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Abstract

Antibiotics affect microbial diversity in the gut, leading to dysbiosis and impaired immunity. 

However, the impact of antibiotics on microbial communities at other sites, such as vagina is 

less understood. It is also not clear if changes induced by antibiotics in both microbiomes affect 

the development of cervical cancer. In this study we utilized the murine model to evaluate these 

questions. We show that oral application of broad-spectrum antibiotics in mice changed not only 

diversity, but composition and sharing of gut and vaginal microbiomes in mice and influenced 

cervical cancer development in an orthotopic tumor model. Antibiotics decreased richness and 

diversity indexes in the gut but increased them in the vagina. Some beneficial taxa, such as 

Bacteroides, Ruminococcaceae and Lachnospiraceae increased their abundance in the vagina 

while other pathogenic species, such as Proteobacteria, were decreased. As a result of the changes, 

mice with greater richness and diversity of the vaginal microbiome after antibiotics exposure were 

less likely developed tumors. No association between richness and diversity of the gut microbiome 

and tumor development was identified.
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Introduction

Antibiotics are the most commonly prescribed medications. They have profound negative 

effects on microbial diversity and composition in the gut (1–3) and associate with poor 

survival in cancer patients and with their response to therapy (4–6). Several studies have 

also associated recurrent exposure to antibiotics with higher rates of developing different 

malignancies (7,8). The effect of antibiotic exposure on risk of gynecological malignancies, 

however, is not clear (9). The exposure associated with a decreased risk of cervical cancer, 

but no association was found for ovarian or uterine cancer. The difference may be due 

to specific etiology of the cervical cancers that are known to be promoted by the chronic 

human papillomavirus (HPV) infection.

HPV infection is common, but only ~10% of HPV infected individuals develop persistent 

HPV associated lesions, which may include dysplasia or cancer (10). Emerging evidence 

suggest that structural changes of the vaginal microbiome, from dominated by Lactobacillus 
species to dominated by anaerobic bacteria, play a crucial role in the progression of HPV 

infection into cervical cancer (11,12). A complex interplay between the type of antibiotics 

(AB) exposure, vaginal microbiota, and human papillomavirus (HPV) infection may affect 

cervical cancer development (13–15). Changes in structure of the microbiome can clear 

the HPV infection, or, vice versa, lead to infection and dysbiosis. An antiviral activity of 

a strain of Bifidobacterium adolescentis was demonstrated, for example, for HPV16 (16) 

and of some other vaginal bacteria that may be used for treatment of the infection as 

probiotics (17). Vice versa, bacterial dysbiosis in the vagina has a strong negative effect on 

beneficial bacteria, such as Lactobacillus crispatus, and leads to outgrowth of anaerobic non-

Lactobacilli species and to different pathological conditions, such as bacterial vaginosis that 

associates with cervical intraephitelial neoplasia, a precursor of the cervical cancer (18,19). 

Multiple factors including ethnicity, sexual behavior, hygiene, pregnancy and alcohol use 

affect structure of bacterial communities in the vagina leading to outgrowth of vaginosis 

associated species or those that suppress pathogens and exert anticancer effect in human 

(17,20–22).

Most studies of oral AB application focus on changes of the bacterial communities in the 

gut. Women on antibiotics are usually excluded from studies of the microbiome in cervical 

cancer (18). It is known, however, that local bacterial communities can be affected by 

antibiotics. Studies have explored effects of antibiotics on respiratory (23), skin (24) and 

vaginal microbiomes (14). In the last study, mice treated with oral antibiotics experienced 

dysbiosis and imbalance of vaginal commensal bacteria that made the mice more susceptible 

to mucosal HSV-2 infection (25). To our knowledge, none of the studies explored the 

effect of antibiotics on associations between the bacterial communities in the gut and 

local bacterial communities. In addition, although murine models are heavily utilized to 

investigate the microbiomes and cancer development, the effect of antibiotic exposure on 

gut and tumor microbiome in commonly used orthotopic murine cancer models is poorly 

understood. It is not clear if negative effects of the exposure on microbial diversity and 

composition in the gut are mirrored in the vagina and how the changes effect the cervical 

cancer development. Specific bacteria in the gut/vagina that facilitate or suppress the tumor 

development in the presence of the AB exposure are not known either. Comprehensive 
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answers to the question will help to optimize treatment of patients not only with ABs, 

but also with probiotics, a promising novel therapy against bacterial vaginosis and vaginal 

dysbiosis (11).

