) and secondary structure of each protein are generated by the
same program.

1.7. Statistical validation and analysis

In order to analyze the data, SPSS used the analysis of variance (ANOVA) test. Using Tukey's HSD, several

comparisons were made to test our hypothesis and statistically significant levels [29].




3. Results
3.1. ndhA characterization

c¢DNA and genomic DNA were recovered for the ndhA gene from H. vulgare subsp. spontaneum under
control (acc. no. OM262848), after two hours (acc. no OM262849), after twelve hours (acc. no.
OM262850) and after twenty-four hours (acc. no OM262851) of salt stress. 105,526,154 pair-end-RNA
reads were used to identify the ndhA gene transcripts at zero hour, which were mapped to the ndhA gene
(acc. no. NC_042692) as a reference, 159,631,812 at two hours, 161,793,598 at twelve hours, and
159,631,812 at 24 hours.

3.2, Analysis of RNA edits and modifications in amino acids
Comparison of ndhA genome sequence with its transcripts from each of the four treatments showed five C
to U changes (C50,C303,C563, C1042, C1047), three U to C changes (U550, U592, U1066), and two G to
A changes (G111, G1046). RNA editing did not differ significantly between all treatments at U550 and
C1042. At other sites, salt stress appeared to have significantly increased RNA editing at positions G111,
(€303, and C563. Positions G1046, C1047, and U1066 showed significant decreases in RNA editing after
salt exposure for 24 hours. In positions C50 and U592, however, RNA editing in control group was similarly

high to other salt exposure times (Figure 1).

3.3. Validation of ndhA editing
As a way to verify editing sites and confirm the value of bioinformatics tool analysis, four salt exposure
intervals were measured to quantify and measure editing positions (C50, G111, C303, U550, C563, U592,
C1042, G1046, C1047, and U1066) by gqRT-PCR (Fig. 2). Likewise, uncommon RNA edits G111, U550,
U592, G1046, and U1066 were confirmed on the DNA level (Ramadan et al., 2021) to exclude any errors
of published sequence (NC_042692) using the original and edited nucleotides in 3 prime ends (fig. 3)

3.4. Analysis for conserved domains and predicted structure of ndhA protein

RNA editing has been assessed at the protein level by measuring the current influence of ndhA (CDD
accession number CHL00032; Figure S2) on the NADH subunit 1 structure. The homology modelling of
the proteins showed no difference in the tertiary structure of protein under stress at four times (Figure 4),

but minor changes in alpha helices and beta sheets were observed in the secondary structure (Fig.S2).

4. Discussion

In higher plants, RNA editing is a vital process, which occurs increasingly through deamination reactions

that are catalyzed by pentatricopeptide repeat proteins (PPRs) (Takenaka et al., 2013). This is more




relevant in the context of genes involved in vital functions for plant survival such as those encoding
proteins involved in cellular transpiration and photosynthesis. The NDH complex of chloroplasts has
many subunits, is coded by at least 11 chloroplastic genes (ndhA to ndhK), and it plays a vital role in
assisting cyclic transport of electrons through photosystem I, and maintenance of homeostasis during
diverse environmental conditions (Shen et al., 2021). Changes in the ndhA transcripts through RNA
editing might affect electron transport through disruption of NDH complex which prevents drastic ion
changes in stroma during stressful environmental conditions (Peng et al., 2011) and jtshowed induction
of drought sensitivity in Soyabean and Arabidopsis (Rodrigues etal.,2017). Thus, we focused on studying
RNA editing events in ndhA transcripts of wild barley, and to avoid false positives during editing analysis,
we excluded any effect of heteroplasmy during nucleotide exchange (Makki et al., 2019). In our study,
we found RNA editing at 10 sites: C50, G111, C303, C563, U550, U592, C1042, G1046, C1047 and
U1066, in ndhA gene of H. vulgare subsp. spontaneum (Figure 1). The editing ratios of these sites were
significantly different following four salt stress cycles (except US50 and U1042) and qPCR validation
was conducted on each of the edited sites (Figure 2). Several trends were observed in our study . including
'C to U' edits at five positions (C50, C303,C563, C1042 and C1047) and 'U to C' edits at three positions
(U550, U592, U1066) and first report edits on plants "G to A" at two positions (G111, G1046). The
editing of some of these proteins appears to be related to salt stress tolerance in the barley plant, such as
G111, C303, and C563. After salt exposure, editing increases significantly after 2, 12, and 24 hours. .
However, RNA editing percentage was significantly decreased during salt stress periods in positions C50,
U592 which indicate that RNA editing in these sites may inhibit salinity tolerance. RNA editing
percentages increase in 2 and 12 hours after salt exposure in C1042, which agrees with our previous report
(Ramadan et al.,2021). The significantly decrease in RNA editing after 24 hours like, G1046, C1047 and
U1066 might be indicative of adaptation of edited proteins at higher salt stregs in the barley plant or lost
tolerance due to the extreme salinity and may initiate programmed cell death :gatsu , 1997; Katsuhara
and Shibasaka, 2000; Lin et al., 2005; Li et al., 2007a; He et al., 2018) in yeasts (Li et al., 2007b) and
algae (Huhet al., 2002). The fixed editing percentage of U550 across all sample groups indicates essential

