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1. INTRODUCTION 



2. LITERATURE REVIEW 
 
2.1 Healthy gut microbiota and dysbiosis 



2.2 Analysis strategies for microbiome studies 



Figure 1. Compositionality potentially leading to false positive discoveries. To demonstrate the 
effect of compositionality on interpretation of microbiome NGS data, an intervention was 
simulated where a single taxon increased in abundance. The simulation was conducted in 



absolute abundance, which was converted to relative abundance for data analysis. (a) The 
intervention (shaded area) increased a single taxon (green solid line), which remained true 
when converted to relative abundance (black dashed line). (b) Other taxa (a single taxon 
represented here by the orange solid line) were not affected by the intervention. However, 
the relative abundance (black dashed line) shows a negative impact of the intervention, due 
to the increase in relative abundance of the affected taxon in (a). The bar plots in (c) further 
show the difference between the count of taxon A (green) and the proportion of other taxa 
represented as B (orange) during 20 to 25 days into the simulated intervention. The table in (d) 
shows real and perceived changes for each sample.  Figures adapted from publication III.

2.3 Differences between murine and human studies in microbiota 
research 



2.4 Gut microbiota in metabolic pathologies 
 
2.4.1 Gut microbiota and dysmetabolism: connecting the dots  







Table 1. Microbial metabolites or mediators associated with metabolic 
diseases 77,79,80 

Metabolites or 
mediators 

Origins Associations with metabolic health 
in humans 

Short-chain fatty acids 
(SCFAs) 

Saccharolytic fermentation  Context-dependent associations 
with metabolic health for specific 
SCFAs 

   
Succinate Saccharolytic fermentation  Increased circulating levels 

associated with obesity and 
impaired glucose metabolism 

   
Imidazole propionate Histidine-derived microbial 

metabolite 
Increased in T2D 

   
Branched-chain amino 
acids (BCAAs) 

Microbial breakdown of 
amino acids 

Increased in T2D 

   
Indole Microbial breakdown of 

tryptophan 
Improved insulin secretion and 
insulin sensitivity and a decreased 
risk of T2D 

   
Trimethylamine N-oxide 
(TMAO) 

Dietary choline-derived 
microbial metabolite 

Increased in cardiovascular events 

   
Pathogen-associated 
molecular patterns 
(PAMPs) 

Microbial structural or 
genomic components 

Negative associations with 
metabolic health via inflammation 

   
Ethanol Ethanol-producing bacteria  Increased in NAFLD 

   
Secondary bile acids Microbial metabolism of 

primary bile acids 
Context-dependent associations 
with metabolic health for specific 
bile acids 

   
Hippurate Microbial-host co-

metabolites produced by 
conjugation from glycine 
and microbial 
benzoate 

Improved metabolic health in 
individuals on a saturate fat-rich 
diet 



Figure 2. Simplified schematic illustration of gut microbiota-mediated metabolic worsening. 
Portions of this figure were made using graphics from SMART SERVIER MEDICAL ART 
(https://smart.servier.com) and Vecteezy (https://www. Vecteezy.com). 

 
 
 
 
 
 



2.4.2 Taxonomic signatures of the gut microbiota in obesity-related 
metabolic diseases 



Table 2. Taxonomic signatures in the gut microbiota of obesity, T2D and NAFLD 
 
 

Gut bacterial signatures Metabolic diseases  
Phylum Family or genus Obesity T2D NAFLD 
Bacteroidetes Bacteroides  - Increased Increased 

 Parabaceroides Decreased Increased Increased 
Firmicutes Erysiopelotrichaceae Increased  - Increased 

 Blautia Increased Increased Increased 
 Subdoligranulum Decreased Decreased Decreased 
 Oscillospira Decreased Decreased Decreased 
 Faecalibacterium Decreased Decreased Decreased 
 Christensenellaceae Decreased  -  - 

Proteobacteria Escherichia Increased Increased Increased 
Verrucomicrobia Akkermansia Decreased Decreased  - 

- Discordant findings among studies or no association.  
The list is not meant to be exhaustive and was compiled from recent reviews and population 
studies 32,61,84,86,92-94. 

