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ABSTRACT The role of the gut microbiota during coinfection with soil-transmitted
helminths (STH) and Plasmodium spp. is poorly understood. We examined peripheral
blood and fecal samples from 130 individuals who were either infected with Plasmo-
dium vivax only, coinfected with P. vivax and STH, infected with STH alone, or not
infected with either P. vivax or STH. In addition to a complete blood count (CBC)
with differential, transcriptional profiling of peripheral blood samples was performed
by transcriptome sequencing (RNA-Seq), fecal microbial communities were deter-
mined by 16S rRNA gene sequencing, and circulating cytokine levels were measured
by bead-based immunoassays. Differences in blood cell counts, including an in-
creased percentage of neutrophils, associated with a transcriptional signature of
neutrophil activation, were driven primarily by P. vivax infection. P. vivax infection
was also associated with increased levels of interleukin 6 (IL-6), IL-8, and IL-10; these
cytokine levels were not affected by STH coinfection. Surprisingly, P. vivax infection
was more strongly associated with differences in the microbiota than STH infection.
Children infected with only P. vivax exhibited elevated Bacteroides and reduced Pre-
votella and Clostridiaceae levels, but these differences were not observed in indi-
viduals coinfected with STH. We also observed that P. vivax parasitemia was
higher in the STH-infected population. When we used machine learning to iden-
tify the most important predictors of the P. vivax parasite burden (among P.
vivax-infected individuals), bacterial taxa were the strongest predictors of para-
sitemia. In contrast, circulating transforming growth factor � (TGF-�) was the
strongest predictor of the Trichuris trichiura egg burden. This study provides un-
expected evidence that the gut microbiota may have a stronger link with P.
vivax than with STH infection.

IMPORTANCE Plasmodium (malaria) and helminth parasite coinfections are frequent,
and both infections can be affected by the host gut microbiota. However, the rela-
tionship between coinfection and the gut microbiota is unclear. By performing com-
prehensive analyses on blood/stool samples from 130 individuals in Colombia, we
found that the gut microbiota may have a stronger relationship with the number of
P. vivax (malaria) parasites than with the number of helminth parasites infecting a
host. Microbiota analysis identified more predictors of the P. vivax parasite burden,
whereas analysis of blood samples identified predictors of the helminth parasite bur-
den. These results were unexpected, because we expected each parasite to be asso-
ciated with greater differences in its biological niche (blood for P. vivax and the in-
testine for helminths). Instead, we find that bacterial taxa were the strongest
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predictors of P. vivax parasitemia levels, while circulating TGF-� levels were the
strongest predictor of helminth parasite burdens.

KEYWORDS Colombia, Plasmodium vivax, STH, soil-transmitted helminths, Trichuris
trichiura, malaria, microbiota

Coinfection with soil-transmitted helminths (STH) and a malaria parasite is a com-
mon occurrence due to the geographical overlap of these infections (1). Both

parasites can manipulate the host immune response to allow for their own persistence.
Helminths can regulate the host immune system to prevent their elimination, which
simultaneously protects the host against excessive inflammation (2). Although this may
be beneficial for the worm and the host in many cases, it also allows other foreign
antigens to remain hidden, thus possibly affecting the immune response to other
pathogens (3). The effects of helminth coinfection are therefore complex, and epide-
miological studies have often resulted in contradictory conclusions. One potential
reason for contradictory results in the literature is that STH infection may render the
host more susceptible to coinfection with other pathogens but may also reduce the
severity of morbidity resulting from inflammation in response to these other infections.
For example, in response to malaria, the host produces high levels of proinflammatory
cytokines that help control the parasite but also contribute to pathology (4). In areas of
endemicity, repeated infections lead to the development of partially protective immu-
nity to malaria, which frequently results in persistent infections with low levels of
parasites (5).

Several studies have found an association between malaria severity and the pres-
ence of STH. However, the direction of the association is dependent on the study and
the species of STH in the coinfection. One study from Senegal showed that children
who tested positive for Ascaris, Ancylostoma, or Trichuris were more susceptible to
Plasmodium falciparum infection than their uninfected peers (6). However, another
study, also in Senegal, showed that Schistosoma haematobium infection was associated
with lower P. falciparum densities (7). When it comes to pathogenesis, a study in
Thailand found that Ascaris infection was protective against cerebral malaria (as op-
posed to uncomplicated malaria cases), suggesting that Ascaris in particular might
protect against morbidity resulting from malaria infection (8). It is hypothesized that
people infected with helminths are more susceptible to P. falciparum infection but
experience severe morbidity and mortality from these infections less frequently (9, 10).
In mouse models of coinfection, there is similar confusion over the contrasting effects
of helminths, depending on the nature of the rodent malaria model (11). Variation in
the gut microbiota between individual mammalian hosts may further confound some
of these complex interactions.

There is now evidence that the composition of the gut microbiota in the mammalian
host can affect disease severity and protect against infection with malaria parasites (12).
In mice, Plasmodium infection can affect the composition of the gut microbiota,
changing their susceptibility to other infections or to malaria-induced pathology (13,
14). Different gut bacterial communities of mice from different vendors were respon-
sible for differences in parasite burden and mortality after infection with Plasmodium
(15). These studies in mouse models indicate that malaria can induce changes in the
gut microbiome of the host but also that the composition of the host microbiome can
modulate the development of pathology induced by malaria. Another study in mice
found that Escherichia coli among the microbiota expressing �-gal conferred protection
against Plasmodium sp. infection (16). Among human subjects, minimal differences in
the composition of the gut microbiome were found in children before and after malaria
followed by artesunate treatment (17), indicating important differences from mouse
models of infection in this respect. However, as with mice, a human-subject study from
Mali suggested that the gut microbiome may affect susceptibility to P. falciparum
infection; individuals who were at a lower risk of being infected with P. falciparum had
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significantly higher proportions of Bifidobacterium and Streptococcus in their gut mi-
crobiomes (18).

