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The frequency of mitochondrial DNA haplogroups (mtDNA-HG) in humans is known to be shaped by
migration and repopulation. Mounting evidence indicates that mtDNA-HG are not phenotypically
neutral, and selection may contribute to its distribution. Haplogroup H, the most abundant in Europe,
improved survival in sepsis. Here we developed a random forest trained model for mitochondrial
haplogroup calling using data procured fromGWAS arrays. Our results reveal that in the context of the
SARS-CoV-2 pandemic, HV branch were found to represent protective factors against the
development of critical SARS-CoV-2 in an analysis of 14,349 patients. These results highlight the role
of mtDNA in the response to infectious diseases and support the proposal that its expansion and
population proportion has been influenced by selection through successive pandemics.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) discovered
in Wuhan, China, in 2019, represented a global pandemic, responsible for
around 18.2 million deaths worldwide, considering only a period between
Jan 1st, 2020, and Dec 31st, 20211. Although, being SARS-Cov-2 the latest
pandemic with severe consequences, throughout historymankind has been
confrontedwith several infectious agents, which have shaped our genotype.
By extension this selective process has also shaped the mitochondrial DNA
(mtDNA), and the components encoded by it. From this perspective,
mitochondrial haplogroup (HG) markers are variations in mtDNA accu-
mulated in human populations due tomatrilineal inheritance, that allows to
trace individuals ancestry and the classification of individuals into HGs2.
Several of these HG markers determine amino acid changes in subunits
encoded by mtDNA of the oxidative phosphorylation system (OxPhos).
The OxPhos system represent an actual hub of integration of cell metabo-
lism, that must adapt to several physiological situations3.

Although most genetic studies analyzing susceptibility and severity
to human infectious diseases have focused on the immune system4, there
is evidence for the influence of mitochondrial HG on survival to sepsis,
relative to the degrees of heating that individuals can afford5. It is known
that the severity of SARS-CoV-2 is highly correlated with the comor-
bidities, age and sex of the patients6,7. Therefore, in relation to these
known risk factors, in this study we demonstrate the relevance of
mitochondrial HV branch (HGs H, V and HV) as protective factor for
SARS-CoV-2 severity independent of general genetic background,

comorbidities, age or sex, reinforcing the idea that mitochondria play a
relevant role in the outcome of infectious disease.

