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ABSTRACT
Introduction: Rats are experimental animals, frequently used as model organisms in the biomedi-
cal studies, and increasingly used to study the gut microbiota. Specifically, the aim of latter studies 
is either the elucidation of relationship between intestinal dysbiosis and diseases or the determina-
tion of nutrients or pharmaceutical agents which can cause the modulation in the presence or 
abundance of gut microbiota.
Aim: Herein, the research studies conducted on the gut microbiota of healthy rats are presented in 
a summarized and concise overview. The focus is on studies aimed to reveal the shifts in microbial 
composition and functional changes after exposure to various types of nutritional supplements.
Methods: We performed the search of PubMed database using the term “rat gut microbiome 
microbiota” and examined studies aimed to assess the composition of gut microbiota in physiolo-
gical homeostasis as well as the effect of various nutritional supplements on the gut microbiota of 
healthy rats.
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Introduction

In recent years microbiota studies increased in 
number and relevance, and different study models 
have been employed to better elucidate the occur-
rence and role of certain microbiota in health and 
disease. This subject is complex and researchers in 
the field might benefit from comprehensively pre-
sented data available for specific study models, such 
as for the animal models. The presented review, 
therefore, brings a systematic overview of the lit-
erature covering the topic of microbiota study in rat 
models, used widely in different in vivo studies. 
Rats are indeed, often used as model organisms to 
study the gut microbiota, to elucidate the relation-
ship between intestinal dysbiosis and diseases and/ 
or to analyze the effects of pharmaceutical agents or 
food supplements/nutrients on the microbiota sta-
tus. The latter studies strongly rely on data and 
knowledge of the microbiota status in physiological 
conditions. The presented review summarizes rele-
vant information through the sections covering 
specific subtopics. First, the general role of gut 
microbiota in mammals’ health is explained along 
with data on the formation and dynamics of the rat 

gut microbiota in the early life cycle. Second, the 
available rat models for the study of microbiota 
dysbiosis are presented, followed by the description 
of the physiology of microbiota in the gastrointest-
inal tract and feces of healthy rats. A paragraph 
explaining the use of rat models for human micro-
biota research in comparison with the mouse mod-
els is given, followed by two sections explaining 
known data on modulation of the gut microbiota 
in healthy rats by use of food supplements.

Gut microbiota role in mammals’ health

It is assumed that the number of microbial cells in 
human microbiota is ten times greater (1014) than 
the total number of human cells (1013).1 Moreover, 
the gut microbiota in mammals is an extremely 
complex ecosystem, ranging from bacteria, viruses, 
and archaea to unicellular eukaryotes, such as fungi 
and yeast.1 Besides diversity of microbial composi-
tion, fluctuations in microbial relative abundance, 
and the variety of secreted functional molecules, 
microbial metabolites, also play an important role 
in the host health status.2 Due to such complexity 
and significance, the gut microbiota is often 
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referred to as “the forgotten organ” or “the second 
genome”.3,4

Firstly, gut microbiota secrete enzymes, crucial 
for digestion of complex carbohydrates, such as 
resistant starches, plant cell wall polysaccharides, 
and non-digestible oligosaccharides.5 Secondly, gut 
microbiota perform vitamin synthesis, i.e. synthesis 
of cobalamin (vitamin B12), which is synthesized 
exclusively by anaerobic gut microorganisms. In 
addition, gut bacteria take part in the synthesis of 
vitamin K, biotin, folate, nicotinic acid, pantothenic 
acid, pyridoxine, riboflavin, and thiamine.6 Thirdly, 
the gut microbiota is essential for development and 
function of the host immune system. Indeed, bac-
terial colonization of the gut is crucial for normal 
development of the immunity, which was proven in 
the studies conducted on germ-free animals.7 

Precisely, commensal and mutualistic bacteria pro-
tect the host against pathogenic species by: (1) 
competing for the same nutrients; (2) forming 
microenvironment unsuitable for the growth of 
parasitic species and (3) producing antimicrobial 
peptides or promoting T and B cell responses.8 

Moreover, it was shown that the intestinal angio-
genesis is also regulated by gut microbiota, for 

instance, the study by Stappenbeck et al. showed 
an arrested capillary network formation in adult 
germ-free mice. The latter state was successfully 
restarted and capillary formation was completed 
10 d after the transplantation of gut microbiota 
was performed, by use of conventionally raised 
mice as donors or after the inoculation of single 
culture Bacteroides thetaiotaomicron.9 Finally, the 
gut microbiota is part of a complex communication 
system known as “gut-brain axis”. Microbiota 
interacts locally with enterocytes and the enteric 
nervous system, which also has a direct influence 
on the central nervous system through neuroendo-
crine and metabolic pathways, modulating beha-
vior, motivation, and higher cognitive functions.10

It can be concluded that gut microbiota directly 
and indirectly influences the host health status 
through secreted functional molecules (proteins, 
peptides, and the molecules of low molecular 
weight) and influence pathogens as well.

As in humans, the formation of intestinal micro-
biota in rats occurs during and after birth, where 
neonatal rats are more exposed to fecal and envir-
onmental bacteria than humans.11 According to 
Yajima et al., during the first few weeks after 

Figure 1. An example of the metaprotoemics workflow based on LC-MS/MS methods.
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birth, Gram-negative Escherichia Coli and Gram- 
positive Lactobacillus and Streptococcus genus dom-
inate in the rat gut, while the anaerobic bacteria, 
Bacterioidaceae, and facultative anaerobic or 
microaerophilic Lactobacilli take over after 
weaning.12 Inoue and Ushida reported a clear 
change in the diversification of rat intestinal micro-
biota from suckling to maturity.11 Precisely, the 
first observed changes occur at 21–22 d after 
birth, and are due to weaning, diet change, and 
the simultaneous decrease in the maternal IgA 
levels. The second wave of changes occurs from 
d 24 to 27 after birth, probably attributed to the 
morphological and the immunological maturation 
of the gut.12 After the formative period is finished, 
the delicate equilibrium of gut microbiota is con-
tinuously perturbed by diet and environmental 
factors.

Rat models for studies of microbiota dysbiosis

A link between gut dysbiosis and certain human 
diseases has been established so far, pointing to gut 
microbiota as an important topic in preventive 
medicine. Dysbiosis is often defined as an “imbal-
ance” in the gut microbial community that is asso-
ciated with disease. This imbalance could be due to 
the gain or loss of community members as well as 
changes in relative abundance of microbes.13 

Dysbiosis or a definitive change of the normal gut 
microbiota with a breakdown of host-microbial 
mutualism is probably the defining event in the 
development of inflammatory bowel diseases.14 

Also, changes in the gut microbiota are associated 
with specific metabolic states, such as obesity, dia-
betes, and metabolic syndrome.15–17 For instance, 
low fecal bacterial diversity is associated with 
marked overall adiposity and obese individuals 
have a higher abundance of Firmicutes, and nearly 
90% lower abundance of Bacteroidetes in compar-
ison with lean subjects.18 Changes in gut micro-
biota likely precede food allergies as well.19 

Neuropsychiatric conditions, including autism, 
Parkinson’s disease, and depression are also states 
accompanied by changes in the gut microbiota.20 

Recently, the topic of microbiota role in bone 
health, such as in osteoporosis has also been dis-
cussed in the scientific literature. The latter is based 
on the knowledge that microbiota has an effect on 

the bone.21,22 Acknowledging the importance of 
microbiota in some of the major medical issues of 
the modern world, studies are performed with the 
aim to establish scientifically based evidence on the 
correlation of the microbiota status with specific 
pathological states. However, this is an extremely 
complex research topic that requires a broad inter-
disciplinary and sophisticated methodological 
approach. Also, enormous complexity and a huge 
number of factors influencing the microbiota status 
in real time should be taken into account while 
performing such studies.

Animal models are accepted as an important 
research tool as they can be used to reduce and 
control parameters influencing the fluctuations 
and changes of the microbiota. In particular, rat 
models are a valuable tool for determining intest-
inal dysbiosis and the previously discussed human 
diseases relationship. Moreover, these models may 
help in discovery of nutrients or pharmaceutical 
agents which can prevent or reduce the microbiota 
alterations and gut microbiota dysbiosis.

The dextran sodium sulfate (DSS) colitis murine 
model has advantages over other various chemi-
cally induced experimental models due to its sim-
plicity, reproducibility, and controllability. It may 
be particularly useful in the research of inflamma-
tory bowel disease (IBD).23 Furthermore, according 
to Ghattamaneni et al. chronic administration of 
0.5% DSS produces selective and reversible gastro-
intestinal changes in Wistar rats; increase of 
Firmicutes and decrease of Bacteroidetes and 
Actinobacteria, providing an improved chronic 
model in rats.24 Furthermore, metabolic syndrome 
as a combination of disorders that increases the risk 
of diabetes and cardiovascular diseases may be 
induced experimentally in rats fed with a fructose- 
rich diet.25,26 Previously, Srinivasan et al. deter-
mined that the combination of high-fructose diet 
and low-dose injections of streptozotocin in rats 
can serve as an alternative animal model for type 
2 diabetes, simulating the human metabolic syn-
drome also suitable for testing anti-diabetic 
agents.27

One of the best rodent models for the study of 
autism and autism spectrum disorder (ASD) is the 
valproic acid-induced rat model. Using the latter 
experimental animal model, Liu et al. proved that 
valproic acid stimulates alterations in the microbiota 
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features seen in autism, in addition to behavioral and 
anatomical changes characteristic for autistic brain.28 

Rodent models, including rats, are extensively used in 
the discovery of novel treatments for Parkinson’s dis-
ease. Particularly, reserpine- and haloperidol-treated 
rats, 6-hydroxydopamine, and less frequently, rote-
none and paraquat models, have proven as very 
useful.29 While some of the symptoms of depression 
are found exclusively in humans (guilt, suicidality, 
and sad mood), part of the depression symptoms 
can be replicated in laboratory rats (measures of help-
lessness, anhedonia, behavioral despair and other 
neurovegetative changes such as sleep alterations 
and appetite patterns) and moderated with antide-
pressant treatment.30 Differences in the gut micro-
biota composition between the depressive rat models 
and control animals were found, once more empha-
sizing the importance of gut-brain axis.31 The micro-
biota of depressed animals have similarities with those 
of depressive patients; for example, the richness of 
Bacteroidetes increases with a concomitant decrease 
of Firmicutes and abundance of Lactobacillus.31 In 
addition, Yu et al. found that relative abundances 
of the bacterial genera Marvinbryantia, 
Corynebacterium, Psychrobacter, Christensenella, 
Lactobacillus, Peptostreptococcaceae incertae sedis, 
Anaerovorax, Clostridiales incertae sedis, and 
Coprococcus were significantly decreased, whereas 
Candidatus Arthromitus and Oscillibacter were mark-
edly increased in rats with chronic variable stress 
(CVS)-induced depression, compared with normal 
controls.32 Recently, different depression rat models 
were used as well, such as the olfactory bulbectomized 
rat, maternal separation, chronic variable stress- 
induced depression, and chronic restraint stress.31

Physiology of microbiota in the gastrointestinal 
tract and feces of healthy rats

An important baseline for study of microbiota 
changes and dysbiosis is knowledge and informa-
tion on the physiology of microbiota in the gastro-
intestinal tract and feces of healthy animals. This is 
why a number of studies were focused on the 
investigation of the microbial composition in the 
gastrointestinal tract and feces of healthy rats. Data 
from these studies represent a first baseline for 
microbiota research in rat models as well. 
Particularly, the contribution of recent studies is 

in comprehensive characterization of the so-called 
“normal” rat microbiota, which provides a basis for 
understanding and predicting disease-related 
alterations.33

The fecal flora of BioBreeding rats was, for exam-
ple, analyzed by Brooks and coworkers by the use of 
two methods, namely (1) the randomly cloned 16 S 
rDNA comparative sequence analysis and (2) the 
bacterial cultures in different anaerobic media.34 

The culture-independent approach provided dee-
per insights; however, only 20% of bacterial species, 
which were estimated to be present, were also suc-
cessfully identified. For instance, the most domi-
nant species of Gram-positive bacteria were 
Lactobacilli, representing 7% of in total 69 opera-
tional taxonomic units (OTUs). In addition, 16 S 
rDNA clones aligned with the Clostridium coccoides 
group (9%), the Clostridium leptum subgroup 
(18%), and Gram-negative Bacteroides–Cytophaga 
phylum. However, the majority of clone sequences 
were aligned with previously cultured, but still 
unknown bacterial species.34

Subsequently, a long-term consequence of cecal 
microbiota transplantation from Sprague-Dawley 
and Wistar rat strains on the intestinal microbiota 
of recipients Lewis strain rats was assessed by ana-
lyzing fecal samples in several rat model systems.35 

In the control Lewis rat strain the authors identified 
926 phylotypes with dominant phyla Firmicutes at 
74% and Bacteroidetes at 23%. Obtained data 
allowed examining how different the rat and 
human intestinal microbiota are. The number of 
species in a fecal sample of control rat was two to 
three times higher than in fecal samples of two 
healthy human individuals. Finally, Manichanh 
et al. concluded that, at the phylum level, rat and 
human microbiota are similar, while specificity can 
be observed at the genus level.

In a detailed study, Li et al. performed the char-
acterization of microbiota and microbial metabo-
lites along the longitudinal axis of rat 
gastrointestinal (GI) tract, including feces.33 

Results unambiguously revealed that the microbial 
biogeography of six male, pathogen-free Sprague- 
Dawley rats, which were held on a chow diet, is 
distinct from other murine animals, such as mouse 
or woodrat. Furthermore, the species richness and 
phylogenetic diversity increased from the upper to 
the lower GI segments, while the samples extracted 
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from the colon mucus layer were of the highest 
richness and diversity. In mice, gastric, duodenal, 
and large-intestinal samples show similar diversity 
levels.33 Moreover, at the phylum level, 21 taxo-
nomic groups were identified, but only 
Bacteroidetes, Firmicutes, Proteobacteria, and 
Actinobacteria were identified in all parts of the 
GI tract. Inter-individual microbiota variability is 
much higher in humans than in rats, and the 
authors attribute this to the similarity in genetic 
composition of laboratory rats, the uniform diet, 
the controlled environmental factors, and the 
coprophagy. Finally, in the gastrointestinal tract of 
healthy rats, the lactate-producing bacteria, such as 
Lactobacillus and Turicibacter, were dominant in 
the stomach and small intestine. In contrast, the 
core microbiota of the large intestine were anaero-
bic Lachnospiraceae and Ruminococcaceae.33

Furthermore, Flemer et al. showed that gut 
microbiota profiles may separate rats into three 
different clusters according to their age (1) 
before weaning, (2) first year of life (12- to 26- 
week-old animals) and (3) second year of life 
(52- to 104-week-old).36 A core of 46 bacterial 
species was present in all rats but relative abun-
dance decreased progressively with age. This was 
accompanied by an increase of microbiota α- 
diversity (or number of different species in 
a sample), likely due to the acquisition of envir-
onmental microorganisms during the lifespan. In 
a study by Ferrario et al., the effect of three 
different dietary fibers on rat fecal microbiota 
was examined.37 A basal rat fecal microbiota 
content at the end of acclimatization week 
showed that Bacteroidetes (53.9%) represent the 
dominant phylum, outnumbering the Firmicutes 
(39.8%) and Proteobacteria (4%) phyla.37 

Actinobacteria, unclassified members of 
Saccharibacteria phylum, Cyanobacteria, and 
Tenericutes together represent about 2% of the 
microbiota, while Verrucomicrobia, Spirochaetae, 
Fusobacteria, and Elusimicrobia phyla were 
determined at a low-level presence (≤0.1%).

