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native all’ecosistema amazzonico. 

gruppo di geni che sono coinvolti nell’infezione 





STATO DELL’ARTE

americano, nota per il suo clima tropicale e l’incredibile diversità bi
Nonostante sia un’ambiente ricco di nutrienti, presenta vari ostacoli per la 
sopravvivenza umana: la scarsa penetrazione della luce, l’elevata diversità di 
agenti patogeni, l’instabilità delle risorse alimentari contribuiscono a forti 

all’anno. Altri 65

(miocardiopatia chagasica cronica), l’apparato digerente e intestinale e, in misura 



adattamento all’ambiente della foresta pluviale amazzonica, in particolare per 



orientali dall’Huma

hg19 dell’assemblaggio del genoma a quell

inferiore al 5% o con più dell’1% di dati mancanti

Il passo successivo è stata l’annotazione genomica, che ha permesso di ricavare 

sono stati mappati al riferimento pubblico dell’Axiom Human Origin SNP Array.

metodi basati sull’omozigosi 
dell’aplotipo esteso (XP



confrontando l’omozigosi degli aplotipi tra popolazioni

rari e perciò anch’essi rimossi. Considerando come popolazione focale i nativi 

È stata fatta un’assunzione: a causa del linkage disequilibrium, una variante 

. Per questo, l’approccio utilizzato considera i risultati 

≤
e l’analisi 

Prima di proseguire con l’analisi, è stato costruito un modello demografico 
assumendo una stasi in Beringia, area che collegava l’Asia e l’America del Nord, a 
circa 26.000 anni fa, la migrazione e l’insediamento verso l’America a circa 
15.000 anni fa e la divergenza tra le popolazioni dell’America centrale e del Sud 



utilizzando il software IMPUTE4 e i dati di sequenziamento dell’intero genoma 

per l’imputazione. Successivamente, sono stati 

l’integrated haplotype score (iHS), la misura dell’estensione dell’omozigosi degli 

l’evoluzione di alleli sotto scenari di selezione naturale. 

l’allele fosse già 

selezione da 0 a 0.2, ovvero che ogni valore all’interno di questi intervalli sia 

ε
una distanza euclidea inferiore a ε vengono considerate accettabili e utilizzate 

modello solo l’1% delle simulazioni con la distanza euclidea più vicina a zero 



stata eseguita un’analisi di sovra
Analysis) e un’analisi di arricchimento di set di geni (GSEA, Gene Set Enrichment 

. L’analisi ORA 

l’identificazione di categorie funzionali di geni sovrarappresentati nei dati delle 
scansioni di selezione. L’analisi GSEA ha permesso di valutare

l’insieme dei geni selezionati
er eseguire l’analisi sul database 

eseguito anche su GO per l’individuazione di categorie funzionali dei geni 

; per l’analisi ORA 

, mentre per l’analisi GSEA sono stati 

significatività delle categorie funzionali identificate. Come ultimo passo, l’analisi 
sono stati rimossi, cioè, i geni significativi dall’analisi e i dati 



significativa. In questo modo, è stata controllato che l’associazione osservata sia 

CM sono state ripiastrate in due tipi di piastre, a seconda dell’analisi 

bersaglio (MOI, multiplicity of infection) è di 200, quindi, è stata garantita un’alta 

Western Blot è stata fatta l’analisi proteica: l’efficacia del knockdown è indicata 
dalla percentuale di riduzione dell’espressione della proteina target; le proteine 

dell’espressione del gene candidato, sono state fatte infettare dalla forma 

dall’inoculazione, si è condotta l’analisi dell’infezione tramite analisi delle 



Dopo 24 ore dall’infezione, sono stati contati i parassiti all’interno delle cellule 

distribuzione dell’allele presuntivamente selezionato e la malattia di Chagas

una frequenza più alta dell’allele selezionato. Nella seconda analisi, invece, sono 
stati correlati i dati sull’incidenza della malattia di Chagas (numero di casi per 

Messico, tra gli anni 2003 e 2013, e la frequenza dell’allele candidato. Si è voluto 
valutare se l’incidenza della malattia nelle diverse regioni è correlata con la 
frequenza dell’allele.



Sono stati presi in considerazione tre geni, utili per l’analisi, quali PPPCA3 e 

, dell’analisi PBS, intorno ai 



. Questo è coerente con l’azione della selezione positiva, a 
differenza dell’effetto della deriva genetica nelle popolazioni amazzoniche.

