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SUMMARY

Although countless gut microbiome studies on colitis using mouse models have been carried out, exper-
iments with small sample sizes have encountered reproducibility limitations because of batch effects and
statistical errors. In this study, dextran-sodium-sulfate-induced microbial dysbiosis index (DiMDI) was
introduced as a reliable dysbiosis index that can be used to assess the state of microbial dysbiosis in
DSS-induced mouse models. Meta-analysis of 189 datasets from 11 independent studies was performed
to construct the DiMDI. Microbial dysbiosis biomarkers, Muribaculaceae, Alistipes, Turicibacter, and Bac-
teroides, were selected through four different feature selection methods and used to construct the
DiMDI. This index demonstrated a high accuracy of 82.3% and showed strong robustness (88.9%) in
the independent cohort. Therefore, DiMDI may be used as a standard for assessing microbial imbalance
in DSS-induced mouse models and may contribute to the development of reliable colitis microbiome
studies in mouse experiments.

INTRODUCTION

Over the last 20 years, research advances in human gut microbiome have revealed important connections and potential mechanistic insights
into various complex chronic diseases, including metabolic syndrome, cancer, and autoimmune diseases.” Microbiome studies have
focused on elucidating the underlying pathophysiological mechanisms of diseases and devising potential intervention strategies. As
numerous studies discover more about gut symbionts that play important roles in host health and disease, more studies have developed
analytical tests or quantitative methods that provide health indicators based on the gut microbiome.”™ Diseases can be diagnosed on
the basis of the gut microbiome by utilizing polymerase chain reaction techniques.’” Thus, the fecal microbiome can be used as a faster
and easier non-invasive method than traditional clinical diagnostic methods using blood or biopsy for predicting and diagnosing diseases.
Furthermore, the gut microbiome is associated with not only gastrointestinal disorders but also the brain and skin diseases: therefore, an array
of disease prediction and diagnostic models using the fecal microbiome is being developed.®'°

Inflammatory bowel disease (IBD), a major disease in gut microbial studies, is a gastrointestinal disorder characterized by acute and
chronic inflammation. It includes conditions such as Crohn disease (CD) and ulcerative colitis (UC), whose etiologies have not been fully eluci-
dated."" Inrecent years, IBD has evolved into a chronic disease with a global impact. The clinical manifestations of IBD include primarily rectal
bleeding, diarrhea, and tenesmus and occasionally lower abdominal pain.'? In the past few decades, several animal models have been devel-
oped to explore the molecular mechanisms of IBD and assess potential therapeutic interventions.'* Among animal models, the dextran-sul-
fate-sodium (DSS)-induced colitis model has gained significant popularity in IBD research because of its rapidity, simplicity, and controlla-
bility.'* DSS, a water-soluble negatively charged sulfated polysaccharide with anticoagulant properties, can potentially induce an
inflammatory pattern in the mouse intestinal tract that is similar to human UC; however, the exact mechanism remains unknown."® Moreover,
acute, chronic, and recurrent models of intestinal inflammation can be easily established by adjusting the concentration and frequency of DSS
administration. Because of the DSS-induced damage to the intestinal lining of mice, their intestinal environment and microbial community
rapidly change. Given these advantages, numerous studies have examined the gut microbial community associated with IBD by using
DSS-induced mouse models.

Typically, studies involving mouse models use sample sizes ranging from 3 to 10 for each group. However, such studies with limited sample
sizes may have a reduced result reliability because of potential statistical analysis errors and subject bias.'® Moreover, establishing a consis-
tent baseline becomes challenging because such studies are performed in various laboratories. In microbiome studies, results can vary based
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Figure 1. Workflow of meta-dataset compilation

(A) Schematic illustration of the curation of amplicon sequencing meta-dataset. Initially, published studies on the fecal microbiota in DSS-induced mouse models
were obtained from PubMed and Google Scholar. The amplicon data were retrieved from the NCBI Sequence Read Archive (SRA) and subsequently subjected to
uniform reprocessing via a standardized bioinformatic method. Within the dataset, studies with low sequence quality, samples with a low number of reads
remaining after quality control (QC), or studies with a small number of samples were excluded from further analysis. As a result, a total of 189 samples from
11 studies met the quality criteria and were retained for subsequent analysis.

