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Summary
Background Each year, 92 million pregnant women are at risk of contracting malaria during pregnancy, with the
underestimation of the mortality and morbidity burden associated with Plasmodium vivax. During pregnancy, P. vivax
infection is associated with low birth weight, maternal anaemia, premature delivery, and stillbirth. In the State of Acre
(Brazil), high transmission leaves pregnant women at greater risk of contracting malaria and having a greater number
of recurrences. The study of genetic diversity and the association of haplotypes with adverse pregnancy effects is of
great importance for the control of the disease. Here we investigate the genetic diversity of P. vivax parasites infecting
pregnant women across their pregnancies.

Methods P. vivax DNA was extracted from 330 samples from 177 women followed during pregnancy, collected in the
State of Acre, Brazil. All samples were negative for Plasmodium falciparum DNA. Sequence data for the Pvmsp1 gene
was analysed alongside data from six microsatellite (MS) markers. Allelic frequencies, haplotype frequencies, ex-
pected heterozygosity (HE) were calculated. Whole genome sequencing (WGS) was conducted on four samples from
pregnant women and phylogenetic analysis performed with other samples from South American regions.

Findings Initially, the pregnant women were stratified into two groups—1 recurrence and 2 or more recurrences—in
which no differences were observed in clinical gestational outcomes or in placental histological changes between the
two groups. Then we evaluated the parasites genetically. An average of 18.5 distinct alleles were found at each of the
MS loci, and the HE calculated for each marker indicates a high genetic diversity occurring within the population.
There was a high percentage of polyclonal infections (61.7%, 108/175), and one haplotype (H1) occurred frequently
(20%), with only 9 of the haplotypes appearing in more than one patient.

Interpretation Most pregnant women had polyclonal infections that could be the result of relapses and/or re-
infections. The high percentage of H1 parasites, along with the low frequency of many other haplotypes are
suggestive of a clonal expansion. Phylogenetic analysis shows that P. vivax population within pregnant women
clustered with other Brazilian samples in the region.
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Research in context

Evidence before this study
We searched PubMed for articles published up to May 20,
2022, without date or language restrictions, using the search
terms: “malaria in pregnancy” [All fields] OR “placental
malaria” [All fields] OR (“malaria” AND pregnant women” [All
fields]) AND “genetic diversity” [All fields] OR “genotyping”
[All fields] OR “microsatellite markers” [All fields]. Our search
identified many studies involving genetics and molecular
markers in Plasmodium falciparum, but only six combined
Plasmodium vivax with genotyping results in the pregnant
population. Importantly, none of these studies wholly
followed the pregnancy to fully characterize the outcome of
malaria infection, either maternal clinical profile or placental
changes.

Added value of this study
Our results reflect the possible impact of the parasite in
various facets of malaria in pregnancy, which represent a
public health problem. On the one hand, the possible

implications of specific parasite haplotypes in placental
pathology, and on the other hand, the type of treatment
available for pregnant women may not be enough to reduce
the impact of the disease. The genomic analysis of P. vivax
allowed to clarify some biological aspects of the parasite
associated with gestational malaria, such as its high genetic
diversity throughout all infections during pregnancy and its
location in the geographic cluster in South America.

Implications of all the available evidence
Our observations complement current studies on recurrences
of P. vivax infections in pregnancy, opening the way for
further investigations into the pathophysiology and genetics
of parasites in infections in pregnant women. Thus, our
results may contribute to designing new strategies for
treating the disease in pregnant women in Brazil, mitigating
the devastating effects of this disease in such a vulnerable
population.
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Introduction
Malaria in pregnancy, caused by Plasmodium parasites,
is a serious public health problem impacting on
maternal and foetal health.1 They may result in maternal
anaemia, intrauterine growth restriction (IUGR), low
birth weight (LBW), and reduced foetal viability.2 Both
IUGR and LBW are strongly associated with neonatal
mortality and morbidity, as well as inhibited growth and
cognitive development in children with chronic diseases
in adulthood.3

P. vivax is the most geographically distributed of all
human malaria parasite species and entails a complex
and distinguished biology that compromises the control
and eradication of the disease. P. vivax has the ability to
establish dormant uninucleated forms in hepatocytes
upon sporozoite invasion, the hypnozoites.4,5 Hyp-
nozoite activation can occur in weeks, months or years
after the first infection, thereby contributing to ongoing
trasmission.6 Furthermore, the only drug regimen
currently available in Brazil that prevents P. vivax hyp-
nozoites activation is a 7–14 days course of Primaquine,
producing severe haemolysis in people who are glucose-
6-phosphate dehydrogenase (G6PD) deficient. Likewise,
it is not recommended for pregnant women and infants
less than 6 months of age,4 two population groups that
commonly face multiple and consecutive relapses.7,8

P. vivax burden in pregnancy is less described than
P. falciparum, but recent studies indicate that both spe-
cies represent a threat to the mother and foetus.2,9,10

