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ABSTRACT 
Interactions between Cryptosporidium parvum and the Intestinal Ecosystem  

 Olga Douvropoulou 
 
Cryptosporidium parvum is an apicomplexan protozoan parasite commonly causing 

diarrhea, particularly in infants in developing countries. The research challenges faced in 

the development of therapies against Cryptosporidium slow down the process of drug 

discovery. However, advancement of knowledge towards the interactions of the intestinal 

ecosystem and the parasite could provide alternative approaches to tackle the disease.  

Under this perspective, the primary focus of this work was to study interactions between 

Cryptosporidium parvum and the intestinal ecosystem in a mouse model. Mice were treated 

with antibiotics with different activity spectra and the resulted perturbation of the native 

gut microbiota was identified by microbiome studies. In particular, 16S amplicon 

sequencing and Whole Genome Sequencing (WGS) were used to determine the bacterial 

composition and the genetic repertoire of the fecal microbial communities in the mouse 

gut. Following alteration of the microbial communities of mice by application of antibiotic 

treatment, Cryptosporidium parasites were propagated in mice with perturbed microbiota 

and the severity of the infection was quantified. This approach enabled the prediction of 

the functional capacity of the microbial communities in the mouse gut and led to the 

identification of bacterial taxa that positively or negatively correlate in abundance with 

Cryptosporidium proliferation.  
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CHAPTER 1.  INTRODUCTION 

 

1.1 Cryptosporidium Background, Transmission and Life Cycle 

Cryptosporidium1 is a diarrhea causing single-celled parasite that infects the 

gastrointestinal tract of humans, livestock, birds and wildlife populations2. Infection of this 

parasite can be life-threatening and results in chronic illness and mortality especially in 

immunocompromised patients, such as AIDS patients or in general in individuals with 

defective immune system as well as in malnourished young children that lack a mature 

immune system in countries of the developing world34. In fact, Cryptosporidium is the 

second most important pathogen associated with diarrhea that causes death in children 

under five years of age5 (Figure 1.1).  

 

Figure 1.1 Magnitude of Cryptosporidium’s effects on child mortality. Adapted by Kotloff, K. L. et 
al. Lancet 382, 209–222 (2013) 
 

What is more, Cryptosporidium is also a major causative agent of waterborne-

gastroenteritis outbreaks, such as the outbreak that was documented in Wisconsin in 19936 
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where more than 400,000 people were infected and developed disease due to the pathogen. 

The majority of cases of Cryptosporidium diarrhea in humans are caused by 

Cryptosporidium hominis and Cryptosporidium parvum7,8. Cryptosporidium hominis 

colonizes the gastrointestinal tract in humans while Cryptosporidium parvum can infect 

both animals and humans and is one of the most important agents that can cause waterborne 

illness in less developed countries. 

 

The genus Cryptosporidium includes protozoan parasites within the Phylum of 

Apicomplexa, although these parasites have lost the apicoplast which a is unique feature 

of apicomplexan organisms, they do not possess plastids or mitochondrial genome and 

there is only evidence of an atypical mitochondrion with no electron transport or oxidative 

phosphorylation function910. Until recently, parasites of this genus were grouped with 

coccidian parasites which are obligate intracellular pathogens. However, this parasite 

possesses unique characteristics that are not found in coccidians, such as the intracellular 

but extracytoplasmic location of the parasite in the epithelial lining of the host as well as 

the absence of a sporocyst or polar granules in the oocyst11. Biochemical, molecular and 

microscopic evidence of the similarities between Cryptosporidium and gregarine 

organisms led to the recharacterization of Cryptosporidium species as organisms belonging 

to a new subclass, Cryptogregaria within the gregarines group12. One of the key properties 

that led to the reclassification of Cryptosporidium includes the ability of the parasite to 

produce oocysts that multiply not only epicellularly but also extracellularly after they are 

excreted in the feces of the host and thus the parasite completes its life cycle outside of the 

host without the need of attachment to the epithelial cells of the host’s intestine.  
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Transmission of the pathogen occurs via the fecal-oral route by coming in contact with 

water or food that has been contaminated with oocyst-bearing feces coming from diseased 

humans or animals and ingesting them13. The difficulty in controlling the transmission of 

the parasite lies in the properties of Cryptosporidium oocysts that are produced by the 

parasite and represent the major infective stage of the parasite. These oocysts due to the 

properties of the oocyst wall can survive outside the host for long periods and are resistant 

to common methods of disinfection, such as chlorination14.  

 

Figure 1.2 Cryptosporidium life cycle. Adapted by Maha Bouzid et al. Clin. Microbiol. Rev.26, 115-134 
(2013) 
 

The first step in the establishment of the pathogen after invasion of the oocysts through the 

oral route is the excystation of Cryptosporidium cysts, the emergence of the sporozoites 

and the subsequent attachment to the epithelial surface of the intestine13. The sporozoites’ 
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attachment to the epithelial cells is followed by the formation of an incomplete 

parasitophorous sac that extracytoplasmically embraces the sporozoites that now develop 

into the feeding stage of the parasite, the trophozoites. The parasites undergo asexual 

multiplication in order for the parasites to grow followed by sexual multiplication to 

eventually produce female macrogamonts and male microgamonts. Later on, gamonts 

undergo fertilization and the newly formed zygote can develop into a thin-walled oocyst 

that remains within the host and participates in subsequent cycles of infection, or into a 

thick-walled oocyst that is excreted through the feces of the host to the environment and is 

the life cycle form of the parasite that remains highly infectious and is able to invade 

another host1314. 

 

1.2 Current Challenges and Therapeutic Approaches to Cryptosporidiosis  

There is currently no effective treatment or cure in the form of drugs or vaccines that can 

eliminate cryptosporidiosis and the efficacy of the antiparasitic drugs and antimicrobial 

agents that have been used against the parasite, such as nitazoxanide or rifabutin is 

inconsistent15–20. Symptomatic treatment includes management of dehydration by the use 

of oral rehydration solution and nutritional support to treat malabsorption of nutrients 

caused by the disease. However, the age of the patient in terms of maturity of immune 

responses and the status of the immune system of the patient play the most critical role on 

the outcome of the disease3. 

The lack of effective treatment stems from the fact that the understanding of the biology of 

the parasite is yet limited21, chlorination of water is not enough to achieve effective 

sanitation and transmission from individual to individual through the fecal-oral route 
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makes any treatment approach even more complicated22. Also, the lack of continuous 

culture and the inadequacy of the animal models used in the study of the parasite hindered 

the development of anti-Cryptosporidium drugs.  Regarding the animal models, most 

studies being conducted on cryptosporidiosis rely on immunodeficient animal models and 

are limited to the zoonotic strain (Cryptosporidium parvum) rather that the anthroponotic 

strain (Crypotosporidium hominis). Furthermore, until recently it was not possible to 

genetically manipulate Cryptosporidium and therefore speed up the process of drug 

discovery22. However, the first gene knockout in Cryptosporidium parvum has been 

recently reported23 and this discovery can pave the way to screening assays for essential 

genes that could be used later on as drug targets23. In a nutshell, the technical challenges 

faced when working with Cryptosporidium generally slow down the process of drug 

discovery. Interdisciplinary approaches, using new tools to study the cellular and molecular 

genetics of the parasite as well as intensive genome and metabolome analysis are required 

for a better understanding of the mechanisms that contribute to cryptosporidiosis as well 

as for a successful advancement towards the treatment of the disease.  

 

1.3 Alternative Treatment Approaches based on Interactions between 

Cryptosporidium and the Gut Micro- Environment 

Dysbiotic conditions of the intestine are known to be associated with pathogen-related 

disease and transmission24, therefore the recovery of a healthy microbiota is a promising 

alternative treatment approach for those types of infections. Many scientific studies support 

the use of probiotics and the administration of a diverse population of protective microbial 



16 
 

populations as potential antiprotozoal compounds against several parasitic organisms 

involved in intestinal infections25.  

 

Figure 1.3 Association between dysbiotic conditions and establishment of antibiotic-resistant pathogenic 
organisms. Adapted by Namiko Hoshi et al. Nature Medicine 18, 654-656 (2012) 
 

In several studies of the protective effects that administration of probiotics exerts on 

Clostridium difficile infection it is shown that in some cases the infection can be eliminated 

by transplantation of a healthy microbiota in infected mice25. Similarly, inoculation of mice 

with probiotic strains, such as Lactobacillus reuteri and species of the family 

Lachnospiraceae can have positive effects in the defense against Clostridium difficile25,26. 
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In the same perspective, the below mentioned studies focus on recovery from 

Cryptosporidium infection by the use of several probiotics. 

 

In early studies of mouse models of Cryptosporidium infection, it was reported that the 

presence of intestinal flora in mice had a protective effect against crypto infection and the 

disease took longer to develop in mice colonized with conventional gastrointestinal flora 

compared to germfree animals or infant mice that lack a mature immune system27. In 

another study on the effect of specific probiotic treatment as an alternative means of 

conferring resistance against infection with the parasite it was demonstrated that specific 

bacterial strains, such as Lactobacillus reuteri employ nonspecific defense mechanisms to 

prevent colonization of the epithelial cells of the small intestine by Cryptosporidium28. 

Researchers assessed also the effect of Lactobacillus reuteri against Cryptosporidium in 

adult T cell receptor-α-deficient mice that are unable to eliminate Cryptosporidium 

infection when faced with the pathogen29. The outcome of the treatment was assessed in 

terms of the level of colonization of mice with the parasite which was significantly 

decreased when mice received the probiotic treatment29. Interestingly, piglet studies 

showed consistent evidence on the effect of Lactobacillus reuteri against the parasite in 

animals artificially reared in order to be susceptible to diarrhea induced by 

Cryptosporidium infection. In that study, only a small percentage of piglets that were 

supplemented with the probiotic culture developed diarrhea compared to piglets that did 

not receive the treatment30. 
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The association between probiotic culture supplementation and reduction in susceptibility 

of the host to the disease caused by this pathogen was further confirmed through a similar 

study where two strains of Lactobacillus, in particular Lactobacillus reuteri and 

Lactobacillus acidophilus when given to immunosuppressed mice as supplement a few 

days before the infection with the parasite, they could interfere with the duration and the 

number of oocysts shed by the animals. In particular, they reduced fecal shedding to a 

considerable degree. In contrast, mice that did not receive the probiotic pre-treatment shed 

a lot more oocysts a few days after being inoculated with the parasite31.  

 

The effects of these two probiotic strains as potential anti-Cryptosporidium agents were 

also tested in an in vitro cell culture system. Briefly, cell monolayers were incubated with 

oocysts of the parasite that prior to the incubation were inoculated with the probiotic 

suspension. According to this study, significant changes in the infectivity of the oocysts 

after being challenged with probiotic strains were observed32. Similarly, these two 

probiotic strains together with Bifidobacterium breve and Bifidobacterium longum were 

confirmed to exert a strong effect against crypto viability in a cell culture system. The 

reduction in the number of viable oocysts is a reliable evidence of the presence of anti-

microbial properties in some compounds of these probiotic strains33. In addition to these 

findings, a case study of a patient with cryptosporidiosis revealed that after application of 

probiotic treatment that included well studied probiotic strains of Lactubacillus, in 

particular Lactobacillus GG and Lactobacillus casei Shirota, the patient was able to 

recover the symptoms of diarrhea and the oocysts of the parasite were finally not detectable 

in the feces of that individual34.  
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A recent study on the effect of another probiotic strain, Enterococcus faecalis CECT 712135 

in terms of modulation of the severity of cryptosporidiosis evaluated the interaction 

between the parasite and Enterococcus faecalis at every portion of the gastrointestinal tract 

in a mouse model of dexamethasone induced immunosuppression. The probiotic strain 

could not eliminate the infection but was able to mitigate it in sites where both the parasite 

and the probiotic were present. In particular, gut tissues of mice that did not receive 

treatment with probiotics and were inoculated with the parasite exhibited a higher parasite 

load compared to the same tissues of mice that received the probiotic strain inoculum35. 

 

These findings reinforce the importance of developing an alternative approach to treat 

cryptosporidiosis by unraveling the interactions between the parasite and the host 

associated microorganisms that could have a probiotic potential and exert a protective 

effect against Cryptosporidium infection. As a matter of fact, the pathogenicity of many 

diseases results from a three-way interaction between the pathogen, the host and the host-

associated microbial environment36. Many pathogens interact with their biotic environment 

in complex ways and the actions of the microorganisms constituting these communities, 

such as bacteria, protists, fungi, viruses or phages, can have an impact on the process of 

the disease36. The complex network of interactions between the pathogens, the host and the 

commensal microorganisms inhabiting the host’s gut are yet to be deciphered. In this 

perspective, the aim of this project was to investigate the possible effect that the microbial 

population inhabiting the gut has on the establishment and proliferation of 

Cryptosporidium.  
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1.4 Research Questions and Objectives  

The primary objective of this study was to elucidate interactions between the microbial 

population inhabiting the gut and Cryptosporidium parvum, as well as the role of the gut 

flora in the modulation of the proliferation of the parasite. In collaboration with Professor 

Giovanni Widmer at the Department of Infectious Diseases & Global Health, Tufts 

Cummings School of Veterinary Medicine, Massachusetts, we performed animal studies 

where mice naturally colonized with commensal microbes were immunosuppressed and 

divided into groups of treated and untreated animals. The treatment involved 

administration of the antibiotics vancomycin and bacitracin to produce dysbiosis. Mice 

with normal and perturbed gut flora were infected with Cryptosporidium parvum to 

investigate whether the severity of cryptosporidiosis correlates with the microbial signature 

of dysbiosis and the bacterial population dynamics in the gut. 

 

Aims of the study could be summarized in the following: 

• Establishment of dysbiosis in the gut of mice that belong to the groups treated with 

antibiotics  

• Determination of the onset of oocyst production by performing acid-fast staining in 

fecal specimens 

• Measurement of the severity of cryptosporidiosis in terms of oocyst output  

• Characterization of the gut microbiome using 16S rRNA amplicon and whole 

genome shotgun sequencing technologies 

• Identification of bacterial taxa that are significantly associated with the parasite 

proliferation 
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1.5 Significance of the Study  

Little is known about the association between the establishment of Cryptosporidium 

infection and the possible host responses induced or mediated by the commensal 

microorganisms that inhabit the gut. The significance of this study is the identification of 

bacterial taxa that play key roles in the modulation of the parasite proliferation and the 

understanding of bacterial population dynamics that mitigate the effects of the disease. 

These findings could pave the way to future research in the development of alternative low-

cost and simple therapeutic approaches by the use of probiotic cocktails to augment 

traditional therapies against cryptosporidiosis. 
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CHAPTER 2. EXPERIMENTAL DESIGN 

 

2.1 Animal Experiments 

In this study mice were used as an animal model for cryptosporidiosis. The choice of the 

animal model used was based on the fact that cell culture experiments for the study of the 

effects of the intestinal environment in the proliferation of Cryptosporidium parvum would 

not efficiently reflect the mice intestinal conditions, such as mucus production and nutrient 

or microbial compounds availability. Moreover, there are no methods supporting the 

continuous serial propagation of Cryptosporidium in vitro37. For that reason, 

Cryptosporidium isolates were passaged through mice, as this animal model has been 

widely used in the scientific community to propagate Cryptosporidium parvum and the 

specific strain that was selected for this study (outbred CD-1 mice) is routinely used for 

the propagation of the parasite38.  

 

Animal experiments were approved by the Tufts University Animal Use and Care 

Committee in Massachusetts, USA and were carried out at the Department of Infectious 

Diseases and Global Health, Tufts Cummings School of Veterinary Medicine, 

Massachusetts, USA.  Based on this approval, the project was officially designated as 

exempted from Institutional Biosafety and Ethics Committee (IBEC) approval by the IBEC 

committee in KAUST.  

 

Twelve four-to-six-weeks old outbred CD-1 female mice were purchased from Charles 

River in Wilmington, Massachusetts, USA. For the purposes of this experiment mice were 
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randomly assigned to two treated groups as replicates and two untreated control groups as 

replicates with three mice per group.  Each group was housed in separate certified filter-

top laboratory cages.  All mice were immunosuppressed during the whole duration of the 

experiment by the addition of dexamethasone to the drinking water at a concentration of 

16mg/L, starting on the day of their arrival, which was 6 days prior to infection with 

Cryptosporidium parvum. More specifically, a water-soluble formulation of 

dexamethasone (DEXp) was provided for mice on an ad-libitum basis as previously 

described39. Administration of dexamethasone is essential because immunocompetent 

mice are not susceptible to the parasite.  

 

Figure 2.1 Schematic representation of the experimental setup 

 

2.2 Purification of Cryptosporidium parvum oocysts  

Oocysts were purified from fecal matter of mice using Nycodenz gradient. In particular, 

feces are diluted in sterile distilled water and a fecal slurry is made by stirring until the 

mixture is homogenized. The presence of viable oocysts in the fecal slurry is confirmed by 
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acid fast staining, which is described below. The fecal slurry is then filtered through a 

single layer of sterile gauze and low-speed centrifuged (500 rpm) to remove particulate 

debris which mostly include dust and fecal material. The suspension is then layered on top 

of a Nycodenz gradient composed of 2.5 ml of 15% (w/v in water) Nycodenz (Sigma-

Aldrich Corp., St. Louis, Mo.) and 2.5 ml of 30% (w/v in water) Nycodenz. Centrifugation 

of the slurry on this Nycodenz gradient is performed at an angular velocity of 6,000 rpm 

for one hour and the oocyst layer is collected at the interphase of the two Nycodenz layers. 