The effects of helminths on the gut microbiota have also been increasingly docu-
mented (19). By characterizing the microbiota of a group of indigenous Malaysians
known as the Orang Asli using 16S rRNA gene sequencing, we found previously that
STH-infected individuals have greater microbial diversity than uninfected individuals
(20). Deworming treatment reduces microbial diversity and shifts the community
balance by increasing the abundance of Bacteroides and reducing that of Clostridiaceae
in this population (21). Furthermore, the parasite burden of Trichuris infection has one
of the largest effect sizes on microbial variation (22). Nonetheless, every study popu-
lation has unique characteristics, and at other study sites, such trends have not been
observed (23, 24). Large-intestine-dwelling helminths, such as Trichuris trichiura, may
have different effects on the microbiota from small-intestine- and tissue-dwelling
helminths (19). Additionally, the effects of anthelmintic drugs on the microbiota are still
not definitively understood. Finally, how helminths, malaria, and the microbiota interact
to influence the immune response remains unclear.

Here, we examine the association of STH and Plasmodium vivax coinfection with the
gut microbiota and immune response through a cross-sectional study based in Colom-
bia. We identified the most important predictors of both T. trichiura and P. vivax
parasitemia levels by using machine learning models to integrate the various multiomic
measurements. Surprisingly, the gut microbiota may have a stronger relationship with
P. vivax infection than with STH infection, since multiple bacterial taxa were identified
as the strongest predictors of parasitemia levels in P. vivax-infected individuals.

RESULTS

To study the effects of P. vivax and STH coinfection, we collected blood and stool
samples from 130 children aged 4 to 16 years, living in Tierralta, Córdoba, Colombia.
Healthy children infected (n � 39) or not (n � 31) with STH were confirmed to be PCR
negative for P. vivax in the blood. Children with acute P. vivax malaria (n � 60) were
split into those who were infected with any STH (n � 27) and those who were not
(n � 33). These two groups had comparable proportions of female and indigenous
individuals, as well as similar age distributions (Table 1). Notably, children coinfected
with STH had higher P. vivax parasitemia measurements (Table 1; Fig. 1) (P, 0.04 by the
Wilcoxon signed-rank test). When STH types were examined separately (see Fig. S1A in
the supplemental material), the median P. vivax parasitemia level of individuals in any
STH infection group was higher than that for individuals with no STH infection, but the
number of individuals in each category is small, and there are no statistically significant
differences in P. vivax parasitemia between each pair of groups (Fig. S1B).

The frequencies of infection with Trichuris trichiura and Ascaris lumbricoides were
similar for children who were coinfected with P. vivax and those who were not.
Although more individuals had hookworm infections in the P. vivax coinfected group
(n � 11) than in the P. vivax-negative group (n � 3), hookworm prevalence was rela-
tively low (21%), compared to T. trichiura prevalence (92%). There were no significant
differences in the egg counts for each of these three STH between children infected
with STH only and those coinfected with STH and P. vivax (Table 1). The complete
breakdown of the different STH infections is shown in Fig. S1A. While each STH type
may have a different relationship with P. vivax, due to the limited number of individuals
infected with Ascaris and hookworm, subset analysis was not possible. Because of the
preponderance of T. trichiura and the limited frequency of coinfection with other STHs,
the observations in this study are primarily for T. trichiura infection.

A complete blood count with differential (CBC w/diff) analysis of the blood of the
130 children in this study provided data on cellular composition and other blood
parameters. A principal-component analysis (PCA) plot based on all the measurements
from the CBC w/diff shows that children infected with P. vivax only or with STH
coinfection largely clustered separately from those not infected with P. vivax (Fig. 2A).
Hence, infection with P. vivax, but not with STH, significantly alters multiple blood
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parameters. Individuals with P. vivax infection diverged from individuals without P.
vivax infection along the PC1 axis (Fig. 2A). This indicates that PC1 can explain an
important component of the variance that separates P. vivax-infected and uninfected
individuals. Identification of factors with negative loading on PC1 (Fig. 2B) indicates that
there is a negative association between P. vivax infection and platelets/hematocrit
(Fig. 2B and C), which is consistent with the known consequences of P. vivax infection
(25, 26). Additionally, identification of factors with positive loading on PC1 (Fig. 2B)
indicates that there is a positive association between P. vivax infection and the
percentage of neutrophils/monocytes in the blood (Fig. 2B). Indeed, platelets and
hematocrit were significantly lower in individuals infected with P. vivax, regardless of
STH infection (Fig. 2C), and the percentages of monocytes and neutrophils were
elevated in individuals with P. vivax infection (Fig. 2C). Box plots for the remaining 12

TABLE 1 Characteristics of the study populationa

Characteristic

Value for group

Differences between groupsbUninfected
P. vivax
infected

STH
infected Coinfected

No. of participants 31 33 39 27
No. female 16 18 13 8 No sig. diffs. by two-proportion z-test
No. indigenous 0 11 0 7 Hospital-collected populations similar

(two-proportion z-test)
Age (yr) 9.1 � 2.9 12.8 � 3.2 10.6 � 2.2 12.0 � 2.98 Differences by ANOVA; sig. diffs. between all

pairs except P. vivax and coinfection
P. vivax parasitemia

(no. of parasites/�l)
0 2,554 � 2,346 0 3,901 � 2,660 Differences by ANOVA (P � 0.04) between

