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ABSTRACT Murine studies suggest that the presence of some species of intestinal
helminths is associated with changes in host microbiota composition and diversity.
However, studies in humans have produced varied conclusions, and the impact ap-
pears to vary widely depending on the helminth species present. To demonstrate
how molecular approaches to the human gut microbiome can provide insights into
the complex interplay among disparate organisms, DNA was extracted from cryopre-
served stools collected from residents of 5 rural Kenyan villages prior to and 3 weeks
and 3 months following albendazole (ALB) therapy. Samples were analyzed by quan-
titative PCR (qPCR) for the presence of 8 species of intestinal parasites and by MiSeq
16S rRNA gene sequencing. Based on pretreatment results, the presence of neither
Ascaris lumbricoides nor Necator americanus infection significantly altered the overall
diversity of the microbiota in comparison with age-matched controls. Following
ALB therapy and clearance of soil-transmitted helminths (STH), there were signifi-
cant increases in the proportion of the microbiota made up by Clostridiales
(P � 0.0002; average fold change, 0.57) and reductions in the proportion made
up by Enterobacteriales (P � 0.0004; average fold change, �0.58). There was a
significant posttreatment decrease in Chao1 richness, even among individuals who
were uninfected pretreatment, suggesting that antimicrobial effects must be consid-
ered in any posttreatment setting. Nevertheless, the helminth-associated changes in
Clostridiales and Enterobacteriales suggest that clearance of STH, and of N. america-
nus in particular, alters the gut microbiota.

IMPORTANCE The gut microbiome is an important factor in human health. It is af-
fected by what we eat, what medicines we take, and what infections we acquire. In
turn, it affects the way we absorb nutrients and whether we have excessive intesti-
nal inflammation. Intestinal worms may have an important impact on the composi-
tion of the gut microbiome. Without a complete understanding of the impact of
mass deworming programs on the microbiome, it is impossible to accurately calcu-
late the cost-effectiveness of such public health interventions and to guard against
any possible deleterious side effects. Our research examines this question in a “real-
world” setting, using a longitudinal cohort, in which individuals with and without
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worm infections are treated with deworming medication and followed up at both
three weeks and three months posttreatment. We quantify the impact of round-
worms and hookworms on gut microbial composition, suggesting that the impact is
small, but that treatment of hookworm infection results in significant changes. This
work points to the need for follow-up studies to further examine the impact of
hookworm on the gut microbiota and determine the health consequences of the
observed changes.

KEYWORDS 16S RNA, epidemiology, helminths, hookworm, microbial communities,
microbial ecology, microbiota

Helminths and humans have coevolved for millennia. Some helminths are known to
have far-reaching effects on the human immune system (1), and it is possible that

some of these effects are mediated by changes in the gut microbiota (2). Changes in
intestinal bacterial communities have been associated with both inflammatory diseases
(3) and some helminth infections (4–6), all of which may interact (7, 8).

Studies in animal models and veterinary species provide evidence that the presence
of intestinal helminths in the host can be associated with alterations in microbial
communities, though the changes seen are not consistent across species of hosts and
parasites (5, 6, 9–16). Changes in Bacteroidetes and Firmicutes (the two most common
phyla in the human gut [17]) are frequently discussed in this body of literature. Changes
(or lack thereof) in diversity vary by helminth species, but in general, the presence of
helminth infections has been linked with increases in microbial diversity (18).

Some studies comparing humans with and without helminth infections have found
differences in microbiota diversity and composition. One research consortium found
that alpha diversity did not vary between comparison groups, but that beta diversity
was higher among soil-transmitted helminths (STH)-infected individuals in Sri Lanka
than in uninfected individuals (19). This group found that individuals in Italy who were
infected with Strongyloides stercoralis had microbiota with higher alpha diversity and
lower beta diversity than uninfected peers (20). Individuals in two Malaysian villages
infected with Trichuris trichiura were found to have greater species richness and more
Paraprevotellaceae than their uninfected neighbors (21). A study in a similar setting
found that successful treatment of T. trichiura infections was followed by a reduction in
Clostridiales and an increase in the levels of a proinflammatory Bacteroides species (8).
A study in Indonesia and Liberia identified specific signatures in the microbiota that
discriminated between individuals moderately/heavily infected with any STH and
uninfected individuals (22). Other studies of individuals with Schistosoma haematobium
and T. trichiura did not find large differences in the microbiota of individuals with and
without STH or before or after anthelmintic treatment (23, 24). Recently, a placebo-
controlled anthelmintic trial in Indonesia found that neither albendazole (ALB) nor
helminth infection affected microbiota composition in the overall study population, but
that ALB treatment was associated with lower levels of Bacteroidetes in a specific study
population (25). These studies were based on naturally acquired infections (8, 21–25);
experimental hookworm infections in humans were associated with an increase in
microbial species richness but no significant change in microbial diversity or commu-
nity structure (26, 27).

