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Hepatitis B virus (HBV) spreads efficiently among all human populations 
worldwide. HBV is classified into ten genotypes (A to J) with their geographic 
distribution and clinical features. In Mexico, HBV genotype H is the leading cause 
of hepatitis B and has been detected in indigenous populations, suggesting that 
HBV genotype H may be native to Mexico. However, little is known about the 
evolutionary history of HBV genotype H. Thus, we aimed to determine the age 
of HBV genotype H in Mexico using molecular dating techniques. Ninety-two 
HBV sequences of the reverse transcriptase (RT) domain of the polymerase gene 
(~1,251 bp) were analyzed; 48 were genotype H, 43 were genotype F, and the 
oldest HBV sequence from America was included as the root. All sequences were 
aligned, and the most recent common ancestor (TMRCA) time was calculated 
using the Bayesian Skyline Evolutionary Analysis. Our results estimate a TMRCA 
for the genotype H in Mexico of 2070.9 (667.5–4489.2) years before the present 
(YBP). We identified four major diversification events in genotype H, named H1, 
H2, H3, and H4. The TMRCA of H1 was 1213.0 (253.3–2638.3) YBP, followed by H2 
1175.5 (557.5–2424.2) YBP, H3 949.6 (279.3–2105.0) YBP, and H4 1230.5 (336.3, 
2756.7) YBP. We  estimated that genotype H diverged from its sister genotype 
F around 8140.8 (1867.5–18012.8) YBP. In conclusion, this study found that 
genotype H in Mexico has an estimated age of 2070.9 (667.5–4489.2) YBP and 
has experienced at least four major diversification events since then.
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1. Introduction

Tracing the evolutionary history of the hepatitis B virus (HBV) is essential for understanding 
its distribution and different degrees of adaptation to human populations (Roman et al., 2014). 
One of the most advanced forms of HBV adaptation is complete adaptation, where both the host 
and HBV genotype can coexist for extended periods due to a balance between the host’s immune 
response and viral replication (Roman et al., 2014). Probably, a complete adaptation would take 
thousands of years together to develop. Currently, 10 HBV genotypes have their geographic 
distribution (Velkov et al., 2018). HBV genotypes A and D are considered predominant in 

OPEN ACCESS

EDITED BY

Sibnarayan Datta,  
Defence Research and Development 
Organisation (DRDO), India

REVIEWED BY

Maria Fernanda Perdomo,  
University of Helsinki, Finland
Hoh Boon-Peng,  
International Medical University, Malaysia

*CORRESPONDENCE

Arturo Panduro  
 apanduro@prodigy.net.mx

RECEIVED 06 March 2023
ACCEPTED 02 May 2023
PUBLISHED 24 May 2023

CITATION

Jose-Abrego A, Roman S, Laguna-Meraz S, 
Rebello-Pinho JR, Justo Arevalo S and 
Panduro A (2023) Tracing the evolutionary 
history of hepatitis B virus genotype 
H endemic to Mexico.
Front. Microbiol. 14:1180931.
doi: 10.3389/fmicb.2023.1180931

COPYRIGHT

© 2023 Jose-Abrego, Roman, Laguna-Meraz, 
Rebello-Pinho, Justo Arevalo and Panduro. 
This is an open-access article distributed under 
the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or 
reproduction in other forums is permitted, 
provided the original author(s) and the 
copyright owner(s) are credited and that the 
original publication in this journal is cited, in 
accordance with accepted academic practice. 
No use, distribution or reproduction is 
permitted which does not comply with these 
terms.

TYPE Original Research
PUBLISHED 24 May 2023
DOI 10.3389/fmicb.2023.1180931

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1180931﻿&domain=pdf&date_stamp=2023-05-24
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1180931/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1180931/full
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1180931/full
mailto:apanduro@prodigy.net.mx
https://doi.org/10.3389/fmicb.2023.1180931
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1180931


Jose-Abrego et al. 10.3389/fmicb.2023.1180931

Frontiers in Microbiology 02 frontiersin.org

Europe, while genotypes C, B, and J are prevalent in Asian countries 
such as China, Korea, Japan, and Vietnam (Tian and Jia, 2016; Velkov 
et  al., 2018). Genotype E is mainly detected in Africa and some 
Caribbean islands with African ancestry (Brichler et  al., 2013). 
Genotype G has been associated mainly with men who have sex with 
men (MSM) and was reported initially in the United  States and 
France. However, in recent years, genotype G has become one of the 
leading causes of hepatitis B in Mexico (Roman and Panduro, 2013).