P. vivax and coinfection
No. infected with

T. trichiura
0 0 36 25 No sig. diffs. by two-proportion z-test

T. trichiura egg
count/g

N/A N/A 38 � 44 50 � 88 No sig. diffs. by Mann-Whitney test

No. infected with
A. lumbricoides

0 0 11 4 No sig. diffs. by two-proportion z-test

A. lumbricoides
egg count/g

N/A N/A 2,115 � 3,825 347 � 659 No sig. diffs. by Mann-Whitney test

No. infected with hookworm 0 0 3 11 Sig. diff. by two-proportion z-test (P � 0.001)
Hookworm egg count/g N/A N/A 295 � 502 37 � 65 No sig. diffs. by Mann-Whitney test
Location of collection School Hospital School Hospital
aThe study population included four groups of children: those infected with P. vivax only, those infected with STH only, those infected with both P. vivax and STH,
and those not infected with either P. vivax or STH. Children infected with P. vivax (with or without STH infection) were enrolled in the hospital before receiving
treatment. Children who were not infected with P. vivax (with or without STH infection) were enrolled from a school within the hospital’s catchment area.

bsig. diffs., significant differences.

FIG 1 P. vivax parasitemia is higher in STH-coinfected individuals. Box plots show the P. vivax parasitemia
levels (expressed as the number of parasites per microliter) of children with both P. vivax and STH
infections (red circles) and children with P. vivax infections only (orange circles). P. vivax parasitemia is
significantly higher in individuals who are coinfected with STH (P, 0.04 by the Wilcoxon signed-rank test).
These box plots (and all other box plots shown) represent the median, interquartile range (box), and 95%
confidence interval (whiskers).
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FIG 2 CBC w/diff analysis can distinguish individuals with P. vivax infection but not those with STH infection. (A) Principal-component analysis
based on results from CBC w/diff analysis. Each point represents the result for one child and is color-coded by infection status, as throughout the
figures. Data are shown in red for children coinfected with P. vivax and STH, in orange for children infected with P. vivax only, in dark blue for
children with STH alone, and in light blue for children who were not infected with either parasite. Ellipses show the areas covering 90% of the
samples from each group. (B) The factors loading for PC1 reflect the amounts of variance shared by these parameters (either negatively [in blue]
or positively [in red]) with the PC1 values. MCV, mean corpuscular volume. (C) Box plots of the two variables most negatively associated with PC1
(platelets and hematocrit) as well as the two variables most positively associated with PC1 (the percentages of monocytes and neutrophils) are
shown with the same color scheme. Box plots for the remaining 12 clinical variables can be found in Fig. S2.
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variables can be found in Fig. S2. Notably, we did not include asymptomatic P.
vivax-infected individuals in this study, and we specifically screened our control groups
to be negative for P. vivax infection. Hence, all P. vivax-infected individuals in this study
were symptomatic and were recruited in the hospital setting, while all other individuals
(uninfected or infected with STH only) were recruited from the community.

To examine the relationship between specific cytokines and infection status, we
measured the circulating levels of 13 cytokines in plasma samples. A PCA plot based on
these variables shows that most individuals had similar levels of these cytokines, except
for some individuals with P. vivax infection either with (red dots) or without (orange
dots) STH coinfection (Fig. 3A). Interleukin 6 (IL-6), IL-8, IL-10, and IL-4 are the variables
that contributed the most to the positive loading along the PC1 axis (Fig. 3B). These
four cytokines were elevated in individuals infected with P. vivax, with or without STH
coinfection (Fig. 3C).

To identify associations between the gut microbial communities and infection
status, we performed 16S rRNA gene sequencing on stool samples collected from all
children in the study. Shannon diversity did not differ significantly between comparison
groups (Fig. S3; P, 0.244 by analysis of variance [ANOVA]). A nonmetric multidimen-
sional scaling (NMDS) plot was constructed to map each sample onto 2-dimensional
space, using Jaccard distances (Fig. 4A). Most individual samples clustered together,
though some samples from children with P. vivax infections only (without STH coin-
fection; shown in orange) clustered separately along the first axis. Results were similar
based on Bray-Curtis and unweighted UniFrac distances, as shown in Fig. S4. When
additional information on STH species (including hookworm and Ascaris) was added
into Fig. 4A, we saw no obvious clustering based on STH species (Fig. S5). When the
microbiota compositions of children with P. vivax infection only (orange) were com-
pared with those of children with STH coinfection (red), Bacteroides was elevated in
individuals without STH coinfection. Prevotella copri, a Prevotella sp., and Clostridiaceae
were elevated in coinfected children (Fig. 4B and C). Prevotella copri, a Prevotella sp., and
Clostridiaceae were less abundant, and Bacteroides was more abundant, in samples from
the P. vivax-only group than in any of the other groups. These results indicate that
differences in gut microbial composition are associated with P. vivax infection in some
individuals, but none of the P. vivax-infected individuals who were coinfected with STH
showed similar alterations in microbial composition.

