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Abstract 

Background: Artificial nutrition is needed for many children with complex medical conditions who can 

no longer support their nutritional needs orally. Enteral nutrition in the home environment uses almost 

exclusively sterile commercial formulas, however, the use of blended tube feeds made from food 

liquidised at home is becoming more commonly used. Dietary patterns have been shown to impact the 

bacterial composition of the gut microbiota in real time. The gut microbiome affects virtually all aspects 

of human health and influences the development of chronic diseases. The aim of this study was to use a 

triple stage chemostat model to simulate the human gut and study the effects of blended tube feeds 

and commercial formula on the gut microbial population. 

Methodology: Pre-digested commercial formula and blended tube feed was added to an in vitro gut model 

seeded by pooled faecal samples of healthy children. Microbiota community profiles were evaluated 

through bacterial culture and long read Nanopore sequencing, and CZ-ID. Construction of metagenome 

assembled genomes (MAGs) identified microbial community structure and provided prevalence data. 

Alpha and beta diversity metrics were used to quantify microbial diversity and species richness. 

Results: Microbiota composition changed during the commercial formula feeding with increased 

prevalence of Bacteroides, Bifidobacterium, Lactobacillus, Lacrimispora, Megasphaera and Hungatella 

compared to the control model. Microbiota composition also changed during the blended tube feeding 

with increased prevalence of Lachnospiraceae, Bacteroides, Lactobacillus, Bifidobacterium and 

Faecalibacterium compared to the control model. Compositional changes within the gut microbial 

populations occurred with the introduction of both commercial formula and the blended recipe. More 

increases were seen in beneficial bacteria in response to the blended tube feed compared to the 

commercial formula. No increases in pathogenic bacteria were seen in response to the blended feed 

compared with the commercial formula.  

Conclusion: The blended tube feed promoted a greater prevalence of bacterial species that are 

considered beneficial within the gut microbiota compared with commercial formula. These changes in 

gut microbial composition are associated with a healthier state. 
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1 Background 

1.1.1 Enteral tube feeding  

Artificial nutrition, including enteral (EN) nutrition is recommended when oral nutrition fails to 

adequately supply the necessary nutrient needs to the body. Considered a convenient and well 

tolerated form of feeding intervention, it can be used within a hospital and home setting (Reber et al., 

2019). Children with complex medical needs, including neuro-disabilities and severe chronic illnesses, 

may be unable to consume sufficient food orally to meet their nutritional needs. As a result, children 

may be fed via an enteral feeding tube which may continue long-term in their own home. Conditions 

such as preterm low birthweight, cleft palate, cerebral palsy, autistic spectrum disorder, gastro-

oesophageal reflux and cancer treatments are some of the reasons why children have difficulties eating 

and drinking orally. Consequences of these difficulties includes malnourishment which requires 

intervention strategies (Diamanti et al., 2013). One such strategy for individuals unable to independently 

support their own nutritional needs is the insertion of a feeding tube. Several types of enteral feeding 

solutions are available, and one of the most common is the nasogastric tube (Figure 1A). The tube is 

inserted through the nasal cavity through to the stomach and is primarily for individuals who require 

short-term feeding interventions. For individuals who require longer-term feeding interventions a 

percutaneous endoscopic gastrostomy (PEG) tube is inserted (Figure 1B). The insertion site for the tube 

is located around the navel, where the tube is inserted through the skin into the stomach, allowing for 

feeds to be directly administered and facilitating absorption and digestion of nutrients through lumen of 

the gastrointestinal (GI) tract (Page et al., 2019). In England, during 2014 /2015 the total number of 

children with life limiting conditions, aged 0-19 years who have ever had a gastrostomy was 10,154 

(Taylor et al., 2019). 
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Figure 1. Enteral tube placements. A, nasogastric tube (NG tube) that is inserted through the nose past the 

oesophagus and into the stomach. B, gastrostomy long tube (G tube) which is inserted through the abdominal wall, 

a small internal balloon or mushroom shaped end keep it in place. Image modified from (together.stjude.org, 

2018)   

Children who require enteral nutrition (EN) may be cared for at home by parents or carers. The benefits 

of feeding children at home are shorter hospital stays, less malnutrition related complications (Rosen et 

al., 2016), and psychosocial benefits such as improved emotional wellbeing and social inclusion and 

participation (Hopwood et al., 2020). Home enteral nutrition (HEN) is typically a commercially produced 

complete nutritional formula (CF) which are sterile, ready-to-feed liquids available in pouches, cartons, 

or bottles.  The use of these formulas have been normal practice since the early 1970s when Gormican 

and Catli published developmental procedures to test the results of a fortified sterile milk-based feed 

(Gormican & Catli, 1972). The results of this study led to the development of the Wisconsin formula, 

which contributed to the idea that patients needed to be fed a similar ratio of carbohydrate, fat and 

protein as found in the average diet of a healthy person. Additionally, this diet not only met nutritional 

needs better but to also appeared to decrease gastrointestinal symptoms often associated with the 

early milk and raw egg-based feeds (Harkness, 2002). Prior to Gormican and Catli’s findings, in the 1950-

60s European and North American hospitals routinely administered blended (liquidised) real food for 

enteral feeds as standard, however, due to the financial costs and the introduction of complete CF the 

practice fell out of favour (Parrish, 2014). Today, CF are prescribed as the standard enteral feeding 

practice, due to the fact they are sterile, have quantified nutritional compositions and are easy for the 

caregiver to administer (Gramlich et al., 2018). However, some children receiving long term enteral 

feeding suffer from gut dysbiosis which is a disruption in the composition of the microbiota, symptoms 

often associated with dysbiosis is the irritation of the GI tract, such as nausea, regurgitation, vomiting 
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and diarrhoea with 63% suffering with one or more symptoms throughout the duration of their feeding 

course (Blumenstein et al., 2014). Many dietitians and medical practitioners support the use of CF 

because nutrient and energy content are precise, feeds are sterile until opened and, they are 

convenient, portable and practical to administer (Novak et al., 2009). It has been hypothesised that 

sterile CF diets reduce the richness and diversity of the microbiome influencing the number of distinct 

bacterial species and the evenness of abundance of these species within the gut. Reductions in these 

bacterial communities, lead to dysbiosis of the gastrointestinal tract, and often resulting in GI 

symptoms, impaired systemic health and reduced quality of life (QoL) (Gallagher et al., 2018; Hron et al., 

2019; Trollip et al., 2020). 

1.1.2 Blended tube feeding 

Alternatives to CF are blended tube feeds (BTF), also known as liquidized or a blenderised diet, which 

are blended foods and liquids that are usually prepared domestically and directly administered via a 

feeding tube (Oparaji et al., 2019). A blended feed is usually homemade and prepared by the caregiver 

in the home and may include the same foods that family members are eating at mealtimes. Preparation 

consists of using a range of whole foods including meats, vegetables, fruit, dairy and other liquids such 

as fruit juice. Ingredients are pureed using a domestic blender and administered via the enteral feeding 

tube either as a bolus using a syringe or as a continuous feed using a reservoir or pump. However, the 

term, blended feeds can also refer to CF when mixed with pureed baby food and other commercially 

available food products (Martin & Gardner, 2017). There is growing interest in BTF as an alternative to 

CF among patients, families and healthcare professionals (Bobo, 2016; Phillips & Coad, 2023). This stems 

from perceived health benefits including improved physical symptoms i.e. less regurgitation, diarrhoea 

and constipation and systemic improvements including reduced feelings of isolation, anxiety, and 

depression (Hurt et al., 2015; O’Connor et al., 2022; Trollip et al., 2020). This interest was focused on the 

positive aspects of BTF, such as eating real food and inclusion within the family unit by eating the same 

thing at mealtimes, whilst moving away from medicalised feeding regimes (Parrish, 2014). However, 

some concerns about BTF including microbial risks, nutritional adequacy, potential to block feeding 

tubes and additional burden for families considering BTF remain.  

There is growing evidence of the reported benefits of children receiving blended feed diets; a 

retrospective cohort study by Batsis et al in 2020 demonstrated that three months after initiating a BTF 

95% of patients experienced an improvement in gastrointestinal symptoms compared to 91% of a 

matched group that remained on the CF (Batsis et al., 2020). Additionally, a prospective cohort study by 
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Hron et al in 2019 reported that children receiving BTF had a 53% reduction in total hospital admissions 

compared to children receiving CF. Further, the study reported BTF fed children had less vomiting and 

reflux, with lower rates of healthcare utilization (Hron et al., 2019). A retrospective cohort study by 

Schmidt et al, 2019 and a prospective observation study by Fabiani et al, 2020 showed a significant 

reduction (p = 0.023) in probability of diarrhea in long term tube fed critical care patients (Fabiani et al., 

2020; Schmidt et al., 2019). Further, a case study by Phillips in 2022, showed that a child with 

development delay and faltering growth even after food fortification and oral nutrient supplements, 

when introduced to a BTF showed growth velocity increase from 75% to 190%. They also exhibited a 

reduction in reflux allowing reflux medication to be stopped and an improvement in bowel movements 

and stool consistency (Phillips, 2022).  

Additionally, a systematic review of intervention and observational studies of blended diet for enteral 

tube feeding in young people was undertaken by McCormack et al. And demonstrated through two 

questionnaires the Pediatric Gastroesophageal Reflux Disease Symptom and Quality of Life 

Questionnaire (PGSQ) and Pediatric Quality of life Inventory Gastrointestinal Symptoms Scale (GI-

PedsQL), that although studies were heterogenous, BTF was associated with positive outcomes with an 

emphasis on tolerance of diet (p = 0.007), control of GI symptoms (p = 0.03), reduced reliance on 

medication for GI symptoms from 88% to 76% (p = 0.007) and improved weight for age scores (76% vs. 

82%, p = 0.001) and fewer reports of mild adverse events (McCormack et al., 2023). These studies 

provide useful evidence, but their study designs limit the interpretation of the findings. Randomised 

controlled trials (RCT) are considered the gold standard for evaluating health interventions but, to date, 

no RCTs comparing the effects of BTF and CF have been published. These studies however support the 

use of BTF for children with complex medical needs, showing that diet can potentially reduce systemic 

symptoms of dysbiosis. 

However, as well as potential benefits from BTF there are also concerns associated with risk of microbial 

contamination, potential for blocking feeding tubes, uncertainty and variability of nutrient composition 

with the increased time required to make and administer BTF. Until recently, switching to a blended diet 

has been met with caution due to concerns over foodborne infection, however, correct food training 

and refrigeration of feeds has a significant impact on bacterial loads (Milton et al., 2020; Phillips & Coad, 

2023).  The risk of microbial contamination of feeds was investigated by Madden et al (2019) comparing 

the microbial load of BTF compared to sterile CF in a laboratory-based setting. Although food blended in 

a domestic environment did not achieve levels of sterility compared to CF production, the BTF was 
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within guidelines for assessing the microbiological safety of ready-to-eat food on the market (Health 

Protection Agency, 2009). They concluded that BTF could be an option, from a microbial perspective, for 

individuals who were not immunocompromised or medically unstable (Madden et al., 2019). This was 

further supported by Johnson et al (2019) when making BTF from both whole foods and baby food and 

comparing them to CF within a hospital kitchen. Results from the study showed that all three feeds were 

categorised as acceptable for human consumption according to food safety standards expected of U.S. 

hospitals (FDA.gov, 2017). However, the BTF ingredients substituted fresh baked chicken and raw 

vegetables with chicken from a can and frozen vegetables which potentially reduced the risk of bacterial 

contamination (Johnson et al., 2019). Microbial load was assessed by Milton et al (2020) in an 

observational study who asked 50 participants to prepare homogeneous meal kits for BTF in a home 

setting with a set of standard procedures for minimising bacterial growth. Results showed that 88% of 

the feeds prepared met the US food code for safe food consumption (FDA.gov, 2017), 11% didn’t meet 

US standards but were considered ‘marginal’ by standards from other countries (Swanson, 1992) and 

one sample exceeded acceptable microbial load by US food code standards (Johnson et al., 2019). 

Suggesting that if safe food handling and storage, and adequate hygiene procedures are in place, safe 

production of BTF in a domestic environment is attainable (Milton et al., 2020). Overall, these studies 

illustrate that producing completely sterile food in a domestic setting is not possible, however, with 

procedures in place to reduce bacterial contamination, such as cleaning and sanitizing kitchen surfaces 

and equipment such as blenders, correct refrigeration, and storage of BTF, microbial levels that are 

accepted for the general population can be achieved.  

1.2 Gut Microbiota 

1.2.1 Human Gut Microbiota Diversity  

The human gastrointestinal tract is often referred to as the “gut” and contains an ecosystem of 

microbes, which are complex and dynamic, each person has a composition of microbial communities 

that is variable and unique, especially across healthy individuals (Johnson et al., 2019). In terms of broad 

composition of the adult gut microbiome, 93.6% of bacterial species isolated fall into four bacterial 

phyla; Firmicutes (31%); Proteobacteria (30%); Actinobacteria (26%) and Bacteroidetes (7%) (Hugon et 

al., 2015). Many influences shape the composition of the microbiome, such as genetics (Goodrich et al., 

2014), mode by which the person was delivered at birth (Bäckhed et al., 2015), host immune response 

to pathogenic bacteria (inflammation) and symbiotic bacteria (tolerance) (Wang et al., 2021). Diet (David 

et al., 2014), antimicrobial regimes (Cho et al., 2012) and environmental factors also influence 
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microbiome composition (Fujimura et al., 2014) and underlying health conditions (Valdes et al., 2018). 

However, the composition of an individual’s microbiome is highly dynamic and can experience large 

shifts in microbial composition over a short period of time in response to changes in diet, the 

environment and disease states. Consistent changes from any of these sources can alter diversity in 

microbial communities, this biodiversity can be measured using alpha and beta diversity metrics, alpha 

diversity observes the number of bacterial taxa (richness) and those relative abundances of those taxa 

(evenness) in a single sample, whereas beta diversity measures the similarity or dissimilarity between 

two microbial communities (LeBlanc et al., 2013; Lu et al., 2013; Walters & Martiny, 2020). To assess 

these changes in microbial populations, faecal samples are a good representation of those within the 

gut, a non-invasive method of sample collection from patients for examining community dynamics and 

explore changing bacterial populations within a microbiome. However, although faecal samples are 

pragmatic and convenient, they are limited in the accurate representation of microbial composition 

along the gastrointestinal tract. Niche populations of bacterial are more prolific in different regions of 

the gut which faecal samples are unable to fully capture. 