In this study we use the mouse model to answer the questions. Namely we explore the 

relationship between gut and vaginal microbiomes in AB treated and not treated mice and 

show how changes in the relationship contribute to development of the cervical cancer. We 

also identify specific bacterial species that promote or suppress tumor development in the 

model.

Materials and Methods

Study Design

Two cohorts of mice were treated with and without antibiotics. The first cohort was used 

as the discovery dataset and is comprised of 52 mice; 20 treated with AB and 32 untreated 

mice. The second cohort (n=30, 15 AB-treated and 15 untreated) was used for validation. 

Design of the experiment was similar in each cohort (Fig. 1A). Mice, strain C57Bl/6, were 

treated with a broad-spectrum antibiotic cocktail including vancomycin, imipenem/cilastatin 

and neomycin (AB) continuously in drinking water starting three weeks prior to tumor 

inoculation. This antibiotic regimen has been used previously for cancer studies of decreased 

microbiome diversity in murine models (Iida et al 2013. Three weeks after treatment (before 

tumor challenge) paired samples were collected from vagina (Puritan sterile polyester tipped 

applicator swabs) and gut (fecal pellets).

Estrous synchronization was initiated on day 1 by injecting all mice subcutaneously with 

0.1ug of estradiol diluted in peanut oil. On day 2, mice were then injected subcutaneously 

with 2mg of medroxyprogesterone acetate. On day 6, a cytology check was performed by 

swabbing the vaginal canal and applying to a microscope slide to confirm synchronization.

Each mouse was categorized according to development of tumor growth (Yes or No). A 

syngeneic orthotopic tumor model using E6/7 expressing TC-1 tumors cells administered 

intravaginally (Bartkowiak et al 2015, Lin et al 1996) was employed for the categorization. 

The TC-1 tumor cell line is derived from a murine fibroblast line transformed with the HPV 

tumor antigens. The tumor growth was monitored using In Vivo Imaging System (IVIS) 

(Fig. 1B).

16S sequencing

16S rRNA gene sequencing was performed by the Alkek Center for Metagenomics and 

Microbiome Research at Baylor College of Medicine as described before (5). The generated 

tables of Operational Taxonomic Units (OTUs) for discovery and validation cohorts are 

available as Supplementary Tables S1 and S2 respectively. The complete pair of gut and 

vaginal 16S samples were not available for each mouse. We had to discount some samples 

because of low number of reads. Supplementary Table S3 provides information on gut and 

vaginal 16S samples used in the analysis for each cohort as well as other metadata.
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Bacterial community structure

We use 3 groups of diversity indexes to characterize structure of the microbiomes in the 

gut and in the vaginal samples. They include (i) 2 indexes of richness: observed (number 

of species) and chao1; (ii) 5 indexes of evenness: Camargo’s evenness, Simpson’s evenness, 

Pielou’s evenness, also known as Shannon evenness, Smith and Wilson’s Evar index 

(evar) and Bulla’s index; and (iii) 5 indexes of biodiversity: Inverse Simpson diversity, 

Gini-Simpson diversity, Shannon diversity, and Fisher alpha diversity. The calculations 

were done using functions diversity(), richness(), and evenness() implemented in the R 

library “microbiome”. The ratio of low abundance species to the rest (RLR) was used 

to characterize the enrichment of microbiome with low abundant species. The ratio was 

calculated using the eq. RLR = (Number of low abundant species (Abndance,log10 < 0.2)/

(Number of the rest species).