In the present study, our aim was to utilize stool samples collected longitudinally
from an area where A. lumbricoides and N. americanus are endemic to examine the
relationship between these STH and the human gut microbiota. Individuals in the study
were infected with neither Trichuris trichiura nor Strongyloides stercoralis. Our data
demonstrate that there were no obvious significant associations between STH infection
and microbial diversity or richness, but successful anthelmintic treatment of N. ameri-
canus was followed by changes in microbial composition. Specifically, we found that
Clostridiales increased and Enterobacteriales decreased following clearance of N. ameri-
canus infection. Depending on which metrics were used, smaller changes were also
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observed posttreatment in individuals who had been STH uninfected pretreatment,
suggesting a direct ALB treatment effect as well.

RESULTS

16S rRNA gene sequencing results collected from individuals prior to treatment
were compared with sequencing results from the same individuals 3 months posttreat-
ment. Sequencing coverage was sufficiently higher in batch B (30% of the samples had
fewer than 10,000 reads in batch A compared with 1% in batch B) to justify focusing our
paired analyses on batch B alone, despite larger sample sizes being available using data
from batch A. Additionally, since changes 3 months posttreatment could have been a
result of helminth clearance, seasonal diet patterns, or some other time-dependent
factor, samples were collected and sequenced from a subset (12 who had been infected
with an STH pretreatment and 8 who had not) of participants 3 weeks following ALB
treatment. At 3 weeks posttreatment, these individuals tested negative for STH infec-
tion, but the season had not yet changed. The cross-sectional component compared
the stool microbiota of age-matched individuals who were infected and uninfected
with STH pretreatment.

Alpha diversity and soil-transmitted helminths prior to ALB treatment. Diversity
is a common metric for the composition of the microbiota, though its significance is not
definitively understood. Multiple metrics are available, and no definitive healthy range
has been defined. Thus, the diversity in microbiota of uninfected individuals was
compared to that of their peers who were infected with either A. lumbricoides or N.
americanus, and the microbial diversity before and after treatment was compared for
individuals with usable data at both time points.

Shannon diversity index measurements for samples from STH-infected individuals
were compared to samples from age-matched uninfected peers for A. lumbricoides
(n � 8), N. americanus (n � 7), and for any STH (n � 15) using batch B sequencing
(Fig. 1A to C, circles). There were no significant differences in the Shannon diversity
index values between these comparison groups. The same comparisons are shown
using data from batch A sequencing (Fig. 1, as triangles). Sample sizes are summarized
in Fig. S1 in the supplemental material. No differences are seen between these
comparisons using batch A data. Similarly, there were no differences in Chao1 index
measurements between those who were uninfected and those infected with any STH
at baseline (Fig. 1D to F), regardless of whether the analysis is based on batch A or
batch B data. Many individuals who were uninfected with any STH pretreatment likely
have an undocumented history of STH infection and treatment, since Kenya’s National
School-Based Deworming Program began annual treatment in 2012, and treatment was
less common prior to that year.

Effect of ALB treatment on microbial diversity. There were no significant changes
in Shannon diversity index measurements 3 months following treatment in any group
of individuals (Fig. 2A to D). As can be seen, the Shannon index changed slightly in
many individuals who were infected with any STH pretreatment (Fig. 2C), but these
changes were not significant (Wilcoxon matched-pairs signed-rank test, P � 0.12).
Results based on the Chao1 richness index values were similar, except that there was
a significant decrease in Chao1 at 3 months posttreatment in individuals who were
uninfected at baseline (Wilcoxon test, P � 0.026), suggesting that the anthelmintic
agent (ALB) by itself may alter the microbiota.

