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Abstract 20 
 21 
Background. Irritable bowel syndrome (IBS) is characterized by abdominal discomfort and irregular 22 
bowel movements and stool consistency. Because there are different symptoms associated with IBS, it is 23 
difficult to diagnose the role of the microbiome in IBS. Objective. Here, we present a study that includes 24 
metagenomic sequencing of stool samples from subjects with the predominant subtypes of IBS and a 25 
healthy cohort. We collected longitudinal samples from individuals with IBS who took daily made-to-order 26 
precision probiotic and prebiotic supplementation throughout the study. Materials and Methods. This 27 
study includes a population of 489 individuals with IBS and 122 healthy controls. All stool samples were 28 
subjected to shotgun metagenomic sequencing. Precision probiotics and prebiotics were formulated for 29 
all subjects with longitudinal timepoints. Results. There was significant variation explained in the 30 
microbiome between the healthy and IBS cohorts. Individuals with IBS had a lower gut microbiome 31 
diversity and reduced anti-inflammatory microbes compared to the healthy controls. Eubacterium rectale 32 
and Faecalibacterium prausnitzii were associated with healthy microbiomes while Shigella species were 33 
associated with IBS. Pathway analysis indicated a functional imbalance of short chain fatty acids, 34 
vitamins, and a microbial component of Gram-negative bacteria in IBS compared to healthy controls. In 35 
the longitudinal dataset, there was a significant difference in microbiome composition between timepoints 36 
1 and 3. There was also a significant increase in the overall microbiome score and relative abundances of 37 
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probiotic species used to target the symptoms associated with IBS. Conclusions. We identified microbes 38 
and pathways that differentiate healthy and IBS microbiomes. In response to precision probiotic 39 
supplementation, we identified a significant improvement in the overall microbiome score in individuals 40 
with IBS. These results suggest an important role for probiotics in managing IBS symptoms and 41 
modulation of the microbiome as a potential management strategy.   42 
 43 
Importance 44 
 45 
An estimated 35 million people in the United States and 11.5% of the population globally are affected by 46 
IBS. Immunity, genetics, environment, diet, small intestinal bacterial overgrowth (SIBO), and the gut 47 
microbiome are all factors that contribute to the onset or triggers of IBS. With strong supporting evidence 48 
that the gut microbiome may influence symptoms associated with IBS, elucidating the important microbes 49 
that contribute to the symptoms and severity is important to make decisions for targeted treatment. As 50 
probiotics have become more common in treating IBS symptoms, identifying effective probiotics may help 51 
inform future studies and treatment.  52 
 53 
Introduction 54 
 55 

Irritable bowel syndrome (IBS) is characterized by chronic gastrointestinal discomfort and abdominal 56 
pain with changes in bowel habits or stool consistency. IBS affects approximately 11.5% of the 57 
population, depending on the country or region (1). Because of the high prevalence of IBS, symptoms 58 
contribute to changes in quality of life and increases in healthcare and economic burden (2–5). There are 59 
four subtypes based on the symptoms people experience, IBS-C (constipation), IBS-D (diarrhea), IBS-A 60 
(alternating), or unspecified (6). Individuals with IBS-A experience alternating symptoms of chronic 61 
diarrhea and constipation. The criterion for diagnosis is symptom based and codified in the Rome IV 62 
criteria; there is not yet consensus on the underlying etiology of IBS (7, 8). In addition, there are different 63 
factors that contribute to the varying symptoms of IBS, including diet, immune response, host genetics, 64 
environmental stress, gut microbiome composition, and dysbiosis (9, 10).  65 
 66 

Currently, the role of the gut microbiome in individuals with IBS remains poorly understood. A 67 
“healthy” gut microbiome may be undefined, but there are microorganisms associated with an unhealthy 68 
microbiome, including microorganisms that induce inflammation or dysbiosis that contribute to the 69 
symptoms associated with IBS. Changes in microbiome composition also impact the microbiome’s 70 
functional potential and metabolism, which may in turn affect host physiology. For example, studies 71 
indicate individuals experiencing IBS-C show microbiome signatures such as increased Pseudomonas 72 
and Bacteroides thetaiotamicron with depletion of Paraprevotella, significant associations with 73 
Fusobacterium nucleatum and Meganomoas hypermegale, and pathways of sugar and amino acid 74 
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metabolism (11). In addition, research has characterized the microbiome of subjects with IBS-C with the 75 
biosynthetic pathways for sugar and amino acid metabolism, subjects with IBS-D had microbes that 76 
predominated the pathways for nucleotides and fatty acids acid synthesis. (11). Amplicon studies have 77 
also described an enrichment of Clostridiales, Prevotella, and Enterobacteriaceae, reduced microbial 78 
richness, and the presence of methanogens in IBS (12, 13). However, amplicon studies can be subject to 79 
amplification bias, yielding variable results and do not resolve species-level taxonomic classification. 80 
Alternatively, several studies limited by sample size and methodology have not shown a difference 81 
between a healthy cohort and individuals with IBS (14).  82 
 83 

