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The human whipworm Trichuris trichiura infects 289 million people worldwide, resulting in substantial morbidity. Whipworm infections are difficult to treat due to low cure rates and high reinfection rates. Interactions between whipworm and its host’s intestinal microbiome present a potential novel target for infection control or prevention but are very complicated and are identified using inconsistent methodology and sample types across the literature, limiting their potential usefulness. Here, we used a combined 16S rRNA gene OTU analysis approach (QIIME2) for samples from humans and mice infected with whipworm (T. trichiura and T. muris, respectively) to identify for the first time, bacterial taxa that were consistently associated with whipworm infection spanning host species and infection status using four independent comparisons (baseline infected vs uninfected and before vs after deworming for both humans and mice). Using these four comparisons, we identified significant positive associations for seven taxa including Escherichia, which has been identified to induce whipworm egg hatching, and Bacteroides, which has previously been identified as a major component of the whipworm internal microbiome. We additionally identified significant negative associations for five taxa including four members of the order Clostridiales, two from the family Lachnospiraceae, including Blautia which was previously identified as positively associated with whipworm in independent human and mouse studies. Using this approach, bacterial taxa of interest for future association and mechanistic studies were identified, and several were validated by RT-qPCR. We demonstrate the applicability of a mouse animal model for comparison to human whipworm infections with respect to whipworm-induced intestinal microbiome disruption and subsequent restoration following deworming. Overall, the novel cross-species analysis approach utilized here provides a valuable research tool for studies of the interaction between whipworm infection and the host intestinal microbiome.
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Introduction

The intestinal microbiota has a significant impact on human physiology, and it has been demonstrated to modulate immune function, growth (Subramanian et al., 2014; Lim et al., 2015; Subramanian et al., 2015), metabolism, and overall health (Guinane and Cotter, 2013). Soil transmitted helminths (STH) residing in the host intestine can directly affect the immune system (Else, 2005; Altmann, 2009; Elliott and Weinstock, 2012) and may indirectly influence it by affecting the intestinal microbiota and the mucosa. Children are often exposed to infections (especially large roundworm and whipworm) prior to the stabilization of their microbiota (at around 3 years of age (Yatsunenko et al., 2012)), resulting in disruption of normal microbial community development and long-term dysbiosis and malnourishment due to reduced absorption of nutrients (Glendinning et al., 2014). Therefore, as a modifiable part of human “pan-genome”, it may be possible to prudently manipulate an at-risk host microbiome through simple and inexpensive nutritional strategies (e.g. via inclusion of local fermented food) that supplement therapeutic use of anthelmintics. However, the role of commensal bacteria in STH infections is not well understood, although it is recognized that active cross-kingdom talk occurs.

Among the three most prevalent STHs (hookworm, large roundworm and whipworm), whipworm (Trichuris trichiura) infects over 289 million people mainly in Sub-Saharan Africa, India, China, East Asia, and South America, resulting in an estimated 212,700 years living with disability (YLD) (GBD, 2018). Whipworm eggs hatch to L1 stage in the large intestine (caecum and/or proximal colon), after which they penetrate the epithelium and form multicellular epithelial ‘tunnels’, which are poorly understood (Else et al., 2020). From there, they molt to adult stage, but extend their posterior end into the lumen while keeping the anterior end embedded in the epithelial layer (Else et al., 2020). Whipworm infections are correlated with impairments in growth and cognitive development in children (preschool and school-age), impairments in the health and well-being of women and increases in the risk of adverse maternal and neonatal outcomes (Nokes and Bundy, 1994). To reduce morbidity due to infections (Brooker et al., 2015), the US Agency for International Development and the World Health Organization (WHO) support mass drug administration (MDA) to treat at least 75% of all at-risk children by the year 2020 and to reduce maternal anemia by 50% by 2025 (World Health Organization, 2014). However, it is not expected that these measures will lead to sustainable control or elimination of whipworm infection, since prevalence remains high due to very high rates of reinfection post-treatment [82% (Jia et al., 2012)] and low and variable cure rates [~50% (World Health Organization, 2008)] especially after treatment with a single anthelmintic drug. Furthermore, anthelmintic drug resistance is a potential future risk for STH control programs, since benzimidazole resistance is already widespread in veterinary helminths (specifically against albendazole and mebendazole, which represent the primary drugs used for MDAs) (Kaplan, 2004). There is an urgent need to develop sustainable and integrated helminth control strategies as alternatives (or complementary) to MDA, especially in developing economies unable to support the necessary infrastructure and sanitation interventions.

There are a limited number of published papers studying human microbiome members associated with whipworm infections and these papers report disparate results. One study from Ecuador failed to identify significant associations between STHs (T. trichiura and Ascaris lumbricoides) and the fecal microbiome (Cooper et al., 2013); a study on Malaysian subjects identified several bacterial taxa associated with inflammation (Ramanan et al., 2016), and another study from Malaysia identified microbiome taxa (and blood markers) associated with whipworm infections (Lee et al., 2019). A study from Sri Lanka identified several taxa significantly associated with hookworm, whipworm, or roundworm infection (Jenkins et al., 2017). Animal models have also proven useful for studying whipworm infections, and previous studies have utilized mice models to study microbiome interactions with the mouse whipworm (T. muris) (Holm et al., 2015; Houlden et al., 2015; White et al., 2018; Schachter et al., 2020).

Unfortunately, translational research on the role of commensal bacteria in whipworm infections has been impeded by knowledge gaps in cross-kingdom molecular interactions across host species. For example, antibiotic treatment protects against the establishment of T. muris in mice, and bacteria are thought to provide molecules necessary for hatching of T. muris ova (Hayes et al., 2010). Conversely, bacteria and their products can enhance the mucosal barrier to protect from invading parasites, and support host repair mechanisms to reduce pathology, which collectively suggests the existence of active parasite-host-microbial interactions (Hayes et al., 2010; Dawson et al., 2020). In pigs, T. suis infection affects the abundance of ~13% of bacteria in the proximal colon in a worm burden-dependent manner (Wu et al., 2012). In a previous study, we analyzed microbiome assemblages during moderate and heavy STH infections in Indonesia and Liberia and for the first time identified specific members of the intestinal microbiome that discriminate between STH-infected and non-infected states across very diverse geographical regions using multiple statistical methods (Rosa et al., 2018). We also detected microbiome-encoded biological functions potentially associated with STH survival strategies. However, there has been little research to date that integrates datasets across species.

While previous results provide insight into cross-kingdom interactions, key mechanistic studies in both humans and model organisms are necessary to produce translational discoveries. We therefore urgently need a comprehensive understanding of common bacterial taxa that modulate or are altered by STH infection in humans as well as in relevant animal models. Here, we compare the microbiome of samples from humans with exclusive whipworm infections (Rosa et al., 2018) to newly generated samples from mice infected with whipworm. We use a 16S rRNA gene analysis pipeline to both datasets simultaneously to identify and compare bacterial taxa members consistently associated with whipworm infection (at baseline and following deworming) spanning human and mouse host species. A subset of taxa was validated by real-time quantitative PCR (RT-qPCR). This not only highlights the importance of these specific bacterial taxa but also highlights the usefulness of the mouse whipworm infection model for future mechanistic studies, holding potential for translational applications in humans.



Materials and Methods


Sample Sources

For the mouse experiments, mixed sex C57BL/6N/STAT6KO mice were inoculated per os with 250 infective T. muris eggs. Mice were derived from breeding pairs of B6.129S2(c)-Stat6(tm1Gru)/J purchased from Jackson Laboratories. After 35 days, stool samples were collected from 18 infected and 18 uninfected mice (“baseline” infection samples). Six of these infected mice were treated per os with a combination of mebendazole (Fluka, City, Country) used at 80 mg/kg body weight (solution prepared at 50 mg/ml in 10% Tween 20 + dH2O) and ivermectin (used at 4 mg/kg body weight; Vetrimec 1%; MWI Animal Health, City, Country) to deworm them. Fecal samples were collected from these mice after an additional 19 days, on day 54 (“dewormed” samples). Control mice which were (i) uninfected and received no anthelmintic treatment, (ii) uninfected and received anthelmintic treatment, and (iii) infected and received no anthelmintic treatment (N=6 each) were also included in the dataset.