Finally, the same analyses were done comparing samples from individuals taken pre-
treatment and 3 weeks posttreatment. This sample size was more limited, so individuals
were split into 3 groups, as follows: those with no STH infection at baseline, those with any
STH infection at baseline, and all individuals with data from both time points together (to
determine if there were any changes as a result of treatment with ALB). No changes were
seen 3 weeks posttreatment in any of these comparison groups, whether the metric used
was the Shannon index (Fig. 3A to C) or the Chao1 index (Fig. 3D to F). When the same
analyses were performed as those shown in Fig. 2 and 3 but based on the limited data from
samples in batch A, no changes were seen over time (Fig. S2 and S3).
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Multivariate analysis of variance. We performed principal-coordinate analysis
(PCoA) to compare the overall community structures between microbiota from differ-
ent individuals (an example is shown in Fig. 4). Clustering of similar microbiota within
comparison groups was assessed using permutational analysis of variance. This analysis
was based on unweighted UniFrac distances, though analysis based on Bray-Curtis
distances is shown as well (Table 1). This analysis found that there were no major
differences in microbial communities of those with and without A. lumbricoides or N.
americanus at baseline, nor were there changes following treatment in any comparison
group. One of these comparisons is shown in Fig. 4, where it can be seen that the
pretreatment (red) samples and posttreatment (green) samples from the same people
do not cluster separately. There appear to be two clusters in Fig. 4, but each cluster
includes pre- and posttreatment samples, in accordance with the nonsignificant P value
for separation of these two groups (P � 0.268, shown in Table 1). Many pretreatment
samples are similar to the posttreatment sample from the same person (such as 2016D)
whereas others are not (such as 3095C). This analysis suggests that whatever differ-
ences may be found in the microbiota of STH-infected and uninfected people, they are
not markedly different in their overall composition. The most highly significant differ-
ence between comparison groups based on the Bray-Curtis distances was between
individuals who were uninfected with any STH at baseline and the same individuals
3 weeks posttreatment (P � 0.001). Unweighted UniFrac distances do not consider the
relative frequencies of taxa, which may explain why the differences seen in the
representation of specific taxa do not translate into overall separation in terms of PCoA.

FIG 1 Microbial diversity and richness in STH-infected individuals and age-matched uninfected individuals. (A) Shannon index comparisons for individuals
infected with A. lumbricoides (red) and age-matched uninfected individuals (blue). For A-F in this figure, data from batch B are shown on the left of each graph
(as circles), and data from batch A are shown on the right of each graph (as triangles). Each dot represents a single individual. (B) Shannon index comparisons
for individuals infected with N. americanus (red) and age-matched individuals uninfected with any STH (blue). (C) Shannon index comparisons for individuals
infected with either STH compared to STH-uninfected individuals. (D) Chao 1 comparisons for individuals infected with A. lumbricoides compared to
STH-uninfected individuals. (E) Chao1 comparisons for individuals infected with N. americanus compared to STH-uninfected individuals. (F) Chao1 comparisons
for individuals infected with either STH compared to STH-uninfected individuals.
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Relative abundances of microbial phyla and soil-transmitted helminths. We
next looked for specific taxa that were significantly more expressed in one comparison
group than in another. Highly significant changes 3 months posttreatment (found at
the 1% false-discovery rate [FDR]) were found in individuals with N. americanus at
baseline or with any STH at baseline (which included samples with N. americanus
at baseline). All changes significant at 1% FDR and 5% FDR are shown in Table 2.
Clostridiales were less common at baseline in individuals infected with N. americanus
than at 3 months following successful treatment, and Enterobacteriales were more
common at baseline in individuals with any STH at baseline than in those same
individuals posttreatment (Table 2). Similar results were found at the 5% false-discovery
rate, though results were significant at a greater number of taxonomic levels (Table 2).
Comparisons between the 17 individuals infected with N. americanus pretreatment and the
same people 3 months posttreatment are displayed in Fig. 5. As can be seen in Fig. 5A,
Clostridiaceae 1 and Ruminococcaceae appear to be expanded in the posttreatment sam-
ples (though the expansion of Ruminococcaceae at the family level is only significant at an
FDR of 7%). The increase in members of these two families can also be seen clearly in a
volcano plot (Fig. 5B), where several taxa in these two families have significant positive log2

fold changes greater than 1 posttreatment (Fig. 5B). The posttreatment increase in Clos-
tridiales and decrease in Enterobacteriales among individuals infected with N. americanus
pretreatment are examined in detail in Fig. 5C, showing the consistency across individuals
of these changes within this group of participants. In Fig. 5D, these same comparisons are
shown for individuals who were uninfected with any STH pretreatment. As expected (based
on the fact that no taxa were significantly altered 3 months posttreatment in this group), no
significant changes are seen, suggesting that the changes seen in other groups are not the
result of seasonality.