 
2.5 Diet-host-microbiota interactions in metabolic health 



Figure 3. Mediation versus effect modification in diet-host-microbiota interactions. The gut 
microbiota may act as a mediator (upper panel) or as an effect modifier (lower panel) 103. As 
a mediator, an intervention diet, e.g., high fat diet modifies an individual’s gut microbiota, 
which then mediates metabolic responses to the diet, e.g., weight gain. As an effect modifier, 
the intervention diet may cause metabolic responses without altering the gut microbiota, but 
these changes may be modified by the microbiota configuration prior to the intervention. 
Portions of this figure were made using graphics from SMART SERVIER MEDICAL ART 
(https://smart.servier.com) and Vecteezy (https://www. Vecteezy.com). 



2.6 Gut microbiota-based stratification to guide dietary interventions in 
personalized nutrition 
 

3. STUDY AIMS 



4. SUMMARY OF MATERIALS AND METHODS 

4.1 Study cohorts   



Figure 4. Design of the studies in the dissertation. All the fecal samples (N = 114) collected in 
study I were used in study III. IHTG, intrahepatic triglyceride; qPCR, quantitative PCR. Portions 
of this figure were made using graphics from SMART SERVIER MEDICAL ART 
(https://smart.servier.com), freepik (https://www.freepik.com) and Vecteezy (https://www. 
Vecteezy.com). 
 



Table 4. Overview of methods used in the component studies in this thesis. 
 
Category Method Study 
Clinical measurements (data via 
collaboration) 

Anthropometric measurements I, II 

 Blood lipids, glucose and insulin I, II 
 High-sensitivity C-reactive protein (hs-CRP) II 
 Intrahepatic triglyceride (IHTG) content I 
 Body composition assessed by bioelectrical 

impedance analysis or dual-energy X-ray 
absorptiometry 

II 

Habitual dietary intake (data via 
collaboration) 

3-day food diaries I, II 

Laboratory techniques Fecal DNA extraction and quantification I, II, III 
 qPCR  III 
 Illumina sequencing of 16S rRNA gene 

amplicons 
I, II, III 

 ELISAs for LBP and sCD14 I 
Bioinformatics 16S rRNA gene amplicon sequence 

processing by USEARCH-based pipeline 
I, III 

 16S rRNA gene amplicon sequence 
processing by DADA2-based pipeline 

II 

 Prediction of metagenome functional 
content by PICRUSt2 

II 

Statistical analysis Diversity analysis I, II 
 Principal coordinate analysis I, II 
 Differential abundance analysis I, II 
 Correlation analysis I, II, III 

Stepwise regression 

4.2 Assessment of metabolic endotoxemia  

4.3 Microbiota analysis 



4.4 Bioinformatic and statistical methods 



 

Figure 5. Processing of 16s rRNA gene V3-V4 amplicon sequences using mare and Qiime2-
DADA2 showing comparable outputs in artificial (mock) communities. (a) Principal 
coordinates analysis (PCoA) plot based on Bray-Curtis distances indicates that the samples 
were clustered according to their communities (mock communities from the study by Ramiro-
Garcia et al.127; MC 1, 3 & 4), not the processing methods. Permutational multivariate ANOVA 
shows that 53% of the variation in the microbiota composition was explained by community 
as expected (p = 0.001). (b) Bar plots show that both pipelines generate similar bacterial 
compositions representative of their corresponding references. The artificial communities were 
sequenced by Illumina MiSeq and the Silva 128 database was used for taxonomic 
classification 128. Q2_DADA2_merged, forward and reverse reads merged in Qiime2-DADA2; 
Q2_DADA2_forward, forward reads trimmed to 150 bases in Qiime2-DADA2; MARE_merged, 
forward and reverse reads merged in mare; MARE_forward, forward reads trimmed to 150 
bases in mare. 

 

 

 

 

 

 

 



5. RESULTS AND DISCUSSION 

5.1 NAFLD and prediabetic microbiota signatures and their associations 
with habitual diet (studies I, II) 



Figure 6. Characterization of the gut microbiota of individuals with NAFLD and prediabetes. (a) 
PCoA plot based on Bray-Curtis distances indicates that individuals with NAFLD (study I) had 
distinct overall gut microbiota compared to their non-NAFLD counterparts. The background 
colors represent α-diversity, which was significantly lower in individuals with NAFLD (p < 0.05). 
(b) Bacterial genera that were enriched in relative abundance in NAFLD (yellow) or in non-
NAFLD controls (blue). (C) PCoA plot shows an overlap between the gut microbiota from 
prediabetic and NGT individuals (study II), suggesting that the gut microbiota alterations in 
prediabetes were subtle compared with substantial rearrangements present in, e.g., NAFLD. 
There was no difference in α-diversity between the groups as indicated in the background 
colors. (d) Bacterial genera that were enriched in relative abundance in prediabetes (yellow) 
or in NGT controls (blue). Figures adapted from publication I.



