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Abstract

Sunflower is one of the most used commercial oilseed crops and suffers due
to Powdery mildew. RNA sequence alteration occurs due to RNA editing
which is a post transcriptional modification. It causes a deviation from the
genomic DNA sequence resulting in RNA-DNA differences. Accurate study
of RNA editing events in diverse species is possible by NGS based methods.
Here, we performed RNA sequencing of 12 leaf transcriptomes, which in-
clude three genotypes of Helianthus annuus (2023B, TX16R and 1D25), H.
debilis, H. niveus, and H. praecox along with their respective powdery mil-
dew pathogen infected variants and systematically analysed the mitochondrial
RNA editing events using computational reference-based mapping approach.
We discovered 687 editing sites, 220 editing events in the protein-coding re-
gions, among all species and genotypes considered in this study. These in-
cluded “C to U” and “U to C” RNA editing events. On further analysis, we
observed that these editing events include 14 different types of amino acid
changes that involve the creation of two stop codon events. The conserved
editing sites identified were 247 accounting for ~36% of all the editing sites
identified. This study provides a detailed picture of the Helianthus species’
mitochondrial RNA editing status. We have identified and characterized for
the first time, genotype-specific, species-specific, and stress-specific RNA
editing events which may be useful as a potential source for stress-responsive
studies in the future.
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Biotic Stress, Powdery Mildew

1. Introduction

Sunflower (Helianthus annuus L.) is among the major commercial oil producing
crops worldwide owing to its adaptability to varied climatic conditions and soils.
It has a diploid genome and belongs to the family Asteraceae which is a large
family of flowering plants. The crop is vulnerable to several biotic and abiotic
stresses and outbreak of diseases such as powdery mildew affects crop growth
and yield. Golovinomyrces orontiiis a fungal pathogen that is the causative agent
for powdery mildew in sunflowers and is geographically distributed among all
continents. A study on the impact of powdery mildew on sunflowers in India
found that the disease’s severity levels at 30% and 64% resulted in seed output
losses of up to 20.5% and 52.6%, respectively [1]. Powdery mildew infection in
sunflowers reduces photosynthesis, causes early senescence, and results in poor
seed filling and causes stunting and about 81% reduction in yield [2].

Transcriptomic and proteomic diversity in eukaryotic organisms occurs due to
post-transcriptional modifications of mRNA sequences [3] [4]. Plant mitochon-
dria are known to exhibit diversity in terms of number of genes and structure.
The plant mitochondrial genes range from 50 to 60 in number and have large in-
tergenic regions. Specific post-transcriptional nucleotide modifications could be
attributed to RNA editing, a characteristic of higher plant mitochondria. The
RNA editing modifications include insertions, deletions, substitutions, and single
base chemical modifications. Both protein-coding and non-protein-coding re-
gions may be influenced by these changes [5]. Although, in plants, RNA editing
primarily takes place in organelles, it can also occur in the nucleus and cytop-
lasm [6].

The occurrence of an RNA editing event is frequently due to a C to U conver-
sion in both chloroplast and mitochondria of most land plants [7]. A reverse U
to C type of editing is rarely observed and seems to be confined to ferns, lyco-
phytes, and hornworts. However, a recent study in monilophytes suggests that
“C to U” and “U to C” editing events in fern chloroplasts adhere to divergent
evolutionary pathways as opposed to those that have previously been seen in
flowering plants [8]. The RNA editing events occur in translated regions of or-
ganellar mRNA, untranslated regions, intervening sequences, and structural
RNA [9]. The events in the coding regions modify the codons and help in pro-
ducing functional proteins whereas the ones in non-coding regions are known to
affect translation efficiency and splicing. Therefore, RNA editing is a supple-
mentary proofreading mechanism and helps in the restoration of evolutionarily
conserved amino acid residues. RNA editing sites are the locations of the specific
RNA positions that are altered and the corresponding DNA locations. The edit-
ing events lead to the creation, deletion and substitution of start and stop co-

dons. The RNA editing process could be a translational control process as trans-
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lational initiation and translational termination codons can be introduced by
RNA editing [10]. The RNA editing frequency ranges from 0 - 1000 sites across
the plant kingdom [11]. The number of mitochondrial RNA editing sites ranges
between 300 and 600 in flowering plants [12].