Gut and vaginal microbiomes relationship

The relationship was studied using Anets (association networks) for putative species or 

OTUs (Operational Taxonomic Units) (26). The following parameters were used to build 

the network in the discovery cohort: the number of co-occurred items is 2, the low limit 

for association between a pair of OTUs is 0.3. The limit for association was set to 0.6 in 

the validation cohort. The limits were inferred from the tradeoff between the number of 

associated nodes in the network and number of clusters. The networks were further explored 

building heatmaps of microbiomes in AB and in NoAB mice. The gut and vaginal samples 

(horizontal line) in the heatmap were clustered separately and then sorted by their richness, 

from high to low, in each environment. The OTUs (vertical line) were clustered by Markov 

Clustering (MCL).

Associations of specific bacteria with AB treatment and the tumor growth

LEfSe (Linear discriminant analysis Effect Size) software (27) implemented by the Galaxy 

Project was used to find OTUs (taxa) differentiating microbial communities in the gut/

vagina of AB and NoAB treated mice, as well as mice with and without tumor growth. 

Default parameters were used.

Results

Effect of antibiotics on cervical cancer development

Overall, there was no significant difference in the rate of tumor development between mice 

treated with or without antibiotics. In the discovery cohort, 11/ 20 (55%) of AB mice 

developed tumors and only 9/32 (28%) of NoAB mice (fisher’s exact test p=0.08). In the 

validation cohort, the rate of development was higher overall with 12/15 (80%) of AB mice 

and 14/15 (93%) of no AB mice developed tumors.

Effect of antibiotics on bacterial diversity in the vagina versus gut

Similar to previous observations, oral AB exposure significantly decreased gut richness and 

diversity and increased evenness in the discovery cohort (Fig. 1C). Opposite changes of 

the indexes were observed in vaginal microbiomes. Namely, while richness and diversity 
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indexes decreased in the gut, they increased in the vagina. As a result of the changes, the gut 

community were richer and more diverse than vaginal community in NoAB mice, and less 

rich and diverse than vaginal community in AB mice (Fig. S1). The reverse changes of the 

diversity indexes between gut and vagina were confirmed using the validation cohort (Fig. 

S2 and Fig. S3); although statistically significant changes were observed only in the vaginal 

community.

Considering a significant increase in the evenness of the gut bacteria after the AB exposure, 

we investigated whether antibiotics specifically depleted rare low abundance species. Indeed, 

the distribution of gut species by abundances was significantly affected by AB exposure in 

the discovery cohort (Fig. 1D), revealing a decrease in low abundance species. The Ratio of 

Low abundant species to the Rest (RLR) decreased from 0.78 to 0.18 in the gut, while no 

changes in the distribution was observed in the vagina. Although the validation cohort didn’t 

show significant changes in the distribution of species by abundances (Fig. S4), the RLR 

was also decreased after AB exposure, from 0.93 to 0.88.

Differentially abundant taxa between AB and NoAB mice in the gut and vagina

The reverse changes in structure of the gut and vaginal microbiomes after AB exposure were 

consistent with the reverse changes in differentially abundant taxa (AB treated vs NoAB 

treated mice) in each of the microbiomes (Fig 2A and 2B). Namely, almost half of the taxa 

(48%) found to be enriched (LDA score>2) in the vagina after AB treatment were found 

to be significantly depleted after the treatment in the gut. In contrast, the taxa depleted 

in the vagina after the treatment were significantly enriched in the gut. Only one class, 

Coriobacteriia, showed depletion after the treatment in both the gut and in the vagina. Two 

families, Prevotellacea and Alcaligenaceae, specifically the Parasutterella genus of the latter 

family, showed an enrichment after the treatment. This genus has been linked to lack of 

diversity in gut (28).

The Fig. 2B provides a summary of those differentially abundant taxa that show reverse 

changes in the vagina versus gut after AB treatment. Two phyla (Fig. 2C), Actinobacteria 
and Proteobacteria show significant enrichment in the gut of AB vs NoAB-treated mice, but 

significant depletion in their vagina. In contrast, 2 phyla, Tenericutes and Bacteroidetes, 
were significantly depleted in the gut, but enriched in the vagina. Ruminococcaceae, 
Erysipelotrichaceae, Roseburia, Anaerotruncus, and Akkermansia were also depleted in 

the gut of AB vs NoAB mice but enriched in their vagina following antibiotic treatment. 

Staphylococcaceae and Corynebacteriales show an opposite pattern of enrichment in the gut 

and depletion in the vagina.