Results
Development of amachine learningmodel to performHG calling
The mitochondrial HGs were identified using a random forest model
trained on the genotypes of 189 positions/probes from our GWAS array, as
features. These probes were selected based on two criteria: they cover HG
markers as defined by MITOMAP, and they demonstrate sufficient probe
quality. This model was initially trained on 61,134 sequences from the
MITOMAP database. These sequences were pre-labeled using Haplogrep2,
which leverages HG markers across the entire mitochondrial genome,
rather than just the 189 positions that constituted our training dataset. We
subsequently validated our random forest model externally by applying the
same 189 positions to individuals from the 1000 Genomes Project8, who
were similarly labeled using Haplogrep29, based on full mitochondrial
sequence data (Fig. 1, see methods). This approach allowed us to determine
mitochondrial HGs with a level of reliability determined by 3-fold cross-
validation (3-fold CV) in training data-set by Cohen’s kappa coefficient, κ=
0.98. On the other hand, the accuracy obtained in external validation was
κ=0.95. Therefore, this machine learning approach has enough accuracy to
determine the HG of our samples. Thus, using this ad hoc tool, we per-
formedmitochondrialHGcalling of the 14,349 patients participating in this
study obtaining the HG distribution (Table 1).
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Analysis of HGas independent risk factors for COVID-19 severity
Then, we evaluated HGs as independent risk/protective factors of COVID-
19 severity from comorbidity, genetic background, sex, and age. As we only
had comorbidity data for the SCOURGE cohort (cases), the analysis was
performed in two ways, first considering the SCOURGE cohort and then
including the control patients in the analysis. When analyzing the
SCOURGEcohort only 8,778out of 8,894have comorbidity information. In
a first step, regressors to be considered were filtered out according to their
significance inunivariatemodels. This univariate analysis conductedusing a
logistic regression model as the initial step, revealed that out of all the
consideredHGs, only theHV branch emerged as a protective factor against
severe disease (Supplementary Table S1). Furthermore, the univariate
analysis of comorbidities indicated that ahistoryof vascular, digestive, onco-
hematologic, and respiratory diseases were risk factors, while a history of
neurological disease appeared protective. Cardiac disease history was not
significant in our cohort (SupplementaryTable S1). Among the 10 principal
components representing genetic background, only PC1 and PC3 were
significant (Supplementary Table S1). As expected, age was a risk factor for
disease severity, as well as sex also emerged as a risk factor in the same
direction to that previously described by other authors7. Then, to generate a
more robust global multivariate model, avoiding possible collinearities and
problems derived from the excessive complexity ofmultivariatemodels, the
global model was built based on the evidence collected from partial multi-
variatemodels. Therefore, given the significant risk factors identified before,
the independence of the HV branch as a protective factor against severe
disease was evaluated initially across four different settings, resulting in four
distinct multivariate models. These models assessed the HV branch's
independence in relation to comorbidities, genetic background, age, and sex
(Supplementary Table S2). Firstly, in multivariate model considering sig-
nificant comorbidities, the HV branch remained a protective factor against
vascular or respiratory comorbidities, while neurological comorbidities also
remained protective. The multivariate model for genetic background
revealed that both the HV branch and PC1 had protective main effects.
Interestingly, when examining the HV branch's independent effect con-
cerning sex, the HV branch was not significant, while the risk effect for sex
persisted in this population (Supplementary Table S2). However, a sig-
nificant female bias for theHVbranchwas observed (Fisher test: OR=0.898,
CI=0.825-0.977, p-value=0.0118). Then, we explore the univariate analysis

of the interaction between the HV branch and sex, that showed a similar
trend (OR=1.965; CI=1.719-2.242), indicating that males with the HV
branch had almost twice probability of developing severe COVID-19.
Lastly, in the multivariate model with age, the HV branch maintained its
protective effect, and the expected increased risk due to aging was observed
(Supplementary Table S2).

By combining the findings from all these multivariate models, the
global multivariate model confirmed the same effects for all features, with
the HV branch being independently protective against SARS-CoV-2
severity (Table 2). Furthermore, we tested the relevance of HV branch,
comparing nestedmodels deleting theHVbranch frommultivariatemodel,
using ANOVA test, confirmed the relevance and strength of mitochondrial
HV branch condition as protective factor (p<0.01**).

Once the regressor effects of mitochondrial HGs on the severity of
COVID-19 in the SCOURGE cohort were analyzed, we proceeded to their
evaluation, also including all the patients (Cases+Controls=14,379
patients), repeating the same strategy. Information on comorbidities is lost
in this analysis. Additionally, the models were adjusted to account for
potential population stratification arising from themanagement of different
cohorts (with cases represented by the SCOURGE cohort and controls).
This was addressed by applyingmixed-effects models. These mixedmodels
are crucial for ensuring that the results ofHGassociation are robust, reliable,
and accurately reflect true biological relationships rather than being influ-
enced by population structure artifacts. Univariate analysis of all considered
features, leave that HGs HV branch, I, U, K and J showed correlation with
disease severity, having HV branch and I a protective role, being HGs U, K
and J risk factors (Supplementary Table S3). Regarding genetic background
as principal components, all PCs were significant but PC2 and PC7, that
were discarded for downstream analysis (Supplementary Table S3). Finally,
as observedwhen analyzing SCOURGEcohort, age and sexwere risk factors
and in the same direction, (Supplementary Table S3). Next, significantHGs
were evaluated in multivariate models to check independent effects in 3
frames: regarding sex, age and genetic background, (Supplementary
Table S4). Evaluating the independent effects of HGs and sex on disease
severity, only the HV branch emerged as a significant protective factor,
independent of sex (Supplementary Table S4). Exploring the existence of
significant interactions between both features, it was found that there were
not significant interactions (ANOVA over nested models: p-value=1). In

