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Abstract 

Diet is a key factor in shaping the composition and function of the colonic microbiota, which in 

turn has a strong influence on human health. The transition from breastmilk to solid foods (weaning) 

is critical for the maturation of colonic microbes. However, this period is often overlooked in diet-

microbiota research, and the effects of many complementary foods on the infant colonic microbiota 

remain uncharacterised. This thesis aimed to identify foods that support the development of the 

colonic microbiota in weaning infants using a combined in silico and in vitro approach. 

Computational modelling tools are emerging tools to rapidly and inexpensively study 

interactions between dietary compounds and gut microbial communities, generating preliminary 

insights that can be further evaluated experimentally. A metagenome-scale community metabolic 

model was employed to predict the effects of 89 foods commonly introduced to New Zealand weaning 

infants on infant colonic microbiota composition and function, using faecal sample data as a proxy. 

Foods with the greatest impact on short-chain fatty acid production when combined with breastmilk 

were identified, notably foods rich in fibre and polyphenols. 

The effects of these identified foods on the colonic microbes of New Zealand weaning infants 

were further evaluated in vitro through food digestion and faecal fermentation. Foods were tested 

individually or combined with infant formula, other foods, or both, resulting in 53 samples. 

Blackcurrants, raspberries, and strawberries resulted in the greatest microbial production of acetate 

and propionate, also increasing the relative abundance of saccharolytic bacterial genera. Similarly, 

black beans, when combined with infant formula, resulted in the greatest butyrate production and 

increased the relative abundance of bacteria specialising in degrading complex plant polysaccharides. 

These foods are promising candidates for future intervention trials involving weaning infants. 

The knowledge generated by this thesis can guide the design of future diet-colonic microbiota 

studies, ultimately contributing to improved nutritional recommendations and food formulations for 

weaning infants. Additionally, by assessing the predictive accuracy of the metagenome-scale 

community metabolic model, this thesis highlighted the limitations of current modelling approaches 

but also their potential in accelerating diet-colonic microbiota investigations when combined with 

traditional methodologies.  
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fermentation assays with mathematical modelling to investigate a critical yet often overlooked topic 

in colonic microbiota research: the effects of complementary foods on the composition and function 

of the colonic microbiota in weaning infants.  

1.1. Thesis structure 

The literature review highlights the need for a better understanding of how dietary choices 

influence the colonic microbiota of weaning infants, as well as the potential of mathematical models 

to provide insights into interactions between dietary compounds and colonic microbes. In alignment 

with this, Chapter 3 systematically evaluates clinical evidence on the effects of complementary foods 

on the colonic microbiota during weaning. Given the limited number of studies on this topic, the 

primary goal of this thesis was to employ a combined in vitro and in silico approach to characterise 

the effects of common foods on the colonic microbiota of weaning infants, aiming to identify foods 

that support the adequate development of the infant microbiota. 

To determine the most appropriate modelling tool for this task, Chapter 4 presents a qualitative 

assessment of various modelling strategies. Chapter 5 describes the in silico screening of the effects 

of complementary foods on the colonic microbiota of New Zealand weaning infants, focusing on 

microbial function. Foods and food combinations with the greatest predicted influence on SCFA 

production were identified and then evaluated in vitro, as reported in Chapter 6. An additional 

objective of this thesis was to assess the predictive accuracy of the modelling tool in identifying foods 

that support the infant colonic microbiota in vitro. Chapter 7 compares in silico predictions with in 

vitro measurements, offering experimental validation. The structure of this thesis is illustrated in 

Figure 1.1. 
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Figure 1.1. Overview of the thesis structure.  
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Figure 2.1. Fermentation of dietary compounds by the colonic microbiota. Metabolites in blue benefit the host, while those in red are 
potentially deleterious. A decrease in carbohydrate fermentation is observed from the proximal to the distal colon, mainly producing SCFAs and 
gases. On the other hand, the fermentation of amino acids, fats, and phytochemicals increases from the proximal to the distal colon. Microbial 
fermentation of amino acids produces SCFAs, BCFAs, biogenic amines, hydrogen sulphide (H2S), and ammonia. Fermentation of dietary fats is 
involved in trimethylamine production, whereas the fermentation of polyphenols leads to the generation of multiple bioactive molecules.  
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abundance of the genera Lactobacillus and Bifidobacterium (99). Furthermore, another systematic 

review, including in vivo and in vitro studies, reported that exposure to colourants, sweeteners, 

emulsifiers, and preservatives is linked with perturbations in the colonic microbiota and adverse 

health effects (100). These findings highlight the need for further research and support 

recommendations to reduce the consumption of ultra-processed foods (101). 

Another topic that requires further research is the interplay between micronutrients and the infant 

colonic microbiota. Vitamins are mostly absorbed in the upper small intestine, while minerals 

typically have lower bioavailability and reach the colon in greater amounts (102). Colonic microbes 

influence micronutrient levels by synthesising vitamins and modulating mineral absorption 

(103,104). In turn, micronutrients affect their composition and function. For instance, a systematic 

review of observational human studies reported that vitamin B12 supplementation may increase the 

alpha diversity of the faecal microbiota in adults and older adults, but not in infants (105). In contrast, 

iron supplementation in infants, commonly used to combat malnutrition, may increase the faecal 

abundance of pathogens like the Escherichia-Shigella group, as observed in randomised controlled 

trials profiling the microbiota using 16S rRNA gene sequencing (106,107). 

Current nutritional guidelines recommend introducing infants to a diverse range of 

complementary foods (101,108). Consistently, faecal microbiota observational studies have shown 

that greater dietary diversity during weaning is associated with increased microbial diversity and 

richness (80,109). Importantly, dietary diversity in infancy is essential to prevent nutrient deficiencies 

often linked with monotonous diets, which can contribute to perturbations in the colonic microbiota 

and subsequent elevated risk of disease (110). In line with these recommendations, various fruits, 

vegetables, and wholegrains are recommended for weaning infants (101,108,111). These foods are 

sources of vitamins, minerals, complex carbohydrates and phytochemicals, leading to beneficial 

alterations in colonic microbes (Table 2.1). Phytochemicals have recently attracted attention in 

colonic microbiota research for their ability to support the growth of beneficial taxa and inhibit 

pathogens (112), in addition to having anti-inflammatory and antioxidant properties. Polyphenols are 

the most prominent phytochemicals, with less than 10 % absorbed in the small intestine and the 

majority reaching the distal colon, where they may be converted into more bioactive and bioavailable 

molecules by colonic microbes (113,114). This microbial conversion is associated with various health 

benefits to the host, such as cardioprotective and anti-metabolic syndrome effects, as observed in 

adults (115,116).  

Wholegrain infant cereal interventions in weaning infants increased the faecal abundance of 

SCFA-producing bacteria, such as the genus Bacteroides, while reducing the abundance of pathogens 





 

15 
 

gene sequencing (87). In turn, the fermentation of bovine milk for ten hours using faeces from infants 

at weaning age increased the abundance of taxa from the Bifidobacterium genus in vitro (86). 

An observational trial profiling the microbiota of weaning infants by 16S rRNA amplicon 

sequencing reported that dietary patterns characterised by the consumption of foods rich in protein 

and rich in fibre, such as meats, cheese, and wholegrain bread, have been positively correlated with 

the increased faecal abundance of taxa from the Lachnospiraceae family, decreased abundance of 

taxa from the Bifidobacteriaceae family, and increased microbial alpha diversity (80). On the other 

hand, the consumption of diets rich in fat but low in carbohydrates has been associated with reduced 

faecal levels of SCFAs and increased abundance of pathogens in post-weaning infants (121). Dietary 

fats are normally well-digested and absorbed, with less than 5 % of ingested fat reaching the colon 

(122). Importantly, their influence on colonic microbes depends on their type: as concluded by a 

systematic review of adult studies, saturated fatty acids are associated with reduced colonic 

microbiota richness and diversity, whereas polyunsaturated fatty acids do not exhibit this effect (123). 

Furthermore, certain fatty acids have anti-microbial activity and can reduce the abundance of 

pathogenic taxa (124). In this context, the Mediterranean diet, rich in polyunsaturated fatty acids from 

olive oil, was recently adapted to children (aged 3 and older) to help prevent obesity and 

cardiometabolic diseases in infancy and later life. The adapted diet emphasises the daily consumption 

of fruits, vegetables, legumes, nuts, wholegrains, olive oil, and dairy, along with weekly consumption 

of fish, eggs, and meat (125). 

2.5.2 Adulthood 

The complete maturation of the colonic microbiota is believed to occur around three years old 

(126). Nevertheless, evidence suggests its continued functional and compositional development 

during childhood and adolescence (18,127). Compared to other life stages, more is known about the 

influence of dietary patterns on the colonic microbiota of adults. This topic has been extensively 

reviewed in recent publications (1,128,129). Therefore, only the impact of common diets on the 

colonic microbes of adults is briefly discussed here (Table 2.2). However, it is important to 

acknowledge that definitions of dietary patterns vary considerably across the literature, particularly 

in relation to the frequency of specific food consumption (130), which may influence the colonic 

microbiome and complicate comparisons across studies. 

Observational trials reported that Western diets (rich in fat, protein of animal origin, and simple 

sugars, and low in complex carbohydrates) were associated with increased faecal abundance of the 

genera Alistipes, Bacteroides, and Penicillium, and fewer methanogenic archaea, resulting in higher 
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expression of microbial genes related to bile acid metabolism, amino acid fermentation, and 

production of BCFAs (25,131,132). Adherence to this dietary pattern is linked with increased 

susceptibility to chronic inflammatory, intestinal, metabolic, neurological, and cardiovascular 

diseases (133). Consistently, diets high in protein but low in carbohydrates (30 % protein, 35 % 

carbohydrate, and 35 % fat as calories) and high-fat diets (40 % fat as calories) have been linked with 

perturbations in the colonic microbiota and adverse health outcomes in adults (17,49,134). These 

findings are supported by a systematic review concluding that increased intake of saturated fatty 

acids, predominantly found in animal-based foods, is associated with reduced colonic microbiota 

richness and diversity in adults (123). Recently, diets rich in industrially processed food and low in 

fibre from plants have been associated with colonic microbiota perturbations, an altered profile of 

plasma metabolites, and an increased risk of disease development, including metabolic disorders and 

colorectal cancer (50,135). 

On the other hand, diets predominantly based on plants, like vegan and vegetarian diets, are 

associated with a higher faecal abundance of saccharolytic taxa and enrichment of microbial genes 

involved in complex carbohydrate degradation and production of SCFAs (25,132). Notably, colonic 

microbiota alterations in adults due to adherence to plant-based diets have been linked to protective 

effects against metabolic and cardiovascular diseases (136). Recently, adherence to a plant-based 

African heritage diet and consumption of a traditional fermented beverage were associated with lower 

levels of circulating inflammatory biomarkers in healthy adults (137). These effects may be explained 

by the high content of non-digestible carbohydrates and polyunsaturated fatty acids in these diets. A 

meta-analysis concluded that non-digestible carbohydrates support the growth of saccharolytic 

commensals and stimulate beneficial microbial cross-feeding interactions in adults, producing SCFAs 

(12). Additionally, the consumption of polyunsaturated fatty acids has been linked with beneficial 

alterations in colonic microbiota composition in both observational and interventional trials 

(138,139). 

However, a cross-sectional study found no differences in the faecal concentration of SCFAs and 

BCFAs between vegans and omnivores (who consumed at least three servings of meat per week) 

(140). Furthermore, omnivores had higher faecal alpha diversity measured by the Shannon index 

(140). Consistent with these findings, flexitarian diets (primarily plant-based but including occasional 

meat, fish, and dairy) have been associated with increased faecal alpha diversity and abundance of 

beneficial taxa in adults (2,141,142). These findings suggest that moderate consumption of animal 

products (e.g., at least three times per week, as indicated by the studies cited) alongside a plant-rich 

diet may offer additional benefits to the colonic microbiota.  
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In this context, the Mediterranean diet is a prime example of a healthy dietary pattern. This diet 

is typical of countries around the Mediterranean basin, varying according to the region. It traditionally 

consists of a high consumption of fruits, vegetables, and olive oil (at least two servings per day), daily 

intake of dairy (two servings), along with a moderate intake of seafood and fish (two or more servings 

per week), and occasional consumption of lean meats (no more than two servings per week) (155). A 

recent systematic review of observational and interventional trials found that following the 

Mediterranean diet increased the alpha diversity of the colonic microbiota in adults (145). It also 

increased the abundance of the genera Faecalibacterium, Prevotella, and Bacteroides and the 

production of SCFAs, particularly acetate and propionate (145). Additionally, adherence to the 

Mediterranean diet has been associated with lower mortality rates (146). Similarly, consuming 

fermented foods, including yoghurt, kefir, kimchi, and sourdough bread, is encouraged to provide 

health benefits. Adults consuming diets enriched in fermented foods (at least three servings per week) 

showed an increased faecal abundance of various Lactobacillus species, as well as increased 

production of conjugated linoleic acid (147). Furthermore, the intake of fermented foods has been 

associated with increased faecal alpha diversity and lower levels of circulating cytokines (148). 

These observations highlight the importance of a balanced and diversified diet to nourish the 

adult colonic microbiota, aligning with current nutritional recommendations (101). Conversely, 

restrictions on macronutrients, notably carbohydrates, are associated with perturbations in the colonic 

microbiota, raising concerns about the potential long-term deleterious effects of such restrictions 

(156). Restricted diets are typically recommended for managing pre-existing medical conditions. For 

instance, the low FODMAP diet, characterised by low consumption of rapidly fermentable 

carbohydrates, is recommended for individuals with disorders of gut-brain interaction (formerly 

known as functional gastrointestinal disorders) to alleviate discomfort (149). However, a systematic 

review and a meta-analysis of interventional studies concluded that this diet reduces the faecal 

abundance of the genus Bifidobacterium in adults with irritable bowel syndrome (150). 

Similarly, gluten-free or low-gluten diets are recommended for individuals with coeliac disease 

or gluten sensitivity. In healthy adults, adherence to these diets has been associated with decreased 

faecal abundance of the genera Bifidobacterium and Dorea and the family Veillonellaceae, and 

decreased expression of microbial genes involved in carbohydrate degradation (151,152). The 

ketogenic diet is characterised by high fat intake (70 to 80 % of total energy), moderate protein 

consumption (10 to 20 % of total energy), and restriction of carbohydrates (less than 10 % of total 

energy). Variants of this diet are sometimes recommended for individuals with epilepsy (for example, 

the medium-chain triglyceride diet) or those following a rapid weight-loss strategy (157). A 





 

20 
 

of the order Clostridiales, which includes butyrate-producing bacteria, and increased expression of 

pathways involved in polysaccharide degradation, according to an observational study employing 

shotgun metagenomic sequencing (170). Furthermore, an intervention trial reported that adherence 

to a polyphenol-rich diet (total polyphenols around 1300 mg/day) increased the faecal abundance of 

butyrate-producing bacteria, as profiled by 16S rRNA sequencing, and reduced blood pressure in 

older adults (171). 

