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Abstract

Whole-genome sequence analyses have significantly contributed to the understanding of virulence and evolution of the Myco-
bacterium tuberculosis complex (MTBC), the causative pathogens of tuberculosis. Most MTBC evolutionary studies are focused
on single nucleotide polymorphisms and deletions, but rare studies have evaluated gene content, whereas none has compre-
hensively evaluated pseudogenes. Accordingly, we describe an extensive study focused on quantifying and predicting possible
functions of MTBC and Mycobacterium canettii pseudogenes. Using NCBI's PGAP-detected pseudogenes, we analysed 25837
pseudogenes from 158 MTBC and M. canetii strains and combined transcriptomics and proteomics of M. tuberculosis H37Rv
to gain insights about pseudogenes’ expression. Our results indicate significant variability concerning rate and conservancy
of in silico predicted pseudogenes among different ecotypes and lineages of tuberculous mycobacteria and pseudogenization
of important virulence factors and genes of the metabolism and antimicrobial resistance/tolerance. We show that in silico
predicted pseudogenes contribute considerably to MTBC genetic diversity at the population level. Moreover, the transcrip-
tion machinery of M. tuberculosis can fully transcribe most pseudogenes, indicating intact promoters and recent pseudogene
evolutionary emergence. Proteomics of M. tuberculosis and close evaluation of mutational lesions driving pseudogenization
suggest that few in silico predicted pseudogenes are likely capable of neofunctionalization, nonsense mutation reversal, or
phase variation, contradicting the classical definition of pseudogenes. Such findings indicate that genome annotation should
be accompanied by proteomics and protein function assays to improve its accuracy. While indels and insertion sequences are
the main drivers of the observed mutational lesions in these species, population bottlenecks and genetic drift are likely the
evolutionary processes acting on pseudogenes’ emergence over time. Our findings unveil a new perspective on MTBC's evolu-
tion and genetic diversity.
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Impact Statement

Pseudogenization is one way in which bacteria can modulate gene content, possibly phenotype, but this process has never
been comprehensively evaluated in the phenotypically distinct pathogens causing tuberculosis in humans and animals. We
show that pseudogenes are a source of genetic variability to the MTBC, their rate varies according to ecotypes and lineages,
and they are only moderately conserved among strains. Specific types of mutations were identified as drivers of pseudogeniza-
tion, underscoring the importance of insertions, deletions, and mobile elements to the genetics of mycobacteria. Surprisingly,
gene loci under pseudogenization correspond to ~16% of the global gene pool of MTBC. While pseudogenization may inactivate
major virulence factors and other genes of the metabolism, sequences predicted as pseudogenes in silico may also reverse to
its original gene sequence, serve as source of protein neofunctionalization, or carry a mutation with no significant impact on
protein function, which contradict the classical definition of pseudogenes and warrant further studies. Corroborating previous
knowledge about MTBC evolution, population bottlenecks and genetic drift are likely the acting forces that allow pseudogenes’
emergence. Our study fills a gap about the MTBC evolution, providing the basis to further understand how these bacteria display
different phenotypes of virulence and host tropism.

INTRODUCTION

Tuberculosis (TB) is one of the most devastating infectious diseases of humans and animals. It is caused by the Mycobacterium
tuberculosis complex (MTBC), a bacterial group composed of 11 species or ecotypes. The MTBC can be divided into human (M.
tuberculosis, Mycobacterium africanum) and animal-adapted pathogens (Mycobacterium bovis, Mycobacterium caprae, Mycobac-
terium orygis, Mycobacterium microti, Mycobacterium mungi, Mycobacterium suricattae, Mycobacterium pinnipedii, Chimpanzee
bacillus, and Dassie Bacillus) [1]. The human-adapted strains of the MTBC are further classified into seven lineages; M. tuberculosis
(L1-L4 and L7) and M. africanum (L5 and L6), based on phylogenomic analyses. During the development of this study, two other
lineages were described: M. tuberculosis L8 and M. africanum L9 [2, 3]. Noteworthy, different lineages have distinct geographical
spread, virulence, transmission capacity, and propensity to acquire drug resistance [4, 5]. For instance, M. africanum L5 and L6
are restricted to West Africa [6] and have lower disease progression rates than M. tuberculosis [7]. Animal-adapted pathogens
infect a broad range of host species and establish animal reservoirs [8], with M. bovis and M. caprae, possibly M. orygis, regarded
as the agents of zoonotic TB’ [9-12]. In contrast, M. tuberculosis is highly adapted to humans [8]. Reasons for discrepancies
underlying host tropism and virulence are elusive but likely a combination of host and bacterial factors.

The MTBC evolves under clonal evolution, and their genomes have high nucleotide identity (>99.95%) over homologous regions.
Unlike non-tuberculous mycobacteria, the MTBC is not subjected to horizontal gene transfer (HGT) or significant recombination
events [13, 14]. In the absence of HGT, members of the MTBC shape their gene content mainly through gene loss and duplication
events [15], with a tendency for genomic decay [16-20]. Thus, despite low genetic variability, these microorganisms evolve by
large deletions (some referred to as regions of difference, ‘RD’), single nucleotide polymorphisms (SNPs), short indels (insertions
or deletions), duplication of a limited number of paralogous gene families, and transposition of insertion sequence (IS) elements
[21-23]. These alterations, albeit seemly small, translate into an array of virulence and host tropism phenotypes [8]. However,
how exactly these mutations lead to alterations in the MTBC’s adaptive traits remains unclear.

Most MTBC evolution studies focus on phylogenetic signatures given by detecting SNPs and RDs, while its gene repertoire
has started to be analysed only recently [24-31]. When bacteria lose genes due to mutations, few disabled gene segments may
remain; these non-functional segments are known as pseudogenes [32, 33]. Using assembled genomes, the detection of bacterial
pseudogenes is based on i silico identification of genes containing frameshifts or premature stop codons, mutations frequently
associated with gene inactivation [32, 34, 35]. This method has successfully identified pseudogenes in bacteria that were later
experimentally confirmed and shown to provide adaptive traits to these bacteria to survive in new environmental niches [36, 37].
Hence, the extent and consequence of predicted pseudogenization should be explored to understand the genetic processes
governing the maintenance or emergence of specific traits. MTBC genetic variability through comprehensive pseudogene analysis
and characterization has not yet been explored. Therefore, this study aimed to quantify and functionally characterize in silico
predicted pseudogenes among members of the MTBC. As an evolutionary comparative, genomes of M. canettii were also included.

METHODS
Dataset of MTBC and M. canettii genomes

All complete genomes of the MTBC (except for BCGs) and M. canettii deposited in RefSeq (Reference Sequence Database),
NCBI (National Center for Biotechnology Information), as of January 2019, were selected, totalizing 117 genomes. Among these,
the only ecotype with more than three complete genomes was M. tuberculosis. To increase the number of genomes from other
MTBC ecotypes, both complete and draft genomes of M. africanum and M. bovis were included while keeping only complete
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genomes of M. tuberculosis. Additionally, the nine available assembled genomes of M. canettii were selected to compare with a
phylogenetically close bacterial species. The remaining MTBC ecotypes had less than three genomes each (complete or drafts)
available at the time of the study, precluding statistically meaningful analyses, and thus, were not included in the study.