Together with the biology of Plasmodium parasites,
their genetic structure has been shown to impact in the
development of the disease. Several studies have shown
that P. falciparum genotypes can be correlated to
differential disease outcomes, and specific haplotypes
have been associated with LBW.11–13 Knowledge of the
genomic structure of P. vivax has increased in recent
years, revealing higher genetic diversity than
P. falciparum.8,14–16 Also, it was suggested that vivax-
infected pregnant women are found to be commonly
infected by parasites with a specific haplotype and they
have greater susceptibility to infection with increasing
multiplicity of P. vivax.8,17

In recent years, the number of reliable methods for
genotyping P. vivax populations has increased. Studies
on the genetic diversity of this parasite have efficiently
used microsatellite (MS) markers.8,18 The wide use of
these markers is mainly due to their abundance, the
high degree of mutations, and their neutral or nearly
neutral evolution.18 Furthermore, MS markers are an
important tool in studies that seek to distinguish
recrudescence/relapse from new infections.18,19

Due to the high number of recurrences, we believe
that through the genetic study of the parasite it is
possible to distinguish these recurrences and verify the
association of specific haplotypes with adverse preg-
nancy outcomes. Here, we study P. vivax genetic di-
versity on samples isolated from pregnant women
collected throughout the pregnancy, through the appli-
cation of candidate-gene target sequencing, microsatel-
lite genotyping and whole-genome sequencing. This
combined approach allows for the investigation of
different recurrences involving parasites that are
genetically heterologous or homologous, and an
assessment of associations with placental pathology and
adverse pregnancy outcomes. In addition, in geograph-
ical regions where P. vivax populations have a high
www.thelancet.com Vol 18 February, 2023
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degree of genetic diversity,18 it is possible to assess
whether different haplotypes of the parasite are related
to a greater severity of disease. The resulting clarifica-
tion of P. vivax biological aspects associated with
gestational malaria may contribute to help the design of
more adequate tools for the control and elimination of
malaria, especially in the pregnant women population.
Methods
Samples and phenotypes
We conducted a prospective follow-up study (cohort) for
a period of 23 months in the Juruá region—Acre
(Brazil), which enrolled 600 pregnant women malaria-
infected and non-infected that upon informed consent
accepted to integrate within the study. The enrolled
women were followed until delivery, with at least three
domiciliary visits to monitor their clinical state and
collect a peripheral blood sample, and placenta at de-
livery. In each malaria episode during pregnancy, an
additional blood sample was collected. All the samples
collected throughout the pregnancy were screened for
the presence of malaria parasites, through microscopic
analysis and confirmed by a specific real-time PCR
technique (PET-PCR) that detect the Plasmodium genus,
quantify abundance and discriminate species. Further
details on the technique have been described else-
where.20,21 For this study, we selected samples positive
for P. vivax. All vivax-infected pregnant women were
treated with a regimen of Chloroquine for three days, a
total of 25 mg/kg, according to the Brazilian Ministry of
Health guidelines. At the end of the process of exclu-
sion, a total of 397 pregnant women remained for
evaluation. However, only 85 had their samples
Fig. 1: A) Map with the spatial distribution of pregnant women wit
applied prior to data analysis.

www.thelancet.com Vol 18 February, 2023
genotyped, being distributed throughout the study re-
gion (Fig. 1A and B). All details of the exclusion and
sampling process are detailed in the supplementary
material (Appendix p 2 and Supplementary Table S1)
Histopathology evaluation
The histopathologic examination involved using
placental tissue slides. The Hematoxylin-Eosin-staining
allowed the evaluation of syncytial knots, fibrin deposi-
tion, fibrinoid necrosis, and placental barrier thick-
ness.22 The leukocyte (CD45) and mononuclear
inflammatory cells infiltrate (CD68) were assessed by
immunohistochemistry using the tissue microarray
(TMA) technique. The images of placenta were analysed
by Image J software.
Pvmsp1 gene sequencing
A very polymorphic region of 800bp of the Pvmsp1 gene
was sequenced using Sanger sequencing and following
a previously described protocol.23 Briefly, the cycling
parameters for PCR were as follows: an initial dena-
turation step at 94 ◦C for 3 min preceded the 40 cycles of
denaturation at 94 ◦C for 30 s, annealing at 58 ◦C for
35 s and extension at 72 ◦C for 45 s. After a final
annealing step followed by 10 min of extension, the
reaction was stopped. PCR products were purified using
the QIAquick PCR Purification Kit according to manu-
facturer’s instructions (Qiagen) and stored at 10 ◦C until
analysis. A total of 10 μl of purified PCR samples were
sent to the Sanger Sequencing Service at University
College London (UCL), following the institution’s pro-
tocol - capillary sequencing was performed using the Big
Dye™ Terminator v3.1 and analysis using the ABI
h genotyped samples. B) Flow chart detailing exclusion criteria
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3730×l DNA Analyzers for capillary electrophoresis and
fluorescent dye terminator detection. A total of 175
samples (85 pregnant women) had enough DNA quan-
tity and quality for sequencing. Results were analysed
using BLAST (NCBI) to confirm gene sequences, and
Clustal Omega (EBI) and Aliview24 for sequence align-
ment and visualisation.
Microsatellite genotyping
The following MS markers: msp1F3, pv3.27, MS16,
MS2, MS8 and MS1018,25 were used. Each MS contains a
forward primer labelled with different fluorescent re-
porter dyes (6-FAM, VIC, NED) (Supplementary
Table S3). A PCR was performed individually for each
MS marker with the following condition: 5.0 μl (5×) of
New England BioLabs Q5 reaction buffer, 0.5 μl (10 nm)
of Roche Diagnostics dNTPs, 0.125 μl (100 nm) of each
MS forward primer, 0.125 μl (100 nm) of each micro-
satellite reverse primer, 0.2 μl of New England BioLabs
high fidelity hot start DNA polymerase, 17.5 μl of H2O,
and 1.5 μl of template DNA. Cycling parameters were
the same for all primer pairs: 1 cycle at 98 ◦C for 30 s; 40
cycles at 98 ◦C for 10 s, 55 ◦C for 25 s, and 72 ◦C for 25,
and a final cycle of 5 min at 72 ◦C.