In contrast, the systematic review of intervention trials found that high intakes of fat, protein, 

and simple sugars but low consumption of complex carbohydrates were associated with the growth 

of opportunistic pathogens, production of pro-inflammatory toxins, and frailty (168). Furthermore, 

an intervention study that profiled the faecal microbiota of older adults using 16S rRNA sequencing 

found that diets rich in fat but low in carbohydrates have been associated with decreased abundance 

of the genus Bifidobacterium (172). Consistently, a longitudinal study in older adults linked higher 

red meat intake to increased plasma concentration of trimethylamine N-oxide, a microbial metabolite 

associated with cardiovascular risk (173). These observations are consistent with results observed for 

young adults, highlighting the importance of a diversified diet primarily composed of fruits, 

vegetables, and whole cereals to nourish beneficial colonic microbes (Table 2.3). Additionally, 

evidence from a longitudinal study of more than 100,000 participants followed over 30 years indicates 

that long-term consumption of diversified diets is associated with longevity. Diets rich in plant-based 

foods, such as fruits, vegetables, wholegrains, and nuts, and including animal-based foods in 

moderation, like low-fat dairy, were associated with healthy ageing, defined as survival to the age of 

70 years with intact cognitive, physical, and mental functions, and without chronic diseases (174). 

However, increased protein consumption appears to be beneficial in older adults, who typically 

have slower protein digestion and absorption compared to younger individuals (175). For instance, a 

cross-sectional analysis of the faecal microbiota of older men, characterised using 16S rRNA gene 

sequencing, revealed that higher protein intake was associated with increased faecal alpha diversity 

(176). From a broad health perspective, a meta-analysis of observational trials concluded that protein 

intake was negatively associated with frailty in older individuals (177). Therefore, a daily intake of 

1.2 g protein/kg bodyweight, compared to the standard recommendations of 0.66-0.80, has been 

proposed to support good health and maintain functionality in older populations (178), without 

evidence of adverse effects on colonic microbiota composition and function (179). 
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of a prudent, plant-rich diet for healthy ageing, aligning with dietary patterns that support a balanced 

colonic microbiota across life stages. 

Interestingly, Estonian centenarians were also more exposed to animals and experienced lower 

sanitary conditions during their childhood (186). Similarly, early-life exposure to animals has been 

shown to contribute to the development of the faecal microbiota in infancy (56). Taken together, these 

findings suggest that early exposure to environmental microbes may play a crucial role in supporting 

the long-term balance of colonic microbiota throughout life.  

2.6 Dietary recommendations for nourishing a balanced colonic microbiota 

The evidence gathered in this chapter suggests that diets promoting a balanced colonic 

microbiota in infants post-weaning, adults, older adults, and centenarians share similar compositions 

(Figure 2.2). These diets are diverse and primarily based on plant foods, such as fruits, vegetables, 

and wholegrains. These foods are rich in complex carbohydrates, polyunsaturated fatty acids, and 

polyphenols, which support the growth of saccharolytic microbes, for example, taxa from the genera 

Bifidobacterium, Faecalibacterium, Prevotella, Eubacterium, and Ruminococcus, and the production 

of beneficial metabolites, such as SCFAs and conjugated fatty acids (12,112,139). Additionally, 

polyunsaturated fatty acids and polyphenols have anti-inflammatory and antioxidant properties, and 

their metabolism by colonic microbes may confer further benefits to the host (112,197). For instance, 

a two-month intervention in adults consuming cereals enriched with polyphenols, dietary fibre, and 

omega-3 fatty acids increased the faecal abundance of Bacteroides species while reducing faecal 

calprotectin levels, a biomarker for intestinal inflammation (198). 

In addition to plant-based foods, favourable diets also include moderate consumption of animal-

based foods, such as fish and lean meats (two to four servings per week). These foods are rich sources 

of essential amino acids and micronutrients, supporting colonic microbial diversity and contributing 

to meeting nutritional needs (140). Their consumption is particularly important for infants and older 

adults to promote physiological development and reduce disease risk (177). Daily consumption of 

fermented foods, such as fermented dairy, is also encouraged, as they contain lactic acid bacteria, 

supporting colonic eubiosis (147). Importantly, the intake of animal foods should be paired with the 

consumption of complex carbohydrates to mitigate excessive microbial fermentation of animal 

protein and fat. Notably, these recommendations for nourishing the colonic microbiota align with 

current dietary guidelines (101). 
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colonic microbes across different life stages is necessary to overcome some of the current limitations 

in diet-colonic microbiota research.  
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In the early stages of life, breastmilk promotes the growth of microbes capable of metabolising 

human milk oligosaccharides, notably bifidobacteria (211). At around six months of age, the 

introduction of complementary foods and the simultaneous reduction in breastmilk intake create 

conditions for other microbes to thrive (80,109). At this stage, the infant's gastrointestinal system is 

not yet fully developed (212). Macronutrients from complementary foods, especially complex 

carbohydrates and proteins, can reach the colon undigested. This promotes the growth of a myriad of 

new colonic commensals specialised in degrading these nutrients to produce, among other 

metabolites, SCFAs, like the genera Bacteroides, Clostridium, Prevotella, and Ruminococcus 

(3,56,61). 

Dietary changes during the weaning period gradually increase faecal microbial richness and 

diversity, supporting the complete maturation of the colonic microbiota, which typically stabilises by 

two to three years of age (126,213). At this stage, the infant microbiota is more stable, resembling the 

adult microbiota in composition and function (126). Acetate, propionate, and butyrate become the 

major SCFAs produced by colonic microbes, primarily contributing to gut health while also providing 

other benefits to the host (214). Changes in the colonic microbiota that occur during weaning may 

persist in the long term, ultimately influencing host health later in life (29,215). Therefore, weaning 

represents a unique opportunity to establish beneficial interactions between the host and its colonic 

microbes. 

Nevertheless, microbiota investigations traditionally focus on early infancy or adulthood, 

neglecting the weaning period. Limited knowledge exists about the effects of individual 

complementary foods on the colonic microbiota of weaning infants, and the question of the best 

complementary feeding practices for nourishing colonic commensals in this crucial stage of life 

remains unanswered. This systematic review investigated how complementary foods affect the 

composition and function of the colonic microbiota of infants (4-12 months old) to shed light on this 

knowledge gap in infant nutrition. Changes in faecal microbial diversity, relative abundance of 

bacterial taxa, and SFCA and BCFA concentrations were identified in response to clinical 

interventions with complementary foods.  

3.3. Materials and methods 

3.3.1. Search strategy 

This systematic review was conducted following the PRISMA (Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses) guidelines (216) and was registered on PROSPERO 

(CRD42023438679). The eligibility of studies was assessed using the PICOS (Population, 

https://www.crd.york.ac.uk/PROSPERO/view/CRD42023438679
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Figure 3.1. PRISMA flow diagram of literature search. 
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Study characteristics are summarised in Table 3.2. A total of 983 infants were enrolled in the 

identified studies (enrolment ranged from 45 to 355 participants), and their mean age at enrolment 

was approximately six months, ranging from four to nine months old. Trial intervention times ranged 

from two weeks to seven months, with three months being the most common trial length (3 out of 7 

trials). Studies were conducted in Africa (Mali and Malawi), North America (USA and Canada), 

Europe (Spain) and Central America (Nicaragua), with one study conducted simultaneously in two 

different countries: Nicaragua and Mali (218). 

The majority of the identified trials (5 out of 7) used plant-based foods as an intervention 

(81,83,88,218,219), including legumes (beans and cowpea, which is also known as black-eyed peas), 

rice bran, and commercial cereal products. Two studies used wholegrain cereals as an intervention 

(81,88). The effect of pureed meats (beef, pork, and poultry) on the colonic microbiota of infants was 

assessed by three studies (81,83,84) while dairy products (yoghurt, cheese, whey protein, and bovine 

colostrum) were used in two trials (84,220). One study assessed the combination of bovine colostrum 

with egg powder (220). In most studies (4 out of 7), other intervention products were used as controls 

(81,83,84,88), while two trials used a mixture of corn-soy flour (219,220) and one study used the 

absence of an intervention (218). 

All the identified studies used faeces to represent the colonic microbiota of infants. Faecal 

samples were collected at least three times in most of the trials (4 out of 7) (81,84,218,219), while 

three studies collected the samples only at baseline and at the end of the intervention (83,88,220). 

The colonic microbiota composition was determined by 16S ribosomal RNA amplicon sequencing in 

all studies, mainly through amplifying the V3-V4 regions, while one study amplified all nine variable 

regions (220). Bioinformatic tools varied between studies; none used the same pipeline and reference 

database. QIIME (221) and its updated version, QIIME2 (222), were the most commonly used 

pipelines (3 out of 7 trials) (83,88,219), while SILVA (223) was the most employed reference 

database (4 out of 7 trials) (84,88,218,220). 
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Table 3.2. Characteristics of identified studies. 

Reference Study design Intervention Population Inclusion 
criteria  

Antibiotic 
usage during 

the trial  

Infant diet 
during the trial  

Dietary intake 
assessment 

Microbiota 
analyses 

Risk of 
bias 

Bierut et 
al. (2021) 

Randomised, 
blinded, 
placebo-

controlled 
trial (3-month 
intervention 

time). 
Collection of 

faecal 
samples at 

baseline and 
at the end of 

the 
intervention 
(9 and 12 
months of 

age) 

Bovine 
colostrum 

(5.7 g) with 
egg powder 
(4.3 g) twice 

daily. 
Corn/soy 

flour (15 g) 
was used as a 

control 

Malawian 
healthy 

breastfed 
infants (9-12 
months old, 

41 % female) 
(n = 277 
enrolled) 

Infants aged 9 
months living in 
the Limera and 

Masenjere village 
clusters without 

acute 
malnutrition or 
other medical 

conditions 
affecting normal 

growth 

Not reported 

It is unknown 
whether infants 
consumed other 

foods, 
breastmilk, or 
infant formula 
during the trial 

Survey of 
animal source 

food 
consumption 

and use of food 
supplements 

for 
malnutrition. 
Assessment at 
the entry of the 
study, during 

the intervention 
(weeks 2, 4, 8, 
and 12), and 

after the 
intervention 

(weeks 20 and 
32) 

DNA sequencing 
by 16S ribosomal 

RNA (all 9 
variable regions) 
using Illumina 

MiSeq platform. 
Bioinformatics 

using MVRSION 
pipeline and 
SILVA 132 

database (n = 263 
analysed at the 

end of the 
intervention) 

Low 
risk 

Krebs et 
al. (2013) 

Randomised 
controlled 

trial (3-month 
intervention 

time). 
Collection of 

faecal 
samples at 5, 
6, 7, 8, and 9 
months of age 

Wholegrain 
iron-fortified 
cereal, iron 
and zinc-
fortified 
cereal, or 

pureed beef 
(1-2 

servings/day) 

American 
healthy 

breastfed 
infants (5-9 
months old, 

60 % female) 
(n = 45 

enrolled) 

Infants from the 
Denver 

metropolitan 
region, with a 

gestational age of 
37-42 weeks, 

vaginally 
delivered, 

exclusively 
breastfed, 

without chronic 
conditions, and 

aged between 5-6 
months old 

Not reported 

In addition to the 
intervention, 

fruits, 
vegetables, 

teething biscuits, 
and unfortified 
cereals were 
allowed ad 

libitum. There 
was no 

consumption of 
infant formula 

Use of a 3-day 
food record 

questionnaire. 
Monthly 

assessment 

DNA sequencing 
by 16S ribosomal 

RNA (V1-V3 
regions) 

pyrosequencing 
using a genome 
sequencer FLX 

System. 
Bioinformatics 

using the Infernal 
RNA alignment 
tool and the RDP 

classifier 
database (n = 14 
analysed at 5 to 9 
months of age) 

Some 
concerns 
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Zambrana 
et al. 

(2019) 

Randomised 
controlled 

trial (6-month 
intervention 

time). 
Collection of 

faecal 
samples at 6, 

8, and 12 
months of age 

Rice bran (1-5 
g/day). The 

absence of the 
intervention 
was used as a 

control 

Nicaraguan 
and Malian 

healthy 
infants (6-12 
months old, 
45 % and 50 
% female, 

respectively) 
(n = 50 and 50 

enrolled, 
respectively). 
Malian infants 

were 
breastfed. 96 

% of 
Nicaraguan 

infants in the 
control group 
and 83 % in 
the rice bran 
group were 
breastfed 

Infants aged 
between 4-5 
months old, 

without diarrhoea 
episodes and 

antibiotics used 
in the last month, 

without prior 
hospitalisations, 

allergies, or 
immune-

compromising 
conditions 

Of the 47 
Nicaraguan 
infants, 25 

used 
antibiotics (14 
in the control 
and 11 in the 
intervention 

group). Of the 
48 Malian 
infants, 27 

used 
antibiotics (14 
in the control 
and 13 in the 
intervention 

group) 

In addition to the 
intervention, 

infants 
consumed other 
foods like staple 
grain porridges, 

soups, milk, 
fruits, juices, 

eggs, and fish. 
Nicaraguan 
infants also 
consumed 

breastmilk and 
infant formula, 
while Malian 
infants only 
breastmilk 

during the study 

Daily dietary 
records 

(measuring the 
consumption of 
the intervention 
as none, half, 

or all) 

DNA sequencing 
by 16S ribosomal 
RNA (V4 region) 

using Illumina 
MiSeq sequencer. 

Bioinformatics 
using mothur 
pipeline and 
SILVA 128 

database (n = 48 
Malian and 47 

Nicaraguan 
analysed at 8 and 

12 months of 
age). 

Metabolome 
analysis by 

UPLC-MS (at 8 
months of age) 

Some 
concerns 

DADA: Divisive Amplicon Denoising Algorithm. GC: gas chromatography. MS: mass spectrometry. MVRSION: Multiple 16S Variable Region Species-Level IdentificatiON. 
QIIME: Quantitative Insights Into Microbial Ecology. SINA: SILVA Incremental Aligner. UPLC: ultrahigh-performance liquid chromatography.  RDP: Ribosomal Database 
Project.
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Among the seven trials, only two assessed the metabolite production of the colonic microbiota 

(84,218). Zambrana et al. (2019) characterised the non-targeted metabolite profile of faecal 

samples at two months of intervention by ultrahigh-performance liquid chromatography-tandem 

mass spectrometry. Tang et al. (2023) measured faecal SCFAs and BCFAs at three different time 

points using gas chromatography-mass spectrometry. Out of the seven identified studies, three 

were found to have some concerns of bias (81,83,218), three had a low risk of bias (84,88,220), 

and one had a high risk of bias (219). The main source of bias in most studies was potential 

selection in reporting results, which corresponds to domain five of the RoB2 tool (Supplementary 

Figure 3.1). 

3.4.2. Influence of plant-based foods on the colonic microbiota of weaning infants 

Commercial cereals were the most used plant-based foods, being used as intervention products 

in three of the identified trials (81,83,88). Wholegrain cereals were used in two studies (81,88). 