Quality inclusion criteria for a genome consisted of (i) availability in RefSeq database (to ensure the highest standard of sequencing
and assembly possible from a public database), (ii) not sequenced with 454, Ion Torrent, PacBio or only-Sanger technologies,
(iii) confirmation of species based on MTBC’s RDs and phylogenetic analysis (described below), (iv) annotation with the latest
version of the PGAP (Prokaryotic Genome Annotation Pipeline) of NCBI, and (v) more than 95% coverage compared to ‘Bacteria
dataset’ in BUSCO (v.4.1.2) [38]. Genomes of 85 M. tuberculosis (all complete genomes), 27 M. africanum (27 draft genomes), 41
M. bovis (two complete genomes and 39 draft genomes), and five M. canettii (one complete genome and eight draft genomes) met
inclusion criteria for this study (Table S1 and Supplementary Methods, available in the online version of this article). The number
of contigs of MTBC and M. canettii draft genomes ranged from five to 191 and 502 to 587, respectively. The N50 of MTBC draft
genomes varied from 44571 to 1456982, with a median of 122015 (Table S1).

Lineage classification and phylogenetic analysis

MTBC species and lineages (M. tuberculosis L1-L4 and L7, M. africanum L5 and L6, M. bovis Lb1-Lb4) were confirmed by
searching for the RDs or SNP markers in the assembled genomes using blastn and a previously described Python script [39],
respectively (Supplementary Methods). Additionally, a phylogenetic tree was built to confirm MTBC lineages further. A core-SNP
matrix was generated using kSNP3 [40] and subjected to ascertainment bias correction (ASC) using the ‘-fconst’ directive of
IQ-Tree [41] as described [39]. The Modelfinder programme was used to select the best substitution model for the ASC-corrected
SNP alignment according to Bayesian Information Criterion (BIC). The best-chosen model, HKY+I+G, was then fixed for
maximum likelihood (ML) phylogenetic reconstruction using 1000 UFBoot pseudoreplicates [42]. Graphical customization of
the phylogenetic tree was performed using Iroki [43]. Mycobacterium canettii CIPT140010059 was used as the outgroup. Lineage
information from metadata associated with each BioSample was also used for confirmation when available.

Retrieval and criteria used to select pseudogenes

Pseudogenes reported by PGAP were used in this study. PGAP detects and annotates genes and pseudogenes using algorithms
that combine ab initio gene prediction using GeneMarkS+ [44] and homology-based methods. The global alignment algo-
rithm ProSplign [45] aligns predicted protein sequences with a reference genome for frameshift identification and delivers to
GeneMarkS+. GeneMarkS+ [44] integrates the information about protein alignment, frameshifted genes, non-coding RNA,
and typical DNA statistical patterns for protein and non-coding regions in gene prediction to report pseudogenes [46]. Once a
pseudogene is identified, the original gene model is replaced with a new gene feature containing a ‘pseudo’ qualifier (Fig. S1).

DNA sequences of the pseudogenes were retrieved using a customized Python script (Pseudo_retriev.py) that takes as input the
gbff (Genbank Genome File) and cds fna (Fasta Nucleic Acid) files of the selected genomes (Supplementary Methods). Genes
located at the 5" and 3’ ends of contigs of draft genomes may be falsely reported by PGAP as pseudogenes due to truncations/
interruptions caused by the assembly gap. Thus, they were excluded from the initial dataset (Pseudo_retriev.py; Supplementary
Methods) and their quantity added to the total number of CDS (coding DNA sequences) in each genome.

Posterior analysis included only non-paralogous pseudogenes that had a full-length gene counterpart in at least one other strain
(except for those present in 290% of the strains) (Supplementary Methods). Pseudogenes identified as mobile genetic elements
(e.g. transposases, integrases, insertion sequences - IS) or from the PE/PPE gene family were also excluded from the dataset
(Supplementary methods).

Pseudogenization rate and events that led to pseudogenization
All pseudogenes that met the criteria mentioned above were counted for each genome in their corresponding dataset of pseudo-
gene DNA sequences (Pseudo_retriev.py; Supplementary Methods). The rate of pseudogenization (%) was calculated as:

N,
0, _ Npseud
Yogenomepseud === x 100

where ™ is the number of pseudogenes and ™

y is the number of CDS in each genome (corrected by the addition of missing
CDS at the end of contigs described above).

ds

Pseudogenization rates were further evaluated by ancestral character estimation onto the generated ML tree using R software with
the function ace() of the package phytools [47]. Tree mapping and plotting of the trait’s evolution were built using the contMap()
and plot() functions, respectively [47]. Optimization was done fixing M. canettii as the outgroup.

Three major types of events leading to pseudogenization are annotated by PGAP: frameshift, incomplete gene (a gene disruption
caused by an insertion sequence (IS) or transposition process), and internal stop codon (characterized by a premature truncation
due to a nonsense mutation). The number of events of each genome was retrieved and counted from the gbff file and compared
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among bacterial species, according to the number of pseudogenes that met inclusion criteria. As pseudogenes may be annotated
as having more than one event, a non-exclusive quantification was performed.

Heatmap of conservation of pseudogenes

A heatmap of pseudogenes presence and absence in each genome was constructed from a non-redundant dataset of pseudogenes
that met inclusion criteria. Briefly, pseudogene redundancy was eliminated by clustering pseudogene DNA sequences using
CD-HIT-est [48] with parameters of 90% identity and 80% coverage of the longest gene in that cluster (Supplementary Methods).
Results were organized into a matrix of presence or absence of each non-redundant pseudogene according to the strains in
columns. This matrix was then transformed into a heatmap using the Seaborn library [49]. Corresponding Rv numbers (M.
tuberculosis H37Rv, NC_00962.3, AL123456.3) for each of the non-redundant pseudogenes were recovered using CD-HIT-est
or blastn against the gene sequences of M. tuberculosis H37Rv using the same parameters described above.

Estimation of pan-genome

The pan-genome of the bacterial strains used in this study was estimated with Orthofinder v2.3.8 [50] using the cds faa files
containing the whole proteome (without pseudogenes) from each strain. The total number of detected orthologous groups of
core and accessory genomes and unique genes of each strain were counted to compose the pan-genome.

Protein functions affected by pseudogenization

Due to the degenerated nature of predicted amino acid sequences of pseudogenes, full-length protein counterparts of each
pseudogene were used to infer their functional annotation. Briefly, the nucleotide sequence of each pseudogene was analysed
using the BER (Blast Extend Repraze) algorithm provided in Manatee software [51], which applies a blastx search against the
UniRef100 database. The resulting pairwise alignments served as input to a modified Smith-Waterman algorithm that aligns
an extended translated nucleotide sequence of the query (300 nucleotides downstream and upstream of each gene sequence)
against the protein hits of the blastx search. This alignment allows frameshift detection and corrects the reading frame according
to the reference protein, providing a superior blast hit than a regular blastp search for pseudogenes. The BER tool also extends
the alignment through these potential frameshifts or in-frame stop codons, providing a more robust homology-based similarity
search. The best hit in the resulting BER alignments for each pseudogene was selected for further analysis (see selection criteria
in Supplementary Methods).

