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Diminished representation of vitamin-B12-producing
bacteria in constipated elders with frailty

Luging Zhao," Xin Deng," Ning Ding," Yanzhen Liu," Yun Ma,? Jiake Li,” Shuging Wang,” Xingyu Ji,’
Jinjuan Wang,® Dianpeng Wang,® Yanhui Li,® Dan Dou," Xihan Zhu," Lixin Zhu,*>* and Shengsheng Zhang'-*

SUMMARY

Constipation and frailty are associated with intestinal dysbiosis. This study aims to identify intestinal micro-
bial signatures that can differentiate between constipated elders accompanied by frailty and those without
frailty. We collected stool samples from 61 participants and conducted 16S rRNA gene sequencing. Consti-
pated patients with frailty (Constipation_F) exhibited reduced gut microbial diversities compared to
constipated patients without frailty (Constipation_NF) and healthy individuals (C). From differential
genera, random forest models identified 14, 8, and 5 biomarkers for distinguishing Constipation_F from
Constipation_NF, Constipation_F from C, and Constipation_NF from C, respectively. Functional analysis
revealed that pathways (P381-PWY and PWY-5507) related to vitamin B12 synthesis were reduced in
Constipation_F, which aligns with the decreased abundances of vitamin-B12-producing Actinomyces and
Akkermansia in this group. Our study unveils substantial differences in gut microbiota between consti-
pated elders with frailty and those without, underscoring the diagnostic and therapeutic potential of
genera involved in vitamin B12 synthesis.

INTRODUCTION

Constipation, a common gastrointestinal condition among older individuals, poses various challenges such as discomfort, reduced mobility,
and potential complications.' A multicenter study reported that the prevalence of constipation among individuals aged 65 years and older is
17.60% in China,” highlighting the substantial burden this condition imposes on the elderly population. Given the worldwide aging demo-
graphic trends, addressing the prevalence and healthcare burden of constipation in the elderly is of paramount importance for public health
planning and resource allocation.” Further research and targeted interventions are essential to mitigate the impact of constipation on the
well-being of the elderly population.

Frailty, characterized by diminished physiological reserves and increased vulnerability to stressors,”® has been proved to be associated
with a higher prevalence of constipation among older individuals.”'® The constipation experienced by frail elderly individuals tend to be se-
vere and persistent, significantly impacting their quality of life.” Constipation in this population is characterized by distinct features that reflect
the complex interactions of physiological and lifestyle factors inherent in aging and frailty.!""'? Several factors contribute to these interactions.
Frailty often involves alterations in muscle tone, reduced physical activity, and changes in dietary habits, all of which can impact the normal
functioning of the gastrointestinal tract.'® On the other hand, frailty has been associated with disturbances in the gut microbiota.'""® Frailty is
frequently linked to systemic inflammation and immune dysregulation,’’"'® both affecting the composition and diversity of the gut micro-
biota.'” Thus, gut dysbiosis may participate in the pathomechanism of constipation with frailty.

In fact, dysbiosis has been implicated in constipation in general.”>?" Changes in the abundance of specific bacterial species and overall
microbial diversity can impact nutrient absorption efficiency, modulate gut motility, and influence the production of short-chain fatty acids
(SCFAs), all of which play a role in bowel motility and transit time."*?*?* Although the associations of gut microbiota both with constipation
and with frailty have been extensively investigated, a significant gap persists in our understanding of the microbial features in constipated
patients with frailty.

Therefore, the current study aims to examine the microbial structures and functions associated with constipation with or without frailty. We
identified microbial features that can precisely and efficiently differentiate between constipation with and without frailty. Further, functional
analysis revealed that the microbial features in constipation with frailty are characterized by reduced capacity in the production of vitamin B12.
Our findings could potentially lead to more effective interventions and therapies tailored to address constipation in frail individuals.
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Table 1. Characteristics of patients with constipation and healthy controls

Characteristic Constipation_F (n = 21) Constipation_NF (n = 25) C(n=15) p value®
Age, mean (SD), year 66.67 (5.55) 67.16 (5.25) 66.93 (4.36) 0.95

Sex

Female 16 (76.2) 18 (72.0) 10 (66.7) 0.82
Male 5(23.8) 7 (28.0) 5(33.3)

BMI, mean(SD) 24.41 (1.85) 23.58(1.85) 23.92 (1.49) 0.66

®p < 0.05 was considered statistically significant.