Plaza-Diaz et al. (2021) evaluated the influence of cereals made with wheat, corn, rice, oats, barley, 

rye, sorghum, and millet on the colonic microbiota of Spanish infants not breastfed since at least 

four months of age. Two formulations were used during seven weeks of intervention, one rich in 

wholegrains (50 %) and the other rich in sugar (0 % wholegrains and 24 g of sugar/100g). In 

addition to the intervention, infants consumed infant formula and other foods. There was no 

consumption of human milk.  Of the 48 enrolled participants, 43 had their faeces analysed, 18 in 

the sugar-rich cereal group and 25 in the wholegrain cereal group. Infants did not use antibiotics 

during the intervention period. A permutational multivariate analysis of variance demonstrated 

that the cereal type had a small but significant effect on the faecal microbial composition of the 

samples (p = 0.029), explaining 2 % of the variance between samples. After the intervention, 

infants who consumed wholegrain cereal had a lower relative abundance of the Escherichia-

Shigella genus compared to those who consumed sugar-rich cereal. Longitudinal changes in the 

relative abundance of microbial taxa were also observed. The wholegrain cereal group showed an 

increase in the relative abundances of Bacteroides and Lachnoclostridium genera compared to the 

baseline. Both intervention groups had a decrease in the abundance of the Enterococcus genus and 

an increase in the abundance of the Veillonella genus by the end of the intervention. However, 

there were no differences in faecal microbial alpha diversity scores when comparing the end of the 

intervention values to the baseline values for both cereal groups (Table 3.3).
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3.4.3. Influence of meats on the colonic microbiota of weaning infants 

Three studies compared the influence of pureed meat versus other foods on the infant colonic 

microbiota (81,83,84). Krebs et al. (2013) allocated American breastfed infants to pureed beef or iron-

fortified cereals during a three-month intervention. Fruits, vegetables, teething biscuits, and unfortified 

cereals were allowed ad libitum, while there was no consumption of infant formula during the study. The 

study monitored the use of antibiotics during the trial but did not report it. No changes in the Chao1 

richness index were observed between groups, nor were there longitudinal changes in the microbial 

richness due to pureed beef consumption. On the other hand, infants who consumed pureed beef showed 

an increase in the relative abundances of the group Clostridium XIVa and a decrease in the family 

Enterobacteriaceae compared to baseline values. Consumption of pureed beef also promoted an 

increased abundance of the Clostridium VIXa group compared to the other intervention groups. 

A similar study design was used by Qasem et al. (2017) who introduced either pureed beef or iron-

fortified cereals to Canadian breastfed infants for two to four weeks. During the trial, infants consumed 

breastmilk, but it is unknown whether they consumed infant formula or other foods. The use of antibiotics 

during the intervention was not reported. Unlike the findings of Krebs et al. (2013), the authors reported 

that infants consuming pureed beef showed a longitudinal increase in microbial alpha diversity measured 

by the Chao1 richness index when compared to their baseline. At the end of the study, the pureed beef 

intervention group also exhibited a higher Chao1 index compared to the other intervention groups. 

However, no changes in the relative abundance of microbial taxa were observed due to pureed beef 

consumption. 

Tang and co-authors (2023) characterised differences in the colonic microbiota of American 

formula-fed infants consuming pureed meats (beef, pork, and poultry) or dairy-based foods from five to 

twelve months of age. In addition to the intervention, infants consumed infant formula, cereal, fruit, and 

vegetables ad libitum. There was no consumption of breastmilk. One infant in each group used antibiotics 

during the intervention. Of the 71 infants enrolled in the trial, 64 completed it, and 57 had their faecal 

composition and function assessed (27 in the meat group and 30 in the dairy group). A permutational 

analysis of variance indicated differences in microbial composition between intervention groups at the 

end of the study (p = 0.014). Alpha diversity indexes differed between groups at 12 months, with infants 

in the meat group having a higher Chao1 richness estimator (p = 0.002). A longitudinal increase in the 

Chao1 estimator was also reported for infants consuming pureed meats (Table 3.3). 





 

47 
 

foods ad libitum but not breastmilk. One infant in each group used antibiotics during the intervention. At 

the end of the seven-month intervention, infants allocated to the dairy group had an increased faecal 

relative abundance of the genus Akkermansia compared to infants who consumed pureed meats. Dairy 

product consumption also promoted longitudinal increases in the abundances of the genus Bacteroides 

and the order Clostridiales and decreases in the abundances of the genus Escherichia and the family 

Enterobacteriaceae, among other changes (Table 3.3). Increases in alpha diversity scores (Evenness and 

Shannon Diversity) were reported for the dairy group when comparing values at the baseline and the end 

of the intervention. On the other hand, no longitudinal changes in the concentration of faecal SCFAs and 

BCFAs were observed for the dairy group compared to its baseline, nor between intervention groups at 

the end of the study. 

Limited evidence exists regarding the influence of dairy foods on the colonic microbiota of weaning 

infants. One study reported that a mixture of bovine colostrum and egg powder increased the faecal 

abundance of the genus Eubacterium while decreasing the abundance of Lactobacillus compared to the 

control group. Another study found that the consumption of whey, cheese, and yoghurt increased the 

abundance of the genus Akkermansia compared to the control. Additionally, these dairy foods increased 

the faecal microbial richness compared to baseline values. 

3.5. Discussion 

This systematic review examined the effect of complementary foods on the composition and 

function of the colonic microbiota of infants at weaning age (4 to 12 months). Only a few clinical trials 

have evaluated the influence of early-life nutrition on the development of colonic microbes as infants 

transition from breastmilk to complementary foods. Seven studies met the inclusion criteria for this 

review, providing examples of the effect of plant-based foods, meats, and dairy foods on infant faecal 

microbial composition. 

The evidence collected by this review suggests that the consumption of complementary foods by 

infants promotes the colonic development of microbial taxa capable of metabolising complex 

carbohydrates and proteins, notably the genus Bacteroides (74,224). At the same time, the abundance of 

microbes commonly found in faeces in the early months of life, such as the family Enterobacteriaceae 

and the genus Escherichia, decreases. This effect was observed for all the sources of foods included in 

this review (plant-based foods, meats, or dairy products), suggesting a natural progression in the 

development of the colonic microbiota as the infant ages, which is not associated with consuming a 
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specific food item. This finding aligns with previous studies (80,225). However, it is important to 

acknowledge that the evidence collected in this systematic review lacked detailed dietary intake 

information regarding the intake of breastmilk, infant formula intake, and other complementary foods. 

This review also suggests that plant-based complementary foods have a lesser impact on the diversity 

of the infant colonic microbiota compared to meats and dairy products. At the end of all five studies 

using plant-based foods as intervention, no changes in faecal microbial diversity were observed between 

intervention and control groups. On the other hand, longitudinal increases in microbial richness were 

observed in two out of three trials that used pureed meats, and in one trial out of two that used dairy 

products. In agreement with this finding, the consumption of meats and cheeses was reported to be 

associated with increased faecal alpha diversity in infants, likely due to their relatively higher protein 

content (80). 

Commercial infant cereals were the most studied complementary plant-based foods (n = 3). Two 

studies reported that wholegrain cereal interventions during the complementary feeding period promoted 

the increased abundance of microbial taxa commonly found in adult faeces, like the order Bacteroidales, 

while reducing the abundance of potential pathogens, such as the genus Escherichia-Shigella, compared 

to baseline values. Similar outcomes were observed in vitro through the fermentation of wholegrain 

commercial cereals using a faecal inoculum from weaning infants, showing an increase in the abundance 

of the Bacteroidaceae family and a decrease in the abundance of the Enterobacteriaceae family (89).  

These changes in microbial taxa can likely be attributed to the high content of non-digestible 

carbohydrates in wholegrain cereals, particularly dietary fibre. Dietary fibres support the development of 

the colonic microbiota as they reach the colon undigested and are preferentially fermented by colonic 

commensals, producing, among other products, organic acids that ultimately impact host physiology 

(226,227). For instance, the SCFAs acetate, propionate, and butyrate have been extensively studied for 

their health benefits, including providing energy to colonocytes and supporting intestinal barrier function, 

among others (214). 

Longitudinal studies linking dietary patterns with the colonic microbiota of infants reported that 

fibre consumption, including the intake of infant cereals, is positively correlated with increased faecal 

concentrations of propionate at six months and alpha diversity at twelve months (3,90). Another study 

positively correlated complex carbohydrate consumption with the faecal abundances of the SCFA-

producing genera Ruminococcus and Lachnospira in infants aged six to twelve months (82). Although 
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weaning period plays a crucial role in the maturation of colonic microbes. The description of the evidence 

collected here sheds light on how a few complementary foods introduced to infants at the early stages of 

weaning affect their faecal microbial composition, contributing to filling a current knowledge gap in 

infant nutrition. Another strength of this chapter was the inclusion of randomised controlled trials, which 

are the gold standard methodology for assessing outcomes of dietary interventions.  

It is important to emphasise that although this review concentrated on the effects of individual 

complementary foods, introducing weaning infants to a diversified complementary diet is crucial for 

meeting their nutritional requirements and supporting the adequate maturation of their colonic 

microbiota. As recommended by dietary guidelines, diversity is a key factor in healthy complementary 

feeding patterns (101,108,228). Infants consuming a diverse diet are less likely to develop allergies and 

atopic diseases (248). In turn, infants who lack a varied diet at weaning are more prone to nutrient 

deficiencies, ultimately compromising their health status later in life (249,250). Regarding the colonic 

microbiota, longitudinal investigations have shown that increased dietary diversity during weaning is 

associated with higher microbial diversity and richness, contributing to stabilising the microbiota 

(80,109). 

One limitation of this chapter is that only seven trials satisfied the eligibility criteria. This was due 

to the scarcity of interventions assessing the impact of complementary foods on the colonic microbiota 

of weaning infants. However, a search strategy limited to only papers published in English excluded 

potentially eligible records in other languages, which may have contributed to the small number of 

included studies. Due to the lack of available data for the same food intervention, meta-analyses of the 

effect of complementary foods on the microbiota of weaning infants could not be performed. Instead, a 

narrative discussion of the results of the included trials was performed. The limited data on the same food 

interventions also compromised the synthesis capacity of this systematic review, highlighting the urgent 

need for more randomised controlled trials to evaluate the relationship between complementary foods 

and the colonic microbiota of weaning infants. 

One study reported considerable antibiotic usage during the trial, with 52 out of 95 infants receiving 

antibiotics (218). Additionally, three studies did not provide information about antibiotic usage during 

the intervention period (81,83,220). Antibiotics are known to alter the colonic microbiota composition, 

potentially confounding the effects of the dietary intervention (251). One trial included in this review 

had an intervention time lower than one month and may not have been long enough to capture persistent 
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changes in the colonic microbiota (83). Although there are no absolute guidelines about the duration of 

food intervention trials in microbiome research, evidence in adults suggests that short-term dietary 

interventions lead to rapid but temporary modifications in faecal microbial composition (25,252). 

Most of the identified trials (4 out of 7) compared the effect of one intervention against another in 

the absence of a relatively inert food used as a control (81,83,84,88). This approach makes it difficult to 

isolate the individual impact of each food on the colonic microbiota and may lead to confounding results 

and limited conclusions. One study analysed the faecal microbial composition of a small subset of 14 

participants from a total of 45 enrolled infants, reducing its statistical power and potentially leading to 

false conclusions (81). Additionally, three trials characterised the colonic microbiota of weaning infants 

as a secondary outcome, and did not analyse faecal samples from all infants or collection time points 

(81,88,220). 

Infants under six months of age were enrolled in four trials (81,83,84,88), including infants at four 

months (83,88). This contrasts with current complementary feeding recommendations, which 

recommend exclusive breastfeeding for around the first six months (101,108). Although this 

recommendation is flexible and can be adapted to each infant's needs, the colonic microbiota develops 

rapidly during the first year of life, and even a difference of a few months in age can lead to distinct 

compositions among infants (56,225,253). Nevertheless, parents may introduce their infants to 

complementary foods earlier than recommended. As observed by the Feeding Infants and Toddlers Study 

(2016), the largest dietary intake survey in infants and toddlers performed in the USA, only 15 % of 

infants aged 4-5.9 months were exclusively breastfed (254). Furthermore, the introduction of solids 

between four and six months is recommended for infants at risk of developing food allergies (101). Given 

this scenario, this chapter included trials involving infants aged at least four months. This is justified 

because it is likely that infants will be introduced to complementary foods at around four months of age. 

Importantly, Krebs et al. (2013) and Qasem et al. (2017) reported contrasting effects on the faecal 

microbial composition of infants for the same food intervention, either pureed beef or infant cereals. 

Regarding the effect of the pureed beef intervention, Krebs and co-authors (2013) observed changes in 

the abundance of microbial taxa but no changes in microbial diversity, while the latter noticed alterations 

in the microbial richness but not in the relative abundance of microbes (83). These contrasting results 

may be due to other key factors influencing the colonic microbiota in early postnatal life, such as mode 

of delivery, type of feeding (breastmilk versus infant formula), maternal diet, and geographical location 
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(62,63). The influence of these factors on colonic microbes reduces as the infant ages but is still evident 

in the early stages of weaning (26,255). 

In addition, several other host factors affecting colonic microbes, such as the circadian cycle and 

intestinal transit time, were not considered in the selected studies (225,256,257). Notably, while all 

studies included in this review assessed the dietary intake of participants, it is not evident whether 

changes in dietary intake over time, particularly for breastmilk or infant formula consumption, were 

accounted for in the microbiota analyses. This limitation is especially relevant for infant formula, as its 

consumption may increase during weaning as a replacement for breastmilk. 

In the example above, Krebs and co-authors (2013) recruited only vaginally delivered American 

infants, while Qasem and colleagues (2017) recruited Canadian infants delivered vaginally, by caesarean, 

and through other modes. It is worth noting that the trials included in this review were conducted in 

different parts of the world and that the geographical location of the infants will have influenced the 

colonic microbiota composition, as evidenced in infants and adults (26,258). The colonic microbiota also 

varies between individuals and within the same individual over time, potentially reacting differently to 

the same dietary intervention for each person (22,259). Furthermore, infants normally consume 

complementary foods alongside other foods, often in mixed meals, which may influence the digestion 

and absorption of nutrients and subsequent microbiota response. 

In addition, methods to characterise colonic microbes were heterogeneous among studies, limiting 

the comparison of the results. All trials used 16S rRNA sequencing but amplified different hypervariable 

regions, leading to potential disagreements in microbial taxa identification and resolution (260). Different 

bioinformatic pipelines and reference databases were used, which are likely to affect the taxonomic 

assignment and the estimation of the relative abundance and diversity scores of the microbial community 

(261,262). Identified trials used faecal samples to assess the colonic microbiota due to the ease of 

collection, transportation, and storage, and their non-invasive and cost-effective nature. However, faecal 

samples mainly reflect the microbial composition of the distal colon, failing to fully represent microbial 

communities free in the colonic lumen or attached to the colonic mucosa and other parts of the colon 

(200). 

