Chen et al. Parasites Vectors (2021) 14:62
https://doi.org/10.1186/513071-021-04580-1

Parasites & Vectors

RESEARCH Open Access

Dissection of the gut microbiota in mothers

®

Check for
updates

and children with chronic Trichuris trichiura
infection in Pemba Island, Tanzania

Hongliang Chen'?, Matteo Mozzicafreddo?, Elisa Pierella?, Vanessa Carletti?, Angela Piersanti?, Said M. Ali?,

Shaali M. Ame?, Chunfeng Wang'" and Cristina Miceli*"

Abstract

apeutics and do not lead to drug resistance.

Background: Soil-transmitted helminthiases are important neglected tropical diseases that result in a notably high
number of disability-adjusted life years worldwide. Characterizing the interactions between the human intestinal
microbiome and helminths is of interest in the development of alternative treatments that do not rely on chemother-

Methods: We recruited and obtained fecal samples from 32 pairs of mothers and children on Pemba Island and
monitored their intestinal microbiota using 16S rRNA gene sequencing.

Results: We observed that microbial changes occur in the gut microbiota of infected mothers and children. Some
short-chain fatty acid (SCFA)-producing bacteria and carbohydrate-degrading bacteria exhibited lower abundance in
the infected individuals. Potentially pathogenic Campylobacter and proinflammatory Methanobrevibacter in infected
mothers and opportunistic Enterococcus in infected children exhibited greater abundance.

Conclusions: Our findings could reveal the microbiota profiling in T. trichiura-infected individuals, indicate the poten-
tial roles of key microbiota in the host and aid to the development of novel strategies to control T. trichiura infection.
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Background

Soil-transmitted helminthiases (STHs) are among the
most widespread neglected tropical diseases (NTDs) in
low-income populations in developing regions of Africa,
Asia and the Americas. Four major nematode groups,
including roundworms (Ascaris Ilumbricoides), whip-
worms (Trichuris trichiura), hookworms (Ancylostoma
duodenale and Necator americanus), and threadworms
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(Strongyloides stercoralis), are responsible for STHs.
More than 1.5 billion people are infected by soil-trans-
mitted helminths, and 4.98 million disability-adjusted life
years (DALYs) are caused by soil-transmitted helminths
worldwide [1, 2]. Chronic STHs can lead to anemia, mal-
nutrition, asthenia, abdominal pain, diarrhea, stunted
growth, and cognitive and developmental impairment
[3]. These nematodes penetrate the intestinal mucosa,
jeopardize the intestinal epithelium and disrupt gut
homeostasis [4]. STHs have been reported to increase the
abundance of potential intestinal pathobionts and disrupt
the structure of the gut microbial community [5]. Cur-
rently, chemotherapeutic drugs are the global strategy to
control STHs, but this approach has led to an unavoid-
able increase in drug resistance [6]. With the emergence
of anthelmintic resistance, alternative treatments are
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urgently required to reach the goal of the WHO to elimi-
nate STHs [7].

The gut microbiota has been demonstrated to play
pivotal roles in host health, serving such purposes as
absorbing nutrients from food, modulating metabo-
lism, conferring resistance to colonization by some
enteric pathogens and promoting the development of
the immune system [8, 9]. A growing body of research
has focused on helminth-microbiota interactions: for
instance, some probiotic strains of Bifidobacterium and
Lactobacillus have been evaluated to modulate hel-
minth infection in vivo and in vitro [10-13]. Moreover,
the impact of low-intensity, chronic helminth infection
on microbial communities has been commonly reported
to increase microbial alpha diversity [14—17]. In con-
trast, high-intensity, acute infections have been often
associated to gut dysbiosis, characterized by reduced
alpha diversity and an increase in pro-inflammatory and
opportunistic pathogens [18]. New perspectives of hel-
minth therapies are proposed because helminth infection
may contribute positively to gut homeostasis by promot-
ing microbial richness and evenness in individuals with
chronic inflammatory disorders [17, 19, 20]; therefore,
it would be of interest to investigate whether helminth-
induced immune modulation is related to alterations in
the microbiota. Analyses of gut microbiota-mediated
modulations in the worm removal and egg production of
nematodes are also of interest to suggest the use of pro-
biotics as a promising alternative means of controlling
STHs by improving human health [21].