Though the first evidence of RNA editing in plant mitochondria of flowering
plants was reported as early as 1989 [4] [13] [14] profiling RNA editing is made
easy with the next generation sequencing technologies [15]. Previously, using
NGS based methods, 401 RNA edit sites in V. vinifera [16], 491 edit sites in O.
sativa [17], 357 edit sites in B. vulgaris [18], 1123 strand-specific mitochondrial
RNA editing sites in S. miltiorrhiza were identified [19]. In this study, we per-
formed transcriptome-wide identification of RNA editing events in both patho-
gens infected (G. orontii) genotypes/species and their respective controls of four
Helianthus species (H. annuus, H. debilis, H. praecox, H. niveus) along with
three genotypes of H. annuus (2023B, ID25, TX16R) using NGS based deep se-
quencing methods. Our work focuses on identification and differential mito-
chondrial RNA editing analysis in Sunflower species infected with Powdery
mildew pathogen along with their respective negative controls. In this approach,
we mapped RNA-seq reads to a known mitochondrial genome sequence to iden-
tify RNA editing sites. The complete cataloguing of RNA editing sites revealed
eight unique pathogen stress-specific RNA editing sites. The RNA editing status
among the species and genotypes may help in a greater understanding of the
molecular mechanism(s) affecting processes like development, stress resistance

and adaptive evolution.

2. Materials and Methods
2.1. Plant Material

The seeds of Helianthus annuus (2023B, TX16R, and ID25), Helianthus niveus
(Accn No 1452), Helianthus praecox, and Helianthus debilis were soaked in wa-
ter for a whole night. The seeds were decoated, placed in petri dishes and cov-
ered with moist filter paper. The seedlings, upon germination, were transferred
to pots. At flowering stage, plants were transferred to the greenhouse (28°C, 70%
RH). Powdery mildew conidia were dusted on the leaves from the infected leaves
of 2023B (Susceptible sunflower accession). Transcriptome profiling of infected
leaves that were fixed at 24, 48, and 72 hours and control leaves (prior to infec-

tion) was performed.

2.2. Library Preparation and Sequencing

The lamina of both control and pathogen-treated plants (pooled samples of 24,
48, and 72 h post-infection) was collected and stored in “RNAlater” solution
(Thermo Fisher Scientific) at —80°C. The leaf samples were ground to a fine
powder using liquid nitrogen in a mortar and pestle. RNA isolation was per-
formed according to the defined kit protocol using RNeasy Plant kit. The RNA

concentration and purity were evaluated using Nanodrop Spectrophotometer
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(Thermo Scientific - 1000) and RNA integrity was analysed on a Bioanalyzer
(Agilent, 2100). RNA samples with 7.9 and 8.2 RNA integrity numbers, respec-
tively were used for library preparation. Library preparation was performed
based on Illumina TruSeq RNA library protocol by Illumina Technologies (San
Diego, CA). PolyA purification of mRNA was done using 1 pg of total RNA. Re-
verse transcription was carried out using SuperScriptlIl Reverse transcriptase
after fragmenting purified mRNA for 8 minutes at a temperature of 94°C in the
presence of divalent cations. The second strand cDNA was synthesized in the
presence of DNA polymerase I and RNaseH. HighPrep PCR reagent (MAGBIO)
was used for the cleaning of cDNA. Post end repair and an A base addition, II-
lumina adapters were ligated to the cDNA molecules and were followed by SPRI
(solid-phase reversible immobilisation, Beckman Coulter) cleanup. The adapter
ligated fragments were enriched by amplification of the library using 8 cycles of
PCR. The library quality was verified on the High Sensitivity DNA Kit and
quantified by using Qubit (Agilent). Illumina-HiSeq system (Illumina, San Dei-
go, CA) was used to carry out sequencing of ~80 million reads per sample. The

estimated effective insert size estimated was ~130 - 380 bp.

