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Abstract 

Studying microbial organisms at the level of single genetic variants (strains) is key not only 

for human pathogens but also for commensal members of the human microbiome. 

However, several limitations make isolation-based methods only partially effective in 

surveying the complexity of host-associated microbial communities. Novel biotechnological 

advances are revolutionizing the study of host-associated microbes, enabling the transition 

from low-resolution cultivation-based typing to cultivation-free metagenomic 

characterizations. In my doctoral work, I tested the hypothesis that appropriate analytical 

tools applied to genomic and metagenomic data can provide information about microbes at 

a resolution comparable to that of cultivation-based methods. To this end, I employed a set 

of integrated methods to reconstruct the genome and analyse the functional and 

transmission patterns of pathogenic and commensal microbes across human and non-

human hosts in different contexts. 

We initially focused on the whole-genome sequencing of a cohort of 184 Staphylococcus 

aureus infections from patients with a set of diverse diseases at multiple departments of 

Meyer’s Children Hospital in Florence, Italy. By applying a combination of isolation-based 

techniques and computational analysis, we surveyed the epidemiology, transmission 

patterns, and genomic features associated with both highly-studied and under-investigated 

S. aureus clones. We identified new infective clones and two novel variants of the beta-

lactam resistance cassette. We moreover profiled the virulence and resistance factors 

typically associated with this opportunistic pathogen, observed the dispensability of genes 

previously considered as putative targets for vaccine development, and tracked the 

transmission of a newly-emerging epidemic clone. 

We then focused on the challenging task of extracting strain-level genomic information 

from cultivation-free metagenomic sequencing of stool samples obtained from mothers 

and their infants during the first year of life. By applying genetic and pangenomic profiling 

tools, we showed that the spread of microbiome members can be inferred from 

metagenomes directly, and we tracked the vertical transmission of microbial strains from 

mother to her infant and their corresponding transcriptional profiles. This pilot study laid 

the foundations for larger cohort studies investigating microbiome transmission via 

metagenomic sequencing.  

The next step was the application of cultivation-free approaches to identify and survey 

currently neglected host-associated microbes. In order to explore those species lacking 

relatively close already sequenced genomes, we performed a large-scale assembly-based 

analysis to reconstruct high-quality microbial genomes for species and strains in the 

under-investigated microbiome of non-human primates (NHPs). Overall, less than one-

quarter of the recovered genomes were assigned to known species or species previously 

observed in the human microbiome. The remaining genomes were assigned to over 1,000 

new species, which improved the mappable fraction of NHP metagenomes by over 600%. 



12 

 

The analysis of this newly-established catalog of NHP-associated species in the context of 

available human-associated microbial genomes further exposed the loss of biodiversity 

from wild and captive NHPs to non-Westernized and Westernized human populations, 

showing that microbiome members shared between NHPs and humans mostly belong to 

uncharacterized species that are heavily lifestyle-dependent. 

Through characterization of a cohort of Staphylococcus aureus isolates, tracking of 

transmission of commensals from mother to infant, and recovering of microbial dark matter 

associated with non-human primates, we showed that cultivation-free profiling of known 

and unknown host-associated species can achieve a resolution for comparative genomics 

that is close to that available for isolate sequencing. 
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1. Introduction to the thesis 

Microbes living in and on the human body play important roles in host physiology and 

metabolism (HMP et al. 2012; Qin et al. 2010; Clemente et al. 2012). They are for example 

responsible for degrading otherwise indigestible food components (Bäckhed et al. 2005), 

preventing pathogen colonization (Stecher and Hardt 2011) and modulating host immune 

system (Palm, de Zoete, and Flavell 2015). The set of bacteria, archaea, viruses, and 

microeukaryotes associated with a specific host are defined as its microbiome. The human 

microbiome has been extensively studied in the past fifteen years by a few large-scale 

investigation initiatives (HMP et al. 2012; Qin et al. 2010) and a large number of smaller 

studies focusing on specific body sites and conditions, which together uncovered a 

substantial fraction of the overall human microbiome diversity. Most research has however 

focused on characterizing the relative abundances of genera (16S rRNA amplicon 

sequencing) and species (shotgun metagenomics), without reaching the resolution of 

single microbial organisms and their specific genetic variants usually called strains.  

Characterizing and discovering host-associated microbes at the level of single strains is 

indeed key for both human pathogens and commensals, mainly because of the substantial 

phenotypic and genotypic differences between strains belonging to the same species 

(Schloissnig et al. 2013; Truong et al. 2017; Segata 2018). One illuminating example of 

this within-species diversity is Escherichia coli, a common gut commensal that is however 

also well-known for its pathogenic strains linked with gastroenteritis and the haemolytic–

uremic syndrome (Frank et al. 2011), necrotizing enterocolitis in preterm infants (Ward et 

al. 2016a) and cancer onset (Cuevas-Ramos et al. 2010). Other less-investigated 

examples are Prevotella copri, whose different strains are linked with low-fat high-fiber 

healthy diets (De Filippis et al. 2019) or with increased risk of rheumatoid arthritis (Scher et 

al. 2013), and Eggerthella lenta, whose specific strains are able to degrade and therefore 

inactivate the cardiac drug digoxin with largely unpredictable negative therapeutic 

outcomes (Haiser et al. 2013). Being able to characterize microbial communities at the 

level of single strains to perform comparative genomics analysis is thus crucial to resolve 

host-microbe relationships, and has relevant implications for human health (Segata 2018).  

Cultivation-based studies have been successful in deeply characterizing specific human-

associated microbes, especially after whole-genome sequencing (WGS) allowed deep 

mining of their genome. Early investigations based on WGS focused mainly on pathogens 

(Cole et al. 1998; Fraser et al. 1998; Parkhill et al. 2000; Nelson et al. 2003) or 

opportunistic pathogens. This is, for instance, the case of methicillin-resistant 

Staphylococcus aureus and its large repertoire of previously unknown virulence genes 

(Kuroda et al. 2001), and of Pseudomonas aeruginosa, with its large genome full of 

regulatory genes explaining plasticity and intrinsic drug resistance (Stover et al. 2000). In 

many cases, whole-genome isolate sequencing allowed to tell apart less harmful strains 

and those associated with enhanced risks of life-threatening diseases, as in the case of 

Helicobacter pylori (Blaser 1997; Atherton et al. 1997; Alm et al. 1999). In the following 

https://paperpile.com/c/yLsIs3/gt9LF+wD7pn+NJRVr
https://paperpile.com/c/yLsIs3/Otjxy
https://paperpile.com/c/yLsIs3/D7gWK
https://paperpile.com/c/yLsIs3/hLjxY
https://paperpile.com/c/yLsIs3/gt9LF+wD7pn
https://paperpile.com/c/yLsIs3/60tUz+n1Ww+cW2P
https://paperpile.com/c/yLsIs3/sQfa
https://paperpile.com/c/yLsIs3/4DVi
https://paperpile.com/c/yLsIs3/4DVi
https://paperpile.com/c/yLsIs3/Cjp9
https://paperpile.com/c/yLsIs3/tXio
https://paperpile.com/c/yLsIs3/SIkD
https://paperpile.com/c/yLsIs3/SIkD
https://paperpile.com/c/yLsIs3/oU3Q
https://paperpile.com/c/yLsIs3/cW2P
https://paperpile.com/c/yLsIs3/35q5+eO6B+1Ee0+FlR5
https://paperpile.com/c/yLsIs3/mLrX
https://paperpile.com/c/yLsIs3/pwe3
https://paperpile.com/c/yLsIs3/oRYE+r81V+HEPs
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decade, cultivation-based studies allowed the investigation of most of the relevant human 

and non-human pathogens, as well as some commensals or bacteria of particular interest 

(Pallen and Wren 2007; Ventura et al. 2009). However, despite the high resolution that 

genome sequencing now allows, cultivation-based approaches can only partially survey 

the diversity of host-associated microbial communities.  

The limitations of cultivation-based techniques in surveying the strain-level epidemiology of 

known and unknown microbes are mainly technical, with many bacterial species being 

slow-growers, requiring co-cultivation, or specific conditions that cannot be easily 

foreseen. Nevertheless, cultivation-recalcitrant species are not the only reason for which 

cultivation-based methods are not enough to survey host-associated microbial diversity. 

Even with the new methods that expanded the fraction of microbes that can be 

successfully grown in vitro (Stewart 2012), isolation is a labour-intensive task and would 

be impossible to apply it on a large scale to assess the entire diversity of a species and 

potentially to decipher the yet-to-be-characterized fraction of the microbial world. 

In recent years, new opportunities to access cultivation-recalcitrant species have been 

offered by metagenomics, which studies microbial communities by sequencing the total 

genetic content of a sample of interest. Many metagenomic studies have focused on 

characterizing the associations of specific microbiome compositions or species with health 

and disease (HMP et al. 2012; Qin et al. 2012; Durbán et al. 2013; Zeller et al. 2014; 

Nielsen et al. 2014; Zhang et al. 2015; Ward et al. 2016b; Vogtmann and Goedert 2016). 

With the cost of next-generation sequencing continuing to decrease, shotgun 

metagenomics data have become increasingly available enabling the meta-analysis of 

large datasets and the recovery of even greater microbial diversity. However, analytical 

limitations in the ability to mine metagenomes at large scale with strain-level resolution are 

an obstacle to really uncover the strain diversity and dynamics of the worldwide human 

microbiome. When I started my doctoral studies, it was indeed unclear whether 

metagenomics could reach the required precision to study microbes as single strains, track 

them in complex communities and confidently discover new species from metagenomic 

data.  

1.1 Aims and main contribution of the thesis 

In this thesis, I employed several experimental and computational tools applied on different 

clinically-relevant settings to verify the main hypothesis that metagenomics can be 

empowered with the needed strain-level resolution to complement and extend 

cultivation-based methods to characterize, track and discover new microbial 

organisms. The studies reported in this thesis investigated pathogenic and commensal 

host-associated microbial strains through the application of different cultivation-based and 

cultivation-free methods, ranging from epidemiological analysis from whole-genome isolate 

sequencing to the reconstruction of potentially uncharacterized strains from non-human 

metagenomes. Particular focus has been put on the assessment of the functional and 

transmission patterns, as well as on the microbe-host relationship.  

https://paperpile.com/c/yLsIs3/wOHH+N4Tr
https://paperpile.com/c/yLsIs3/gpXq
https://paperpile.com/c/yLsIs3/gt9LF+N06w+skNt+ir3v+7VR9+r3EF+0Fm5+1Riv
https://paperpile.com/c/yLsIs3/gt9LF+N06w+skNt+ir3v+7VR9+r3EF+0Fm5+1Riv
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More specifically, I worked on three main methodological aspects: 

1. assess the depth of genomic resolution that can be reached with whole-genome 

isolate sequencing of a relatively well-known opportunistic pathogen (Staphylococcus 

aureus); 

2. test the feasibility of tracking multiple potentially uncultivable members of the 

microbiome at once by extracting strain-level genomic information from cultivation-free 

metagenomic data and matching them across samples; 

3. reconstruct genomes of microbial strains associated with under-investigated hosts, for 

the purpose of discovering new uncharacterized microbes. 

Simultaneously, I aimed at answering questions of biomedical relevance: 

1. How complex is the epidemiology of Staphylococcus aureus infections in a hospital? 

Are we assessing the entire genetic variability of this opportunistic pathogen? Are 

there new infective clones and how can we effectively survey them? Is there an 

epidemiological reason for the current lack of a vaccine against S. aureus, such as 

dispensability of genes encoding for putative vaccine targets? 

2. How is the infant microbiome established and which are the most relevant sources? 

What is the role of vertical transmission of microbes from the mother in the 

establishment of the infant gut microbiome? How many and which species are 

vertically transmitted, and are they active in the gut of the infant? 

3. What is the extent of host-specific microbiome in primates? How similar are the human 

and non-human gut microbiomes? Can we find potential indication of coevolution or 

species-loss linked with industrialized lifestyles? 

The works reported in this thesis contributed to the study of host-associated microbial 

strains by proving the possibilities related to in-depth analysis of whole-genome isolate 

sequencing for pathogens surveillance and by showing how strain-level metagenomics 

can reach a comparable resolution and even access still uncharacterized microbial 

species associated with under-investigated hosts. Overall, we showed that strain-level 

metagenomic approaches can complement and expand isolation-based comparative 

genomic analysis and drive the discovery of new microbial clades. As discussed in the 

corresponding sections in the introduction of each chapter, our framework contributed to 

the current wave of metagenomic analyses that are answering to questions previously 

addressable only by cultivation-based assays.  
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1.2 Organization of the thesis 

This thesis is structured into chapters, each one reporting published (Chapters 2, 3 and 5) 

or unpublished (Chapter 4) manuscripts describing the work I performed during my 

doctoral studies. A brief introduction and discussion to each article and the link with the 

overall thesis rationale are reported at the beginning of each chapter, together with a 

statement about my specific contribution to each study. 

● Chapter 2 reports the article “Whole-genome epidemiology, characterisation, and 

phylogenetic reconstruction of Staphylococcus aureus strains in a paediatric hospital” 

published in Genome Medicine in 2018. In this work, we applied whole-genome isolate 

sequencing to survey the epidemiology, the genetic traits and the transmission patterns 

of a cohort of S. aureus infections. 

● Chapter 3 reports the article “Studying Vertical Microbiome Transmission from Mothers 

to Infants by Strain-Level Metagenomic Profiling” published in mSystems in 2017. In 

this work, we applied a cultivation-free approach to study the transmission of 

microbiome members from mother to infant at the strain-level and to extract relevant 

genomic and functional information.  

● Chapter 4 reports the article “Microbial genomes from gut metagenomes of non-human 

primates expand the primate-associated bacterial tree-of-life with over 1,000 novel 

species”, which is ready to be submitted to a scientific journal. In this work, we applied 

a metagenomic assembly and binning approach to reconstruct microbial genomes from 

non-human primate metagenomes, which included a large number of yet-to-be-

characterized species and functions.  

● Chapter 5 reports the abstracts and a brief introduction to four articles I contributed to 

during collaborative work I performed during my studies. How these articles I co-

authored are linked with those reported in the previous chapters is reported in the 

introduction to each specific study. 
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Chapter 2. Whole-genome epidemiology, characterisation, and 

phylogenetic reconstruction of Staphylococcus aureus strains 

in a paediatric hospital 

2.1 Introduction to the chapter 

This chapter reports the work I performed during the first period of my doctoral studies, 

which aimed at understanding and characterize at the molecular level the epidemiology of 

Staphylococcus aureus infecting patients in multiple departments at Meyer’s Children 

Hospital in Florence. In this first work, we applied a clinical microbiology approach based 

on the isolation of this relatively well-known opportunistic pathogen followed by whole-

genome sequencing and analysis. Although many studies focused on Staphylococcus 

aureus in the past, our more general goal was to understand at which level of resolution 

this bacterium can be studied using whole-genome sequencing, with specific focus on the 

transmission pattern, intra-hospital evolutionary history, and novel antibiotic-resistance 

variants. We thus performed a large body of analysis on the sequenced isolate genomes, 

which allowed us to deeply characterize our cohort, identify novel strains and variants, and 

to explore the genetic variability and pathogenic potential of S. aureus. Overall, we 

conclude that whole-genome sequencing is very effective for easy-to-isolate pathogens for 

which many reference genomes are already available in public repositories. 

We focused on Staphylococcus aureus because this microbe is one of the most 

dangerous pathogens in hospital settings. S. aureus is, in fact, a common inhabitant of the 

skin and upper airways (Wertheim et al. 2005; Mainous et al. 2006; Tong, Davis, et al. 

2015) but also an opportunistic pathogen causing mild to life-threatening infections (Tong, 

Davis, et al. 2015; Esposito, Noviello, and Leone 2016; Rhee et al. 2015). Invasive S. 

aureus infections have an extremely high mortality in absence of effective treatments such 

as antibiotics (Peacock and Paterson 2015), to which S. aureus is particularly prone to 

acquire resistances (Rammelkamp and Maxon 1942; Bondi and Dietz 1945). The most 

well-known and studied is the resistance to methicillin (MRSA) (Peacock and Paterson 

2015), but S. aureus has proven able to develop resistance to all antibiotics that entered 

the clinics so far (Pantosti, Sanchini, and Monaco 2007; Monaco et al. 2017; Raad et al. 

2007; Hiramatsu 2001), and its vancomycin-intermediate methicillin-resistant variant has 

been indicated by World Health Organization as high priority for research and 

development of new antibiotics (Tacconelli et al. 2018). Many studies have investigated 

the global and local epidemiology of S. aureus, but have often focused on the most virulent 

MRSA strains (Voss and Doebbeling 1995; Stefani et al. 2012; Chambers and Deleo 2009; 

Harris et al. 2010), despite most lethal nosocomial infections are caused by methicillin-

sensitive clones (MSSA) (Sievert et al. 2013; Monaco et al. 2017). Studies unbiasedly 

addressing both the highly virulent or resistant population and the more mild variants of S. 

aureus are thus crucial for global surveillance and for the identification of new infective 

clones. However, such research is still currently limited (Copin, Shopsin, and Torres 2018). 

https://paperpile.com/c/LfIyz8/86COD+kAMZu+x4mx6
https://paperpile.com/c/LfIyz8/86COD+kAMZu+x4mx6
https://paperpile.com/c/LfIyz8/x4mx6+qYx7t+tf1IP
https://paperpile.com/c/LfIyz8/x4mx6+qYx7t+tf1IP
https://paperpile.com/c/LfIyz8/jghbp
https://paperpile.com/c/LfIyz8/CDOQy+E20WB
https://paperpile.com/c/LfIyz8/jghbp
https://paperpile.com/c/LfIyz8/jghbp
https://paperpile.com/c/LfIyz8/5rexK+9cNR0+bWxLK+7Pwm2
https://paperpile.com/c/LfIyz8/5rexK+9cNR0+bWxLK+7Pwm2
https://paperpile.com/c/LfIyz8/zKgv0
https://paperpile.com/c/LfIyz8/YYaXU+xEHjm+MEX4v+sLDe9
https://paperpile.com/c/LfIyz8/YYaXU+xEHjm+MEX4v+sLDe9
https://paperpile.com/c/LfIyz8/tOCZD+9cNR0
https://paperpile.com/c/LfIyz8/9t37V
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The lack of integrated large-scale analysis for the epidemiology of S. aureus in a hospital 

setting thus motivated our work. 

In the article reported in this Chapter and published in Genome Medicine in 2018, we thus 

studied the epidemiology and genetics of S. aureus by whole-genome sequencing 234 

isolates obtained from 160 patients under treatment in different departments of Anna 

Meyer Children’s University Hospital (Florence, Italy). Overall, we limited downstream 

analysis to investigate only high-quality genomes, which covered 135 patients affected by 

different diseases. Reconstruction of the whole cohort phylogeny and the combination of 

four different in-silico typing methods (Multi-Locus Sequence Typing and typing of the 

Staphylococcal Cassette Chromosome mec, of the spa gene, and of the Panton-Valentine 

Leukocidin) highlighted the high diversity of the S. aureus community, with 80 different 

lineages covering local and global clones. Among these, we identified five new sequence 

types lacking reference genomes in public databases and unusual clones associated with 

livestock or typical of the Middle East, supporting the changing epidemiology of S. aureus 

in the clinics. Through the screening of the most relevant resistance and virulence genes, 

we exposed the variability and complexity of these pathogenicity factors in the different 

departments, and we reported an increased prevalence of highly-resistant and lowly-

virulent clones in chronic infections and the opposite pattern of lowly-resistant and highly-

virulent variants in acute infections. An high degree of variability was observed also for the 

Staphylococcal Cassette Chromosome mec responsible for resistance to beta-lactams, for 

which we described two novel variants carrying extra antibiotic resistance genes. Given 

the high genetic variability observed, we expanded our analysis to survey the 

dispensability of antigens previously clinically tested for vaccine development, and 

highlighted their uneven conservation that may play a critical role in the difficult 

development of full-coverage vaccines for S. aureus infections. Lastly, we reconstructed 

the timed phylogeny of a specific clone to exclude a potential hospital-specific outbreak. 

Results suggested that the one we identified was not a hospital-specific clone, but a newly 

emerging infective variant spreading in the nosocomial environment of different European 

countries. 

Outlook. Overall, our results highlight the under-investigated complexity of S. aureus 

epidemiology and advocate the need for wider genome-based analysis. The application of 

the approach presented in this study to include other hospitals and countries would help 

the unbiased identification of newly arising infective clones to reassess the efforts for the 

development of new therapies and update the clinical practice. An analysis of the current 

costs for bacterial whole-genome sequencing and the level of standardization that some of 

the analytical tool can reach, let us also conclude that NGS-based surveillance of S. 

aureus will be soon ready to be applied routinely in a clinical setting.   

Contribution. For the work reported in this chapter, I coordinated the pre-sequencing 

sample processing, performed some of the post-sequencing computational steps (e.g. 

gene-based profiling and annotation), carried out the statistical association analysis, and I 
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led the data interpretation and writing of the manuscript. Sample and clinical data 

collection and S. aureus isolation was performed by the personnel at the Meyer hospital. 

This chapter reports the following article: 

Whole-genome epidemiology, characterisation, and phylogenetic reconstruction of 

Staphylococcus aureus strains in a paediatric hospital 

Serena Manara^, Edoardo Pasolli^, Daniela Dolce^, Novella Ravenni, Silvia Campana, 

Federica Armanini, Francesco Asnicar, Alessio Mengoni, Luisa Galli, Carlotta Montagnani, 

Elisabetta Venturini, Omar Rota-Stabelli, Guido Grandi, Giovanni Taccetti and Nicola 

Segata 

^ these authors contributed equally 

Genome Medicine 2018 

2.2 Abstract 

Background. Staphylococcus aureus is an opportunistic pathogen and a leading cause of 

nosocomial infections. It can acquire resistance to all the antibiotics that entered the clinics 

to date and the World Health Organization defined it as a high-priority pathogen for 

research and development of new antibiotics. A deeper understanding of the genetic 

variability of S. aureus in clinical settings would lead to a better comprehension of its 

pathogenic potential and improved strategies to contrast its virulence and resistance. 

However, the number of comprehensive studies addressing clinical cohorts of S. aureus 

infections by simultaneously looking at the epidemiology, phylogenetic reconstruction, 

genomic characterization, and transmission pathways of infective clones is currently low, 

thus limiting global surveillance and epidemiological monitoring. Methods. We applied 

whole-genome shotgun sequencing (WGS) to 184 S. aureus isolates from 135 patients 

treated in different operative units of an Italian paediatric hospital over a timespan of three 

years, including both methicillin-resistant (MRSA) and methicillin-sensitive (MSSA) S. 

aureus from different infection types. We typed known and unknown clones from their 

genomes by Multilocus sequence typing (MLST), Staphylococcal Cassette Chromosome 

mec (SCCmec), Staphylococcal protein A gene (spa), and Panton-Valentine Leukocidin 

(PVL), and we inferred their whole-genome phylogeny. We explored the prevalence of 

virulence and antibiotic resistance genes in our cohort, and the conservation of genes 

encoding vaccine candidates. We also performed a timed phylogenetic investigation for a 

potential outbreak of a newly emerging nosocomial clone. Results. The phylogeny of the 

135 single-patient S. aureus isolates showed a high level of diversity, including 80 different 

lineages, and co-presence of local, global, livestock-associated, and hypervirulent clones. 

Five of these clones do not have representative genomes in public databases. Variability 

in the epidemiology is mirrored by variability in the SCCmec cassettes, with some novel 

variants of the type IV cassette carrying extra antibiotic resistances. Virulence and 

resistance genes were unevenly distributed across different clones and infection types, 

with highly resistant and lowly virulent clones showing strong association with chronic 
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diseases, and highly virulent strains only reported in acute infections. Antigens included in 

vaccine formulations undergoing clinical trials were conserved at different levels in our 

cohort, with only a few highly prevalent genes fully conserved, potentially explaining the 

difficulty of developing a vaccine against S. aureus. We also found a recently diverged 

ST1-SCCmecIV-t127 PVL- clone suspected to be hospital-specific, but time-resolved 

integrative phylogenetic analysis refuted this hypothesis and suggested that this quickly 

emerging lineage was acquired independently by patients. Conclusions. Whole genome 

sequencing allowed us to study the epidemiology and genomic repertoire of S. aureus in a 

clinical setting and provided evidence of its often underestimated complexity. Some 

virulence factors and clones are specific of disease types, but the variability and 

dispensability of many antigens considered for vaccine development together with the 

quickly changing epidemiology of S. aureus makes it very challenging to develop full-

coverage therapies and vaccines. Expanding WGS-based surveillance of S. aureus to 

many more hospitals would allow the identification of specific strains representing the main 

burden of infection and therefore reassessing the efforts for the discovery of new 

treatments and clinical practices. 

Keywords 

Staphylococcus aureus, microbial genomics, microbial epidemiology, bacterial pathogens 

2.3 Background 

Staphylococcus aureus is a bacterium commonly found on the skin (15%), in the nostrils 

(27%), and in the pharynx (10-20%) of healthy adults (Wertheim et al. 2005; Mainous et al. 

2006; Tong, Davis, et al. 2015), but it is also the cause of a number of diseases, whose 

severity ranges from common community-associated skin infections to fatal bacteraemia 

(Tong, Davis, et al. 2015; Esposito, Noviello, and Leone 2016; Rhee et al. 2015). S. 

aureus is a leading cause of surgical, device-related, and pleuropulmonary infections, 

which can result into life-threatening infective endocarditis or even sepsis (Peacock and 

Paterson 2015). The mortality of S. aureus invasive infections was extremely high (>80%) 

in the pre-antibiotic era (Peacock and Paterson 2015; Skinner and Keefer 1941), and only 

the introduction of penicillin at the beginning of the 1940s was able to contain it. However, 

resistant strains carrying a penicillinase/beta-lactamase quickly emerged (Rammelkamp 

and Maxon 1942; Kirby 1944; Bondi and Dietz 1945), and more than 90% of current 

human-associated isolates are resistant to penicillin (Peacock and Paterson 2015). 

Similarly, the introduction of the penicillinase-resistant antibiotic methicillin was quickly 

followed by the emergence of methicillin-resistant (MRSA) clones (Barber 1961; Parker 

and Jevons 1964; Jevons, Coe, and Parker 1963). S. aureus is capable of acquiring 

resistance to virtually every antibiotic that has entered clinical use (Pantosti, Sanchini, and 

Monaco 2007; Monaco et al. 2017), including recently developed agents like daptomycin 

and linezolid (Raad et al. 2007; Liu et al. 2011) and the last resort antibiotic vancomycin 

(Kos et al. 2012; Hiramatsu 2001). In 2017 the World Health Organization has listed 

https://paperpile.com/c/LfIyz8/86COD+kAMZu+x4mx6
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vancomycin-intermediate and resistant MRSA among the high priority pathogens for 

research and development of new antibiotics (Tacconelli et al. 2018). 

S. aureus ability to spread worldwide and to cause outbreaks in both hospitals and the 

community (Tosas Auguet et al. 2018; Coll et al. 2017) has fostered the study of its global 

epidemiology (Tong, Davis, et al. 2015; Monaco et al. 2017; Voss and Doebbeling 1995; 

Stefani et al. 2012; Chambers and Deleo 2009). Some lineages are very prevalent 

worldwide (e.g. CC5 and CC8) (Stefani et al. 2012), whereas others have a more localized 

spreading range, like the CC5 ST612 clone, which has been found only in South Africa 

and Australia (Stefani et al. 2012; Chambers and Deleo 2009; Jansen van Rensburg et al. 

2011). MRSA prevalence is also highly geographically variable, ranging from <1% in some 

Northern European countries to >50% in some American and Asian countries, with 

livestock-associated MRSA disseminating in the last two decades (Stefani et al. 2012). 

Newly emerging highly pathogenic and pandemic clones have also been globally 

characterized (Harris et al. 2010; Mediavilla et al. 2012) and are often the results of 

recombination events as in the case of the ST239-SCCmecIII clone (Chambers and Deleo 

2009; Harris et al. 2010; Deurenberg and Stobberingh 2008). S. aureus investigations 

have however often underestimated the importance of non-MRSA clones, usually 

considering only hypervirulent or specifically relevant methicillin-sensitive (MSSA) lineages 

(Monaco et al. 2017), even though MSSA is the most common cause of surgical site 

infection (Sievert et al. 2013) and one of the major nosocomial pathogens (Monaco et al. 