9000 a 450 anni fa, dell’era costiera del sud del Perù e del nord del Cile ha 

Questi risultati supportano l’ipotesi di un segnale di selezione che è 

basata sia sull’analisi XP



L’ipotesi che è stata formulata 

βγ βγ

proteine G, che svolge un ruolo importante nell’attivazione delle cellule 

canale chiave nella risposta immunitaria innata e nell’internalizzazione di 

Activated T cells) che entrano nel nucleo e regolano l’espressione genica di 

Si è posta l’attenzione sull’associazione del gene con la risposta immunologica ai 

. L’analisi 
ha evidenziato il ruolo attivo del gene PPP3CA nell’infezione intracellulare da 

Inoltre, un’analisi in silico ha mostrato che l’allele derivato rs2659540 ha portato 
a una significativa riduzione dell’espressione di FLJ20021, un lncRNA nella 
regione 3’ UTR del promotore di PPP3CA, nell’appendice atriale del cuore.

quindi la riduzione dell’espressione genica in questa regione 
potrebbe avere implicazioni significative per lo sviluppo e l’andamento della 



malattia e la riduzione dell’espressione di FL
protettivo contro l’infezione da 

’errore

Si è ipotizzato che la variante del lncRNA regoli l’RNA messaggero, puntando 
direttamente alla regione 3’
potrebbe agire come regolatore trascrizionale, influenzando l’espressione di 
PPP3CA attraverso interazioni specifiche con la sua regione 3’
un’altra ipotesi, invece, il polimorfismo in considerazione è in linkage 

o indirettamente la funzione o l’espressione del gene) 

popolazioni mostrino anche un’alta frequenza dell’allele derivato. 
suggerisce che l’allele derivato rs2659540 potrebbe essere associato a una 
minore attività di PPP3CA e che l’associazione tra rs2659540 e varianti funzionali 

ell’allele
L’allele selezionato è presente in 

tropicali dell’Africa subsahariana e dell’Amazzonia hanno somiglianze ecologiche 

all’infezione da tripanosomiasi in Africa e in America, che esercita
pressioni selettive simili sul gene. Una volta che l’allele è già segregante nella 

frequenza dell’allele in Europa



(l’ipotesi della selezione negativa nelle regioni in cui la frequenza dell’allele 

utilizzino sequenze dell’intero genoma 

chi tra gli affetti svilupperà malattie cardiache più avanti nella vita o sull’impatto 
delle varanti genetiche e l’esito della malattia. Quello che è noto è che la 

Studi che coinvolgono la popolazione attuale dell’Amazzonia non hanno ancora 
riportato il patogeno ad alta frequenza, nonostante l’ampia distribuzione di 



’

, perciò, poiché l’allele sottoposto a 



: l’utilizzo di array di SNP potrebbe 

dell’intero genoma che, quindi, permette di identificare tutte le variazioni 
Un’altra criticità riguarda, l’impossibilità, in alcune situazioni, di 

dissociare l’effetto dell’ascendenza genetica da altri fattori come lo status 

se l’alto tasso di infezione da 
Lo studio descritto in questa tesi fornisce indicazioni sull’adattamento della 

La riduzione mirata dell’espressione di PPP3CA potrebbe essere 
esplorata come strategia terapeutica per ridurre l’infettività di 

utile per studiare l’effetto a livello di organismo, ad esempio utilizzando topi 



of Chagas’ disease. –



GENET ICS  

Indigenous people from Amazon show genetic 
signatures of pathogen-driven selection 

Cainã M. Couto-Silva1†, Kelly Nunes1†, Gabriela Venturini2,3, Marcos Araújo Castro e Silva1,4,  

Lygia V. Pereira1, David Comas4, Alexandre Pereira2,3, Tábita Hünemeier1,5* 

Ecological conditions in the Amazon rainforests are historically favorable for the transmission of numerous trop-
ical diseases, especially vector-borne diseases. The high diversity of pathogens likely contributes to the strong 
selective pressures for human survival and reproduction in this region. However, the genetic basis of human 
adaptation to this complex ecosystem remains unclear. This study investigates the possible footprints of 
genetic adaptation to the Amazon rainforest environment by analyzing the genomic data of 19 native popula-
tions. The results based on genomic and functional analysis showed an intense signal of natural selection in a set 
of genes related to Trypanosoma cruzi infection, which is the pathogen responsible for Chagas disease, a ne-
glected tropical parasitic disease native to the Americas that is currently spreading worldwide. 
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INTRODUCTION 

America presents a wide range of ecoregions that were quickly ex-
plored and occupied by the first humans to reach the continent (1). 
This remarkable human migration likely required different genetic 
and cultural adaptation patterns to ensure successful subsistence (2– 
5). The Amazon rainforest is one of the main ecoregions of the 
American continent, which is well known for its tropical climate 
and extraordinary biological diversity. Despite being a nutrient- 
rich environment, it is also hostile, presenting different obstacles 
to long-term human survival. Several challenges, including the in-
stability of food resources (6, 7), low light penetration (8), and high 
diversity of pathogens (9), probably contribute to strong selective 
pressures for human survival and reproduction in this ecoregion. 