Oocysts recovered from the Nycodenz gradient are diluted with three volumes of distilled 

sterile water and centrifuged at 6,000 rpm for fifteen minutes before they are finally 

resuspended in a small volume of water. The concentration of the purified oocysts in the 

final suspension was enumerated by using a Neubauer haemocytometer40. Following quick 

washing of the suspension with 10% bleach and centrifugation at an angular velocity of 

6,000 rpm for five minutes at 4 °C the resulting pellet is resuspended in a small amount of 

sterile distilled water according to the oocyst dose that will be given to the mice. For the 

purposes of this study mice were orally infected with 104 oocysts of isolate TU114 per 

mouse. The purpose of disinfecting the inoculum preparations with bleach was to ensure 

sufficient sterilization and avoid any possible perturbation of the gut microbiota by bacteria 

present in the purified oocysts.  
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2.3 Cryptosporidium detection in feces 

2.3.1 Detection of Cryptosporidium parvum in fresh feces 

In order to monitor the course of the infection in mice inoculated with Cryptosporidium 

parvum the acid-fast staining technique was performed in fresh fecal specimens collected 

on a daily basis starting from the day of the inoculation4142. This technique enables 

detection of pathogenic coccidian intestinal protozoa in fecal specimens, which include 

species of the genus Cryptosporidium, as well as Cyclospora cayetanensis and 

Cystoisospora belli.  Cryptosporidium species are differentially stained with a specific dye 

and resist decolorization due to the properties of their oocyst wall that contains glucan and 

acid-fast lipids and is entirely dissolved by organic solvents therefore that is why they are 

called “acid-fast organisms4143.  

 

The staining procedure includes smears of fresh fecal specimens being applied on a flat 

glass slide with a pipette until they are completely dried. Then the smear is heat-fixed by 

passing the glass slide through a Bunsen burner flame three times -in order for the 

microorganisms to be adhered on the slide- and stained with Carbol Fuchsin due to the 

permeability of the oocyst wall to this stain. Carbol Fuchsin diffuses in the cytoplasm and 

the oocysts appear red and resist decolorization by a decolorizing agent (3% Hydrochloric 

Acid in 95% alcohol) due to the presence of acid-fast lipids on their wall. In the contrary, 

the other cells found in the fecal smear, which could be mice cells and various bacterial 

cells that are non-acid fast stain organisms are decolorized after the application of the 

decolorizing agent. Finally, the fecal smear is counter-stained with methylene blue that is 

solely absorbed by the decolorized cells that appear blue while the Cryptosporidium 
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oocysts remain red colored. The bright red oocysts can be easily identified by examining 

the glass slide under a light microscope with 400x or 1000x magnification (after 

preparation of the slide with oil immersion). The oocysts that are contained in the fecal 

smears can be enumerated semi-quantitatively based on a four-point scale scoring system 

where negative score would represent absence of parasites, score of one (+) would be 

assigned on specimens with at least one oocyst observed per ten observation fields of 1000x 

magnification, score of two (++) would be assigned on specimens with up to ten oocysts 

observed per ten observation fields of 1000x magnification and score of three (+++) would 

be assigned on specimens with up to ten oocysts observed in all observation fields of 1000x 

magnification. 

 

2.3.2 Flow cytometric detection of Cryptosporidium parvum in overnight-collected 

feces 

Detection of Cryptosporidium oocysts using flow cytometry is favorable against 

conventional staining methods due to the increased sensitivity and specificity of this 

method and can be applied for the detection of this parasite because of the discrete particle 

nature of oocysts and the capability to label them by immunological staining using a 

primary antibody specific to the surface of Cryptosporidium oocysts. The primary antibody 

reagent was generated by using gnotobiotic piglets infected with Cryptosporidium parvum. 

The anti-Cryptosporidium serum generation was performed in Professor Abhineet 

Sheoran’s Laboratory, Department of Infectious Diseases and Global Health, Tufts 

Cummings School of Veterinary Medicine, Massachusetts, USA and was kindly provided 

to us for the purposes of this study. 
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As described above, mice that received the oocyst inoculum are monitored daily for the 

presence of oocysts in freshly-collected feces. Upon verification of the shedding of 

infectious oocysts in mice by using the acid-fast staining technique, mice are transferred 

daily in wire-bottom cages for a duration of up to sixteen hours so that the amount of feces 

collected is maximized and the oocyst production is estimated with accuracy by using a 

flow cytometry protocol established in Professor Widmer’s Laboratory, Department of 

Infectious Diseases and Global Health, Tufts Cummings School of Veterinary Medicine, 

Massachusetts, USA. In particular, overnight-collected fecal specimens are weighted and 

diluted to one part of fecal material in six parts of sterile distilled water so that a fecal slurry 

is made by stirring and vortexing until the mixture is homogenized. The slurry is afterwards 

passed through microfilters into disposable centrifuge tubes and centrifuged at 500 rpm for 

five minutes to remove particulate debris that could potentially clog the flow cytometer. 

Once filtered, the slurry is aliquoted into an Eppendorf tube. Replicate aliquots are also 

obtained for a few samples to check the reproducibility of the process. Pure oocysts are 

used as a positive control for the primary antibody reagent against the oocyst surface.  

Following centrifugation of the samples and the purified oocysts at 10,000 rpm for ten 

minutes, the supernatant is removed and 10% Fetal Calf Serum in Phosphate Buffered 

Saline (PBS/FCS) solution is added to each tube so that the mixture is homogenized by 

vortexing. Fetal Calf Serum is a common blocking reagent that contains a lot of serum 

proteins that will bind nonspecifically and loosely to all antigens in the mixture. In this 

way, the signal to noise ratio is improved as the primary antibody is prevented from 

nonspecifically interacting with epitopes other than the oocyst specific ones. Moreover, 
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due to the high affinity of the primary antibody for the oocyst specific antigen, the antibody 

displaces serum proteins bound to the epitope of interest with low affinity but is not able 

to displace serum proteins bound to any other site and this results in a significant 

improvement of the sensitivity of the assay.  

Following blocking, the samples together with the purified oocysts are incubated with the 

oocyst-specific primary antibody for thirty minutes at room temperature, while one of the 

samples is replicated and used as a negative control to check whether there is positive 

staining in the absence of the primary antibody. All samples are centrifuged at 10,000 rpm 

for ten minutes, washed with 10% PBS/FCS solution and resuspended in a fluorochrome-

conjugated secondary antibody (Alexa Fluor 488 goat anti-mouse IgG) for thirty minutes 

at room temperature. Finally, samples are washed with PBS solution and are further used 

for Flow cytometry analysis, preferably on the same day of their preparation in order to 

eliminate any possible deterioration of the fluorescence. 

 

2.3.2.1 Flow cytometric Analysis (FCM) 

Analysis of oocyst-containing fecal samples by FCM was performed on a BD Accuri™ C6 

flow cytometer using BD Accuri™ C6 software. In order to operate the flow cytometer a 

calibration of the instrument is needed using six-peak and eight-peak fluorescent bead 

mixtures. The analysis that follows is based on light-scatter signals and fluorescence 

signals emitted upon illumination with a 488-nm laser source. For the purposes of this 

study the Run Limit was set to 50 µl which means that the data acquisition was terminated 

after 50 µl of each sample had been processed. The Fluidics Rate was set to 14 µl per 
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minute with core size of particles set to 10 µm, so that the number of events analyzed by 

the flow cytometer do not exceed the maximum limit of the accommodation capabilities of 

the system. If the data acquisition rate exceeds a certain limit, some events will be not 

recorded or others will be falsely recorded resulting in an under- or overestimation of 

events and therefore oocysts in the samples analyzed. Fluorescence emission was detected 

using the detector FL1 with the 533/30 standard optical filter, which is the recommended 

optical choice for Alexa Fluor 488 dye that was conjugated to the secondary antibody used 

in this assay (Alexa Fluor 488 goat anti-mouse IgG). The FSC-H threshold (on the Height 

signal) was set to 80.000 so that the light scatter and fluorescence signals emitted by debris 

or small particles that do not represent oocysts are excluded from the analysis. After 

running the positive control containing purified oocysts the outcome of the analysis was 

reported in a FL1-A versus FSC-A plot where the x axis represents fluorescence and the y 

axis represents forward side scatter which is related to the particle size. In this two-

dimensional plot, the region that contained the dots representing particles that are identified 

as oocysts due to fluorescence emission and scatter properties was gated. In order to 

estimate the number of Cryptosporidium oocysts in the samples that were analyzed, only 

particles within the determined gated region were analyzed and the number of events 

therefore oocysts in each sample was determined with accuracy.  

 

2.4 Antibiotic Treatment 

The aim of this study was to investigate the potential link between dysbiosis and the 

severity of cryptosporidiosis. This hypothesis is supported by similar studies in a mouse 

model of Clostridium difficile infection where the perturbation of the gut flora resulted in 



30 
 

various levels of susceptibility to the parasite colonization of the mouse gut in an antibiotic-

dependent manner44. As perturbant of the gut microbiota we selected the antibiotics 

bacitracin and vancomycin, based on their broad activity spectra and the efficacy of oral 

administration of these drugs. Administration of these antibiotics through drinking water 

is also easy and less stressful to mice. What is more, in this way treatment is given 

continuously and the levels of the drug in mice are more stable. Both bacitracin and 

vancomycin were added in the drinking water five days prior to infection with 

Cryptosporidium parvum. The drug doses administered were based on the literature44–48. 

Bacitracin and vancomycin were added to the drinking water at concentrations of 0.25g 

per Liter and 0.05g per kg of body weight and water was changed every second day.  

 

2.5 Fecal Microbiome Analysis  

2.5.1 DNA extraction  

Fecal samples (each representative of a different cage) destined for fecal microbiome 

analysis were freshly collected within 15 minutes after defecation using sterile pipette tips 

and directly put in a 1.5mL Eppendorf tube. The collected samples were then immediately 

transferred to a -20°C freezer to avoid any proliferation of bacterial species that multiply 

at a rate quite faster compared to other bacteria resulting in a false overrepresentation of 

these species. For the purposes of DNA extraction fecal samples were thawed on ice and 

suspended in 200 µl of sterile distilled water.  After completion of three cycles of thawing 

and freezing DNA was extracted with the HighPure PCR template preparation kit (Roche 

Diagnostics, USA). In particular, 200 µl of Binding Buffer and 40 µl of Proteinase K were 

added to each sample and the samples were homogenized by vortexing and incubated for 
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20 minutes at 70oC. After removal of the samples from the 70oC heat block 100 µl of 

Nuclease-Free Isopropanol were added and the entire mixture was pipetted through a spin 

filter tube into a collection tube. The spin filters selectively retain DNA on the silica resins 

they contain. After the lysate is centrifuged through the spin filter, leaving the extracted 

DNA bound to the silica membrane, 500 µl of Wash Buffer are added and the mixture is 

centrifuged and washed to ensure the removal of any impurities. The final centrifugation 

step which is performed to ensure that the silica membrane is completely dry, is followed 

by an elution step using 50 µl of Elution Buffer pre-warmed at 70oC. Eluted DNA was 

stored at −20 °C. 

 

2.5.2 Library Preparation 

2.5.2.1 Preparation of Illumina 16S amplicon libraries 

The PCR protocol used for the preparation of 16S amplicon libraries for high-throughput 

sequencing was performed as previously described49. Universal V1V2 primary primers 

27F and 338R50 flanking the V1V2 hypervariable  regions  of the 16S rRNA gene to be 

targeted were used for the preparation of Illumina 16S amplicon libraries that were required 

for the subsequent fecal microbiota analysis. The V1V2 primary primers were as follows: 

Amplicon PCR Primary Forward Primer: 27F-5'-AGAGTTTGATCCTGGCTCAG-3' and 

Amplicon PCR Primary Reverse Primer: 338R-5'-TGCTGCCTCCCGTAGGAGT -3'. 

The primary amplification reaction was performed for the amplification of a volume of 1µl 

of DNA template extracted from fresh feces as described in paragraph 2.5.1. The reaction 

included a primary stage at 94°C for one minute, as well as a secondary stage that consisted 

of 25 cycles at 94°C for 30 seconds, 55°C for 30 seconds and 68°C for 90 seconds followed 



32 
 

by a final stage at 68°C for five minutes. The secondary amplification reaction was used to 

amplify 1µl of the primary amplicon and incorporate a six-nucleotide barcode unique for 

each sample and the Illumina TrueSeq adaptors in the final PCR products. The full length 

secondary reverse primer sequence included the Illumina flow-cell binding sequence, the 

six-nucleotide barcode sequence unique for each sample, the complement of the standard 

Illumina multiplex index read sequencing primer and the reverse sequence specific and 

flanking the V2 hypervariable region. The V1V2 secondary primers were as follows: 

Amplicon PCR Secondary Forward Primer: FdegV1-5'-AATGATACGGCGACCACCGAG 

ATCTACACTCTTTCCCCAGAGTTTGATYMTGGCTCAG-3' and Amplicon PCR 

Secondary Reverse Primer: RV2index-5'-CAAGCAGAAGACGGCATACGAGATNNNNN 

NGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTGCTGCCTCCCGTAGGAGT

-3', where the sequences in italics are the Illumina flow-cell binding sequences, the blue 

font denotes the universal 16S rRNA primer 27F, the red font denotes the six-nucleotide 

barcode sequence unique for each sample, the yellow font denotes the complement of the 

standard Illumina multiplex index read sequencing primer and the green font denotes the 

reverse sequence specific and flanking the V2 hypervariable region. 

 

The secondary amplification reaction included a primary stage at 94°C for one minute, as 

well as a secondary stage that consisted of three cycles at 94°C for 30 seconds, 55°C for 

30 seconds and 68°C for 90 seconds followed by a third stage that consisted of 21cycles at 

94°C for 30 seconds and 68°C 30 seconds. The final step of the reaction consisted of one 

cycle at 68°C for five minutes.  The purification of the final PCR products involved an 

enzymatic removal of excess primers and nucleotides that were not incorporated in the 
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amplicon constructs by addition of the ExoSAP-IT reagent and the evaluation of the quality 

of the amplicons was performed by electrophoresis on a 2% agarose gel.  The expected 

size of the final amplicons is approximately 300 nucleotides. All amplicon libraries, each 

one incorporating a unique Illumina barcode, were pooled and stored in -20 °C.  The 

technical reproducibility of the library preparation procedure was assessed by 

incorporating in the library three additional DNA samples as technical replicates out of all 

the DNA samples that the library contains. These technical replicates were generated by 

extracting DNA twice from the same fecal homogenate and following the downstream 

process separately so that for the same fecal homogenate two amplicon constructs with 

different barcodes are produced. Further evaluation of the 16S rRNA gene amplicons 

preparation was also ensured by the generation of an amplicon from a mock bacterial 

community (BEI Resources, cat no. HM-782D). The pooled Illumina tagged amplicon 

libraries were sequenced in an Illumina MiSeq instrument at Tufts Genomics Core facility. 

An average of 28 million high quality bases were sequenced per sample. A PhiX control 

library was applied to the sequencing run as a base balanced sequence for the calibration 

of the instrument so that each base type is captured during the entire run51. 

 

2.5.2.2 Preparation of WGS libraries 

DNA template extracted from fresh feces as described in paragraph 2.5.1 was used for the 

preparation of WGS libraries. In particular, the metagenomic DNA extracted from each 

sample was quantitated using the Qubit® 2.0 Fluorometer. Following quantitation, 100ng 

of metagenomic DNA from each sample were used for library preparation. The extracted 

DNA was sheared using a Covaris E220 DNA sonicator and the size of the fragments that 
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were generated was approximately 500bp. The DNA Library of interest was made using 

the NEBNext Ultra II DNA Library Prep Kit (NEB) according to the manufacturers’ 

instructions. The amplified library was generated using 10 PCR cycles and stored in -20 °C. 

The pooled metagenomic libraries were sequenced in an Illumina HiSeq instrument at 

KAUST Core Lab facility generating approximately 10-20 GB of sequencing data per 

sample. A PhiX control library was applied to the sequencing run as a base balanced 

sequence for the calibration of the instrument so that each base type is captured during the 

entire run51. 

 

2.5.3 Quality control of 16S rRNA gene amplicon and WGS sequences 

Raw sequence reads were submitted to FastQC v.0.11.5 and the quality score of the 

sequences generated was determined. Reads were afterwards filtered and trimmed with 

Trimmomatic version 0.36 and Trim Galore version 0.4.4 so that adapter sequences and 

bases of low quality from the 3’ end of the reads could be removed. Reads were further 

error corrected using SPAdes version 3.9.0. 