Because of the differences in IBS symptoms people experience and the individual nature of the 84 
syndrome, there is no standardized treatment or dietary recommendations to alleviate IBS symptoms 85 
(15). The antibiotic rifaximin has been shown to be an effective treatment for IBS-D (16, 17). However, 86 
rifaximin is ineffective for all IBS subtypes and antibiotic usage may be associated with an increased risk 87 
for IBS (18–21). There are additional options for treatment, including pharmaceutical options and fecal 88 
transplants, but these options are not always feasible and can be invasive. The administration of live 89 
microbial organisms, in the form of probiotics, has gained popularity with patients to alleviate their 90 
symptoms. Probiotics can alter the microbiome of patients with and without IBS (22, 23), depending on 91 
their endogenous microbiomes (24). Microbes not present in the current gut microbiome can also be re-92 
established through probiotic supplementation (24). In individuals with IBS, there is correlative depletion 93 
of Bifidobacterium and Lactobacillus (8). Therefore, re-introducing probiotics into the gut microbiomes of 94 
individuals with IBS may lead to phenotypic changes. Clinical trials have demonstrated the reduction of 95 
symptoms associated with IBS with probiotic supplementation. Further studies have shown that in 96 
subjects with IBS-D and treated with Bifidobacterium longum, B. bifidum, B. lactis, B. 97 
infantis, and Lactobacillus acidophilus, there is a change in inflammation-related metabolites (25). 98 
Individuals with IBS on a gluten-free diet with probiotic supplementation of Lactobacillus and 99 
Bifidobacterium spp. saw an overall improvement in symptoms (26). Probiotic supplementation has also 100 
reduced stomach pain and improved stool consistency in individuals with IBS (27, 28). 101 
 102 

Here, we present a large-scale metagenomic study to characterize and compare the microbiome 103 
composition and functional potential of healthy controls and individuals with IBS. In addition, we collected 104 
longitudinal timepoints from individuals with IBS on daily prebiotic and probiotic supplementation. Our 105 
primary goals were to 1) identify metagenomic signatures associated with IBS and 2) investigate the 106 
microbiome effects of precision prebiotics and probiotics on individuals with IBS. Each made-to-order 107 
formulation includes 4-8 probiotic strains and 1-3 prebiotics, each at different concentrations from a 108 
biobank of over 100 possible ingredients supported by the clinical literature. Whole genome shotgun 109 
sequencing allows for species-level resolution and identification of functional potential. This method 110 
reduces amplification bias and allows for sequence-based mapping of pathways rather than functional 111 
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prediction based on amplicon-based taxonomic classification. We also investigate whether traditional 112 
tools in gross microbiome analysis can determine changes to the microbiome after probiotic 113 
supplementation. We hypothesized that metagenomic features distinguish healthy vs. IBS microbiome 114 
subtypes and that daily probiotic supplementation modulates the microbiomes of the individuals with IBS.  115 
 116 
Results  117 
 118 
IBS and healthy subject demographics  119 
 120 

We included a total of 611 subjects in this study. Subjects without reported comorbidities and self-121 
reported as healthy were included as the healthy control population. There were 489 subjects with IBS 122 
and 122 subjects in the healthy control population (Table 1). In addition, longitudinal samples from people 123 
with IBS were assessed to identify specific microbiome changes during the course of prebiotic and 124 
probiotic supplementation. These healthy and IBS subjects were also assigned an internal health index 125 
score for their initial microbiome profile and subsequent timepoints. The rationally designed and 126 
scientifically backed probiotics were part of a daily regimen for all subjects. Longitudinal timepoints were 127 
approximately 4 months apart. Of the 489 IBS subject population, 134 subjects had at least 2 timepoints, 128 
56 subjects had 3 timepoints, 28 subjects with 4 timepoints, 15 subjects with 5 timepoints, 5 subjects with 129 
6 timepoints, and 1 subject with 7 timepoints.  130 
 131 
Reduced microbial diversity and microbial signatures associated with IBS  132 

 133 
First, to compare the microbial community composition between the IBS and healthy control 134 

populations, a principal coordinates analysis was performed to visualize the beta diversity between the 135 
two cohorts (Figure 1). All healthy control microbiome samples clustered tightly together, while there was 136 
a spread of IBS samples that clustered around and away from the healthy control microbiome samples. 137 
The differences in phenotypes were identified with increased relative abundances of Enterobacterales 138 
species and reduction in Eubacterium rectale and Faecalibacterium prausnitzii (Figure 1). A subset of 139 
microbes that distinguish healthy and IBS were determined by random forest and were plotted along the 140 
second principal coordinate axis to show the spread of sample clustering between the healthy and IBS 141 
microbiomes. Next, when calculating alpha diversity metrics, there was a significant reduction in the 142 
Shannon index, richness, and evenness in IBS subtypes compared to the healthy control population 143 
(Figure 1).  144 
 145 