Only one trial evaluated the influence of complementary foods on the production of both SCFAs 

and BCFAs by the colonic microbiota of infants (84). The lack of metabolite production analyses in most 

of the included studies is a crucial limitation of the existing data that raises questions about the potential 
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impact of observed changes in taxonomic composition on the overall functionality of the microbial 

community. It is important to note that evaluating the impacts of dietary interventions on the colonic 

microbiota requires more than just analysing microbial composition. Ultimately, understanding the 

functional aspects of the microbiota is more relevant for host health. Despite interindividual variations 

in the microbial composition, the colonic microbiota of healthy individuals has similar functions (4). On 

the other hand, imbalances in the production of microbial metabolites are associated with colonic 

dysbiosis and increased risk of disease (29,263,264). Further research, particularly studies using a multi-

omics approach to assess both the impact of foods on microbial composition and function, is necessary 

to better understand how introducing complementary foods affects the colonic microbiota in infants.  

3.5. Conclusions 

In conclusion, this chapter systematically included seven food intervention trials that assessed the 

influence of plant-based foods, meats, or dairy products on the colonic microbiota of weaning infants. 

The evidence collected suggests a natural progression in the increasing abundance of colonic microbes 

capable of metabolising complex carbohydrates and proteins as infants age, which does not seem to be 

related to the consumption of any specific complementary food. Two studies evaluated wholegrain 

cereals as an intervention, whereas three other trials investigated the effects of pureed beef. These foods 

increased the faecal abundance of microbes producing SCFAs compared to baseline values, with this 

effect observed in two trials for each food. Additionally, pureed beef increased faecal microbial richness 

in two studies. However, the conclusions of this chapter are limited by the small number of included 

studies and their varying methodologies and reported outcomes. Further research assessing the impact of 

complementary foods on both the composition and function of the colonic microbiota in weaning infants 

is essential to fill this knowledge gap in infant nutrition. 
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Chapter 4: Qualitative assessment of modelling tools for predicting the 

effects of dietary compounds on the human colonic microbiota 

4.1. Abstract 

Traditional in vitro and in vivo approaches for studying the colonic microbiota are time- and 

resource-consuming. Mathematical models are rapid, high-throughput, and inexpensive tools that can 

complement the understanding of the relationship between diet and colonic microbes. This chapter 

evaluated five modelling tools predicting the effect of dietary compounds on colonic microbial 

communities. The ordinary differential equation (ODE)-based models, microPop and microPopGut, were 

characterised by easy customisation and low computational requirements. However, their reductionistic 

approach limited their ability to represent the complexity and diversity of the human colonic microbiota. 

These models simulated dietary effects at low resolutions, considering only variations in total protein 

and carbohydrate content while overlooking the role of individual micronutrients and other 

macronutrients. A major drawback of ODE-based models is their reliance on microbial kinetic 

parameters, which are often unknown or poorly characterised experimentally, leading to assumptions or 

model fitting. In contrast, metagenome-scale community metabolic models (MGCMs) represent 

microbial community metabolism using genome information from individual microorganisms, thereby 

eliminating the need for predefined microbial kinetic parameters. These models are suitable for 

simulating the influence of detailed dietary fluxes on personalised representations of the colonic 

microbiota. The model MICOM stood out for its user-friendly workflows and for containing all necessary 

tools, from data processing to results visualisation, in a single package. In qualitative agreement with 

experimental data, MICOM predicted higher fluxes of SCFAs in the colonic microbiota of healthy adults 

consuming a high-fibre diet compared to those on a Western diet. The MICOM model is a valuable tool 

for generating insights into how dietary compounds affect the colonic microbiota, aiding in the design of 

future in vitro or in vivo experiments. 

4.2. Introduction 

The relationship between colonic microbes and host health has prompted investigations into how 

diet, a key modulator of colonic commensals, shapes the composition and function of the colonic 

microbiota (25,131). Most colonic microbiota investigations have been based on in vitro and in vivo 
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considered unsatisfactory. Computational intensity was assessed based on the time necessary to simulate 

on a standard desktop personal computer (Windows 10, processor 12th Gen Intel(R) Core(TM) i5-

1235U, installed RAM 16.0 GB). As a quantitative criterion, models that required more than four hours 

to complete a simulation were considered unsatisfactory. 

Ideally, models have been previously validated using in vitro or in vivo data, satisfying the validation 

criteria. However, this does not apply to GEM-based models, in which experimental validation is a 

current technical challenge [see review (294)]. To assess the prediction quality of the models, the 

microbial growth and metabolite production predicted in silico were qualitatively compared with in vitro 

or in vivo data. When quantitative comparison between in silico simulations and in vitro or in vivo data 

was possible, models in which predicted values differed by more than 50 % from experimental values 

were considered unsatisfactory. 

The capability of models to represent the impact of host diets on the colonic microbiota was assessed 

in two ways. Dietary resolution refers to the extent of the list of dietary compounds considered in the 

simulations. Models based on overly reductionist strategies, for example, those that only use total 

macronutrients instead of different types of carbohydrates, amino acids, and micronutrients, were 

considered unsatisfactory. Lastly, dietary influence was evaluated, which measures whether the model 

generates different outcomes under distinct dietary conditions. Quantitatively, models in which the 

predicted production of microbial metabolites changed by less than 10 % when diets with varying 

compositions were used in the simulations were considered unsatisfactory. This ensured that the models 

were able to represent the rapid response of colonic microbes to changes in host diet observed in vivo 

(25). 

4.4. Results 

The characteristics of the evaluated models are shown in Table 4.1. Overall, ODE-based models 

were characterised by easier installation and operation, as well as lower computational intensity, 

compared to GEM-based models. On the other hand, due to their reductionistic approach, ODE-based 

models were suitable only for small-scale or simplified representations of microbial communities. They 

accounted for the influence of only a few dietary compounds, resulting in low dietary resolution. GEM-

based models, although requiring additional software for operation and being less user-friendly, had a 

deep dietary resolution and predicted the influence of host diets on an extensive list of metabolites 

produced by colonic microbes. GEM-based models were selected as more promising candidates for 
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simulating the influence of diets on colonic microbes despite their notorious lack of experimental 

validation.  



   

63 
 

Table 4.1. Assessment of the models microPop, microPopGut, BacArena, The COBRA Toolbox, and MICOM. 

Model (year 
of 

publication) 
User-friendliness Computation 

intensiveness Validation Prediction quality Dietary 
influence Dietary resolution 

microPop 
(2018) 

Easy to install, 
operate, and 
customise 

It is not 
computationally 

intensive 
(simulations took 
around one minute 

to run). 10 
microbial 

functional groups 
were included in 
the simulations 

Predicted SCFA 
concentration was 

compared to in vitro 
continuous 

fermentation data 
(285), reporting 

similar profiles for 
butyrate 

concentration but not 
for acetate and 

propionate 

Predicted concentration of 
butyrate was inconsistent with 
the literature, with a ratio of 

acetate, propionate, and 
butyrate of 2:1:4x10-6 

Variations in 
total protein and 

dietary fibre 
content generated 

small changes 
(up to 11 %) in 

the concentration 
of SCFAs and 
predominant 

microbial 
functional groups 

Has low resolution, 
simulating only the 

impact of total 
protein, non-starch 
polysaccharides, 

and resistant starch 
in the diet 

microPopGut 
(2022) 

Easy to install and 
operate, but less 

customisable than 
microPop 

It is not 
computationally 

intensive 
(simulations took 
around 5 minutes 

to run). 10 
microbial 

functional groups 
were included in 
the simulations 

Predicted SCFA 
production was 

qualitatively 
compared with in 
vivo data (275). In 

agreement with 
experimental data, 

the model predicted 
increased butyrate 
production when 

increasing the 
amount of dietary 

fibre 

In agreement with previous 
studies, the model predicted 

increased biomass of the 
Bacteroides genus with 
increased dietary protein 

content and increased SCFA 
production with increased 

dietary fibre content 

Variations in 
total protein and 

carbohydrate 
content generated 
changes up to 37 

% in the total 
SCFA production 
and 81 % in the 

biomass of 
microbial 

function groups 

Has low resolution, 
accounting only 
for the effects of 

total protein, 
carbohydrates, and 
the resistant starch 

fraction 

BacArena 
(2017) 

Easy to install and 
operate, but 
difficult to 
customise 

Becomes highly 
computationally 
intensive when 

simulating larger 
microbial 

communities 
(simulations took 
up to 10 hours to 

run with 12 
microbes). 7 

microbial species 
were included in 
the simulations 

Predicted SCFA 
ratio was compared 
with in vitro data 

(286). Acetate ratio 
was consistent with 
experimental values 
(both ratios around 
0.7), but the model 
predicted a higher 

ratio of butyrate (0.2 
vs 0.1) and a lower 
of propionate (< 0.1 

vs 0.2) 

The ratio of predicted SCFAs 
was inconsistent with the 
literature. Under default 

simulation conditions, the 
proportion between acetate, 
propionate, and butyrate was 

approximately 10:100:1 
 

Not evaluated (an 
extensive 

literature search 
is necessary to 

define the 
parameters 

necessary for 
changing diets in 
the simulation) 

Has deep 
resolution, 

comprising the 
effect of various 
dietary substrates 

(e.g., 
micronutrients, 

amino acids, and 
sugars) 
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The COBRA 
Toolbox 
(2019) 

Requires 
additional 

software for 
installation and 

operation. 
Simulation 

conditions (dietary 
fluxes and 
microbial 

communities) are 
easily 

customisable. 
Requires prior 
bioinformatics 
knowledge for 

operation 

It is 
computationally 

intensive 
(simulations took 
around 3 hours to 
run). 10 microbial 

genera were 
included in the 

simulations 

Predictions were not 
validated 

experimentally 

The toolbox predicted SCFA 
fluxes that disagree with the 

ratio acetate:propionate:butyrate 
reported in the literature. 

Predicted fluxes of butyrate 
under both European average 
and high-fibre diets were zero, 

while fluxes of acetate and 
propionate were identical 

The model 
predicted 

identical SCFA 
fluxes under both 

European 
average and 

high-fibre diets, 
contrasting 

previous studies 
that reported 

increased SCFA 
production with 
increased fibre 
consumption 

Has deep 
resolution, using 
fluxes of various 

dietary compounds 
as input 

(approximately 80 
different 

compounds 
incorporated in the 

simulations) 

MICOM 
(2020) 

Requires 
additional 

software for 
installation and 
operation. Pre-

existing 
workflows 
facilitate its 
operation. 
Simulation 

conditions (dietary 
fluxes and 
microbial 

communities) are 
easily 

customisable 

It is 
computationally 

intensive 
(simulations took 
around 2 hours to 
run). 18 microbial 

genera were 
included in the 

simulations 

Predictions were 
experimentally 

validated using ex 
vivo faecal 

incubations with 
different dietary 

fibres. Satisfactory 
agreement between 

predicted and 
measured outcomes 

was reported for 
butyrate and 

propionate (280) 

In qualitative agreement with 
the literature, the model 

predicted increased SCFA 
production on a high-fibre diet 

compared to a Western diet 

Simulations 
under two 

different diets 
(European 

average and 
high-fibre diets) 

resulted in 
changes of up to 

170 % in the 
predicted SCFA 

fluxes 

Has deep 
resolution, using 
fluxes of various 

dietary compounds 
as input 

(approximately 
170 different 

compounds used in 
the simulations) 
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Table 4.2. Predicted concentration of microbial functional groups and SCFAs after 24 hours of simulation under three dietary 
conditions using microPop. 

Microbial functional groups (g/L)  

 Default diet* High-protein-low-fibre diet* High-fibre-low-protein diet* 

Bacteroides 3.50 3.12 3.88 

Lactate producers 8.85 x 10-9 2.47 x 10-9 1.29 x 10-8 

Propionate producers 1.72 x 10-8 4.46 x 10-9 2.58 x 10-8 

Butyrate producers1 7.72 x 10-7 1.22 x 10-7 1.38 x 10-6 

Butyrate producers2 3.37 x 10-6 8.75 x 10-7 4.46 x 10-6 

Butyrate producers3 1.80 x 10-8 4.66 x 10-9 2.70 x 10-8 

Acetogens 1.24 x 10-2 1.15 x 10-2 1.38 x 10-2 

Short-chain fatty acids (g/L) 

Acetate 2.72 2.47 2.99 

Propionate 1.53 1.38 1.67 

Butyrate 5.62 x 10-6 1.37 x 10-6 7.86 x 10-6 
*The initial concentration (g/L) and inflow (g/L/d) of protein, non-starch polysaccharides, and resistant starch were, respectively, 5.90, 1.62, and 5.60 for the default 
conditions, 8.90, 1.22, and 3.00 for the high-protein, low-fibre diet, and 2.90, 2.02, and 8.20 for the high-fibre, low-protein diet.
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Figure 4.1. Simulations of microbial biomass and resource concentrations using microPop. Concentrations of microbial biomass 
and resources were simulated over 24 hours under three dietary conditions. The initial concentrations (g/L) and inflows (g/L/d) of 
protein, non-starch polysaccharides, and resistant starch were, respectively, 5.90, 1.62, and 5.60 for the default conditions (A), 8.90, 
1.22, and 3.00 for the high-protein-low-fibre diet (B), and 2.90, 2.02, and 8.20 for the high-fibre-low-protein diet (C). 
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4.4.1.2. MicroPopGut 

MicroPopGut predicted similar profiles for SCFA production in the distal colon across three dietary 

conditions: a default Western diet, a high-protein, low-fibre diet, and a high-fibre, low-protein diet. 

Acetate was the most produced SCFA, followed by butyrate and propionate (Figure 4.2). The high-

protein, low-fibre diet resulted in the lowest total SCFA production at the end of the simulation (43.4 

mM). In comparison, the default and high-fibre diets exhibited similar values of 69.3 and 73.7 mM, 

respectively (Table 4.3). Compared to the default diet, the high-fibre-low-protein diet increased butyrate 

production by 15.9 %. In contrast, the high-protein, low-fibre diet led to decreases in acetate, propionate, 

and butyrate by 45.1 %, 35.5 %, and 14.4 %, respectively. 

Dietary changes resulted in variations in the biomass of only the microbial functional groups of the 

Bacteroides genus and lactate producers (Table 4.3). Compared to the default diet, the high-fibre-low-

protein diet increased the biomass of lactate producers by 8.5 % and reduced the biomass of the 

Bacteroides genus by 16.6 %. In contrast, the high-protein-low-fibre diet increased the biomass of the 

Bacteroides genus by 81.7 % and reduced that of lactate producers by 64.3 %.  

Table 4.3. Predicted biomass of microbial functional groups and production of SCFAs in the distal 
colon after 24 hours of simulation under three dietary conditions using microPopGut.  