 
 
2.5.4 Sequence Data Analysis  

In order to perform 16S rRNA gene analysis sequence data were processed using the 

software mothur version 1.39.152 according to the Standard Operating Procedure (SOP) 

proposed by the Schloss lab (https://www.mothur.org/wiki/MiSeq_SOP) for Illumina 

Miseq data. All fasta files containing the sequences generated for each individual sample 

were merged in a large dataset. The merged sequences were aligned against the bacterial 
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and archaeal SILVA 16S rRNA gene reference database and the reads that did not span the 

V1V2 hypervariable region of the16S rRNA gene were removed. The remaining sequences 

were trimmed to make sure that the overlapping region starts and ends at the same 

nucleotide position and duplicate sequences were merged into one unique sequence.  Errors 

introduced because of the fact that the amplicons sequenced were constructed from highly 

diverse DNA samples were reduced using the pre.cluster command where sequences that 

differ with each other by one or two nucleotides are merged into one sequence. After the 

removal of chimeric sequences from the dataset which was performed using the UCHIME 

algorithm through the mothur platform53 sequences were clustered using the opticlust 

algorithm into operational taxonomic units (OTUs) that were defined as groups of 

sequences sharing identity equal or greater than 97%. Each OTU is classified on the basis 

of the taxonomy of the sequences they contain. 

 

Sequence data were also processed using the MetaGenome Rapid Annotation using 

Subsystem Technology platform (MG-RAST)54. MG-RAST pipeline uses Blast-Like 

Alignment Tool55 to align reads from the metagenomic data obtained by 16S rRNA  

amplicon sequencing against a specific rRNA database generated from the SILVA 

database56. Operational Taxonomic Unit (OTU) classification was obtained using BLAT55 

and the similarity threshold used was set to 97%. Greengenes was the database used to 

assign the reads to the respective bacterial taxa. Reads that were assigned to bacterial taxa 

but did not reach the selected cutoff were categorized as “Unclassified”. The taxonomic 

assignment is outputted in a web page for data visualization and can be downloaded as a 

Biological Observation Matrix (BIOM) file to be used for further analysis. 
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In parallel, metagenome analysis was performed using the metagenomic sequences 

generated from the fecal samples. Using the metagenome classifier Centrifuge version 

1.0.357 trimmed and error-corrected reads were assigned taxonomy against a database of 

all complete prokaryotic and viral genomes57 and were assembled de novo with SPAdes 

version 3.9.0 using default parameters58. Quality assessment of the assemblies that were 

generated was performed using MetaQUAST59. Open Reading Frame (ORF) prediction 

was performed using the algorithm MetaGeneMark60. Redundant protein sequences were 

merged and a non-redundant annotated protein dataset was generated using BlastClust61. 

The generated annotated protein dataset for each sample was uploaded to the automated 

annotation web interface server BlastKOALA in order to characterize the annotated 

metagenomics data of each sample functionally62. Using the GHOSTX tool63, 

BlastKOALA performs assignment of K numbers, which are defined as KEGG (Kyoto 

Encyclopedia of Genes and Genomes)64 Orthology identifiers that associate ORFs in the 

metagenomic samples with KEGG orthology groups.  The database used as reference by 

BlastKOALA is the KEGG GENES database6465. The results of the functional taxonomy 

assignment are outputted at the KEGG web page (http://www.kegg.jp/blastkoala) and the 

KEGG modules reconstruction data can be downloaded and used for further analysis. 

KEGG modules represent sets of genes grouped together in terms of functional similarity 

and involvement in the same KEGG pathways66. KEGG modules reconstruction data from 

each individual sample were used to generate a heatmap of hierarchical clustering where 

the distribution of each module in the several metagenomic samples is represented and the 

absence or completeness of each module is expressed in a four-color scale (green, 

complete; light green, one block missing; yellow, two blocks missing; white, absent). 
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Annotation of antibiotic resistance for each metagenomic sample was performed separately 

against the Comprehensive Antibiotic Resistance Database (CARD)67,68. CARD is a 

manually curated ontology-based database that provides a web interface 

(http://arpcard.mcmaster.ca) where users can find useful information, such as 

classification, definition and related literature regarding each individual resistance-

conferring gene that can be found in the database. Moreover, the Resistance Gene Identifier 

(RGI) software which predicts antibiotic resistance genes within the several query samples 

can also be found in the CARD website67.  For the purposes of this work, the RGI tool was 

used to predict genes conferring antibiotic resistance in the metagenomic samples of 

interest based on CARD67,68. Both the perfect and the strict RGI algorithms were utilized. 

The difference between those two algorithms is that the use of strict rather than perfect 

parameters predicts variants not previously described that however are identified as 

alternative forms of known antimicrobial resistance genes. Antibiotic resistance annotation 

relies on the calculation of BLASTP hits against CARD with the use of custom cutoffs.  

 

2.5.5 Alpha and Beta Diversity  

The analysis of the alpha diversity of the samples involved the estimation of richness, 

which represents the number of different species in the community and the estimation of 

evenness, which represents the relative abundance of each species in the community. Those 

two parameters define the diversity of the community and were determined using the 

summary.single command through the mothur platform52. In particular, the Simpson 

evenness index was used to calculate evenness, Shannon index was used to calculate 

diversity and the Chao and ACE richness indices were used to calculate richness of the 
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community69. The analysis of the beta diversity of the samples involved the calculation of 

the distances of the samples based on the structure of the community for each individual 

sample using the dist.shared command through the mothur platform and the calculation of 

the principal components using the pca command in mothur so that to assess the degree of 

similarity in mouse fecal community composition among the different samples. 
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CHAPTER 3.  RESULTS 

 

In order to investigate whether a dysbiotic gut microflora impacts the severity of 

cryptosporidiosis, faecal microbiota of antibiotic-pretreated mice infected with 

Cryptosporidium parvum and treated with antibiotics were compared with fecal microbiota 

of mice infected with the parasite that did not receive any antibiotic pre-treatment. As 

described in paragraph 2.4 mice belonging to the treated groups were given bacitracin and 

vancomycin daily in drinking water starting six days prior to Cryptosporidium infection. 

The biological significance of the results of this study should be further evaluated by 

replicating the experiments to make sure that any differences observed between the 

individual groups of mice are due to the different treatment that was being provided. 

  

3.1 Effect of bacitracin and vancomycin on oocyst output of mice infected with 

Cryptosporidium parvum 

The effect of the antibiotics bacitracin and vancomycin on the proliferation of 

Cryptosporidium parvum was assessed using flow cytometry. As described in paragraph 

2.1 mice were divided into two treated groups as replicates and two control groups as 

replicates with three mice per cage. Mice were pre-treated with these two antibiotics and 

with dexamethasone, which is an immunosuppressive agent required to permit 

Cryptosporidium infection to develop, for six days prior to Cryptosporidium infection. We 

then inoculated mice with 104 oocysts of C. parvum isolate TU114 per mouse. Monitoring 

of the course of the infection was carried out daily by performing acid fast staining in fecal 

specimens belonging to each individual group of mice and detecting any oocysts produced 
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on a microscope under oil immersion in the form of bright red round structures. On the 

sixth day post infection, we observed the initiation of oocyst shedding in animals of all 

groups. After mice started shedding oocysts we collected fecal samples overnight and 

performed flow cytometry in order to determine the oocyst concentration with accuracy. 

 

Consistent with early and recent studies on the role of the intestinal microbiota in 

Cryptosporidium parvum proliferation27–29,31,34 as well as with unpublished studies 

performed in Professor Giovanni Widmer’s Laboratory, Department of Infectious Diseases 

 

Figure 3.1 Effect of bacitracin on oocyst output of mice infected with Cryptosporidium parvum. Blue, mice 
belonging to treated group “one” that were given 250 mg/L bacitracin in drinking water (+bac 1); Pink, mice 
belonging to treated group “two” that were given 250 mg/L bacitracin in drinking water (+bac 2); Green, 
untreated control mice belonging to control group “one” (control 1); Purple, untreated control mice belonging 
to control group “two” (control 2). There are no data for treated group “two” (+bac 2) on day 14 post infection 
as the animals were deceased. 
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and Global Health, Tufts Cummings School of Veterinary Medicine, Massachusetts, USA 

on the effect of bacitracin on oocyst output, we observed an increase in the oocyst output 

of mice belonging to treated group “two” that were inoculated with the parasite, compared 

to both the control groups. The oocyst output in treated group “two” reached a peak of 1.1 

x 106 oocysts per gram of feces on the ninth day post infection and the highest oocyst output 

occurred on the thirteenth day after inoculation with the parasite reaching 1.4 x 106 oocysts 

per gram of feces (Figure 3.1).  

 

Figure 3.2 Effect of bacitracin on oocyst output of mice infected with Cryptosporidium parvum and treated 
with 250 mg/L bacitracin in drinking water. Pink, mice belonging to treated group “two” (+bac 2). Blue, 
mice belonging to treated group “one” (+bac 1). There are no data for treated group “two” (+bac 2) on day 
14 post infection as the animals were deceased.  
  

Interestingly, the levels of oocyst shedding in treated group “one” remained low throughout 

the experiment ranging between 1.6 x 105 oocysts per gram of feces to 4.2 x 105 oocysts 

per gram of feces (Figure 3.2). The differences between the two replicate treated groups 

will be discussed further in the following paragraphs. With regards to the control groups, 
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natural gut flora developed similar levels of disease in terms of Cryptosporidium oocyst 

output. In particular, we observed fairly low shedding output over the duration of the study 

with only one high peak of 6.3 x 105 oocysts per gram of feces for control group “two”, 

followed by a falling oocyst output that went down to 1.9 x 105 oocysts per gram of feces. 

The shedding levels observed for control group “one” were slightly lower and more 

consistent throughout the study compared to shedding levels observed for control group 

“two”. These differences between the two replicate control groups can be explained by the 

potential biological variance of the replicates and the somewhat different laboratory cage 

conditions or treatment intake.  

 

3.2 Influence of bacitracin and vancomycin on the gut microbial community 

composition of mice 

The microbial community of freshly collected fecal specimens coming from each different 

cage (representing either of the two replicate treated groups or the two replicate control 

groups) were analyzed by 16S rRNA amplicon sequencing and whole genome shotgun 

sequencing. Analysis of the microbial diversity of the mouse gut at the phylum level was 

performed by obtaining and further analyzing the generated amplicon sequences, which 

range from 20 to 40 Mb for each sample.  The phylum level taxonomic classification was 

done through the mothur platform52 and through the MG-RAST platform54 and both 

platforms gave the same output. At the phylum level Proteobacteria, Bacteroidetes and 

Firmicutes were identified as the dominant phyla in all the analyzed samples (Figure 3.3). 

Bacteroidetes was quite higher in abundance in samples coming from treated group “two”, 

while Firmicutes was higher in abundance in samples coming from control groups. 
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Proteobacteria was present in all samples however this phylum dominated samples coming 

from treated group “one” and approximately constituted 95% of the overall sample 

composition on average.  

 

Figure 3.3 Fecal bacterial community composition based on taxonomic assignments from 16S rRNA gene 
sequencing reads generated using both the mothur and MG-RAST platform. The bacterial composition of 
each sample is shown at the phylum level. The most abundant bacterial phyla are represented by 
Bacteroidetes (in blue), Firmicutes (in green) and Proteobacteria (in pink). Sequences that could not be 
classified into any known group were assigned as Bacteria_unclassified. Denoted with an asterisk (*) are 
samples from both treated groups that were collected in the first week of treatment with both antibiotics, 
bacitracin and vancomycin. All the other samples were collected after alteration of the treatment from both 
bacitracin and vancomycin to bacitracin only. Bar charts for each group are arranged in the graph in 
chronological sequence. TG1, treated group “one”; TG2, treated group “two”; CTR1, control group “one”; 
CTR2, control group “two”. TG1rep and TG2rep represent independently acquired technical repicates of 
microbial profiles from the same fecal specimens belonging to treated group “one” and treated group “two” 
respectively. BacPop represents the mock bacterial community (BEI Resources, cat no. HM-782D) used in 
this study. The stacked bar labeled as BacPop* shows the actual relative abundance of bacterial Phyla in the 
mock bacterial community. 
 

Classification to a deeper level was performed using the generated WGS data. In order to 

assign taxonomy in the species level, the metagenome classifier Centrifuge version 1.0.357 
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and are enriched in Bacteroides species are denoted with an asterisk in Figure 3.4. After 

changing treatment from a combination of vancomycin and bacitracin to bacitracin only, a 

shift in the microbiota composition in samples from both treated groups was observed. 

However, in those two groups different types of microorganisms were established. Samples 

from treated group “two” were dominated by members of the Bacteroidaceae family while 

an overgrowth of members of the Enterobacteriaceae family was identified as a common 

feature of samples from treated group “one”, as shown in Figure 3.4. 

 

Figure 3.4  Fecal bacterial community composition based on taxonomic assignments from WGS data using 
the Centrifuge classifier57. The bacterial composition of each sample is shown at the species level. The most 
abundant bacterial species are represented by E.coli (in pink), Bacteroides  sp. (in blue, dark blue and purple), 
Parabacteroides sp. (in light blue),  Proteus sp. (in orange) and Lachnoclostridium sp. (in green). Denoted 
with an asterisk (*) are samples from both treated groups that were collected in the first week of treatment 
with both antibiotics, bacitracin and vancomycin. All the other samples were collected after alteration of the 
treatment from both bacitracin and vancomycin to bacitracin only. Bar charts for each group are arranged in 
the graph in chronological sequence. TG1, treated group “one”; TG2, treated group “two”; CTR1, control 
group “one”; CTR2, control group “two”. TG1rep and TG2rep represent independently acquired technical 
repicates of microbial profiles from the same fecal specimens belonging to treated group “one” and treated 
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group “two” respectively. A complete list of the detected species  represented in the graph is provided in 
Supplementary Table 1. 
 

The shift in the microbiota composition in samples coming from treated group “one” was 

further explored by this approach and among the species identified in this family E. coli, 

Proteus sp. and Shigella sp. were considered some of the more dominant ones. With 

regards to groups that did not receive antibiotic treatment, some of the most common 

species that were identified in the feces of mice belonging to the control groups were 

species of the Bacteroidaceae family, such as Bacteroides sp., and Parabacteroides sp. as 

well as species belonging to Firmicutes, such as Lachnoclostridium sp. 

 

3.3 Influence of bacitracin and vancomycin on the alpha diversity of the mouse fecal 

microbial communities  

Analysis of the alpha-diversity of the samples included the generation of rarefaction curves, 

as shown in Figure 3.5, to assess whether samples have been sufficiently sequenced in such 

depth so that the diversity of the microbial community in each sequenced sample can be 

estimated with reliability. After clustering the 16S rRNA gene sequencing reads into OTUs 

at 97% sequence similarity thresholds, meaning that OTUs were defined as clusters of 16S 

gene sequencing reads that are >97% similar, rarefaction curves were plotted for each 

individual sample showing the number of observed OTUs at a 97% sequence similarity 

cut-off value by mothur52.  

 

The generally recommended coverage according to the Illumina protocol for 16S 

metagenomic library preparation is 100,000 reads7051, however the rarefaction curves are a 
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better way to estimate specifically for each sample the  sequencing depth needed to 

correctly measure alpha diversity metrics. 

 

Figure 3.5 Rarefaction curve of 16S rRNA gene sequencing data. OTUs were defined at 97% similarity 

cutoff. 

 

For each condition (control and treatment) the abundance-based estimator of species 

richness Chao 1 index and the abundance-based coverage estimator ACE were employed 

to estimate the expected species richness.  

 

Figure 3.6 Observed richness (Sobs), Chao1 estimator and ACE estimator boxplots of fecal samples 
coming from treated groups (bac) and control groups (control). Richness values were similar for the two 
treated groups when compared separately and data are not shown. 
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Both indices showed that the number of OTUs in each of the samples representing both 

treated groups was considerably lower when compared to the control groups, while both 

treated groups had similarly low species richness values (Figure 3.6).  

 

The Shannon and Simpson diversity indices (Figure 3.7) indicated that the samples 

representing both treated groups have a lower diversity when compared to the control 

groups, while the diversity of the fecal microbial community of all samples representing 

the treated groups was low and in similar levels. Simpson’s index ranged between 0.5-0.7 

for the treated  groups  and  taking  into  account  that  values  closer  to  zero indicate  the  

 

 

Figure 3.7 Shannon index and Simpson index boxplots of fecal samples coming from treated groups (bac) 
and control groups (control). Diversity values were similar for the two treated groups when compared 
separately and data are not shown.  
 

presence of very diverse communities while a value of “one” represents a community 

dominated by a monoculture, we can conclude that antibiotic treatment correlates with a 

decrease in the biodiversity of the fecal communities. 
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3.4 Influence of bacitracin and vancomycin on the beta diversity of the mouse fecal 

microbial communities  

The composition of the bacterial communities in samples from the two treated groups and 

the two control groups was compared in order to assess how similar the fecal communities 

are among different samples and whether there is significant clustering according to 

antibiotic treatment. Using principal component analysis (PCA), bacterial composition 

data of all samples were decomposed into two components that explained 26% of the 

variance and it was shown that there is statistically significant segregation according to 

treatment (Figure 3.8).  

 

Figure 3.8 Plot of principal component analysis on OTU abundances of samples from treated and control 
groups generated using the mothur platform. PCA1 and PCA2 explain 26.26% of the variation (10.39% and 
15.87% respectively). Pink, fecal samples collected from mice treated with 250 mg/L bacitracin in drinking 
water. Each pink dot represents treated group one (bac1) or treated group 2 (bac2) sampled on different days. 
Red, fecal samples collected from mice of treated group “one” that were enriched in Proteobacteria. Blue, 
untreated control mice belonging to either of the two groups. 
 