The Amazon region, which encompasses the single largest trop-
ical rainforest and nine South American countries, is virtually un-
rivaled in scale, complexity, and opportunity. It is currently 
populated by 1 million indigenous people, divided into approxi-
mately 300 different ethnic groups (10). Ecological conditions in 
the region have historically been favorable for transmitting numer-
ous tropical diseases, especially vector-borne diseases (11–13). Al-
though there are numerous studies on postcontact epidemics (14) in 
the Americas, historical data on precontact diseases (i.e., diseases 
native to the Americas) are inadequate. However, it has been report-
ed that tuberculosis (Mycobacterium tuberculosis) (15, 16) and 
Chagas disease (i.e., American trypanosomiasis) (17) were present 
long before the Europeans arrived. Chagas disease is a vector-borne 
disease caused by the protozoan Trypanosoma cruzi, and it is 
usually transmitted through different triatomine bugs in endemic 
areas. The oldest record of T. cruzi in South American human ar-
cheological remains dates back to 9000 years in mummies from 

northern Chile and southern Peru (18). Human remains infected 
with T. cruzi were also found in Brazil about 7000 years before 
the present (yr B.P.) (19). There are, however, not many studies 
on the adaptations to the rainforest including Amazonian popula-
tions. Most of these are limited to a few individuals from the western 
Amazonia (20, 21). To date, knowledge regarding genetic adapta-
tions in humans within this complex ecosystem is largely 
unknown. Motivated by this lack of knowledge, we searched for 
possible footprints of genetic adaptation to the Amazon rainforest 
environment by analyzing the genomic data of 118 nonadmixed in-
dividuals belonging to 19 native populations (table S1). We were 
specifically interested in identifying signals for positive natural se-
lection related to tropical diseases. 

To search for signals of positive selection, we applied two distinct 
approaches: (i) Population Branch Statistics (PBS), which identify 
alleles that have experienced strong changes in frequency in one 
population relative to two reference populations (19), and (ii) 
Cross-Population Extended Homozygosity Haplotype (XP-EHH) 
statistics, which contrast the extended haplotype homozygosity 
within and between populations (22). We then explored these 
results through gene pathway enrichment analyses [the Mapping 
and Annotation of Genome-Wide Association Studies (FUMA 
GWAS) (23), Gene Ontology (GO) (24), Kyoto Encyclopedia of 
Genes and Genomes (KEGG) (25), and Reactome (26) and the 
Gene Set Analysis Toolkit (GESTALT) (27)]. To formally test 
whether natural selection underlies the cases of extreme differenti-
ation, rejecting genetic drift as a cause, PBS values were compared 
against those obtained with neutral coalescent simulations generat-
ed according to a plausible demographic scenario for the peopling 
of South America. Last, we performed a functional follow-up anal-
ysis to characterize the role of the putative selected gene. 

RESULTS AND DISCUSSION 

Genetic adaptation to the Amazon rainforest 
The upper distribution of the combined positive selection indices 
(PBS + XP-EHH) is highly correlated to cardiovascular and meta-
bolic traits (MTRR, DNAJA4, KCMA1, and MTPN), immune- 
related traits (KCMA1 and GCA), and pathogen infection (table 

1Departamento de Genética e Biologia Evolutiva, Instituto de Biociências, Univer-
sidade de São Paulo, São Paulo, SP, 05508090, Brazil. 2Department of Genetics, 
Harvard Medical School, Boston, MA 02115, USA. 3Laboratório de Genética e Car-
diologia Molecular, Instituto do Coração, Hospital das Clínicas da Faculdade de Me-
dicina da Universidade de Sao Paulo, Sao Paulo, SP, Brazil. 4Institut de Biologia 
Evolutiva, Departament de Medicina i Ciències de la Vida, Universitat Pompeu 
Fabra, Barcelona 08003, Spain. 5Institut de Biologia Evolutiva (CSIC/Universitat 
Pompeu Fabra), Barcelona 08003, Spain. †These authors contributed equally to this work. 
*Corresponding author. Email: hunemeier@gmail.com 

Couto-Silva et al., Sci. Adv. 9, eabo0234 (2023) 8 March 2023                                                                                                                                                    1 of 9  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  
D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://w
w

