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Abstract: The current availability of complete genome sequences has allowed knowing that bacterial
genomes can bear genes not present in the genome of all the strains from a specific species. So, the
genes shared by all the strains comprise the core of the species, but the pangenome can be much
greater and usually includes genes appearing in one only strain. Once the pangenome of a species
is estimated, other studies can be undertaken to generate new knowledge, such as the study of the
evolutionary selection for protein-coding genes. Most of the genes of a pangenome are expected to
be subject to purifying selection that assures the conservation of function, especially those in the
core group. However, some genes can be subject to selection pressure, such as genes involved in
virulence that need to escape to the host immune system, which is more common in the accessory
group of the pangenome. We analyzed 180 strains of Helicobacter pylori, a bacterium that colonizes
the gastric mucosa of half the world population and presents a low number of genes (around 1500
in a strain and 3000 in the pangenome). After the estimation of the pangenome, the evolutionary
selection for each gene has been calculated, and we found that 85% of them are subject to purifying
selection and the remaining genes present some grade of selection pressure. As expected, the latter
group is enriched with genes encoding for membrane proteins putatively involved in interaction to
host tissues. In addition, this group also presents a high number of uncharacterized genes and genes
encoding for putative spurious proteins. It suggests that they could be false positives from the gene
finders used for identifying them. All these results propose that this kind of analyses can be useful to
validate gene predictions and functionally characterize proteins in complete genomes.

Keywords: Helicobacter pylori; genome annotation; purifying selection; outer membrane protein;
pangenome

1. Introduction

Prediction of genes is usually the first step followed when a new genome is completely
sequenced and assembled [1]. The annotation of genes in bacteria is facilitated by the
short length of its intergenic sequences and the lack of exon/intron structure. However,
computational tools for predicting genes in bacteria fails in around 5% of cases, and the
number of uncharacterized genes keeps high levels, especially in little-studied bacteria [2,3].

Missannotation and errors in the annotation of complete genomes can be overcome
when a great number of sequences is available, and the species pangenome can be estimated
and characterized [4,5]. The comparison of genes coming from different genome sequences
of the same or nearby species is useful to validate genes, and to study their evolutionary
history [6]. These footprints of the past include conserved amino acids in the same protein
from different strains, which reflects purifying selection that maintain both protein structure
and function, and amino acid changes in homologous proteins that point to selection
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pressure, for example, in proteins bearing antigenic regions recognized by the immune
system of host organisms [7,8]. The former kind of selection is originating from both
invariable or synonymous codons in the coding sequence, and the latter comes from
nonsynonymous codons.

The ratio of nonsynonymous (Ka) to synonymous (Ks) substitution rates has been
widely used to study the kind of selection occurring in specific genes. A value lower than 1
(Ks > Ka) is expected in the majority of genes in order to conserve their original function,
especially when they are essential genes, but the ratio can be greater than 1 (Ks < Ka)
when the gene is subjected to positive selection [9-11]. To calculate this value, homologous
sequences are usually searched and aligned, and the availability of many strains from the
same species allows today the intraspecies calculation, which enables one to consider a
narrow divergence time. Theoretically, intraspecies Ka/Ks calculation could improve the
annotation of complete genomes, highlighting uncharacterized genes with high ratios that
could be spurious sequences, or annotating genes as subjected to selective pressure, or
even finding alternative open reading frames inside the already annotated ones.

To test this hypothesis, we used a dataset of complete genomes from Helicobacter
pylori. It is a Gram-negative bacterium that persistently colonizes the gastric mucosa of half
the world population, a highly variable environment that is hostile to virtually all other
bacterial species [12]. Infections by this bacterium are associated with chronic gastritis,
stomach and duodenal ulcers, and even gastric cancer [13]. The genome of any strain of
H. pylori bears around 1500 genes, with 75% of them shared by all the strains and constitut-
ing its core genome [14]. Some of these genes are involved in virulence and are subjected
to a strong selection pressure due to their interaction with the host, mainly the immune
system that they need to avoid. Many proteins from the bacterium are localized into the
membrane and are involved in adherence and pathogenesis [15,16]. Other characteris-
tic structures created by the cells of H. pylori are the outer membrane vesicles (OMVs),
where the oncoprotein CagA has an important role. OMVs bear various biologically active
compounds, which internalize into host cells, and they can affect signaling pathways
and promoting apoptosis of gastric epithelial and immunocompetent cells [17,18]. Finally,
many proteins encoded by the genome of H. pylori are annotated as unknown proteins
with uncharacterized functions [2].