The datasets of best BER hits of pseudogenes and the whole proteome of each strain were analysed with EggNOG [52] to
provide COG (clusters of orthologous group) functional classification [53] in a non-exclusive way. The proportions of genes and
pseudogenes in each COG category were compared using Pearson’s Chi-squared Test by enrichment analysis of COG categories,
with correction for multiple comparisons, and the null hypothesis was rejected at 5% for all species. Differences were considered
statistically significant when P<0.05 and one degree of freedom.

Pseudogenes of each strain with a BER hit successfully annotated with EggNOG were displayed on a heatmap by COG classifica-
tion. Briefly, a new matrix of non-redundant pseudogenes was generated as described above and adding the COG classification of
each pseudogene’s best BER hit. The corresponding functional classification was performed in a non-exclusive way. The heatmap
was built using the Seaborn library [49].

Corresponding Rv numbers with known functional annotation (i.e. gene names) and present in >2 genomes were used in STRING
database [54] to detect functional protein associated networks among the non-redundant pseudogenes.

Gene essentiality

Gene essentiality data of M. tuberculosis [55] and M. bovis [56] were used to evaluate if the detected pseudogenes are considered
essential for growth in vitro. Corresponding Rvs of the non-redundant pseudogenes were searched against these datasets and
reported as essential, or providing growth advantage or disadvantage, irrespective of the ecotype in which they were detected.

Pseudogenization of virulence factors

A list of protein sequences (1=227) related to virulence factors (VFs) in MTBC and M. canettii was downloaded from the
Virulence Factor Database (VFDB) [57] and used as a reference dataset for the identification of pseudogenized VF in the 158
bacterial strains. VF amino acid sequences were searched against pseudogene DNA dataset using tblastn with 295% identity
and >80% query coverage parameters. The presence and absence of pseudogenized VFs were displayed in a heatmap generated
using the Seaborn library [49].

RNA-Seq data processing

We selected a previously published [58] RNA-Seq dataset obtained from M. tuberculosis H37Rv RNA extracted from mid-
logarithmic phase growth in Middlebrook 7H9-OADC (oleic acid, albumin, dextrose, and catalase) broth. RNA-Seq reads
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(PRJEB23469) from six replicates were retrieved from the European Nucleotide Archive (ENA) (R1 to R6: ERR2299755,
ERR2299756, ERR2299757, ERR2299758, ERR2299759, ERR2299760). HISAT2 [59] (Galaxy Version 2.1.0+galaxy5 [60]) was
used to map the reads against M. tuberculosis H37Rv reference genome (NC_018143.2) using default parameters, which include
exclusion of reads mapping in more than one genomic region. As pseudogenes do not have regular gene IDs, a gff (Gene Finding
Format) file containing pseudogene coordinates and sequential ids (from the cds fna file) was constructed. The six BAM files
(from read mapping) and the pseudogene gff file were used as input to HTSeq [61] (Galaxy Version 0.9.1 [60]). Read counting
(i.e. read depth) was performed using the htseq_count function according to default parameters and a Phred 20 quality scale.

Proteomics data processing

We selected previously published [62] combined proteomic data obtained from M. tuberculosis H37Rv extracted from 5 and 6
weeks growth in Middlebrook 7H9-OADC and Proskauer-Beck broth, respectively. Proteomic data were accessed via ProteomeX-
change Consortium/PRIDE partner repository [63] with the dataset identifier PXD010956. Mass spectrometric (RAW) data
were analysed within the Trans Proteomics Pipeline platform [64] (v.5.2.0; Build 201903130949-7900). Briefly, RAW files were
converted to the mzXML file format and searched with Comet [65] (version 2018.01, rev. 4) and X!Tandem search engines [66]
against an in-house database containing the multi-fasta protein sequences of M. tuberculosis H37Rv (NC_018143.2; a total of 4235
entries from whole proteome), the predicted pseudogenes, and 57 full-length gene counterparts of pseudogenes (i.e. pseudogene
amino acid sequences with the corrected frame). Peptide identification was based on a search with mass deviation of the precursor
ion of 20 ppm and the fragment mass tolerance was set to 0.2 Da. Enzyme specificity was set to trypsin and at least two missed
cleavages were allowed. Cysteine carbamidomethylation was selected as fixed modification whereas methionine oxidation,
glutamine/asparagine deamidation, acetylated N-termini, and methionine formylation were selected as variable modifications.
Protein identification was accepted after estimating the False Discovery Rate (FDR) calculated based on the score distributions
in the output of the Comet search engine for each biological replicate. Search results were combined using iProphet [67] tool
and further filtered with PeptideProphet and ProteinProphet to a >99% confidence interval, corresponding to a FDR of less than
1%. Protein identifications were accepted if they contained at least one identified unique peptide.

Statistical analyses

The number of pseudogenes, pseudogenization rate, and pseudogenization events were compared among groups using the
non-parametric Kruskal-Wallis test, followed by the Dunn test to detect differences between two groups, in GraphPad Prism 6
[68]. Differences were considered statistically significant when P<0.05. Boxplots were generated using Matplotlib and Seaborn
libraries of Python [49].

RESULTS
Pseudogenization rates vary between and within-species of the MTBC and M. canettii

A total of 10262 pseudogenes meeting inclusion criteria of the 158 MTBC and M. canettii strains were analysed in this study
(Table S1 and Supplementary Methods). Most pseudogenes (68.62%) have less than 1086 bp, while the remaining 31.38% have
between 1086 and 12640 bp (Fig. S2). When considering draft genomes, pseudogenes are randomly distributed along the length
of contigs, without any biases towards their ends, and mostly present in contigs >20000 or 50000 bp (Supplementary Methods).
Genomes of M. tuberculosis showed lower number of pseudogenes/genome and median pseudogenization rate compared to other
species (P<0.001), while no statistical difference was observed between M. africanum, M. bovis and M. canettii strains (P>0.05)
(Fig. 1a and c). These results indicate that pseudogenization rates vary between species of the MTBC.

We then investigated if within-species variations were associated with specific MTBC lineages. Out of the 85 M. tuberculosis
genomes, one (1.18%) was identified as L1, 10 (11.76%) as L2, and 74 (87.06%) as L4 (Fig. 2). Genome representatives of M.
tuberculosis L3 and L7 were not identified in the dataset. The outlier among M. tuberculosis genomes was the L1 strain (Fig. 1c).
Only two (7.41%) out of the 27 genomes of M. africanum were identified as L5, while the remaining 25 (92.59%) were L6. Using
a novel lineage classification of M. bovis [39], of the 41 genomes, one strain (2.44%) was classified as Lb1, five (12.19%) as Lb3,
31 (75.61%) as Lb4, and four (9.76%) as unknown (Fig. 1a and c). Potential segregation of the number of pseudogenes was
observed between M. tuberculosis lineages, but not for M. africanum or M. bovis lineages (Fig. 1¢). The pseudogenization rate of
M. tuberculosis L2 was significantly higher than L4 (P<0.001) (Fig. 1b), suggesting that L2, and possibly L1 strains, contribute to
increase the pseudogenization in M. tuberculosis at the population level. Ancestral character estimation of the pseudogenization
rate on the ML tree indicated a tendency for less pseudogenization in the ingroup (MTBC) compared to the outgroup (M. canettii),
with the weakest pseudogenization being towards the origin of M. tuberculosis L4 (Fig. S3 and S4).