(B) Distribution of the prevalence of microbial genera across the 189 mouse fecal samples. After chloroplast, mitochondrial, and unknown/unclassified ASVs were
removed, a total of 213 genera were retained. Among them, the rarely observed genera (i.e., detected <50% of all samples; 196 genera) were further excluded for
discovering DSS-induced colitis microbial biomarkers.

on biases in DNA extraction, sequencing, bicinformatics analysis methods, and experimental conditions.'”'® In line with the active pursuit of
biomarker discovery and index construction in human studies, a consistent microbial imbalance model in mouse studies should be devel-
oped. Several previous studies have attempted to develop dysbiosis index in mouse studies, but they were conducted in individual small-
scale studies and lacked validation that the models could be representative of dysbiosis in the mouse model.® Thus, the development of mi-
crobial imbalance models through a comprehensive analysis will secure a reliable disease-associated microbial community for therapeutic
research.

To ensure high reproducibility in mouse experiments with small sample sizes, we comprehensively analyzed microbiota studies involving
DSS-induced mouse models. We introduced the “DSS-induced microbial dysbiosis index (DiMDI),” a reliable dysbiosis index that can be used
to assess the state of microbial dysbiosis in DSS-induced mouse models. Microbial biomarkers, namely, Muribaculaceae, Alistipes, Turici-
bacter, and Bacteroides, were selected through four different biomarker selection methods and used to construct the DiMDI. Our established
dysbiosis index had a high accuracy of 82.3% and showed strong robustness in the independent cohort. With its high accuracy, applicability
across experimental conditions, and usefulness in intervention studies, the DiIMDI serves as a standard for microbial imbalance in mouse
models and holds the potential for advancing the understanding of complex interactions between the microbiota and disease outcomes.

RESULTS

Meta-dataset of integrated mouse fecal microbiome data

An overview of meta-dataset compilation is depicted in Figure TA. Healthy control (HC) samples were defined as those that were reported as
no overt disease or any intervention at the time of the original study. Alternatively, unhealthy (UH) samples were defined as those that were
treated with DSS. Accordingly, 350 mouse fecal microbiota from 23 studies were compiled. The number of the observed features was eval-
uated according to the read counts by using rarefaction curves (Figure S1). A total of 117 samples were excluded with having a read count
below 2,500, a minimum read count at which the observed feature number converged. Moreover, 12 studies with low read quality, read count,
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Table 1. Sample information of the study subjects

HC (n = 98) UH (n =91) p value®
Strains (n, %) 1
C57BL/6 75 (76.53) 70 (76.92)
BALB/c 23 (23.47) 21 (23.08)
Conditions (n, %) 0.955
Wild type 24 (24.49) 21 (23.08)
Specific pathogen-free 74 (75.51) 70 (76.92)
Age (weeks) 7.833 £ 1.618 8.296 + 1.664 0.077
Sex (n, %) 0.959
Male 66 (67.35) 60 (65.93)
Female 32 (32.65) 31(34.07)
DSS concentration (%) n.a. 2.868 + 0.722 <0.001
Treatment duration (days) n.a. 8.934 + 7.033 <0.001

®t test and chi-squared test were performed on continuous and categorical variables, respectively.

and small samples after quality control of the sequences were excluded for further analysis. Finally, a total of 189 mouse fecal microbiota from
11 studies were used to construct the DiIMDI. After raw amplicons were processed, genus-level classification profiling was performed; thus,
213 genera were detected. After rarely observed, unknown/unclassified genera were removed, 15 genera were left for further analysis (Fig-
ure 1B). Notably, the cutoff to determine the rarely observed genera was set by 50% of prevalence to increase the reproducibility in multiple
independent studies.

In the present study, DiMDI was established to identify microbial structures in colitis-associated dysbiosis across various confounders such
as mouse strain, sex, and conditions by obtaining information on mouse strains and conditions from mouse model studies. This information
did not show significant differences between HC and UH groups (Table 1). Thus, all subsequent statistical analyses were performed without
considering the individual conditions.

Distinct microbiome in feces from mice with and without DSS induction

The differences in the fecal microbiome between with (UH) and without DSS induction (HC) were analyzed using beta diversity and alpha di-
versity measures. For beta diversity, Bray—Curtis dissimilarities were calculated based on the amplicon sequence variants collapsed to the
genus level. First, principal coordinate analysis (PCoA) revealed significant differences not only in dissimilarities (ANOSIM, R = 0.293,
p = 0.001) but also in the distributions of fecal microbiota between the HC and UH groups (PERMANOVA, R? = 0.864, p = 0.001; Figure 2A).
When the concentration of DSS induction was also considered in the same PCoA plot, the dissimilarity and distribution according to DSS
concentration were also significantly different (ANOSIM, R = 0.499, p = 0.001; PERMANOVA, R?=0.127, p = 0.001; Figure 2D). Alpha diversity
showed that microbial diversity and species richness in mouse feces decreased in the UH group (Figures 2B and 2C). Consistently, the con-
centration of DSS induction negatively correlated with alpha-diversity indices (Figures 2E and 2F). These results indicated that DSS treatment
sufficiently induced changes in the gut microbial community in the mouse model.