As part of a study conducted by Nagpal et al., 
fecal microbiota composition of widely used animal 
models mice, rats, and non-human primates 
(NHPs) was analyzed using data generated on 
a single platform and with the same protocols.38 

Data acquired was, subsequently, compared with 

those obtained for female (18 samples) and male 
(7 samples) human subjects confirming higher 
inter-individual variation in human gut 
microbiota.38 This comprehensive study revealed 
a more complex community of microbes present 
in rat feces, when compared to above-discussed 
data. In this study, the dominant phyla were 
Bacteroidetes, Firmicutes and Proteobacteria, fol-
lowed by the Spirochetes, Verrucomicrobia, 
Tenericutes and hardly detectible Actinobacteria.38 

In addition, relative abundance at the family level 
showed that the rat microbiota profile is distinct 
from other evaluated subjects, with the 
Prevotellaceae as the most dominant family. Also, 
Bacterioidaceae, Clostridiales, Ruminococcaceae, 
Helicobacteraceae, Paraprevotellaceae, and other 
less abundant families were detected.38 Species- 
specific unique bacterial profiles were also pre-
sented at the class- and order-level. However, the 
general patterns of gut microbiota abundance spe-
cies were similar38 and the most abundant genera 
are presented in Table 1. When comparing the 
results with Li et al. (Table 1), we cannot make 
a straightforward conclusion. Since Li et al. found 
Lactobacillus and Turicibacter genera most abun-
dant in the rat’s gastrointestinal tract, while it was 
not the case in rat feces from the study of Nagpal 
et al., it could be concluded that they confirm the 
results of Li et al. and that indeed fecal samples 
cannot represent the whole microbiota in the gas-
trointestinal tract. However, since rats in the study 
of Nagpal et al. were fed low fat and high-fat diets 
we cannot rule out the possibility that the differ-
ences in the results are not attributed to differences 
in rat’s diets as well as the influence of other con-
founding factors like rat’s age or housing environ-
ment. In line with the findings of the study 
conducted by Brooks et al.,34 the Lactobacillus 
genus was confirmed as the most abundant in rat 
feces. However, the same findings were not con-
firmed in mice, non-human primates, and human 
samples. The latter study, therefore, demonstrated 
that the microbiota profile of the rat is distinguish-
able from other evaluated species. Moreover, the 
authors showed that the microbiota profile of 
humans is more similar to that of non-human 
primates, when compared to rodents. On the 
other hand, the mice microbiota profile is more 
similar to human than to rat.38
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A first catalog of microbial genes in fecal samples 
of Sprague-Dawley (SD) rat was established 
recently.39 The study included analyses of 98 fecal 
samples, sampled at two time points, from 49 SD 
rats divided into 7 experimental groups. 
Intervention was the application of probiotic sup-
plementation (Lactobacillus casei), methotrexate, 
and two Chinese experimental herb formulas to 
adjuvant-induced arthritis rat model. From 64.6% 
genes that were annotated to the phylum level, most 
of them belonged to Firmicutes (75.9%), 
Bacteroidetes (10.83%), and Proteobacteria 
(6.77%). From 26.7% genes that were annotated to 
the genus level most of them belonged to 
Clostridium (8.74%), Bacteroides (6.25%), 
Roseburia (4.75%), Ruminococcus (4.44%), and 
Lachnoclostridium (2.58%).39

Rat models in human microbiota research and their 
comparison with mouse models

According to Hugenholtz and de Vos, rodent mod-
els used in human microbiota research, enable 
a rather easy collection of many samples from dif-
ferent sites of the gastrointestinal tract, allow multi-
ple comparisons at a large scale, and offer a wide 
range of different genotypic backgrounds.40 

A variety of information can be obtained from 
rodent models due to shared anatomical, histologi-
cal, and physiological features of the gastrointest-
inal tract. At the same time, we have to keep in 
mind the differences, for instance, the morphologi-
cal differences or dietary habits. Therefore, Hillman 
et al. provided an anatomical comparison of the 
gastrointestinal tract in humans and animal 
models,41 presented in Table 2.

Vdoviaková et al. presented the morphology of 
the stomach and intestine of adult Wistar rats of 
both genders and gave a comparison with the 
human gastrointestinal tract.42 The authors found 
that the anatomy of the rat stomach is greatly 
influenced by adaptation, nature of food, body 
size, and shape.42 Morphologically, they describe 
rat stomach as semilunar shaped sac weighing 
1.8% of the total body weight while in humans 
stomach is pear-shaped sac weighing 6.2% of the 
total body weight.42 More importantly, unlike in 
humans, the rat stomach is divided into the forest-
omach (pars proventricularis) and glandular sto-
mach (corpus or pars glandularis) comprising 
fundus and pylorus, with forestomach occupying 
about three-fifths of the stomach area and function-
ally serving as a storage organ.42 Another difference 
that the authors point out, is that humans have 

Table 1. Microbiota of the rat gastrointestinal tract according to Li et al.33 and Nagpal et al.38.

Core microbiota of specific 
intestinal region or 
feces

Taxa (according to references33,38)
Li et al. Nagpal et al.

Gastric content Turicibacter (54.45%) 
Other taxa (28.08%) 
Lactobacillus (13.59%)

Small-intestinal content Lactobacillus (58.72%) 
Other taxa (15.55%) 
Turicibacter (13.65%) 
Oscillibacter (5.40%)

Large-intestinal lumen Other taxa (36.38%) 
Lactobacillus (25.08%) 
Turicibacter (17.24%)

Mucus layer Other taxa (38.87%) 
Helicobacter (12.36%) 
Lactobacillus (9.15%) 
Turicibacter (6.53%) 
Flavonifractor (5.50%) 
Pseudoflavonifractor (4.69%)

Feces Lactobacillus* (24.5%) 
Turicibacter* (22.72%) 
Taxa< 1% ave. abundance* (11.35%) 
unclassified bacteria* (belonging to 
Porphyromonadaceae, Bacteroidetes 
phylum) (5.5%)

Prevotella (29.4%) 
S24-7 genus (14.3%) 
Clostridiales genus (13.1%) 
Helicobacter (6.6%) Ruminococcaceae (4.4%) 
Oscilospira (4.0%) Paraprevotellaceae genus (3.4%) 
Lactobacillus (2.7%) Bacterioides (2.6%) Treponema (2.5%) Ruminococcus 
(2.3%) Paraprevotella (2.1%) Rikenellaceae genus (2%) Clostridiaceae genus 
SMB53 (1.9%) Lachnospiraceae (1.2%)

*The average relative abundance of dominant taxonomic groups at the genus level are given.
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a poorly defined cecum, which is only continuous 
with the colon while rat cecum is as large as rat 
stomach.42 Also, colon in humans consists of the 
ascending, transverse, descending, and sigmoid 
sections with all parts of colon in human being 
sacculated on the other hand, the rat colon is simple 
and not sacculated.42 Regarding the dietary habits 
of laboratory rodents, Nguyen et al. noted that mice 
are fed with standardized chow diet throughout the 
experiment, which is composed mainly of plant 
materials and thus differs considerably to the 
usual composition and variation in a human daily 
diet.43 The same can be applied to rats. Nagpal et al. 
point out that mice and rats are herbivores with 
present coprophagy, while humans can be herbi-
vores, carnivores, and omnivores based on their 
ethnicity, geography culture, and traditions.38

According to Franklin and Ericsson, rats are 
better suited for studies of microbiota as they pro-
vide a biological system similar to mice that is, 
however, large enough to better accommodate cer-
tain experimental techniques, i.e. colonoscopy and 
surgical manipulation.44 In addition, rats possess 
certain physiological parameters more closely 
related to those of humans.44 Moreover, Fritz 
et al. provided a comparison of the advantages 
and disadvantages of different animal models, 
including rat and mouse, commonly used for 
studying host–microbe interactions.45 The advan-
tages of the rat models according to Fritz et al., are 
the availability of a number of rat-specific disease 
models or genetically altered rats with the 

completely sequenced genome. Also, they are rela-
tively small in size and can be maintained easily.45 

Further on, their reproduction is rather quick so 
that several generations can be observed in 
a relatively short period of time as they generally 
live 2 to 3 y.45 The disadvantage that Fritz et al. 
emphasized is expectedly, a diet and a living envir-
onment that differs substantially from those of 
humans.45 Mouse models, according to Fritz et al., 
have basically the same advantages as rat models, 
while disadvantages include again a living environ-
ment that differs substantially from those of 
humans and marked differences in the immune 
system and microbiota composition from those 
observed in humans.45

Generally, the rat, mouse, and human intestinal 
microbiota are similar at the phylum level but differ-
ent at the genus level.38,45 The rat dominant phyla are 
Firmicutes (74%) and Bacteroidetes (23%).45 In 
humans, the dominant phyla are again the 
Firmicutes and Bacteroidetes as approximately 90% 
of bacterial species in the adult are members of these 
two phyla.46 Human microbiota also includes 
Actinobacteria, Proteobacteria, and Verrucomicrobia 
at the phylum level, and at lower proportions, 
Fusobacteria, Tenericutes, Spirochetes, Cyanobacteria, 
and TM7.41 At the lower levels of taxonomic classifi-
cation, microbiome compositions vary with each 
individual.41 The mouse intestinal bacterial composi-
tion is also dominated by Firmicutes and Bacteroidetes 
phyla.43 According to Nguyen et al. genera with 
higher abundance in human gut microbiota in 

Table 2. Comparison of the anatomy of the rat, mice, and human intestinal tract.40–42.

Part of the intestine

Organism

Rat Mouse Human

Stomach Three regions: forestomach, 
body, and pylorus 
pH 3.0 to 4.0

Three regions: forestomach, 
body, and pylorus 
pH 3.0 to 4.0

Four regions: cardia, fundus, 
body, and pylorus 
pH 1.5 to 3.5

Small intestine 1485 mm in length 
pH 5.0 to 6.1

350 mm in length 
pH 4.7 to 5.2

5500–6400 mm in length 
pH 6.4 to 7.3

Large intestine 260 mm in length 140 mm in length 1500 mm in length

Cecum Larger than the colon 
Main fermentation 
pH 5.9 to 6.6

Larger than the colon 
Main fermentation 
pH 4.4 to 4.6

Smaller than the colon 
No fermentation 
pH 5.7

Appendix Absent Absent Present
Colon Not divided 

No fermentation 
Thinner mucosa 
pH 5.5 to 6.2

Not divided 
No fermentation 
Thinner mucosa 
pH 4.4 to 5.0

Divided into the ascending, 
transcending, and descending 
colon 
Main fermentation 
Thick mucosa 
pH 6.7
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comparison with the mouse gut microbiota, include 
Prevotella, Faecalibacterium, and Ruminococcus, 
while Lactobacillus, Alistipes, and Turicibacter are 
more abundant in the mouse gut microbiota.43 In 
the study of Pan et al. where a catalog of microbial 
genes in fecal samples of Sprague-Dawley (SD) rat was 
established, the authors compared the obtained cata-
log with those of mouse and integrated human gut 
microbial gene catalogs, and found that only a low 
percentage of genes were shared by all three species, 
1.29% in the rat, 0.58% in the human, and 2.72% in 
the mouse gut microbiota.39 They concluded that 
a comparison of the rat gut metagenome catalog 
with a human or a mouse revealed a higher pairwise 
overlap between rats and humans (2.47%) than 
between mouse and humans (1.19%).39 Additionally, 
Pan et al. noted that the potential of rats for biome-
dical research high because 97% of the functional 
pathways in the human catalog were present in the 
rat catalog as well.39 In the previously mentioned 
study by Nagpal et al., in which fecal microbiota 
composition of mice, rats, and non-human primates 
was compared to human subjects, the results showed 
that the gut microbiota, based on β-diversity (measure 
of diversity between communities) in humans seems 
to be closer to NHPs than to mice and rats, while mice 
microbiota appears to be closer to humans than rats.38 

In the rat samples from Nagpal et al. study, genera 
represented with the highest frequency were 
Prevotella (29.4%), S24-7 (14.3%) and Clostridiales 
(13.1%), in mouse samples these were S24-7 
(44.7%), Clostridiales (25.3%) and Oscillospira 
(5.0%), while in the human samples these were 
Bacterioides (27.5%), Ruminococcaceae (10.2%), and 
Clostridiales (9.7%).38 Additionally, according to 
Nguyen et al. who assessed the capability of mouse 
models to recapitulate the gut microbiota shifts asso-
ciated with human diseases, rats are proposed to be 
more representative of the human gut microbiota 
than mice because the gut bacterial communities of 
humanized rats (germ-free rats as recipients of 
a human microbial community) reflect more closely 
the gut microbiota of human donors.43

Taking into account all the above-mentioned 
differences, rat models may be considered as 
a useful tool in the microbiome research due to 
the minimization of confounding experimental fac-
tors such as genetics, age, environment, and diet, 
which are all controlled in laboratory conditions. 

Nguyen et al. recognized clear differences which 
were observed at the level of specific genus/species 
abundances between the mouse and human gut 
microbiota, but still considered that although abso-
lute comparison might be difficult, these models are 
relevant for studying microbiota variation and 
shifts upon disturbance.43 Mice are indeed, fre-
quently used for evaluation of modulatory effect 
of different types of diets and nutrients on gut 
intestinal microbiota composition.47–51 We con-
sider that the same relevance for studying micro-
biota shifts upon disturbance applies for rat models 
and present herein data on gut microbiota shifts in 
healthy rats after exposure to nutritional supple-
ments. The observations of microbiota shifts in rats 
may be used as a ground for design of similar 
human microbiota research as well.

Gut microbiota shifts in healthy rat models by 
different nutritional supplements

An interesting field of research are studies on the gut 
microbiota alterations in healthy rat models after 
dietary interventions. For this purpose, rat strains 
whose properties are presented in Table 3, such as 
Sprague-Dawley, Wistar, and Fischer 344 (F-334) 
rats, are the most commonly used, while Lewis, wild- 
type Groningen, and BioBreeding rats are not that 
commonly employed in these studies. As presented 
in Table 4, animals used within the same study are 
usually of the same sex, while male animals are more 
frequently utilized. The gender of animals, along 
with species, genetics, age, and factors such as diet, 
antimicrobials, and microenvironment, should be 
considered as potential confounding variables in 
the microbiota modulation studies.11,87,88 As dealing 
with confounding variables often relies on 
matching,89 scientists usually choose animals of the 
same gender in the experimental design. When 
effects of the gender on the microbiota composition 
were evaluated, the results proved inconsistent. 
Indeed, the gender as a variable has not been inves-
tigated in details as other factors, both in humans 
and in animals.90 A study by Org et al. showed that 
dietary effects on the composition and diversity of 
gut microbiota are partially dependent on sex- 
specific interactions. The authors examined sex dif-
ferences related to the gut microbiota composition in 
a population of 89 common inbred mouse strains.91 
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Another study that showed the influence of gender 
on the microbiota composition was a study by 
Bernbom et al. where fecal suspension from a 32- 
y-old woman was administered to male and female 
GF rats. The afterward collected microbiota clus-
tered according to the gender of the host animal.87 

These findings should be taken into account in sex- 
comparative studies aimed to investigate potential 
health effects of diet as, for example, emphasized by 
Shastri et al. In their study administration of oligo-
fructose increased the abundance of Bacteroidetes in 
female BioBreeding rats, but did not affect micro-
biota composition in males.92 At last, 1–2 months 
old rats are mainly used in experimental set-ups even 
though some studies rely on older rats as well 
(6-month-old).