2017). 

Untargeted profiling of the entire S. aureus population in a given site or area is as 

important as its global epidemiology and it is crucial for surveillance and prevention of local 

outbreaks. Some studies have for instance unbiasedly assessed the local epidemiology of 

nosocomial S. aureus, suggesting that this pathogen is only rarely transmitted from nurses 

to hospitalised patients in presence of adequate infection prevention measures (Price et al. 

2017), and that the community acts as major source of nosocomial MRSA (Prosperi et al. 

2013). Studies surveying the whole S. aureus population in hospitals have however 

focused on single aspects, like the diversity of the population, its virulence and resistance 

traits, and its transmission in presence of an outbreak (Harris et al. 2013; Stein et al. 2006; 

Bertin et al. 2006; Coombs et al. 2007; Wang et al. 2001; Saiman et al. 2003) or in non-

emergency conditions (Givney et al. 1997; Blok et al. 2003; Tong, Holden, et al. 2015). 

Despite the large body of researches on S. aureus, studies addressing a whole S. aureus 

infective population at a given site through whole genome sequencing to simultaneously 

look at the epidemiology, phylogenetic reconstruction, genomic characterization, and 

transmission pathways of infective clones are currently limited (Copin, Shopsin, and Torres 

2018). Expanding these types of studies will be crucial for an in-depth global monitoring of 

S. aureus. 

Here we report an in-depth epidemiological and genomic investigation of S. aureus 

infections in a paediatric hospital in Italy. With a whole-genome sequencing approach, we 
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reconstructed the phylogenies of the clones in the cohort, characterized known clones and 

variants, screened for resistance and virulence genes, and tested for the presence of an 

outbreak. This allowed us to appreciate the high diversity of the S. aureus community, with 

80 different lineages, variability of the resistance cassettes, and uneven conservation of 

various antigens previously clinically tested for vaccine development. We further report an 

increased prevalence of highly resistant and lowly virulent clones in chronic infections, and 

the rise of a newly emerging clone already reported in other hospitals. Overall, our results 

highlight the complexity of S. aureus epidemiology and advocate the need for wider 

genome-based analysis. 

2.4 Materials and Methods 

Sample collection and S. aureus isolation 

Samples were collected at Anna Meyer Children’s University Hospital (Florence, Italy) from 

160 patients from January 2013 to December 2015. Metadata were also collected 

(Additional file 1: Table S1). We analysed samples obtained from the most common sites 

of infection for S. aureus, namely airways (bronchial aspirates, sputum or oropharyngeal 

and nasal swabs) or from soft-tissue and skin lesions. All samples were processed for the 

detection of bacteria using selective (Mannitol Salt Agar 2, bioMérieux) and chromogenic 

culture media for MRSA (BBL™ CHROMagar™ MRSA II, Becton Dickinson). In order to 

confirm species-level identification, mass spectrometry analysis was performed using 

Matrix Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) (VITEK® MS, 

bioMérieux). Antibiotic susceptibility was evaluated using the automated system VITEK®2 

(bioMerieux) with the card AST- P632 (see Additional file 1:  Table S1 for antibiograms). 

All identified strains were stored at -80 ° C for the following molecular analysis. 

Molecular characterization of S. aureus and MRSA isolates 

DNA extraction was performed from pure S. aureus cultures after 24 hours of incubation at 

37 ° C on Columbia agar + 5% sheep blood (bioMérieux) using QIAamp DNA Mini Kit (cat. 

num. 51306, QIAGEN, Netherlands) according to manufacturer’s specifications. DNA was 

purified using Agencourt AMPure XP (Beckman Coulter, California, USA) according to 

manufacturer’s specifications. Extracted DNA was stored at - 20° C for further analyses. 

In order to determine the potential virulence of SA/MRSA strains, a specific PCR assay for 

the presence of the gene (lukS-lukF) encoding for the Panton-Valentine Leukocidin (PVL), 

was set up following a previously published protocol (Lina et al. 1999). The mecA gene 

and other loci of the SCCmec cassette were analyzed using different multiplex PCR. The 

protocol suggested by Milheirico et al (Milheirico, Oliveira, and de Lencastre 2007) has 

been used as a screening test for most frequent SCCmec cassettes types (type I, II, III, IV, 

V and VI) and then confirmed with other methods in equivocal cases (Milheirico, Oliveira, 

and de Lencastre 2007; Oliveira and de Lencastre 2002; Oliveira, Milheiriço, and de 

Lencastre 2006; Milheiriço, Oliveira, and de Lencastre 2007). 

https://paperpile.com/c/LfIyz8/fEEjT
https://paperpile.com/c/LfIyz8/gSVe1
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PCR-based MLST typing was carried out with 25 µl reaction volumes containing 2 µl of 

chromosomal DNA, 20 µM of each primer, 1 U of Taq DNA polymerase (Super AB Taq, 

AB analitica), 2.5 µl of 10x PCR buffer (supplied with the Taq polymerase), 1.5 µM MgCl2 

and 250 µM each deoxynucleoside triphosphates. The PCR was performed with an initial 

5-min denaturation at 95°C, followed by 30 cycles of annealing at 55°C for 1 min, 

extension at 72°C for 1 min, and denaturation at 95°C for 1 min, followed by a final 

extension step of 72°C for 5 min. The amplified products were purified and then amplified 

with the BigDye® Terminator v3.1 Cycle Sequencing Kit's (Applied Biosystem) with the 

primers used in the initial PCR amplification. The sequences of both strands were 

determined with an ABI Prism 310 DNA sequencer. Isolates with the same ST have 

identical sequences at all seven MLST loci. 

Isolates sequencing and data pre-processing 

DNA libraries were prepared with Nextera XT DNA Library Preparation Kit (Illumina, 

California, USA). Quality control was performed with Caliper LabChip GX (Perkin Elmer) 

prior to shotgun sequencing with MiSeq (Illumina, California, USA), with an expected 

sequencing depth of 260 Mb/library (expected coverage >80X). 129M reads were 

generated (704K reads/sample s.d. 349K). 

Sequences were pre-processed by removing low quality (mean quality lower than 25) or 

low complexity reads, reads mapping to human genome or to large and small ribosomal 

units of bacteria, fungi and human, and known contaminants (e.g. phiX174, Illumina spike-

in). All genomes are available at the NCBI Sequence Read Archive (BioProject accession 

number PRJNA400143). 

Genomes Assembly and Annotation 

Pre-processed reads were de novo assembled using SPAdes version 3.6.1 (Bankevich et 

al. 2012) and discarding contigs shorter than 1,000 nt. We selected for our analysis only 

reconstructed genomes with an N50 > 50,000. We obtained high-quality genomes 

(N50>50,000 and less than 250 contigs) for 135 of the 160 patients enrolled. Genomes 

belonging to the remaining 25 patients were excluded from further analyses. Genomes 

were annotated with Prokka version 1.11 (Seemann 2014) using default parameters and 

adding --addgenes and --usegenus options. 

Genomes Alignment / Phylogenetic analysis 

The sets of 1,464 concatenated genes used as input for constructing whole cohort (Fig. 1) 

and strain (Fig. 2) phylogenetic trees were generated using Roary version 3.4.2 (Page et 

al. 2015). Maximum likelihood trees were inferred with RAxML version 8.0.26 (Stamatakis 

2014) using a GTR replacement model with four discrete categories of Gamma. Support at 

nodes was estimated using 100 bootstrap pseudo-replicates (option "-f a"). The 

phylogenetic tree in Additional file 2:  Fig. S1 was inferred using the presence-absence 

binary matrix of the core and accessory genes computed with Roary version 3.4.2  (Page 

et al. 2015)] in RAxML version 8.0.26 (Stamatakis 2014) with option “-m BINGAMMA”. 
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Phylogenetic analyses were conducted using only one single isolate per patient; when 

multiple isolates from different timepoints of the same patient were available, the 

reconstructed genome with the highest N50 and the lowest number of contigs was 

selected. In most cases (n = 30) patients maintained the same ST over time; in discrepant 

cases (n = 2) we selected the most prevalent clone. 

 

 

Figure 1. Phylogenetic tree of the whole cohort. Phylogenetic tree based on the 1,464 

core genes (1,194,183 bases) of the 135 single-patient S. aureus isolates. STs are 

distinguished by means of numbers and background colours in the inner ring. Sample 

type, operative unit, PVL presence, and SCCmec type are colour-coded in the following 

rings. On the outermost ring, the number of virulence genes is reported as bar plot (total 

considered = 79). 
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Figure 2. Whole-genome maximum likelihood phylogenetic trees of the four most relevant 

STs. All available reference genomes for ST22, ST121, and ST228 have been included. 

For ST5, 1,478 reference genomes were available, but only 24 were included for the sake 

of clarity. The phylogenetic tree of ST1 and available reference genomes was also 

produced, but it is not reported here to avoid overlapping with Figure 5. 

In-silico Sequence Type (ST), SCCmec, and spa-type identification 

In order to assign SCCmec type also to equivocal cases and to confirm PCR-based 

SCCmec typing, the same set of primers (Milheirico, Oliveira, and de Lencastre 2007) and 

other primer sets (Zhang et al. 2005; Boye et al. 2007) were mapped to reconstructed 

genomes by BLAST (Altschul 1990). In most cases the two methods were consistent. In 

discordant cases, PCR was repeated. Sequence typing and spa-typing were conducted 

using MetaMLST (Zolfo et al. 2017) and the DNAGear software (AL-Tam et al. 2012) 
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respectively. Many isolates were not assigned a spa-type because of the limitations of 

short-read shotgun sequencing in repeated regions, which cause problems in genome 

assembly. 

Virulence factors and Resistance genes analysis 

Selected virulence factors and resistance genes (as in (Gordon et al. 2014)) were 

searched for by mapping reference genes (Additional file 3: Table S2) to all 

reconstructed genomes with BLAST (Altschul 1990) with the following parameters [-evalue 

1e-10 -perc_identity 90 -gapopen 5 -gapextend 5] with a match >75%. Virulence genes to 

be searched for were selected on the basis of a careful literature review for their clinical 

relevance (Inoshima et al. 2011; Dinges, Orwin, and Schlievert 2000; Smith et al. 2011; 

Haupt et al. 2008; Shannon and Flock 2004; Shannon, Uekötter, and Flock 2005; Courjon 

et al. 2015; Diep et al. 2008; Ellington et al. 2008; Kim et al. 1994; Miethke et al. 1993; 

Rooijakkers and van Strijp 2007; Thammavongsa et al. 2015; Udo, Boswihi, and Al-Sweih 

2016; Al Laham et al. 2015; Biber et al. 2012; D. M. Geraci et al. 2014; Daniela M. Geraci 

et al. 2014; Amagai et al. 2000; Hanakawa et al. 2002; Ladhani 2003; Tung et al. 2000; 

Jongerius et al. 2012; Sanchez et al. 2013; Paharik and Horswill 2016; Schwab et al. 

1993). 

Analysis of genes with available vaccine targets 

Genes of interest were identified as those S. aureus vaccine candidates that had already 

entered clinical trials (according to http://clinicaltrials.gov as of January 2018), and those 

candidates that showed promising results in preclinical trials. For each genome, we 

extracted the reference sequences using BLAST (Altschul 1990) with default parameters. 

Extracted genes were pairwise globally aligned with the reference, and evaluated for 

synonymous and non-synonymous SNVs, insertions and/or deletions. 

Bayesian divergence estimates 

We estimated divergence times of ST1 SCCmecIV t127 PVL- clones using Beast2 

(Drummond et al. 2012) and the core genome (core genes = 1,464). We defined the best 

fitting model priors by testing the combination of three clock models (uncorrelated relaxed 

exponential; uncorrelated relaxed lognormal; strict), three demographic models (birth-

death; coalescent Bayesian skyline; constant), and two substitution models (HKY - 

Hasegawa, Kishino, Yano; generalised time reversible). Bayesian Markov chain Monte 

Carlo was run for 500 Mio. generations and sampled every 1,000 generations. We chose 

the combination of models that resulted in the highest Bayes factor after parameter 

correction using AICM in Tracer (see Additional file 4: Table S3). 

Statistical tests 

Associations between STs/virulence genes/antibiotic resistance markers and 

sample/operative unit types were found by performing a Fisher's exact test between the 

class of interest and the remaining set of samples.  
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2.5 Results and discussion 

We investigated the epidemiology and the whole-genome genetics of Staphylococcus 

aureus isolated from multiple operative units of the same paediatric hospital in Italy 

(Meyer’s Children Hospital, Florence). Two hundred thirty-four S. aureus isolates from 160 

patients were retrieved from diverse clinical specimens, tested for antibiotic susceptibility, 

and subjected to whole-genome sequencing (see Methods). The study produced 184 

high-quality reconstructed S. aureus genomes with a N50 larger than 50,000 and less than 

250 contigs (Additional file 1: Table S1). Downstream analyses are focused on the 135 

high-quality strains recovered from distinct patients. 

Genome sequencing highlights the presence of common clonal complexes and five newly 

sequenced clones 

We first performed a whole-genome phylogenetic analysis to investigate the population 

structure of S. aureus in our cohort. The phylogeny was built using one isolate for each 

patient (n=135) and using the 1,464 core genes representing a core genome of >1.19M 

bases (see Methods and Fig. 1). The genomic diversity of S. aureus is highlighted by the 

relatively large number of accessory genes even in a limited cohort of clinical isolates 

(n=6,909 from a pangenome of 8,373, Additional file 2: Fig. S2), in concordance with a 

recent study based on the pangenome of 64 strains from different ecological niches (Bosi 

et al. 2016). The gene presence/absence phylogenetic model considering both core and 

genes confirmed the structure of the one built on the core genome alone, with however a 

slightly higher strain-diversity for isolates belonging to the same ST (Additional file 2: Fig. 

S1). Despite this diversity, we found the presence of a reduced set of closely related 

strains in the cohort (Fig. 1) mostly associated with distinct Multiple Locus Sequence 

Typing clones (STs) (Maiden et al. 1998) (see Methods). We identified a total of 29 

different STs, with five of them - ST228, ST22, ST5, ST121, and ST1 – found in at least 12 

patients (Table 1 and Additional file 1: Table S1) with evidence of ST replacement in 

only one patient (Patient 091 switching from ST228 to ST22) of the 32 patients sampled at 

multiple timepoints. This longitudinal strain consistency was confirmed by whole-genome 

analysis (mean intra-patient variability = 56.42 SNVs), for which the replacing event in 

Patient 091 accounted for 6,238 SNVs between the 2013 and 2016 isolates, 0.22% of the 

genome. The 29 identified STs belong to 14 clonal complexes (CCs), with the five most 

prevalent CCs (CC5, CC22, CC8, CC1, and CC121) comprising more than 60% of the 

isolates. Spa-typing (AL-Tam et al. 2012) further refined the typing resolution: we found 44 

distinct spa-types (Additional file 1:  Table S1), with t001, t002, t008, and t127 being the 

most prevalent (i.e. present in >4 isolates, Table 1). We also investigated the presence of 

the Panton-Valentine Leukocidin (PVL), a two-component prophage virulence factor 

allowing S. aureus escape from the host immune system, that was found in 27.4% of the 

samples (Additional file 1: Table S1). 

 

 

https://paperpile.com/c/LfIyz8/ai4E1
https://paperpile.com/c/LfIyz8/ai4E1
https://paperpile.com/c/LfIyz8/31mvR
https://paperpile.com/c/LfIyz8/u6Dzl
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ST CC 
# isolates 

(MRSA) 

Predominant 

SCCmec type 

(# isolates) 

Predominant 

spa-type 

(# isolates) 

# 

PVL+ 

Avg. 

genome 

length (bp) 

Avg. # 

contigs 
Avg. N50 

Avg. # 

CDS 

Avg. # 

genes 

1 
1 

12 (12) IV (11) t127 (3) 0 2814074.3 29.4 326193.0 2601.3 2666.8 

772 2 (2) V (2) t657 (2) 2 2768135.0 46.0 208282.5 2538.0 2605.0 

5 
5 

14 (13) IV (10) t002 (5) 8 2785946.1 39.4 250660.3 2580.1 2640.5 

228 16 (16) I (16) t001 (5) 0 2837918.4 81.9 87688.4 2639.8 2700.7 

6 6 1 (1) IV (1) t5238 (1) 0 2796820.0 40.0 150271.0 2584.0 2648.0 

7 7 3 (0) n.a. t1743 (1) 0 2747478.7 66.0 147717.0 2521.3 2588.0 

8 

8 

11 (6) IV (6) t008(6) 5 2821267.1 52.7 259331.5 2625.2 2681.8 

239 2 (2) V (1) t037 (1) 0 2900431.5 90.5 90036.5 2697.5 2762.0 

241 1 (1) n.d. t030 (1) 0 2884707.0 87.0 105325.0 2707.0 2768.0 

247 1 (1) I (1) t197 (1) 0 2776359.0 76.0 74230.0 2567.0 2630.0 

10 
10 

1 (0) n.a. n.a. 0 2799287.0 110.0 52819.0 2634.0 2698.0 

1162 2 (0) n.a. n.a. 0 2867105.0 58.0 184821.5 2702.0 2767.0 

15 15 5 (2) IV (1); I (1) 
t084 (1); 

t853 (1) 
1 2719481.8 45.6 226394.0 2496.2 2556.6 

22 
22 

15 (14) IV (13) 

t852 (1); 

t1977 (1); 

t223 (1); 

t005 (1) 

3 2793443.3 56.0 124918.3 2599.5 2662.4 

1327 1 (1) IV (1) n.a. 0 2758892.0 42.0 164290.0 2547.0 2612.0 

25 25 2 (0) n.a. 
t258 (1); 

t2242 (1) 
0 2758786.5 16.5 697459.0 2554.5 2617.5 

30 
30 

7 (3) IV (3) t019 (2) 5 2792108.9 58.1 139913.6 2603.3 2666.1 

34 2 (0) n.a. t3905 (1) 0 2821562.0 57.5 140057.0 2665.5 2730.5 

45 45 8 (2) IV (2) t015 (2) 0 2762203.4 34.4 390455.1 2591.5 2654.6 

59 59 3 (3) IV (1) 
t216 (1); 

t437 (1) 
1 2799567.0 53.0 130817.3 2595.7 2662.0 

88 88 1 (1) IV (1) t4701 (1) 0 2791324.0 36.0 206283.0 2575.0 2642.0 

96 96 1 (0) n.a. n.a. 1 2783146.0 39.0 141877.0 2591.0 2652.0 

97 97 2 (2) IV (2) t359 (1) 0 2756222.0 27.0 401302.0 2570.0 2635.5 

121 121 12 (0) n.a. 

t3274 (1); 

t314 (1); 

t2530 (1) 

9 2814764.5 48.0 146041.3 2631.3 2694.3 

152 152 3 (2) V (2) t355 (1) 2 2753826.7 31.0 267208.7 2551.0 2608.0 

395 395 1 (0) n.a. n.a. 0 2759659.0 22.0 574357.0 2574.0 2640.0 

398 398 2 (1) V (1) t011 (1) 0 2754012.0 57.5 206459.0 2524.0 2589.5 

942 942 1 (0) n.a. n.a. 0 2813978.0 82.0 61174.0 2654.0 2718.0 

- n.a. 3 (1) IV (1) n.a. 0 2739763.7 46.0 157754.0 2535.0 2599.3 

 

Table 1. Genomic characteristics of the different STs, including SCCmec and spa-type, 

presence of PVL, genome length, N50 (shortest sequence length at 50% of the genome), 

and number of contigs, coding DNA sequences (CDS), and genes. The combination of the 

four methods (MLST, SCCmec-, and spa-typing, and PVL presence) yielded 80 different 

lineages. Three isolates were not assigned to any specific ST and are reported in the last 

row of the table. 
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According to both antibiotic susceptibility testing (oxacillin and cefoxitin susceptibility, 

Additional file 1: Table S1) and genome analysis (presence of the SCCmec cassette, 

see Methods), 63.7% of the isolates were classified as methicillin-resistant S. aureus 

(MRSA). Most strains (n=54) belonged to SCCmecIV; type I cassettes were also abundant 

(n=19), whereas cassettes type V (n=8) and II (n=1) were less represented. Methicillin-

resistance was unevenly distributed across the phylogenetic tree (Fig. 1) and partially 

independent from the STs. All CC1 isolates (n=14, ST1 and ST772) were MRSA, and so 

were the isolates belonging to CC5 (n=30, ST5 and ST228) and CC22 (n=16, ST22 and 

ST1327). All CC121 (n=12, ST121) and CC10 (n=3, ST10 and ST1162) isolates were 

instead methicillin-sensitive (MSSA), and other clonal complexes (CC8, CC30, CC45) 

showed balanced proportions of sensitive and resistant strains. SCCmecI (n=19) was the 

most CC-specific cassette, as it was found almost exclusively in CC5 isolates (ST5 and 

ST228), with the exception of one ST15 and one ST8 isolates, while neither SCCmecIV 

nor SCCmecV were associated with specific STs. 

For five of the recovered STs, namely ST241, ST942, ST1162, ST1327, and ST1866, no 

sequenced genome is publicly available (as genomes of S. aureus in RefSeq (Pruitt, 

Tatusova, and Maglott 2007) version 2017 (Haft et al. 2018). Although a large number of 

S. aureus genome sequences are available in NCBI, these are biased toward a limited set 

of clinically relevant STs (Planet et al. 2017; Copin, Shopsin, and Torres 2018), with many 

others being neglected. This underrepresentation of less pathogenic or less known strains 

may lead to a poor understanding of the host–pathogen interactions at the genomic level, 

and to an underestimation of emerging or re-emerging pathogenic strains (Planet et al. 

2017; Chambers and Deleo 2009). 

Co-presence of local, global, animal-associated, and hypervirulent clones 

We combined the four characterization methods (MLST, SCCmec-, spa-, and PVL-typing) 

to identify specific known clones in the cohort, yielding 80 different lineages. The most 

prevalent were the South German/Italian ST228-SCCmecI clone (n=16, 11.85%) and the 

E-MRSA-15 ST22-SCCmecIV clone (n=13, 9.63%), followed by the USA400 ST1-

SCCmecIV t127 (n=11, 8.15%) clone, the USA800 paediatric clone ST5-SCCmecIV t002 

(n=10, 7.41%), and the USA500 E-MRSA-2/6 clone ST8-SCCmecIV t008 PVL- (n=4, 

2.96%) (Additional file 5: Table S4). Several other clones, including the highly virulent 

USA300 ST8-SCCmecIV PVL+ clone (n=2, 1.48%), were also found, confirming a 

heterogeneous clone composition in Italian hospitals (Mato et al. 2004; Floriana 

Campanile et al. 2015). Surprisingly, we did not isolate any ST80, the most prevalent 

community-associated MRSA clone in Europe (Vandenesch et al. 2003). 

We moreover identified two isolates (1.48%) belonging to the livestock-associated MRSA 

(LA-MRSA) ST398 clone (Stefani et al. 2012; Witte et al. 2007) (Table 1). This clone has 

already been reported in patients that had regular exposure to livestock in several 

countries (Stefani et al. 2012; van Cleef, Graveland, et al. 2011; Cuny, Köck, and Witte 

2013) including Italy(Soavi et al. 2010; Pan et al. 2009; Monaco et al. 2013), but our 

https://paperpile.com/c/LfIyz8/zyxcD
https://paperpile.com/c/LfIyz8/zyxcD
https://paperpile.com/c/LfIyz8/RUvd5
https://paperpile.com/c/LfIyz8/6yIZf+9t37V
https://paperpile.com/c/LfIyz8/6yIZf+MEX4v
https://paperpile.com/c/LfIyz8/6yIZf+MEX4v
https://paperpile.com/c/LfIyz8/BEaa1+6Ydaq
https://paperpile.com/c/LfIyz8/BEaa1+6Ydaq
https://paperpile.com/c/LfIyz8/owhko
https://paperpile.com/c/LfIyz8/xEHjm+8K4Ae
https://paperpile.com/c/LfIyz8/xEHjm+k9QFo+s4jxN
https://paperpile.com/c/LfIyz8/xEHjm+k9QFo+s4jxN
https://paperpile.com/c/LfIyz8/D3DWY+85Luz+hZb2T
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results and other reports(Mammina et al. 2010; Cuny, Köck, and Witte 2013; van Cleef, 

Monnet, et al. 2011; Verkade et al. 2012) of infections in non-exposed subjects suggest 

that the within-subject transmission for these clones is not rare. Similar conclusions can be 

drawn for another LA-MRSA, namely ST97 (n=2, 1.48%, Table 1), that is the leading 

causes of bovine mastitis, but is only rarely reported in humans (Sung, Lloyd, and Lindsay 

2008; Spoor et al. 2013; Cuny, Wieler, and Witte 2015; Feltrin et al. 2016). This growing 

incidence of LA-MRSA strains (n=4, 2.96% in our cohort) causing zoonotic infections 

highlights the existence of underestimated reservoirs of S. aureus strains that could 

become epidemic (Mediavilla et al. 2012; Fitzgerald 2012; Harrison et al. 2017). 

One isolate was assigned to ST395, which is an unusual strain unable to exchange DNA 

via bacteriophages with other S. aureus strains because of a modification in the wall 

teichoic acid (WTA) (Winstel et al. 2013; Larsen et al. 2017). The same modification, 

however, enables ST395 to exchange DNA with coagulase-negative Staphylococci 

(CoNS) (Larsen et al. 2017), making it particularly prone to exchange SCCmec elements 

and others with other commonly found staphylococci, e.g. S. epidermidis. 

Genomic signatures of chronic versus acute S. aureus infections 

In order to investigate the potential association of clones and antibiotic resistance with 

specific hospital operative units, we cross-checked the prevalence of SCCmec types, STs 

and PVL+ clones with both OUs and sample types (see Methods). Strains from the cystic 

fibrosis (CF, n = 76) unit were positively associated with the presence of SCCmecI (n = 19, 

ten from CF unit; p-value = 0.03), a cassette known to be hospital-associated (Molina et al. 

2008; Asghar 2014). Strains from the same unit were also associated with ST1 (n = 12, 

seven from CF unit; p-value = 0.04), whereas we noted a reduced prevalence of the PVL 

genes (n = 37, only two from CF unit; p-value = 0.0002) and of ST121 (n = 12, none from 

CF unit; p-value = 0.02). This reflects the relatively attenuated virulence which is a well-

known phenomenon in long-term S. aureus infections (McAdam et al. 2011; Goerke and 

Wolz 2010; Kahl 2010; Cullen and McClean 2015). Similarly, sputum samples (n = 33; 

88.7% from CF unit) was associated with ST228 (n = 16, nine from sputum; p-value = 

0.004) and SCCmecI (n = 19, 11 from sputum; p-value = 0.0008), and negatively 

correlated with PVL (n = 37, only two from sputum; p-value = 0.001). The high correlation 

of ST228 with lung isolates and specifically with CF has already been observed in Spain 

(Molina et al. 2008). A similar pattern of increased resistance and lowered virulence has 

been observed for another sample type linked with long-term lung infections, namely 

broncho-aspiration material (n = 23; 78.2% from intensive care unit). Strains from this 

sample type were associated to SCCmecIV (n = 54, 14 from broncho-aspiration material; 

p-value = 0.008), and with PVL- (n = 98, 23 from broncho-aspiration material; p-value = 

0.0005) and MRSA clones (n = 83, 21 from broncho-aspiration material; p-value = 0.002), 

highlighting once again the loss of virulence and the acquisition of resistance in long-term 

lung infections (McAdam et al. 2011; Goerke and Wolz 2010; Kahl 2010; Cullen and 

McClean 2015). 

https://paperpile.com/c/LfIyz8/fLesu+s4jxN+bYfEt+EZP13
https://paperpile.com/c/LfIyz8/fLesu+s4jxN+bYfEt+EZP13
https://paperpile.com/c/LfIyz8/EdCPK+lk8dZ+fw9C3+v837o
https://paperpile.com/c/LfIyz8/EdCPK+lk8dZ+fw9C3+v837o
https://paperpile.com/c/LfIyz8/SPOWo+Hk8PB+G7mL0
https://paperpile.com/c/LfIyz8/r74JW+3JGGK
https://paperpile.com/c/LfIyz8/3JGGK
https://paperpile.com/c/LfIyz8/AWWHC+qnsPS
https://paperpile.com/c/LfIyz8/AWWHC+qnsPS
https://paperpile.com/c/LfIyz8/KIh8J+dHwC2+lQxLR+ioOXQ
https://paperpile.com/c/LfIyz8/KIh8J+dHwC2+lQxLR+ioOXQ
https://paperpile.com/c/LfIyz8/AWWHC
https://paperpile.com/c/LfIyz8/KIh8J+dHwC2+lQxLR+ioOXQ
https://paperpile.com/c/LfIyz8/KIh8J+dHwC2+lQxLR+ioOXQ
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On the contrary, patients from both emergency room (n = 5) and the infectious diseases 

unit (n = 15) show an overrepresentation of PVL+ clones (n = 37, four from emergency 

room and nine from infectious diseases; p-values = 0.02 and 0.005, respectively) 

indicative of acute rather than chronic infections. Lesion swabs (n = 31) are strongly 

associated with MSSA (n = 49, 31 from lesion swabs; p-value = 3e-08). This sample type 

was also associated to the hypervirulent ST121 clone (Rao et al. 2015; Goering et al. 