Fig. 1 | Workflow followed to train machine
learning model to perform mitochondrial HG
calling.The left panel shows the strategy for training
a random forest model to classify subjects into
mitochondrial HGs, while the right panel outlines
how to perform external validation of the trained
random forest model. *This process of 3-fold cross-
validation (3-fold CV) is different from the 3-fold
CV fine-tuning search of hyperparameters.
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Table 1 | Characterization of the patients participating in the study

Global Case Control Male Female ≥65y <65y Severe No-Sev

N 14,349 8894 5455 6988 7361 4922 9417 1124 13,225

Age mean±sd 58.7 ±17.3 62.2 ±17.9 53.1 ±14.8 58.6 ±16.3 58.8 ±18.3 78.2 ±9.0 48.6 ±10.7 65.4 ±13.0 58.2 ±17.5

Female 7361 4784 2577 – – 2478 4883 310 7051

Male 6988 4110 2878 – – 2444 4544 814 6174

HV branch (%) 7731 (53.88) 4792 (53.88) 2939 (53.88) 3680 (52.66) 4051 (55.03) 2648 (53.8) 5083 (53.91) 572 (50.89) 7159 (54.13)

Hg H (%) 6627 (46.18) 4088 (45.96) 2539 (46.54) 3158 (45.19) 3469 (47,12) 2240 (45.51) 4387 (46.54) 488 (43.42) 6139 (46.42)

Hg U (%) 2035 (14.18) 1278 (14.37) 757 (14.37) 1045 (13.45) 990 (14.95) 687 (13.96) 1348 (14.3) 169 (15.03) 1866 (14.11)

Hg K (%) 985 (6.86) 600 (6.75) 385 (7.06) 482 (6.8) 503 (6.9) 357 (7.25) 628 (6.66) 88 (7.83) 897 (6.78)

Hg J (%) 1277 (8.90) 806 (9.06) 471 (8.63) 622 (8.9) 655 (8.9) 435 (8,84) 842 (8.93) 106 (9.43) 1171 (8.85)

Hg T (%) 1159 (8.08) 684 (7.69) 475 (8.71) 575 (8.23) 584 (7.93) 384 (7.8) 775 (8.22) 97 (8.63) 1062 (8.1)

Hg V (%) 633 (4.41) 402 (4.52) 231 (4.23) 299 (4.28) 334 (4,54) 228 (4.63) 405 (4.3) 49 (4.36) 584 (4.42)

Hg HV (%) 471 (3.28) 302 (3.39) 169 (3.1) 223 (3.19) 248 (3.37) 180 (3.66) 291 (3.1) 35 (3.1) 436 (3.3)

Hg X (%) 224 (1.56) 150 (1.69) 74 (1.36) 111 (1.59) 113 (1.54) 93 (1.89) 131 (1.39) 16 (1.42) 208 (1.57)

Hg I (%) 212 (1.48) 120 (1.35) 92 (1.69) 105 (1.45) 107 (1.5) 61 (1.24) 151 (1.6) 15 (1.33) 197 (1.5)

Hg W (%) 152 (1.06) 109 (1.22) 43 (<1%) 85 (1.22) 67 (<1%) 56 (1.14) 96 (1) 12 (1) 140 (1)