 
 
Samples representing the control groups were clustered together. Regarding the treated 

groups, samples representing treated group “one” that are characterized by an overgrowth 
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of members of the Enterobacteriaceae family appear as an outlier on the same point on the 

graph, denoted with a red color and seem to be quite distinct with respect to species 

composition from the other samples representing the treated groups. 

 

3.5 Differentially abundant bacterial taxa between mouse fecal microbial 

communities of treated and control groups  

Significant differences in abundances for several Phyla were found between fecal microbial 

communities of the treated and control groups after performing statistical analysis of the 

OTU abundances data from all samples using the Metastats tool for the detection of 

features that are differentially abundant among the groups71 according to treatment (Figure 

3.9).  

 

Figure 3.9 Plot of bacterial taxa that were differentially abundant in the gut microbiota profiles of animals 
from treated and control groups after statistical analysis of the OTU abundances data using the Metastats 
tool. Members of the orders Bacteroidales, Lactobacillales, Clostridiales and Enterobacteriales are the 
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primary components of the differential abundance observed. The p-value threshold was set to 0.05. Green, 
mice belonging to treated group “two” (bac 2); Red, mice belonging to treated group “one” (bac 1); Blue, 
untreated control mice belonging to both the control groups. 
 

In the order level analysis six taxa were differentially abundant between treated and control 

groups. Antibiotic treatment overall decreased the relative abundance of families in the 

orders Lactobacilales, Clostridiales Bacteroidales and Enterobacteriales families (Figure 

3.9). Additionally, swine intestinal bacterium clone p-184-o5 belonging to the Phylum 

Bacteroidetes that was overrepresented in control samples experienced noticeable 

reduction in the treated groups. Interestingly, the antibiotic treatment coincides with a shift 

of the bacterial composition facilitating the overgrowth of Bacteroidaceae and 

Enterobacteriaceae in treated group “two” and treated group “one” respectively, as shown 

in Figure 3.9. 

 

3.6 Influence of bacitracin and vancomycin on the functional potential of the mouse 

fecal microbial communities 

Analysis of the functional profile of the mouse fecal communities included the 

metagenome sequencing of the samples and the determination of the presence or absence 

of functional genes, the relative abundance of KEGG Orthologue (KO) categories and the 

Antibiotic Resistance profiling of the metagenomic samples, as described in paragraph 

2.5.4. The relative abundance of (KO) categories was found to be similar in samples from 

both treated and untreated groups, as shown in Figure 3.10. However, a small fluctuation 

of the values representing Metabolism, Environmental and Genetic Information Processing 

can be observed in some of the samples collected from treated groups in various stages of 

the experiment. 
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Figure 3.10  Area chart showing the relative abundance of all functional categories of  annotated genes that 
were predicted from the WGS reads in each metagenomic sample. The functional categories were detected 
in the metagenomic samples after  KEGG Orthology (KO) assignment using GhostKOALA and are color 
coded as follows: blue, Metabolism; red, Genetic Information Processing; green, Environmental Information 
Proccessing; purple, Cellular Processes; light blue, Human Diseases; orange, Organismal systems; dark blue, 
Unclassified. The most abundant functional categories include metabolic processes, genetic and 
environmental information processing. Denoted with an asterisk (*) are samples from both treated groups 
that were collected in the first week of treatment with both antibiotics, bacitracin and vancomycin. All the 
other samples were collected after alteration of the treatment from both bacitracin and vancomycin to 
bacitracin only. The information is given for each group in chronological order. TG1, treated group “one”; 
TG2, treated group “two”; CTR1, control group “one”; CTR2, control group “two”.   
 

Regarding possible changes in the proportions of gene groups (represented by KEGG 

modules) within each functional category, we could not confer whether the differences 

observed between treated and untreated samples in terms of composition and relative 

abundance of different species according to treatment (Figure 3.3 and Figure 3.4) could 

correlate with changes in the proportions of genes and gene families present in each group 

(Figures 3.10, 3.11, 3.12). Some fluctuations in the functional content of the gut microbiota 

in samples belonging to treated groups were observed  when  compared  to control groups. 
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KEGG module complete
1 block missing
2 blocks missing
Module absent

M00117_Ubiquinone biosynthesis, prokaryotes, chorismate => ubiquinone
M00118_Glutathione biosynthesis, glutamate => glutathione
M00555_Betaine biosynthesis, choline => betaine
M00033_Ectoine biosynthesis, aspartate => ectoine
M00124_Pyridoxal biosynthesis, erythrose-4P => pyridoxal-5P
M00121_Heme biosynthesis, glutamate => protoheme/siroheme
M00572_Pimeloyl-ACP biosynthesis, BioC-BioH pathway, malonyl-ACP => pimeloyl-ACP
M00525_Lysine biosynthesis, acetyl-DAP pathway, aspartate => lysine
M00573_Biotin biosynthesis, BioI pathway, long-chain-acyl-ACP => pimeloyl-ACP => biotin
M00577_Biotin biosynthesis, BioW pathway, pimelate => pimeloyl-CoA => biotin
M00029_Urea cycle
M00023_Tryptophan biosynthesis, chorismate => tryptophan
M00136_GABA biosynthesis, prokaryotes, putrescine => GABA
M00046_Pyrimidine degradation, uracil => beta-alanine, thymine => 3-aminoisobutanoate
M00045_Histidine degradation, histidine => N-formiminoglutamate => glutamate
M00122_Cobalamin biosynthesis, cobinamide => cobalamin
M00040_Tyrosine biosynthesis, prephanate => pretyrosine => tyrosine
M00125_Riboflavin biosynthesis, GTP => riboflavin/FMN/FAD
M00053_Pyrimidine deoxyribonuleotide biosynthesis, CDP/CTP => dCDP/dCTP,dTDP/dTTP
M00133_Polyamine biosynthesis, arginine => agmatine => putrescine => spermidine
M00134_Polyamine biosynthesis, arginine => ornithine => putrescine
M00368_Ethylene biosynthesis, methionine => ethylene
M00123_Biotin biosynthesis, pimeloyl-ACP/CoA => biotin
M00027_GABA (gamma-Aminobutyrate) shunt
M00141_C1-unit interconversion, eukaryotes
M00135_GABA biosynthesis, eukaryotes, putrescine => GABA
M00026_Histidine biosynthesis, PRPP => histidine
M00017_Methionine biosynthesis, apartate => homoserine => methionine
M00115_NAD biosynthesis, aspartate => NAD
M00035_Methionine degradation
M00016_Lysine biosynthesis, succinyl-DAP pathway, aspartate => lysine
M00119_Pantothenate biosynthesis, valine/L-aspartate => pantothenate
M00127_Thiamine biosynthesis, AIR => thiamine-P/thiamine-2P
M00024_Phenylalanine biosynthesis, chorismate => phenylalanine
M00570_Isoleucine biosynthesis, threonine => 2-oxobutanoate => isoleucine
M00019_Valine/isoleucine biosynthesis, pyruvate => valine / 2-oxobutanoate => isoleucine
M00126_Tetrahydrofolate biosynthesis, GTP => THF
M00051_Uridine monophosphate biosynthesis, glutamine (+ PRPP) => UMP
M00048_Inosine monophosphate biosynthesis, PRPP + glutamine => IMP
M00535_Isoleucine biosynthesis, pyruvate => 2-oxobutanoate
M00432_Leucine biosynthesis, 2-oxoisovalerate => 2-oxoisocaproate
M00120_Coenzyme A biosynthesis, pantothenate => CoA
M00049_Adenine ribonucleotide biosynthesis, IMP => ADP,ATP
M00050_Guanine ribonucleotide biosynthesis IMP => GDP,GTP
M00028_Ornithine biosynthesis, glutamate => ornithine
M00022_Shikimate pathway, phosphoenolpyruvate + erythrose-4P => chorismate
M00526_Lysine biosynthesis, DAP dehydrogenase pathway, aspartate => lysine
M00527_Lysine biosynthesis, DAP aminotransferase pathway, aspartate => lysine
M00018_Threonine biosynthesis, aspartate => homoserine => threonine
M00020_Serine biosynthesis, glycerate-3P => serine
M00025_Tyrosine biosynthesis, chorismate => tyrosine
M00015_Proline biosynthesis, glutamate => proline
M00052_Pyrimidine ribonucleotide biosynthesis, UMP => UDP/UTP,CDP/CTP
M00140_C1-unit interconversion, prokaryotes
M00021_Cysteine biosynthesis, serine => cysteine
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M00085_Fatty	acid	biosynthesis,	elongation,	mitochondria
M00366_C10-C20	 isoprenoid	biosynthesis,	plants
M00367_C10-C20	 isoprenoid	biosynthesis,	non-plant	 eukaryotes
M00365_C10-C20	 isoprenoid	biosynthesis,	archaea
M00761_Undecaprenylphosphate	 alpha-L-Ara4N	 biosynthesis,	UDP-GlcA	=>	undecaprenyl	phosphate	 alpha-L-Ara4N
M00552_D-galactonate	degradation,	De	Ley-Doudoroff	 pathway,	D-galactonate	=>	glycerate-3P
M00077_Chondroitin	 sulfate	degradation
M00064_ADP-L-glycero-D-manno-heptose	 biosynthesis
M00088_Ketone	body	biosynthesis,	acetyl-CoA	=>	acetoacetate/3-hydroxybutyrate/acetone
M00008_Entner-Doudoroff	 pathway,	glucose-6P	=>	glyceraldehyde-3P	+	pyruvate
M00309_Non-phosphorylative	 Entner-Doudoroff pathway,	gluconate/galactonate =>	glycerate
M00060_Lipopolysaccharide	 biosynthesis,	KDO2-lipid	 A
M00004_Pentose	phosphate	 pathway	(Pentose	phosphate	cycle)
M00006_Pentose	phosphate	 pathway,	oxidative	phase,	glucose	6P	=>	ribulose	5P
M00580_Pentose	phosphate	 pathway,	archaea,	fructose	6P	=>	ribose	5P
M00089_Triacylglycerol	biosynthesis
M00012_Glyoxylate	cycle
M00565_Trehalose	biosynthesis,	D-glucose	 1P	=>	trehalose
M00096_C5	isoprenoid	 biosynthesis,	non-mevalonate	pathway
M00087_beta-Oxidation
M00009_Citrate	cycle	(TCA	cycle,	Krebs	cycle)
M00011_Citrate	cycle,	second	carbon	oxidation,	 2-oxoglutarate	=>	oxaloacetate
M00063_CMP-KDO	 biosynthesis
M00364_C10-C20	 isoprenoid	biosynthesis,	bacteria
M00081_Pectin	degradation
M00741_Propanoyl-CoA	metabolism,	propanoyl-CoA	 =>	succinyl-CoA
M00308_Semi-phosphorylative	Entner-Doudoroff	 pathway,	gluconate	=>	glycerate-3P
M00061_D-Glucuronate	 degradation,	D-glucuronate	=>	pyruvate	+	D-glyceraldehyde	3P
M00631_D-Galacturonate	degradation	(bacteria),	D-galacturonate	=>	pyruvate	+	D-glyceraldehyde	3P
M00632_Galactose	degradation,	Leloir	pathway,	galactose	=>	alpha-D-glucose-1P
M00554_Nucleotide	sugar	biosynthesis,	galactose	=>	UDP-galactose
M00007_Pentose	phosphate	 pathway,	non-oxidative	phase,	fructose	6P	=>	ribose	5P
M00093_Phosphatidylethanolamine	 (PE)	biosynthesis,	PA	=>	PS	=>	PE
M00001_Glycolysis	(Embden-Meyerhof	 pathway),	glucose	=>	pyruvate
M00003_Gluconeogenesis,	 oxaloacetate	=>	fructose-6P
M00002_Glycolysis,	core	module	involving	three-carbon	compounds
M00793_dTDP-L-rhamnose	 biosynthesis
M00307_Pyruvate	oxidation,	pyruvate	=>	acetyl-CoA
M00549_Nucleotide	sugar	biosynthesis,	glucose	=>	UDP-glucose
M00010_Citrate	cycle,	first	carbon	oxidation,	oxaloacetate	=>	2-oxoglutarate
M00082_Fatty	acid	biosynthesis,	initiation
M00083_Fatty	acid	biosynthesis,	elongation
M00086_beta-Oxidation,	 acyl-CoA	synthesis
M00005_PRPP	biosynthesis,	 ribose	5P	=>	PRPP
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M00804_Complete nitrification, comammox, ammonia => nitrite => nitrate
M00596_Dissimilatory sulfate reduction, sulfate => H2S
M00173_Reductive citrate cycle (Arnon-Buchanan cycle)
M00170_C4-dicarboxylic acid cycle, phosphoenolpyruvate carboxykinase type
M00377_Reductive acetyl-CoA pathway (Wood-Ljungdahl pathway)
M00356_Methanogenesis, methanol => methane
M00422_Acetyl-CoA pathway, CO2 => acetyl-CoA
M00344_Formaldehyde assimilation, xylulose monophosphate pathway
M00531_Assimilatory nitrate reduction, nitrate => ammonia
M00176_Assimilatory sulfate reduction, sulfate => H2S
M00530_Dissimilatory nitrate reduction, nitrate => ammonia
M00166_Reductive pentose phosphate cycle, ribulose-5P => glyceraldehyde-3P
M00172_C4-dicarboxylic acid cycle, NADP - malic enzyme type
M00167_Reductive pentose phosphate cycle, glyceraldehyde-3P => ribulose-5P
M00345_Formaldehyde assimilation, ribulose monophosphate pathway
M00168_CAM (Crassulacean acid metabolism), dark
M00169_CAM (Crassulacean acid metabolism), light
M00579_Phosphate acetyltransferase-acetate kinase pathway, acetyl-CoA => acetate

M00537_Xylene degradation, xylene => methylbenzoate
M00538_Toluene degradation, toluene => benzoate
M00569_Catechol meta-cleavage, catechol => acetyl-CoA / 4-methylcatechol => propanoyl-CoA
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M00425_H/ACA ribonucleoprotein complex
M00352_Spliceosome, U2-snRNP
M00390_Exosome, archaea
M00391_Exosome, eukaryotes
M00340_Proteasome, 20S core particle
M00337_Immunoproteasome
M00380_SCF-BTRC complex
M00261_DNA polymerase alpha / primase complex
M00182_RNA polymerase I, eukaryotes
M00411_SCF-GRR1 complex
M00381_SCF-SKP2 complex
M00407_SCF-CDC4 complex
M00379_SCF-MET30 complex
M00382_SCF-FBS complex
M00387_SCF-FBW7 complex
M00353_Spliceosome, Prp19/CDC5L complex
M00181_RNA polymerase III, eukaryotes
M00406_TREX complex
M00180_RNA polymerase II, eukaryotes
M00430_Exon junction complex (EJC)
M00177_Ribosome, eukaryotes
M00427_Nuclear pore complex
M00400_p97-Ufd1-Npl4 complex
M00403_HRD1/SEL1 ERAD complex
M00354_Spliceosome, U4/U6.U5 tri-snRNP
M00355_Spliceosome, 35S U5-snRNP
M00260_DNA polymerase III complex, bacteria
M00179_Ribosome, archaea
M00394_RNA degradosome
M00183_RNA polymerase, bacteria
M00178_Ribosome, bacteria
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M00185_Sulfate transport sys tem
M00300_Putrescine transport sys tem
M00435_Taurine transport sys tem
M00186_Tungs tate transport sys tem
M00317_Manganese/iron transport sys tem
M00249_Capsular polysaccharide transport sys tem
M00208_Glycine betaine/proline transport sys tem
M00192_Putative thiamine transport sys tem
M00283_PTS sys tem, ascorbate-specific II component
M00198_Putative sn-glycerol-phosphate transport sys tem
M00739_Cationic peptide transport sys tem
M00590_Erythritol transport sys tem
M00306_PTS sys tem, fructose-specific II-like component
M00348_Glutathione transport sys tem
M00253_Sodium transport sys tem
M00230_Glutamate/aspartate transport sys tem
M00277_PTS sys tem, N-acetylgalactosamine-specific II component
M00287_PTS sys tem, galactosamine-specific II component
M00216_Multiple sugar transport sys tem
M00199_L-Arabinose/lactose transport sys tem
M00215_D-Xylose transport sys tem
M00809_PTS sys tem, glucose-specific II component
M00326_RTX toxin transport sys tem
M00571_AlgE-type Mannuronan C-5-Epimerase transport sys tem
M00720_Multidrug res is tance, efflux pump VexEF-TolC
M00821_Multidrug res is tance, efflux pump TriABC-TolC
M00325_alpha-Hemolys in/cyclolys in transport sys tem
M00324_Dipeptide transport sys tem
M00281_PTS sys tem, lactose-specific II component
M00589_Putative lys ine transport sys tem
M00813_Lantibiotic transport sys tem
M00224_Fluoroquinolone transport sys tem
M00822_Multidrug res is tance, efflux pump MexMN-OprM
M00259_Heme transport sys tem
M00305_PTS sys tem, 2-O-A-mannosyl-D-glycerate-specific II component
M00436_Sulfonate transport sys tem
M00211_Putative ABC transport sys tem
M00764_PTS sys tem, fructoselys ine/glucoselys ine-specific II component
M00585_L-Cys tine transport sys tem
M00349_Microcin C transport sys tem
M00599_Inos itol-phosphate transport sys tem
M00280_PTS sys tem, glucitol/sorbitol-specific II component
M00708_Multidrug res is tance, PatAB transporter
M00234_Cystine transport sys tem
M00244_Putative zinc/manganese transport sys tem
M00298_Multidrug/hemolys in transport sys tem
M00275_PTS sys tem, cellobiose-specific II component
M00267_PTS sys tem, N-acetylglucosamine-specific II component
M00274_PTS sys tem, mannitol-specific II component
M00806_PTS sys tem, maltose-specific II component
M00303_PTS sys tem, N-acetylmuramic acid-specific II component
M00272_PTS sys tem, beta-glucos ide (arbutin/salicin/cellobiose)-specific II component
M00268_PTS sys tem, alpha-glucos ide-specific II component
M00266_PTS sys tem, maltose/glucose-specific II component
M00807_PTS sys tem, galactose-specific II component
M00265_PTS sys tem, glucose-specific II component
M00270_PTS sys tem, trehalose-specific II component
M00251_Teichoic acid transport sys tem
M00276_PTS sys tem, mannose-specific II component
M00269_PTS sys tem, sucrose-specific II component
M00193_Putative spermidine/putrescine transport sys tem
M00223_Phosphonate transport sys tem
M00214_Methyl-galactos ide transport sys tem
M00339_RaxAB-RaxC type I secretion system
M00747_Bacitracin transport sys tem
M00593_Inos itol transport sys tem
M00219_AI-2 transport sys tem
M00191_Thiamine transport sys tem
M00330_Adhes in protein transport sys tem
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s M00455_TorS-TorR (TMAO respiration) two-component regulatory system