The microbiota in healthy children consuming a varied diet, contain two phyla that dominate bacterial 

composition, Firmicutes and Bacteroidetes, with smaller amounts of Proteobacteria, Actinobacteria and 

Verrucomicrobia. Additionally, the gut microbiome also contains a rich virome, with eukaryotes that 

consist of mainly yeasts and methanogenic archaea (Eckburg et al., 2005; Reyes et al., 2010). The gut 

microbiome of children differs from that of adults, suggesting a slower rate of maturity, and allowing 

additional opportunities for interventions (Derrien et al., 2019). Generally, the profile of an adolescent’s 

microbiome is predominated by phyla such as Bacteroidetes which exhibit the most stability, followed 

by Proteobacteria. To assess the microbiota of children de Meij et al (2016) collected faecal samples 

from 61 healthy children aged 2-18 years in the Netherlands; samples (weekly) were sequenced to show 

diversity and stability of the microbiome. The study duration was six weeks with a follow up sample 

after 18 months, with no dietary interventions. The stability of some phyla declined rapidly for short 

intervals, stabilised, then naturally declined further at a gradual pace. This suggested phylum-specific 

temporal shifts following variation in diet. Overall, around 70% of identified bacterial strains showed 

general stability within the microbiome over the 18-month study period (de Meij et al., 2016). These 

studies show that natural temporal shifts occur within the microbiota of children as they mature, 

however, these changes take place over a long period of time.  
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1.2.2 Gut Microbiota and metabolite production 

Bacteria within the gut microbiota produce metabolites that can benefit the host or contribute to 

disease pathogenesis. Bacterial taxa within the gut microbiota are essential for the fermentation of 

dietary fibre and endogenous intestinal mucus. Fermentation of polysaccharides, oligosaccharides, 

proteins, glycoproteins, and peptides result in the production of metabolites such as short chain fatty 

acids (SCFA). SCFA are bacterial derived metabolites that modulate key functions for the host especially 

intestinal homeostasis maintenance. Carbohydrates fermented by saccharolytic bacteria producing 

linear SCFA, proteins and amino acids are fermented by proteolytic bacteria producing branched SCFA, 

phenols and amines in the colon. This fermentation process not only supports growth of bacteria within 

the gut but impacts gut integrity, metabolism and host immunity (Martin-Gallausiaux et al., 2021; Wong 

et al., 2006). The predominate SCFA are acetate, butyrate and propionate which are essential for the 

maintenance of gut integrity, neuronal health and immune system regulation. Butyrate is an important 

metabolite for cell regulation and as the predominant energy source for colonocytes that induce 

apoptosis of colon cancer cells. Additionally, butyrate facilitates the activation of intestinal 

gluconeogenesis which has a beneficial effect on energy and glucose homeostasis and prevents leaky 

gut. Acetate aids in the regulation of gut pH, appetite and protects against pathogens (Valdes et al., 

2018). 

Gut microbes have been shown to regulate systemic inflammation through the production of anti-

inflammatory metabolites, SCFA can cross the blood brain barrier (BBB) and interact with brain cells. 

Additionally, SCFA are also essential in the maintenance of the BBB.  Braniste et al demonstrated in mice 

models the important role of the microbiota in the production of SCFA’s, by upregulating the 

expressions of tight junction proteins occludin and claudin-5 that regulate barrier function in endothelial 

tissues and by decreasing BBB permeability. They also reported that when germ free mice received 

either a faecal transfer from a pathogen free mouse or a treatment containing bacteria that produced 

SCFA, a decrease in the permeability and a reinforcement of integrity of the BBB was observed in mice 

(Braniste et al., 2014). The use of animal model studies are able to demonstrate the impact of SCFA in 

vivo, with findings being comparable to the understanding of SCFA synthesis and utilization in humans 

(Braniste et al., 2014; Devkota et al., 2012; Park et al., 2013).  

1.2.3 Gut Microbiota and diet 

Diet and nutrition play a key role in the symbiotic relationship between the gut microbiota and the host, 

influencing health and metabolic homeostasis through metabolite production. The gut microbiome can 
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be modified by diet volume and composition which can have a systemic effect on health (Wilson et al., 

2020). Some children with disabilities rely on enteral nutrition as the primary source of nutrition, 

especially if nutritional needs cannot be met orally. Diet has a high impact not only on nutritional 

requirements but on systemic health (Katagiri et al., 2023). The impact of high fat, high sugar content 

and low fibre diet on health has been widely researched (Clemente-Suárez et al., 2023; De Filippo et al., 

2010; Graf et al., 2015). Including effect on gut microbial communities, metabolites and enzymes 

(Leeming et al., 2019) associated with chronic illness such as obesity and immune related disorders such 

as inflammatory bowel disease (IBD) (Devkota et al., 2012; Ley et al., 2006). Diet-induced depletion of 

commensal gut bacteria such as Faecalibacterium and Ruminococcus, and enrichment of pathogenic 

bacteria such as Staphylococcus and Enterococcus, cause dysbiosis and adverse outcomes for individuals 

with underlying medical needs.  

 

Figure 2. High fibre vs Western diet. The image shows the consequences of diet on the gut and gut microbiota; 

Western diet vs a Healthy High Fibre diet and the consequences of each. Image created in BioRender.com modified 

from (Mills et al., 2019). 

Research has highlighted the effect of a western diet (Figure 2) on the microbiome composition. 

Differences were found between the gut microbiota of individuals who consumed vegetarian diets 
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compared to omnivores (Glick-Bauer & Yeh, 2014). Demonstrating that individuals who consumed 

vegetable, fruit and fibre from a plant-based diet long term, had a greater richness and diversity within 

their microbiome compared to those who consumed a western based omnivore diet (Klimenko et al., 

2018). A study conducted by De Filippo et al in 2010, showed that diet of children in different 

geographical populations also impacted the gut microbiota. Comparisons of faecal microbiota of 

children aged 1-6 years old in Europe (Italy) consuming a western diet compared with children from 

rural Africa consuming a high fibre vegetarian-based diet (Figure 2). The study showed significant 

differences (P < 0.001) in bacterial populations within the gut microbiota between the two groups, with 

a reduction of SCFA from European children compared to African children. Significant differences in 

richness and biodiversity were found between the two microbiota (P < 0.01), highlighting a richer and 

more diverse microbiota of African children, compared to European children (De Filippo et al., 2010). 

Consequences of consuming a high fat, low fibre diet, is not just an imbalance in gut microbiota, gut 

dysbiosis and but also dysregulation leading to inflammation and loss of gut integrity. Gut dysbiosis has 

been seen in many children who rely on EN, exhibiting symptoms such as bloating and diarrhoea (Rogers 

et al., 2016). The gut microbiota interacts with bile acids (BA) and plays an important role in 

carbohydrate and lipid metabolism. Deconjugation of bile acids, and the production of enzymes 

synthesized to alter the composition of secondary BA, affected glucose and lipid metabolism. One of the 

consequences of dysregulation of BA metabolism is the reduction in bacterial genus such as Bacteroides, 

Lactobacillus and Bifidobacterium that express bile salt hydrolase (BSH). This causes bile toxicity and 

impedes normal excretion of BA (Odermatt et al., 2011) whilst also allowing for colonisation of bile 

resistant bacteria (M. Yang et al., 2021). This demonstrates the importance of diet on systemic health, 

especially children relying on enteral nutrition who often also have underlying medical conditions. 

1.2.4 Gut Microbiota and systemic health of children 

A diverse and healthy microbiome is key to systemic health within children. The microbiome is acquired 

from birth, other factors play a key role such as genetics and environmental factors account for 

susceptibility to metabolic disease (Bäckhed et al., 2015; Fujimura et al., 2014). A complex interplay of 

these factors shape a unique phenotype, however, as the microbiome can be highly dynamic it can be 

modified, so therefore act as a therapeutic target (Menni et al., 2017). The overall systemic health of 

gastrostomy fed children is complex to quantify, most children receiving enteral feeds have chronic 

illnesses and secondary conditions such as diabetes , however, this highlights the importance of good 

enteral nutrition on the health outcomes of these children (Bakewell et al., 2021).  
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An in-depth study by Murri et al, examined the compositional differences in microbial communities 

within the gut microbiota of sixteen children with type 1 diabetes compared to sixteen healthy children 

(without diabetes). The healthy children were matched to children with diabetes type 1 for age, gender, 

race, mode of delivery and duration of breastfeeding as an infant. Additional matching information was 

provided by parents on dietary habits, health status and lifestyle aspects. Microbiota composition was 

analysed from faecal samples and showed significant differences in bacterial composition between 

healthy children and children with diabetes type 1. The results showed a decrease in Lactobacillus and 

Bifidobacterium species from children with diabetes compared with controls. Additionally, analysis 

showed that compared to healthy children, children with diabetes had significant decreases in bacteria 

associated with production of lactic acid and butyrate, along with mucin degrading bacteria. These 

bacteria are essential for maintaining gut integrity and health, reduction in abundance could be 

responsible for altered gut permeability found in patients with type 1 diabetes (Murri et al., 2013). 

Although the majority of research into the importance of maintaining a healthy microbiota is seen in 

murine models. Studies examining long term weight gain in humans supports the correlation of low 

microbial diversity and low dietary fibre intake with obesity, gut dysbiosis and systemic inflammation 

(Menni et al., 2017). Enterically fed children with neurodisabilities or long-term illnesses, such as chronic 

kidney disease, can be either overweight or obese. With excess calories being stored as adipose tissue 

rather than stimulating further growth improvements (Sienna et al., 2010). As enteral feeds 

administered contain more calories than is utilized this could lead to excessive weight gain especially 

with long term use, and should remain a consideration when choosing feeding regimes (Ramage et al., 

1999). Reducing energy or changing diet to a BTF, is a possible consideration as BTF contains less 

calories from saturated fats and include high fibre ingredients increasing benefits such as enhanced 

microbial diversity. BTF could aid in reducing weight gain and reduce the symptoms of gut dysbiosis 

associated with obesity (Tanchoco et al., 2001). 

Research into how diet is a contributing factor in shaping a gut microbiota that influences systemic 

health of the host, is invaluable in the understanding and progression of interventions associated with 

short- and long-term feeding tube requirements and systemic long-term diseases within the tube fed 

community.  

1.2.5 Antimicrobials and the Gut Microbiome 

Oral antimicrobials are one of the most common therapies administered to paediatric populations 

within European countries (Sturkenboom et al., 2008). A contributing factor to dysbiosis of the gut is 
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multiple antimicrobial exposures, resulting in a reduction in microbial diversity. Antimicrobials such as  

broad spectrum antimicrobials can cause a reduction of dominant communities of commensal bacteria 

allowing pathogenic bacteria to proliferate (Cho et al., 2012). Jernberg et al examined the long-term 

impact of a single 7-day course of clindamycin on the gut microbiota of adults over a two-year period. 

Results showed that a single treatment with clindamycin reduced Bacteroides permanently with no 

tendencies to return to pre-administration levels (Jernberg et al., 2007). Other studies also indicate 

permanent change to gut microbiota post antimicrobial exposure (Bajinka et al., 2020). However, the 

impact of antimicrobials within the gut microbiota is variable and is determined by intervention period, 

type of antimicrobial administered and concentration (Ghoshal et al., 2016). This was further 

demonstrated in a comparative study by Imhann et al who found bacterial genus such as Collinsella, 

Lactobacillus and Anaerostipes were reduced in the gut of children on antimicrobial therapy compared 

to an untreated group for up to two years (Imhann et al., 2016). It was shown that long-term 

antimicrobial use reduces the richness and diversity of the gut microbiota, impacting the immune 

system, including pro-inflammatory effects, increased permeability of the gut wall and a reduction in 

protective mucus layer (L. Yang et al., 2021) 

Children that are tube fed often need antimicrobials due to their susceptibility to infections. It is 

essential to understand the broad impact of antimicrobials on the structure and abundance of bacterial 

species within the gut microbiome, as these changes can impact growth, drug metabolism and 

progression of chronic diseases.   

1.3 Gut model and digestion 

1.3.1 Triple stage chemostat gut model 

To evaluate microbial composition and diversity within the human gut, methodologies have focused on 

using faecal samples as a representation of the large intestine to closely resemble in vivo conditions 

(Jones et al., 2018). In vitro gut models are utilized to quantify bacterial communities, screen 

mechanistic and therapeutic outcomes, and have been validated for maintaining human gut microbiota 

(Macfarlane et al., 1998; Rajilić-Stojanović et al., 2010; Van den Abbeele et al., 2010). As such, a three 

stage chemostat gut model is ideal to assess and monitor bacterial communities. These multi-stage 

continuous culture reactors started with Gibson and Macfarlane in the 1980s who examined retention 

time of bacterial populations in the colon. The model consisted of three connected vessels that 

simulated the three stages of the colon (ascending, transverse and distal) that maintain parameters that 

reflect conditions within the gut, such as pH and temperature (Macfarlane et al., 1998). This allows for 
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reproducibility, ease of sampling and cost efficiency to study the effects of food either independently or 

as a combination. However, this system has not been utilized previously for monitoring bacterial 

communities in the same model during consecutive dietary interventions. Previous research using the 

triple stage gut model has been well documented in measuring the response to antimicrobial agents in 

Clostridioides difficile infection (CDI) models (Baines et al., 2005, 2013; Chilton et al., 2014; Etifa et al., 

2023; Freeman et al., 2003). As such, the applications for extending the parameters of the three stage 

chemostat model past singular compounds and probiotics to include whole food diets have been under 

utilised and could easily incorporate additional interventions to further explore research questions such 

as, how diet affects the production of metabolites from commensal and pathogenic bacteria (Davis Birch 

et al., 2023; Gibson, 2022).  

For instance, it may be possible to ascertain the effects of metabolites on microbial populations in the 

gut model in response to dietary interventions.  Simulated digestion processes can be used to 

incorporate several modifications aimed at reducing cost and complexity. Resulting in a “modified 

original” method to better stimulate a fed state, by adding three times the amount of bile salts and 

digestive enzymes with comparable results (Garrett et al., 1999; Rodrigues et al., 2017; Rowland et al., 

2018; Thakkar et al., 2007). 

1.4 Metagenomics 

Metagenomic sequencing of the human gut microbiome within the human gut gives new insight to 

microbial ecology and evolution (Hug et al., 2016; Nayfach et al., 2019). High throughput sequencing 

platforms like Illumina generate very accurate but restricted fragment lengths of around 100-300 base 

pairs (bp), reducing accuracy in reconstruction of strain-level genetically related organisms (Quince et 

al., 2017). Illumina sequencing has been the method of choice for years, high throughput short-read 

sequencing, but these failed to resolve repeated regions which is problematic in metagenome samples. 

