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Abstract
Objective

To characterize the composition, saturation, and structure of the pangenome from 70 complete
chromosomal genomes of Chlamydia trachomatis.

Methods

The complete genomes and their annotations were obtained from NCBI. Gene families were
reconstructed using Roary v3.13.0, employing a 95% protein identity threshold, and classified into core,
soft-core, shell, and cloud components. Ten permutations of sample ordering were used to construct
accumulation curves. The accessory component was evaluated using Jaccard distance, hierarchical
clustering, a gene content tree, and the distribution of protein sequence identity.

Results

A total of 979 genes families were identified: 772 core (78.9%), 65 soft-core (6.6%), 96 shell (9.8%), and
46 cloud (4.7%). The accessory component comprised 207 families, including 22 singletons. The gene
repertoire per genome ranged from 872 to 903 families. With 50 genomes, 99.5% of the observed
pangenome had already been recovered, and the inclusion of the 70th genome added an average of 0.2
families. The average Jaccard accessory similarity was 0.701, and the weighted average protein identity
was 98.36%.

Conclusion

The analyzed dataset displays a compact and strongly saturated pangenome, featuring broad core
conservation and variability concentrated within a structured fraction of the accessory repertoire. The
validation of rare genes and evolutionary inference require uniform reannotation and an independent
core-genome-based phylogeny.

1. Introduction

Chlamydia trachomatis causes the most prevalent bacterial sexually transmitted infection (STI) in at least
86 countries the majority of which lack control schemes for this infection (Sameni et al., 2025)
accounting for approximately 235 million annual cases, predominantly among young individuals (Hu et
al., 2025) and socioeconomically vulnerable populations (Crichton et al., 2015). This underscores the
need for control strategies tailored to different epidemiological contexts (Sameni et al., 2025). C.
trachomatis belongs to the family Chlamydiaceae, which exhibits a biphasic developmental cycle and
obligate intracellular energy parasitism. Owing to the evolutionary reduction of its biosynthetic repertoire,
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C. trachomatis acquired the membrane proteins Npt1 and Npt2, which specialize in the import and
transport of nucleotide triphosphates and ATP from the host cell to fulfill its energetic requirements
(Tjaden et al., 1999; Fisher et al., 2013). These adaptive attributes stem from the genomic stability of C.
trachomatis (Luu et al., 2023), which is conferred by its compact chromosome of approximately 1 Mb,
high synteny, and a reduced gene repertoire. Despite the high degree of conservation and compactness
of the C. trachomatis genome, variable regions exist such as the Plasticity Zone alongside variable genes
that differ among lineages. Furthermore, genetic recombination is frequent in specific regions of its
genome, including the ompA gene and proteins of the Pmp family (Joseph et al., 2011; Bowden et al.,
2021). These variations can impact future therapeutic regimens and diagnostic targets, highlighting the
urgent need to monitor C. trachomatis strains globally through whole-genome analysis (Collingro et al.,
2011; Sigalova et al., 2019; Dharamshi et al., 2023). Historically, the serological and genetic detection of
C. trachomatis has relied on the Major Outer Membrane Protein (MOMP) and its encoding gene, ompA,
respectively. The ompA gene integrates conserved segments with four variable domains, whose diversity
enables the discrimination of genotypes and serovars (Stephens et al., 1987; Lysén et al., 2004).
Although this approach is useful for typing, recombination and the limited information inherent to a
single locus can obscure relationships among lineages. Whole-genome analyses demonstrate that
isolates clustered by conventional typing may exhibit distinct phylogenomic relationships, with diversity
distributed heterogeneously across the chromosome (Harris et al., 2012; Hadfield et al., 2017).