The experimental design in research of micro-
biota initiates often with animals undergoing an 
acclimatization period, usually for 1 week. During 
this period rats retain their habits and are kept on 
a normal chow diet. These rats represent a negative 
control of themselves, acting as the baseline for 
further microbiota evaluation.37

A typical microbiota experiment is designed in 
such a way that microbiota diversity and species 
richness between different experimental groups of 
rats are compared. One group of animals has not 
been treated with a nutritive supplement under 
evaluation, this is the control group, and one or 
more groups of animals are exposed to the assessed 
nutrient (treated groups), often at different doses. 
The diet of treated rats has the same composition as 

the diet of control rats but supplemented with the 
assessed nutrient. In majority of the studies pre-
sented in Table 4 the assessed nutrient was mixed 
with the feed. In fewer occasions, the supplement 
was added to drinking water as in (1) the study 
conducted by Wang et al. where treatment groups 
were given daily freshly prepared distilled water 
mixed with green tea polyphenols, (2) in the study 
by Chacar et al. where treatment groups were given 
different concentrations of phenolic compounds in 
the drinking water and (3) in Boudreau et al. study 
where aloin was administered to rats at different 
doses in drinking water.68,70,85 In the study con-
ducted by Jin et al. the rats in treatment group 
received the polysaccharide Ganoderma 
lucidum in aqueous suspension daily by oral 
administration.83 Also, the assessed nutrient can 
be given to treatment groups by gavage as it was 
the case in the study of Casanova-Martí et al. where 
treatment groups were given grape seed proantho-
cyanidins or gallic acid 1 h prior to chow replace-
ment by gavage, using tap water as vehicle.69 

Gastric administration of the assessed supplement 
was also performed in the study of Ou et al. where 
the effects of feruloylated oligosaccharides from 
maize bran on the microbial diversity and profiles 
were investigated in rat feces and in the study of Lee 
et al. where camelia oil, olive oil, and soybean oil 
were administered to rats by gastric gavage.77,84 

Also, in the study of Pauer et al., rats received 
violacein directly in the mouth, twice a day, by 
gavage for a month.86

Table 3. Properties of different rat strains.

Rat strain Properties Reference

Sprague-Dawley ● Widely used outbred rat in biomedical research
● Good reproductive performance
● Genetically heterogeneous outbred rodents
● Albino strain of rats
● Ease in handling

52

Wistar ● The outbred Wistar and Wistar HAN strains are used widely in Europe for preclinical safety assessments
● Wistar Kyoto and Wistar Furth rats are inbred strains
● A multipurpose model, i.e., infectious disease research, safety and efficacy testing, fracture models, and aging

53–56

Fischer 344 (F-334) ● Previously used in toxicity and carcinogenicity studies
● In some models, F344 rat carcinogenicity studies lack relevance in predicting human carcinogenicity

57

Lewis (LEW) ● Studies rewarding/reinforcing properties of drugs of abuse
● Impulsive traits
● Vulnerability to neuroinflammatory disease

58

wild-type Groningen ● Studies on aggression and aspects of impulsivity
● Less vulnerable to social stress during adolescence in comparison to Wistar rats

59,60

BioBreeding rats ● Diabetes-prone bio-breeding (DP-BB) rats spontaneously develop type 1 diabetes mellitus 61

GUT MICROBES e1779002-9



Ta
bl

e 
4.

 O
ve

rv
ie

w
 o

f t
he

 s
tu

di
es

 o
f m

od
ul

at
io

n 
of

 r
at

 g
ut

 m
ic

ro
bi

ot
a 

by
 d

iff
er

en
t 

nu
tr

iti
on

al
 s

up
pl

em
en

ts
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

Fr
ui

ts
, v

eg
et

ab
le

s,
 n

ut
s,

 p
ul

se
s,

 c
er

ea
l g

ra
in

s
Le

nt
il 

(L
en

s 
cu

lin
ar

is 
M

ed
ik

us
)

36
, 8

-w
ee

k-
ol

d 
m

al
e 

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

 
n 

=
 1

2,
 s

ta
nd

ar
d 

di
et

 
n 

=
 1

2,
 3

.5
%

 h
ig

h 
am

yl
os

e 
co

rn
 s

ta
rc

h 
di

et
 

n 
=

 1
2,

 7
0.

8%
 r

ed
 le

nt
il 

di
et

 
Fe

ca
l s

am
pl

es
 c

ol
le

ct
ed

 a
nd

 s
to

re
d 

at
 −

80
° 

C.

6 
w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

us
in

g 
Q

IA
am

p 
D

N
A 

St
oo

l M
in

ik
it 

PC
R 

Ilu
m

in
a 

se
qu

en
ci

ng
 

M
ic

ro
bi

al
 a

na
ly

si
s-

Q
IIM

E

↑
 A

ct
in

ob
ac

te
ria

 (B
ifi

do
ba

ct
er

iu
m

 s
pp

.) 
an

d 
Ba

ct
er

oi
de

te
s 

↓
 F

irm
ic

ut
es

 
↓
 L

ac
hn

os
pi

ra
ce

ae
 s

pp
. 

↓
 C

lo
st

rid
ia

le
s 

or
de

r, 
Pe

pt
os

tr
ep

to
co

cc
us

 s
pp

., 
La

ch
no

an
ae

ro
ba

cu
lu

m
 s

pp
.

62

W
al

nu
ts

20
, m

al
e 

Fi
sc

he
r 

34
4 

ra
ts

 (
m

at
ur

e,
 ˃

25
0 

g)
 

n 
=

 1
0,

 w
al

nu
t 

n 
=

 1
0,

 r
ep

la
ce

m
en

t 
Fe

ca
l s

am
pl

es
 c

ol
le

ct
ed

 f
ro

m
 d

es
ce

nd
in

g 
co

lo
n 

an
d 

st
or

ed
 a

t 
−

80
°C

10
 w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

us
in

g 
Q

IA
am

p 
D

N
A 

St
oo

l K
its

 
PC

R 
Ill

um
in

a 
M

iS
eq

 s
eq

ue
nc

in
g 

pl
at

fo
rm

 
M

ic
ro

bi
al

 a
na

ly
si

s-
Q

IIM
E

↑
 s

pe
ci

es
 d

iv
er

si
ty

 
↑
 F

irm
ic

ut
es

 
↓
 A

ct
in

ob
ac

te
ria

, C
ya

no
ba

ct
er

ia
 

↑
 O

sc
ill

os
pi

ra
, 

La
ch

no
sp

ira
ce

ae
, a

nd
 T

ur
ic

ib
ac

te
r 

↑
 L

ac
to

ba
ci

llu
s, 

Ru
m

in
oc

oc
ca

ce
ae

 a
nd

 
Ro

se
bu

ria
 (a

ll 
pr

ob
io

tic
 t

yp
e 

ba
ct

er
ia

) 
↓
 B

ac
te

ro
id

es
 

↓
Ca

rn
ob

ac
te

ria
ce

ae
 

↑
M

oy
el

la
, 

Pe
pt

oc
oc

ea
ce

ae
, a

nd
 R

um
in

oc
oc

ca
ec

ea
 

↓
 A

na
er

ot
ru

nc
us

, D
eh

al
ob

ec
te

ria
ce

ae
, 

Bl
au

tia
 a

nd
 C

op
ro

co
cu

s 
↑
 S

tr
ep

to
ph

yt
a 

or
de

r 
↓
 4

CO
D

-2
 

↓
 B

ac
te

ro
id

et
es

, P
ro

te
ob

ac
te

ria
, a

nd
 

Te
ne

ric
ut

es
 

↓
 A

lp
ha

pr
ot

eo
ba

ct
er

ia
 a

nd
 

G
am

m
ap

ro
te

ob
ac

te
ria

63

Bl
ac

k 
ra

sp
be

rr
ie

s 
(R

ub
us

 o
cc

id
en

ta
lis

) (
BR

B)
32

, 4
 t

o 
5-

w
ee

k-
ol

d,
 m

al
e 

Fi
sc

he
r 

34
4 

ra
ts

 
n 

=
 8

, c
on

tr
ol

 
n 

=
 8

, 5
%

 w
ho

le
 B

RB
 p

ow
de

r 
n 

=
 8

, 0
.2

%
 B

RB
 a

nt
ho

cy
an

in
s 

n 
=

 8
, 2

.2
5%

 B
RB

 d
er

iv
ed

 r
es

id
ue

 
Fe

ca
l m

at
er

ia
l c

ol
le

ct
ed

 a
t 

w
ee

ks
 0

, 3
 a

nd
 6

.

6 
w

ee
ks

Ba
ct

er
ia

l D
N

A 
in

 fe
ce

s 
w

as
 e

xt
ra

ct
ed

 
us

in
g 

po
w

er
be

ad
 t

ub
es

 
V1

–V
3 

re
gi

on
s 

of
 t

he
 b

ac
te

ria
l 

16
 S

 g
en

e 
w

er
e 

am
pl

ifi
ed

 
Ro

ch
e 

45
4 

py
ro

se
qu

en
ci

ng
 

D
at

a 
pr

oc
es

si
ng

 u
si

ng
 Q

IIM
E

tim
e-

de
pe

nd
en

t 
ch

an
ge

s 
in

 b
ac

te
ria

l d
iv

er
si

ty
 

w
ith

in
 e

ac
h 

di
et

 
w

ho
le

 B
RB

 p
ow

de
r: 

↑
 A

na
er

os
tip

es
, 

Ru
m

in
oc

oc
cu

s, 
Ak

ke
rm

an
sia

 a
nd

 C
op

ro
ba

ci
llu

s, 
↓
 A

ce
tiv

ib
rio

 a
t 

w
ee

ks
 3

 a
nd

 6
 

tr
an

si
en

tly
 ↑

 A
llo

ba
cu

lu
m

, a
nd

 a
 

tr
an

si
en

tly
 ↓

 A
na

er
ot

ru
nc

us
 a

t 
w

ee
k 

3 
BR

B-
de

riv
ed

 a
nt

ho
cy

an
in

 fr
ac

tio
n:

 
↑

An
ae

ro
vo

ra
x 

an
d 

D
or

ea
, 

↓
Bi

fid
ob

ac
te

riu
m

 a
nd

 L
ac

to
co

cc
us

 a
t 

w
ee

ks
 3

 
an

d 
6 

tr
an

si
en

tly
 ↑

As
ac

ch
ar

ob
ac

te
r, 

an
d 

a 
tr

an
si

en
tly

 ↓
Pr

ab
ac

te
ro

id
es

 a
t 

w
ee

k 
3 

BR
B-

de
riv

ed
 r

es
id

ue
 fr

ac
tio

n:
 

↑
 A

na
er

ot
ru

nc
us

, C
op

ro
ba

ci
llu

s, 
D

es
ul

fo
vi

br
io

, 
Vi

ct
iv

al
lis

, a
nd

 M
uc

isp
iri

lu
m

 
↓
 S

tr
ep

to
co

cc
us

, T
ur

ic
ib

ac
te

r, 
an

d 
Ac

et
iv

ib
rio

 
at

 w
ee

ks
 3

 a
nd

 6
 

tr
an

si
en

tly
 ↑

 E
th

an
ol

ig
en

en
s 

an
d 

tr
an

si
en

tly
 

↓
 B

ifi
do

ba
ct

er
iu

m
 a

t 
w

ee
k 

3

64

(C
on

tin
ue

d)

e1779002-10 hM. ČOKLO ET AL.



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

Br
oc

co
li

Fi
sc

he
r 

34
4 

ra
ts

, w
ei

gh
in

g 
12

0–
14

0 
g 

St
ud

y 
1,

 1
8 

ra
ts

, 1
0%

 C
oo

ke
d 

Br
oc

co
li 

(C
B)

 D
ie

t: 
n 

=
 3

, 0
 d

 n
 =

 3
, 4

 d
 

n 
=

 3
, 1

 d
s 

n 
=

 3
, 7

 d
 

n 
=

 3
, 2

 d
 n

 =
 3

, 1
4 

d 
St

ud
y 

2,
 3

2 
ra

ts
: 

n 
=

 8
, c

on
tr

ol
 

n 
=

 8
, c

oo
ke

d 
br

oc
co

li 
(C

B)
 

n 
=

 8
, g

lu
co

ra
ph

an
in

 (G
RP

) 
n 

=
 8

, C
B-

H
 d

ie
t 

(n
o 

G
RP

) 
St

ud
y 

3,
 9

 r
at

s:
 

n 
=

 3
, c

on
tr

ol
 

n 
=

 3
, r

aw
 b

ro
cc

ol
i 4

 d
 

n 
=

 3
, r

aw
 b

ro
cc

ol
i 4

 d
+

 c
on

tr
ol

 3
 d

 
Ce

ca
l c

on
te

nt
s 

co
lle

ct
ed

.

14
 d

 (w
ith

 s
am

pl
in

g 
at

 d
0,

 1
, 2

, 4
, 7

, 
an

d 
14

)

To
ta

l D
N

A 
w

as
 e

xt
ra

ct
ed

 fr
om

 c
ec

al
 

co
nt

en
ts

 u
si

ng
 Q

IA
m

p 
D

N
A 

st
oo

l 
M

in
i K

it 
PC

R 
16

 S
 r

RN
A 

ge
ne

 s
eq

ue
nc

in
g 

(Il
lu

m
in

a 
M

iS
eq

) 
Q

IIM
E,

 G
re

en
G

en
es

 d
at

ab
as

e

↑
O

TU
s,

 C
ha

o1
, S

ha
nn

on
 a

nd
 S

im
ps

on
 in

di
ce

s 
in

 
ra

ts
 fe

d 
co

ok
ed

 b
ro

cc
ol

i f
or

 ≥
4 

d.
 

Si
x 

ge
ne

ra
, m

os
tly

 fr
om

 t
he

 o
rd

er
 C

lo
st

rid
ia

le
s 

(↓
Bl

au
tia

, ↓
Cl

os
tr

id
iu

m
, ↓

D
or

ea
, 

↑
Ru

m
in

oc
oc

ca
ce

ae
 (f

am
ily

, g
en

us
 n

ot
 

as
si

gn
ed

) a
nd

 ↑
O

sc
ill

os
pi

ra
) s

ig
ni

fic
an

tly
 

ch
an

ge
d 

in
 a

bu
nd

an
ce

 a
ft

er
 C

B 
fe

ed
in

g 
≥

4 
d 

N
on

-G
RP

 c
om

po
ne

nt
s 

of
 b

ro
cc

ol
i a

re
 

re
sp

on
si

bl
e 

fo
r 

th
e 

ne
w

 c
ec

al
 m

ic
ro

bi
al

 
co

m
m

un
ity

 s
tr

uc
tu

re
.

65

Po
lis

he
d 

ri
ce

 (
PR

), 
re

fin
ed

 w
he

at
 (

RW
), 

un
po

lis
he

d 
ri

ce
 (

U
PR

) 
an

d 
w

ho
le

 
w

he
at

 (
W

W
)

50
, 7

-w
ee

k-
ol

d,
 m

al
e 

Sp
ra

gu
e–

D
aw

le
y 

ra
ts

 
n 

=
 1

0,
 b

as
al

 d
ie

t-
fe

d 
gr

ou
p 

n 
=

 1
0,

 P
R 

gr
ou

p 
(5

0%
 P

R+
50

%
 b

as
al

 d
ie

t)
 

n 
=

 1
0,

 U
PR

 g
ro

up
 (5

0%
 U

PR
+

50
%

 b
as

al
 d

ie
t)

 
n 

=
 1

0,
 R

W
 g

ro
up

 (5
0%

 R
W

+
50

%
 b

as
al

 d
ie

t)
 

n 
=

 1
0,

 W
W

 g
ro

up
 (5

0%
 W

W
+

50
%

 b
as

al
 d

ie
t)

 
Ile

al
, c

ec
al

 a
nd

 c
ol

on
ic

 c
on

te
nt

 c
ol

le
ct

ed
, f

ro
ze

n 
in

 li
qu

id
 n

itr
og

en
 a

nd
 s

to
re

d 
at

 −
80

°C
.