Microbial functional group (g)  
 Default diet* High-protein, low-fibre diet* High-fibre, low-protein diet* 

Bacteroides 1.75 3.18 1.46 
Lactate producers 4.14 1.48 4.49 

Propionate producers 1.74 1.30 1.81 
Butyrate producers1 1.52 1.44 1.61 
Butyrate producers2 1.91 1.94 1.88 
Butyrate producers3 1.49 1.27 1.55 

Acetogens 1.04 1.14 1.07 
Short-chain fatty acids (mM) 

Acetate 42.60 23.40 45.30 
Propionate 13.50 8.70 13.10 
Butyrate 13.20 11.30 15.30 

*The inflow (g/d) of protein and carbohydrates, as well as the resistant starch fraction, were, respectively, 10, 50, and 78 % 
for the default conditions, 30, 30, and 30 % for the high-protein, low-fibre diet, and 5, 55, 90 % for the high-fibre diet.  
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Figure 4.2. Simulations of microbial biomass and SCFA concentration in the distal colon using microPopGut. The microbial 
biomass and SCFA production were simulated over one day under three different conditions. The inflow (g/d) of protein and 
carbohydrates, as well as the resistant starch fraction, were respectively: 10, 50, and 0.78 for the default conditions (A), 30, 30, and 0.30 
for the high-protein, low-fibre diet (B), and 5, 55, and 0.90 for the high-fibre diet (C). 
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Figure 4.3. Prediction of microbial growth and SCFA production of the colonic microbiota using BacArena. The model was 
executed under the same dietary conditions using two microbial communities. The default conditions included A. caccae, B. 
thetaiotaomicron, B. longum, B. producta, C. ramosum, E. coli, and L. plantarum (A). The modified community included the addition 
of five new microbes: A. muciniphila, E. rectale, M. smithii, P. copri, and R. bromii (B). 
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Figure 4.4. Microbial growth rates under different dietary and oxygen conditions using The COBRA Toolbox. Dietary fluxes for 
the Western and high-fibre diets were imported from the Virtual Metabolic Human database. The interquartile range of growth rates for 
individual microbes, represented by boxes, is shown for each diet and oxygen condition. Error bars indicate the upper and lower adjacent 
values, while outlier values are marked in red (+).
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4.4.2.3. MICOM 

The influence of European average and high-fibre diets on the colonic microbiota of four 

healthy adult individuals was simulated using MICOM. Faecal microbial relative abundance data 

were obtained from a study that evaluated the impact of faecal transplantation on the treatment of 

Clostridium difficile infection (293). The model predicted fluxes of an extensive list of metabolites 

(over 200) and the growth rates of the taxa composing the microbial communities (at least 18 

genera). For ease of visualisation, only a selection of metabolites and the seven most abundant 

genera are shown here (Figure 4.5). 

Higher microbial growth rates were predicted for the high-fibre diet compared to the European 

average diet. Under both diets, the Bacteroides genus had the highest growth rate. The high-fibre 

diet also led to an overall increase in SCFA and gas production. Notably, MICOM accounted for 

individual variations in SCFA fluxes and microbial growth rates. For instance, individual 3 showed 

the highest increase in total SCFA production on the high-fibre diet (170 % increase relative to the 

European average diet). In contrast, individual 4 exhibited no change in total SCFA flux (Table 

4.6). 

Table 4.6. Predicted fluxes of SCFAs for four individuals under European average and high-
fibre diets using MICOM.  

Diet Individual  Acetate 
(mmol/gDW.h) 

Propionate 
(mmol/gDW.h) 

Butyrate 
(mmol/gDW.h) 

Total SCFA 
(mmol/gDW.h) 

European average diet 

Individual 1 0.93 0.06 0.04 1.03 
Individual 2 0.45 0.16 0.03 0.65 
Individual 3 0.41 0.09 0.03 0.54 
Individual 4 0.21 0.09 0.02 0.32 

High-fibre diet 

Individual 1 1.84 0.07 0.04 1.95 
Individual 2 0.90 0.30 0.04 1.25 
Individual 3 1.13 0.27 0.07 1.46 
Individual 4 0.21 0.08 0.02 0.31 

The European average diet and high-fibre diet were imported from the Virtual Metabolic Human database. Fluxes of 
short-chain fatty acids are shown in mmol per gram (dry weight) per hour.
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Figure 4.5. MICOM predictions of microbial growth rates and fluxes of microbial metabolites by the human colonic microbiota under 
different dietary conditions. Simulations were conducted using faecal microbial relative abundances of four healthy adult individuals under 
European average and high-fibre diets. Dietary fluxes were obtained from the Virtual Metabolic Human database.
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4.5. Discussion 

Consistent with the reductionistic approach of ODE-based models, predicting the dietary influence 

on colonic microbial communities using microPop and microPopGut was characterised by ease of use, 

ease of customisation, and low computational requirements. However, these models relied on default 

conditions that did not fully capture the compositional variability of the human colonic microbiota and 

the diversity of food compounds in human diets. 

The default microbial community used by these models consisted of ten microbial functional groups, 

which reduced the computational cost of the simulations (285). This approach was supported by the 

functional redundancy of colonic microbes, meaning that the function of the colonic microbiota remained 

similar despite individual variations in composition (4,295). However, this reductionistic strategy has 

limitations. The proposed microbial functional groups were based on the colonic microbiota of healthy 

adults and did not account for inter-individual variations (22). Furthermore, they did not reflect the 

distinct microbiota of individuals in different life stages or with health conditions, such as weaning 

infants or individuals with gastrointestinal disorders (18,296). 

These models simulated only the effects of total protein and carbohydrate concentrations in the colon 

on  microbial communities (274,275). This approach oversimplifies human dietary patterns, which 

involve a wide range of amino acids, dietary fibres, fatty acids, micronutrients, and phytochemicals that 

have been shown to influence the composition and function of the colonic microbiota [see systematic 

reviews (12,112,123,297)]. Moreover, while databases provide information about the composition of 

foods and diets, data on the concentration of unabsorbed dietary compounds in the colon are scarce. This 

leads to the assumption of simulation inputs, reducing the objectivity of the model. 

Under a high-protein, low-fibre diet and a high-fibre, low-protein diet, microPop predicted the 

dominance of the Bacteroides genus at the expense of other functional groups after 24 hours of 

simulation. This contrasts with the observed coexistence of several microbial genera at different 

abundances in the human colon (4,298). Increased production of total SCFAs was observed with higher 

colonic content of dietary fibre in the simulations, agreeing with findings from meta-analyses (12,299). 

However, the predicted concentration of butyrate was negligible compared to acetate and propionate, 

resulting in SCFA production ratios that disagree with experimental data (300). 

Simulations using microPopGut aligned more closely with experimental literature. For instance, the 

model predicted increased total SCFA production, particularly butyrate, under a high-fibre, low-protein 
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diet compared to a high-protein, low-fibre diet. Increasing the protein content while decreasing the fibre 

content in the simulations also promoted the growth of the Bacteroides genus. This finding is consistent 

with the results of a continuous fermentation study comparing the impact of high-protein and high-fibre 

diets on the human colonic microbiota, using faeces as a proxy (301). However, the simulation time (one 

day) was not enough for the model to reach a steady state, suggesting that eventual changes in the 

microbial community may occur in longer simulations. Furthermore, the application of microPopGut 

using default conditions is limited due to its inadequacy in representing realistic human dietary patterns. 

Extensive development of the model is therefore necessary, notably defining new microbial functional 

groups and their growth behaviour on distinct dietary compounds. 

For this purpose, microbial kinetic parameters under different substrates, which are largely unknown 

and challenging to obtain experimentally, need to be defined. Most colonic microbes are anaerobes, 

imposing technical challenges for their in vitro manipulation (302). Additionally, determining microbial 

kinetic parameters requires pure cultures, which hinders the cultivation of colonic microorganisms that 

rely on cross-feeding interactions to grow. The lack of definition of microbial parameters for building 

ODE-based models is currently a bottleneck for their development and application, which requires future 

improvements in microbial cultivation methodologies. Another possible approach, as described in the 

microPop publication (274), is to account for variations between microbial strains. This can be achieved 

by randomly varying the kinetic parameters of the microbial functional groups (stochastically generated 

values) and assigning multiple strains to each functional group. In this way, new microbial communities 

are created, offering greater relevance to the diversity of the colonic microbiota. Statistics can then be 

used to determine the average trait of each microbial functional group. However, this approach was not 

implemented here due to the evaluative nature of this chapter. 

In turn, MGCMs were identified as more suitable for predicting the effect of human diets on gut 

microbial communities. Since these models use genomic information to mathematically represent the 

metabolism of colonic microbes, they do not rely on the experimental definition of microbial kinetic 

parameters, although microbial metabolic reconstructions benefit from manual curation using 

experimental data (303). In this way, MGCMs are a good alternative to ODE-based models, leveraging 

the vast amount of data generated by advances in DNA sequencing technologies. Furthermore, MGCMs 

can be continuously improved as more data becomes available and can incorporate individual data to 

create and analyse personalised microbial communities [see reviews (294,304)]. 
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example, individual microbial growth rates are typically measured in monoculture, which does not scale 

well to larger microbial communities (310). Measuring fluxes of metabolites is costly and laborious, 

requiring isotope-labelled substrates or repeated metabolomics analyses over time (311).  

Furthermore, while the mass steady state assumption is justified by the trend of the colonic 

microbiota towards a stable composition and function (22,312), it may not fully capture the dynamic 

behaviour of colonic microbes, which rapidly change under environmental constraints such as diet 

(25,309). Dynamic FBA offers an alternative approach by allowing intracellular and extracellular 

variables to vary over time, enabling the prediction of temporal changes in metabolite fluxes and growth 

rates (313,314). However, dynamic FBA is traditionally applied to small-scale communities, as it 

becomes extremely computationally intensive for large microbial communities (315). 

Another limitation is that the accuracy of GEM-based models depends on the quality of the metabolic 

reconstructions used in simulations (281). Although several tools have been developed to automatically 

generate these reconstructions (316,317), they rely on biochemical and genome databases that often 

contain missing information (318,319). Consequently, manual curation using experimental data to fill 

reaction gaps and correct stoichiometry remains essential for obtaining high-quality reconstructions 

(303). The publication of open-access semi-curated reconstructions of human colonic microbes, along 

with their continuous improvement, may overcome this limitation (278,279).  

4.6. Conclusions 

Five mathematical models simulating the effect of dietary compounds on the human colonic 

microbiota were assessed. The ODE-based models, microPop and microPopGut, use default conditions 

that do not capture the diversity of dietary compounds in human diets or their impact on colonic 

commensals. Modifying these conditions requires knowledge of microbial kinetic parameters for 

different substrates, which is a current bottleneck. MGCMs were better suited for modelling large 

microbial communities and detailed dietary fluxes. Among them, MICOM stood out for its user-friendly 

workflows, integrating all steps from data processing to visualisation within a single package. It was used 

to simulate the effect of high-fibre and Western diets on the colonic microbiota of healthy adults, 

producing results that qualitatively align with experimental data. However, its accuracy under realistic 

dietary patterns remains unvalidated. In summary, MICOM shows promise in generating hypotheses on 

how dietary compounds influence colonic microbiota function, thereby aiding in the design of in vitro or 
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in vivo experiments. Experimental methods remain indispensable for a comprehensive understanding of 

the relationship between colonic microbes and the host diet.  
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Chapter 5: In silico simulation of the effects of complementary foods on 

the colonic microbiota of weaning infants3 

5.1. Abstract 

The introduction of solid foods to infants, also known as weaning, is a critical point for the 

development of the complex microbial community inhabiting the human colon, impacting host 

physiology in infancy and later in life. This chapter investigated in silico the impact of food-breastmilk 

combinations on growth and metabolite production by colonic microbes of New Zealand weaning infants 

using the metagenome-scale community metabolic model MICOM. Eighty-nine foods were individually 

combined with breastmilk, and the twelve combinations with the strongest influence on the microbial 

production of SCFAs and BCFAs were identified. Fibre-rich and polyphenol-rich foods, like pumpkin 

and blackcurrant, resulted in the greatest increase in predicted fluxes of total SCFAs and individual fluxes 

of propionate and acetate when combined respectively with breastmilk. Identified foods were further 

combined with other foods and breastmilk, resulting in 66 multiple food-breastmilk combinations. These 

combinations altered the impact of individual foods on the microbial production of SCFAs and BCFAs 

in silico, suggesting that the interaction between the dietary compounds composing a meal is the key 

factor influencing colonic microbes. Blackcurrants combined with other foods and breastmilk promoted 

the greatest increase in the production of acetate and total SCFAs, while pork combined with other foods 

and breastmilk decreased the total production of BCFAs. 

5.2. Introduction 

The human GIT is colonised by a complex microbial community, with the greatest concentration 

and diversity being found in the large intestine, or colon (34). Diet is a well-known key factor shaping 

the composition and function of colonic microbes throughout human life (3,25,80). In turn, colonic 

microbes impact host physiology and are associated with health and disease biomarkers (45). One 

mechanism by which the colonic microbiota affects host health is the production of metabolites that are 

later absorbed by the host (320). Organic acids, such as SCFAs and BCFAs, are among the most studied 

 

3 This chapter has been published as da Silva VG, Smith NW, Mullaney JA, Wall C, Roy NC, McNabb WC. Food-breastmilk 
combinations alter the colonic microbiome of weaning infants: an in silico study. mSystems (2024) 9:e00577-24. doi: 
10.1128/msystems.00577-24 
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Recently, the metagenome-scale community metabolic model MICOM was proposed to predict how 

diet shapes the composition and function of the human colonic microbiota (29). So far, in silico 

investigations of the colonic microbiome using metagenome-scale metabolic models have mainly 

focused on adults (31,204,282,283). This chapter used this modelling approach to identify foods with the 

strongest impact on the production of organic acids by colonic microbes of weaning infants when 

combined with breastmilk. SCFAs and BCFAs were chosen due to their association with host health. 

Insights generated by this research help the design of future experiments, advancing the understanding 

of the relationship between complementary foods and colonic microbes in a decisive stage of human life. 

5.3. Materials and methods 

5.3.1. Software 

Simulations were performed in Python (version 3.9) using the package MICOM (31) (version 0.32.5) 

and the integrated development environment Spyder (version 5). The solver CPLEX Optimisation Studio 

(IBM ILOG, version 22.1) was employed under an academic license. The code and data used in the 

simulations described in this thesis are available at: https://github.com/vgenisel/Foods-to-optimise-the-

colonic-microbiome-for-our-lifelong-health-and-wellbeing-PhD-thesis/tree/main/Chapter%205. 

5.3.2. Modelling workflow 

Simulations used the relative abundance of the genera present in the faeces of weaning infants, 

metabolic reconstructions for each taxon (a list of the biochemical reactions performed by a 

microorganism), and the fluxes of dietary compounds of food-breastmilk combinations (a list of nutrients 

composing a diet, in which their respective quantities are expressed in units of time) as inputs. Outputs 

were the predicted individual microbial growth rates and the fluxes of metabolites produced by the 

microbiota, particularly SCFAs and BCFAs. A graphical representation of the modelling workflow is 

depicted in Figure 5.1.  