When analyzing the rate of nonsynonymous versus synonymous substitutions of
genes from the H. pylori pangenome, we found that most of them are subject to purifying
selection, especially those belonging to the core genome. However, a small number of genes
present a higher rate of nonsynonymous changes. Some of them could be genes subject to
selective pressure, mainly encoding for membrane proteins that putatively interact with
host cells. However, others could be spurious genes erroneously predicted by gene finders.

2. Materials and Methods
2.1. Genome Sequences, Pangenome Estimation, and Functional Annotation

Complete assembled sequences of the 180 genomes of H. pylori stored in the NCBI
Genome database until December 2020 were collected (Supplementary Table S1). Protein-
coding genes were predicted using Prokka version v1.13.4 [19], and the predicted amino
acid sequences were functionally annotated using Sma3s v2 and UniProt taxonomic divi-
sion bacteria 2018_05 as the reference database [20]. To assess the core and pangenome,
Roary version 3.12.0 was used with an identity threshold of 90% and the -s parameter for
not separating paralogs at this identity threshold [21]. This process creates groups of genes
that assume the same gene coming from the different strains, and a reference sequence
would represent each group. To be more exhaustive, we used our previous protocol [4],
where the reference genes are functionally annotated by Sma3s, and proteins with the same
gene name are collapsed. In this way, we had high confidence in the presence/absence of
every gene in the pangenome. Finally, we defined 4 different groups regarding the percent
of strains that present each gene: core (>99%), accessory (20-99%), cloud (1-20%), and
singleton (<1%; 1 strain).
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2.2. Ratio Ka/Ks Calculation

The software KaKs_Calculator was used to calculate the ratio Ka/Ks [22]. The cod-
ing sequence of each protein-coding gene was used as the started input, and BLASTN
2.9.0+ [23] was used to search for homologous sequences in all the available genomic se-
quences of H. pylori. If the similarity search finds homologous sequences, they are aligned
together with the starting sequences, using MAFFT version 7.305 [24]. When gaps are not
multiples of three in one of the sequences, the missing gaps to reach this multiplicity are
added to the end of this sequence, so maintaining each sequence with a multiple length
of three and suitable with a complete reading frame. Then, the sequences from these
alignments were transformed into the five remaining reading frames by Seqgkit software
version 0.15 [25]. Finally, the Ka/Ks ratio for the six putative reading frames was calculated
using the multiple alignment with KaKs_Calculator 2.0.

2.3. Functional Enrichment

The TopGO R package version 2.40.0, which uses GO terms from a specific ontology,
was used to discover the functional enrichment of genes with a Ka/Ks ratio greater or equal
to 1 [26]. Used GO terms were those previously annotated by Sma3s v2, which extracts
these terms from the UniProt entries.

2.4. Prediction of Spurious Proteins

Spurio was used to analyze all protein-coding genes in the pangenome, using default
parameters [27]. This tool is based on a tblastn search, and it was used to create three
different groups of proteins: true proteins (the score that Spurio gives exceeds the default
value), no_similarity (Spurio does not find any hit in the similarity search, or the hit does
not have a significant e-value), and spurious proteins (the score that Spurio gives does not
exceed the default value).

3. Results
3.1. The Helicobacter Pylori Pangenome Is Twice the Number of Genes of an Independent Genome

To calculate the pangenome of H. pylori, 180 complete genomes from different strains
were used, which presented an average number of 1547 + 42 protein-coding genes and
38 + 1 non-coding genes (mainly tRNA), with the 18% of genomes bearing 1-2 plasmids.
After the annotation of all the genome sequences, the pangenome was estimated at 2911
protein-coding genes (Supplementary File S1; Supplementary Table S2), with 1145 core
genes appearing in all the strains, 768 singleton genes appearing in only one strain, 339
accessory genes (20-99% of strains), and 659 cloud genes (1-20% of genomes). The 19%
of proteins encoded by these genes could not be functionally characterized (561 proteins),
though these sequences were more abundant in both the singleton and cloud datasets that
represent proteins appearing in less than 20% of the strains (Figure 1a).