These reverse changes (the gut versus vagina) were confirmed in the validation cohort 

(Fig. S5). According to LefSe analysis of the cohort, there were 28 taxa significantly 

enriched in vaginas of AB vs NoAB mice and 5 of the taxa (18%) were significantly 

depleted in the gut. Only one taxon (3.5%) were also enriched in the gut. Only 2 taxa were 

depleted in the vagina after AB treatment vs NoAB, although 1 of them showed reverse 

changes in the gut. Similar to the discovery cohort, phylum Tenericutes was significantly 

depleted in the gut after AB treatment (Mann-Whitney p-value= 0.004), but enriched in 

the vagina (Mann-Whitney p-value= 0.001) (Fig. S6). The phylum Bacteroidetes was also 
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significantly depleted in the gut, although no significant changes were observed in vagina. 

Actinobacteria and Proteobacteria significantly enriched in the gut of AB versus NoAB mice 

in the discovery cohort, had similar significant changes in the validation cohort, but not in 

the vagina.

Gut-vaginal microbiomes relationship in AB vs NoAB-treated mice

Considering the reverse effect of the AB treatment on bacterial communities in the gut and 

in the vagina, we hypothesized that antibiotic treatment may affect associations between 

local and gut communities. To test this, we created association networks of OTUs in AB and 

NoAB mice, clustered the network and then visualized it as a heatmap (Fig 3).

The association networks of OTUs (Fig. 3A and 3B) shows that NoAB mice have more 

species in the gut than in the vagina, while AB mice have significantly more species in the 

vagina than in the gut. Importantly, gut and vaginal microbiomes are more strongly linked 

in AB mice and have significantly more associations when compared with NoAB mice. The 

taxonomic architecture is also affected by AB exposure in both microbiomes.

According to the heatmaps, the gut enriched species (Cl.1) were essentially more often 

shared with vagina than vagina-enriched species (CL.2) were shared with the gut. Namely, 

48% (AB mice) and 45% (NoAB mice) of the gut enriched species were shared with vagina 

and less than 3% of species enriched in the vagina, were shared with the gut. Interestingly, 

the AB mice shared the gut species more often than NoAB mice, likely because of the 

negative effect of AB on the gut environment. Similar observations were made in the 

validation cohort (Fig. S7).

Vaginal microbiome and tumor development

According to the heatmap of species abundances in AB mice (Fig. 3B, Cl.2), 6 AB mice 

with lowest richness in the vagina developed the tumor, while only 4 out of 12 mice that 

have greater species richness. This indicates significant association of the high species 

richness in the vagina of AB mice with the absence of tumor growth (the Fisher’s exact test 

p-value is 0.01). No association of the tumor growth with the species richness was found in 

NoAB mice (Fig. 3A).

Because almost all mice in the validation cohort developed tumors, we could not validate 

the observed association. The validation cohort, however, clearly confirmed changes in 

relationships between the gut and the vaginal microbiomes (Fig. S7). The AB mice (Fig. 

S7A) had significantly more associations and sharing between gut and vaginal species than 

NoAB (Fig. S7B) mice; AB and NoAB mice also had significant differences in taxonomic 

compositions in the gut and vaginal microbiomes.

Association of the gut and vaginal microbiomes with the tumor growth

We confirmed the association of the tumor growth with the species richness in the AB 

mice by comparing indexes of diversity in the mice that develop tumor with those mice 

that don’t develop. We found that not only richness, but also diversity of the vaginal 

microbiome significantly associated with the tumor growth (Fig. 4A), but the association 
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was found only in AB mice. No associations were detected between the gut microbiome 

and the tumor growth, either in AB or in NoAB mice (Fig. S8). We also didn’t identify 

any taxa in the gut of NoAB mice that associate significantly, positively or negatively, 

with the tumor growth (Fig. 4B). And only 2 taxa, Oscillibacter and Coriobacteriales, 
negatively associated with the tumor development in AB mice. Essentially more taxa 

associated with the tumor growth or no growth were found in the vagina. in AB mice, almost 

all the vaginal taxa associated negatively with the tumor development; the taxa included 

Fusobacteria, Bacteroidia, such as Prevotellaceae, Parabacteroides, and Bacteroides, as well 

as Alcaligenaceae, Lachnospiraceae, and Ruminococcaceae. Importantly, 33% of the taxa, 

such as Bacteroidia, Bacteroidales, Prevotellaceae, Ruminococcaceae, Parasutterella, and 
Alcaligenaceae were also found to be significantly enriched in vagina after AB exposure, 

which means that many taxa that increased abundances in vagina after AB treatment are 

actually tumor suppressing.