To confirm successful amplification of the P. vivax
DNA had taken place, a 2% agarose gel electrophoresis
stained with SYBR Safe was used. The PCR products of
each microsatellite markers were diluted in accordance
with strength of the bands’ fluorescence seen on the gel
image. The samples were diluted to prevent over fluo-
rescence by any one marker. Length variation of labelled
PCR products was performed using an Applied Bio-
systems 3500 Genetic Analyser. The fragment size data
was standardised using the LIZ600 internal DNA sizing
standard, and the data was analysed on Applied Bio-
system’s GeneMapper software, version 4.0.
Whole genome sequencing
Four of the samples from two pregnant women (two
time points from each pregnant woman—ID 30 and 77
in the S1 Dataset), assigned the same haplotype from
the primary Sanger sequencing and microsatellite
markers analysis, were randomly selected to be whole
genome sequenced. The 150bp paired-end DNA li-
braries for WGS Illumina MiSeq analysis were prepared
using the QIAseq FX DNA Library Kit (Qiagen) in
accordance with manufacturer’s instructions. Library
concentration was estimated by qPCR using the NEB-
Next Library Quant Kit for Illumina (New England
BioLabs), with The Agilent Technologies 2100 Expert
Bioanalyser with 7500 DNA reagents (Agilent Technol-
ogies) and DNA chips (Agilent Technologies) being
used to estimate individual library DNA fragment sizes.
The DNA libraries were pooled to create a final library
concentration of 4 nM, spiked with 1% of Phi X
(Illumina) control library. Cluster generation and 150bp
read paired-end sequencing were conducted according
to manufacturers (Illumina) instructions on the Illu-
mina MiSeq system with the corresponding v2 (500-
cycles) reagent kit.

Whole genome sequence data for samples from
Colombia, Peru, Mexico and Brazil were publicly avail-
able from MalariaGEN (https://www.malariagen.net/
parasite/p-vivax-genome-variation) and our own
sequence data.26,27

Raw whole genome sequence data was mapped to a
P. vivax reference genome (P. vivax P01_v1, http://
genedb.org) using the bwa-mem read mapping tool
under the parameters for perfect read matching with
allowance for pre-identified SNPs. (Sub-)telomeric, re-
petitive and non-unique regions (e.g., vir genes) were
excluded from the analysis. Using the resulting align-
ments and coverage, genetic variants (e.g., SNPs, small
insertions and deletions, and copy number variations)
were identified by GATK (version 4.1.4.1—https://gatk.
broadinstitute.org/hc/en-us) and samtools software
(version 1.9—http://www.htslib.org/). These variants
used for further population genetic analysis. Details of
the bioinformatics pipeline have been described
elsewhere.26,28

To assess parasite population diversity a pairwise
distance matrix calculated based on matching sequence
SNPs. The matrix was used to create principal compo-
nent analysis (PCA) plots and a neighbour joining (NJ)
tree (made using “ape” package in R (version 5.4-1)). All
raw sequence data from the samples sequenced in this
study are available from the European Nucleotide
Archive (see https://www.ebi.ac.uk/ena/browser/view/
PRJEB36199).
Population genetics and statistical analysis of
association
The R statistical package was used to analyse the
genomic variation data. Allele frequencies were calcu-
lated for parasite populations across groups based on
geographical regions and clinical status of pregnant
patients. Expected heterozygosity (HE) was calculated as
a measurement of genetic diversity at each SNP using
the formula HE = (n/(n − 1)) (2pq), where n is the
number of samples and p and q (=1 − p) the frequency
of each allele. Linkage disequilibrium was calculated to
identify potential associations between marker loci.
Specifically, the R2 (Pearson correlation coefficient)
measure was implemented using the “LDcorSV” library
within the R statistical package.

