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Resumo 

Os abutres desempenham um papel fundamental nos ecossistemas devido à sua dieta baseada em carne putrefacta. 

Consequentemente, eles aparentam ser resistentes a agentes patogénicos provenientes dessa carne. Possuindo 

provavelmete uma  comunidade microbiana tolerante a esses mesmos agentes. 

Avanços na tecnologia de sequenciação de DNA fornecem novas ferramentas que permitiem estudar a dinâmica de 

comunidades microbianas. Os bacteriofagos são vírus capazes de atacar bactérias específicas e, em alguns casos, de 

lisar essas células bacterianas. Devido à acção dos fagos e das suas interaccções com bactérias, eles são capazes de 

modular as comunidades microbianas. 

Para caracterizar a comunidade microbiana do intestino de abutres, extraiu-se de uma amostra fecal o DNA total de 

bactérias e de bacteriofagos, tendo-se de seguida sequenciado o gene que codifica para o rRNA 16S bacteriano e o 

genoma de fagos. Além disso, foram isoladas colónias puras de bactérias e ainda fagos para estudo das interacções 

fago-hospedeiro através de ensaios de placas de lise, também executadas com Escherichia coli e Salmonella 

senftenberg, conhecidas como agentes patogénicos. Durante este ensaio foram encontradas placas de lise para um 

fago de entereobactéria ainda não descrito. 

Em conclusão, a partir de fezes de abutre, caracterizou-se o viruloma e o metagenoma, sendo este rico em Clostridia e 

Fusobacteria. Contudo as bases de dados são muito incompletas não foi permitida a identificação da totalidade do 

metagenoma em estudo. Ensaios de placas são um método fácil para estudar interacções entre fagos e bactérias, mas 

a maioria das bactérias não são cultiváveis sendo necessário optimizar ferramentas para o seu cultivo. 

 

Palavras Chave: microbioma intestinal, abutre, viruloma, metagenoma, interacçes fago e hospedeiro, terapia fágica 
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Abstract 

Vultures play a key role in ecosystems since their diet is based on decaying meat. Consequently, they appeared to be 

resistant to pathogens from the carrion. For this motive, vulture gut microbiome must harbour a microbial community 

tolerant to all ingested pathogens. 

Advances in high throughput sequencing technologies provided new tools that allow the study of microbial 

community dynamics including bacteriophages. Bacteriophages are viruses capable of atack specific target bacteria 

and, in some cases, lyse bacterial cells. Due to phages action and their interactions with bacteria, they can modulate 

microbial communities . 

To characterize the microbial community of the vulture gut, it was sequenced the 16S rRNA encoding genes of 

bacteria and phages genomic DNA from a faecal sample. Furthermore single bacterial colonies were isolated and 

phages for phage-host interaction through plaque assays, performed also with the human pathogens Escherichia coli 

and Salmonella senftenberg. During these assays were found plaques for enterobacteria phages not yet described. 

In conclusion, it was possible to characterize the metagenome and the virome of the vulture faeces. However, the 

reference databases are very incomplete and the majority of bacteria and phages are still undescribed. Plaque assays 

are an easy method to study phage-host interaction, but the majority of the bacteria are not possible to recover and 

more efforts need to be applied to optimize culturing tools. 

 

Key words: gut microbiome, vulture, virome, metagenome, phage-host interactions, phage therapy 
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1. Introduction 

The human gut microbiome plays an important role in human health due to its complex microbial interaction. When 

the human gut suffers unbalances, it can cause diseases such as diabetes and obesity, which are human conditions 

nowadays are very common in the human population (Ventura et al., 2014).  

Advances in high throughput sequencing technologies, allowing the extensive use of 16S rRNA for bacterial 

identification, provided new tools to study microbial community dynamics, since it is possible to describe the 

phylogenetic profiles of the total bacteria. Studies about virome and metagenome allow the understanding of the 

microbial dynamics and their impact on human health (Wylie et al., 2012). 

Vultures play a key role in the ecosystem since they are scavengers and their diet is based on decaying meat. 

Consequently, they appeared to be resistant to the toxins and pathogens from the carrion. The vulture gut 

microbiome is a subject of interest since it must harbour a microbial community tolerant in overcoming all ingested 

pathogens (Roggenbuck et al., 2014).  

Bacteriophages (or phages) are viruses capable of attack specific target bacteria and need the bacterial machinery to 

replicate their genetic material. They can be virulent, causing the lysis of bacterial cells or temperate, integrating the 

bacterial genome and conferring virulent factors to them. Due to phages action and their interactions with bacteria, 

they can modulate microbial communities. Bacteria and phages are constantly in interaction. Bacteria developed 

several mechanisms against phages attack, but phages can also overcome bacterial resistant systems and both coexist 

in a stable gut microbiome  (Loc-Carrillo and Abedon, 2011).  

The world is now facing a crisis of antibiotic resistance, and phages appear as a potential solution. Reasons for that are 

their specificity and because they only replicate themselves while attacking their host cells. However, deeper studies 

on phage biology and kinetics are needed to be faced as a real alternative for classical antibiotics  (Skurnik and 

Strauch, 2006). In this context, studies on host-phage interaction in the gut microbiome of the vulture were the aim of 

this work. 

 

1.1 Gut microbiota 

Microbiota includes all the microbial cells harbored by a body and its composition depends on environmental factors 

and vary between healthy and disease. The microbiome consists of the total of microorganisms, their genes and the 

environment in which they interact. Metagenome is the genetic information of a complex population that includes the 

genomes of several individual organisms (Cho and Blaser, 2012). 

In nature, organisms cohabit in complex ecologies sharing between them symbiotic relationships. These interactions 

also happen in microbial communities and they can be mutualism (win-win), commensalism (win-zero), parasitism or 

predation (win-lose), amensalism (zero-lose) and finally, competition (lose-lose) (Faust et al., 2012). 
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In the human body, the gut, for instance, harbours a considerable number and species of microorganisms making it a 

complex microbial ecossystem  (Matsuki and Tanaka, 2014). However, not only humans have microbiomes. Current 

studies demonstrate the existence and the importance of microbiomes in animal and plant taxa (Ezenwa, et al., 2012;  

Rosenberg and Zilber-Rosenberg, 2013). 

The highest microbial density is normaly found in the gastroinstestinal tract and is well known the importance of 

bacterial communities for the host. Besides the bacterial communities present in the gut, also the gut environment 

and components available contributes for a dynamic interaction making the gut the focus of microbiome studies 

(Biron et al., 2015). For this reason, the gut microbiota can be considered as a “super-organism” for the functions that 

performs in its host  (Ji and Nielsen, 2012).  

The functions of the animal microbiota include the fermentation of unused energy substrates, syntheses and 

conversion of bioactive compounds, alteration of intestinal morphology and motility, induction of maturation of the 

immune system, prevention of pathogenic infections and finally, among others effects, modulating the host behavior  

(Matsuki and Tanaka, 2014). 

In what concerns the prevention of pathogenic infections, indigenous microbiota can avoid the colonization by 

pathogenic agents competing with them for nutrients or secreting molecules capable of inhibit their growth. Recent 

studies show a link between the development of some diseases and the unbalance in gut microbiota, and this is one 

reason for the interest in this subject. Inflammatory bowel disease, liver’s disease, obesity, rheumatoid arthritis and 

colon rectal cancer are only a few examples of human conditions associated with particular microbiota characteristics  

(Cho and Blaser, 2012). 

Some recent analysis demonstrate that the gut microbiota is relatively stable over time, showing some evolution 

between newborns, adults and older organisms (Salazar et al., 2014). However, it is very specific for each individual. 

This specificity is due to some host factors such as pH, bile acids, transit time and mucus, environmental factors, for 

instance, nutrients and medication, and finally, microbial factors, for example, adhesion capability, bacterial enzymes 

and metabolic strategies (Ventura, et al., 2014). 

1.2 Virome 

Viral metagenome or virome is the total viruses harboured in or on an organism. This viral component includes viruses 

causing infections, viruses integrated into the genome and it also includes eukaryotic and prokaryotic viruses 

(bacteriophages) (Figure 1)  (Wylie et al., 2012). 
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Figure 1 Composition of the human virome as characterized by metagenomics sequencing and its effect and associations (adapted 
from Wylie et al.,  2012). 

 

In the same way that viruses are the most abundant entity on Earth, they are also the most abundant entities in 

human gut microbiota, and each gram of human faeces harbours at least 109 virus-like particles where the majority 

are bacteriophages (Minot et al., 2013). The phage population shows to be different among individuals and Minot and 

collaborators suggest that this difference could be due to the differences in bacterial population and its coevolution. 

