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Abstract 
Introduction: Recent increase in reported cases of Bundibugyo virus (species Orthoebolavirus bundibugyoense) in the Democratic Republic of 
the Congo and Uganda highlight the importance of understanding their evolutionary dynamics. 
Methodology: We analyzed publicly available genomes obtained from the Pathoplexus database representing 3 medically relevant species of 
the Orthoebolavirus genus: Ebola virus (n = 3,388), Zaire virus (n = 166), and Bundibugyo virus (n = 49). We investigated whether genetic 
divergence is associated with sampling time utilizing root-to-tip regression analyses derived from temporally calibrated phylogenies as an 
indicator of molecular clock behavior. 
Results: Sudan virus (R2 = 0.855) and Ebola virus (R2 = 0.709) exhibited significant temporal structures between sampling time and genetic 
divergence. Bundibugyo virus displayed strong clock-like behavior after exclusion of 2026 genomes (R2 = 0.983), which showed a marked 
substitution deficit relative to the historical molecular clock and deviated substantially from the inferred regression. Date randomization tests 
supported the presence of temporal signal across all datasets (p < 0.001), indicating that the temporal signals exceeded expectations under a 
null model without temporal structure.  
Conclusions: These results provide a comparative assessment of the temporal structures across 3 medically relevant Orthoebolavirus species. 
While historical genomes largely conformed to molecular clock expectations, the inclusion of genomes from the ongoing 2026 Bundibugyo 
virus outbreak deviated from these projections, suggesting an alternative evolutionary process for 2026 Bundibugyo virus, such as viral 
persistence in immune-privileged anatomical sites of previously infected individuals or an independent zoonotic spillover event in an alternative 
species, in which the virus evolved within its natural reservoir prior to human infection. 
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Introduction 

The Orthoebolavirus genus (Filoviridae family) 
comprises enveloped single-stranded RNA viruses that 
can infect humans and cause hemorrhagic fever. Four 
viruses in the Orthoebolavirus genus can cause diseases 
in humans: (1) Ebola virus (species Orthoebolavirus 
zairense), (2) Sudan virus (species Orthoebolavirus 
sudanense), (3) Bundibugyo virus (species 
Orthoebolavirus bundibugyoense), and (4) Taï Forest 
virus (species Orthoebolavirus taiense) [1–3]. The 
largest Orthoebolavirus outbreak was caused by 
Orthoebolavirus zairense in 2014–2016 in West Africa 
and resulted in more than 28,600 infected individuals 

with 11,325 recorded deaths [4,5]. Moreover, the World 
Health Organization (WHO) declared a public health 
emergency of international concern on 17 May 2026 
following an outbreak of the Orthoebolavirus 
bundibugyoense in the eastern region of the Democratic 
Republic of the Congo (DRC) and Uganda. As of 5 June 
2026, DRC and Uganda have recorded 471 confirmed 
cases with 84 confirmed deaths, totaling a case fatality 
rate of 18% [6].  

Genomic surveillance is an important component of 
disease outbreak research as it enables the 
reconstruction of evolutionary relationships and 
transmission history through phylogenetic analyses. 



Sganzerla Martinez et al. – Clock-like behavior of Orthoebolavirus genomes J Infect Dev Ctries 2026; 20(6):767-771. 
 

768 

Temporal phylogenetic approaches rely on measurable 
temporal structures where genetic divergence can be 
explained through sampling time. Evaluating whether 
sampled viral genomes evolve under clock-like 
assumptions is therefore a requisite for downstream 
evolutionary and phylodynamic investigations. Here, 
the temporal structure of 3 datasets comprising 
medically relevant Orthoebolavirus species (Ebola 
virus, Sudan virus, and Bundibugyo virus) was assessed 
by examining the relationship between sampling time 
and evolutionary divergence using root-to-tip (RTT) 
regression analyses derived from temporally calibrated 
phylogenetic trees. The aim was to evaluate the 
presence of clock-like behavior and the suitability of 
these datasets for temporal evolutionary analyses. 