FIG 2 Microbial diversity and richness pretreatment and 3 months posttreatment in longitudinal cohorts. Shannon diversity index measurements from
individuals with results from both pretreatment and 3 months posttreatment are connected by lines in order to show changes in the diversity of their microbiota
(A-D). Samples from individuals currently infected with any STH are shown in red, and samples from uninfected individuals are shown in blue. (A) Individuals
infected with A. lumbricoides pretreatment, and STH-uninfected 3 months posttreatment. (B) Individuals infected with N. americanus pretreatment, and
STH-uninfected 3 months posttreatment. (C) Individuals infected with either STH pretreatment, and STH-uninfected 3 months posttreatment. (D) STH-uninfected
individuals pretreatment, who were treated with ALB and remained STH-uninfected 3 months posttreatment. Results are shown in panels E to H for the same
individuals, using the Chao1 index to examined changes in microbial richness in these patients over time. The only significant change is a decrease in Chao1
among people uninfected with STH pretreatment (Wilcoxon matched-pairs signed rank test P value � 0.026).
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At 3 weeks posttreatment, the proportion of the microbiota across all sampled
individuals made up by Aeromonadales (order) had decreased. At the 5% false-
discovery rate, the only difference seen in baseline comparisons was that Bifidobacte-
riales (Actinobacteria) were more common in individuals with an STH than in those
uninfected with any STH (Table 2).

DISCUSSION

There have been a number of recent studies that have examined the relationship
between the human stool microbiota and infection with a variety of STH at study sites
in Indonesia (22, 25), Liberia (22), Ecuador (24), and Malaysia (8). However, there is still
no clear consensus of the impact of STH on microbiota diversity and composition. This
could be in part because of differences in the STH species, prevalence, and intensity of
infection in these different locations, as well as differences in the laboratory and analytical
methodologies employed (28–31). In the present study, we used samples collected in
Kenya as part of a larger study to examine differences in the stool microbiota of individuals
with and without STH infections and before and after deworming treatment. Unlike
previous studies where T. trichiura was a major intestinal pathogen (8, 24), the helminth

FIG 3 Microbial diversity and richness pretreatment and 3 weeks posttreatment in longitudinal cohorts. Shannon diversity index measurements from
individuals with results from both pretreatment and 3 months posttreatment are connected by lines in order to show changes in the diversity of their microbiota
(A to C). Samples from individuals currently infected with any STH are shown in red, and samples from uninfected individuals are shown in blue. (A)
STH-uninfected individuals pretreatment, who were treated with ALB and remained STH-uninfected 3 weeks posttreatment. (B) Individuals infected with either
STH pretreatment, and STH-uninfected 3 weeks posttreatment. A. lumbricoides-infected and N. americanus-infected individuals are combined due to small
samples sizes available from 3 weeks posttreatment. (C) All individuals with sequencing results at both pretreatment and 3 weeks posttreatment, regardless of
initial infection status. Pretreatment samples are color coded based on infection status: those infected with any STH are shown in red, whereas all others are
shown in blue. Results are shown in panels D to F for the same individuals, using the Chao1 index. Wilcoxon matched-pairs signed rank test P values were
insignificant for all comparisons.
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infections in this population were primarily A. lumbricoides and N. americanus. Our data
largely suggest that neither the presence of N. americanus nor A. lumbricoides infection was
associated with marked dysbiosis. However, it is important to note that adult N. americanus
and A. lumbricoides worms reside in the small intestine, whereas adult Trichuris spp. reside
in the colon. It has been seen in animal models that the microbiota of the small intestine
differs from that of the large intestine and feces (32, 33), which means that any local impact
of N. americanus and A. lumbricoides may be attenuated by subsequent changes that occur
in the large intestine.

In contrast with published literature showing that helminths are associated with
increased microbial diversity (18, 21), people in the present study all had similar levels
of microbial richness (34, 35) and diversity (36), regardless of whether they were
infected with N. americanus or A. lumbricoides (Fig. 1 and Table 1). Since STH are
prevalent in the study setting and likely have been for generations, helminth infection
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FIG 4 Principal-coordinate analysis (PCoA) of samples from individuals infected with N. americanus pretreatment,
but uninfected 3 months posttreatment. PCoA of unweighted UniFrac distances based on 16s rRNA gene
sequencing results from 17 individuals infected with N. americanus pretreatment, and from the same people
3 months posttreatment. This is a visualization of one of the comparisons summarized in Table 1. Pretreatment
samples are shown in red, and posttreatment samples from the same 17 people are shown in green. Samples are
labeled with the study ID.