M00498_NtrY-NtrX (nitrogen regulation) two-component regulatory system
M00695_cAMP signaling
M00723_Cationic antimicrobial peptide (CAMP) resistance,  ethanolaminephosphotransferase EptB
M00767_Multidrug resistance, efflux pump OqxAB
M00452_CusS-CusR (copper tolerance) two-component regulatory system
M00472_NarQ-NarP (nitrate respiration) two-component regulatory system
M00473_UhpB-UhpA (hexose phosphates uptake) two-component regulatory system
M00486_CitA-CitB (citrate fermentation) two-component regulatory system
M00724_Cationic antimicrobial peptide (CAMP) resistance, palmitoyl transferase PagP
M00709_Macrolide resistance, MacAB-TolC transporter
M00475_BarA-UvrY (central carbon metabolism) two-component regulatory system
M00444_PhoQ-PhoP (magnesium transport) two-component regulatory system
M00502_GlrK-GlrR (amino sugar metabolism) two-component regulatory system
M00446_RstB-RstA two-component regulatory system
M00646_Multidrug resistance, efflux pump AcrAD-TolC
M00645_Multidrug resistance, efflux pump SmeABC
M00648_Multidrug resistance, efflux pump MdtABC
M00450_BaeS-BaeR (envelope stress response) two-component regulatory system
M00447_CpxA-CpxR (envelope stress response) two-component regulatory system
M00495_AgrC-AgrA (exoprotein synthesis) two-component regulatory system
M00497_GlnL-GlnG (nitrogen regulation) two-component regulatory system
M00768_Multidrug resistance, efflux pump GesABC
M00743_Aminoglycoside resistance, protease HtpX
M00492_LytS-LytR two-component regulatory system
M00443_SenX3-RegX3 (phosphate starvation response) two-component regulatory system
M00512_CckA-CtrA/CpdR (cell cycle control) two-component regulatory system
M00520_ChvG-ChvI (acidity sensing) two-component regulatory system
M00766_Streptomycin resistance, deactivating enzyme StrAB
M00701_Multidrug resistance, efflux pump EmrAB
M00454_KdpD-KdpE (potassium transport) two-component regulatory system
M00471_NarX-NarL (nitrate respiration) two-component regulatory system
M00453_QseC-QseB (quorum sensing) two-component regulatory system
M00514_TtrS-TtrR (tetrathionate respiration) two-component regulatory system
M00721_Cationic antimicrobial peptide (CAMP) resistance, arnBCADTEF operon
M00451_BasS-BasR (antimicrobial peptide resistance) two-component regulatory system
M00722_Cationic antimicrobial peptide (CAMP) resistance, ethanolaminephosphotransferase EptA
M00499_HydH-HydG (metal tolerance) two-component regulatory system
M00656_VanS-VanR (VanB type vancomycin resistance) two-component regulatory system
M00628_beta-Lactam resistance, AmpC system
M00506_CheA-CheYBV (chemotaxis) two-component regulatory system
M00727_Cationic antimicrobial peptide (CAMP) resistance,  N-acetylmuramoyl-L-alanine amidase 
AmiA and AmiC
M00728_Cationic antimicrobial peptide (CAMP) resistance, envelope protein folding and degrading  
factors DegP and DsbA
M00699_Multidrug resistance, efflux pump AmeABC
M00647_Multidrug resistance, efflux pump AcrAB-TolC/SmeDEF
M00729_Fluoroquinolone resistance, gyrase-protecting protein Qnr
M00459_VicK-VicR (cell wall metabolism) two-component regulatory system
M00657_VanS-VanR (VanE type vancomycin resistance) two-component regulatory system
M00434_PhoR-PhoB (phosphate starvation response) two-component regulatory system
M00519_YesM-YesN two-component regulatory system
M00742_Aminoglycoside resistance, protease FtsH
M00816_NisK-NisR (lantibiotic biosynthesis) two-component regulatory system
M00361_Nucleotide sugar biosynthesis, eukaryotes
M00362_Nucleotide sugar biosynthesis, prokaryotes
M00359_Aminoacyl-tRNA biosynthesis, eukaryotes
M00360_Aminoacyl-tRNA biosynthesis, prokaryotes
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M00229_Arginine transport system
M00232_General L-amino acid transport system
M00205_N-Acetylglucosamine transport system
M00209_Osmoprotectant transport system
M00279_PTS system, galactitol-specific II component
M00194_Maltose/maltodextrin  transport system
M00440_Nickel transport system
M00222_Phosphate transport system
M00228_Putative glutamine transport system
M00245_Cobalt/nickel transport system
M00246_Nickel transport system
M00581_Biotin  transport system
M00197_Putative fructooligosaccharide transport system
M00605_Glucose/mannose transport system
M00206_Cellobiose transport system
M00200_Putative sorbitol/mannitol transport system
M00606_N,N'-Diacetylchitobiose transport system
M00602_Arabinosaccharide transport system
M00491_arabinogalactan oligomer/maltooligosaccharide transport system
M00429_Competence-related DNA transformation transporter
M00707_Multidrug resistance, MdlAB/SmdAB transporter
M00439_Oligopeptide transport system
M00603_Putative aldouronate transport system
M00201_alpha-Glucoside transport system
M00256_Cell division transport system
M00250_Lipopolysaccharide transport system
M00236_Putative polar amino acid transport system
M00582_Energy-coupling factor transport system
M00190_Iron(III) transport system
M00817_Lantibiotic transport system
M00196_Raffinose/stachyose/melibiose transport system
M00212_Ribose transport system
M00255_Lipoprotein-releasing system
M00207_Putative multiple sugar transport system
M00331_Type II general secretion pathway
M00238_D-Methionine transport system
M00336_Twin-arginine translocation (Tat) system
M00320_Lipopolysaccharide export system
M00188_NitT/TauT family transport system
M00247_Putative ABC transport system
M00239_Peptides/nickel transport system
M00669_gamma-Hexachlorocyclohexane transport system
M00210_Phospholipid transport system
M00670_Mce transport system
M00334_Type VI secretion system
M00333_Type IV secretion system
M00189_Molybdate transport system
M00335_Sec (secretion) system
M00299_Spermidine/putrescine transport system
M00240_Iron complex transport system
M00254_ABC-2 type transport system
M00258_Putative ABC transport system
M00273_PTS system, fructose-specific II component
M00242_Zinc transport system
M00237_Branched-chain amino acid transport system
M00221_Putative simple sugar transport system
M00271_PTS system, beta-glucoside-specific II component
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s M00455_TorS-TorR (TMAO respiration) two-component regulatory system

M00498_NtrY-NtrX (nitrogen regulation) two-component regulatory system
M00695_cAMP signaling
M00723_Cationic antimicrobial peptide (CAMP) resistance,  ethanolaminephosphotransferase EptB
M00767_Multidrug resistance, efflux pump OqxAB
M00452_CusS-CusR (copper tolerance) two-component regulatory system
M00472_NarQ-NarP (nitrate respiration) two-component regulatory system
M00473_UhpB-UhpA (hexose phosphates uptake) two-component regulatory system
M00486_CitA-CitB (citrate fermentation) two-component regulatory system
M00724_Cationic antimicrobial peptide (CAMP) resistance, palmitoyl transferase PagP
M00709_Macrolide resistance, MacAB-TolC transporter
M00475_BarA-UvrY (central carbon metabolism) two-component regulatory system
M00444_PhoQ-PhoP (magnesium transport) two-component regulatory system
M00502_GlrK-GlrR (amino sugar metabolism) two-component regulatory system
M00446_RstB-RstA two-component regulatory system
M00646_Multidrug resistance, efflux pump AcrAD-TolC
M00645_Multidrug resistance, efflux pump SmeABC
M00648_Multidrug resistance, efflux pump MdtABC
M00450_BaeS-BaeR (envelope stress response) two-component regulatory system
M00447_CpxA-CpxR (envelope stress response) two-component regulatory system
M00495_AgrC-AgrA (exoprotein synthesis) two-component regulatory system
M00497_GlnL-GlnG (nitrogen regulation) two-component regulatory system
M00768_Multidrug resistance, efflux pump GesABC
M00743_Aminoglycoside resistance, protease HtpX
M00492_LytS-LytR two-component regulatory system
M00443_SenX3-RegX3 (phosphate starvation response) two-component regulatory system
M00512_CckA-CtrA/CpdR (cell cycle control) two-component regulatory system
M00520_ChvG-ChvI (acidity sensing) two-component regulatory system
M00766_Streptomycin resistance, deactivating enzyme StrAB
M00701_Multidrug resistance, efflux pump EmrAB
M00454_KdpD-KdpE (potassium transport) two-component regulatory system
M00471_NarX-NarL (nitrate respiration) two-component regulatory system
M00453_QseC-QseB (quorum sensing) two-component regulatory system
M00514_TtrS-TtrR (tetrathionate respiration) two-component regulatory system
M00721_Cationic antimicrobial peptide (CAMP) resistance, arnBCADTEF operon
M00451_BasS-BasR (antimicrobial peptide resistance) two-component regulatory system
M00722_Cationic antimicrobial peptide (CAMP) resistance, ethanolaminephosphotransferase EptA
M00499_HydH-HydG (metal tolerance) two-component regulatory system
M00656_VanS-VanR (VanB type vancomycin resistance) two-component regulatory system
M00628_beta-Lactam resistance, AmpC system
M00506_CheA-CheYBV (chemotaxis) two-component regulatory system
M00727_Cationic antimicrobial peptide (CAMP) resistance,  N-acetylmuramoyl-L-alanine amidase 
AmiA and AmiC
M00728_Cationic antimicrobial peptide (CAMP) resistance, envelope protein folding and degrading  
factors DegP and DsbA
M00699_Multidrug resistance, efflux pump AmeABC
M00647_Multidrug resistance, efflux pump AcrAB-TolC/SmeDEF
M00729_Fluoroquinolone resistance, gyrase-protecting protein Qnr
M00459_VicK-VicR (cell wall metabolism) two-component regulatory system
M00657_VanS-VanR (VanE type vancomycin resistance) two-component regulatory system
M00434_PhoR-PhoB (phosphate starvation response) two-component regulatory system
M00519_YesM-YesN two-component regulatory system
M00742_Aminoglycoside resistance, protease FtsH
M00816_NisK-NisR (lantibiotic biosynthesis) two-component regulatory system
M00361_Nucleotide sugar biosynthesis, eukaryotes
M00362_Nucleotide sugar biosynthesis, prokaryotes
M00359_Aminoacyl-tRNA biosynthesis, eukaryotes
M00360_Aminoacyl-tRNA biosynthesis, prokaryotes
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es M00455_TorS-TorR (TMAO respiration) two-component regulatory system

M00498_NtrY-NtrX (nitrogen regulation) two-component regulatory system
M00695_cAMP signaling
M00723_Cationic antimicrobial peptide (CAMP) resistance,  ethanolaminephosphotransferase EptB
M00767_Multidrug resistance, efflux pump OqxAB
M00452_CusS-CusR (copper tolerance) two-component regulatory system
M00472_NarQ-NarP (nitrate respiration) two-component regulatory system
M00473_UhpB-UhpA (hexose phosphates uptake) two-component regulatory system
M00486_CitA-CitB (citrate fermentation) two-component regulatory system
M00724_Cationic antimicrobial peptide (CAMP) resistance, palmitoyl transferase PagP
M00709_Macrolide resistance, MacAB-TolC transporter
M00475_BarA-UvrY (central carbon metabolism) two-component regulatory system
M00444_PhoQ-PhoP (magnesium transport) two-component regulatory system
M00502_GlrK-GlrR (amino sugar metabolism) two-component regulatory system
M00446_RstB-RstA two-component regulatory system
M00646_Multidrug resistance, efflux pump AcrAD-TolC
M00645_Multidrug resistance, efflux pump SmeABC
M00648_Multidrug resistance, efflux pump MdtABC
M00450_BaeS-BaeR (envelope stress response) two-component regulatory system
M00447_CpxA-CpxR (envelope stress response) two-component regulatory system
M00495_AgrC-AgrA (exoprotein synthesis) two-component regulatory system
M00497_GlnL-GlnG (nitrogen regulation) two-component regulatory system
M00768_Multidrug resistance, efflux pump GesABC
M00743_Aminoglycoside resistance, protease HtpX
M00492_LytS-LytR two-component regulatory system
M00443_SenX3-RegX3 (phosphate starvation response) two-component regulatory system
M00512_CckA-CtrA/CpdR (cell cycle control) two-component regulatory system
M00520_ChvG-ChvI (acidity sensing) two-component regulatory system
M00766_Streptomycin resistance, deactivating enzyme StrAB
M00701_Multidrug resistance, efflux pump EmrAB
M00454_KdpD-KdpE (potassium transport) two-component regulatory system
M00471_NarX-NarL (nitrate respiration) two-component regulatory system
M00453_QseC-QseB (quorum sensing) two-component regulatory system
M00514_TtrS-TtrR (tetrathionate respiration) two-component regulatory system
M00721_Cationic antimicrobial peptide (CAMP) resistance, arnBCADTEF operon
M00451_BasS-BasR (antimicrobial peptide resistance) two-component regulatory system
M00722_Cationic antimicrobial peptide (CAMP) resistance, ethanolaminephosphotransferase EptA
M00499_HydH-HydG (metal tolerance) two-component regulatory system
M00656_VanS-VanR (VanB type vancomycin resistance) two-component regulatory system
M00628_beta-Lactam resistance, AmpC system
M00506_CheA-CheYBV (chemotaxis) two-component regulatory system
M00727_Cationic antimicrobial peptide (CAMP) resistance,  N-acetylmuramoyl-L-alanine amidase 
AmiA and AmiC
M00728_Cationic antimicrobial peptide (CAMP) resistance, envelope protein folding and degrading  
factors DegP and DsbA
M00699_Multidrug resistance, efflux pump AmeABC
M00647_Multidrug resistance, efflux pump AcrAB-TolC/SmeDEF
M00729_Fluoroquinolone resistance, gyrase-protecting protein Qnr
M00459_VicK-VicR (cell wall metabolism) two-component regulatory system
M00657_VanS-VanR (VanE type vancomycin resistance) two-component regulatory system
M00434_PhoR-PhoB (phosphate starvation response) two-component regulatory system
M00519_YesM-YesN two-component regulatory system
M00742_Aminoglycoside resistance, protease FtsH
M00816_NisK-NisR (lantibiotic biosynthesis) two-component regulatory system
M00361_Nucleotide sugar biosynthesis, eukaryotes
M00362_Nucleotide sugar biosynthesis, prokaryotes
M00359_Aminoacyl-tRNA biosynthesis, eukaryotes
M00360_Aminoacyl-tRNA biosynthesis, prokaryotes
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Figure 3.11  Heatmap split in nine sections showing the distribution and degree of completeness of KEGG 
modules encoded in the gut microbiome of each sample in treated and control groups. Annotated genes that  
were predicted from the WGS reads in each metagenomic sample were assigned functional taxonomy by 
KEGG module analysis. Average-linkage hierarchical clustering of the annotated genes for each category 
(shown on the left of the heatmap) was performed using Euclidean distance measures. The presence and 
completeness of each KEGG module is denoted by a color code, where dark green represents a complete 
module, light green represents a module with one block missing, yellow represents a module with two blocks 
missing and white represents the absence of a module. Each column represents a different metagenomic 
sample. Each row  represents  a  different   KEGG module entry. The information is given for each group in 
chronological order. A complete list of the detected KEGG modules represented in the heatmap is provided 
in Supplementary Table 2. TG1, treated group “one”; TG2, treated group “two”; CTR1, control group “one”; 
CTR2, control group “two”.   
 