Based on whole-genome shotgun metagenomic sequencing, microbial signatures distinguish the 146 
healthy control and IBS populations. Using a permutated multivariate analysis of variance, we calculated 147 
a significant variation that explained the difference between the microbiome of healthy and IBS subtypes 148 
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(R2 = 0.028, p < 0.001).  We performed a random forest analysis to identify the distinguishing microbes 149 
between healthy and IBS phenotypes. To identify statistically significant changes in the relative 150 
abundances of microbes within healthy or IBS subtypes, we performed an unpaired t-test and adjusted p-151 
values for multiple testing corrections. This analysis revealed Eubacterium rectale and Faecalibacterium 152 
prausnitzii as significantly increased microbial species in the healthy control population relative to all IBS 153 
subtypes (Figure 2), while we found inflammatory species of Shigella elevated in IBS (Figure 2). We 154 
further interrogated the microbial differences between IBS subtypes and found that Paraprevotella clara, 155 
Prevotella corporis, Roseburia intestinalis and Ruminococcus lactaris significantly decreased in different 156 
IBS subtypes relative to the healthy control population (Figure 2). 157 
 158 
Functional profile of the gut microbiome of subjects with IBS and healthy 159 
 160 
 To determine the functional profiles of the gut microbiome associated with IBS, we mapped the 161 
metagenomic reads against the MetaCyc database with Humann3 to identify pathway abundances. There 162 
was a total of 471 pathways detected in the metagenomes of healthy and individuals with IBS. 163 
Multivariate linear association testing identified pathways associated with each IBS dominant subtype 164 
relative to the healthy control cohort (Figure 2). Pathways involved in tetrapyrrole biosynthesis from 165 
glycine, enterobacterial common antigen biosynthesis, NADP/NADPH interconversion, and the super 166 
pathway of heme b biosynthesis from glutamate were positively associated with IBS-A (Figure 2). 167 
Methanogenesis from acetate was associated with IBS-C and IBS-D (Figure 2). Pathways involved in the 168 
Bifidobacterium shunt, the super pathway of glycerol degradation to 1,3-propanediol, and starch 169 
biosynthesis were associated with IBS-C (Figure 2). Meanwhile, pathways associated with amino acid 170 
and ribonucleotide biosynthesis, polysaccharide degradation, and fermentation were associated with 171 
healthy microbiome functional profiles (Figure 2).  172 
 173 
Probiotics may modulate the microbiome of subjects with IBS 174 
 175 
 Within a subset of the IBS population, there were 134 individuals with at least two timepoints and 176 

56 individuals with thee timepoints. The average number of days between timepoint 1 and 2 was 154.8 ± 177 

80.5 (standard deviation, SD) days, and timepoint 2 and 3 was 194.9 ± 144.5 (SD) days. To investigate 178 

whether there were changes in alpha diversity across time, we performed linear mixed effects models to 179 
control for the effect from the individual. Based on the calculations on the longitudinal dataset controlling 180 
for the individual, there were no significant increases in the Shannon index, richness, or evenness. 181 
Although not significant, there may be an increase in the Shannon index across timepoints 1-3 (Figure 3). 182 
Next, we calculated the Bray-Curtis similarity of microbiome composition to investigate changes in the 183 
microbiome across time. There was no significant difference from one timepoint to the next (Figure 3), or 184 
when comparing the first timepoint with each subsequent timepoint (data not shown). However, there was 185 
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a shift in the median towards lower Bray-Curtis similarity indices across longitudinal timepoints 1-5 186 
towards a lower similarity index (Figure 3). A permutated multivariate analysis of variance was performed 187 
across all timepoints to calculate microbiome variance across longitudinal samples. There was a 188 
significant difference between all longitudinal samples from timepoint 1 and timepoint 3 (R2 = 0.0088, p = 189 

0.035). Average days separating timepoints 1 and 3 were 335.9 ± 170.5 (SD) days. When computing the 190 

variance for subjects with both timepoints, we resolved no significant variation within the microbiome 191 
data. Considering the microbiome composition and health and diet survey information, we calculated the 192 
microbiome score for each sample and saw a significant increase in the overall microbiome score across 193 
timepoints 1-3 (Figure 3).  194 
 195 
 Because there were different subtypes associated with IBS included in our population, we 196 
investigated whether the individually formulated probiotics targeted towards relieving the symptoms of 197 
constipation and diarrhea increased in abundance in the microbiomes of the IBS population. Each 198 
formulation contained approximately 4-8 probiotic strains, each at different concentrations. One of the 199 
common probiotics formulated for constipation was Bifidobacterium longum and the formulations for 200 
diarrhea included Bifidobacterium breve and Lactobacillus rhamnosus. In the longitudinal dataset, B. 201 
breve and L. rhamnosus significantly increased in abundance across time (Figure 3). B. breve 202 
significantly increased from timepoint 1 to 2 and 3, but there was no significant change between the 2nd 203 
and 3rd timepoints (Figure 3). L. rhamnosus was significantly increased in abundance at timepoint 3 204 
compared to timepoint 1 (Figure 3). There was not a significant increase in the relative abundance of B. 205 
longum across timepoints 1-3.  206 
 207 
Discussion 208 
 209 