We next performed transcriptome sequencing (RNA-Seq) of the total blood samples
that were collected into PAXgene tubes from enrolled children. A PCA plot based on
the total RNA-Seq data set shows that most samples had similar transcriptional profiles.
There were some individual outliers, but these samples came from all four groups of
children (Fig. 5A). Volcano plots comparing gene expression across all six pairwise
comparisons between the four groups are shown in Fig. S6. Genes that have a log2 fold
change greater than 1 and meet the adjusted P value cutoff of 0.01 are highlighted.
DESeq analysis identified 30 genes that were significantly upregulated in children with
P. vivax infection only (Fig. 5B). Functional enrichment analysis of these 30 genes using
PANTHER (27) indicated that many of these genes are involved in neutrophil function
(Fig. 5C). Hence, P. vivax infection appears to be associated with an increase in
neutrophil activation in the peripheral blood. As noted above, CBC w/diff analysis had
indicated that the percentage of neutrophils was elevated in individuals with P. vivax
infection, regardless of STH infection status (Fig. 2C). However, the absolute numbers of
neutrophils were similar across all groups (Fig. S2B). Hence, this neutrophil signature
may reflect an increased activation state of blood neutrophils and not just an increase
in cell number. DESeq analysis comparing STH-infected individuals with uninfected
individuals (Fig. S6D), and comparing individuals coinfected with P. vivax and STH with
those infected with P. vivax only (Fig. S6E), did not identify any genes that were
significantly different, indicating that the transcriptional effects of helminth infection on
the blood cells are relatively minor. In other comparisons where one comparison group
was infected with malaria and the other was not (such as uninfected individuals versus
coinfected individuals [Fig. S6F]), there were significant differences in gene expression
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between the groups. These are shown in Fig. S6 by marking the P. vivax-infected
comparison group with a red M. Finally, DESeq analysis of all P. vivax-infected individ-
uals using raw P. vivax parasitemia as the outcome variable did not identify any genes
significantly associated (adjusted P value, �0.05) with parasitemia.

FIG 3 Elevation of plasma cytokine levels in some individuals infected with P. vivax. (A) Principal-component analysis of levels of 13 different
circulating cytokines measured by bead-based immunoassays. Each point represents the result for one child and is color-coded by infection
status, including children coinfected with P. vivax and STH (red), children infected with P. vivax only (orange), children with STH alone (dark
blue), and children who were not infected with either parasite (light blue). Ellipses show the areas covering 90% of the samples from each
group. (B) The factors positively loading for PC1 reflect the amounts of variance shared by these parameters with the PC1 values. (C) Box plots
of the four variables (IL-6, IL-8, IL-10, and IL-4) most positively associated with PC1.
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FIG 4 Effects of STH coinfection on the microbiota of P. vivax-infected patients. (A) NMDS plot based on Jaccard distances between stool
microbiota samples (based on 16S rRNA gene sequencing), colored according to STH-P. vivax infection status. Some individuals with P.
vivax infections only (orange) had a distinct microbiota and clustered separately along the first axis. (B) LDA effect sizes calculated using
LEFSe (58) are shown, comparing samples from individuals infected with P. vivax alone with samples from those coinfected with P. vivax
and STH. Microbes that were significantly (P � 0.01) elevated in individuals infected with P. vivax only are shown in orange, and microbes
that were significantly elevated in individuals coinfected with P. vivax and STH are shown in red. This comparison was made based on
the visual differentiation of these groups in panel A and the comparability of these two hospital-based groups. (C) Box plots for the three
top microbes enriched in samples from coinfected individuals and the top microbe enriched in samples from P. vivax-infected individuals.
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Gene set enrichment analysis (GSEA) using a blood transcriptional module (BTM)
database (28, 29) identified pathways enriched in monocytes, Toll-like receptor (TLR)
and inflammatory signaling, and immune activation in individuals infected with P. vivax
only relative to uninfected individuals (Fig. S7). Similar results were found in the
comparison of coinfected individuals with uninfected individuals (Fig. S7).

Having assembled a heterogeneous set of blood and stool measurements from this
study, we wanted to integrate the data and determine which variables were the most
important predictors of the four separate groups by feeding all the variables into a
random forest model. Since we were most interested in the effects of coinfection, we
focused on the differences between individuals with P. vivax infection only and those
with P. vivax and STH coinfection. When the variables were sorted by importance to the
predictive model (the mean decrease in Gini when the variable was omitted from the
model), 8/10 of the most important variables were microbes (Fig. 6A). As expected,
some of these microbes overlapped with those identified by linear discriminant analysis
(LDA) (Fig. 4): [Prevotella], Prevotella, Bacteroides, Clostridiaceae, and Cetobacterium.
(Greengenes taxonomy includes operational taxonomic units [OTUs]) with contested
classifications in square brackets.) Other important variables include one gene
(NDUFA6, encoding NADH:ubiquinone oxidoreductase subunit A6; not identified as
differentially expressed by DESeq2) and P. vivax parasitemia. As noted above, STH
coinfection was associated with higher P. vivax parasitemia (Table 1 and Fig. 1).
However, it should be noted that the out-of-box error rate for this model was 38%, and
a random model would have an error rate of approximately 50%. Hence, the large
number of variables we measured provided only a small amount of information that
could differentiate between STH-coinfected and P. vivax-only-infected individuals. How-

FIG 5 RNA-Seq of the peripheral blood identifies genes upregulated by P. vivax infection but not by STH infection. (A) PCA plot based on the
50% most variable genes with at least 400 reads across all samples. Ellipses show the areas covering 90% of the samples from each group,
revealing the almost complete overlap between groups. (B) Differential abundance analysis by DESeq identifies 30 genes that are upregulated
in individuals infected with P. vivax only compared to uninfected individuals (with an adjusted P value of �0.05 and a log2 fold change of �1).
(C) Biological processes overrepresented in these 30 genes relative to all genes in the Homo sapiens Gene Ontology database (accessed
8 October 2019), using Fisher’s exact test in PANTHER (27). The top 10 specific subclasses (from hierarchically sorted output) are shown,
based on the lowest FDR.