w
.scien

ce.o
rg

 o
n
 M

arch
 0

6
, 2

0
2
4



S2). Among the three genes that were highlighted in our analysis, 
PPP3CA and DYNC1I1 were suggestively associated with T. cruzi 
seropositivity and immune response (Fig. 1 and table S2) (28), 
while NOS1AP was related to the mosquito bite reaction (Fig. 1) 
(29). The strongest selection signature found in Amazonian popu-
lations was around the PPP3CA gene region (Fig. 1 and figs. S1 and 
S4). Neutral coalescent simulations indicate that these deviations in 
allele frequency (rs2659540 G>A) are statistically significant 
(P < 0.0075; fig. S3), which is consistent with the action of ositive 
selection as opposed to a genetic drift effect in the Amazonian pop-
ulations. We estimated a selection starting time of 7500 yr B.P. [con-
fidence interval (CI) = 1560 to 12,035] and a selection coefficient of 
0.05 (CI = 0.015 to 0.20) (fig. S6). This result suggests that selection 
started acting on this gene after the split between Amazonian, 
Coastal Pacific, and Andes populations (30). A previous study on 
ancient tissues of 283 individuals, dating from 9000 to 450 yr 
B.P., from South America’s coastal area of southern Peru and north-
ern Chile showed a slight increase in the infection rate over time 
(18). These findings support our inference of a selection signal, 
which is likely exclusive to Amazonian rainforest populations. 

The GO enrichment analysis based on both the XP-EHH (95th 
percentile) and PBS (95th percentile) analysis showed statistically 
significant enrichment of genes involved in the response to proto-
zoan and eosinophil chemotaxis, which have a known role in par-
asitic infections (Table 1 and table S3). When FUMA GWAS and 
Enrichr were applied, associations with other traits were detected, 
including novelty-seeking behavior, metabolic traits, and systolic/ 
diastolic pressure (tables S4 and S5). Several studies, including Bra-
zilian indigenous populations, have shown high rates of obesity and 
cardiopathies (31, 32). For instance, in the Xavante population, 66% 
of individuals suffer from obesity, diabetes, or coronary heart 
disease (33). Bergey et al. (34) showed a strong signal of convergent 
selection in heart-related networks in studying Asian and African 
hunter-gatherers as compensatory adaptations to their short 
stature, which may possibly also be the case in Native Americans. 
Furthermore, we also identify associations that could raise a hypoth-
esis for increased novelty-seeking behavior, currently recognized 
through caffeine and nicotine consumption (tables S4 and S5) 
(35, 36). Novelty-seeking behaviors may have been important in 

Fig. 1. PBS-windowed scores for target genes. Log10 of PBS P values around the (A) PPP3CA and (B) NOS1AP and DYNC1I1 genes, chromosomes 1 and 4, respectively. 
Graphs show up to 4 Mb away from the initial and final gene position. Pink shadow areas correspond to 300 kb of the gene limit description. All these genes have the 
highest PBS values for their respective chromosomes. 
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the past to the hunter-gatherer lifestyle, helping to explore new ter-
ritories and search for resources (35, 37, 38). 

Functional characterization of the putative selected gene 
PPP3CA encodes the protein phosphatase 3 catalytic subunit α and 
is involved in the G-βγ signaling pathway. The G-βγ complex is an 
essential element in the G protein–coupled receptor signaling 
cascade, which plays an important role in the activation of 
immune cells. PPP3CA is also involved in calcineurin signaling, a 
key channel in the innate immune response and T. cruzi internali-
zation (39–41). The rs2659540 polymorphism is experimentally de-
scribed as a regulatory variant in the Ensembl database, being active 
in immune cells and heart tissue (http://ensembl.org/ on 10 
May 2022). 

Focusing on the association with the immunological response to 
protozoa, we performed a functional study of the PPP3CA gene in 
human induced pluripotent stem cell (hiPSC)–derived cardiomyo-
cytes infected with T. cruzi. Using short hairpin RNAs (shRNAs) 
against PPP3CA, we found that in cells exhibiting reduced gene ex-
pression (65% reduced compared to control shRNA), T. cruzi sig-
nificantly decreased the infectivity capacity by approximately 25% 
compared to control shRNA (P < 0.0004; Fig. 2), indicating that 
PPP3CA plays an active role in parasite intracellular infection and 
the disease outcome. Further, in silico analysis showed that 
rs2659540-derived allele (A) led to a significant reduction in the ex-
pression of FLJ20021, a long noncoding RNA (lncRNA) in the 3′ 
untranslated region (3′UTR) region of the PPP3CA promoter, on 
atrial heart appendage (https://gtexportal.org/home/snp/ 
rs2659540 on 7 December 2022). The atrial region of the heart is 
primarily affected by Chagas disease (42, 43). In this sense, this 
gene expression reduction in the atrium could lead to a milder 
disease phenotype by decreasing T. cruzi infection. One hypothesis 
is that the lncRNA variant regulates differentially expressed mRNA 
by directly targeting PPP3CA 3′UTR region. However, more func-
tional studies directly targeting the polymorphism found under 
natural selection are necessary to corroborate this hypothesis. 
Another possibility would be that this polymorphism is in linkage 
disequilibrium with functional variants of PPP3CA only in Native 
Americans, leading to differential expression of this gene in individ-
uals carrying the haplotype containing the derived allele. The 
rs2659540 polymorphism is in strong linkage disequilibrium with 

several other variants of the PPP3CA gene in Peruvian populations 
with high Native American ancestry. In African populations, this 
pattern of linkage disequilibrium is not found, although these pop-
ulations also showed a high frequency of the derived allele (http:// 
ensembl.org on 7 December 2022). 