Pangenome analysis thus provides a quantitative framework to delineate universal, persistent, and
variable gene families, while evaluating how much observed diversity is introduced through expanded
sampling. Within this context, the present study aimed to characterize the C. trachomatis pangenome
using 70 complete chromosomal genomes available in the NCBI database. We quantified the core, soft-
core, shell, and cloud components, evaluated repertoire saturation using accumulation curves, and
described the presence-absence patterns of accessory gene families. Additionally, we examined the
similarity among accessory profiles alongside the sequence identity distribution of the clustered
proteins. The study design is comparative and descriptive; owing to the lack of standardized clinical and
geographic metadata, epidemiological associations, relationships with clinical genotypes, and the
performance of diagnostic assays were not evaluated.

2. Materials and Methods
2.1 Study design and genome selection

A comparative genomics study was conducted using complete genomes of Chlamydia trachomatis
available in the National Center for Biotechnology Information (NCBI). Records classified as complete
genomes and accompanied by gene annotation were included, to reduce artificial gene loss resulting
from assembly fragmentation. Records were identified by their accession numbers and maintained as
independent sampling units. The final dataset included 70 genomes, with accession numbers ranging
from NC_000117 to NC_023060. Sequences lacking usable annotation or failing to meet the
completeness criteria were not considered. For each accession, the chromosomal sequence and
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corresponding annotation were retrieved. Sample traceability was preserved using the accession
number across all steps. We selected all high-quality, complete chromosomal genomes covering all
major serovars A—L. The comparative analysis included 70 chromosomal accessions; plasmids were
neither treated as sampling units nor analyzed separately. This approach avoids attributing differences
arising from extrachromosomal elements to the chromosome.

2.2 Standardization and Quality Control of Annotations

Prior to comparative analysis, we verified the alignment between sequences and their respective
annotations, the uniqueness of identifiers, and the availability of coding regions alongside their
translated products. The original annotations from public records were preserved without performing
uniform de novo reannotation. Consequently, products lacking specific functional assignments were
retained as hypothetical proteins or cluster identifiers, without introducing further functional inference.
Annotations were structured into a Roary-compatible format and subjected to a uniform clustering
threshold. Downstream consistency was evaluated based on the presence of 70 sample columns within
the binary matrix, as well as the concordance among total gene families, frequency categories, and
protein associations. Because the original annotations were not re-generated using a single predictor, an
absence in the matrix was interpreted as the lack of a detectable family under the implemented pipeline,
rather than an automatically confirmed chromosomal deletion.

2.3 Translation of Coding Sequences

Coding sequence (CDS) nucleotide sequences were translated using EMBOSS Transeq from the
EMBOSS package v6.6.0 (Rice et al., 2000), applying the bacterial genetic code and the strand orientation
specified in the annotation. For CDSs annotated on the reverse strand, the reverse-complement
sequence was used prior to translation. Translated sequences were inspected for internal stop codons
and ambiguous amino acid residues. The resulting proteomes were used to verify protein sequences and
conduct auxiliary similarity analyses. Pangenome reconstruction was based on standardized
annotations and their corresponding CDS translations, avoiding indiscriminate six-frame translation
across the complete genomes.

2.4 Pangenome Construction

The pangenome was reconstructed using Roary v3.13.0 (Page et al., 2015) based on the standardized
annotations. Coding sequences (CDSs) were extracted and translated into protein sequences, partial
sequences were filtered, and highly similar proteins were pre-clustered. Subsequently, the reduced set
was compared via BLASTp (Camacho et al., 2009), clustered using the Markov Cluster algorithm (MCL;
Enright et al., 2002), and refined using gene synteny information to resolve paralogs. A minimum
threshold of 95% protein sequence identity was applied, while maintaining default parameters and
identical running conditions for all genomes. The analysis generated a binary presence/absence matrix,
in which rows represented gene families and columns corresponded to the 70 genomes. A value of 1
indicated gene presence, and 0 indicated absence. The mapping between individual proteins and their
respective families was preserved to enable cluster auditing, paralog identification, and verification of
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families lacking specific functional annotations. Internal consistency was confirmed by verifying
concordance between the total number of families and their corresponding protein associations.