Figure 7. Associations between habitual dietary intake and gut microbiota. The correlation 
heatmap shows the positive (green) or negative (red) associations between the relative 
abundances of gut bacterial genera and the daily intakes of macronutrients (gram/day) in 
249 adults. The baseline data from studies I and II were pooled to increase statistical power 
(total N = 249). Only the bacterial genera present in both (I) and (II) were included. Statistically 
significant p-values are noted with an asterisk (*FDR-p < 0.05) or a double asterisk (**FDR-p < 
0.01). 

 



5.2 Overfeeding is associated with modest and diet-specific changes 
in gut microbiota (study I) 



Figure 8. Changes in gut microbiota associated with short-term overfeeding with SAT, UNSAT or 
CARB. (a) PCoA plot based on Bray-Curtis distances shows that there were no uniform changes 
in the overall gut microbiota after overfeeding in either intervention arm (permutational 
multivariate ANOVA p > 0.05 in all diet groups). Arrows link the pre- and post-intervention 
sample of each individual, indicating direction of change. (b) α-diversity measured by 
microbiota richness and Shannon index remained unchanged in all diet groups. (c) Bacterial 
genera with differential abundances in at least one of the intervention diets following 
overfeeding. Fold change was compared to baseline abundance. Statistically significant p-
values are noted with an asterisk (*FDR-p < 0.2). Note an upward trend in Bilophila by SAT and 
UNSAT overfeeding, with a nominally significant increase in SAT (p = 0.01; FDR-p = 0.38). Figures 
adapted from publication I. 

 

 



5.3 Caloric restriction by low-energy diet is associated with taxonomic 
reshuffling in gut microbiota (study II) 



Figure 9. Changes in gut microbiota associated with low-energy diet (LED). (a) PCoA plot 
based on Bray-Curtis distances shows that LED reshaped the overall microbiota structure 
(permutational multivariate ANOVA p = 0.001). Arrows link the pre- and post-intervention 
sample of each individual, indicating direction of change. (b) Pre- and post-LED richness and 
α-diversity (Shannon index) significantly differed. Differentially abundant (c) phyla, (d) genera 
and (e) KEGG (Kyoto Encyclopedia of Genes and Genomes) modules following the LED 
ranked by log-fold change are visualized by divergent bar plots. Log2 fold change is 
calculated as post-LED/pre-LED; only significant results (FDR-P < 0.05) are plotted. The genera 
known to be able to produce butyrate are marked with an asterisk (*) in (d). Figures adapted 
from publication II. 



5.4 Changes in gut microbiota are associated with diet-induced 
metabolic alterations (studies I, II) 

 
 
 



Table 5. Significant correlations between changes of clinical variables and 
changes of relative abundances in bacterial genera in overfeeding 
 

 Estimated 
effect size† 

p-value 
(FDR-p)† 

Estimated effect 
size‡ 

p-value (FDR-
p)‡ 

Waist:Hip ratio     
Lachnospira NS NS -0.04 0.02 (0.2) 
Oscillibacter NS NS -0.02 0.01 (0.2) 
LDL     
Unclassified 
Ruminococcaceae 

-0.02 0.01 (0.18) -0.02 0.02 (0.2) 

Unclassified 
Coriobacteriaceae 

NS NS 0.02 0.02 (0.2) 

Dorea NS NS 0.03 0.01 (0.2) 
Faecalibacterium NS NS -0.15 0.02 (0.2) 
Triglycerides     
Coprococcus -0.02 0.004 (0.1) -0.02 0.002 (0.04) 
Fasting plasma insulin     
Lactococcus NS NS 0.01 <0.001 (<0.001) 
Fasting plasma blood 
glucose 

    

Flavonifractor 0.02 0.007 (0.08) NS NS 
Subjects from different diets were pooled to increase the statistical power as all diets led to 
significant increase in the liver fat content (IHTG). To account for the differing macronutrients 
between the diet groups during overfeeding, correlations were calculated using models with 
and without adjustment for changes in percentage of saturated fat, unsaturated fat and 
carbohydrate intake. Table adapted from publication I. 
 
†Unadjusted model.     
‡Model adjusted for changes in % intake of saturated, mono- and 
polyunsaturated fats, and carbohydrates. 