2.3. Alignment of the RNA-seq Data

Initially, the transcriptomic reads of H. annuus (2023B, TX16R and ID25), H.
niveus, H. praecox, and H. debilis along with their pathogen infected samples
were aligned onto the indexed reference mitochondrial genome using bowtie2
(version 2.2.1) [20]. The reference mitochondrial genome of H. annuus
(NC_023337.1) was downloaded from the NCBI (National Centre for Biotech-
nology Information) database (https://www.ncbi.nlm.nih.gov). The output of the
alignment was obtained in the Sequence alignment map (SAM) format. The
SAM files obtained were converted into BAM (Binary alignment map) files using
SAMtools (version 1.9) [21]. Further, the BAM files were sorted and used for

further analysis.

2.4. Identification of RNA Editing Sites

RNA editing sites were identified using a pipeline comprising REDItools (ver-
sion 1.2) [22]. The RNA editing events were identified by using REDItoolDeno-
vo.py script using the parameters, coverage 5, frequency 0.10, and significant
value 0.05 [23]. The -1 parameter indicating “select significant sites” and -U pa-

rameter “use specific substitutions TC, CT” was considered to obtain edit sites.

2.5. Characterization of Differential RNA Editing Sites

The resultant REDItools files were used for comparison between each spe-
cies/genotype separately. These sites were considered RNA editing sites (RES)
for further studies. The annotation was done manually by downloading 26 mi-
tochondrial genes from NCBI. The edit sites present in the coding region were

filtered and the editing events that lead to synonymous and non-synonymous
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amino acid changes were characterized. The intergenic regions were also catego-
rized based on the genes in between they occur. In-silico validation of the RNA
editing sites was performed using SNPEff (version 4.5) [24]. The edit sites that
were common and unique between the pathogen-infected samples and their re-
spective controls were enumerated in terms of different criteria such as those

present and absent in coding and non-coding regions.

3. Results

3.1. Sequencing of Leaf-Specific Transcriptomes of Helianthus
Species

RNA was isolated from the leaves of controls and pathogen-infected plants Ze.,
genotypes of H. annuus (2023B, TX16R and ID25) and H. debilis, H. niveus and
H. praecox and two independent libraries were prepared. The expected fragment
distribution in the range of ~250 - 500 bp was observed in the cDNA libraries.
Our sequencing resulted in 100 bp paired-end (PE) reads from the libraries us-
ing Illumina RNA-Seq technology with ~80 million reads per sample. The reads
enumerated are recorded in Table 1.

3.2. Mapping of Helianthus Transcriptome Reads on to the
Reference Mitochondrial Genome

A reference-based assembly approach was used in the identification of RNA
editing sites in the mitochondrial transcripts of different genotypes of Helian-
thus species. The transcriptomic reads obtained were quality checked before they
were used for Bowtie2 based assembly onto the reference mitochondrial genome
of H. annuus (NCBI accession number: NC_023337.1). The results of the align-
ment ranged between 1,268,592 and 5,101,884 reads (Table 1). The average
alignment percentage of both controls and infected samples is 3.38%.

Table 1. Summary of alignment percentages of Helianthus transcriptomes mapped to the mitochondrial genome of H. annuus.

Name of the specie

Total number  Total number of reads aligned Percentage of overall

of reads to mitochondrial genome alignment

H. annuus PS2023B control 96,122,236 1,268,592 1.31

H. annuus PS2023B pathogen infected sample 87,418,604 3,131,592 3.58

H. annuus ID25 control 82,174,332 2,740,596 3.33

H. annuus ID25 pathogen infected sample 91,162,936 4,173,904 4.57

H. annuus TXI16R control 80,017,428 2,815,108 3.51

H. annuus TX16R pathogen infected sample 82,246,144 2,700,394 3.28

H. debilis control 87,529,646 3,338,856 3.81

H. debilis pathogen infected sample 82,408,066 3,114,186 3.77

H. niveus control 83,175,466 4,911,814 5.9

H. niveus pathogen infected sample 136,544,538 5,101,884 3.73

H. praecox control 89,159,016 2,218,732 2.48

H. praecox pathogen infected sample 89,434,750 1,175,668 1.31
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3.3. Identification of RNA Editing Sites in Different Helianthus
Species

We have considered sites with both “C to U” and “U to C” type of RNA editing.
A total of 687 RNA edit sites were enumerated in all the species of Helianthus at
a significance of 0.05. The overall localization of edit sites was lower in the pro-
tein-coding regions (220) in comparison to that of the non-coding regions (467).
The average of mean frequency of edit sites of each gene in the coding region is
0.61. Here, the editing frequency refers to the number of reads edited/total
number of reads covering that site.