Putatively selected allele frequency in di=erent human 
populations 
The putatively selected allele (A) of the rs2659540 polymorphism 
also segregates in other geographic regions (ranging from 10% in 
Europe and 59% in Africa). Studies have reiterated the importance 
of natural selection in standing variation in local adaptation outside 
Africa (44). In particular, alleles with intermediate frequency and 
under balancing selection in Africa have the greatest potential for 
rapid adaptive response to environmental changes and new selective 
pressures in the non-African population (45). The sub-Saharan 
African and Amazon tropical forests have ecological similarities, in-
cluding trypanosomes (T. brucei in Africa and T. cruzi in the 
Amazon). Therefore, a plausible hypothesis is that PPP3CA is asso-
ciated with a response to trypanosomiasis infection in Africa and 
America. Once the allele is already segregating in the ancestral pop-
ulation, natural selection becomes effective, even with a selective co-
efficient of 0.05. However, it is essential to note that extended 
haplotype homozygosity tests do not detect a positive selection 
signal in the African populations in this locus (https://pgb.ibe.upf. 
edu on 7 December 2022). The lower frequency of the derived allele 
in Europe, South Asia, and East Asia (~10, ~15, and ~25%, respec-
tively) may result from different evolutionary processes such as 
genetic drift. In addition, ecological differences between regions 
may trigger less selective pressure by these pathogens or even by 
other selective factors (e.g., negative selection—because the 
PPP3CA gene has been associated with other characteristics of clin-
ical interest). Studies should focus on these geographic regions to 
better elucidate this question, preferably using whole genome se-
quences to avoid single-nucleotide polymorphism (SNP)–array 
genotyping bias. 

T. cruzi incidence and the geographic distribution of the 
selected allele 
Chagas disease affects approximately 6 million people in Latin 
America alone and is still a leading cause of death in the region. 
It is also an emerging infectious disease in the United States and 
Europe (46), where approximately 450,000 individuals are estimat-
ed to have Chagas disease. One of the most important and unan-
swered questions about this disease is why only 30% of infected 
individuals develop chronic forms of end-stage cardiomyopathy. 
There is also no information about who among the infected individ-
uals will develop heart disease later in their lives, or about the 
impact of genetic variants and ancestry on the disease outcome. Al-
though the disease was already present in Amazonians in the pre-
contact period, studies involving the current population have not 
yet reported the pathogen at a high frequency, despite the wide dis-
tribution of vectors among wild mammals and triatomines in this 
region (47). Serotype analysis in different Amazonian populations, 
such as Alto Xingu and Asuriní from Pará, Karitiana and Suruí from 
Rondônia, and Xavante from Mato Grosso, indicates a very low 
prevalence or absence of the disease. Contrarily, in Andean popu-
lations, Chagas disease is considered endemic and its frequency is 
high in all studied regions (48). This leads to the conclusion that 

Table 1. Gene Ontology enrichment analysis. The extreme 95th 
percentile of XP-EHH and PBS distribution showed a statistically significant 
[false discovery rate (FDR) < 0.05, FWER < 0.1, and refine P value] 
enrichment of genes, owing to protozoan response and T cell selection. 

Method Association P 

value 

FDR 

FWER Refine 

P value*  

XP-EHH Defense response to 
protozoan 

0.01 0.08 3.25 × 10−5 

PBS Eosinophil 
chemotaxis 

0.008 0.03 1.61 × 10−4   

Eosinophil migration 0.008 0.04 8.11 × 10−4 

*Remove genes FWER < 0.1 and repeat the enrichment test to check 
whether a significant association would still be significant.   
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Chagas disease in Amazonia is mostly enzootic and not endemic, 
with only sporadic cases occurring in some geographic clusters. No-
ticeably, the geographic distribution of the allele found under 
natural selection coincides with the areas of low T. cruzi infection 
in South America (Fig. 3 and fig. S7). In addition, we found a pos-
itive correlation between the vector species diversity (Tiatomine) 
and the frequency of the allele derived (A) for the rs2659540 poly-
morphism (fig. S8). This result reinforces our hypothesis of natural 
selection leading to a protective phenotype in Native Americans in 
this ecosystem, as it suggests a higher potential for infection in the 
region where the variant is in high frequency. 