Microbiota and Immunity in P. vivax-STH Coinfection ®

September/October 2020 Volume 11 Issue 5 e01705-20 mbio.asm.org 9

https://mbio.asm.org


FIG 6 Integrative analysis of heterogeneous data sets using random forest models to identify the
strongest predictors of coinfection and parasite burden. (A) The random forest model selected eight
microbes (brown) in the top 10 predictors of whether a P. vivax-infected child is also infected with STH.
Bars represent the mean decrease in Gini when a variable is removed from the model; a larger decrease
means that the variable is more different between individuals infected with P. vivax only and those with
both P. vivax and STH infections. Bars are color-coded based on the type of variable: microbes measured
by 16S rRNA gene sequencing are shown in brown, genes measured by RNA-Seq in red, cytokines in
yellow, and demographic variables from a questionnaire in purple. The model included 4,046 variables:
38 microbial genera, 3,907 genes, 85 measurements from blood tests, including CBC w/diff and cytokine
levels, and 16 variables from the demographic questionnaire. Of the 10 variables shown, all were higher
in the coinfected group, except for NDUFA6 and Bacteroides, which were higher in the P. vivax-only
group. However, the strongest predictors of whether an individual is infected with P. vivax or not (see
Fig. S8A) are found in the data from clinical bloodwork and cytokine panels. (B) The random forest model
selected seven microbes in the top 10 predictors of P. vivax parasitemia. In this continuous-outcome
model, the increase in node purity represents the importance of the variable to the model; higher
numbers mean that the variable is more important for predicting P. vivax parasitemia. The model
included the same variables as those in panel A, except that the group (the response variable in panel
A) was removed and P. vivax parasitemia was made into a response rather than a predictor. (C) To
examine one of these important variables, we created a scatter plot, which shows that Prevotella is
correlated with P. vivax parasitemia (r2 � 0.13; P � 0.005 [among those infected with P. vivax]). Results

(Continued on next page)
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ever, this heterogeneous model selects some of the same microbes identified by LDA
(Fig. 4), providing additional support for the conclusion that the most distinct differ-
ences between P. vivax-infected individuals with STH infection and those without STH
infection were microbial.

When the same integrative analysis was done to compare P. vivax-only-infected
individuals with uninfected individuals, we found that IL-10, IL-6, platelets, and the
number of lymphocytes were the most important predictors (Fig. S8A) of P. vivax
infection. This was consistent with the results shown in Fig. 2 and 3. When we
compared STH-only-infected and uninfected individuals, we found that the monocyte
percentages and numbers, as well as MCP.1 and TGF.B1, were the most important
predictors of STH infection (Fig. S8B). This is consistent with the results presented in
Fig. 2C, showing that the percentage of monocytes is lower in uninfected individuals
than in all other groups. The association with transforming growth factor � (TGF-�) is
explored further in Fig. 6D and E.

Next, we wanted to determine what variables are important predictors of parasite
burden for P. vivax and Trichuris trichiura. At 92% prevalence, T. trichiura was by far the
most common STH found in this community. First, a random forest model was run with
the continuous outcome of P. vivax parasitemia (Fig. 6B). Strikingly, some of the same
microbes identified in the categorical classification above (Fig. 6A) were also identified
as important predictors of P. vivax parasitemia levels. Of the 10 most important
predictors of parasitemia, 7 were bacterial taxa, highlighting the potential importance
of gut bacterial communities in P. vivax infection. Microbes that were predictive both
of whether a person was coinfected with STH and of P. vivax parasitemia included
[Prevotella], Prevotella, and Slackia. The number of neutrophils was also predictive of P.
vivax parasitemia, which is consistent with the other results (Fig. 2 and 5), indicating a
role for neutrophils in individuals infected with P. vivax. When we plotted Prevotella
read counts against P. vivax parasitemia (Fig. 6C), the coefficient of correlation was low
(r2 � 0.128), but the P value for this correlation was significant at 0.005, suggesting a
small but significant relationship between these two variables.

When we ran the random forest model to predict the T. trichiura egg count, the
strongest predictor was TGF-� (Fig. 6D). When we plotted TGF-� levels against the T.
trichiura egg count (Fig. 6E), the coefficient of correlation was low (r2 � 0.158), but the
P value for this correlation was significant at 0.002 (Fig. 6E). Notably, although the
parameters measured by CBC w/diff (Fig. 2) and plasma cytokine measurements (Fig. 3)
appeared to be better at distinguishing individuals from separate groups, these pa-
rameters were mostly poor predictors of parasite burdens and coinfection status (with
the exception of TGF-� and neutrophil numbers). Of the 10 most important predictors
for the T. trichiura egg count, 7 parameters were transcript levels from the RNA-Seq
analysis of whole blood. In order to examine the relationship between the T. trichiura
egg count and blood RNA-Seq analysis directly, we performed DESeq with the T.
trichiura egg count as the outcome. This identified nine genes with adjusted P values
below 0.05, shown in Table S1. The top gene identified by the random forest model
(RNF10) and the top gene identified by DESeq (DEFA1B) are plotted against the T.
trichiura egg count in Fig. S9. Hence, treating the T. trichiura egg count as a continuous
variable identified a more significant relationship between egg burden and the expres-
sion of specific transcripts in the blood than when STH-infected individuals were
compared to uninfected individuals as categorical variables (Fig. S6D and E). In sum-

FIG 6 Legend (Continued)
for samples from children infected with P. vivax only are shown in orange, and those from children
coinfected with STH are shown in red. (D) The random forest model selected TGF-� as the top predictor
of the T. trichiura egg count. Other variables that are predictive of egg burden include several genes
(from RNA-Seq results), the child’s height, and one microbe. The model included the same variables as
those in panel A, except that the T. trichiura egg count was made into a response rather than a predictor.
(E) TGF-� is correlated with the T. trichiura egg count (r2 � 0.16; P � 0.002 [among those infected with
T. trichiura]). Results for samples from children infected with STH only are shown in blue, and those from
children coinfected with P. vivax are shown in red.
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mary, we found that stool sample analysis for bacterial communities identified more
predictors of P. vivax parasitemia, whereas blood sample analysis identified more
predictors of the T. trichiura egg count, which is the opposite of where the respective
parasites reside.