Frameshift mutations are the main cause of pseudogene formation in the MTBC

Frameshift, incomplete gene, and internal stop codon events occurred in 66.52%, 32.17%, and 16.12% of the 10262 pseudogenes,
respectively (Table SI). Multiple events were observed in only 10.23% of the pseudogenes. Frameshifts were the main driver
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Fig. 1. Comparison of pseudogenization rates among Mycobacterium tuberculosis complex (MTBC) species and Mycobacterium canettii. (a) Distribution
of the pseudogenization rates among MTBC species and M. canettii. (b) Distribution of the pseudogenization rates among M. tuberculosis lineages 2
and 4. (c) Distribution of the number of pseudogenes/genome among MTBC lineages and M. canettii. Statistical analysis was performed using Kruskal-
Wallis, followed by Dunn’s test in GraphPad Prism version 6. **P<0.01 **P<0.001 ****P<0.0001.

of pseudogene formation in all MTBC species (P<0.001), while internal stop codon was the least common event leading to
pseudogenization (Fig. 3). In contrast to MTBC species, strains of M. canettii did not show a significant difference between the
occurrence of frameshifts and incomplete gene events (Fig. 3d), which may indicate a stronger influence of recombination [13]
or other events that lead to gene disruption in M. canettii genomes.

Pseudogenes as drivers of populational genetic variability in the MTBC and M. canettii

To evaluate if genomes have the same pseudogenes, we identified how conserved the pseudogenes were among the strains evalu-
ated in this study. The 10262 redundant pseudogenes were identified as 879 unique pseudogenes (i.e. non-redundant) (Table S2).
Of these, 19 pseudogenes are present in 290% of the strains, while the remaining 860 are variably present among the genomes
(510 are present in between two and 141 genomes and 369 are singletons) (Fig. 4, Table S2 (available in the online Supplementary
Material), Supplementary Methods). There is also a conservation pattern according to species and lineages (Fig. 4). Taken together,
our findings suggest that pseudogenes are a source of genetic variability to the MTBC.

Contribution of pseudogenes to the pan-genome of MTBC

The pan-genome of the MTBC and M. canettii strains is composed of 5366 genes. Pseudogenes are not included in this pan-
genome, but their full-length gene counterparts are. A total of 879 pseudogenes were variably present in MTBC and M. canettii
(i.e. present in less than 90% of the studied strains), which means that 16.38% (879/5366) of the genes of the pan-genome are
subjected to pseudogenization. Therefore, an important proportion of the gene pool of MTBC is prone to variable pseudogeniza-
tion, i.e. while a gene locus contains a pseudogene in one strain, it may harbour its full-length gene version in another strain.
This finding supports that the process of pseudogenization contributes to the gene diversity of the MTBC at the population level.

Protein functions affected by pseudogenization

Using COG categorization, the top five functional classes in which MTBC and M. canettii pseudogenes were classified into
were: (S) unknown function (24.90%), (I) lipid transport and metabolism (12.46%), (K) transcription (11.20%), (L) replication,
recombination and repair (6.95%), and (G) carbohydrate transport and metabolism (6.87%). The ‘lipid transport and metabolisny’
(I) category is composed mainly of acyl-CoA dehydrogenases, carboxylesterases, (R)-hydratases, enoyl-coA hydratases, epoxide
hydrolases, and hypothetical proteins (682/914; 76.61%). The ‘transcription’ (K) category includes TetR family transcriptional
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Fig. 2. Maximum likelihood phylogenetic tree based on core SNPs (single nucleotide polymorphisms) of 158 genomes of the Mycobacterium tuberculosis
complex (MTBC) and Mycobacterium canettii. Bar charts indicate the number of pseudogenes of each genome. Coloured branches correspond to
bacterial lineages and species. Circled tips correspond to host species from which each bacterial isolate was obtained according to NCBI (National
Center for Biotechnology Information) metadata. Mycobacterium canettii CIPT 140010059 was used as outgroup. Phylogenetic tree was generated
using 1Q-Tree [41] with 1000 bootstrap replicates from a kSNP3 [40] matrix and graphically edited using Iroki [43]. Bootstrap replicas of main nodes
are all 290%. Bar shows substitutions per nucleotide. The branch lengths of the tree were transformed using the cladogram option in FigTree [116] to
improve visualization.

regulators, hydrogenase accessory proteins HypB, WXG100 family type VII secretion targets, cell filamentation proteins Fic,
serine/threonine protein kinases, and hypothetical proteins (577/822; 70.19%). The ‘replication, recombination and repair’ (L)
category is composed mainly of WXG100 family type VII secretion targets, serine/threonine protein kinases, exodeoxyribonu-
cleases, LuxR family transcriptional regulators, and hypothetical proteins (375/510;73.53%).
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Fig. 3. Occurrence of events leading to pseudogenization (gene disruption) in the Mycobacterium tuberculosis complex (MTBC) and Mycobacterium
canettii. The y-axis is the number of events divided by the number of in silico predicted pseudogenes in each genome. (a) Mycobacterium tuberculosis,
(b) Mycobacterium africanum, (c) Mycobacterium bovis, (d) M. canettii. Statistical analysis was performed using Kruskal-Wallis, followed by Dunn’s test
in GraphPad Prism version 6. **P<0.01 ***P<0.001 ****P<0.0001.

COG enrichment analysis was performed by comparing the number of pseudogenes in each COG category against the entire
COG-categorized proteome (genes) of the same species (Fig. 5a). The COG category commonly enriched among MTBC ecotypes
was (D) cell cycle control, cell division, chromosome partitioning, composed mostly of the cell filamentation protein Fic and the
EccC (164/199; 82.41%). Mycobacterium tuberculosis and M. bovis had only one additional commonly enriched category, the
category (T) signal transduction mechanisms, composed mostly of WXG100 family type VII secretion targets, serine/threonine
protein kinases, anti-anti-sigma factors, MMPL family RND transporters, adenylyl cyclases, and hypothetical proteins (301/353;
85.27%). In contrast, M. tuberculosis and M. africanum had four other enriched categories in common, the categories (F) nucleo-
tide transport and metabolism, (N) cell motility, (O) post-translational modification, protein turnover and chaperones, and
(P) inorganic ion transport and metabolism. The category F is mainly composed of anthranilate phosphoribosyltransferases,
glycerol kinases, and hypothetical proteins (240/308; 77.92%). The category N is composed mostly of mammalian cell entry
and hypothetical proteins (272/284; 95.77%). The category O includes hydrogenase accessory protein HypB, chaperone HtpG,
membrane-anchored mycosin, peptidases, and hypothetical proteins (248/280; 88.57%). And the category P is composed mostly
of adhesion proteins, MFS (major facilitator superfamily) transporters, and hypothetical proteins (275/37; 72.94%).

