[bookmark: _GoBack]Establishment and dynamics of the Human Gut and Fecal Microbiome  during the first 1000 days and thereafter (first thoughts)




Miguel Gueimonde1, Rocio Martin2, Jan Knol2, Seppo Salminen3 	Comment by MARTIN Rocio: Proposed order, but happy with any other option
1    
2    
3Functional Foods Forum, Faculty of Medicine, University of Turku, 20014 Turun yliopisto, Finland




Summary

Early microbial environment has a key role affecting the risk of chronic diseases. Genetic,  factors, environment, early nutritional milieu, use of antibiotics and other pharmaceuticals affect both the architecture of intestinal microbiota and the composition and activity of individual gut microbiota.  Recent evidence strongly links microbiota composition also both to overweight and obesity as well as malnutrition and stunting and accumulating data suggest a large number of other diseases states related to microbiota composition. Here we review the development of human intestinal microbiota and describe examples of deviations and the role of dysbiosis as a factor promoting microbiota aberrancies. . The term dysbiosis describes a microbial imbalance or maladaptation on or inside the body whic can be caused by such diverse factors as repeated and  excessive repeted  antibiotic exposure or inappropriate diet including stages such as overnutrition or malnutrition.



Dysbiosis can have many causes and consequences.  Depending on the structure of microbiota it may for example either strengthen or weaken the ability to extract more energy from the diet enabling rapid storage of extracted energy to body fat or it may prevent the use of energy and nutrients in malnourished children or adults. 	Comment by KNOL Jan: Dysbiosis as a concept is heavily debated… Willem hates it…. But probably good to spend a few sentences on this.	Comment by MARTIN Rocio: Maybe we can add a definition, we don’t do it

The opposite of dysbiosis, the healthy microbiota, is moreis difficult to define than as the healthy microbiota is very individual and differs in diverge geographic locations. Thus, also the deviations are varying depending on location, genetic background and environmental conditions. Indeed, the microbiota forms often a moving target for any preventive and therapeutic measures. As we currently do not know whether the changes in the microbiome underlie the pathogenesis of non-communicable diseases or whether they are merely a result thereof. The reference of the healthy microbiota, as target for nutritional interventions aiming at reducing the risk of disease, may only be obtained from laborious prospective assessment of healthy infants who also remain healthy in a reasonably long-term follow-up. Whether the definition achieved remains applicable to the rapid environmental evolution is another open question.
 Also, the state of dysbiosis may be modified by specific probiotics targeted to influence the microbiota in different parts of the gastrointestinal tract or specific probiotics may prevent the formation of dysbiosis.
 
What is known

· Early microbial colonization is key on promoting and maintaining health
· Maternal microbiota forms the first microbial inoculum for infant microbiota development
· Diet (prebiotics, probiotics, and synbiotics and postbiotics) and hygiene play an important role on influencing microbiota composition and diversity
· Microbial aberrancies or deviations or the state of “Dysbiosis” are linked to higher risk of development of non-communicable diseases
· Malnutrition refers to deficiencies, excesses or imbalances in a person’s intake of energy and/or nutrients. (WHO definition)
· Overnutrition is used to refer an imbalance between energy consumption and expenditure
· Undernutrition is used to refer to lack of energy and/or nutrients, and can be wasting, stunting, underweight, or deficiencies in vitamins and minerals



Introduction

The recognition of gut microbiota as the central environmental factor for human health is now generally accepted. It is also understood that the microbiota has  an important role in programming for later health or disease. This phenomenon is especially important in pregnant mother and newborn infants – focusing on the first 1000 days of life. This early infant microbial colonization is of key importance since it provides essential stimuli for host maturation when many newborn functions are not fully mature yet. Animal studies have demonstrated that the lack of an adequate microbiota may hamper many host functions and that restoration of that microbiota in early life, but not later on during adulthood, is effective in normalizing those functions (Cho et al. 2012, Olszak et al. 2012, Cox et al. 2014). Therefore, the currently available evidence suggests that the infant rely on the early microbiota establishment to reach the physiological homeostasis. Unfortunately, the process of microbial colonization is complex and still not well understood. Whereas some driving factors have been studied others are yet to be defined. The scientific attempts to identify these factors have opened new questions and challenged our previous understanding of the microbiota-host relationship. A good example is given by recent studies questioning the microbial sterility during foetal life or demonstrating the presence of a normal microbiota in human-milk.