Some investigations of the gut microbiota of humans
naturally infected by STHs have been reported. Jen-
kins et al. [15] reported that S. stercoralis infection was
associated with decreased abundance of Bacteroides
eggerthii, Clostridium celatum and Bifidobacterium
bifidum in a cohort of elderly Italian volunteers by 16S
rRNA gene sequencing. Lee et al. [14] also found that
Bifidobacterium exhibited lower abundance and the
Paraprevotellaceae exhibited expanded abundance in
T trichiura-infected individuals in Malaysia. In this
study, we compared the gut microbial community of
T. trichiura-colonized and non-colonized individuals
from Pemba Island, using 16 rRNA gene sequencing.
Pemba Island is highly endemic for STHs; thus, this loca-
tion provides a good opportunity for characterizing the
intestinal microbial community of individuals suffering
chronic helminth infection. In particular, we investigated
mothers and their children from two rural villages and
one town on Pemba Island and identified specific associ-
ations between helminth colonization and bacterial spe-
cies in mothers and children.
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Methods

Ethics statement

The project was approved by the Zanzibar Medical
Ethical Research Committee (protocol number: ZAM-
REC/001/SEPT/018). Written informed consent was
obtained from all subjects enrolled in the study.

Recruitment of study participants

Women aged 23—45 years and their children aged 1.5-2.6
years from Vitongoji village, Gombani village and Chake-
Chake town were recruited for this study on Pemba
Island, Tanzania. Thirty-two mother-and-child pairs of
volunteers were enrolled. During the visits of the mothers
to the sanitary center for their children’s routine exami-
nations, the mothers were interviewed. A questionnaire
was prepared for each volunteer. To facilitate recipro-
cal understanding, interviews were performed in Swa-
hili with the help of nurses and personnel of the Public
Health Laboratory Ivo de Carneri (PHL-IdC). The inclu-
sion criteria for all the individuals were as follows: similar
nutritional habits (very similar diet, mainly consisting of
banana fruit, cassava, rice, cassava leaves as vegetable and
dagaa fish, and origin of food), no pregnancy, no HIV, no
diarrhea, no fever, no diabetes, no malaria, and no antibi-
otics or anthelmintic treatment in the previous 3 months.
The questionnaire format is included in the Additional
file 1: Material S1.

Fecal sample collection and parasitological analysis

All the participants were provided with sterile containers
to collect fecal samples. Each sample was well homog-
enized and divided into three aliquots. One aliquot was
used for parasitological examination directly, one for the
DNA extraction, performed upon sample reception, and
the third was maintained frozen as a backup. The Mini—
FLOTAC technique was utilized for microscopic exami-
nation [22]. Two grams of stool sample and 2 ml of 5%
formalin were mixed into the conical collector first. After
the samples were homogenized sufficiently, flotation
solution (saturated sodium chloride) was added to a vol-
ume of 40 ml. After another round of homogenization,
the samples were added to the two flotation chambers.
Finally, after waiting for 10 min, the numbers of eggs per
gram of feces were determined under a microscope. Ana-
lytic sensitivity could reach ten eggs per gram of feces
[23]. This analysis was repeated twice for each sample. All
procedures were conducted in the laboratory of the PHL-
IdC. After the parasitological analysis was performed,
the results were delivered to the enrolled women partici-
pants to ensure that they could go to the sanitary center
to receive anti-helminth treatment.
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DNA extraction, PCR amplification, 16S rRNA gene
sequencing

Total DNA was extracted from fecal samples utilizing
the PureLink Microbiome DNA Purification Kit (Inv-
itrogen, Waltham, MA, USA) according to the manufac-
turer’s instructions. The integrity and concentrations of
the obtained DNA were determined by agarose gel elec-
trophoresis and NanoDrop electrophoresis, respectively.
Then, the V3-V4 hypervariable region of the 16S rRNA
gene was amplified by PCR. The universal primers (for-
ward, Pro341: 5-TCGTCGGCAGCGTCAGATGTGTAT
AAGAGACAGCCTACGGGNBGCASCAG-3/; reverse,
Pro805: 5-GTCTCGTGGGCTCGGAGATGTGTATAA
GAGACAGGACTACNVGGGTATCTAATCC-3') were
used [24]. PCR was performed in triplicate in 25 pl vol-
umes containing 2.5 pl of 10 x Pyrobest Buffer, 2 ul of 2.5
mM dNTPs, 1 yl of each primer (10 uM), 0.4 U of Pyrob-
est DNA Polymerase (TaKaRa) and 15 ng of template
DNA. The PCR program involved an initial denatura-
tion step at 94 °C for 3 min followed by 25 cycles of dena-
turation at 94 C for 30 s, annealing at 50 ‘C for 30 s and
extension at 72 °C for 60 s with a final extension phase at
72 °C for 7 min.