 
Methodology 

The Pathoplexus database was searched on 2 July 
2026 and a total of 166 Sudan virus genomes, [7] 3,388 
Ebola virus genomes [8], and 49 Bundibugyo virus 
genomes [9] was obtained. These numbers represent 
genomes filtered based on the presence of collection 
date and genome length of ≥ 18,000 base pairs. Fifteen 
Bundibugyo virus genomes represent isolates from 
Uganda in the 2026 outbreak [10–12]. All analyses 
were conducted in each Orthoebolavirus species. 
Genomic sequences were aligned using MAFFT 
(version 7.5.2) [13] in fast alignment mode. The 
resulting alignments were used to infer maximum 
likelihood phylogenetic trees with IQ-TREE2 (version 
2.3.6) [14] under the GTR + G substitution model with 
1,000 bootstrap replicates. 

Recombination was assessed using Gubbins 
(version 3.0) [15]. Analyses were performed over 5 
iterative cycles using FastTree for rapid tree 
reconstruction. Recombination blocks were identified 
using a minimum cluster of 5 single nucleotide 
polymorphisms (SNPs), and recombination signals 
were summarized using the number of inferred 
recombination events and recombination-to-mutation 
ratio (r/m).  

Temporal structure was assessed using a RTT 
regression framework. RTT distances were estimated 
using TreeTime (version 0.9.4) [16] and used as input 
for downstream statistical analyses. Phylogenetic trees 
were rooted using a least-square approach. Temporal 
signal was evaluated by regressing TreeTime-derived 
RTT distances against sampling dates using ordinary 
least squares (OLS), with the coefficient of 
determination (R2) used as a measurement of clock-like 
behavior. To evaluate robustness to outliers, terminal 
taxa with RTT distances exceeding ± 3 standard 

deviations from the mean were flagged and excluded in 
a sensitivity analysis, and regressions were recomputed. 
Temporal signal significance was evaluated using a 
date randomization test (DRT). Sampling dates were 
randomly permuted across taxa while preserving tree 
topology and RTT structure. A total of 1,000 
permutations were performed. For each permuted 
dataset, OLS regression was repeated and R2 values 
were recorded to generate a null distribution. Empirical 
significance was calculated as the proportion of 
permuted datasets with R2 values greater than or equal 
to the observed value. The 95th percentile of the null 
distribution was used as an empirical threshold for non-
temporal signal. As RTT regression depends on tree 
topology and rooting, the results were interpreted as 
evidence of temporal signal consistent with molecular 
clock expectation rather than formal confirmation of 
strict clock-like evolution. The inclusion of a 2026 
genome in the Bundibugyo virus dataset rendered a 
deviation from the expected temporal trend observed in 
earlier sampling years (2007–2012). To quantify this 
deviation, a regression model was fitted using only the 
historical dataset (2007–2012) and extrapolated to 2026 
under a constant rate to provide an exploratory 
reference trajectory. Residual variance of the baseline 
regression was estimated as: 

𝜎𝜎2 =
∑ (𝑦𝑦𝑖𝑖 − 𝑦𝑦�𝑖𝑖)2𝑛𝑛
𝑖𝑖=1
𝑛𝑛 − 2

 
Where 𝑦𝑦𝑖𝑖  is the observed RTT and 𝑦𝑦�𝑖𝑖  is the value 

predicted by the regression model. For the 2026 
genome, the evolutionary deviation from expectation 
was quantified as: 

∆𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑗𝑗 = 𝑦𝑦𝑗𝑗 − 𝑦𝑦�𝑗𝑗 
 
To assess whether this deviation exceeded 

expectations under the fitted model, a studentized 
prediction residual was computed: 

𝑡𝑡𝑗𝑗 =
𝑦𝑦𝑗𝑗 − 𝑦𝑦�𝑗𝑗

𝜎𝜎�1 + 1
𝑛𝑛 +

(𝑥𝑥𝑗𝑗 − 𝑥̅𝑥)2
∑ (𝑥𝑥𝑖𝑖 − 𝑥̅𝑥)2𝑛𝑛
𝑖𝑖=1

 

Where 𝑥𝑥𝑗𝑗 is the sampling date of the 2026 genome 
and 𝑥𝑥𝑗𝑗 is the mean sampling date of the baseline dataset. 
Under OLS assumptions, this statistic follows an 
approximated Student’s t-distribution with n - 2 degrees 
of freedom. 