Construction of DiMDI for identifying microbial dysbiosis in the mouse model

To determine microbial dysbiosis in the UH group compared with the HC group, we employed four different feature selection methods:
random forest, L1-LASSO logistic regression, ALDEx2, and MaAsLin2. Random forest and L1-LASSO logistic regression methods identified
12 and 11 genera as the most important features, respectively (Table S1). Conversely, ALDEx2 and MaAsLin2 identified four genera as the
most important genera (Table S1). A total of four genera (Alistipes, Bacteroides, Muribaculaceae, and Turicibacter) were selected from
more than three methods (Figure 3A). Among them, three genera except Turicibacter were selected from all four methods. The four selected
genera had high values in both MeanDecreaseAccuracy and MeanDecreaseGini in the random forest model and were identified as features
with high importance in random forest modeling (Figure S2). These four genera also had over 95% of effect sizes in the L1-LASSO logistic
model (Figure S3). We further explored the distributions of potential selected biomarkers (Figure 3B). Muribaculaceae and Alistipes had a
high relative abundance in the HC group, and Turicibacter and Bacteroides showed a higher relative abundance in the UH group than in
the HC group. The four selected genera showed strong significant differences in the HC and UH groups (Figure 3C).

The DiMDI was established with two versions of the DiMDI by using the relative abundances of the selected biomarkers: one using four
selected markers (Muribaculaceae, Alistipes, Bacteroides, and Turicibacter) and another using three selected markers (Muribaculaceae, Alis-
tipes, and Bacteroides). The discriminative performance of these models was assessed using the ROC curves and compared against the rela-
tive abundance of each selected marker. The area under the ROC curve (AUC) was the highest for the relative abundance of Muribaculaceae
(AUC 0.825), followed by the DiMDI model using four markers (AUC 0.823; Figure 3D). The performance significantly differed between the
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Figure 2. Distinct fecal microbial structures between healthy and colitis mouse models

(A) Beta diversity (principal coordinate analysis; PCoA), (B) Shannon, and (C) Chao1 indices of mouse fecal microbiome according to healthy (HC) and DSS-
induced colitis (UH) groups. t test was performed to compare the alpha diversity between HC and UH groups.

(D) PCoA, (E) Shannon, and (F) Chao1 indices of the mouse fecal microbiome according to the concentration of DSS induction. Pearson correlation coefficient was
used in correlation analysis.

DiMDI models with four and three markers (Z = 2.663, p = 0.008; Figure 3E). However, no significant difference was found between the model
solely on Muribaculaceae and DiIMDI with four markers (Z = —0.089, p = 0.929; Figure 3F). The optimal cutoff value for distinguishing UH from
HC using DiIMDI with four markers was determined to be 0.335. With this cutoff value, the DiMDI values were significantly higher in the UH
group than in the HC group (Figure 3C). Thus, the DiMDI was finally constructed using the four markers to identify microbial dysbiosis in the
DSS-induced mouse model.

Comparison of performances between DiMDI and other microbial indicators

We investigated the differentiation ability of DiIMDI and other microbial indicators (e.g., Shannon, Chao1 indices, and the Firmicutes/
Bacteroidota ratio) between HC and UH within individual studies. The differentiation ability of the relative abundance of Muribaculaceae
was also evaluated because it showed the highest performance in the ROC curve. By evaluating the individual study datasets, this approach
not only mitigates a major source of batch variations but also offers an effective strategy to validate the consistency of our previously observed
trends (comparing the HC and UH samples in the integrated groups) across multiple smaller-scale studies. The DiMDI in the HC group was
significantly lower than that in the UH group in 7 out of 11 studies (Figure 4A). Although the DiIMDI values were not statistically significant,
these values in the two other studies (study 7 and 17) also distinguished two groups based on the cutoff. For the relative abundance of Mur-
ibaculaceae, Shannon diversity, and Chao1 index, we found significantly higher values in the HC group than in the UH group in four studies
(Figures 4B-4D). In six studies, the HC and UH groups were not distinguished by the Firmicutes/Bacteroidota ratio, and three studies (studies
1, 3, and 11) showed significantly higher Firmicutes/Bacteroidota ratios in the UH group (Figure 4E). The identification performances of mi-
crobial indicators were also evaluated using ROC curves. The Firmicutes/Bacteroidota ratio showed the lowest performance with an AUC of
0.544 (Figure S4A). Chao1 index had a lower performance than the Shannon index (Chao1, AUC 0.711; Shannon, AUC 0.823). Although the
Shannon index showed the same AUC value as the DiMDI (AUC 0.823; Figure S4B), the differentiation ability of DiMDI was higher than that of
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Figure 3. Construction of DiMDI using selected microbial biomarkers

(A) Venn diagram showing the genera identified by four different feature selection methods.