TABLE 1 Permutational analysis of variation shows no overall separation between comparison groups

Comparison group n

P value by:

Unweighted UniFrac Bray-Curtis

Individuals with:
A. lumbricoides at baseline versus age-matched individuals with no STH at baseline 8 0.365 0.453
N. americanus at baseline versus age-matched individuals with no STH at baseline 7 0.141 0.089
Either STH at baseline (evenly split between A. lumbricoides and N. americanus)

versus age-matched individuals with no STH at baseline
15 0.066 0.075

3 mo posttreatment, individuals with:
A. lumbricoides at baseline 5 0.984 0.774
N. americanus at baseline 17 0.268 0.065
Either STH at baseline 24 0.173 0.019
No STH at baseline 21 0.275 0.081

3 wk posttreatment, individuals:
With no STH at baseline 8 0.063 0.001
With either STH at baseline 12 1 0.995
In total 20 0.717 0.037
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may have already imposed changes on the gut microbiota of all individuals in this
region. STH infection could have influenced the microbiota of currently uninfected
individuals during past STH infections or through transfer of microbiota from an
individual’s mother (37, 38) or close contacts who had helminth infections. Additionally,
research from other groups on STH and microbial diversity has led to a mixture of
results, including some where helminths are associated with decreased diversity (39)
and several that found find no impact of STH on diversity (15, 23, 26, 27, 40). The
clearance of helminth infections was not associated with changes in microbial diversity,
except for a slight decrease in Chao1 index 3 months posttreatment. It seems unlikely
that this is a biologically meaningful trend, because if that were so, there would have
to be a treatment effect decreasing microbial richness that was attenuated by past
infection with helminths.

Similarly, the permutational analysis of variance (PERMANOVA) and associated PCoA
did not find any striking differences between any of the comparison groups based on
unweighted UniFrac distances (Table 1). The studies in Ecuador, Indonesia, and Liberia
all also found that there was no clear separation of samples from the STH-infected and
uninfected comparison groups (22, 24, 25). In contrast, the study in Malaysia found that
samples from helminth-infected indigenous Malaysians clustered separately from those
from urban study participants (8).

There were, however, some significant differences seen in the differential abun-
dances of certain taxa. The most striking differences seen in terms of microbial
composition between comparison groups were between individuals with N. americanus
at baseline and those same individuals at 3 months posttreatment. In particular, the
proportion of the microbiota made up by Clostridiales increased and that made up by
Enterobacteriales decreased in these individuals following treatment. A recent study of
STH following treatment with ALB in humans (8) found that Clostridiales was less
abundant after treatment. A study in Indonesia (25) did not see any changes in
Clostridiales or Enterobacteria and used the level of Firmicutes in each sample as a
reference. A study in Indonesia and Liberia (22) identified taxa that discriminate
between STH-infected and uninfected individuals. Seven out of the 12 taxa that were
positively associated with infection were within Firmicutes, and 4 of these were from
Clostridiales. In an analysis of the data originally collected in Ecuador (24), 7 taxa
positively associated with STH were Firmicutes. The original study had concluded that
infection with T. trichiura may have no effect on fecal microbiota but that A. lumbri-

TABLE 2 Significant differences in the representation of family- to phylum-level taxonomic groups between comparison groups of
individuals

Measurement Group n

Taxa significant at FDR of:

1% 5%

Baseline Individuals with A. lumbricoides at baseline 8
Individuals with N. americanus at baseline 7
Individuals with either STH at baseline

(evenly split between species)
15 More common posttreatment,

Actinobacteria/Bifidobacteriales

Longitudinal 3 mo posttreatment
Individuals with A. lumbricoides at baseline 5
Individuals with N. americanus at baseline 17 More common posttreatment, Clostridia/

Clostridiales; more common at baseline,
Enterobacteriales/Enterobacteriaceae

More common posttreatment, Firmicutes/
Clostridia/Clostridiales; more common
at baseline, Enterobacteriales/
Enterobacteriaceae

Individuals with either STH at baseline 24 More common posttreatment, Firmicutes/Clostridia/
Clostridiales; more common at baseline,
Proteobacteria/Enterobacteriales/
Enterobacteriaceae

More common posttreatment, Firmicutes/
Clostridia/Clostridiales; more common
at baseline, Proteobacteria/
Gammaproteobacteria/Enterobacteriales/
Enterobacteriaceae

Individuals with no STH at baseline 21
3 wk posttreatment

Individuals with no STH at baseline 8
Individuals with either STH at baseline 12
All individuals 20 More common at baseline,

Gammaproteobacteria/Aeromonadales
More common at baseline,

Gammaproteobacteria/Aeromonadales
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coides might be associated with changes (24). Several Ruminococcaceae strains were
also more common posttreatment in N. americanus-infected individuals (Fig. 5B).
Similarly, Ruminococcaceae has been negatively associated with Hymenolepis spp. and
Syphacia spp. infection in wild mice (18), Trichuris suis in pigs (14), and Trichostrongylus