Descriptive statistics were carried out using Stata,
version 14.2 or GraphPad Prism, version 6.0 software.
Differences between groups were evaluated using
Mann–Whitney test and Kruskal–Wallis tests, followed
by the Dunn post hoc multiple comparison test as
appropriate. Differences between categorical data and
www.thelancet.com Vol 18 February, 2023
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proportions were analysed using Pearson’s chi-squared
test or Fisher’s exact test. To assess the association be-
tween haplotypes and adverse pregnancy outcomes,
adjusted odds ratios (aOR) with 95% confidence in-
tervals (CI) were estimated using multivariate logistic
regression. Statistical significance was set at a p-value of
0.05 and all statistical tests were 2-sided.
Ethics statement
Ethical clearance was provided by the committees for
research of the University of São Paulo (Plataforma
Brasil, CAAE: 03930812.8.0000.5467), according to res-
olution number 466/12 of Brazilian National Health
Committee. Informed written consent was obtained
from all participants. The study was conducted in
accordance with the Good Clinical Practice Guidelines
and the Declaration of Helsinki. This study is following
the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement guide-
lines (Supplementary Table S2).
Role of the funding source
The funder of the study had no role in the study design,
data collection, data analysis, data interpretation, or
writing of the report. The corresponding author had full
access to all the data in the study and had final re-
sponsibility for the decision to submit for publication.
Results
Study population and baseline characteristics
A total of 397 pregnant women were eligible for further
analysis after application of the exclusion criteria
(Fig. 1B, Appendix p 2 and Supplementary Table S1). Of
these, 170 were classified as non-infected (NI)—as they
did not present infection during the current pregnancy-
,185 as P. vivax (Pv)-infected and 42 mixed infected
during gestation (Fig. 1B). To avoid bias in epidemio-
logical and clinical analyses, pregnant women who had
mixed infection during pregnancy
(P. vivax + P. falciparum), and their respective samples,
were used only in genetic analyses. The overall socio–
demographic profile and clinical characteristics of the
stratified participants is summarised (Table 1). We
observed that Pv-infected pregnant women are margin-
ally younger and, despite the higher percentage of rural
residence in relation to NI pregnant women, it is worth
noting that more than 70% (134/185) live in urban
areas. Pv positive women reported more previous ma-
laria episodes (163/185, 88.6%) than their NI counter-
parts (92/170, 54.1%) regardless the number of
recurrences during current pregnancy.

Regarding the clinical characteristics, Pv-infected
pregnant women presented reduced maternal weight
gain, lower haematocrit, and haemoglobin, as well as
www.thelancet.com Vol 18 February, 2023
reduced placental weight when compared to NI-
pregnant women. Moreover, the stratification of the
infected pregnant women by number of recurrences
revealed that there is no significant difference in clinical
characteristics between those Pv-infected with only 1-
episode and those with 2 or more episodes in preg-
nancy (Table 1).
Placental histologic alterations resulting from Pv-
infection are independent of the number of
recurrences
Key placental histologic features of malaria in preg-
nancy22 were assessed to address whether or not the
number of Pv-infections leads to histologic and cyto-
logical alterations. We only had access to 297 placentas
(155 from non-infected pregnant women and 142 from
pregnant women with Pv infection). The analysis
revealed that marked differences between placentas
collected from Pv women and non-infected pregnant
women (Table 2). We observed a significant increase in
the number of syncytial nuclear aggregates (SNA) and
fibrin deposition even with only 1 episode during
pregnancy (median, SNA – 1-Pv 15.5 vs. NI 13.0,
p = 0.02; fibrin – 1-Pv 2.0 vs. NI 1.9, p = 0.0003). In the
same extent, we detected a significant increase in
leukocyte and monocyte infiltrate in placentas from the
Pv-1 episode group (median, leucocytes – 1-Pv 23 vs. NI
15.0, p < 0.0001; monocytes – 1-Pv 8.0 vs. NI 4.0,
p < 0.0001) (Table 2). Additionally, we observed that
these marked placental changes are also present in the
group of pregnant women with more than 2 episodes of
Pv during pregnancy, mainly fibrin deposition and
fibrinoid necrosis (median, fibrin – 2-Pv 2.4 vs. NI 1.9,
p = 0.0001; fibrinoid necrosis – 2-Pv 7.9 vs. NI 6.8,
p = 0.03) (Table 2).
Haplotype diversity
Of the 177 pregnant women who met the inclusion
criteria for the genetic study (details in Appendix p 2
and Supplementary Table S1) and who had blood sam-
ples collected across their pregnancy (330 samples), we
obtained nucleotide sequencing and MS marker data for
85 woman (175 samples). From these, 40 women
(47.1%) had only one recurrence in pregnancy with a
median of 56 days from the first infection (interquartile
range [IQR] 41–100 days); 27 women (31.8%) had 2
recurrences after the first infection (median 118 days;
IQR 93–156 days); and 17 women (20%) had 3 or more
recurrences of infections during pregnancy (median 167
days; IQR 126–205 days). It is important to note that all
pregnant women were treated only with chloroquine
following the guidance of the Brazilian Ministry of
Health, therefore not using primaquine.