Hg M (<1%) 107 60 47 62 45 38 69 7 100

Hg L3 (<1%) 105 64 41 48 57 36 69 8 97

Hg R (<1%) 87 55 32 44 43 24 63 7 80

Hg L2 (<1%) 76 53 23 40 36 32 44 9 67

Hg L1 (<1%) 68 44 24 36 32 28 40 10 58

Hg N (<1%) 66 37 29 26 40 24 42 4 62

Hg B (<1%) 24 16 8 9 15 8 16 2 22

Hg A (<1%) 10 8 2 7 3 1 9 1 9

Hg D (<1%) 10 6 4 3 7 5 5 0 10

Hg P (<1%) 8 4 4 5 3 0 8 1 7

Hg C (<1%) 4 2 2 1 3 3 1 0 4

Hg L0 (<1%) 3 3 0 1 2 2 1 0 3

Hg F (<1%) 3 1 2 0 3 0 3 0 3

Hg G (<1%) 1 1 0 1 0 0 1 0 1

Hg E (<1%) 1 1 0 0 1 0 1 0 1

Hg L4 (<1%) 1 0 1 0 1 0 1 0 1

Cardiac – 1055 – 632 423 846 209 154 902

Respiratory – 901 – 563 338 598 303 190 711

Vascular – 4,081 – 2200 1881 2730 1351 682 3394

Nervous – 770 – 340 430 655 115 80 690

Onco-Hem. – 646 – 410 236 479 167 104 542

Digestive – 264 – 153 111 172 92 45 219

Mitochondrial HG determined by machine learning.

Table 2 | Results ofmultivariate logistic regressionmodel for SARS-Cov2 severity in SCOURGEcohort, includingmitochondrial
HG genotype information

Feature Coefficient Std. error P-value OR CI 95%

HV branch −0.70148 0.21793 <0.01** 0.496 0.324–0.760

Vascular 0.45792 0.07472 <0.001*** 1.581 1.366–1.831

Neurological −0.47463 0.12947 <0.001*** 0.622 0.480–0.797

Respiratory 0.40721 0.09315 <0.001*** 1.503 1.24942659–1.800

PC1 −2.15774 0.49375 <0.001*** 0.116 0.044–0.3019

HV branch x PC1 0.45545 0.66205 <0.001*** 6.714 1.836–24.612

sex 1.14988 0.07176 <0.001*** 3.158 2.746–3.639

age 1.90422 0.22709 <0.05* 6.714 1.836–24.612

Level of significance represented as ***p < 0.001, **p < 0.01 and *p < 0.05.
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partial scenario analyzing HGs and age, again only HV branchwas selected
as protective feature in the multivariate model obtained, not showing
interactionwith age (ANOVA fornestedmodels: p-value=0.424). Finally, in
multivariate model considering genetic background context, again HV
branch was the only HG explanatory for SARS-Cov2 severity, joined with
PC1 and PC3, showing interactionwith PC1 (ANOVAover nestedmodels:
p-value<0.01**), as also was observed when analyzing only SCOURGE
cohort (Supplementary Table S4). Gathering the performance of regressors
in these three frames, a global multivariate model was assembled, con-
firming protective role ofHVbranch in this disease, aswell as the fact that its
effect is different depending on the genetic background, as observed by the
significance of the interaction between PC1 and HV branch (Table 3).

Analysis of energy changes in in silico models determined by
major haplogroup markers
Next, to assess the potential structural impact ofmissense variants identified
by major HGmarkers, we analyzed the energy variations they cause within
in silico models following rosetta Flex-ddG protocol10. Regarding these in
silico results calculated with respect to the reference mtDNA sequence11, in
HGs J and T respiratory complex I (CI) showed a significant stabilization,
while HG K presented a significant destabilization, remaining HV branch
HG U and T unaltered (Fig. 2, left panel). All analyzed HGs presented
significant levels of destabilization for complex III (CIII2), except for HV
branch (Fig. 2, middle panel). Finally, in complex V (CV), only HG K
presented a significant destabilization (Fig. 2, right panel). No major HG
markers causing missense variations are affecting complex IV genes.

Discussion
Since 2019, the global pandemic caused by the SARS-Cov-2 virus (COVID-
19) spread rapidly with serious implications all around the world. However,