On the other hand, the evolutionary analysis places genotypes F 
and H at the base of the phylogenetic tree, close to primate sequences 
such as the woolly monkey hepatitis B virus (Rasche et al., 2019). While 
genotype F is commonly detected in Central and South America 
(Alvarado-Mora and Pinho, 2013), its sister genotype H, is distributed 
in the north, center, and south of Mexico (Panduro et  al., 2013). 
Genotype H has been found in several populations, including Mexican 
mestizos with Human Immunodeficiency Virus (HIV), hepatitis C 
patients, blood donors, and MSM, as well as in Nahuas and Huicholes, 
two indigenous groups in western Mexico (Roman et al., 2010; Alvarez-
Munoz et al., 2014; Jose-Abrego et al., 2021). It has also been detected 
in the Oaxaca state, where 39.1% of the population speaks an 
indigenous language (INEGI, 1995; Jose-Abrego et al., 2017). Notably, 
a recent archaeological study found genotype H in a tooth dating back 
522 years, recovered from the remains of the “Real de San José de los 
Naturales” hospital that mainly served the indigenous population 
during the colonial period (INAH, 2012; Kocher et al., 2021). In native 
Mexicans, HBV genotype H infections are typically asymptomatic with 
low viral loads (<2000 IU/mL), and liver damage is insignificant or 
undetectable (Panduro et  al., 2013). Furthermore, hepatocellular 
carcinoma associated with genotype H is rare in Mexico (Gomez-
Quiroz and Roman, 2022). These observations suggest that genotype 
H is not pathogenic for the Mexican population, likely due to a high 
degree of adaptation that developed over centuries of coexistence with 
the endemic host. Therefore, in this study, we aimed to determine the 
time of the most common ancestor (TMRCA) to trace the evolutionary 
history of HBV genotype H endemic to Mexico.

2. Materials and methods

2.1. HBV dataset

The study analyzed 92 HBV reverse transcriptase (RT) domain 
polymerase sequences (~1,251 bp), including 48 Mexican sequences of 
genotype H collected between 2005–2017 (one of which had 522 years of 
antiquity), 43 F1-F4 sequences collected between 1999–2017 to estimate 
the time genotype H diverged from F, and America’s oldest reported 
HBV sequence (CUN002) was used as the root (Kocher et al., 2021). 
Genetic information and data collection of the contemporary sequences 
were obtained from GenBank, while information on the ancestral HBV 
sequences was obtained from the publication of Kocher et al. (2021). 
Figure 1 provides a summary of the method used in the study.

2.2. Phylogenetic and Bayesian coalescent 
analysis

Before the Bayesian analysis, all HBV sequences were aligned with 
the ClustalW algorithm, and each HBV genotype was confirmed by 

phylogenetic analysis using HBV reference sequences from GenBank. 
These tests were carried out in Molecular Evolutionary Genetic 
Analysis Software v7.0.26. Next, the alignment was analyzed in the 
Jmodeltest v2.1.10 to select the nucleotide substitution model. Each 
HBV sequence was named with its country of origin, accession 
number, HBV genotype/sub-genotype, and data collection or 
archeological dating. The General Time Reversible (GTR) model was 
used as the nucleotide substitution model with an estimated base 
frequency. The site heterogeneity model was Gamma + Invariant Sites 
with four gamma categories. Coalescent Bayesian Skyline analysis was 
carried out using a strict and relaxed molecular clock. These settings 
were configured in BEAUti v1.10.4 software and ran in Beast Software 
v1.10.4. Bioinformatic experiments started with 10 million iterations 
and gradually increased until reaching values >200 Effective Sample 
Size (ESS) for each evolutionary parameter. Bayesian Skyline 
Reconstruction in Tracer v.1.6 software was used to infer changes in 
the number of HBV infections over time. Marginal likelihood values 
were compared using Akaike information criteria (AIC) with a 
bootstrap of 1,000 replicates. Lower AIC values suggested a better 
model fit. The tree of the best model fit was built with the maximum 
clade credibility (MCC) method with Tree-Annotator V1.10.4 
software, and the time of the most recent common ancestor (TMRCA) 
was expressed as mean and 95% Highest Posterior Density (HPD).

None of the HBV sequences from this study showed evidence of 
recombination, this was evaluated with the hepatitis B Virus 
phylogenetic typing tool available at https://www.genomedetective.
com/app/typingtool/hbv/.

3. Results

Four hundred million iterations were needed so that the 
evolutionary parameters achieved a mean value of 860 ESS (Table 1). 
Based on the AIC value, the relaxed model fitted better than the strict 
model (12827.9 vs. 12940.78). With this molecular clock, a mean 
evolutionary rate of 8.2 ×10−6 (95% HPD: 2.2×10−6 -1.5×10−5) 
substitutions/site/year for the RT domain of the polymerase gene 
was calculated.

The Bayesian Skyline reconstruction showed that from 15,500 to 
3,000 YBP, the number of HBV infections remained stable at ~10,000 
cases. However, during the period >3,000 to 1,500, there was a rapid 
increase in HBV infections (Figure 2A). According to our results, the 
TMRCA for the pre-genotype F/H was 15439.6 (95% HPD: 9021.6–
31058.7) years before the present (YBP) (Figure 2B and Table 1). The 
speciation event between genotype H and F occurred 8140.8 (95% 
HPD: 1867.5–18012.8) YBP. After that, genotype F began its process 
of diversification into the four major sub-genotypes (F1-F4) 4551.9 
(1311.1–1031.9) YBP (Table 1).