A total of 143 samples had nucleotide sequencing
data for the Pvmsp1 gene, which revealed the presence
5
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Characteristics Non-infected
(N = 170)

P. vivax
(N = 185)

p valuea P. vivax
1-episode
(N = 79)

p valueb P. vivax
2+ episodes
(N = 106)

p valuec

Age, years 23.0 (19.0–28.0) 21.0 (17.0–26.0) 0.004 23.0 (17.0–28.0) 0.12 20.0 (17.0–25.0) 0.0004

Gravidity 2.0 (1.0–2.0) 2.0 (1.0–2.0) 0.47 2.0 (1.0–2.0) 0.06 2.0 (1.0–2.0) 0.43

Occupation 0.001 0.009 0.006

Farmer 3 (1.8) 11 (6.0) 5 (6.3) 6 (5.7)

Housewife 77 (45.3) 99 (53.5) 43 (54.4) 56 (52.8)

Student 36 (21.2) 46 (24.9) 18 (22.8) 28 (26.4)

Other 54 (31.7) 29 (15.6) 13 (16.5) 16 (15.1)

Bed netd 93 (79.5) 113 (68.9) 0.05 51 (71.8) 0.23 62 (66.7) 0.04

Rural residence 8 (4.7) 51 (27.6) <0.0001 19 (24.1) <0.0001 32 (30.2) <0.0001

Malaria historye 92 (54.1) 163 (88.6) <0.0001 69 (88.5) <0.0001 94 (88.7) <0.0001

Clinical outcomes

Gestational age at delivery, weeksf 40.0 (39.0–40.0) 39.0 (38.0–40.0) 0.12 39.0 (38.0–40.0) 0.04 39.0 (38.0–40.0) 0.19

Maternal weight gain, Kgg 13.5 (10.0–16.8) 11.0 (8.0–14.0) <0.0001 10.5 (7.0–14.0) 0.0003 11.0 (8.0–14.5) 0.0002

Haematocrit during pregnancy, %h 36.6 (34.5–38.6) 34.8 (32.4–37.4) <0.0001 34.9 (32.0–37.5) 0.001 34.6 (32.4–37.3) <0.0001

Haemoglobin during pregnancy, g/dLi 12.2 (11.6–12.8) 11.7 (10.8–12.3) <0.0001 11.8 (10.6–12.6) 0.002 11.6 (10.8–12.2) <0.0001

Placental weight, gj 577.4 (508.3–658.9) 542.3 (483.3–612.1) 0.01 544.0 (501.3–608.6) 0.05 542.3 (468.5–615.8) 0.009

Abbreviations: N, total number of individuals; Infec, infection; Kg, kilograms; g, grams. Results are presented as median and interquartile range or total number of events (n) and percentage (%). Statistical
tests were applied according to the type of variable and groups: Mann–Whitney test to compare Non-infected and P. vivax groups, Kruskal–Wallis test with Dunn post-hoc test to compare Non-infected × 1-
P. vivax × 2-P. vivax groups, and Chi-square test to compare the variables with percentage; statistically significant difference was observed between the 1-P. vivax and 2-P. vivax groups only in the age
variable - p = 0.04. aComparisons between Non-Infected and P. vivax group. bComparisons between Non-Infected and P. vivax 1-episode groups. cComparisons between Non-Infected and P. vivax 2 or more
episodes. dThe bed net variable was calculated based on the pregnant women who owned and regularly used a bed net. eMalaria history was recorded in 184 P. vivax-pregnant women (78 P. vivax 1-
episode). fGestational age was recorded in 168 non-infected pregnant women and 172 P. vivax (74 P. vivax 1-episode and 98 P. vivax 2 or more episodes). gMaternal weight gain was recorded in 163 non-
infected pregnant women and 139 P. vivax (55 P. vivax 1-episode and 84 P. vivax 2 or more episodes). It was determined as the final weight minus the initial weight during pregnancy. hHaematocrit during
pregnancy was recorded in 152 non-infected pregnant women and 154 P. vivax (65 P. vivax 1-episode and 89 P. vivax 2 or more episodes). iHaemoglobin during pregnancy was recorded in 157 non-
infected pregnant women and 154 P. vivax (64 P. vivax 1-episode and 90 P. vivax 2 or more episodes). jPlacental weight was recorded in 155 non-infected pregnant women and 142 P. vivax (56 P. vivax 1-
episode and 86 P. vivax 2 or more episodes).

Table 1: Socio-demographic profile and clinical characteristics of the women who participated in the study according to infection status.
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of 12 haplotypes of which one was the most frequent
(54.6%). The other haplotypes range in frequency be-
tween 0.7% and 13.3% (Supplementary Table S4). For
50 pregnant women, it was possible to obtain sequence
data for at least one more time point during pregnancy,
and 78% present the same haplotype in the 2 time
points. Of the samples analysed, 171 (97.7%) had full
allelic data for at least 3 of the MS loci (MSP1f3, Pv3.27
and MS16—primary panel). These 3 markers formed
the basis of the original haplotype (H) designation sys-
tem. Any sample with more than one allele for a single
marker was considered a polyclonal infection. A total of
27 unique haplotypes were identified with the initial 3
markers, more than double compared to using msp1
sequence data alone. From these markers, 20% (44/220)
of total isolates were typed as having haplotype 1 (H1)
(Supplementary Table S5), rising to approximately 26%
(23/89) when polyclonal infections were discarded from
the analysis (Supplementary Table S6); Haplotypes 15
(H15) and 16 (H16) are the next most frequent (9.5 and
15.9%, respectively) and were present in many poly-
clonal infections, but when only analysing non-mixed
infections, the frequency drops to 2.2% and 9%,
respectively. The remaining 24 haplotypes occur at a far
lower frequency, only occurring in a maximum of 3
patients (8%) each, some reoccurred in patients, others
were unique cases.