DISCUSSION

In this study, we took a multiomic approach toward investigating the effects of
coinfection with soil-transmitted helminths and P. vivax. To our surprise, we found that
the gut microbiota communities had a stronger association with malaria infection than
with STH infections. We had previously reported, in both cross-sectional (20) and
longitudinal (21) studies on the Orang Asli in Malaysia, that T. trichiura infection
impacted microbial diversity and the composition of the microbiota in infected indi-
viduals. In contrast, the current study found that the microbiota of uninfected and
STH-infected individuals are not significantly different (Fig. 4A; see also Fig. S5 in the
supplemental material). This suggests that the environment in which the microbiota
and STH exist (all the other cofactors, such as the diet, age, lifestyle, and other previous
and current infections of the human host) may determine whether or not STH affect the
gut microbiota. This could explain why the effects of STH on the gut microbiome have
not been consistent between studies, even when investigators examine the same STH
species (23, 24, 30, 31). Thus, we conclude that the effects of STH infections on the
microbiota are dependent on the context of infection.

Here, we observed an association of acute P. vivax infections with microbiome
composition; however, the direction of the causal relationship between malaria and the
microbiota is still not clear. It could be interpreted as differences in the intestinal
microbiota communities being induced by infection with P. vivax or as the result of
individuals with particular microbiome characteristics being more susceptible to P.
vivax infections. Previous longitudinal studies observed that there are minimal effects
of P. falciparum infection on microbiome composition (17) but that the intestinal
microbiota composition is associated with the prospective risk of P. falciparum infection
(18). Taken together, these studies suggest that the preexisting microbiota composition
may affect susceptibility to malaria.

We cannot rule out the possibility that the microbiota samples were impacted by
antimalarial treatment, since the fecal samples from P. vivax-infected participants were
collected 1 day after the start of antimalarial treatment in the hospital. However,
STH-coinfected individuals were also sampled at the same time point after antimalarial
treatment, so any effects on coinfected and P. vivax-only-infected individuals should be
equivalent.

The effect of STH infections on malaria development and pathogenesis is a highly
relevant clinical issue because of the major overlap between these two parasites
worldwide (32). We found here that STH-infected individuals have higher P. vivax
parasitemia (Fig. 1). In the absence of longitudinal data, it is unclear why individuals
with STH infections have higher P. vivax parasitemia. Perhaps some individuals are more
susceptible to both infections, or perhaps STH infection induces an immunological
environment that is more permissive to P. vivax parasites. Previous studies in Southeast
Asia (33) and Africa (34–37) also reported that helminth coinfection had a positive
association with the occurrence of malaria caused by P. falciparum or P. vivax infections.
While STH may render coinfected people more susceptible, it does not appear to cause
increased severity of symptoms (38, 39). In fact, there are also reports that helminth
coinfection may protect against certain aspects of pathogenesis, such as P. vivax-
induced anemia (40). The relationship between STH infection and P. vivax parasitemia
could be mediated by immune modulation induced by helminth infections, which
resulted in higher tolerance to disease (41). However, no indication of immune mod-
ulation by helminth infection is reflected in the blood transcriptomes of these study
participants (Fig. S6 and S7), although DESeq results do suggest that some genes are
associated with T. trichiura infection (Table S1).

We also observed an increase in the percentage of neutrophils among white blood

Easton et al. ®

September/October 2020 Volume 11 Issue 5 e01705-20 mbio.asm.org 12

https://mbio.asm.org


cells and in the expression of neutrophil-specific genes in P. vivax infections regardless
of STH coinfection, confirming previous evidence that neutrophil activation is an
important response to malaria (42). Indeed, a strong neutrophil response with the
formation of extracellular traps is observed in acute-phase P. falciparum patients (43).
However, a previous study (44) described a decrease in neutrophils and neutrophil-
specific genes in P. vivax infections, but this was observed only in first-time infections,
possibly accounting for the differences from our results.

In this study, we found that of all the multiomic measurements that we performed,
the level of circulating TGF-� was the variable most predictive of the T. trichiura egg
burden. Just based on this association, it is not clear whether TGF-� is important for
worm expulsion or colonization. However, the relationship between TGF-� and Trichuris
infection has been established in the murine model of Trichuris muris infection (45). In
this model, TGF-� was shown to act on CD4� T cells to promote chronic infection
instead of worm expulsion. Antibody-mediated blockade of TGF-� activity could pro-
tect mice from infection, indicating that increased TGF-� levels may be beneficial for
the colonization of the host by the parasite. One possible mechanism may be the
induction of Foxp3� CD4� regulatory T cells (Tregs) that promote chronic infection by
suppressing protective immunity. A previous study on African children found that both
Trichuris trichiura and Ascaris lumbricoides infection burdens were associated with IL-10
and TGF-� production from peripheral blood cells (46). Notably, this study also showed
that there was a negative relationship between IL-10 and TGF-� production and the
ability of these cells to produce TH1 or TH2 cytokines against worm and bacterial
antigens. In a different study, a healthy volunteer who ingested eggs from the porcine
parasite Trichuris suis also expressed higher levels of TGF-� in the ascending and
transverse colon after infection, indicating a direct link between infection and TGF-�
expression in humans (47). Finally, there is also evidence from human genetic associ-
ation studies that TGF-B1 could be important in T. trichiura infection. Polymorphisms in
the TGF-B1 gene that affect allergy and asthma are also associated with increased
susceptibility to Trichuris trichiura infection, as well as increased IL-10 production (48).
Overall, our study provides additional evidence that the link between TGF-� and
Trichuris infection may be one of the most important immunological relationships
between the host and this parasite.