2.5 Gene Family Classification

Gene families were classified based on their frequency across the set of 70 genomes: core genome,
present in 99-100% of samples; soft-core, present in 95% to less than 99%; shell, present in 15% to less
than 95%; and cloud, present in less than 15%. These threshold criteria were applied directly to the
presence frequencies in each row of the binary matrix. For 70 genomes, this corresponded to core
families present in 70 genomes, soft-core present in 67-69, shell present in 11-66, and cloud present in
1-10 genomes. As a quantitative control of the reconstruction, 979 gene families were identified: 772
core, 65 soft-core, 96 shell, and 46 cloud. Thus, 207 families comprised the accessory genome,
corresponding to all non-strict core categories. Twenty-two families occurred in only a single genome.
These figures were calculated directly from the presence and absence profiles and adopted as a
reproducible baseline for subsequent analyses.

2.6 Pangenome, Conserved, New, and Unique Gene Curves

Pangenome dynamics were evaluated using accumulation curves constructed for the total number of
gene families, conserved families, new families added with each inclusion, and unique families. Ten
randomized orders of addition across the 70 genomes were employed. For each sample size n, the
accumulated number of families in the pangenome, the number of conserved families, the number of
new families introduced by genome n, and the number of unique families were summarized. The use of
multiple permutations minimized the sensitivity of these estimates to sample input order. For each point
along the curve, measures of central tendency and dispersion across the 10 permutations were
calculated. Assessment of pangenome openness or closure should be grounded in the asymptotic
behavior of the accumulation curve and, when fitting a model, on the parameter estimate and confidence
interval of the decay parameter. An open or closed pangenome was not inferred solely from visual
inspection or the observed count of singletons.

2.7 Accessory Genome Structure and Graphical
Representation

The repertoire per genome was obtained by summing the presences in each column of the binary matrix;
the accessory component was calculated after excluding the 772 universal families. For the 2,415
possible pairwise comparisons among 70 genomes, the similarity of accessory content was quantified
using the Jaccard index. The matrix of 207 non-universal families was clustered by average linkage
based on Jaccard distance, both across genomes and across families, and represented as a
presence/absence heatmap. The gene content tree was derived from the binary alignment of accessory
families. The topology, branch lengths, and recorded support values were preserved in the phylogenetic
object. For graphical presentation, the tree was converted into a cladogram without scaling the
horizontal axis to branch lengths, and nodes were rotated into increasing ladderization according to the
number of descendant terminals, resolving ties by the lower accession number. Ladderization alters only
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the visual ordering of branches. Because it is based on binary characters, the tree was interpreted as the
structure of the accessory repertoire, rather than as a substitute for a phylogeny based on SNPs or
single-copy orthologous genes.

2.8 Statistical Analyses and Visualization

Tabular processing, statistical summaries, and figures were generated in Python v3.12.13 using pandas
v2.2.3, NumPy v2.3.5, SciPy v1.17.0, and Matplotlib v3.10.8. For each family, the frequency was
calculated by dividing the sum of presences by 70. Continuous variables were described using mean,
standard deviation, median, range, and quartiles, as applicable. Accumulation curves were summarized
at each sample size across the ten available permutations. Visualizations included the frequency of
pangenome categories, the accessory repertoire per genome, total and conserved family curves,
marginal family gains, the clustered presence/absence heatmap, the accessory content tree, and the
distribution of protein identity scores. In the latter analysis, the weighted mean identity was calculated as
the sum of the products of identity and frequency, divided by the total number of associations. Given the
absence of associated clinical or epidemiological metadata, all comparisons were treated as descriptive,
without group-wise association testing.

2.9 Reproducibility and Quality Control of Outputs

Reproducibility was ensured by preserving accession numbers, software versions, identity thresholds,
and the specific parameters applied at each stage. Audit records were maintained for family presence
and absence, clustered proteins, accumulation curves, binary encodings, the tree, and identity
distributions. Prior to interpretation, we verified that the analysis encompassed all 70 genomes, yielded a
total of 979 families, and exhibited full concordance between the sum of the pangenome categories and
the total number of identified families.