humans have faced numerous pandemics and epidemics, which likely acted
as a selective force in human evolution. By the same token, HG H (largest
representation of the HV branch) is the most frequent HG in European
population, representing 37–58%12. However, in a study performed in 54
individuals from Upper Paleolithic and Early Neolithic from Northern
Spain, ancient hunter-gatherer samples were mainly fromHGU (50-80%),
while laterNeolithic samples resultedmore heterogeneous differing on their
proportions inHGs J,UandH13.Viewed in thisway, since theHGHarrived
in Europe from the Near East (22,000 BP), HG H increased its proportion,
being almost 19% in Linear Pottery Culture (Neolithic), increasing the
frequency toa 44%duringNeolithic as observed in samples from theBasque
Country and Navarre13,14. Nevertheless, the HG H has undergone a multi-
faceted and dynamic history in Europe, shaped bymigrations, demographic
shifts, andpossibly selective pressures suchdiseases. In this studywe explore
the hypothetical contribution of disease linked selective pressures. Thus, in
Europe,HGHhasbecome ina relatively short evolutionaryperiod, themost
frequent one. To preserve such a high frequency, HG Hmay provide some
evolutionary advantage, constituting a clear example of evolutionary
selection during historical time in human evolution. In this process of
selective sweep, pandemic/epidemic events must have been an important
keystone. In this context, Yersinia pestis is one of the deadliest pathogens for
humans. During the second pandemic (Black Death) alone, it wiped out at
least 30% of the European population, illustrating how a pandemic can
influence the genetic landscape related to immune response. However, to
date, there is no consistent evidence linking this to mitochondrial HGs4.

In this regard, although survival to infectious diseases is a multi-
factorial issue, the advantage conferred by HG H in pandemics/epidemics
could be a relevant factor. As an example, Chinnery et al, described an
overcome in survival to sepsis event in ICU patients by HG H patients
compared against remainingHGs5. They reported thatHGHpatients could
withstand a higher core temperature than the rest of the HGs, so they
proposed fever as a possible cause of the survival differences.

Interferon release by virus infected cells is part of the innate immune
response, that promotes several pathways to control virus replication/
infection15. Bearing this in mind, it is known that fever enhances the
immune response against virus infection, boosting both innate and adaptive
immune response to virus16–20. In the samedirection, it is known that the use
of antipyretics is associatedwith increasedmortality21–23. The fever produces
shivering as part of the strategy of increasing core temperature, that
increases metabolic rate sixfold above basal levels24, where mitochondria
have a key role in heat production. It is known, that sustained high tem-
perature above the physiological threshold (heat stress) can induce per-
manent mitochondrial dysfunction that leads to cytotoxic ROS production
triggering cell death25,26. Furthermore, it has been described recently, that
respiratory complexes, especially complex I and structures derived from
respiratory complexes assembly called supercomplexes are unstable at
temperatures above 43ºC, both in intact cells and isolated mitochondria27.

Table 3 | Results of multivariate logistic regression model for
SARS-Cov2 severity in SCOURGE+Control cohort, including
mitochondrial HG genotype information

Feature Coefficient Std. error P-value OR CI 95%

HV branch −0.72041 0.22033 <0.01** 0.487 0.316–0.749

PC1 −2.35113 0.49937 <0.001*** 0.095 0.036–0.25

PC3 −1.62667 0.36593 <0.001*** 0.197 0.096–0.403

HV branch
x PC1

1.97794 0.67010 <0.01** 7.228 1.944–26.878

sex 1.22007 0.07102 <0.001*** 3.387 2.947–3.893

age 1.05173 0.19806 <0.001*** 2.863 1.942–4.220

Level of significance represented as ***p < 0.001, **p < 0.01 and *p < 0.05.

Fig. 2 | Stability changes by respiratory complex,
determined by major mitochondrial HGmarkers.
All HGs are compared to a reference model deter-
mined according to the Cambridge reference
sequence (NC_012920). Only mitochondrial HGs
thatwere significant riskmodulators for SARS-Cov2
severity are represented. According to the devel-
opers of the rosetta Flex.ddG protocol, significant
energetic changes can be considered above or below
± 1Kcal/mol (red lines). AlthoughCIV also contains
three subunits encoded by mtDNA, this respiratory
complex is not represented, as none of the described
mitochondrial HG markers produce amino acidic
changes.
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As a result, greater resilience to sustained high temperatures could be evo-
lutionarily favored for combating infectious diseases, particularly through
changes that reduce OxPhos capacity fatigue, such as mutations in OxPhos
structures associated with certain HG markers. In this context, a recent
study has shown that elevated temperature (39 ºC) significantly influences
the metabolism of the electron transport chain (ETC), particularly
impacting complex I. This leads to increased ROS production and the
activation of selective apoptosis in TH1 lymphocytes28. TH1 cells play a
critical role in cellular immunity against intracellular pathogens, especially
through the production of INF-γ in response to viral infections. As a result,
variations in tolerance to hyperthermia, caused by small structural differ-
ences determined by mitochondrial HGs, could directly affect the effec-
tiveness of TH1-mediated antiviral responses.