Although IBS is prevalent across the population, the underlying factors contributing to the syndrome 210 
makes diagnosis and treatment challenging to define and standardize. Previous amplicon-based studies 211 
have identified changes in microbiome composition and diversity in individuals with IBS compared to a 212 
healthy control population (29, 30). Concomitant with previous findings, our study corroborates the 213 
significant microbial community composition differences and diversity between healthy individuals and 214 
people with IBS. Unlike other studies, whole metagenome shotgun sequencing enabled us to identify 215 
pathways associated with the dominant subtypes of IBS. In addition, our precision probiotics for 216 
individuals with IBS showed a significant microbiome score improvement across time. Clinical studies that 217 
administer probiotics to individuals with IBS have shown reduced symptom severity and gut discomfort 218 
(25–27).  Although we did not find a significant change in alpha or beta diversity in the longitudinal IBS 219 
profiles with probiotic supplementation, there was a significant increase in the relative abundances of 220 
probiotics detected in the gut microbiomes. Of subjects with three timepoints, 91% had all three of the 221 
common probiotic species we included in formulations. These results indicate that probiotic 222 
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supplementation may be changing microbial community composition and function that may alleviate IBS 223 
symptoms. Further research is needed to assess longitudinal changes in microbiome function in response 224 
to probiotics in IBS.  225 
 226 

In the microbiome composition of individuals with IBS, there was a significant reduction in alpha 227 
diversity and anti-inflammatory microbes while there was an increase in inflammatory microbes. A 228 
reduction in alpha diversity in the microbiome may indicate a loss of microbial species in response to 229 
different environmental factors (i.e., antibiotics) or a presence of microbial players that may be driving the 230 
reduction in diversity. For example, there was increased abundance in Klebsiella and 231 
Escherichia/Shigella in small intestinal bacterial overgrowth and a reduced duodenal microbiome diversity 232 
(31). Consistent with IBS-A, IBS-C, and Crohn’s disease studies, we found lower relative abundances of 233 
the anti-inflammatory microbe F. prasunitzii in individuals with IBS than the healthy cohort (29, 32–35). In 234 
contrast to previous amplicon-based studies that did not find a reduced abundance of F. prausnitzii in 235 
IBS-D (35–37), we detected F. prasunitzii at lower levels in IBS-D. F. prausnitzii enhances gut barrier 236 
protection and produces butyrate, a short chain fatty acid essential for gut health (29, 32, 38, 39). 237 
Roseburia intestinalis has an anti-inflammatory role in the gut and is reduced in individuals with Crohn’s 238 
disease (40, 41). R. intestinalis was significantly reduced in IBS-C and IBS-D subtype (Figure 2). Shigella 239 
spp., a major contributor to diarrheal disease (42) and associated with post-infectious IBS (43), was found 240 
to be increased in the IBS subtypes (Figure 2). These variations in the microbial signature was taken into 241 
account for the internal health index score. The scoring system is highly dependent on the microbial 242 
abundance levels in the profile and their association with gastrointestinal conditions like IBS (43, 44) and 243 
balance of the gut ecosystem, including the presence Faecalibacterium (32–34, 38, 39).  244 
 245 

The other differentially abundant microbes have an unclear role in IBS. Ruminococcus lactaris is 246 
negatively correlated to IL-8 (45) and is more abundant in a non-chronic kidney disease cohort (46), but 247 
has also been shown to be associated with a high-fat diet in a murine diabetes model (47). Eubacterium 248 
rectale is a butyrate producer associated with infant gut microbiome development (48), but is also 249 
associated with obesity and dysbiosis (49). In a recent metagenomic assembly study of E. rectale, there 250 
were different subspecies due to genetic and geographic dispersal in human populations, revealing 251 
differences in subspecies physiologies and metabolisms (50). Prevotella spp. is common in non-western 252 
plant-rich diets (51) and decreased in individuals with constipation (52), but has also been associated with 253 
chronic inflammatory conditions (53, 54). These studies indicate that the role of some microbes detected 254 
in this study is context and environmentally dependent.  255 
 256 

Functional analysis identified pathways associated with each of the phenotypic classifications of IBS. 257 
The methanogenesis from an acetate pathway was associated with IBS-C (Figure 2). Methanogenesis 258 
contributes to methane production, which is correlated to the severity of constipation (55) and may be 259 
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useful as a diagnostic indicator of constipation predominant IBS (56, 57). Surprisingly, methanogenesis 260 
was also associated with IBS-D. Previous studies have demonstrated the reduction of methanogens in 261 
IBS-D (58). However, Blautia spp. and Fusicatenibacter were microbes detected to have genes that 262 
contribute to the methanogenesis pathway (Table S1). Blautia spp. and Fusicatenibacter produce short-263 
chain fatty acids and gases through carbohydrate fermentation, substrates for methanogenesis. An 264 
overabundance of methanogenesis may lead to gut symptoms in IBS. The Bifidobacterium shunt was 265 
also associated with IBS-C. The Bifidobacterium shunt, also called the fructose-6-phosphate shunt, 266 
produces short-chain fatty acids (SCFA) and other organic compounds (59, 60). Depending on the 267 
chemical and microbial microenvironment, SCFA can regulate the growth and virulence of enteric 268 
pathogens (61). In addition, SCFA stimulates water absorption in the colon (62). If too much water is 269 
absorbed, the stool becomes more solid, resulting in constipation. Thus, factors affecting host physiology 270 
in IBS may depend upon the microenvironments and microbes present in the gut.  271 