(B) Heatmap illustrating the relative abundance of the selected microbial biomarkers across all samples.

(C) The calculated DiMDI and the relative abundance of the selected genera. The numbers within the figure represent p values obtained from the t test.
(D) Area under the curve (AUC)-receiver operating curve (ROC) for DiMDI and each individual genus for classifying UH from HC.

(E) Comparison of AUCs for DiMDI using either four or three markers.

(F) Comparison of AUCs for DiMDI with four markers and the relative abundance of Muribaculaceae. DelLong test was performed to compare AUCs.

the Shannon index within individual studies. These results suggested that our established DiMDI generally outperformed other microbial in-
dicators in distinguishing cases and controls.

Validation of DiMDI reproducibility on independent study

To evaluate the reproducibility of DiIMDI, we applied the fecal microbiome data from the independent study and monitored their DiMDI
values across the duration of DSS induction and recovery periods. Upon assessing the confusion matrix by computing DiMDI values
throughout the DSS treatment period (from TO to T2), we found that 4 out of 20 DSS-treated samples had DiMDI values below the established
cutoff of 0.335 (88.9% accuracy; Figure 5B). The four samples with out-of-range DiMDI values were T1 and T2 time points of two subjects that
were treated with 1% DSS. In addition, the confusion matrix for TO and T1 predicted two samples in the UH group as HC group (Figure S5A).
Otherwise, in T2 and T3, two false-positive samples and 1 false-negative sample were identified (Figure S5B). The PCoA plot showed that the
microbial community structure did not revert to the baseline even during the two-week recovery period post-DSS treatment (Figure 5C).
Moreover, the microbial communities immediately following five days of DSS treatment (T2) were found to be the most divergent from
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Figure 4. Comparative performances of DiMDI and other microbial indicators across study-specific scenarios

The boxplot depicts (A) DiIMDI, (B) the relative abundance of Muribaculaceae, (C) Shannon, (D) Chaol index, and (E) the Firmicutes/Bacteroidota ratio across the
two groups and studies. Wilcoxon signed-rank test was conducted to compare the two groups in each study. Significances were shown by n.s. (>0.05), *(<0.05),
**(<0.01), ***(<0.001), and ****(<0.0001).

the baseline. The same trend was observed in DiMDI, which exhibited higher values in T2 with dose-dependent changes, decreasing during
the recovery period toward a healthy microbial community (Figure 5E). By contrast, the Shannon diversity displayed a trend that appeared to
be independent of DSS treatment and duration (Figure 5D). The relative abundance of Muribaculaceae in T1 and T2 significantly differed
among the three groups (Figure Sé). Turicibacter showed dose-dependent trends in its relative abundance, but the relative abundance of
Alistipes had no significant trends across the time point and DSS concentration. These results indicated that the DiMDI has high robustness
and accuracy unlike those of other microbial indicators.

DISCUSSION

For many decades, animal models have been essential for disease research. Notably, studies on IBD using a DSS-induced mouse model are
the most popular in the field of intestinal microbiome research.'”?" However, it is challenging to guarantee high reproducibility in micro-
biome studies using mouse experiments because of small sample sizes and numerous batch effects such as sequencing depth and bioinfor-
matics analytical methods.'®"” In the present study, we introduced a reliable DiMDI that can assess the microbial dysbiosis status in the mouse
model. The DiMDI, an index with a high accuracy, was built using a total of four genera selected through biomarker selection methods, re-
flecting the multidimensional microbiome data. The DiMDI demonstrated strong robustness in the independent cohorts we studied with
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Figure 5. Validation of DiMDI on an independent study

(A) Schematic of the experimental design.

(B) Confusion matrix of the DiIMDI, based on a cutoff of 0.335, applied to subjects observed from TO to T2.

(C) Principal coordinate analysis (PCoA) depicting variation in mouse fecal microbiota across time points and DSS concentrations.

(D) Shannon index and (E) calculated DiMDI across time points and DSS concentrations. A Kruskal-Wallis test was used to compare three groups at each time
point. Significances were shown by n.s. (>0.05), *(<0.05), and **(<0.01).

pregnant mice. By utilizing the developed DiMDI, we could perform highly reproducible analysis in future related studies, even within small
individual laboratories. Furthermore, we propose a reproducible indicator for gut microbiome analysis by reassessing the ability of conven-
tional microbial ecological indices to predict intestinal bacterial imbalance.