An important caveat of our analysis is that for the random forest regression model
we used, the variances explained were �10% (for P. vivax parasitemia [Fig. 6C]) and
�23% (for T. trichiura egg burden [Fig. 6D]), suggesting severely limited power to
predict parasitemia from other types of data. For predicting coinfection membership,
the model correctly classified 26/33 samples as P. vivax infected but incorrectly classi-
fied 16/27 coinfected samples as only P. vivax infected (Fig. 6A). This indicated that the
large set of multiomic parameters we measured provided only a small amount of
information that could be used to differentiate between samples from these two
groups. These models were more useful for identifying specific parameters that were
interesting in the data sets and for generating hypotheses than for any substantive
predictive value. Much larger samples would have to be collected to improve upon the
current studies.

While the gut microbiota may play a role in Plasmodium infections and contribute
to the complexities of coinfection with STH, additional interventional studies are
needed to determine causality and the directionality (i.e., cause or consequence) of the
relationship of the gut bacterial communities with the parasites. Surprisingly, we found
that the gut microbiota may have a stronger association with P. vivax infection than
with STH infection. One possible explanation is that STH coinfection could be affecting
bacterial communities in a way that makes the host more permissive to P. vivax
infection. Alternatively, P. vivax could be affecting the gut microbiota in a way that is
prevented by STH infection. Longitudinal interventional studies that include deworm-
ing and antimalarial treatment could provide greater causal evidence for these linkages.
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MATERIALS AND METHODS
Ethics statement. Written informed consent was obtained from parents or guardians of all study

participants. Ethical approval was granted by the Committee on Human Ethics of the Health Sciences
Department of the University of Córdoba, Monteria, Colombia, in Acta 007 on 22 May 2017.

Study design and sample collection. Sample collection was performed between February and June
2019 in the municipality of Tierralta, Colombia. Tierralta is situated in the southwest of the department
of Córdoba (8°10=N, –76°04=E).

Children with P. vivax malaria were recruited at Hospital San José of Tierralta. P. vivax infection was
diagnosed by a thick blood smear, performed in the morning. Children returned in the afternoon for
diagnosis and, if positive, for treatment with chloroquine (10 mg/kg of body weight, followed by
7.5 mg/kg at 24 and 48 h) and primaquine (0.25 mg/kg for 14 days), according to the National Health
Institute of Colombia guidelines. None of the children were hospitalized. Blood and stool samples were
collected on the same day or the next day after P. vivax malaria diagnosis. In the hospital, children were
asked whether they had used antimalarials in the past 15 days before sampling for the diagnosis of
malaria, and all answered no. The malaria diagnosis was done in 3 to 4 h, whereupon the children
received a prescription for the antimalarial treatment, so they were started on antimalarials on the same
day. Therefore, both P. vivax-only and P. vivax- and STH-coinfected participants started the antimalarial
treatment 1 day before the sampling for feces.

The groups of control children and STH-infected children were recruited at a local school, Institución
Educativa Santa Fe de Ralito, within the municipality of Tierralta. The catchment area of the school is
within the larger catchment area of the hospital. An informational meeting with the parents of children
recruited for the study was held to explain the procedures and to distribute screw-cap containers. Study
participants returned the stool samples on the next day; at that time, study coordinators also collected
blood samples. All study participants received anthelmintic treatment (400 mg albendazole) after
Kato-Katz results were obtained, on average 3 to 5 days after sample collection. Thus, all stool and blood
samples were collected prior to treatment administration.

Collection and processing of stool samples. Samples were transported on the same morning to
the Universidad de Córdoba, where they were divided into two portions: one portion was processed on
the same day by the Kato-Katz method, and the other portion was stored at –20°C until DNA was
extracted. All study participants received anthelmintic treatment (400 mg albendazole) after Kato Katz
results were obtained— on average 3 to 5 days after sample collection. Thus, all stool and blood samples
were collected prior to treatment administration. Although researchers did not ask about recent
antibiotic use, it is unlikely that any of the study participants had taken antibiotics in the previous 2
weeks, since none of the participants reported diarrhea or other symptoms that might have prompted
them to take antibiotics.

The species diagnosis and intensity of infection were determined by the Kato-Katz method, and
results were recorded as eggs per gram, following WHO guidelines (https://apps.who.int/iris/handle/
10665/63821). The numbers of eggs per gram were recorded for Trichuris trichiura, Ascaris lumbricoides,
and hookworm. DNA was extracted using the DNeasy PowerSoil kit (Qiagen) according to the manu-
facturer’s instructions.

Microbiome sequencing and analysis. The 16S rRNA gene was amplified at the V4 hypervariable
region and was sequenced according to a multiplexing protocol described elsewhere (49, 50) on the
Illumina MiSeq system by paired-end sequencing for 2 � 150 bp reads. Automated 16S rRNA amplicon
PCR libraries using GTC F/R primers were added to each sample; samples were then normalized and
pooled. Microbiome bioinformatics were performed with QIIME 2 2019.4 (51). Raw sequence data were
demultiplexed and quality filtered using the q2-demux plugin and denoising with DADA2 (52). Amplicon
sequence variants were aligned with mafft (53) and were used to construct a phylogeny with fasttree
(54). Alpha and beta diversity metrics were estimated using q2-diversity after samples were rarefied
(subsampled without replacement) to 25,000 sequences per sample. Taxonomy was assigned to ampli-
con sequence variants (ASVs) using the q2�feature�classifier (55) classify�sklearn, a naive Bayes taxonomy
classifier, against the Greengenes (version 13.8) 99% OTU reference sequences (56).