In this study, we confirmed that HGs significantly influence the
severityof SARS-CoV-2,with theHVbranchspecifically having aprotective
role. This remains relevant today, as its effects are still evident, despite
significant medical advances in combating infectious diseases that have
reduced the correlation between susceptibility, severity, and survival.

Regarding the flex-ddG analysis, it is important to note that the HG
markers analyzed are highly prevalent in human populations, so that under
normal physiological conditions they would not represent any decrease in
OxPhos fitness. However, under extreme conditions such as hyperthermia,
tolerable differences in RCs’ stability under normal physiological condi-
tions, could represent a real decrease in stability and a key role in disease
outcome. Interestingly, only the HV branch shows no significant destabi-
lization in any RC induced by top-level HG markers. It is important to
notice that Flex-ddG in silico analysis has the limitation that the same
genetic background is used, making it impossible to rule out that the
observed effects are due to specific mito-nuclear interaction with this
nuclear environment of the OxPhos system. However, this same limitation
is accepted for the use of cybrid models, a technology widely used to pre-
cisely determine mitonuclear interactions. However, the goal of our Flex-
ddG modeling was to generate in silico mechanistic hypotheses based on
observations of the analyzed population.

In the same line of our outcomes, it has been described that HG
markers linked to HG H as 7028C is protective against severe COVID-19
disease29. The results provided by our multivariate model, based on data
drawn from such a large cohort of patients, provide important evidence for
the role of mitochondrial HGs as modulating factors in the risk of devel-
oping the severe form of the disease, regardless of the genetic background,

comorbidities, age or sex of the patients. In addition, from an evolutionary
perspective, these outcomes confirm the relevance of H30 and furthermore
OxPhos genotype in the defense to an infectious pathogen.

Methods
Sample processing and genotyping
Data from a total of 11,977 COVID-19-positive cases were recruited as part
of the SCOURGE study (https://www.scourge-covid.org) from 34 hospital
or research centers across Spain between March and December 2020.
Samples and data were collected by the participating centers through their
respective biobanks after informed consent. The whole project was
approved by the Galician Ethical Committee, ref.: 2020/197. Additionally,
5,943 people with unknown COVID-19 status were included as population
controls: 3,437 samples from the Spanish DNA biobank (https://www.
bancoadn.org) and 2,506 samples from the GR@CE consortium. All ethical
regulations relevant to human research participants were followed.

GenomicDNAwas obtained from peripheral blood and isolated using
the Chemagic DNA blood100 kit (PerkinElmer Chemagen Technologies
GmbH), following the manufacturer's recommendations. Genotyping was
performedusing theAxiomSpainBiobankArray (ThermoFisher scientific,
Waltham, MA, USA) according to the manufacturer's instructions in the
Santiago de Compostela Node of the National Genotyping Center (CeGen-
ISCIII). This array contains 757,836markers and is enriched in rare variants
selected in the Spanish population.

Details concerning the sample processing and quality control can be
found in the first report describing the European GWAS of this
consortium31. All individuals included in the analysis were of European
ancestry. Ancestry was inferred with Admixture32 using defined 1KGP
superpopulations. Those individuals with an estimated probability >80% of
pertaining to European ancestry were defined as European (N=15,571)31.
After down-sampling individuals with missing values for disease severity,
sex or age, we obtained an effective dataset of 14,349 individuals (8,894
COVID-19 positive cases and 5,455 population controls). In these indivi-
duals’ genomic principal components (PCs) were computed using a LD-
pruned (r2 < 0.1 with a window size of 1000 markers) subset of genotyped
SNPs passing quality check for controlling the population structure in the
posterior analyses (Fig. 3).