6 
w

ee
ks

D
N

A 
Ex

tr
ac

tio
n 

us
in

g 
th

e 
CT

AB
/S

D
S 

m
et

ho
d 

16
 S

 r
RN

A 
ge

ne
 s

eq
ue

nc
in

g 
(Il

lu
m

in
a 

M
iS

eq
) 

Q
IIM

E

U
PR

 a
nd

 W
W

: ↓
Fi

rm
ic

ut
es

/B
ac

te
ro

id
et

es
 

La
ct

ob
ac

ill
us

 in
 ra

ts
 u

nd
er

 w
he

at
 d

ie
ts

 (3
8%

 in
 

th
e 

RW
 g

ro
up

 a
nd

 4
1%

 in
 th

e 
W

W
 g

ro
up

) w
as

 
si

gn
ifi

ca
nt

ly
 h

ig
he

r 
th

an
 t

ha
t 

un
de

r 
ric

e 
di

et
s 

↑
Ak

ke
rm

an
sia

 in
 R

W
 g

ro
up

 c
om

pa
re

d 
to

 P
R 

gr
ou

p

66

W
ho

le
 r

ye
 (

W
R)

24
 m

al
e 

W
is

ta
r 

ra
ts

 (7
5–

10
0 

g)
 

n 
=

 1
2,

 5
0%

 w
ho

le
 r

ye
 (W

R)
 

n 
=

 1
2,

 5
0%

 r
efi

ne
d 

ry
e 

(R
R)

 
Fe

ce
s 

sa
m

pl
ed

 a
t 

th
e 

st
ar

t 
an

d 
en

d 
of

 t
he

 
ex

pe
rim

en
t. 

Th
e 

ce
ca

l c
on

te
nt

 s
am

pl
ed

 a
t 

th
e 

tim
e 

of
 

sa
cr

ifi
ce

 a
nd

 fr
oz

en
 a

t 
−

80
°C

.

12
 w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

us
in

g 
Q

ia
ge

n’
s 

D
N

A 
St

oo
l K

it 
D

N
A 

qu
an

tifi
ca

tio
n 

us
in

g 
a 

N
an

oD
ro

p 
N

D
-1

00
0 

sp
ec

tr
op

ho
to

m
et

er
 

M
ic

ro
bi

al
 c

om
m

un
ity

 a
na

ly
si

s 
pe

rf
or

m
ed

 u
si

ng
 t

he
 H

um
an

 G
ut

 
Ch

ip
 (H

uG
Ch

ip
)

W
ho

le
 r

ye
: 

fe
ce

s:
 

↑
 d

iv
er

si
ty

 
↓

Fi
rm

ic
ut

es
/B

ac
te

ro
id

et
es

 r
at

io
 

↓
 p

ro
po

rt
io

ns
 o

f u
nc

ul
tu

re
d 

Cl
os

tr
id

ia
le

s 
cl

us
te

r 
IA

 a
nd

 C
lo

st
rid

iu
m

 c
lu

st
er

 IV

67

Po
ly

ph
en

ol
ic

 c
om

po
un

ds
G

re
en

 t
ea

 p
ol

yp
he

no
ls

 (
G

TP
)

72
, 6

-m
on

th
-o

ld
, o

va
rie

ct
om

iz
ed

 fe
m

al
e 

Sp
ra

gu
e-

 
D

aw
le

y 
ra

ts
 

Sa
cr

ifi
ce

d 
af

te
r 

3 
m

on
th

s:
 

n 
=

 1
2,

 C
on

tr
ol

 g
ro

up
 

n 
=

 1
2,

 0
.5

%
 G

TP
 

n 
=

 1
2,

 1
.5

%
 G

TP
 

Sa
cr

ifi
ce

d 
af

te
r 

6 
m

on
th

s:
 

n 
=

 1
2,

 C
on

tr
ol

 g
ro

up
 

n 
=

 1
2,

 0
.5

%
 G

TP
 

n 
=

 1
2,

 1
.5

%
 G

TP
 

Co
lo

n 
co

nt
en

ts
 c

ol
le

ct
ed

 a
nd

 s
to

re
d 

in
 −

80
°C

.

6 
m

on
th

s
D

N
A 

ex
tr

ac
tio

n 
us

in
g 

Q
ia

ge
n 

Fa
st

 
D

N
A 

St
oo

l M
in

i K
it 

PC
R 

se
qu

en
ci

ng
 o

n 
Ilu

m
in

a 
M

iS
eq

 
M

et
ag

en
om

ic
 a

na
ly

si
s 

SM
C-

se
q,

 
M

EG
AH

IT
 

Q
IIM

E

3 
m

on
th

s:
 

↓
 2

 B
ac

te
ro

id
et

es
 O

TU
 (g

en
us

 C
F2

31
 a

nd
 

Ba
ct

er
oi

de
s)

 
↑
 6

 F
irm

ic
ut

es
 O

TU
 (6

 o
f C

lo
st

rid
ia

le
s 

or
de

r; 
fa

m
ily

 R
um

in
oc

oc
ca

ce
aa

e 
an

d 
La

ch
no

sp
ira

ce
ae

) 
6 

m
on

th
s:

 
↓
 7

 F
irm

ic
ut

es
 O

TU
 (5

 o
f C

lo
st

rid
ia

le
s 

or
de

r 
(↓

Pe
pt

os
tr

ep
to

co
cc

ac
ea

e 
fa

m
ily

) a
nd

 2
 o

f 
Er

ys
ip

el
ot

ric
ha

le
s 

or
de

r)
 

↓
 1

 B
ac

te
ro

id
et

es
 O

TU
 (S

24
-7

) 
↑
 3

 B
ac

te
ro

id
et

es
 O

TU
 (1

 o
f B

ac
te

ro
id

ac
ea

e,
 2

 
of

 S
24

-7
) 

↑
 1

 P
ro

te
ob

ac
te

ria
 O

TU
 o

f D
es

ul
fo

vi
br

io
na

le
s 

↑
 1

 F
irm

ic
ut

es
 O

TU
 (g

en
us

 O
sc

ill
os

pi
ra

)

68

(C
on

tin
ue

d)

GUT MICROBES e1779002-11



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

G
ra

pe
 s

ee
d 

pr
oa

nt
ho

cy
an

id
in

s 
(G

SP
E)

27
 fe

m
al

e 
W

is
ta

r 
ra

ts
 w

ei
gh

in
g 

18
0–

20
0 

g 
n 

=
 9

, c
on

tr
ol

 g
ro

up
 

n 
=

 9
, g

al
lic

 a
ci

d 
n 

=
 9

, G
SP

E 
Ce

ca
l c

on
te

nt
 c

ol
le

ct
ed

, f
ro

ze
n 

in
 li

qu
id

 
ni

tr
og

en
 a

nd
 t

he
n 

st
or

ed
 a

t 
−

80
°C

.

8 
d

gD
N

A 
fr

om
 c

ec
al

 c
on

te
nt

 o
f r

at
s 

w
as

 
ex

tr
ac

te
d 

us
in

g 
a 

Fa
st

 D
N

A 
St

oo
l 

M
in

i K
it 

(Q
IA

G
EN

) 
PC

R 
se

qu
en

ci
ng

 o
n 

Ill
um

in
a 

M
iS

eq
 

Q
IIM

E,
 G

re
en

G
en

es
 d

at
ab

as
e

Ph
yl

um
: 

↓
 F

irm
ic

ut
es

 
↑
 B

ac
te

ro
id

et
es

 a
nd

 P
ro

te
ob

ac
te

ria
 

Fa
m

ili
es

 ↑
S2

4-
7,

 ↑
Ba

ct
er

oi
da

ce
ae

 a
nd

 
↑

Po
rp

hy
ro

m
on

ad
ac

ea
e 

(c
la

ss
 B

ac
te

ro
id

ia
) 

↑
 A

lc
al

ig
en

ac
ea

e 
(B

et
ap

ro
te

ob
ac

te
ria

) 
↑
 V

ei
llo

ne
lla

ce
ae

 (C
lo

st
rid

ia
) 

↓
 R

um
in

oc
oc

ca
ce

a 
↓
 D

eh
al

ob
ac

te
ria

ce
ae

 
G

en
er

a:
 ↑

Ba
ct

er
oi

de
s, 
↑

Pa
ra

ba
ct

er
oi

de
s, 

↑
Su

tt
er

el
la

 ↑
Ph

as
co

la
rc

to
ba

ct
er

iu
m

 
↑

Bi
lo

ph
ila

 (v
s 

co
nt

ro
l) 

↓
Ru

m
in

oc
oc

cu
s

69

Ph
en

ol
ic

 c
om

po
un

ds
 (

PC
) 

ri
ch

 g
ra

pe
 

po
m

ac
e 

ex
tr

ac
ts

30
, 2

-m
on

th
-o

ld
, m

al
e 

W
is

ta
r 

ra
ts

 
n 

=
 6

, 2
.5

 m
g/

kg
/d

 P
C 

n 
=

 6
, 5

 m
g/

kg
/d

 P
C 

n 
=

 6
, 1

0 
m

g/
kg

/d
 P

C 
n 

=
 6

, 2
0 

m
g/

kg
/d

 P
C 

n 
=

 6
, c

on
tr

ol
 

Fe
ca

l s
am

pl
es

 c
ol

le
ct

ed
 a

t 
6 

an
d 

14
 m

on
th

s 
po

st
tr

ea
tm

en
t 

an
d 

st
or

ed
 a

t 
−

80
°C

.

14
 m

on
th

s
D

N
A 

w
as

 e
xt

ra
ct

ed
 u

si
ng

 IS
O

LA
TE

 
Fe

ca
l D

N
A 

Ki
t 

Q
ua

nt
ita

tiv
e 

an
al

ys
is

 o
f i

nt
es

tin
al

 
m

ic
ro

bi
ot

a 
of

 t
he

 d
iff

er
en

t 
ba

ct
er

ia
l g

en
er

a 
w

as
 c

ar
rie

d 
ou

t 
by

 q
PC

R

↑B
ifi

do
ba

ct
er

iu
m

 (P
C 

2.
5 

an
d 

PC
 5

) 
Af

te
r 

14
 m

on
th

s 
of

 t
re

at
m

en
t 

al
l 

co
nc

en
tr

at
io

ns
 o

f P
C 

ab
ol

is
he

d 
th

e 
in

cr
ea

se
 o

f 
Cl

os
tr

id
iu

m
 s

en
su

 s
tr

ic
to

 (c
lu

st
er

 I)
.

70

H
es

pe
ri

di
n 

(H
D

) 
an

d 
it

s 
ag

ly
co

ne
 

H
es

pe
re

ti
n 

(H
T)

 
m

aj
or

 fl
av

on
oi

ds
 in

 c
it

ru
s 

fr
ui

ts

21
, f

ou
r-

w
ee

k-
ol

d 
m

al
e 

W
is

ta
r 

ra
ts

 
n 

=
 7

, c
on

tr
ol

 d
ie

t 
n 

=
 7

, 0
.5

%
 H

T 
di

et
 

n 
=

 7
, 1

.0
%

 H
D

 d
ie

t 
Fe

ce
s 

co
lle

ct
ed

 a
nd

 s
to

re
d 

at
 −

40
°C

.

3 
w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

Q
ua

nt
ita

tiv
e 

re
al

-t
im

e 
PC

R 
of

 1
6 

S 
rR

N
A 

ge
ne

s 
Fe

ca
l s

am
pl

es
 o

f r
at

s 
w

er
e 

an
al

yz
ed

 b
y 

ta
rg

et
in

g 
th

e 
ba

ct
er

ia
l 1

6 
S 

rR
N

A 
ge

ne
s 

us
in

g 
a 

te
rm

in
al

 r
es

tr
ic

tio
n 

fr
ag

m
en

t 
le

ng
th

 p
ol

ym
or

ph
is

m
 (T

-R
FL

P)
 

te
ch

ni
qu

e

↓
pr

op
or

tio
n 

of
 C

lo
st

rid
iu

m
 s

ub
cl

us
te

r 
XI

Va
 

↑
Cl

os
tr

id
iu

m
 c

lu
st

er
s 

IV
 a

nd
 X

VI
II

71

Pe
rs

im
m

on
 (

Di
os

py
ro

s 
ka

ki
 N

iu
xin

) 
ta

nn
in

 
(P

T)
48

 m
al

e 
Sp

ra
gu

e-
D

aw
le

y 
ra

ts
, w

ei
gh

in
g 

12
0–

14
0 

g 
N

or
m

al
 d

ie
t: 

n 
=

 6
, c

on
tr

ol
 

n 
=

 6
, l

ow
 P

T 
(L

PT
)+

 5
0 

m
g/

kg
·B

W
 P

T 
n 

=
 6

, m
ed

iu
m

 P
T 

(M
PT

) +
10

0 
m

g/
kg

·B
W

 P
T 

n 
=

 6
, h

ig
h 

PT
 (H

PT
) +

 2
00

 m
g/

kg
·B

W
 P

T 
+

4 
gr

ou
ps

 h
ig

h 
fa

t 
di

et
 

Ce
cu

m
 c

on
te

nt
 c

ol
le

ct
ed

 a
nd

 fr
oz

en
 a

t 
−

80
°C

.

4 
w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

us
in

g 
Q

IA
am

p®
 D

N
A 

St
oo

l M
in

i K
it 

Re
al

 –
 t

im
e 

PC
R,

 R
ot

or
-g

en
e 

6 
so

ft
w

ar
e 

Se
qu

en
ci

ng
 (M

iS
eq

 s
ys

te
m

, 
Ill

um
in

a)

LP
T,

 M
PT

: 
↓F

irm
ic

ut
es

 ↑
Ba

ct
er

oi
de

te
s 

LP
T:

 
↓F

irm
ic

ut
es

/B
ac

te
ro

id
et

es
 r

at
io

 
↑P

re
vo

te
lla

, ↓
Ba

ct
er

oi
de

s, 
↓P

ha
sc

ol
ar

ct
ob

ac
te

riu
m

, ↓
E.

 c
ol

i 
↑

to
ta

l L
ac

to
ba

ci
llu

s 
co

un
t 

H
PT

: 
↑P

ro
te

ob
ac

te
ria

 
↓B

ac
te

ro
id

et
es

/P
ro

te
ob

ac
te

ria
 r

at
io

72

Pr
ob

io
ti

cs
 a

nd
 p

re
bi

ot
ic

s

(C
on

tin
ue

d)

e1779002-12 hM. ČOKLO ET AL.