3. Results

3.1 Pangenome Size and Composition

The combined analysis of the 70 complete Chlamydia trachomatis genomes identified 979 non-
redundant gene families. Of these, 772 were detected across all genomes and constituted the strict core
genome, representing 78.9% of the total repertoire. An additional 65 families (6.6%) were classified as
soft-core, occurring in 67—-69 genomes. The intermediate-frequency component comprised 96 shell
families (9.8%), present in 11-66 genomes, whereas 46 cloud families (4.7%) were restricted to 1-10
genomes. Considering all non-universal families as accessories, the accessory genome contained 207
families (21.1% of the pangenome), demonstrating that the vast majority of the gene repertoire remained
highly conserved within the analyzed dataset.
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Component Presence criterion Families % of pangenome Operational interpretation

Core estrito 70/70 772 78,9 Universally applicable
Soft-core 67-69/70 65 6,6 Almost universal

Shell 11-66/70 96 9,8 Intermediate frequency
Cloud 1-10/70 46 4,7 Low frequency
Acessoério total  1-69/70 207 21,1 Not universal

Table 1. Pangenome composition according to the frequency of gene families across the 70 genomes.
3.2 Distribution of the gene repertoire among genomes

The number of gene families per genome ranged from 872 to 903, with a mean of 890.4 + 6.6 and a
median of 891. Since the 772 strict core families were present in all samples, intergenomic variation was
driven by the accessory component, which ranged from 100 to 131 families per genome (mean of 118.4
+ 6.6; median of 119). On average, the accessory component represented 13.3% of the families detected
in each genome. Accession NC_020935 exhibited the smallest repertoire (872 families; 100 accessory),
whereas NC_020968 exhibited the largest (903 families; 131 accessory), representing a range of 31
families between the extremes. The narrow dispersion in the total number of families per genome,
contrasted with differences concentrated within the non-universal component, is consistent with a
predominantly conserved genomic architecture containing localized variability restricted to a limited
subset of the repertoire. However, because the presence/absence matrix is derived from protein
annotations, specific discrepancies should be interpreted as the absence of a detectable family under
the applied clustering criteria, rather than automatically as a confirmed biological deletion.

3.3 Prevalence of accessory families

The frequency distribution was strongly skewed toward universal or nearly universal families. Among the
207 accessory families, 65 (31.4%) occurred in at least 67 genomes and, within this group, 54 were
present in 69 of the 70 genomes. Thus, 837 families, equivalent to 85.5% of the pangenome, were
detected in at least 95% of the samples. At the opposite extreme, the 46 cloud families included 22
singletons, six families present in two genomes, six in three, three in four, two in five, three in six, two in
eight, and two in nine genomes. Singletons accounted for 2.2% of the total pangenome and 10.6% of the
accessory genome. Of the 22 families exclusive to a single sample, three received explicit functional
annotation: succinate dehydrogenase/fumarate reductase subunit B (sdhB), a protein with a YopT-type
cysteine protease domain, and porphobilinogen synthase. A family annotated as a transcript cleavage
factor was also recorded; the remaining 18 families were designated by generic cluster identifiers. The
predominance of families lacking functional assignment among singletons limits direct biological
inferences and reinforces the need for validation through inspection of genomic regions, coordinate
comparison, and uniform reannotation before associating them with specific phenotypes.
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3.4 Behavior of accumulation curves