Multiple sequence alignment, phylogenetic tree 
building, and clock estimations were executed in the 
High-Performance Computing (HPC) cluster Nibi, 
hosted by the Digital Research Alliance of Canada. 
TreeTime and Gubbins were executed via their 
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containerized Docker images 
(https://hub.docker.com/r/snads/treetime and 
https://hub.docker.com/r/sangerpathogens/gubbins, 
respectively) via Apptainer (version 1.4.5) to maintain 
compatibility with the HPC environment. Downstream 
regression analyses and plotting were performed locally 
with Python (version 3.12) scripts. 

 
Data availability 

The Orthoebolavirus genomes considered for this 
analysis are all public, non-embargoed data deposited 
to the Pathoplexus database. DOIs were generated for 
each Orthoebolavirus species with data analyzed: 
Sudan virus (10.62599/PP_SS_2245.1) [7], Ebola virus 
(10.62599/PP_SS_2246.1) [8], and Bundibugyo virus 
(10.62599/PP_SS_2212) [9]. We acknowledge the 
involvement of the original data producers and their 
respective laboratories for their efforts towards the 
broader infectious disease genomics community.  

 
Results 

RTT regression analyses revealed heterogenous but 
consistently significant temporal structures across the 3 
evaluated Orthoebolavirus species (Figure 1). All 
datasets showed a positive association between 
sampling dates and genetic divergence, consistent with 
measurable molecular clock signal.  

Sudan virus (Orthoebolavirus sudanense) (Figure 

1A) displayed a temporal signal R2 = 0.755 on the full 
dataset. After removing outliers (n = 3), the temporal 
signal increased to R2 = 0.855 indicating that the data is 
compatible with clock-like evolutionary pattern. The 
time to most recent common ancestor (TMRCA) was 
estimated in approximately 1,692 (95% CI: 1652.7–
1748.9) with a rate of 9.65e-05 substitutions per site per 
year.  

Ebola virus (Orthoebolavirus zairense) (Figure 1B) 
had an initial weaker temporal signal R2 = 0.515. A total 
of 121 outliers were identified and after their removal a 
stronger temporal signal R2 = 0.709 was obtained. 
TMRCA on the sampled data was identified as 1930 
(95% CI: 1925.5–1934.7) with a rate of 2.31e-04 
substitutions per site per year.  

To investigate the evolutionary pace of sequences 
from the 2026 active Bundibugyo virus outbreak, first 
an RTT regression analysis was performed across all 
sampled Bundibugyo virus (Orthoebolavirus 
bundibugyoense) and a reduced temporal signal and 
poor model fit (R2 = 0.18) was obtained. This distortion 
suggested potential violations of a strict molecular 
clock assumption when the full dataset was analyzed. 
To formally evaluate temporal structure without bias 
from the 2026 genomes, an out-of-sample linear 
prediction framework was implemented (Figure 1C). A 
baseline model was fitted exclusively to sequences 
from 2007 and 2012, which exhibited a strong clock-

Figure 1. Root-to-tip (RTT) regression analyses of Orthoebolavirus genomes. 