 272 
The enterobacterial common antigen (ECA) biosynthesis pathway was associated with IBS-A. The 273 

ECA is one of the components of the outer membrane of Gram-negative bacteria and its association with 274 
IBS-A may indicate the increased presence of Enterobacterales in the gut microbiome. Interestingly, the 275 
ECA may contribute to virulence and protect enteric pathogens from bile salts and antibiotics (63–65). 276 
Bile acids protect the host from infection, contributing to overall gut intestinal health (66). ECA protection 277 
against bile acids and antibiotics may make IBS-A challenging to treat with antibiotics and may contribute 278 
to dysbiosis. These results suggest that common antibiotic treatments for IBS may not be ideal for 279 
alleviating symptoms or treating the possible underlying microbiome triggers associated with IBS-A.  280 

 281 
Pathways associated with healthy microbiomes were amino acid and ribonucleotide synthesis, 282 

polysaccharide degradation, and fermentation. L-methionine biosynthesis by sulfhydrylation and cysteine 283 
biosynthesis implies the presence of hydrogen sulfide in the gut (67). An overabundance of hydrogen 284 
sulfide induces inflammation, while low levels protect the gut lining and microbes against reactive oxygen 285 
species (68–70). Polysaccharide degradation, specifically beta-mannan degradation, is primarily driven 286 
by Roseburia intestinalis and the metabolic output has been shown to promote gut health (71). As 287 
products of fermentation, the role of SCFA has been implicated in cardiovascular and neurologic 288 
pathologies (72–74). The thiamine diphosphate biosynthesis pathway was associated with healthy gut 289 
metagenomes while negatively associated with IBS-A (Figure 2). A thiamine deficiency has been shown 290 
to increase risk for lifelong neurodevelopmental consequences and is associated with many 291 
cardiovascular diseases (75, 76). These results demonstrate the balance of metabolites must be 292 
regulated to maintain gut homeostasis and overall health. When the chemical and microbiome balance is 293 
disrupted, host physiology may be affected, leading to worsening gut symptoms or onset of disease.  294 
 295 
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IBS is heterogeneous; a universal cocktail of probiotics may not comprehensively target all symptoms 296 
experienced by individuals with IBS. Therefore, one of our goals is to individually formulate prebiotics and 297 
probiotics to address the more common symptoms experienced by individuals with IBS. There were three 298 
common strains included in formulas to specifically target constipation and diarrhea. Bifidobacterium 299 
longum was included in formulations for constipation (77, 78). B. breve and Lactobacillus rhamnosus 300 
were included in formulations for diarrhea (79–84). Each of these probiotics were added to formulas for a 301 
total of 4-8 different probiotic strains at different concentrations.  302 

 303 
In probiotic studies, most strains are detectable for less than 2 weeks following the cessation of 304 

probiotic supplementation (85–87). Because individuals in this study took daily probiotic supplements 305 
across a longitudinal time period (4 months between each microbiome test), we investigated microbiome 306 
changes in response to daily probiotic supplementation. There was no significant change in alpha or beta 307 
diversity across time in the population, but there may have been changes in diversity within the individual 308 
(Figure 3). However, there was a shift in beta diversity of the microbiome from one timepoint to the next, 309 
indicating there may be changes in microbiome composition in response to probiotic supplementation 310 
(Figure 3). Thus, diversity metrics that compare population-level information may not show the impact of 311 
probiotic usage, but may influence smaller communities within the gut with postbiotic release.  312 

 313 
In addition to the diversity metrics calculated, we calculated an overall microbiome score to consider 314 

the microbiome composition and health and diet survey. Across timepoints 1-3, there was a significant 315 
increase in the microbiome score, indicating an improvement in the overall microbiome and symptoms in 316 
response to precision probiotic supplementation. When investigating individual probiotics, Bifidobacterium 317 
longum did not significantly increase across timepoints in the IBS subjects even when provided in 318 
precision formulations. The presence of B. longum may promote gut health through cross-feeding 319 
mechanisms that lead to the production of short-chain fatty acids (88, 89). B. breve and L. rhamnosus 320 
increased in relative abundance across time in individuals with IBS, indicating colonization of the gut 321 
microbiome that may contribute to positive changes in microbiome physiology. Further investigation is 322 
needed to identify potential functional changes in microbiome metabolism with daily prebiotic and 323 
probiotic supplementation in IBS and whether symptoms associated with IBS can be improved.  324 
 325 
 There are several limitations to this current study. First, the self-reporting nature of IBS is a 326 
limitation to this study. For official diagnosis of IBS, the Rome IV criteria assesses symptoms related to 327 
stool consistency and appearance, recurrent abdominal pain, and changes in bowel habits (90, 91). 328 
Although the health and diet questionnaire included questions regarding gut symptoms and chronic 329 
conditions, a formal diagnosis was not verified. For potential life-style modifications in addition to probiotic 330 
supplementation, diet changes may also be an important factor in alleviating symptoms or changing the 331 
microbiome (92–94). Low FODMAP diet (LFD) and low lactose diet (LLD) reduced the IBS-SSS score. 332 
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IBS subjects on LFD had significantly less abdominal pain, bloating, and gas production (93).  These diet 333 
interventions were not accessed in this study. Second, this study was not designed to investigate 334 
longitudinal assessments of comprehensive gut issues experienced by the individuals with IBS. This 335 
hindered us to identify whether gut symptoms were alleviated by daily probiotic supplementation or 336 
whether there were associations with certain probiotic formulations in improving certain symptoms in IBS. 337 
However, because the relative abundance of the common probiotics formulated for constipation and 338 
diarrhea were increased in relative abundance across time, these results may inform future studies. 339 
Additional research is also needed to determine the roles of specific pathways in the etiology of IBS. 340 
 341 