The core genome is enriched with genes involved in housekeeping tasks and it shows
terms such as the biosynthetic process, gene expression, and translation (Figure 1b). Genes
in the accessory group were remarkably involved in defense response and cellular aromatic
compound metabolism, but also in DNA modifications with processes such as methyl-
transferase and endonuclease linked to restriction systems used to avoid the entrance of
foreign DNA. These systems were distinctive in H. pylori, and they have been related to
virulence [28,29]. However, the appearance of these functions in the accessory genome
proposes that the number of different defense systems in this species vary among strains.
For example, some methyltransferases can be used as markers of H. pylori geographic
distribution [30]. Furthermore, some of these defense systems could be genes involved in
CRISPR-Cas systems. Though the presence of this kind of acquired immunity systems is
questioned in H. pylori [31,32], two of the proteins found in the accessory group were anno-
tated as CRISPR-associated proteins (the singleton unknown271, and mjaIM that was found
in 65 strains and duplicated in some of them; Supplementary Table S2). The cloud group,
which includes accessory genes appearing in at least 36 strains, was enriched in regulation
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as expected, but also in cell division, response to antibiotic, and vesicle-mediated transport.
Hence, H. pylori is known to have a complex system of protein transport supported by
vesicles, which is used to interact with the host cell, and it has also been involved in viru-
lence [17]. Finally, singleton proteins, that could represent genes recently acquired by the
species, appear enriched in transduction signal, cell communication, plasmid maintenance,
and again vesicle-mediated transport. This enrichment could highlight genes involved in
cell communication or interaction with the host, and others could be the genes used by the
maintenance of plasmids in the strains that present them. However, these 768 genes could
also hide spurious proteins originating from sequencing or assembly errors, as suggested
by the high number of uncharacterized proteins found in this group (305 genes accounting
for 40% of this group; Figure 1a). In fact, this is the group with a higher number of unchar-
acterized proteins, followed by the cloud group, while both core and accessory groups only
show 43 uncharacterized proteins. Other remarkable proteins in the singleton group are the
16 outer membrane proteins (OMP) that it presents. H. pylori has several different families
of this kind of proteins with different specializations, including membrane channels of
adhesins, which can be an advantage in the special environment where it lives [16]. In fact,
the core group showed 32 additional OMPs, while the remaining datasets did not show
any additional OMP.
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Figure 1. Proteins characterized and uncharacterized in the pangenome and functional enrichment. (a) Number of proteins

characterized (with annotations) and uncharacterized (without any annotation) in the complete pangenome and in each of
its groups. The total number of genes that belong to each group are shown in parentheses. (b) Functional enrichment of
each group of genes. (c) Results of Spurio for proteins in the complete pangenome and in each of its groups: No_similarity

(multiple alignment could not be created due to the lack of homologous), True (predicted as true proteins), and Spurious

(predicted as spurious proteins).
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To test if the uncharacterized proteins in the pangenome could be spurious sequences
erroneously annotated, all proteins were analyzed with the computational tool Spurio [27],
which predicts if the protein can be not true, and it should be removed from the annotation.
This tool was used to analyze the coding sequence of each reference in the pangenome. It
checks if the homologs of these sequences are free from STOP codons that could point to
spurious proteins. So, Spurio was able to analyze 2587 genes and predicted 78 of them as
spurious genes putatively not encoding for proteins (Figure 1c). However, the spurious
proteins were virtually restricted to those that appear in a low number of strains, with only
one protein in the core group and six in the accessory group. Functions of these putative
spurious proteins were mainly uncharacterized (29 sequences) or related to membrane
location (11 sequences) (Supplementary Table S3). Furthermore, these proteins presented
an average length of only 61 + 38 amino acids. In fact, the core protein that was predicted
as spurious had 35 amino acids and only presented the GO term “integral component of
membrane”, which reduced the confidence in this sequence.