DEVELOPMENT OF HUMAN GUT MICROBIOTA

Colonization in utero

Our thinking of the initial establishment of the gut microbiota has changed. The fetus has been long time considered sterile but this idea is now being challenged. Pregnancy is linked to different physiological changes aimed at supporting the correct development of the fetus and the infant.  A shift in gut microbiota of a pregnant mother towards a pro-inflammatory profile takes place  during late pregnancy or the third trimester of pregnancy (Nuriel-Ohayon et al. 2016). In a similar manner Koren and coworkers  (2012) reported that gut microbiota changed dramatically from first (T1) to third (T3) trimesters, with vast expansion of diversity between mothers, an overall increase in Proteobacteria and Actinobacteria, and reduced richness.

 In the process the permeability of the mother’s intestinal wall to microbes is altered and the microbiota change to a more pro-inflammatory one. This phenomenon has been suggested to facilitate bacterial translocation in the mother gut and therefore mother-to-infant transfer of intestinal microbes (Perez et al. 2007) which is further supported by the detection of low levels of bacteria in umbilical cord blood (Jimenez et al. 2005). The mother likely provides the inoculum for microbial colonization already in utero. The exposure to microbes is initiated earlier than even understood, in fact even the fertilisation process may be influenced by vaginal and semen microbiota. It has been reported that that the amniotic fluid, as well as the placenta, has a certain microbiota architecture. This intrauterine microbiota is characterised by low numbers of bacteria and dominance of Proteobacteria (Aagaard et al. 2014, Collado et al. 2016). There are differences in results linked to the analyses of samples with very low bacterial loads: some authors detect microbes in amniotic fluid in healthy term pregnancies attributing the findings to methodological artefacts or contaminations (Lim et al. 2018). Nevertheless, the colonization of the foetus is also evidenced by the detection in meconium samples of an early microbiota dominated by Firmicutes and also presenting high relative proportions of Proteobacteria (Tapiainen et al. 2018). 	Comment by MARTIN Rocio: Comment from Jan, may be the paragraph below is then ok?
Despite the increasing evidence, the occurrence of an intra-uterine seeding and/or the role that may play in the early colonization process is still under debate. What it remains clear is that the massive microbial colonization begins after birth and that the vertical mother-to-infant transmission of strains is crucial for the early colonization process.  (Ferreti et al., 2018, Yassour et al., 2018)





Mode of delivery
A large exposure to different bacterial species during the neonatal period is facilitated by the mode of delivery: vaginally delivered infants are exposed to microbes from vagina, among others Prevotella and Lactobacillus and also the genera Bacteroides, Bifidobacterium, Parabacteroides and Escherichia. The maternal gut is an important source of bacteria; 72% of gut bacteria in vaginally delivered new-borns derive from maternal intestine compared to 41% in newborns delivered by caesarean section. Therefore, infants delivered by caesarean section may be colonized by bacteria associated with the maternal skin and mouth or the maternal environment. 

Several studies report reduced faecal abundance of Bacteroides or reduced diversity of Bacteroidetes phylum in infant gut following caesarean section delivery. In such cases, the faecal microbiome may consist of among others Enterobacter, Staphylococcus, including S. aureus, Streptococcus and Veillonella. Bifidobacterium species generally tend to be less abundant in caesarean born infants compared to vaginally delivered infants. Cesarean born infants also harbour more Clostridium difficile and this may be one species that introduces imbalances in microbiota by clostridium overgrowth and maybe even toxin production. WHO states that the index of deliveries performed by cesarean section was 6%, in 1980 and tripled to 18.6% in 2016 (WHO 2018) The influence of mode of delivery on the developing microbiota is, of great importance especially since about 20% of the infants are born by C-section. Although a large country-to-country variability exist, the WHO (20185) indicates that CS may be beneficial  in about 10 15% % of the cases, and therefore rates over 10% indicate an unnecessary use of  C-section. The altered gut microbiota establishment process in cesarean born infants, as compared with babies born by vaginal delivery (Dominguez-Bello et al. 2010, Backhed et al. 2015) may, at least partially, explain the less beneficial health outcome of the former group of infants which have an increased risk of allergic disease, celiac disease, obesity or type-1 diabetes, among others (Arboleya et al. 2018). 	Comment by MARTIN Rocio: Do we have a reference for this? It seems low to me