Human stool samples from Indonesia were retrieved for analysis from our previous study (Rosa et al., 2018) and collected as previously described (Wiria et al., 2010) (sequenced on the Genome Sequencer Titanium FLX [Roche Diagnostics, Indianapolis, Indiana] to an average of 6,000 reads per sample). Samples were collected in Flores island Indonesia between 2008 and 2010, and patients received albendazole treatment every 3 months from 2008 to 2010 (Rosa et al., 2018). Only the subset of these samples that were uninfected or exclusively T. trichiura infected were used for the “baseline” dataset (positive by the formol ether concentration method, with no other Ascaris, Necator or Ancylostoma infection as determined by RT-qPCR and egg counting (Rosa et al., 2018), and no evidence of protozoan parasites observed by the formalin ether concentration test; N = 20 infected and N = 47 uninfected). Only samples from individuals treated with albendazole (400 mg) who cleared the infection over the course of a 2 year treatment (every 3 months; eight total treatments) were used in the “dewormed” cohort (N = 11). This repeated treatment regime is necessary to effectively clear Trichuris infection (Vlaminck et al., 2020). The formol ether method is semi-quantitative, so before treatment, samples had moderate to high infection intensities. Additional human samples from this dataset were included as control samples for (i) uninfected and untreated (N=16) and (ii) uninfected and albendazole-treated (N=16). Gender and age metadata for individuals from each sample cohort are summarized in Table 1.


Table 1 | Gender and age metadata summary for human samples used in each comparison.





16S rRNA Gene Sample Sequencing and Analysis

The V1-V2 hypervariable region of the 16S rRNA gene was amplified by PCR (30 cycles) using forward and reverse primers “AGAGTTTGATCMTGGCTCAG” and “CTGCTGCCTYCCGTA” (respectively). Samples were assessed post amplification on the LabChip GXII (Caliper Life Sciences, Hopkington, Massachusets). 5nM dilutions of amplified samples were prepared and pooled for qPCR. PCR products were purified and sequenced on the MiSeq Genome Sequencer (Illumina, San Diego, California). Illumina paired reads were assembled using FLASH (v1.2.7) (Magoc and Salzberg, 2011) and low quality and chimeric sequences were removed using the UCHIME de novo tool (Edgar et al., 2011) from inside the Mothur package (v 1.37.5-64) (Schloss et al., 2009). The processed V1-V2 amplicons were clustered into OTUs (99% similarity for strain-level clustering) and classified using the developer’s QIIME2 (Bolyen et al., 2019) docker container (qiime2/core:2018.8), using a classifier based on SILVA (release 132) (Quast et al., 2013), a comprehensive database that provides accurate annotations (Balvociute and Huson, 2017). 16S rRNA gene read sequences can be downloaded from SRA (BioProject PRJNA679627). Read counts were normalized per sample by dividing the number of reads associated with each OTU by the total number of reads assigned to any OTU. The taxonomic identifications used throughout the manuscript are the ones provided by SILVA (Quast et al., 2013). Complete OTU taxonomy, counts and relative abundance values per sample are provided in Supplementary Table S1A–C. The human and mouse samples generated during this study were statistically compared in four comparisons (Figure 1A), each of which compared infected to uninfected individuals. For each host species, samples were compared at “baseline” (different individuals at the same timepoint, either infected only with whipworm, or not infected with any of the three main STH species) or they were compared before and after deworming with anthelmintic treatment (the same individuals at different time points). Control comparisons were performed between the first timepoint (corresponding to infected individuals at baseline) and the second timepoint (corresponding to dewormed individuals following anthelmintic treatment) and included uninfected individuals receiving no treatment (both species), uninfected individuals receiving anthelmintic treatment (both species) and infected individuals receiving no treatment (mouse only) (Supplementary Figure S1).




Figure 1 | Overview of 16S rRNA gene sample sets. (A) Sample cohorts used for differential intestinal microbiome analysis comparing samples from Trichuris trichiura-infected and uninfected humans and T. muris-infected and uninfected mice before and after deworming. At “baseline”, the microbiomes of different individuals were compared and in the “dewormed” comparisons, the microbiomes of same individuals before and after curing of the infection were compared. MDS-based clustering of samples based on their normalized microbiome abundance profiles are shown for human (B) and mouse (C). Red lines connect samples from the same individuals before and after deworming. Normalization was performed by dividing OTU read counts by the total number of read counts assigned to OTUs in each sample.



LEfSe (Linear discriminant analysis Effect Size) (Segata et al., 2011) was used for differential taxa abundance testing, using default recommended settings according to the author’s instructions, at an adjusted P ≤ 0.05 for significance and requiring an LDA effect size of at least 2 in order to identify differentially abundant taxa. LEfSe’s algorithm performs class comparison tests, validates for biological consistency, and considers the hierarchy of the taxonomy to perform tests at all taxonomic levels. We have previously used this statistical approach to identify common helminth-associated taxa between human cohorts (for any of the three main STH species) (Rosa et al., 2018), and it has also been used to identify intestinal bacteria associated with pathogenic infections (Villarino et al., 2016), to identify intestinal biomarkers for disease (Segata et al., 2011), and to track microbiome recovery following disease (Rooks et al., 2014). Complete LEfSe statistics for each comparison are provided in Supplementary Table S1D.

Shannon index diversity values were calculated for each sample using the normalized read counts across all taxa using the “diversity” function in the “vegan” library in R (version 2.5), and Bray-Curtis dissimilarity values were calculated using the “vegdist” function. Multidimensional scaling (MDS) was performed using the same Bray-Curtis dissimilarity values, using the R function “cmdscale” (R version 4.0.2). Clustering with t-SNE was also performed using the “Rtsne” package in R (version 0.15) using the same Bray-Curtis dissimilarity values, in addition to Non-metric Multidimensional Scaling (NMDS) using the “bestnmds” function in the “LabDSV” package (version 2.0; http://ecology.msu.montana.edu/labdsv/R/). One-way analysis of variance (ANOVA) testing was performed with a Tukey HSD post-hoc test, for both the Shannon diversity and Bray-Curtis dissimilarity comparisons.



RT-qPCR Analysis

Relative abundance of selected infection-associated taxa was measured by real-time quantitative PCR (RT-RT-qPCR) for the mouse samples and for a subset of the human samples from the 16S rRNA gene analysis for which sufficient template DNA was still available (nine individuals before and after deworming). All consumables were purchased from ThermoFisher Scientific (Waltham, MA, USA), unless otherwise specified. Reactions for Blautia were performed in a 25 µl set-up per sample using Power SYBR Green Master Mix, and a final concentration of 300 nM forward and reverse primers with 2 µl of stool DNA extract was run through 40 amplification cycles according to the standard master mix manufacturer’s two-step protocol. Lachnospiracea, Prevotella, and Collinsella were detected and quantified using Taq Man Fast Advanced Mastermix in a 20 µl set-up. Both primers were used in a final reaction concentration of 400 nM and the concentration of the probe was 125 nM. Two microliters of stool DNA extract was used per reaction. All reactions were performed using a QuantStudio 6 Flex Real-Time PCR System. The cycling conditions were as follows: A pre-read stage of 30 s at 60°C, followed by 20 s at 95°C. The 40 cycles amplification consisted of a 1 s denaturation step at 95°C followed by 20 s annealing and extension at 60°C. The Post-Read stage is 30 s at 60°C. Each DNA sample was tested in duplicate against genus-specific and universal bacterial 16S rRNA gene primers (400 nM) (Supplementary Table S2). Cycle threshold (CT) values were calculated by taking the average CT for each sample and primer set. Relative fold change in bacterial abundance was calculated using the 2–ΔΔCT method using the 16S rRNA gene CT values as a calibrator. P values were calculated from the Δ CT values comparing before and after deworming samples using a two-tailed T test with unequal variance (Schmittgen and Livak, 2008).