Discussion

Results of the study reveal that oral AB exposure of mice can exert a profound effect not 

only on their gut microbiome, but also on the vaginal microbiome. Although decreased 

microbial diversity in the gut after AB administration is well documented, it was not 

shown before that negative changes induced in the gut by AB are accompanied by positive 

changes in vaginal microbiomes (Table S4). The positive effects include an increase in 

richness and diversity of species, as well as positive structural taxonomic changes of the 

vaginal microbiome (Fig. 4C). At the phylum level we observe a significant decrease of 

Actinobacteria and Proteobacteria in vagina of AB treated mice, although both phyla are 

increased in their gut. The opposite changes were found for Tenericutes and Bacteroidetes. 
Proteobacteria is comprised of many known human pathogens associated with intestinal 

diseases and an inflammatory phenotype; it is emerged as “a possible microbial signature of 

disease” (29). An association of the phylum with post-menopausal and HIV positive states 

was also reported in human (30). An increase in Actinobacteria and decline in Bacteroidetes 
were also linked to dysbiosis and to development of inflammatory bowel disease in human 

(31).

Importantly, the observed positive changes in the vagina of mice associated with frequency 

of the cervical cancer development when the mice were administered intravaginally with 

TC-1 tumor cells. Mice with high microbial diversity in vagina were able to suppress 

the development of tumor. We find that many taxa that decrease abundance after AB 

exposure were also tumor suppressive and had significant negative association with the 

tumor development. Some of these tumor suppressive species, such as Prevotella and 

Bacteroides, are anaerobic bacteria. In human, the species have been linked to bacterial 

vaginosis, characterized by decline in number of Lactobacillus spp. and an increase in other 

anaerobic bacteria (22). The composition of microbiomes in mice, however, is different 

from human, especially at lower taxonomic levels, and many bacterial genera and species 

including Lactobacillus spp. that are present in human gut may be even not detected in mice 

and vice versa (32).
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The present study doesn’t identify biological mechanism underlying the reverse changes 

in species diversity and abundances between the gut and vaginal microbiomes after AB 

exposure. However, the association networks and heatmaps of OTUs in AB and NoAB 

mice clearly show an increased sharing of gut taxa with vaginal microbiome after the 

exposure. One potential mechanism of the sharing can be the movement of bacteria within 

genital and gastrointestinal tracts of the mice. The movement can be active or with body 

fluids. Many bacteria are motile and have morphology and apparatus supporting the active 

swimming (33). Motility is also a known factor promoting active segregation and spatial 

exclusion of species leading to increased diversity (34). Colonization of mice vagina by 

species externally from fecal pellets is another potential mechanism. Additional studies are 

necessary to specify mechanisms for sharing of bacterial cells between the body sites.

Although the validation cohort in the study confirmed the sharing of bacterial taxa and 

reverse changes in species diversity and abundance between gut and vagina, we were not 

able to verify effects of the positive changes on the tumor development because most mice 

in the validation cohort developed tumors. We believe that one of the reasons may be 

technical. We had increased experience in tumor implantation by the time the validation 

cohort was treated. The other reason may be biological. Although all mice used in the study 

were ordered from Jackson Laboratories, the mice for each of the cohorts were ordered at 

different times; they were not from the same batch. This resulted in the baseline microbiome 

differences between the discovery and validation cohort. NoAB Mice in the validation 

cohort had richer microbial community in the gut in terms of number of identified OTUs 