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

Pr
ob

io
ti

cs
 L

. a
cid

op
hi

lu
s 

N
CF

M
 a

nd
 B

.la
ct

is 
Bi

-0
7 

in
 c

om
bi

na
ti

on
 w

it
h 

po
ly

sa
cc

ha
ri

de
s 

(L
yc

eu
m

 b
ar

ba
ru

m
 

po
ly

sa
cc

ha
ri

de
s,

 P
or

ia
 c

oc
os

 
po

ly
sa

cc
ha

ri
de

s 
an

d 
Le

nt
in

ul
a 

ed
od

es
 

po
ly

sa
cc

ha
ri

de
s)

24
, 2

1-
d-

ol
d,

 m
al

e 
Sp

ra
gu

e-
D

aw
le

y 
ra

ts
 

n 
=

 1
2,

 c
on

tr
ol

 g
ro

up
 

n 
=

 1
2,

 p
ro

bi
ot

ic
s 

w
ith

 p
ol

ys
ac

ch
ar

id
es

 
Fe

ce
s 

sa
m

pl
es

 c
ol

le
ct

ed
 a

nd
 s

to
re

d 
at

 −
80

°C
.

28
 d

Fe
ce

s 
to

ta
l D

N
A 

w
as

 e
xt

ra
ct

ed
 w

ith
 

a 
M

O
BI

O
 P

ow
er

So
il®

D
N

A 
Is

ol
at

io
n 

Ki
t 

16
 S

 r
RN

A 
ge

ne
 a

m
pl

ifi
ca

tio
n 

(P
CR

) 
se

qu
en

ci
ng

 (H
is

eq
 2

50
0 

pl
at

fo
rm

) 
Q

IIM
E,

 G
re

en
G

en
es

 d
at

ab
as

e

si
gn

ifi
ca

nt
ly

 c
ha

ng
ed

: 
Ph

yl
um

 le
ve

l: 
↑

Ac
tin

ob
ac

te
ria

 
O

rd
er

 le
ve

l: 
↑

Bi
fid

ob
ac

te
ria

ls,
 L

ac
to

ba
ci

lla
le

s, 
Er

ys
ip

el
ot

ric
ha

le
s 

an
d 

Ae
ro

m
on

ad
al

es
 

↓
Cl

os
tr

id
ia

le
s 

Fa
m

ily
 le

ve
l: 

↑
Bi

fid
ob

ac
te

ria
ce

ae
, S

24
_7

, L
ac

to
ba

ci
lla

ce
ae

, 
Ae

ro
co

cc
ac

ea
e,

 S
ta

ph
yl

oc
oc

ca
ce

ae
, 

Er
ys

ip
el

ot
ric

ha
ce

ae
 a

nd
 A

er
om

on
ad

ac
ea

e 
↓

En
te

ro
co

cc
ac

ea
e,

 R
ik

en
el

la
ce

ae
 a

nd
 

Po
rp

hy
ro

m
on

ad
ce

ae
 

ge
nu

s 
le

ve
l: 

↑
Bi

fid
ob

ac
te

riu
m

, L
ac

to
ba

ci
llu

s, 
Al

lo
ba

cu
lu

m
, 

Al
ca

lig
en

es
 a

nd
 O

lig
el

la
 

↓
An

ae
ro

st
ip

es
, E

nt
er

oc
oc

cu
s 

an
d 

Pa
ra

ba
ct

er
oi

de
s 

sp
ec

ie
s 

le
ve

l: 
↑

Bi
fid

ob
ac

te
riu

m
 p

se
ud

ol
on

gu
m

, 
La

ct
ob

ac
ill

us
 s

al
iv

ar
iu

s, 
an

d 
La

ct
ob

ac
ill

us
 

re
ut

er
i 

↓
 A

lc
al

ig
en

es
 fa

ec
al

is,
 B

ac
te

ro
id

es
 o

va
tu

s 
an

d 
Ba

ct
er

oi
de

s 
eg

ge
rt

hi
i

73

Bl
ue

be
rr

ie
s 

fe
rm

en
te

d 
w

it
h 

th
e 

ta
nn

as
e 

pr
od

uc
in

g 
ba

ct
er

ia
 L

. p
la

nt
ar

um
 D

SM
 

15
31

3

54
, 1

2–
13

-w
ee

k–
ol

d,
 m

al
e 

Sp
ra

gu
e 

D
aw

le
y 

ra
ts

 
3 

gr
ou

ps
-h

yp
er

te
ns

iv
e 

st
at

e 
±

 H
ea

lth
y 

ra
ts

: 
Fe

d 
tw

o 
ty

pe
s 

(A
 a

nd
 B

) o
f f

re
ez

e-
dr

ie
d 

bl
ue

be
rr

y 
po

w
de

r 
fe

rm
en

te
d 

ov
er

 n
ig

ht
 a

ft
er

 
in

cu
ba

tio
n 

w
ith

 L
. p

la
nt

ar
um

 D
SM

 1
53

13
 w

ith
 

ad
di

tio
na

l1
09 

cf
u/

da
y 

of
 L

. p
la

nt
ar

um
 D

SM
 

15
31

3.
 P

ro
du

ct
 A

 w
as

 fe
rm

en
te

d 
to

 a
 h

ig
he

r 
ex

te
nt

 t
ha

n 
pr

od
uc

t 
B.

 
n 

=
 9

, c
on

tr
ol

 
n 

=
 9

, p
ro

du
ct

 A
+

 b
ac

te
ria

 
n 

=
 9

, p
ro

du
ct

 B
+

 b
ac

te
ria

 
Ce

ca
l c

on
te

nt
 c

ol
le

ct
ed

.

4 
w

ee
ks

Te
rm

in
al

 r
es

tr
ic

tio
n 

fr
ag

m
en

t 
le

ng
th

 
po

ly
m

or
ph

is
m

 (T
-R

FL
P)

 
SY

BR
 g

re
en

 q
PC

R

Pr
od

uc
t 

A 
an

d 
B 

↓
 T

RF
30

3,
 w

hi
ch

 w
as

 p
ut

at
iv

el
y 

id
en

tifi
ed

 a
s 

ba
ct

er
ia

 b
el

on
gi

ng
 t

o 
La

ch
no

sp
ira

ce
ae

 in
 

an
ot

he
r 

st
ud

y 
↓

T-
RF

 2
28

 
↑

T-
RF

 8
8,

 9
1,

 9
2 

w
hi

ch
 w

er
e 

id
en

tifi
ed

 a
s 

Pa
ra

ba
ct

er
oi

de
s-

lik
e 

an
d 

Ba
ct

er
oi

de
s-

lik
e 

T-
RF

 1
32

 w
as

 o
nl

y 
de

te
ct

ed
 in

 p
ro

du
ct

- 
re

ce
iv

in
g 

gr
ou

ps
 

pr
od

uc
t 

B:
 

↓
C.

 le
pt

um
 g

ro
up

 
↓
 D

es
ul

fo
vi

br
io

74

G
al

ac
to

ol
ig

os
ac

ch
ar

id
e 

(G
O

S)
– 

fis
h 

pe
pt

id
e 

(F
P)

 c
on

ju
ga

te
s

40
, 3

-w
ee

k-
ol

d 
m

al
e 

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

 
n 

=
 8

, C
K 

– 
co

nt
ro

l 
n 

=
 8

, G
O

S 
n 

=
 8

, F
P 

n 
=

 8
, G

O
S/

FP
 m

ix
tu

re
 

n 
=

 8
, g

ly
co

co
nj

ug
at

es
 (G

-G
O

S/
FP

) 
Fe

ce
s 

co
lle

ct
ed

.

21
 d

D
N

A 
ex

tr
ac

tio
n 

(T
IA

N
am

p 
St

oo
l D

N
A 

Ki
t)

 
PC

R 
Ill

um
in

a 
16

 S
 r

RN
A 

se
qu

en
ci

ng
 

Q
IIM

E

G
-G

O
S/

FP
 g

ro
up

 c
om

pa
re

d 
to

 t
he

 C
K 

gr
ou

p:
 

↓
 a

lp
ha

-d
iv

er
si

ty
 

↑
 A

ct
in

ob
ac

te
ria

 p
hy

lu
m

 
↑
 C

or
io

ba
ct

er
ia

ce
ae

 a
nd

 V
ei

llo
ne

lla
ce

ae
 fa

m
ily

 
G

-G
O

S/
FP

 g
ro

up
 c

om
pa

re
d 

to
 t

he
 G

O
S/

FP
 

gr
ou

p:
 

↑
 A

na
er

ov
ib

rio
 ↑

Pr
ev

ot
el

la
-9

, C
ol

lin
se

lla
 

(m
os

t 
di

ffe
re

nt
ia

l b
ac

te
ria

) 
↓
 A

llo
pr

ev
ot

el
la

, H
ol

de
m

an
el

la

75

(C
on

tin
ue

d)

GUT MICROBES e1779002-13



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

Fr
uc

ta
ns

 
fr

om
 A

ga
ve

 s
al

m
ia

na
15

, 4
-w

ee
k-

ol
d 

m
al

e 
W

is
ta

r 
ra

ts
 

n 
=

 5
, c

om
m

er
ci

al
 d

ie
t 

n 
=

 5
, c

om
m

er
ci

al
 d

ie
t a

dd
ed

 w
ith

 d
rie

d 
ex

tr
ac

t 
of

 A
. s

al
m

ia
na

 
n 

=
 5

, c
om

m
er

ci
al

 d
ie

t 
ad

de
d 

w
ith

 s
ym

bi
ot

ic
 

fo
rm

ul
at

io
n 

(d
rie

d 
ex

tr
ac

t 
of

 A
. s

al
m

ia
na

 
+

po
w

de
r 

of
 e

nc
ap

su
la

te
d 

Bi
fid

ob
ac

te
riu

m
 

an
im

al
is 

su
bs

p.
 la

ct
is)

 
Fe

ce
s 

co
lle

ct
ed

.

12
 w

ee
ks

ba
ct

er
ia

 c
ou

nt
 (M

ic
ro

bi
al

 g
ro

w
th

 
w

as
 d

et
er

m
in

ed
 a

s 
CF

U
 g

−
1 

of
 

la
ct

ic
 a

ci
d 

ba
ct

er
ia

 (L
AB

) i
n 

fe
ce

s 
af

te
r 

72
 h

 in
cu

ba
tio

n)

↑
 L

ac
to

ba
ci

llu
s 

sp
p.

 a
nd

 B
ifi

do
ba

ct
er

iu
m

 s
pp

. 
(C

FU
 g

−
1 ) i

n 
bo

th
 t

es
t 

gr
ou

ps
 (a

pp
ro

xi
m

at
el

y 
4-

lo
g 

in
cr

ea
se

 w
as

 o
bs

er
ve

d 
in

 th
e 

gr
ou

p 
w

ith
 

sy
m

bi
ot

ic
 fo

od
)

76

Fe
ru

lo
yl

at
ed

 o
lig

os
ac

ch
ar

id
es

 
(F

O
s)

 f
ro

m
 m

ai
ze

 b
ra

n
45

, m
al

e 
Sp

ra
gu

e–
D

aw
le

y 
ra

ts
, w

ei
gh

in
g 

16
0–

17
0 

g 
n 

=
 9

, n
or

m
al

 fe
ed

 
n 

=
 9

, +
 3

00
 m

g/
kg

 B
W

/d
 x

yl
oo

lig
os

ac
ch

ar
id

es
 

(X
O

S)
 

n 
=

 9
,+

 3
00

 m
g/

kg
 B

W
/d

 X
O

S 
+

 1
2 

m
g/

kg
 B

W
/d

 
fe

ru
lic

 a
ci

d 
(F

A)
 

n 
=

 9
, +

 3
00

 m
g/

kg
 B

W
/d

 F
O

s 
n 

=
 9

, +
 6

00
 m

g/
kg

 B
W

/d
 F

O
s 

Fe
ce

s 
co

lle
ct

ed
 a

nd
 s

to
re

d 
at

 −
80

°C
.

5 
w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

us
in

g 
TI

AN
 a

m
p 

St
oo

l D
N

A 
ki

t 
PC

R 
am

pl
ifi

ca
tio

n 
se

qu
en

ci
ng

 o
n 

th
e 

Ill
um

in
a 

G
AI

Ix
 

pl
at

fo
rm

 
re

fe
re

nc
e 

ba
se

 fr
om

 R
ib

os
om

al
 

D
at

ab
as

e 
Pr

oj
ec

t

Fe
ru

lo
yl

at
ed

 o
lig

os
ac

ch
ar

id
es

 s
ho

w
ed

 e
ve

n 
hi

gh
er

 p
re

bi
ot

ic
 a

ct
iv

ity
 t

ha
n 

XO
S 

FO
s:

 
↑

ba
ct

er
ia

l r
ic

hn
es

s 
an

d 
di

ve
rs

ity
 

↓
 r

at
io

 o
f F

irm
ic

ut
es

 t
o 

Ba
ct

er
oi

de
te

s 
↑
 B

ac
te

ro
id

et
es

, 
Pr

ot
eo

ba
ct

er
ia

, A
ct

in
ob

ac
te

ria
, L

ac
to

ba
ci

llu
s 

an
d 

Ru
m

in
oc

oc
cu

s 
↓

Cl
os

tr
id

ia

77

Pe
ct

in
s 

(f
ou

r 
ty

pe
s)

40
, m

al
e 

W
is

ta
r 

ra
ts

 (3
00

 ±
 1

0 
g)

 
n 

=
 8

, c
on

tr
ol

 g
ro

up
 

n 
=

 8
, 3

%
 (w

/w
) l

ow
-m

et
hy

l e
st

er
ifi

ed
 c

itr
us

 
pe

ct
in

 (L
M

P)
 

n 
=

 8
, 3

%
 (w

/w
) h

ig
h-

m
et

hy
l e

st
er

ifi
ed

 c
itr

us
 

pe
ct

in
 (H

M
P)

 
n 

=
 8

, 3
%

 (w
/w

) s
ug

ar
 b

ee
t 

pe
ct

in
 (S

BP
) 

n 
=

 8
, 3

%
 (w

/w
) s

oy
 p

ec
tin

 (S
SP

S)
 

Ce
ca

l a
nd

 c
ol

on
ic

 d
ig

es
ta

 c
ol

le
ct

ed
 s

ep
ar

at
el

y.

7 
w

ee
ks

M
ic

ro
bi

al
 D

N
A 

w
as

 e
xt

ra
ct

ed
 fr

om
 

di
ge

st
a 

us
in

g 
a 

Re
pe

at
ed

 B
ea

d 
Be

at
in

g 
pr

ot
oc

ol
 p

lu
s 

co
lu

m
n 

pu
rifi

ca
tio

n 
D

N
A 

w
as

 q
ua

nt
ifi

ed
 u

si
ng

 
a 

N
an

oD
ro

p 
20

00
 

sp
ec

tr
op

ho
to

m
et

er
 

PC
R 

16
 S

 r
RN

A 
ge

ne
 a

m
pl

ifi
ca

tio
n 

an
d 

Ill
um

in
a 

M
iS

eq
 s

eq
ue

nc
in

g 
Q

IIM
E

pe
ct

in
 s

up
pl

em
en

te
d 

di
et

s:
 

↑
Fi

rm
ic

ut
es

 a
nd

 ↓
Ba

ct
er

oi
de

te
s 

in
 b

ot
h 

ce
ca

l 
an

d 
co

lo
ni

c 
di

ge
st

a 
eff

ec
ts

 m
or

e 
pr

on
ou

nc
ed

 in
 c

ec
um

 t
ha

n 
in

 
co

lo
n 

↑ 
La

ct
ob

ac
ill

us
 (L

M
P,

 S
BP

) 
↑ 

La
ch

no
sp

ira
ce

ae
 (S

BP
) 

↑ 
In

ce
rt

ae
_S

ed
is 

in
 t

he
 fa

m
ily

 L
ac

hn
os

pi
ra

ce
ae

 
an

d 
↓

un
cl

as
si

fie
d 

ge
nu

s 
in

 t
he

 fa
m

ily
 

Pe
pt

os
tr

ep
to

co
cc

ac
ea

e,
 ↓

Ak
ke

rm
an

sia
 r

el
at

iv
e 

ab
un

da
nc

e 
(S

BP
, S

SP
S)

 
↓

U
nc

la
ss

ifi
ed

 g
en

us
 in

 th
e 

fa
m

ily
 S

24
-7

 (H
M

P,
 

SB
P)

78

Fe
rm

en
ta

bl
e 

ca
rb

oh
yd

ra
te

s
24

 m
al

e 
Bi

oB
re

ed
in

g 
ra

ts
 (2

8 
to

 4
2-

d-
ol

d)
 

n 
=

 8
, c

el
lu

lo
se

 (C
: 5

%
 w

/w
) 

n 
=

 8
, w

he
at

 b
ra

n 
(W

B:
 5

%
 w

/w
) 

n 
=

 8
, h

ig
h 

am
yl

os
e 

m
ai

ze
 s

ta
rc

h 
(R

S:
 5

%
 w

/w
 

re
si

st
an

t 
st

ar
ch

) 
Fe

ca
l p

el
le

ts
 c

ol
le

ct
ed

 a
t t

he
 e

nd
 o

f t
he

 fe
ed

in
g 

tr
ia

l (
d 

28
). 