FIG 5 Clostridiales and Enterobacteriales proportions at baseline versus 3 months posttreatment in individuals initially infected with N. americanus. The
posttreatment changes shown here are a visualization of the longitudinal changes identified in Table 2. A) Barplots of the 17 individuals infected with N.
americanus pretreatment and STH-uninfected 3 months posttreatment. Individuals are ordered by study ID both pre- and posttreatment. B) A volcano plot
showing posttreatment changes in OTUs among these 17 individuals. Those OTUs shown in yellow, and labeled by the family to which they belong, have
a log2 fold change greater than 1 following treatment, and are significantly different (adjusted P � 0.05) posttreatment. (C) Pairwise comparison of the
proportion of the microbiota assigned to the Clostridiales and Enterobacteriales orders pre- and 3 months posttreatment, among the 17 N. americanus-
infected individuals pretreatment. (D) Pairwise comparison of the proportion of the microbiota assigned to the Clostridiales and Enterobacteriales orders
pretreatment and 3 months posttreatment, among the 21 STH-uninfected individuals.
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retortaeformis in rabbits (41). Ruminococcaceae are highly cellulolytic, and thus, reduc-
tion during helminth infection could possibly reduce a host’s ability to digest plant
material.

Any microbial population affected acutely by STH infection might be expected to
return to the uninfected state following clearance of the infection. In Malaysia, the
Clostridiales/Bacteroidales ratio appeared to revert following successful treatment of T.
trichiura infections (8). In Indonesia and Liberia, however, posttreatment microbial
communities were more similar to pretreatment microbial communities than those of
uninfected individuals (22). Since there were no pretreatment differences between
STH-infected and uninfected individuals in the present study (nor in one study in
Indonesia [25]), there was no possibility of the microbiota reverting to an uninfected
state.

The known relationship between differential abundance of microbial taxa in the
intestines and parasitic infections is more extensive when nonhuman hosts and non-
STH parasites are considered. Firmicutes (phylum) and Clostridiales (order) have been
positively associated with Heligmosomoides polygyrus bakeri (42) and Trichuris muris (8,
43) infections in mice. However, Clostridiaceae (family) were negatively associated with
Nippostrongylus brasiliensis infections in mice (44), and Firmicutes were negatively
associated with Trichostrongylus retortaeformis infection in rabbits (41) and Schistosoma
haematobium infection in humans (23). Enterobacteriaceae were positively associated
with Heligmosomoides polygyrus infection in mice (45, 46), and the broader phylum
(Proteobacteria) was positively associated with T. muris in mice (43) and T. retortaeformis
in rabbits (41). These and other differences associated with helminth infections are
summarized in references 5 and 6.

One of the strengths of this study is that participants were examined at 2 time points
posttreatment. The 3-week time point allowed us to look at the acute impact of ALB
treatment on the microbiota, before seasonal changes in diet and environment could
impact the microbiota of participants. The 3-month time point allowed us to examine
the longer-term impact of helminth clearance. The uninfected comparison group,
which was also evaluated pretreatment and 3 months posttreatment, allowed us to
identify changes that were likely due to seasonality or to ALB. The study in Indonesia
(25) accomplished this by having a control group that was uninfected with STH and not
treated with ALB. In our study, as in a study by Ramanan et al. (8), treatment was
implemented as it would be in a mass deworming program, meaning that there was no
untreated group. At our 3-weeks-posttreatment time point, there were no changes in
diversity or by PCoA (except in individuals who were uninfected at baseline, according
to Bray-Curtis distances). This result is not likely to be very meaningful, unless this is a
change that was prevented by some kind of stabilizing effect of recent STH infection
and thus not seen in STH-infected individuals posttreatment. There were no significant
changes in the frequencies of particular microbial taxa at 3 weeks posttreatment,
except that Aeromonadales (Gammaproteobacteria) was less common at the 3-week
time point. This could mean that Aeromonadales are transiently reduced by ALB
treatment. One study did not detect a direct ALB treatment effect on the gut microbiota
(47), whereas another found differences in the gut microbiota between individuals
given ALB versus a placebo, but only among individuals who remained helminth-
infected posttreatment (25). A study of ALB treatment of pregnant women suggested
a direct drug effect on the risk of allergy in infancy (48). In conjunction with prior work,
our study suggests that the direct effects of ALB treatment should be considered in the
design of future studies. They should also be further examined to determine whether
changes mediated by ALB have any effect on a host’s susceptibility to opportunistic
pathogens. Potential direct drug effects on the microbiome, in combination with
concern that frequent single-drug therapy could select for resistance (49–51) in hel-
minths and future improvements in low-cost diagnostic techniques, may influence the
debate over when mass deworming is preferable to test-and-treat strategies (52).