In summary, we reported differentially abundant microbes and functional pathways associated 342 
with IBS. We also identified an increased relative abundance of probiotics in the gut microbiomes of 343 
people with IBS across time. These data may help inform future studies and therapeutic strategies by 344 
identifying important microbes and pathways associated with each IBS subtype. As IBS is a multi-factorial 345 
syndrome, there is no one-size-fits-all approach to target all symptoms experienced by individuals with 346 
IBS. A combination of diet and probiotics may be needed to alleviate symptoms of IBS. Longitudinal 347 
monitoring of the gut microbiome is also important to understand changes associated with symptom 348 
progression. Precision probiotics may help target individual needs, although further research is needed to 349 
identify the pathway benefits of prebiotic and probiotic supplementation on health. 350 
 351 
Materials and Methods 352 
 353 
Participants and sample collection 354 
 355 

Users of our (Sun Genomics, San Diego) commercial gut microbiome testing component (Floré 356 
Gut Health Test Kit) submitted a stool sample for metagenomic sequencing. The stool sample was 357 
collected by the user with provided gut testing kit instructions. Samples were collected in accordance with 358 
IRB # SG-04142018-001 with informed consent form 001-B. A sterile swab was used for the first 359 
collection device to collect and store the stool sample in a collection tube with stabilization buffer.  The 360 
second sample was collected via the Easi-Collect device (GE). Samples were mailed via FedEx to the 361 
Sun Genomics lab for analysis.  362 
 363 

A total of 611 participants were included in this study (Table 1). All participants completed a 364 
health and diet survey that asked questions about health status and dietary preferences. The control 365 
population included in this study was self-reported as healthy with no listed comorbidities with a BMI 366 
range from 18.5 – 25 (Table 1) (95). The IBS population was also self-reported and included the 367 
symptoms associated with the syndrome, including constipation, diarrhea, a mix of both constipation and 368 
diarrhea, or unspecified. 369 
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 370 
Metagenomic sequencing and analysis  371 
 372 

For DNA extractions, samples were first processed with a tissue homogenizer and then lysed with 373 
a lysis buffer and proteinase K. DNA was extracted and purified with a proprietary method (Patent 374 
#10428370 and #10837046 - Universal Method For Extracting Nucleic Acids Molecules From A Diverse 375 
Population Of One Or More Types Of Microbes In A Sample). Library preparation was performed with 376 
DNA sonication, end-repair, and adaptor ligation with NEBNext reagents. Size selection was performed 377 
with MagJet Magnetic Beads according to manufacturer instructions. Library quantitation was performed 378 
with qPCR and sequenced on an Illumina NextSeq 550 (Illumina, San Diego). After sequencing, reads 379 
were quality filtered and processed. Metagenomic reads were decontaminated from human reads using 380 
Bowtie2. After decontamination, there was an average of 6,581,844 reads per sample (SD = 4,426,117) 381 
with a minimum of one million reads to be included in downstream analyses. Next, reads were aligned to 382 
a hand curated database of over 23,000 species. Humann3 was used for pathway analysis (96). Pathway 383 
abundance was normalized to copies per million (cpm).  384 
 385 
Statistical analyses  386 
 387 
 All statistical analyses were performed in R. Principal coordinates analysis was performed with a 388 
Bray-Curtis dissimilarity matrix to compare between sample diversities. Within sample diversity was 389 
calculated with the Shannon diversity index. To calculate variance between samples based on metadata 390 
classifications, permutational multivariate analysis of variance (PERMANOVA) was performed with the 391 
“adonis” function from the “vegan” package (97). Specifically, the influence of health status was computed 392 
across the microbiome composition and pathway abundance profiles. MaasLin2 was used for 393 
distinguishing pathway features between healthy and IBS subtypes (98).  394 
 395 
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Tables 690 
 691 
Table 1. Subject demographics. “Healthy” controls are self-reported as healthy subjects with no existing 692 
comorbidities. Subjects with IBS are also self-reported. The subtype designation is based on the subject 693 
symptoms. For the alternating designation, subjects experienced symptoms of constipation and diarrhea. 694 
Cohort populations are further classified by gender. Average and standard deviation of age groups are 695 
listed next to each population.  696 
 697 

Phenotype Subjects Female (Age ± SD) Male (Age ± SD) Unspecified (Age ± SD) 

Healthy 122 54 (44 ± 13) 52 (44 ± 12.6) 16 (41.9 ± 9.2) 

IBS (Total) 490 302 (46.5 ± 15.5) 158(41.6 ± 15.3) 31(43.3 ± 16.9) 

IBS-C (Constipation) 185 126 (45.5 ± 14.9) 50 (37.4 ± 13.5) 9 (41.7 ± 13.1) 

IBS-D (Diarrhea) 86 50 (41.9 ± 14.5) 32 (44.3 ± 16.5) 4 (40.7 ± 12.1) 

IBS-A (Alternating) 88 58 (45.4 ± 15.6) 26 (37.6 ± 12.4) 4 (41.5 ± 14) 