Ce
ca

l c
on

te
nt

s 
co

lle
ct

ed
 d

ur
in

g 
ne

cr
op

sy
 fo

llo
w

in
g 

co
m

pl
et

io
n 

of
 t

he
 b

al
an

ce
 

ph
as

e 
(d

 4
2)

.

6 
w

ee
ks

Co
m

m
un

ity
 D

N
A 

is
ol

at
ed

 u
si

ng
 

Q
ia

ge
n 

D
N

A 
St

oo
l I

so
la

tio
n 

Ki
t 

Ba
ct

er
ia

l t
ag

-e
nc

od
ed

 F
LX

 
am

pl
ic

on
 s

eq
ue

nc
in

g 
Si

lv
a 

da
ta

ba
se

 
Ph

yl
ot

yp
es

 c
la

ss
ifi

ed
 u

si
ng

 t
he

 
Ri

bo
so

m
al

 D
at

a-
ba

se
 

D
N

A 
Sh

ot
gu

n 
m

et
ag

en
om

ic
 

lib
ra

ry
 c

on
st

ru
ct

io
n 

an
d 

se
qu

en
ci

ng
 (R

oc
he

 G
S-

FL
X 

Ti
ta

ni
um

 s
eq

ue
nc

in
g)

 
M

EG
AN

Ce
ca

l c
om

m
un

iti
es

 w
er

e 
do

m
in

at
ed

 b
y 

th
e 

ph
yl

um
 F

irm
ic

ut
es

 w
ith

 h
ig

he
r 

ab
un

da
nc

e 
of

 
La

ch
no

sp
ira

ce
ae

 c
om

pa
re

d 
to

 fe
ce

s.
 

In
 fe

ce
s 

th
e 

co
m

m
un

ity
 s

tr
uc

tu
re

 w
as

 s
hi

ft
ed

 
to

w
ar

d 
th

e 
ph

yl
um

 B
ac

te
ro

id
et

es
.

79

(C
on

tin
ue

d)

e1779002-14 hM. ČOKLO ET AL.



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

D
ie

ta
ry

 fi
be

rs
 (

in
ul

in
, r

es
is

ta
nt

 s
ta

rc
h 

an
d 

ci
tr

us
 p

ec
ti

n)
18

 5
/4

-m
on

th
-o

ld
 m

al
e 

w
ild

-t
yp

e 
G

ro
ni

ng
en

 
ra

ts
 

n 
=

 1
8,

 a
cc

lim
at

iz
at

io
n 

w
ee

k 
14

 d
: 

n 
=

 6
 in

ul
in

 (1
0%

) 
n 

=
 6

 r
es

is
ta

nt
 s

ta
rc

h 
(1

0%
) 

n 
=

 6
 c

itr
us

 p
ec

tin
 (3

%
). 

n 
=

 1
8,

 1
-w

ee
k 

w
as

h-
ou

t 
pe

rio
d 

Fr
es

h 
fe

ca
l s

am
pl

es
 c

ol
le

ct
ed

 fr
om

 th
e 

be
dd

in
g 

an
d 

st
or

ed
 a

t 
−

20
°C

.

14
 d

 w
ith

 s
am

pl
in

g 
po

in
ts

: 
T0

 (e
nd

 o
f 

ac
cl

im
at

iz
at

io
n 

pe
rio

d)
, 

T1
 (a

ft
er

 1
 w

ee
k 

of
 

su
pp

le
m

en
ta

tio
n)

 
T2

 (a
ft

er
 2

 w
ee

ks
 

of
 

su
pp

le
m

en
ta

tio
n)

 
T3

 (a
ft

er
 a

 w
as

h-
 

ou
t 

pe
rio

d)

D
N

A 
ex

tr
ac

tio
n 

us
in

g 
th

e 
Q

IA
am

p 
D

N
A 

St
oo

l M
in

i K
it 

(Q
ia

ge
n)

 
Pa

rt
ia

l 1
6 

S 
rR

N
A 

ge
ne

 s
eq

ue
nc

es
 

am
pl

ifi
ed

 u
si

ng
 p

rim
er

 p
ai

r 
Pr

ob
io

_U
ni

 a
nd

/P
ro

bi
o_

Re
v,

 
ta

rg
et

in
g 

th
e 

V3
 re

gi
on

 o
f t

he
 1

6 
S 

rR
N

A 
Ill

um
in

a 
M

iS
eq

 s
eq

ue
nc

er
 

Q
IIM

E

↑
Ba

ct
er

oi
de

te
s 

↓
Fi

rm
ic

ut
es

 
In

ul
in

: 
W

ith
in

 B
ac

te
ro

id
et

es
 p

hy
lu

m
: 

↑
 P

re
vo

te
lla

ce
ae

 fa
m

ily
 

↑
 P

ar
ab

ac
te

ro
id

es
 s

pp
. 

↓
 B

ac
te

ro
id

al
es

 
↑
 P

ro
te

ob
ac

te
ria

 p
hy

lu
m

 
W

ith
in

 F
irm

ic
ut

es
 p

hy
lu

m
: 

↓
La

ch
no

sp
ira

ce
ae

 
↓ 

Cl
os

tr
id

ia
le

s 
↓ 

Ru
m

in
oc

oc
ca

ce
ae

 
↑ 

Al
lo

ba
cu

lu
m

 s
pp

. 
Re

si
st

an
t 

st
ar

ch
: 

↑P
re

vo
te

lla
ce

ae
 

↓L
ac

hn
os

pi
ra

ce
ae

 
↓ 

Cl
os

tr
id

ia
le

s 
↑ 

Ru
m

in
oc

oc
cu

s 
2 

gr
ou

p 
↓R

um
in

oc
oc

cu
s 

1 
↓R

um
in

oc
oc

ca
ce

ae
 U

CG
_0

02
 

Ci
tr

us
 p

ec
tin

: 
↑

Pr
ev

ot
el

la
ce

ae
 N

K3
B3

1 
gr

ou
p 

↑
Ru

m
in

oc
oc

ca
ce

ae
 U

CG
-0

05
 

↓ 
St

om
at

ob
ac

ul
um

 s
pp

. (
La

ch
no

sp
ira

ce
ae

 
fa

m
ily

)

37

M
in

er
al

s
M

ar
in

e 
m

in
er

al
 b

le
nd

 (s
ea

w
ee

d 
an

d 
se

aw
at

er
-d

er
iv

ed
, r

ic
h 

in
 b

io
ac

ti
ve

 
ca

lc
iu

m
, m

ag
ne

si
um

 a
nd

 7
0 

ot
he

r 
tr

ac
e 

el
em

en
ts

) 
(M

M
B)

30
 7

-8
-w

ee
k 

ol
d 

m
al

e 
Sp

ra
gu

e-
D

aw
le

y 
ra

ts
 

n 
=

 1
0,

 c
on

tr
ol

 g
ro

up
, s

ta
nd

ar
d 

ch
ow

 
n 

=
 1

0,
 0

.1
%

 M
M

B-
su

pp
le

m
en

te
d 

ch
ow

 
n 

=
 1

0,
 0

.2
%

 M
M

B-
su

pp
le

m
en

te
d 

ch
ow

 
Ce

ca
l c

on
te

nt
 c

ol
le

ct
ed

 a
nd

 s
to

re
d 

at
 −

80
°C

.

6 
w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

us
in

g 
Q

IA
m

p 
Fa

st
 

D
N

A 
St

oo
l M

in
i K

it 
PC

R 
Ilu

m
in

a 
M

iS
eq

 s
eq

ue
nc

in
g 

pl
at

fo
rm

 
Q

IIM
E

↑
 d

iv
er

si
ty

 
↓
 p

hy
lu

m
 T

M
7 

(a
ss

oc
ia

te
d 

w
ith

 IB
D

, C
hr

on
’s 

di
se

as
e)

 in
 0

.1
%

 M
M

B 
↑

Pr
ot

eo
ba

ct
er

ia
 (l

in
ke

d 
to

 in
fla

m
m

at
io

n 
an

d 
m

et
ab

ol
ic

 s
yn

dr
om

e)
 in

 s
up

pl
em

en
te

d 
gr

ou
ps

 
↑
 p

hy
lu

m
 R

F3
 in

 0
.2

%
 M

M
B 

↑
 R

um
in

oc
oc

ca
ce

ae
, C

lo
st

rid
ac

ea
e 

(S
CF

A 
pr

od
uc

tio
n)

 
↑
 C

hr
ist

en
se

ne
lla

ce
ae

 (l
ea

n 
BM

I) 
↑
 P

or
ph

yr
om

on
ad

ac
ea

e 
(p

ro
te

ct
iv

e 
eff

ec
t 

on
 

gu
t 

he
al

th
)

80

M
et

hy
lx

an
th

in
es

(C
on

tin
ue

d)

GUT MICROBES e1779002-15



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

Co
co

a 
th

eo
br

om
in

e
21

 3
-w

ee
k-

ol
d 

Le
w

is
 r

at
s 

n 
=

 7
, r

ef
er

en
ce

 g
ro

up
 (R

F)
 

n 
=

 7
, s

ta
nd

ar
d 

di
et

 w
ith

 1
0%

 o
f n

at
ur

al
 

Fo
ra

st
er

o 
co

co
a 

co
nt

ai
ni

ng
 0

.2
5%

 th
eo

br
om

in
e 

(C
C)

 
n 

=
 7

, s
ta

nd
ar

d 
di

et
 in

cl
ud

in
g 

0.
25

%
 o

f 
th

eo
br

om
in

e 
(T

B)
 

Fe
ce

s 
co

lle
ct

ed
 a

t d
 0

, 8
, a

nd
 1

5,
 fr

oz
en

 a
t −

20
° 

C.

15
 d

Q
ua

nt
ifi

ca
tio

n 
of

 fe
ca

l m
ic

ro
bi

ot
a 

by
 

flu
or

es
ce

nc
e 

in
 s

itu
 h

yb
rid

iz
at

io
n 

(F
IS

H
) c

ou
pl

ed
 t

o 
flo

w
 c

yt
om

et
ry

 
(F

CM
) 

Ig
A-

co
at

ed
 b

ac
te

ria
 q

ua
nt

ifi
ca

tio
n 

m
et

ag
en

om
ic

s 
an

al
ys

is
: 

Fa
st

D
N

AS
PI

N
 K

it 
16

 S
 r

D
N

A 
se

qu
en

ci
ng

 in
 Io

n 
To

rr
en

t 
pl

at
fo

rm
s 

Q
IIM

E 
G

re
en

ge
ne

s 
re

fe
re

nc
e 

da
ta

ba
se

Th
eo

br
om

in
e 

gr
ou

p:
 

FI
SH

-F
CM

 r
es

ul
ts

: 
↓
 E

. c
ol

i 
↓
 B

ifi
do

ba
ct

er
iu

m
 s

pp
., 

St
re

pt
oc

oc
cu

s 
sp

p.
, 

Cl
os

tr
id

iu
m

 h
ist

ol
yt

ic
um

-C
. p

er
fr

in
ge

ns
 

↓
 C

lo
st

rid
iu

m
, B

ac
te

ro
id

ac
ea

e-
Pr

ev
ot

el
la

ce
ae

 
↓
 F

irm
ic

ut
es

 
m

et
ag

en
om

ic
s 

an
al

ys
is

: 
↑
 p

ro
po

rt
io

n 
of

 T
en

er
ic

ut
es

 p
hy

lu
m

 
↑
 p

ro
po

rt
io

n 
of

 th
e 

Er
ys

ip
el

ot
ric

ha
ce

ae
 fa

m
ily

 
(F

irm
ic

ut
es

 p
hy

lu
m

), 
Ra

lst
on

ia
 s

p.
 

(P
ro

te
ob

ac
te

ria
 p

hy
lu

m
) a

nd
 o

ne
 b

ac
te

riu
m

 o
f 

th
e 

M
ol

lic
ut

es
 c

la
ss

 (T
en

er
ic

ut
es

 p
hy

lu
m

) 
Ca

nd
id

at
us

 A
rt

hr
om

itu
s 

(F
irm

ic
ut

es
 p

hy
lu

m
, 

Cl
os

tr
id

ia
 c

la
ss

, a
bl

e 
to

 in
du

ce
 a

da
pt

iv
e 

im
m

un
e 

re
sp

on
se

s 
in

 t
he

 g
ut

) f
ou

nd
 

ex
cl

us
iv

el
y 

in
 th

e 
TB

 g
ro

up
 w

hi
le

 R
um

in
ic

oc
cu

s 
fla

ve
fa

ci
en

s 
(F

irm
ic

ut
es

 p
hy

lu
m

) d
is

ap
pe

ar
ed

 
↓
 Ig

A-
co

at
ed

 b
ac

te
ria

81

Fu
ng

i
Re

is
hi

 m
us

hr
oo

m
 (

Ga
no

de
rm

a 
lin

gz
hi

) 
w

at
er

 e
xt

ra
ct

24
 m

al
e 

3-
w

ee
k 

ol
d 

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

 
n 

=
 8

, c
on

tr
ol

 d
ie

t 
n 

=
 8

, 5
%

 w
at

er
 e

xt
ra

ct
 fr

om
 t

he
 r

ei
sh

i 
m

us
hr

oo
m

 (G
an

od
er

m
a 

lin
gz

hi
) (

W
G

L)
 

n 
=

 8
, 5

%
 w

at
er

 e
xt

ra
ct

 fr
om

 a
ut

o-
di

ge
st

ed
 

re
is

hi
 G

. l
in

gz
hi

 (A
W

G
L)

 
Ce

cu
m

 c
on

te
nt

 c
ol

le
ct

ed
 a

nd
 s

to
re

d 
at

-8
0°

C.