3.2. The Ratio Ka/Ks Using the Pangenome of H. pylori Supports Purifying Selection for Most of
the Genes

The purifying selection allows protein-coding sequences to conserve the information
to translate them into functional proteins. It makes the right reading frame of a coding
sequence show a number of synonymous codon changes in a higher number than the non-
synonymous ones. To evaluate this hypothesis with the previously estimated pangenome of
H. pylori, we calculated the ratio of nonsynonymous (Ka) to synonymous (Ks) substitution
rates for all its protein-coding genes (Figure 2). The coding sequence (CDS) of each gene
in the pangenome was taken, and a multiple alignment for each of the six reading frames
was created. Then, the Ka/Ks ratio was calculated. So, we can compare the obtained ratios,
where the frame +1 should show the lower value, being this ideally lower than 1.

a) C) Frame +1
/ / / / ATG TCT GGC GCA - MSGA
ATG TCC GGC GCG - MSGA(0/2)
—— // / ATG TAT GGA GCC - MYGA(1/2)
NG ATG CCT GCC GCA - MPAA(2/0)
Q — —
180 : g@éb Pan-genome Ka/Ks = 3/4 = 0.75
strains =~ 3 & (2911 genes) Frame +2
§ & TGT CTG GCG - CLA d)
O& TGT CCG GCG - CPA(1/0)
TGT ATG GAG - CME(2/0) S
TGC CTG €CG - CLP(1/1) ;_ﬂ__ H U:H_ h
Ka/Ks = 4/1 = 4 L o
b) CDS +1+2+3-1-2-3
Frame +3 :
g ? P Py GTC TGG CGC - VWR reading frame
P GTC €GG CGC - VRR(1/0)
s TIC-GICHIaS@ GTA TGG AGC - VWS(1/1)
S GCC TGC CGC - ARR(2/0)

— Ka/Ks = 4/1 = 4

Figure 2. Pangenome details and procedure to calculate the Ka/KS ratio. (a) Number of available strains and genes in the

pangenome previously obtained. (b) The six putative reading frames for each CDS in the pangenome are extracted, and
homologous sequences are searched in all the strains (performing a similarity search with BLASTN). Note that the third
position in codons from the frame +1 is also the third position of the frame —2 (red dotted line). (c) Then, the Ka/Ks for each
frame can be calculated starting from the multiple alignments of the homologs from each gene. The initial gene analyzed is

highlighted in green, and

nucleotide changes are highlighted in red. The number of nonsynonymous and synonymous

changes is shown in parentheses. (d) Finally, the distribution of Ka/Ks ratios from all the genes in the pangenome can be

shown, where we expect a

value lower than 1 for most of the genes in the frame +1, and slightly higher values in the frame

—2. However, the other four frames should show values greater than 1.
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As expected, the Ka/Ks ratio presents the lowest value for the frame +1, and most
of the genes show a value lower than 1 (Figure 3a). The ratio could be calculated for 80%
of genes in the pangenome, due to limitations such as the lack of homologs (2348 out of
2911 genes), though the ratio for the reading frame +1 could only be calculated for 1993
genes, of which 294 showed a ratio greater or equal to 1 (Supplementary Table S3). Most of
these latter correspond to genes that did not belong to the core genome (106 genes in the
cloud genome and 115 singletons), and more than one third were uncharacterized proteins,
with only 2 proteins coming from both the core and the accessory groups (Figure 3b).
Therefore, these protein sequences could be encoded by dubious genes or genes that have
recently entered the species. In fact, 17 out of these 294 genes were previously predicted as
spurious protein-coding genes (Figure 3c). However, some of them correspond to genes
with expected selection pressure, such as the proteins involved in virulence babl, cag4, cag7,
or OMP proteins hofB, omp22, homD, hopM, fecA2, and unknown40 (Table 1).

Table 1. Outer membrane proteins annotated in the pangenome, together with the Ka/Ks ratio for both +1 and -2 frames,

and the group that they belong. The gene name is that annotated by the functional annotator Sma3s. A hyphen symbol

appears when the ratio could not be calculated.