Bacteriophages can influence and modulate significantly the gut microbiota, since they can kill bacteria. Living in the 

same microbiome, bacteria and phages interact constantly and compete with each other, and due to phage specificity, 

they play a key role in bacteria diversity. Some studies in marine ecosystems reveal that phages normally act 

accordingly to the “kill-the-winner” way, which means that phages will attack bacteria better adapted to the 

environment and in higher density. However, it is known that gut microbiota is relatively constant with no dominant 

specific bacterial strains, which suggests the existence of a dynamic equilibrium between phages and bacteria in order 

to maintain the diversity and metabolic potential at the gut microbiome (Ventura et al., 2011). 
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1.3 Next-generation sequencing technologies 

Given the current interest in metagenomics and the fact that traditional microbiology is based in cultivation of pure 

cultures in specific media, it was necessary to develop new techniques capable of study the function, structure and 

dynamic operation of uncultivated microbial species (Turnbaugh and Gordon, 2009; Ji and Nielsen, 2012). 

Next-genaration sequencing (NGS) appears as the result of the demanding for cheaper and faster sequencing 

methods. In this way, NGS does massively parallel sequencing, decifering  an entire genome sequence in less than 24 

hours. This technology is becoming cheaper and accessible to more labs, increasing the amount of studies depending 

on nucleic acid sequencing  (Grada and Weinbrecht, 2013). 

 

1.3.1 Overview of the methodology used by Illumina: amplified single molecule sequencing 

In principle, massive parallel sequencing systems are powerful technologies that integrate basic molecular biology, 

automated fluidics devices, high-throughput microscopic imaging, and information technologies. Featured sequencing 

technologies include: GS FLX by 454 Life Technologies/Roche, Genome Analyzer by Solexa/Illumina, SOLiD by Applied 

Biosystems, CGA Platform by Complete Genomics, and PacBio RS by Pacific Biosciences. Commercial high-throughput 

sequencing platforms share four critical steps: template preparation, sequencing, imaging and data analysis 

(Rodríguez-Ezpeleta, et al. 2012). 

 

Template preparation 

Template preparation includes constructing a library of nucleic acids and its amplification. These libraries are created  

by random fragmentation of the DNA sample and ligating adapter sequences (synthetic oligonucleotides of a known 

sequence) onto the ends of the DNA fragments. Alternatively, “tagmentation” combines the fragmentation and 

ligation reactions into a single step increasing the efficiency of the library preparation (Figure 2A)  (Illumina, 2015). 

After the construction of the libraries, they are clonally amplified in preparation for sequencing. Illumina MiSeq 

utilizes bridge amplification to form template clusters on a flow cell  (Grada and Weinbrecht, 2013). When the cluster 

generation is complete, the templates are ready for sequencing (Figure 2B). 

 

Sequencing and imaging 

To obtain nucleic acid sequences, the library fragments act as templates for new DNA synthesis. This synthesis occurs 

through cycles of washing and flooding the fragments with the nucleotides labeled with fluorescence compounds. As 

nucleotides incorporate into the new DNA strand they are detected by flourescence (Figure 2C) (Grada and 

Weinbrecht, 2013).  
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Data analysis 

After sequencing, the preprocessing of the reads includes the removal of the adapter sequences and of low-quality 

reads. Then, the reads are aligned to a reference genome and analysed (Figure 2D). Analysis of the sequence consist in 

the detection of SNPs (single nucleotide polymorphisms) or indels (insertion-deletion), phylogenetic or metagenomic 

analysis, among others  (Grada and Weinbrecht, 2013; Illumina, 2015). 

 

Figure 2 Next-generation sequencing chemistry overview for Illumina platform (adapted from Illumina, 2015). 
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1.3.2 Advances in Sequencing technology 

Paired-end sequencing 

Paired-ends sequencing involves sequencing both ends of the DNA fragments and aligning the forward and reverse 

reads as read pairs (Figure 3). It enables more accurate read alignment and the ability to detect indels and also allows 

the removal of PCR duplicates  (Illumina, 2015). 

 

Figure 3 Paired-end sequencing and alignment. Paired-end sequencing enables both ends of the DNA fragment to be sequenced 
(Illumina, 2015). 

 

Multiplexing 

Multiplex libraries consist in adding index sequences to each DNA fragment during library preparations so each read 

can be identified and sorted. In this way, it is possible to pool large number of libraries and sequence them 

simultaneously in a single run (Figure 4) (Illumina, 2015).  

 

Figure 4 Library multiplexing overview in five steps: library preparation, pool, sequence, demultiplex and align (adapted from 
Illumina, 2015).  
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1.3.3 Molecular tools for bacterial identification 

Sequence analysis of conserved genes such as the bacterial 16S rRNA gene are being used to identify bacterial species 

(Keenan et al., 2013;  Roggenbuck et al., 2014). Usually, bacterial 16S rRNA genes contain nine hypervariable regions, 

allowing the identification of bacterial species. Those regions are flanked by conserved streches in most bacteria, 

allowing PCR amplification of target sequences using universal primers. In this way the amplification of the 16S rRNA 

gene is a powerful tool for phylogenetic classifications such as genus or species in diverse microbial populations. 

However, a single hypervariable region cannot be used to distinguish among all bacteria  (Chakravorty et al., 2007). 

The 16S rRNA region to sequence depends on the specific diagonostic goals, such as experimental objectives, design, 

and sample type. The region V3 and V4 provides plenty information for taxonomic classification of microbial 

communities, and was used by the Human Microbiome Project  (Fadrosh et al., 2014). 

 

1.3.4 Applications of NGS in microbiome studies 

Nowadays, with new culture-independent metagenomic approaches and informatic tools, DNA sequencing become 

more common and researchers are capable to better understand the phylogenetic and function of microbial 

communities  (Ji and Nielsen, 2012). 

Moreover, with deep sequencing technologies it will be possible to describe the human virome in order to 

characterize its richeness and stability, gene functions and associations with diseases and to understand the influence 

of the virome in human helath, immunity and ultimately, treatment of patients  (Wylie et al., 2012). 

As a result of these NGS technologies and the interest in study the human microbiome, two major projects are in 

progress: The Human Microbiome Project (The Human Microbiome Project Consortium, 2012) and Metagenomics of 

the Human Intestinal Tract (MetaHIT) Project. The first project has the main objective to characterize the diversity of 

microbial communities at different body sites in the healthy human population and the second intend to correlate the 

gut microbiome and intestinal diseases. Both projects enable researchers to understand the link between human 

health and the gut microbiome (Ji and Nielsen, 2012). 

 

1.4 Vulture as a model to study the gut microbiome 

Vultures are considered an interesting subject of study due to their scavenging habits, particularly for their 

bacteriologic characteristics. They are birds with an ample geographic distribution through the American and African 

continent. As scavengers, vultures based their food habits on decaying carcasses of animals that usually die from 

malnutrition, accidents or, more frequently from infectious disease. In this way, vultures must be highly resistant to 

pathogenic microorganisms and their toxins. Furthermore, they could be disseminators of some pathogens since they 
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may be reservoirs of bacterial pathogens which can be disseminated through bird’s faeces or regurgitated pellets after 

survived in the digestive tract (de Carvalho et al., 2003; Houston and Cooper, 1975; Winsor et al., 1981). 

Possible explanations for vulture resistance to pathogens were described by de Carvalho and collaborators (2003), and 

they can be one or more of the following mechanisms: the specific absorption mechanism in the digestive tract of the 

bird; the physicochemical and physiological conditions in the digestive system, such as, pH, oxygen concentration and 

intestinal transit; the composition of the digestive epithelium; and/or finally the presence of a complex microbiota in 

the digestive ecosystem. This project will focus on the last mechanism. 

The digestive tract of vultures is well adapted to their role as scavengers. Besides the sharp bill, barbed tongue and 

thick stratified squamous epithelium of the buccal cavity and esophagus that allow the rapid swallowing of large food 

pieces, the lower pH conditions (pH 1-2) in the stomach where chemical digestion occurs, is the major barrier against 

pathogens that cannot survive these highly acidic conditions,. However, some pathogens like Clostridia, Fusobacteria 

and Bacillus anthracis are found in the vulture gut, suggesting that they are capable to tolerate extremely acidic pH 

and overcome digestive enzymes (Houston and Cooper, 1975) being able to colonize the vulture’s gut. Indeed, when 

vultures are feeding themselves from large carcasses, they enter inside natural orifices and very often through the 

anus. As a result, they ingest anaerobic faecal bacteria such as Clostridia and Fusobacteria and they represent a large 

part of the gut microbiota (Roggenbuck et al., 2014). 

Among all the referred observations, vultures are constantly exposed to pathogens and they seem to be resistant to 

diseases caused by those pathogens. A possible reason for their resistance is due to the fact that their microbiota 

harbor a pool of phages capable to attack and kill the pathogens. Consequently, vulture feces were chosen in this 

study as model to characterize the metagenome and virome and determine the bacterial hosts of the identified 

phages. 

 

1.4.1 Human pathogens that vultures show resistance to 

The vulture gut microbiome is composed by two large groups of bacteria, Clostridia and Fusobacteria, both common 

soil bacteria  (Roggenbuck, et al., 2014).  