The TMRCA for Mexican genotype H sequences was 2070.9 (667–
4489.2) YBP (Figure 2C). Considering an average human generation 
time of 26.9 years (Wang et al., 2023), we calculated that genotype H 
has accompanied Mexico’s native populations for at least 77 
generations (2070.9 years x 1 human generation/26.9 years). During 
this period, four clusters were identified (H1, H2, H3, and H4). 
TMRCA of H1 was 1213.0 (253.3–2638.3) YBP, followed by H2 
1175.5(557.5–2424.2) YBP, H3 949.6 (279.3–2105.0) YBP, and H4 
1230.5 (336.3, 2756.7) YBP. Interestingly, the ancient Mexican 
genotype H (SJN013) was grouped in H2 (Figure 2C).
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4. Discussion

The HBV genotype H is more prevalent in Mexico than in any 
other region in the world (Roman et  al., 2014). Clinical evidence 
suggests that genotype H has developed a high degree of adaptation 
with the Mexican population, particularly with native populations 
(Roman et al., 2014). Tracing the evolutionary history of genotype H 
can provide insight into its origin, spread, and evolution within 
human populations.

Based on our results, we calculated that the pre-genotype F/H 
arrived in the Americas at 15,439.6 (9021–31058.7) YBP (Figure 3A); 
this time correlates with the last deglaciation of North America 
(21000–10,000 YBP) (Lora and Ibarra, 2019). The pre-genotype F/H 
could have emerged in Alaska-Yukon settlements that used the 

Coastal Route or Ice-free corridor to reach South America 19,000–
15,500 years ago (Lesnek et al., 2018). This finding would explain why 
some cases of genotype F have been found in Alaska’s indigenous 
populations (Livingston et al., 2007). Currently, the pre-genotype F/H 
is extinct, and the evidence supporting or rejecting this hypothesis 
could be found in the genetic information of human remains from the 
North American region. According to our results, the pre-genotype 
F/H has remained genetically stable until the split in H and F 8140.8 
(1867.5–18012.8) YBP. This time correlates with domestication of 
Cucurbita pepo (pumpkins) by the inhabitants of Oaxaca’s highlands 
of Mexico between 9,000–7,000 carbon-14 YBP (Smith, 1997). This 
finding suggests that the diversification of genotypes H and F could 
have occurred during the onset of plant domestication and the 
development of early societies among indigenous peoples (Smith, 

FIGURE 1

Workflow used to calculate the time to the Most Recent Common Ancestor (TMRCA) for genotype H. In total, 92 sequences were analyzed (48 
genotype H and 43 genotype F). In addition, the oldest sequencing of hepatitis B in America was used as the root. All sequences were aligned and 
subjected to Bayesian coalescence analysis.
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2006; Piperno, 2011). After the division into the F and H lineages, 
genotype F began its diversification 2,500 years before genotype H, 
indicating that the TMRCA of genotype F is older than the TMRCA 
of genotype H. This might be  explained by several reasons, one 

hypothesis is that the genotype F could have emerged in the first waves 
of human migration (Waters, 2019), while the genotype H emerged in 
a more recent migration. It is also possible that carriers of the genotype 
F may have taken faster migratory routes (Stoneking et al., 2023) than 
ancestors of the genotype H, leading them to experience a variety of 
environmental conditions that impacted the rate of evolution of the 
genotype F (Rasche et al., 2019; Lindo and Degiorgio, 2021). This 
factor together with geographic isolation could have originated the 
current F sub-genotypes (Mojsiejczuk et al., 2020). On the other hand, 
the civilizations carrying the genotype H prospered in Mexico and 
Central America, developing plant domestication, agriculture and 
building the city-states of Mesoamerica. In overall, the factors that 
contributed to the divergence of the two genotypes are complex and 
may include differences in migration routes, timing of migrations, and 
environmental conditions. It is important to continue studying the 
evolutionary history of HBV in the Americas to gain a better 
understanding of the genetic diversity of this virus and its impact on 
human health in the region.

On the other hand, the population reconstruction analysis 
identified an increase in HBV infections during the period >3,000 
to 1,500 YBP. Explaining this event is difficult due to limited 
historical information. However, several factors may have 
contributed to the spread of HBV infection in Mesoamerican 
societies. One possibility could be that the increase in population 
density in the city-states (Posth et al., 2018) led to more opportunities 
for HBV transmission through sexual contact. Additionally, large 
armies, often composed of men, would have increased the risk of 

TABLE 1 Estimated time to the Most Recent Common Ancestor (TMRCA) 
for genotypes H and F.