PCR products were run in an electrophoresis chamber
on a 1% agarose gel, and 50 ng of purified DNA extrac-
tion of each sample was subsequently prepared and
sent to the BMR Genomics company (Padova, Italy) for
sequencing. Sequencing libraries were generated using
the NEBNext® Ultra™ DNA Library Prep Kit (New Eng-
land Biolabs, Ipswich, MA, USA) following the manufac-
turer’s recommendations. Library quality was assessed
and sequenced on an Illumina MiSeq platform PE300
platform (Illumina, San Diego, CA, USA).

Bioinformatics and sequencing data analysis

The original DNA fragments were trimmed of the adapt-
ers using Cutadapt (version 1.18; https://cutadapt.
readthedocs.io/en/stable/index.html) [25]. FastQC was
applied to check the quality of the raw reads after the
trimming process (version 0.11.8; http://www.bioinforma
tics.babraham.ac.uk/projects/fastqc/). The raw reads
were processed utilizing QIIME2 (Quantitative Insights
Into Microbial Ecology 2, version 2018.11; https://qiime
2.0rg) [26]. Joined sequences were successfully quality-
filtered and dereplicated with identification of chime-
ras. Paired-end reads were merged in QIIME2 using the
DADA?2 pipeline (version 1.10; https://benjjneb.githu
b.io/dada2/index.html). Sequences were clustered into
operational taxonomic units (OTUs) according to the
taxonomy assignment through annotation against the
SILVA database (version SSU138; https://www.arb-silva
.de). Sequences that did not match references in the
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SILVA database were clustered de novo based on pair-
wise sequence identity (cut-off: 99% sequence similarity).
The first selected cluster seed was considered the repre-
sentative sequence of each OTU. The OTU table with the
assigned taxonomy was exported from QIIME2 alongside
an unweighted UniFrac distance matrix. Prior to down-
stream analyses, we removed singleton OTUs. Cumu-
lative-sum scaling (CSS) was applied followed by log2
transformation to account for the non-normal distribu-
tion of taxonomic count data. Three metrics of alpha
diversity were evaluated using QIIME2; in particular
observed OTUs, estimating the microbial richness; Shan-
non index, estimating species biodiversity; and Faith’s
phylogenetic diversity index, measuring community rich-
ness incorporating phylogenetic relationships between
the features. Differences in alpha diversity were tested by
the Wilcoxon rank-sum test. Principal component analy-
sis (PCA) of the OTUs in different groups was performed
based on the unweighted UniFrac distance values, and
statistical differences in microbial community compo-
sition were calculated by the Permutation Multivari-
ate Analysis of Variance (PERMANOVA) function with
999 permutations. Furthermore, a linear discriminant
analysis (LDA) effect size (LEfSe) algorithm (http://hutte
nhower.sph.harvard.edu/galaxy/) was applied to iden-
tify the significant microbial differences among all of the
groups [27]. This analysis, based on the nonparametric
factorial Kruskal-Wallis and on the (unpaired) Wilcoxon
rank-sum test, was also validated with a further Stu-
dent’s t-test using the STAMP software (version 2.1.3).
Microbial community metagenome functions were pre-
dicted by PICRUSt2 implemented in Qiime2 (Phyloge-
netic Investigation of Communities by Reconstruction of
Unobserved States, version 2019.7; https://github.com/
picrust/picrust2/) [28]. PICRUSt2 comparisons between
each group were performed using STAMP with Stu-
dent’s ¢-test (version 2.1.3). p-values <0.05 were consid-
ered to be significant. The raw reads were deposited into
the NCBI Sequence Read Archive database (SRA acces-
sion number: SRP259507, BioProject accession number:
PRINA629760).