 

In particular, the proportion of KEGG orthologue groups involved in several biosynthetic 

pathways and transport systems of metabolic products was reduced in many of the treated 

samples and the general trend observed was a decreased capacity of several samples from 

both treated groups for metabolic and transport functions but no uniform pattern according 

to treatment was observed (Figure 3.11). Genes within Nucleotide and amino acid 

metabolism as well as Carbohydrate and lipid metabolism categories were depleted in 

several samples from treated groups whereas the abundance of the same genes was higher  
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M00745_Imipenem	resistance,	repression	of	porin	OprD

M00744_Cationic	antimicrobial	peptide	(CAMP)	resistance

M00575_Pertussis	pathogenicity	signature	2,	T1SS

M00698_Multidrug	 resistance,	efflux	pump	BpeEF-OprC

M00642_Multidrug	 resistance,	efflux	pump	MexJK-OprM

M00643_Multidrug	 resistance,	efflux	pump	MexXY-OprM

M00697_Multidrug	 resistance,	efflux	pump	MdtEF-TolC

M00700_Multidrug	 resistance,	efflux	pump	AbcA

M00726_Cationic	antimicrobial	peptide	(CAMP)	resistance

M00696_Multidrug	 resistance,	efflux	pump	AcrEF-TolC

M00652_Vancomycin	 resistance,	D-Ala-D-Ser	type

M00651_Vancomycin	 resistance,	D-Ala-D-Lac	type

M00718_Multidrug	 resistance,	efflux	pump	MexAB-OprM

M00627_beta-Lactam	resistance,	Bla system

M00615_Nitrate	assimilation
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Figure 3.12  Heatmap showing distribution of the antibiotic resistance (AR) genes detected within each 
sample (in descending order according to the number of reads mapping to them). The number of reads that 
were assigned to the genes that contribute to AR was increased in the treated samples than in the control, and 

TG1 TG2 CTR1 CTR2
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the AR genes accumulated in the gut microbial population of animals from TG1 were more than those 
accumulated in TG2. Each column of the heatmap represents a different sample. The study samples are 
divided in samples from treated groups “one” (1) and “two” (2) or  control groups “one” (1) and “two” (2) 
with replicates from each group representing different days of sample collection. In particular, the 
information is given for each group in chronological order. Each row represents a different AR entry. A 
complete list of the detected AR genes represented in the heatmap is provided in Supplementary Table 3. 
RPKM = Reads Per Kilobase Mapped. Scores are transformed to a log2 scale and visualized as color gradients 
with white minimum and green maximum. 10% of the highest rpkm value between all the samples was used 
as cutoff. 
 
 

in samples from control groups. In the category of environmental information processing 

a significant percentage of predicted genes coding for antibiotic efflux pumps and 

membrane transport systems in several samples from treated groups were absent while the 

same gene groups were enriched in samples from the control groups. 

 

Regarding antibiotic resistance (AR) phenotypes across samples we observed increased 

representation of few AR genes (Figure 3.12), such as genes coding antibiotic efflux 

pumps, multidrug transporters and regulatory complexes, in treated groups and especially 

in treated group “one” compared to the control groups. The AR phenotype could be related 

to the bacterial community composition, as in treated group “one” an enrichment in 

organisms such as E. coli was observed and the AR genes that contribute predominantly to 

the AR reservoir of samples from treated group “one” are encoded by these organisms. 

 

Overall, according to the present data we could not associate functional gene profiles of 

the intestinal microbiota with protection against Cryptosporidium infection or modulation 

of the parasite proliferation. 
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CHAPTER 4.  DISCUSSION 

 

4.1 Cross-Talk between Commensal Microorganisms and Cryptosporidium parvum  

It has been shown that that infection of mice with C. parvum alters the composition of the 

intestinal microbiota72. This can be attributed to the ability of the parasite to perturb the 

barrier function of the gut epithelial cells and induce inflammation. Inflammatory 

conditions in the gut are known to cause a shift of microbiota composition and allow 

pathogenic microorganisms to outcompete commensal microbes that live in the mucosal 

surfaces of the gut and therefore occupy the same niche with Cryptosporidium7374. 

Pathogenic bacteria that carry specific AMR genes can overgrow at the expense of 

commensals due to their resistance against antimicrobial compounds that are produced 

during inflammation and their ability to utilize compounds whose generation is induced in 

inflammatory situations for their own growth over other microbes757476.  However, little is 

known about the reverse effect of the gut microbiota on the proliferation of the parasite. 

There is growing body of evidence that commensal microorganisms that colonize the 

mucosal surfaces of the gut interact with the epithelial cell functions and proliferation and 

release metabolic products that have antimicrobial properties thus limit the overgrowth of 

pathogenic microorganisms77. Commensal bacteria compete with pathogens for binding 

sites on the mucosal surface of the intestine and influence the pH conditions in the gut64. 

Therefore, by doing so, they affect the viability of the pathogens and their ability to 

colonize this niche78. With regards to Cryptosporidium, studies that have been conducted 

so far studying the impact of the gut flora on Cryptosporidium multiplication have showed 
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a protective effect of the normal flora and some specific probiotic strains against 

Cryptosporidium establishment in the epithelial cell lining of the gut27,29–31,33,79.  

 

4.2 Modulation of oocyst output in mice infected with Cryptosporidium parvum 

according to antibiotic treatment 

In this study, it was shown that an antibiotic-induced shift in microbiota composition in 

mice that were subsequently infected with Cryptosporidium parvum was associated with 

changes in the intensity of cryptosporidiosis (Figure 3.1). However, those shifts in the 

populations of bacteria in the gut were not uniform as each treated group turned out to 

harbor a different microbial signature and these differences in the gut microbial 

composition of the animals between the two treated groups were associated with different 

parasite loads. In Figures 3.1 and 3.2 we can observe that the levels of oocyst shedding in 

treated group “two” were significantly high compared to all the other groups, reaching a 

peak of 1.1 x 106 oocysts per gram of feces compared to levels as low as 1-4 x 105 oocysts 

per gram of feces for the control groups and treated group “one”. This indicates that the 

microbial signature of animals from treated group “two” possibly favors Cryptosporidium 

parvum proliferation. Therefore, the next step in the study was to analyze the composition 

of the microbial communities in the mouse gut and test the hypothesis that the native gut 

microbiota of mice from treated group “two” shifted towards a higher proportion of 

bacteria that positively correlate in abundance with the severity of cryptosporidiosis. In the 

same fashion, mice that did not receive any antibiotic treatment developed less severe 

disease in terms of parasite multiplication compared to treated group “two”, therefore, their 

microbial flora might correlate negatively in abundance with the severity of 
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cryptosporidiosis. An interesting feature is that mice in treated group “one” that developed 

a mild disease in terms of oocyst output compared to treated group “two” had also slightly 

lower oocyst output than both the control groups in most days that fecal samples were 

collected. This postulates that the microbial populations that inhabit the gut of animals of 

treated group “one” might possess some properties that reflect a possible protective role of 

these microorganisms against Cryptosporidium infection and this hypothesis was further 

tested, as discussed in the following paragraphs, through analysis of the composition and 

functional potential of the fecal bacterial communities in samples from each individual 

group. 

 

4.3 Analysis of the association between differentially abundant gut bacterial genera 

and species in treated or control groups of mice infected with Cryptosporidium parvum 

and the severity of cryptosporidiosis 

Analysis of the microbial signatures of each individual group based on taxonomic 

assignments from 16S rRNA gene sequencing and WGS reads generated using mothur52 

and Centrifuge57 showed a possible link between the composition of the gut flora and the 

proliferation of Cryptosporidium parvum in infected animals. Initially, the administration 

of a combination of the antibiotics bacitracin and vancomycin in the first week of the 

experiment in mice belonging to the treated groups had as a result a shift of the naturally 

colonized microflora towards the overgrowth of members of the Bacteroidaceae family. 

This comes in agreement with studies reporting a link between the administration of 

antibiotics and the manifestation of dysbiosis in the gut80–82 as well as with studies showing 

that some species of the Bacteroidaceae family are tolerant to bacitracin and 
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vancomycin8384. After alteration of the treatment from a combination of these two 

antibiotics to bacitracin only, Bacteroides was found to be the most common group in 

treated group “two” that was associated with high oocyst output, while species of the 

Enterobacteriaceae family were markedly increased in treated group “one” which was 

associated with low oocyst output. In particular, Bacteroides thetaiotaomicron and other 

species of Bacteroides were more prevalent in treated group “two”, which is consistent 

with Cryptosporidium infectivity studies with volunteers reporting a greater abundance of 

Bacteriodetes in individuals infected with Cryptosporidium compared to the uninfected 

group of volunteers85. Surprisingly, the same antibiotic treatment that was employed in 

both treated groups led to different outcomes in treated group “one” compared to treated 

group “two”. In particular, the treatment increased the abundance of Enterobacteriaceae 

family, including E. coli, Shigella spp, and Proteus spp in treated group “one”. The drastic 

expansion of the Enterobacteriaceae family after therapy is also consistent with studies on 

the effect of vancomycin and bacitracin on the intestinal microbiota, as some of them 

reported significant increase in Shigella, Escherichia and other genera of the Proteobacteria 

group after antibiotic treatment8682. However, the putative protective effect of the gut 

microbial population belonging to group “one” against Cryptosporidium needs to be further 

exploited. Furthermore, in the volunteer Cryptosporidium infectivity studies mentioned 

above the abundance of Proteobacteria was greater in the uninfected group and lower in 

the infected group of volunteers. This study suggested that Proteobacteria and especially 

E. coli and Bacillus sp. that belong to Proteobacteria and Firmicutes respectively were 

associated with protection against Cryptosporidium infection. The authors postulated that 

E. coli and Bacillus sp. exert their modulatory effect on the parasite through the production 
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of indole and the possible –but yet to be tested- subsequent interaction of this compound 

directly with the parasite or indirectly with other microorganisms inhabiting the gut85. In 

the same fashion, another study reported that gut microbiota belonging to the phyla 

Firmicutes and Proteobacteria but not Bacteroidetes, are essential regulators of 

Cryptosporidium infection as they take part in the protective mechanism against the 

parasite induced by poly(I:C) which is used as an immunostimulant8788. However, some 

other studies have shown that Proteobacteria are enriched during intestinal inflammation 

in the presence of a damaged mucosa and especially Shigella sp., which was found to be 

abundant in samples coming from treated group “one” that developed a mild 

Cryptosporidium infection, can give rise to necrotic epithelial cells89. If the number of 

necrotic epithelial cells exceeds a limit the infectious process of several pathogens could 

be hindered9089. In order to test this hypothesis information on the integrity of the mucosal 

layer in the gut epithelium during infection should be taken into account, so that a low 

oocyst output could be attributed to the presence of a severely damaged gut epithelium that 

does not allow the infectious process to occur90.  

 

With regards to groups that did not receive antibiotic treatment, some of the most common 

species that were identified in the feces of mice belonging to the control groups were 

species of the Bacteroidaceae family, such as Bacteroides spp and Parabacteroides spp as 

well as species belonging to Firmicutes, such as Lachnoclostridium spp. and 

Ruminiclostridium spp. Bacteroides xylanisolvens  is a probiotic strain inhabiting the gut 

and several Parabacteroides species are considered to be commensal microorganisms91. 

The presence in high abundance of such commensal microorganisms in mice belonging to 
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the control groups is characteristic of an intact gut microflora92. There is sufficient evidence 

that a normal gut flora protects against Cryptosporidium infection therefore the presence 

of commensals living in the mucosal surface of the gut of mice from both the control groups 

that were infected with Cryptosporidium may be significantly associated with the low 

oocyst output observed in these animals by means of a protective role of the commensal 

microbiota against the establishment of the parasite93. 

 

4.4 Analysis of the alpha and beta diversity metrics in treated or control groups of 

mice infected with Cryptosporidium parvum  

Analysis of the alpha diversity in samples from control and treated groups involved the 

generation of a rarefaction curve which indicated that the sequencing depth was sufficient 

to represent the species constituting the metagenomes of each sample. Determination of 

the species richness of each sample by use of Chao1 and ACE estimators indicated that the 

number of species in samples representing both the treated groups was significantly lower 

than the number of species in samples from animals that were not treated with antibiotics. 

In the same fashion, treated groups exhibited a significant decrease in gut microbial 

diversity compared to control groups. This observation is in agreement with studies that 

show how antibiotic administration decreases the richness and the diversity of the 

microbial communities in the gut9495. 

 

Analysis of the beta diversity in samples from treated and control groups revealed a 

statistically significant segregation of microbiota profiles in treated and control animals 

(Figure 3.8), however microbiota profiles of treated group “one” that was associated with 
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low oocyst output were further separated into a distinct cluster consisting of just one point 

in the PCA plot. This clustering resembles the unique gut microbial composition that these 

samples possess that is significantly different than the microbiota profiles of treated group 

“two” as well as both the control groups. As it is shown in Figures 3.3 and 3.4 these samples 

are highly enriched in species of the Enterobacteriaceae family as well as some species 

belonging to Firmicutes. 

 

4.5 Impact of antibiotic treatment on the functional potential of the mouse fecal 

microbial communities  

As described in paragraph 3.6, the functional potential of the fecal microbial communities 

was determined in order to investigate whether any significant changes in the relative 

abundance of functional genes within the several KO categories can be observed among 

the samples. The fluctuations observed in several of the samples from the treated groups in 

terms of depletion of a large variety of functional groups could be explained on the basis 

of predominance of some microorganisms in those samples and the decrease in the 

diversity of the microbial community. A decrease in the biodiversity of the communities 

could be characteristic of a less diverse gene pool, as the antibiotic-induced depletion of 

microorganisms that carry the specific functional characteristic in their genetic makeup has 

as a result the depletion of some functional gene groups from the community gene pool. 

Therefore, the proportions of some gene groups in the community gene pool could be 

decreased if those functional groups were not an intrinsic characteristic of the organisms 

that dominated after the treatment. However, the contribution of other species that may be 
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enriched after treatment could compensate for the loss of functional potential in the 

microbial community. 

 
 
4.6 Concluding Remarks and Recommendations for Future Research 

The findings of this study highlight the importance of the analysis of the putative interplay 

between the parasite and the host associated microbial populations that inhabit the gut. The 

research reported in this thesis has revealed some interesting results regarding the possible 

association of specific microbial taxa with the severity of cryptosporidiosis. However, 

replicate experiments should be conducted to ensure a reliable interpretation of the 

experimental data presented in this thesis. According to the results of this study, the 

presence in high abundance of microorganisms belonging to the Enterobacteriaceae family 

was associated with low levels of infection while high abundance of microorganisms 

belonging to the Bacteroidaceae family was associated with high parasite load. Probiotic 

species, such as Lactobacillus sp., which are known to exert a protective effect against the 

proliferation of the parasite28-32 were also identified in groups of animals that exhibited 

significantly low parasite loads. The 16S rRNA gene sequencing and the WGS approach 

that have been described in this thesis have provided information on the OTUs present and 

their relative abundances in each fecal microbial community in the samples analyzed.  

WGS analysis allowed us to obtain an improved taxonomic classification of the 

microorganisms as well as the profiling of the several microbial communities at a 

functional level. The metagenomic data acquired by this approach were compared to 

reference genomes and antibiotic resistance gene catalogs and functional assessment of the 

microbiota as described in paragraph 3.6 was performed. However, the data that were 
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generated in the present study were not conclusive in terms of any possible therapeutic 

potential of the gut microbiota against cryptosporidiosis. 

 

With regard to future work that could be benefited by the findings of this thesis it could be 

proposed that the identification of possible mechanisms of interaction between the parasite 

and the gut microbiota could be the focus of future studies. Manipulating the microbiota to 

confirm a causal relationship between Cryptosporidium infection and the microbial 

communities would further support advancement of knowledge towards the interactions of 

the intestinal ecosystem and the parasite. What is more, the potential to prevent infection 

by the parasite can be exploited by developing techniques to test different combinations of 

putatively protective microorganisms or microbial compounds in terms of their 

effectiveness against the parasite.  The long-term goal of this approach would be to 

translate the findings of this research into alternative treatment measures by the use of 

probiotics, to mitigate the severity of the disease. 
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SUPPLEMENTARY INFORMATION 
 
SUPPLEMENTARY TABLE 1. List of all detected species represented in Figure 3.4 after 
analysis of WGS data using the Centrifuge classifier57. 
 