function of this site in the ndhA gene.

Next, we observed the first 'U to C' RNA edits at positions U550, U592 and U1066 of the ndhA gene.
This is considered rare in higher plants and reported only in hornworts, lycophytes and ferns (Gerke et
al., 1992). However, a few recent reports have shown such edits in some mitochondrial genes in
Arabidopsis thaliana and Hordeum vulgare (Ramadan et al., 2021, Ruchika et al., 2021). In our case, we
argue that these edits, which are considered reverse changes might have occurred to restore the activity
of the evolutionarily conserved domains of ndhA protein as a cormrective response against a possibly
undesired mutation. Other unexpected editing G to A is found in this chloroplast gene in positions G111
and G1046, this type of editing not reported before in plant but reported in animal and human nuclear
APOBEC3A and ribonucleoprotein K genes (hnRNP K) (Niavarani et al., 2015; Christofi and Zaravinos,




2019; Tao et al., 2021).

Our third observation was the presence of higher percentage RNA editing in the control group at two
positions (C50 and U592) when compared to the groups receiving salt stress. This might be due to a
requirement for these edits in natural state which might not have been necessary for the plant when it is

exposed to higher salt stress.

With regard to effects due to the RNA edits on structure of the resulting protein, minor changes are
observed in alpha helix and beta sheet in the secondary structure (Figure 3c, d) for salt stress exposure

time of 2, 12 and 24 hours. However, this effect did not affect the final 3D structure of the protein.

Unlike our previous work, there was high editing frequency without any salt stress conditions which
accept other investigators in Arabidopsis, Allium cepa, Helianthus annus and Cucumis sativus (Edera et
al., 2018). Our observations indicate towards the complex landscape of RNA editing and its role
especially in photosynthesis when compared among higher plants which are adapted to different
environmental conditions. This also directly suggests that some wild cereals might have different
photosynthesis needs when compared to cultured plants, to cope with harsh environmental conditions
including salt stress. Many investigators have linked the increasing in salt stress with increased RNA
editing, especially in mitochondria [Ramadan, 2014; Ramadan et al., 2021], but in this gene we did not
find a specific pattern at all sites. Also, the lack of effect of RNA editing on 3D protein makes us conclude
that the release at some sites has not related to salt stress, but to restore the conserved protein (Figure 1).
This has been previously reported to increase plant responsiveness to environmental stress, and
substantiates previous claims that improved photosynthesis performance of plants leads to mitigate salt
stress (Ramadan et al., 2021). However, the decrease in editing percentages after 24 hours in some sites
might also mean that the plt has lost salt tolerance and might have initiated cell senescence, which has
been seen in many plants (Katsuhara and Shibasaka, 2000; Lin et al., 2005) including algae (Li et al.,
2007b) and yeast (Huh et al., 2002).

