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Abstract

RNA editing, while studied thoroughly in humans, has been sporadically described in bacteria, 

and to our knowledge, has not been reported in Mycobacterium tuberculosis (Mtb). After thorough 

quality control and validation by repeated sequencing, by comparing sequences from RNA and 

DNA from high-throughput sequencing data, we report the first finding of three RNA editing 

events in two Mtb isolates.
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RNA editing, while studied thoroughly in humans, has been sporadically described in 

bacteria, and to our knowledge, has not been reported in Mycobacterium tuberculosis 
(Mtb). After thorough quality control and validation by repeated sequencing, by comparing 

sequences from RNA and DNA from high-throughput sequencing data, we report the first 

finding of three RNA editing events in two Mtb isolates.

RNA editing is one of the most studied post-transcriptional phenomena in eukaryotes. 

Especially in humans, millions of RNA editing sites have been described (Mansi et al., 

2021). RNA editing events occur when the blueprints stored in DNA are altered at the 

RNA level, after transcription. Two canonical RNA editing processes have been identified 

in humans thus far: adenosine (A) to inosine (I) (A-to-I, aka A-to-G) by deamination, 

and cytosine to uracil (C-to-U aka C-to-T) by apolipoprotein B mRNA-editing enzyme, 

catalytic polypeptide (APOBEC) enzymes (Guo et al., 2019). Non-canonical RNA editing 
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processes in humans have been described (Li et al., 2011; Guo et al., 2017), but their validity 

remains in debate (Piskol et al., 2013). Multiple studies have shown that RNA editing can 

affect cellular processes and impact diseases such as cancer by producing alternative protein 

sequences, altering drug sensitivity, and affecting cancer prognosis (Peng et al., 2018; Han 

et al., 2015; Wu et al., 2021). In humans, RNA editing events have been shown to cause 

important disruption in the binding sequences of transcription factors (TF), RNA binding 

proteins (RBP), and micro RNA seeds, leading to reprogrammed regulatory cascades (Jiang 

et al., 2020).

The study sample included 35 fluoroquinolone-resistant Mtb isolates from a population-

based study of all newly diagnosed, culture-confirmed tuberculosis (TB) patients reported to 

the Tennessee Department of Health from January 2002 to December 2016 (Maruri et al., 

2021). The study was approved by the Vanderbilt Institutional Review Board (IRB#050208). 

Mtb isolates were cultured with and without ofloxacin. Whole genome sequencing was 

performed on all 35 isolates after being grown in culture without ofloxacin on Illumina 

Hiseq 3000. RNA extracted from these 35 isolates cultured under both conditions was 

sequenced with 75 base pair single end sequencing on an Illumina NextSeq 500.

Mtb-specific quality control measures were conducted in two ways. First, lineage calls (Coll 

et al., 2014) and overall allele call profiles of all DNA and RNA datasets were compared to 

exclude isolates showing any sign of potential sample labelling issues. Second, allele counts 

at all variant sites per isolate were evaluated for evidence of multiplicity of infections (MOI). 

Polyclonal isolates typically have many variant call sites where the relative proportions of 

2 + alleles vary in a consistent manner over many locations in the genome. Isolates with 

evidence of such multi-allelic sites were considered to be polyclonal, and excluded from 

analysis.

Due to the conserved nature of portions of many bacterial genomes, and the possibility that 

a TB patient could have secondary bacterial infections, we surmised that coinfection might 

create alignment aritfacts similar to evidence of RNA editing. Therefore, we gathered five 

bacterial genomes (Variovorax paradoxus, Bacillis subtilis, Escherichia coli, Staphylococcus 
aureus, Dermacoccus nishinomiyaensis) common in humans, converted them to synthetic 

Illumina reads, and aligned them to the Mtb reference genome to identify genomic regions 

in Mtb that could receive spurious alignments from other bacteria. These included ribosomal 

RNA genes, molecular chaperones, and isocitrate dehydrogenase. Any possible RNA editing 

events identified in genes that received spurious bacterial alignments were discarded as 

being possible false positives. After thorough quality control, three of the 35 isolates were 

deemed to be clonal and of high quality for RNA editing detection.

RNA editing events were identified by comparing allele counts between DNA and RNA 

sequences with base quality PHRED score greater than 20 as the threshold. Three RNA 

editing events were identified (Table 1, Supplementary Table 1). The first RNA editing event 

occurred at position 841,326, at which whole genome sequencing showed that the DNA was 

dominated by allele T with 99% of the reads, and one 1% of the reads supported alternative 

allele C. In both RNAseq of RNA with and without ofloxacin, the percentage of the allele 

C increased from 1% in DNA to 66% in RNA with ofloxacin and 64% in RNA without 
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ofloxacin. For position 3471,001, the allele A increased from 5% in DNA to 70% in RNA 

with ofloxacin and 66% in RNA without ofloxacin. The last RNA editing event identified 

was at position 3,501,679 and was characterized by an increase of allele A from 0% in DNA 

to 64% in RNA with ofloxacin and 80% without ofloxacin.

To date, there have been no reports of RNA editing in Mtb, the bacterium that causes 

TB. According to the World Health Organization, 1.4 million people died of TB in 2020, 

and approximately 25% of the global population has latent Mtb infection (Houben and 

Dodd, 2016; WHO, 2021). Approximately 5–10% of persons with latent Mtb infection 

progress to active TB disease. It has been shown previously that single nucleotide 

variants in Mtb DNA gyrase can cause fluoroquinolone resistance in Mtb (Maruri et al., 

2021). Fluoroquinolones are a commonly used drug class, and may be used to treat TB 

(Dorman et al., 2021). However, not all phenotypically fluoroquinolone-resistant Mtb strains 

have canonical resistance mutations identified, which suggests the presence of alternative 

resistance mechanisms, including efflux pumps (Maruri et al., 2021; Chien et al., 2017). 

RNA editing is a type of single nucleotide variant. As demonstrated previously in both 

humans and bacteria, RNA editing has potential functional effects, which may affect drug 

resistance (Han et al., 2015). Of note, none of the three genes affected by RNA editing in 

our study had evidence of canonical DNA gyrase mutations associated with fluoroquinolone 

resistance on whole genome sequencing. The one nonsynonymous RNA edit we identified 

was in Rv3135, which is in the proline-proline-glutamate (PPE) family, PPE50. Although 

PPE genes are highly polymorphic and therefore often not evaluated as a mechanism of drug 

resistance, a mutation in PPE51 has been associated with drug resistance in Mtb (Wang et 

al., 2020). Rv3102c is a component of an ABC transporter, which could be functionally 

relevant, via drug efflux (Kapopoulou et al., 2011). Although the functional correlate of the 

three RNA edits identified is unclear, a better understanding of RNA editing in Mtb may 

provide insights into mechanisms of drug resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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