Clostridia are strictly anaerobic spore-forming bacilli and the majority of the isolates are gram-positive. Some species 

of Clostridia are harmless and they can be found in human gut, but others can cause severe diseases such as 

gangrene, tetanus, botulism, foodborne infections and are responsible for hospital infections  (Wells and Wilkins, 

1996). 

Fusobacteria are anaerobic and gram-negative bacteria. It is known that they colonize the human gut in low 

abundance and they can cause diseases such as periodontal diseases and skin ulcers (Roggenbuck, et al., 2014; Bolstad 

et al., 1996). 
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Other two important pathogens for humans belong to the Salmonella and Escherichia genus and both were tested in 

this project. 

Salmonella are gram-negative bacteria. Its main reservoir are animals and there are recognized three clinical forms of 

salmonellosis: gastroenteritis, septicemia, and enteric fevers (Wells and Wilkins, 1996). 

Escherichia coli is a gram-negative bacteria and is an ubiquitous member of the human gut. The virulent strains differ 

from the commensal ones because they acquired virulence factors that can cause either non-inflammatory diarrhea or 

inflammatory diarrhea (usually containing blood, mucus, and leukocytes). E. coli is acquired by ingestion of food or 

contaminated water (Wells and Wilkins, 1996). 

 

1.5 Principles of phage biology 

Bacteriophages or phages, are viruses capable of infecting specific target bacteria and, in some cases lyse bacterial 

cells. They can attack different bacteria, such as aerobes and anaerobes, Gram-positives and Gram-negatives, 

sporulating or non-sporulating bacteria, among others. Most hosts belong to the phyla Actinobacteria, Firmicutes and 

Proteobacteria  (Jassim and Limoges, 2014). Specific host range depends on the bacteria properties and defences 

against phage attack. However, phages are harmless to eukaryotic cells. 

Phage taxonomy is based on their size, shape and on their nucleic acid. Phages nucleic acid can be double or single-

stranded DNA or RNA phages, can be tailed or polyhedral and finally filamentous or pleomorphic (Table 1). The most 

important families within this work are Myoviridae, Podoviridae and Siphoviridae, all of them belonging to 

Caudovirales order which represents approximately 96% of known phages. The morphology of these families has in 

common icosahedral heads, double-strand DNA (dsDNA), and tail, that can be contractile or not, and it will have 

impact on how phages recognize and attach on bacterial cell surface (Ackermann, 2011). 

 

Table 1 Overview of phage families (adapted from Ackermann, 2011).  
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1.5.1 Life Cycles 

Viruses cannot replicate independently of a living cell. For this reason, phages depend on the host to propagate. Lytic 

and lysogenic cycles are two different methods of viral replication (Figure 5). 

 

Lytic cycle 

A lytic phage, also called virulent phage, induces the lysis of the bacterial host. Upon infection of the bacteria, phages 

use the host machinery to replicate, construct and assemble new phage particles that are released after cell 

disruption. Phage propagation depends on several factors, such as temperature, nutrients and light  (Jassim and 

Limoges, 2013). The first step of cell infection is the absorption of the phage on the bacterial cell surface. For this step, 

the attachment sites of the phage have to recognize a particular host-specific cell component, for instance, proteins, 

peptidoglycan and lipopolysaccharide  (Labrie et al., 2010). These interactions define host specificity and range. Given 

the absortion, occurs the phage DNA injection into the cell host. Its genome might suffer some modifications in order 

to resist the bacterial systems designed to destroy and protect the bacteria against phage DNA, including restriction 

endonucleases (Labrie et al., 2010). 

Finally, when the infection is succefull and the bacterial metabolism is shut down, the viral genome is transcribed by 

the host cell machinery and assembled into virons. Phages release enzymes capable to attack and destroy  the 

bacterial membrane, such as lysozymes, endopeptidases or amidases  (Samson et al., 2013). 

From a single infected bacterial cell, around one hundred new virus particles can be released and infect a new host, 

closing this cycle that can continue until all target cells have been lysed (Hanlon, 2007) (Figure 5). 
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Figure 5 Two possible methods of viral replication: lytic and lysogenic cycles  (adapted from Sadava et al., 2007). 

 

Lysogenic cycle 

Lysogenic phages or temperate phages, in contrast with lytic phages, assume prophage form, integrating their 

genome into the host cell DNA as a new set of genes, and do not enter a lytic cycle. In this way, both genomes 

replicate at the same time and the viral DNA is present in next generations. Lyse of lysogenic cells due to phage 

production can be induced exposing them to stress, for instance, treatment with mutagenic agents, exposure to 

ultraviolet light or high temperature. 

These particles provide particular characteristics such as immunity to infection by other phages due to the presence of 

its prophage in the bacteria genetic material. Furthermore, the acquisition of genes via transduction can confer 

pathogenicity or increase virulence. Transduction is a lateral gene tranfer, where genes are transferred between 

bacterial cells mediated by phages. This mechanism contributes to diversity, adaptation and evolution of bacterial 

cells  (Jassim and Limoges, 2014). 
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1.5.2 Host-phage interactions 

Bacterial viruses, are the most abundant biologic entities in the biosphere. Phages can be found everywhere, in the 

soil, water, plants, air, animals, food and in the human body (Koskella and Meaden, 2013). In other words, phages 

coexist where their bacterial hosts can be found, since they act as obligate bacterial predators.  

It has been estimated that phages outnumber bacteria by an estimated tenfold (approximated at >1031) and they are 

recognized as the most diversified microorganisms on Earth (Brussow and Hendrix, 2002). This number suggests a 

successful and dynamic adaptation of bacteriophages in the environment. 

Phage and host developed several systems which allow both balanced coexistence in natural environments in 

equilibrium. Bacteria developed numerous phage resistance barriers and bacteriophages developed mechanisms to 

overcome bacterial resistance systems  (Labrie et al., 2010; Samson et al., 2013) and this ongoing interaction between 

these two microorganisms contributes vastly to their diversity and abundance.  

To better exploit the benefits of phages and their bacterial hosts, it is very important to improve the knowledge on 

their interactions and dynamics.  

 

Phage resistance mechanisms in bacteria 

Phage resistance mechanisms in bacteria can be passive or active. There are three important anti-viral systems: 

prevention of phage adsorption, prevention of phage DNA entry, and restriction phage nucleic acids.  

As mentioned before, the first step of infection is the adsorption of phages to host receptors. Bacteria created 

mechanisms to avoid adsorption which includes blocking of phage receptors by changing the cell surface receptors 

structure or its three-dimentional conformation; formation of extracellular matrix in order to provide a physical 

barrier between phages and their receptors; and finally production of competitive inhibitors that bind to these 

receptors and so they are unvailable for phages (Labrie et al., 2010). 

Upon successful adsorption, some bacteria can block the entry of phage DNA by turning its peptidoglycan more thick 

enforcing the cell wall  (Borysowski et al., 2014). Superinfection exclusion (Sie) systems are another way to prevent 

phage DNA entry. This is a  system composed by membrane proteins capable of modifying the entry receptor or 

inhibiting the action of enzymes capable of degradate the peptydoglycan layer. In this mechanism a prior viral 

infection prevents a secondary infection with the same or a closely related virus. It is important in phage-phage 

interaction since it can eliminate viral competition because each bacteria only replicates one phage and avoid 

recombination between viral genes (Folimonova, 2002). 

When phages resist to all above systems mentioned, bacteria can stop viral replication by destroying phage nucleic 

acids via restriction-modification systems and CRISPR-Cas system. Restriction-modification (R-M) systems are the most 

well-known stretagy against phages. The main function is to cleave incoming and unmethylated DNA by host-encoded 

restriction endonucleases. When unmethylated DNA enter a cell with R-M systems, it can be recognized by restriction 
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enzymes that will cleave the nucleic acids at specific sites, protecting the bacterial cell or can be recognized by a 

bacterial methylase and the phage replication cycle continue. After methylation, the new virons turn out to be 

insensitive to the equivalent restriction enzyme and can infect new bacteria harbouring the same R-M system 

(Borysowski et al., 2014). 

The CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) and Cas (CRISPR-associated proteins) can 

recognize and cleave invading DNA in a sequence-specific manner. Through this mechanism, the host can incorporate 

specific short sequences from incoming genomes into CRISPR and when these sequences are transcribed and 

processed into small RNAs, they control a multifunctional protein complex (Cas) to identify and cut foreign nucleic 

acids (Bhaya et al., 2011). 

Finally, if phage overcome all the mentioned bacteria barriers, abortive infection (Abi) systems are the ultimate 

resistence mechanism that can lead to the death of the host cell. Abi systems target the late stages of development of 

phages, which include replication, transcription, translation and phage packaging. Although the abortion is mediated 

by a wide range of heterologous proteins, Abi systems are still not completely understood as well (Labrie et al., 2010). 

 

Phage counter-attacks to overcome bacterial resistance mechanisms 

Phages have equally evolved diversified strategies to evade all the antiviral systems developed by bacteria. We can 

group them according the different stages of phage infection. 