In contrast, single-molecule sequencing platforms like Oxford Nanopore Technology (ONT) (MinION, 

GridION and PromethION) sequence very long fragments from high molecular weight DNA, with >10 

kilobase pairs (Kb) - 2 mega base pairs (Mb) (Jain et al., 2018). Platform improvements have led to 

metagenomic final assemblies reaching ~99.5 to 99.8% of consensus accuracy (Latorre-Pérez et al., 

2020). Specific long read alignment-based identification and classification was more accurate owing to 

their increased information content (Wommack et al., 2008). Long read sequences improves accuracy, 

by bridging shorter repetitive sequences that are often longer than the read length which are often 

shared by one or more taxa present within the microbial community, which can also contain related 
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species or subspecies in an unknown abundance. Producing long reads also allows the generation of 

genomes with a high degree of completeness in de novo assemblies (Bertrand et al., 2018; Latorre-Pérez 

et al., 2020). Long read sequencing in metagenomics allows retrieval of metagenome assembled 

genomes (MAGs) from high molecular weight (HMW) DNA whilst utilising short reads to polish and 

improve overall accuracy (Suzuki et al., 2019).  Metagenomic pipelines use correction software to 

improve accuracy and reliability, such as frameshift-aware corrections, these can aid in producing high 

quality data for the taxonomic assignment of bacterial species found in the human microbiome through 

bioinformatic databases such as BLAST and Kraken2 (Cuscó et al., 2021). A comparative study 

investigated the alignment and assembly of mock microbial community standards using Illumina and 

nanopore sequencing. The 10 species within the mock community standards were recovered at 

anticipated abundances for both platforms, however, ultra long read nanopore data sets were 

recovered, improving genome assembly without additional processing steps. Results showed that ONT 

generated >30 Gigabytes - >300 Gb of data compared to 101-151 bp with Illumina. Long contiguous 

sequences generated by nanopore sequencing meant that whole microbial genome reconstruction from 

mixed samples without a binning step was possible (Nicholls et al., 2019). 

Analysis of metagenomic data and bioinformatic pipelines are often complex, have long run times and 

are computationally resource intensive to process, especially when setting parameter boundaries. 

Therefore, automated metagenomic pipeline that do not require bioinformatics expertise nor high 

computing power was desirable. Chan-Zuckerberg-ID (CZ-ID) is a free cloud based genomic analysis 

platform that uses FASTAQ files of long reads to generate comprehensive and accurate de novo 

assembly of metagenomes. The CZ-ID metagenome next generation sequencing (mNGS) nanopore 

module within CZ-ID provides the characterization of complex microbial communities, with no need for 

prior knowledge of coding or computing resources. The pipeline executes quality control steps to 

remove reads of low quality, low complexity, and short length. Filters then exclude host DNA before 

subsampling non-host reads, into de novo assemblies, saving time and cost (Simmonds et al., 2024). The 

output of CZ-ID can then be analysed using common metrics for microbiome studies. 

To measure and compare differences in microbiome data alpha and beta diversity metrics are used. It is  

possible to quantify between microbial communities at two different levels, the alpha diversity (within-

sample) and the beta diversity (between sample). Alpha diversity metrics commonly used such as 

Shannon-Weiner diversity index (Shannon, 1948) which summarises the structure of the microbial 

communities by richness (number off taxonomic groups) and evenness (distribution of abundance of the 
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taxonomic groups). And Simpson’s index (Simpson, 1949) which summarises diversity of taxa whilst 

taking into consideration richness and evenness. Beta diversity metrics commonly used such as Bray-

Curtis dissimilarity index (Bray & Curtis, 1957) summarises how samples are different from one another 

by considering the dissimilarity of sequence abundance between two different samples (Kers & Saccenti, 

2022). In microbiome studies, it is important to measure diversity, to understand bacterial composition, 

function, and dynamics of the microbiota between treatments and controls.      
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1.5 Hypothesis, Aims and Objectives 

1.5.1 Hypothesis 

The hypothesis of this study is that a change in diet from a commercial formula diet to a home blended 

tube-feeding diet will have an effect on the richness and diversity of bacterial communities within the 

gut microbiome derived from healthy children aged 2-15 years old.  

1.5.2 Aim 

The aim of this study is to investigate how a change in enteral feed from a sterile commercially prepared 

formula to a nutritionally comparable feed made from blended food impacts the gut microbiome using 

an in vitro gut model.  

1.5.3 Objectives 

I. Design a protocol for digestion that reflects enteral tube feeding for children. 

II. Investigate the response of gut microbial communities on dietary interventions using a triple-

stage chemostat model that simulates the human gut, inoculated with faecal slurry from health 

children aged 2-15 years old  

III. Analyze the response of gut microbial communities by selective agar and using gDNA of 

microbial culture for long-read Nanopore sequencing and metagenomic analysis. 
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2 Materials and Methods 

2.1 Commercial Formula and Blended Diet recipe  

A survey conducted on a closed parent support group on Facebook showed that Paediasure (Abbott, 

Maidenhead), was the most frequently used commercial formula before switching to a home blended 

diet. Foods used for the blended diet recipe were those most frequently described as included in home 

blended feeding regimes by parents. The blended feed recipe was developed to nutritionally match the 

commercial formula (Table 1) for energy and macronutrients in a 500 ml volume using nutrient software 

(Nutritics, Dublin). 

Table 1. Blended recipe and calculated nutritional composition to match the commercial formula to 
make up to 500ml.  

Ingredients Weight (g)  

Oil olive 10  

Honey 20  

Bananas flesh only 100  

Broccoli green steamed 50  

Avocado average flesh only 30  

Potatoes old boiled in unsalted water flesh only 80  

Chicken pieces white meat deli style 15  

Milk whole pasteurised average 80  

Ground almonds  10  

 Commercial Formula1 Blended feed2,3 

Volume (ml) 100 500 500  

Energy (kcal) 100 500 500 

Protein (g) 2.8 14.0 14.5 

Carbohydrate (g) 11.2 56.0 56.0 

Sugar (g) 3.92 19.6 39.0 

Fat (g) 4.98 24.9 24.9 

Fibre 0 0 6.9 

 
1 Composition per 100 ml taken from BNF for Children 2020-2021 (2020) Borderline substances, appendix 2, page 
1106. London: Pharmaceutical Press. 
2 Composition determined using Nutritics nutrient analysis software https://www.nutritics.com/en/  
3 Blended recipe was provided by registered dietitian Dr Angela Madden  

about:blank
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2.2 Preparation of blended feed foods 

All food ingredients were purchased from a local supermarket (Hatfield, UK). Procedures reflected those 

used in a normal kitchen environment with high level of hygiene practice. All kitchen utensils and 

removable blender parts (Vitamix Professional Series 750; Vitamix, Olmsted Falls, OH, USA) were 

washed in hot soapy water before use. Potatoes were peeled weighed and boiled in unsalted water. 

Broccoli was steamed for approximately 15 minutes until tender. All other ingredients were chopped 

roughly and placed directly in the blender. The blended feed was made by combining all the ingredients 

and blended until smooth, without sieving, then decanted into a sterile 1L Duran bottle. The blended 

recipe was prepared in conditions that reflected those normally found within a domestic environment 

and included ingredients that were frequently available and gave the right consistency to be easily 

administered by tube. The recipe consisted of raw, boiled and steamed foods which would reflect 

preparation within a domestic environment for children receiving blended enteral tube feeds. The 

ingredients were nutritionally matched to the commercial formula in energy, fats, sugars, fibre and 

carbohydrate content. Food choices were based on a poll conducted on a closed group of parents with 

tube-fed children on social media (Facebook), to identify the most frequently used foods given to tube 

fed children and these foods were included within the study recipe. Food was prepared and cooked to 

reproduce typical blended feed preparation at home and to achieve consistency that could easily be 

administered by tube. Cooking techniques implemented in the preparation of the BTF were boiling and 

steaming of ingredients such as potatoes and broccoli. 

2.3 In vitro digestion of Commercial Formula and Blended feed 

The In vitro digestion method used was based on the work by Failla et al in 2014. Rodrigues et al (2017)  

modified the “original method” by Failla et al. to better simulate fed conditions in the gut and compared 

this process to the Minekus et al, 2014 INFOGEST digestion model.  The simulated digestion fluids (SDF) 

were made up as shown in Table 2. This protocol excludes the oral stage and simulated salivary fluid 

(SSF) to better reflect conditions of enterically fed individuals. The volumes of both SGF and SIF were 

calculated to a final volume of 500mL, the volume was made up to 400 mL with distilled water to a 1:25x 

concentration. The electrolyte stock (4 parts stock solution + 1 part water) had the correct ionic 

composition in the simulated digestion fluids (SDF). The addition of additional enzymes, bile salts Ca2+ 

solution and distilled water to the correct electrolyte concentrations in the final digestion mixture 

(Minekus et al., 2014; Rodrigues et al., 2017). 
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Table 2. Electrolyte stock solutions for Simulated Gastric Fluid (SGF) and Simulated Intestinal Fluids (SIF) 

made up to a 1:25x concentration.  

 SGF SIF 

 

pH 3 pH 7 

 

Constituent Stock volume and concentration in 

simulated digestion fluids (SDF) 

Vol of 

stock 

Conc. in 

SGF 

Vol of 

stock 

Conc. In SIF 

 g L-1 Mol L-1 mL Mmol L-1 mL Mmol L-1 

 

KCl 37.3 0.5 6.9 6.9 6.8 6.8 

KH2PO4 68 0.5 0.9 0.9 0.8 0.8 

NaHCO3 84 1 12.5 25 42.5 85 

NaCl 117 2 11.8 47.2 9.6 38.4 

MgCl2(H2O)6 30.5 0.15 0.4 0.1 1.1 0.33 

(NH4)2CO3 48 0.5 0.5 0.5 - - 

pH adjustment 

 mol L-1 mL mmol L-1 mL mmol L-1 

 

NaOH 1  - - - - 

HCl 6  1.3 15.6 0.7 8.4 

       

CaCl2(H2O)2  

 g L-1 Mol L-1  Mmol L-1  Mmol L-1 

 

CaCl2(H2O)2 44.1 0.3  0.15 

(0.075*) 

 0.6  

(0.03*) 

* Brackets show corresponding Ca2+ concentration in the final digestion mixture 

 



25 
 

2.3.1 Gastric Phase 

Five parts of liquid food was added to four parts of the SGF electrolyte stock solution (75 µm CaCl2, 2000 

U mL-1 pepsin, pH 3) and made up to 200mL with water. Time of digestion process was 2 hours in a 

shaking incubator at 37oC at 90 rpm immediately after the enzymes were added, the mixture was 

digested in a conical flask to allow for sufficient mixing during digestion. The reaction vessel was capped 

loosely with foil to avoid leaking of gases and an increase in pH. The pH was monitored at half hour 

intervals and adjusted throughout the digestion process with 5M HCL (Rodrigues et al., 2017). 

2.3.2 Intestinal Phase 

Five parts of the gastric chime is mixed with four parts of the SIF electrolyte stock solution (300 µm 

CaCl2, 1.2mg/mL pancreatin, 8.5mg/mL bile salts, pH 6.5) made up to 400mL with water. Further 

monitoring at half hourly intervals, with pH adjustments was made during the SIF digestion phase. After 

the digestion process both digested solutions were aliquoted into 10mL volumes and frozen 

immediately at -20oC. 

2.4 Inoculation and installation of the triple stage chemostat model 

2.4.1 Gut Model 

The triple stage chemostat model of the human gut is based on the work of Macfarlane et al. (1998), 

who validated a human gut model based on the quantification of the physicochemical and 

microbiological conditions within the intestinal contents of sudden death victims. The system was 

designed to reproduce in vitro the microbiome of bacteria in the human gut in a spatial and temporal 

manner. The model consists of three doubled walled vessels V1, V2 and V3; with V1 having an inner 

chamber volume of 280 mL and V2 and V3 operating on a slightly larger volume of 300 mL. The vessels 

are operated on a weir cascade system with growth medium being top-fed by a peristaltic pump into V1 

at a controlled rate (D = 0.013 h-1), with contents progressively moving through to V2 and V3 where the 

overflow runs into a waste vessel. Growth medium reservoirs and all three vessels were continually 

stirred, and each of the vessels was sparged with oxygen free nitrogen. The model was temperature 

controlled (37oC) and the pH of each vessel was automatically controlled to pH 5.50, 6.20 and 6.80 (±0.1) 

respectively, to reflect the increasing alkalinity within the human gut, from ascending to descending 

colon. The model was conducted in duplicate, model 1 as a control and model 2 as a test model. 

2.4.2 Growth Medium 

Growth medium for the gut model was prepared in 2L volumes (Table 3). After sterilization of the 

growth medium by autoclaving (15 mins, 121oC), resazurin (0.005g/L, R7017, Sigma-Aldrich) and glucose 
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(0.4g/L,41095-5000, Fisher) were added by sterile filtration through 0.22 µm syringe filters into the 

growth medium before use. 

Table 3. Constituents of the gut model growth medium as a continuous culture system first described by 

Macfarlane et al. (1998). 

Growth Medium 

Constituents g/L 

Peptone water 2.0 

Yeast extract 2.0 

Sodium chloride 0.1 

di-Potassium hydrogen phosphate (K2HPO4) 0.04 

Potassium di-hydrogen phosphate (KH2PO4) 0.04 

Magnesium sulphate (MgSO4. 7H2O) 0.01 

Calcium chloride (CaCl2. 2H2O) 0.01 

Sodium hydrogen carbonate (NaHCO3) 2.0 

Tween 80 2.0 mL/L 

Haemin 0.005 

Cysteine HCl 0.5 

Bile salts 0.5 

Glucose 0.4 

Arabinogalactan 1.0 

Vitamin K1 10 µL/L 

Pectin 2.0 

Starch (Potato) 3.0 

 

 

2.4.3 Sample collection and inoculation of the model 

Parents of seven healthy children were recruited to take part in this study, the children’s ages ranged 

from 2 to 15 years old, with no history of antimicrobial treatment in the previous three months. Faeces 

were collected by parents and packaged to a UN3373 category B standard. Prior to sample collection 

informed written consent was obtained from each parent. Ethical approval for this study was granted by 
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the Health Science, Engineering & Technology EDCA at the University of Hertfordshire (UH protocol 

number LMS/PGR/UH/04981). Faecal samples were transported under anaerobic conditions 

(AnaeroGen, Oxoid, Basingstoke, UK) to the laboratory within 12 hours of sample collection. A 10% (w/v) 

faecal slurry was obtained by pooling faecal samples and emulsifying in pre-reduced PBS pH 7.4 

(70011044, Fisher), a smooth slurry was obtained by stomaching (Seward, Worthing, UK) followed by a 

coarse filtration through sterile muslin to a volume of 1L. The slurry was then used to inoculate both 

models to half volume in V1 and to a third volume in V2 and V3. The growth medium pump was started 

immediately after inoculation, with no further interventions. The model was left to equilibrate for ~15 

days so that bacterial populations could attain a steady state, bacterial populations were continuously 

monitored during this time. Foaming within vessels was prevented by the addition of 1 mL of 10% 

polypropylene glycol (VWR International, Lutterworth, UK) ad libitum. Sampling was conducted at 

approximately the same time each day, and always in between interventions where applicable.  