Results and Discussion

Previous studies of associations among microbiome and whipworm infections have been performed in a single host species. To support translational discoveries, a comprehensive identification of common bacterial taxa protective from (and supportive of) infection across hosts is needed. Therefore, we studied microbiome responses to whipworm infection in a murine model and compared it to a human cohort from Indonesia from our previous study (Rosa et al., 2018). From the human dataset, we re-analyzed only those samples which were infected with T. trichiura and no other nematode species (N = 20 infected and N = 47 uninfected at baseline; N = 11 infected and dewormed with albendazole), so that we could provide the closest possible comparison to the T. muris-infected C57BL/6N/STAT6KO mice analyzed (N = 18 infected and N = 18 uninfected at baseline; N = 6 infected and dewormed). This mouse strain provides a relatively high and uniform worm burden throughout the treatment groups, and modulation of STAT6 is a predictor of resistance to gastrointestinal nematodes including Trichuris species in humans, pigs and “rewilded” mice that are affected by changes in the intestinal microbiome (Moller et al., 2007; Leung et al., 2018; Dawson et al., 2020). The human and mouse samples were analyzed using same pipeline and then statistically compared in four comparisons (Figure 1A). For each host species, samples were compared at “baseline” (different individuals at the same timepoint, either infected only with whipworm, or not infected with any helminth) or they were compared before and after curing whipworm infection (the same individuals at different timepoints).

Control comparisons across the deworming timepoints were also included (Supplementary Figure S1) for uninfected humans receiving no anthelmintic treatment (N=16), uninfected humans receiving albendazole treatment (N= 16), infected mice receiving no anthelmintic treatment (N=6), uninfected mice receiving no anthelmintic treatment (N=6), and uninfected mice receiving mebendazole/ivermectin treatment (N= 6).


Microbiome Profile Overview and Analysis

MDS-based clustering of samples showed that while the overall human microbiome profiles did not have any observable correlation with whipworm infection status (Figure 1B), the mouse samples clustered separately by infection status (Figure 1C), with the dewormed samples clustering between the infected and uninfected samples. This pattern in microbiome profiles was expected since human samples have high variability due to differences in genders, ages, village locations, diets, and histories of infection status, while the mice were in a laboratory-controlled environment that ensured consistent microbiomes and therefore more consistent responses to infection. Similar clustering patterns were also observed with both NMDS and tSNE-based clustering (Supplementary Figure S2A), and human data did not cluster according to either gender or age (Supplementary Figure S2B). Control sample cohorts showed similar clustering profiles, with infected mouse samples clustering away from uninfected samples, regardless of timepoint or anthelmintic treatment (Supplementary Figure S3). Overall microbiome profiles in each sample for both human and mouse cohorts are summarized at the class level in Supplementary Figure S4.

The Shannon diversity index (Figure 2A) represents the within-sample or “alpha” diversity, reflecting the number and the evenness of the distribution of microbiome members. While there were no significant differences between infection groups in the human cohort, the within-sample diversity was significantly lower (P < 10−10, two-tailed T-test, unequal variance) in the whipworm-infected mice at baseline compared to uninfected mice, and this diversity was increased back to the same level as the uninfected samples following deworming (P < 10−10). Bray-Curtis dissimilarity (Figure 2B) was used to quantify the between-sample differences in the overall microbiome profiles. The samples from infected humans had microbiome profiles that were significantly more similar to each other compared to samples from uninfected humans, or compared to dewormed subjects (P < 10−10). However, in the more controlled laboratory setting, uninfected samples had significantly lower baseline diversity that was disrupted by whipworm infection, resulting in higher average dissimilarity between infected samples and uninfected samples, compared to within-infected and within-uninfected sample groups (P < 10−10). Following deworming, the between-sample differences were very low in the mice, having lower diversity than between infected samples (P < 10−10), and even lower diversity than between baseline uninfected samples (P = 1×10−5). These results suggest that whipworm-associated disruptions in the microbiomes resolved in similar ways in the dewormed samples. Relative abundance values per OTU per sample can be accessed in Supplementary Table S1C.




Figure 2 | Statistical comparisons of diversity measures. (A) Shannon (alpha) diversity values for all samples in each sample set. (B) Bray-Curtis dissimilarity (beta diversity) values either between samples from the same sets, or between sample sets. *P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001, according to ANOVA with Tukey HSD post-hoc test. F-statistic values for human and mouse were 13.8 and 464.6, respectively (P < 10−5 in both cases).



Using LEfSe (Segata et al., 2011), we identified significant differentially abundant microbiome taxa at all taxonomic levels in each of the four comparisons (baseline infected vs uninfected, and infected vs dewormed, in both humans and mice; Figure 1A). The number of significant differentially abundant OTUs is shown in Table 2 and Supplementary Figure S5A. Although none of the significant differentially abundant OTUs overlapped between the two host species, these OTUs represented variable 16S rRNA gene sequences from many overlapping species, genera, families, orders, classes, and phyla (Supplementary Figure S5B–G; Supplementary Table S1D). For the sake of simplifying the analysis of these comprehensive taxonomic results, we focused on the genera-level annotations of the significant OTUs. Genera were identified that were either significantly differentially abundant at the entire genera level, as well as those that were not significant but were represented by one or more OTUs that were significant in the comparison (Figure 3A). The four comparisons shown in Figure 3A correspond to the comparisons shown in Figure 1A, and the black-circled genera represent genera with at least one significant OTU in each of the four comparisons while the grey-circled genera represent genera with at least one significant OTU in each of the comparisons, excluding the dewormed human cohort, since this utilized a smaller sample set (N = 11) with a high noise background and weaker statistical signal. Each of these genera is discussed in detail below.


Table 2 | Summary of sample groups used for each statistical comparison, and the counts of the number of significant OTUs and taxa at any taxonomic level, based on LEfSe results.






Figure 3 | Overview of differential taxa abundance results. (A) Venn diagram of differentially abundant genera counts across each comparison (corresponding to each of the uninfected vs infected comparisons outlined in Figure 1A), requiring at least one OTU belonging to the genera to be signficantly differentially abundant. Black circle = differentially abundant genera in each of the four comparisons, gray circle = differentially abundant genera in the human baseline, mouse baseline, and mouse dewormed comparisons, but not in the human dewormed comparison. (B) Genera from the circled regions of panel (A), indicating the genera name, the corresponding figure number displaying full OTU abundance data, the number of OTUs significantly associated with whipworm infection, and whether the entire genus was significantly associated with infection. Lighter and darker shades of green and red are used to indicate lower/higher significant OTU counts (respectively) for each genus. *Prevotella 9 was also one of the three genera downregulated in three comparisons (human baseline, mouse baseline and mouse dewormed comparisons, but not in the human dewormed comparison).



We have also included control LEfSe comparisons including (i) uninfected, untreated (humans and mice), (ii) uninfected, treated (humans and mice), and (iii) infected untreated (mice only) (Supplementary Figure S1). Overall results for these are shown in Table 2, complete LEfSe results for these five comparisons are shown in Supplementary Table S1D, and any overlaps between OTUs in control comparisons and the genera from the four primary comparisons will be highlighted in the text below.



Microbiome Taxa Associated With Infection Across Human and Mice

Based on the results from the LEfSe analysis, four bacterial genera were represented by OTUs that were significantly more abundant in the samples of infected humans and mice compared to uninfected individuals, and which were less abundant following deworming (positively associated with infection). These included:

	(i) Escherichia/Shigella (Figure 4) was represented by a single OTU in mice (species Escherichia coli Xuzhou21), but several OTUs in human. In a previous mouse whipworm infection study, Escherichia was one of just four genera significantly associated with infection (200-egg infection in Swiss Webster outbred mice, 45 days post-infection) (Schachter et al., 2020), and in another, Escherichia was only detectable following infection (20-egg infection, C57BL/6 mice, 35 days post-infection) (Holm et al., 2015). Here, we observed that it not only increased with infection in both mice and humans (at both the OTU and genera level), but also decreased following deworming in mice (OTU and genera levels) and humans (OTU level). In control uninfected anthelminthic-treated mice over the same time period, this genus and the same OTU significantly increased over time (the opposite of the pattern observed with deworming). This finding is particularly interesting since E. coli (spanning many different strains) can induce T. muris egg hatching in vitro (Vejzagic et al., 2015), so known associations exist between this bacterial genus and whipworm.