Brazil alone has approximately 2 million people infected with T. 
cruzi (49). Urban southeastern admixed Brazilians exhibiting 
African and Native American ancestries were correlated with 
higher levels of T. cruzi infection. However, these two ancestry com-
ponents were also associated with poor socioeconomic status, 
making it difficult to dissociate these two factors (50). Nevertheless, 
the Native American ancestry component of that admixed Brazil-
ians sample has a median contribution of only 5.4% (7.1% infected 
and 4.8% noninfected); this low ancestry proportion could be 
another possible confounding factor related to the association 
between Native American ancestry and high prevalence of Chagas 
disease. Admixture mapping studies in Colombian admixed popu-
lations found a protective association with Chagas disease within 
the major histocompatibility complex region (51); however, no as-
sociation was observed with the PPP3CA variant. This can be ex-
plained by the differences in the ancestry composition of the 
region that predominantly exhibited an Andean ancestry (52), 
and wherein the allele found under selection exhibits a lower fre-
quency (0.277). Furthermore, selection did not necessarily occur 
in the postcontact period; if it did occur, it may not have been 
strong or widely distributed enough to be detected in admixture 
mapping analyses. In Southern Mexican populations, several puta-
tive genes related to immune and inflammatory responses were 
identified under natural selection, including PPP3CA (53). The 
forests in this region are abundant with parasites such as T. cruzi 

and Leishmania mexicana, which are endemic. Nevertheless, South-
ern Native Mexicans are chronically affected by Chagas disease. In-
dividuals affected by this disease show milder progression of the 
main Chagas-related cardiomyopathies when compared to subjects 
from other regions of South America. This suggests that there could 
be alleles under natural selection that could likely be involved in im-
proving disease progression. 

Our results provide insights into the population’s adaptation to 
the Amazonian Rainforest. Combining temporal epidemiological 
data, genomic analyses of selection, the geographic distribution of 
the putatively selected allele, and functional analysis of the candi-
date gene, we showed that a variant of the PPP3CA gene likely 
had a protective effect on the infection outcome of Chagas 
Disease in Amazonian populations in the past, probably due to 
the reduction in the infection rate of carriers. Moreover, the iden-
tification of a role for PPP3CA in T. cruzi infection contributes to 
the dissection of the molecular mechanisms of pathogen infection 
and, thus, potentially to the development of therapies for 
the disease. 

MATERIALS AND METHODS 

Dataset assembly 
The dataset consists of combined data from 118 non-admixed 
(Native American ancestry > 0.99) native Amazonians (table S1 
and fig. S9), 35 non-admixed Mesoamericans (Native American an-
cestry > 0.97), and 231 East Asians from the Human Genome Di-
versity Project (HGDP; dataset 11, http://cephb.fr/hgdp/). Samples 
were genotyped with the high-density SNP array Axiom Human 
Origins (~700K SNPs, Affymetrix/Thermo Fisher Scientific). 
Native American ancestry proportions were estimated using AD-
MIXTURE (54). 

Data quality control and phasing 
First, we used the liftOver software (https://genome.ucsc.edu/cgi- 
bin/hgLiftOver) to update the physical positions from GRCh37- 

Fig. 2. Reduction in PPP3CA levels signi?cantly inhibited iPS-CM T. cruzi infection. (A) Number of intracellular parasites per 100 cells after 24 hours of infection 
showing a reduction of ~25% in parasite numbers in cells with lower expression of PPP3CA (red). Dots show the number of parasites in 100 cells for each well analyzed. The 
bars show the mean and SEM. Student’s t test was used to compare groups. (B) Representative images of iPS-CM transduced with scramble shRNA (top) and shRNA 
targeting PPP3CA after 24 hours of infection with T. cruzi expressing GFP (green). Nuclei were labeled with DAPI (gray), and actin was labeled with phalloidin (red). 
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hg19 to the current genome assembly, GRCh38-hg38. Individuals 
with more than 10% of missing data and those SNPs with minor 
allele frequency (MAF) lower than 5% or with more than 1% of 
missing data were removed. We further computationally phased 
the data using SHAPEIT2 (55) and the recombination map files 
from the 1000 Genomes Project (56) to phase the haplotypes. No 
reference panels were used because of the peculiarities of evolution-
ary history and the lack of representation of Native American pop-
ulations in these panels. We used the ancestral and derived allele 
information annotated in the 1000 Genomes Project from EPO 
pipeline (56), according to Ensembl FTP site (http://ftp.ensembl. 
org/pub/release-71/fasta/ancestral_alleles/homo_sapiens_ 
ancestor_GRCh37_e71.tar.bz2), and removed SNPs without such 
information so that our final phased and polarized datasets 
contain 517,984 SNPs. 

Genome annotation 
We used ANNOVAR (57) and in-house scripts for the genome an-
notation. We annotated gene symbols to each SNP from both 

datasets using the RefGene database from ANNOVAR itself, 
taking 1 Mb as a maximum distance threshold to generate the 
gene annotation. The SNP IDs were mapped to the publicly avail-
able reference from the Axiom Human Origins SNP Array (https:// 
thermofisher.com/br/en/home/life-science/microarray-analysis/ 
microarray-data-analysis/genechip-array-annotation-files.html). 