2.4.4 Dietary interventions in the gut model 

Two models were run simultaneously, the test model and the control model. The control model had no 

interventions, while the test model after reaching a state where bacterial communities were stable had 

interventions introduced separately and sequentially. Interventions were introduced to the test model 

at day 16 of the experiment (Table 4), the volume administered at each intervention point was limited 

to 3mL. This volume was determined pragmatically on the limits of the gut model so as not to cause 

wash out of the bacteria within V1.  As such a 3 mL volume of digested commercial formula 

(intervention one) was administered directly into V1, three times a day. These were administered at 

intervals meant to represent mealtimes (e.g. 09.00, 13.00 and 18.00). Intervention one (CF) lasted for 14 

days, this time period was used to capture any changes in bacterial communities, and therefore 

sampling of the model would then reflect changes caused by diet. The second intervention followed 

immediately after the first, with no resting period, to represent the transition from commercial formula 

to a blended diet in a real-life scenario. The second intervention started on day 30 of the model, for 

another 14 days where 3 mL of the digested blended recipe was also administered into V1. This was also 

done three times a day at regular intervals as mentioned previously.     

Table 4. Dietary interventions within the test model  

Steady State 

 (No intervention) 

Intervention one 

 (Commercial formula) 

Intervention two 

 (Blended tube feed) 
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Days 1-16 Days 16 to 30 Days 30 to 44 

N/A 3mL into V1 

3 times a day 

3mL into V1 

3 times a day 

 

2.4.5 Enumeration of faecal bacteria 

Sampling by selective agar viable counting was conducted every other day for the first two weeks, then 

bi-weekly for the following 4 weeks. At each sample point, 2 mL of sample was removed from vessel 

one, 0.5 mL was then serially diluted 10-fold to 10-7 in 4.5 mL of pre-reduced peptone water within an 

anaerobic cabinet (A35 HEPA, Don Whitley Scientific, Bingley, UK).  A modified Miles and Misra viable 

counting technique was used as previously described (Baines et al., 2005; Miles et al., 1938), with 20 µL 

of each dilution inoculating the following selective agars in triplicate as shown in Table 5. 
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Table 5. Selective agars for isolation of bacterial species in both gut models 

Media and Incubation 
atmosphere 

Supplements Target species 

MacConkey agar, no 3 (O2)  Total facultatively anaerobic 
lactose fermenters 

Aesculin Azide agar (O2) 5 g/L agar technical and 
supplemented with 20 mg/L 

Kanamycin 

Enterococcus spp. 

Fastidious anaerobe agar 
(ANO2) 

5% horse blood Total anaerobes 

Beeren’s agar (ANO2) 42.5 g/L Columbia agar base; 5 
g/L agar technical; 5 g/L 
glucose; 0.5 g/L cysteine 

hydrochloride; 5mL/L propionic 
acid 

Bifidobacterium spp. 

LAMVAB agar (ANO2) Solution A; 52.2 g/L MRS broth; 
0.5 g/L cysteine hydrochloride, 

Solution B; 40 g/L agar 
technical; 0.05 g/L Bromocresol 
green, when mixed solution is 
supplemented with 20 mg/L 

vancomycin 

Lactobacillus spp. 

 

Agar plates used in the culture of anaerobic bacteria were pre-reduced for 24 h under anaerobic (ANO2) 

conditions at 37oC prior to inoculation. Additionally, agar plates used in the culture of aerobic bacteria 

were placed in an incubator overnight to reach 37oC before inoculation. After inoculation all plates were 

then further incubated for 48 h, enumeration of colony forming units (CFU); colonies of 20-300 were 

counted to calculate the number of CFU/mL of the original sample. As each dilution was done in 

triplicate, the mean was used to calculate the CFU/mL of the sample. Colonies were identified to a genus 

level based on colony morphology and species level by MALDI-TOF (Matrix assisted laser desorption 

ionization time of flight) mass spectrometry (AXIMA-Confidence, Shimadzu Corporation, Kyoto, Japan) 

and the spectral archive and microbial identification system (SARAMIS system AnagnosTec GmbH, 

Potsdam-Golm, Germany). Sample analysis by MALDI TOF, a small amount of bacterial colony was 

smeared onto one well within a FlexiMass-DS 48 well polymeric MALDI plate, 1µL of 75% formic acid 

was pipette mixed into the sample, when nearly dry, 1µL of MALDI matrix solution was added and mixed 

by pipetting. E. coli DH5α was used as a control (99.9%) on spot wells between samples and plate was 

loaded onto plate carrier in the mass spectrometer for automated measurement. Bacterial identification 

is based on mass spectral signature of ribosomal proteins, nucleic acid proteins and cold shock proteins, 
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these spectra fingerprints are compared to and assigned to genus, species and subspecies using the 

SARAMIS commercial database.  

2.4.6 Sampling for metagenomics 

From both models, 5 mL samples were taken from each of the vessels every other day, for a total of 44 

days. The samples were centrifuged at 7,000 rcf for 10 minutes at 20oC, to pellet the bacterial cells. The 

supernatant was removed to a sterile tube, both pellet and supernatant were frozen as soon as possible 

at -20oC for downstream analysis. A total of 36 samples were selected for gDNA extraction described 

below, one from each vessel, from both the test (Table 6) and the control (Table 7) models as shown 

below (Barcode NB02 was unavailable). Samples were pooled with the aim to provide data that is 

representative of the whole of the gut. 

Table 6. Sampling of test model for metagenomics  

Parameter Treatments 

None Commercial Formula Blended diet 

Day 6 14 20 28 34 42 

Test V1 (pH5.5) 1 1 1 1 1 1 

Test V2 (pH 6.2) 1 1 1 1 1 1 

Test V3 (pH6.8) 1 1 1 1 1 1 

Nanopore DNA 

library 

Pooled and barcoded as 

NB01 

Pooled and barcoded as 

NB04 

Pooled and barcoded as 

NB06 
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Table 7. Sampling of control model for metagenomics  

Parameter No treatment 

   

Day  6 14  20 28 34 42 

Control V1 (pH5.5) 1 1 1 1 1 1 

Control V2 (pH 6.2) 1 1 1 1 1 1 

Control V3 (pH6.8) 1 1 1 1 1 1 

Nanopore DNA 

library 

Pooled and barcoded 

as NB03 

Pooled and barcoded as 

NB05 

Pooled and barcoded as 

NB07 

 

2.5 Bacterial gDNA extraction and quantification 

Using the MagAttract® HMW (High Molecular Weight) DNA kit (67563, Qiagen), gDNA was extracted 

following manufacturer’s instructions with the following amendments: RNase incubation for 30 minutes 

at 37oC, lysates of buffer AL were centrifuge at 13,800 rcf for 30 seconds and supernatant used for the 

rest of the protocol, beads were washed three times, DNA was eluted after 10 minutes of incubation 

without mixing. Eluted DNA were quality assessed using Nanodrop spectrophotometer (ND-100, Thermo 

Fisher Scientific) for 260/280 and 260/230 ratios, Qubit 3 Fluorometer and Qubit Broad Range double-

stranded DNA (dsDNA) quantification kit (both Thermo Fisher Scientific) for DNA concentration, Agilent 

TapeStation 4150 and Agilent Genomic DNA ScreenTape (Agilent Technologies) for DNA size 

distribution. Thirty-six DNA samples were pooled into six samples as seen in Table 6 and 7 for preparing 

DNA libraries for Nanopore sequencing as described below. 

2.6 Library preparation and sequencing  

The DNA library was prepared for Nanopore sequencing on the R9 SpotON flow cell and MinION Mk1C 

sequencer. The protocol (NBE_9065_v109_revAC_14Aug2019) for native barcoding genomic DNA using 

the Native Barcoding Expansion 1-12 (EXP-NBD104) in conjunction with the Ligation Sequencing Kit 

(SQK-LSK109) was followed. Input DNA was adjusted on basis of DIN value from TapeStation to calculate 

total mass of 1 µg or 100-200 fmol. The protocol incorporates steps for DNA repair and end preparation, 

native barcode ligation, and adapter ligation and clean up each step includes a AMPure beads step to 

improve sample purity before sequencing. After priming the R9 SpotON flow cell the library was loaded, 

sequencing was started using default parameters for data acquisition and fast basecalling in real time. 
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Sequencing status and real time data was observed using the MinKNOW UI, sequencing was stopped at 

~24 hours and when active sequencing pores fell below 10 in the flow cell.   

2.7 Bioinformatics 

FastQ files were generated using Guppy (version 6.5.7) fast basecalling setting. Files were uploaded to 

Chan-Zuckerberg ID platform (CZ-ID: previously known as IDseq), an open-sourced cloud-based 

metagenomics pipeline for the initial assessment of the microbial content and species identification 

using NCBI databases. The pipeline (Nanopore mNGS Pipeline v0.7) filters out reads mapped to a human 

host, removes low quality and low complexity reads, duplicate reads and adapter sequences. Unique 

bases per million (bPM) mapped to specific microbial genus and species (Kalantar et al., 2020).  

Richness, diversity and dissimilarity were carried out in R (version 4.3.3) using the Vegan package (2.6-5). 

For both model’s alpha-diversity was carried out using the Shannon Wiener index and Simpson index, 

beta-diversity  distance matrices were obtained using the Bray-Curtis method (Bray & Curtis, 1957; 

Shannon, 1948; Simpson, 1949).  

3 Results  

3.1 Commercial formula and blended tube food digestion  

The digestion of CF and BTF including gastric and small intestinal phase with conditions simulating the 

fed state, the oral phase was omitted from the protocol to reflect tube fed conditions (Table 2).  

Bioavailability of micronutrients and phytochemicals from both feeding conditions was not assessed. In 

this study digestion parameters applied from the modified original method and were estimated to 

provide similar results for the bacterial metabolism of digested foods (Rowland et al., 2018).  The final 

digestion state is shown in figure 3 for both conditions, showing change of consistency and lipid 

coagulation from the original consistency.  
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Figure 3. In vitro pre-digested feed. Commercial formula (left) and blended diet (right) after final digestion was 

complete. Flasks show a change of consistency after the digestion protocol, resulting in a watery consistency and 

lipids forming small lumps. Not all ingredients were digested from the blended condition where small bundles of 

vegetable fibers were seen.    

 

3.2 In vitro gut model experiments 

 3.2.1 Enumeration of gut microflora by selective agar 

Shown below is data from both the control model and the test model, results observed were from vessel 

one. Observations of bacteria cultured on FAA were observed from day two onwards. In the control 

model (Figure 4) during the first 14-16 days of the equilibrium period Lactobacillus spp., Bifidobacterium 

spp. and Enterococcus spp. declined compared to those observed on the first day of the experiment, 

with lactose fermenting Enterobacteriaceae and total anaerobes increasing compared to counts on the 

first day of the experiment. A reduction of lactose fermenting Enterobacteriaceae was observed during 

day 34 as was an increase of bifidobacterium spp. Viable counts by the end of the experiment were 

largely stable. 
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Figure 4. Bacterial trend in the control model. Mean viable counts of cultured lactobacillus spp (LAMVAB), 

bifidobacterium spp (Beeren’s), enterococcus spp (KAA), lactose fermenting Enterobacteriaceae (MacConkey) and 

total anaerobes (facultative and obligate, FAA) within the control model were determined. 

The plot shows that the test model during the first 14-16 days or the equilibrium period all bacterial 

groups decreased compared to counts on the first day of the experiment (Figure 5). A large reduction 

was seen in Lactobacillus spp at day 0 to days 2-4, from 8.6 log10(CFU/mL) to 4.4 CFU (Log), with a 

recovery at day 6 to 6.6 CFU(Log). A reduction was also seen in Enterococcus spp from day 0 to day 6 

from 8.7 CFU(Log) to 4.3 CFU(Log) with a recovery at day 8 to 6.8 CFU(Log). By the end of the steady 

state period (Days 0-16) all bacterial groups were largely stable.  During intervention one (CF) period 

(Days 16-30), all bacterial groups remained steady, with a small decrease in total anaerobes from 8.3 to 

7.6 CFU(Log). During the intervention two (BTF) period total anaerobes increased from 7.8 CFU(Log) to 

9.4 CFU(Log), whilst all other bacterial species remained largely stable.  
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Figure 5. Bacterial trend in test model. Mean viable counts (log10 CFU/ml) of cultured Lactobacillus spp (LAMVAB), 

Bifidobacterium spp (Beeren’s), Enterococcus spp (KAA), lactose fermenting Enterobacteriaceae (MacConkey) and 

total anaerobes (facultative and obligate, FAA) within the test model were determined. Red line denotes start of 

intervention one at day 16 (CF) and green line denotes start of intervention two (BTF) at day 30 (BTF). 

3.2.2 Nanopore sequencing  

Genomic DNA (gDNA) was extracted from 36 gut model culture samples taken throughout the duration 

of the model using the MagAttract High Molecular Weight DNA kit (Qiagen GmbH, Hilden, Germany). The 

purity of the extracted gDNA ranged from 1.69-194 (A260/280 ratio), and quantities ranged from 15.8-

155.2 ng/µL. The average DNA integrity number was 6.4 Kilobases (Kb). For barcoding, the samples were 

pooled (Table 6 and 7) into six barcodes, 117ng of gDNA was taken from each barcoded sample to produce 

a pooled sample to a total of 700ng, which was used to prepare the library for sequencing. 

A flow cell check before sequencing detected 1,441 pore were available, and pore scans were 

performed every 1.5 hrs. to determine status within flow cell channels. Translocation speed of DNA 

travelling through the pores at 400 bases per second remained constant throughout the duration on the 

sequencing run. Sequencing was stopped when <10 pores were available to sequence, run time was 27 

hours and 16 minutes, with a minimum read length of 200 base pairs (bp). The Q score of the generated 

reads was ~10.45 and remained stable throughout the duration of the sequencing, the minimum quality 

score to be accepted as a pass read was 8. The average read length was represented by N50 and 

estimated to be 6.53 kb (Figure 6A) with 485.4 k reads generated. An estimated 1.55 Giga bases (Gb) 
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were sequenced, 1 Gb of bases passed, and 534.63 Mega bases (Mb) failed (Figure 6B), The longest 1% 

of reads were classified as outliers, and were excluded from the analysis.  
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Figure 6. Summary of Nanopore reads. A, Read length graph shows total number of bases versus read length, the 

number of passed strands basecalled is represented by solid blue, the number estimated is represented by the red 

line. B, Cumulative total amount of reads sequenced, the red line shows the number of reads that failed the quality 

score threshold, the green line shows reads that passed or equal to the quality score threshold and the blue line 

shows total number of reads including passed and failed.     