(Mann-Whitney test p-value = 0.02). It may be a reason why the effect of AB exposure 

in the validation cohort on the rare species in the gut microbiome was not as pronounced 

as in the discovery cohort. Indeed, the frequency distribution of species abundances in 

the gut of mice in the validation cohort was almost the same in AB and NoAB mice, 

while in the discovery cohort, the distribution revealed a dramatic decrease of rare species 

after AB exposure. The baseline taxonomic organization of microbiomes was also different 

between the cohorts. It was more complex in mice of the validation cohort, especially in the 

vagina (Fig. S7A). The microbiome included a cluster of OTUs enriched with Proteobacteria 
species. The cluster was comprised of 46% of the species, while the remaining clusters had 

only from 0 to 6%. Species of Proteobacteria are known by their inflammatory phenotype 

(29) discussed above, therefore the enrichment might contribute to high rate of the tumor 

development in the validation cohort. Despite these differences in the baseline microbiome, 

we identified many commonalities in the response to antibiotics, including increased sharing 

of gut and vaginal microbiomes in mice treated with antibiotics and shifts in specific 

organisms.

Additionally, the murine model used in the study may be not perfect in assessing the effect 

of AB on the tumor development. The immune environment at the tumor initiation stage 

was not studied using the model. It is not clear how an increase in the immunity resulting 

from an increase in microbial diversity can be translated into a probability of the tumor 

development. According to our previous study (35), the TC-1 tumors may be considered 

as hot because of high infiltration of cytotoxic T-cells. The cells may suppress the tumor 

development after the growth has been initiated. Another immunosuppressive mechanism 

may operate at the tumor initiation stage if a mouse has been developed immunity to the 
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HPV tumor antigens. Future studies could more specifically address the role of microbiome 

in producing mucosal immunity in this model using different approaches.

Results of the study suggest that a strong negative effect of oral AB exposure in mice on 

the gut microbiome associates with some positive effects on their vaginal microbiome (Fig. 

4C). These positive effects are mediated by sharing of species between microbiomes and 

may contribute to a decreased risk of cervical cancer development after AB exposure in a 

human population-based case-control study (9). The revealed tight and complex association 

between the gut and vaginal microbiomes should be taken into consideration when the 

microbiomes are modulated via probiotics and when antibiotic murine models are used for 

mechanistic microbiome studies of human cancer (36), particularly in studying mucosal 

cancer sites other than the gut.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Effect of antibiotics on bacterial diversity in the vagina versus gut.

A, Design of the experiment. B, Imaging of intravaginal TC-1 tumors following injection, 

IVIS imaging was performed on days 1, 5, 8, 12 and 15 following intraperitoneal injection 

of coelentrazine, red circle demonstrates the region of interest for measuring photons/second 

using bioluminescent imaging to quantitate tumor burden, T2 weighted MRI was performed 

on day 15 with red arrow pointing to tumor mass. C, Opposite changes in diversity of 

bacterial communities after AB treatment in gut and in vagina. D, Changes in distribution of 
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species with different abundances in the gut and in the vagina after AB treatment, RLR is the 

ratio of low abundant species (log10 of the abundance < 0.2) to the rest.
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Fig 2. 
Differentially abundant taxa identified by LEfSe between AB and NoAB mice in the gut 

and in the vagina. A, Cladograms of differentially abundant taxa in AB versus NoAB mice. 

B, most differentially abundant taxa has opposite changes in vagina versus gut. C, Opposite 

effect of AB treatment on some abundant bacterial taxa in the gut versus vagina.
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Fig. 3. 
Gut-vaginal microbiomes relationship in AB vs NoAB-treated mice. A, Association 

networks of bacterial species in terms of similarity of co-occurrence profiles of the OTUs in 

the studied samples and identified clusters of the OTUs. B, Heatmaps of OTU abundances in 

the gut and in the vagina. Samples in each cluster sorted by species richness, from high to 

low. OTUs in each cluster sorted by number of samples where OTU is found, from high to 

low.
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Fig. 4. 
Association of vaginal microbiomes with the tumor growth. A, Absence of tumor growth in 

AB mice associates with high species richness and diversity. B, Tumor promoting and tumor 

suppressive taxa enriched in mice treated and not treated by antibiotics. C, Effects of oral 

AB treatment on relationships between gut and vaginal microbiomes and cervical cancer 

development.
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