This study contributes to the ongoing discussion over whether there are measurable
impacts of STH infection on the human stool microbiota. In particular, we are able to
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identify changes in the microbiota associated with clearance of N. americanus infection,
which are not seen posttreatment in individuals who were uninfected pretreatment. By
sampling at two different time points posttreatment, we are able to identify some
changes in microbial community structure that may be transient and possibly are the
result of treatment with ALB or of worm expulsion, as well as other changes that are
probably longer-term consequences of the microbiota readjusting to the lack of
helminth presence. We welcome the purpose-built helminth/microbiota studies that
are under way and believe that microbiota sequencing from samples collected as part
of deworming program monitoring and evaluation studies will contribute to an im-
proved understanding of which changes are consistent across geographies for each
STH species. We also welcome efforts to standardize the methodology for comparing
microbiota sequencing between groups and suggest that further research is needed to
understand whether stool microbiota sequencing is sufficiently representative of the
human gut microbiota in the small intestine (in which N. americanus and A. lumbricoides
reside). This study contributes to our understanding of how microbial communities
differ between STH-infected and uninfected individuals; the next step will be to
understand the impact of the identified differences on human health.

MATERIALS AND METHODS
Sample collection and study design. Stool samples were collected from 5 villages in rural western

Kenya, as described elsewhere (53). Stools were collected and frozen (�20°C) within 10 h of production.
During the delay between production in the morning, time in the field lab where parasitological
examination and aliquoting took place, and transport to the hospital where they were stored, samples
were kept in cool shady areas as much as possible. Baseline (pretreatment) stool collection occurred in
January through March 2014. All study participants (both STH infected and uninfected) were subse-
quently treated under observation with 400 mg ALB. Stool samples were collected again 3 weeks
following treatment from all STH-infected individuals and from a subset of STH-uninfected individuals.
All posttreatment samples sequenced for this study were STH negative by quantitative PCR (qPCR). Three
months following treatment, stool samples were collected from the entire study population again prior
to everyone being treated again with ALB. Samples were shipped on dry ice to the NIH. DNA was
extracted from cryopreserved stools and examined by qPCR for 8 intestinal parasites, as previously
described (53).

Study populations. This study was nested within a broader (previously described) study of 796
people (53). Samples from individuals infected with STH pretreatment were compared with samples from
the same individuals posttreatment. Seventeen individuals were infected with N. americanus pretreat-
ment and uninfected 3 months posttreatment (age 3 to 84 years; median age, 51 years). Five A.
lumbricoides were infected with A. lumbricoides pretreatment but uninfected at 3 months posttreatment
(age 3 to 12 years; median age, 7 years). A combined comparison group was constructed to include these
22 individuals, plus two A. lumbricoides/N. americanus-coinfected individuals (age 3 to 84 years; median
age, 27.5 years). In order to examine acute changes posttreatment, comparisons were made between
pretreatment and 3-weeks-posttreatment samples. Pretreatment samples from individuals with any STH
(including 7 with A. lumbricoides, 4 with N. americanus, and one with both; age 3 to 75 years; median age,
11 years), or no STH infection (n � 8; age 6 to 13 years; median age, 9 years) were compared with paired
samples from the same individuals at 3 weeks posttreatment.

Additionally, pretreatment age-matched comparison groups were constructed to compare individ-
uals with and without STH. Individuals infected with N. americanus were 3 to 71 years of age (median age,
11 years; n � 7), and individuals with A. lumbricoides were 2 to 15 years of age (median age, 9.5 years;
n � 8). A combined comparison group was created from 7 individuals with N. americanus, 7 individuals
with A. lumbricoides, and one coinfected individual. This group included individuals 3 to 71 years of age
(median age, 10 years). These samples are summarized in Fig. S1. Infection with Giardia lamblia was not
controlled for, as most individuals had a transient asymptomatic G. lamblia infection at one point in this
study. We were unable to control for recent antibiotic and antiparasitic use, as we determined during the
pilot phase of this study that the majority of participants were unsure whether they had taken any
medicines in these categories. Additional individual-level metadata are available for each sample at
https://www.ncbi.nlm.nih.gov/bioproject/510835.