The total number of bases for each barcode is shown in Figure 7, the test model (Figure 7A) represented 

65% of the total bases over six barcodes, while the control model (Figure 7B) represented 35% of the 

total bases over all six barcodes.    

 

A 

B 
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Figure 7. Sequence summary for barcoded bases. A, Total bases for test model barcodes NB01 (55,266), NB04 

(50,700), and NB06 (66,370). B, Total bases for control model barcodes NB03 (35,263), NB05 (40,497) and NB07 

(15,741). 

Nanopore sequencing barcode distribution within each model is shown in Table 8. Barcodes within the 

control model represented 35% of the whole sequencing sample, with barcode NB07 accounted for 17% 

within the model itself. All other barcodes were generally evenly distributed within each model.  

Table 8. Distribution percentages of sequenced barcodes in the test and control model. 

Test Model Control Model 

Barcode Distribution (%) Barcode Distribution (%) 

NB01 32 NB03 39 

NB04 29 NB05 44 

NB06 39 NB07 17 

 

N
B
01

N
B
04

N
B
06

0

20,000

40,000

60,000

80,000

Test model

T
o

ta
l 

B
a

s
e

s

Barcodes

N
B
03

N
B
05

N
B
07

0

20,000

40,000

60,000

80,000

Control Model

T
o

ta
l 

B
a
s

e
s

Barcodes

A B 



39 
 

3.2.3 Nanopore and CZ-ID 

To include a diverse range of bacteria, the relative abundance cutoff was selected as 0.001%, which 

accounted for low bases per million rates. Within those parameters 38 bacterial genera were included in 

the analysis from the test model and 41 bacterial genera from the control model. The microbial profile 

used as a control was selected from the first two-week period, where microbial communities had 

received no interventions.  

3.2.4 Validation of viable bacterial species and metagenomics of samples 

Mean viable counts from selective agar were matched and compared to barcoded metagenomic data. 

Bacterial taxa from barcodes NB01, NB04, and NB06 were matched to cultured species (figure 8), 

bacterial species included within the counts for both lactose fermenting Enterobacteriaceae and total 

anaerobes can be found in Table 9. Compared to mean viable counts, the barcoded matched sequenced 

data was very low in comparison. Selective media results from the test model showed a significant 

difference (p-value < 0.05) between Beeren’s viable counts in weeks 1 & 2 and weeks 5 & 6, but no 

other significant differences were found in selective media within the test model. Bacterial genera 

(Lactobacillus, bifidobacterium, enterococcus, lactose fermenting enterobacteria and total anaerobes) 

from barcoded metagenomic data were matched to the same time periods as the selective media, 

bacterial counts (bPM) were very low. Extremely low values for enterococcus and lactose fermenting 

enterobacteria were not visible on the graph (Figure 8), however, differences within genus prevalence 

between all conditions (week 1 & 2, week 3 & 4, week 5 & 6) of the weeks were significant (Tukey’s 

multiple comparison test; p= 0.0001).  
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Figure 8. Bacterial viable counts and sequence reads in the test model. Mean viable counts from cultured bacteria 

(log10 CFU/ml) LAMVAB, Beeren’s, KAA, MacConkey and FAA), significant differences in Log10CFU/mL were found in 

Beeren’s media between weeks 1 & 2 and weeks 5 & 6 (Tukey’s multiple comparison test; p-value <0.05). Matched 

bacterial genera (Lactobacillus, bifidobacterium, enterococcus, lactose fermenting enterobacteria and total 

anaerobes) from barcoded metagenomic data, a significant difference was found within all genera over the three 

sets of weeks (Tukey’s multiple comparison test; p-value <0.0001).   

Bacterial taxa from barcodes NB03, NB05, and NB07 were matched to cultured species (figure 9), 

bacterial species included within the counts for both lactose fermenting Enterobacteriaceae and total 

anaerobes can be found in Table 9. Compared to mean viable counts, the barcoded matched sequenced 

data was very low in comparison. Selective media results from the control model showed a significant 

difference (p-value < 0.05) between LAMVAB and Beeren’s viable counts in weeks 1 & 2 and weeks 5 & 

6, with significant differences in MacConkey agar viable counts between weeks 3 & 4 and weeks 5 & 6 

(p-value < 0.05) and weeks 1 & 2 and weeks 5 & 6 (p-value < 0.01). Bacterial genera (Lactobacillus, 

bifidobacterium, enterococcus, lactose fermenting enterobacteria and total anaerobes) from barcoded 
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metagenomic data were matched to the same time periods as the selective media, bacterial counts 

(bPM) were also low. Extremely low values for Lactobacillus (week 3 & 4, week 5 & 6) and lactose 

fermenting enterobacteria (week 5 & 6) were barely visible on the graph (Figure 9), however, 

differences within genus prevalence between all conditions (week 1 & 2, week 3 & 4, week 5 & 6) of the 

weeks were significant (Tukey’s multiple comparison test; p= 0.0001).  

 

Figure 9. Bacterial viable counts and sequence reads in the control model. Mean viable counts from cultured 

bacteria (log10 CFU/ml) LAMVAB, Beeren’s, KAA, MacConkey and FAA), significant differences in Log10CFU/mL 

LAMVAB and Beeren’s media between weeks 1 & 2 and weeks 5 & 6 (Tukey’s multiple comparison test; p-value 

<0.05), significant differences in Log10CFU/mL MacConkey media between  weeks 3 & 4 and weeks 5 & 6 (Tukey’s 

multiple comparison test; p-value <0.05), and between weeks 1 & 2 and weeks 5 & 6 (Tukey’s multiple comparison 

test; p-value <0.01). Matched bacterial genera (Lactobacillus, bifidobacterium, enterococcus, lactose fermenting 

enterobacteria and total anaerobes) from barcoded metagenomic data, a significant difference was found within 

all genera over the three sets of weeks (Tukey’s multiple comparison test; p-value <0.0001).   
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Table 9. Genera of bacteria generated from nanopore sequencing used to match to selective media for 

lactose fermenting Enterobacteriaceae (MacConkey) and total anaerobes (FAA). 

Lactose fermenting Enterobacteriaceae Total anaerobes 

Escherichia Fusobacterium 

Enterobacter Prevotella 

Klebsiella Bacteroides 

Citrobacter Clostridium 

 Bifidobacterium 

 Actinomyces 

 

3.2.5 Control and Test model diversity 

Despite the different barcode proportions and the low bases per million ratios for bacterial genera from 

the nanopore sequencing there is similarity between the species richness and evenness of distribution 

of bacterial genus in both conditions and between both models, as indicated by the Shannon-Weiner 

index. The index indicates the abundance or richness of bacterial species and evenness which is the 

distribution of the bacterial species present within the community, but not the identity of bacterial 

communities present. The Shannon-Weiner diversity index for the test model (Figure 10A) ranged from 

2.17 to 2.42. The control model (Figure 10B) showed a range of 2.33 to 2.71 which is higher than the test 

model, suggesting a possibility the interventions had in impact on bacterial species richness and 

evenness.  
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Figure 10. Bacterial diversity in test and control models. A Shannon diversity index for weeks 1 & 2 (Steady state, 

2.17), weeks 3 & 4 (intervention one, CF, 2.42) and weeks 5 & 6 (intervention two, BTF, 2.33) within the test 

model. B Shannon diversity index for weeks 1 & 2 (2.71), weeks 3 & 4 (2.43) and weeks 5 & 6 (2.33) within the 

control model. 

Simpson’s diversity index has a range of 0-1; the higher the score the more diverse and stable the 

environment. The Simpson’s diversity index for the test model (Figure 11A) showed a range 0.19 to 0.35, 

indicating a low diversity and unstable environment, week 1 & 2 showed the highest diversity, week 3 & 

4 shows a sharp decrease in diversity, week 5&6 shows a slight increase in diversity. The Simpson’s 

diversity index for the control model (Figure 11B) showed a range of 0.11 to 0.22, over time the diversity 

and stableness of the control model does increase.     

 

 

 

 

N
B
03

N
B
05

N
B
07

0

1

2

3

Control Model

Barcodes

S
h

a
n

n
o

n
 I

n
d

e
x

, 
H

N
B
01

N
B
04

N
B
06

0

1

2

3

Test model

Barcodes

S
h

a
n

n
o

n
 I

n
d

e
x

, 
H

B A 

Weeks 

1 & 2 
Weeks 

1 & 2 

Weeks 

3 & 4 

Weeks 

3 & 4 

CF 

Weeks 

5 & 6 

Weeks 

5 & 6 

BTF 



44 
 

                                    

Figure 11. Bacterial diversity in test and control models. A Simpson’s diversity index for weeks 1 & 2 (0.35), weeks 

3 & 4 (CF, 0.17) and weeks 5 & 6 (BTF, 0.19) within the test model. B Simpson’s diversity index for weeks 1 & 2 

(0.11), weeks 3 & 4 (0.16) and weeks 5 & 6 (0.22) within the control model.  

The Bray-Curtis dissimilarity index ranges between 0-1, where 0 indicates that the two samples share 

the exact number and type of bacterial species, and 1 indicates that the two samples share none of the 

same bacterial species. The index was calculated pairwise between samples represented by barcodes 

within each model. The dissimilarity of species composition between microbial communities within the 

test model (Figure 12A) showed that week’s 1 & 2 (0.474) and weeks 3 & 4 (CF, 0.473) were moderately 

dissimilar from each other, while weeks 5 & 6 (BTF, 0.349) was less dissimilar. Both week’s 1 & 2 and 

weeks 3 & 4 shared around the same dissimilarity between each other, suggesting higher variation of 

bacterial species between these two samples. In contrast weeks 5 & 6 shared less dissimilarity to both 

weeks 1 & 2 and weeks 3 & 4, suggesting that week’s 5 & 6 shared a moderate number of bacterial 

species between both barcodes. The differences in bacterial composition may be a consequence of the 

interventions as this was not seen in the control model. In the control model (Figure 12B) week’s 1 & 2  

(0.35) a moderate dissimilarity is seen between weeks 3 & 4  (0.334) and week’s 5 & 6   (0.37), whereas 

weeks 3 & 4   shared less dissimilarity between the other samples represented by barcodes. week’s 5 & 

6   showed the highest dissimilarity of shared microbial species and presence between barcodes, 

however the difference in values between barcodes was 0.036 indicating small shifts in dissimilarity and 

stability during the duration of the control model that was not seen in the test model.     
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Figure 12. Bacterial similarity in test and control models. A, Bray-Curtis dissimilarity showing the difference in 

bacterial species between barcodes weeks 1 & 2 (NB01, 0.474), NB04 (NB04, 0.473) and NB06 (NB06, 0.349) within 

the test model. B, Bray-Curtis dissimilarity for barcodes NB03 (NB03, 0.35), NB05 (NB05, 0.334) and NB07 (NB07, 

0.37) within the control model.  

3.2.6 Prevalence of genera between models 

The abundance of bacterial genera and species in both the control model and the test model showed a 

good degree of variation over the experiment duration (Table 10 and 11).  

The highest number of reads assigned to a given genus within the test model during week 1 & 2 

(preintervention) was aligned to the genus Collinsella at 48.2% (Table. 10). With the most predominant 

species within those reads being Collinsella aerofaciens. However, a reduction in reads was reported 

with the commencement of CF to 12.11% (weeks 3 & 4) then a further reduction was reported to 

11.48% during BTF (weeks 5 & 6). A contrast was seen in the prevalence of Collinsella in the control 

model where prevalence in week 1 & 2 was reported as 15.70%. A reduction was reported in week 3 & 4 

to 12.53% with a sharp rise in weeks 5 & 6 to 35.10% (Table. 11). In the test model the genus 

Bacteroides contained the highest number of species with 28-30 bacterial species identified throughout 

the duration of the model including B. ovatus, B. uniformis and B. fragilis. The prevalence of Bacteroides 

in the test model increased from 11.45% in weeks 1 & 2, to 26.86% during CF and decreased during BTF 
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to 15.97%, however, prevalence exceeded preintervention levels (Table. 10). In contrast prevalence of 

Bacteroides within the control model remained stable ranging from 17.29-19.28%, suggesting 

interventions influenced variability in prevalence. Interestingly, a similar trend in prevalence was 

reported in Bifidobacterium (B. longum and B. breve), and Lactobacillus (L. gasseri and L jensenil). Where 

an increase in prevalence was reported during CF (weeks 3 & 4) followed by a decrease in BTF (weeks 5 

& 6) but exceeding preintervention levels (Table.10). The most noticeable increase in prevalence was 

seen in the Lachnospiraceae family, (Eubacterium rectale) where prevalence at weeks 1 & 2 

(preintervention) was reported at 6.04% decreasing during CF (weeks 3 & 4) to 1.04% and increased 

during BTF (weeks 5 & 6) to 31.37%. This dramatic increase was not seen within the control model 

where levels of Lachnospiraceae dropped and remained low during the duration of the model.  

Prevalence of Enterocloster (C. bolteae and C. clostridioforme) in the test model in weeks 1 & 2 was 

3.33% increasing to 3.96% during CF and decreasing by around half to 1.97% during BTF (weeks 5 & 6). 

As seen in Table. 10 similar prevalence trends to Enterocloster were reported in Lachnoclostridium (C. 

scindens), Lacrimispora (C. sphenoides) and Hungatella hathewayi. A reduction in Alistipes (A. shahii and 

A. communis) from 2.64% in weeks 1 & 2 to 1.10% during CF and increasing slightly to 1.16% during BTF 

in the test model, with a similar prevalence trend reported in control model. A reduction in prevalence 

was seen within the test model for Lacticaseibacillus (L. paracasei), enterococcus (E. faecalis) and blautia 

(R. obeum) where prevalence was reduced in CF and BTF compared to preintervention. Within the 

control model only the genus blautia showed the same prevalence trend, suggesting that interventions 

had no effect on prevalence levels (Table.11). Lacticaseibacillus (L. paracasei) reported a decreased 

prevalence in the control model from 0.56% in weeks 1 & 2, decreasing to 0.25% in weeks 3 & 4 

increasing to 0.56% in weeks 5 & 6 (Table. 11). The reverse was seen in genera Enterococcus (E. faecalis) 

in the control model where prevalence was 6.91% in weeks 1 & 2 rising sharply to 26.87% in weeks 3 & 4 

and then decreasing to 5.32% in weeks 5 & 6. This prevalence data from the control model suggests that 

changes of prevalence within the test model could be a result of the interventions administered. In the 

test model prevalence of Faecalibacterium (F. prausnitzii) ranged from 1.22% during preintervention to 

1.11% in CF, increasing to 5.95% during BTF, in contrast prevalence within the control model was 2.47% 

in weeks 1 & 2 decreasing to 0.41% in weeks 3 & 4 and increasing to 0.88% in weeks 5 & 6 (Table.11). 