Selection scans 
To identify the signature of positive selection, we applied methods 
relying on extended haplotype homozygosity (XP-EHH) and pop-
ulation differentiation (PBS) as described below. We used the 
phased and polarized dataset to apply Cross Population Extended 
Haplotype Homozygosity (XP-EHH) statistics, using the rehh R 
package (22, 58). P value normalization was performed using a neg-
ative log10 transformation. We structured the XP-EHH analysis 
using the Native Amazonians as the focal population and the Mes-
oamericans or East Asians in the comparative analysis. 

We also applied the PBS as published by Yi et al. (59). Before 
calculating the PBS values, we removed all monomorphic sites in 

Fig. 3. High-frequency distribution of the putatively selected PPP3CA allele. The yellow area on the map represents the endemic region of Chagas disease. The 
orange area represents the distribution of the putatively selected allele (rs2659540 G>A) in the studied populations. 
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at least two of the three analyzed populations, as well as the SNPs 
with MAF lower than 5% when considering the three populations 
altogether. We structured our analysis by placing the Native Ama-
zonians as the focal population, Mesoamericans as the sister popu-
lation, and East Asians as the outgroup. We then applied a rolling- 
mean approach (window size = 20, steps = 5) to reduce the noise 
and avoid spurious outliers. For each window, only the SNP with 
the highest PBS value and its related annotation are reported. 

In addition, assuming that selective sweeps leave signatures in 
adjacent genomic regions, we took a gene approach where we sum-
marized the results by taking the mean of all the SNP PBS values of 
each gene. We considered as significant those SNPs or genes located 
in the extreme 99.9th percentile of the distribution (empirical P 
value from right tail ≤ 0.001). Candidate genes for positive selection 
were accessed by overlapping XP-EHH greater than 2 (Amazonians 
× East Asians and Amazonians × Mesoamericans) and PBS analysis 
upper percentile of distribution (99.5th percentile). 

Demographic model and simulation 
The demographic model (fig. S3A) was built assuming a standstill in 
Beringia at 26,000 yr B.P., the settlement of America at 15,000 yr 
B.P., and divergence between Central and South American popula-
tions at 13,000 yr B.P. The effective population size and its changes 
over time were based on the Castro e Silva et al. (60) dataset inferred 
through ASCEND (61) and IBDNe (62) softwares. We assume a 
mutation rate of 1 × 10−8 and a generation time of 25 years. Demo-
graphic simulations for single SNPs were performed using the ms 
software (63). We used 10,000 simulations according to this scenar-
io to generate a null distribution of the PBS values to which ob-
served PBS values were compared. This procedure allowed us to 
evaluate the significance of the differences and get the outlier 
PBS values. 

Selection time and intensity 
First, to deal with the ascertainment bias of the array data, we 
imputed [IMPUTE4 (64)] SNPs from chromosome 4 using the 
HGDP Whole Genome Sequence data as the reference panel (65). 
Next, 500 kb flanking SNPs adjacent to each side of the candidate 
SNP (rs2659540) were selected, totaling a 1-Mb genomic region. On 
the basis of the SNPs observed in this region, DAF (derived allele 
frequency) and iHS (integrated haplotype score) were inferred (58). 

To assess when and the intensity of the selective event in the can-
didate SNP, we used the msms software (66), with the demographic 
model described above, assuming that the allele already segregated 
in populations with a frequency of 0.25 (basal frequency observed in 
East Asian) and assuming uniform prior distribution for time 
periods (1000 to 12,500 years) and selection coefficient (0 to 0.2) 
to simulate 10,000 sequences of 1 Mb each. From the simulated se-
quences, we selected only the markers in positions also observed in 
the real data. With this subset of SNPs, the summary statistics DAF 
and iHS were inferred. 

Using the ABC approach, implemented in the abc R package 
[v.2.2.1 (67)], the parameters that produced the simulated data are 
accepted or rejected according to the Euclidean distance (ε) between 
observed and simulated summary statistics. As a threshold for the 
rejection algorithm, for each simulated model, we retained 1% of the 
top simulations with Euclidean distance between observed and sim-
ulated summary statistics closer to zero. The posterior distribution 
was estimated on the basis of these retained simulations. 

Overrepresentation and gene set enrichment analyses 
We performed both overrepresentation analysis (ORA) and gene set 
enrichment analysis (GSEA) on our selection scans’ results using 
the GWAS Catalog (https://ebi.ac.uk/gwas/), KEGG Pathway 
(https://genome.jp/kegg/pathway.html), and GO (http:// 
geneontology.org/docs/go-enrichment-analysis/) databases. We 
used WebGestalt (http://webgestalt.org/) to apply GSEA, and 
FUMA GWAS (https://fuma.ctglab.nl/), Enrichr (https:// 
maayanlab.cloud/Enrichr/), and GO for ORA. The GWAS 
Catalog database was analyzed using both FUMA GWAS and 
Enrichr, because FUMA GWAS requires a custom gene background 
and Enrichr does not. We also used Enrichr alongside GOATOOLS 
to analyze ORA in the GO database. Last, we used WebGestalt to 
address GSEA in KEGG. For ORA, we selected genes mapped to 
SNPs with scan values above the 99.99th, 99.95th, and 99th percen-
tiles, while we used all genes with mean scores for GSEA. Threshold 
values were set at the minimum necessary to return robust results in 
the enrichment analysis. 