Individually, 364 edit sites (H. annuus 2023B control), 390 edit sites (H. an-
nuus 2023B pathogen infected), 375 edit sites (H. annuus ID25 control), 387 (H.
annuus ID25 pathogen infected sample), 413 edit sites (H. annuus TX16R con-
trol), 407 edit sites (H. annuus TX16R pathogen infected), 370 edit sites (/. de-
bilis control), 377 edit sites (H. debilis pathogen infected), 435 edit sites (H. ni-
veus control), 436 edit sites (H. niveus pathogen infected sample), 371 edit sites
(H. praecox control), 381 edit sites (H. praecox pathogen infected sample)
(Figure 1) were identified in the Helianthus species and their respective patho-
gen infected samples. The average number of RNA editing sites observed in all
species was 392.

Among all the 687 edit sites, 247 RNA editing events were commonly found in
all the Helianthus species and their pathogen-infected samples depicting 36% of
all the edit sites being conserved. We identified 467 RNA editing sites in the non
protein coding regions accounting to ~67% of the total edit sites. There were no
edit sites observed in the long non-coding RNAs. However, there were 4 edit sites

in tRNAs and 15 in rRNAs and the rest were localized in the intergenic regions.

3.4. Characterization of RNA Editing Sites in Protein Coding
Regions

We analysed the distribution of RNA editing sites in all the protein-coding re-
gions. In total, 220 edit sites were observed in 15 protein-coding genes among all
species and their respective pathogen-infected samples. Among all the species,
46 RNA edit sites that were enumerated in the ccmB gene were marked the
highest accounting to 21% followed by 33 edit sites in cox/ and 25 edit sites in
1ps4 gene. Also, 19 and 18 RNA edit sites were observed in nad3 and cob genes,
respectively (Figure 2). Most RNA editing sites (53.63%) were at the second co-
don position (118) while 62 and 40 edit sites were found in the first and third
codon positions respectively. Among all the editing events about 28.18%, 53.63%
and 18.19% of editing changes occurred in first, second and third codon posi-
tions, respectively. This pattern was observed among all the genotypes of H. an-
nuus and other Helianthus species.

RNA editing in the protein coding regions of Helianthus species resulted in 14
types of amino acid changes. The P > L amino acid transition occurred in most
(43) of RNA editing sites. Second most prevalent amino acid transition was S > L
followed by S > F observed in 39 and 31 edit sites, respectively (Figure 3). The
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conversion of Serine to Leucine is a shift from hydrophilic to hydrophobic. Ad-
ditionally, two creation of a stop codon events were observed.

460 -
0 440
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9 420 .
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8 400 -
6 380 — — m Control
ﬁ 360 “ Pathogen infected sample
% 340
z

320

H.annuus 2023B H.annuus ID25 H.annuus TX16R  H.debilis H.niveus H.praecox
SPECIES/GENOTYPES

Figure 1. Distribution of RNA editing sites among all Helianthus Genotypes/Species.
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Figure 2. Distribution of RNA editing sites in the protein-coding
regions of all genotypes/species of Helianthus.
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Figure 3. Distribution of Amino acid changes due to RNA editing events in Helianthus
species/ genotypes.
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The editing events that lead to the creation of stop codons are due toa C to U
conversions. An editing event in the gene rp/16-37 occurs in the first codon po-
sition (Cag > Tag). It occurred due to the conversion of the amino acid Gluta-
mine to stop codon. It is conserved among all species/genotypes. The other
editing event zps4-991 also occurs in the first codon position (Cga > Tga) which
lead to the conversion of Arginine to stop codon. This editing event is not con-
served. The average editing levels in all the genes of the coding region were cal-
culated based on the editing frequency at each site. In each genotype/specie, the
average editing level is the mean value of the editing frequency of all sites
present in a gene. Overall, the highest editing levels were observed in the cox/
gene ranging between 0.975 in H. annuus ID25 pathogen-infected sample and
0.86 in H. niveus pathogen-infected sample (Figure 4). While lowest editing le-
vels were observed in the zp/5gene (0.11) in both H. debilis control.