This contrasting data between models suggests that BTF had an effect on prevalence. In the test model 

prevalence of Dialister (D. hominis) stayed evenly distributed, however, in the control model prevalence 

decreased from 1.18% in weeks 1 & 2 to 0.32% in weeks 3 & 4, increasing to 0.96% in weeks 5 & 6 

(Table.11), this also suggests interventions had an effect on prevalence. In the test model Megasphaera 
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(M. hexanoica) increased from 0.46% at preintervention to 4.25% in CF decreasing to 3.60% during BTF, 

in contrast prevalence in the control model increased from 0.19% in weeks 1 & 2 to 0.58% in in weeks 3 

& 4 decreasing to 0.35% in weeks 5 & 6. This supports the suggestion that prevalence within the test 

model could also be a result of the interventions administered. Within both models prevalence of a 

genus was not dependant on the number of species within that genus. For example, the genus 

Bacteroides showed 28 species at both 11.45% and at 26.86%, and 30 species within a prevalence of 

15.97%.  
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Table 10. Bacterial genera present in the triple-stage chemostat model of the human gut.  Inclusion 

criteria is based on prevalence to ~1% and is based on data during the first two weeks of the model 

where bacterial populations reached a steady state.  Additional genera were included where prevalence 

was seen above 1% during intervention one, CF (weeks 3 & 4, NB04) and intervention two, BTF (weeks 5 

& 6, NB06).  

 

Taxon 

Weeks 1 & 2 (No 

intervention) 

Weeks 3 & 4 (CF) Weeks 5 & 6 (BTF) 

No species 

 

Prevalence 

% 

No species Prevalence 

% 

No species Prevalence 

% 

Collinsella 17  48.18 7 12.11 14 11.48 

Bacteroides 28 11.45 28 26.86 30 15.97 

Lachnospiraceae 14 6.04 12 1.39 13 31.37 

Bifidobacterium 8 5.07 10 15.96 10 6.16 

Lactobacillus 12 3.47 11 15.18 14 10.40 

Enterocloster 3 3.33 2 3.96 3 1.97 

Lachnoclostridium 5 3.10 5 3.82 6 2.56 

Alistipes 7 2.64 7 1.10 6 1.16 

Lacticaseibacillus 4 2.23 4 1.06 3 0.37 

Enterococcus 10 1.49 7 0.77 10 0.83 

Faecalibacterium 1 1.22 1 1.11 4 5.95 

Blautia 8 1.17 9 0.56 6 0.55 

Dialister 3 0.99 3 0.85 3 0.98 

Lacrimispora 2 0.62 1 1.83 2 0.19  

Megasphaera 5 0.46 5 4.25 7 3.60 

Hungatella 1 0.42 2 2.20 1 0.12 

1 Percentage prevalence data from CZ-ID with barcodes that represented samples from the test model. 
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Table 11. Bacterial genera present in the triple-stage chemostat model of the human gut. Inclusion 

criteria is based on prevalence to ~1% and is based on data during the first two weeks (NB03) of the 

model where bacterial populations reached a steady state. Additional genera were included where 

prevalence was seen above 1% during weeks 3 & 4 (NB05) and weeks 5 & 6 (NB07).  

 

Taxon 

Weeks 1 & 2  Weeks 3 & 4  Weeks 5 & 6  

No 

species 

Prevalence 

% 

No 

Species 

Prevalence 

% 

No 

Species 

Prevalence 

% 

Bacteroides 24 17.29 27 19.28 21 18.82 

Collinsella 24 15.70 15 12.53 18 35.10 

Lactobacillus 10 11.25 8 1.76 8 2.32 

Escherichia 5 9.99 2 7.03 1 0.19 

Lachnospiraceae 11 9.91 13 0.75 9 2.60 

Enterococcus 10 6.91 14 26.87 10 5.32 

Bifidobacterium 8 4.83 10 7.40 7 9.85 

Lachnoclostridium 7 3.16 5 2.68 4 4.20 

Enterocloster 2 2.54 5 1.91 2 3.09 

Faecalbacterium 2 2.47 1 0.41 1 0.88 

Clostridium 16 2.05 20 2.60 6 0.83 

Alistipes 7 1.94 8 0.94 3 0.94 

Blautia 9 1.32 7 0.86 7 0.88 

Dialister 3 1.18 3 0.32 3 0.96 

Eubacterium 6 0.52 4 1.20 4 0.58 

Enterobacter 6 0.45 12 3.71 6 0.52 

Schleiferilactobacillus 1 0.44 1 3.42 1 6.01 

Klebsiella 1 0.21 9 1.70 1 0.21 

1 Percentage prevalence data from CZ-ID with barcodes that represented samples from the control model. 
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4 Discussion 

Many tube fed children suffer from gastro intestinal dysbiosis with symptoms such as diarrhea and 

reflux, little is known on how artificial nutrition affects the gut microbiota in children and whether gut 

dysbiosis is associated with diet.   

The aim of this study was to  examined whether commercial formula and blended tube feeds altered gut 

microbial communities in tube fed children, using an in vitro gut model of microbial communities 

derived from healthy children. The objectives were: i) to design a protocol for digestion that reflects 

enteral tube feeding for children; ii) to investigate the response of gut microbial communities on two 

dietary interventions using a triple-stage chemostat model that simulates the human gut inoculated 

with faecal slurry from healthy children iii) to examine and analyze the response of gut microbial 

communities following a change in feed, by selective culture and using gDNA from microbial culture for 

long read Nanopore sequencing and metagenomic analysis.  

The initial composition of the microbiota defined the microbial signature and was used to compare any 

changes in bacterial composition during dietary interventions. Also, a modified protocol for digestion for 

use within a three stage chemostat in vitro gut model, omitting the oral digestion phase to mimic the 

digestion process of tube fed children. Metagenomic analysis of microbial data was over three time 

points spanning the duration of the experiment, and pooled samples were used so that changes in 

relative abundance of bacterial composition could be attributed to either a formula or blended feed 

within the seeded microbiota.  

4.1 Blended recipe and digestion process 

The ingredients and preparation of the blended feed (see sections 2.1 & 2.2) were designed to replicate 

typical feeds that might be prepared for children in their own homes so that any study findings might have 

potential relevance to real life situations. In the absence of precise guidelines for the content or 

preparation of blended feeds, details from parents who made blended feeds, and a published in vivo study 

(Madden et al 2019) were used to inform the content and composition of the blended feed used in this 

study.  It is noted that blended feeds given to children in real life are usually not based on a single recipe 

(reference) and this difference may limit the extrapolation of the microbial findings. This is a study 

limitation that could be investigated in future studies by expanding the range of blended feeds tested. In 

addition, the impact of the cooking process in this study was not assessed, however, the study by Lerma-

Aguilera et al (2024) assessed whether any measurable changes within the microbiota could be attributed 

to cooking method. The study investigated both the cooking method and the effect of raw and cooked 
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food on microbial abundances using batch models. The study excluded steaming food, but the method of 

boiling potatoes was examined, which was shown to lower abundance of the Firmicutes phylum, this may 

be a result of hydro-soluble nutrient loss, limiting the growth of some bacteria and impacting the stability 

and diversity of the microbiome (Lerma-Aguilera et al., 2024).Taking into consideration these findings and 

how transferable they would be to this study, the impact alone of boiling potatoes that were included 

within the blended recipe on the overall abundance of Firmicutes within the test model would be 

insignificant. The proportions used within the Lerma-Aguilera study were greater as potatoes were tested 

as a singular food source, in comparison to the smaller proportions used within the whole food recipe in 

this study (Lerma-Aguilera et al., 2024). 

The digestion process of both the commercial formula and the blended feed was modified from a method 

by Rodrigues at al. (2017) to include the gastric and small intestinal phases, simulating a fed state 

condition. Efficiency of digestion was not quantified by measuring the products of digestion due to time 

constraints (Rodrigues et al., 2017). The BTF in this study was a single recipe matched nutritionally to the 

CF, and although tailored to represent a real life BTF, it cannot reflect all BTFs. This is a study limitation 

that could be addressed in future experiments.  

4.2 Gut model and dietary interventions. 

There has been limited or no published research utilizing a three stage chemostat fermentation model 

to measure whole food dietary interventions identified during this research study. The use of chemostat 

models to measure community dynamics, cross-feeding mechanisms, treatment responses on gut 

microbiota seeded from targeted donor populations, makes it possible to monitor temporal colon 

dynamics in an environment that simulates basic parameters of the gut. Most nutritional studies use 

batch fermentation to ascertain the impact of food containing beneficial components or dietary fibre on 

gut microbiota. These cultures are typically maintained for 24-48 hrs. Although batch fermenters are 

simple to set up and operate, they are limited by depletion of nutrients, pH changes and accumulation 

of fermentation and growth inhibitors over time (Kang et al., 2022), this makes batch fermentation 

models not ideal for monitoring the effects of nutrients on gut microbiome, particularly beyond 24 h 

(Pérez-Burillo et al., 2021; Venema & van den Abbeele, 2013). Unsuitability to study whole foods in 

batch fermenters arises partly due to the ability of gut microbes to ferment carbohydrates, which lowers 

the pH of the simulated gut environment.  Since SCFA production correlates with a highly acidic 

production in the gut, inhibition of SCFA synthesis would occur, resulting in an unrepresentative 

metabolite production compared to three-stage chemostat in vitro gut environments. An important 
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consideration is that changes in diet could take more than 24 h to have a measurable effect on the gut 

microbiome in vivo, it would be ideal to have a model that allows the assessment of gut microbiome 

changes over longer periods. In the three stage chemostat model used here, the test and control model 

pH was regulated automatically to replicate in vivo conditions as closely and as consistently as possible. 

The gut models (control and test) were run in parallel, seeded with the same faecal inoculate to keep 

results as standardized and robust as possible, both models were maintained for 44 days, capturing gut 

microbiome dynamics in a time frame that was physiologically relevant to measure changes in the gut 

microbiota due to dietary interventions.  

4.3 CZ-ID mNGS Nanopore pipeline 

Metagenomic next generation sequencing (mNGS) is a powerful tool that uses sequencing technologies 

to analyze the genomic content of samples. As such, metagenomics can potentially detect all microbes 

present in a sample, whether or not they have been previously characterized or cultivated (Vijay & 

Valdes, 2022). In this study it was essential to quantify the microbial communities within and between 

samples, and to be able to gain an insight into changes of diversity, so that inferences could be made on 

whether diet had an influence on microbial content. When sequencing generating long reads provides 

an advantage in mNGS, enabling a detailed view of microbial communities within a given sample by 

providing non-biased, quantitative, and comprehensive de novo assemblies (Trigodet et al., 2022). In this 

study the reads on average were 6,000 base pairs which is above the threshold classified as a long read 

(>4,000 base pairs) (Wang et al., 2021). This allowed for reliable and accurate recovery of partial or 

complete metagenome assembled genomes (MAGs), that were mapped to NCBI nucleotide (NT) and 

non-redundant protein (NR) databases within the CZ-ID mNGS nanopore pipeline, giving accurate 

characterization of complex microbial communities within gut model samples (Ciuffreda et al., 2021).     

CZ-ID is a fully automated, code-free open-source platform for characterizing microbes within a sample, 

it is designed as a tool to support researchers with limited computational capability. The pipeline 

removes the host sequencing leaving only the bacterial reads (Gu et al., 2019), and has been 

benchmarked against the well-used metagenomic system Kraken 2 (Simmonds et al., 2024). CZ-ID 

(IDseq) has been a key component in recent studies achieving taxonomic identification and relative 

abundance estimations comparable to other pipelines in the field. The default database of CZ-ID is NCBI 

(nucleotide (NT) and non-redundant protein (NR) databases). Kalatar et al (2020) benchmarked CZ-ID to 

reference datasets containing 525 bacterial species to measure performance metrics using area under 

the precision recall curve (AUPR). Where 1.0 indicates true positive species are identified with no false 
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positives species, datasets from CZ-ID (IDseq) observed AUPR generated means across all datasets of 

0.9627-0.9633 (Kalantar et al., 2020). This is the first in vitro gut model study that applied CZ-ID for 

metagenomics. 

4.4 Richness, Diversity and Enterotypes 

Quantifying the Alpha and Beta diversity of microbial communities between the two models showed 

that microbial communities responded to interventions. Diet has been shown to have a modifying effect 

on the gut microbiota affecting the richness and diversity of microbial communities. In this study 

microbiota diversity was quantified using the Shannon-Weiner index, Simpson’s index and Bray-Curtis 

dissimilarity index (Bray & Curtis, 1957; Shannon, 1948; Simpson, 1949). Data generated from the 

control model showed trends in bacterial community diversity without interventions. This data was used 

as a benchmark to assess whether changes in microbial communities within the test model could be a 

consequence of dietary interventions. 

In the control model alpha diversity measured by Shannon-Weiner diversity index ranged from 2.71 to 

2.33 and showed the overall diversity within each sample represented by each barcode. It is not 

surprising that these values for samples have a lower diversity, most studies use either fresh faecal 

samples or samples directly from the environment of interest where bacterial loss is at a minimum. Gut 

model studies culture microorganism’s representative of the gut microbiota, but some species are 

unable to thrive and are therefore not represented, reducing the overall diversity within samples (Kers & 

Saccenti, 2022). The values for the control model indicated that over time the richness of species 

present and the relative abundance or the evenness of the bacterial species within each of the samples 

declined slightly. This was supported by Simpson’s inverse diversity index which ranged from 0.11 to 

0.22 showing a low diversity and that there were a few dominant species within the communities which 

causes low stability, however, diversity did increase slightly over time and reflected similar results to the 

Shannon index. This suggested that although the richness and diversity of the taxa declined as reported 

by the Shannon index, the proportion of dominant species within the sample increased as shown by the 

Simpsons index. The composition similarity of the samples within the control model was calculated using 

the Bray-Curtis dissimilarity index which ranges from 0-1 where 0 indicates the composition is identical 

and 1 indicates the composition is completely different. The dissimilarity index quantified the 

differences in the overall taxonomic composition between the three samples represented by the 

barcodes within the control model. Results showed that there was a moderate taxonomic dissimilarity 
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between the three samples, that all sites shared common taxa within the composition of the bacterial 

communities during the duration of the gut model.   