Escherichia	coli	 Bifidobacterium	pseudolongum	PV8-2	
Bacteroides	sp.	I48	 Bacteroides	salanitronis	DSM	18170	
Bacteroides	thetaiotaomicron	VPI-5482	 uncultured	bacterium	BAC10G6	
Bacteroides	thetaiotaomicron	 Candidatus	Arthromitus	sp.	SFB-mouse-Japan	
Parabacteroides	sp.	YL27	 Bacteroides	vulgatus	ATCC	8482	
Proteus	mirabilis	 [Clostridium]	cf.	saccharolyticum	K10	
Bacteroides	xylanisolvens	XB1A	 Erysipelotrichaceae	bacterium	I46	
Proteus	mirabilis	HI4320	 Blautia	obeum	A2-162	 	
uncultured	bacterium	 Escherichia	coli	ATCC	25922	
Proteus	mirabilis	BB2000	 Odoribacter	splanchnicus	DSM	20712	
Lachnoclostridium	sp.	YL32	 Lactobacillus	johnsonii	NCC	533	
Ruminiclostridium	sp.	KB18	 Oscillibacter	valericigenes	Sjm18-20	
Proteus	vulgaris	 Candidatus	Arthromitus	sp.	SFB-mouse-NL	
Bacteroides	ovatus	 Faecalibacterium	prausnitzii	SL3/3	
Bacteroides	ovatus	V975	 [Enterobacter]	aerogenes	 	
Citrobacter	rodentium	ICC168	 Ruminococcus	torques	L2-14	
Bacteroides	dorei	 Salmonella	enterica	 	
Shigella	sonnei	 Roseburia	intestinalis	M50/1	
Shigella	sp.	PAMC	28760	 Roseburia	intestinalis	XB6B4	
Escherichia	coli	LF82	 Citrobacter	koseri	 	
Escherichia	coli	O83:H1	str.	NRG	857C	 butyrate-producing	bacterium	SS3/4	
Bacteroides	fragilis	 Bifidobacterium	animalis	subsp.	animalis	ATCC	25527	
Shigella	flexneri	 Bacteroides	 	  
Faecalibaculum	rodentium	 Citrobacter	koseri	ATCC	BAA-895	
Alistipes	shahii	WAL	8301	 Faecalibacterium	prausnitzii	L2-6	
Bacteroides	dorei	CL03T12C01	 Lactobacillus	johnsonii	N6.2	
Flavonifractor	plautii	 Bacteroides	helcogenes	P	36-108	
Shigella	boydii	 Shigella	dysenteriae	1	 	
Bacteroides	vulgatus	 Shigella	sonnei	53G	 	
Escherichia	coli	ED1a	 Shigella	 	  
Alistipes	finegoldii	DSM	17242	 Shigella	dysenteriae	 	
Ruminococcus	bromii	L2-63	 Coprococcus	catus	GD/7	 	
Escherichia	albertii	 Prevotella	dentalis	DSM	3688	
Shigella	dysenteriae	Sd197	 butyrate-producing	bacterium	SM4/1	
Barnesiella	viscericola	DSM	18177	 uncultured	bacterium	BAC25G1	
Klebsiella	pneumoniae	 Klebsiella	pneumoniae	subsp.	pneumoniae	
Shigella	dysenteriae	1617	 Barnesiella	viscericola	 	
Lactobacillus	reuteri	 Bacteroides	fragilis	638R	 	
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Shigella	boydii	CDC	3083-94	 Lactobacillus	johnsonii	 	
Bacteroides	fragilis	NCTC	9343	 [Clostridium]	saccharolyticum	WM1	
Bacteroides	cellulosilyticus	 Enterococcus	faecalis	V583	
Shigella	boydii	Sb227	 Coprococcus	sp.	ART55/1	 	
Roseburia	hominis	A2-183	 Shigella	sonnei	Ss046	 	
Intestinimonas	butyriciproducens	 Ruminococcus	sp.	SR1/5	 	
Escherichia	fergusonii	ATCC	35469	 [Eubacterium	rectale]	ATCC	33656	
Escherichia	coli	O127:H6	str.	E2348/69	 Ornithobacterium	rhinotracheale	ORT-UMN	88	
Lactobacillus	reuteri	TD1	 Escherichia	coli	UM146	 	
Blautia	sp.	YL58	 Escherichia	coli	SMS-3-5	 	
Candidatus	Arthromitus		 Clostridioides	difficile	 	
Escherichia	coli	536	 Lactobacillus	johnsonii	DPC	6026	

 
 
 
SUPPLEMENTARY TABLE 2. List of all detected KEGG modules represented in the heatmap in Figure 
3.11 after KEGG module analysis of the annotated genes that were predicted from the WGS reads in  each 
metagenomic sample. 
 
M00538_Toluene	degradation,	toluene	=>	benzoate	
M00537_Xylene	degradation,	xylene	=>	methylbenzoate	

M00804_Complete	nitrification,	comammox,	ammonia	=>	nitrite	=>	nitrate	

M00352_Spliceosome,	U2-snRNP	
M00390_Exosome,	archaea	

M00391_Exosome,	eukaryotes	

M00151_Cytochrome	bc1	complex	respiratory	unit	
M00152_Cytochrome	bc1	complex	

M00745_Imipenem	resistance,	repression	of	porin	OprD	

M00366_C10-C20	isoprenoid	biosynthesis,	plants	
M00767_Multidrug	resistance,	efflux	pump	OqxAB	

M00367_C10-C20	isoprenoid	biosynthesis,	non-plant	eukaryotes	

M00723_Cationic	antimicrobial	peptide	(CAMP)	resistance,	ethanolaminephosphotransferase	EptB	
M00117_Ubiquinone	biosynthesis,	prokaryotes,	chorismate	=>	ubiquinone	

M00695_cAMP	signaling	

M00317_Manganese/iron	transport	system	
M00249_Capsular	polysaccharide	transport	system	

M00283_PTS	system,	ascorbate-specific	II	component	

M00552_D-galactonate	degradation,	De	Ley-Doudoroff	pathway,	D-galactonate	=>	glycerate-3P	
M00739_Cationic	peptide	transport	system	
M00761_Undecaprenylphosphate	alpha-L-Ara4N	biosynthesis,	UDP-GlcA	=>	undecaprenyl	phosphate	
alpha-L-Ara4N	

M00261_DNA	polymerase	alpha	/	primase	complex	
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M00435_Taurine	transport	system	
M00382_SCF-FBS	complex	

M00300_Putrescine	transport	system	

M00381_SCF-SKP2	complex	
M00185_Sulfate	transport	system	

M00380_SCF-BTRC	complex	

M00337_Immunoproteasome	
M00473_UhpB-UhpA	(hexose	phosphates	uptake)	two-component	regulatory	system	

M00198_Putative	sn-glycerol-phosphate	transport	system	

M00208_Glycine	betaine/proline	transport	system	
M00407_SCF-CDC4	complex	

M00411_SCF-GRR1	complex	

M00472_NarQ-NarP	(nitrate	respiration)	two-component	regulatory	system	
M00387_SCF-FBW7	complex	

M00486_CitA-CitB	(citrate	fermentation)	two-component	regulatory	system	

M00182_RNA	polymerase	I,	eukaryotes	
M00192_Putative	thiamine	transport	system	

M00340_Proteasome,	20S	core	particle	

M00379_SCF-MET30	complex	
M00590_Erythritol	transport	system	

M00452_CusS-CusR	(copper	tolerance)	two-component	regulatory	system	

M00365_C10-C20	isoprenoid	biosynthesis,	archaea	
M00186_Tungstate	transport	system	

M00306_PTS	system,	fructose-specific	II-like	component	

M00645_Multidrug	resistance,	efflux	pump	SmeABC	
M00648_Multidrug	resistance,	efflux	pump	MdtABC	

M00077_Chondroitin	sulfate	degradation	

M00646_Multidrug	resistance,	efflux	pump	AcrAD-TolC	
M00064_ADP-L-glycero-D-manno-heptose	biosynthesis	

M00450_BaeS-BaeR	(envelope	stress	response)	two-component	regulatory	system	

M00173_Reductive	citrate	cycle	(Arnon-Buchanan	cycle)	
M00575_Pertussis	pathogenicity	signature	2,	T1SS	

M00181_RNA	polymerase	III,	eukaryotes	

M00118_Glutathione	biosynthesis,	glutamate	=>	glutathione	
M00180_RNA	polymerase	II,	eukaryotes	

M00353_Spliceosome,	Prp19/CDC5L	complex	

M00406_TREX	complex	
M00497_GlnL-GlnG	(nitrogen	regulation)	two-component	regulatory	system	

M00085_Fatty	acid	biosynthesis,	elongation,	mitochondria	
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M00277_PTS	system,	N-acetylgalactosamine-specific	II	component	
M00287_PTS	system,	galactosamine-specific	II	component	

M00446_RstB-RstA	two-component	regulatory	system	

M00216_Multiple	sugar	transport	system	
M00447_CpxA-CpxR	(envelope	stress	response)	two-component	regulatory	system	

M00596_Dissimilatory	sulfate	reduction,	sulfate	=>	H2S	

M00253_Sodium	transport	system	
M00142_NADH:ubiquinone	oxidoreductase,	mitochondria	

M00425_H/ACA	ribonucleoprotein	complex	

M00348_Glutathione	transport	system	
M00455_TorS-TorR	(TMAO	respiration)	two-component	regulatory	system	

M00498_NtrY-NtrX	(nitrogen	regulation)	two-component	regulatory	system	

M00709_Macrolide	resistance,	MacAB-TolC	transporter	
M00724_Cationic	antimicrobial	peptide	(CAMP)	resistance,	palmitoyl	transferase	PagP	

M00744_Cationic	antimicrobial	peptide	(CAMP)	resistance,	protease	PgtE	

M00230_Glutamate/aspartate	transport	system	
M00475_BarA-UvrY	(central	carbon	metabolism)	two-component	regulatory	system	

M00444_PhoQ-PhoP	(magnesium	transport)	two-component	regulatory	system	

M00502_GlrK-GlrR	(amino	sugar	metabolism)	two-component	regulatory	system	
M00199_L-Arabinose/lactose	transport	system	

M00495_AgrC-AgrA	(exoprotein	synthesis)	two-component	regulatory	system	

M00555_Betaine	biosynthesis,	choline	=>	betaine	
M00569_Catechol	meta-cleavage,	catechol	=>	acetyl-CoA	/	4-methylcatechol	=>	propanoyl-CoA	

M00698_Multidrug	resistance,	efflux	pump	BpeEF-OprC	

M00088_Ketone	body	biosynthesis,	acetyl-CoA	=>	acetoacetate/3-hydroxybutyrate/acetone	
M00377_Reductive	acetyl-CoA	pathway	(Wood-Ljungdahl	pathway)	

M00356_Methanogenesis,	methanol	=>	methane	

M00422_Acetyl-CoA	pathway,	CO2	=>	acetyl-CoA	
M00033_Ectoine	biosynthesis,	aspartate	=>	ectoine	

M00215_D-Xylose	transport	system	

M00124_Pyridoxal	biosynthesis,	erythrose-4P	=>	pyridoxal-5P	
M00170_C4-dicarboxylic	acid	cycle,	phosphoenolpyruvate	carboxykinase	type	

M00281_PTS	system,	lactose-specific	II	component	

M00324_Dipeptide	transport	system	
M00572_Pimeloyl-ACP	biosynthesis,	BioC-BioH	pathway,	malonyl-ACP	=>	pimeloyl-ACP	

M00121_Heme	biosynthesis,	glutamate	=>	protoheme/siroheme	

M00436_Sulfonate	transport	system	
M00344_Formaldehyde	assimilation,	xylulose	monophosphate	pathway	

M00743_Aminoglycoside	resistance,	protease	HtpX	
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M00642_Multidrug	resistance,	efflux	pump	MexJK-OprM	
M00643_Multidrug	resistance,	efflux	pump	MexXY-OprM	

M00768_Multidrug	resistance,	efflux	pump	GesABC	

M00822_Multidrug	resistance,	efflux	pump	MexMN-OprM	
M00259_Heme	transport	system	

M00305_PTS	system,	2-O-A-mannosyl-D-glycerate-specific	II	component	

M00211_Putative	ABC	transport	system	
M00520_ChvG-ChvI	(acidity	sensing)	two-component	regulatory	system	

M00764_PTS	system,	fructoselysine/glucoselysine-specific	II	component	

M00700_Multidrug	resistance,	efflux	pump	AbcA	
M00726_Cationic	antimicrobial	peptide	(CAMP)	resistance,	lysyl-phosphatidylglycerol	(L-PG)	synthase	
MprF	
M00512_CckA-CtrA/CpdR	(cell	cycle	control)	two-component	regulatory	system	

M00349_Microcin	C	transport	system	

M00029_Urea	cycle	
M00492_LytS-LytR	two-component	regulatory	system	

M00443_SenX3-RegX3	(phosphate	starvation	response)	two-component	regulatory	system	

M00430_Exon	junction	complex	(EJC)	
M00177_Ribosome,	eukaryotes	

M00008_Entner-Doudoroff	pathway,	glucose-6P	=>	glyceraldehyde-3P	+	pyruvate	

M00525_Lysine	biosynthesis,	acetyl-DAP	pathway,	aspartate	=>	lysine	
M00280_PTS	system,	glucitol/sorbitol-specific	II	component	

M00708_Multidrug	resistance,	PatAB	transporter	

M00234_Cystine	transport	system	
M00244_Putative	zinc/manganese	transport	system	

M00004_Pentose	phosphate	pathway	(Pentose	phosphate	cycle)	

M00006_Pentose	phosphate	pathway,	oxidative	phase,	glucose	6P	=>	ribulose	5P	
M00531_Assimilatory	nitrate	reduction,	nitrate	=>	ammonia	

M00454_KdpD-KdpE	(potassium	transport)	two-component	regulatory	system	

M00133_Polyamine	biosynthesis,	arginine	=>	agmatine	=>	putrescine	=>	spermidine	
M00593_Inositol	transport	system	

M00766_Streptomycin	resistance,	deactivating	enzyme	StrAB	

M00309_Non-phosphorylative	Entner-Doudoroff	pathway,	gluconate/galactonate	=>	glycerate	
M00354_Spliceosome,	U4/U6.U5	tri-snRNP	

M00156_Cytochrome	c	oxidase,	cbb3-type	

M00701_Multidrug	resistance,	efflux	pump	EmrAB	
M00191_Thiamine	transport	system	

M00471_NarX-NarL	(nitrate	respiration)	two-component	regulatory	system	

M00615_Nitrate	assimilation	
M00514_TtrS-TtrR	(tetrathionate	respiration)	two-component	regulatory	system	
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M00355_Spliceosome,	35S	U5-snRNP	
M00232_General	L-amino	acid	transport	system	

M00205_N-Acetylglucosamine	transport	system	

M00158_F-type	ATPase,	eukaryotes	
M00267_PTS	system,	N-acetylglucosamine-specific	II	component	

M00809_PTS	system,	glucose-specific	II	component	

M00274_PTS	system,	mannitol-specific	II	component	
M00400_p97-Ufd1-Npl4	complex	

M00403_HRD1/SEL1	ERAD	complex	

M00585_L-Cystine	transport	system	
M00453_QseC-QseB	(quorum	sensing)	two-component	regulatory	system	

M00427_Nuclear	pore	complex	

M00268_PTS	system,	alpha-glucoside-specific	II	component	
M00303_PTS	system,	N-acetylmuramic	acid-specific	II	component	

M00272_PTS	system,	beta-glucoside	(arbutin/salicin/cellobiose)-specific	II	component	

M00806_PTS	system,	maltose-specific	II	component	
M00266_PTS	system,	maltose/glucose-specific	II	component	

M00807_PTS	system,	galactose-specific	II	component	

M00265_PTS	system,	glucose-specific	II	component	
M00270_PTS	system,	trehalose-specific	II	component	

M00251_Teichoic	acid	transport	system	

M00696_Multidrug	resistance,	efflux	pump	AcrEF-TolC	
M00023_Tryptophan	biosynthesis,	chorismate	=>	tryptophan	

M00087_beta-Oxidation	

M00506_CheA-CheYBV	(chemotaxis)	two-component	regulatory	system	
M00223_Phosphonate	transport	system	

M00060_Lipopolysaccharide	biosynthesis,	KDO2-lipid	A	

M00224_Fluoroquinolone	transport	system	
M00573_Biotin	biosynthesis,	BioI	pathway,	long-chain-acyl-ACP	=>	pimeloyl-ACP	=>	biotin	

M00577_Biotin	biosynthesis,	BioW	pathway,	pimelate	=>	pimeloyl-CoA	=>	biotin	

M00697_Multidrug	resistance,	efflux	pump	MdtEF-TolC	
M00326_RTX	toxin	transport	system	

M00720_Multidrug	resistance,	efflux	pump	VexEF-TolC	

M00571_AlgE-type	Mannuronan	C-5-Epimerase	transport	system	
M00821_Multidrug	resistance,	efflux	pump	TriABC-TolC	

M00325_alpha-Hemolysin/cyclolysin	transport	system	

M00589_Putative	lysine	transport	system	
M00813_Lantibiotic	transport	system	

M00599_Inositol-phosphate	transport	system	
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M00122_Cobalamin	biosynthesis,	cobinamide	=>	cobalamin	
M00040_Tyrosine	biosynthesis,	prephanate	=>	pretyrosine	=>	tyrosine	

M00298_Multidrug/hemolysin	transport	system	

M00275_PTS	system,	cellobiose-specific	II	component	
M00580_Pentose	phosphate	pathway,	archaea,	fructose	6P	=>	ribose	5P	

M00136_GABA	biosynthesis,	prokaryotes,	putrescine	=>	GABA	

M00628_beta-Lactam	resistance,	AmpC	system	
M00089_Triacylglycerol	biosynthesis	

M00652_Vancomycin	resistance,	D-Ala-D-Ser	type	

M00046_Pyrimidine	degradation,	uracil	=>	beta-alanine,	thymine	=>	3-aminoisobutanoate	
M00045_Histidine	degradation,	histidine	=>	N-formiminoglutamate	=>	glutamate	