Results

Characteristics of the participants

Thirty-two pairs of mothers and children were inter-
viewed and provided their consent and the fecal sam-
ples. Twenty (12 mothers and 8 children) samples were
positive for helminth infection, and 44 (20 mothers and
24 children) samples were negative for helminth infec-
tion. Five negative samples were discarded for problems
in the DNA extraction or at the sequence level, and three
single-A. [umbricoides-infected samples were also dis-
carded (sample code M66: 2000 eggs/gram of feces; C46:
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4000 eggs/gram of feces; C34: 10 eggs/gram of feces). In
the end, 56 samples gave sufficient sequences and were
successfully analyzed. Seventeen individuals (11/29
mothers and 6/27 children) carried T. trichiura infection,
and in only three of these individuals the infection was
combined with A. lumbricoides. The other 39 individuals
(18/29 mothers and 21/27 children) were all negative for
helminth infection. Among the 56 samples, there were 12
pairs of uninfected mother-child and 4 pairs of infected
mother-child, whereas mothers and children conprising
the remaining 16 pairs studied displayed different sta-
tuses of infection by 7. trichiura. The infection status and
demographics of the mothers and children are shown in
Table 1. Sample codes of all the 32 pairs of mothers and
children and infection burdens of helminth-infected par-
ticipants are shown in Additional file 2: Table S1.

Dissection of gut microbial profiling in helminth-positive
and helminth-negative individuals

The 16S rRNA gene sequencing produced a total of
1,655,316 sequences after assembly and quality filtering
from 56 samples, and the average length of the sequences
was 410.97 bp. Good’s coverage index was > 99%. In total,
6252 OTUs were observed in all four groups, the mother
helminth-positive group (MP), mother helminth-nega-
tive group (MN), child helminth-positive group (CP) and
child helminth-negative group (CN). Rarefaction curves
of the OTUs of all samples indicated that there were suf-
ficient data sampling and adequate sequencing depth,
and the database of 16S rRNA gene sequences almost
completely covered all microbial communities (Addi-
tional file 3: Figure S1).

There was a significant difference in the fecal microbi-
ota alpha diversity between the MN and MP groups. The
observed OTUs, Shannon index and Faith’s phylogenetic
diversity index in the MP group were significantly higher
than those in the MN group, respectively (Kruskal-Wallis
H-test: H=3.82, df=1, P=0.05; H=4.65, df=1, P=0.03

Table 1 Characteristics of the participants
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and H=8.53, df=1, P=0.003). While the observed
OTUs and Shannon index, the latter accounting for
both microbial richness and evenness, in group CN were
not significantly different from those in the CP group
(Kruskal-Wallis H-test: H=3.06, df=1, P=0.08 and
H=1.36, df=1, P=0.24), Faith’s phylogenetic diversity
index was significantly higher in the CP group than in
the CN group (Kruskal-Wallis H-test: H=10.67, df=1,
P=0.001) (Fig. 1a, b).

PCA based on unweighted UniFrac distances showed
infection-related clustering of samples collected from
mothers and children, respectively (Fig. 1c, d). Moreo-
ver, significant infection-associated alterations in gut
microbial community structure were observed in moth-
ers (PERMANOVA: pseudo-F=2.05, df=1, P=0.003)
and children (PERMANOVA: pseudo-F=1.96, df=1,
P=0.013), which indicated differences in overall hetero-
geneity of microbial composition between helminth-pos-
itive and helminth-negative groups.

Microbial taxa analysis

Bacterial abundances at the phylum and genus lev-
els were analyzed and compared between infected and
non-infected mothers and children. We found that
Firmicutes, Bacteroidetes, Proteobacteria and Act-
inobacteria dominated the intestinal community in
group MN at the phylum level with relative abun-
dances of 46.90 (mean abundance) #3.58% (standard
error), 31.12+3.76%, 17.73+£1.89% and 1.79+0.20%,
respectively. In group MP, the relative abundance of
Firmicutes was determined to be 57.46 +5.24%, while
Bacteroidetes, Proteobacteria and Actinobacteria showed
lower abundances of 22.314+3.91%, 13.78 £1.41% and
1.38+0.15%, respectively (Fig. 2a). The dominant phyla
in group CN and their abundances were as follows: Fir-
micutes (41.42+3.87%), Bacteroidetes (30.65+ 3.28%),
Actinobacteria  (15.554+3.51%) and Proteobacteria
(9.72+2.80%). Group CP abundances were as shown

MP

MN cP CN

Subject numbers 11
Ages (years) 29.27+4.50

Habited village
Vitongoji 6
Gombani 3
Chake Chake 2
Helminth infection status 11
Single T trichiura 9
2