With the advancement of sequencing technology in the biology field, research involving large amounts of data has become increasingly
prevalent. For transparency and data sharing, archives for storing sequencing data have been provided in NCBI SRA and EMBL-EBI.?**
Several journals have also recommended data deposition on public archives. In the present study, we collected this extensive amount of
data to establish a high-quality microbiome standard applicable in small-scale mouse experiments. However, we encountered two significant
challenges while collecting the fragmented datasets. First, for some reasons, approximately 120 out of the 487 studies we examined neither
shared their data nor provided adequate sample information. Second, the sequencing depth was insufficient possibly because of poor DNA
extraction or sequencing performance.”*

In practical terms, mouse experiments and sequencing can limit the resolution of experiments in small individual laboratories because of
their high costs and labor-intensive nature. We set the minimum sample size to six and a minimum read count of 2,500 with reliable conver-
gence in the rarefaction curves. Thus, with data that have been subjected to lower-level filtration, microbial dysbiosis can be identified in
mouse models even with constraints on sample size and sequencing output. Moreover, we opted to focus on microbial genera with a prev-
alence exceeding 50% to assure broad applicability across diverse experimental settings. Although this approach may compromise specificity
compared with species- or strain-level analysis, it carries the advantage of maintaining relevance across a wide range of experimental
conditions.

Microbiome data are noisy, sparse (zero inflated), and high dimensional; thus, statistical errors more likely occur in studies with small sam-
ple sizes than in studies with large sample sizes. To mitigate these issues, we applied four different feature selection methods. First, we used
the MaAsLin2, a method that can handle sparse data using clr-transformation and consider multivariates.”” Second, random forest modeling
was used to consider outliers by building multiple trees by using a subset data.”*?’ Third, to handle the high-dimensional microbiome data-
set, we considered multicollinearity through the L1-LASSO method.”® Lastly, we used ALDEx2, which was developed on the basis of the Di-
richlet-multinomial model, a model that enables significant feature selection even from the limited sample sizes.”” By opting for analytical
methods that consider the dataset intricately interact with meta-communities, we suggest biomarkers with high reproducibility, even in in-
dependent studies.

In the present study, the biomarkers selected for constructing DiMDI were Muribaculaceae, Alistipes, Bacteroides, and Turicibacter. Mur-
ibaculaceae and Alistipes had high abundances in the HC group. Muribaculaceae and Turicibacter are murine-specific genera, whereas
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Alistipes and Bacteroides are found in the human and murine gut. The selection of murine-specific biomarkers suggests that the DiMDI can
only be utilized for the DSS-induced mouse model. The lack of continuity between studies using mouse models and humans is due to the
inevitable differences between them.?*' For example, laboratory mice are fed a chow diet composed of plant materials, which differs
from the daily diet of humans. In addition, the mouse intestine differs significantly from the human intestine in physiology and anatomy,
thus mouse models cannot fully represent humans.*” Nevertheless, the selected genera showed consistent results with the previous studies
using the mouse model.

Several studies have reported that Muribaculaceae is negatively correlated with colitis.** Muribaculaceae has a strong correlation with pro-
pionate, which inhibits CD8" T cell activation to tolerate immune responses.”*> Thus, an increase in Muribaculaceae abundance may help
maintain gut homeostasis. Furthermore, Alistipes finegoldii is known as a protective species against colitis. Dziarski et al.* showed that treat-
mentwith A. finegoldii relieves colitis symptoms in mice induced with Bacteroides eggerthii, a species known to exacerbate colitis. Consistent
with this finding, our result confirmed an increase in the relative abundance of Bacteroides in the gut microbiota of the DSS-induced colitis
model. Turicibacter, which also showed high abundance in other colitis mouse models, including those treated with DSS or antibiotics,>**/:%8
has yet to have its role in colitis fully understood. Therefore, on the basis of the four genera revealed by using large-high quality data, we
anticipate that understanding of colitis can be enhanced by revealing their interactions with the host and developing treatments that target
these biomarkers. In addition, DiMDI using these four genera shown high reproducibility in the independent study, so that DiMDI using four
genera can be broadly used in studies using the DSS-induced mouse models without new feature selection.