16S rRNA gene sequencing. 16S rRNA gene sequencing was performed in 2 broad batches, referred
to here as batch A and batch B. Methodological differences and batch effects limited our analysis to
comparisons of individuals within the same batch. Technical limitations in batch A prevented the
acquisition of a broad distribution of read coverage, and a majority of samples exhibited low read counts,
necessitating rarefaction at a low depth. Furthermore, batch A was split across 3 different sequencing
runs, and batch effects limited the number of possible comparisons. This spurred a single resequencing
run, focusing on sequencing longitudinal samples within the same batch, which had improved breadth
of coverage (batch B). For this paper, only data from batch B are used for longitudinal comparisons;
however, pretreatment comparisons of microbial richness and diversity between individuals with and
without STH infections are shown using both batch A and batch B data. In these comparisons, 23
individuals with and without N. americanus were compared, 29 individuals with and without A. lumbri-
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coides were compared, and 48 individuals with and without any STH (evenly split between N. americanus
and A. lumbricoides) were compared using these batch A data. These results are shown alongside the
comparable samples from batch B, described in the previous paragraph. There was no overlap in the set
of individuals compared using batch A and batch B data sets.

For 16S rRNA amplicon Illumina MiSeq sequencing, the DNA from each sample was amplified using
the AccuPrime high-fidelity Taq polymerase (Invitrogen Life Technologies) with universal primers flank-
ing the V4 hypervariable region of the 16S rRNA gene (primers 515F, GTGYCAGCMGCCGCGGTAA, and
806R, GGACTACNVGGGTWTCTAAT). For each sample, the universal primers were tagged with unique
sequence barcodes to allow for multiplexing/demultiplexing. PCR products were then purified using the
Agencourt AMPure XP kit (Beckman Counter Genomics) and quantitated using the Quant-iT double-
stranded DNA (dsDNA) high-sensitivity assay kit (Invitrogen Life Technologies). Approximately equivalent
amounts of each PCR product were then pooled before sequencing on an Illumina MiSeq instrument.

Sequence processing and analysis. Samples were demultiplexed using BaseSpace (Illumina).
Further read processing was done using the QIIME 1.9 pipeline available through Nephele (28). The
preprocessing steps included read pair joining using default parameters (perc_max_diff � 25, min_over-
lap � 10), removal of reads with average Phred score of �20, and removal of chimeras using vsearch
(https://github.com/torognes/vsearch). Taxonomy assignments were done against SILVA version 128,
with a default sequence similarity threshold of 0.97.

Statistical analysis. Microbial alpha diversity within each sample was calculated using the Shannon
diversity index as implemented in QIIME (54, 55). Species richness was calculated using the Chao1 index
(36). Chao1 considers rare sequence variants but not the abundance of each sequence, whereas the
Shannon index also considers the abundance. Between-group and before/after comparisons were done
using Wilcoxon matched-pairs signed rank tests (Prism; GraphPad Software, San Diego, CA, USA).

Differences in community structure were examined broadly by permutational multivariate analysis
using unweighted UniFrac distances (‘Adonis’ function within the ‘vegan’ R package). Specifically, we
examined whether there were greater differences between comparison groups than within comparison
groups. Unweighted UniFrac distances were chosen because they incorporate the relatedness of
different taxa and are frequently used in microbial ecology. Bray-Curtis distances were also calculated
and analyzed but were not the primary focus here.

Finally, we delved into specific differences in the abundances of different types of bacteria within the
microbiota of individuals studied here. We performed Wilcoxon exact paired tests (in R) comparing the
representation of operational taxonomic units (OTUs). This was done at different levels from phylum to
genus. All phylogenetic levels were inspected separately in order to identify trends occurring at any level.
The Benjamini-Hochberg false-discovery rate calculation was used to correct for multiple comparisons.
False-discovery rates of 1 and 5% were considered. Further exploratory analysis was performed using the
negative binomial distribution method in DESeq2 to identify OTUs that made up a significantly different
proportion of the microbiota in one comparison group versus another.

Ethics approval. This study was approved by the ethics review committee of the Kenya Medical
Research Institute (Scientific Steering Committee protocol number 2688) and the Imperial College
Research Ethics Committee (ICREC_ 13_1_15). Informed written consent was obtained from all adults and
parents or guardians of each child. Minor assent was obtained from all children age 12 to 17 years.
Anyone found to be infected with any STH was treated with 400 mg ALB during each phase of the study,
and all previously untreated village residents were offered ALB at the end of each study phase.

Consent for publication. Individuals consented to the publication of their results, without any
patient identifying information.

Availability of materials. All data sets and scripts used during the current study are available from
the corresponding author on reasonable request.

Data availability. The data sets supporting the conclusions of this article are available in the
Sequence Read Archive repository (accession number PRJNA510835; https://trace.ncbi.nlm.nih.gov/
Traces/sra/?study�SRP173959).
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