In the first place, phages need to attach to the host through a specific interaction between Receptor-Binding Protein 

(RBP) and its bacterial cell surface receptor. Bacterial cells can evolve mechanisms by changing its conformation or 

avoiding phages access to them. In response to this defence mechanisms, phages are capable of adapting to new 

receptors modifying their RBPs and recognizing another receptor by acquiring mutations in the genes encoding the 

RBP. When a bacterial receptor is masked by a surface component, phages can degrade this matrix if they enconde an 

enzyme capable of hydrolyse such components and unmask the receptor. In some cases, host receptors are encoded 

under specific conditions (including, environmental conditions or specific stimulus). Consequently, some 

bacteriophages developed the capacity to express multiple RBPs with multiple specificities allowing an expansion of 

host range. 

Later, when phages managed to attach the host surface and injected its genome, they still have to overcome 

restriction-modification systems passively or actively. A passive mechanism is through modification of bases in their 

genome creating fewer restriction sites and becoming less susceptible to R-M systems, because these systems need to 

identify specific sites in a specific orientation and distance between them to be efficient.  

Moreover, an active strategy to avoid R-M systems is the injection of proteins capable of mask the restriction sites or 

proteins with more affinity to R-M enzymes. The interaction of these proteins will prevent the recognition of the 

target of the restriction sites, thus its degradation. On the other hand, when phages target a host harbouring CRISPR-

Cas system, they can evade this mechanism either via mutation of anti-CRISPR genes or even through phage enconded 
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CRISPR-Cas systems. The first mechanism correspond to a single-nucleotide substitution in the protospacer region or 

in the spacer protospacer-adjacent motif. CRISPR locus has in its composition spacers which are short stretches of 

non-repetitive DNA acquired from foreign genomes, and these spacers are responsible for target incoming genomes 

with the same sequence. Anti-CRISPR genes, as the name indicates, are genes in phage DNA capable of encoding 

proteins that interfere with this system. Another possible mechanism adopted by phages to allow its replication is 

phage-encoded CRISPR-Cas system in which phages can express a similar system capable of inactivating host antiviral 

complexes. 

Finally, abortive-infection mechanisms promote the death of the cell when infected by a phage and is composed by 

proteins typically found on prophages and plasmids. For instance, phages can express antitoxin proteins avoiding the 

activation of Abi systems  (Samson et al., 2013). 

 

1.6 Phage Therapy 

Back to 1900’s, bacteriophages were discovered by Frederick Twort and Félix d’Hérelle. Since then, phages have been 

considered as a potencial therapy against pathogens. However, with the development of antibiotics, the use of phages 

in treatment of infections decreased extremely. The major reason was the lack of understanding of phage biology. 

Still, in the Eastern Europe and the former Soviet Union, in countries like Poland and Republic of Georgia, the research 

and the use of phages in therapy persisted. They explored new techniques for clinical use, such as isolation, 

purification, screening and selection of lytic phages (Hanlon 2007; Chan et al., 2013; Abedon et al., 2011). With the 

emergence of antibiotics resistance, the Western started to give more attention to new approaches to treat bacterial 

infections, and bacteriophage therapy appeared as a potential solution. Nowadays, the world faces a crisis of 

antibiotic resistance for microbial pathogens and this problem is considered as a threat to public health (Golkar et al., 

2014). The main reasons for the multiple drug-resistant bacteria are the incorrect and unnecessary use of these 

antimicrobials in medicine and in agriculture  (Jassim and Limoges, 2014). Bacteria can adapt and mutate so that they 

can resist to these compounds. 

 

 Advantages 

Some researchers believe in phages as therapeutic agents because these entities have important advantages over the 

use of antibiotics.  

First of all, phages only attack specific target hosts and are not harmful to the natural microbiota.  Also, as result of 

their specificity, phages show a relatively narrow host range and consequently a narrow potential for inducing 

resistance and will have an impact on a small subset of environmental bacteria. 
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Other relevant characteristic is their mechanism of action which will be effective against multi-drug resistant bacteria 

since they act in a different way of the antibiotics, and phages acquired several mechanisms to overcome bacterial 

resistance against phage infection.  

In addition, bacteriophages depend on their host machinery to reproduce themselves, which means, they will 

reproduce exponentially with their host and will only prevail while their hosts are present. Furthermore, it is only 

needed a single phage to kill one bacteria. Therefore, phages can be mixed in cocktails to broaden their range and be 

administered with antibiotics. There are several possible formulations, from liquids, creams to pills. 

On which concern to toxicity, phages display no toxicity since they have in their constitution mostly proteins and 

nucleic acids. Additionally, bacteriophages are capable of disrupt biofilms, a resistant matrix that protects bacterial 

communities. 

Moreover, phages are numerous and diverse since they are natural components of several environments and they are 

relatively easy and cheap to produce (Hanlon, 2007; Clark and March, 2006; Chan et al., 2013; Loc-Carrillo and 

Abedon, 2011). 

 

Challenges 

Nonetheless, behind the attractive advantages that phages seem to have to combat pathogenic bacteria, there are 

researchers that are still sceptic about the application of this alternative to antibiotics.  

Besides the lack of knowledge of phage biology, the behavior of phages in vitro is different than in vivo, since they 

establish complex interactions within the microbiome and from that can occur unpredictable consequences for the 

host and for the patient. As a result of that, it is necessary to develop in vivo models to better understand possible 

interactions and its consequences, for example the interaction with the body’s immune system. 

In order to apply phages in a safety way, it is necessary to characterize phages genome, since not all phages suit the 

therapeutic purpose. As pre-requisite, phages must be obligatory lytic and highly virulent against its target host, must 

not have undesirable genes and low potential of transduction. In this perspective, bioinformatics tools have a key role 

to rapidly predict and describe phage properties to guaranty all the pre-requisites. 

The specificity of the phages is recognized. However, its narrow action spectrum can be a disadvantage in a 

personalized treatment, because it is necessary to isolate and identify the pathogen before the formulation of the 

specific cocktail and it can be time-consuming. An alternative is the formulation of complex cocktails that include 

several phages in order to broaden its spectrum of activity and suitability to bacterial pathogens associated to the 

infection. Other possible alternative is a middle ground, where a cocktail is modifiable over time and not static as the 

more complex cocktails are.   
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Finally and probably the biggest obstacle that discourage the pharmaceutical companies of promoting the 

development of phage therapy is the difficulty in obtaining clear intellectual property because the technique would 

not be patentable (Chan et al., 2013; Clark and March, 2006; Loc-Carrillo and Abedon, 2011).  

 

1.6.1 Applications of phage therapy 

Many advantages and challenges were referred and this topic still needs further studies to be better accepted by the 

community and recognized as an alternative to antibiotics. However, phage therapy has been used in some 

treatments in food, plants, animals and humans  (Clark and March, 2006). 

An example of a promising application of phage therapy in humans is using phages to modulate the gut microbiome. A 

consequence of severe perturbations in the intestinal microbiota such as disruption of intestinal homeostasis and the 

integrity caused by age, diet, antibiotics, stress, among others, is the increasing vulnerability of the host to pathogens 

invasion and intestinal inflammation (Rea et al., 2013; Mai et al., 2010). Several diseases are associated with 

perturbations of the gut microbiota and the use of phages as a probiotic intervention is only now getting more 

importance and relevance as a possible treatment.  

Based on phages’ features, they seem to have the potential to influence and modulate significantly the gut 

microbiota, since they are able to kill specific bacteria without being harmful to the established community. These 

entities can manipulate the GI tract’s microflora through regular consumption of specific phages in order to reduce or 

eliminate particular bacteria and therefore manipulate the gut microbiome, allowing new colonization with beneficial 

bacteria and finally, providing protection against bacterial pathogens (Abedon et al., 2011).  

In the Mai et al., 2010 study, it is suggested that phage-based probiotics are effective in a prophylatic way and are 

successfull against pathogens which enter oraly (such as Salmonella spp, Clostridium difficile, E. coli)  and with a short 

or long term colonization in the gut. 

 

1.7 Project Aim 

The main objectives of this project were to take advantage of the recognized characteristics of vultures, since they can 

resist to the majority of the pathogens they are exposed when eating carrions and, besides the characterizations of 

the metagenome and virome, to study possible interactions between phages and respective bacterial hosts. With this 

aim, phages and bacteria were collected from one sample of vulture faeces from a Germany Zoo. 

The characterization of the metagenome through HTP sequencing technologies of the 16S rRNA gene was obtained in 

two ways: by direct sequence from the faeces sample; and by sequence after cultivation in two different culture 

media. It was intended to study the influence of two different solidifying agents (agar and gellan) and more important, 

compare cultivable and the total bacteria of the vulture gut. 



 

 

26 

To study the interactions between phages and possible host bacteria from vulture gut, pure colonies were isolated 

and the extracted phages were tested through plaque assays. Later, the isolates were sequenced by Sanger 

sequencing to obtain the complete 16S rRNA gene. 