2008) (n = 12, 11 from lesion swabs; p-value = 2e-05) and to the presence of the PVL (n = 

37, 14 from lesion swabs; p-value = 3e-07), suggesting that in our cohort skin and soft 

tissue infections (SSTIs) are predominantly caused by hypervirulent MSSA strains. Lesion 

swabs from children in care at the infectious diseases unit (n = 12, 80% of the samples 

from this operative unit) are also characterised by high prevalence of the virulent ST45 

clone (Roberts 2014; Moore et al. 2010) (n = 8, three from lesion swabs; p-value = 0.04) 

that is known to be associated with SSTIs (M. Z. David et al. 2011; Tinelli et al. 2009; 

Baranovich et al. 2010; Wu et al. 2010). The expected (Rasigade et al. 2010) association 

between PVL (n = 37) and ST121 (n = 12, nine PVL+; p-value = 0.001) and ST30 (n = 7, 

five PVL+; p-value = 0.003) supports once again the observed increased virulence of 

these STs (Isobe et al. 2012; Fernandez et al. 2017; Rao et al. 2015; Goering et al. 2008), 

which is partially in conflict with the hypothesis of lesion colonization by commensal strains 

present in the skin microbiome (Byrd, Belkaid, and Segre 2018; Tett et al. 2017). 

Discovery of novel variants of SCCmecIV with kanamycin, trimethoprim, and bleomycin 

resistance 

We next investigated the specific genetic variants of the four types of SCCmec cassettes 

identified and discussed above. This is relevant because the epidemiology of this genetic 

element is disentangled by that of the rest of the genome by virtue of its high horizontal 

mobility (Hiramatsu et al. 2001; Hanssen and Ericson Sollid 2006). Moreover, the SCCmec 

can host genes encoding not only for resistance to beta-lactams (Hartman and Tomasz 

1981; Archer et al. 1994), but also for other antibiotic resistances or virulence factors 

(Hartman and Tomasz 1981). 

More than a half of the MRSA isolates in our collection (n=86) carried SCCmecIV (62.8%). 

This cassette type has spread widely in the last decades, often substituting the previously 

more prevalent nosocomial SCCmec types I and II (F. Campanile et al. 2012; Stefani et al. 

2012), and it is now common especially in European clinical isolates (Stefani et al. 2012; 

Floriana Campanile et al. 2015). Another cassette that has spread in recent years 

following a similar path is SCCmecV (F. Campanile et al. 2012; Valsesia et al. 2010), the 

third most prevalent cassette type in our cohort (10.5% of the MRSA isolates) after the 

more traditionally hospital-associated SCCmecI (Stefani et al. 2012; Asghar 2014) (22.1% 

of the MRSA isolates). We moreover isolated one MRSA carrying SCCmecII, which is 

widely diffused in the US but only rarely found in Italy/Europe (Chambers and Deleo 2009; 

Tenover and Goering 2009). Consistently, the SCCmecII isolate was recovered from 

Patient 115, which is consistent with the personal history of the patient. For two isolates, it 

https://paperpile.com/c/LfIyz8/hJLMb+oJZn2
https://paperpile.com/c/LfIyz8/hJLMb+oJZn2
https://paperpile.com/c/LfIyz8/9SMfU+WRo8L
https://paperpile.com/c/LfIyz8/BwgE8+tpVI2+ZQQ16+I4KjP
https://paperpile.com/c/LfIyz8/BwgE8+tpVI2+ZQQ16+I4KjP
https://paperpile.com/c/LfIyz8/6Astk
https://paperpile.com/c/LfIyz8/CxgQN+3FjJS+hJLMb+oJZn2
https://paperpile.com/c/LfIyz8/C2S98+OaAQX
https://paperpile.com/c/LfIyz8/IGTVL+ab3CL
https://paperpile.com/c/LfIyz8/nYwrp+dNN3N
https://paperpile.com/c/LfIyz8/nYwrp+dNN3N
https://paperpile.com/c/LfIyz8/nYwrp
https://paperpile.com/c/LfIyz8/MvOpX+xEHjm
https://paperpile.com/c/LfIyz8/MvOpX+xEHjm
https://paperpile.com/c/LfIyz8/xEHjm+6Ydaq
https://paperpile.com/c/LfIyz8/xEHjm+6Ydaq
https://paperpile.com/c/LfIyz8/MvOpX+E15kE
https://paperpile.com/c/LfIyz8/xEHjm+qnsPS
https://paperpile.com/c/LfIyz8/MEX4v+9Uc63
https://paperpile.com/c/LfIyz8/MEX4v+9Uc63
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was not possible to classify the cassette neither with PCR nor with in-silico PCR using 

standard primers (Milheirico, Oliveira, and de Lencastre 2007). 

By aligning reconstructed SCCmec with reference cassettes (see Methods), we observed 

a certain degree of variability inside the same cassette type, specifically in type IV (Fig. 3). 

Subtypes IVa, IVb, and IVc were identified, with some SCCmec elements showing 

insertions. Two cassettes in particular were not consistent with the already described 

subtypes: the SCCmec type IVc carried by MF062, which was enriched with genes for 

kanamycin (Pedersen, Benning, and Holden 1995) and bleomycin (Gennimata, Davies, 

and Tsiftsoglou 1996; Dortet et al. 2017) resistance, and the type IVa carried by MR090 

that showed insertion of genes involved in resistance to trimethoprim (Burdeska et al. 

1990; Rouch et al. 1989) (Fig. 3). 

 

Figure 3. Overview of the SCCmecIV cassette variability in our cohort, compared with 

available reference cassettes for the recovered subtypes IVa, IVb, and IVc. Genes are 

marked as arrows in the direction of transcription. To avoid biases due to misassemble of 

the region of interest, only cassettes found on a single contig are reported. Annotated 

SCCmec are grouped together with the closest reference cassette subtype. Some 

genomes showed insertions of genes involved in resistance to trimethoprim (MR090) and 

to kanamycin and bleomycin (MF062). 

https://paperpile.com/c/LfIyz8/gSVe1
https://paperpile.com/c/LfIyz8/E1UqX
https://paperpile.com/c/LfIyz8/wYsCK+yHw9k
https://paperpile.com/c/LfIyz8/wYsCK+yHw9k
https://paperpile.com/c/LfIyz8/aMCzn+pbVFh
https://paperpile.com/c/LfIyz8/aMCzn+pbVFh
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Non-SCCmec resistance profiles show different patterns in chronic and acute infections 

S. aureus can easily acquire a number of resistances, including those to the last resort 

antibiotics vancomycin (Whitener et al. 2004; Tenover et al. 2004) and daptomycin (Stefani 

et al. 2015). According to results presented in previous paragraphs and elsewhere (Noto et 

al. 2008), resistances can occur by gene acquisition in the SCCmec cassette. Most 

resistances are however encoded by genes that are found in other parts of the genome or 

that have been horizontally transferred through different genetic elements (Chambers and 

Deleo 2009). Given the high importance of multi-drug resistance in S. aureus (Tacconelli 

et al. 2018), we therefore tested the presence or absence of specific resistance genes in 

our cohort (Wright 2007) (Fig. 4 and Additional file 3: Table S2). Consistently with 

previous literature (Peacock and Paterson 2015), most of the isolates tested positive for 

blaZ (81.5%), responsible for penicillin resistance (96.3% concordance with antibiotic 

susceptibility test, as per presence of the pbp and/or mecA genes). No isolates were found 

positive for genes encoding resistance to vancomycin (van, 100% concordance with 

antibiotic susceptibility test) and to fusidic acid (fusB and far, 94.1% concordance with 

antibiotic susceptibility test). Antibiotic resistances were sometimes associated with 

specific CCs, as for the increased representation of aacA.aphD (gentamicin resistance, 

92.6% concordance with antibiotic susceptibility test) and ermA (erythromycin resistance, 

phenotypic resistance not tested) in CC5 isolates, whose genomes tended to lack instead 

the blaZ gene (penicillin resistance) (Fig. 4). Overall, two isolates from acute skin 

infections were negative for all the resistance genes tested, while six CF and intensive 

care unit isolates were positive for six (33.3%) of them. This pattern of increased 

resistance in long-term infections, together with their observed reduced virulence, 

completes the scenario of reduced virulence and increased resistance that has been 

observed in this and previous studies (McAdam et al. 2011; Goerke and Wolz 2010; Kahl 

2010; Cullen and McClean 2015). 

Emergence and disease-associated diversity of clinically relevant virulence factors 

S. aureus has a large repertoire of virulence genes, and it is able to evade the host 

immune system through a variety of strategies. Some of the genes usually involved in 

immune evasion were present in almost all our isolates (Fig. 4 and Additional file 3: 

Table S2). These include genes encoding: the phenol-soluble modulin alpha and beta and 

the delta-haemolysin Hld, responsible for leukocytes and erythrocytes lysis respectively 

(Dinges, Orwin, and Schlievert 2000); the immunoglobulin-binding protein Sbi that inhibits 

IgG and IgA (Smith et al. 2011; Haupt et al. 2008); and some genes part of the GIɑ 

genomic island (ssl6 and ssl9). 

Other genes belonging to the immune evasion island IEC2 were present in many but not 

all isolates, for example the one encoding for the antiplatelet extracellular fibrinogen 

binding protein Efb (Shannon and Flock 2004; Shannon, Uekötter, and Flock 2005) and 

those encoding various haemolysins (hla, hlg) (Inoshima et al. 2011; Dinges, Orwin, and 

Schlievert 2000) (Fig. 4 and Additional file 3: Table S2). In addition to the 27.4% 

prevalence of the lukF and lukS PVL-genes discussed above, one sample (MR029, from 

https://paperpile.com/c/LfIyz8/VQzp6+6uc67
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https://paperpile.com/c/LfIyz8/ypthv+qPc1E
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emergency room) was positive for the epidermal cell differentiation inhibitor Edin, which 

has been found to promote the translocation of S. aureus into the bloodstream (Courjon et 

al. 2015). One of the two USA300 isolates (MR047, from nasal swab) tested positive for 

the arginine catabolic mobile element (ACME), another important virulence factor (gene 

arcA) that has been shown to be responsible for the increased pathogenicity of S. aureus 

and specifically of USA300 clones (Diep et al. 2008; Ellington et al. 2008). 

 

Figure 4. Presence/absence profile of 79 genes encoding for virulence factors (upper part 

of the heatmap) and 18 genes encoding for resistance (bottom part). Some virulence and 

resistance factors were more represented in specific STs (only STs found in >1 samples 

are specifically mentioned), as in the case of gentamicin resistance that is more prevalent 

in the ST228 isolates. For a more detailed overview of the single genomes’ profiles, see 

Additional file 3: Table S2. 

Many virulence genes were associated to specific STs (Fig. 4 and Additional file 3: Table 

S2). ST22 (n = 15), for instance, was associated with the toxic shock syndrome toxin 

TSST-1 (n = 8, three from ST22; p-value = 0.04; present in 20% of the ST22 clones) 

(Dinges, Orwin, and Schlievert 2000; Kim et al. 1994; Miethke et al. 1993), other pyrogenic 

https://paperpile.com/c/LfIyz8/WTMQL
https://paperpile.com/c/LfIyz8/WTMQL
https://paperpile.com/c/LfIyz8/MvoL9+c0lh4
https://paperpile.com/c/LfIyz8/qPc1E+kSbWe+302Hi
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toxin superantigens known as staphylococcal enterotoxins (SEs, mean n = 34.9 ± 28.1 

s.d.; p-value < 0.02 for seg, sei, sem, sen, seo, present on average in 86.7% of ST22 and 

49.5% of non-ST22), and various ssl immune evasion genes (mean n = 57.4 ± 40.2 s.d.; p-

value < 0.01 for ssl1, ssl3, ssl4, ssl7, ssl11, ssl12, present on average in 93.3% of ST22 

and 21.1 of non-ST22) (Rooijakkers and van Strijp 2007; Thammavongsa et al. 2015). 

ST22-IV EMRSA-15 clones positive for tst1 are usually described as “Middle Eastern 

variant” (Udo, Boswihi, and Al-Sweih 2016; Al Laham et al. 2015; Biber et al. 2012), but a 

high prevalence in an Italian neonatal intensive care unit (Daniela M. Geraci et al. 2014) 

and pre-school children living in Palermo, Italy (D. M. Geraci et al. 2014), has been 

observed. Authors suggested that the Middle Eastern clone might be more widely spread 

than estimated and might have diffused in the Mediterranean populations as a community-

acquired MRSA (D. M. Geraci et al. 2014; Daniela M. Geraci et al. 2014), as suggested by 

our analysis. TSST-1 is responsible for an increased pyrogenic, emetic, and superantigen 

activity, together with SEs (10627489;11544350). SEs (mean n = 34.9 ± 28.1 s.d.) were 

associated with all “virulent” STs, such as ST5 (n = 15, p-value < 0.04 for sed, seg, sei, 

sej, sem, sen, seo, sep, present on average in 79.2% of ST5 and 32.3% of non-ST5), 

ST45 (n = 8; p-value < 0.02 for sec, seg, sei, sel, sem, seo, present on average in 98.2% 

of ST45 and 38.9% of non-ST45), ST121 (n = 12; p-value < 0.02 for seb, seg, sei, sem, 

sen, seo, present on average in 86.1% of ST121 and 41.7% of non-ST121), and -to a 

lower extent- ST30 (n = 7; p-value < 0.02 for sei, sem, sen, present on average in 100% of 

ST30 and 50% of non-ST30). 

The hypervirulent ST121 MSSA isolates obtained from lesion swabs (n = 12) were instead 

associated with the genes encoding for the exfoliative toxins Eta and Etb (n = 3 from 

ST121 swabs, and n = 0 for non-ST121, p-value = 0.0006 for both genes), responsible for 

the skin manifestations of bullous impetigo and Staphylococcal scalded skin syndrome 

(Amagai et al. 2000; Hanakawa et al. 2002; Ladhani 2003), the gene bbp (n = 12 from 

ST121, n = 7 from non-ST121; p-value = 1.35e-08) that interacts with the extracellular 

matrix bone sialoprotein and contributes to staphylococcal arthritis and osteomyelitis (Tung 

et al. 2000), and the immune evasion gene ecb (n = 12 from ST121, n = 36 from non-

ST121; p-value = 1.51e06), which is required for the persistence of S. aureus in host 

tissues and the formation of abscesses (Jongerius et al. 2012). The latter was also present 

in all and only the isolates belonging to ST1, ST7, ST10, ST15, ST30, ST34, and ST398, 

suggesting a strong dependence on ST (Fig. 4 and Additional file 3: Table S2). 

Isolates retrieved from sputum samples of CF patients (n = 38) showed a positive 

association with the adhesin-encoding genes sdrD (n = 34 from CF, n = 69 from non-CF; 

p-value = 0.03) and sdrE (n = 27 from CF, n = 48 from non-CF; p-value = 0.03), and a 

negative association with bbp (n = 1 from CF, n = 18 from non-CF; p-value = 0.01), 

contrary to samples from infectious diseases unit (n = 15, four positive for bbp gene). This 

finding is consistent with the increased need for adhesins in chronic lung infections 

(Sanchez et al. 2013; Paharik and Horswill 2016; Cullen and McClean 2015), including in 

CF (Schwab et al. 1993). 

https://paperpile.com/c/LfIyz8/jgDCe+5cHfV
https://paperpile.com/c/LfIyz8/CHufr+wH79t+P7jSo
https://paperpile.com/c/LfIyz8/f5nEs
https://paperpile.com/c/LfIyz8/NXser
https://paperpile.com/c/LfIyz8/NXser+f5nEs
https://paperpile.com/c/LfIyz8/Dr8q0+qsj3s+xXYa2
https://paperpile.com/c/LfIyz8/wVgJd
https://paperpile.com/c/LfIyz8/wVgJd
https://paperpile.com/c/LfIyz8/Tv8Ta
https://paperpile.com/c/LfIyz8/eZXzo+s4H3G+ioOXQ
https://paperpile.com/c/LfIyz8/L3yJr
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Conservation of genes encoding vaccine candidates 

Unlike other bacterial infections, prior exposure to S. aureus does not seem to provide 

protective immunity (Giersing et al. 2016), therefore vaccines are an attractive yet 

challenging option to prevent disease. Researchers have long attempted to produce an 

effective vaccine against S. aureus, but even though few have proved promising in animal 

models, the two vaccines so far tested in efficacy clinical trials have failed (Giersing et al. 

2016; Verkaik, van Wamel, and van Belkum 2011; Salgado-Pabón and Schlievert 2014; A. 

I. Fattom et al. 2004). Since the main issue is the polymorphic expression of S. aureus 

surface antigens and the redundancy of its virulence proteins (Giersing et al. 2016; 

Golubchik et al. 2013; Dreisbach et al. 2011), we tested the prevalence and conservation 

of a number of genes encoding vaccine candidates described in the literature (Table 2). 

Among antigens that have been proposed as targets for vaccine development, the alpha 

haemolysin toxin gene hla (Giersing et al. 2016; Hua et al. 2015; Bagnoli 2017) and the 

genes coding for capsular biosynthesis cap5 and cap8 (A. I. Fattom et al. 2004; A. Fattom 

et al. 2015) are highly prevalent in our cohort (91.9% and 97.8 % of the isolates 

respectively). Nevertheless, these genes showed a larger degree of variability compared 

to the others we considered, which may explain the poor results obtained in clinical trials 

(Giersing et al. 2016; Hua et al. 2015; Bagnoli 2017; A. I. Fattom et al. 2004; A. Fattom et 

al. 2015). Other genes that code for proteins used alone or in combination in vaccine 

formulations, such as the virulence determinant SpA (Yang et al. 2018) and the fibronectin 

binding protein ClfA (Frenck et al. 2017; Begier et al. 2017; Anderson et al. 2012), are 

present in most of our strain collection. In some of these genes indels are prevalent 

(>90%, Table 2), but they are frequently found in repeated regions that may not critically 

impact the protein structure, as in the case of the spa gene. 

Vaccines have also been proposed for S. aureus strains with specific characteristics. For 

instance, targeting the toxicity determinant TSST-1 (5.9% prevalence of tst1) (Roetzer, 

Jilma, and Eibl 2017; Narita et al. 2015) or the PVL proteins LukF-LukS (27.4% prevalence 

of lukF-lukS) (Rouha et al. 2015; Badarau et al. 2016) aims at selectively preventing the 

most virulent or lethal infections. In our cohort, despite their low prevalence, both tst1 and 

the PVL genes were conserved at 99%, except for a few isolates that had indels in the 

latter (Table 2). The gamma-haemolysins HlgAB and HlgCB genes (Rouha et al. 2015; 

Badarau et al. 2016) were instead highly prevalent (97.8-100%) and quite conserved 

(69.6-94.8%). The opposite approach is targeting genes with a lower virulence profile, 

which may be more prevalent and conserved than those coding for highly toxic factors. 

Among them, the genes encoding for the manganese uptake receptor (mntC) (Frenck et 

al. 2017; Begier et al. 2017; Anderson et al. 2012) and for the iron acquisition factor (isdB) 

(Fowler et al. 2013; Moustafa et al. 2012), which are indeed present in all or all but one the 

isolates of our cohort. Non-synonymous mutations are rare in mntC (20.7% of the isolates, 

with only one non-synonymous SNV), and, whenever not affected by indels that may or 

may not affect the protein structure, also the isdB gene is highly conserved (>99% identity, 

Table 2). 

https://paperpile.com/c/LfIyz8/Lnd3o
https://paperpile.com/c/LfIyz8/Lnd3o+8GMhJ+kxYW3+q5gTH
https://paperpile.com/c/LfIyz8/Lnd3o+8GMhJ+kxYW3+q5gTH
https://paperpile.com/c/LfIyz8/Lnd3o+8GMhJ+kxYW3+q5gTH
https://paperpile.com/c/LfIyz8/Lnd3o+eG5Ui+JTRpP
https://paperpile.com/c/LfIyz8/Lnd3o+eG5Ui+JTRpP
https://paperpile.com/c/LfIyz8/Lnd3o+FaM4T+wWHEH
https://paperpile.com/c/LfIyz8/q5gTH+kWlTY
https://paperpile.com/c/LfIyz8/q5gTH+kWlTY
https://paperpile.com/c/LfIyz8/Lnd3o+FaM4T+wWHEH+q5gTH+kWlTY
https://paperpile.com/c/LfIyz8/Lnd3o+FaM4T+wWHEH+q5gTH+kWlTY
https://paperpile.com/c/LfIyz8/bJnNE
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+Z5aUM
https://paperpile.com/c/LfIyz8/Ve7nB+oAsq7
https://paperpile.com/c/LfIyz8/Ve7nB+oAsq7
https://paperpile.com/c/LfIyz8/EXOF9+H8Vcq
https://paperpile.com/c/LfIyz8/EXOF9+H8Vcq
https://paperpile.com/c/LfIyz8/EXOF9+H8Vcq
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+Z5aUM
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+Z5aUM
https://paperpile.com/c/LfIyz8/P1t0w+f0NQu
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Table 2. Sequence variability of genes of interest for vaccine development. Number (and 

relative abundance) of isolates positive for the gene, followed by the percentage of positive 

isolates carrying 0 or less than 1%, 2%, 5%, or more/equal to 5% of non-synonymous 

SNVs or insertions-deletions (Indels) with respect to reference gene. Both clinical trial IDs 

(ClinicalTrials.gov database identifiers, http://clinicaltrials.gov) and reference studies refer 

to the latest available trials. 

gene # positive 
isolates 
(%) 

Distribution of non-syn SNVs w.r.t. reference seq. Latest 
trials 

ClinicalTrials 
identifier 

Reference 

0 <1% <2% <5% >=5% indels 

clfA 95 
(70.4%) 

0% 9.5% 0% 0% 0% 90.5% Phase I-II NCT01643941 
NCT01364571 

(Frenck et al. 2017; 
Begier et al. 2017; 
Creech et al. 2017) 

csa1a 70 
(51.9%) 

41.4% 4.3% 0% 0% 0% 54.3% Preclinical   (Bagnoli et al. 2015; 
Torre et al. 2015) 

csa1b 36 
(26.7%) 

19.4% 47.2% 0% 2.8% 0% 30.6%       

esxA 134 
(99.3%) 

85.1% 14.9% 0% 0% 0% 0% Preclinical   (Bagnoli et al. 2015; 
Torre et al. 2015) 

esxB 89 
(65.9%) 

0% 98.9% 1.1% 0% 0% 0% Preclinical   (Bagnoli et al. 2015; 
Torre et al. 2015) 

esxC 89 
(65.9%) 

25.8% 40.4% 33.7% 0% 0% 0%       

esxD 89 
(65.9%) 

58.4% 41.6% 0% 0% 0% 0%       

fhuD2 135 
(100%) 

31.1% 68.9% 0% 0% 0% 0% Preclinical   (Bagnoli et al. 2015; 
Torre et al. 2015) 

hla 124 
(91.9%) 

6.5% 0% 9.7% 78.2% 2.4% 3.2% Phase II NCT02296320 (Bagnoli et al. 2015; 
Torre et al. 2015) 

hlgA 135 
(100%) 

65.2% 29.6% 2.2% 0% 0% 3%       

hlgB 132 
(97.8%) 

11.4% 65.2% 22.7% 0% 0% 0.8% Preclinical   (Delfani et al. 2016) 

hlgC 135 
(100%) 

61.5% 8.1% 28.1% 2.2% 0% 0%       

isdB 134 
(99.3%) 

11.9% 21.6% 0% 0% 0% 66.4% Phase III NCT00518687 (Moustafa et al. 2012; 
Fowler et al. 2013) 

lukF 37 
(27.4%) 

0% 97.3% 0% 0% 0% 2.7%       

lukS 37 
(27.4%) 

56.8% 40.5% 0% 0% 0% 2.7% Phase I-II NCT01011335 (Landrum et al. 2017) 

mntC 135 
(100%) 

79.3% 20.7% 0% 0% 0% 0% Phase I-II NCT01643941 
NCT01364571 

(Frenck et al. 2017; 
Begier et al. 2017; 
Creech et al. 2017) 

tst 8 (5.9%) 0% 100% 0% 0% 0% 0% Phase I NCT02340338 (Schwameis et al. 
2016) 

https://paperpile.com/c/LfIyz8/ljte3+LwwAS+tmo4j
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+tmo4j
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+tmo4j
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/p34Zn+cdxJO
https://paperpile.com/c/LfIyz8/uUd3F
https://paperpile.com/c/LfIyz8/f0NQu+P1t0w
https://paperpile.com/c/LfIyz8/f0NQu+P1t0w
https://paperpile.com/c/LfIyz8/PTWmJ
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+tmo4j
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+tmo4j
https://paperpile.com/c/LfIyz8/ljte3+LwwAS+tmo4j
https://paperpile.com/c/LfIyz8/z4BH0
https://paperpile.com/c/LfIyz8/z4BH0
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Finally, we also analysed the conservation of csa1A, csa1B, fhuD2 and esxA, genes 

recently described as being promising vaccine candidates in preclinical studies (Schluepen 

et al. 2013; Bagnoli et al. 2015). The two genes encoding for the conserved antigen Csa 

(csa1A and csa1B) are present in 51.9% and 26.7% of the isolates respectively, and are 

conserved in only a fraction of the cases (Table 2). By contrast, the iron uptake gene 

fhuD2 is present in all isolates, with a maximum of 1% non-synonymous variation in 

sequence (Table 2). Also the genes encoding for the ESAT-6-like secretion system (esxA, 

esxB, esxC, esxD) are well represented in the cohort, but only esxA is present in all but 

one isolates and has no non-synonymous mutations in 85.1% of the isolates (Table 2). 

Therefore, on the basis of their conservation, both FhuD2 and EsxA appear to be 

promising targets for vaccine formulations. 

Phylogenetics of specific STs highlights the aggressive spread of a novel independently 

acquired ST1 clone 

We investigated the hypothesis that some of the prevalent STs could be hospital-

associated clones. We estimated the ST phylogenies using a whole-genome maximum 

likelihood approach (see Methods). In most cases we observed that isolates in our cohort, 

despite sharing the same ST, SCCmec, and spa types, were not monophyletic subtrees 

when considering external reference genomes for the same STs. This is the case, for 

example, of the ST228 and ST5 clones (Fig. 2). This suggests independent acquisition of 

the clones and no evidence of transmission among the selected hospitalised patients, 

while person-to-person transmission from healthy carriers or non-selected patients cannot 

be ruled out (Tosas Auguet et al. 2018; Coll et al. 2017). Only two ST121 MSSA isolates 

were found to be almost identical and both were retrieved in the same time window from 

patients 096 and 098 (8 SNVs). For ST1, instead, all but two isolates belonged to the 

same sub-lineage, typed as SCCmecIV t127 PVL-. 