	(ii) Prevotella 2 (Figure 5) and (iii) Prevotella 9 (Figure 6) were higher in whipworm-infected compared to uninfected individuals. For both Prevotella 2 and Prevotella 9, the entire genus was significantly associated with infection in both comparisons in mice, and for Prevotella 2, the baseline comparison in the humans was also significant for the entire genera. In both genera, there were several representative OTUs in each of the mouse comparisons which had zero detection in the sample from uninfected subjects but high detection in the samples from infected subjects, indicating a potential presence/absence relationship with whipworm infection (although low levels may be present below the detection limit of the experiment). In control samples, three OTUs and the entire genus for Prevotella 2 were significantly increased in uninfected treated mice over the testing time period (the opposite of the pattern observed in infected samples over the time period). In the same control comparison, one OTU for Prevotella 9 was significantly increased over the time period, and the entire genus was increased (but not signficantly). Prevotella was identified as significantly more abundant in a previous mouse infection study with the small intestinal parasitic nematode H. polygyrus bakeri (200 iL3 infection in C57BL/6 mice, 14 days post-infection) (Rausch et al., 2013), but has also been observed to decrease in whipworm-infected C57BL/6 mice (41 days post-infection) (Houlden et al., 2015). However, unlike the current study which used a short-term high-infection model, this previous study (Houlden et al., 2015) used a chronic low-burden infection model, which may have caused some of the disagreement for this particular genus. In humans, Prevotella was significantly increased in helminth-infected (Ascaris and/or whipworm) individuals from Colombia (Toro-Londono et al., 2019). Prevotella represents one of the two enterotypes of the human intestinal microbiome (the other being Bacteroides) (Cheng and Ning, 2019), and it often dominates other genera in abundance, so significant shifts in its abundance may reflect overall disturbances in microbiome profiles induced by the whipworm.

	(iv) Streptococcus (Figure 7) was represented by at least one significant OTU that was detected in samples from infected but not uninfected subjects in each of the four comparisons. In a previous study of whipworm-infected children from Ecuador, 10 of 50 infected children had microbiomes dominated by unusually high Streptococcus, which is not typically dominant in the intestines of healthy individuals (Cooper et al., 2013).






Figure 4 | The relative abundance (%) of all Escherichia/Shigella (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of four genera with at least one OTU significantly higher in infection in all four comparisons.






Figure 5 | The relative abundance (%) of all Prevotella 2 (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of four genera with at least one OTU significantly higher in infection in all four comparisons.






Figure 6 | The relative abundance (%) of all Prevotella 9 (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of four genera with at least one OTU significantly higher in infection in all four comparisons and is also one of three genera with at least one OTU significantly lower in infection in three of four comparisons (because different OTUs were both higher and lower in the same comparisons).






Figure 7 | The relative abundance (%) of all Streptococcus (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of four genera with at least one OTU significantly higher in infection in all four comparisons.



Three bacterial genera were represented by OTUs that were significantly more abundant in the intestines of infected humans and mice compared to uninfected individuals, and that were less abundant following deworming (positively associated with infection) in mice, but not in humans. These included:

	(i) Bacteroides (Figure 8), for which many OTUs and the entire genus were significantly more abundant in the mice. In a previous mouse whipworm infection experiment, uninfected mice had undetectable levels of Bacteroides, but infected mice exhibited large amounts (200-egg infection in Swiss Webster outbred mice, 45 days post-infection) (Schachter et al., 2020), and Bacteroides is one of the major components of the T. muris microbiome (White et al., 2018). Here, we also identified two Bacteroides OTUs that were also significantly higher in whipworm-infected humans. Just one of the Bacteroides OTUs significant in the mice was also significant in one of the control comparisons (infected, untreated mice).

	(ii) Subdoligranulum (Figure 9) was represented almost entirely by a single highly abundant OTU in infected but not uninfected mouse samples at baseline or after deworming, while seven relatively highly abundant OTUs were associated with infection at baseline in human. We previously associated Subdoligranulum with eventual self-clearing of helminth infections in samples from an Indonesia cohort (considering all three STH infections) (Rosa et al., 2018), but not otherwise associated with parasitic infections.

	(iii) Collinsella (Figure 10) was significantly higher in both comparisons in mice, along with one significant OTU which was only detectable in samples from infected humans. We had also previously identified Collinsella as being associated with general helminth infection (inclusive of whipworm, Ascaris, and hookworm) in a human cohort from Liberia (Rosa et al., 2018), but it has not been associated with whipworm infection in other studies.






Figure 8 | The relative abundance (%) of all Bacteroides (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of three genera with at least one OTU significantly higher in infection in three of four comparisons.






Figure 9 | The relative abundance (%) of all Subdoligranulum (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of three genera with at least one OTU significantly higher in infection in three of four comparisons.






Figure 10 | The relative abundance (%) of all Collinsella (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of three genera with at least one OTU significantly higher in infection in three of four comparisons.



Overall, we consistently identified seven bacterial genera with representative OTUs that are significantly associated with whipworm infection, most of which have been identified in previous literature, and also demonstrated genera-level significant associations in both human and mouse host species (Escherichia and Prevotella 2 at baseline in humans, and all genera at both baseline and following deworming in mice, with the single exception of Streptococcus at baseline; Figure 3B). Most notably, we identified Escherichia as being positively associated in all four comparisons (baseline infected vs uninfected, and infected vs dewormed, in both human and mice), a genus which has known for functional interactions with whipworm.



Microbiome Taxa Negatively Associated With Infection

Two bacterial genera were represented by OTUs that were significantly less abundant in the samples of infected humans and mice, and which were more abundant following deworming (negatively associated with infection):

	(i) Blautia (Figure 11), a member of the Lachnospiraceae family, was previously identified in a study of whipworm (T. suis) infection in pigs as one of the intestinal microbiome genera most significantly lower during infection compared to uninfected controls (2,000 eggs per pig, 21 days post-infection) (Li et al., 2012). Our previous study also identified Lachnospiraceae as negatively associated with the three major STH infections, in human cohorts from both Liberia and Indonesia (Rosa et al., 2018). Another previous study of humans from India noted a significant negative association with Lachnospiraceae OTU and whipworm infection (Huwe et al., 2019). We confirmed a significant negative association with whipworm infection by RT-qPCR in mice (P = 0.005; Supplementary Figure S6). Blautia in the human intestinal microbiome has been shown to be associated with visceral fat accumulation in adults (Ozato et al., 2019) and with reduced death from Graft-versus Host Disease (GVHD) (Jenq et al., 2015), but its functional association with helminths is not well understood. The results presented here highlight the need for future research into its interactions with both helminths and the intestinal microbiome of the host.

	(ii) Clostridium sensu stricto 1 (Supplementary Figure S7) was negatively associated with infection for at least one OTU in each comparison, however, among mice (but not humans), several OTUs and the genus as a whole showed a significant positive association with infection, both at baseline and following deworming, suggesting multiple roles for different species from this genus and an unclear relationship for the genus as a whole. Additionally, two OTUs from this genus showed lower abundance in the infected untreated mouse control cohort, further complicating its potential association with whipworm infection. In children from Ecuador, Clostridium sensu stricto was significantly less abundant in infected compared to uninfected individuals (Cooper et al., 2013).






Figure 11 | The relative abundance (%) of all Blautia (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of two genera with at least one OTU significantly lower in infection in all four comparisons.