Moreover, the characterization of the virome was performed through HTP sequencing. The genome of the phage 

found in the plaque assay was sequenced for its identification.  

Due to the microbiologic relevance of the vulture gut, it was considered interesting to test possible interactions 

between the phages extracted from vulture faeces and bacteria known as responsible to human diseases which 

nowadays are becoming antibiotic resistant, and therefore a threat to humans health. 



 

 

27 

2. Material and Methods 

 

2.1 Sample Collection and Pre-processing 

One faecal sample was collected from vulture from a Germany Zoo. The stool sample was frozen and stored at -8C 

until use. The total sample (8 grams) was suspended in 1:2 of autoclaved water. For bacteria cultivation, part of this 

suspension was frozen at -60C with 20% of glycerol. For phage extraction, 90% v/v of SM buffer (200 mM NaCl, 10 

mM MgSO4, 50 mM Tris-HCl pH 7.5, 0.01% gelatin) was added to the suspension and homogenized in filter bags for 2 

min at medium speed (Lab Seward, BA7021) followed by centrifugation at 5,000xg for 45 min at 4C. After recovering 

the supernatant no dead-end filtration was needed (Castro-Meija et al., Submitted).  

 

2.2 Bacteria Cultivation 

2.2.1 Culture medium  

In order to recover anaerobic bacteria, the broth chosen was commercial Gifu Anaerobic Medium Broth (GAM broth). 

Accordingly to Rettedal and collaborators, this medium was the one that showed better recovery in terms of plate 

counts and community structure, suggesting a good representation of the gut conditions. Two different solidifying 

agents were tested, agar and gellan (Table 2) (Rettedal et al., 2014). 
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Table 2 GAM broth formula (final pH ± 7.1) 

Component  Amount (g/l) 

Peptone 10.0 

Soya Peptone 3.0 

Proteose Peptone 10.0 

Digested Serum 13.5 

Yeast Extract 5.0 

Meat Extract 2.2 

Liver Extract 1.2 

Dextrose 3.0 

Potassium Dihydrogen Phosphate 2.5 

Sodium Chloride 3.0 

Soluble Starch 5.0 

L-Cysteine Hydrochloride 0.3 

Sodium Thioglycollate 0.3 

Agar/Gellan 15.0 

 

2.2.2 Bacterial cultivation and viable cell counts  

This methodology was adapted from Rettedal et al. (2014). All operations involving anaerobic bacteria were 

performed inside the Anaerobic Chamber (Coy Lab Products) under an atmosphere of 95% nitrogen and 5% hydrogen. 

The faecal sample was resuspended in 1:10 of pre-reduced 1xPBS (8g NaCl, 0.2g of KCl, 1.44g of Na2HPO4, 0.24 

KH2PO4, per liter and final pH 7.4). It was added 0.1 mg.ml-1 of resazurin before autoclave for pre-reducing the PBS 

that was immediately stored inside the Anaerobic Chamber.  

After ten-fold serial dilutions, from 10-3 to 10-9, 100l of each dilution were plated in duplicates. Plates were 

anaerobically incubated, in anaerobic jars, at 37C for 3 days with plate counts each day. On day 3, was performed the 

inoculation of individual colonies showing different morphologies from dilution plate 10-6 in 10ml of GAM broth 

following the same incubation conditions.  The dilution plate 10-3 was washed with 1ml of water and stored at -60C 

for later rRNA 16S gene sequencing directly from the plate. To confirm the purity of the individual colonies early 

isolated, streak plates were made and after inoculation in 10ml of GAM broth, some liquid broth culture of pure 

colonies were frozen at -60C in 20% glycerol to be used at plaque assay test. 

2.2.3 DNA extraction, amplification and sequencing analysis 

With the aim of comparing sequencing results, bacterial DNA was extracted from three different origins: from the 

individual isolates, directly from the plate and directly from the faecal sample.  
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Isolates. For the extraction of isolates’ DNA the Instagene kit was used following the manufacturer’s instructions. PCR 

was performed using 5M of forward and reverse primers and the master mix was composed by (per sample) 25l of 

DNA polymerase, 5l of primer mix, 5l of template DNA and 15l of water. The thermocycling conditions for PCR 

were initial denaturation 95C for 5min, followed by 35 cycles of 95C for 30sec, 60C for 30sec and 72C for 2min, 

and a final elongation at 72C for 10min. After PCR reaction, a 1.5% agarose gel in 10 x TAE buffer with Midori Green 

Advance DNA Stain (4l/100ml) was run to confirm the size of the amplified fragments. The primers used for 

amplification of the 16S region for Sanger sequencing were 27F (AGAGTTTGATCMTGGCTCAG) and 1492R 

(CGGTTACCTTGTTACGACTT) and the sequencing was performed at Macrogen. 

Cultivable and uncultivable. The extraction of DNA from the plate and directly from the faecal sample, was prepared 

using the MoBio Power Soil Kit following the manufacturer’s instructions. The DNA concentration was measured using 

Qubit® (dsDNA HS assay, Invitrogen) and adjusted to 20 ng.l-1. 

The first PCR was performed using 10M of each forward and reverse primers and the master mix was composed by 

(per sample) 12l of AccuPrime SuperMix II, 1l of primer mix, 5l of template DNA and 2l of water. The 

thermocycling conditions for the first PCR were initial denaturation 95C for 2min, followed by 33 cycles of 95C for 

15sec, 55C for 15sec and 68C for 40sec, and a final elongation at 68C for 4min. For the second PCR reaction, was 

used, per sample, 2M of each forward and reverse primers, 12l of PhusionHF mix, 2l of template DNA and 7l of 

water. The conditions for thermocycling were initial denaturation 98C for 1min, followed by 13 cycles of 98C for 

10sec, 55C for 20sec and 72C for 20sec, and a final elongation at 72C for 5min. 

After PCR reaction, a 1.5% agarose gel in 10 x TAE buffer with Midori Green Advance DNA Stain was run to confirm the 

size of the amplified fragments (460bp). 

The step of PCR Clean-up used AMPure XP beads at room temperature and needed fresh 80% ethanol from absolute 

ethanol. First the plate with PCR II was centrifuged at 280xg for 1 min at 20C in order to collect condensation. After 

vortexed the AMPure XP beads for 30sec, it was transferred 20l of AMPure XP beads to each channel. Gently the 

mixture was pipetted up and down 10 times. Without shaking, the mixture was incubated for 5min at room 

temperature. Afterwards, the plate was placed on a magnetic stand for 2min or until the supernatant had cleared. 

With the plate on the magnetic stand, the supernatant was carefully removed and discarded. The beads were washed 

twice with 200l of 80% ethanol to each sample well and the plate was incubated for 30min each time and the 

supernatant was carefully removed and discarded and finally the beads were allowed to air-dry for 15min. The plate 

was removed from the magnetic stand and was added 27l of RSB to each well and gently mixed. After incubated at 

room temperature for 2min, the plate was placed on the magnetic stand for 2min or until the supernatant had 

cleared. Finally was transferred 25l of the supernatant to a clean plate and the amplicons were measured with the 

Qubit® (dsDNA HS assay, Invitrogen). 



 

 

30 

High throughput sequencing of the gut microbiota. The faecal microbiota of vulture was determined using tag-

encoded 16S rRNA gene MiSeq-based (Illumina, CA, USA) high throughput sequencing. Cellular DNA extraction, DNA 

storage condition, and sequencing library preparation steps were conducted as previously described. 

Data analysis. The raw dataset containing pair-ended reads with corresponding quality scores were merged and 

trimmed using fastq_mergepairs and fastq_filter scripts implemented in the UPARSE pipeline (Edgar 2013). The 

minimum overlap length was set to 10 bp. The minimum length of merged reads was 250 bp. The max expected error 

E=2.0 and first truncating position with quality score N ≤ 4. Purging the dataset from chimeric reads and constructing 

de novo Operational Taxonomic Units (OTU) were conducted using the UPARSE pipeline (uchime_ref). The green 

genes (13.8) 16S rRNA gene collection was used as a reference database. Quantitative Insight Into Microbial Ecology 

(QIIME) open source software package (1.7.0 and 1.8.0) was used for subsequent analysis steps (Caporaso, et al. 

2010). 

Principal coordinate analysis (PCoA) plots were generated with the Jackknifed Beta Diversity workflow based on 10 

distance metrics calculated using 10 subsampled OTU tables (Caporaso, et al. 2010). The number of sequences taken 

for each jackknifed subset was set to 85% of the sequence number within the most indigent sample (9500 

reads/sample). Analysis of similarities (ANOSIM) was used to evaluate group differences using weighted and 

unweighted uniFrac distance metrics that were generated based on rarefied (9500 reads/sample) OTU tables  

(Caporaso, et al. 2010). The relative distribution of the genera registered was calculated and summarized in the genus 

level OTU tables. 