Of 85 patients analysed with the original MS loci
panel, 28.2% contained a recurring single haplotype.
The recurring haplotype was either a monoclonal
infection at all analysed time points during pregnancy or
a polyclonal infection followed by a monoclonal infec-
tion containing a haplotype seen in the patient’s previ-
ous infections.

These samples were analysed with a secondary panel
(MS2, MS8 and MS10), along with several polyclonal
infections that contained H1, H15 or H16 (S1 Dataset).
Nineteen of these patients originally thought to have
recurrent infections with the same P. vivax clone, were
found to be distinguishable infections with different
haplotypes or had a polyclonal infection. The remaining
five patients had a clonal parasite reoccurring
throughout their infections.

Genotyping data from the MS markers was used to
calculate the number of distinct alleles and the hetero-
zygosity (HE) (Supplementary Table S7). The high
number of distinguishable allelic forms observed for
each locus and the high value of heterozygosity indi-
cated that overall, the P. vivax isolates circulating in the
pregnant women had a high degree of genetic diversity.
www.thelancet.com Vol 18 February, 2023

www.thelancet.com/digital-health


Characteristics Non-infected
(N = 155)

P. vivax
(N = 142)

p valuea P. vivax
1 episode
(N = 56)

p valueb P. vivax
2+ episodes
(N = 86)

p valuec

Syncytial nuclear aggregates 13.0 (10.0–17.0) 15.0 (11.0–21.0) 0.01 15.5 (11.0–20.5) 0.02 15.0 (10.0–21.0) 0.01

Fibrin deposition score 1.9 (1.9–2.8) 2.1 (1.9–2.8) <0.0001 2.0 (1.9–2.8) 0.0003 2.4 (1.9–2.8) 0.0001

Fibrinoid necrosisd 6.8 (3.9–10.2) 7.5 (5.1–10.6) 0.07 7.0 (5.1–10.8) 0.18 7.9 (5.1–10.4) 0.03

Placental barrier thicknesse 3.1 (2.8–3.5) 3.1 (2.8–3.5) 0.98 3.2 (2.8–3.5) 0.32 3.1 (2.8–3.4) 0.35

Leukocytes infiltratef 15.0 (9.0–21.0) 21.5 (14.0–29.0) <0.0001 23.0 (15.0–30.0) <0.0001 21.0 (14.0–28.0) 0.0003

Mononuclear cells infiltrateg 4.0 (2.0–6.0) 8.0 (5.0–12.0) <0.0001 8.0 (6.0–14.0) <0.0001 8.0 (5.0–11.0) <0.0001

Abbreviations: N, total number of individuals. Results are presents in median and interquartile range. Statistical tests were applied according to the type of variable and
groups: Mann–Whitney test to compare Non-infected and P. vivax groups, and Kruskal–Wallis test with Dunn post-hoc test to compare Non-infected × 1-P. vivax × 2-P. vivax
groups; no statistically significant difference was observed between the 1-P. vivax and 2-P. vivax groups. aDifferences between Non-Infected and P. vivax group. bDifferences
between Non-Infected and P. vivax 1 episode group. cComparisons between Non-Infected and P. vivax 2 or more episodes. dFibrinoid necrosis was recorded in placentas
from 124 P. vivax-pregnant women (51 P. vivax 1 episode and 73 P. vivax 2 or more episodes). ePlacental barrier thickness was recorded in placentas from 128 P. vivax-
pregnant women (51 P. vivax 1 episode and 77 P. vivax 2 or more episodes). fLeukocyte infiltrate (CD45+) was recorded in placentas from 153 non-infected and 120 P. vivax-
pregnant women (50 P. vivax 1 episode and 70 P. vivax 2 or more episodes). gMononuclear cells infiltrate (CD68+) was recorded in placentas from 154 non-infected and 141
P. vivax-pregnant women (85 P. vivax 2 or more episodes).

Table 2: Placental parameters of non-infected and infected pregnant women.
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This observation holds even when stratified by the
number of recurrences of infection during pregnancy
(Supplementary Table S8).

To detect any non-random associations between al-
leles, linkage disequilibrium (LD) was assessed using
the R2 measure (correlation coefficient). All R2 values
were below 0.1, which indicates no association between
the alleles at each marker (Supplementary Table S9).
This was expected as all MS loci are present on different
chromosomes but reassures that none of the markers
are introducing bias to the analysis, by influencing the
allele present in the remaining loci.
Monoclonal and polyclonal infections
Of the 175 isolates analysed, 48.6% (85) demonstrated
indistinguishable polyclonal P. vivax infections (had
more than one allele present at, at least one marker of
the primary panel: MSP1f3, Pv3.27 and MS16). The
remaining 90 infections were assigned one of the 27
haplotypes corresponding to their allelic profile.