We further estimated divergence times for all the 16 isolates belonging to the ST1 

SCCmecIV t127 PVL- clone, including those obtained from earlier or later time points of 

the same patients. We used a Bayesian approach (Drummond et al. 2012) (see Methods) 

integrating all the reference genomes publicly available for ST1 and the two ST1 

SCCmecV isolates from our cohort (Additional file 4: Table S3). These analyses were 

performed to test the hypothesis that all ST1 SCCmecIV t127 belong to a clone specific of 

Meyer’s hospital. The relaxed exponential clock model with constant coalescent prior and 

GTR substitution model resulted the most appropriate model (Additional file 6: Table S5). 

This model estimated that the Meyer’s clone has emerged approximately 6 to 28 years 

ago as a specific branch of the ST1 tree, which has been estimated to be 26-160 years old 

(Fig. 5). However, age of the Meyer’s clone does not match with the time of emergence of 

the clone in the hospital. Moreover, an isolate obtained in a recent study investigating the 

spread of a ST1 SCCmecIV t127 clone in Irish hospitals (Earls et al. 2017) and carrying a 

virulence and resistance profile very close to the one of our cohort (differences in gene 

presence: 2/79 and 0/18 respectively) is phylogenetically rooted inside the Meyer’s cluster 

(161 SNVs intra-cluster; 412 SNVs inter-cluster). These two findings suggest that ST1 

https://paperpile.com/c/LfIyz8/1jhaU+p34Zn
https://paperpile.com/c/LfIyz8/1jhaU+p34Zn
https://paperpile.com/c/LfIyz8/LlMhr+cqO0K
https://paperpile.com/c/LfIyz8/5RYbl
https://paperpile.com/c/LfIyz8/ykNfc
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SCCmecIV t127 is not specific of the Meyer Children’s hospital but might represent a 

newly arising community clone that is now spreading in the nosocomial environment of 

different countries (Earls et al. 2017; M. D. David et al. 2006). 

 

Figure 5. Bayesian timed tree of ST1 isolates, including reference genomes. Location and 

date of sample collection is reported for each isolate. For samples collected at Meyer ’s 

Children Hospital (black circles), patient code is reported instead of location. The two 

North Dakota samples were collected from the same subject. “n/a” indicates that no 

information is available for location of sample collection. Numbers at selected nodes are 

posterior probabilities. Grey areas are the distributions of Marginal Posterior Probabilities 

for the diversification of ST1 and the diversification of Mayer-specific clone.  

https://paperpile.com/c/LfIyz8/ykNfc+p5hf0
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2.6 Conclusions 

In this study we investigated the epidemiology of S. aureus in different operative units of 

Anne Meyer’s Children's University Hospital (Florence, Italy) over a timespan of three 

years by whole genome isolate sequencing. Our analyses highlighted a high diversity of 

STs, SCCmec, and spa-types, resulting into a wide number of clones. Some of these 

clones had been previously described in the literature as livestock-associated, and we 

described them in non-exposed children thus supporting the spreading of such clones in 

the non-at-risk community. We moreover described the presence of hypervirulent and 

geographically-unusual clones, and of five STs for which no sequenced genome was 

available in public databases. Our refined analysis of the SCCmec cassettes highlighted 

the presence of further resistances and diversity within the same cassette type. On the 

contrary, when considering single infection-types or specific STs or clones as it is usual in 

S. aureus epidemiological studies, the genomic diversity was limited, with an increased 

pattern of resistance genes in chronic patients and a larger number of virulence factors in 

acute infections. Altogether, these observations shed more light on the complexity of S. 

aureus epidemiology and on the need for a more unbiased survey of the commensal and 

pathogenic S. aureus community, to avoid the misrepresentation of specific genomic traits. 

Whole-genome-based routine surveillance of S. aureus and other hospital-related 

pathogens would further allow to get a more unbiased idea of the rising clones and better 

informing clinical practices, which usually focused on the most dangerous or well-known 

strains. Performing such epidemiological studies as soon as a new putative nosocomial 

clone arises could allow us to conclude whether the new clone has arisen in that very 

hospital or it is a recent sub-clone spreading also in the non-hospitalised population and 

therefore more frequently isolated also in the clinics. These wider-focus studies would not 

only allow the assessment of the epidemiology of specific pathogens and clones in the 

hospital setting, but also the survey of the prevalence and conservation of their virulence 

and resistance traits. This could lead to the identification of antigens of interest for vaccine 

development and of specific sub-clones representing the main burden of infection, and 

therefore reassessing the efforts for the discovery of new treatments. 

Whole genome sequencing studies are crucial to survey the global epidemiology of 

infectious agents, including S. aureus, as genome-based data are reproducible and can be 

easily meta-analysed without the confounding of batch effects. The meta-analysis of 

pathogenic, commensal, and environmental S. aureus isolates could lead to a deeper 

knowledge of the epidemiology of this bacterium and may help in understanding how to 

prevent and treat infections without boosting antibiotic resistance. 

List of abbreviations 

CC: clonal complex 

CDS: coding sequence 

CF: cystic fibrosis 
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CoNS: Coagulase-negative Staphylococci 

indels: insertions and deletions 

MLST: Multilocus Sequence typing 

MRSA: methicillin-resistant S. aureus 

MSSA: methicillin-sensitive S. aureus 

PVL: Panton-Valentine Leukocidin 

SCCmec: Staphylococcal Cassette Chromosome mec 

SNV: single-nucleotide variation 

Spa: Staphylococcal protein A 

ST: sequence type 

WGS: whole-genome sequencing 
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2.8 Supplementary Figures 

 

Fig S1. Pangenome analysis statistics. The Roary-computed Pangenome of the cohort 

consists of 8,373 genes (A), displaying a relatively high variability with a large proportion of 

unique genes (1,754) (B). However, the number of newly added genes per genome quickly 

drops to very small number (C).  
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Fig S2. Phylogenetic model based on gene presence/absence (1,464 core and 6,909 

accessory genes in total) in the 135 single-patient S. aureus isolates. STs are 

distinguished by means of numbers and background colours in the inner ring. Sample 

type, operative unit, PVL presence, and SCCmec type are colour-coded in the following 

rings. On the outermost ring, the number of virulence genes is reported as bar plot (total 

considered = 79).  
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2.9 Supplementary Tables 

Captions of supplementary tables are reported below. Tables are available for download 

on the online version of the paper: https://doi.org/10.1186/s13073-018-0593-7  

Supplementary Table 1. Characteristics of the single isolates, including collection details 

(patient code, type of sample, collection date and operative unit), genome assembly 

statistics (total length of the genome, number of contigs reconstructed, their median and 

mean length, N50, CG percentage number of CDS, genes, rRNA, sig_peptide, tmRNA, 

and tRNA), genomic features (ST and CC, SCCmec and spa-type, PVL presence, total 

number of virulence genes), and results of antibiotic susceptibility testing (POS = positive; 

NEG = negative; R = resistant; I = intermediate; S = sensitive; - = not available). Isolates 

presented in this study are reported as “selected” (n=135), whereas further timepoints of 

the same patient not analysed in this study are reported as “further timepoint” (n=43). ST1 

isolates only used for the outbreak analysis (Fig. 5) are reported as “selected as further 

timepoint” (n=6). 

 

Supplementary Table 2. Presence/absence (1/0) profile of 86 genes encoding for 

virulence factors (sheet “Virulence”) and 18 genes encoding for resistances to antibiotics 

(sheet “Resistance”). A brief description of the function of the gene is reported in the first 

row. 

 

Supplementary Table 3. Characteristics of the genomes included in the ST1 analyses.  

n.d. = not declared; 1 sample name is reported for samples obtained in the present study, 

reference genomes are named according to their accession number; 2 codes of patients 

enrolled in the present study are reported, * indicates patient for which more than one 

reference genome was available; 3 collection dates for reference genomes as reported in 

NCBI; some cases have no collection date specified, the date was assigned according to 

the reference publications. 

 

Supplementary Table 4. Most relevant clones represented in the cohort and their 

abundance. Data regarding ST, SCCmec-, and spa-type for all 184 isolates are reported in 

Supplementary Table 1  

 

Supplementary Table 5. Bayesian clock models tested and their results with respect to 

the one best fitting the cohort data (relaxed exponential constant generalised time 

reversible clock). Estimation of tree and subtree age is reported. 

https://doi.org/10.1186/s13073-018-0593-7
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Chapter 3. Studying Vertical Microbiome Transmission from 

Mothers to Infants by Strain-Level Metagenomic Profiling 

3.1 Introduction to the chapter 

In Chapter 2 I showed how cultivation-based investigation of a known opportunistic 

pathogen allows us to deeply investigate its genetic traits and to conduct comparative 

genomic analysis. In this Chapter, I will introduce an experimental and analytic framework 

that we proposed and allowed us to extract similar genomic information from bacterial 

genomes using cultivation-free metagenomic sequencing. This is a key result that can 

enable the simultaneous study of hundreds of members of the human microbiome in a 

single experiment without the need of cultivating each target organism separately. The 

framework was applied on the characterization of stool and breast milk microbiome 

samples with the final goal of investigating the occurrence of microbial transmission from 

mothers to their infants. This pilot study has laid the methodological basis for strain-level 

analysis of microbes from shotgun metagenomic data, and has paved the way for larger 

cohort studies on the “vertical” transmission of the microbiome from mother to infant and 

on the dynamics of microbial development in infants. 

The gut microbiome plays important roles in human physiology and metabolism (Clemente 

et al. 2012; HMP et al. 2012; Bäckhed et al. 2005; Palm, de Zoete, and Flavell 2015) and 

adapts to changes in diet, environment and antibiotic use throughout the life of a person. 

Early-life development of the gut microbiome has been shown to be key for future health of 

the infant (Bäckhed et al. 2015; Yatsunenko et al. 2012; Palmer et al. 2007) and to be 

influenced, among others, by mode of delivery (Dominguez-Bello et al. 2010; Azad et al. 

2013), perinatal antibiotic use (Greenwood et al. 2014) and gestational age at birth (La 

Rosa et al. 2014). The infant gut microbiome is established in the first days of life and 

rapidly evolves during the first few months. Elucidating how this process occurs and what 

are the primary sources of the colonizing microbiome could unravel how dysbiotic 

conditions arise and possibly how to prevent them. Transmission of bacteria from the 

mother to the infant during vaginal delivery (Dominguez-Bello et al. 2010; Biasucci et al. 

2010) and breastfeeding (Jost et al. 2014) has been proposed as one of the main routes of 

microbial seeding of the gut. Despite preliminary studies aimed at elucidating which 

microbial clades are vertically acquired from the mother, these were either limited to the 

cultivable fraction of the microbiome (Makino et al. 2011) or lacked strain-level resolution, 

as in 16S rRNA amplicon sequencing studies (Bäckhed et al. 2015; Dominguez-Bello et al. 

2010; Biasucci et al. 2010). The need for strain-level resolution is explained by the fact that 

the same species can be detected in unrelated people (Lozupone et al. 2012) that are 

however carrying different strains (Scholz et al. 2016; Schloissnig et al. 2013). Therefore, 

previous identification of the same species in mother and infant (Palmer et al. 2007; 

Turnbaugh et al. 2009) does not necessarily represent vertical transmission events, and a 

comprehensive strain-level understanding of which infant-associated microbes are 

acquired from the mother was lacking. It is however unlikely that cultivation-based 
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approaches can scale to the throughput necessary for surveying the overall diversity of the 

human microbiome and its transmission between hosts. 

Metagenomic approaches sequencing the total DNA content of the sample allow to access 

uncultivable microbes, but a validated metagenomic pipeline to track microbes at the 

strain-level was still lacking at the time of writing of this study. Even less explored was 

whether the transmitted strains would be transcriptionally active in the infant gut, and if so, 

how. Despite different studies had already reported the transcriptional activity of members 

of the gut microbiome (Turnbaugh et al. 2010; Maurice, Haiser, and Turnbaugh 2013), no 

studies had investigated the activity of vertically transmitted strains in vivo.  

In the article reported in this Chapter and published in mSystems in 2017, we identified 

and functionally characterized commensal strains transmitted from the mother to the infant 

during the first months of life by detecting their presence across microbiome samples 

obtained from different individuals. Strain-tracking was performed without isolation of the 

single microbes, but through the use of computational tools able to track microbes at the 

strain level directly from shotgun metagenomics data, through the application of both a 

SNP-based (Truong et al. 2017) and a pangenome-based (Scholz et al. 2016) approach. 

This allows the identification and tracking also of cultivation-recalcitrant species, shedding 

light on the contribution of different and potentially unexpected microbes in the 

development of the infant gut microbiome during the first year of life. To this end, we 

collected and shotgun sequenced stool and breast milk samples obtained from five 

mother-infant pairs sampled longitudinally. Metatranscriptomics was applied on two 

selected mother-infant pairs to investigate the differential expression profiles of the 

vertically transmitted bacterial strains in the gut of mothers and their children. Overall, we 

identified a number of species shared within the mother-infant pair, and for many of them 

the very same strain was present while being different from those carried by other mother-

infant pairs. This finding highlights the importance of strain-level analysis for detecting 

vertical transmission events. At early time points, shared strains consisted mainly of 

Bifidobacteria and Escherichia coli. We observed the development of the post-weaning 

microbiome toward a more adult-like composition, with additional sharing of several 

Lachnospiraceae. This shift was evident also in the functional potential of the microbiome, 

with pathways highly represented in infants approaching lower adult-like levels, as in the 

case of folate biosynthesis and intestinal mucin utilization. Metatranscriptomics further 

highlighted different transcriptional patterns of vertically transmitted strains in mothers and 

infants, as in the case of Bacteroides vulgatus that was highly transcribing in the infant but 

not in the mother’s gut. Post-weaning metatranscriptomic data highlighted an increase in 

the expression levels of genes and pathways involved in starch metabolism and 

fermentation, consistently with the change in the diet of the infant, suggesting intriguing 

adaptation patterns. 

Overall, this pilot study presented and validated a methodological approach for strain-level 

investigation of microbiome members from shotgun metagenomics data, paving the way 

for larger cohort studies on vertical transmission (Miyoshi et al. 2017; Wampach et al. 
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2017; Cabral et al. 2017; Ximenez and Torres 2017; Davenport et al. 2017; Yassour et al. 

2018; Wampach et al. 2018; Vatanen et al. 2018; Korpela and de Vos 2018), including the 

study that is partially reported in Chapter 5.1 (Ferretti et al. 2018). Availability of meta-

transcriptomic data for two of the mother-infant pairs allowed us to survey also the 

differential activity of the transmitted strains in the adult and infant gut, and represents one 

of the main novelty points contributed by this article to the vertical transmission literature 

available at the time of publication. 

Outlook. Our work and related methodologies published in the same period were thus 

crucial in raising the awareness that metagenomic sequencing can be the needed tool to 

characterize and track microbial strains with a comparable level of resolution provided by 

whole-genome isolate sequencing. More work is needed to show how to identify species 

that are still hidden in a metagenomic sample (Chapter 4), but the article in this chapter 

showed for the first time that cultivation-free metagenomic approaches coupled with 

appropriate computational methods can survey the influx of microbial organisms in the 

infant gut microbiome. 

Contribution. For this article, I performed DNA and RNA co-extraction from stool and milk 

samples (including protocols for rRNA depletion), prepared metagenomic and 

metatranscriptomic libraries for Illumina HiSeq sequencing, contributed on the application 

of the computational metagenomic tools with the other first co-author, led the data 

interpretation, and wrote the majority of the manuscript. The bioinformatic analysis was 

done in collaboration with the other co-first author (Francesco Asnicar) who performed the 

analysis based on the hypotheses and assumptions we made together and under the 

supervision of the corresponding author. 

This chapter reports the following article: 

Studying Vertical Microbiome Transmission from Mothers to Infants by Strain-Level 

Metagenomic Profiling 

Francesco Asnicar^, Serena Manara^, Moreno Zolfo, Duy Tin Truong, Matthias Scholz, 

Federica Armanini, Pamela Ferretti, Valentina Gorfer, Anna Pedrotti, Adrian Tett, and 

Nicola Segata 

^ these authors contributed equally 

mSystems 2017 

3.2 Abstract 

The gut microbiome becomes shaped in the first days of life and continues to increase its 

diversity during the first months. Links between the configuration of the infant gut 

microbiome and infant health are being shown, but a comprehensive strain-level 

assessment of microbes vertically transmitted from mother to infant is still missing. We 

collected fecal and breast milk samples from multiple mother-infant pairs during the first 

year of life and applied shotgun metagenomic sequencing followed by computational 
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strain-level profiling. We observed that several specific strains, including those of 

Bifidobacterium bifidum, Coprococcus comes, and Ruminococcus bromii, were present in 

samples from the same mother-infant pair, while being clearly distinct from those carried 

by other pairs, which is indicative of vertical transmission. We further applied 

metatranscriptomics to study the in vivo gene expression of vertically transmitted microbes 

and found that transmitted strains of Bacteroides and Bifidobacterium species were 

transcriptionally active in the guts of both adult and infant. By combining longitudinal 

microbiome sampling and newly developed computational tools for strain-level microbiome 

analysis, we demonstrated that it is possible to track the vertical transmission of microbial 

strains from mother to infants and to characterize their transcriptional activity. Our work 

provides the foundation for larger-scale surveys to identify the routes of vertical microbial 

transmission and its influence on postinfancy microbiome development. 

Importance 

Early infant exposure is important in the acquisition and ultimate development of a healthy 

infant microbiome. There is increasing support for the idea that the maternal microbial 

reservoir is a key route of microbial transmission, and yet much is inferred from the 

observation of shared species in mother and infant. The presence of common species, per 

se, does not necessarily equate to vertical transmission, as species exhibit considerable 

strain heterogeneity. It is therefore imperative to assess whether shared microbes belong 

to the same genetic variant (i.e., strain) to support the hypothesis of vertical transmission. 

Here we demonstrate the potential of shotgun metagenomics and strain-level profiling to 

identify vertical transmission events. Combining these data with metatranscriptomics, we 

show that it is possible not only to identify and track the fate of microbes in the early infant 

microbiome but also to investigate the actively transcribing members of the community. 

These approaches will ultimately provide important insights into the acquisition, 

development, and community dynamics of the infant microbiome. 

3.3 Introduction 

The community of microorganisms that dwell in the human gut has been shown to play an 

integral role in human health (Qin et al. 2010; Clemente et al. 2012; Tamburini et al. 2016; 

HMP et al. 2012), facilitating, for instance, the harvesting of nutrients that would otherwise 

be inaccessible (Bäckhed et al. 2005), modulating the host metabolism and immune 

system (Palm, de Zoete, and Flavell 2015), and preventing infections by occupying the 

ecological niches that could otherwise be exploited by pathogens (Stecher and Hardt 

2011). The essential role of the intestinal microbiome is probably best exemplified by the 

successful treatment of dysbiotic states, such as chronic life-threatening Clostridium 

difficile infections, using microbiome transplantation therapies (Fuentes et al. 2014; 

Khoruts et al. 2010; Britton and Young 2014). 

The gut microbiome is a dynamic community shaped by multiple factors throughout an 

individual’s life, possibly including prebirth microbial exposure. The early development of 

the infant microbiome has been proposed to be particularly crucial for longer-term health 
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(Bäckhed et al. 2015; Yatsunenko et al. 2012; Palmer et al. 2007), and a few studies have 

investigated the factors that are important in defining its early structure (Dominguez-Bello 

et al. 2010; Azad et al. 2013; Milani et al. 2015; La Rosa et al. 2014). In particular, 

gestational age at birth (La Rosa et al. 2014), mode of delivery (Dominguez-Bello et al. 

2010; Azad et al. 2013), and early antibiotic treatments (Greenwood et al. 2014) have all 

been shown to influence the gut microbial composition in the short term and the pace of its 

development in the longer term. 

Vertical transmission of bacteria from the body and breast milk of the mother to her infant 

has gained attention as an important source of microbial colonization (Dominguez-Bello et 

al. 2010; Aagaard et al. 2012; Hunt et al. 2011; Cabrera-Rubio et al. 2012) in addition to 

the microbial organisms obtained from the wider environment (Flores et al. 2014; Song et 

al. 2013), including the delivery room (Shin et al. 2015). Results from early cultivation-

based and cultivation-free methods (16S rRNA community profiling and a single 

metagenomic study) have indeed suggested that the mother could transfer microbes to the 

infant by breastfeeding (Jost et al. 2014) and that a vaginal delivery has the potential of 

seeding the infant gut with members of the mother’s vaginal community (Bäckhed et al. 

2015; Dominguez-Bello et al. 2010; Biasucci et al. 2010; Dominguez-Bello et al. 2016) that 

would not be available via caesarean section. However, a more in-depth analysis is 

required to elucidate the role of vertical transmission in the acquisition and development of 

the infant gut microbiome. 

Current knowledge of the vertical transmission of microbes from mothers to infants has 

hitherto focused on the cultivable fraction of the community (Makino et al. 2011) or lacked 

strain-level resolution (Bäckhed et al. 2015). Many microbial species are common among 

unrelated individuals (Lozupone et al. 2012); therefore, in instances where a species is 

identified in both mother and infant (Palmer et al. 2007; Turnbaugh et al. 2009), it remains 

inconclusive if this is due to vertical transmission. Strain-level analysis has shown that 

different individuals are associated with different strains of common species (Scholz et al. 

2016; Schloissnig et al. 2013), and it is therefore crucial to profile microbes at the strain 

level to ascertain the most probable route of transfer. This has been performed only for 

specific microbes by cultivation methods (Milani et al. 2015; Makino et al. 2011), but many 

vertically transmitted microorganisms remain hard to cultivate (Milani et al. 2015); thus, the 

true extent of microbial transmission remains unknown. A further crucial aspect, still largely 

unexplored, is the fate of vertically acquired strains: if they are transcriptionally active 

rather than merely transient, that may suggest possible colonization of the infant intestine. 

Although studies have described the transcriptional activity of intestinal microbes under 

different conditions (Turnbaugh et al. 2010; Maurice, Haiser, and Turnbaugh 2013; 

Gosalbes et al. 2012; Bao et al. 2015), no studies have applied metatranscriptomics to 

characterize the activity of vertically transmitted microbes in vivo. 

In this work, we present and validate a shotgun metagenomic pipeline to track mother-to-

infant vertical transmission of microbes by applying strain-level profiling to members of the 

mother and infant microbiomes. Moreover, we assessed the transcriptional activity of 
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vertically transmitted microbes to elucidate if transferred strains are not only present but 

also transcriptionally active in the infant gut. 

3.4 Results and Discussion 

We analyzed the vertical transmission of microbes from mother to infant by enrolling 5 

mother-infant pairs and collecting fecal samples and breast milk (see Materials and 

Methods) when each infant was 3 months of age (time point 1). Two mother-infant pairs 

(pair 4 and pair 5) were additionally sampled at 10 months postbirth (time point 2), and one 

pair (pair 5) was sampled at 16 months postbirth (time point 3; see Fig. S1 in the 

supplemental material). We applied shotgun metagenomic sequencing to all 24 

microbiome samples (8 mother fecal samples, 8 infant fecal samples, and 8 milk samples), 

generating 1.2 G reads (average, 39.6 M reads/sample; standard deviation [SD], 28.7 M 

reads/sample) (see Table S1 in the supplemental material). Metatranscriptomics (average, 

90.55 M reads/sample; SD, 46.86 M reads/sample) was also applied on fecal samples of 

two pairs (pair 4 at time point 2 and pair 5 at time point 3) to investigate the differential 

expression profiles of the bacterial strains in the gut of mothers and their infants. 

Shared mother-infant microbial species 

In our cohort, the infant intestinal microbiome was dominated by Escherichia coli and 

Bifidobacterium spp., such as B. longum, B. breve, and B. bifidum (Fig. 1A and S2). These 

species in some cases reached abundances higher than 75% (e.g., E. coli at 85.2% in 

infant pair 3 at time point 1 and B. breve at 78.8% in infant pair 5 at time point 1), which is 

consistent with previous observations (Yatsunenko et al. 2012; Kurokawa et al. 2007; 

Koenig et al. 2011). As expected, the intestines of the mothers had a greater microbial 

diversity than those of the infants, with high abundances of Prevotella copri, Clostridiales 

(e.g., Coprococcus spp. and Faecalibacterium prausnitzii), and Bacteroidales (e.g., 

Parabacteroides merdae and Alistipes putredinis). Interestingly, the postweaning 

microbiome of infant of pair 5 (time point 3, 16 months postbirth) had already shifted 

toward a more “mother-like” composition (Fig. 1B), with an increase in diversity and the 

appearance of Parabacteroides merdae, Coprococcus spp., and Faecalibacterium 

prausnitzii (Palmer et al. 2007; Koenig et al. 2011). Nevertheless, this 16-month-old infant 

still retained some infant microbiome signatures, such as a high abundance of 

bifidobacteria that were present at only low levels in the mothers’ samples (Fig. 1A and C). 

We extracted and successfully sequenced microbial DNA from 7 of 8 milk samples. 

Microbial profiling of milk samples was hindered by a high abundance of interfering 

molecules (proteins, fats, proteases—e.g., plasmin—and calcium ions) (Bickley et al. 

1996; Cremonesi et al. 2006; Schrader et al. 2012) that affected the efficiency of the 

extraction and amplification steps. Even so, we obtained an average of 3.08 Gb (SD, 1.5 

Gb) per sample, of which 26 Mb (SD, 56 Mb) were from nonhuman reads (a level higher 

than that seen in the only other metagenomic study) (Ward et al. 2013) (see Table S1). 

 

https://paperpile.com/c/Yd9K9n/rYKpO+y1rD4+xjI3m
https://paperpile.com/c/Yd9K9n/rYKpO+y1rD4+xjI3m
https://paperpile.com/c/Yd9K9n/pIoIQ+xjI3m
https://paperpile.com/c/Yd9K9n/vMEhK+y7E0f+ddZk2
https://paperpile.com/c/Yd9K9n/vMEhK+y7E0f+ddZk2
https://paperpile.com/c/Yd9K9n/OOdUS


67 

 

 

Fig 1. Microbial composition of mother and infant samples and shared bacteria 

within mother-infant pairs. (A) Quantitative microbial taxonomic composition of the 

metagenomic samples from milk and fecal samples of mothers and infants as estimated by 

MetaPhlAn2 analysis (Truong et al. 2015) (only the 20 most abundant species are 

indicated). Milk samples present low microbial richness compared to fecal samples. (B) 

Ordination plot of microbiome composition showing clustering of the three different sample 

types: mother feces, infant feces, and breast milk samples. The two infant samples close 

to the cluster of mother feces and in between the clusters of mothers and infants are from 

later time points, denoting the convergence of the infant microbiome toward an adult-like 

one. (C) The abundances of the 10 microbial species detected (>0.1% abundance) in at 

least one infant and the respective mother (shared species have been identified on the 

basis of samples from time point 1 [T1] only). 

Milk samples had limited microbial diversity at the first sampling time (time point 1, 3 

months postbirth) and included skin-associated bacteria such as Corynebacterium 

kroppenstedtii and Staphylococcus epidermidis. Cutaneous taxa, however, were observed 

in only low abundances in the gut microbiome of infants, confirming that skin microbes are 

not colonizers of the human gut (Fig. 1A). At later time points, the milk samples were 

enriched in B. breve and in bacteria usually found in the oral cavity, such as Streptococcus 

and Veillonella spp. The presence of oral taxa in milk has been previously observed by 

16S rRNA sequencing (Dominguez-Bello et al. 2010; Hunt et al. 2011; Cabrera-Rubio et 

al. 2012; Jost et al. 2014) and shotgun metagenomics (Ward et al. 2013). This could be 

caused by retrograde flux into the mammary gland during breastfeeding (Ramsay et al. 

2004) whereby cutaneous microbes of the breast and from the infant oral cavity are 
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transmitted to the breast glands (Jeurink et al. 2013). However, this remains a hypothesis 

because no oral samples were collected in this study. These observations are summarized 

in the ordination analysis (Fig. 1B), in which the different samples (infant feces, mother 

feces, and milk) clustered by type, with weaning representing a key factor in the shift from 

an infant to an adult-like microbiome structure (Palmer et al. 2007; Koenig et al. 2011; 

Costello et al. 2012). 