5. Conclusions

RNA editing in photosynthesis I ndhA gene of wild barley is explored under salt stress and clearly observed
RNA editing in 10 sites. the major finding in this study is un-expecting G to A RNA editing which not
reported before in flowering plant. This foundation opens the door to many questions around the
mechanism of this type of editing. Furthermore, we think this is the first time to report ‘U to C* RNA edits

in ndhA gene of barley chloroplast. All sites have no same pattern under salt stress.




Table 1. Gene specific primers were used to validate the T sites. Forward primers with

different 3’ end sequence (underlined and highlighted) and reverse primers from serial

no. 1-6 were used. For serial no. 7-10, one forward and two reverse with different 3’ end

sequence (underlined and highlighted) were used. a-tubulin has been used as a control

gene.

position F5 3 R 5 3
CTATCAATTCTTTTTCGAAATT
C50 CCAGCATATTCAGGACCAATA
CTATCAATTCTTTTTCGAAATC
CCATTTTGACCCTCCTTTTA
Gll11 AAATAAAGAAATATCTCCTC
CCATTTTGACCCTCCTTTTG
CTTTATTTAGCATTGGACCT
C303 TAGACCGCCTGAAAAAGAAT
CTTTATTTAGCATTGGACCC
550 TGTGCTAGCAATATCTCTAC GGTAACCTGCTACTAATTCT
U
TGTGCTAGCAATATCTCTAT
TCTCTATTATCTAACAGTTT
C563 GAATATTCAGTTTGGTAACC
TCTCTATTATCTAACAGTTC
TGATATAGTTGAAGCACAGC
Us92 CAAGATAAAATAAACCATAT
TGATATAGTTGAAGCACAGT
GTTAATAATAGATTGCCCAA
C1042 ITTTGATTTTTTCCAAATGA
GTTAATAATAGATTGCCCAG
GGTTGTTAATAATAGATTAT
C1046 I TTTCCAAATGAATAAAGC
GGTTGTTAATAATAGATTGC
GGTTGTTAATAATAGATTAT
C1047 ITTTCCAAATGAATAAAGC
GGTTGTTAATAATAGATTGC
AGTGAAACAAGTTGAGAAGG
U1066 GCAGTTGGAATTTTGGAAAT

AGTGAAACAAGTTGAGAAGA

a-tubulin

TCCATGATGGCCAAGTGTGA

GACATCCCCACGGTACATGAG




Table 2. The RNA sequencing reads mapped to the reference plastome for all groups.

Transcriptome data file i Mapped Reads Total Reads
me

SRR1028012
SRR1028011

Control 915,629 105,526,154

SRR1055527
SRR1049592 2H 1,179,688 159,631,812
SRR1049587

SRR1049626
SRR 1049609 12H 1,751,987 161,793,598
SRR1049570

SRR 1049655
SRR1049648 24 H 2,814,196 162,762,776
SRR1049643
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Figure 1. The efficiency of RNA editing for ndhA at indicated positions, as compared

with the control, through the sequences identified from the RNA-seq reads. (C or U)

nucleotide site. Data has been expressed as Mean + SD (solid bars) for biological

replicates (n=3) of each sample group. ** indicates significant difference between the

compared groups at significance level of p <0.01.
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jgure 2. The qRT-PCR analysis confirmed the wild barley edited sites that were
predicted by the CL.C genomic workbench in different salinity stress situations (control,
2 hours after salinity exposure, 12 hours after salinity exposure, 24 hours after salinity
exposure). Biological replicates are expressed as means with standard deviations (black

bars). Differences between treatments that are significant indicate ** P< 0.01.




Figure 3. PCR analysis for genomic ndhA DNA using (M) 100bp ladder bioronTM. (1,
6) ndhA- G111, (2, 7) ndhA — U550, (3, 8) ndhA — U592, (4, 9) ndhA — G1046, (5, 10)
ndhA- Ul066. Primers are designed using original and alternate nucleotides,

respectively.




Figure 4. Model of the 3D structure of the ndhA protein exposed to various levels of salt
at different times. Proteins with no editing (a), controls (b), 2 hours after salt exposure

(c). 12 hours after salt exposure (d), and 24 hours after salt exposure (e)
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