 

NS, not significant; LDL, low-density lipoprotein cholesterol 



Figure 10. Potential interplay between gut microbiota, inflammatory signals and diet-induced 
metabolic changes. Correlations between changes in (a) bacterial genera or (b) KEGG (Kyoto 
Encyclopedia of Genes and Genomes) functional modules with changes in host metabolic 
responses in the LED intervention. Box plots show (c) circulating markers of bacterial 
translocation/endotoxemia, LBP/CD14, before and after overfeeding and (d) circulating 
markers of low-grade inflammation, hs-CRP, before and after LED. # Values have been log-
transformed for readability. * FDR-p < 0.05; ** FDR-p < 0.01; *** FDR-p < 0.001. Figures adapted 
from publication II. 

 



5.5 Pre-intervention gut microbiota is associated with metabolic 
responses to diet (studies I, II) 



 

Figure 11. Differences in carriage of
Bilophila (left) and marker of metabolic 
endotoxemia (right) between liver fat 
responders and non-responders prior to 
overfeeding. Figures adapted from 
publication I.

Figure 12. Comparison of association 
strengths between true and predicted 
total body fat (%) change during LED 
based on four different models. The lines 
represent the fitted regression lines 
(Pearson’s R displayed at the upper left 
corner) and the corresponding shaded 
area represents the 95% confidence 
intervals for each model. The individual 
variables in each model selected by 
stepwise regressions as predictive of total 
body fat (%) change can be found in the 
publication II. GM, gut microbiota; host, 
host clinical characteristics. Figure 
adapted from publication II. 

 



5.6 Quantitative PCR-based microbiota profiling accurately estimates 
absolute abundance from NGS data (study III) 



Figure 13. Relative microbiome profiles translated into quantitative microbiome profiles using 
qPCR. (a) Comparison of relative abundances and estimated absolute abundances of 
dominant bacterial families in 114 fecal samples. The top panel shows relative abundances 
based on 16S amplicon sequencing and the lower panels shows the estimated absolute 
abundances calculated by multiplying the relative abundances with total bacterial load, i.e., 
qPCR-based estimate of copies of 16S rRNA gene per 1 g of feces. (b) Correlation between 
the qPCR abundances (16S rRNA gene copies per g feces) and the estimated absolute 
abundances of four taxa representing species, genus, family and phylum levels. The dashed 
line shows the expected 1:1 correspondence. The correspondence decreases at the very low 
end of the abundance range, likely due to the relatively lower PCR amplification efficiency 
and increased stochasticity of the results for low abundance taxa in NGS. (c) and (d) show the 
associations between the qPCR-determined abundance of the butyryl-CoA:acetate CoA-
transferase gene and the (c) estimated absolute abundance and (d) relative abundance of 
butyrate producers detected in the NGS data. Figures adapted from publication III.



Figure 14. Simplified workflows for (a) NGS, (b) cell-based quantitative approach, and (c) 
molecular-based quantitative approach 29. As each step can be influenced by various 
controllable and uncontrollable factors, the cell-based approach introduces an additional 
step (i.e., separate sample preparation for flow cytometry) that uncouples the relationship 
between total microbial density and sequencing results. NGS, Next-generation sequencing; 
QMP, quantitative microbiome profiling. 

 



6.  LIMITATIONS  
 

Causality not concluded 

Potential interactions between nutrients 

Colonic microbiota versus small intestinal microbiota 

No placebo or control group 



Limited taxonomic resolution 

Potentially inadequate sampling frequency 

Reliance on relative abundance data 

7. FUTURE PROSPECTS 



8. CONCLUSIONS 



Figure 15. Summary of main findings of the thesis work on the impact of overfeeding and LED 
on the gut microbiota in overweight and obese individuals. Dash lines indicate that diet-
specific changes in the gut microbiota likely result from a composite of host and dietary factors. 
The potential role of the baseline microbiota as an effect modifier is expressed with question 
marks to emphasize the need for further mechanistic investigations. LED, low-energy diet; SAT, 
saturated fat; UNSAT, unsaturated fat; CARB, simple sugars; LBP, lipopolysaccharide binding 
protein; CD14, cluster of differentiation 14; hs-CRP, high-sensitivity C-reactive protein; IHTG, 
intrahepatic triglyceride. Portions of this figure were made using graphics from SMART SERVIER 
MEDICAL ART (https://smart.servier.com) and Vecteezy (https://www. vecteezy.com). 
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