Gene Group Ratio(+1) Ratio(-2) Gene Group Ratio(+1) Ratio(-2) Gene Group Ratio(+1) Ratio(-2)
alpB Core - - hopH Core 0.905 HPAKL86_04155 Singleton - -
babB Singleton - - hopl Core 0.872 0.939 HPAKLS86_05700 Cloud 0.275 0.326
babC Singleton - - hopK Core 0.903 1.272 HPY1089_07465 Accessory  0.876 0.870
bamD Core 0.698 0.857 hopL Core 0.311 0.893 jhp_0663 Core 0.877 1.065
fecA Core - - hopM Singleton 1.001 - jhp_1360 Core 0.960
fecA2 Accessory 1.139 hopP Accessory - - omp13 Singleton 0.125 0.243
frpB Core 0.732 0.907 hopZ Accessory - - ompl7 Singleton 0.042 0.219
hefD Core 0.114 0.240 horA Accessory - 1.746 omp21 Singleton 0.255 0.389
hefG Core 0.228 0.334 horB Core 0.039 0.126 omp22 Singleton 1.225 -
hofB Core 1.253 1.742 horC Core 0.124 0.244 omp24 Singleton 0.870 0.967
hofC Core 0.115 0.233 horE Core 0.041 0.218 omp25 Singleton 0.922 0.911
hofE Core 0.370 0.536 horF Core 0.102 0.182 omp26 Singleton 0.186 0.370
hofF Core 0.080 0.205 horG Core 0.238 0.360 omp33 Singleton 0.164 0.302
hofG Core 0.753 0.889 horH Core 0.245 0.288 omp4 Singleton 0.316 0.367
homC Core - - horl Core 0.210 0.487 omp5 Singleton - -
homD Core 1.010 0.830 hor] Core 0.125 0.216 ompP1 Core 0.799 0.989
hopA Core 0.907 0.716 horL Core - 1.066 sabA Singleton - -
hopD Core 0.661 HP_1426 Accessory  0.928 - sabB Singleton 0.346 0.537
hopE Core 0.088 0.132 hp908_0703 Core 0.050 0.195 unknown40 Accessory  1.029 1.009
hopF Core 0.270 0.352 hp908_1474 Core 0.169 0.273 vipC Accessory - -

The remaining reading frames show mainly ratios with high values, except for frame
—2 that usually shows a rate lower than 1. This can be explained because this frame shares
the third codon position with the frame +1. It makes that these two frames sometimes
encode for proteins with overlapping reading frames, as already shown in bacteria [33,34].
Remarkably, the average rate of both frame +1 and frame —2 are lower than 1 in both the
core and accessory datasets. However, the other groups, cloud and singleton, present a
greater average value with a wide deviation, like that of the other frames (Figure 3d).

To further evaluate the kind of genes that showed a high Ka/Ks ratio, a functional
enrichment was performed with those showing a ratio greater than or equal to 1. They
mainly were genes encoding to membrane proteins, as most of the proteins involved
in virulence or belonging to OMP families, and proteins functioning as transcription
regulators (Figure 3e). One of these proteins was hpylori124_01049 (gene unknown383),
which presents 8 nonsynonymous and only two synonymous changes (Figure 3f). However,
frame —2 present an alternative open reading frame with five nonsynonymous and three
synonymous changes that could represent the true reading frame for this gene.

Finally, genes that do not encode proteins should give high Ka/Ks ratios, far from
those of frames +1 and —2 from the protein-coding genes. To test this hypothesis, the
Ka/Ks ratio was calculated for the non-coding genes of the pangenome, composed of 22
tRNA sequences (Supplementary File S2). As expected, the reading frame +1 showed a high
value, but not the remaining frames (Figure 3g). The high value in frame +1 validates that
it cannot encode for a protein, but the other frames could support the purifying selection
of a protein-coding gene.
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Figure 3. Ka/Ks ratio in the pangenome of H. pylori. (a) Distribution of the Ka/Ks ratio in all the protein-coding genes
from the pangenome, where different groups are highlighted (different colors) and genes that encode for uncharacterized
proteins (asterisks). Black dots represent the median of the distribution. Note the double grouping of genes inside both +1
and —2 reading frames. (b) Frequency of both characterized and uncharacterized proteins with ratio Ka/Ks greater or equal
to 1 separated by the pangenome groups. The total number of genes that belong to each group are shown in parentheses. (c)
Results of Spurio for proteins with different Ka/Ks ratios: No_similarity (multiple alignment could not be created due to
the lack of homologous), True (predicted as true proteins), and Spurious (predicted as spurious proteins). (d) Average and
standard deviation of the Ka/Ks ratio separated by the different groups and grouped by frames. (e) Enrichment of GO terms
in the genes with Ka/Ks ratio greater or equal to 1. (f) Logo that shows the nucleotide conservation of hpylori124_01049
(gene unknown383) to its homologous genes from all the strains. Above, codons that give amino acid changes in the frame
+1 of some strains are shown in green (synonymous) and red (nonsynonymous) colors. Two changes, where the exact amino
acid cannot be determined, are shown in black color, with the most probable change in parentheses. Below, the same for
frame —2, which uncovers an alternative open reading frame that starts in a TTG codon (CAA in the reverse complementary
strand), is highlighted with a yellow background. (g) Distribution of the Ka/Ks ratio in the non-coding genes from the
pangenome.
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4. Discussion