HBV cluster TMRCA 95% HPD Interval ESS

Root 15439.6 [9021.6, 31058.7] 901

F/H 8140.8 [1867.5, 18012.8] 901

H (Root) 2070.9 [667.5, 4489.2] 901

H1 1,213 [253.3, 2638.3] 800

H2 1175.5 [557.5, 2424.2] 901

H3 949.6 [279.3, 2105.0] 901

H4 1230.5 [336.3, 2756.7] 901

F (Root) 4551.9 [1311.1, 10031.9] 901

F1a 402.2 [8.7, 1141.1] 901

F1b 1269.1 [397.6, 3009.6] 901

F2a 987.2 [220.6, 2101.5] 901

F2b 856.5 [194.4, 1968.2] 901

F3 908.3 [106.7, 2182.8] 901

F4 1,164 [266.2, 2670.6] 901

HPD, Highest Posterior Density; ESS, Effective Sample Size.

FIGURE 2

Main results of the Bayesian skyline analysis. (A) Reconstruction of HBV infections in the last 15,000 years. T = 0 indicates the year 2017, which was the 
most recent collection date. While the shaded area highlights a period of rapid growth in the number of HBV infections. (B) Phylogenetic tree showing 
the evolutionary history of genotype H. Values at nodes indicate the time of Most Recent Common Ancestor (TMRCA). Each sample is named with its 
country of origin, ID access, genotype/sub-genotype, and collection date. (C) The TMRCA of the genotype H and values in brackets represent 95% 
highest posterior density interval of the estimation. Letters (H1-H4) indicate the main diversification events of genotype H since its origin in Mexico.
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HBV transmission in villages submitted by the Aztecs during the 
postclassic period (900–1,519 AD) (Garraty, 2006; Pennock, 2022). 
Another possible factor is that many cultures practiced human 
sacrifice, anthropophagy, and rituals that involved sexual activity 
(De Montellano, 1978; Evans, 1998). The increase in the number of 
HBV infections could also be influenced by the appearance of the 
current genotype H. Our molecular dating suggests that the 
genotype H emerged in Mexico 2070.9 (667.5–4489.2) YBP. This 
time is within the range published by Paraskevis et al. (2013), who 
dated the age of the genotype H to 4,100 (1500–7,100) YBP. It was 
also consistent with the results of Kocher et al., in 2021. However, it 
differs from that reported by Wolf et al. (2021), who calculated an 
age for the genotype H of 87 YBP. However, their analysis described 
the contemporary spread of genotype H to other countries. The 
differences with that study may be due to the limited availability of 
genotype H sequences that existed at that time. Here, we included 
calibration points resulting from anthropological studies with 
carbon-14 and maximized the number of genotype H sequences 
using the RT domain of the polymerase gene. Converting 
2,070.9 years to human generations, we estimate that HBV genotype 
H has accompanied the Mexican population for 77 generations, 
which could be necessary for genotype H to develop its high degree 
of adaptation with the indigenous population of Mexico. In addition, 
the TMRCA of genotype H coincides with the pre-classic period 
(2000 BC - 250 AD) in Mesoamerica (Figure 3B), when powerful 
civilizations such as the Olmecs in Veracruz, the Zapotecs in Oaxaca, 
and the Mayas in southern Mexico, Guatemala, Honduras, and 
northern Nicaragua appeared (Guernsey, 2010). This hypothetical 
distribution could explain why some cases of genotype H were found 
in Nicaragua (Arauz-Ruiz et al., 2002). Here, we report that genotype 

H has presented four major diversification events, denoted as H1, 
H2, H3, and H4. Most of these clusters had an average TMRCA 
>1,000 YBP. Interestingly, the ancestral genotype H (SNN013) was 
classified in group H2, suggesting that the virus’s descendants may 
circulate in Mexican patients. Future whole-genome studies are 
needed to confirm whether these clusters may be considered new H 
subgenotypes. In this study, it is proposed that the genotype H is 
endemic to Mexico and nearby regions to Mesoamerica. This 
hypothesis is supported by the high prevalence of genotype H in 
Mexico (Panduro et al., 2013). Additionally, the genotype H has been 
identified in native populations of Mexico (Roman et al., 2010; Jose-
Abrego et al., 2021), suggesting that it has been present in the region 
for a long time. Furthermore, it has been observed that the genotype 
H in Mexican Amerindian populations is less pathogenic, suggesting 
a high degree of adaptation between the virus and its host (Roman 
et al., 2014; Jose-Abrego et al., 2017). Notably, the identification of 
the genotype H sequence in human remains from Mexico (Kocher 
et al., 2021) adds weight to the idea that the virus has been present 
in the region for thousands of years. Here, we  estimate that the 
genotype H has accompanied the Mexican population for at least 
2070.9 years. However, in the future, with the new discovery of HBV 
in human remains in Mexico, particularly in the Yucatan peninsula 
(Macdonald et al., 2020), we do not rule out the possibility that 
genotype H may be even older than expected.