Alpha diversity measures expressed with an observed species (sequence similarity 97% OTUs) value were computed 

for rarefied OTU tables (9500 reads/sample) using the alpha rarefraction workflow. Differences in alpha diversity were 

determined using a t-test-based approach employing the non-parametric (Monte Carlo) method (999 permutations) 

implemented in the compare alpha diversity workflow. 

The ANOVA was used to determine quantitative (relative abundance) association of OTUs. These were calculated 

based on 1000 subsampled OUT-tables rarefied to an equal number of reads (9500 per sample) and summarized to 

the genus level. Both the p-value and the conservative FDR-corrected p-value for multiple comparisons are reported. 

 

2.3 Isolation of phage particles from vulture gut 

2.3.1 Phage Particles’ enrichment with PEG 

Ten percent of PEG 6000 (Millipore) was added to the sample and after dissolution, was stored at 4C for 3h. To 

recover the Phage Particles (PPs) it was centrifuged at 25000xg for 45min. The PPs enriched pellets were re-suspended 

in 5ml of SM buffer at 4C overnight. Afterwards, the low molecular weight contaminants were removed through 

dialysis using a 14kDa MWCO membrane (Sigma, D9277) in 350 ml of SM buffer at room temperature. After 2h, the 

SM buffer was exchanged and it was kept overnight. 
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2.3.2 Purification with CsCl gradients 

The sample density was adjusted to 1.39 g.ml-1 with CsCl and to a final volume of 14ml. This sample was loaded on top 

of 2ml of 1.7g.ml-1 CsCl and after centrifugation at 150000g for 4.5h at 4C, the fraction between 1.41-1.50 g.ml-1 was 

recovered and stored at 4C. 

2.3.3 Epifluorescence Microscopy (EM) 

For EM, 10l of the sample collected from CsCl gradient was stained with 250x SYBR Gold solution (Invitrogen, S-

11494) and visualized under blue excitation in a fluorescence microscope. 

2.3.4 DNA extraction, amplification and sequencing analysis 

Extraction of phage DNA. Using the same dialysis procedure, the CsCl fraction was dialyzed overnight in MilliQ water 

and afterwards centrifuged in Amicon Ultra filters (Millipore UFC203024) for 15min at 4000g at 15C. The sample 

volume was adjusted to 450l and was supplemented with 50l of 10x DNase buffer to reach the final volume of 

500l. DNase I (2.5 U.ml-1) was added to the sample to remove external DNA and kept at 37C for 1h. To extract the 

virions, before incubation at room temperature for 30 min, was added 0,1volumes of 2M Tris HCl/0.2M EDTA, 5l of 

0.5M EDTA (necessary for inactivation of DNase I) and 1 volume of formamide. One volume of 99.9% ethanol was 

added and the sample was centrifuge at 14000g for 20min at 4C. Later, the pellet was washed twice with 70% 

ethanol and resuspended in 537l of TE buffer at 4C overnight. After that, 30l of 10% SDS was added as well as 3l 

of 20 mg.ml-1 proteinase K and incubated for 1h at 55C. It was used the DNA Clean & Concentrator (Zymo Reseach 

D4010) kit to wash and concentrate the DNA and afterwards, eluted in 15l of elution buffer. Finally the DNA 

concentration was measured with Qubit® (dsDNA HS assay, Invitrogen) and adjusted to 0.2 ng.l-1. 

DNA Sequencing. The DNA libraries were prepared using Illumina Nextera® XT DNA kit (San Diego, USA) following the 

manufacturer’s instructions. Through Qubit® (dsDNA HS assay, Invitrogen) the DNA concentration was measured and 

adjusted. Tagged libraries were sequenced as part of a flow cell of 2 x 300 bp pair-ended MiSeq (Illumina, CA) 

sequencing.  

Data analysis. The reads were trimmed using CLC Genomic Workbench (CLC bio, Arhus, DK) using a quality limit of 

5.05, allowing zero nucleotides ambiguity and removing the primer sequences. Subsequent analyses were carried out 

using pair-ended reads and sequences with less than 50nt in length were discarded. Dataset sequences were de-

replicated, sorted and clustered with the UCLUST pipeline (Edgar 2010) using a 75% sequence similarity threshold 

(5.000.000 reads were used in each phageome). Rarefractions curves were computed with QIIME (1.7.0) using 10 

subsampled cluster tables and expressed as number of clusters for each phageome (Caporaso, et al. 2010). The 

composition of the extracted phageomes was determined using non-paired and non-assembled reads using the 

MetaVir web server (Roux, et al. 2014). Since MetaVir has limitations analyzing phageomes containing more than 

2,500,000 sequences, the non-assembled datasets (each phageome) were first adjusted to 5,000,000 reads and then 

split in two sections (2,500,000 sequences each). Phageomes composition and relative abundance generated by 



 

 

32 

MetaVir were converted into OTU (Operational Taxonomic Units) tables and subsequent analyses were performed in 

QIIME. Phageomes were subsampled using 90% of the number of sequences within the most indigent sample 

(multiple rarefractions computed with 1.000 OTU tables). The differences in the relative abundance of phage-taxa 

were assessed with ANOVA. 

 

2.4 Plaque assay 

2.4.1 Preparation and inoculation of plates 

Top layer. It was added 0.8% of agar or 0.2% of gellan to 3ml of GAM broth, plus 5mM of MgCl2 and 10mM of CaCl2 

which help the adsorption of the phages to its specific cell host. 

Plaque assay. After boiled the soft agar was stored at 50C. When this temperature was reached, it was added 100l 

of overnight culture of the isolate and 100l of the virome. This mixture was plated out on top of the hard agar. The 

plates were incubated overnight at 37C.  

Phages repropagation. If plaques (clear areas) appeared, the next step was the repropagation of the phages. In order 

to wash the plate and recover the phages by diffusion, it was added 5ml of SM buffer and incubated at 4C overnight. 

On the next day, 1ml of an overnight culture was transferred to a new tube with GAM broth and after 2h, 500l of the 

phages in SM buffer were added to the mixture and incubated overnight at 37C. Afterwards, to the mixture 

transferred to a new tube was added 1M of NaCl to release the phages, and followed by a gentle centrifugation for 

10min at 4000g. The supernatant was stored at 4C. 

Top titration. In order to find single plaques, the plaque assay was performed inoculating serial dilutions (from 10-3 to 

10-8) of the repropagated phages on the top layer.  

2.4.2 Plaque harvesting, DNA extraction, PCR, sequencing and analysis 

Plaque harvesting and processing. The DNA of the phages was extracted directly from a single plaque following the 

protocol described by Kot et al. (2014).  

First to 100l of 1xDNase I buffer were added to a single plaque cutted out from the agar with a trimmed 1000l-

pipette tip, and then the mixture was vortexed and incubated for 30min at 40C. Using an ultrafiltration spin column 

with 0.45m cutoff, the solution was filtered. In the next step, 1U of DNase I was added and the solution was 

incubated for 30 min at 37C. In order to inactivate the DNase I, 10l of 50 mM EDTA were added. 

DNA extraction. The phage solution from the plaque processing was treated with 5l (approx. 3U) of PCR-grade 

Proteinase K. After that it was added 10% of SDS solution to a final concentration of 1% and the solution was 

incubated for 30min at 55C. To inactivate the Proteinase K, the solution was incubated at 70C for 10min. The DNA 



 

 

33 

was purified and concentrated using a DNA Clean & ConcentratorTM kit (Zymo Research D4010) according to the 

manufacturer’s protocol and eluted with 6l of elution buffer (Kot et al., 2014). 

DNA Sequencing and analysis. The same procedure used for DNA sequencing and analyses of the virome was 

followed. 

2.4.3 Phage-host interaction studies 

Bacterial strains. Two different strains were tested, E. coli 474 (O157:H7) and Salmonella senftenberg 775W both in 

BHI broth.  

Top titration. It was applied the procedure described above for plaque assay and phage repropagation. For the top 

titration, ten drops of 1l each of the repropagated phages were spotted onto the top agar which contained 100l of 

the respective overnight grown culture.  

Specificity test. The specificity of the phages was performed the same way of the top titration, but one drop of 5l of 

the repropagated phage of one strain was spotted onto the top agar which contained 100l of the other overnight 

grown strain culture. 
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3. Results and Discussion 

 

3.1 Cultivation of bacteria present in vulture faeces 

All the protocols had to be optimized for the anaerobic chamber due to its inherent limitations, including movements 

conditioning by the gloves and the need to reduce some solutions. 

 

The broth used for bacteria cultivation was Gifu Anaerobic Medium Broth (GAM broth). This medium was suggested 

by Rettedal and collaborators (2014), as one of the media which better recovers anaerobic gut bacteria.  

It is known that different media can select different bacteria. Nowadays there is some interest in test alternatives to 

agar in order to recover different bacteria not cultivable in agar. One aim of this work was to study the influence of 

different solidifying agents. Beside the tradicional agar for culture media, there are some studies about gellan. These 

studies suggest that this alternative to agar can recover bacteria that cannot grow in agar, even with the same 

nutricional composition and that gellan can accelerate colony formation (Rettedal et al., 2014). In this way, two 

different media were used, GAM5 with agar, and GAM6 with gellan. 