QIIME2 output files were imported into R using Phyloseq (57), and Jaccard distances between
samples were calculated using nonmetric multidimensional scaling (NMDS). Principal-component anal-
ysis was done based on this dissimilarity matrix. Ellipses were superimposed, representing a 95%
confidence level.

To examine the relative abundances of microbial taxa between comparison groups, we performed
linear discriminant analysis (LDA) effect size (LEfSe) tests (58) with a P value cutoff of 0.01, grouping
samples by genus.

Collection and processing of blood samples. Peripheral blood (5 ml in EDTA) was collected from
each subject and processed on the same day by centrifugation at 1,372 � g for 5 min. Plasma was
aliquoted and frozen at – 80°C. Aliquots from all samples were shipped in dry ice to the New York
University School of Medicine. Cytokines were determined by using LEGENDplex inflammation panel I
from BioLegend (San Diego, CA) for IL-1�, IL-2, IL-4, IL-6, IL-10, IL-8, IL-12p70, IL-17A, IP10, tumor necrosis
factor alpha (TNF-�), monocyte chemoattractant protein 1 (MCP1), gamma interferon (IFN-�), and TGF-�1
on a FACSCalibur system (Becton, Dickinson, Franklin Lakes, NJ).

Peripheral blood was also collected in PAXgene Blood RNA tubes (PreAnalytiX; Qiagen, Valencia, CA)
and was stored at – 80°C until RNA isolation. RNA isolation was performed using the PAXgene blood RNA
kit (PreAnalytiX; Qiagen, Valencia, CA) according to the manufacturer’s instructions. The celseq2 analysis
method (https://yanailab.github.io/celseq2/) for processing CEL-Seq2 single-cell RNA-Seq data was per-
formed for two lanes of a paired-end 50-cycle Illumina NovaSeq 6000 run conducted by the NYU School
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of Medicine Genome Technology Core. Per-read, per-lane FASTQ files were generated using the
bcl2fastq2 Conversion software (version 2.2.0) to convert per-cycle binary base call (BCL) files outputted
by the sequencing instrument into the FASTQ format. For generating the feature-cell unique molecular
identifier (UMI) count matrix from the multiplexed FASTQ files as input, a global configuration in YAML
format was first specified according to the associated list of CEL-Seq bar codes (6 bp in length, located
7 bases from the start of Read1) as well as applicable transcriptome annotation information for read
alignment to the human reference hg19 and/or the mouse reference mm10 using the alignment
program Bowtie2 (version 2.3.4.1); an experiment table containing relevant metadata (SAMPLE_NAME,
CELL_BARCODES_INDEX, R1, R2) was defined; and the celseq2 software’s “COUNT_MATRIX” automated
pipeline (version 0.5.3.3) was run in order to successively demultiplex the 6-bp CEL-Seq barcodes from
the multiplexed data, map reads of human samples to the associated species reference, and finally
generate the matrix of UMI counts for annotated genomic features.

RNA-Seq data analyses. To perform PCA on the RNA-Seq data, we further filtered the above count
matrix (where genes differential by sequencing batch were removed) and kept only genes with �10
counts in at least 10% of samples. We next performed a variance stabilizing transformation (vst) on the
filtered count data matrix, generated as described above, and removed genes with low variance (bottom
half) using the varFilter function in the R/Bioconductor genefilter package (59). These filtering steps
resulted in 6,076 genes, on which we performed PCA using the vst-transformed count values.

We used DESeq2 (60) to analyze differences between gene expression in comparison groups.
Significance limits for upregulated genes were set at a P value of �0.05, and the log2 fold change cutoff
was set as �1. The genes identified by DESeq2 were then supplied to PANTHER; biological processes
overrepresented in these genes relative to all genes in the Homo sapiens Gene Ontology (GO) database
(accessed 8 October 2019) were enumerated, using Fisher’s exact test for significance in PANTHER (27).
The top 10 specific subclasses (from hierarchically sorted output) were selected, based on the lowest false
discovery rate (FDR). Gene set enrichment analysis (GSEA) was done using the blood transcription
modules (BTMs) (28, 29).

Random forest analyses. Metadata and clinical and cytokine test results were combined with 16S
rRNA gene sequencing read counts (grouped by genus) and RNA-Seq read counts (filtering out all genes
with �400 reads across all samples). Response variables used in separate analyses were as follows: group
(comparing one infection category to another), P. vivax parasitemia (continuous outcome), and T.
trichiura egg count (continuous outcome). Variables that provided redundant information were removed
from the analyses (for example, the T. trichiura egg count was removed as a predictor when the response
variable was the P. vivax-only-infected group versus the group coinfected with STH, since the observation
of eggs in the stool was a determining characteristic for inclusion in the latter group). Analyses were
done using randomForest in R (61). For the group analysis, a classification tree was used with 10,000
trees, and 63 variables were tried at each split. When the response variable was P. vivax parasitemia, the
random forest regression model based on 10,000 trees used 1,346 variables at each split. The random
forest regression model to predict the T. trichiura egg count was based on 10,000 trees and used 1,345
variables at each split. Individual scatter plots were made based on variables of interest identified by
these analyses. In order to add a best-fit line and r2 to the plot, a linear model was run.

Data availability. Raw data of microbial 16S rRNA sequencing have been deposited in the European
Nucleotide Archive under accession number ERP119792. Raw RNA-Seq data have been deposited in
NCBI’s Gene Expression Omnibus data repository under accession number GSE144792.
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