Three bacterial genera were represented by OTUs that were significantly less abundant in the intestines of infected humans and mice compared to uninfected individuals, and significantly more abundant following deworming (negatively associated with infection) in mice but not significantly in humans:

	(i) Lachnospiraceae NK4A136 group (Figure 12) is not described in association with intestinal parasitic infection in the literature, but is another member of the Lachnospiraceae family along with Blautia (described above). However, unlike for the other genera, there were many OTUs for Lachnospiraceae NK4A136 group which followed the same trend over the time period in the control mouse samples (the entire genus and five OTUs in uninfected untreated mice, and six OTUs in uninfected treated mice, although no differences in the human control samples or in the infected untreated mice). The identification of two different Lachnospiraceae members (Blautia and Lachnospiraceae NK4A136) among just five genera overall that consistently showed a negative association with infection across species highlights the importance of this bacterial family, which has also been observed to have a significant negative association with whipworm infection among humans from Malaysia (Lee et al., 2019) and mice with chronic whipworm infections (represented by the species Roseburia (20-egg infection, C57BL/6 mice, 35 days post-infection) (Holm et al., 2015)).

	(ii) Ruminococcaceae UCG 014 (Supplementary Figure S8), like Clostridium sensu stricto 1 (above), was significantly represented by individual OTUs that were negatively associated with whipworm infection, but the entire genus is positively associated with infection in mice, highlighting a complicated relationship with infection. One OTU also increased over the deworming time period in uninfected treated mice. Ruminococcaceae showed a significant negative association (after 27 days) with chronic whipworm infection in a previous mouse study (Holm et al., 2015).

	(iii) Prevotella 9 was previously described here as being positively associated with infection (Figure 6). However, although some OTUs from this genus were shown to have an overwhelmingly positive association with infection, at least one OTU in each of the three comparisons described for this genus were negatively associated with infection. This suggests the existence of different roles and functions for different species or strains within this genus.






Figure 12 | The relative abundance (%) of all Lachnospiraceae NK4A136 group (genus) OTUs in each differential comparison among samples from whipworm-infected and uninfected humans and mice. Significant differentially abundant OTUs in each comparison (as identified by LEfSe) are colored in orange (higher with infection) and blue (lower with infection). The sum of all OTUs in the genus is represented with a diamond symbol. This is one of three genera with at least one OTU significantly lower in infection in three of four comparisons.



A negative association with infection was consistently shown in both humans and mice for five taxa, four of which belong to the order Clostridiales (Blautia, Clostridium sensu stricto 1, Lachnospiraceae NK4A136 group, and Ruminococcaceae UCG 014), which had been described in association with infection in previous studies (as described above for individual genera). The Clostridia class that Clostridiales belongs to was the only taxa found to be negatively associated with whipworm/Ascaris infections in school children from Ecuador (Cooper et al., 2013). Following albendazole treatment of STH (hookworm and Ascaris)-infected patients in Kenya, there was a significant increase observed in Clostridiales (Easton et al., 2019), supporting the post-deworming increase of the order that we observed. Here, we highlighted specific genera, particularly those from the Lachnospiraceae, that were negatively associated with whipworm infection, both before infection and after infection, many of which are supported by previous additional human and mouse studies (as described above for individual genera).




Conclusions

Interactions between the whipworm and the host intestinal microbiome where it lives are complicated and often identified inconsistently across the literature. Here, for the first time, we undertook a combined 16S rRNA gene OTU analysis to consistently identify bacterial taxa that were associated with infection of two closely related whipworm species in both human and mouse hosts. While many of the taxa identified by this analysis were consistent with the results of various human and/or mice studies in the literature, we validated these previous identifications by analyzing two host species in a combined bioinformatic analysis comparing different uninfected vs infected individuals at baseline as well as before and after deworming. Despite substantial differences in intestinal microbial ecology between these species, using this approach, we validated the use of murine whipworm infection as a model to evaluate whipworm-induced disruption in the human intestinal microbiome and subsequent restoration after deworming. While the specific mechanistic roles and host-parasite interaction consequences of identified microbiome genera are not necessarily conserved across the hosts, we identified 11 specific bacterial genera of interest for further association and mechanistic studies (particularly Escherichia and Blautia) which we suggest can be explored using a murine model of human whipworm infection. Overall, this novel approach to cross-species analysis provides a valuable tool to study the interaction between whipworm infection and the host intestinal microbiome.



Data Availability Statement

The data presented in the study are deposited in the National Center for Biotechnology (NCBI) BioProject repository (https://www.ncbi.nlm.nih.gov/bioproject/), accession number PRJNA679627. Supplementary Table S1 and Supplementary Table S2 contain all relative abundance data per OTU per species, and all statistical comparison results.



Ethics Statement

The studies involving human participants were reviewed and approved by Institutional Review Boards at Washington University School of Medicine in St. Louis, University of Liberia, Monrovia, and Ethical Committee for Research of the University of Indonesia, Jakarta. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin. The animal study was reviewed and approved by USDA Beltsville Area Institutional Animal Care Committee.



Author Contributions

MM, JU, and PF designed the study. BR and MM wrote the manuscript. JM processed and mapped 16S rRNA reads. BR and CS performed bioinformatic analysis. BR prepared figures and tables. JU performed mouse experiments and EB performed DNA extractions. TS and LG produced the human datasets. KF and JK performed RT-qPCR experimentation. All authors contributed to the article and approved the submitted version.



Funding

This research was supported by the National Institute of Health: National Institute of Allergy and Infectious Diseases (NIAID) grant number AI081803-06A1.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.637570/full#supplementary-material



References

 Altmann, D. M. (2009). Review series on helminths, immune modulation and the hygiene hypothesis: nematode coevolution with adaptive immunity, regulatory networks and the growth of inflammatory diseases. Immunology 126 (1), 1–2. doi: 10.1111/j.1365-2567.2008.03006.x

 Balvociute, M., and Huson, D. H. (2017). SILVA, RDP, Greengenes, NCBI and OTT - how do these taxonomies compare? BMC Genomics 18 (Suppl 2), 114. doi: 10.1186/s12864-017-3501-4

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37 (8), 852–857. doi: 10.1038/s41587-019-0209-9

 Brooker, S. J., Nikolay, B., Balabanova, D., and Pullan, R. L. (2015). Global feasibility assessment of interrupting the transmission of soil-transmitted helminths: a statistical modelling study. Lancet Infect. Dis. 15 (8), P941–950. doi: 10.1016/S1473-3099(15)70042-3

 Cheng, M., and Ning, K. (2019). Stereotypes About Enterotype: the Old and New Ideas. Genomics Proteomics Bioinf. 17 (1), 4–12. doi: 10.1016/j.gpb.2018.02.004

 Cooper, P., Walker, A. W., Reyes, J., Chico, M., Salter, S. J., Vaca, M., et al. (2013). Patent Human Infections with the Whipworm, Trichuris trichiura, Are Not Associated with Alterations in the Faecal Microbiota. PLoS One 8 (10), e76573. doi: 10.1371/journal.pone.0076573

 Dawson, H. D., Chen, C., Li, R. W., Bell, L. N., Shea-Donohue, T., Kringel, H., et al. (2020). Molecular and metabolomic changes in the proximal colon of pigs infected with Trichuris suis. Sci. Rep. 10 (1), 12853. doi: 10.1038/s41598-020-69462-5

 Easton, A. V., Quinones, M., Vujkovic-Cvijin, I., Oliveira, R. G., Kepha, S., Odiere, M. R., et al. (2019). The Impact of Anthelmintic Treatment on Human Gut Microbiota Based on Cross-Sectional and Pre- and Postdeworming Comparisons in Western Kenya. mBio 10 (2), e00519–00519. doi: 10.1128/mBio.00519-19

 Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27 (16), 2194–2200. doi: 10.1093/bioinformatics/btr381

 Elliott, D. E., and Weinstock, J. V. (2012). Helminth-host immunological interactions: prevention and control of immune-mediated diseases. Ann. N. Y. Acad. Sci. 1247, 83–96. doi: 10.1111/j.1749-6632.2011.06292.x