IBS-U (Unspecified) 131 64 (53.6 ± 15.6) 49 (46.5 ± 16.3) 18 (45.6 ± 21.5) 

 698 
 699 
Figure Legends 700 
 701 
Figure 1. Microbiome profiles of the healthy and IBS cohorts. A) Principal coordinates analysis based on 702 
the Bray-Curtis dissimilarity distance matrix of the IBS and healthy microbiomes. B) Boxplot of the 703 
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microbiome distributions along the PCO1 axis. An unpaired t-test was computed. C) A random forest was 704 
employed to differentiate microbes between healthy and IBS subtypes. The density of microbes selected 705 
from random forest correspond to the sample distribution along PCO1 axis. D) Alpha diversity between 706 
healthy and each IBS subtype cohort. The Shannon index, species richness, and evenness were 707 
calculated. Unpaired t-tests were conducted, and p-values were adjusted with Benjamin-Hochberg false 708 
discovery rate (FDR) for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.  709 
 710 
Figure 2. Microbes and pathways that differentiate healthy and IBS cohorts. A) Relative abundances of 711 
the microbes associated with healthy and IBS populations. A random forest was used to determine 712 
microbes that contribute to differentiating healthy and IBS. The relative abundances of a subset of the 713 
microbes were plotted for healthy and each IBS subtype. T-test were calculated. P values were adjusted 714 
for multiple comparisons testing by false discovery rate corrections. Non-significant comparisons were 715 
omitted. B) Functional pathways associated with healthy and IBS gut microbiomes. Multivariate linear 716 
association testing with Maaslin2 was used to determine pathways associated with IBS relative to the 717 
healthy control population. Values indicate the beta coefficient from linear association testing. Pathways 718 
listed were filtered based on q value < 0.1 and beta coefficients > 0.2 or < -0.2. * p < 0.05, ** p < 0.01, *** 719 
p < 0.001, **** p < 0.0001.  720 
 721 
Figure 3. Longitudinal microbiome diversity and relative abundances of probiotics in subjects with IBS. A) 722 
Shannon index of the microbiome composition from subjects with timepoints 1 – 3. B) Bray-Curtis 723 
similarity of timepoints within each individual. Each timepoint is compared to each subsequent timepoint. 724 
C) The overall microbiome score across timepoints 1 – 3. Wilcoxon tests were computed with FDR 725 
adjusted p values. D) Relative abundances of probiotic species in subjects across 3 timepoints. T-tests 726 
were computed with FDR adjusted p values. * p value < 0.05, ** p value < 0.01, *** p value < 0.001.    727 
 728 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458777


Status Healthy IBS

−0.4

−0.2

0.0

0.2

0.4

−0.2 0.0 0.2 0.4 0.6

P
C

O
2

a

4.61e−
55Healthy

IBS

−0.25 0.00 0.25 0.50

PCO1

b

Paraprevotella clara

Prevotella corporis

Roseburia intestinalis

Ruminococcus lactaris

[Eubacterium] rectale

Shigella sonnei

Faecalibacterium prausnitzii

Shigella flexneri

−0.2 0.0 0.2 0.4 0.6
PCO1

c

********
********

*

********
********

*
*

*** *** ********
*

Evenness

Richness

Shannon

Healthy IBS−A IBS−C IBS−D IBS−U

2

3

4

5

6

2500

5000

7500

10000

0.3

0.5

0.7

Phenotype

va
lu

e

d

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458777


*
*

**
*

******
****

*
*

**

****************

*

* *
**

***
****

*
***

***
****

**
***

Faecalibacterium
prausnitzii

Shigella
flexneri

[Eubacterium]
rectale

Shigella
sonnei

Roseburia
intestinalis

Ruminococcus
lactaris

Paraprevotella
clara

Prevotella
corporis

Hea
lth

y

IB
S−A

IB
S−C

IB
S−D

IB
S−U

Hea
lth

y

IB
S−A

IB
S−C

IB
S−D

IB
S−U

0.000

0.001

0.002

0.003

0.004

0.00

0.02

0.04

0.06

0.08

0.000

0.003

0.006

0.009

0.012

0.00

0.01

0.02

0.00

0.05

0.10

0.15

0.00

0.05

0.10

0.15

0.00

0.25

0.50

0.75

1.00

0.0

0.1

0.2

0.3

Phenotype

R
el

at
iv

e 
A

bu
nd

an
ce

a

0.81
0.69
0.72
0.7

−0.49

0.23
0.22

−1.31
−0.83
−0.75
−0.74
−0.21
−0.36
−0.59
−0.49

−0.84
−0.9
−0.86
−0.85
−0.7
−0.76
−0.83
−0.83
−0.98
−1.03
−1.2
−1.17
−1.02
−1.13
−1.14