Mycobacterium bovis and M. africanum had two additional COG categories in common, the category (G) carbohydrate trans-
port and metabolism, composed mostly of proteins of MFES transporters, proteins involved in glycosylation, NADP-dependent
phosphogluconate dehydrogenases, and hypothetical proteins (358/504; 71.03%); and the category (H) coenzyme transport
and metabolism, composed mostly of 8-amino-7-oxononanoate synthases, cobalt-precorrin-6A reductases, oxidoreductases,
sulfotransferases, and hypothetical proteins (289/367; 78.75%). Interestingly, the categories (K) transcription and (L) replication,
recombination and repair were enriched in M. tuberculosis alone. Collectively, these results indicate that certain functional classes
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Fig. 4. Conservation of in silico predicted pseudogenes among the Mycobacterium tuberculosis complex (MTBC) and Mycobacterium canettii strains.
The heatmap shows the distribution of the 10 262 in silico predicted pseudogenes among 879 loci of all strains. Copper-orange ('1'): pseudogene is
present in the genome, and dark purple (‘0'): pseudogene is absent. Pseudogene presence or absence was organized in a matrix with ‘1" and ‘0" and
transformed into a heatmap using the Seaborn library [49], ordered from the most conserved to the least conserved pseudogenes. Mbo: Mycobacterium
bovis, Maf: Mycobacterium africanum, Mtb: M. tuberculosis, Mca: M. canettii.

of MTBC and M. canettii are more likely to contain pseudogenes, and a few are species-specific; these are considered hotspots
of gene remodelling.

COG categories were further evaluated according to bacterial lineages (Fig. 5b). Mycobacterium tuberculosis L1 and L2 have more
pseudogenes mainly in the category I (lipid transport and metabolism) compared to M. tuberculosis L4 (Fig. 5b), which is likely
responsible for the higher number of pseudogenes observed in the L1 and L2 lineages. Finally, there is an overall increase in the
number of pseudogenes in all COG categories of M. bovis and M. africanum compared to M. tuberculosis L4, except for categories
L (replication, recombination, and repair) and V (defence mechanisms), likely influencing their higher pseudogenization rate
(Fig. 5b).

Using STRING database, it is also possible to observe functional protein associated networks among the detected pseudogenes
with known functional annotation (i.e. gene names), regardless of whether they are pseudogenized simultaneously or not in the
same strain (Fig. S5). These include but are not restricted to: genes of PDIM metabolism, serine/threonine-protein kinases (pkn),
ESX-1 genes, cation-transporting P-type ATPases (ctp), mce genes, glpk gene, toxin-antitoxin systems (vapC), genes of sulfolipid
metabolism, transcriptional regulators, among others (Fig. S5). A complete list of corresponding Rv numbers of detected non-
redundant pseudogenes is provided in Table S2.



Soler-Camargo et al., Microbial Genomics 2022;8:000876

Mycob. ium tuberculosi: Mycobacterium africanum Mycobacterium bovis Mycobacterium canettii

cC c¢ * cc cC
5D * 5D * 5D * 5D
ZE SE ZE ZE
F * F * F F

£e ot o s ot
‘aH ‘@ H * ‘aH * wH
0| * 0| o | * w |
3 3 2l 2
K * K Og O g
L * TL TL Tl
cM cM cM cM
oN * onN * ON oN

Zo * Bo * go 9o .

cPp cP * cp cP *
29 29 29 29
s * s
8T * a1 07 * 07
QU ovu Oy Oy
% * v Oy Oy

0 100 200 300 400 500 600 700 0 50 100 150 200 250 300 350 0 100 200 300 400 500 600 700 0 10 20 30 40 S0 60 70
Number of proteins Number of proteins Number of proteins Number of Proteins

(b)

S: Function unknown

I: Lipid transport and metabolism

K: Transcription

L: Replication, recombination and repair
G: Carbohydrate transport and metabolism

_22

Q: Secondary metabolites biosynthesis, transport, and catabolism

P: Inorganic ion transport and metabolism
H: Coenzyme transport and metabolism
V: Defense mechanisms

T: Signal transduction mechanisms

E: Amino acid transport and metabolism

F: Nucleotide transport and metabolism

N: Cell motility

0: Post-translational modification, protein turnover, and chaperones
D: Cell cycle control, cell division, chromosome partitioning

M: Cell walllmembrane/envelope biogenesis

J: Translation, ribosomal structure and biogenesis

U: Intracellular trafficking, secretion, and vesicular transport

M. bovis M. africanum M. tuberculosis M M. canettii
Lb1 mL5 mL1

W Lb3 mLe mL2

N Lb4 N4

M Unknown

Fig. 5. Cluster of Orthologous Groups (COG) of in silico predicted pseudogenes of the Mycobacterium tuberculosis complex (MTBC) and Mycobacterium
canettii. (a) COG enrichment analysis. A total of 70.34% of the pseudogenes and from 59.14-75.22% of the four species whole proteome dataset were
successfully annotated using COG in EggNOG. The whole genome and full-length protein counterpart classification are available in Table S3. *Categories
that appeared significantly enriched compared to COGs of the entire proteome of the same species, in a COG enrichment analysis (P<0.05 and one
degree of freedom using Chi-squared Test). (b) In silico predicted pseudogenes by COG functional classification among strains. The heatmap shows
the distribution of 7337 pseudogenes with BER hit and COG classification. The remaining 3094 pseudogenes had no BER hit or COG classification. It
is a non-exclusive analysis, i.e. a pseudogene can be assigned into one or more COG categories. The colour bar score ranges from absence ('0') to
a maximum number of pseudogenes (22) found in a COG category in one strain. Mbo: Mycobacterium bovis, Maf: Mycobacterium africanum, Mtb: M.
tuberculosis, Mca: M. canettii.

Antimicrobial resistance and tolerance

Frameshift of selected genes is a mechanism associated with phenotypes of antimicrobial resistance or tolerance. As expected, we
found eight genes previously associated with antibiotic resistance carrying frameshifts in selected M. tuberculosis genomes: Rv3083,
ethA (Rv3854c), gid (Rv3919c), Rv2752¢, mmpL5 (Rv0676¢), Rv0678, pncA (Rv2043c¢), and tlyA (Rv1694). Three resistance-related
genes were also detected with a frameshift in few M. bovis strains: rpoB (Rv0667), eis (Rv2416), and rpoA (Rv3457c); two in M.
africanum: Rv2752¢ and Rv3083; and none in M. canettii.

We also uncovered a novel frameshift mutation potentially associated with resistance or tolerance to linezolid. Accordingly, six
M. tuberculosis strains, including the H37Rv, carry a frameshift mutation at the 2/3 portion of the rlmN gene (Rv2879c). This gene
is a putative 23S rRNA (adenine (2503) — C (2))-methyltransferase responsible for methylating the C2 position of the adenosine
A2503 of the 23S rRNA, which is located at the peptidyl transferase center of the ribosome. Mutations in rlmN have been associ-
ated with resistance to a range of ribosome-targeting antibiotics in other bacteria [69]. Because annotated pseudogenes carry no
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Fig. 6. Distribution of in silico predicted pseudogenes in virulence factor (VF) categories among the Mycobacterium tuberculosis complex (MTBC) and
Mycobacterium canettii strains. The heatmap shows the distribution of the 535/10262 (5.21%) pseudogenes among the bacterial strains identified as
VFs. They were identified among 50 virulence factor-related genes and concatenated into 22 categories. Mycobacterium tuberculosis (Mtb) showed
the highest number of pseudogenized VF-related genes (n=27), followed by M. bovis (Mbo, n=19), M. africanum (Maf, n=16) and M. canettii (Mca, n=4),
suggesting either a sample-size effect or a species association (Table S4). Pseudogene presence or absence was organized in a matrix with ‘1" and ‘0’,
then presence was counted by category/genome, creating a heatmap using the Seaborn library [49]. The colour bar score ranges from absence ('0’)
to a maximum number of pseudogenes (four) found in a category in one strain ('1'). Data according to each gene can be found in Fig. S6 and Table Sé.

gene ID, it is possible that genomic studies evaluating linezolid resistance in M. tuberculosis may miss potential mutations in this
gene depending on the reference H37Rv strain being used to map and call variants. It is also possible that mutations in r/mN are
associated with antibiotic tolerance and not necessarily resistance, which warrants further studies.