M00125_Riboflavin	biosynthesis,	GTP	=>	riboflavin/FMN/FAD	

M00053_Pyrimidine	deoxyribonuleotide	biosynthesis,	CDP/CTP	=>	dCDP/dCTP,	dTDP/dTTP	
M00017_Methionine	biosynthesis,	apartate	=>	homoserine	=>	methionine	

M00115_NAD	biosynthesis,	aspartate	=>	NAD	

M00193_Putative	spermidine/putrescine	transport	system	
M00135_GABA	biosynthesis,	eukaryotes,	putrescine	=>	GABA	

M00096_C5	isoprenoid	biosynthesis,	non-mevalonate	pathway	

M00339_RaxAB-RaxC	type	I	secretion	system	
M00219_AI-2	transport	system	

M00361_Nucleotide	sugar	biosynthesis,	eukaryotes	

M00009_Citrate	cycle	(TCA	cycle,	Krebs	cycle)	
M00011_Citrate	cycle,	second	carbon	oxidation,	2-oxoglutarate	=>	oxaloacetate	

M00063_CMP-KDO	biosynthesis	

M00228_Putative	glutamine	transport	system	
M00026_Histidine	biosynthesis,	PRPP	=>	histidine	

M00656_VanS-VanR	(VanB	type	vancomycin	resistance)	two-component	regulatory	system	

M00276_PTS	system,	mannose-specific	II	component	
M00269_PTS	system,	sucrose-specific	II	component	

M00214_Methyl-galactoside	transport	system	

M00747_Bacitracin	transport	system	
M00176_Assimilatory	sulfate	reduction,	sulfate	=>	H2S	

M00565_Trehalose	biosynthesis,	D-glucose	1P	=>	trehalose	

M00651_Vancomycin	resistance,	D-Ala-D-Lac	type	
M00012_Glyoxylate	cycle	

M00166_Reductive	pentose	phosphate	cycle,	ribulose-5P	=>	glyceraldehyde-3P	
M00728_Cationic	antimicrobial	peptide	(CAMP)	resistance,	envelope	protein	folding	and	degrading	
factors	DegP	and	DsbA	

M00530_Dissimilatory	nitrate	reduction,	nitrate	=>	ammonia	
M00699_Multidrug	resistance,	efflux	pump	AmeABC	
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M00718_Multidrug	resistance,	efflux	pump	MexAB-OprM	
M00647_Multidrug	resistance,	efflux	pump	AcrAB-TolC/SmeDEF	

M00330_Adhesin	protein	transport	system	

M00627_beta-Lactam	resistance,	Bla	system	
M00817_Lantibiotic	transport	system	

M00229_Arginine	transport	system	

M00741_Propanoyl-CoA	metabolism,	propanoyl-CoA	=>	succinyl-CoA	
M00440_Nickel	transport	system	

M00119_Pantothenate	biosynthesis,	valine/L-aspartate	=>	pantothenate	

M00061_D-Glucuronate	degradation,	D-glucuronate	=>	pyruvate	+	D-glyceraldehyde	3P	
M00631_D-Galacturonate	degradation	(bacteria),	D-galacturonate	=>	pyruvate	+	D-glyceraldehyde	3P	

M00255_Lipoprotein-releasing	system	

M00168_CAM	(Crassulacean	acid	metabolism),	dark	
M00570_Isoleucine	biosynthesis,	threonine	=>	2-oxobutanoate	=>	isoleucine	

M00019_Valine/isoleucine	biosynthesis,	pyruvate	=>	valine	/	2-oxobutanoate	=>	isoleucine	

M00126_Tetrahydrofolate	biosynthesis,	GTP	=>	THF	
M00051_Uridine	monophosphate	biosynthesis,	glutamine	(+	PRPP)	=>	UMP	

M00127_Thiamine	biosynthesis,	AIR	=>	thiamine-P/thiamine-2P	

M00245_Cobalt/nickel	transport	system	
M00246_Nickel	transport	system	

M00581_Biotin	transport	system	

M00035_Methionine	degradation	
M00167_Reductive	pentose	phosphate	cycle,	glyceraldehyde-3P	=>	ribulose-5P	

M00429_Competence-related	DNA	transformation	transporter	

M00016_Lysine	biosynthesis,	succinyl-DAP	pathway,	aspartate	=>	lysine	
M00200_Putative	sorbitol/mannitol	transport	system	

M00197_Putative	fructooligosaccharide	transport	system	

M00206_Cellobiose	transport	system	
M00602_Arabinosaccharide	transport	system	

M00605_Glucose/mannose	transport	system	

M00606_N,N'-Diacetylchitobiose	transport	system	
M00491_arabinogalactan	oligomer/maltooligosaccharide	transport	system	

M00172_C4-dicarboxylic	acid	cycle,	NADP	-	malic	enzyme	type	

M00308_Semi-phosphorylative	Entner-Doudoroff	pathway,	gluconate	=>	glycerate-3P	
M00144_NADH:quinone	oxidoreductase,	prokaryotes	

M00196_Raffinose/stachyose/melibiose	transport	system	

M00729_Fluoroquinolone	resistance,	gyrase-protecting	protein	Qnr	
M00194_Maltose/maltodextrin	transport	system	

M00159_V/A-type	ATPase,	prokaryotes	
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M00362_Nucleotide	sugar	biosynthesis,	prokaryotes	
M00459_VicK-VicR	(cell	wall	metabolism)	two-component	regulatory	system	

M00707_Multidrug	resistance,	MdlAB/SmdAB	transporter	

M00439_Oligopeptide	transport	system	
M00535_Isoleucine	biosynthesis,	pyruvate	=>	2-oxobutanoate	

M00432_Leucine	biosynthesis,	2-oxoisovalerate	=>	2-oxoisocaproate	

M00657_VanS-VanR	(VanE	type	vancomycin	resistance)	two-component	regulatory	system	
M00359_Aminoacyl-tRNA	biosynthesis,	eukaryotes	

M00603_Putative	aldouronate	transport	system	

M00201_alpha-Glucoside	transport	system	
M00526_Lysine	biosynthesis,	DAP	dehydrogenase	pathway,	aspartate	=>	lysine	

M00022_Shikimate	pathway,	phosphoenolpyruvate	+	erythrose-4P	=>	chorismate	

M00018_Threonine	biosynthesis,	aspartate	=>	homoserine	=>	threonine	
M00256_Cell	division	transport	system	

M00048_Inosine	monophosphate	biosynthesis,	PRPP	+	glutamine	=>	IMP	

M00024_Phenylalanine	biosynthesis,	chorismate	=>	phenylalanine	
M00632_Galactose	degradation,	Leloir	pathway,	galactose	=>	alpha-D-glucose-1P	

M00554_Nucleotide	sugar	biosynthesis,	galactose	=>	UDP-galactose	

M00250_Lipopolysaccharide	transport	system	
M00007_Pentose	phosphate	pathway,	non-oxidative	phase,	fructose	6P	=>	ribose	5P	

M00093_Phosphatidylethanolamine	(PE)	biosynthesis,	PA	=>	PS	=>	PE	

M00120_Coenzyme	A	biosynthesis,	pantothenate	=>	CoA	
M00049_Adenine	ribonucleotide	biosynthesis,	IMP	=>	ADP,	ATP	

M00236_Putative	polar	amino	acid	transport	system	

M00360_Aminoacyl-tRNA	biosynthesis,	prokaryotes	
M00001_Glycolysis	(Embden-Meyerhof	pathway),	glucose	=>	pyruvate	

M00434_PhoR-PhoB	(phosphate	starvation	response)	two-component	regulatory	system	

M00527_Lysine	biosynthesis,	DAP	aminotransferase	pathway,	aspartate	=>	lysine	
M00050_Guanine	ribonucleotide	biosynthesis	IMP	=>	GDP,	GTP	

M00003_Gluconeogenesis,	oxaloacetate	=>	fructose-6P	

M00002_Glycolysis,	core	module	involving	three-carbon	compounds	
M00549_Nucleotide	sugar	biosynthesis,	glucose	=>	UDP-glucose	

M00793_dTDP-L-rhamnose	biosynthesis	

M00582_Energy-coupling	factor	transport	system	
M00307_Pyruvate	oxidation,	pyruvate	=>	acetyl-CoA	

M00015_Proline	biosynthesis,	glutamate	=>	proline	

M00271_PTS	system,	beta-glucoside-specific	II	component	
M00721_Cationic	antimicrobial	peptide	(CAMP)	resistance,	arnBCADTEF	operon	

M00451_BasS-BasR	(antimicrobial	peptide	resistance)	two-component	regulatory	system	
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M00722_Cationic	antimicrobial	peptide	(CAMP)	resistance,	ethanolaminephosphotransferase	EptA	
M00209_Osmoprotectant	transport	system	

M00364_C10-C20	isoprenoid	biosynthesis,	bacteria	

M00134_Polyamine	biosynthesis,	arginine	=>	ornithine	=>	putrescine	
M00499_HydH-HydG	(metal	tolerance)	two-component	regulatory	system	

M00081_Pectin	degradation	
M00727_Cationic	antimicrobial	peptide	(CAMP)	resistance,	N-acetylmuramoyl-L-alanine	amidase	AmiA	
and	AmiC	

M00368_Ethylene	biosynthesis,	methionine	=>	ethylene	
M00123_Biotin	biosynthesis,	pimeloyl-ACP/CoA	=>	biotin	

M00141_C1-unit	interconversion,	eukaryotes	

M00149_Succinate	dehydrogenase,	prokaryotes	
M00333_Type	IV	secretion	system	

M00331_Type	II	general	secretion	pathway	

M00153_Cytochrome	d	ubiquinol	oxidase	
M00279_PTS	system,	galactitol-specific	II	component	

M00190_Iron(III)	transport	system	

M00345_Formaldehyde	assimilation,	ribulose	monophosphate	pathway	
M00670_Mce	transport	system	

M00210_Phospholipid	transport	system	

M00669_gamma-Hexachlorocyclohexane	transport	system	
M00334_Type	VI	secretion	system	

M00238_D-Methionine	transport	system	

M00150_Fumarate	reductase,	prokaryotes	
M00336_Twin-arginine	translocation	(Tat)	system	

M00320_Lipopolysaccharide	export	system	

M00742_Aminoglycoside	resistance,	protease	FtsH	
M00025_Tyrosine	biosynthesis,	chorismate	=>	tyrosine	

M00082_Fatty	acid	biosynthesis,	initiation	

M00028_Ornithine	biosynthesis,	glutamate	=>	ornithine	
M00212_Ribose	transport	system	

M00519_YesM-YesN	two-component	regulatory	system	

M00188_NitT/TauT	family	transport	system	
M00010_Citrate	cycle,	first	carbon	oxidation,	oxaloacetate	=>	2-oxoglutarate	

M00020_Serine	biosynthesis,	glycerate-3P	=>	serine	

M00207_Putative	multiple	sugar	transport	system	
M00169_CAM	(Crassulacean	acid	metabolism),	light	

M00052_Pyrimidine	ribonucleotide	biosynthesis,	UMP	=>	UDP/UTP,	CDP/CTP	

M00222_Phosphate	transport	system	
M00260_DNA	polymerase	III	complex,	bacteria	
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M00247_Putative	ABC	transport	system	
M00239_Peptides/nickel	transport	system	

M00027_GABA	(gamma-Aminobutyrate)	shunt	

M00221_Putative	simple	sugar	transport	system	
M00816_NisK-NisR	(lantibiotic	biosynthesis)	two-component	regulatory	system	

M00273_PTS	system,	fructose-specific	II	component	

M00242_Zinc	transport	system	
M00237_Branched-chain	amino	acid	transport	system	

M00157_F-type	ATPase,	prokaryotes	and	chloroplasts	

M00179_Ribosome,	archaea	
M00189_Molybdate	transport	system	

M00394_RNA	degradosome	

M00140_C1-unit	interconversion,	prokaryotes	
M00183_RNA	polymerase,	bacteria	

M00178_Ribosome,	bacteria	

M00083_Fatty	acid	biosynthesis,	elongation	
M00335_Sec	(secretion)	system	

M00299_Spermidine/putrescine	transport	system	

M00021_Cysteine	biosynthesis,	serine	=>	cysteine	
M00240_Iron	complex	transport	system	

M00254_ABC-2	type	transport	system	

M00258_Putative	ABC	transport	system	
M00086_beta-Oxidation,	acyl-CoA	synthesis	

M00005_PRPP	biosynthesis,	ribose	5P	=>	PRPP	

M00579_Phosphate	acetyltransferase-acetate	kinase	pathway	
 
 
 
SUPPLEMENTARY TABLE 3. Antibiotic Resistance gene annotation. Adapted by the 
Comprehensive Antibiotic Research Database67,68 (CARD; http://arpcard.mcmaster.ca). 
 

1 mdtF_Strict multidrug inner membrane transporter for the MdtEF-TolC efflux complex 

2 mdtA_Strict membrane fusion protein of the multidrug efflux complex mdtABC 
3 acrD_Strict resistance-nodulation-cell division (RND) antibiotic efflux pump 
4 evgS_Strict member of the two-component regulatory system EvgS/EvgA 
5 mdtC_Strict part of the MdtABC-TolC efflux complex, forms a heteromultimer complex 

with MdtB to form a multidrug transporter 
6 Escherichia_coli_gyrA_conferring_resistance_to_fluoroquinolones_Strict 
7 mdtL_Strict Multi-pass membrane protein 
8 mdtO_Strict sulfathiazole transmembrane transporter activity 
9 acrE_Strict membrane fusion protein, subunit of efflux pump AcrEF-TolC 



87 
 

10 mdtB_Strict part of the heteromultimer complex MdtBC that functions as a multidrug 
transporter 

11 acrB_Strict protein subunit of AcrA-AcrB-TolC multidrug efflux complex 

12 acrF_Strict part of AcrEF-TolC transporter, similar to AcrB 
13 emrB_Strict translocase in the emrAB -TolC efflux complex 
14 phoP_Strict protein of the phoPQ regulatory system modulating antibiotic efflux 
15 tolC_Strict protein subunit of many multidrug efflux complexes in Gram negative 

bacteria 
16 PmrC_Strict inner membrane protein mediating the addition of phosphoethanolamine into 

lipid A, responsible for polymyxin B resistance 
17 emrY_Strict part of the multidrug transporter EmrKY-TolC 
18 PmrB_Strict part of basRS that confers polymyxin resistance 
19 mdtE_Strict part of MdtEF-TolC and gadE-mdtEF complexes 
20 mdtD_Strict antibiotic efflux pump belonging to the major facilitator superfamily (MFS) 
21 emrA_Strict membrane fusion protein in the emrAB -TolC efflux complex 
22 baeS_Strict sensor kinase in the BaeSR regulatory system 
23 mdtK_Strict multidrug and toxic compound extrusion (MATE) transporter 
24 mdtN_Strict major facilitator superfamily (MFS) antibiotic efflux pump 
25 mdtG_Strict major facilitator superfamily (MFS) antibiotic efflux pump 
26 mdfA_Strict major facilitator superfamily (MFS) antibiotic efflux pump 
27 PmrE_Strict regulator of basRS 
28 PmrF_Strict regulator of basRS 
29 emrK_Strict part of the efflux pump EmrKY-TolC 
30 bacA_Strict protein that recycles undecaprenyl pyrophosphate during cell wall 

biosynthesis which confers resistance to bacitracin 
31 gadX_Strict protein of a two-component regulatory system modulating antibiotic efflux 
32 cpxA_Perfect part of the cpxAR regulatory system modulating antibiotic efflux 
33 PmrA_Strict major facilitator superfamily (MFS) antibiotic efflux pump 
34 phoQ_Strict protein of the phoPQ regulatory system modulating antibiotic efflux 
35 cpxR_Strict part of the cpxAR regulatory system modulating antibiotic efflux 
36 acrS_Strict part of a two-component regulatory system modulating antibiotic efflux 
37 mdtP_Strict major facilitator superfamily (MFS) antibiotic efflux pump 
38 CRP_Strict part of a two-component regulatory system modulating antibiotic efflux 
39 Escherichia_coli_

soxR_mutants_St
rict 

mutant of sensory protein SoxR conferring resistance 

40 emrR_Strict part of a two-component regulatory system modulating antibiotic efflux 

41 phoQ_Perfect protein of the phoPQ regulatory system modulating antibiotic efflux 
42 mdtH_Perfect major facilitator superfamily (MFS) antibiotic efflux pump 
43 mdtH_Strict major facilitator superfamily (MFS) antibiotic efflux pump 
44 evgA_Perfect part of the evgSA regulatory system modulating antibiotic efflux 
45 acrA_Strict part of the AcrA-AcrB-TolC multidrug efflux complex 
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46 emrD_Strict multidrug transporter from the Major Facilitator Superfamily (MFS)  
47 Escherichia_coli_marR_mutant_resulting_in_antibiotic_resistance_Strict 

48 tetJ_Strict major facilitator superfamily (MFS) antibiotic efflux pump 
49 marA_Strict global activator protein of the mar operon marRAB 
50 emrE_Strict small multidrug resistance (SMR) antibiotic efflux pump 
51 baeR_Perfect part of the BaeSR regulatory system modulating antibiotic efflux 
52 smeE_Strict protein of the efflux complex smeDEF belonging to the resistance-nodulation-

division (RND) protein family 
53 Staphylococcus_aureus_rpoB_mutant_conferring_resistance_to_rifampicin_Strict 

 
 
 
 
 
 