The number of sequenced genomes from the same species is growing in the public
databases and it enables sequence analyses as never before intended. This allowed us
to easily create the pangenome of H. pylori that agrees with previous similar estimations
that observed it is double of the total number of annotated genes in a single genome, and
the core genes comprise up to 75% of them [14,35]. Access to this information allows
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the evaluation of purifying selection in protein-coding genes starting from intraspecies
information, which allows considering a narrower divergence time. So, we show that the
results obtained with the 2911 genes in the pangenome of H. pylori support the idea that
this kind of analyses can be useful to evaluate protein function and helping in sequence
annotation procedures. It is known that a protection of the reading frame +1 also protects
the frame —2, due to the flexibility of the third position in codons [36]. In fact, some
bacteria show overlapping genes involving these reading frames [33,34]. These two frames
are also the only ones that show an average Ka/Ks ratio lower than 1, which is shown in
our study model, H. pylori, with genes appearing in at least 20% of the analyzed strains
(Figure 3c). These results were obtained starting from 180 bacterial strains, since only
complete genomes were used. However it could be repeated with a greater dataset (around
2000 strains of fragmented genomes of H. pylori are now available in the database) in order
to validate the conclusions obtained here, and expand the number of analyzed sequences,
reaching a greater coverage.

A Ka/Ks ratio greater than 1 could be indicating genes without purifying selection.
They could also be uncharacterized genes originating from spurious open reading frames.
Hence, we found a high number of these unannotated genes as presenting a high ratio
(Figure 3a,b). However, it sometimes suggests that those genes were subjected to high
selective pressure, something that is common in pathogenic organisms as studied here.
Amino acid changes in proteins encoded by these genes could allow the pathogen to evade
the host immune system [37,38]. It has been described in H. pylori, and it could explain the
great number of analyzed genes with this high ratio [39]. We found that these genes are
mainly encoding for membrane protein (Figure 3e), especially outer membrane proteins
related to virulence. This fact proposes Ka/Ks with the utility to annotate genes. One
example is omp22, whose protein is highly immunoreactive and has been proposed as
a target for vaccine development [40]. However, the high number of nonsynonymous
changes found in this protein predicts an expected divergence of the protein to escape from
the vaccine (Table 1).

Another profit of this kind of analysis could be the proposal of uncharacterized
proteins as spurious sequences erroneously annotated and stored in databases. We propose
78 spurious proteins from the H. pylori pangenome, of which 17 present a Ka/Ks ratio
greater or equal to 1, which suggests that they could not be true proteins (Figure 3b), and
researchers must decide if these proteins should be considered in other analyses. It is
important to highlight here that 62 sequences could not be evaluated as putative spurious
genes, so their number could be higher. Since the tool used for finding spurious proteins
is based on homologous sequences, these 62 proteins could be reassessed when more
sequences were available in the databases.

In addition, the horizontal transfer can affect the results of specific genes when making
these studies using prokaryotes, and homoplasy could mask the results. It is particularly
important in H. pylori due to its highly competent for DNA uptake and recombination [39].
For example, the highly diverse genes cagA and vacA, which encode for proteins with more
than one thousand amino acids in length, could not be analyzed due to their alignments
presented long regions with gaps and recombinations [41,42]. In these cases, it is needed
to manually repair the initial alignments, removing regions without homology evidence.
Despite this, as initially expected, most genes of the pangenome presented purifying
selection in the present study.

5. Conclusions

In conclusion, studying gene selection using different strain genomes from the same
species could be relevant for future computational tools to exhaustively discover the com-
plete set of genes of a genome, and classify these genes. Thus, the use of this information
could improve the annotation of whole genomes, for example, by defining improved
sequence profiles.
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