T. trichiura + A. lumbricoides

18 6 21
31.39£6.63 1.63£0.50 1.81£0.33

o O O o O b~
- U0 O = N W
SO O O v OO

MP, mother helminth-positive group; MN, mother helminth-negative group; CP, children helminth-positive group; CN, children helminth-negative group



Chen et al. Parasites Vectors (2021) 14:62 Page 5 of 13
asoe- 72 * 3. *
* 36
o ] 1 -
2
O, s 64 .
3 2"
2 5] £ a
2 % s
Q 250 56 —_— 2.
© 20
MN (n=18) MP (n=11) MN (n=18) MP (n=11) MN (n=18) MP (n=11)
b:uo- 70 JE— 2 *
» =1 60 .
El . _
QE) 200 % s0- 'g 2.
g ® s
Q 20-
[SI| 454 “
CN (n=21) CP (n=6) CN (n=21) CP (n=6) CN (n=21) CP (n=6)
PCA 2
¢ PCA 2 * N d (12.67 %)
(11.25 %) M q
[ * = CP
* * W =
* *
* * -
- ’i * »* *
* u * *
* *
™ * ® *
= * P -
* PCA 1 * o,
» = (16.92 %)
L u
| *
| | *
»* *
PCA 3
(8.100 %)
PCAS MP PCA 1
(6.460 %) (18.60 %)
unweighted UniFrac beta-diversity
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analysis (unweighted UniFrac distance) of gut microbial profiles of mothers (c) and children (d) clustered by infection status (orange squares and
blue dots represent samples from infected and uninfected individuals, respectively). Abbreviations: MP, mother helminth-positive group; MN, mother
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in Fig. 2b: Firmicutes (42.28+8.22%), Bacteroidetes
(29.44+9.27%), Actinobacteria (15.61 £9.85%) and Pro-
teobacteria (9.44 £3.07%) (Fig. 2b). These results showed
that the relative abundance of dominant gut bacterial
populations differed between mothers and children at
the phylum level. Moreover, in mothers, helminth colo-
nization was associated with a significant enrichment of
Firmicutes and significant reductions of Bacteroidetes,

Actinobacteria and Proteobacteria in gut microbial popu-
lations (Additional file 4: Table S2). In children, variations
in the gut microbial composition were not significant at
the phylum level.

We further analyzed the microbial composition at
the genus level. The 20 most abundant bacterial gen-
era for each group are shown in Fig. 3. Detailed data of
the abundances of each genus are shown in Additional
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Fig. 2 Relative abundances of gut microbial phyla identified in the feces of mothers (a) and children (b). Abbreviations: MP, mother
helminth-positive group; MN, mother helminth-negative group; CP, children helminth-positive group; CN, children helminth-negative group; others

file 5: Table S3. A heat map was also constructed to dis-
play microbial genera showing the largest differences in
relation to helminth infection in mothers and children,
respectively.  Succinivibrio (phylum Proteobacteria)
showed significantly lower abundance in both helminth-
positive groups, while Ruminococcus 1 and Rumino-
coccaceae UCG-010 both belonging to the phylum
Firmicutes showed higher abundance in both helminth-
positive groups. Akkermansia (phylum Verrucomicro-
bia), Lactobacillus, Blautia, Ruminococcus UCG-005 and
Enterococcus (phylum Firmicutes), Bifidobacterium (phy-
lum Actinobacteria), Bacteroides and Prevotella 2 and 9
(phylum Bacteroidetes) and Campylobacter (phylum Pro-
teobacteria) showed different trends between mothers
and children (Fig. 4).

We also conducted a LEfSe analysis as an additional
approach to identify the significant differences in the
abundance of gut microbial populations between groups
MN and MP and groups CN and CP separately. The

taxonomic cladogram and LDA score (threshold=3.2)
confirmed and enabled the visualization of the signifi-
cant variations (Fig. 5). The LEfSe analysis showed that
compared with the MN group, the abundances of Rumi-
nococcaceae, Ruminococcaceae UCG-005 and Lach-
noclostridium were significantly lower in group MDP,
while Methanobrevibacter and Ruminococcaceae UCG-
010 were significantly higher in group MP. In infected
children, Succinivibrio, Asteroleplasma, Alphaproteo-
bacteria, Rhodospirillales and Aeromonadales were sig-
nificantly lower with respect to healthy children, while
the populations of Enterococcaceae, Ruminococcaceae
UCG-010 and Enterococcus were more enriched (Fig. 5).