The ten permutations of the genome inclusion order produced convergent trajectories. With one
genome, the mean repertoire was 893.9 6.7 families; after including 10 genomes, the pangenome
reached 945.4 + 4.0 families, corresponding to 96.6% of the final total. With 20 and 50 genomes, 956.4 +
3.7 (97.7%) and 974.2 + 3.0 families (99.5%) were recovered, respectively. At the end of the 70
inclusions, all permutations converged to 979 families. In the opposite direction, the mean number of
conserved families decreased from 893.9 + 6.7 with one sample to 836.8 + 5.8 with 10, 817.4 + 11.6 with
20, and 788.7 + 9.5 with 50 genomes, stabilizing at 772 universal families. The marginal contribution of
new genes fell rapidly as sampling increased. Excluding the first genome, which defines the initial
repertoire, the second added an average of 20.9 + 11.1 families and the tenth, 1.8 + 1.9. At positions 35,
50, 60, and 70, the median was zero, with means of 1.1, 0.7, 0.3, and 0.2 new family, respectively.
Consistently, the number of exclusive families converged to 22 across all permutations. This behavior
indicates strong saturation of the detectable repertoire in this collection of complete genomes, although
the definitive classification of the pangenome as open or closed would require formal fitting of
accumulation models and expanding sampling diversity.

3.5 Similarity of accessory gene content

Pairwise comparison of the binary profiles of the 207 accessory families revealed a mean Jaccard index
of 0.701 £ 0.158 across the 2,415 genome pairs, with a median of 0.688 and a range from 0.390 to
1.000. The quartiles of 0.559 and 0.831 indicated moderate heterogeneity: some genomes shared
almost the entirety of their accessory repertoire, whereas other pairs differed more markedly. Twenty-
one pairs exhibited identical accessory profiles, demonstrating that distinct accessions can be
indistinguishable with respect to family presence/absence, without implying complete nucleotide
identity. The gene content-based tree recovered multiple clusters of accessions with very short or
topologically coincident branches, interspersed with lineages more differentiated in their accessory
repertoire. Several internal nodes showed support equal to or greater than 0.70. Ladderizing in
ascending order facilitated the reading of clusters without altering their topology. The tree should be
interpreted as a representation of binary gene presence and absence characters, rather than an estimate
of evolutionary relationships based on nucleotide substitutions. Even so, the coexistence of compact
clades and topological separations shows that accessory variability is not uniformly distributed among
the genomes (Figure 5).

3.6 Identity among clustered proteins

The distribution of protein comparisons recorded 1,860 associations in the identity strata between 95%
and 100%. The weighted mean identity was 98.36%. Almost half of the associations (902; 48.5%)
showed 100% identity, followed by 404 (21.7%) at 97%, 187 (10.1%) at 96%, 149 (8.0%) at 95%, 135
(7.3%) at 98%, and 83 (4.5%) at 99%. The concentration at high identity levels is consistent with the
genomic proximity of the samples and supports the stability of the clusters for most of the proteins;
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however, these values describe the comparisons recorded in this distribution and do not equal the mean
identity of all core genome orthologs.

3.7 Synthesis of results

Taken together, the results define a compact and broadly conserved pangenome for the 70 evaluated
genomes. The strict core accounted for approximately four-fifths of the families, 85.5% of the repertoire
occurred in at least 95% of the samples, and the input of new families approached zero in the final
stages of the permutations. The remaining diversity was driven by 207 accessory families, unevenly
distributed among the samples and enriched in nearly universal or low-frequency families. This pattern
highlights two main avenues for further investigation: nearly universal families absent in a few genomes,
which may reflect gene loss, structural variation, or annotation inconsistencies; and cloud families,
especially singletons, which require validation before being interpreted as lineage-specific acquisitions
or determinants.

4. Discussion

The predominance of the strict core genome (772 families; 78.9%) and the presence of 837 families in at
least 95% of the genomes demonstrate that the gene diversity of C. trachomatis possesses a broadly
conserved genetic repertoire. The recovery of 99.5% of the observed pangenome with 50 genomes and
the average gain of only 0.2 families at the seventieth inclusion reinforce the strong saturation within this
collection. This pattern aligns with studies describing high conservation and genomic compaction in
Chlamydiaceae (Collingro et al., 2011; Sigalova et al., 2019; Harris et al., 2012). However, the observed
saturation should not be converted into a definitive classification of a closed pangenome, as the
accumulation curves describe the 70 complete genomes actually sampled, and their shape depends on
the diversity of lineages, geographic regions, and phenotypes represented. Without fitting an
accumulation model, calculating the confidence interval of the openness parameter, and implementing
stratified sampling, the most defensible conclusion is that of a compact and heavily saturated
pangenome within the analyzed dataset. From a translational perspective, the characterization of a strict
core genome spanning 78.9% of the pangenome and displaying extremely high protein identity
conservation consolidates a robust foundation for universal target selection, validating the stability of
biomarkers applied to nanobiotechnological diagnostics and pan-specific vaccine candidates against C.
trachomatis.