To verify the results found, we used the R package GOfuncR 
(68), which uses random sets to compute the family-wise error 
rate (FWER; probability of having at least one false positive when 
multiple comparisons are being tested), performing a hypergeomet-
ric test, taking the gene length and spatial clustering of genes (2-Mb 
physical distance) in account. We then used a threshold FWER of 
<0.1 and refined the analyses, removing significant genes and rean-
alyzing the data to verify that the associated category remains 
significant. 

PPP3CA knockdown hiPSC-derived cardiomyocytes 
hiPSCs were differentiated into cardiomyocytes (hiPSC-CM) ac-
cording to Sharma and collaborators (69). On day 21 of differenti-
ation, hiPSC-CM cells were replated in a 12-well plate (2 × 10 6 cells 
per well) for protein analysis or in a 96-well plate (9 × 10 4 cells per 
well) for image analysis. On day 28, hiPSC-CM cells were trans-
duced with shRNA lentivirus (MISSION shRNA Lentiviral Trans-
duction Particles, Sigma-Aldrich, #SHCLNV-NM_000944, clones 
RCN0000352645, TRCN0000342619, TRCN0000352706, 
TRCN0000002750, and TRCN0000002751) corresponding to five 
different regions of the protein at a multiplicity of infection 
(MOI) of 200 for each clone. Scramble shRNA was used as a nega-
tive control and was acquired from Addgene (plasmid #1864) gifted 
by D. Sabatini (70) and transduced at the same MOI. Knockdown 
was evaluated by the reduction percent measured by Western blot. 
Then, a radioimmunoprecipitation assay buffer was used to extract 
the proteins, which were then loaded onto a 4 to 20% gradient bis- 
tris gel (Novex–Thermo Fisher Scientific). Proteins were transferred 
to a polyvinylidene difluoride membrane, blocked with 5% fat-free 
milk in 0.5% phosphate buffered saline tween® (PBST), and probed 
using PPP3CA (Abcam, #ab3673) or glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) (Santa Cruz Biotechnology, sc-32233) 
antibodies. 

Infection of hiPSC-CM by T. cruzi 
T. cruzi [Y strain–green fluorescent protein (GFP)–tag (71)] trypo-
mastigote form from LCMK2 supernatant was inoculated in human 
induced pluripotent sterm cell-derived cardiomyocites (iPS-CM) 48 
hours after the shRNA transfection at MOI of 5. For infection anal-
ysis [24 hours post infection (hpi)], cells were fixed with 4% para-
formaldehyde after phosphate-buffered saline washes. For image 
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analysis, cells were stained with 4′,6-diamidino-2-phenylindole 
(DAPI) for nuclei labeling and Alexa Fluor 555–phalloidin 
(Thermo Fisher Scientific, #A34055) for cytoskeleton labeling. 
Images were captured at a magnification of ×20 using Molecular 
Devices IXM-C high-content screening. 

We acquired 12 images per well, five wells per differentiation, 
and two independent differentiations per infection. Nuclei and par-
asites were counted using MATLAB and are the sum of 12 images of 
each well. After 24 hours of infection, we counted the number of 
parasites inside the cells in each well. We analyzed 10 wells with 
negative control shRNA (scrambled) and 10 wells with shRNA tar-
geting PPP3CA, and each dot in Fig. 2 is the measure of one well. We 
performed a t test to compare the number of parasites that infected 
cells in each group. 

Correlation analysis 
To investigate the correlation of the geographic distribution of the 
putative-selected allele (rs2659540 G>A) and Chagas disease, we 
performed two analyses. In the first, from the geographic coordi-
nates of each population analyzed on the present study, we used 
data from geographic distribution models of the number of 
Chagas disease vectors (Triatomine species), described by (13) 
and (72) and correlated with the frequency of the putatively selected 
rs2659540 G>A in different geographic regions. In the second anal-
ysis, we correlated data on the incidence rate (cases per 100,000 pop-
ulation) of Chagas disease in different regions of Brazil (Sistema de 
Informação de Agravos de Notificação SINAN, Brazilian Ministry 
of Health) and Mexico (73), between the years 2003 and 2013, and 
the frequency of the candidate allele rs2659540 G>A. Correlation 
analysis was performed in R language with the stats package. 
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