The results of this study correlate with the prehistoric migrations 
proposed by the Out-of-Africa hypothesis (Locarnini et al., 2021). 
However, due to the complex evolutionary history of HBV, it is likely 
that current or extinct HBV genotypes may have more than one 
pathway to explain their origin (Souza et al., 2014). For example, it 
has been proposed that recombination of the old HBV genotypes 

FIGURE 3

Potential routes of HBV spread in the Americas. (A) The pre-genotype F/H arrived in North America 15,439.6 Years Before Present (YBP) and split into 
two main lineages. Archaeological evidence suggests that the first HBV lineage reached the highlands of Peru at 9022 YBP. At the same time, the 
second lineage originated the genotypes F and H 8140 YBP. Populations carrying the genotype H remained in Mexico, while the genotype F carriers 
continued to travel until reaching South America. (B) Theoretical distribution of the genotype H considering the main cultures in Mesoamerica when 
the genotype H emerged 2070.9 YBP.
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could originate the current genotype A in Europe (Muhlemann 
et  al., 2018). Similarly, genotype I  could result from the 
recombination of the sub-genotype C2 and two extinct genotypes 
(Datta, 2020). On the other hand, the American HBV genotypes (F 
and H) are the most distant from the rest of the human genotypes 
and are related to HBV detected in New World Monkeys (Norder 
et al., 2004; De Carvalho Dominguez Souza et al., 2018). Due to their 
genetic similarities, it is suggested that the ancestor of genotypes F/H 
could have emerged in New World primates that arrived through 
transoceanic migration millions of years ago (Datta, 2020). This 
ancestor could have been able to jump to humans during the early 
colonization of the Americas. In addition, in 2013, five HBV-related 
sequences were identified in bats from Panama, the authors 
concluded that bats could be  ancestral sources of primate 
hepadnaviruses (Rasche et al., 2016). These findings suggest that the 
evolutionary history of genotypes F and H is very long and complex. 
Further studies are needed to confirm this hypothesis and to explore 
the possible role of other animal species, such as monkeys and bats, 
in the evolution of HBV.

Our study has several limitations that need to be considered 
when interpreting the results. Firstly, most HBV genotype H 
sequences were from western Mexico which may not 
be  representative of the entire population. Second, in order to 
maximize the sample size, this study focused on the RT domain of 
the polymerase gene that could explain only part of whole 
evolutionary history of HBV genotype H. Third, as with all studies 
based on Bayesian phylogenetic inference methods, several factors 
can affect the molecular dating and its 95% HPD interval, including 
heterochrony calibration points, sample size, choice of molecular 
markers, and fit nucleotide substitution model (Ho et al., 2011). 
Despite these limitations, our study provides valuable information 
about the evolutionary history of HBV genotype H in Mexico. It is 
important to note that this study is the largest to date that attempts 
to reconstruct the evolution and diversification of HBV genotype 
H. Our results support the hypothesis that the HBV genotype H is 
endemic to Mexico, particularly to the Mesoamerican region. Our 
study proposes the number of human generations required for the 
genotype H to develop its high degree of adaptation with native 
populations. Finally, this study highlights the importance of 
analyzing the virome of human remains and indigenous populations 
to elucidate the complete history of HBV genotype H and its 
relationship with other genotypes in the American continent.

In conclusion, this study traced the evolutionary history of 
genotype H from a Mesoamerican historical approach. The molecular 
data analysis revealed an estimated TMRCA of 2070.9 (667.5–4489.2) 
YBP coinciding with the development of the ancient Mesoamerican 
societies, highly spreading throughout the population between 
>3,000–1,500 YBP and experiencing at least four major diversification 
events since its emergence in Mexico.

Data availability statement

The datasets presented in this study can be  found in online 
repositories. The names of the repository/repositories and accession 
number(s) can be found in the article/Supplementary material.

Author contributions

AP and SR: conceptualization. AP, SR, JR-P, and SJA: methodology. 
SJA: validation. AJ-A, SR, and AP: formal analysis and investigation. 
AJ-A: data curation. AJ-A: writing-original draft preparation. SR, AP, 
and JR-P: writing-review and editing. SR: supervision. AP: funding 
acquisition. All authors contributed to the article and approved the 
submitted version.

Funding

This research was partly funded by Consejo Nacional de Ciencia 
y Tecnología (CONACYT), Grant Number CONACYT PN-2017-01-
5254 to AP and Programa de Apoyo a la Incorporación de NPTC. no. 
UDG-PTC-1439 to AJ-A. This work was part of AJ-A’s thesis to obtain 
the degree in Doctor of Science in Molecular Biology in Medicine, 
University of Guadalajara.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1180931/
full#supplementary-material

References
Alvarado-Mora, M. V., and Pinho, J. R. (2013). Distribution of HBV genotypes in 

Latin America. Antivir. Ther. 18, 459–465. doi: 10.3851/IMP2599

Alvarez-Munoz, M. T., Maldonado-Rodriguez, A., Rojas-Montes, O., Torres-Ibarra, R., 
Gutierrez-Escolano, F., Vazquez-Rosales, G., et al. (2014). Occult hepatitis B virus 
infection among Mexican human immunodeficiency virus-1-infected patients. World J. 
Gastroenterol. 20, 13530–13537. doi: 10.3748/wjg.v20.i37.13530