 Else, K. J., Keiser, J., Holland, C. V., Grencis, R. K., Sattelle, D. B., Fujiwara, R. T., et al. (2020). Whipworm and roundworm infections. Nat. Rev. Dis. Primers 6 (1), 44. doi: 10.1038/s41572-020-0171-3

 Else, K. J. (2005). Have gastrointestinal nematodes outwitted the immune system? Parasite Immunol. 27 (10-11), 407–415. doi: 10.1111/j.1365-3024.2005.00788.x

 GBD (2018). Global, regional, and national incidence, prevalence, and years lived with disability for 354 diseases and injuries for 195 countries and territorie 1990-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet 392 (10159), 1789–1858. doi: 10.1016/S0140-6736(18)32279-7

 Glendinning, L., Nausch, N., Free, A., Taylor, D. W., and Mutapi, F. (2014). The microbiota and helminths: sharing the same niche in the human host. Parasitology 141 (10), 1255–1271. doi: 10.1017/S0031182014000699

 Guinane, C. M., and Cotter, P. D. (2013). Role of the gut microbiota in health and chronic gastrointestinal disease: understanding a hidden metabolic organ. Therap. Adv. Gastroenterol. 6 (4), 295–308. doi: 10.1177/1756283X13482996

 Hayes, K. S., Bancroft, A. J., Goldrick, M., Portsmouth, C., Roberts, I. S., and Grencis, R. K. (2010). Exploitation of the intestinal microflora by the parasitic nematode Trichuris muris. Science 328 (5984), 1391–1394. doi: 10.1126/science.1187703

 Holm, J. B., Sorobetea, D., Kiilerich, P., Ramayo-Caldas, Y., Estelle, J., Ma, T., et al. (2015). Chronic Trichuris muris Infection Decreases Diversity of the Intestinal Microbiota and Concomitantly Increases the Abundance of Lactobacilli. PLoS One 10 (5), e0125495. doi: 10.1371/journal.pone.0125495

 Houlden, A., Hayes, K. S., Bancroft, A. J., Worthington, J. J., Wang, P., Grencis, R. K., et al. (2015). Chronic Trichuris muris Infection in C57BL/6 Mice Causes Significant Changes in Host Microbiota and Metabolome: Effects Reversed by Pathogen Clearance. PLoS One 10 (5), e0125945. doi: 10.1371/journal.pone.0125945

 Huwe, T., Prusty, B. K., Ray, A., Lee, S., Ravindran, B., and Michael, E. (2019). Interactions between Parasitic Infections and the Human Gut Microbiome in Odisha, India. Am. J. Trop. Med. Hyg. 100 (6), 1486–1489. doi: 10.4269/ajtmh.18-0968

 Jenkins, T. P., Rathnayaka, Y., Perera, P. K., Peachey, L. E., Nolan, M. J., Krause, L., et al. (2017). Infections by human gastrointestinal helminths are associated with changes in faecal microbiota diversity and composition. PLoS One 12 (9), e0184719. doi: 10.1371/journal.pone.0184719

 Jenq, R. R., Taur, Y., Devlin, S. M., Ponce, D. M., Goldberg, J. D., Ahr, K. F., et al. (2015). Intestinal Blautia Is Associated with Reduced Death from Graft-versus-Host Disease. Biol. Blood Marrow Transplant. 21 (8), 1373–1383. doi: 10.1016/j.bbmt.2015.04.016

 Jia, T.-W., Melville, S., Utzinger, J., King, C. H., and Zhou, X.-N. (2012). Soil-Transmitted Helminth Reinfection after Drug Treatment: A Systematic Review and Meta-Analysis. PLoS Negl. Trop. Dis. 6 (5), e1621. doi: 10.1371/journal.pntd.0001621

 Kaplan, R. M. (2004). Drug resistance in nematodes of veterinary importance: a status report. Trends Parasitol. 20 (10), 477–481. doi: 10.1016/j.pt.2004.08.001

 Lee, S. C., Tang, M. S., Easton, A. V., Devlin, J. C., Chua, L. L., Cho, I., et al. (2019). Linking the effects of helminth infection, diet and the gut microbiota with human whole-blood signatures. PLoS Pathog. 15 (12), e1008066. doi: 10.1371/journal.ppat.1008066

 Leung, J. M., Budischak, S. A., Chung The, H., Hansen, C., Bowcutt, R., Neill, R., et al. (2018). Rapid environmental effects on gut nematode susceptibility in rewilded mice. PLoS Biol. 16 (3), e2004108. doi: 10.1371/journal.pbio.2004108

 Li, R. W., Wu, S., Li, W., Navarro, K., Couch, R. D., Hill, D., et al. (2012). Alterations in the porcine colon microbiota induced by the gastrointestinal nematode Trichuris suis. Infect. Immun. 80 (6), 2150–2157. doi: 10.1128/IAI.00141-12

 Lim, E. S., Zhou, Y., Zhao, G., Bauer, I. K., Droit, L., Ndao, I. M., et al. (2015). Early life dynamics of the human gut virome and bacterial microbiome in infants. Nat. Med. 21 (10), 1228–1234. doi: 10.1038/nm.3950

 Magoc, T., and Salzberg, S. L. (2011). FLASH: fast length adjustment of short reads to improve genome assemblies. Bioinformatics 27 (21), 2957–2963. doi: 10.1093/bioinformatics/btr507

 Moller, M., Gravenor, M. B., Roberts, S. E., Sun, D., Gao, P., and Hopkin, J. M. (2007). Genetic haplotypes of Th-2 immune signalling link allergy to enhanced protection to parasitic worms. Hum. Mol. Genet. 16 (15), 1828–1836. doi: 10.1093/hmg/ddm131

 Nokes, C., and Bundy, D. A. (1994). Does helminth infection affect mental processing and educational achievement?. Parasitol Today 10 (1), 14–18. doi: 10.1016/0169-4758(94)90348-4

 Ozato, N., Saito, S., Yamaguchi, T., Katashima, M., Tokuda, I., Sawada, K., et al. (2019). Blautia genus associated with visceral fat accumulation in adults 20-76 years of age. NPJ Biofilms Microbiomes 5 (1), 28. doi: 10.1038/s41522-019-0101-x

 Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013). The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res. 41 (Database issue), D590–D596. doi: 10.1093/nar/gks1219

 Ramanan, D., Bowcutt, R., Lee, S. C., Tang, M. S., Kurtz, Z. D., Ding, Y., et al. (2016). Helminth infection promotes colonization resistance via type 2 immunity. Science 352 (6285), 608–612. doi: 10.1126/science.aaf3229

 Rausch, S., Held, J., Fischer, A., Heimesaat, M. M., Kuhl, A. A., Bereswill, S., et al. (2013). Small intestinal nematode infection of mice is associated with increased enterobacterial loads alongside the intestinal tract. PLoS One 8 (9), e74026. doi: 10.1371/journal.pone.0074026

 Rooks, M. G., Veiga, P., Wardwell-Scott, L. H., Tickle, T., Segata, N., Michaud, M., et al. (2014). Gut microbiome composition and function in experimental colitis during active disease and treatment-induced remission. ISME J. 8 (7), 1403–1417. doi: 10.1038/ismej.2014.3

 Rosa, B. A., Supali, T., Gankpala, L., Djuardi, Y., Sartono, E., Zhou, Y., et al. (2018). Differential human gut microbiome assemblages during soil-transmitted helminth infections in Indonesia and Liberia. Microbiome 6 (1), 33. doi: 10.1186/s40168-018-0416-5

 Schachter, J., Alvarinho de Oliveira, D., da Silva, C. M., de Barros Alencar, A. C. M., Duarte, M., da Silva, M. M. P., et al. (2020). Whipworm Infection Promotes Bacterial Invasion, Intestinal Microbiota Imbalance, and Cellular Immunomodulation. Infect. Immun. 88 (3), e00642–19. doi: 10.1128/IAI.00642-19

 Schloss, P. D., Westcott, S. L., Ryabin, T., Hall, J. R., Hartmann, M., Hollister, E. B., et al. (2009). Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities. Appl. Environ. Microbiol. 75 (23), 7537–7541. doi: 10.1128/AEM.01541-09