Comparing the species present in both the mother and infant pairs (Fig. 1C), we observed 

that many shared species (e.g., Escherichia, Bifidobacterium, and Veillonella spp.) 

occurred at a much higher abundance in the infant than in the mother, possibly due to the 

lower level of species diversity and therefore to competition in the gut. Bacteroides 

vulgatus was found at relatively high abundance (average, 16.3%; SD, 13%) in both the 

infant and the mother of pair 4 at both time point 1 and time point 2. The presence of 

shared species in mother-infant pairs observed here and elsewhere (Dominguez-Bello et 

al. 2010; Milani et al. 2015; La Rosa et al. 2014; Jost et al. 2014; Faith et al. 2013) 

confirms that mothers are a potential reservoir of microbes vertically transmissible to 

infants, but it remains unproven whether the same strain is transmitted to the infant from 

the mother or if an alternative transmission route is involved. 

Strains shared between mothers and infants are indicative of vertical transmission 

While different individuals have a core of shared microbial species, it has been shown that 

these common species consist of distinct strains (Scholz et al. 2016; Schloissnig et al. 

2013). To analyze microbial transmission, it is therefore crucial to assess whether a 

mother and her infant harbor the same strain. To this end, we further analyzed the 

metagenomic samples at a finer strain-level resolution. This was achieved by applying a 

recent strain-specific pangenome-based method called PanPhlAn (Scholz et al. 2016), as 

well as a genetics-based method called StrainPhlAn (D. T. Truong, A. Tett, E. Pasolli, C. 

Huttenhower, and N. Segata, submitted for publication) (see Materials and Methods), 

which identifies single-nucleotide variants (SNVs) in species-specific marker genes. 

Using the SNV-based analysis, we observed considerable strain-level heterogeneity in the 

species present in the intestines of the mothers also with respect to available reference 

genomes (Fig. 2; see also Fig. S3 in the supplemental material). This heterogeneity was 

not observed within the mother-infant pairings, as in the case of Bifidobacterium spp., 

Ruminococcus bromii, and Coprococcus comes. The infant of pair 4 at time point 2, for 

example, harbored a strain of B. bifidum that matched his mother’s at 99.96% sequence 

identity and yet was clearly distinct from the B. bifidum strains of other infants in the cohort 

(Fig. 2A), which differed by at least 0.6% of the nucleotides. The observation that the B. 

bifidum strains from the mother and the infant of pair 4 were too similar to be consistent 

with the observed strain-level variation across subjects in the cohorts was highly 

statistically significant (P value, 4.7e−40) (see Fig. S4). This was also true for the C. 

comes (P value, 1.9e−3) (99.87% intrapair similarity and 1.6% and 1.61% divergence 

compared to the closest strain and the average value, respectively) (Fig. 2B) and R. 
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bromii (P value, 4.9e−8) (99.93% similarity and 1.53% and 2.63% diversity—same as 

described above) (Fig. 2C) strains that were shared by pair 5. Mother-infant sharing of the 

same strain was also confirmed by strain-level pangenome analysis (Scholz et al. 2016) 

that showed that the strains from the same pair carried the same unique gene repertoire 

(see Fig. S5). It is accepted that, while the possibility of independent acquisition of strains 

from a shared environmental source cannot be excluded, the finding that mother-infant 

pairs have shared strains represents strong evidence of vertical microbiome transmission. 

On average, we could reconstruct and observe vertical transmission from mother to infant 

for 14% of the species found to be shared within mother and infant pairings. 

 

Fig 2. Strain-level phylogenetic trees for microbes present in both the mother and 

infant. Phylogenetic trees were built by the StrainPhlAn method using species-specific 

markers confirming the presence of the same strain in the mother and infant intestinal 

microbiomes, thus suggesting vertical transmission. Available reference genomes were 

included in the phylogenetic trees. Here we report three bacterial species, namely, (A) 

Bifidobacterium bifidum, (B) Coprococcus comes, and (C) Ruminococcus bromii, and the 

most abundant viral species found in pair 4, (D) pepper mild mottle virus. Other species-

specific phylogenetic trees (B. adolescentis, B. breve, and B. longum) are reported in Fig. 

S3. 
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Strain transmission does not, however, exclude later replacement of the vertically acquired 

organisms, as we highlighted by looking at the postweaning time point in our cohort (pair 5 

at time point 3) which harbored the highest number of shared species, with 70.4% present 

in the infant and mother (at a relative abundance of >0.1%, according to the MetaPhlAn2 

profiles). A proportion (11%) of these common species were shown to be the same strain 

(Fig. 2; see also Fig. S3 in the supplemental material), according to both PanPhlAn and 

StrainPhlAn analyses (see, for example, the data from B. adolescentis and C. comes) 

(Fig. 2; see also Fig. S3 and S5). However, some strains that were shared at earlier time 

points were replaced at time point 3. Of note, the R. bromii strain found in an infant at time 

point 3 was different from that found at time point 2, and both strains were distinct from the 

strain observed in the mother at both time points (Fig. 2C). This was also observed for the 

latter infant time point for B. breve (see Fig. S3B) and B. longum (see Fig. S3C). Although 

it is not possible to generalize these results because of the small sample size, these 

replacement events suggest that originally acquired maternal strains can subsequently be 

replaced (Morowitz et al. 2011; Sharon et al. 2013). 

We then extended our analysis to the viral organisms detectable from metagenomes and 

metatranscriptomes, as viruses have the potential to be vertically transmitted also. The 

DNA viruses identified from our metagenome samples largely consisted of bacteriophages 

of the Caudovirales order, a common order of tailed bacteriophages found in the intestine 

(Tamburini et al. 2016; Ogilvie and Jones 2015). We identified Enterobacter and Shigella 

phages as the most prevalent phages among the tested samples, in agreement with the 

high prevalence of members of the Enterobacteriaceae family and particularly of members 

of the Escherichia genus (see Fig. 1A and Table S3). We also identified crAssphage at 

high breadth of coverage (Dutilh et al. 2014) and provided further evidence for the 

hypothesis that the Bacteroides genus is the host for this virus (Dutilh et al. 2014), as the 

microbiome of crAssphage-positive mothers was enriched in B. vulgatus (see Fig. 1A and 

Table S3). However, the low breadth of coverage for many of the DNA viruses made it 

difficult to identify pair-specific phage variants (see Table S3). Analysis of the RNA viruses 

from the metatranscriptomic samples identified instead the presence of an abundant 

pepper mild mottle virus (PMMoV), a single-stranded positive-sense RNA virus of the 

genus Tobamovirus, in all of the four metatranscriptomes from pairs 4 and 5. Surprisingly, 

transcripts from the PMMoV were found in greater abundance than all the other microbial 

transcripts found for the mother of pair 4. PMMoV has already been reported in the gut 

microbiome (Victoria et al. 2009; Reyes et al. 2010; Zhang et al. 2006), and other related 

viruses of the same family have been shown to be able to enter and persist in eukaryotic 

cells (de Medeiros et al. 2005; Balique et al. 2013). The high abundance of PMMoV in 

mother-infant pair 4 allowed us to reconstruct its full genome (99.9%) and to perform a 

phylogenetic analysis demonstrating that the mother and the infant shared identical 

PMMoV strains, which were clearly distinct from the PMMoV reference genomes (27 SNVs 

in total; Fig. 2D). Although the coverage was lower, the same evidence of a shared 
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PMMoV strain was observed within pair 5. The analysis of PMMoV polymorphisms within 

each sample also suggests the coexistence of different PMMoV haplotypes in the same 

host (Fig. S6). Although vertical transmission of RNA viruses and PMMoV specifically 

would be intriguing, because of the age and dietary habits of the infants (see Table S1) 

this finding could be related to the exposure to a common food source (Colson et al. 

2010). Our analysis of the virome characterized directly from shotgun metagenomics thus 

highlighted that viruses can be tracked across mother-infant microbiomes also and that 

experimental virome enrichment protocols (Reyes et al. 2012; Thurber et al. 2009) have 

the potential to provide an even clearer snapshot of viral vertical transmission. 

Differences in the overall levels of functional potential and expression in mothers and 

infants 

The physiology of the mammary gland (milk) as well as the adult and infant intestine is 

reflected by niche-specific microbial communities as reported above and in previous 

studies (Bäckhed et al. 2015; Palmer et al. 2007; Azad et al. 2013; Hunt et al. 2011; 

Cabrera-Rubio et al. 2012; Jeurink et al. 2013; Costello et al. 2012). To characterize the 

overall functional potential of the microbial communities inhabiting these niches, we 

complemented the taxonomic analysis above by employing HUMAnN2 (see Materials and 

Methods). As expected, there was considerable overlap in the functionality of the gut 

microbiomes of the mothers and infants (Fig. 3A), with 87% of pathways present in mother 

and infant, 50% of which were significantly different in abundance (at an alpha value of 

0.05). Nevertheless, there were notable differences. For instance, the microbiomes of the 

infants showed a higher potential for utilization of intestinal mucin as a carbon source (P 

value, 0.016) and for folate biosynthesis (P value, 1.8e−6) while displaying a lower 

potential for starch degradation (P value, 9.8e−6), consistent with previous observations 

(Yatsunenko et al. 2012; Marcobal et al. 2011; Tailford et al. 2015; Turroni, Milani, et al. 

2011; LeBlanc et al. 2013). Mucin utilization, specifically by infant gut microbial 

communities, is reflective of the higher abundance of mucin-degrading bifidobacteria 

observed from the taxonomic analyses described above (Yatsunenko et al. 2012; 

Marcobal et al. 2011; Tailford et al. 2015; Turroni, Milani, et al. 2011), whereas increased 

folate biosynthesis (Yatsunenko et al. 2012; Marcobal et al. 2011; Tailford et al. 2015; 

LeBlanc et al. 2013) and decreased starch degradation (Bäckhed et al. 2005) have been 

purported to represent responses to the limited dietary intake in infants compared to 

adults. Interestingly, the intestinal samples from the postweaning infant of pair 5 (16 

months postbirth) clustered together with the adults’ intestinal samples (Fig. 3B), 

suggesting that the shift toward an adult-like microbiome observed in the taxonomic 

profiling (Fig. 1B) is also reflected by or is a consequence of a change in community 

functioning. Among the most prevalent pathways in the milk microbiomes that we 

observed were those involved in galactose and lactose degradation (Flint et al. 2012), as 

well as in biosynthesis of aromatic compounds (Fig. S7A). This was specifically true for 

production of chorismate, a key intermediate for the biosynthesis of essential amino acids 

and vitamins found in milk (LeBlanc et al. 2013) (Fig. 3C and S7A). 
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https://paperpile.com/c/Yd9K9n/rYKpO+mVNPI+Ilbic+LBwEu
https://paperpile.com/c/Yd9K9n/rYKpO+mVNPI+Ilbic+X3vUF
https://paperpile.com/c/Yd9K9n/rYKpO+mVNPI+Ilbic+X3vUF
https://paperpile.com/c/Yd9K9n/1ynjG
https://paperpile.com/c/Yd9K9n/zwYop
https://paperpile.com/c/Yd9K9n/X3vUF
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Fig 3. Functional potential analyses. (A) HUMAnN2 heat map reporting the 25 most 

abundant pathways in the fecal samples of mothers and infants. Specific pathways of 

interest (sugars, mucin, and folate metabolism) are added at the bottom. The asterisk (*) 

near the heat map highlights statistically significant pathways. (B) Multidimensional scaling 

(MDS) result from functional potential profiles, showing the differences between fecal 

samples of mothers and infants and milk samples. In particular, the infant feces point in 

the mother feces cluster corresponds to time point 3 of pair 5, showing a shift from the 

infant microbiome toward an adult-like microbiome. (C) HUMAnN2 results for the 25 most 

abundant pathways found only in the milk samples. TCA, tricarboxylic acid. 

To further evaluate the functional capacity of the gut-associated microbiomes and analyze 

the in vivo transcription, we performed metatranscriptomics analyses of the feces of two 

mother-infant pairs (see Materials and Methods). HUMAnN2 was used to identify 

differences in the transcriptional levels of pathways in the gut of the mothers and infants. 

The most notable global difference was that fermentation pathways were highly 

transcribed in the mother compared to that of the infant. This reflects the transition of the 

gut from an aerobic to an anaerobic state and the associated shift from facultative 

anaerobes to obligate anaerobes over the first few months of life (Houghteling and Walker 

2015; Turroni et al. 2012). The same is true for pathways involved in starch degradation, 

which were not only poorly represented in the metagenomes but also negligibly expressed 

https://paperpile.com/c/Yd9K9n/xhE3C+SJrXU
https://paperpile.com/c/Yd9K9n/xhE3C+SJrXU
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in the infants’ transcriptomes. What is evident is that the transcriptional patterns for 

different members differed considerably, as illustrated for pair 4 and pair 5 (Fig. 4A and 

S7B, respectively). For example, we observed in the infant of pair 4 that B. vulgatus was 

more transcriptionally active (average of 2.7 [SD, 2.5] normalized transcript abundance 

[NTA]; see Materials and Methods) than both E. coli (245-fold change [average, 0.4 SD 

and 0.6 NTA]) and Bifidobacterium spp. (6.6-fold change [average, 0.01 SD and 0.01 

NTA]). Although these differences were statistically significant (P values were lower than 

1e−50 in both cases), their physiological significance remains unclear. 

 

Fig 4. Transcription levels of metabolic pathways and genes in mother and infant 

pair 4 at time point 2. (A) Scatterplots showing the transcription rates of metabolic 

pathways of shared and nonshared species and genera of interest for both the mother and 

infant of pair 4 at time point 2. (B) Comparison between transcription rates of gene families 

in mother and infant gut microbiomes. 
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Strain-specific transcriptional differences in mothers and infants 

To further explore the transcriptional activity of the intestinal microbiomes and, more 

specifically, to ascertain which individual microbial members are transcriptionally active in 

the gut, we employed the strain-specific metatranscriptomic approach implemented in 

PanPhlAn (Scholz et al. 2016) (see Materials and Methods). Of particular interest is the 

transcriptional activity of the shared mother-infant strains that, based on our strain-level 

analyses, are likely to have been vertically acquired by the infant by the maternal route. 

Such transcriptional analyses can clarify whether these transmitted strains were not only 

present in the infant gut but also functioning, therefore suggesting that the transmitted 

strains could have potentially colonized. For three transmitted species in pair 4 (B. 

vulgatus, E. coli, and B. bifidum), we show that they were active in both the mother 

intestine and the infant intestine (Fig. 4B). Of note is that B. bifidum was more active in the 

infant than in the mother (2.5-fold change; Fig. 4B), which was expected as this species is 

a known early colonizer of the infant gut (Yatsunenko et al. 2012; Kurokawa et al. 2007; 

Koenig et al. 2011). Interestingly, the B. bifidum strain of pair 5 showed the opposite 

behavior (Fig. S7C). We postulate that this was because the infant of pair 5 was of 

postweaning age (10% breast milk diet) compared to the infant of pair 4 (90% breast milk 

diet) and that the difference reflects the change in substrate availability from breast milk to 

solid food, which might have a detrimental effect on the bifidobacterial population (Koenig 

et al. 2011; Turroni et al. 2012; Turroni, Foroni, et al. 2011). Moreover, in support of our 

metagenomics analyses indicating that the microbiome of infant of pair 5 was shifting 

toward a more adult-like structure (Fig. 1B), we observed high transcriptional activity for R. 

bromii, a species commonly associated with adults, which could be seen as a hallmark of 

this transition (Walker et al. 2011; Scott et al. 2015). 

It is well established that metatranscriptomic profiling provides a more accurate account of 

the actual community functioning than metagenomics alone. Here we show that the 

combination of the two approaches affords the exploration of which members not only are 

transmitted but also are actively participating in the community and therefore offers a more 

detailed account of the microbial community dynamics. 

3.5 Conclusions 

Human-associated microbiomes are complex and dynamic communities that are 

continuously interacting with the host and are under the influence of environmental 

sources of microbial diversity. Identifying and understanding the transmission from these 

external sources are crucial to understanding how the infant gut is colonized and ultimately 

develops an adult-like composition. However, detecting direct transmission is not a trivial 

task: many species are ubiquitous in host-associated environments and in the wider 

environment alike, and yet they comprise a myriad of different strains and phenotypic 

capabilities. Therefore, detection of microbial transmission events requires the ability to 

characterize microbes at the strain level. The epidemiological tracking of pathogens by 

cultivation-based isolate sequencing has proven successful (Gardy et al. 2011; Loman et 

al. 2013), but it relies on time-consuming protocols and can focus on only a limited number 

https://paperpile.com/c/Yd9K9n/bRQmp
https://paperpile.com/c/Yd9K9n/rYKpO+y1rD4+xjI3m
https://paperpile.com/c/Yd9K9n/rYKpO+y1rD4+xjI3m
https://paperpile.com/c/Yd9K9n/xjI3m+SJrXU+i9EUn
https://paperpile.com/c/Yd9K9n/xjI3m+SJrXU+i9EUn
https://paperpile.com/c/Yd9K9n/RaRPV+iiWwt
https://paperpile.com/c/Yd9K9n/A3WVG+lcqWJ
https://paperpile.com/c/Yd9K9n/A3WVG+lcqWJ
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of species. In contrast, while there have been some examples of strain-level tracking from 

metagenomic data (Loman et al. 2013; S. S. Li et al. 2016), this remains challenging. In 

this study, we developed methods for identifying the vertical flow of microorganisms from 

mothers to their infants and showed that mothers are sources of microbes that might be 

important in the development of the infant gut microbiome. 

We demonstrated that high-resolution computational methods applied to shotgun 

metagenomic and metatranscriptomic data enable the tracking of strains and strain-

specific transcriptional patterns across mother-infant pairs. In our cohort of five mother-

infant pairs, we detected several species with substantial genetic diversity between 

different pairs but identical genetic profiles in the mother and her infant, indicative of 

vertical transmission. These include some bifidobacteria typical of the infant gut (i.e., B. 

longum, B. breve, B. bifidum, and B. adolescentis) but also Clostridiales species usually 

found in the adult intestine (i.e., R. bromii and C. comes) and viral organisms. These 

results confirm that the infant receives a maternal microbial imprinting that might play an 

important role in the development of the gut microbiome in the first years of life. 

The strain-level investigation of vertically transmitted microbes was followed by 

characterization of the transcriptional activity of the transmitted strains in the mother and 

infant environments. We found that the transcriptional patterns of strains shared within the 

single pairs were different between mother and infant, suggesting successful adaptation of 

maternally transmitted microbes to the infant gut. 

Taking the results together, our work provides preliminary results and methodology to 

expand our knowledge of how microbial strains are transmitted across microbiomes. 

Expanding the cohort size and considering other potential microbial sources of 

transmission, such as additional mother and infant body sites, as well as other family 

members (i.e., fathers and siblings) and environments (hospital and house surfaces), will 

likely shed light on the key determinants in early infant exposure and the seeding and 

development of the infant gut microbiome. 

3.6 Materials and methods 

Sample collection and storage 

In total, five mother-infant pairs were enrolled. Fecal samples and breast milk were 

collected for all pairs at 3 months (time point 1); additional samples were collected for pair 

4 and pair 5 at 10 months (time point 2) and for pair 5 only at 16 months (time point 3) (see 

Table S1 and Fig. S1 in the supplemental material). All aspects of recruitment and sample 

and data processing were approved by the local ethics committee. Fecal samples were 

collected from mothers and infants in sterile feces tubes (Sarstedt, Nümbrecht, Germany) 

and immediately stored at −20°C. In those cases where metatranscriptomics was applied, 

a fecal aliquot was removed prior to freezing the remaining feces. This aliquot was stored 

at 4°C, and the RNA was extracted within 2 h of sampling to preserve RNA integrity. Milk 

was expressed and collected midflow by mothers into 15-ml centrifuge tubes (VWR, Milan, 

https://paperpile.com/c/Yd9K9n/lcqWJ+SmbOP
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Italy) and immediately stored at −20°C. Within 48 h of collection, all milk samples and 

feces samples were moved to storage at −80°C until processed. 

Extraction of nucleic acids for metagenomic analysis 

DNA was extracted from feces using a QIAamp DNA stool minikit (Qiagen, Netherlands). 

Milk DNA was extracted using a PowerFood microbial DNA isolation kit (Mo Bio, Inc., CA). 

Both procedures were performed according to the specifications of the manufacturers. 

Extracted DNA was purified using an Agencourt AMPure XP kit (Beckman Coulter, Inc., 

CA). Metagenomic libraries were constructed using a Nextera XT DNA library preparation 

kit (Illumina, CA, USA) according to manufacturer instructions and were sequenced on a 

HiSeq 2500 platform (Illumina, CA, USA) at an expected sequencing depth of 6 Gb/library. 

Extraction of nucleic acids for metatranscriptomic analysis 

Fecal samples for metatranscriptomic profiling were pretreated as described previously 

(Giannoukos et al. 2012). Briefly, 110 μl of lysis buffer (30 mM Tris·Cl, 1 mM EDTA [pH 

8.0], 1.5 mg/ml of proteinase K, and 15 mg/ml of lysozyme) was added to 100 mg of feces 

and incubated at room temperature for 10 min. After pretreatment, samples were treated 

with 1,200 μl of Qiagen RLT Plus buffer (from an AllPrep DNA/RNA minikit [Qiagen, 

Netherlands]) containing 1% (vol) beta-mercaptoethanol and were transferred into 2-ml 

sterile screw-cap tubes (Starstedt, Germany) filled with 1 ml of zirconia-silica beads 

(BioSpec Products, OK, USA) (<0.1 mm in diameter). Tubes were placed on a Vortex-

Genie 2 mixer with a 13000-V1-24 Vortex adapter (Mo Bio, Inc., CA) and shaken at 

maximum speed for 15 min. Lysed fecal samples were homogenized using QIAshredder 

spin columns (Qiagen, Netherlands), and homogenized sample lysates were then 

extracted with an AllPrep DNA/RNA minikit (Qiagen, Netherlands) according to the 

manufacturer’s specifications. Extracted RNA and DNA were purified using Agencourt 

RNAClean XP and Agencourt AMPure XP (Beckman Coulter, Inc., CA) kits, respectively. 

Total RNA samples were subjected to rRNA depletion, and metatranscriptomic libraries 

were prepared using a ScriptSeq Complete Gold kit (epidemiology)-low input (Illumina, 

CA, USA). Metagenomic libraries were prepared with a Nextera XT DNA library 

preparation kit (Illumina, CA, USA). All libraries were sequenced on a HiSeq 2500 platform 

(Illumina, CA, USA) at an expected depth of 6 Gb/library. 

Sequencing data preprocessing 

The metagenomes and metatranscriptomes were preprocessed by removing low-quality 

reads (mean quality value of less than 25), trimming low-quality positions (quality less than 

15), and removing reads less than 90 nucleotides in length using FastqMcf (Aronesty 

2013). Further quality control steps involved the removal of human reads and the reads 

from the Illumina spike-in (bacteriophage Phi-X174) by mapping the reads against the 

corresponding genomes with Bowtie 2 (Langmead and Salzberg 2012). 

Metatranscriptomes were additionally processed to remove rRNA by mapping the reads 

against 16S and 23S rRNA gene databases (SILVA_119.1_SSURef_Nr99_tax_silva and 

SILVA_119_LSURef_tax_silva (Quast et al. 2013)) and to remove contaminant adapters 

https://paperpile.com/c/Yd9K9n/7vo01
https://paperpile.com/c/Yd9K9n/EaEKi
https://paperpile.com/c/Yd9K9n/EaEKi
https://paperpile.com/c/Yd9K9n/x7DGa
https://paperpile.com/c/Yd9K9n/h2P1W
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using trim_galore (http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) with 

the following parameters: -q 0, –nextera, and –stringency 5. The milk sample of mother-

infant pair 4 at time point 1 was discarded from further analyses because of the low 

number of microbial reads (less than 400,000 bp) obtained after the quality control steps 

(see Table S1). All metagenomes and metatranscriptomes have been deposited in and 

are available at the NCBI Sequence Read Archive. 

Taxonomic and strain-level analysis 

Taxonomic profiling was performed with MetaPhlAn2 (Truong et al. 2015) (with default 

parameters) on the 23 metagenomic samples that passed the quality control. MetaPhlAn2 

uses clade-specific markers for taxonomically profiling shotgun metagenomic data and to 

quantify the clades present in the microbiome with species-level resolution. 

Strain-level profiling was performed with PanPhlAn (Scholz et al. 2016) and a novel strain-

level profiling method called StrainPhlAn (Truong et al., submitted). PanPhlAn is a 

pangenome-based approach that profiles the presence/absence pattern of species-

specific genes in the metagenomes. The presence/absence profiles of the genes are then 

used to characterize the strain-specific gene repertoire of the members of the microbiome. 

PanPhlAn has been executed using the following parameters: --min_coverage 1, --

left_max 1.70, and --right_min 0.30. PanPhlAn is available with supporting documentation 

at http://segatalab.cibio.unitn.it/tools/panphlan. StrainPhlAn is a complementary method 

based on analysis of SNVs that reconstructs the genomic sequence of species-specific 

markers. StrainPhlAn builds the strain-level phylogeny of microbial species by 

reconstructing the consensus marker sequences of the dominant strain for each detected 

species. The extracted consensus sequences are multiply aligned using MUSCLE version 

v3.8.1551 (Edgar 2004) (default parameters), and the phylogeny is reconstructed using 

RAxML version 8.1.15 (Stamatakis 2014) (parameters: -m GTRCAT and -p 1234). 

StrainPhlAn is available with supporting documentation at 

http://segatalab.cibio.unitn.it/tools/strainphlan. 

Functional profiling from metagenomes and metatranscriptomes 

The functional potential and transcriptomic analyses were performed with both HUMAnN2 

(Franzosa et al. 2014) and PanPhlAn (Scholz et al. 2016). HUMAnN2 selects the most 

representative species from a metagenome and then builds a custom database of 

pathways and genes that is used as a mapping reference for the coupled 

metatranscriptomic sample to quantify transcript abundances. We computed the 

normalized transcript abundance (NTA), which we define as the average coverage of a 

genomic region in the metatranscriptomic versus that in the corresponding metagenomic 

sample normalized by the total number of reads in each sample. PanPhlAn infers the 

expression of the strain-specific gene families by extracting them from the metagenome 

and matching them in the metatranscriptome. PanPhlAn has been executed using the 

following parameters: --rna_norm_percentile 90 and --rna_max_zeros 90. 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://paperpile.com/c/Yd9K9n/XRUo0
https://paperpile.com/c/Yd9K9n/bRQmp
http://segatalab.cibio.unitn.it/tools/panphlan
https://paperpile.com/c/Yd9K9n/pNrwS
https://paperpile.com/c/Yd9K9n/Ybsyl
http://segatalab.cibio.unitn.it/tools/strainphlan
https://paperpile.com/c/Yd9K9n/RuYu7
https://paperpile.com/c/Yd9K9n/bRQmp
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Profiling of DNA and RNA viruses 

We investigated the presence of viral and phage genomes by mapping the reads present 

in the metagenomes and metatranscriptomes against 7,194 viral genomes available in 

RefSeq (release 77). The average coverage and average sequencing depth were 

computed with SAMtools (H. Li et al. 2009) and BEDTools (Quinlan and Hall 2010). 

The presence of the pepper mild mottle virus (PMMoV) was confirmed by mapping the 

reference genome (NC_003630) against the metatranscriptomic samples from the mother 

and infant of pair 4 and pair 5. In the mother and infant of pair 4, 424,510 and 119 reads 

were mapped, respectively, while in the mother and infant of pair 5, 1,444 and 61 of the 

reads were mapped, respectively. In the two mothers (pair 4 and pair 5), the values for 

breadth of coverage were 0.99 and 0.98 and for average coverage were 6,562 and 22, 

respectively. In the two infants (pair 4 and pair 5), the values for breadth of coverage were 

0.6 and 0.5 and for average coverage were 1.81 and 0.95, respectively. Additionally, we 

extracted the shared fractions of the PMMoV genome present in both the mother and the 

infant of pair 4, together with the same regions of all the available reference genomes (n = 

13 [specifically, accession no. LC082100.1, KJ631123.1, AB550911.1, AY859497.1, 

KU312319.1, KP345899.1, NC_003630.1, M81413.1, KR108207.1, KR108206.1, 

AB276030.1, AB254821.1, and LC082099.1]). The resulting sequences were aligned 

using MUSCLE version v3.8.1551 (default parameters), and the resulting alignment was 

used to build a phylogenetic tree with RAxML v. 8.1.15 (parameters: -m GTRCAT and -p 

1234). 