Antimicrobial tolerance is a major challenge in the treatment of tuberculosis. In this study, frameshifts in the glpk gene (Rv3696¢;
glycerol kinase), previously associated with tolerance [70], have been detected in selected genomes from all three MTBC species.
Pseudogenization of genes associated with sulfolipid biosynthesis and transport (pks2, papA 1, mmpL8), PDIM biosynthesis (ppsC,
ppsD), fatty acid biosynthesis and oxidation (fadE and fadD genes, acrA1), and several other genes involved in lipid metabolism
were also detected (Table S2). These findings suggest modulation of cell wall composition, which in turn may lead to increased
tolerance to environmental stressors, including antibiotics.

Pseudogenization of virulence factors (VF)

Fifty VF genes (grouped into 22 functional categories and representing 535 of the 10 262 redundant pseudogenes) were detected
among pseudogenes of the analysed strains (Fig. 6, Fig. S6, Table S4). The most conserved VF-related pseudogene is mce2B
(Rv0590) (mammalian cell entry operon-related protein), present in 74 strains, followed by esxC (Rv3890c), present in 65 strains
(Table S4). The top six VF categories prone to pseudogenization were: ESX-2/T7SS (186 of 535 redundant pseudogenes; 34.76%),
Mce2 (160/535; 29.91%), tryptophan synthesis (57/535; 10.65%), ESX-1/T7SS (33/535; 6.17%), GPL (glycopeptidolipids) locus
(22/535; 4.11%), and lipase (16/535; 2.99%). Together, these categories represent 88.56%(474/535) of the VF genes prone to
pseudogenization (Fig. 6).

Lineage or group-specific patterns among VF categories were observed (Fig. 6, Fig. S6, Table S4). Operons of the type VII
secretion were pseudogenized mainly in esx, esp, mycP and ecc genes of ESX-1, ESX-2, ESX-3, and ESX-4 (Fig. 6, Fig. S6, Table
S4). Considering these systems, the ESX-2 and ESX-1 are the most affected among MTBC strains, while intact in M. canettii
(Fig. 6, Fig. S6, Table S4). The Mce2 operon genes mce2B, mce2D (Rv0592) and mce2E (Rv0593) were pseudogenized in 74,
47 and 39 strains, respectively. The mce2B appeared pseudogenized in all M. tuberculosis L4 strains, mce2D is pseudogenized
in many M. bovis (n=19/41) and M. tuberculosis L4 strains (n=28/74), and mce2E is pseudogenized in 39 of the 41 M. bovis
strains (Fig. S6 and Table S4). Genes of Mce operons 1 (mcelC; Rv0171), 3 (mce3F; Rv1971), and 4 (mce4F; Rv3494c) were
pseudogenized in only up to two strains (Fig. S6 and Table S4). Noteworthy, the Mce3 operon is deleted in M. bovis and M.
africanum strains [71, 72].
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The trpD gene (Rv2192c; the sole representative of the tryptophan synthesis category) is pseudogenized in representatives of
all MTBC ecotypes and is intact in M. canettii genomes. The putative glycosyltransferases 3 (g#f3) Rv1524 and Rv1526¢ of the
GPL locus are pseudogenized in 16 M. africanum L6 strains and in five M. bovis strains, respectively. The pks2 (Rv3825c), a
gene of the sulfolipid biosynthesis and transport, was also pseudogenized in five M. bovis strains and in two M. africanum L6,
while papA1 (Rv3824c) was pseudogenized in two M. bovis strains and in one M. tuberculosis L4 (Fig. 6, Fig. S6, Table S4).

Interestingly, the gene lipF (Rv3487c), encoding a dual carboxylesterase and phospholipase, is pseudogenized in 16 out of the
25 strains of M. africanum L6, while the narX gene (Rv1736¢), a fused nitrate reductase, is pseudogenized in nine strains of
M. africanum L6 (Table S4). The presence of these pseudogenes was almost exclusionary of one another; only one L6 strain
has both lipF and narX as pseudogenes, and one L6 strain does not carry lipF nor narX pseudogenes. In addition, strains
of M. africanum L6 carrying the gtf3 (Rv1524) pseudogene have intact narX, while those carrying a narX pseudogene have
an intact gtf3. Thus, 15 M. africanum L6 strains carry both gtf3 and lipF pseudogenes. The gene narX was not found as a
pseudogene in any other MTBC or M. canettii strain (Fig. S6 and Table $4).

Finally, the phospholipase locus plcABCD of M. bovis has been deleted by the recombination of an 1S6110 element [73].
Consequently, it was believed that M. bovis would carry only one phospholipase, the plcD gene (Rv1755c). Our study shows
that plcD is a pseudogene in four M. bovis strains and two M. canettii strains (Table S4). Whib3, a vital redox sensor that
allows survival amid reactive oxygen and nitrogen species [74], was found pseudogenized in both strains of M. africanum L5.

Gene essentiality

The essentiality of the pseudogenes for growth in vitro was evaluated using previous work from DeJesus et al. [55] and Gibson
et al. [56]. As expected, only few pseudogenes (30 of the 879 non-redundant/unique pseudogenes; 3.41%) were considered
essential for in vitro growth of M. bovis and/or M. tuberculosis (Table S5). Interestingly, more pseudogenes that can lead to
in vitro growth advantage were detected (79/879; 8.99%) than pseudogenes essential for growth (Table S5).

Annotated pseudogenes are expressed as mRNA in M. tuberculosis H37Rv

We investigated whether the pseudogenes are expressed as mRNA in the model organism M. tuberculosis H37Rv. The genome
of M. tuberculosis H37Rv contains 92 pseudogenes (NC_018143.2; Table S6). A total of 64.13% (59/92) of these pseudogenes
were detected in the transcriptome, with a read depth varying from 10 to 1453 reads among the six replicates. Other 13
(14.13%) pseudogenes showed a mean read depth between one and 10 reads among the six replicates. Finally, 20 pseudogenes
presented a read depth of zero (Table S7), implying the absence of transcription in the study conditions. Thus, as expected,
the transcription machinery can fully transcribe most pseudogenes.

Proteomic analyses reveal translation of pseudogenes in M. tuberculosis H37Rv

To evaluate if these pseudogenes are translated into proteins, a published proteome of M. tuberculosis H37Rv was reanalysed
[62]. Surprisingly, 13/92 (14.13%) pseudogene loci were found translated in the conditions tested (Table S8). These proteins had
a peptide coverage ranging from 2.3-59.3% (average 17.6%), and the probability of each detected fragment being truly from the
respective protein was >97%. Analysis of the positions of the detected peptides along the length of the protein revealed two (2/13)
proteins with peptides detected downstream/C-terminal of the pseudogenization lesion (i.e. the frameshift mutation) (Fig. S7),
suggesting that these proteins are translated as predicted by the PGAP gene finder and may represent protein sequence variation
over the evolutionary course of MTBC.