In the test model alpha diversity measured by Shannon-Weiner diversity index ranged from 2.17-2.42 

and showed the overall diversity in each sample represented by each barcode. The overall diversity for 

the model was quite low, however, there was an increase in diversity during intervention one (CF) 

compared to the steady state. This suggested that intervention one (CF) had a positive effect, increasing 

the number of species and evenness with which they are distributed throughout the bacterial 

community. Similar results were seen during intervention two (BTF) where diversity was slightly reduced 

compared to intervention one (CF) but was increased compared to the steady state. This suggests that 

intervention two (BTF) also had a positive effect by increasing the number of bacterial species and 

distribution throughout the bacterial community, especially as diversity indices value exceeded the 

steady state value. Interestingly, diversity in the test model calculated by Simpson’s inverse diversity 

index ranged from 0.19 to 0.35 and values exceeded those of the control model suggesting that both 

interventions caused a positive effect on diversity and stability. Simpson’s index values for the steady 

state showed the highest diversity overall and the highest stability, during intervention one (CF) diversity 

decreased from 0.35 to 0.17 showing diversity was reduced by half compared to the steady state. This 

suggests an increase in prominent taxa which in results in a decrease in diversity. During intervention 

two (BTF) the bacterial community diversity increased compared to intervention one (CF), however, 

diversity was still lower than reported in the steady state. This suggests that intervention two (BTF) had 

a positive effect by increasing diversity within the bacterial communities and reflected similar results to 

the Shannon index. The Bray-Curtis dissimilarity index for the test model calculated there was a 

moderate taxonomic difference in bacterial composition between intervention two (BTF) and both 

intervention one (CF) and the steady state. The dissimilarity for both intervention one (CF) and the 

steady state were very similar at 0.474 and 0.473, this result showed that between these time periods 

there was larger difference between taxonomic composition than during intervention two (BTF). 

Interestingly, intervention two (BTF) showed similar levels of taxonomic dissimilarity to the control 

model, suggesting that this could be a natural variation of composition within gut models.  

The Shannon’s index is more sensitive to the number of species within a sample, whereas Simpson’s 

index is less sensitive to the number of rare species within samples and is more focused on abundance 

of dominant species. However, both indices provide insights into overall community diversity which was 

the focus of this study.   
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Donated faecal samples into the gut model were from healthy children aged 2-15years old, the mixing of 

microbiomes created an artificial community which was used to seed the gut model. The steady state 

allows for selective pressure from competing bacterial populations to create homeostasis within the 

microbial communities with a distinct microbial profile or signature. An analysis of gut microbial 

communities proposed three enterotypes which are not nation or continent specific, composed of 

species that together, contribute to a preferred community composition (Arumugam et al., 2011). Wu et 

al. (2011) linked long-term dietary patterns with gut microbial enterotypes, using dietary inventories 

and 16S rDNA sequencing to characterize faecal samples from 98 individuals. Based on the results, 

communities were clustered into enterotypes based on long-term diets of protein and animal fats 

(Bacteroides) versus carbohydrate (Prevotella). Predominant phyla that were positively associated with 

diets high in fat and negatively associated with fibre were Bacteroidetes and Actinobacteria, whereas,  

associations of high fibre and low fat were Firmicutes and Proteobacteria (Wu et al., 2011). Based on 

these enterotypes, the profile of the pooled faeces donated to this study was strongly associated with 

the Bacteroides enterotype, which is highly associated with the consumption of animal protein, 

saturated fats and a variety of amino acids, a profile accepted as from an industrialized nation or those 

consuming a western diet (Wu et al., 2011). 

This was supported further by examining the prevalence of Prevotella spp. found within each of the 

models, the results showed that low levels were present in both models, in line with the profile for a 

Bacteroides enterotype and levels associated with healthy children (Zou et al., 2020). In this study, 

Prevotella spp prevalence in the control model ranged from 0.02-0.05% which was very low, in the test 

model during the steady state and intervention one (CF), prevalence of Prevotella copri remained at 

0.15%, however, during intervention two (BTF) prevalence increased to 0.62%, suggesting intervention 

two (BTF) had a positive impact on prevalence.  

Although pooling faeces would remove intersubject variation, little is understood on how the bacterial 

species would interact within the microbiota of several individuals and whether that would impact the 

time it takes to reach a state of homeostasis. Additionally, how the enterotype profile of the artificial 

microbiota would have had an impact on how interventions influenced microbial communities remains 

to be seen. Short term dietary interventions have been shown to change the microbiota of individuals 

significantly and rapidly, however, the magnitude of changes was modest and failed to switch 

enterotypes (Wu et al., 2011). In this study dietary interventions had an impact on diversity, however, 

extending the intervention period from 14 days to longer could result in greater diversity changes.    
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4.5 Differences in microbial abundances between models 

Microbial differences between models showed that microbial communities responded to interventions. 

The increase of beneficial bacteria associated with intervention two (BTF) suggests that the use of the 

BTF diet could potentially be beneficial in improving tube fed children’s health and wellbeing. Future 

clinical trials are needed to confirm this. 

Microbes in the human gut undergo selective pressure from the host and microbial competitors typically 

leading to a stable community and ecosystem within the gut. This selective pressure for nutrition and 

space enables healthy commensal bacteria protect the gut from the overgrowth of pathogens. This 

regulation is affected by many factors, one of which is the nutritional composition of the diet (Mohr et 

al., 2024).  

Gut microbiome composition mediated by diet has been implicated both directly and indirectly on 

human health (Valdes et al., 2018). Compositional and functional changes in gut microbiota have been 

well reported in other studies as factors associated with disease status and correlated with a low fibre 

diet (Cronin et al., 2021; Gomez-Arango et al., 2018). Microbial metabolites are derived from the 

fermentation of non-digestible dietary protein, carbohydrates and fats which have a major influence on 

host physiology. Fermentation of carbohydrates by bacteria produces SCFA which provide energy for 

host tissues, have anti-inflammatory and anti-apoptotic effects, determining the gut environment by 

influencing microbial balance, pH, nutrient uptake and gut transit (Sleeth et al., 2010). The two major 

phyla within the gut, Bacteroidetes and Firmicutes, are major utilizers of polysaccharides. Bacteroides 

carry out most of the hydrolysis of polysaccharides, while Firmicutes, such as Faecalibacterium 

prausnitzii and Eubacterium rectale, are prominent producers of butyrate. The two major mechanisms 

that impact species composition within the gut are: 1) certain bacterial species will be favored over 

others when substrates are available, with the capability to utilise non-digestible fibre determined on a 

genetic level, and 2) the gut environment plays a major role, with different species having different 

tolerances to high or low pH, bile salt concentrations or low micronutrient concentrations, which have 

an impact on microbial growth and community shifts (Flint et al., 2015).  

Children on tube fed diets often have complex medical needs and up to 70% have severe chronic 

illnesses (Burdall et al., 2017). The associations between disease status and the gut microbiome have 

been well reported (Valdes et al., 2018). The role of the gut microbiome and gut derived metabolites in 

chronic diseases highlights the need for a diet which modulates or prevents chronic conditions. In the 

test model levels of Collinsella decreased during both interventions, however, intervention two (BTF) 



57 
 

had the greatest impact on prevalence.  Bacterial communities in the test model during the steady state 

(0-16 days) showed similar prevalence to the control model during the same time period, with the 

exception of the genus Collinsella. Which accounted for almost half of the bacteria present at 48.18%, 

compared to the control model where prevalence was 15.7%. The large differences between the test 

model and the control model within the first 16 days cannot be explained, however, one possible cause 

is within the test model a contamination event at day eight. Where a technical issue resulting in an 

absence of growth medium pumping for ~4-6 hours and may have reduced the number of competing 

bacteria within the model, allowing the overgrowth of Collinsella. Interestingly, a dominant profile of 

Collinsella have been associated with a “Western diet” and lower dietary fibre consumption, a 

consequence of a higher prevalence of Collinsella is that abundance may alter the overall fermentation 

pattern in the microbiota, contributing alongside a lower prevalence of fibre utilising bacteria (Cronin et 

al., 2021).  

In response to intervention one (CF), the prevalence of Collinsella decreased to 12.11%, however, with 

the introduction of intervention two (BTF) the prevalence decreased further to 11.48%. In response to 

the decrease in Collinsella, an increase was seen in Bacteroides, bifidobacterium and lactobacillus this 

suggested that both interventions had a positive influence on the grow of these beneficial bacteria, and 

a consequence being that they then regulated the prevalence of Collinsella. To support this, prevalence 

of Collinsella within the control model decreased from 15.70% in weeks 1 & 2 to 12.53% in weeks 3 & 4, 

however, prevalence increased to 35.10% at the end of the experiment in weeks 5 & 6. As the control 

model was without intervention, the cause of the increase is unknown and could be a consequence of 

Collinsella species needing a longer period to stabilise. However, a decrease was seen in lactobacillus 

suggesting a regulatory role in microbial community dynamics between these two genera. The 

prevalence of Collinsella in diseases associated with long term tube fed children where an increased 

prevalence is seen rheumatoid arthritis (RA) patients, contributing to gut permeability and inducement 

of IL-17A expression a key cytokine in the pathogenesis of RA (Chen et al., 2016). Furthermore, 

Collinsella has been shown to contribute to the development of non-alcoholic fatty liver disease 

(NAFLD), by metabolizing bile-acids to oxo-bile acid intermediates which may contribute to an increased 

intestinal permeability and the development of NAFLD (Maslowski et al., 2009). In conclusion, results 

suggested that both interventions, especially intervention two (BTF), increased prevalence of beneficial 

bacteria within the test model, and therefore, regulated Collinsella by decreasing its prevalence. 
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In contrast, in the test model increased prevalence was seen in genera Lachnospiraceae, Bacteroides, 

Bifidobacterium, Lactobacillus and Faecalibacterium showing that this increase was a result of an impact 

of each of the interventions on the microbiota structure. Interestingly, higher prevalence of bile-tolerant 

Bacteroides which plays an important role in gut homeostasis was seen during intervention one (CF) 

than in intervention two (BTF), however, higher levels of Bacteroides are seen in individuals who tend to 

consume more protein and fat and are lower in those who consume more fibre. Higher prevalence of 

Bacteroides have been linked to a high fat or western diet, which is associated with changes in metabolic 

activity in the microbiota which is hypothesized to contribute to chronic illness such as obesity and 

diabetes, especially in children (Gurung et al., 2020). Indeed, intervention one (CF) contained no fibre, 

whereas intervention two (BTF) contained 6.9g fibre per 500ml, this suggested that a reduction in 

prevalence of Bacteroides may have been a consequence of fibre intake (Flint et al., 2015). Similar 

results have been seen in transitions from plant diets to animal based diets high in fats by characterizing 

the temporal patterns of microbial communities before and after interventions (David et al., 2014). This 

is further supported by the increased prevalence of Lachnospiraceae, a well-known fibre degrader, 

during intervention two (BTF) where prevalence increased substantially to 31.37% from 1.39%. 

However, during the steady state period the prevalence was 6.04% suggesting the high fat/low fibre 

content of intervention one (CF) was a factor influencing the decrease of Lachnospiraceae spp. A similar 

trend was seen in Prevotella which is hypothesized to be sensitive to long term fibre intake, where levels 

increased from 0.15% to 0.62% during intervention two, suggesting the BTF contained higher amounts 

of foods with un-digestible fibre, however, the overall prevalence was low which is a profile commonly 

found in a Bacteroides enterotype.  

An increase in Bifidobacterium and Lactobacillus, especially during intervention one (CF) where levels 

increased from steady state (Table 10). This suggests constituents within the CF had a positive effect on 

bacterial growth, however, the prevalence decreased during intervention two (BTF) but did not fall 

below levels of the steady state stage. The prevalence of Palmitic acid, an important saturated fatty acid 

widely found in plant and animals and also added to commercial formulas, Paediasure which was used 

in this study. During digestion palmitic acid is esterified to β-palmitate which has been demonstrated to 

have a prebiotic effect on Bifidobacterium and Lactobacillus spp. and increases prevalence within the 

microbiota (Yaron et al., 2013). This suggests that the addition of Palmitic acid in CF could increase 

prevalence of Bifidobacterium and Lactobacillus in intervention one (CF), however, an increase was seen 

during both interventions. Similar results were found by Yaron et al. (2013) who investigated the 

prebiotic effect of β-palmitate on the microbiota of infants, high levels of β-palmitate included in infant 



59 
 

formula increased prevalence of bifidobacteria and Lactobacillus species whilst low levels of β-palmitate 

increased levels of Lactobacillus species and a significant decrease in bifidobacteria. These findings  

suggests that the β-palmitate contained within the CF had a positive effect on the growth of both 

Bifidobacterium and Lactobacillus (Yaron et al., 2013). Interestingly, the microbiota in healthy children 

after weaning and around the age of three years old has the same composition and diversity as those of 

an adult. Within an adult microbiota Firmicutes and Bacteroidetes are the dominant phyla, and that over 

time as the child grows the microbiota becomes more mature with levels of Bifidobacterium and 

Lactobacillus decreasing (Yatsunenko et al., 2012). Interestingly, infant formula/breast milk is a main 

source of nutrition for infants less than a year old, and would therefore consume greater concentrations 

of Palmitic acid, this would be similar for tube fed children consuming CF as their only source of 

nutrition. However, a consequence of these increased levels of Palmitic acid could be a reduction in 

diversity. In infants the microbiota is immature with limited diversity, it is possible that constituents 

within CF like palmitic acid aid in reducing diversity within tube fed children. By increasing prevalence of 

Bifidobacterium and Lactobacillus species whilst limiting the growth of other genera within the 

microbiota. Results showed that, during intervention two (BTF) prevalence was reduced compared to 

intervention one (CF) but increased compared to steady state. Suggesting that with a BTF the beneficial 

bacteria are present but in a prevalence that reflects a more stable microbiota, this is reflected in 

Simpson’s diversity index, where intervention two (BTF) showed a higher diversity of dominant species 

than intervention one (CF). 

In the control model, prevalence of Bifidobacterium spp. increased from 4.83 to 9.85% (Table 11) 

throughout the duration of the model, suggesting two things. Firstly, the data supports the suggestion 

that intervention one (CF) in the test model had an effect by rapidly increasing Bifidobacterium spp. 

prevalence. Secondly that intervention two (BTF) also had effect by reducing prevalence, that if either 

intervention had no effect, we would expect to see steady populations. Furthermore, Lactobacillus spp. 

prevalence in the control model dropped from 11.25% to 1.76% in weeks 4 & 5, with a small increased 

to 2.32% in weeks 5 & 6. A reduction in Lactobacillus during this period may have been a consequence 

of increased number of competing bacteria and nutrient depletion. Additionally, as levels of 

Lactobacillus spp. are lower in a Bacteroides enterotype, without nutrients to specifically increase 

prevalence such as metabolites from the digestion of fermented foods, it would be reasonable to 

assume levels would remain reasonably low or decline (Singh et al., 2017).  