RESULTS
Characteristics of patients with constipation and healthy controls

Detailed characteristics for the three study groups Constipation_F, Constipation_NF, and C are summarized in Table 1. No difference was
observed regarding age, BMI, and gender ratio among the study groups.

The microbial ecology of constipation with and without frailty: An overview

All samples (n = 61) were adequately sequenced, with at least 34,518 sequencing reads per sample. From the raw sequencing reads, 1,382
ASVs in Constipation_F; 2,501 ASVs in Constipation_NF; and 1,771 ASVs in C were identified (Figure 1A). ASV abundance was significantly
lower in Constipation_F compared to Constipation_NF or C. The four dominant phyla—Firmicutes, Bacteroidota, Proteobacteria, and Actino-
bacteriota—accounted for 99.67%, 98.42%, and 96.72% of the microbiomes in Constipation_F, Constipation_NF, and C, respectively
(Figures 1B and S1).

Compared to Constipation_NF or C, Constipation_F exhibited lower levels of Firmicutes and Actinobacteriota. The abundance of Firmi-
cutes and Actinobacteriota progressively decreased with the occurrence of constipation and frailty. A small amount of Verrucomicrobiota (<
2.5%) was also detected in Constipation_NF and C. It is worth noting that Constipation_NF had a relatively high amount of Proteobacteria,
while Constipation_F showed a higher abundance of Bacteroidota. These findings highlight significant structural differences in the micro-
biome between constipated patients with and without frailty (Figure 1B).

Microbial diversities of the study groups were evaluated at the ASV level (Figures 1C and S2; Table S1). With the Pd metric of a-diversity
based on phylogenetic distances, significant reduction was observed in Constipation_F compared to Constipation_NF or C (Figure 1C). How-
ever, no significant difference was observed between Constipation_NF and C (Figure 1C). For diversities of the gut microbiota at the com-
munity level (B-diversity), principal coordinate analysis (PCoA) utilizing unweighted UniFrac distance revealed that B-diversities were different
among the study groups and that the majority of the samples clustered by health status (Figure 1D; R? = 0.1952, p = 0.001; Table S2), indicating
that health status was a major effect factor for the phylogenetic composition of these samples. From the clustering of the samples, it is
apparent that the B-diversity of the Constipation_F group was distanced from those of the other groups, which is consistent with the changes
in a-diversities. These findings demonstrate the presence of dysbiosis in Constipation_F.

Microbial features in Constipation_F and Constipation_NF

To identify microbial features associated with the disease status, the relative abundances of each genera were compared among the study
groups. Figure 1E shows the top 10 differentially abundant bacterial genera (p < 0.05) in the comparisons between Constipation_F and
Constipation_NF, between Constipation_F and C, and between Constipation_NF and C, respectively.

Between Constipation_F and Constipation_NF, most of the differentially abundant genera, such as Akkermansia and Faececalibacterium,
were significantly lower (p < 0.05) in Constipation_F, whereas Megamonas, Streptococcus, and norank_f_norank_o_Clostridia_UCG-014 were
more abundant in Constipation_F (p < 0.05) (Figure 1E; Table S3).

Similarly, between Constipation_F and C, eight out of ten differential genera were less represented in Constipation_F, including Acida-
minococcus and Akkermansia. In contrast, the abundance of Bacteroides and Phascolarctobacterium showed an increase in Constipation_F
(Figure 1E; Table S4).

Notably, many differential genera were observed between Constipation_NF and C (Figure 1E; Table S5), despite similar a-diversities and
B-diversities between these two groups.