Arauz-Ruiz, P., Norder, H., Robertson, B. H., and Magnius, L. O. (2002). Genotype H: 
a new Amerindian genotype of hepatitis B virus revealed in Central America. J. Gen. 
Virol. 83, 2059–2073. doi: 10.1099/0022-1317-83-8-2059

Brichler, S., Lagathu, G., Chekaraou, M. A., Le Gal, F., Edouard, A., Deny, P., et al. 
(2013). African, Amerindian and European hepatitis B virus strains circulate on the 
Caribbean Island of Martinique. J. Gen. Virol. 94, 2318–2329. doi: 10.1099/vir.0.055459-0

https://doi.org/10.3389/fmicb.2023.1180931
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1180931/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1180931/full#supplementary-material
https://doi.org/10.3851/IMP2599
https://doi.org/10.3748/wjg.v20.i37.13530
https://doi.org/10.1099/0022-1317-83-8-2059
https://doi.org/10.1099/vir.0.055459-0


Jose-Abrego et al. 10.3389/fmicb.2023.1180931

Frontiers in Microbiology 07 frontiersin.org

Datta, S. (2020). Excavating new facts from ancient hepatitis B virus sequences. 
Virology 549, 89–99. doi: 10.1016/j.virol.2020.08.002

De Carvalho Dominguez Souza, B. F., Konig, A., Rasche, A., De Oliveira Carneiro, I., 
Stephan, N., Corman, V. M., et al. (2018). A novel hepatitis B virus species discovered 
in capuchin monkeys sheds new light on the evolution of primate hepadnaviruses. J. 
Hepatol. 68, 1114–1122. doi: 10.1016/j.jhep.2018.01.029

De Montellano, B. R. (1978). Aztec cannibalism: an ecological necessity? Science 200, 
611–617. doi: 10.1126/science.200.4342.611

Evans, S. T. (1998). Sexual politics in the Aztec palace: public, private, and profane. 
Anthropol. Aesthet. 33, 166–183. doi: 10.1086/RESv33n1ms20167007

Garraty, C. P. (2006). Aztec Teotihuacan: political processes at a postclassic and early 
colonial city-state in the basin of Mexico. Anc. Mesoam. 17, 363–387. doi: 
10.2307/25063064

Gomez-Quiroz, L. E., and Roman, S. (2022). Influence of genetic and environmental 
risk factors in the development of hepatocellular carcinoma in Mexico. Ann. Hepatol. 
27:100649. doi: 10.1016/j.aohep.2021.100649

Guernsey, J. (2010). A consideration of the quatrefoil motif in Preclassic Mesoamerica. 
Anthropol. Aesthet. 57, 75–96. doi: 10.2307/25769973

Ho, S. Y., Lanfear, R., Bromham, L., Phillips, M. J., Soubrier, J., Rodrigo, A. G., et al. 
(2011). Time-dependent rates of molecular evolution. Mol. Ecol. 20, 3087–3101. doi: 
10.1111/j.1365-294X.2011.05178.x

INAH (2012). Biological variability in the skeletal collection of the hospital real de San 
José de los Naturales. An approach through the technique of geometric morphometry. 
Available at: https://mediateca.inah.gob.mx/repositorio/islandora/object/tesis%3A1342 
(Accessed January 30, 2023).

INEGI (1995). Indigenous language speakers: Oaxaca. Available at: https://www.inegi.
org.mx/contenidos/productos/prod_serv/contenidos/espanol/bvinegi/productos/
historicos/2104/702825491703/702825491703_1.pdf (Accessed January 30, 2023).

Jose-Abrego, A., Panduro, A., Fierro, N. A., and Roman, S. (2017). High prevalence of 
HBV infection, detection of subgenotypes F1b, A2, and D4, and differential risk factors 
among Mexican risk populations with low socioeconomic status. J. Med. Virol. 89, 
2149–2157. doi: 10.1002/jmv.24913

Jose-Abrego, A., Roman, S., Rebello Pinho, J. R., De Castro, V. F. D., and Panduro, A. 
(2021). Hepatitis B virus (HBV) genotype mixtures, viral load, and liver damage in HBV 
patients co-infected with human immunodeficiency virus. Front. Microbiol. 12:640889. 
doi: 10.3389/fmicb.2021.640889

Kocher, A., Papac, L., Barquera, R., Key, F. M., Spyrou, M. A., Hubler, R., et al. (2021). 
Ten millennia of hepatitis B virus evolution. Science 374, 182–188. doi: 10.1126/science.
abi5658

Lesnek, A. J., Briner, J. P., Lindqvist, C., Baichtal, J. F., and Heaton, T. H. (2018). 
Deglaciation of the Pacific coastal corridor directly preceded the human colonization of 
the Americas. Science 4, eaar5040–eaar5048. doi: 10.1126/sciadv.aar5040

Lindo, J., and Degiorgio, M. (2021). Understanding the adaptive evolutionary histories 
of south American ancient and present-day populations via genomics. Genes (Basel) 12, 
1–12. doi: 10.3390/genes12030360