RTT distances were extracted from temporally calibrated phylogenetic trees using TreeTime (version 0.9.4) under a strict molecular clock assumption. 
Sampling dates were regressed against genetic divergence of Ebola for 3 Orthoebolavirus species and individually analyzed. A. Sudan virus; B. Ebola virus; 
C. Bundibugyo virus.  
Panels A and B show the full dataset regression alongside an additional regression with outlier genomes with RTT distances exceeding ± 3 standard deviations 
from the mean RTT excluded. The strength of the temporal signal was assessed as the coefficient of determination R2 and supported by date randomization 
tests (DRT) with 1,000 permutations. Time to most recent common ancestor (TMRCA) is presented as a fixed date of the regression analysis as well as its 
95% confidence internal (CI). For the Bundibugyo virus dataset (panel C), first, the genomes from 2007 and 2012 (blue dots) were regressed, modeling RTT 
distance as a function of sampling date. Under the 2007–2012 constant rate assumption, a projected trajectory was extended to 2026. Genomes from Uganda 
comprising the 2026 active outbreak (n = 15) sit below the projected trajectory. The vertical dotted line indicates the difference between observed (0.011793) 
and expected (0.048551) RTT distances. A test encompassing Studentized prediction residuals was conducted to assess whether the RTTs of the 2026 
Bundibugyo genomes were consistent with a substantial deviation from the historical molecular clock inferred from the 2007–2012 genomes. The reported 
rates are RTT regression estimates and do not represent full model-based substitution rates. 
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like behavior (R2 = 0.98) and an estimated substitution 
rate of 2.25 × 10-3 substitutions per site per year (95% 
CI 2.24 × 10-3 – 2.27 × 10-3). Projection of the baseline 
molecular clock model to 2026 yielded an expected 
RTT distance of approximately 0.0486 substitutions per 
site (95% CI: 0.0460 – 0.0511). In contrast, the 2026 
sequences (n = 15) displayed substantially lower 
divergence value corresponding to an evolutionary 
deficit of 0.0368 substitutions per site (observed 
0.011793; expected 0.48551). Standardized prediction 
residuals indicated that the 2026 genomes represent 
extreme outliers relative to the baseline evolutionary 
model, approaching 30 standard deviations below 
expectation. These results indicate that the sequences 
from the 2026 ongoing outbreak substantially deviate 
from the temporal expectations of historical 
Bundibugyo virus baseline of the historical clock 
model, suggesting a marked disruption in the clock-like 
accumulations over the 2007–2026 timeframe. 

Across the 3 species, a date randomization test 
(DRT) consistently supported temporal structures (p < 
0.001) indicating the observed associations between 
sampling date and genetic divergence exceeded 
expectations under a null model with no temporal 
signal. Measurable clock-like behavior in all 3 tested 
Orthoebolavirus species was identified. No evidence of 
blocks derived from recombination events was 
identified in any of the queried species. 

 
Discussion 

The analyses demonstrated that 3 medically 
relevant Orthoebolavirus species contained measurable 
and statistically supported temporal structures. RTT 
regression analyses based on TreeTime-derived 
phylogenetic distances revealed a consistent positive 
association between sampling time and genetic 
divergence for both Ebola virus and Sudan Virus 
datasets. Bundibugyo virus showed a strong temporal 
signal only when the 2026 genomes were excluded 
from the analysis. RTT regression was used here as an 
exploratory framework to assess the presence and 
consistency of temporal signal rather than as a formal 
phylodynamic inference method, making the results 
indicators of compatibility with molecular clock 
expectations, instead of direct estimates of evolutionary 
dynamics. 

 
Conclusions 

Two non-mutually exclusive hypotheses were 
identified that may explain the observed deviation of 
the 2026 Bundibugyo virus genomes from the historical 
molecular clock. First, the reduced accumulation of 

substitutions over a ~14-year period may be consistent 
with viral persistence in immune-privileged anatomical 
sites of previously infected individuals [17,18]. Under 
this scenario, prolonged or intermittent replication 
within a long-term host reservoir could result in 
deviations from the substitution rates inferred under 
continuous transmission dynamics. Second, the 
observed pattern may reflect an independent zoonotic 
spillover event in alternative species, in which the virus 
evolved within its natural reservoir prior to human 
infection [19,20], leading to a distinct evolutionary 
trajectory resulting in distinct substitution rates and 
phylogenetic trajectories when introduced to humans. 
Discriminating between these two hypotheses will 
require integration of genomic, epidemiological, and 
ecological data, including investigation of links to 
previously infected individuals and expanded sampling 
of potential wildlife reservoirs and intermediate hosts to 
determine whether the 2026 lineage reflects cryptic 
circulation of a separate emergence event. 
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