 Schmittgen, T. D., and Livak, K. J. (2008). Analyzing real-time PCR data by the comparative CT method. Nat. Protoc. 3 (6), 1101–1108. doi: 10.1038/nprot.2008.73

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12 (6), 2011–2012. doi: 10.1186/gb-2011-12-6-r60

 Subramanian, S., Huq, S., Yatsunenko, T., Haque, R., Mahfuz, M., Alam, M. A., et al. (2014). Persistent gut microbiota immaturity in malnourished Bangladeshi children. Nature 510 (7505), 417–421. doi: 10.1038/nature13421

 Subramanian, S., Blanton, L. V., Frese, S. A., Charbonneau, M., Mills, D. A., and Gordon, J. I. (2015). Cultivating healthy growth and nutrition through the gut microbiota. Cell 161 (1), 36–48. doi: 10.1016/j.cell.2015.03.013

 Toro-Londono, M. A., Bedoya-Urrego, K., Garcia-Montoya, G. M., Galvan-Diaz, A. L., and Alzate, J. F. (2019). Intestinal parasitic infection alters bacterial gut microbiota in children. PeerJ 7, e6200. doi: 10.7717/peerj.6200

 Vejzagic, N., Adelfio, R., Keiser, J., Kringel, H., Thamsborg, S. M., and Kapel, C. M. (2015). Bacteria-induced egg hatching differs for Trichuris muris and Trichuris suis. Parasit. Vectors 8, 371. doi: 10.1186/s13071-015-0986-z

 Villarino, N. F., LeCleir, G. R., Denny, J. E., Dearth, S. P., Harding, C. L., Sloan, S. S., et al. (2016). Composition of the gut microbiota modulates the severity of malaria. Proc. Natl. Acad. Sci. U. S. A. 113 (8), 2235–2240. doi: 10.1073/pnas.1504887113

 Vlaminck, J., Cools, P., Albonico, M., Ame, S., Ayana, M., Dana, D., et al. (2020). An in-depth report of quality control on Kato-Katz and data entry in four clinical trials evaluating the efficacy of albendazole against soil-transmitted helminth infections. PLoS Negl. Trop. Dis. 14 (9), e0008625. doi: 10.1371/journal.pntd.0008625

 White, E. C., Houlden, A., Bancroft, A. J., Hayes, K. S., Goldrick, M., Grencis, R. K., et al. (2018). Manipulation of host and parasite microbiotas: Survival strategies during chronic nematode infection. Sci. Adv. 4 (3), eaap7399. doi: 10.1126/sciadv.aap7399

 World Health Organization. (2008). Monitoring anthelmintic efficacy for soil transmitted helminths (STH). https://www.who.int/docs/default-source/ntds/soil-transmitted-helminthiases/monitoring-anthelmintic-efficacy-for-sth-march-2008.pdf [accessed Jan 20 2020].

 World Health Organization (2014). Global nutrition targets 2025: anaemia policy brief. https://www.who.int/nutrition/publications/globaltargets2025_policybrief_anaemia/en/ [accessed Jan 20 2020].

 Wiria, A. E., Prasetyani, M. A., Hamid, F., Wammes, L. J., Lell, B., Ariawan, I., et al. (2010). Does treatment of intestinal helminth infections influence malaria? Background and methodology of a longitudinal study of clinical, parasitological and immunological parameters in Nangapanda, Flores, Indonesia (ImmunoSPIN Study). BMC Infect. Dis. 10, 77. doi: 10.1186/1471-2334-10-77

 Wu, S., Li, R. W., Li, W., Beshah, E., Dawson, H. D., and Urban, J. F. Jr. (2012). Worm Burden-Dependent Disruption of the Porcine Colon Microbiota by Trichuris suis Infection. PLoS One 7 (4), e35470. doi: 10.1371/journal.pone.0035470

 Yatsunenko, T., Rey, F. E., Manary, M. J., Trehan, I., Dominguez-Bello, M. G., Contreras, M., et al. (2012). Human gut microbiome viewed across age and geography. Nature 486 (7402), 222–227. doi: 10.1038/nature11053



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Rosa, Snowden, Martin, Fischer, Kupritz, Beshah, Supali, Gankpala, Fischer, Urban and Mitreva. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-11-637570-g009.jpg
Class Order
Clostridia ~ Clostridiales
Baseline comparison

Phylum
Firmicutes

g
s o
i,
-
g5
£
T2
g
.
577
Uninfectod Rlave abundanca (og %)
.
g
£
820
g5
g2
£54
i,
i
£
£,

Uninfected: Relative abundance (Log %)

significantly highar with ifection
@indhidul OTUs & Entire ganus

Family
Ruminococcaceae  Subdoligranulum

Signifcanty lower with nfection
@ Individual OTUs @ Entire genus.

Genus

Dewormed comparison

s Sa 2 a0
Dewormed: Relative abundance (Log %)

ive abundance (Log %)
°

EEEREEER

Dewormed: Relative abundance (Log %)

Notsignficantly difeent
Individual OTUs O Entire genus.





OEBPS/Images/fcimb-11-637570-g010.jpg
Phylum Class. Order Family Genus
Actinobacteria  Coriobacteriia ~ Coriobacteriales Coriobacteriaceae Collinsella

Baseline comparison Dewormed comparison
o o
z s
g g
g H o
82 g
5 L
5% H
gts 5s
5¢ 3
T g4 2
3 Py H
2. s e
i g,
=, =,
v 35 3 3 2 a0 T4 a a4 aaa e
Uninfectad: Rlae abundance (Log %) Dewormed: Rlate abundanc (Log %)
o )
z g
B g
32 ° g2
§ee i
g8 | FYERS
e3 H
H
22 i
By &
i :.
£, £
BRI EEREEER
Uninfoctad: Rlae abundance (Log %) Dewormed: Rlative sbundance (Log %)

Signifcanty higher withinfection ~ Signifcanty lower with infecion  Not significanty diferent
ShdvidaiOTUs Biuges GdeiOTUs SBrlve it © kSvided OTUN & Eli i





OEBPS/Images/fcimb.2021.637570_cover.jpg
, frontiers

in Cellular and Infection Microbiology

Whipworm-Associated Intestinal
Microbiome Members Consistent
Across Both Human
and Mouse Hosts





OEBPS/Images/fcimb-11-637570-g006.jpg
Phylum Class Order
Bacteroidetes Bacteroidia Bacteroidales

Baseline comparison

o

Human

Infected: Relative abundance (Log %)
°

Infected: Relative abundance (Log %)

7 3
Uninfected: Relative abundance (Log %)

o

4

28 o

3

Mouse
Infected: Relative abundance (Log %)

4

o
.

K .
7 6 5 4 3 2 4 0
Uninfected: Relative abundance (Log %)

Significanty hgher with infection
@ lndividual OTUs @ Entire genus.

Signifcantly lower with nfection
@ Individual OTUs @ Entire genus.

Family Genus
Prevotellaceae  Prevotella 9

Dewormed comparison

°

: Relative abundance (Log %)

o
7 s 5 4 3 2 4 0
Dewormed: Relative abundance (Log %)
Not signficanty diferant
Individual OTUs O Entire gonus





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Whipworm-Associated Intestinal Microbiome Members Consistent Across Both Human and Mouse Hosts

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Sample Sources

          



          		

            16S rRNA Gene Sample Sequencing and Analysis

          



          		

            RT-qPCR Analysis

          



        



        



        		

          Results and Discussion

        

          		

            Microbiome Profile Overview and Analysis

          



          		

            Microbiome Taxa Associated With Infection Across Human and Mice

          



          		

            Microbiome Taxa Negatively Associated With Infection

          



        



        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-637570-g002.jpg
>

¢

5 g |

i
s

2

Bray Curtis Dissimilanty

Bt

Basoine comparson i Basoins comparion ovorming
comparson comparison





OEBPS/Images/table2.jpg
Comparison group Species  Samplesin  Samplesin  #OTUssignificanty  Total #taxa
Group 1 Growp2 higher significantly
higher

Sws N Staws N Groupl  Group2 Group Group?