However, due to some difficulties on plaque assay with the gellan and the lack of time to explore the differences 

between these two solidifying agents, we decided to continue all the experients only with agar. Nevertheless, pure 

colonies were isolated from both types of media. 

 

One goal of this work was to harvest different bacteria based on their morphology. Therefore the anaerobic growth at 

37C was monitored over 3 days with colony counts each day for each dilution (from 10-3 to 10-9). 

At the third day, 8.6 x 105 CFU/ml were recovered in the GM5 and 6.5 x 105 CFU/ml in the GM6. It was not observed 

the acceleration of colony formation with the gellan as solidifying agent. The low CFU/ml found could be explained by 

sample recovery conditions. The sample was collected by a zookeeper and the time the stool was exposed to air 

before it was collected is unknown, as well as the time between the collection of the stool and its freezing. 

On the third day of sample incubation, 9 single colonies, with apparent different morphologies were picked, and 

resuspended in broth and plated out on to the respective media in order to grow pure colonies. After the confirmation 

of the purity of the colonies (2 days of growth), different culture broths were frozen to later regrow. 
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3.2 Sequencing of the 16S rRNA gene from pure cultures 

The recovery of the 9 pure colonies with different morphologies had two finalities: first, to identify phylogenetic 

profiles of each isolate by 16S rRNA gene Sanger sequencing and the second, to use the isolates for future plaque 

assays. 

After isolating pure colonies, their 16S rRNA gene was completely sequenced by Sanger sequencing to identify the 

bacteria present in the faecal sample through cultivation and to describe bacteria used in the plaque assay. 

Analysis of the sequence data indicated that the frozen pure colonies were contaminated, preventing their 

identification. A possible explanation for that contamination might be the inoculation procedure. 

Bacterial growth was performed inside the anaerobic chamber with an atmosphere composed by 95% nitrogen and 

5% hydrogen. For this motive, it was not possible the use a flame and the working area was disinfected with ethanol 

70%. Besides that, the anaerobic chamber was used for several other experiments at the same time. Consequently it 

was not possible to guarantee the sterilization of the atmosphere. 

 

3.3 Characterization of the vulture gut metagenome 

With the aim of characterizing the metagenome of the vulture gut, two different approaches were used. In one of 

them, DNA was extracted directly from the faecal sample and in the other one from the 10-3 dilution plate (Figure 6). 

This characterization was done by PCR amplification and sequencing of the V3 and V4 region of the 16S rRNA gene 

(MoBio Power Soil kit, Illumina MiSeq platform) (Figure 7). All the bioinformatic analyses were performed with the 

help of the PhD student, Josué Castro-Meija. 

Sequences purged from chimeric reads yielded 6.869.519 reads giving an average of 47.376 sequences per sample 

(min= 9.810; max= 139.086; SD= 21.356 with a mean sequence length of 378bp (± 101 bp). Mapping the reads against 

databases with genomic sequences led to the identification of some of the microorganisms present in the analysed 

sample. 

 



 

 

36 

 

Figure 6 Dilution plate 10-3 from which total DNA was extracted and submitted for 16S rRNA gene sequencing. 

 

Figure 7 displays the relative bacterial distribution in terms of the genus level. In this way we can have an overview of 

the relative abundance of bacteria and compare both metagenomes derived from the faecal sample and the dilution 

plate 10-3. This comparison indicated that the faecal metagenome showed much higher diversity than the one from 

GM5 grown colonies. This result was expected since most of them cannot be cultivable under laboratory conditions 

and better tools for culturing these bacteria are needed. 

A close look at bacterial diversity in the sample from the dilution plate 10-3 has shown that, around 88% of the 

abundance is Clostridiaceae SMB53 and around 12% is Fusobacterium. It was expected a very high abundance of 

Clostridia in the vulture gut microbiome, as it was shown in other studies focused on the characterization of the gut 

microbiome of the vultures  (Roggenbuck, et al., 2014). However, we expected higher bacterial diversity in this 

sample. We speculated that  microbial competition in lower dilutions can occur, and that Clostridia growth overcome 

all the others, possibly due to a lower replication time or because Clostridia is the one which can grow better under 

laboratory conditions. A possible strategy to test this observation is to sequence all the dilutions and see how the 

relative abundance of the metagenome evolves in higher dilutions. 

When analyzing the metagenome derived directly from the faecal sample, data has shown that the most abundant 

bacterial genus is Clostridium representing 32%, and around 1.2% is Fusobacterium and 0.7% is Clostridiaceae SMB53.  

Moreover, Clostridia is a gram-positive bacteria, and those bacteria are the ones more abundant in the gut 

environments. Approximatly 94% of the bacteria present in the vulture feacal sample are Gram-positive which 

indicates that those are the ones better adapted to this environment. This high abundance is in line with results from 

the study focused on wild vultures, where more than 90% of the bacteria were Gram-positive  (Roggenbuck et al., 

2014). An interesting observation is that the bacteria of a vulture sample from a Zoo animal is very similar to a sample 

of wild vulture showing a very stable microbiome, which probably means that this microorganisms play a key role in 
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their resistance and digestion  (Roggenbuck, et al., 2014). However, in this project it was studied only one sample of 

vulture feaces, so more samples from different vultures should be analysed to confirm such observations. 

A core vulture gut microbiome comprising Fusobacteria and Clostridia is similar to the ones found in alligators. These 

reptiles are also carrion scavengers which exhibit similar frequencies of gut bacteria, but it varies with their seasonal 

fasting (Keenan et al., 2013). Other mammalian carrion feeders, such as hyenas, did not show those levels of 

Fusobacteria  (Roggenbuck et al., 2014). Thus, it is possible to speculate that the vulture gut microbiome is shaped not 

only by their diet, but also by the oral-gut passage and the hindgut properties  (Roggenbuck et al., 2014). 

Another observation from this work was that databases used for identification of microorganisms are very limited in 

covering microbial diversity. Indeed, only 25% of our metagenomic reads were identified. This shows the need for an 

additional effort in the characterization of new bacteria. 
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Figure 7 Relative distribution determined for the metagenomes derived from the faecal sample and the dilution plate 10-3. 
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3.4 The vulture gut virome 

3.4.1 Extraction and enrichment of phages from vulture faeces 

Phage recovery was carried out by methods previously optimized to extract, concentrate and purify the phage 

particles from human faecal samples.  

Phage extraction was performed by precipitation in the presence of polyethylene glycol (Castro-Meija et al., 

Submitted). 

Furthermore, since most of the viruses have small genome sizes, they are present in very low proportion in the 

total of the genomic material in microbial communities, being necessary additional steps for their enrichment 

(Wylie et al., 2012). In this project that enrichment was done via cesium chloride gradient centrifugation. 

The last step of the phage recovery is epifluorescence microscopy where it is observed and quantified the 

abundance of extracted phages. The quantification was beyond the objectives of this project, for this reason, 

the abundance of phages was analysed in a qualitative way via observation. Following the described 

methodology, it was observed a low abundance of phages in the sample analysed by fluorescence microscopy. 

This low abundance could be due to the fact that the protocol was optimized to human faecal samples and 

perharps vulture feacal samples are intrinsically differents because of the bird’s diet and metabolism (Houston 

and Cooper, 1975). Indeed it was not needed the dead-end filtration due to the clear supernatant recovered 

from the centrifuge. 

Besides low phage recovery, another problem arising from the ultracentrifugation step is a possible alteration 

of the phage’s tail, which can compromise phage infectivity  (Castro-Meija et al., Submitted). This means that 

alterations of the phage’s tail decreases its infectivity and the plaque assay will be also compromised, because 

those phages will not infect its specific cell hosts, in case of they are present.  

 

3.4.2 Plaque assays to determine phage-host specificity 

Plaque assay is the standard technique for determination of virus concentration. After some time of 

incubation, eventually, it is possible to see plaques that become large enough to be visible to the naked eye. 

Plaques are clear areas in the agar due to infection of cells attacked by phages suggesting the presence of an 

interaction between a bacterial host and its specific phage (Dulbecco and Vogt, 1953).  

Once again, all the protocols followed in this work needed to be optimized for anaerobic chamber. 

Additionally, the top layer of the plaque assay was prepared with the two solidifying agents: agar and gellan. 

When 0.2% of gellan was used, the top layer was too thick. Due to time limitation for optimization of this 

parameter, the use of gellan was abandoned. 
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Having established that agar was the solidifying agent (GM5 medium), plaque assays were carried out between 

the previously stored faecal bacterial isolates (4 pure colonies) and the enriched phage fraction. 