Statistical analyses and data visualization 

The taxonomic and functional heat maps were generated using hclust2 (parameters: --

f_dist_f Euclidean, --s_dist_f braycurtis, and -l) available at 

https://bitbucket.org/nsegata/hclust2. The multidimensional scaling plots were computed 

with the sklearn Python package (Pedregosa et al. 2011). 

Biomarker discovery (Fig. S7A) was performed by applying the linear discriminant analysis 

effect size (LEfSe) algorithm (Segata et al. 2011) (parameter: -l 3.0) on HUMAnN2 profiles. 

The two functional trees (Fig. S7A) have been automatically annotated with 

export2graphlan.py (GraPhlAn package) and displayed with GraPhlAn (Asnicar et al. 

2015) using default parameters. 

Accession number(s) 

All metagenomes and metatranscriptomes have been deposited and are available at the 

NCBI Sequence Read Archive under BioProject accession number PRJNA339914. 
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3.7 Supplementary Figures 

 

Fig S1. Study design. A schematic representation of the mother-infant pairs involved in 

the study, the sample types, and the time points considered is presented. Marked with the 

“RNA” label, the mother-infant pairs for which stool metatranscriptomes were produced are 

indicated. 

 



80 

 

 

Fig S2. Extensive taxonomic profiling of the top 100 species from MetaPhlAn2 

analysis and the five most highly represented niche-specific species. (A) The heat 

map shows differences in terms of species richness between mother, infant, and milk 

metagenomes. In particular, the milk samples have very low microbial diversity, especially 

at time point 1. The microbiomes of the mothers have instead higher diversity than both 

the milk microbiomes and the infant microbiomes. (B) We selected the five most highly 

represented species on average for each sample type (mother milk, mother stool, and 

infant stool) and plotted their average abundances in each niche. Each sample type is 

dominated by its five most highly represented species that are, in general, 

underrepresented in the other niches. 
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Fig S3. Strain-level analysis showing vertical transmission from mother to infant of 

bifidobacterium species. The phylogenetic trees were produced by applying StrainPhlAn 

for the following species: (A) Bifidobacterium adolescentis, (B) Bifidobacterium breve, and 

(C) Bifidobacterium longum. In each tree, a clade containing one (or more) samples of the 

mother and infant of the same pair is observed. This suggests that the strain is shared 

between mother and infant, hence suggesting vertical transmission. 
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Fig S4. Distribution of SNV rates of Bifidobacterium bifidum. We computed the SNV 

rates of the strains of B. bifidum reconstructed with StrainPhlAn (the phylogenetic tree is 

presented in Fig. 2A). The two strains of the mother and the infant of pair 4 at time point 2 

have an SNV rate of 0.04. The first bin has a frequency of two because it comprises not 

only the SNV rate of pair 4 at time point 2 but also the SNV rate of the two reference 

genomes reported in the upper part of the phylogenetic tree in Fig. 2A. The two reference 

genomes have an SNV rate of 0, meaning that they are identical. 
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Fig S5. Strain-level analysis by applying PanPhlAn confirms vertical transmission. 

We applied PanPhlAn to validate the results obtained with StrainPhlAn (Fig. 2 and S3). 

The pangenome-based strain-level analysis shows the presence and absence (in red and 

yellow, respectively) of the species-specific gene families of the following species: B. 

bifidum, C. comes, R. bromii, B. adolescentis, B. breve, and B. longum. Samples are 

clustered according to hierarchical clustering based on the Euclidean distance of the 

samples’ pangenome profiles. 
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Fig S6. Read alignment of pepper mild mottle virus (PMMoV) for both pair 4 and pair 

5. Alignments of mother and infant of both pair 4 and pair 5 against the PMMoV reference 

genome are presented, showing variations highlighted in red (mother) and blue (infant) for 

a window of 160 bp. Pair 4 data (from position 3216 to position 3376 in the PMMoV 

genome) show the agreement between the mother and infant variations, suggesting that 

they share the same strain of the PMMoV. Pair 5 data (from position 4450 to position 4610 

in the PMMoV genome) show the presence of more than one viral strain in the mother. 

Variations in the infant data are coherent with data from the mother, with the former 

harboring only a subset of the mother’s strains. 
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Fig S7. Functional potential biomarker analysis and metabolic pathway expression 

in mother and infant of pair 5 at time point 3. (A) Degradation and biosynthesis 

pathways revealed by HUMAnN2 results processed with LEfSe to investigate differentially 

expressed pathways and functions. Biomarkers for the three classes are reported in 

different colors as follows: green, infant feces; red, mother milk; blue, mother feces. The 

sizes of the clades represent the linear discriminant analysis (LDA) effect sizes assigned 

by LEfSe (see Materials and Methods). Infants were harboring mainly sugar degraders 

and showed a higher potential for degradation of aromatic compounds and biosynthesis of 

cofactors. The microbial communities from the mothers showed instead higher 

representation of pathways involved in the biosynthesis of carbohydrates and antibiotics 

and in the degradation of C1 compounds and amino acids. (B and C) Metatranscriptomic 

analysis of samples from the mother and infant of pair 5 at time point 3 performed with 

both HUMAnN2 and PanPhlAn. (B) Scatterplots showing the transcription rates of 

metabolic pathways of different species and genera of interest obtained from HUMAnN2. 

(C) Comparison between transcription rates of gene families from PanPhlAn data. 

3.8 Supplementary Tables 

Captions of supplementary tables are reported below. Tables are available for download 

on the online version of the paper: https://doi.org/10.1128/MSYSTEMS.00164-16. 

Table S1. Sample metadata and raw data. The table reports the sample metadata, the 

efficiency of extraction, and information about the raw reads. 

 

Table S2. MetaPhlAn2 abundance profiles. The table reports relative abundances of 

different microbes in metagenomic samples, as profiled with MetaPhlAn2. 

 

Table S3. DNA virus abundance data. The table shows the breadth of coverage and the 

average depth of coverage for the DNA viruses found in the metagenomes. 

https://doi.org/10.1128/MSYSTEMS.00164-16
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Chapter 4. Microbial genomes from gut metagenomes of non-

human primates expand the primate-associated bacterial tree-

of-life with over 1,000 novel species 

4.1 Introduction to the chapter 

In Chapter 3 I introduced a cultivation-free metagenomic framework to track microbes at 

the strain-level across samples, that targets microorganisms from virtually all known 

species. However, this approach cannot survey the so-called “microbial dark matter” 

present in metagenomic samples, that is defined as the fraction of microbes in a 

microbiome that cannot be identified because the species they belong to lack 

representative genomes and were never characterized nor cataloged before. In this 

Chapter, I use an assembly-based metagenomic approach we recently proposed ((Pasolli 

et al. 2019), partially reported in Chapter 5.2) for the discovery and characterization of 

unknown microbial species in the gut microbiome of non-human primates. I will show how 

the previously unexplored microbial diversity in the gut microbiome of non-human primates 

can be used for strain-level comparative genomic analysis also in the context of the 

microbes in the human gut. In this work, we aimed at reconstructing genomes from 

metagenomes of these under-investigated non-human hosts as a first necessary step to 

expand our understanding of the primate microbiome and its co-evolution within primates. 

A full understanding of the human microbiome cannot be reached without clarifying first its 

patterns and trajectories of co-evolution with humans and other primates. Some lines of 

research are directly investigating ancient microbiome samples to reconstruct the 

microbiome evolutionary history, but technical limitations due to ancient DNA degradation 

make this a challenging operation (Cano et al. 2000; Raúl Y. Tito et al. 2008; Raul Y. Tito 

et al. 2012; Rasmussen et al. 2015; Maixner et al. 2016; Sonnenburg and Sonnenburg 

2019). Moreover, obtaining ancient gut metagenomes from more than few thousand years 

ago seems completely infeasible (Maixner et al. 2016). Recently proposed alternatives to 

ancient microbiome sampling include the study of co-evolving microbes through 

comparative genomic analysis of humans and non-human primates (Amato 2019), our 

closest evolutionary relatives. A few studies surveyed the composition of microbiomes 

associated with NHPs and their overlap with the human one, but they were either hindered 

by the low-resolution method applied (Yildirim et al. 2010; Ochman et al. 2010; Degnan et 

al. 2012; Moeller et al. 2013; Gomez et al. 2016; Moeller et al. 2016; Hicks et al. 2018; 

Cabana et al. 2019; Greene et al. 2019; Moeller et al. 2012, 2014; Clayton et al. 2016) or 

by the limitations of reference-based approaches that allow the identification only of 

already characterized species (Tung et al. 2015; Srivathsan et al. 2015; Hicks et al. 2018; 

X. Li et al. 2018; Orkin et al. 2019; Amato et al. 2018). Indeed, the large majority of reads 

in NHP metagenomes cannot map against any known species for which reference 

genomes are available, thus hindering a complete overview of the NHP microbiome. 

However, recent advances in metagenomics now provide the basis for de novo assembly 
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of microbial genomes from metagenomes, hence providing the possibility to expand the 

catalog of species associated with the NHP microbiome. 

In the unpublished and currently under submission article reported in this chapter, we 

reconstructed a large number of previously unknown microbial taxa associated with non-

human primate (NHP) microbiomes by applying metagenomic assembly tools to 

reconstruct microbial genomes from publicly available NHP metagenomic data. These 

newly-reconstructed genomes greatly expand our understanding of the microbial diversity 

associated with NHPs and increased the mappability of NHP metagenomes by over 600% 

with respect to the sole collection of reference genomes available in NCBI. We identified 

over 1,000 new species, 760 new genera, and 265 new families, showing that almost 90% 

of the microbial diversity has been overlooked in previous studies. A meta-analysis of this 

expanded catalog of NHP-associated microbes in the context of a large-scale human 

microbiome assembly effort (Pasolli et al. 2019) showed that species overlap between 

human and non-human microbiomes is scarce. Captive NHPs exposed to human 

environment and diet represent an exception, and show microbial signatures more similar 

to the human ones, with a larger fraction of known species that is reflected in a much 

higher metagenome mappability (average 61.8% w.r.t. 39.2% of datasets of wild NHPs). 

Overall, species sharing occurs mostly between NHPs and populations with a non-

Westernized lifestyle, and mainly consists of uncharacterized clades only recently 

discovered in human metagenomes, thus supporting the loss of lifestyle-dependent 

microbiome members.  

Outlook. Our work greatly expanded the number of microbial species identified in NHP 

microbiomes and the mappability of related metagenomes, thus enabling more reliable 

and comprehensive comparative genomic analysis with humans to expose host-

microbiome co-evolution patterns. Although a considerable fraction of NHP metagenomes 

remains unmapped, this study posed the basis for further assembly-based efforts to 

retrieve more and more unknown taxa from these under-investigated hosts as soon as 

new metagenomic data will be available. Altogether, this would enable a more 

comprehensive investigation of the NHP microbiomes and possibly further studies on co-

evolution of microbial communities with their primate hosts. 

Contribution. For this article, I performed most of the computational analysis, data 

interpretation, and writing of the manuscript. The automatic pipeline for genome 

reconstruction from metagenomes and part of the statistical analysis (the analysis on 

functional profiles) were performed by co-authors.  
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This chapter reports the following unpublished article: 

Microbial genomes from gut metagenomes of non-human primates expand the 

primate-associated bacterial tree-of-life with over 1,000 novel species 

Serena Manara, Francesco Asnicar^, Francesco Beghini^, Davide Bazzani, Fabio Cumbo, 

Moreno Zolfo, Eleonora Nigro, Nicolai Karcher, Paolo Manghi, Marisa Isabell Metzger, 

Edoardo Pasolli, Nicola Segata 

^ these authors contributed equally 

In submission 

4.2 Abstract 

Humans have coevolved with their microbial communities to establish a mutually 

advantageous relation that is still poorly characterized and should be studied for a more 

comprehensive understanding of the human microbiome. Comparative (meta)genomic 

analysis of human and non-human primate (NHP) microbiomes offers a promising 

approach to study this symbiosis. However, despite few NHP metagenomic investigations, 

only very few species in NHP microbiomes can be characterized due to their poor 

representation in the available cataloged microbial diversity, thus limiting the potentialities 

of such comparative approaches. In this study, we reconstructed >1,000 previously 

uncharacterized microbial species from six available NHP metagenomic cohorts, resulting 

in an increase of the mappable fraction of metagenomic reads by 600%. These novel 

species highlight that almost 90% of the microbial diversity associated with NHPs has 

been previously overlooked. Comparative analysis of this new catalog of NHP taxa with 

the collection of >150,000 genomes from human metagenomes pointed at a very limited 

species-level overlap between human and NHP microbiomes (~10%). This overlap occurs 

mainly between NHPs and non-Westernized human populations and for NHPs living in 

captivity, suggesting that host lifestyle plays a role comparable to that of host speciation in 

shaping the intestinal microbiome. Several NHP-specific candidate species are 

phylogenetically related to human-associated microbes (e.g. Elusimicrobia) and could be 

the consequence of host-dependent evolutionary trajectories. The newly reconstructed 

species greatly expand the microbial diversity associated with NHPs, thus enabling better 

interrogation of the primate microbiome and empowering in-depth human and non-human 

comparative and coevolution studies. 

4.3 Introduction 

The human microbiome is a complex ecosystem, consisting of diverse microbial 

communities that have important functions in host physiology and metabolism (Sommer 

and Bäckhed 2013). The gut microbiome is influenced by several factors including diet 

(David et al. 2014), physical activity (Bressa et al. 2017), use of antibiotics (Langdon, 

Crook, and Dantas 2016) and other lifestyle-related aspects. Studies comparing the 

microbiome of rural and industrialized communities have also shown that dietary and 

lifestyle changes linked to Westernization have played a pivotal role in the loss of many 
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microbial taxa and in the rise of others (Segata 2015; Brito et al. 2016; Obregon-Tito et al. 

2015; Rampelli et al. 2015; Smits et al. 2017; Liu et al. 2016; Pasolli et al. 2019). Although 

it is difficult to establish causality and mechanisms for these links (Blaser 2017; Hold 

2014), recent studies have extended the identifiable members of the human microbiome to 

now cover >90% of its overall diversity (Pasolli et al. 2019), which is a prerequisite for 

advancing the understanding of the role of microbes in human physiology and metabolism. 

A comprehensive understanding of the current structure of the human microbiome needs 

to consider the study of how the microbiome has coevolved with humans. Ancient 

intestinal microbiome samples (i.e. coprolites) can give some insights on the gut microbial 

composition of pre-industrialized and prehistoric humans and date back to a few thousand 

years (Cano et al. 2000; Raúl Y. Tito et al. 2008; Raul Y. Tito et al. 2012; Rasmussen et al. 

2015; Maixner et al. 2016), but the time-dependent degradation issues of microbial DNA 

limits the possibility of profiling more ancient samples (Sonnenburg and Sonnenburg 

2019). Some patterns of coevolution between humans and their microbiomes can however 

be in principle investigated by comparative and phylogenetic analysis of genomes and 

metagenomes in non-human primates (NHPs), the closest evolutionary relatives of 

humans (Amato 2019). However, a very substantial fraction of the microbiome in NHPs is 

currently uncharacterized and a comprehensive comparative sequence-level analysis 

against human microbiomes is thus unfeasible.  

Recent studies of NHPs uncovered part of their hidden microbial diversity but only very 

partially contributed to the extension of the genetic blueprint of the microbiome in these 

hosts. Several 16S rRNA amplicon sequencing studies investigated the microbiome 

composition of NHPs (Yildirim et al. 2010; Ochman et al. 2010; Degnan et al. 2012; 

Moeller et al. 2013; Gomez et al. 2016; Moeller et al. 2016; Hicks et al. 2018; Cabana et 

al. 2019; Greene et al. 2019), and some, including a meta-analysis (Nishida and Ochman 

2019), investigated the overlap and specificity of microbial communities associated with 

humans and NHPs (Moeller et al. 2012, 2014; Clayton et al. 2016). Yet, because this 

approach is low-resolution and lacks functional characterization, many coevolution aspects 

cannot be studied. Some studies have also applied shotgun metagenomics on NHP 

microbiomes (Tung et al. 2015; Srivathsan et al. 2015; Hicks et al. 2018; X. Li et al. 2018; 

Orkin et al. 2019; Amato et al. 2018), but all of them have applied a reference-based 

computational profiling approach, which solely allows the identification of the very few 

known microbial species present in NHPs, disregarding those that have not been 

characterized yet. However, because of the advances in metagenomic assembly (D. Li et 

al. 2015; Nurk et al. 2017) and its application on large cohorts (Pasolli et al. 2019), there is 

now the possibility to compile a more complete catalog of species and genomes in NHP 

microbiomes and thus enable accurate coevolution and comparative analyses. 

In this study, we meta-analyzed 203 available shotgun-sequenced NHPs metagenomes 

and performed a large-scale assembly-based analysis uncovering over 1,000 yet-to-be-

described species associated with NHP hosts, improving NHP gut metagenomes 

mappability by over 600%. We moreover compared the newly established catalog of NHP-
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associated species in the context of a large-scale human microbiome assembly project 

(Pasolli et al. 2019) to expose the overlap and divergence between the NHP and human 

gut microbiome, showing that captive NHPs harbor microbial compositions and even 

strains more similar to the human ones and that the extent of microbiome overlap is 

strongly lifestyle-dependent. Through comparative microbiome analysis we reconstruct the 

loss of biodiversity from wild and captive NHP to non-Westernized and Westernized 

human populations. 

4.4 Results and discussion 

To investigate the extent to which the composition of the gut microbiome overlaps across 

different primates for both known and currently uncharacterized microbes, we meta-

analyzed a large set of gut microbiomes from humans and non-human primates (NHPs) 

that are publically available. Six datasets were available for NHPs (Tung et al. 2015; 

Srivathsan et al. 2015; X. Li et al. 2018; Hicks et al. 2018; Orkin et al. 2019; Amato et al. 

2018) spanning 22 host species from 14 different countries in five continents 

(Supplementary Table 1 and Supplementary Figure 1), totaling 203 metagenomic 

samples that we retrieved and curated for this work. Microbiome samples from adult 

human healthy individuals were retrieved from 47 datasets considered in a recent meta-

analysis (Pasolli et al. 2019) on 9,428 human gut metagenomes and used as comparative 

resource. Human samples include both Westernized and non-Westernized populations 

from different countries, whereas NHPs datasets cover four primate clades, including Old 

and New World monkeys, apes and lemurs (Supplementary Table 1, Figure 1A). Two 

datasets (LiX_2018 and SrivathsanA_2015) surveyed NHPs in captivity, which were fed a 

specific human-like diet (X. Li et al. 2018) or a diet similar to the one of wild NHPs 

(Srivathsan et al. 2015), respectively. 

The newly metagenome-assembled genomes (MAGs) greatly increase the mappable 

diversity of NHP microbiomes 

Reference-based taxonomic profiling of all the 203 samples (see Methods and 

Supplementary Table 2) confirmed that a very large fraction of NHP metagenomes 

remains unmapped and uncharacterized (average estimated mapped reads 2.1%±3.64% 

st. dev., Supplementary Table 3), indicating a paucity of microbial genomes 

representative for members of the gut microbiome of NHPs. We thus employed an 

assembly-based approach (see Methods) to reconstruct microbial genomes de novo in 

the whole set of available NHP metagenomic samples. After single-sample assembly and 

contig binning of the 203 NHP metagenomes considered, we retrieved a total of 2,985 

metagenome-assembled genomes (MAGs) (Supplementary Table 4) that exceeded the 

threshold for being considered of medium quality (completeness >50% and contamination 

<5%) according to recent guidelines (Bowers et al. 2017)). A large fraction of these 

genomes (34.6%) could additionally be considered of high quality (completeness >90% 

and contamination <5%) and provide the basis for assessing the diversity of NHP 

microbiomes. Functional annotation of all MAGs (see Methods, (“UniProt: The Universal 

Protein Knowledgebase” 2016)) showed low levels of functional characterization in NHPs, 
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with only 1,049±482 UniRef50 assigned per MAG, in contrast with the 1,426±591 assigned 

to MAGs from non-Westernized samples and 1,840±847 assigned to those obtained from 

Westernized populations. 

We first mapped the 2,985 obtained MAGs against the previously described species-level 

genome bins (SGBs, i.e. clusters of MAGs spanning 5% genetic diversity, see Methods) 

that recapitulate the >150,000 MAGs from the human microbiome and the >80,000 

reference microbial genomes from public repositories. In total, 310 MAGs (10.39%) fell into 

99 SGBs containing at least one known reference genome (called kSGBs), whereas 489 

(16.38%) belonged to 200 unknown species (called uSGBs) lacking reference genomes 

but previously identified in the human microbiome (Figure 1C and Table 1). The large 

majority of the MAGs remained however unassigned, with 2,186 MAGs (73.23%) showing 

>5% genetic distance to any SGB. These completely unknown MAGs firstly reconstructed 

in this work from NHPs’ gut metagenomes were de novo clustered into 1,009 NHP-specific 

SGBs (here defined as primate SGBs or pSGBs) with the same procedure that defines 

SGBs at 5% genetic diversity we previously employed and validated (Pasolli et al. 2019) 

(Figure 1C and Table 1). Overall, NHP microbiomes comprised 1,308 SGBs covering 22 

phyla (Figure 1B) that expanded the known NHP microbiome diversity with new candidate 

species mostly expanding the Firmicutes, Bacteroidetes, Euryarchaeota and Elusimicrobia 

phyla. On the contrary, Actinobacteria were generally underrepresented among NHP 

SGBs (Figure 1B). Although some species were shared between NHPs and humans, our 

analysis highlighted extensive microbial diversity specifically associated with primates 

other than humans. 

This expanded set of genomes improved the fraction of metagenomic reads in each 

metagenome that could be mapped by over 6 folds (612%) with respect to the sole 

reference genomes available in public repositories (>80,000, see Methods), and by 2 

folds (206.5%) with respect to the catalog of genomes expanded with the MAGs from over 

9,500 human metagenomes (Pasolli et al. 2019) (Figure 1E). Overall, the average 

metagenome mappability reached 38.2%, with however uneven increase across datasets 

(Figure 1E). The LiX_2018 dataset of NHPs in captivity reached a mappability of 77.6%, 

whereas the AmatoKR_2018 dataset of wild NHPs reached merely 17.4% mappability 

(Figure 1E). The fact that LiX_2018 was already highly mapped even when using the 

available reference genomes alone (22.2% w.r.t. 1% of AmatoKR_2018) and that the 

human SGBs database was responsible for the largest increase in mappability (reaching 

60.7%, w.r.t. 3% of AmatoKR_2018) further confirms that microbiomes from NHPs in 

captivity are more similar to human ones (Figure 1E) than those from wild hosts. Also, the 

TungJ_2015 dataset reached high mappability levels (63.9%), but this was expected as 

this is the largest dataset in our meta-analysis (23.6% of the samples considered in this 

study), with all samples (n=48) from the same host. The AmatoKR_2018 cohort, on the 

contrary, surveyed many different wild hosts (n=18, 95 samples) that are not covered by 

other datasets and that have therefore a limited sample size, explaining the limited gain in 

mappability (14.4% with respect to the human catalog). Overall, the almost 3,000 MAGs 
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provide the basis for a deeper understanding of the composition and structure of the 

primate’s gut microbiome. 

 

Figure 1. The expanded set of microbial genomes and species from the gut 

microbiomes of NHPs. A) Phylogenetic tree of the primate species considered in this 

study (adapted from (Springer et al. 2012)), reporting the dataset and number of samples 

per species; B) Microbial phylogeny of the 4,930 species-level genome bins (SGBs, using 

single representative genomes, see Methods) and the 1,009 SGBs that are specific to 

NHPs and newly retrieved in this study. C) Overlap between the sets of SGBs 

https://paperpile.com/c/pl0Nhp/JMOj
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reconstructed from NHP metagenomes and at least one reference microbial genome 

(kSGBs), between SGBs reconstructed both from NHP and human metagenomes but 

lacking a reference genome (uSGBs), and identification of newly assembled SGBs from 

NHPs metagenomes only (pSGBs); D) Fraction of MAGs assigned to clades at different 

taxonomic levels; samples unassigned at the species-level (kSGB or uSGB) could be 

assigned to known genus-level genome bins (GGBs) or family-level genome bins (FGBs), 

or remained unassigned at the family level (not assigned at FGB level); E) Statistics of 

NHP metagenomic read mappability before and after the addition of MAGs from human 

and NHP metagenomes. We observed an average increase of 612% with respect to 

reference genomes alone and 206% with respect to the catalog of human MAGs. 

 # of MAGs in % of MAGs in 

dataset SGBs kSGBs uSGBs pSGBs kSGBs uSGBs pSGBs 

SrivathsanA_2015 92 4 7 81 4.3 7.6 88.0 

TungJ_2015 985 21 39 925 2.1 4.0 93.9 

AmatoKR_2018 578 10 7 561 1.7 1.2 97.1 

HicksAL_2018 177 4 1 172 2.3 0.6 97.2 

LiX_2018 1043 253 435 355 24.3 41.7 34.0 

OrkinJD_2019 110 18 0 92 16.4 0.0 83.6 

Total 2985 310 489 2186 10.4 16.4 73.2 

 

Table 1. Number (and percentage) of bins assigned to kSGBs, uSGBs and pSGBs for 

each dataset.  

Only few and mostly unexplored gut microbes are in common between humans and NHPs 

We first investigated how many of the microbial species identified in NHPs were also 

detected at least once in the human gut microbiome, finding only about 10% overlap (291 

of the 2,985 SGBs) between NHP and human gut microbial species. Many of the species 

found both in NHPs and humans (200 MAGs, 68%) are currently unexplored species 

without reference genomes (uSGBs). In addition, very few of the newly recovered MAGs 

belonged to species previously isolated from NHPs but never found in human microbiome 



103 

 

samples. This set of eight known species includes Helicobacter macacae, which can 

cause chronic colitis in macaques (Marini et al. 2010; Fox et al. 2007), and Bifidobacterium 

moukalabense, whose type strain was originally isolated from Gorilla gorilla gorilla 

samples (Tsuchida et al. 2014) and we reconstructed from two samples of the same host 

(Supplementary Table 5). The other six known species (Fibrobacter sp. UWS1, 

Caryophanon tenue, Staphylococcus nepalensis, Staphylococcus cohnii, Enterococcus 

thailandicus, Serratia sp. FGI94) comprise one MAG only from our dataset and confirm the 

paucity of isolated and characterized taxa specifically associated to NHPs. 

When looking at species with previously-assigned taxonomic labels identified in NHPs, we 

found a total of 91 species with sequenced representatives (kSGBs) that can also be 

found in the human microbiome. However, many of them (64.65%) are still rather 

uncharacterized species as they represent sequenced genomes assigned to genus-level 

clades without an official species name (e.g. with species names labelled as “sp.” or 

“bacterium”, Supplementary Table 6). Most of such relatively unknown kSGBs were from 

the Clostridium genus (15 kSGBs), and several others belonged to the Prevotella (9) and 

Ruminococcus (6) genera. However, both the two most represented human kSGBs 

assigned to the Prevotella genus (13 and 11 MAGs recovered respectively, Figure 2A and 

Supplementary Table 7), were retrieved from Macaca fascicularis in captivity from the 

LiX_2018 dataset, consistently with previous literature (Amato et al. 2015; Ma et al. 2014). 

Among those kSGBs with an unambiguously assigned taxonomy, two highly prevalent 

Treponema species, T. berlinense and T. succinifaciens, were reconstructed from 14 and 

11 samples respectively from different studies and host species (Figure 2A and 

Supplementary Table 7). These two species were previously found to be enriched in non-

Westernized populations (Pasolli et al. 2019), with 45 genomes reconstructed from 

different countries. T. berlinense and T. succinifaciens may thus represent known taxa that 

are common to primate hosts but that are under negative selective pressure in modern 

Westernized lifestyles. 