Assessing gut microbial dysbiosis based on individual biomarkers identified by feature selection may compromise reproducibility because
it does not reflect the high-dimensional characteristics of microbial networks. The gut microbiota is an intricate microbial ecological commu-
nity,>’ so that the colitis microbial dysbiosis may not be represented by the four selected biomarkers. Therefore, it is necessary to investigate
the interactions between the four biomarkers, other gut microbes, and the host. Alternatively, predicting colitis using DiMDI proved more
reliable than using individual biomarkers alone. Similarly, diversity indices, such as Shannon diversity and Chao1 index, had lower differenti-
ation abilities than the constructed DiIMDI. Moreover, the Firmicutes/Bacteroidota ratio showed the lowest accuracy for predicting colitis sta-
tus in the mouse model. Several studies have reported that the Firmicutes/Bacteroidota ratio may not be representative of the gut microbial
dysbiosis due to inconsistent results across studies.””** Microbial ecological indicators, such as Shannon diversity and Chao1 index, can be
influenced by the intensity of sampling, including sequencing depth.**** Therefore, these indicators may limit because they can only be in-
terpreted as relative comparisons between case-controls within a single cohort. Our results also revealed differences in the indices between
studies even though they belong to the same HC group. Moreover, these results were aligned with our independent study that used DSS-
induced pregnant mice. We observed that the DiMDI values changed in a dose-dependent manner, and the microbiome reverted to the
healthy structure during the recovery phase. Therefore, these results highlighted the necessity for a reevaluation of the scales used for assess-
ing microbial dysbiosis.

In conclusion, we extensively analyzed the gut microbiome in the DSS-induced mouse model, which is widely used in colitis-microbiome
studies, to avoid statistical and analytical errors that can occur in small-scale mouse experiments. Our high-quality analysis revealed significant
microbial biomarkers for determining DSS-induced microbial dysbiosis. Utilizing our developed DiMDI, we could achieve highly reproducible
interpretations in future related studies even within small individual laboratories. Furthermore, we propose a new indicator for gut micro-
biome analyses by re-evaluating the dysbiosis prediction performance of conventional microbial ecological indicators.

Limitations of the study

This study has several limitations. Fewer samples than those of meta-analysis in human microbiome studies were used. Despite our best ef-
forts to collect datasets, few mouse models were used in individual studies, and some samples had undergone diet interventions or treat-
ments, which limited our data compilation. In this study, the 16S amplicon sequencing data were applied. Given the increase in the number
of studies using shotgun metagenome sequencing over the past 5 years, tracking the functions of novel biomarkers has become possible
through analysis on a species or strain level. Undoubtedly, such detailed analysis is crucial to understanding their interactions with bacterial
hosts. However, instead of identifying novel bacteria, we aimed to provide an accurate dysbiosis baseline for enhancing its application in co-
litis alleviation studies, which still predominantly use amplicon sequencing data. Lastly, a pregnant mouse model was used for validation in our
independent cohort study, thereby posing another limitation. Although validation using mouse models without any environmental or biolog-
ical changes is ideal, the same level of reproducibility was achieved with the pregnant mouse model. For continuity in gut microbiome studies
between human and animal models, shotgun metagenome sequencing data should be collected from animal models in future studies.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

Study 1; Pan et al., 2020* SRA PRINAS562994
Study 2; Gu et al., 2020%° SRA PRJNA588979
Study 3; Chang et al., 2021 SRA PRIN589474
Study 4; Zhou et al., 2020 SRA PRIJNA607160
Study 5; Wu et al., 202147 SRA PRINA613584
Study 6; Chen et al., 2020 SRA PRJNA637805
Study 7; Zhou et al., 2021°' SRA PRINA663139
Study 8; Liu et al., 2021°° SRA PRINA682001
Study 9; Wu et al., 2022°° SRA PRINA765454
Study 10; Islam et al., 2022 SRA PRINA772551
Study 11; Wang et al., 2022°° SRA PRINA779815
Study 12; Hong et al., 2022°° SRA PRINA824237
Study 13; Wang et al., 2022°7 SRA PRINA845074
Study 14; Wu et al., 2019°° SRA PRINA542407
Study 15; Bai et al., 20197 SRA PRINA563762
Study 16; Li et al., 2020°° SRA PRINA598332
Study 17; Pi et al., 2022°' SRA PRINAG694703
Study 18; Wang et al., 2021¢? SRA PRINA706144
Study 19; Xu et al., 2021%* SRA PRINA738354
Study 20; Vicentini et al., 2022%* SRA PRINA755589
Study 21; Wang et al., 2021%° SRA PRINA760298
Study 22; Yang et al., 2022%° SRA PRJNA855543
Study 23; Wu et al., 2023°7 SRA PRINAB65924
This study SRA PRINA1012752