We then corrected the frameshift or internal stop codon of 11 out of the 13 proteins detected by MS/MS to verify peptides
downstream/C-terminal of the pseudogenization lesion. No peptides corresponding to the ‘corrected’ portion of the proteins
were detected. Therefore, apart from the two proteins described above, it was not possible to determine if the remaining translated
proteins are expressed as disabled or corrected forms.

DISCUSSION

Our study is the first to comprehensively analyze in silico predicted pseudogenes of the MTBC and M. canettii. Results show
significant variability concerning the pseudogenization rate among analysed ecotypes and lineages, with most of the pseudogenes
(~98%) variably present among strains, highlighting functional hotspots of mutational lesions associated with pseudogenization.
Moreover, we show that these alterations in gene sequences contribute to the genetic diversity of MTBC at the population level,
causing important variations in virulence factors and other genes of the metabolism and antimicrobial resistance/tolerance.

Why do the rates of in silico predicted pseudogenes vary among species of the MTBC?

MTBC’s evolution is driven by purifying and background selections, selective sweeps, and transmission bottlenecks [75-77].
Population bottlenecks occur during host-to-host transmission and influence the emergence of new mutations through genetic

12



Soler-Camargo et al., Microbial Genomics 2022;8:000876

drift [75, 78-82], which causes population reduction and relaxation of natural selection, limiting population diversity [75, 78].
These mechanisms have been suggested to increase permissiveness to deleterious mutations, resulting in pseudogenization
[32, 33]. Thus, accumulative population bottlenecks and the founding of new bacterial populations (i.e. founder effect) [77, 82, 83]
can explain why M. africanum and M. bovis have higher pseudogenization rates when compared to M. tuberculosis L4, as also
suggested previously [84]. Similarly, the high transmissibility rate and antibiotic resistance of M. tuberculosis L2 [85-87] in
populous countries, mainly driven by Beijing sublineages [88-90], likely led to increased genetic drifts and, consequently, higher
rates of pseudogenization when compared to M. tuberculosis L4. Finally, the high pseudogenization rates found in M. canettii
can be explained by their more recombinogenic genome [13, 30], as these mechanisms can result in disruptive changes in the
genetic structure and organization.

The higher pseudogenization rate of M. bovis compared to M. tuberculosis corroborates previous work showing its genomic decay
compared to the human-adapted pathogen, defined by the deletion of genomic regions [91]. Because M. bovis infects a broader
range of host species, this genomic decay contrasts with other bacteria in which gene loss is frequently associated with host
specialization [92, 93]. However, since it is not clear if the genetic mechanisms of frameshift and nonsense mutations always lead to
fixed gene inactivation (i.e. the classical definition of a pseudogene) in MTBC, the in silico detection of these truncated sequences
may not necessarily imply permanent genomic decay. Instead, gene content modulation through these genetic mechanisms may
allow higher metabolic versatility to survive in different environments and, perhaps, host species.

Genetic events leading to pseudogenization: the importance of indels

As observed in other bacteria [34], frameshifts are the leading cause of gene disruption in MTBC and M. canettii. Thus, our results
underscore indels and consequent frameshifts as drivers of evolution and genetic variability in the MTBC. IS elements also play
an important role in pseudogene emergence; their introduction into genomes may lead to the disruption of genes, generating in
silico predicted pseudogenes classified as ‘incomplete genes. The latter has greater chance of fixation than frameshifts. Certain
frameshifts have been shown to reverse in MTBC [70, 94, 95]. Lastly, the low number of in silico predicted pseudogenes with
internal stop codon is likely a reflection of the high GC content of mycobacteria, hampering the AT-rich stop codon emergence
[34]. Therefore, in the absence of HGT, indels and IS are crucial promoters of genetic variability in the MTBC.

Variable distribution of pseudogenes among strains contributes to genetic diversity at the population level

Only 19 pseudogenes were found in 290% of the strains; the vast majority of the pseudogenes (1=860/879) are not conserved
among the analysed genomes. Thus, while a gene is pseudogenized in one strain, the other has a full-length gene counterpart in
its equivalent position. There is also a conservation pattern according to lineages and ecotypes, underscoring the potential role
of pseudogenization in determining phenotype. Given this variable pseudogene distribution, gene loci under pseudogenization
corresponded to ~16% of the MTBC pan-genome. Collectively, these results indicate that pseudogenes are an important source
of genetic diversity for the MTBC.

The reasons for the variable distribution of 860 pseudogenes are likely a combination of variation in the number and presence of
IS elements among strains [96], the possibility of gene phase variation [70, 94], or not enough evolutionary time for pseudogene
fixation. Phase variation has been reported with the glycerol kinase gene (glpk) [70, 94], and thus, it is possible that some of the
detected pseudogenes are products of such genetic event, and in theory, may reverse to their original state. This mechanism of
reversible gene silencing has been recently highlighted in M. tuberculosis [95]. In addition, reversion of nonsense mutations has
also been described in bacteria [97]. This possibility of pseudogenes' reversal may unprecedently change the way we perceive
genetic diversity in MTBC at the individual bacterium and population levels, and further studies are warranted.

Protein functions affected by pseudogenization in tuberculous mycobacteria

Despite variation in pseudogenes conservancy, there is an overall similarity in the type of functional categories carrying genes
under pseudogenization among the studied ecotypes. The top five categories account for half of the pseudogenes and can be
considered hotspots of pseudogenization. The ‘unknown function’ is the category with the highest number of detected pseu-
dogenes in MTBC and M. canettii, except for part of M. tuberculosis L2 in which the ‘lipid transport and metabolism’ category
stands out. An interesting finding was the enrichment of the ‘transcription’ and ‘replication, recombination and repair’ categories
in M. tuberculosis. Pseudogenes within these categories include various types of transcriptional regulators, serine/threonine
protein kinases, methyltransferases, and Fic-domain proteins, suggesting variable loss of functions with implications in gene
expression and post-translational modifications. Loss of function of similar regulators due to indels and non-sense mutations
have been described in other bacteria as means to adapt to changes in the microenvironment and quorum-sensing [98]. The
category ‘carbohydrate transport and metabolism’ enriched in M. bovis, M. africanum and M. canettii also contains pseudogenes
of proteins that participate in post-translational glycolisation. Glycolysation of proteins and lipids of MTBC exerts essential
functions from cell wall composition to modulation of host immune response [99]. Their pseudogenization is possibly linked to
the development of distinct M. bovis and M. africanum phenotypes.
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The pseudogenization of virulence factors

Our study underscores the importance of loss of function mutations to MTBC virulence plasticity. The ESX-2 system was the
most affected VF category; however, its function is poorly described as this operon is not required by M. tuberculosis for in vitro
growth or virulence in mice [100]. While the role of the ESX-1 system is well known [100], the function of the pseudogenes
detected herein (esp] and espK) is less understood, but EspK has been implicated in the processing of EspB, CFP-10, and ESAT-6,
important mycobacterial antigens [101].