After mixing phage particles with each isolate in the top agar, it was possible to visualize plaques in two 

isolates. Those phages were repropagated to get a mixture rich in those specific phages. With this mixture, 

ten-fold dilutions were inoculated together with the isolate (top titration) to find a single and well-separated 

plaque for further harvesting and identification by 16S rRNA gene sequence. In the top titration step, it was 

only possible to visualize plaques in one of the two isolates, in isolate number 5 (Figure 8). We speculate that 

probably in the first step, no real plaques were formed. Due to lack of time, all the procedures continue with 

this one pair, the isolate number 5 and its phage. 

 

A 

 

B 

 

Figure 8 Plaque assay for the isolate number 5, after repropagation of phages, with dilution 10-8. A – Control (without 
phages). B – Test (isolate + phages). In the picture B, it is clear the plaques formed by the action of the phages attacking the 

bacteria (black arrow). From this plate, four plaques were harvested and the phage DNA was extracted for sequencing. 
Note: in the picture the isolate number 6, correspond to the isolate number 5 for sequencing. For this reason in the text it 

will be referred as number 5 to be coherent. 

 

After harvesting single plaque phages, their genomic DNA was extracted, followed by sequencing (Nextera® 

XT, Illumina MiSeq platform). The alignment of reads against nucleotide sequence databases showed no 

results. From 784,660 reads only 3.3% were mapped, the strategy used to overcome this problem was to 

assemble the reads into contigs and run the 8 biggest contigs (Table 3). 
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Table 3 Size of the 8 largest contigs chosen for the identification of the plaque found with isolate number 5. 

Contig Size (bp) 

1 15,737 

2 15,287 

3 12,130 

4 11,463 

5 10,905 

6 10,897 

7 9,592 

8 9,538 

 

 

 

Figure 9 Relative distribution of the proteins determined for contigs derived from the plaque found in the isolate number 5. 

 

Figure 9 represents the homology results for each contig. Beside all of the contigs matched with phage 

proteins, only contig number 1 matched with several essential proteins for phages and all of them correspond 

to Entereobacteria phage proteins, such as head maturation protease C, head-tail connector and DNA 

packaging protein. These results suggest that it could be an Enterobacteria phage not yet characterized. 

Since it was not possible to identify isolate number 5 because it was not a pure colony, phage sequencing was 

not compromised because phages are very specific for its cell host. In this case, based on the phage 

sequencing result, isolate number 5 should be an Enterobacteria. 

Contigs 
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Knowing the bacteriologic importance of the vulture gut, it was interesting to test its virome with human 

pathogens which are becoming resistant to the classic antibiotics. With this in mind Escherichia coli 474 

(O157:H7) and Salmonella senftenberg 775W both cultured in BHI broth aerobically were chosen. 

 

A 

 

B 

 

Figure 10 Plaque assay before repropagation of the phages. It was possible to find plaques in both (black arrows). A – 
Plaque assay with Salmonella senftenberg 775W. B – Plaque assay with E. coli 474 (O157:H7).  

 

By using the plaque assay, total phages were inoculated with each bacterial strain, originating plaques in both 

of them (Figure 10). However, after repropagation of the phages, to get a mixture rich in the specific phage, 

the top titration did not show plaques again.  

Two reasons could be pointed for the non-appearance of plaques. The first could be due to the repropagation 

procedure not stopping at time and the bacteria present in the broth started to mutate and grow, due to the 

mechanisms that bacteria have to overcome the action of the phages. To solve this problem two different 

strategies were performed. First, the mixture rich in phages was filtrated with a 0.45µm cutoff for bacteria 

removal, and then was performed the top titration. As this additional step of filtration was not effective, we 

tried to centrifuge gently the SM buffer, used to wash the plate and recover phages by diffusion. Then we used 

it directly to perform the top titration but, once more, no plaques were found. 

The second reason for the absence of plaques could be the salt concentration in the SM buffer used to extract 

phages from the plate. The next step would be to test different concentrations of NaCl during the 

repropagation of phages, because bacteriophages can form clusters, and the salt has an important role on 

ungroup them. Nevertheless, due to time limitation it was not possible to continue with this tests. 
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3.4.3 Characterization of the vulture gut virome 

Since it is recognized that viruses play a key role in microbial communities, analyses of the virome is very 

important to describe not only how it is composed and its stability, but how it interacts with the host’s health. 

Nowadays, virome studies are possible due to advances in high throughput technologies that allows the 

detection of rare components of a microbial community (Wylie et al., 2012). 

However, studies about the virome are challenging and some difficulties must be overcome. In the first place, 

the characterization of viruses implies sampling all the virus community and compare its genome sequences 

with already characterized viral reference sequences. Besides, databases are still very poor because the 

majority of the viruses have not been characterized and included in viral reference databases, and also viruses 

do not have a conserved region such as 16S rRNA, as bacteria have, that allows its classification in a simpler 

way  (Wylie et al.,2012). With that in mind, another goal of this work was to characterize the virome of the 

vulture gut. This was done by sequencing all virus genomes extracted from the faecal sample (Nextera® XT, 

Illumina MiSeq platform). Through metagenomics analyses it was possible to characterize the community 

structure of the virome (Figure 11).  

The most relative abundant phages are Entererobacteria phage phi29 (23%), Streptococcus phage SP-QS1 

(20%) and Enterococcus phage VD13 (12%). With lower abundance were found Salmonella and Escherichia 

phages. As happened with the metagenome, the majority of the phages were not identified, because the 

databases are still very incomplete. No comparison regarding the gut vulture virome can be done at this point, 

since there is still no available data on literature. 

As referred before, we were unable to obtain plaques in the presence of Escherichia coli and Salmonella 

senftenberg. However, this virome characterization shows that probably both Salmonella senftenberg and 

Escherichia coli phages were present in the assay and it is our interest to characterize them since the bacteria 

they infect are known as frequent pathogens in humans.  

Comparing the metagenome and the virome from the faecal samples we can observe that the phage diversity 

is bigger than bacteria diversity. Also, the abundance of phages is inversely correlated with the abundance of 

its bacteria host. This could be related to the fact that phages attack its host and they reproduce themselves 

exponentially when its bacteria host are being killed. However, in normal conditions, the gut microbiome is 

stable due to several systems which permit both coexistence in natural environments in equilibrium providing 

a healthy condition. In this way, the more abundant bacteria must have developed some mechanisms capable 

of avoid phage replication, for example CRISPR-Cas or other. 

Phages and bacteria are ubiquitous microorganisms of the gut environment. Since the faecal sample here 

studied belongs to a vulture kept in a Zoo we expected that both microbiome and virome would be different 

from a wild vulture that are exposed to much more pathogens from the carrion.  Nevertheless, comparison of 

our data (despite from a single sample) with the one available from wild vulture shows some remarkable 

similarities namely in the microbiome comparisons. 
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Figure 11 Relative distribution determined for the vulture virome derived from the faecal sample. 
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4. General Conclusion and Future Perspectives 

Characterizing the metagenome and the virome of the vulture faeces is one way of studying the vulture gut and 

understating that its dynamics is fundamental to study its effect in the possible treatment of several human 

conditions. Vulture gut harbour a complex microbial community in constant interaction between them consequently, 

providing an interesting environment that confer benefits to bird’s health due to their diet based on carrion, which is 

characterized by being full of pathogens for the humans.  

This work confirmed the core of vultures’ microbiome is composed by Clostridia and Fusobacteria genus. Clostridia is a 

Gram positive bacteria that represents the majority of vulture metagenome, suggesting this bacteria outcompeted 

other bacterial groups and vulture gut benefit from that, since Clostridia can degrade carrion (Roggenbuck, et al., 

2014).  

The vulture virome is very diverse in terms of bacteriophages and to study possible interactions between phages and 

bacterial hosts can provide new resources for phages capable of attack pathogens that are becoming antibiotic 

resistant or even for gut modulation as probiotics.  

NGS provides new tools to describe microbial communities since now it is possible to identify non-cultivable bacteria 

and rare components of an environment. However, reference genomes databases are still very poor and more efforts 

need to be applied in order to characterize novel species. 

To study phage-host interactions with different bacteria more efforts have to be put into the development of 

strategies to study non-yet-cultivable bacteria. One of these strategies could pass through the development of new 

culture media and new solidifying agents. 

Several technical obstacles needed to be overcome during the cultivation of anaerobic bacteria from gut samples. 

Working inside the anaerobic chamber compromises the movements and the available space. Moreover, it is difficult 

to guarantee the sterilization of the working area since it is not possible to work with flame inside the chamber and 

the disinfection was based on ethanol solutions. Tests to check if the atmosphere was contaminated by opening a 

tube with broth and incubating were performed. Despite the negative results, we speculate that it was not possible to 

isolate pure colonies because of the atmosphere not being sterilized. Furthermore, the cultures needed to be 

incubated in anaerobic jars that sometimes exhibit leaks and all the bacterial cultivation needed to be done again.  

Finally, by matching classic bacteria culturomics and new NGS it is possible to study new phage-host interactions in 

order to describe novel bacteriophages capable of attack human pathogens, or also use them in the agriculture, food 

industry, among others. 
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