HG calling using machine learning
Wedevelopedan adhocmethod toperformmitochondrialHGcalling from
GWAS array data, based in machine learning (Fig. 1). The Axiom Spain
BiobankArray covers up to 231mitochondrial confident positions. Around
189 out of these 231 positions were positions linked toHGmarkers and the
probes that define the genotype in our array have enough quality. Our goal
was to train a random forest classifier using 189 positions (which define the
variables for the random forest) from 61,134 HG-labeled sequences
obtained from theMitomap database.We employed 3-fold cross-validation
to fine-tune the model's hyperparameters (Fig. 1, left panel). The hyper-
parameters were restricted to the number of variables randomly sampled as
candidates at each split (5, 10, 20, 40, or 60). Model error was first assessed
using a 3-fold cross-validation loop on the training dataset, with hyper-
parameter fine-tuning conducted within each cycle (obtained by nested
cycles of 3-fold CV,mentioned before). Thus, the error wasmeasured as the
mean of Cohen’s kappa calculated for each cross-validation cycle. Next,
external validationof thismodelwasundertookusingPublicly available data
from the third phase of 1,000 genome project8. In this samples, the SNPs
collected from full length mtDNA were used to call HG using haplogrep29.
Finally, we use our model to predict HGs in our 14,749 patients, based on
genotype information for the 189 positions. (Fig. 1, right panel). An app
powered by shiny (https://shiny.posit.co/) will be available at https://github.
com/Cabrera-alarcon/GENOXPHOS.

Analysis of HGs as independent risk factors
To assess the value of HGs as independent risk factor for the severity of
SARS-CoV-2, we analyzed only HGs with frequencies >1% (H, HV, V, J, T,

Fig. 3 | Principal component (PC) analysis summarizing genetic variability Cases
Vs Controls. A plot depicting the two main PC, cases (n=8894) Vs controls
(n=5455), that gathers that main amount of overall genetic variability based in
GWAS array.
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U, K, I, W and X). Severe disease development was considered for patients
with fatal outcome, admission to the ICU or the need for mechanical ven-
tilation (invasive or noninvasive). Additionally, HGs were connected by
branches based on top-level MITOMAP HG markers (present in ≥80% of
HGs) that result in amino acid changes in mitochondrial DNA encoded
OxPhos subunits. The missense status of these top-level HG markers was
predicted using the variant effect predictor33 (Supplementary Data 1). As a
result, HGs H, V, and HV were grouped together under the HV branch.

Thenweassessed explanatorymeaningofHGs for SARS-Cov2 severity
in two groups, the SCOURGE cohort (those are our case group, for which
we have comorbidity information for 8,778 out of 8,894) and the global
group of patients represented by the SCOURGE+Control patients
(8,894+5,455).

Initially, we examined the impact of potential explanatory variables by
fitting a univariate logistic regression model to study these effects in the
SCOURGE cohort. For the analysis across all patients, we employed a
mixed-effects logistic regression model to account for the population stra-
tification into cases and controls as a random effect. To fit such mixed-
effects models we used lme4 v-1.-35.3 R-package34. Five groups of features
were considered, HGs, comorbidities, genetic background, sex and age. The
comorbidities were represented by the patient's cardiac history (ischemic
heart disease, heart failure, cardiac arrhythmia or peripheral vascular dis-
ease), vascular history (arterial hypertension, hypercholesterolemia,
uncomplicated diabetes mellitus, diabetes mellitus with visceral repercus-
sions, obesity), digestive antecedents (Peptide ulcer, Chronic liver disease
without portal hypertension, Chronic liver disease with portal hyperten-
sion), nervous system antecedents (Cerebrovascular disease such as
infarction or hemorrhage without sequelae or minimal sequelae, with
hemiplegia or paraplegia, dementia or other neurological disease), respira-
tory history (Chronic Obstructive Pulmonary Disease or other chronic
respiratory disease) andoncological or oncohematological history (localized
solid tumor, metastatic solid tumor, leukemia, lymphoma or bonemarrow/
hematopoietic precursor transplant). The genetic background was esti-
mated as to summarize genetic variability as the 10 principal components
determined from genotype matrix. Since many of these variables were
dichotomous and the quantitative variables (genetic background and age)
were on very different scales, a min-max normalization of the data was
performed.