The average faecal microbial relative abundance of 14 New Zealand infants aged between five and 

twelve months, obtained from a previous in vitro study (86), was used to represent the colonic microbiota 

of weaning infants (while minimising variations in microbiota composition between individuals). Raw 

16S rRNA sequencing data (Illumina MiSeq, 2 x 250 bp paired end reads) for the fermentation control 

(water, at time = 0 hours) were imported from NCBI archives (BioProject PRJNA669972) using the 

plugin q2-fondue (326). A total of 241,611 paired-end demultiplexed reads (~80,000 sequences/sample) 
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Figure 5.1. Workflow to predict the influence of food-breastmilk combinations on growth rates of colonic microbes of weaning 
infants and produced fluxes of organic acids using MICOM.
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5.3.4. Criteria for selecting food-breastmilk combinations 

To identify food and food combinations having the strongest influence on the colonic microbiome 

of New Zealand weaning infants, this chapter focused on the production of microbial metabolites 

(microbial function) rather than changes in microbial composition. This is due to the potential of 

functional analyses to be more informative about how diets shape colonic microbes. Indeed, evidence 

linked variations in the genetic content of colonic commensals between individuals to their ability to 

metabolise dietary compounds and produce bioactive metabolites (337,338). 

Predicted microbial fluxes of the major SCFAs (acetate, propionate, and butyrate) and BCFAs 

(isovalerate and isobutyrate) were chosen due to the importance of these organic acids on host physiology 

and because their concentration is known to be influenced by host dietary patterns during weaning 

(339,340). As criteria of choice, selected foods and food combinations were representative of different 

model outputs, corresponding to candidates that, when combined with breastmilk, resulted in the greatest 

increase, decrease, or did not change the fluxes of total SCFAs and BCFAs, in comparison to breastmilk 

alone. Foods commonly consumed by weaning infants in New Zealand and produced in the country were 

prioritised. 

5.4. Results 

5.4.1. Predicted fluxes of SCFAs and BCFAs 

Combining foods with breastmilk altered the fluxes of major SCFAs and BCFAs compared to 

breastmilk alone (Supplementary Table 5.3). Twenty-nine food-breastmilk combinations increased the 

flux of total SCFAs (32 % of the evaluated combinations), and 64 food-breastmilk combinations reduced 

the flux of total BCFAs (72 % of the combinations). The twelve food-breastmilk combinations that, 

compared to breastmilk alone, resulted in the greatest increase, decrease, or similar values of total SCFA 

and total BCFA fluxes were identified (Figure 5.2). 

The combination of pumpkin with breastmilk promoted the greatest increase in the flux of total 

SCFAs (11.7 %) and the second greatest decrease in the flux of total BCFAs (40.2 %), compared to 

breastmilk alone. Raspberries-breastmilk and blackcurrant-breastmilk increased the production of total 

SCFAs (6.4 and 6.2 %, respectively) with no change in the flux of total BCFAs. Similarly, soybean-

breastmilk and sweet potato-breastmilk elevated fluxes of total SCFAs (4.0 and 3.0 %, respectively) 

without changing total BCFA production. 
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Figure 5.2. Heatmap of food-breastmilk combinations with the greatest influence on predicted fluxes of SCFAs and BCFAs. 
Fluxes of organic acids are expressed in relative variation in comparison to breastmilk alone. Cells are coloured according to intensity, 
with the highest values in green and the lowest values in red. 
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Figure 5.3. Heatmap of microbial growth rates for food-breastmilk combinations with the greatest influence on predicted fluxes 
of SCFAs and BCFAs. Microbial growth rates are expressed in relative variation in comparison to breastmilk alone. Cells are coloured 
according to intensity, with the highest values in green and the lowest values in red. Genera with predicted negligible growth are not 
presented.



   

93 
 

The increase in the flux of total SCFAs obtained with the pumpkin-breastmilk combination was 

driven by heightened fluxes of propionate and butyrate. On the other hand, the other four food-breastmilk 

combinations, which increased total SCFA flux, mainly increased the flux of acetate. Indeed, combining 

pumpkin with breastmilk resulted in the largest increase in propionate (65.0 %), while breastmilk 

combined with blackcurrant resulted in the largest increase in acetate (13.3 %).  

The couscous-breastmilk combination resulted in the highest increase in butyrate (104.8 %) but 

decreased acetate and propionate fluxes. Additionally, it caused the largest reduction in total BCFA flux 

(61.7 %). Split peas-breastmilk reduced the flux of total BCFAs by 26.9 % while increasing the 

production of acetate (12.8 %) and butyrate (14.8 %). On the other hand, the combination of strawberry 

with breastmilk resulted in the greatest reduction in the total SCFA flux (60.9 %), also reducing total 

BCFA flux (33.9 %), while shrimp-breastmilk had the greatest increase in the production of BCFAs (22.9 

%). Conversely, black beans, pork, and chickpeas produced little to no change in the fluxes of SCFAs 

and BCFAs when individually combined with breastmilk. 

5.4.2. Predicted microbial growth rates 

The modelling approach assumes that the system is in a steady state, meaning that there is no 

accumulation of substrates. Additionally, MICOM employs a linearisation strategy that correlates the 

predicted growth rates of individual taxa to their relative abundance. As a result, the profile of faster-

growing microbes was not expected to change much under different food-breastmilk combinations. High-

abundance genera were expected to have the greatest growth rates, while low-abundance genera were 

expected to have slower growth rates. 

As expected, the high-abundance genera Bifidobacterium, Bacteroides, and Bacillus had higher 

growth rates for most of the food-breastmilk combinations, while low-abundance genera, such as 

Lacticaseibacillus and Streptococcus, had slower growth rates (Supplementary Table 5.4). However, 

other low-abundance genera also had negligible growth (growth rates lower than 10-6 h-1). This result 

suggests a failure to respect the trade-off between community growth and individual growth, resulting in 

a numerical problem that was not optimally solved (numerical instabilities).  

Food-breastmilk combinations with the greatest influence on the fluxes of SCFAs and BCFAs 

impacted the microbial growth rates of high-abundance genera in different ways (Figure 5.3). Compared 

to breastmilk alone, little to no changes in the growth rates of the genus Bacteroides were observed for 

these breastmilk-food combinations. On the other hand, most of the food-breastmilk combinations 
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reduced the growth of the Bifidobacterium and Lactobacillus genera. The greatest reduction in the growth 

rates of these genera was observed for couscous-breastmilk (17 % reduction), followed by shrimp-

breastmilk (16 %). In addition, a few food-breastmilk combinations altered the growth of Prevotella, 

Collinsella, and Bacillus genera. The pork-breastmilk combination had the strongest influence on the 

growth rates of these genera, increasing them by 48 % for the Prevotella genus and 35 % for the Bacillus 

genus, while decreasing growth rates by 53 % for the Collinsella genus. 

5.4.3. Impact of multiple food-breastmilk combinations on colonic microbes of weaning 

infants 

As complementary foods are normally introduced to infants in combination with other foods rather 

than consumed individually, the identified foods with the strongest impact on microbial SCFA and BCFA 

fluxes were combined with other identified foods and breastmilk for additional simulations. Sixty-six 

combinations were generated (multiple food-breastmilk combinations), composed of 7.5 % of a first food 

item, 7.5 % of a second food item, and 85 % of breastmilk by caloric intake. In comparison to breastmilk 

alone, 24 multiple food-breastmilk combinations increased the flux of total SCFAs (36 % of the 

combinations), while 47 reduced the flux of total BCFAs (70 % of the combinations, Supplementary 

Table 5.5). 

The combination of blackcurrant with breastmilk and soybean, strawberries, or sweet potato, 

promoted the highest increases in acetate production, leading to the greatest increases in total SCFA flux 

by 11.7, 6.9, and 6.6 %, respectively, as compared to breastmilk (Figure 5.4). Pumpkin combined with 

breastmilk and couscous, or breastmilk and split peas, resulted in the greatest increase in propionate (9.4 

and 8.4 %, respectively) but did not alter total SCFA flux. On the other hand, the combination black 

beans-pumpkin-breastmilk resulted in the greatest increase in butyrate flux (410.9 %). The combination 

also had the greatest reduction in isobutyrate, isovalerate, and total BCFA fluxes (84.5 %). The 

combination chickpea-split peas-breastmilk followed, with a total BCFA flux reduction of 75.6 %. Pork 

combined with breastmilk and other foods also decreased total flux of BCFAs; reductions were observed 

for the pork-couscous-breastmilk (26.4 %), pork-chickpea-breastmilk (36.5 %), and pork-blackcurrant-

breastmilk combinations (47.7 %).  

Combining foods with other foods and breastmilk shifted the way foods influenced the production 

of total SCFAs and total BCFAs when combined with breastmilk singly. Among the foods individually 
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combined with breastmilk, pumpkin promoted the greatest increase in the flux of total SCFAs, while 

combining pumpkin with other foods and breastmilk, such as pumpkin-split peas-breastmilk and 

couscous-pumpkin-breastmilk, gave little to no changes in the flux of total SCFAs (Figure 5.5). In turn, 

among the multiple food-breastmilk combinations, it was blackcurrant that stood out for promoting the 

greatest increases in total SCFA flux when combined with breastmilk and soybean, strawberries, or sweet 

potato. Most concerning, the combination strawberries-breastmilk promoted the smallest total SCFA 

flux, but when strawberries were combined with blackcurrant and breastmilk, it resulted in the second 

highest increase in total SCFA flux (Figure 5.5). 

Nevertheless, the influences of pumpkin on the production of propionate and blackcurrant on the 

production of acetate were maintained when combining those foods with other foods and breastmilk. 

Although the combinations couscous-pumpkin-breastmilk and pumpkin-split peas-breastmilk did not 

change total SCFA flux, they resulted in the greatest increase in propionate. Similarly, the combinations 

blackcurrant-soybean-breastmilk, blackcurrant-strawberries-breastmilk, and blackcurrant-sweet potato-

breastmilk had the highest increases in acetate flux. 

As expected, high-abundance genera, like Bifidobacterium, Bacteroides, and Bacillus, grew faster, 

while low-abundance genera, such as Lacticaseibacillus and Streptococcus, grew slower under multiple 

food-breastmilk combinations (Supplementary Table 5.6). Negligible growth (growth rates near zero) 

for the low-abundance genera was also observed. For instance, 55 out of 89 multiple-food breastmilk 

combinations did not promote the growth of at least one genus included in the simulations, indicating 

that the trade-off between maximal community growth and individual growth was not respected, 

probably due to numerical issues. 

Overall, multiple food-breastmilk combinations tended towards decreasing the growth of the 

Bifidobacterium and Lactobacillus genera. Among the combinations with the greatest influence on the 

production of total SCFAs and BCFAs, blackcurrant-soybean-breastmilk resulted in the greatest increase 

in the growth rates of the Bacteroides genus (13.8 %, Figure 5.6). Blackcurrant-sweet potato-breastmilk 

promoted the greatest relative increases in the growth rates of the genera Prevotella (36.4 %), Bacillus 

(28.5 %), and Lactobacillus (17.0 %), while black beans-blackcurrant-breastmilk promoted the greatest 

relative decreases for these same genera (78.9, 76.5, and 76.7 %, respectively). On the other hand, the 

combinations chickpea-split peas-breastmilk, black beans-blackcurrant-breastmilk, and black beans-

pumpkin-breastmilk decreased the growth rates of all high-abundance genera.  
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Figure 5.4. Heatmap of multiple food-breastmilk combinations with the greatest influence on predicted fluxes of SCFAs and 
BCFAs. Fluxes of organic acids are expressed in relative variation in comparison to breastmilk alone. Cells are coloured according to 
intensity, with the highest values in green and the lowest values in red. 
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Figure 5.5. Comparison of SCFAs and BCFAs fluxes when foods are combined individually with breastmilk or with other foods 
and breastmilk. Food-breastmilk combinations are ordered according to their predicted total SCFA flux, in which combinations 
resulting in higher fluxes are shown on the left. Fluxes for breastmilk alone (control) are shown on the right. 
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Figure 5.6. Heatmap of microbial growth rates for multiple food-breastmilk combinations with the greatest influence on 
predicted fluxes of SCFAs and BCFAs. Microbial growth rates are expressed in relative variation in comparison to breastmilk alone. 
Cells are coloured according to intensity, with the highest values in green and the lowest values in red. Genera with predicted negligible 
growth are not presented.
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5.5. Discussion 

In this chapter, a metagenome-scale metabolic modelling approach was employed to identify foods 

and food combinations with the greatest impact on total SCFA and BCFA production by the colonic 

microbiota of New Zealand weaning infants. This is the first in silico screening of the influence of 

complementary foods on the colonic microbes of weaning infants. Another originality of this chapter 

was the in silico evaluation of foods combined with breastmilk and with other foods, allowing a better 

representation of how complementary foods are introduced to weaning infants. 

A total of 155 food-breastmilk combinations (89 single food-breastmilk and 66 multiple-food 

breastmilk combinations) were investigated, and the 12 individual foods and 12 food combinations with 

the strongest influence on predicted fluxes of total SCFAs and BCFAs, when combined with breastmilk, 

were identified. Consistent with nutritional recommendations for weaning infants (228), foods included 

in the simulations were from diverse food groups, including legumes, fruits, vegetables, and animal 

proteins, while sweets and fast-food products were excluded. For instance, legumes and meats are 

recommended for infants as sources of protein and iron, while fresh fruits and vegetables are sources of 

certain vitamins, other minerals, and dietary fibre (111,228). 

MICOM assumes steady state and employs a two-step linearisation strategy that predicts growth 

rates based on the relative abundance of individual taxa (31). The food-breastmilk combinations tested 

consisted of 85 % breastmilk by caloric intake, resulting in a similar nutritional profile across all diets 

tested. As a result, the predicted profile of faster-growing microbes was expected to remain consistent 

across different food-breastmilk combinations, with high-abundance genera having higher growth rates 

than low-abundance genera, and this is what was observed. However, predicted microbial growth was 

not homogenous under different dietary conditions and growth rates near zero were also predicted for 

the less abundant genera Limosilactobacillus, Lacticaseibacillus, Streptococcus, and Veillonella. This 

indicates that the solver failed to optimally solve the linear problem, likely affecting outcomes for fluxes 

of organic acids. 

Compared to breastmilk (control), most of the food-breastmilk combinations decreased the growth 

rate of the Bifidobacterium and Collinsella genera, agreeing with findings from longitudinal studies 

showing a decrease in the faecal relative abundance of these genera over the course of weaning 

(56,80,253). On the other hand, only small increases (up to 3.9 %) in the growth rate of the genus 

Bacteroides, which is associated with complex carbohydrates and protein degradation, were predicted in 
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Berries contain bioactive polyphenols and flavonoids, which influence the composition and function 

of colonic microbes. For example, blackcurrant anthocyanins decreased the ratio Bacillota/Bacteroidota 

phyla in murine models (354) and increased caecal and serum concentrations of propionate and butyrate 

(355,356). The faecal fermentation of different raspberry compounds, including phenolic extract and 

total dietary fibre, showed that SCFA production was mainly driven by polyphenol content and, to a 

lesser extent, by fibre content (357). 