Predicted functional KEGG pathways by PICRUSt2

We observed significant differences in predicted func-
tional abundances between the gut microbiota of hel-
minth-infected and non-infected mothers and children,
respectively, by PICRUSt2. Several pathways such as
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“glycerolipid metabolism” and “sphingolipid metabolism”
were less abundant in both infected mothers and chil-
dren compared to their respective uninfected counter-
parts (Fig. 6). Infected children showed less abundance in
some essential pathways, such as “cytoskeleton proteins,’
“cell division” and “apoptosis” compared to non-infected
children. Infected mothers showed more abundance
in pathways potentially related to pathologies, such as
“Staphylococcus aureus infection,” “Vibrio cholerae infec-
tion” and “biosynthesis of ansamycins” compared to non-

infected mothers (Fig. 6).

Discussion

This study showed that T. trichiura infection was associ-
ated with changes in overall gut microbial composition
in both mothers and children. Consistent with the find-
ings of a previous study, Firmicutes, Bacteroidetes, Pro-
teobacteria and Actinobacteria were the most dominant

phyla in the human gut microbiota, and Firmicutes was
the dominant phylum overall, with the highest abun-
dance in all participants [14]. Alpha diversity describes
the richness and evenness of the microbial samples, and
beta diversity provides a measure of the distance or dis-
similarity between groups of samples [29]. Significant
differences in both alpha and beta diversities were found
between the helminth-positive and helminth-negative
groups in our study, particularly in the mothers’ groups.
This finding is different from the previous studies. Jenkins
et al. reported no significant changes in alpha diversity
(Shannon index) and richness between helminth-positive
and helminth-negative groups and significantly greater
beta diversity in the helminth-positive group [30]. Addi-
tionally, Lee et al. reported that helminth colonization
induced no significant changes in the alpha diversity of
taxa; only greater richness and enrichment of Paraprevo-
tellaceae were observed [14]. Finally, a comparison of
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the effects of T. trichiura and A. lumbricoides coloniza-
tion on the fecal microbiota showed that only the latter
was associated with a disturbed microbiota [31]. While
all previous investigations support associations between
helminth infection and variations in gut microbial com-
munities, the discrepancies among these studies may be
due to many factors, such as endemic areas, the type and
level of helminth infections, the nutritional habits of the
investigated population and the use of anthelmintic drugs
[32].

Although helminth infection appeared to increase gut
microbial biodiversity in both mothers and children, the
abundances of well-known beneficial bacteria were lower
in infected individuals, and other potentially opportun-
istic pathogenic bacteria showed higher abundances.
The significant reductions in Blautia and Bacteroides
in infected children and Prevotella 2 and 9 in infected
mothers may limit the production of SCFAs with immu-
noregulatory effects to maintain mucosal homeostasis
and to regulate ulcerative colitis [33]. Since SCFAs are
precursors of glycerophospholipids and glycerolipids
[34], the prediction by PICRUSt2 analysis of reduced
metabolism of these lipids in infected mothers and chil-
dren compared with uninfected mothers and children

Page 8 of 13

appears consistent with our hypothesis of a reduction in
SCFA production in infected individuals. Moreover, the
lower amount of Succinivibrio, as supported by both heat
map and LEfSe results, in infected children may disrupt
carbohydrate digestion because Succinivibrio is involved
in starch, hemicellulose and xylan degradation, simi-
lar to Prevotella [35, 36]. Finally, Campylobacter, which
is potentially pathogenic in humans and typically rep-
resented by C. jejuni [37], exhibited significantly higher
abundance in infected mothers. Although this variation
was only validated in the heat map analysis by Student’s
t-test, not supported by the LEfSe algorithm, suggest-
ing the possibility of marginal differences, this variation
cannot be ignored since global surveillance of campy-
lobacteriosis has recently been proposed because of
the increasing number of pathogenic species found in
humans presenting resistance to various antibiotics [38].

The changes in infected mothers and in their children
compared with the uninfected groups were similar at
both the phylum and genus levels. The possibility that
these similarities are due to the maternal relationship in
the four infected mother-child pairs should be consid-
ered. However, the numbers of shared OTUs at the genus
level showed great variability in each infected and unin-
fected pair, reflecting the peculiar characteristics of the
microbiota of children [39]. Therefore, it seems unlikely
that the statistically significant changes in both infected
groups are due only to maternal relationships.