Samples that begun with a polyclonal infection were
not found to increase the likelihood of recurrent mixed
infections. However, samples were more likely to be
polyclonal the more infections a patient had, suggesting
the pregnant women are potentially relapsing due to the
inactivity of chloroquine against hypnozoites and/or
being re-infected with new haplotypes. The polyclonal
infections preceded or followed by single haplotype in-
fections contained the original haplotype 64.3% (18/28)
of the time. Therefore, these recurrent infections are
probably relapsing from the initial polyclonal infection
(S1 Dataset).
Distribution of haplotypes across different clinical
characteristics and placental parameters
Based on Tables 1 and 2, we selected the main variables
to identify the association with the most frequent
www.thelancet.com Vol 18 February, 2023
haplotypes (H1, H15 and H16). For this analysis, only
pregnant women who had P. vivax infection during
pregnancy were used (n = 63). Therefore, a multivariate
logistic regression analysis was performed to find any
association between the most frequent haplotypes and
the clinical and placental variables of pregnancy
(Supplementary Table S10). Multivariate logistic
regression revealed that none of the haplotypes were
associated with these variables in the unadjusted anal-
ysis. However, when they were adjusted for the place of
residence, number of antenatal visit and for the other
variables in the block, we observed a lower chance of
inflammatory infiltrate, mainly by mononuclear cells,
when the pregnant woman was infected with H1
(adjusted odds ratio [aOR] 0.81, CI 95% 0.67–0.99,
p = 0.038). These results are inconclusive due to the
small sample size, and a larger number of pregnant
women would be essential for a robust analysis.
Genomic diversity of samples with haplotype 1
Two randomly selected patients (two time points from
each pregnant woman—ID 30 and 77 in the S1 Dataset),
each had two consecutive H1 infections, were also
whole genome sequenced. To analyse the genetic di-
versity of these samples, WGS was performed, and
87,433 SNPs were identified across the 4 samples,
averaging around 21,000 SNPs per sample (sample 1:
26,893, sample 2: 21620, sample 3: 23,787 and sample 4:
16,045) compared to the reference strain. These samples
contained high quantities of human DNA in compari-
son to parasite DNA, as the DNA was extracted directly
from unprocessed blood. This resulted in a lower
number of parasite SNPs to analyse from WGS.

A neighbour joining (NJ) tree (Fig. 2) using data
from Brazil, Colombia, Mexico and Peru shows that the
samples from this Brazilian pregnant population cluster
together with the non-pregnant P. vivax infected
7
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Legend

Brazil
Colombia
Brazil_n
Peru
Mexico
Brazil_m
Brazil_P

Fig. 2: Neighbour-Joining Tree of Plasmodium vivax samples from
Brazil and other regions in South America. Samples
from Colombia, Peru, Mexico, and Brazil were publicly available from
MalariaGEN (https://www.malariagen.net/parasite/p-vivax-genome-
variation); Brazil_n are samples collected by Oliveira et al.30 also in
the state of Acre; Brazil_m are samples from non-pregnant women
collected in the same region and at similar times as the samples in
this study (Brasil_P), in which we published in our previous
studies26,29; Brazil_P are the samples of the two pregnant women in
this study.
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population from Brazil.26,29 This demonstrates high
levels of relatedness. All these samples from Brazil were
collected in the state of Acre.26,29,30 The rest of the sam-
ples in the NJ tree show geographical clustering of
parasites. The 4 samples from the pregnant women are
clustered together on the same branch indicating high
similarity in the number of SNPs shared between these
samples. These 4 samples appear to have emerged from
the same clone, and a single sample from a non-
pregnant patient also present on the branch suggests
it is the same haplotype.
Discussion
To assess the burden of vivax relapses during preg-
nancy, it is necessary to distinguish the recurrences,
which can be achieved through the target sequence of
candidate genes, genotyping or sequencing of the entire
genome of the parasites.31 In this study, we used these
approaches to characterise the genetic diversity of
P. vivax populations in samples obtained from pregnant
women in an endemic region in Brazil, in addition to
looking for the association of frequent haplotypes with
adverse pregnancy outcomes.

Currently, the only drug used to prevent P. vivax
relapses is primaquine. However, this drug is not rec-
ommended for pregnant women or children, the pop-
ulation groups most affected by malaria. In fact, when
compared to other groups these two groups face more
cases of P. vivax recurrences, possibly relapses.7 The
genetic analysis of P. vivax makes it possible to clarify
several biological aspects of the parasite, such as, for
example, a better understanding of recurrences and
possible distinction between relapse/recrudescence and
new infections. Thus, the results described here reflect
the many facets that malaria in pregnancy represents as
a public health problem.32 When evaluating the maternal
clinical variables, it is observed that, in general, the
infection has a strong impact on pregnancy, with a
reduction in maternal weight gain as well as in hae-
matocrit and haemoglobin levels. It is already well
described that not only P. falciparum infection, but
P. vivax infection in pregnancy is also associated with a
high risk of maternal morbidity and mortality.10,33,34 In
addition, the pathology caused by the disease can in-
fluence the development of the foetus,10,35 reinforcing
the idea that the type of treatment available to pregnant
women, in the case of P. vivax, may not be sufficient to
reduce the impact of the disease.