When combined with breastmilk, couscous resulted in the greatest increase in butyrate production, 

although it decreased total SCFA flux. This observation may be justified by the presence of dietary fibres 

in durum wheat, in particular, arabinoxylan (358). Interventions on adults consuming wheat arabinoxylan 

reported increased faecal butyrate concentration (359,360). Similarly, the faecal fermentation of wheat 

cereal using inoculum from six healthy weaning infants increased the production of butyrate, although 

the extent of the increase varied among individuals (89). 

Couscous, pumpkin, strawberries, and split peas also reduced total BCFA flux when combined with 

breastmilk. BCFAs, like isobutyrate and isovalerate, are produced in the colon through microbial 

fermentation of non-absorbed amino acids. Less is known about their influence on host health, but 

evidence suggests a link with metabolic functions (361). BCFAs are biomarkers for protein fermentation 

in the distal colon (11), which can generate potentially deleterious metabolites, such as ammonia and 

phenols (236). Colonic microbial production of BCFAs was negatively correlated with dietary insoluble 

fibre intake (362), which could partially explain the decreased BCFA production observed in silico when 

adding the above fibre-rich foods to breastmilk. 

For instance, an intervention with yellow pea fibre decreased the faecal concentration of isovalerate 

in overweight adults (363). Nevertheless, an in vitro faecal fermentation of 22 plant sources of fibre, 

including whole cereals, seeds, and pulses, using inoculum from healthy adults, found no changes in the 

production of BCFAs (364). In this in silico study, other fibre-rich foods like sweet potato, black beans, 

and chickpeas also did not change the flux of BCFAs when combined with breastmilk, suggesting that 

other dietary compounds affect BCFA production. Indeed, a recent murine model study demonstrated 

that the protein source is a key factor affecting the faecal BCFA content (365).  

On the other hand, when strawberries and shrimp were individually combined with breastmilk, they 

respectively showed the greatest decrease in flux of total SCFAs and the greatest increase in total BCFA 

flux in silico. These observations suggest a potential deleterious alteration in the function of colonic 
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problems in large community models (31). Near-zero growth rates were observed in our simulations for 

the less abundant genera, indicating instabilities that are likely to alter predicted fluxes of SCFAs and 

BCFAs.  

The lack of research evaluating the effect of food-breastmilk combinations on the colonic 

microbiome of weaning infants and the differences between predicted in silico outcomes (microbial 

growth rates and fluxes of metabolites) and experimental outcomes (microbial relative abundance and 

concentration of metabolites) limits even a qualitative comparison between in silico observations 

reported here and published in vitro or in vivo results.  

To calculate the fluxes of microbial metabolites through flux balance analysis, a mass steady state 

was assumed, implying that there is no accumulation of substrates in the intracellular space [see review 

(276)]. However, this assumption strongly differs from in vitro static conditions, where resources are 

depleted, and microbial products accumulate over time. Due to this assumption, parameters used in the 

simulation, such as substrate fluxes and microbial growth rates, are fixed and thus may not represent the 

rapid changes of colonic microbes in response to diet (25,46). Dynamic flux balance analysis may be a 

promising alternative to better represent in vivo conditions (313). However, this strategy is 

computationally intensive when dealing with complex microbial communities (315), hence limiting its 

use for screening the effect of a broad range of food combinations on colonic microbes.  

Finally, in silico predictions may diverge from the behaviour of colonic microbes observed in vitro 

or in vivo. Both unabsorbed carbohydrates and amino acids contribute to colonic microbial production 

of SCFAs, but colonic microbes preferentially ferment carbohydrates (74,226). Acetate is produced in 

larger quantities by most colonic commensals, while propionate and butyrate are produced in lesser 

amounts by only a few genera, normally through cross-feeding interactions (378,379). Reduced dietary 

carbohydrate intake, even if replaced with protein, ultimately decreases the production of butyrate (380). 

Thus, one could expect that fibre-rich plant foods would increase the in silico production of SCFAs 

when combined with breastmilk. However, that was not the case for all food combinations evaluated 

here. This result may be justified by the highly individualised and varied response of colonic microbes 

to dietary compounds (381), particularly dietary fibres like resistant starch (382,383), but also impacted 

by the limitations cited above. Therefore, further experimental investigation is essential to validate the 

foods and food combinations identified in this chapter. Nevertheless, the data generated by this research 
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provide a direction for future food-microbiome investigations and show the potential of modelling 

approaches to complement in vitro and in vivo techniques. 

5.6. Conclusions 

Currently, there is a lack of knowledge about how solid foods affect the colonic microbiome of 

weaning infants. This chapter evaluated for the first time how food-breastmilk combinations affect the 

colonic microbial production of SCFAs and BCFAs using a metagenome-scale community metabolic 

model. By quickly and inexpensively generating insights in silico, this study helps the design of future 

research in vitro and in vivo, contributing to filling  a crucial knowledge gap in infant nutrition. 

Furthermore, our in silico observations suggest that the interaction of foods composing a meal has a key 

influence on the colonic microbial production of SCFAs and BCFAs. This encourages future microbiome 

investigations to focus on the combined effect of foods on colonic microbes instead of focusing on the 

effect of individual food items. 
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6.3.4. Gas pressure and pH 

After 24 hours of fermentation, the gas pressure of the Hungate tubes was measured (in kPa) using 

the Go Direct® Gas Pressure Sensor and the software Vernier Graphical Analysis (Vernier Science 

Education, Beaverton, OR, USA). The pH of samples at the start and end of fermentation was measured 

using the PL-700AL bench meter (Pacific Sensor Technologies, Rowville, VIC, Australia). Results were 

expressed as a decrease in pH after 24 hours. Additionally, 1 mL aliquots were collected and centrifuged 

at 13,000 × g for 1 min using the Minispin Plus mini centrifuge (Eppendorf, Hamburg, Germany). The 

supernatants and pellets were recovered and stored at -80 °C for subsequent analysis of organic acids and 

microbial composition, respectively. 

6.3.5. Organic acids analysis 

Organic acids were extracted and derivatised following a published protocol (397), with slight 

modifications. Extractions were performed by mixing 450 µL of fermentation supernatant with 50 µL of 

the internal standard 50 mM 2-ethyl butyric acid (Sigma-Aldrich, St. Louis, MO, USA). Then, 1250 µL 

of diethyl ether and 250 µL of hydrochloric acid (37 %) were added to the mixture. Samples were 

vortexed, and 100 µL of the diethyl ether phase was transferred to a glass vial containing 20 µL of the 

derivatising agent N-tert-butyldimethylsilyl-N-methyltrifluoroacetamide (Sigma-Aldrich, St. Louis, 

MO, USA). Derivatisation occurred by incubating the mixture for 20 minutes at 80 °C, followed by 48 

hours at room temperature. 

Standard solutions of the organic acids formate, acetate, propionate, isobutyrate, butyrate, 

isovalerate, valerate, hexanoate, heptanoate, lactate, and succinate, containing 5 mM 2-ethyl butyric acid 

were prepared alongside the samples. The standard solutions at varying concentrations (0.15, 0.25, 0.50, 

1, 2.50, 5, 10, and 20 mM) were used to generate a calibration curve for determining the concentration 

of the organic acids in the samples. The supernatants from samples at the end of fermentation were diluted 

with 0.15 M potassium phosphate buffer pH 7.4 to ensure that the concentrations fell within the range of 

the calibration curve. Organic acid production was calculated as the difference between the 

concentrations at time zero and 24 hours, expressed in mmol/g (dry weight) to account for the theoretical 

dry mass of the fermented sample. 

Organic acids were detected using the GC-2010 gas chromatograph system coupled with a flame 

ionisation detector (Shimadzu, Kyoto, Japan) and fitted with an HP-1 column (30 m × 0.25 mm ID × 











   

118 
 

 

Figure 6.2. Production of organic acids after 24 hours of fermentation of individual food ingredients. Only key results are 
presented, as follows: acetate (A), propionate (B), total major SCFAs (C), and lactate (D). Bars are coloured according to intensity and 
statistical significance, with higher values in red and lower values in blue. Samples with the same colour and letters belong to the same 
group according to the Tukey HSD test with a 95 % confidence interval.
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Figure 6.4. Heatmap of log-fold changes (LFC) in the abundance of bacterial genera after 24 hours 
of fermentation with food-formula and food-food combinations. LFC values are presented in 
comparison to other food combinations. Fermentation with black beans combined with blackcurrant, 
versus fermentation with other food-food combinations, is at the top (A), while black beans combined 
with infant formula, compared to other food-formula combinations, is at the bottom (B). Cells are 
coloured according to intensity, with higher values in red and lower values in blue. Significant changes 
in LFC (adjusted p < 0.05) that passed sensitivity analyses are marked with an asterisk (*).   
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Additionally, the relative abundance of Lacticaseibacillus demonstrated a moderate positive correlation 

with lactate production from food ingredients, while Clostridium sensu stricto 1 exhibited a similar 

correlation with butyrate production from food-formula combinations (Supplementary Figure 6.11). In 

contrast, the abundances of Streptococcus and Blautia exhibited negative correlations with the production 

of major and total SCFAs (rs ranging from -0.57 to -0.24).  
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Figure 6.5. �6�S�H�D�U�P�D�Q�¶�V���U�D�Q�N���F�R�U�U�H�O�D�W�L�R�Q���K�H�D�W�P�D�S�V����(A) Correlations between food composition and organic acid production. (B) 
Correlations between food composition and microbiota composition. (C) Correlations between organic acid production and microbiota 
composition. Only significant correlations are shown. Significant relationships (adjusted p < 0.05) are marked with a double asterisk 
(**), while trends (adjusted p < 0.1) are marked with a single asterisk (*). Positive correlations are shown in red and negative in blue. 
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Consistently, the production of major and total SCFAs positively correlated with the dietary fibre 

content of fermented foods here. The productions of acetate, propionate, and total SCFAs were also 

positively associated with a higher relative abundance of Parabacteroides and lower abundances of 

Streptococcus and Bifidobacterium genera. In agreement with our findings, the faecal fermentation of 

raspberry using adult inoculum mainly produced acetate and propionate (357). Additionally, the same 

study demonstrated that polyphenols contributed more to the production of these SCFAs than dietary 

fibres (357). A four-week raspberry intervention in prediabetic adults reported no changes in faecal 

microbial alpha and beta diversity compared to baseline values, but an increase in the relative abundance 

of Eubacterium eligens and Clostridium orbiscindens, as well as reduced plasma total and low-density 

lipoprotein cholesterol (438). 

In contrast to our results, another faecal fermentation study using inoculum from weaning infants 

found no changes in the production of acetate, propionate, and butyrate between blackcurrant and control 

fermentations (86). However, clinical studies assessing the effect of blackcurrant intervention observed 

an increase in the faecal abundance of the Ruminococcus genus in postmenopausal women after six 

months (439); as well as an increase in the faecal abundance of the genera Lactobacillus and 

Bifidobacterium, alongside a decrease in the abundance of Clostridium and Bacteroides genera after two 

weeks in healthy adults (440). 

Little is known about the impact of strawberries on the human colonic microbiota. A study using 

mice with colitis reported that strawberry supplementation increased the faecal abundance of the genera 

Bifidobacterium and Lactobacillus, as well as the caecal content of SCFAs (371). Additionally, 

strawberry supplementation increased the colonic abundance of Bifidobacterium in diabetic mice (441). 

A four-week trial involving healthy adults who consumed strawberries observed increased faecal 

abundance of the genera Akkermansia, Bacteroides, and Bifidobacterium, but no changes in faecal SCFA 

levels (370). The evidence above suggests that blackcurrants, strawberries, and raspberries are promising 

complementary foods for increasing the abundance of SCFA-producing bacteria in the colonic 

microbiota of infants. 

Unlike other major SCFAs, butyrate production did not vary between food ingredient fermentations. 

However, when black beans were fermented with infant formula or blackcurrants, there was an increase 

in butyrate production compared to other food-formula or food-food combinations. Similarly, combining 

black beans with infant formula or blackcurrants in fermentation led to the highest relative abundance of 
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Clostridium sensu stricto 1, a group of bacteria that metabolise carbohydrates and amino acids, producing 

butyrate via the butyryl-CoA and butyrate kinase pathways (442,443). Correlation analyses supported 

these findings, showing a relationship between higher protein content and increased relative abundance 

of Clostridium sensu stricto 1, whose abundance was also positively associated with butyrate production. 

Black beans are a source of protein, dietary fibre, and polyphenols, notably containing high amounts 

of resistant starch (444). Additionally, soaking and cooking beans before consumption further increases 

their resistant starch content (445). Traditionally, the colonic fermentation of resistant starch produces 

butyrate through a cross-feeding mechanism involving key resistant starch degraders, such as 

Ruminococcus bromii and Bifidobacterium adolescentis, along with butyrate producers from the genera 

Faecalibacterium, Roseburia, Eubacterium, and Anaerostipes (446,447). However, recent evidence 

demonstrated that members of Clostridium sensu stricto 1 can also produce butyrate from resistant starch 

(448). 

Previous faecal fermentation studies evaluating the effect of black beans on colonic microbes have 

shown contrasting results. One reported that black beans exhibited a prebiotic effect by increasing the 

abundance of the Bifidobacterium and Lactobacillus genera during fermentation. This increase was 

associated with a rise in the production of acetate and propionate, but a decrease in butyrate levels 

compared to the fermentation control (449). On the other hand, another study observed that the 

fermentation of the insoluble indigestible fraction of black beans produced butyrate, as well as acetate 

and propionate (450). It is important to note that neither study specified the age of the faecal donors nor 

evaluated changes in the overall composition of the microbiota, limiting comparison with our findings. 

Evidence in murine models suggests that consuming black beans benefits the microbiota by 

increasing the abundance of key taxa producing SCFAs and subsequently leading to greater production 

of SCFAs. For instance, healthy mice had increased faecal abundance of Prevotella and caecal contents 

of acetate, propionate, and butyrate after black bean intervention (451). Similarly, rats fed a high-fat and 

high-sugar diet supplemented with cooked beans exhibited increased faecal abundance of the Clostridia 

class and the genera Ruminococcus, Coprococcus, and Prevotella, as well as elevated faecal butyrate 

levels (452). In contrast, a navy bean intervention did not alter faecal SCFA content in overweight adults, 

while a common bean intervention in weaning infants showed no changes in faecal microbiota diversity 

or taxa abundance (219,453). 
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Combining foods with infant formula drastically reduced the variability in organic acid production, 

taxa abundance, and microbial diversity scores between samples. Since the food-formula combinations 

consisted of 80 % infant formula by mass, this high proportion of formula probably masked the effects 

of the individual food ingredients on colonic microbes. Similarly, we observed fewer changes in 

microbiota composition and SCFA production between fermentations with food-food and food-food-

formula combinations, suggesting that the impact of specific foods on colonic microbes is less evident 

when considering the overall dietary pattern. Ultimately, long-term dietary patterns rather than 

spontaneous consumption of individual foods are more likely to promote notable and lasting changes in 

colonic commensals (131,454). 