Although quantitatively smaller, the accessory genome exhibited notable inter-strain variation (ranging
from 100 to 131 families per genome; Jaccard similarity index: 0.390-1.000) and formed distinct co-
occurrence blocks and clusters with variable topological support. Genome-wide analyses of C.
trachomatis have established that sequence variation is non-uniformly distributed across the
chromosome. Specifically, Jeffrey et al. (2010) demonstrated that inter-strain diversity is concentrated
within localized hotspots—such as loci associated with tissue tropism and active homologous
recombination, a pattern later corroborated by broader population genomics frameworks (Joseph et al.,
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2012; Hadfield et al., 2017). These findings provide a compelling biological rationale for the accessory
heterogeneity observed in our dataset. Nevertheless, without associated clinical or epidemiological
metadata, attributing the identified accessory clades to specific genovars, tissue niches, or phenotypic
traits remains speculative.

The presence of 21 genome pairs with identical accessory profiles suggests that gene
presence/absence matrices offer limited resolution for discriminating closely related isolates, a pattern
consistent with recent clonal expansion within specific lineages. Conversely, the marked divergence
observed among less similar pairs demonstrates that a small subset of accessory families is sufficient
to drive structural repertoire differentiation. In bacteria shaped by pervasive homologous recombination,
such as C. trachomatis, this interplay likely reflects contemporary genetic mixing overlaid onto expanded
clonal backbones. Consequently, while the accessory content cladogram effectively delineates
functional repertoire partitioning, it cannot be used to infer common ancestry, evolutionary directionality
of gene gain/loss, or transmission dynamics. Disentangling the relative contributions of contemporary
mixing versus recent clonal expansion would require an independent core-genome SNP phylogeny,
ideally constructed after masking recombinant regions to prevent topological distortion.

The weighted mean identity of 98.36% and the occurrence of 100% identity in 48.5% of the 1,860
associations are consistent with the high genomic conservation described for C. trachomatis. Whole-
genome population analyses have also recovered closely related lineages over a conserved
chromosomal backbone, even though recombination and clonal expansion produce localized
differentiation (Harris et al., 2012; Hadfield et al., 2017; Sigalova et al., 2019). In the present study,
however, the identity distribution is conditioned by the 95% clustering threshold and represents only the
associations recorded between 95% and 100%; it does not equate to the mean identity of the core
genome, average nucleotide identity (ANI) between genomes, or a direct measure of selective pressure.

The 22 unique families represent only 2.2% of the pangenome, with the majority retained under generic
cluster identifiers. This finding may reflect true rare genes, sequence fragments, pseudogenization,
sequence divergence exceeding the clustering threshold, or discrepancies among public annotations.
The design of Roary inherently depends on the quality of the input annotations, and methodological
studies demonstrate that assembly fragmentation, disrupted genes, and prediction errors can artificially
inflate the accessory genome or reduce the core genome (Page et al., 2015; Denton et al., 2014; Tonkin-
Hill et al., 2020). Although the exclusive use of complete genomes mitigates assembly fragmentation
artifacts, it does not eliminate annotation discrepancies. Consequently, sdhB, the protein containing a
YopT-type cysteine protease domain, porphobilinogen synthase, and the transcript cleavage factor
constitute candidates for targeted inspection rather than isolated evidence of functional innovation.
Confirmation should integrate uniform re-annotation, sequence searches across genomes where the
family was marked as absent, local synteny inspection, and CDS integrity verification. This validation is
especially critical for the 18 families lacking explicit functional assignments. Taken together, our data
support a compact pangenome characterized by strong gene content conservation and variability
concentrated within a limited fraction of the repertoire, confirming the classic genomic nature of
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Chlamydiaceae and representing a positive impact on genome-based laboratory diagnostic methods,
thereby facilitating future vaccination strategies.