In our analysis 85% are these editing events are “C to U” type and the rest are
reverse editing (“U to C”) events. Among those protein-coding genes, ccmB has
the most editing sites predicted (29) which agrees with our results of the gene
with the highest number of edit sites (46 edit sites). Also, 33 edit sites were ob-

served in coxl gene.

3.5. Genotype-Specific Differential RNA Editing Events in
H. annuus

Not only species-specific variation in the number of editing sites but also geno-
type-specific variation was observed when three genotypes of H. annuus were
analysed for mitochondrial genotype-specific RNA editing. The highest number
of edit sites was found in A. annuus TX16R control (413) (Table 2). The average
number of edit sites among the three genotypes and their respective patho-
gen-infected samples of H. annuus was found to be 389. The higher number of
edit sites was observed in the pathogen-infected samples in comparison to the
controls except in the case of H. annuus TX16R, where 413 edit sites were ob-
served in the control in comparison to 407 in the pathogen-infected sample. The
number of edit sites in the protein-coding regions was lower in all the genotypes
in comparison to those in the non-coding regions. Also, the amino acid changes
that resulted due to nucleotide conversions were mostly non-synonymous subs-
titutions with their average percentage accounting for ~86.77% of edit sites in
protein-coding regions. There is an increase in the number of edit sites in the
non-coding regions of pathogen-infected samples in comparison to their respec-
tive controls. However, this pattern was not observed in the case of H. annuus
TX16R genotype. There is a decrease in the non-synonymous substitutions and
increase in the synonymous substitutions in the pathogen-infected samples w.r.t
their controls in all the genotypes except in the case of H. annuus TX16R where it is
reversed. In the case of H. annuus TX16R pathogen-infected sample, 153 edit sites
showed non-synonymous substitutions in comparison to 149 in its control (Table

2). Similar pattern can be observed in the case of unique sites as well.
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Figure 4. Distribution of RNA editing levels in the protein-coding regions of all Helianthus species.

Table 2. Summary of characterisation of RNA editing events in Helianthus annuus genotypes.

Uni Uni Uni
H. annuus Common sifclcflil: H. annuus Common si?el?il: H. annuus Common sifclelglil:
Location/type 2023B sitesin 5553 ID25 sites in ID25 TX16R sitesin  xq16R
2023B ID25 TX16R
C I C 1I C I C I C I C 1

Protein codin
J 170 170 158 12 12 168 168 166 2 2 175 177 169 6 8

transcripts
First codon position 53 52 50 3 2 53 52 52 1 0 50 52 50 0o 2
Second codon position 97 94 90 7 4 97 9% 96 1 0 99 101 96 3 5
Third codon position 20 24 18 2 6 18 20 18 0 2 26 24 23 3 1
Creation of start
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
codon
Substitution of start
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
codon
Creation of stop codon 1 2 1 0 1 1 1 1 0 0 1 1 1 0 o0
Substitution of a stop
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

codon
Non-synonymous

om 149 145 139 10 6 149 147 147 2 0 149 153 146 3 7
substitutions
S
ynonymous 21 25 19 2 6 19 21 19 0 2 26 24 23 3001
substitutions

Non-protein codi
OMProteincoding 194 220 176 18 44 207 219 192 15 27 238 230 207 31 23

transcripts
tRNA 3 3 3 0 o0 3 3 3 0 0 3 3 3 0 0
rRNA 3 3 2 1 1 3 2 2 1 0 5 3 2 3 1
Long noncoding RNA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Intergenic region 188 214 171 17 43 201 214 187 14 27 230 224 202 28 22
Total no of sites 364 390 334 30 56 375 387 358 17 29 413 407 376 37 31
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3.6. Species-Specific RNA Editing Events and Their Differential
Status among Helianthus Species and Their Respective
Pathogen Infected Samples

The highest number of edit sites were identified in H. niveus pathogen infected
sample (436). The average number of edit sites found in the protein coding re-
gions was enumerated as 174 and is marked higher than that recorded in H. an-
nuus genotypes. In all the species, the number of edit sites was higher in the
non-protein coding regions. Also, the editing events that occur due to substi-
tutions in the second codon position were marked highest among all the spe-
cies like that of H. annuus genotypes. In the protein-coding regions, the
non-synonymous amino acid substitutions were clearly higher (87.57%) than the
synonymous substitutions (Table 3). The other gain of stop codon event which
was not conserved was prevalent in H. annuus 2023B pathogen-infected sample,

H. niveus control and H. niveus sample.

Table 3. Summary of characterised mitochondrial RNA editing sites in H. debilis, H. niveus and H. praecox.