The majority (68.7%) of the 291 species shared between humans and NHPs are SGBs 

without available reference genomes and taxonomic definition (i.e. uSGBs, Figures 1C 

and 1D). Many of these uSGBs remain unassigned at higher taxonomic levels, with only 

25 of them assigned to known genera and 102 to known families. Overall, more than one-

third (36.5%) of the uSGBs shared with humans were highly uncharacterized and 

unassigned at the family level (Supplementary Table 7). Among these, also five out of the 

ten most prevalent shared uSGBs (accounting for 61 MAGs in total) were assigned to the 

Bacteroidetes phylum (Figure 2A) but remained unassigned at lower taxonomic levels 

(Supplementary Table 7). Even among uSGBs, the Treponema genus was highly 

represented, with 9 genomes reconstructed from different samples of Papio cynocephalus 

from the TungJ_2015 dataset (Supplementary Table 7). Common human-NHP taxa thus 

represent only a small fraction of their microbiome and these taxa generally belong to very 

poorly characterized taxonomic clades. 

https://paperpile.com/c/pl0Nhp/lhRN+Yn81
https://paperpile.com/c/pl0Nhp/2RKY
https://paperpile.com/c/pl0Nhp/HOTU+6jr1
https://paperpile.com/c/pl0Nhp/2FKc
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Figure 2. Most prevalent NHP genome bins from species-level to family-level and 

their prevalence in Westernized and non-Westernized human populations. A) Most 

prevalent pSGBs, uSGBs and kSGBs in NHPs and their prevalence in Westernized and 

non-Westernized humans; B) most prevalent GGBs in NHPs (>11 NHP samples) and their 

prevalence in Westernized and non-Westernized humans; C) most prevalent FGBs in 

NHPs (>=30 NHP samples) and their prevalence in Westernized and non-Westernized 

humans. Numbers inside the bars represent the number of NHP samples in which the 

specific SGB, GGB or FGB has been found. Full list of SGBs, GGBs, and FGBs in 

Supplementary Tables 7 and 9. 

Species overlap between human and NHP microbiomes is heavily lifestyle-dependent 

Microbiomes of NHPs in captivity showed reduced numbers of previously unseen microbial 

diversity (pSGBs) and a larger set of strains from species also found in humans (kSGBs 

and uSGBs) when compared to wild NHPs. Indeed, eight of the ten most prevalent human-

associated SGBs found in at least five NHP samples (Supplementary Table 7) were 

recovered from the LiX_2018 and SrivathsanA_2015 datasets, the only two studies which 

surveyed the microbiome of NHPs in captivity. Accordingly, a high fraction of genomes 
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reconstructed from the LiX_2018 captive dataset matches previously described species 

(64.2%), in contrast with an average of 7.0% ± 6.0% for the MAGs in wild datasets 

(Supplementary Table 7). Overall, these numbers suggest that the microbiome of captive 

animals is probably a poor representation of the real diversity of their microbiome in the 

wild, and that exposure of NHPs to the human-associated environment and somehow 

human-like diet and sanitary procedures can inflate the similarity between human and 

NHP microbiomes.  

The overlap in microbiome composition between wild NHPs and humans is mostly due to 

the sharing of SGBs characteristic of microbiomes of non-Westernized rather than 

Westernized human hosts. This is clear when observing that only three SGBs present in 

NHPs are enriched in prevalence in stool samples from Westernized populations (Fisher’s 

test, Bonferroni-corrected p-values <0.05), with respect to 41 SGBs enriched in non-

Westernized datasets (Figure 3 and Supplementary Table 8). Even for those three SGBs 

associated with Westernized populations, the average prevalence in Westernized datasets 

was only 0.42%. The SGB found in NHPs that is most strongly associated with non-

Westernized populations is Succinatimonas sp. (kSGB 3677, prevalence 41.6% in non-

Westernized datasets, 1.3% in Westernized datasets; Fisher’s test, Bonferroni-corrected 

p-value 2.74E-223, Figure 3), from a genus able to degrade plant sugars such as D-

xylose, a monosaccharide present in hemicellulose and enriched in diets rich in plant 

products. Consistently, the broader Succinatimonas genus-level cluster had a prevalence 

of 48.05% in non-Westernized datasets and of 1.4% in Westernized ones (Figure 2B), in 

agreement both with the folivore diet of most NHPs considered here and with previous 

observations of enriched D-xylose degradation pathways in non-Westernized populations 

(De Filippo et al. 2010). Overall, the three most prevalent genus-level genome bins in 

NHPs (two from the Treponema genus, and one from the Firmicutes, all >10% prevalence 

in NHPs) had an average prevalence of 4.5% in non-Westernized and of 0.6% in 

Westernized populations (Figure 2B). 

At the family-level, many Prevotella SGBs are both very prevalent in NHPs and in non-

Westernized human populations. The overall Prevotellaceae family is the most prevalent in 

NHPs (36.55%), and its prevalence is even higher in non-Westernized human 

microbiomes (60.55%), while not reaching 20% in Westernized ones (Figure 2C). 

Consistently, four out of the 20 SGBs most associated with non-Westernized human 

populations belonged to the Prevotella genus (SGBs 1680, 1657, 1613, 1614, Figure 3), 

and were however retrieved only from the LiX_2018 dataset of captive Macaca 

fascicularis. Similarly, the only shared SGB assigned at the species level was Treponema 

succinifaciens (kSGB 3546), which was present in 8.22% of non-Westernized samples and 

in only 0.02% Westernized microbiomes (Figure 3 and Supplementary Table 8), but all of 

the samples were from the two datasets of NHPs in captivity (LiX_2018 and 

SrivathsanA_2015), supporting once again the observation that when well-characterized 

species are found in NHPs, these are usually from captive hosts. The family 

Spirochaetaceae, to which the genus Treponema belongs, was however prevalent also in 

https://paperpile.com/c/pl0Nhp/qyPy
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wild NHPs (24.37%) and non-Westernized samples (13.67%), while being almost absent 

in Westernized ones (0.13%, Figure 2C). These data thus suggest that the level of 

similarity between human and NHP microbiomes depends not only on the host species but 

also on lifestyle variables that could be at least partially assessed both in NHPs (wild 

versus captive animals) and humans (Westernized vs non-Westernized populations). 

 

Figure 3. Prevalences of the NHP SGBs found in humans differentially present in 

Westernized or non-Westernized human populations. Association of SGBs found in at 

least three NHP metagenomes with the gut microbiome of Westernized or non-

Westernized populations, together with their prevalence in the different datasets (Fisher’s 

test Bonferroni-corrected p-values, full results in Supplementary Table 8). 

Most microbial genomes from NHP metagenomes belong to novel species 

More than two thirds (2,186) of the MAGs recovered from NHPs (2,985) belonged to the 

1,009 newly defined and previously unexplored SGBs (pSGBs) never found in human 

microbiomes so far. Some of these pSGBs seem to be key components of the NHP 

microbiome, with six of them (recapitulating 128 MAGs) within the 10 most prevalent SGBs 

in NHP microbiomes (Figure 2A and Supplementary Table 7). The distribution of pSGBs 

was however not homogeneous among datasets, with the LiX_2018 dataset being the one 

with the highest fraction of bins assigned to known species (23.5% of the MAGs assigned 

to kSGBs) and AmatoKR_2018 having 97.23% of the MAGs unassigned at the species 

level (56.57% unassigned at the family level, Figure 1D). This again reflects the different 

composition of the two datasets, with the captive Macaca fascicularis of the LiX_2018 

dataset fed with specific human-like diets (X. Li et al. 2018) and the AmatoKR_2018 

https://paperpile.com/c/pl0Nhp/h3Zp
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dataset spanning 18 NHP species living in the wild, which explains its high diversity 

(Figure 1A). 

Many of the 1,009 pSGBs were taxonomically unplaced even at higher taxonomic levels, 

with only 109 pSGBs assigned to a known microbial genus (10.8%, 241 MAGs, see 

Methods), and 386 pSGBs to a known microbial family (38.3%, 963 MAGs, Figure 1D). 

The 514 pSGBs (50.9%, 982 MAGs) that remained unassigned may represent new 

microbial clades above the level of the bacterial families (Figure 1D). The majority of these 

pSGBs unassigned even at genus level or above was placed, based on genome similarity, 

into the two highly abundant human gut microbiome phyla of the Firmicutes (44.2% of the 

unassigned pSGBs, 514 total MAGs) and Bacteroidetes (30.9% of the unassigned pSGBs, 

458 MAGs) with smaller fractions assigned to Proteobacteria (9.7%, 125 MAGs), 

Actinobacteria (5.5%, 108 MAGs), and Spirochaetes (2.8%, 37 MAGs). Although phylum-

level composition with the dominance of Bacteroides and Firmicutes is quite consistent 

among primates, it is thus at the species and genus level that most of the inter-host 

diversity is occurring, possibly as a consequence of host co-speciation evolutionary 

dynamics. 

To better taxonomically characterize these unassigned pSGBs, we grouped them into 

clusters spanning a genetic distance consistent with that of known genera and families 

(Pasolli et al. 2019) generating genus-level genome bins (GGBs) and family-level genome 

bins (FGBs). This resulted in the definition of 760 novel GGBs (73.6% of the total number 

of GGBs in NHP) and 265 novel FGBs (65.6% of all FGBs in NHP), with an increase of 

about 6% of the total GGBs and FGBs previously defined on reference genomes and 

>154,000 human MAGs. Eight of the ten most prevalent GGBs in NHP samples were part 

of this novel set of GGBs and were assigned to Coriobacteriales (36 MAGs), 

Bacteroidaceae (36 MAGs) and Prevotellaceae (33 MAGs) families. Among the most 

prevalent, only the two Treponema GGBs (42 MAGs from NHPs) were known and shared 

with humans (52 MAGs), mainly from non-Westernized populations (38 MAGs, Figure 2B 

and Supplementary Table 9). On the contrary, all of the ten most prevalent families were 

previously known and shared with humans (Supplementary Table 9). In the study of the 

overall diversity of the primate gut microbiome, it is thus key to consider the new sets of 

NHP gut microbes defined here that are largely belonging to novel microbial clades. 

Strain-level analysis highlights both host-specific and shared evolutionary trajectories 

Despite the low overall degree of microbial sharing between human and non-human hosts 

at the species level, some bacterial families were common among primate hosts (Figure 

2C) and motivated a deeper phylogenetic analysis of their internal genomic structure. By 

using a phylogenetic modelling based on 400 single-copy universal markers (Segata et al. 

2013), we therefore reconstructed the phylogeny and the corresponding genetic ordination 

analysis of the five most relevant shared FGBs (Figure 2C), which included three known 

families (Prevotellaceae, Bacteroidaceae, Spirochaetaceae), and two unexplored FGBs 

assigned to the Actinobacteria phylum and the Clostridiales order. We observed the 

https://paperpile.com/c/pl0Nhp/2FKc
https://paperpile.com/c/pl0Nhp/5NTS
https://paperpile.com/c/pl0Nhp/5NTS
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presence of both intra-family host-specific clusters (Figure 4A) and clusters comprising 

genomes spanning human and non-human hosts. The phylogeny of the Bacteroidetes 

reconstructed to include all of the MAGs and reference genomes for the ten most 

prevalent characterized (kSGBs), uncharacterized (uSGBs) and newly-reconstructed NHP-

specific (pSGBs) species assigned to this phylum (Figure 4B and Supplementary Figure 

2), further confirms the presence of closely related sister clades one of which is specific to 

wild NHPs and the other spanning multiple hosts, including NHPs in captivity. This likely 

reflects a complex evolutionary pattern in which vertical coevolution, independent niche 

selection, and between-host species transmission are likely all simultaneously shaping the 

members of the gut microbiome of primates. 

We also analyzed the under-investigated phylum of the Elusimicrobia as species in this 

clade were already shown to span a wide range of host environments ranging from aquatic 

sites to termite guts (Herlemann, Geissinger, and Brune 2007), and were recently found 

relatively prevalent in non-Westernized human populations (15.4% prevalence) while 

almost absent in Westernized populations (0.31% prevalence) (Pasolli et al. 2019). The 

phylum was clearly divided in two main clades (Supplementary Figure 3), with one 

including strains mostly from environmental sources or non-mammalian hosts, and the 

other (already reported in Figure 4C) comprising all the MAGs from humans, NHPs, 

rumen, and the type strain of Elusimicrobium minutum (Geissinger et al. 2009). The 

genomes from wild NHPs belonged to an unknown SGB detected also in humans (uSGB 

19690) and to two pSGBs (e.g. pSGBs 20223 and 20224) not found in human hosts. 

These two NHP-specific Elusimicrobia are sister clades of a relatively prevalent human-

associated SGB (SGB 19694 comprising 64 MAGs from humans, Figure 4C). Such 

closely related but host-specific sister clades might reflect the evolutionary divergence of 

the hosts, while the presence of Elusimicrobia strains from macaques in captivity inside 

human-associated SGBs (Figure 4C) also confirms that these microbes can colonize 

different primate hosts. 

https://paperpile.com/c/pl0Nhp/7Pk4
https://paperpile.com/c/pl0Nhp/2FKc
https://paperpile.com/c/pl0Nhp/XkB3
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Figure 4. Strain-level phylogenetic analysis of relevant microbial clades found both 

in NHPs and human microbiomes. A) Ordination analysis using multidimensional scaling 

(MDS) on intra-FGB phylogenetic distances for the five most prevalent FGBs shared by 

NHPs and humans (Figure 2C), showing both host-specific and shared clusters; B) 

Phylogenetic tree of the ten most prevalent kSGBs, uSGBs and pSGBs assigned to the 

Bacteroidetes phylum reported in Figure 2A, with MAGs from wild NHPs in separate 

pSGB-subtrees and captive NHPs clustering into SGBs shared with humans (uncollapsed 

tree in Supplementary Figure 2); C) Phylogenetic tree of the Elusimicrobia phylum, with 

SGBs specifically associated with wild NHPs and others with humans and captive NHPs 

(uncollapsed tree in Supplementary Figure 3). 
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Closely phylogenetically related Treponema species have different host-type preferences 

The Treponema genus contains mostly non-pathogenic species commonly associated with 

the mammalian intestine and oral cavity (Norris et al. 2006). Treponema species seem to 

be under particular negative selection forces in Westernized populations as multiple 

studies found them at much higher abundance and prevalence in non-Westernized 

populations (De Filippo et al. 2010; Schnorr et al. 2014; Obregon-Tito et al. 2015; Pasolli 

et al. 2019; Angelakis et al. 2019), and they were also identified in ancient coprolites (Raul 

Y. Tito et al. 2012), and dental calculus of the Iceman mummy (Maixner et al. 2014). To 

better study its diversity and host-association, we investigated the phylogeny of this genus 

considering all the genomes from NHPs and humans currently available (Figure 1B). The 

221 total genomes included 27 available reference genomes and 220 MAGs (96 oral and 

124 intestinal) spanning 54 Treponema SGBs. These genomes are grouped into 34 

distinct SGBs previously reconstructed from human metagenomes and 20 pSGBs newly 

reconstructed and uniquely associated with NHPs.  

Phylogenetic analysis (Figure 5A) highlighted a clear and host-independent separation of 

oral and stool treponemas that is reflected at the functional level (Figure 5B), with oral 

species lacking several pathways encoded by SGBs recovered from stool samples. These 

included starch and sucrose metabolism, glycerolipid and glycerophospholipid metabolism, 

methane and sulfur metabolism, folate biosynthesis and phenylalanine, tyrosine and 

tryptophan biosynthesis, Supplementary Figure 4), consistently with the nutrients and 

carbon sources available in the two different body sites. Focusing on the intestinal species, 

the SGBs in this family were quite host-specific, with genomes recovered from different 

hosts clustering in specific subtrees (Figure 5A). This is for instance the case of uSGB 

3548 and pSGB 21240 that, despite being phylogenetically related, were found only in 

humans and NHPs, respectively. Treponema succinifaciens (kSGB 3546) instead 

represented an exception, being reconstructed both from NHP (11 MAGs) and mostly non-

Westernized human stool microbiomes (45 MAGs, Figure 5A). However, the closely 

related uSGB 3545 was recovered only from NHPs (Papio cynocephalus) and could 

represent a species specifically adapted to the gut of these NHPs or the consequence of 

the host speciation. It is quite striking that only 11 Treponema MAGs were available from 

Westernized stool samples despite the large number of gut metagenomes analyzed for 

this category (7,443 stool samples), whereas the same microbial genus was very prevalent 

in non-Westernized datasets (13.72% of non-Westernized samples, all but one non-

Westernized datasets, Figure 5A and Supplementary Table 4). This raises the 

hypothesis that Treponema species might have been living within the gut of their primate 

hosts for a long time, and have remained with humans in the absence of lifestyle changes 

associated with urbanization (Sonnenburg and Sonnenburg 2019).  

https://paperpile.com/c/pl0Nhp/SRyT
https://paperpile.com/c/pl0Nhp/qyPy+PJLq+2WdE+2FKc+BjbH
https://paperpile.com/c/pl0Nhp/qyPy+PJLq+2WdE+2FKc+BjbH
https://paperpile.com/c/pl0Nhp/Ys30
https://paperpile.com/c/pl0Nhp/Ys30
https://paperpile.com/c/pl0Nhp/bbGw
https://paperpile.com/c/pl0Nhp/1nLS
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Figure 5. The Treponema genus is the most prevalent among NHPs. A) Phylogenetic 

tree of the Treponema genus, showing SGB host-specificity and a clear separation 

between oral and intestinal species (SGB annotation for >10 genomes); B) Ordination on 

functional annotations (UniREf50 clusters) of Treponema MAGs colored by bodysite 

showing separation of oral and intestinal MAGs at the functional level; C) Ordination on 

UniRef50 profiles of Treponema MAGs from stool samples only colored by host, showing 

host-specific functional profiles; D) Presence/absence profiles of KEGG orthology families 

(KOs) in Treponema MAGs recovered from stool samples (only KOs related to metabolism 

and present in at least 20% and less than 80% of samples are reported). 

The host-specificity of related Treponema species is evident also at the functional level 

(Figure 5C) with several microbial pathways characterizing each species. When 

comparing the functional potential across hosts, we found for example that human strains 

were enriched for genes necessary for galactose metabolism (ko00052) and NHPs strains 

were instead encoding the pathway for the degradation of glucuronate-containing 
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polymers (ko00040), highly present in hemicellulose (Figure 5D), consistently with the 

different nutritional regimes of humans and NHPs. Treponema species enriched in NHPs 

were however including a substantially lower number of annotated functions (1,312±375 in 

NHPs w.r.t. 1,426±423 UniRef50 in Westernized samples), pointing to the need of future 

efforts in experimentally characterize the genes in under-investigated NHP species. The 

Treponema genus overall appears to be a key member of the primate-wide gut 

microbiome and for this reason its striking disappearance in human Westernized 

populations suggests that changes in recent lifestyle variables might be responsible for the 

disruption of intestinal microbes possibly coevolving with our body since the evolutionary 

era of primate host diversification. 

4.5 Conclusions 

In this study we expanded the fraction of characterized microbial diversity in the highly 

unexplored non-human primate metagenome, to enable species- and strain-level 

comparative genomics analysis of the human and non-human primate microbiome and 

generate hypotheses on relevant coevolutionary trajectories that shaped the current 

worldwide structure of the human microbiome. Through the application of strain-level 

single-sample de novo genome assembly on 203 NHP metagenomic samples, we 

uncovered over 1,000 new SGBs expanding the catalog of microbial species recovered 

from non-human primates by 77% and improving the mappability of NHP metagenomes by 

over 600%. These newly assembled genomes contributed to the identification of 760 new 

genus-level and 265 family-level genome bins that represent completely uncharacterized 

microbial clades never observed in humans. Compared to the over 150,000 MAGs 

available from human metagenomes (Pasolli et al. 2019) and because of multiple primate 

hosts that need to be studied, the NHP microbiome still remains undersampled. Given the 

efficiency of metagenomic assembly pipelines (Nayfach et al. 2019; Almeida et al. 2019) 

and the availability of complementary tools to explore the microbial diversity in a 

microbiome (Zou et al. 2019; Gawad, Koh, and Quake 2016), the limiting factor appears to 

be the technical difficulties in sampling primates in the wild. 

The newly established collection of NHP microbial species showed that at fine-grained 

taxonomic resolution, there is little overlap between the gut microbiomes of humans and 

NHPs, with 6% of the overall species found in wild NHP that were identified at least once 

in human microbiomes. Captive NHPs exposed to more human-like environments and 

diets showed instead higher species sharing with humans (49%) and a higher degree of 

metagenome mappability. On the other hand, microbiomes from wild NHPs overlapped 

comparatively much more (163%) with human populations adopting non-Westernized 

rather than Westernized lifestyles. Because lifestyle patterns appear to have an impact on 

the structure of the gut microbiome comparable in effect size to that of the primate host 

species, NHP and potentially ancient microbiome samples (Cano et al. 2000; Raúl Y. Tito 

et al. 2008; Raul Y. Tito et al. 2012; Rasmussen et al. 2015; Maixner et al. 2016) are thus 

more suitable for host-microbe coevolutionary analyses as they are likely less confounded 

by recent lifestyle changes. 

https://paperpile.com/c/pl0Nhp/2FKc
https://paperpile.com/c/pl0Nhp/vXhp+dmpG
https://paperpile.com/c/pl0Nhp/8iUi+nTpc
https://paperpile.com/c/pl0Nhp/WbnN+uyF6+Ys30+4pxJ+C0nd
https://paperpile.com/c/pl0Nhp/WbnN+uyF6+Ys30+4pxJ+C0nd
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Our strain-level investigations of specific taxonomic clades (Figure 4 and Figure 5) 

showed the presence of both species with strains spanning multiple hosts, and of sister 

species associated to different primates. While the former is suggestive of recent inter-host 

transmission or common acquisition from common sources, the second can be the basis 

to study microbial evolution as a consequence of host speciation, especially if phylogenies 

can be dated using ancient microbiome samples (Tett et al. 2019) or other time constraints 

(Lebreton et al. 2017). Our framework can thus be exploited to study inter-host species 

and zoonotic microbial transmission that is currently mostly limited to specific pathogens of 

interest (Chan et al. 2015; Han, Kramer, and Drake 2016; Peiris et al. 2016; Trung et al. 

2017; Yan et al. 2017; Olea-Popelka et al. 2017). The catalog of primate-associated 

microbial genomes can thus serve as a basis for a better comprehension of the human 

microbiome in light of recent and ancient cross-primate transmission and environmental 

acquisition of microbial diversity. 

4.6 Methods 

Analyzed datasets 

In our meta-analysis, we considered and curated six publicly available gut metagenomic 

datasets (Figure 1A and Supplementary Table 1) spanning 22 non-human primate 

(NHP) species from 14 different countries in five continents (Supplementary Figure 1), 

and metagenomic samples from healthy individuals from 47 datasets included in the 

curatedMetagenomicData package (Pasolli et al. 2017). In total, our study considers 203 

metagenomic samples from the gut of NHPs and 9,428 human metagenomes from 

different body sites. 

The non-human primates datasets were retrieved from four studies considering wild 

animals and two studies surveying animals in captivity. All but one study produced gut 

metagenomes of one single species. One work (Amato et al. 2018) instead analyzed the 

gut microbiome of 18 species of wild NHPs from nine countries (Figure 1A and 

Supplementary Table 1) to test the influence of folivory on its composition and function, 

and highlighted that host phylogeny has a stronger influence than diet. With a similar 

approach, (Hicks et al. 2018) shotgun sequenced 19 wild western lowland gorillas (Gorilla 

gorilla gorilla) in the Republic of the Congo as part of a 16S rRNA study including 

sympatric chimpanzees and modern humans microbiomes that demonstrated the 

compositional divergence between the primates clades’ microbiome and the seasonal shift 

in response to changing dietary habits throughout the year. (Orkin et al. 2019) exposed 

similar seasonal patterns linked with water and food availability by surveying the 

microbiome of 20 wild white-faced capuchin monkeys (Cebus capucinus imitator) in Costa 

Rica. (Tung et al. 2015) instead found that social group membership and networks are 

good predictors of the taxonomic and functional structure of the gut microbiome by 

surveying 48 wild baboons (Papio cynocephalus) in Kenya. Studies in captivity instead 

include (Srivathsan et al. 2015), who sequenced the gut microbiome of two red-shanked 

doucs langurs (Pygathrix nemaeus) in captivity that were fed a specific mix of plants to test 

for the ability of metabarcoding vs metagenomics to identify the plants eaten by the 
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primates from the feces, and (X. Li et al. 2018), who surveyed the change in microbiome 

composition and function in 20 cynomolgus macaques (Macaca fascicularis) fed either a 

high-fat and low-fiber or a low-fat and high-fiber diet and showed that the first provoked a 

change toward a more human-like microbiome. Despite the relevance of these six works, 

none of them attempted at reconstructing novel microbial genomes from NHPs. 

Available genomes used as reference 

To define known species-level genome bins (kSGBs), we considered the 80,853 

annotated genomes (here referred to as reference genomes) available as of March 2018 

in the NCBI GenBank database (NCBI Resource Coordinators 2018). These comprise 

both complete (12%) and draft (88%) genomes. Draft genomes include also metagenome-

assembled genomes (MAGs) and co-abundance gene groups (CAGs). 

Mapping-based taxonomic analysis 

As a preliminary explorative test, taxonomic profiling was performed with MetaPhlAn2 

(Truong et al. 2015) with default parameters. Additional profiling was performed by using 

the parameter “-t rel_ab_w_read_stats“ in order to estimate the read mappability for each 

profiled species.  

Genomes reconstruction and clustering 

In order to reconstruct microbial genomes for both characterized and yet-to-be-

characterized species, we applied a single sample metagenomic assembly and contig 

binning approach we described and validated elsewhere (Pasolli et al. 2019). Briefly, 

assemblies were produced with MEGAHIT (D. Li et al. 2015) and contigs longer than 

1,000 nt were binned with MetaBAT2 (Kang et al. 2015) to produce 7,420 genome bins. 

Quality control with CheckM 1.0.7 (Parks et al. 2015) yielded 1,033 high-quality genome 

bins (completeness >90%, contamination <5% as described in (Pasolli et al. 2019)) and 

1,952 medium quality genome bins (completeness >50% and contamination <5%). Bins 

were clustered at 5% genetic distance based on whole-genome nucleotide similarity 

estimation using Mash (version 2.0; option “-s 10000” for sketching) (Ondov et al. 2016). 

Overall, we obtained 99 kSGBs containing at least one reference genome retrieved from 

NCBI GenBank (NCBI Resource Coordinators 2018), 200 uSGBs lacking a reference 

genome but clustering together with genomes reconstructed in (Pasolli et al. 2019), and 

1,009 pSGBs consisting only of genomes newly reconstructed in this study (Figure 1C). 

SGBs were further clustered into genus-level genome bins (GGBs) and family-level 

genome bins (FGBs) spanning 15% and 30% genetic distance, respectively. 

Phylogenetic analysis 

Phylogenies were reconstructed using the newly developed version of PhyloPhlAn (Segata 

et al. 2013). The phylogenetic trees in Figure 1B and Figure 4C are based on the 400 

universal markers as defined in PhyloPhlAn (Segata et al. 2013) and have been built using 

the following set of parameters: “--diversity high --fast --remove_fragmentary_entries --
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fragmentary_threshold 0.67 --min_num_markers 50 --trim greedy” and “--diversity low --

accurate --trim greedy --force_nucleotides”, respectively.  

From the reconstructed phylogeny in Figure 1B, we extracted the SGBs falling into the 

Treponema subtree, including also pSGBs. We then applied PhyloPhlAn 2 on all reference 

genomes and human and non-human primates microbial genomes belonging to the 

extracted SGBs to produce the phylogenetic tree reported in Figure 5A [with params --

diversity low --trim greedy --min_num_marker 50].  

External tools with their specific options as used in the PhyloPhlAn framework are: 

● diamond (version v0.9.9.110, (Buchfink, Xie, and Huson 2015)) with parameters: 

“blastx --quiet --threads 1 --outfmt 6 --more-sensitive --id 50 --max-hsps 35 -k 0” 

and with parameters: “blastp --quiet --threads 1 --outfmt 6 --more-sensitive --id 50 --

max-hsps 35 -k 0”; 

● mafft (version v7.310, (Katoh and Standley 2013)) with the “--anysymbol” option; 

● trimal (version 1.2rev59, (Capella-Gutiérrez, Silla-Martínez, and Gabaldón 2009)) 

with the “-gappyout” option; 

● FastTree (version 2.1.9, (Price, Dehal, and Arkin 2010)) with “-mlacc 2 -slownni -spr 

4 -fastest -mlnni 4 -no2nd -gtr -nt” options; 

● RAxML (version 8.1.15, (Stamatakis 2014)) with parameters: “-m PROTCATLG -p 

1989”. 