Livingston, S. E., Simonetti, J. P., Mcmahon, B. J., Bulkow, L. R., Hurlburt, K. J., 
Homan, C. E., et al. (2007). Hepatitis B virus genotypes in Alaska native people with 
hepatocellular carcinoma: preponderance of genotype F. J. Infect. Dis. 195, 5–11. doi: 
10.1086/509894

Locarnini, S. A., Littlejohn, M., and Yuen, L. K. W. (2021). Origins and evolution  
of the primate hepatitis B virus. Front. Microbiol. 12:653684. doi: 10.3389/fmicb. 
2021.653684

Lora, J. M., and Ibarra, D. E. (2019). The north American hydrologic cycle through 
the last deglaciation. Quat. Sci. Rev. 226, 1–71. doi: 10.31223/osf.io/8q5kz

Macdonald, B. L., Chatters, J. C., Reinhardt, E. G., Devos, F., Meacham, S., Rissolo, D., 
et al. (2020). Paleoindian ochre mines in the submerged caves of the Yucatan peninsula, 
Quintana Roo, Mexico. Sci. Adv. 6:eaba1219. doi: 10.1126/sciadv.aba1219

Mojsiejczuk, L., Torres, C., Flichman, D., and Campos, R. H. (2020). Long-term 
evolution of hepatitis B virus genotype F: strong association between viral diversification 

and the prehistoric settlement of central and South America. J. Viral Hepat. 27, 620–630. 
doi: 10.1111/jvh.13273

Muhlemann, B., Jones, T. C., Damgaard, P. B., Allentoft, M. E., Shevnina, I., Logvin, A., 
et al. (2018). Ancient hepatitis B viruses from the bronze age to the medieval period. 
Nature 557, 418–423. doi: 10.1038/s41586-018-0097-z

Norder, H., Courouce, A. M., Coursaget, P., Echevarria, J. M., Lee, S. D., 
Mushahwar, I. K., et al. (2004). Genetic diversity of hepatitis B virus strains derived 
worldwide: genotypes, subgenotypes, and HBsAg subtypes. Intervirology 47, 289–309. 
doi: 10.1159/000080872

Panduro, A., Maldonado-Gonzalez, M., Fierro, N. A., and Roman, S. (2013). 
Distribution of HBV genotypes F and H in Mexico and Central America. Antivir. Ther. 
18, 475–484. doi: 10.3851/IMP2605

Paraskevis, D., Magiorkinis, G., Magiorkinis, E., Ho, S. Y., Belshaw, R., Allain, J. P., 
et al. (2013). Dating the origin and dispersal of hepatitis B virus infection in humans 
and primates. Hepatology 57, 908–916. doi: 10.1002/hep.26079

Pennock, C. D. (2022). A warlike culture? Religion and war in the Aztec world. Hist. 
Anthropol. 34, 99–122. doi: 10.1080/02757206.2022.2060215

Piperno, D. R. (2011). The origins of plant cultivation and domestication in the New 
World tropics. Curr. Anthropol. 52, S453–S470. doi: 10.1086/659998

Posth, C., Nakatsuka, N., Lazaridis, I., Skoglund, P., Mallick, S., Lamnidis, T. C., et al. 
(2018). Reconstructing the deep population history of central and South America. Cells 
175, 1185–1197.e22. doi: 10.1016/j.cell.2018.10.027

Rasche, A., Sander, A. L., Corman, V. M., and Drexler, J. F. (2019). Evolutionary 
biology of human hepatitis viruses. J. Hepatol. 70, 501–520. doi: 10.1016/j.
jhep.2018.11.010

Rasche, A., Souza, B., and Drexler, J. F. (2016). Bat hepadnaviruses and the origins of 
primate hepatitis B viruses. Curr. Opin. Virol. 16, 86–94. doi: 10.1016/j.coviro.2016.01.015

Roman, S., Jose-Abrego, A., Fierro, N. A., Escobedo-Melendez, G., Ojeda-Granados, C., 
Martinez-Lopez, E., et al. (2014). Hepatitis B virus infection in Latin America: a genomic 
medicine approach. World J. Gastroenterol. 20, 7181–7196. doi: 10.3748/wjg.v20.i23.7181

Roman, S., and Panduro, A. (2013). HBV endemicity in Mexico is associated with 
HBV genotypes H and G. World J. Gastroenterol. 19, 5446–5453. doi: 10.3748/wjg.v19.
i33.5446

Roman, S., Tanaka, Y., Khan, A., Kurbanov, F., Kato, H., Mizokami, M., et al. (2010). 
Occult hepatitis B in the genotype H-infected Nahuas and Huichol native Mexican 
population. J Med. Virol. 82, 1527–1536. doi: 10.1002/jmv.21846

Smith, B. D. (1997). The initial domestication of Curcurbita pepo in the Americas 
10,000 years ago. Science 276, 932–934. doi: 10.1126/science.276.5314.932

Smith, B. D. (2006). Eastern North America as an independent center of plant 
domestication. PNAS 103, 12223–12228. doi: 10.1073/pnas.0604335103