Nevertheless, our study has limitations. During the transition to solid foods, infants often continue 

to consume breastmilk (254). However, our study did not evaluate the effect of combining 

complementary foods with human milk. Instead, breastmilk was replaced with infant formula (due to 

practical and ethical reasons), which may have influenced the observed effects of complementary foods 

on the colonic microbiota of weaning infants. This limitation is particularly relevant during the first year 

of life, as breastfed infants have distinct faecal microbial composition and metabolite profiles compared 

to formula-fed infants (255). 

Faeces were used due to the ease of collection and non-invasive procedure, which are essential when 

involving vulnerable participants. However, faecal samples mainly represent microbial communities 

from the distal colon and do not accurately reflect the microbes that adhere to the mucosa or those found 

in the proximal colon (200). Due to the screening nature of this chapter, static protocols were used to 

simulate infant digestion and subsequent colonic fermentation of foods. These static conditions do not 

capture the dynamic nature of the GIT of infants. Notably, in static faecal fermentations, microbial 

metabolites can accumulate, and substrates may become depleted, potentially distorting the microbial 

community compared to what would be found in a dynamic environment (455).  

The microbial composition was characterised by 16S rRNA sequencing. While this method is 

accurate, it has limitations, particularly in resolution and typically cannot resolve taxonomy at the species 

level (329). The composition of the identified bacterial taxa was expressed as relative abundances, 

indicating the proportion of individual microbes within the entire community. Consequently, changes in 

relative values may reflect changes in the growth of other taxa, not necessarily reflecting a true increase 

or decrease in the absolute quantities of a given taxon. 
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Chapter 7: Evaluating the accuracy of the computational model in 

predicting in vitro faecal fermentation data5 

7.1. Abstract 

Traditional approaches for studying diet-colonic microbiota interactions are time-consuming, 

resource-intensive, and often hindered by technical and ethical concerns. Metagenome-scale community 

metabolic models show promise as complementary tools that do not face these limitations. However, 

their experimental validation is challenging, and their accuracy in predicting colonic microbial function 

under realistic dietary conditions remains unclear. This chapter assessed the accuracy of the Microbial 

Community model (MICOM) in predicting major SCFA production by the colonic microbiota of 

weaning infants, using faecal samples as a proxy. Model predictions were compared with experimental 

SCFA production using in vitro faecal fermentation data at the genus level. The model exhibited overall 

poor accuracy, with only a weak, significant correlation between measured and predicted acetate 

production (r = 0.17, p = 0.03). However, agreement between predicted and measured SCFA production 

improved for samples primarily composed of plant-based foods: acetate exhibited a moderate positive 

correlation (r = 0.31, p = 0.005), and butyrate a trend toward a weak positive correlation (r = 0.21, p = 

0.06). These findings suggest that the model is better suited for predicting the influence of complex 

carbohydrates on the infant colonic microbiota than for other dietary compounds. Our study demonstrates 

that, given current limitations, modelling approaches for diet-colonic microbiota interactions should 

complement rather than replace traditional experimental methods. Further refinement of computational 

models for microbial communities is essential to advance research on dietary compound-colonic 

microbiota interactions in weaning infants. 

7.2. Introduction 

The relationship between dietary compounds and the colonic microbiota has garnered intense 

scientific interest due to its impact on host health (1,128). From a health perspective, changes in colonic 

microbial function are more relevant than alterations in composition: imbalances in microbial metabolite 

 

5 This chapter has been published as Geniselli da Silva V, Roy NC, Smith NW, Wall C, Mullaney JA, McNabb WC. 
Mathematical models of the colonic microbiota: an evaluation of accuracy using in vitro fecal fermentation data. Front Nutr 
(2025) 12:1623418. doi: 10.3389/fnut.2025.1623418 
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7.3.5. Statistical analyses 

To account for dissimilarities between the design of in silico and in vitro studies, standard scores (z-

scores) were calculated for measured and predicted fluxes. The z-score describes the number of standard 

deviations a value differs from the mean. This strategy enables a comparison of results across studies 

with different designs (280). Pearson correlation coefficients (r) and two-tailed p-values (p) between 

measured and predicted z-scores for acetate, propionate, and butyrate production at the 95% confidence 

interval were calculated in Python (version 3.10.9) using pandas (version 2.2.3) (469) and SciPy (version 

1.10.0) (470). Plotnine (version 0.14.5) was used to plot the correlations (471). To further assess the 

agreement between predicted and measured z-scores, the Bland-Altman analysis (472) was performed, 

and the 95 % limits of agreement (mean difference ± 1.96 standard deviations) were calculated using the 

packages NumPy (version 1.23.5) (473) and matplotlib (version 3.10.0) (474). The normal distribution 

of the data was verified through the Shapiro-Wilk test using SciPy (version 1.10.0) (470). Heatmaps and 

radar charts were generated using matplotlib (version 3.10.0) (474), seaborn (version 0.13.2) (475), and 

SciPy (version 1.10.0) (470). 

7.4. Results 

7.4.1. Pearson correlations between predicted and measured SCFA production 

Correlation analyses demonstrated a weak agreement between predicted and measured acetate 

production (r = 0.17, p = 0.03). However, this was the only significant correlation (p < 0.05) observed 

when considering the entire dataset (Supplementary Figure 7.1). To investigate whether combining food 

ingredients with other dietary compounds would impact the accuracy of the model, subsequent analyses 

clustered samples into the following categories: food ingredients alone, foods combined with infant 

formula (food-formula combinations), foods combined with other foods (food-food combinations), and 

foods combined with both (food-food-formula combinations). A trend towards a weak correlation was 

observed between predicted and measured butyrate production for food ingredients alone (r = 0.28, p = 

0.07). Additionally, a moderate correlation was observed between model predictions and experimental 

productions of acetate and total SCFAs for food-food combinations (r = 0.43 and 0.41, with p = 0.006 

and 0.01, respectively), while propionate exhibited a trend towards a weak negative correlation (r = -

0.30, p = 0.06) (Supplementary Figure 7.2). In contrast, no significant correlations were observed 
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Figure 7.1. Pearson correlations between measured and predicted z-scores of major SCFAs for food ingredients and food-food 
combinations. SCFAs are displayed from left to right: acetate, butyrate, and propionate. Total SCFAs correspond to the sum of acetate, 
propionate, and butyrate. Pearson correlation coefficients (r) and two-tailed p-values are calculated for each plot individually. A 
regression line is shown in black, with the corresponding 95 % confidence interval in grey.
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Figure 7.2. Bland-Altman plots comparing predicted and measured z-scores of major SCFAs for food ingredients and food-food 
combinations. The red line represents the mean difference between z-scores, while the blue lines indicate the upper and lower 95 % 
limits of agreement (mean difference ± 1.96 standard deviation). Each sample is depicted as a dot.
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Figure 7.3. Heatmap of measured and predicted z-scores of major SCFAs for food ingredients and food-food combinations. In 
silico predicted z-scores are displayed on the left and in vitro measured z-scores on the middle. The absolute difference between in silico 
and in vitro z-scores is displayed on the right. Cells are coloured by intensity, with the lowest values in red and the highest values in 
blue.
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Chapter 8: General discussion 

8.1. Summary of thesis findings 

The interaction between dietary compounds and the colonic microbiota strongly impacts host 

physiology, influencing both disease risk and the promotion of health and well-being (45,135,374). This 

thesis aimed to identify foods that support the composition and function of the infant colonic microbiota. 

To achieve this, a novel approach combining in silico and in vitro methodologies was employed. This 

strategy enabled a time- and resource-efficient evaluation of the effects of a wide variety of 

complementary foods and food combinations on the colonic microbiota of New Zealand infants 

transitioning from breastmilk to solid foods, using faecal samples as a proxy. Foods were identified that 

positively impacted the infant colonic microbiota by increasing the abundance of saccharolytic bacterial 

taxa and SCFA production, including blackcurrants, raspberries, strawberries, and black beans. These 

findings support the introduction of these foods during weaning to support colonic microbiota 

development. Importantly, they are promising candidates for further clinical trials in weaning infants, 

which could assess potential health outcomes driven by microbiota-diet interactions. Ultimately, the 

knowledge generated from this thesis (Figure 8.1) can help design future research on interactions between 

dietary compounds and the colonic microbiota, contributing to improved dietary recommendations 

and/or complementary food formulations for infants. 

Chapter 2 presented a narrative review of current literature on how dietary patterns influence the 

colonic microbiota across the human lifespan. By prioritising evidence from intervention trials, 

systematic reviews, and meta-analyses, the review aimed to provide a state-of-the-art synthesis of optimal 

dietary choices to support colonic microbes in different life stages: early infancy, post-weaning infancy, 

adulthood, older adulthood, and centenarian age. Dietary patterns characterised by high food diversity, 

predominantly plant-based, and including daily consumption of fermented foods (e.g., dairy products), 

and moderate intake of lean meats (two to four times a week) were associated with greater microbial 

diversity, increased abundance of saccharolytic bacterial taxa, and enhanced production of SCFAs. 

Additionally, these dietary patterns were linked to a reduced risk of developing non-communicable 

diseases, including obesity, type 2 diabetes, and cardiovascular disorders.  
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Figure 8.1. Summary of the main thesis findings.







 

156 
 

Foods and food combinations that increased the in vitro SCFA production and the relative abundance 

of saccharolytic bacterial taxa were identified. Among individual food ingredients, blackcurrants, 

strawberries, and raspberries enhanced acetate and propionate production. Supporting these findings, 

these berries promoted the growth of SCFA-producing bacterial genera: blackcurrants increased the 

abundance of Parabacteroides, while raspberries enriched both Parabacteroides and Eubacterium. 

Regarding food combinations, black beans increased butyrate production and the relative abundance of 

the group Clostridium sensu stricto 1 when combined with either infant formula or blackcurrants. These 

foods are promising candidates for future clinical trials involving weaning infants. 

Finally, Chapter 7 compared in silico predictions with in vitro outcomes to evaluate the accuracy of 

the mathematical modelling strategy in predicting SCFA production by the colonic microbiota of New 

Zealand weaning infants under realistic feeding patterns. Pearson correlation analyses were used to 

determine the strength of the relationship between predicted and measured outcomes. Overall, the model 

exhibited limited predictive accuracy, with only a weak positive correlation observed for acetate 

production across all samples. However, the agreement between predicted and measured SCFA 

production increased when focusing on samples predominantly composed of plant foods: acetate 

exhibited a moderate positive correlation and butyrate a trend towards weak positive correlation. This 

suggests that the model is more effective at predicting the effect of media rich in complex carbohydrates 

on the function of the infant colonic microbiota, compared to media rich in other dietary compounds, 

such as protein or fat.  

Importantly, our ability to compare in silico and in vitro outcomes was limited by their different 

study designs: while the in silico model assumes a steady state, representing a system in which conditions 

remain constant over time, the static in vitro faecal fermentation reflects dynamic conditions, where 

substrates are gradually depleted and metabolites accumulate. To improve model accuracy, major 

improvements are needed in both the modelling framework and simulation inputs, particularly regarding 

the quality of the microbial metabolic reconstructions and the availability of data in food databases. 

Despite its intrinsic limitations, the model effectively identified in silico candidates, such as berries, that 

supported the colonic microbiota of weaning infants in vitro. In conclusion, when combined with 

traditional in vitro experiments, the MICOM model demonstrated potential as a complementary tool for 

accelerating future research on the interaction between dietary compounds and the colonic microbiota. 
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microbial relative abundance data obtained from 16S rRNA sequencing for building in silico models of 

the infant colonic microbiota limited their resolution to the genus level, which is less accurate than 

models built at the species level (280). Moreover, the simulations relied on relative abundances as a 

proxy for absolute quantities. Relative abundances are interdependent by nature, and without data on 

absolute microbial quantities, changes in their values cannot capture whether the absolute abundance of 

a specific taxon has increased or decreased, or whether an observed relative change simply reflects shifts 

in the growth of other taxa (488). Static protocols were used for in vitro digestion and faecal fermentation. 

While these methods enabled the simultaneous evaluation of multiple samples, suiting the screening 

scope of this project well, they do not accurately reflect the dynamic conditions of the infant GIT 

(265,393). Furthermore, metabolites accumulate and substrates are depleted over time in static 

fermentation systems (455). This diverges from the steady state assumption inherent to the in silico 

modelling approach, thereby limiting the comparability between in silico and in vitro outcomes (276). 

Additionally, faecal samples were used as a proxy for the colonic microbiota due to the ease and 

non-invasive nature of collection. Nonetheless, faeces mainly represent microbial communities from the 

distal colon, providing limited representation of the microbes attached to the colonic mucosa or residing 

in other parts of the colon (200). Faecal samples were collected from six healthy New Zealand weaning 

infants aged 5-11 months, offering an adequate coverage of the weaning period. Nevertheless, the small 

sample size limited the generalisability of our findings to the broader population of New Zealand weaning 

infants. The pooling of samples prevented insights into specific weaning stages, and the focus on this 

group further restricted the generalisation of results beyond the studied population. It is important to 

acknowledge that, despite efforts in minimising intraindividual and interindividual variations, by 

collecting multiple samples from the same individual and pooling them to create a representative 

inoculum, the colonic microbiota remains highly variable (21,22). Consequently, colonic microbes from 

different individuals may respond differently to the foods identified in this thesis. Finally, while this 

thesis identified promising foods for supporting the infant colonic microbiota and potentially contributing 

to health and well-being, it did not evaluate host health outcomes related to microbiota modifications. 

Such evaluations would require clinical trials. 

8.3. Future perspectives 

This thesis provided a comprehensive in silico and in vitro characterisation of the effects of common 

complementary foods on the colonic microbiota of weaning infants. Foods identified as supportive of 
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Appendix 1: Supplementary Figures 

 

Supplementary Figure 3.1. Percentage of scores for risk of bias. 
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Supplementary Figure 6.1. DNA electrophoresis in agarose gel. Gels were loaded with 2 µL of extracted DNA and 5 µL of the lambda-
HindIII DNA marker. The figure displays the electrophoresis results for the first 39 extracted DNA samples. The remaining samples were 
processed under identical conditions in subsequent runs.  
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Supplementary Figure 6.2. Absolute decreases in pH after 24 hours of fermentation. Changes in pH are expressed as the difference 
between after 24 hours of fermentation and fermentation time zero. Bars are coloured according to intensity and statistical significance, with 
higher values represented in red and lower values in blue. Samples with the same colour and same letters belong to the same group according 
to the Tukey HSD test with a 95 % confidence interval.  








































































































