60 
 

Diet is an important factor in the pathophysiology of chronic diseases in children, the imbalance of gut 

microbiota has not only been linked to a western diet but may also contribute to inflammation found in 

many of these diseases (Clemente-Suárez et al., 2023). Interestingly, a decline in prevalence of 

Faecalibacterium prausnitzii, one of the main producers of butyrate, that has been attributed with 

significant anti-inflammatory properties, was seen in the control model throughout the duration of the 

study ranging from 2.47-0.88%. Conversely, within the test model during the steady state and during 

intervention one (CF) prevalence remained stable 1.22-1.11% respectively. However, during intervention 

two (BTF) prevalence increased fivefold to 5.95%, indicating that intervention two (BTF) had a positive 

effect on F. prausnitzii growth and prevalence. As prebiotics are an important food source for 

commensal bacteria within the gut and Ingredients contained within the BTF that included honey, 

avocado, broccoli and almonds contain galactose. When fermented galactose produces diverse short 

chain galactooligosaccharides (GOS), which are prebiotics which influence the prevalence of F. 

praunsnitzii. Similar findings were observed by Davis et al. who investigated the effect of GOS on the 

entire bacterial community. In this in vivo study of healthy volunteers given increasing doses of GOS 

over four months, assessed by pyrosequencing of 16S rDNA from faecal samples, Davis et al. reported 

increased abundance of F. praunsnitzii however, the differences were not significantly different from 

base levels, but changes were significant between a 5g and 10g doses (Davis et al., 2011). Results 

suggest that ingredients making up the BTF during intervention two had a positive effect on F. 

praunsnitzii prevalence, which could benefit children with long term chronic diseases.  

Other taxa influenced by GOS supplementation are bifidobacteria, however, high prevalence of 

Bifidobacterium species is associated with long term asthma, allergic diseases, irritable bowel syndrome 

(IBS) and mental health disorders (Arboleya et al., 2016; Vijay & Valdes, 2022). In contrast, lower levels 

of bifidobacteria have been associated with a variety of common diseases suggesting that bifidobacteria 

has an important role in health, with a normal prevalence   (>2years of age) ranging from 2-14% 

abundance (Odamaki et al., 2016).  Interestingly, a large increase was seen in prevalence within the test 

model during intervention one (CF) compared to the steady state (5.07% to 15.96%), this indicates that 

intervention one (CF) had an effect on prevalence. However, prevalence of Bifidobacterium species 

during intervention two (BTF) declined suggesting that GOS from food sources may have a small 

influence on Bifidobacterium abundance. In comparison an increase was seen in Bifidobacterium species 

over the duration of the study within the control model, however, those increases are not comparable 

with the test model as prevalence increased from 4.83-9.85%. It is interesting to note that intervention 
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one (CF) increased levels of bifidobacterium species to above normal levels, compared to both the 

steady state and intervention two (BTF) suggesting that prolonged use of a CF may influence disease 

states. 

Pathogenic bacteria proliferate when levels of commensal bacteria are reduced, this leads to dysbiosis 

and contributes to disease states. In the test model, shifts in prevalence of were also reported in 

Lacrimispora (Clostridium), Hungatella and Megaspaera species. An increased prevalence was seen in 

Lacrimispora (Clostridium) sphenoides and L. saccharolyticum also Hungatella hathewayi during 

intervention one (CF) compared to steady state. Interestingly, both genera were reclassified from the 

genus Clostridium to Lachnospiraceae and have been associated with high fat diets (HFD) and metabolic 

syndrome increasing the risk of diabetes and cardiovascular disease (CVD) (Haas & Blanchard, 2019; 

Vacca et al., 2020). Some Clostridium species are well known for their pathogenicity and toxin 

production, often associated with disease states. Both L. sphenoides and L. saccharolyticum showed a 

threefold increase during intervention one (CF) from steady state in the present study, L. sphenoides is 

one of the few clostridia to produce butyrate and metabolise bile acids, is part of normal microflora and 

is considered a commensal bacterium. However,  L. saccharolyticum lacks the pathways to produce 

butyrate and has been associated with toxins linked to cardiovascular disease and kidney damage 

(Guzior et al., 2024). The prevalence of H. hathewayi also increased fivefold during intervention one (CF) 

from the steady state (Table 8). Although it has been defined as a core organism in human 

metagenomes and part of the normal gut microbiota (Bandoy et al., 2019), its importance has increased 

due to the association with severe diseases such as fatal septicemia, bacteremia and severity of COVID-

19. However, little is known about this organism despite it being classified as non-pathogenic (Dababneh 

et al., 2014; Linscott et al., 2005; Zuo et al., 2020). Interestingly, the association with severe human 

diseases and misclassification suggests further investigation (Hernández-Juárez et al., 2021). Prevalence 

for both Lacrimispora and Hungatella saw a reduction below steady state during intervention two, this 

suggests that the BTF diet contained fats considered beneficial for health like olive oil, and as such was 

reflected in the prevalence rates. The increase of pathogenic bacteria during intervention one (CF) is 

concerning, especially as prevalence increased up to 5-fold, this suggests that intervention one (CF) 

impacted microbial community dynamics, leaving opportunistic pathogenic bacteria opportunity to 

proliferate. In contrast, reductions are observed during intervention two (BTF), suggesting that these 

community dynamics are changeable over a short period of time to regulate pathogenic bacteria.  
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Increased prevalence of Megaspaera spp. have been associated with high fat diet (HFD) profile. Further, 

emerging evidence is in support of the involvement of gut microbiota in regulation of blood lipids and 

hyperlipidemia (HLP) one of the main contributing factors in the development of hypertension, diabetes 

and fatty liver and metabolic syndromes increasing the risk of stroke, coronary heart disease (Gao et al., 

2022). An increased prevalence of Megasphaera spp. was seen from the steady state during 

intervention one (CF) from 0.46% to 4.25%, this indicates that increased prevalence was a response to 

high fat contained within intervention one (CF). During intervention two (BTF), prevalence decreased to 

3.60% also suggesting a response to dietary fats. Similar results were seen by Gao et al (2022) that used 

a non-human primate model fed HFD, to examine the gut microbiota associated with changes in lipid 

profiles by metagenomic sequencing of faecal samples. Results revealed long term dietary changes to a 

HFD in monkeys changed the composition of the gut microbiota. Interestingly, 40% of the monkeys 

developed a tolerance to the HFD with blood lipid levels returning to normal levels. Within the HFD 

tolerant group the profile of the microbiota differed to the remaining 60%. In the remaining monkeys 

the microbiota profile showed that the most abundant phyla was Bacteroidetes, with a decrease in 

Firmicutes. Whereas the most abundant genera in the gut microbiota of the HFD tolerant monkeys was 

Megaspaera including species M. elsdenii, M. hexanoica and M. stantonii, with an increase in Prevotella, 

Bacteroides and Lactobacillus. To validate those findings, a faecal transplant of the HFD tolerant gut 

microbiota was administered into rats fed a HFD, the rats receiving the facial transplant showed 

markedly inhibited lipid accumulation (Gao et al., 2022). The results showed the increase of 

Megasphaera spp. in intervention one seems to be related to the increase of specific fats contained 

within the CF, in contrast the reduction of prevalence during intervention two (BTF) suggests that the 

type of fat maybe main cause of response. As the CF and the BTF were matched for fat content and not 

fat type, then it is reasonable to suggest this as a reason for prevalence differences across interventions.   

There is a strong influence of long-term dietary intake upon relative abundance of bacterial 

communities within a microbiome, however, a change in diet can switch enterotypes in as little as five 

days, a more permanent change in enterotype results from a long-term change in diet (David et al., 

2014; Wu et al., 2011).  

The enumeration of bacteria by selective agar in triple stage chemostat models is crucial for tracking 

microbial population shifts after faecal inoculation. Aiding in identifying core microbial species, 

evaluating when bacterial populations are in a steady state and tracking microbial shifts in response to 

dietary interventions which can alter the microbiotas structure and function (Li et al., 2019; Rowland et 
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al., 2018). During the equilibrium period (days 0-16) both models saw a reduction in most of the 

bacterial groups, this state of flux is expected and only when the bacterial populations settle and 

become steady can you commence with interventions. Interestingly in the test model a contamination 

event occurred on day eight, consequences of such an event cannot be clarified, or the impact 

quantified due to pooling of samples for metagenomics. How the reduction of nutrients within the 

model affected the microbial community dynamics is uncertain, however, an overgrowth of 

opportunistic bacteria could lead to skewed results. However, after day 16 viable counts for both 

models were largely stable, although the counts for the test model were more consistent compared to 

the control model. Whilst enumeration of bacterial populations via selective media provides valuable 

data, it is limited and cannot fully capture complex microbial communities, however, paired with 

metagenomics a more complex and more robust characterization of the microbiota during interventions 

(Child et al., 2006; Li et al., 2019). 

The human gut microbiome is dynamic and modifiable the symbiotic nature of host interaction and diet 

on bacterial species make the microbiota unique to each person. Interactions between bacteria species 

create homeostasis within the gut environment, disruptions can result in dysbiosis, each unique 

microbiota will react differently based on diet, genetics, and environment.  

4.6 Considerations and future work 

The inoculum seeded within the models was pooled from several children age ranging from 2 to 15 

years old, a significant amount of faecal inoculum is needed for gut models, this results in the necessity 

for multiple donors. Pooling faecal microbiota from multiple donors removes interindividual differences 

and gives a more diverse and representative sample. However artificial communities created can be 

unpredictable, creating imbalance and competition among taxa which can bias results (Pérez-Burillo et 

al., 2021). Using fresh faeces to seed in vitro chemostat models is gold standard, stored in an oxygen 

deprived environment to protect bacterial viability and recovery. Whilst other researchers who do not 

have access to fresh faecal material use frozen faecal samples, the freeze-thaw cycle is known to induce 

stresses (osmotic and mechanical), resulting in cell death, and can add significate bias to the model 

(Isenring et al., 2023). With susceptibility of bacteria to stress-inducing conditions favored upon 

reactivation than sensitive taxa. However, the proportion of faecal material need from the same person 

to inoculate the model may be challenging, the possibility of introducing inoculum over the course of a 

few days should be considered, especially when samples are from children. The possibility or 
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miniaturising gut models is being considered by other researchers, this will reduce the amount of faecal 

inoculum need, enable the use of multiple systems and focus of interests to examined at the same time. 

Whilst gut models are able to reproduce all or part of the physiochemical and microbial parameters of 

the human gut, they are unable to replicate the complex interaction between the gut and the host.  This 

is a limitation of the model which exclude interactions between bacteria, the metabolites they produce 

in the gut which interacts with the nervous, immune, or endocrine systems. The model is unable to 

absorb water or have an epithelial surface for bacteria to adhere onto, meaning that whilst chemostat 

models are good for reproducing gut like conditions they cannot replicate the fine balance you would 

see within an in vivo model. Additionally, lower values can be expected when measuring alpha and beta 

diversity as the model is only able to support a limited community of microbes, due to physiological and 

chemical limitations (Van den Abbeele et al., 2010). 

Biofilm formation in the gut model was present but limited. The double walled vessels in a gut model 

have smooth surfaces and offers no adherence for extensive biofilm formation, due to this bacterial 

abundance may have been impacted. As, many bacterial species produce biofilms, it would be beneficial 

to add a matrix within the vessels to facilitate any biofilm formation and increase abundance values.  

During the experiment both models ran consecutively for 44 days, which in hindsight may be too short 

for the bacterial communities to reach a steady state before introducing interventions. MacDonald et al. 

(2013) examined composition and stability of microbial communities within a human distal gut 

chemostat model and found that all five models did not reach a steady state until days 30-36 post 

inoculation. This suggests that during this study when interventions started at day 16 both models may 

have been unstable, that microbial composition may have been stable but metabolic activity was still 

unstable. This perhaps could account for the low diversity within models, however, diversity and 

stableness increased over time in the control model. This demonstrated that the models needed at least 

30 days to reach a steady state, before introducing each of the interventions (McDonald et al., 2013).    

On reflection and for future studies, individual models for each of the interventions would show the 

impact of each of the interventions on community dynamics. Not only would you be able to ascertain 

when an intervention has an effect the microbiota after initiation, but also how long the intervention 

has an active effect on the microbiota after cessation. Additionally, whilst barcoding pooled samples is 

an economic solution to maximizing data collection, combining time points over each intervention 

reducing the possibility of seeing the impact of each intervention. Whilst pooling samples from all three 
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vessels allows an overview of the whole simulated gut, there is a risk of diluting any significant impact 

dietary interventions would have on community dynamics within the simulated environment. Ideally if 

the experiment were repeated, sampling for metagenomic sequencing would be at the end of the 

steady state and each intervention, with each vessel being assigned its own barcode. Amending to these 

time points for each section of the simulated gut, would give an accurate overview of microbial 

community dynamics for each section.    

The novel use of the gut model to successfully assess changes in the microbiota due to various sources 

of artificial nutrition open an avenue for broader scope research. This study provides the basis for larger 

trails to address the impact a variety of commercial formulas, and different blended feed recipes on the 

microbiota of children, this in turn addresses the impact and benefits of using BTF for medically complex 

children. Additionally, research into sterile foods and the impact on the human gut microbiota and 

metabolite production. 

The artificial microbiota in this study had an Bacteroides enterotype, it would be beneficial in future 

studies to examine how different enterotypes are impacted by changes in diet. 

A limitation of the study was that metabolites were not quantified, for future work SCFA should be 

quantified against bacterial populations to make findings more robust. 

5 Conclusion 

The results highlight several trends of bacterial prevalence within the microbiota when comparing 

commercial formula to blended tube feeds. This study demonstrated that blended tube feeds promoted 

prevalence of bacterial species beneficial within the gut microbiota compared with commercial formula 

and alters the gut microbial composition to a healthy state.  

Despite limitations, this study achieved its aims and objectives to investigate how the gut microbiome in 

an in vitro gut model with enteral feed change from a sterile commercial formula to blended food. Given 

that BTF is gaining interest from parents of children with complex medical needs, evidence of benefits of 

using BTF is valuable to this community. This novel research is the first step towards evidence-based 

knowledge, demonstrating that BTF have the potential to promote the prevalence of beneficial bacteria 

within the gut microbiome.  
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