Souza, B. F., Drexler, J. F., Lima, R. S., Rosario Mde, O., and Netto, E. M. (2014). 
Theories about evolutionary origins of human hepatitis B virus in primates and humans. 
Braz. J. Infect. Dis. 18, 535–543. doi: 10.1016/j.bjid.2013.12.006

Stoneking, M., Arias, L., Liu, D., Oliveira, S., Pugach, I., and Rodriguez, J. (2023). 
Genomic perspectives on human dispersals during the Holocene. Proc. Natl. Acad. Sci. 
U. S. A. 120:e2209475119. doi: 10.1073/pnas.2209475119

Tian, Q., and Jia, J. (2016). Hepatitis B virus genotypes: epidemiological and clinical 
relevance in Asia. Hepatol. Int. 10, 854–860. doi: 10.1007/s12072-016-9745-2

Velkov, S., Ott, J. J., Protzer, U., and Michler, T. (2018). The global hepatitis B virus 
genotype distribution approximated from available genotyping data. Genes (Basel) 9, 
1–14. doi: 10.3390/genes9100495

Wang, R. J., Al-Saffar, S. I., Rogers, J., and Hahn, M. W. (2023). Human generation 
times across the past 250,000 years. Science 9, eabm7047–eabm7045. doi: 10.1126/sciadv.
abm7047

Waters, M. R. (2019). Late Pleistocene exploration and settlement of the Americas by 
modern humans. Science 365:eaat5447. doi: 10.1126/science.aat5447

Wolf, J. M., Pereira, V., Simon, D., and Lunge, V. R. (2021). Evolutionary history of 
hepatitis B virus genotype H. J. Med. Virol. 93, 4004–4009. doi: 10.1002/jmv.26463

https://doi.org/10.3389/fmicb.2023.1180931
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.virol.2020.08.002
https://doi.org/10.1016/j.jhep.2018.01.029
https://doi.org/10.1126/science.200.4342.611
https://doi.org/10.1086/RESv33n1ms20167007
https://doi.org/10.2307/25063064
https://doi.org/10.1016/j.aohep.2021.100649
https://doi.org/10.2307/25769973
https://doi.org/10.1111/j.1365-294X.2011.05178.x
https://mediateca.inah.gob.mx/repositorio/islandora/object/tesis%3A1342
https://www.inegi.org.mx/contenidos/productos/prod_serv/contenidos/espanol/bvinegi/productos/historicos/2104/702825491703/702825491703_1.pdf
https://www.inegi.org.mx/contenidos/productos/prod_serv/contenidos/espanol/bvinegi/productos/historicos/2104/702825491703/702825491703_1.pdf
https://www.inegi.org.mx/contenidos/productos/prod_serv/contenidos/espanol/bvinegi/productos/historicos/2104/702825491703/702825491703_1.pdf
https://doi.org/10.1002/jmv.24913
https://doi.org/10.3389/fmicb.2021.640889
https://doi.org/10.1126/science.abi5658
https://doi.org/10.1126/science.abi5658
https://doi.org/10.1126/sciadv.aar5040
https://doi.org/10.3390/genes12030360
https://doi.org/10.1086/509894
https://doi.org/10.3389/fmicb.2021.653684
https://doi.org/10.3389/fmicb.2021.653684
https://doi.org/10.31223/osf.io/8q5kz
https://doi.org/10.1126/sciadv.aba1219
https://doi.org/10.1111/jvh.13273
https://doi.org/10.1038/s41586-018-0097-z
https://doi.org/10.1159/000080872
https://doi.org/10.3851/IMP2605
https://doi.org/10.1002/hep.26079
https://doi.org/10.1080/02757206.2022.2060215
https://doi.org/10.1086/659998
https://doi.org/10.1016/j.cell.2018.10.027
https://doi.org/10.1016/j.jhep.2018.11.010
https://doi.org/10.1016/j.jhep.2018.11.010
https://doi.org/10.1016/j.coviro.2016.01.015
https://doi.org/10.3748/wjg.v20.i23.7181
https://doi.org/10.3748/wjg.v19.i33.5446
https://doi.org/10.3748/wjg.v19.i33.5446
https://doi.org/10.1002/jmv.21846
https://doi.org/10.1126/science.276.5314.932
https://doi.org/10.1073/pnas.0604335103
https://doi.org/10.1016/j.bjid.2013.12.006
https://doi.org/10.1073/pnas.2209475119
https://doi.org/10.1007/s12072-016-9745-2
https://doi.org/10.3390/genes9100495
https://doi.org/10.1126/sciadv.abm7047
https://doi.org/10.1126/sciadv.abm7047
https://doi.org/10.1126/science.aat5447
https://doi.org/10.1002/jmv.26463

	Tracing the evolutionary history of hepatitis B virus genotype H endemic to Mexico
	1. Introduction
	2. Materials and methods
	2.1. HBV dataset
	2.2. Phylogenetic and Bayesian coalescent analysis

	3. Results
	4. Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material

	References