Type of feeding
After birth, the type of feeding (breast feeding or formula feeding, introduction of solid foods) directly shape the microbiota influencing both diversity and richness. Breast feeding generally favours the predominance of bifidobacteria in the infant gut and the composition and activity of bifidobacteria together with lactic acid bacteria form the basis of microbiota development. During infancy, the most important step of the colonization process is facilitated by rapid succession of anaerobic bacteria including genera Bifidobacterium, Eubacterium, Clostridium and increases in Bacteroides species. Different species of Bifidobacterium can reach up to 90 % of the total faecal microbiota in breast-fed infants during the first year of life. Frequently the Bifidobacterium microbiota comprises B. breve, B. infantis and B. longum species, whereas the most common Lactobacillus in breast-fed and formula-fed infant faeces are usually related to the Lactobacillus acidophilus group or Lactobacillus gasserii. 
The different microbiota composition of breastfed infants is due to the components of human milk. Human milk contains both a rich microbiota and a large number of human milk oligosaccharides, which direct the colonisation process by being either promoters for some bacteria or decoy molecules for specific pathogens. The composition of microbiota and oligosaccharides varies in different geographic areas (own studies India, China, South Africa, Europe). In addition, the content of polyamines in human milk may have an impact on microbiota composition in both human milk and the infant gut (Gómez-Gallego et al., 2014 Brit J Nut; Gómez-Gallego et al., 2017 Ann Nutr Metab).  
In addition, breast-feeding also exposes the infant to the mother’s skin bacteria and some environmental bacteria via the skin. A more detailed description of the human milk composition and its impact on the infant gut microbiota can be found in chapter Y 

Weaning causes a rapid and major change in the gut colonization process and starts to guide the microbiota composition and activity towards adult microbiota. Cessation of weaning little by little abolishes differences between breast-fed and formula-fed infants. At the same time, the numbers of Bacteroides, Clostridium and other anaerobic cocci increase, with increases in numbers of E. coli, and enterococci. During this phase, quick changes and fluctuations take place particularly in Bacteroides species which are able to harvest energy from fibre components of diet.  During the second year of life, the steps in microbiota composition include increasing diversity and increases in Bacteroides, Veillonella and Fusobacterium. The numbers of unculturable or unidentifiable microbes also increase making the characterization of complete microbiota more challenging. Nevertheless, children appear to harbour higher numbers of bifidobacteria and enterobacteria than adults for some time until the microbiota becomes similar to that in adults.


Gestational age
While in full-term infants delivery and feeding mode are reported the major drivers of microbiota development, in preterm babies gestation time is a strongest factor determining the gut microbiota assembly process (La Rosa et al. 2014, Backhed et al. 2015). Preterm neonates have to overcome important challenges at the beginning of life, they have immature intestinal, immune, respiratory and neurological systems. Moreover, they often stay at the hospital for a long period and have a large exposure to antibiotic and other treatments such as artificial respiration or feeding. All these factors, often concomitant to prematurity, will affect the acquisition and development of the microbiota. These infants present a delayed colonization with commensal anaerobes such as Bifidobacterium or Bacteroides whilst they present increased levels of Enterobacteriaceae, and other potentially pathogenic microorganisms (Arboleya et al. 2015, Cong et al. 2016). Similarly to any other infant group, defining the normal or standard microbiota of preterm infants is still a challenging but identifying the key differences with healthy full-term infants is of importance for the development of future intervention strategies to favor a proper microbiota development in premature baby. Moreover, these alterations can have an effect on both short and long-term health.  Indeed, microbiota alterations have been related to the risk of diseases, such as infections or necrotizing enterocolitis (NEC) in these infants. An increase of proteobacteria has been linked to an increasing on the inflammatory immune response with a concomitant increase in the risk of development NEC or sepsis (Collado et al. 2015). However, specific alterations related to NEC development cannot be defined yet, with the available studies showing some contradictory results (Berrington et al. 2013, Torraza & Neu 2013, Stewart et al. 2016). Similarly, some studies have reported alterations on the microbiota of infants that later develop late onset sepsis when compared with healthy counterparts (Madan et al. 2012, Mai et al. 2013). Nevertheless, the evidence available at the moment does not allow establishing firm conclusions regarding the specific microbiota alterations related to infection or NEC risk in neonates.

Antibiotic use	Comment by MARTIN Rocio: Jan added this comment:
Be specific? Mother or child, prophylaxis or treatment, type of antibiotic. Make link strong with obesity (Blaser..)?