Our data also indicated an aggravation when the
pregnant woman had two or more recurrences during
pregnancy, mainly in the variable placental weight
reduction. The placental inflammatory process that acts
on P. vivax infection may contribute to poor outcomes
during pregnancy.10,22 This is supported by the obser-
vation of significant histopathological changes in pla-
centas when the mothers were infected by P. vivax. A
localised inflammation can generate a frame of hypoxia/
ischemia that would alter the transport of both nutrients
and respiratory gases to the foetus, which can impact on
foetal development due to the lack of adequate supply of
nutrients and oxygen.36 Also, the oxidative stress caused
by hypoxia causes several structural and functional al-
terations in intrauterine development.37 In the analysis
of MS markers, we found that haplotype 1 (H1), the
most frequent in populations, was associated with a
lower inflammatory infiltrate. However, it is not
possible to draw strong conclusions about the associa-
tion of this haplotype with the improvement of the
placental inflammatory process due to the small sample
size, and further studies are needed.

Since the distinction between recrudescence, rein-
fection and relapse based on clinical observations alone
is difficult and inconclusive, genomic studies of the
parasite are essential. When genetically evaluating this
dataset, we believe recrudescence is unlikely as all
women were treated with chloroquine and recurrent
infections were detected only 28 days after treatment,
which is not typical of a recrudescence due to treatment
failure. On the other hand, it is likely that the recurrent
episodes analysed in this study were relapses originating
from hypnozoites, as pregnant women cannot be treated
with primaquine to eliminate this hepatic form of the
parasite. The presence of the same parasite haplotype in
recurrent infections might be indicative of a relapse,
especially if the haplotype is rare or unique in the
population. However, if a haplotype is frequent in the
www.thelancet.com Vol 18 February, 2023
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population, such as H1, H15, and H16 seen here, it is
more difficult to determine whether recurrent infections
are due to a relapse or a new infection. Reinfections
from mosquito bites are also likely to occur in particular
in this P. vivax endemic region, which is considered one
of the most endemic regions in Brazil.33,38

The high genetic diversity and the large number of
polyclonal infections observed may be due to several
factors, such as reduced levels of immunity to infections,
increased susceptibility to mosquito bites, and physio-
logical changes in pregnancy, as reported in other
studies.8,18 In addition, it was observed that most preg-
nant women had a previous history of malaria, and it is
possible that these women may harbour hypnozoites
upon preconception, and relapses may occur due to their
immunocompromised state during pregnancy. The latent
hypnozoites may result in heterologous relapse where the
relapse appears to be a different haplotype to the original
haplotype, confounding the results.39

The high number of distinguishable allelic forms
observed for each locus and the high value of hetero-
zygosity indicate that, in general, P. vivax circulating in
the population of pregnant women showed a high de-
gree of genetic diversity, which is in line with other
studies carried out in Brazil in non-pregnant women.14,30

The observed high frequency of specific alleles and
haplotypes suggests a clonal expansion of the P. vivax
population in this population in Acre. It is possible that
this is a remnant of a historic clonal outbreak, and over
time, low-frequency haplotypes are re-emerging,
explaining the identification of a high number of al-
leles at lower frequencies and high genetic diversity. In
a complementary way, population bottlenecks can also
explain the observed clonal expansion, similar to the
events observed in other South American countries.40,41

Phylogenetic analysis show that P. vivax population
within pregnant women clustered with other Brazilian
samples in the region.29,30 The close distance between
the Brazilian and Peruvian P. vivax samples is expected,
as Acre borders with Peru.

Some limitations of this study must be noted. There
are two caveats connected with sampling that need to be
considered before drawing firm conclusions. First, for a
genetic study, a larger number of pregnant women and
samples might be needed. Second, although we were able
to analyse a total of 175 isolates in 85 pregnant women,
the association of haplotypes with adverse gestational
events, which we present in the S10 Table, was impaired.
This is because 23 pregnant women also had
P. falciparum infection during pregnancy, being excluded
from the clinical association analyses, which further
reduced our sample size. Although this study does not
provide a clear association between the genetic compo-
nent of P. vivax infection and pregnancy outcomes, these
results open the possibility for future investigations.
www.thelancet.com Vol 18 February, 2023
Overall, our work provides insights into the genomic
diversity of P. vivax in pregnant women, which repre-
sents a serious public health problem. In addition, it
contextualizes the population of these parasites with the
population found in non-pregnant women in Brazil and
in other South American countries. As relapses can be
very common during pregnancy, it is crucial to find
drugs to eliminate hypnozoites that will neither affect
the mother nor the baby. In particular, it highlights that
the type of treatment available for pregnant women is
currently not adequate to reduce the impact of the dis-
ease. It is also important to implement better control
strategies to avoid new infections from mosquito bites
during pregnancy, such as expanding their distribution
and encouraging the use of bed nets and insecticides.
Finally, this work is extremely important since molec-
ular surveillance of the genetic variability of P. vivax in
the context of malaria in pregnancy is scarce and can
assist in the design of more adequate tools for the
control and elimination of malaria.
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