Trees in Figures 1B and 5A were visualized with GraPhlAn (Asnicar et al. 2015). 

Phylogenetic tree of the primates was obtained from (Springer et al. 2012), manually 

pruned with iTOL (Letunic and Bork 2016) to report only species considered in this study, 

and visualized with FigTree v.1.4.3 (“FigTree” n.d.). 

Mappability 

We estimated the percentage of raw reads in each sample that could align to known 

bacterial genomes, SGBs and pSGBs using a previously described method (Pasolli et. al, 

2019). Briefly, each raw metagenome was subsampled at 1% to reduce the computational 

cost of mapping. Subsampled reads were filtered to remove alignments to the Human 

genome (hg19). Short (i.e. lower than 70 bp) and low-quality (mean sequencing quality < 

20) reads were discarded. 

Each sample was mapped against three groups of indexes: i) a set of 80,990 reference 

genomes used to define the set of known SGBs in (Pasolli et al. 2019); ii) the 154,753 

known and unknown SGBs from (Pasolli et al. 2019); and iii) the 1,009 SGBs from NHPs 

reconstructed in this study. The mapping was performed with BowTie2 (Langmead and 

Salzberg 2012) v. 2.3.5 in end-to-end mode. The mapping was performed incrementally 

(i.e. reads that are reported to map against pSGBs do not map against any reference 

genome or human SGB). Additionally, BowTie2 alignments scoring less than -20 (tag AS:i) 

were excluded, to avoid to overestimate the number of mapping reads. The mappability 
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fraction was calculated by dividing the number of aligning reads by the number of high-

quality reads within each sample. 

Functional analysis 

Metagenome-assembled genomes reconstructed in this study were annotated with Prokka 

1.12 (Seemann 2014) using default parameters. Proteins inferred with Prokka were then 

functionally annotated with UniRef90 and UniRef50 using diamond v0.9.9.110 (Buchfink, 

Xie, and Huson 2015).  

KEGG Orthology (KO) for the UniRef50 annotations were retrieved from the UniProt 

website using the Retrieve/ID mapping tool. KOs related to metabolism were filtered and 

used to produce a presence/absence matrix for generating Figure 5D and 

Supplementary Figure 4. Non-metric multidimensional scaling plots were generated 

using the Jaccard distance with the metaMDS function in the vegan R package (Oksanen 

et al. 2008). 

Statistical analysis 

Statistical significance was verified through Fisher's test with multiple hypothesis testing 

correction with either Bonferroni or FDR as reported in the text. 
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4.7 Supplementary Figures 

 

Supplementary Figure 1. World map reporting NHP metagenomic samples considered in 

this study together with host and country information. 
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Supplementary Figure 2. Phylogenetic tree of the Bacteroidetes phylum (uncollapsed 

version of the tree in Figure 4B). 
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Supplementary Figure 3. Phylogenetic tree of the Elusimicrobia phylum (uncollapsed 

version of the tree in Figure 4C). 
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Supplementary Figure 4. KO presence/absence profile in Treponema MAGs recovered 

from both stool and oral cavity samples. Only KOs related to metabolism and present in at 

least 20% and less than 80% of samples are reported. 

4.8 Supplementary Tables 

Captions of supplementary tables are reported below. Tables are available for download at 

this link: 

https://www.dropbox.com/sh/ptd6jhx0neomnzn/AAAYHSgL8SwAiQrVPNEDMFP6a?dl=0 . 

Supplementary Table 1. NHP gut metagenome datasets considered in this study, 

together with relevant information like Pubmed ID, host, wild or captivity status, country of 

sampling, number of samples. 

 

Supplementary Table 2. MetaPhlAn2 profiles of all metagenomic samples from NHPs 

considered in this study. 

 

Supplementary Table 3. Estimated mapped reads according to MetaPhlAn2, both per 

sample and per dataset. 

https://www.dropbox.com/sh/ptd6jhx0neomnzn/AAAYHSgL8SwAiQrVPNEDMFP6a?dl=0
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Supplementary Table 4. Description of single-sample assembled genomes (host, wild or 

captivity status, country of sampling), their assembly and quality statistics, their assigned 

taxonomy, and SGB, GGB and FGB assignment. 

 

Supplementary Table 5. SGB presence/absence in the considered metagenomic 

samples from NHPs. 

 

Supplementary Table 6. Description of the 60 kSGBs retrieved from NHPs and shared 

with humans that are lacking an official species name (e.g. with species name labelled as 

“sp.” or “bacterium”), together with the number of reference genomes and MAGs retrieved 

for each host category. 

 

Supplementary Table 7. Description of the SGBs (kSGBs, uSGBs and pSGBs) reported 

in this study, together with the assigned taxonomy and the number of reference genomes 

and MAGs retrieved from each host category and NHP dataset. 

 

Supplementary Table 8. SGBs found in >3 NHP samples and their association with either 

Westernized or non-Westernized microbiomes (Fisher’s test Bonferroni-corrected p-

values, comprehensive list of SGBs shown in Figure 3A). 

 

Supplementary Table 9. Tab1) GGBs description, together with number of MAGs 

assigned and number of dataset and samples in which the GGB is found, divided by host 

and NHP dataset. Tab2) Same information for FGBs recovered in this study. 

 

Supplementary Table 10. List of Treponema SGBs reported in the phylogeny in Figure 

5A and their prevalence in NHPs and humans. 
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Chapter 5. Additional published articles 

In this Chapter, I report other published works that I contributed to during my doctoral 

studies and that included me as co-author. These articles are all related with the three 

works introduced in Chapters 2, 3, and 4; the article in 5.1 is a follow up on the mother-to-

infant transmission investigation enabled by my work in Chapter 3 but applied on a larger 

cohort; the article in 5.2 is a study investigating uncharacterized members of the human 

microbiome on which my investigation of the non-human primate microbiome in Chapter 4 

is based; in 5.3 I report two studies to which I contributed marginally and include a clinical 

description of the cohort subjected to whole-genome sequencing in Chapter 2 and an 

article on the gut microbiome in colorectal cancer and its predictive power. Each article is 

introduced by a short paragraph on the rationale of the study, how it is linked with the main 

works I presented in the previous Chapters, and my role in the research. For each study, I 

report only the abstract, whereas the full article is linked at the end of the brief introduction. 
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5.1 Mother-to-Infant Microbial Transmission from Different Body Sites Shapes 

the Developing Infant Gut Microbiome 

This work published in Cell Host & Microbe in 2018 can be seen as a larger-scale 

application of the methodology presented and validated in the pilot study fully reported in 

Chapter 3 on the vertical transmission of microbiome members from mother to infant. In 

this article, we enrolled a larger cohort of mothers and infants that were followed for four 

months after birth with samples collected from multiple body sites. Overall, we found 

evidence for vertical transmission of multiple strains and species, with skin and vaginal 

microbiome of the mother seeding the infant gut only transiently and gut strains being 

more prone to long-term colonization. 

Contribution. In this study, I personally contributed with my expertise on metagenomic 

vertical microbiome transmission gained with the study in Chapter 3 (both experimental 

and analytical side) and on the validation and interpretation of the data. 

The abstract is reported below, the full-text article is available here 

https://doi.org/10.1016/j.chom.2018.06.005 . 

Mother-to-Infant Microbial Transmission from Different Body Sites Shapes the 

Developing Infant Gut Microbiome 

Ferretti P, Pasolli E^, Tett A^, Asnicar F^, Gorfer V, Fedi S, Armanini F, Truong DT, 

Manara S, Zolfo M, Beghini F, Bertorelli R, De Sanctis V, Bariletti I, Canto R, Clementi R, 

Cologna M, Crifò T, Cusumano G, Gottardi S, Innamorati C, Masè C, Postai D, Savoi D, 

Duranti S, Lugli GA, Mancabelli L, Turroni F, Ferrario C, Milani C, Mangifesta M, Anzalone 

R, Viappiani A, Yassour M, Vlamakis H, Xavier R, Collado CM, Koren O, Tateo S, Soffiati 

M, Pedrotti A, Ventura M, Huttenhower C, Bork P, Segata N 

^ these authors contributed equally 

Cell Host & Microbe 2018 

Abstract 

The acquisition and development of the infant microbiome are key to establishing a 

healthy host-microbiome symbiosis. The maternal microbial reservoir is thought to play a 

crucial role in this process. However, the source and transmission routes of the infant 

pioneering microbes are poorly understood. To address this, we longitudinally sampled the 

microbiome of 25 mother-infant pairs across multiple body sites from birth up to 4 months 

postpartum. Strain-level metagenomic profiling showed a rapid influx of microbes at birth 

followed by strong selection during the first few days of life. Maternal skin and vaginal 

strains colonize only transiently, and the infant continues to acquire microbes from distinct 

maternal sources after birth. Maternal gut strains proved more persistent in the infant gut 

and ecologically better adapted than those acquired from other sources. Together, these 

data describe the mother-to-infant microbiome transmission routes that are integral in the 

development of the infant microbiome. 

https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.chom.2018.06.005
https://doi.org/10.1016/j.chom.2018.06.005
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5.2 Extensive Unexplored Human Microbiome Diversity Revealed by Over 

150,000 Genomes from Metagenomes Spanning Age, Geography, and 

Lifestyle 

This article for which I am co-second author has been published in Cell in 2019, and is the 

methodological basis for the work presented in Chapter 4 about non-human primate 

metagenomes. This is to date the largest-scale assembly effort available and allowed the 

investigation of yet-to-be-characterized bacterial species. In this study, our group 

assembled over 150,000 genomes from 9,428 publicly available human metagenomes to 

reconstruct the unexplored human microbiome diversity. Reconstructed genomes were 

clustered together into 4,930 species-level genome bins (SGBs) spanning 5% genetic 

distance, with only a small fraction of these species being previously described. Over 70% 

of the SGBs had indeed no reference genome available, and were defined as “unknown 

species-level genome bins” (uSGBs), and represent previously undescribed microbial 

clades. The addition of uSGBs greatly expanded under investigated phyla and improved 

the mappability of human gut metagenomes to over 87%. In Chapter 4, I extended the 

framework and applied it on non-human primate to better characterized the microbiome of 

our closest evolutionary relatives. 

Contribution. In this study, I contributed with part of the phylogenetic analysis, with the 

biological interpretation of the results and with the writing of the article. Among others, we 

reconstructed the phylogeny and the functional profile of the most prevalent uSGB (3,376 

genomes reconstructed from many different geographical locations), which was 

phylogenetically placed between Faecalibacterium and Ruminococcus, which we named 

Candidatus Cibiobacter qucibialis. We highlighted an overall phylogenetic and functional 

similarity between genomes from geographically-distinct non-Westernized populations, 

which were generally different from those recovered from Westernized ones, suggesting 

that both geography and lifestyle have a role in shaping the human microbiome. We 

performed similar analysis also on other microbial taxa that were differentially present in 

Westernized and non-Westernized populations, and also in this case I contributed with the 

biological interpretation. I personally surveyed the functional traits associated with the 

investigated clades and found examples of bacterial functions associated with specific 

worldwide populations. Overall, this work was a very multidisciplinary collaboration in 

which I was involved from the beginning to the end. 

The abstract is reported below, the full-text article is available here 

https://doi.org/10.1016/j.cell.2019.01.001 . 

 

 

 

 

https://doi.org/10.1016/j.cell.2019.01.001
https://doi.org/10.1016/j.cell.2019.01.001
https://doi.org/10.1016/j.cell.2019.01.001
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Extensive Unexplored Human Microbiome Diversity Revealed by Over 150,000 

Genomes from Metagenomes Spanning Age, Geography, and Lifestyle 

Edoardo Pasolli, Francesco Asnicar^, Serena Manara^, Moreno Zolfo^, Nicolai Karcher, 

Federica Armanini, Francesco Beghini, Paolo Manghi, Adrian Tett, Paolo Ghensi, Maria 

Carmen Collado, Benjamin L. Rice, Casey DuLong, Xochitl C. Morgan, Christopher D. 

Golden, Christopher Quince, Curtis Huttenhower, Nicola Segata 

^ these authors contributed equally 

Cell 2019 

Abstract 

The body-wide human microbiome plays a role in health, but its full diversity remains 

uncharacterized, particularly outside of the gut and in international populations. We 

leveraged 9,428 metagenomes to reconstruct 154,723 microbial genomes (45% of high 

quality) spanning body sites, ages, countries, and lifestyles. We recapitulated 4,930 

species-level genome bins (SGBs), 77% without genomes in public repositories (uSGBs). 

uSGBs are prevalent (in 93% of well-assembled samples), expand underrepresented 

phyla, and are enriched in non-Westernized populations (40% of the total SGBs). We 

annotated 2.85M genes in SGBs, many associated with conditions including infant 

development (94k) or Westernization (106k). SGBs and uSGBs permit deeper microbiome 

analyses and increase the average mappability of metagenomic reads from 67.76% to 

87.51% in the gut (median 94.26%), and 65.14% to 82.34% in the mouth. We thus identify 

thousands of microbial genomes from yet-to-be-named species, expand the pangenomes 

of human-associated microbes, and allow better exploitation of metagenomic technologies. 
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5.3 Other works 

In this chapter, I report two other published articles I was involved in my doctoral studies 

and to which I contributed marginally. Also in this case I report the abstract and a brief 

commentary highlighting my contribution. 

Methicillin-resistant Staphylococcus aureus eradication in cystic fibrosis patients: A 

randomized multicenter study 

Daniela Dolce, Stella Neri, Laura Grisotto, Silvia Campana, Novella Ravenni, Francesca 

Miselli, Erica Camera, Lucia Zavataro, Cesare Braggion, Ersilia V. Fiscarelli, Vincenzina 

Lucidi, Lisa Cariani, Daniela Girelli, Nadia Faelli, Carla Colombo, Cristina Lucanto, 

Mariangela Lombardo, Giuseppe Magazzù, Antonella Tosco, Valeria Raia, Serena 

Manara, Edoardo Pasolli, Federica Armanini, Nicola Segata, Annibale Biggeri, Giovanni 

Taccetti 

PloS one 2019 

This work published in PloS one in 2019 is linked with the study reported in Chapter 2 

regarding S. aureus epidemiology and characterization through whole-genome sequencing 

of a nosocomial cohort of patients. The article reported in this section is analyzing the 

efficacy of methicillin-resistant S. aureus (MRSA) eradication treatment in a set of Cystic 

Fibrosis (CF) patients enrolled from five CF Referral Centers from a purely clinical 

viewpoint. MRSA clearance rate was compared between patients subjected to early 

eradication treatment and controls. Although some cases of spontaneous clearance were 

observed in the control group, early eradication treatment showed an improvement in 

MRSA eradication in the treated group. 

Contribution. In this work, I personally contributed with the in silico sequence typing (STs) 

and typing of the spa gene that were then used to characterize the specific clones and with 

in silico SCCmec and Panton-Valentine Leukocidin typing to confirm the results obtained 

by PCR analysis performed in the laboratory. 

The abstract is reported below, the full-text article is available here 

https://doi.org/10.1371/journal.pone.0213497 . 

Abstract 

Background. Few studies, based on a limited number of patients using non-uniform 

therapeutic protocols, have analyzed Methicillin-resistant Staphylococcus aureus (MRSA) 

eradication. Methods. In a randomized multicenter trial conducted on patients with new-

onset MRSA infection, we evaluated the efficacy of an early eradication treatment (arm A) 

compared with an observational group (B). Arm A received oral rifampicin and 

trimethoprim/sulfamethoxazole (21 days). Patients’ microbiological status, FEV1, BMI, 

pulmonary exacerbations and use of antibiotics were assessed. Results. Sixty-one 

https://doi.org/10.1371/journal.pone.0213497
https://doi.org/10.1371/journal.pone.0213497
https://doi.org/10.1371/journal.pone.0213497
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patients were randomized. Twenty-nine (47.5%) patients were assigned to active arm A 

and 32 (52.5%) patients to observational arm B. Twenty-nine (47.5%) patients, 10 patients 

in arm A and 19 in arm B, dropped out of the study. At 6 months MRSA was eradicated in 

12 (63.2%) out of 19 patients in arm A while spontaneous clearance was observed in 5 

(38.5%) out of 13 patients in arm B. A per-protocol analysis showed a 24.7% difference in 

the proportion of MRSA clearance between the two groups (z = 1.37, P(Z>z) = 0.08). 

Twenty-seven patients, 15 (78.9%) out of 19 in arm A and 12 (92.3%) out of 13 in arm B, 

were able to perform spirometry. The mean (±SD) FEV1 change from baseline was 7.13% 

(±14.92) in arm A and -1.16% (±5.25) in arm B (p = 0.08). In the same period the BMI 

change (mean ±SD) from baseline was 0.54 (±1.33) kg/m2 in arm A and -0.38 (±1.56) 

kg/m2 in arm B (p = 0.08). At 6 months no statistically significant differences regarding the 

number of pulmonary exacerbations, days spent in hospital and the use of antibiotics were 

observed between the two arms. Conclusions. Although the statistical power of the study 

is limited, we found a 24.7% higher clearance of MRSA in the active arm than in the 

observational arm at 6 months. Patients in the active arm A also had favorable FEV1 and 

BMI tendencies. 

Metagenomic analysis of colorectal cancer datasets identifies cross-cohort 

microbial diagnostic signatures and a link with choline degradation 

Andrew Maltez Thomas, Paolo Manghi, Francesco Asnicar, Edoardo Pasolli, Federica 

Armanini, Moreno Zolfo, Francesco Beghini, Serena Manara, Nicolai Karcher, Chiara 

Pozzi, Sara Gandini, Davide Serrano, Sonia Tarallo, Antonio Francavilla, Gaetano Gallo, 

Mario Trompetto, Giulio Ferrero, Sayaka Mizutani, Hirotsugu Shiroma, Satoshi Shiba, 

Tatsuhiro Shibata, Shinichi Yachida, Takuji Yamada, Jakob Wirbel, Petra Schrotz-King, 

Cornelia M. Ulrich, Hermann Brenner, Manimozhiyan Arumugam, Peer Bork, Georg Zeller, 

Francesca Cordero, Emmanuel Dias-Neto, João Carlos Setubal, Adrian Tett, Barbara 

Pardini, Maria Rescigno, Levi Waldron, Alessio Naccarati & Nicola Segata 

Nature Medicine 2019 

This article has been published in Nature Medicine in 2019. From the biological viewpoint, 

it is not directly linked with any of the studies reported in previous Chapters but is applying 

similar approaches like the ones used in the pilot study on vertical transmission of the 

microbiome presented in Chapter 3. One of the major contributions of this study is the 

development of machine-learning models able to distinguish patients with carcinomas from 

controls. Meta-analysis of publicly available and newly sequenced colorectal cancer (CRC) 

cohorts showed that microbes associated with the gut microbiome in CRC are consistent 

across different cohorts and studies and identified a link between CRC microbiome and 

choline degradation pathways. 

Contribution. In this study, I contributed with the designing of the qPCR analysis for the 

quantification of the choline TMA-lyase gene cutC transcript abundance differences in 
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CRC and controls and with the interpretation of the results, especially on the study of the 

functional potential of the species of interest. 

The abstract is reported below, the full-text article is available here 

https://doi.org/10.1038/s41591-019-0405-7 . 

Abstract 

Several studies have investigated links between the gut microbiome and colorectal cancer 

(CRC), but questions remain about the replicability of biomarkers across cohorts and 

populations. We performed a meta-analysis of five publicly available datasets and two new 

cohorts and validated the findings on two additional cohorts, considering in total 969 fecal 

metagenomes. Unlike microbiome shifts associated with gastrointestinal syndromes, the 

gut microbiome in CRC showed reproducibly higher richness than controls (P < 0.01), 

partially due to expansions of species typically derived from the oral cavity. Meta-analysis 

of the microbiome functional potential identified gluconeogenesis and the putrefaction and 

fermentation pathways as being associated with CRC, whereas the stachyose and starch 

degradation pathways were associated with controls. Predictive microbiome signatures for 

CRC trained on multiple datasets showed consistently high accuracy in datasets not 

considered for model training and independent validation cohorts (average area under the 

curve, 0.84). Pooled analysis of raw metagenomes showed that the choline 

trimethylamine-lyase gene was overabundant in CRC (P = 0.001), identifying a relationship 

between microbiome choline metabolism and CRC. The combined analysis of 

heterogeneous CRC cohorts thus identified reproducible microbiome biomarkers and 

accurate disease-predictive models that can form the basis for clinical prognostic tests and 

hypothesis-driven mechanistic studies. 

https://doi.org/10.1038/s41591-019-0405-7
https://doi.org/10.1038/s41591-019-0405-7
https://doi.org/10.1038/s41591-019-0405-7
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Chapter 6. Conclusions of the Thesis 

Characterization of microorganisms at the level of single strains is of the foremost 

importance for exposing relevant genomic traits of both host-associated pathogens and 

commensals. Given the limitations of isolation-based methods in surveying cultivation-

recalcitrant microbes, novel cultivation-free methods are required to assess both known 

microbes that cannot be easily isolated and potentially yet-to-be-characterized ones. 

Strain-level metagenomics and metagenomic assembly are promising but yet under-

explored approaches to expose the strain-level variability of characterized and 

uncharacterized species. 

To verify the hypothesis that strain-level metagenomics can achieve the needed resolution 

to complement and possibly expand isolation-based approaches to characterize, track and 

discover host-associated microbes, I applied different strain-level analysis methods 

ranging from whole-genome isolate sequencing of a known opportunistic pathogen to the 

reconstruction of uncharacterized microbial strains from non-human primate 

metagenomes. 

In Chapter 2 I showed how whole-genome isolate sequencing can reach a very deep 

resolution, that coupled with appropriate computational analysis allows the identification of 

single strain variants, genetic plasticity and gene dispensability, and the tracking of 

potential outbreaks even in large cohorts. Our work pinpointed the underestimated 

epidemiological and genetic complexity of S. aureus and support the need for larger 

unbiased WGS-based studies to reconstruct the overall strain diversity of this opportunistic 

pathogen. We moreover proposed WGS to be used as a routine tool for pathogen 

surveillance and to inform clinical practice. 

In Chapter 3 I presented and validated a metagenomic approach to track the transmission 

of microbes from mother to infant, and more in general to characterize and follow single 

strains across individuals. In the same study, I also showed how metatranscriptomics can 

be extremely informative on the adaptation of single strains to new environments, as in the 

case of a strain seeded from the mother in the infant's gut. This study has greatly 

contributed to the field by introducing and validating a framework of analysis that has later 

been applied to larger-cohort studies. 

In Chapter 4 I showed how metagenomic assembly allows the study of microbial strains 

associated with non-human primates and the expansion of the catalog of species to 

include also previously uncharacterized ones. In the same work, I also demonstrated how 

this approach allows comparative genomic and functional analysis of specific taxa to 

expose host-microbe interactions. This work contributes to the field of strain-level 

metagenomics by expanding the catalog of species surveyed in non-human primate gut 

microbiomes, which greatly increases metagenomes mappability, therefore allowing more 

representative studies of their microbiome diversity. 
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In Chapter 5 I reported other works in line with those presented in the previous chapters, 

all focused on the importance of studying microbes at the level of single strains to better 

understand their relationships with the host. 

Some approaches on topics similar to those presented in this thesis have also been 

proposed very recently by other groups, for instance by contributing to complementary 

investigations of the mother-to-infant microbiome transmission (Miyoshi et al. 2017; 

Wampach et al. 2017; Cabral et al. 2017; Ximenez and Torres 2017; Davenport et al. 

2017; Yassour et al. 2018; Wampach et al. 2018; Vatanen et al. 2018; Korpela and de Vos 

2018; Ferretti et al. 2018) or by mining uncharacterized microbial diversity through 

metagenomic assembly applied on more limited datasets (Parks et al. 2017; Nayfach et al. 

2019; Almeida et al. 2019). Although these studies were performed after we established 

the general framework (for the vertical microbiome transmission) on smaller datasets, they 

contributed in raising the awareness of the relevance of strain-level metagenomic profiling.  

Overall, this thesis supports the crucial role of strain-level analysis and specifically of 

strain-level metagenomics for expanding our knowledge of host-associated microbial 

diversity. Through the investigation of both pathogenic and commensal microbial strains 

associated with human and non-human hosts, in the studies reported in this work we 

showed how different strain-level analysis methods result into a better understanding of 

microbe-host relationships. Although cultivation assays remain indispensable for a number 

of microbiology tasks including (but not limited to) high-throughput phenotype screening 

(Typas et al. 2008; Kritikos et al. 2017; Galardini et al. 2017; Zou et al. 2019), our work 

and related efforts are paving the way to scale multiple types of strain-level investigations 

to the size of many thousands samples for hundreds microbiome members. 

6.1 Outlook and future works 

The continuously decreasing costs of sequencing technologies coupled with their 

increasing depth are now providing a large amount of metagenomic data that could be 

meta-analysed for extracting previously unseen microbial diversity, toward a complete 

picture of human and non-human microbiomes. This, in turn, will foster the application of 

strain-level comparative genomics approaches to resolve host-microbe interactions at a 

previously inconceivable scale, with possible future biomedical implications. 

Understanding how microbial strains are transmitted among human populations is for 

example extremely informative not only for pathogens but also for commensal species. If 

the relevance of tracking pathogenic microbes is more linked to public health concerns, a 

deeper understanding of how commensal microbiome members disseminate across 

populations with different lifestyles would expose relevant host-microbiome coevolution 

patterns, possibly suggesting new ways to hinder the loss of microbiome biodiversity in 

industrialized countries. Explaining whether this loss is linked with the lower exposure to 

non-human microbial sources, such as farmed co-habitant animals that are instead more 

common among non-Westernized populations, would first require characterizing the 

mostly unexplored microbiome diversity of these understudied non-human hosts. 
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Metagenomic assembly would therefore represent a first necessary step to solve the 

microbial dark matter in under-investigated host metagenomes to enable further 

comparative genomic analysis to reveal how direct and indirect transmission of microbes 

occurs across different hosts and give better insights into the role of host-to-host 

transmission barriers in fostering microbial adaptation and evolution. 

The combination of large-scale strain-level metagenomics and de novo genome assembly 

efforts similar to those described in this thesis could hence expose a large microbial 

diversity inaccessible through cultivation-based methods and greatly expand our view of 

the human and non-human microbiome and its mechanistic relationship with the host. 

However, strain-level metagenomics is at its early steps, and some limitations still have to 

be addressed. Marker-based metagenomic approaches are indeed extremely powerful in 

tracking lowly abundant microbes, but have the caveat of not using genome-wide 

information and being limited to already characterized microbes. Viceversa, assembly-

based metagenomic methods exploit the information obtained from the whole genome but 

are typically able to reconstruct only ten-to-twenty high-quality MAGs per sample, usually 

only for those microbes that are well represented in the microbiome. Additionally, the 

presence of multiple strains of the same species in the same metagenome can cause co-

assembly of multiple strains and consequent incorrect genomes (Wu, Simmons, and 

Singer 2016; Pasolli et al. 2019). Moreover, the quality of the assembly is strongly 

dependent on the sequencing depth and errors (Alneberg et al. 2014; Quince et al. 2017). 

Nevertheless, improvements in the analysis algorithms could only partially solve these 

problems, because in most cases they are due to biological causes (e.g. long repeated 

regions or inter-species conserved regions). However, all of these limitations could be 

overcome by complementing the widely used short-reads technologies with the most 

recent and increasingly available long-reads sequencing methods (Kuleshov et al. 2016; 

Bishara et al. 2018) and by improving cultivation assays, in order to obtain full closed 

genomes of specific strains and possibly reconstruct multiple strains from the same 

metagenomic sample (Mukherjee et al. 2017; Parks et al. 2017; Zou et al. 2019).  

After the conclusion of my doctoral studies, I would thus like to focus on some of these 

lines of research by applying both the biological and computational knowledge I acquired 

in the past four years as a PhD candidate to study under-investigated niches of the human 

and non-human microbiome and possibly contribute to solve biomedically-relevant host-

microbe interactions. 
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