Next, the regressors that were significant in univariate models were
evaluated by assembling multivariate models. Initially, we assessed the
significant HGs from the univariate models across four different scenarios,
resulting in four distinct multivariate models. These models tested the
independent effects of the HGs: one considering only comorbidities (in the
SCOURGE cohort), one accounting for genetic background, another
checking for independent effects with sex and age. During this process,
feature selection was conducted using a stepwise backward strategy, redu-
cing the Akaike information criterion (AIC) for the main effects. Once the
features were selected, potential interactions between HGs and other fea-
tures were explored by analyzing the relevance of their inclusion in the
model through ANOVA tests comparing nestedmodels. The same strategy
was applied to evaluate the importance of includingHGs in thefinalmodels.
Finally, based on the information obtained from these partial multivariate
models, a global model was fitted, both when considering only SCOURGE
cohort and when studying SCOURGE+Controls. In these models, strati-
fication of analyzed population was considered as aleatory effect. In all
models a threshold for significance of 0.05 was adopted.

Analysis of energy changes in in silico models determined by
major HGmarkers
Further analyses were performed to evaluate in our in-silico models (Cab-
rera-Alarcon & Enriquez, manuscript submitted), to assess whether
observed results of significant HGs from multivariate mixed effect logistic
regression correlate with changes in OxPhos complexes stability by ana-
lyzing residue changes determined by major HG markers gathered from
MITOMAP. Structural consequences oh HG markers were determined

using Variant Effect Predictor33. For this purpose, changes in the strength
that bind subunits assembled in OxPhos complexes due to residue changes
were studied following the rosetta Flex-ddG protocol10. According to
developers of this tool significant energy changes can be considered from±1
Kcal/mol.

Data availability
All data used to develop machine learning models are publicly available in
Mitomap: (https://www.mitomap.org/foswiki/bin/view/Main/WebHome)
and The International Genome Sample Resource (https://www.
internationalgenome.org), and materials that are not available in the main
text, the supplementarymaterials or github repositorywill be available upon
request. Summary statistics from the SCOURGE Latin-American GWAS
will be available at https://github.com/CIBERER/Scourge-COVID19. Raw
genotype or phenotype data cannot be made available due to restrictions
imposed by the ethics approval.

Code availability
Code use in this study will be available at https://github.com/Cabrera-
alarcon/GENOXPHOS.
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Gladys Estigarribia Sanabria136, María Carmen Fariñas59,60,137, Ramón Fernández59,138, Lidia Fernández-Caballero3,40,
Ana Fernández-Cruz139, Silvia Fernández-Ferrero25, Yolanda Fernández Martínez25, María J. Fernandez-Nestosa140,
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Madrid, Spain. 52Centre for Biomedical Network Research on Mental Health (CIBERSAM), Instituto de Salud Carlos III, Madrid, Spain. 53Fundación Hospital Infantil
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Brasília, Brazil. 57Colégio Marista de Brasilia, Brasília, Brazil. 58Associaçaõ Brasileira de Educaçaõ de Cultura, Ribeiraõ Preto, Brazil. 59IDIVAL, Santander, Spain.
60Universidad de Cantabria, Santander, Spain. 61Hospital Universitario La Paz-IDIPAZ, Servicio de Medicina Interna, Madrid, Spain. 62Fundació Docència I Recerca
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Maranó̃n (iiSGM), Madrid, Spain. 154Ministerio de Salud Ciudad de Buenos Aires, Buenos Aires, Argentina. 155Genomics Division, Instituto Tecnológico y de Energías
Renovables, Santa Cruz de Tenerife, Spain. 156Hospital Clinico Universitario de Valladolid, Unidad de Apoyo a la Investigación, Valladolid, Spain. 157Universidad de
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IIB-SantPau,Barcelona,Spain. 236UnidaddeCuidados Intensivos,HospitalClínicoUniversitariodeSantiago (CHUS),SistemaGalegodeSaúde (SERGAS),Santiagode
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