3 
w

ee
ks

D
N

A 
w

as
 is

ol
at

ed
 fr

om
 t

he
 c

ec
al

 
di

ge
st

a 
us

in
g 

th
e 

U
ltr

aC
le

an
™

 
Fe

ca
l D

N
A 

ex
tr

ac
tio

n 
ki

t 
Ba

ct
er

ia
l g

ro
up

s 
w

er
e 

qu
an

tifi
ed

 
by

 q
PC

R

W
G

L 
an

d 
AW

G
L 

tr
ea

tm
en

ts
 ↓

Cl
os

tr
id

iu
m

 
co

cc
oi

de
s 

an
d 

Cl
os

tr
id

iu
m

 le
pt

um
 p

er
 g

 o
f 

di
ge

st
a 

↑
 A

kk
er

m
an

sia
 m

uc
in

ip
hi

la
 p

er
 g

 o
f d

ig
es

ta
 

an
d 

pe
r 

to
ta

l d
ig

es
ta

 
↑
 B

ac
te

ro
id

et
es

 p
er

 t
ot

al
 d

ig
es

ta
 

↑
 E

nt
er

ob
ac

te
ria

ce
ae

 p
er

 g
 o

f d
ig

es
ta

 a
nd

 p
er

 
to

ta
l 

ce
ca

l d
ig

es
ta

82

Po
ly

sa
cc

ha
ri

de
 f

ro
m

 m
yc

el
ia

 o
f 

Ga
no

de
rm

a 
lu

cid
um

20
 m

al
e 

Sp
ra

gu
e-

D
aw

le
y 

ra
ts

, w
ei

gh
in

g 
19

8 
±

 1
5.

7 
g 

n 
=

 1
0,

 c
on

tr
ol

 g
ro

up
 (C

O
N

) 
n 

=
 1

0,
 G

an
od

er
m

a 
lu

ci
du

m
 p

ol
ys

ac
ch

ar
id

e 
gr

ou
p 

(G
LP

) 
Ce

ca
l c

on
te

nt
s 

co
lle

ct
ed

 a
nd

 s
to

re
d 

at
 −

80
°C

.

21
 d

Ba
ct

er
ia

l t
ot

al
 g

en
om

ic
 D

N
A 

ex
tr

ac
te

d 
us

in
g 

th
e 

E.
Z.

N
.A

. 
G

en
om

ic
 D

N
A 

Is
ol

at
io

n 
Ki

t 
PC

R 
Ro

ch
e 

G
en

om
e 

Se
qu

en
ce

r 
G

S 
FL

X 
Ti

ta
ni

um
 p

la
tf

or
m

 
Q

IIM
E

↓
Fi

rm
ic

ut
es

/B
ac

te
ro

id
et

es
 r

at
io

 
↓

Pr
ot

eo
ba

ct
er

ia
 

37
 O

TU
s 

w
er

e 
si

gn
ifi

ca
nt

ly
 d

iff
er

en
t 

(↑
S2

4-
7,

 
↑

SM
B5

3,
 ↑

Ri
ke

ne
lla

ce
ae

, ↓
Al

lo
ba

cu
lu

m
, 

↓
Rc

4-
4 

an
d 
↓

Ru
m

in
oc

oc
ca

ce
ae

)

83

V
eg

et
ab

le
 o

ils
Ca

m
el

lia
 O

il 
(C

am
el

lia
 o

le
ife

ra
 A

be
l.,

 C
O

), 
ol

iv
e 

oi
l (

O
O

) 
an

d 
so

yb
ea

n 
oi

l (
SO

)
30

 m
al

e 
6-

w
ee

k-
ol

d 
Sp

ra
gu

e-
D

aw
le

y 
ra

ts
 

n 
=

 1
8,

 S
O

 g
ro

up
 

n 
=

 6
, C

O
 g

ro
up

 
n 

=
 6

, O
O

 g
ro

up
 

Fe
ca

l s
am

pl
es

 c
ol

le
ct

ed
 a

nd
 s

to
re

d 
at

 −
80

°C
.

20
 d

D
N

A 
Ex

tr
ac

tio
n 

(Q
ia

ge
n 

D
N

A 
M

in
i 

Ki
t)

 
16

 S
 r

RN
A 

Se
qu

en
ci

ng
 (l

lu
m

in
a 

M
iS

eq
 2

00
0 

se
qu

en
ce

r 
w

ith
 

a 
M

iS
eq

 R
ea

ge
nt

 K
it 

v 
3)

Co
m

pa
re

d 
to

 S
O

 a
nd

 O
O

, t
he

 in
ta

ke
 o

f C
O

 
in

cr
ea

se
d 

th
e 

ra
tio

 o
f F

irm
ic

ut
es

/B
ac

te
ro

id
et

es
, 

th
e 

α-
di

ve
rs

ity
, r

el
at

iv
e 

ab
un

da
nc

e 
of

 t
he

 
Bi

fid
ob

ac
te

riu
m

, a
nd

 r
ed

uc
ed

 P
re

vo
te

lla

84

Pl
an

ts

(C
on

tin
ue

d)

e1779002-16 hM. ČOKLO ET AL.



Ta
bl

e 
4.

 (C
on

tin
ue

d)
.

As
se

ss
ed

 n
ut

rit
io

na
l s

up
pl

em
en

t
Ra

ts
/e

xp
er

im
en

ta
l g

ro
up

s/
sa

m
pl

in
g

D
ur

at
io

n 
of

 s
tu

dy
M

ic
ro

bi
ot

a 
an

al
ys

es
 –

 m
et

ho
d 

ov
er

vi
ew

Ke
y 

eff
ec

ts
 o

n 
gu

t 
m

ic
ro

bi
ot

a
Re

fe
re

nc
e

A
lo

in
, a

 c
om

po
ne

nt
 o

f t
he

 A
lo

e 
ve

ra
 p

la
nt

 
le

af
M

al
e 

F3
44

/N
 N

ct
r 

ra
ts

 
n 

=
 1

0,
 c

on
tr

ol
 g

ro
up

 
n 

=
 1

0,
 6

.9
5 

m
g/

kg
 

n 
=

 1
0,

 1
3.

9 
m

g/
kg

 
n 

=
 1

0,
 2

7.
8 

m
g/

kg
 

n 
=

 1
0,

 5
5.

7 
m

g/
kg

 
n 

=
 1

0,
 1

11
 m

g/
kg

 
n 

=
 1

0,
 2

23
 m

g/
kg

 
n 

=
 1

0,
 4

46
 m

g/
kg

 o
f d

rin
ki

ng
 w

at
er

 
Fe

ce
s 

co
lle

ct
ed

.

13
 w

ee
ks

D
N

A 
ex

tr
ac

tio
n 

(P
ow

er
So

il®
 D

N
A 

Is
ol

at
io

n 
ki

t)
 

ne
xt

 g
en

er
at

io
n 

se
qu

en
ci

ng
 o

f 
th

e 
PC

R 
am

pl
ifi

ed
 V

3/
V4

 re
gi

on
 o

f 
th

e 
16

 S
 r

RN
A 

ge
ne

 (I
llu

m
in

a 
M

iS
eq

) 
Q

IIM
E

↑
Ba

ct
er

oi
de

te
s 

ph
yl

um
 

in
 d

os
es

 o
f 1

11
, 2

23
, a

nd
 4

46
 m

g/
kg

 (m
os

tly
 

du
e 

to
 fa

m
ily

 P
re

vo
te

lla
ce

ae
 a

nd
 

S2
4-

7)
 

↑
Ve

rr
uc

om
ic

ro
bi

a 
ph

yl
um

 in
 d

os
es

 o
f 2

23
 a

nd
 

44
6 

m
g/

kg
 

↓
Fi

rm
ic

ut
es

 p
hy

lu
m

 
in

 d
os

es
 o

f 1
11

, 2
23

, a
nd

 4
46

 m
g/

kg
(m

os
tly

 
du

e 
to

 fa
m

ily
 R

um
in

oc
oc

ca
ce

ae
, 

La
ch

ni
sp

ira
ce

ae
) 

↓
cl

as
s 

Cl
os

tr
id

ia
 in

 th
e 

11
1,

 2
23

, a
nd

 4
46

 m
g/

 
kg

85

N
at

ur
al

 p
ig

m
en

ts
N

at
ur

al
 p

ig
m

en
t 

vi
ol

ac
ei

n 
fr

om
 

Ch
ro

m
ob

ac
te

riu
m

 v
io

la
ce

um
16

, 2
-m

on
th

-o
ld

, m
al

e 
W

is
ta

r 
al

bi
no

 r
at

s 
n 

=
 6

, 5
0 

μg
/m

L 
vi

ol
ac

ei
n 

n 
=

 6
, 5

00
 μ

g/
m

L 
vi

ol
ac

ei
n 

n 
=

 4
, c

on
tr

ol
 g

ro
up

 
W

ho
le

 in
te

st
in

al
 c

on
te

nt
 c

ol
le

ct
ed

.

O
ne

 m
on

th
D

N
A 

ex
tr

ac
tio

n 
us

in
g 

Q
IA

am
p 

D
N

A 
St

oo
l M

in
ik

it 
an

d 
M

oB
io

 P
ow

er
So

il 
D

N
A 

Is
ol

at
io

n 
ki

t 
PC

R 
am

pl
ifi

ca
to

n 
D

en
at

ur
in

g 
G

ra
di

en
t 

G
el

 
El

ec
tr

op
ho

re
si

s 
Py

ro
se

qu
en

ci
ng

 
Q

IIM
E 

PI
CR

U
St

H
ig

he
r 

ric
hn

es
s 

↑
 F

irm
ic

ut
es

 
↓
 P

ro
te

ob
ac

te
ria

 
↑
 L

ac
to

ba
ci

lla
ce

ae
 fa

m
ily

 
Ba

ci
lli

, C
lo

st
rid

ia
, B

ac
te

ro
id

ia
 a

m
on

g 
do

m
in

an
t 

cl
as

se
s 

in
 lo

w
 v

io
la

ce
in

 g
ro

up
 

Ac
tin

ob
ac

te
ria

, C
or

io
ba

ct
er

ia
 in

 h
ig

h 
vi

ol
ac

ei
n 

gr
ou

p

86

↑-
 in

cr
ea

se
d 

ab
un

da
nc

e,
 ↓

 -d
ec

re
as

ed
 a

bu
nd

an
ce

, B
W

-b
od

y 
w

ei
gh

t

GUT MICROBES e1779002-17



Typically, six to 12 animals are assigned to each 
group although variations have been seen. 
Therefore, the smallest number of animals in 
a group was three, while the largest groups com-
prised 18 animals. Moore and Stanley highlighted 
factors that need to be taken into consideration 
when designing an animal trial aimed to investigate 
the gastrointestinal tract microbiota in the context 
of inflammation studies. They noted that unlike in 
traditional studies of immune mechanisms and 
inflammatory diseases in mouse models where the 
group sizes usually include 3 to 12 animals, larger 
treatment groups are necessary in microbiota 
experiments to achieve sufficient statistical power 
to draw valid conclusions.93 This is mainly due to 
the inherent variability in microbiota between ani-
mals as well as to the temporal variation and strong 
responsiveness to diverse environmental stimuli.

The effect of nutritional supplementation on the 
composition of gut microbiota in an experiment is 
evaluated after a certain period of time. Most treat-
ments presented in the literature continued for 3, 4, 
or 6 weeks; however, there were several studies 
focused on short-term and long-term nutritive 
modulation.37,65,68-70 For example, Casanova- 
Martí and coworkers evaluated the effect of grape 
seed proanthocyanidins on the rat microbiota dur-
ing an 8-d trail.69 In addition, in a study by Ferrario 
et al. where the effects of three different dietary 
fibers on rat fecal microbiota were evaluated, the 
grouping of the samples after a period of interven-
tion of 1 week was indicative for different effects 
induced by dietary ingredients.37 The study con-
ducted by Liu and coworkers evaluated the effect of 
dietary broccoli with a multiple-sampling points 
(after 1, 2, 4, 7, and 14 d of treatment). The latter 
study demonstrated that changes in microbiota 
were present already after 4 d of treatment.65,69 In 
contrast, Wang et al. studied the effects of green-tea 
polyphenols over a period of 6 months while the 
study of Chacar et al. who investigated a long-term 
intake of phenolic compounds had an even longer 
study period of 14 months.68,70 The study of 
Ferrario et al. had a wash-out period where all 
animals returned to the standard chow diet without 
added substances, for 1 week after the end of the 
experiment in which dietary fibers were supple-
mented and it showed a reversion back to baseline 
microbiota.37 Longitudinal studies that incorporate 

samples from the same habitat over time might 
provide more accurate conclusions rather than sim-
ple cross-sectional studies that compare ‘snapshots’ 
of two sample sets.94

At the end of the defined experimental period, 
sampling is conducted and fecal or intestinal mate-
rial is collected followed by microbiota analyses. 
Fecal material, freshly voided or collected from 
bedding is sampled in sterile tubes while intestinal 
content is collected at the time of sacrifice, dis-
sected, and also sampled in sterile containers. In 
the study of Ferrario et al. fresh fecal samples were 
collected manually from a clean sawdust bedding 
for each animal, at most 1 h after deposition.37 In 
the study of Pauer et al. whole intestinal content 
was collected, while Han et al. sampled ileal, cecal, 
and colonic content separately.66,86 The samples are 
then stored at −80°C (in some cases −40°C and 
−20°C) until further analysis.

Insight into rat intestinal microbiota modulation by 
food supplements

The usage of food supplements has increased in 
recent years even though scientific data on their 
effects in vivo, including effects on the microbiota, 
have been often vague.95 This is why studies on 
animals may provide a good rationale for further, 
translational studies in human subjects. Rat models 
have been also used in studies that rely on geno-
mics, proteomics, and metabolomics methods for 
the identification of microbiota members, mainly 
bacterial population, and the elucidation of func-
tional changes. Main genomics methods used for 
this purpose are polymerase chain reaction (PCR) 
used in conjunction with high-throughput 16 S 
ribosomal RNA (rRNA) sequence analysis, that is, 
the second generation of sequencing technologies 
(Table 4).95 Recently, the third generation of 
sequencing approaches is also applied, however, 
less frequently (Table 4), while real-time quantita-
tive PCR (RT-qPCR) is rarely employed in the 
(targeted) estimation of bacterial loads, particularly 
for selected bacterial species.95 These approaches 
are known as metagenomics methods preformed 
according to the widely agreed standards.63 

Genomics methods for the analysis of microbiota 
have reached a satisfactory level of technological 
maturity,96–98 as well as metaproteomics and 
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metabolomics approaches for a comprehensive 
assessment of taxonomic composition and, parti-
cularly, its corresponding functionality. However, 
the usual metaproteomics experimental workflow 
includes multiple steps that require additional stan-
dardization (Figure 1). These steps include isolation 
of bacteria from feces or intestinal content, bacter-
ial protein isolation, tryptic digestion, and the iden-
tification/quantification of proteins by liquid 
chromatography coupled with tandem mass- 
spectrometry (LC-MS/MS).99 Latter approach 
aimed to characterize the metaproteome is based 
on the comparison of experimentally obtained pro-
tein data with genomics information. This often 
implies an experimental design comprising both 
metagenomics and metaproteomics analyses from 
the same samples.33,100 Such – omics-based meth-
ods are crucial for the microbiota identification and 
have been exploited to analyze the effects of food, 
nutrients, and food supplements on the microbiota 
status of the rats.

The key effects on the rat gut microbiota after 
consummation of different nutritional supplements 
are summarized from the literature in Table 4. The 
results presented in Table 4 are denoting changes 
that were statistically significant or otherwise 
emphasized by the authors as noteworthy.