Few genes of the Mce2 operon and the sulfolpid metabolism (pks2 and papA1) are pseudogenized in certain M. tuberculosis, M.
africanum and/or M. bovis strains. Mce2 knock-out leads to increased accumulation of sulfolipids in the cell wall of M. tuberculosis
[102], but since the structure of the Mce2 transporter is unknown, the impact of the pseudogenization of mce2B and mce2D on
the transporter’s function cannot be predicted. Interestingly, M. tuberculosis mutants of pks2 are unable to produce sulfolipids
[103]. Mutations in the PhoPR two-component system in strains of M. bovis, M. africanum, and M. tuberculosis H37Ra have
also been associated with a lack of sulfolipid-1 production [104-106]. Moreover, the gene lipF, part of the PhoPR regulon, was
pseudogenized in certain M. africanum L6 genomes. This gene is upregulated under acidic pH, its protein is localized in the cell
wall, and possesses carboxylesterase and phospholipase C activities [107]. Collectively, these results suggest that PhoPR mutations
in M. bovis and M. africanum [108] allowed pervasive erosion of regulon-associated genes (pks2 and lipF) and also those related
to sulfolipid metabolism (i.e. Mce2 genes and pks2).

Pseudogenes or actual genes?

This study found two pseudogenes predicted as translated by the PGAP in M. tuberculosis H37Rv. One of these proteins isa HAD
hydrolase. HAD hydrolases are paralogous genes whose frameshifts likely contribute to sequence variation and not inactivation,
implying this protein is functional. The second detected pseudogene belongs to the GntR family transcriptional regulator with
a frameshift at the C-terminus. The predicted protein varies in amino acid sequence content after the mutational lesion, but in
size by only seven amino acids. As some proteins can maintain their functional activity with a loss of <10% of their C-terminus
[34], it is also possible that this protein is functional despite the frameshift and some degree of amino acid sequence variation.

Among the remaining eleven expressed proteins, one stands out as possibly functional: the anthranilate phosphoribosyl-
transferase (TrpD), a virulence factor part of the tryptophan biosynthesis pathway. Its frameshift causes a protein size variation
of only six amino acids at the C-terminus. Strains of M. tuberculosis knocked out of trpD fail to cause disease in mice [109]
and lead to tryptophan auxotrophy. Thus, it is likely that this frameshifted protein is also functional. In addition, even though
PE/PPE pseudogenes were not included in the analyses, it is possible that many of their mutations are not sequencing or
assembly errors. Considering the sequence and size variation among PPE/PE paralogous genes [110], their frameshifts or
internal stop codons may be a source of genetic variability generating functional genes. Therefore, these results suggest that
at least part of what is predicted as pseudogenes in silico is a source of metabolic plasticity rather than gene inactivation.
While the PGAP pipeline can predict true pseudogenes (i.e. completely inactive genes) later experimentally proven, few
predicted pseudogenes may still generate functional proteins. Further studies should be conducted to evaluate the function
of these truncated proteins to elucidate the possibility of selective sweeps and fixation of novel gene variants associated with
metabolic plasticity of the MTBC.

Limitations of this study

We cannot neglect the possibility of errors arising from sequencing, assembly, and/or gene prediction that may have led to the
misidentification of pseudogenes by PGAP. However, Illumina sequencing has a very low error rate for indels [111], varying
from 2.8-10°° to 4.9-10°° errors per base only [112]. Genomes from all other sequencing platforms, which have higher sequencing
error rates in homopolymeric tracts, were not included in this study. Thus, sequencing errors are likely minor to the conclusions
drawn from this study. It is also important to highlight that assemblies work with consensus sequences; thus, we cannot account
for heterogeneous indels within the same locus.

The use of short-read sequences to assemble genomic areas containing DNA repeats is a long-standing computational challenge
resulting in assembly ambiguities [113]. Thus, we excluded sequences that are known to be repetitive (PE/PPE genes, mobile
genetic elements - insertion sequences, transposases, phage, integrases, and maturases) from the initial dataset of pseudogenes.
Although it is possible that the detected lesions in these areas are true mutations, confirmation with other technologies will be
required to rightly assert this in the future. Noteworthy, with or without these genes, observed differences in the pseudogeniza-
tion rates between ecotypes were unchanged (data not shown). Nevertheless, shorter repeats may still be present in some of the
analysed genes, and results, particularly of singletons, should be interpreted with caution until we know the true impact of repeats’
contraction and expansion in genes of the MTBC.

We also excluded 861 non-redundant pseudogenes from our dataset because we could not identify their full-length gene coun-
terparts (Supplementary Methods). Due to the high conservancy of MTBC genomes, we do not expect full-length genes to have
been eliminated throughout evolution. The detection of full-length gene counterparts is a difficult task, especially for pseudogenes
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that are incomplete and very fragmented, and this finding can be a limitation of the chosen methodology. However, it is also
possible that these are mistaken pseudogene predictions on alternative strands, short pseudogene predictions upstream of a gene
with an erroneous start site annotation, pseudogenes predicted in intergenic regions, or misassemble of repetitive areas resulting
in inaccurate pseudogene predictions. Improvement of sequencing technologies, assembly methodologies, and gene prediction
algorithms are needed to overcome barriers in the study of pseudogenes.

Without experimental studies, it is not possible to accurately determine which sequences evaluated in this study fit the classical
definition of a ‘pseudogene’ This study and others unveiled the possibility of frameshift or nonsense mutation reversal, protein
neofunctionalization, and mutations that have no impact on protein function in MTBC. By definition, these sequences could
not be called pseudogenes. To avoid further confusion, we kept the name ‘pseudogene’ or ‘in silico predicted pseudogenes’ for
all sequences evaluated herein, but researchers should keep in mind that these are called pseudogenes according to what PGAP
defines as a pseudogene using solely in silico information.

Final considerations

Our study reports that in silico predicted pseudogenes of the MTBC are a source of genetic variability at the population level.
The loss of function and possible phase variation or protein neofunctionalization bring phenotypic plasticity to this clonal
group in the absence of horizontal gene transfer. The latter two possibilities need to be further evaluated by experimental
work, albeit reports in the literature already support some of these phenomena [70, 94, 95]. Thus, mutations detected by
pseudogene algorithms may elucidate genetic mechanisms by which MTBC acquires new adaptive traits.

While the effects of purifying and background selections in MTBC have been described [75, 76], the consequences of genetic
drift caused by population bottlenecks are less understood. We suggest that at least part of the MTBC'’s in silico predicted
pseudogenes result from population bottlenecks and genetic drift that lead to a relaxation of natural selection [76]. If the
predicted pseudogenes are a source of gene variants, these, in turn, may be subjected to selective sweeps as effective popula-
tion size expands. Genes under phase variation due to loss of function mutations may also be under alternative evolutionary
pressures. Therefore, different evolutionary forces may act on the identified in silico predicted pseudogenes that need further
studies.

We developed and made a series of scripts available through GitHub to quantify and evaluate the conservancy of bacterial
pseudogenes from genomes available in public databases. We also show that given the absence of gene IDs for pseudo-
genes, traditional transcriptome analyses will not report differentially expressed pseudogenes. Herein, we used pseudogenes
predicted by PGAP, but other annotation platforms identify pseudogenes differently (or do not identify) and this fact should
be taken into consideration when comparing the results of this study or when performing estimates of pan-genome. Similar
pseudogene annotation limitations have been described in other bacterial species whose pseudogenes have been extensively
studied [114, 115], highlighting the difficulties in accessing these genes and recognizing their importance. Notably, a few
predicted pseudogenes were found to be translated into proteins; thus, we believe genome annotations of MTBC should be
performed by combining proteomic and functional assays to correct for possible inconsistencies.
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