Experimental models: Organisms/strains

C57BL/6 J mice DooYeol Biotech N/A

Oligonucleotides

Primer: 16S rRNA V4 region forward: This study N/A
5'-CGCTCTTCCGATCTGTGNCAGCMGCCGCGGTRA-3
Primer: 16S rRNA V5 region reverse: This study N/A

5'-GTGCTCTTCCGATCCGYCWATTYHTTTRAGTTT-3'

Software and algorithms

QIIME 2 2023.05 Bolyen et al., 2019°° https://docs.qiime2.0rg/2023.05/
Deblur2 Amir etal., 20177

SILVA database Quast et al., 20137°

R studio v4.3.1 CRAN https://r-project.org

DiMDI (DSS-induced Microbial Dysbiosis Index) This study https://github.com/mjkim-micro/dimdi
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jae-Ho Shin
(jhshin@knu.ac kr).
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Materials availability

This study did not generate new unique reagents.

Data and code availability
e The raw sequencing data accession IDs of all publicly available fecal microbiota samples (and their corresponding studies) used in this
study are available in key resources table.
e |llumina Miseq sequences for the datasets used for DiMDI validation during the current study were publicly available as of the date of
publication. Accession number is listed in the key resources table.
e R codes for calculating DiMDI in the mouse model are available from Github (https://github.com/mjkim-micro/dimdi).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Data acquisition and quality control

The amplicon sequencing data of DSS-induced colitis mouse feces were collected through PubMed and Google Scholar for published studies
by using several keywords (e.g., “DSS,” “dextran sulfate sodium,” “gut microbiome,” “gut microbiota,” “colitis mouse model”). In studies
involving multiple samples taken per individual across different time points, the baseline and end-point samples were included during the
period of DSS treatment in the original study. Studies pertaining to diet or medication interventions, DSS intervention with solvents (e.g.,
DMSO), or those with fewer than 10 samples were excluded. Samples from mice that were <4 weeks of age were also excluded from our anal-
ysis. Raw sequence files (.fastg) were downloaded from the NCBI Sequence Read Archive for the study analysis.

Animal and housing
All the mice were kept in conditions that were identical with respect to their environment, food, light, and temperature. All animal experi-
mental procedures were approved by the Institutional Animal Care and Use Committee of Kyungpook National University (IACUC No.,
KNU-2021-0133). The ARRIVE1 reporting guidelines were implemented, and pregnant female C57BL/6 J mice were used for this study.
The mice were housed in a specific pathogen-free environment with a 12-hour light/dark cycle, 45%-65% relative humidity, and 20°C-24°C
ambient temperature in open or individually ventilated cages with wood shavings for bedding and nesting materials in groups of <6 animals.
The mice had ad libitum access to tap water and standard rodent chow (2018 Teklad Certified Irradiated Global 18% protein [Envigo, Indian-
apolis, IN, USA]). The pregnant female mice were induced with 1% and 1.5% DSS for 5 days in the second trimester of pregnancy (Figure 5A).
Fecal samples were collected before (T0), during (T1), and after (T2) DSS treatment during pregnancy, and 1 (T3) and 2 weeks (T4) after post-
natal recovery.

METHOD DETAILS

DNA extraction and sequencing

Fecal microbial DNA was extracted from each sample with the QlAamp PowerFecal Pro Kit (Qiagen, Germany) following the manufacturer’s
instructions. The quantity of the extracted DNA was measured using Qubit Flex Fluorometer (Thermo Fisher Scientific, USA). The 16S rRNA
gene of the samples was amplified at the V4-V5 hypervariable region by using the 515F (5'-barcoded-CGCTCTTCCGATCTGTGN
CAGCMGCCGCGGTRA-3) forward primer attached to a 5' lllumina adapter and the 907R (5'-barcode-GTGCTCTTCCGATCCGYCWAT
TYHTTTRAGTTT-3') indexed reverse primer. Amplicon sizes and concentrations were measured using an Agilent 2100 bioanalyzer (Agilent
Technologies, USA) and Qubit Flex Fluorometer (Thermo Fisher Scientific, USA), respectively. Each amplified 16S rRNA gene library was
diluted and pooled together. Sequencing was performed using the lllumina Miseq platform with MiSeq Reagent Kit v2 (300-cycle kits) at
the KNU NGS Core Facility (Daegu, South Korea).