Unique site Common Uhnique
Unique site in
H. debilis Common in H. niveus Common I;lni cus H. praecox gjtesin  Sites in
. o - v
Location/type sitesin 7y Jopilis sites in g H. praecox
H. debilis H. niveus
C I C I C I C I C I  praecox C I
Protein coding
. 175 175 173 2 2 173 174 160 13 14 170 179 167 3 12
transcripts
First codon position 54 54 54 0 0 56 55 52 4 3 55 56 55 0 1
Second codon
. 102 100 100 2 0 99 93 90 9 3 98 99 96 2 3
position
Third codon
. 19 21 19 0 2 18 26 18 0 8 17 24 16 1 8
position
Creation of start
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
codon
Substitution of start
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
codon
Creation of stop
1 1 1 0 0 2 2 2 0 0 1 1 1 0 0
codon
Substitution of a
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
stop codon
Non-
OMSYRORYMOUS 56 154 154 2 0 154 147 141 13 6 152 153 150 2 3
substitutions
Synonymous
L 19 21 19 0 2 19 27 19 0 8 18 26 17 1 9
substitutions
Non-protein coding
. 195 202 185 10 17 262 262 203 59 59 201 202 169 32 33
transcripts
tRNA 3 3 3 0 0 3 3 2 1 1 3 3 3 0 0
rRNA 1 0 0 0 0 3 13 3 0 10 3 3 2 1 1
Long noncoding
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RNA
Intergenic region 191 199 182 9 17 256 246 198 58 48 195 196 164 31 32
Total no of sites 370 377 358 12 19 435 436 363 72 73 371 381 336 35 45
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In case of the total number of edit sites enumerated, highest number of edit
sites were observed in pathogen-infected sample of H. niveus. In all the species
there is an increase in the number of edit sites in the pathogen-infected samples
in comparison to their controls. An increased number of RNA editing sites were
observed in the non-coding regions of pathogen-infected samples in comparison
to their respective controls except in case of H. niveus where equal number of
edit sites were observed (262). The edit sites found among all the geno-
types/species were considered as conserved. In the protein coding regions 131
out of 247 edit sites were conserved accounting to 53%. Among them, highest
number of edit sites were observed in the gene ccmB (41) followed by 19 in
nad3. The conserved edit sites were completely absent in the rp/5, nad5, nadé
and ccmC genes.

Individually, common edit sites between pathogen-infected samples and their
respective controls were enumerated and it was observed that A. annuus TX16R
showed the highest number of edit sites with 376 common edit sites. While a
comparison between other three species showed that A. niveus (363) showed the
highest number of common edit sites. The number of common edit sites in the
protein coding regions of H. debilis (173) was higher in H. debilis despite the
lesser number of common edit sites (358). Unique edit sites were also recorded.
The total number of unique edit sites identified was 157 and 15 were observed in
the coding regions (Figure 5). The unique edit sites were completely absent in
H. annuus 2023B control, its pathogen infected sample, H. annuus ID25 control
and H. debilis sample.

4. Discussion

The extreme RNA and protein diversity in eukaryotes maybe attributed to mod-
ifications like splicing / alternate splicing, RNA editing by which nucleotides are
inserted, deleted, or substituted resulting in RNA-DNA differences [25] [26] [27].
The type of base transition that occurs most commonly due to RNA editing in
most land plants is a C to U RNA editing event. The reverse U to C editing event is
considered relatively occasional but is abundantly found in ferns, hornworts, and
lycophytes in flowering plants RNA editing analysis of organellar transcriptomes
show abundant C to U type of editing [8]. Therefore, we considered both types of
editing events in our study. Plants show wide range of variation in number of mi-
tochondrial RNA editing sites. A total of 569 C-to-U editing sites in the mito-
chondria-encoded open reading frames (ORFs) of Rice [28]. The very high num-
ber of mitochondrial RNA edit sites were found in plants like lycophyte Isoetes
engelmannii (1782), Cycas taitungensis (1084) and Liriodendron (755) [29] [30]
[31]. Whereas transcriptomic studies in Physcomitrella patens revealed only 11
sites in nine mitochondrial genes although RNA editing follows similar patterns as
other land plants [32]. However, total number of edit sites identified among He-
lianthus species considered in this study agrees with earlier investigations that
suggest 300 - 600 editing events occur in plant mitochondria [18]. In our analysis,

the average number of RNA editing sites observed in all species was 392.
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Figure 5. Unique RNA editing sites in all the species/genotypes.