Different foods, for example, fruits, vegetables, 
nuts, pulses, and cereal grains exerted their bene-
ficial effect in part due to their polyphenolic or 
dietary fiber content. The consumption of walnuts, 
as the consumption of broccoli, increased the over-
all species diversity in the gut microbial 
communities.63,65 For instance, walnut diet 
increased the abundance of Firmicutes and in par-
allel decreased the abundance of Bacteriodetes, 
making the Firmicutes predominant microbe 
phyla in the descending colon. Moreover, probio-
tic-type bacteria including Lactobacillus, 
Ruminococcaceae, and Roseburia were enriched, 
while some others, like Bacteroides and 
Anaerotruncus were significantly reduced.63 

Interestingly, the latter changes in microbial com-
position may not be followed by significant changes 
in rat body weight and food intake, between the 
control and treated groups. Nevertheless, as the 
authors emphasize the addition of walnuts to the 
diet may shift the relative abundance of the func-
tional capacities of the microbial communities. In 

total, 12 KEGG (Kyoto Encyclopedia of Genes and 
Genomes) metabolic pathways may be affected; the 
most of them involved in the amino acid and 
omega −3 and −6 fatty acid metabolism.63

Several supplements, for example, lentil, unpol-
ished rice, and whole wheat reduced the 
Firmicutes/Bacteroidetes ratio.62,66 In human and 
in animal studies, higher Firmicutes/Bacteroidetes 
ratio is linked to higher body mass index 
(BMI).101,102 In line, body weight gain reported 
for the rats fed with unpolished rice and whole 
wheat was lower compared to other groups fed by 
polished rice and refined wheat. For the same ben-
eficial diets, an increased content of total short- 
chain fatty acids (SCFA), like acetate and butyrate 
in cecal and colonic digesta were reported.66 The 
latter observation is normal for bacteria that fer-
ment fibers and is required for optimal health, fre-
quently attributed to the wide-ranging impacts of 
SCFA on the host physiology.103–106 In addition, 
Han et al. found beneficial bacteria like 
Lactobacillus and Akkermansia significantly 
increased in microbiota community of wheat-fed 
rats compared to in rice-fed rats.66 The both species 
of the latter human intestinal bacteria are known to 
facilitate fermentation of indigestible carbohy-
drates, originating from dietary fibers, resistant 
starches, and non-starch polysaccharides.

Ounnas et al. reported microbiota changes in 
feces after consumption of whole rye, while no 
changes were evident in cecum microbiota.67 

Nevertheless, as author indicate this was one of 
the first studies in which the consumption of 
whole rye and its beneficial health effects were 
investigated, and results showed major biological 
modifications. Precisely, next to gut modifications 
like decreased Firmicutes/Bacteroidetes ratio, rats 
with whole rye diet had significantly increased n-3 
long-chain fatty acids (LCFA) in their plasma and 
liver. The specific diet particularly influenced the 
metabolism of eicosapentanoic and docosahexa-
noic acids, while the content of SCFA was 
decreased, both in cecum and feces.67

Polyphenolic compounds, such as tannins and 
hesperidin or hesperetin and polyphenolic mix-
tures, like green tea polyphenols (GTP), grape 
seed proanthocyanidins extract (GSPE), grape 
pomace extract have been studied for their effect 
on the rat gut microbiota. For example, the 
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Firmicutes/Bacteroidetes ratio decreased after con-
sumption of GSPE and persimmon tannin, while 
the abundance of Bacteroidetes phylum increased 
after supplementation with green tea 
polyphenols.68,69,72 Indeed, the long-term treat-
ment (6 months) with GTP significantly decreased 
the biodiversity in a dose-dependent manner at 
Sprague-Dawley rats. Moreover, similar patterns 
were observed at both sampling times, at the end 
of month 3 and 6.68 Along with increased 
Bacteroidetes phylum, Wang et al. reported enrich-
ment for Oscillospira. The effect of GTP intake may 
be further evaluated on obese gut microbiome as 
discussed changes in the gut microbiome were pre-
viously associated with leanness in humans and 
animals.107 Another beneficial effect was the 
decrease of Peptostreptococcaceae which was linked 
to colorectal cancer phenotype in a study of Ahn 
et al.108

Interestingly, similar results were obtained after 
only 8-d (short-term) treatment with GSPE, how-
ever, the latter study in a systematic approach eval-
uated also the effect of polyphenolic compounds on 
enteroendocrine secretions in female rats. 
Consequently, when polyphenolic mixtures are 
used as supplements it is difficult to differentiate 
which compounds are immediately absorbed, and 
which remain in the lumen, potentially causing gut 
modulation and, subsequently, indirectly changing 
the host’s health status. Due to present limitations of 
applied analytical approaches and techniques and 
the complexity of human/animal organisms, it is 
still not possible to observe the impact separately. 
In their study of proanthocyanidins, Casanova-Martí 
et al. defined several new target taxonomic groups 
that are modulated by proanthocyanidins intake, 
these are Sutterella, Pharscolarctobacterium, 
Parabacteroides, Bilophila, and Ruminococcus.69 

The increase in S24-7 family in the latter study is in 
accordance with the results of the previous study 
involving apple procyanidins in mice.109 Next to 
microbial shifts, Casanova-Martí et al. hypothesized 
that observed gut modulation may correlate with 
metabolic and morphometric variables. Indeed, 
their study confirmed correlation between the gut 
modulation and systems effect, specifically, the 
reduction in cecal butyrate amount as well as the 
increased level of plasma glucagon-like-peptide-1.69 

In other word, the authors suggest that specific 

changes in microbiota caused by GSPE treatment 
may be linked to the modulation of plasma triacyl-
glycerol, adiposity, and enterohormone secretion. 
Noteworthy posttreatment effects on the gut rat 
microbiota composition after long-term (14 months) 
intake of grape pomace extracts rich with phenolic 
compounds were reported. Precisely, quantitative 
analysis of intestinal microbiota by qPCR revealed 
selective modulation, for example the growth inhibi-
tion of Clostridium (cluster I) 14 months posttreat-
ment and the enhanced growth of probiotic 
Bifidobacterium 6 and 14 months posttreatment, 
compared to control and young groups.70 The 
authors of the latter study emphasized that 
the second presented microbiota modulation was 
dose-specific, that is, the concentrations of phenolic 
compounds above 5 mg/kg/d did not result in such 
beneficial modulations. In general, the abundance 
reduction of Bifidobacterium was reported with age- 
related changes in the gut microbiota; therefore, 
phenolic compounds might have a protective effect 
on gut bacterial population, and even modulate out-
comes of aging. Decrease in Clostridium was noticed 
also after supplementation with hesperidin and 
hesperetin, major flavonoids in citrus fruits, that 
significantly decreased the ratio of Clostridium sub-
cluster XIVa.71 The long-term intake of polyphenolic 
components potentially inhibits age-related increase 
of Clostridium, but only after 14 months posttreat-
ment, and the effect seems to be independent of the 
administrated dose.70 Finally, the study of Zhu et al., 
besides changes in the Firmicutes/Bacteroidetes ratio, 
showed that persimmon tannin when ingested at low 
doses may modulate the microbiota by increasing 
Bifidobacterium sp. and Lactobacillus sp., while 
decreasing E. coli and Enterococcus.72 As persimmon 
tannin is highly polymerized and, therefore, non- 
absorbable in the intestine, its effect after ingestion 
is local. However, previous studies on animal models 
showed anti-hyperlipidemic and cholesterol- 
lowering effects, which in the latter study were some-
what attributed to the changes in bacterial structure 
and SCFA metabolism.

When comparing the results of probiotic and 
prebiotic supplementation studies, it can be 
observed that microbial shifts share common pat-
terns. For instance, the increase of the Actinobacteria 
phylum was evident in at least three studies, these 
were the studies in which rats were fed (1) with 
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Lactobacillus acidophilus NCFM and 
Bifidobacterium lactis Bi-07 in combination with 
polysaccharides,73 (2) food supplemented with 
galactooligosaccharide-fish peptide conjugates75 

and (3) feruloylated oligosaccharides from maize 
bran.77 As one can expected, the latter type of feed 
supplementation may in general significantly mod-
ulate bacterial richness and diversity, and particu-
larly increase the amount of probiotic bacteria. 
Specifically, Wang et al. reported an increase of 
Bifidobacterium pseudolongum, Lactobacillus salivar-
ius, and Lactobacillus reuteri and in parallel 
a decrease of Anaerostipes, Enterococcus, and 
Parabacteroides.73 The authors unambiguously 
proved the importance of both probiotics and pre-
biotics in the maturation of healthy gut microbiota 
biological function. Moreover, the modulation of 
bacterial community resulted in elevated activities 
of digestive enzymes and several metabolism path-
ways (amino acid, energy, and SCFA-related), finally 
resulting in healthy progress of the weaning rats. On 
the other side, Ou et al. showed that feruloylated 
oligosaccharides from maize bran may exert 
a beneficial effect through multiple ways, that is by 
decreasing the ratio of Firmicutes to Bacteroidetes, 
increasing Lactobacillus and Ruminococcus and 
decreasing Clostridia.77 It was previously reported, 
that feruloylated oligosaccharides release ferulic acid 
after fermentation by gut microorganisms, which 
was recognized as doubled physiological function, 
as ferulic acid may exhibit antimicrobial activity 
versus different microorganisms.110,111 All recently 
enumerated modulations of the gut microbiota have 
been recognized as contributing to protection 
against diabetes.

After receiving fructans from Agave salmiana in 
the study of Jasso-Padilla et al., rats had an increase 
in Lactobacillus spp. and Bifidobacterium spp.76 

Shifts of colonic microbiota composition induced 
by pectins were not as prominent as shifts of cecal 
microbiota in the study conducted by Tian et al. 105 

In the cecal microbiota the rise in Lactobacillus was 
also present, specifically in groups receiving low- 
methyl esterified citrus pectin and sugar beet pectin.

Upon supplementation of marine mineral 
blend, rich in bioactive calcium, magnesium, and 
70 other trace minerals, bacterial species diversity 
increased, specifically increased levels of 
Proteobacteria were also noticed.80 Therefore, 

seaweed and seawater-derived functional food 
may be considered as a reasonable supplement 
next to the high fat/high sugar “Western diet”. In 
another study, phylum TM7, associated with IBD 
and Chron’s disease, decreased in the group receiv-
ing lower concentration of the supplement, while 
Ruminococcaceae family associated with gut health 
increased for a group given a higher concentration 
of supplement. Families Christensenellaceae, asso-
ciated with lean BMI, and Porphyromonadaceae 
were increased as well. In parallel, phylum 
Proteobacteria level increased and the latter obser-
vation was suggested as a potential diagnostic sig-
nature for dysbiosis and illness as it is known that 
Proteobacteria have a low abundance in the gut of 
healthy humans.112

After administration of theobromine, a methylxan-
tine from cocoa powder, several changes that were 
exclusive for the rats fed with theobromine were 
noticed. For instance, Candidatus Arthromitus 
belonging to Firmicutes phylum, Clostridia class, 
known for inducing adaptive immune responses in 
the gut, was found only in the theobromine group, 
while Ruminicoccus flavefaciens disappeared.81 

Besides, significantly lower counts of Bifidobacterium 
spp., Streptococcus spp., Clostridium histolyticum 
C. perfringens and Escherichia coli were seen in com-
parison with controls. All enumerated changes were 
reflected in enhanced generation of SCFA, mainly the 
butyric acid. Finally, the authors hypothesize that 
theobromine, both on its own and as part of a cocoa 
diet, may contribute to the lower proportion of IgA- 
coated bacteria.

Furthermore, Ganoderma lingzhi mushroom, 
used in traditional Chinese medicine, was evalu-
ated for its effect on gut microbiota in rats.109 The 
treatment significantly reduced the numbers of 
Clostridium coccoides and Clostridium leptum per 
gram of digesta, while Akkermancia muciniphila 
and Enterobacteriaceae increased. In addition, the 
supplementation of polysaccharide from mycelia 
of Ganoderma lucidum decreased Firmicutes/ 
Bacteroidetes ratio, Proteobacteria phylum and 
caused a significant change in 37 OTUs among 
which were S24-7, SMB53, Rikenellaceae, 
Allobaculum, Rc4-4, and Ruminococcaceae.83 

Previously, increased diversity of Clostridium coc-
coides and Clostridium leptum was seen in micro-
biota profiles of patients with colon cancer and 
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adenomatous polyposis.113 The both presented 
studies, emphasize the potential anti-colon cancer 
effect of mushroom extracts through firstly, mod-
ulating intestinal microflora, and secondly, a wide 
net of action, such as modulation of secondary bile 
acids, mucins, propionate, and regulation the 
intestinal barrier functions.

Rat gut microbiota changes after consummation of 
camellia olive and soybean oil were also reported.84 

Moreover, the intake of camellia oil showed improved 
results in comparison to soybean and olive oil. 
Camellia oil modifies the composition of gut micro-
biota and alleviates acetic acid-induced colitis in rats. 
In more detail, the increased ratio of Firmicutes/ 
Bacteroidetes, the species diversity, and the relative 
abundance of the Bifidobacterium, while reducing 
Prevotella was shown. Therefore, camellia oil is pre-
ferable treatment/preventive measure as it is able to 
reduce damage caused by antioxidant system induced 
by acetic acid, and finally may prevent the develop-
ment of chronic inflammatory bowel disease. 
A component of Aloe vera plant leaf, aloin, may 
induce dose-related changes, for example, increased 
Bacteroidetes (mostly Prevotellaceae and S24-7) and 
Verrucomicrobia phylums and decreased Firmicutes 
(specially members Ruminococcaceae and 
Lachnispiraceae).85 Moreover, the similarities in 
effects were observed for aloin and the Aloe vera 
whole leaf extract,114 including serious pathological 
changes leading to the increased incidences of adeno-
mas and carcinomas of the rat cecum and large intes-
tine. The latter findings suggest at caution when using 
Aloe vera latex laxative properties in humans and 
animals. Indeed, to achieve its purpose food/feed sup-
plements must be further studied in order to hamper 
severe damage and increase resistance of pathogenic 
strains. For instance, violacein is a natural violet pig-
ment produced by Chromobacterium violaceum with 
broad antibacterial, antiviral, antifungal, and antiox-
idant properties, however, its effect on rat gut micro-
biota of Wistar rats has been explored recently.86

Conclusions

A link between gut dysbiosis and various diseases in 
humans has been observed, and the modulation of 
gut microbiota may be used for studies on preven-
tion measure for various pathological states. The 

use of rats as disease models to study specific patho-
logical states may be a valuable tool for determina-
tion of the relationship between intestinal dysbiosis 
and disease. In the presented review we gathered 
data from studies conducted on healthy rats where 
the influence of different nutritional supplements 
on gut microbiota was assessed. When comparing 
the observed modulatory effects of tested supple-
ments, one has to keep in mind that scientist used 
different techniques of microbiota analysis and dif-
ferent strains, gender, and age of rats. A need for 
standardization of experimental procedures and 
guidelines that would enhance reproducibility and 
comparability across microbiome studies in animal 
models, can be indeed, deduced from the rat studies 
included in this review as well. No commonly 
acknowledged standards for the choice of adequate 
rat strain, gender, sample size, diet, housing envir-
onment, or techniques for microbiome analysis are 
currently in place. All these factors remain there-
fore possible confounders and vary among different 
research according to the specific needs of the 
experiment, availability of resources, and research 
design. In studies included in this review, micro-
biota responded very differently to different supple-
ments, but some microbial shifts were seen more 
frequently and some were common for different 
groups of supplements. For instance, a change in 
Firmicutes/Bacteroidetes ratio is observed fre-
quently, whereas the increase of Lactobacillus is 
often observed upon prebiotic and probiotic sup-
plementation. The scientists have provided evi-
dence on beneficial effects of different nutritional 
supplements on the microbiota composition and 
function in rats that suggests a beneficial role of 
these supplements in human as well. The modula-
tion of microbiota members whose compositional 
shifts and functional changes may be an important 
line of defense against diseases, may be an impor-
tant research field in the years to come.
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