Four primary comparisons  Baseine Comparison Human Unnfectod 47 Inected 20 43 & s 16
Mose Unnfected 18 Inected 18 257 w07 s 169
Doworming Comparison (ared) Human  Inected 11 Dowomed 11 23 8 )
Mose bectd 6 Dowomed 6 69 0 12 30
Gontrol comparisons (all paed) Uninfcted, no veatment Human  Beoe 16 Ater 16 1 o 5 o
Mose Booe 6 At 6 20 a7 o 7
Unifected, anheimintc veated  Human  Befoe 16 At 16 0 o o [
Moss Beoe 6 Ate 6 41 5 EI
nfected, unveated Mowse  Bere & At 6 5 % 9 2





OEBPS/Images/fcimb-11-637570-g004.jpg
Phylum Class. Order Family Genus.
Proteobacteria. Gammaproteobactera Enterobacteriales Enterobacteriaceae Escherichia/Shigella

Baseline comparison Dewormed comparison
. o
2 z
g g4
RE L B
8 g . t °
s i
£z 2
T gu 2.
s 3
2, H
2. §s
£ H
7 5 s 4 3 2 4 0 7 s 34 3 2 4o
Uninfoct: Reatve abundance (Log %) Dewormed: Relatve abundance (Log %)
o e
® B
T 24
32 8.
3 ° H °
3% i
R :
25 H
g g
§ . fe
g £
R RN
Uninfoctd: Relatvo abundance (1og %) Dowormed: Rlaiv abundance (Log %)

Signifcanty higher with infection  Signficantly lower with nfection  Not significanty diferent
@ndvidual OTUs @Entregenus @ individual OTUs @ Entiregenus ® Individual OTUs < Enfire genus.





OEBPS/Images/fcimb-11-637570-g008.jpg
Phylum Class Order Family Genus
Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides

Baseline comparison Dewormed comparison
o _—
g g
B 8
g o £ ©
5% H
E5= o 2
5z ]
Te.,® 2.y
g £
Ta 7
7 5 % 4 4 2 a4 0 1 s s 4 33 a0
Uninfected: Relative abundance (Log %) Dewormed: Relative abundance (Log %)
o o
2 2
g ® g o
82 ° g °
g8 2.
g1 H .
i i e
3. s
I
= 7
R EREEEEEEEEEREER
Uninfected: Relative abundance (Log %) Dewormed: Relative abundance (Log %)

Signifcanty highar vith infection _ Signifcantylowsrwith nfecton Nt significanty ferent
DR OTls SErlsims. OhiddaiOTls Slinimouns © ledideal OTU & Eniie dadas





OEBPS/Images/fcimb-11-637570-g011.jpg
Phylum  Class  Order
Firmicutes Clostridia Clostridiales

Baseline comparison

2

Human
Infocted: Relative abundance (Log %)

Uninfected: Relative abundance (Log %)

Mouse
Infected: Relative abundance (Log %)

.
-,

7 o

Uninfected: Relative abundance (Log %)

Signifcanty higher with nfection

Significantly lower with infection
@Indvidual OTUs @ Entiregenus @ Individual OTUs @ Entire genus.

Family Genus
Lachnospiraceae  Blautia

Dewormed comparison

abundance (Log %)
S

Infected: Rela
Iy

Infected: Relative abundance (Log %)

Dowormed:

Notsignificantly diferant
Individual OTUs O Enlire genus





OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb-11-637570-g001.jpg
Dimension 2

Human cohort
Baseline comparison
(diflerent individuals,
same timepoint)

Human cohort
Dewormed
(same individuals
different timepoint)

Mouse cohort
Baseline comparison
(different individuals,
same timepoint)

Mouse cohort
Dewormed
(same individuals
different timepoint)

2288

20 infected

47 uninfected

fit — fiid

11 infected

el o

[c3

18 infected

11 dewormed

»

18 uninfected

wer (v
3 [c 3
6 infected

6 dewormed

]

< Sy 4

®

®

0w
P 1.

)





OEBPS/Images/fcimb-11-637570-g012.jpg
Phylum  Class  Order Family

Genus.

Fimmicutes Clostridia Clostridiales  Lachnospiraceae  Lachnospiraceae NK4A136 gp

Baseline comparison

&
g
8.,
5
§% s
B
£z
Te, .
i,
i.
£
Ty s s 4 a2 o
Uninfected: Rlatve abundance (Log %)
o
g
82
i .
20
23
25 °
2 s°
= m
é . 8 S

Uninfected: Relative abundance (Log %)

Signifcanty higher with nfection
@ Indiidual OTUs @ Entire genus @ Individual OTUs

Significanty lower with infection

Dewormed comparison

Infocted: Relative abundance (Log %)
PR R e

Relative abundance (Log %)

£

2

3

Relative abundance (Log %)

7 o wwoo o
7 6 54 a2 a0

Dowormed: Relative abundance (Log %)
Not signficantly diferent

@Entragens © individuel OTUs © Enlie 0onue





OEBPS/Images/fcimb-11-637570-g007.jpg
Phylum  Class  Order Family Genus

Firmicutes Bacill

Human
Relative abundance (Log %)

Mouse

o

Baseline comparison

o
o
° H
o
.

Uninfected: Relative abundance (Log %)

Uninfected: Relative abundance (Log %)

Infected: Relative abundance (Log %)

Infoctod: Relative abundance (Log %)

Lactobacillales ~ Streptococcaceae  Streptococcus

Dewormed comparison

Dewormed: Relative abundance (Log %)
o

a

Dowormed: Rlative abundance (Log %)

Signifcanty highor with nfocton _ Significantly lower with nfection  Not significantly diferent
@indiicual OTUs @ Entire genus ~ @Indiidual OTUs 4 Entire genus  Individual OTUs O Entire gonus.





OEBPS/Images/fcimb-11-637570-g005.jpg
Phylum Class Order Family Genus.
Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae  Prevotella 2

Baseline comparison Dewormed comparison
o o
2 2
g 84
8- ® 8.
< ° H o
£, B s
Ed H o
2. £
3 3
& 5 L2}
& 7
7 e s a4 3 2 4o s i e s 2 o
Uninfocted: Relaive abundance (Log %) Dewormeds Rolaive abundanco (Log %)
o o
& 2
B ° g .
e, b )
8 20 . §- °
8% ts
3% H
g:. 2.
=57 3
s b
7 6 5 4 3 2 4 0 7 6 5 4 3 2 4 0
Uninfected: Rolaive abundance (Log %) Dewarmed: Relaive abundance (Log %)

Significanty higher with nfection  Significantlylower with nfection  Not significanly difrent
@Individusl OTUs @ Entre genus @ lndividual OTUs @ Entire genus  * Individual OTUs < Entire genus





OEBPS/Images/table1.jpg
Control comparisons

Statistic Primary comparisons.
Baslino Uninfocted  Basaline Infocted  Deworming _ Uninfocted, no treatment  Uinfocted, anthelmintic treatment
Genckr Fomalo 2 " s 10 0
(¢ otiooviuals)  Malo 2 5 3 6 7
Ago ers) Lowest a2 a7 51 50 49
Hghost 554 579 579 504 504
204 195 22 346 286

Average





OEBPS/Images/fcimb-11-637570-g003.jpg
o Human  Mouse
Human  dewormed baseline Mouse
baseline dewormed

Number of Genera

At least one OTU
higher infection
At least one OTU
Lower with infection
o Povivo swsocaesn || Neoatvo avsocaedver
o i pumieicn
o165 | wouse 165 || vorantos  ouse s
W Basaine| O 2w
womea s
HIEEIH EF]
HIEHE 5§
e 0 3
rovooin 2 s i
ot 5 . 2 2
svopococess 7 '
socroses o2
sutyoam s
coons ©
o W
cosrimsensasvo 1 57 2
Locosprocase NKUATSS oo 12
el | 7