The pattern of editing changes in first, second and third codon positions were
28.18%, 53.63% and 18.19% respectively among all the genotypes of H. annuus
and other Helianthus species. It agrees with most of the studies that show max-
imum editing events due to changes in the second codon position [33]. A study
on RNA editing status in 17 angiosperm genera showed the lowest conservation
of edit sites in the third codon position [34]. The most frequent type of altera-
tions that occur due to RNA editing in mitochondria is C to U changes [35] and
in our analysis 85% are these editing events and the rest are reverse editing (U to
C) events. In Arabidopsis the distribution of C to U editing events is 456 in
mRNA, 441 in ORFs, 8 in introns [36], 401 in the coding region and 44 in the
non-coding regions of Grape [16]. According to recent studies in the mitochon-
drial genome of 8. glauca, 216 RNA editing sites in 26 protein-coding genes were
found. Among those protein-coding genes, ccmB has the most editing sites pre-
dicted (29) which agrees with our results of the gene with the highest number of
edit sites (46 edit sites). However, cox/ lacks editing sites in S. glauca [37] in
contrary to 33 edit sites observed in our analysis.

RNA editing plays an important role in essential physiological processes and
affects stress responses. Plant growth, development, and fertility are adversely
impacted by altering some editing sites, suggesting the significance of RNA
editing in plant organellar gene expression [38]. According to a study, SLG1
which is a PPR protein localized in the mitochondria of Arabidopsis affects RNA
editing and the SLG1 mutants exhibit impairment of NADH dehydrogenase ac-
tivity as the mitochondrial transcript nad3 is abolished [39]. According to a
study in Arabidopsis thaliana, the “C to U” RNA editing rates were significantly
reduced under heat and cold stress suggesting the role of RNA editing in stress
response [40].

In this study, we observed 85 edit sites that are specific to pathogenic stress-
infected variants and these could be called stress-specific edit sites. It was noted
that the highest number of edit sites were observed in H. niveus sample (31).

The unique edit sites of pathogen-infected samples in the coding region are
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ccmFe-114in H. annuus ID25 sample (Ala > Ala, gcC > gcT and 3 codon posi-
tion); coxI-1148 (Ser > Phe, tCc > tTc and 2™ codon position) and ccmFn-264
(Pro > Pro, ccC > ccT and 3" codon position) in H. annuus TX16R pathogen
infected sample; coxl-1524 (Phe > Phe, ttC > ttT and 3" codon position),
ccmPFn-1104 (Ala > Val, gCt > gTc and 2™ codon position), ccmFn-1107 (Leu >
Leu, ctC > ctT and 3™ codon position) and rps12-275 (Pro > Ser, Ccg > Tcg and
1st codon position) in H. niveus sample; coxIII-593 (Ser > Phe, tCt > tTt and 2"
codon position) and rps4-772 (Leu > Leu, Cta > Tta and 1% codon position) in
H. praecox sample. The role of these edit sites in stress response must be deeply
studied further.

According to a species-wide comparative study of four Populus species, ~69%
(238 out of 355 edit sites) of mitochondrial RNA editing sites are conserved [41].
Though our analysis showed an overall ~36% of conserved sites, ~53% of the
edit sites in the coding region are conserved. The basis for variations in the levels
of editing event conservation among different land plants must be studied as

there are very limited species-wide comparative studies.

5. Conclusion

Our study is the first comprehensive analysis of mitochondrial RNA editing sites
in Helianthus sp. using deep transcriptome sequencing. We have only consi-
dered C to U and U to C type of editing events. RNA editing events that arise
due to other base substitutions should be studied further. Also, RNA editing in
the intergenic regions was recorded. The genotype, species-specific and
stress-specific RNA editing events could be used as potential sources of informa-

tion for genetic manipulation in sunflowers.
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