Data processing

Raw reads were processed using Quantitative Insights into Microbial Ecology 2 (QIIMEZ2; ver. 2023.5) software.®® Quality check, trimming, and
denoising were conducted using Deblur.” The sequences with low quality (<Q30) and read counts (<2,500) were excluded. Amplicon
sequence variants (ASVs) were identified microbial taxonomic levels by using the SILVA database and the naive Bayes pre-trained QIIME2
classifier.”® Mitochondrial, chloroplast, and unclassified/unassigned sequences were removed from the assessed ASVs. Studies with fewer
than six samples were excluded after they were processed. All sequencing data were separately processed for each study; statistical analysis
was conducted using ‘giime feature-table merge’ command.

Construction of the DiMDI model

Microbial biomarkers were identified using genera in the mouse fecal microbiota. First, unclassified or unknown genera were excluded. Rare
genera with low abundance (<0.1%) or prevalence (<50%) were filtered (196 genera) to increase the reproducibility of the model. Then, four
different statistical analyses (ALDEx2, random forest, MaAsLin2, and L1-regularized [LASSQO] logistic regression) were performed to discover
the microbial biomarkers.”>?¢?%?74% The feature selections using ALDEx2, MaAsLin2, and L1-regularized (LASSO) logistic regression were
performed with default parameters. In particular, the significant features were selected based on Benjamini-Hochberg corrected p-value

iScience 27, 108657, January 19, 2024 13



https://github.com/mjkim-micro/dimdi

¢? CellPress iScience
OPEN ACCESS

for ALDEx2 and MaAsLin2. MaAsLin2 further evaluated the significant features by using linear regression model. In the L1-LASSO logistic
regression, the significant features were selected using a regularization parameter that constructs the most accurate model. For feature se-
lection using random forest, the entire sample set was randomly divided into training and test sets. The training performance was evaluated
by 5-run 10-fold cross-validation, with the automatic execution of hyperparameter tuning. An initial model was constructed to calculate impor-
tance based on the mean decrease in Gini score, indicating the purity of classification splits for given variables, by using all bacterial genus
variables. Features were incrementally added to the model based on their importance, and the best final model was selected by calculating
the area under curve (AUC) of the receiver operating characteristic (ROC) curve. Among the genera chosen by four feature selection methods,
DiMDI was constructed using the genera that were chosen by three or more methods concurrently. The DiMDI was calculated by the modified
equation based on the previous study:”

2_ Relative abudnance(DSS colitis enriched)i
DiMDI = logq 1 + ——"
<‘I + Y Relative abundance(Healthy enriched)j)

J=m

where  Relative abudnance(DSS colitis enriched)i is the relative abundance of genera enriched in DSS colitis feces,
Relative abundance(Healthy enriched)j is the relative abundance of genera enriched in healthy feces, and the constant 1 is added to avoid
zero values. R scripts for calculating DiMDI in the mouse model are available at GitHub (https://github.com/mjkim-micro).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses and visualizations were conducted in the R studio (v4.3.1; http://www.r-project.org/). The principal coordinate analysis
(PCoA) based on Bray—Curtis dissimilarity distance matrix was performed using vegan (v2.6-4) and phyloseq (v1.44.0) R packages. Compar-
isons between the HC and UH groups were performed using a T-test. The correlation between the concentration of DSS induction and alpha
indices (Shannon and Chao1) was measured by Pearson’s correlation coefficient and visualized by ggpubr (v0.6.0). Microbial biomarkers were
selected using randomForest (v4.7-1.1), caret (v6.0-93), SIAMCAT (v2.2.0), ALDEx2 (v1.32.0), and MaAsLin2 (v1.14.1) R packages.”>%*""" The
ROC curve was constructed to evaluate the performance of the DiMDI and each marker. The performances in different models were
compared using DeLong'’s test. These performance evaluations were conducted using the multipleROC (v0.1.0) R package. Wilcoxon signed
rank test was used to compare the HC and UH groups within each study. The three groups in the independent cohort were compared using
the Kruskal-Wallis test, and post-hoc comparisons were performed using Dunn’s test. The confusion matrix was generated by the caret R
package.

14 iScience 27, 108657, January 19, 2024


https://github.com/mjkim-micro
http://www.r-project.org/

	ISCI108657_proof_v27i1.pdf
	Microbial dysbiosis index for assessing colitis status in mouse models: A systematic review and meta-analysis
	Introduction
	Results
	Meta-dataset of integrated mouse fecal microbiome data
	Distinct microbiome in feces from mice with and without DSS induction
	Construction of DiMDI for identifying microbial dysbiosis in the mouse model
	Comparison of performances between DiMDI and other microbial indicators
	Validation of DiMDI reproducibility on independent study

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Data acquisition and quality control
	Animal and housing

	Method details
	DNA extraction and sequencing
	Data processing
	Construction of the DiMDI model

	Quantification and statistical analysis