Although similarities were found between infected
mothers and children, some differences were also
observed. Akkermansia and Lactobacillus appeared to
be more enriched in group MP than in group MN. How-
ever, their abundances were significantly reduced in
group CP compared with group CN. Akkermansia spp.
is considered a beneficial, protective bacterium, as it is
a mucin degrader that converts mucin to SCFAs, which
may mediate anti-inflammatory effects [40]. Jenkins et al.
reported that a significant increase in A. muciniphila was
present in rural Sri Lankan populations infected with
helminths compared with uninfected populations [30],
and T. trichiura infection dramatically increased the
production of mucins in experimental macaques [41].
Therefore, the expansion of Akkermansia, whose sole
source of energy is mucin, in group MP was expected as
a consequence of T. trichiura infection, as also previously
reported [42], but the significantly lower abundance of
Akkermansia in group CP compared with CN may sug-
gest concerns for gut protection for infected children.
Additionally, in group CP, the significantly lower abun-
dance of Lactobacillus, which is commonly used in probi-
otic products based on its beneficial effects on digestion
processes and ability to counteract pathogenic intestinal
microbiota and promote host immunomodulation [43,
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44], suggests concerns for the gut homeostasis of infected
children.

The life cycles of T. trichiura and A. lumbricoides are
different, and T. trichiura does not migrate to the pul-
monary circulation through the lungs. T. trichiura lar-
vae attach to the intestinal villi and develop into adult
worms, which then migrate and reside in the cecum and
colon. However, after migration and molting, adult A.

lumbricoides worms colonize the upper small intestine
[45]. We hypothesize that the variations in colon bacte-
ria observed in our study are associated with T. trichiura
infection because of the colonization of same site. Tri-
churis infection could increase the secretion of mucus,
which would provide an energy source for adapted
microorganisms, resulting in changes in mucosal micro-
bial composition [41, 46, 47]. The potential role of the
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significant increase in the mucus colonizer Methanobre-
vibacter in group MP and Ruminococcaceae UCG-010 in
groups MP and CP in this mechanism is of interest for
further research using animal models.

The significant increase in Elusimicrobium in all
infected individuals detected by LEfSe analysis attracted
our attention. Elusimicrobium is an acetate producer that

could maintain intestinal homeostasis [48, 49]. We pro-
pose that Elusimicrobium is of interest for future stud-
ies to test possible therapeutic effects on inflammatory
bowel disease (IBD). Since Lactobacillus decreased in
infected children, follow-up research should also focus
on this genus. A previous study demonstrated that oral
supplementation with live Lactobacillus rhamnosus at
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a dose of 1x10° CFU/day could significantly acceler-
ate larval removal in T. muris-resistant C57BL/6 mice
[13]. Furthermore, persistent T. muris infection notably
increases the population of the genus Lactobacillus but
causes a reduction in the populations of other bacterial
species in the gut [50]. The interactions between T. muris
and Lactobacillus may be mutually beneficial rather
than causing the microbes to eliminate each other [51].
These findings indicated that some probiotics are friendly
to humans and at the same time they may have similar
beneficial effects on parasites. Therefore, on the basis of
the interplay between Trichuris and probiotics, it can be
hypothesized that the Trichuris therapy, already applied
in a few cases [52, 53], may promote growth of “friendly”
bacteria to increase gut diversity to treat human IBD.

Conclusions

Taken together, the results of our study provide a pre-
liminary view of the effects of helminth colonization on
the human gut microbiota in mothers and children from
Pemba Island. Our data demonstrate that changes in gut
microbial composition and structure occur in 7. trichiura-
infected individuals compared with uninfected individu-
als. Potentially, SCFAs-producing bacteria (Blautia and
Bacteroides in children; Prevotella 2 and 9 and Rumino-
coccaceae UCG-005 in mothers) decrease in abundance
in infected individuals. Similar decreases were observed
in the beneficial bacteria Lactobacillus (in children) and
Bifidobacterium (in mothers) and carbohydrate-degrading
Succinivibrio in both infected groups. Conversely, poten-
tially pathogenic bacteria, such as Enterococcus in infected
children and Campylobacter in infected mothers, increased
in abundance. Our findings could help to improve our
current understanding of microbiota profiling in T. trichi-
ura-infected individuals, indicate potential roles of key
microbiota in the host and contribute to the development
of new strategies to control T. trichiura infection.
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