−0.47
−0.5
−0.71
−0.69
−0.61
−0.95
−0.92
−0.94
−0.86
0.81
0.87
0.68
0.68

−0.28
−0.21
−0.29
−0.38
−0.29
−0.34
−0.34

−0.6
−0.81
−0.55
−0.41

0.21

−1.28
−0.91
−1.06
−1.13
−1.24
−1.36
−1.4

−1.35
−1.49
−1.42
−1.28
−1.36
−1.21
−1.22
−1.22
−1.02
−1.53
−1.3

−0.69
−0.96
−1.02
−1.11
−1.08
−0.79
−0.88
−1.07

−1
0.76

−0.35
−0.43
−0.58
−0.51
−0.47
−0.41
−0.41
−0.34
−0.35
−0.4

−0.37
−0.34

−0.56
−0.46

IB
S

−
A

IB
S

−
C

IB
S

−
D

PWY−5189: tetrapyrrole biosynthesis II (from glycine)
ECASYN−PWY: enterobacterial common antigen biosynthesis
PWY−5083: NAD(P)/NADPH interconversion
PWY−5918: superpathway of heme b biosynthesis from glutamate
PWY−6545: pyrimidine deoxyribonucleotides de novo biosynthesis III
PWY−7184: pyrimidine deoxyribonucleotides de novo biosynthesis I
GLUCARDEG−PWY: D−glucarate degradation I
PWY4LZ−257: superpathway of fermentation (Chlamydomonas reinhardtii)
P161−PWY: acetylene degradation (anaerobic)
PWY−7204: pyridoxal 5'−phosphate salvage II (plants)
PWY−5675: nitrate reduction V (assimilatory)
SO4ASSIM−PWY: assimilatory sulfate reduction I
SULFATE−CYS−PWY: superpathway of sulfate assimilation and cysteine biosynthesis
PWY−5723: Rubisco shunt
PWY−6803: phosphatidylcholine acyl editing
PYRIDNUCSAL−PWY: NAD salvage pathway I (PNC VI cycle)
PWY−5971: palmitate biosynthesis (type II fatty acid synthase)
PWY−6284: superpathway of unsaturated fatty acids biosynthesis (E. coli)
NAGLIPASYN−PWY: lipid IVA biosynthesis (E. coli)
PWY−7211: superpathway of pyrimidine deoxyribonucleotides de novo biosynthesis
PWY−7446: sulfoquinovose degradation I
KETOGLUCONMET−PWY: ketogluconate metabolism
PWY−7210: pyrimidine deoxyribonucleotides biosynthesis from CTP
PWY−7269: mitochondrial NADPH production (yeast)
PWY66−389: phytol degradation
PWY−5345: superpathway of L−methionine biosynthesis (by sulfhydrylation)
PWY0−1298: superpathway of pyrimidine deoxyribonucleosides degradation
METH−ACETATE−PWY: methanogenesis from acetate
P124−PWY: Bifidobacterium shunt
GOLPDLCAT−PWY: superpathway of glycerol degradation to 1,3−propanediol
PWY−622: starch biosynthesis
PHOSLIPSYN−PWY: superpathway of phospholipid biosynthesis I (bacteria)
PWY−7242: D−fructuronate degradation
PWY−5104: L−isoleucine biosynthesis IV
POLYISOPRENSYN−PWY: polyisoprenoid biosynthesis (E. coli)
PWY−6507: 4−deoxy−L−threo−hex−4−enopyranuronate degradation
PWY4FS−7: phosphatidylglycerol biosynthesis I (plastidic)
PWY4FS−8: phosphatidylglycerol biosynthesis II (non−plastidic)
GLYCOLYSIS: glycolysis I (from glucose 6−phosphate)
PWY−5484: glycolysis II (from fructose 6−phosphate)
GLUCUROCAT−PWY: superpathway of &beta;−D−glucuronosides degradation
PENTOSE−P−PWY: pentose phosphate pathway
PWY−7282: 4−amino−2−methyl−5−diphosphomethylpyrimidine biosynthesis II
TCA: TCA cycle I (prokaryotic)
P221−PWY: octane oxidation
PWY−4321: L−glutamate degradation IV
PWY3O−355: stearate biosynthesis III (fungi)
ARGININE−SYN4−PWY: L−ornithine biosynthesis II
PWY−7392: taxadiene biosynthesis (engineered)
PWY−7456: &beta;−(1,4)−mannan degradation
RIBOSYN2−PWY: flavin biosynthesis I (bacteria and plants)
THISYNARA−PWY: superpathway of thiamine diphosphate biosynthesis III (eukaryotes)
PWY−5030: L−histidine degradation III
TEICHOICACID−PWY: poly(glycerol phosphate) wall teichoic acid biosynthesis

−1.5

−1

−0.5

0

0.5

b

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458777


2

3

4

5

T1 T2 T3

S
ha

nn
on

a

T1_vs_T2

T2_vs_T3

T3_vs_T4

T4_vs_T5

T5_vs_T6

0 25 50 75100

Bray−Curtis Similarity
T

im
ep

oi
nt

 C
om

pa
ris

on

b

**
***

*

30

60

90

T1 T2 T3

M
ic

ro
bi

om
e 

S
co

re

c

ns

ns
ns

**

*
ns

ns

**
ns

Bifidobacterium longum Bifidobacterium breve Lactobacillus rhamnosus

T1 T2 T3 T1 T2 T3 T1 T2 T3

0.000

0.002

0.004

0.006

0.0000

0.0025

0.0050

0.0075

0.0100

0.0125

0.00

0.01

0.02

0.03

0.04

R
el

at
iv

e 
A

bu
nd

an
ce

d

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted September 4, 2021. ; https://doi.org/10.1101/2021.09.02.458777doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.02.458777