Although clinical metadata for the 70 samples were not available, the presence of 207 accessory
families and their segregation into distinct clades support the hypothesis that genomic plasticity in C.
trachomatis is highly compartmentalized. This structured variation likely reflects tissue-specific niche
pressures such as ocular, urogenital, and lymphogranuloma venereum-associated tropisms linked to the
differential retention or loss of metabolic loci, such as the tryptophan operon located within the plasticity
zone (Jeffrey et al., 2010). Understanding this compartmentalization is crucial for translational
applications: while the highly conserved core genome (~ 79%) offers a stable, universal repertoire for
broad-spectrum vaccine candidates and pan-specific diagnostic assays, the characterization of the
accessory repertoire reveals strain-specific variations that must be considered to avoid diagnostic
failures due to escape and off-target cross-reactivity (Freitas et al., 2022).

The main limitations of this study include the absence of standardized re-annotation, the lack of
clinical/epidemiological metadata records, the absence of formal fitting to pangenome openness
models, and the lack of an independent core-genome-based phylogeny. Such limitations do not
invalidate our descriptive findings; rather, they define the scope of inference, establishing a solid
genomic foundation for the 70 samples and providing concrete hypotheses for subsequent functional
and phylogenomic validations.

5. Conclusion

The comparative analysis of 70 complete C. trachomatis chromosomes defined a compact pangenome
of 979 gene families, overwhelmingly dominated by a strict core genome of 772 universal families
(78.9%) and 65 soft-core families (6.6%). The rapid convergence of the accumulation curves, recovering
99.5% of the observed repertoire with 50 genomes and reaching a marginal gain close to zero,
demonstrates strong pangenomic saturation within the analyzed collection. Intergenomic variability is
strictly compartmentalized into 207 accessory families (21.1%), whose structured distribution reflects
localized repertoire differentiation over a highly conserved chromosomal backbone, consistent with the
pressures of an obligate intracellular lifestyle. The results support a model of high genomic conservation
with localized diversity, coherent with the species obligate intracellular biology. However, the lack of
uniform re-annotation and of clinical and geographical metadata limits the interpretation of singletons,
gene losses, and clustering. Future studies should integrate standardized re-annotation, synteny
validation, core-genome SNP phylogenies, and epidemiological metadata to determine the origin and
functional significance of accessory variation
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Distribution of the accessory repertoire across the 70 genomes. Samples are ordered by the number of
detected non-universal families; the dashed line indicates the dataset mean. The extremes highlight that
intergenomic variation is concentrated within the accessory component.
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B. Family distribution by prevalence
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Dynamics of the C. trachomatis pangenome. (A) Mean and standard deviation of the cumulative number
of total and conserved families across ten random inclusion orders of the 70 genomes. (B) Distribution
of the 979 families according to their prevalence in the dataset.
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Structure of the accessory gene content. Heatmap of the 207 non-universal families across the 70
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linkage based on Jaccard distance. The blocks highlight sets of co-occurring families and groups of
genomes with similar repertoires; the clustering represents gene content, not a substitution-based
phylogeny.
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Tree based on the accessory gene content of the 70 Chlamydia genomes. The topology derives from the
binary presence and absence states of non-universal families and is presented as a cladogram
ladderized in ascending order by the number of descendant terminals. This rotation does not alter the
topology; branch lengths are not drawn to scale in the figure. Support values = 0.70 are indicated at the
internal nodes. The tree represents accessory repertoire similarity and does not replace a phylogeny
based on SNPs or the concatenated core genome alignment.
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Figure 6

Distribution of protein associations by identity range. The concentration between 95% and 100%, with a
higher frequency of identical sequences, demonstrates high conservation among the proteins included
in the evaluated clusters.
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