But i think that the re-organisation of the paragraph makes it clear now?
Antibiotics have been reported to significantly deviate early gut colonization profiles with relatively long-lasting effects, which result in reduced diversity and especially low abundance of Actinobacteria. 	Comment by MARTIN Rocio: Do we need to mention that bifidobacterium is included here? 
As stated above during the gestation the mothers microbiota suffers different changes (Nuriel-Ohayon et al. 2016) which may impact in the vertical transmission of microorganisms to the infant. Therefore, any modification induced during pregnancy, such as pregnancy complications, medical interventions, and even diet etc., may alter the establishment of the microbiota in the infant (Chernikova et al. 2016, Lundgren et al., 2018). In this context antibiotics are among the most commonly used medical drugs and their use during pregnancy may affect the maternal microbiota and impact the microbial colonization of the  newborn. Indeed, animal studies demonstrate the impact of gestational antibiotics upon the neonatal intestinal microbiota and immunity (Tormo-Badia et al. 2014, Munyaka et al. 2915). Although different studies show slightly different effects, likely dependent on the antibiotics used and the time of administration, in general antenatal antibiotics appear to reduce the levels of Lactobacillus increasing those of Proteobacteria (Khan et al. 2016). Antibiotics also constitute one of the most frequently used intrapartum drugs, being estimated to be present in over 30% of deliveries (Van Dyke et al. 2009). Several studies conducted during the last years indicate that intrapartum antibiotics alter the establishment of the microbiota in both preterm (Arboleya et al. 2015) and full-term babies (Arboleya et al. 2015, Mazzola et al. 2016, Nogacka et al. 2017), increasing the levels of Enterobacteriaceae and reducing those of intestinal anaerobes such as Bacteroides or Bifidobacterium. Later on, during the early postnatal period the administration of antibiotics may also alter the microbiota of the infant (Fouhi et al. 2012, Bokulich et al. 2016). Antibiotic use appears to have most pronounced impact on microbiota composition in infants born by caesarean section delivery and receiving multiple antibiotic courses during the first year of life. Consequences of neonatal antibiotic exposure have been reported to include among others increased abundance of proinflammatory Proteobacteria and significantly reduced numbers of bacteria of phylum Actinobacteria. More specifically antibiotic treatment appears to lead to low numbers of potentially protective bifidobacteria. These deviations are long lasting and may have a significant role in programming the infants towards overweight and obesity development and also increased risk to develop allergies. This is of great importance since antibiotics are the most common early-life medication and by the age of 2 years more than half of the infants have received them, with potential long-term consequences on the intestinal microbiota and later health (Nogacka et al. 2018; Neuman et al.,  2018)
  

Impact of colonization

Early microbial colonization has key impact on infant health through nutritional, immunological and metabolical programming. The concept of 1000 days and long-term impact are described in chapter Y. This chapter suggests that the early life has a specific window of opportunity for modifying gut microbiota towards a healthy consortium with long-term impact on reducing the risk of microbiota associated diseases.
Lifestyle changes in the last century such as moving from rural to urban areas, increased c-section deliveries, stress, pollution and medication use have impacted the gut microbiota composition across generations. As we know now, baby girls of today are the mothers of the future, they are evolutionary programmed to inoculate their babies and thus, changes in her microbiota composition will be transmitted generation to generation and may explain the rise of NCDs rates expected in the coming decade. Strategies aiming at protecting the early colonization process may have long-term impact not only on the individual but also on the society.

Summary

The importantce of microbiota to health and disease has become an accepted scientific fact. Therefore, shaping of the early microbiota by the first colonizers plays a key role in the succession microbes and development of the ecosystem.   Such developments clearly impact the long-term composition and activity of the microbiota with an impact on early and later health. The original microbiota develops and proliferates dependent on host genetic characteristics and diet and geographic location. Considering the importance of the microbiota for the human immune, metabolic, and neurological systems, it is important to understand the dynamics and driving determinants of this development especially during the first 1000 days but also thereafter. 
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Figure 1. Factors deviating microbiota from the normal development and causing dysbiosis.
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Figure 2. Differences in microbiota development and succession in infant from normal weight mothers versus overweight mothers.
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Figure 3. Some defined roles of microbiota and microbial metabolites in human health	Comment by KNOL Jan: Nauta et al. 2013 Am J Clin Nutr 98 586-593
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POTENTIAL NOVEL PROBIOTICS…
•Examples: 
• Clostridium butyricum*
• Bacteroides xylanisolvens*
• Akkermansia muciniphila
• Bacillus cereus
• Enterobacterium halleii
• Faecalibacterium prausnizii
• Fructophilic lactic acid bacteria
• Butyricicoccus pullicaecorum
• * EFSA assessed safety as novel food
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