Akkermansia and Streptococcus were significantly different in both Constipation_F versus C and Constipation_F versus Constipation_NF,
suggesting that they are characteristic genera for Constipation_F.

Microbial markers in the gut of constipated patients with or without frailty

We used random forest models to identify microbial markers that can distinguish between every two study groups. To this end, the entire
samples (n = 61) were partitioned into training cohorts (n = 44, consisting of 15 constipation-frail patients, 18 constipation-non-frail patients,
and 11 healthy individuals) and test cohorts (n = 17, including 6 constipation-frail patients, 7 constipation-non-frail patients, and 4 healthy
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Figure 1. Compositional differences in the gut microbiota among patients with constipation with frailty, constipation without frailty, and healthy
control

(A) The Venn diagram shows the total number of differential ASVs in the three study groups (Constipation_F, Constipation_NF, and C) and the amount of overlap
between every two groups.

(B) Relative proportions of microbiota of Constipation_F, Constipation_NF, and C at phylum level.

(C) a-diversities of the study groups. Plotted are phylogenetic distance (Pd)-based measurement of a-diversities. Boxplots represent the 25th—75th percentile of
the distribution; the median is shown as a thick line in the box; the error bars represent 1.5 times of IQR. Results for other a-diversity metrics are provided in a
supplementary file.

(D) UniFrac-based principle coordinates analysis: gut microbiomes clustered by health status. The B-diversity of the study cohort was evaluated by UniFrac-based
analysis.

(E) Relative abundances of the differential bacterial genera between every two study groups. The relative abundances of the genera were compared between
Constipation_F and Constipation_NF, between Constipation_F and C, and between Constipation_NF and C. Plotted are top 10 abundant genera among the
differential genera. The bar graphs on the left side indicate the relative proportions of the differential bacteria in the study groups, with 95% confidence intervals
and p values utilizing Wilcoxon rank-sum test shown on the right side. *p < 0.05; **p < 0.01; ***p < 0.001.

individuals). With the training cohorts, 57, 79, and 62 differentially abundant genera (p < 0.05) were identified between Constipation_F and
Constipation_NF, between Constipation_F and C, and between Constipation_NF and C (Figure S3; Tables S6, S7, and S8). To identify micro-
bial markers distinguishing Constipation_F from Constipation_NF, random forest model was constructed with the differential genera
between these two groups, as well as patient metadata features including age, sex, and BMI. Through stratified 10-fold cross-validation,
14 biomarkers were identified for distinguishing Constipation_F from Constipation_NF (Figure 2A). Similarly, eight and five biomarkers
were identified for distinguishing between Constipation_F and C and between Constipation_NF and C, respectively (Figures 2B and 2C).

Diagnostic values of the microbial markers

Next, we evaluated the diagnostic values of the identified microbial genera markers. Here, the diagnostic capability of the 14 genera markers
described previously (Figure 2A) was evaluated for differentiating between Constipation_F and Constipation_NF, in an RF model constructed
with the 14 biomarkers (Figure 2D). With 10-fold cross-validation using the same training and test cohorts described previously, the AUCs for
all training cohorts were 0.98 and above (Figure S4), indicating substantial responsiveness of the models to the biomarkers. Concurrently, the
AUCs in the test cohort was 0.98, demonstrating excellent generalizability and reliability of the RF model (Figure 2D). Similarly, the diagnostic
capabilities of the eight genera markers for Constipation_F versus C and five genera markers for Constipation_NF versus C were evaluated,
achieving AUCs of 0.75 and 0.71, respectively (Figures 2E and 2F).

Functional alterations in the gut of constipation with or without frailty

The gut microbiota plays a crucial role in regulating and sustaining host physiological functions.”* Given the compositional alterations in the
gut microbiome of patients with Constipation_F and Constipation_NF, we postulated that microbial functions in these patients were altered
accordingly. Therefore, the microbial functions in the study groups were assessed with PICRUSt2 and compared between the study groups.

Dozens of differential pathways were identified through comparison between Constipation_F and Constipation_NF, between Constipa-
tion_F and C, and between Constipation_NF and C (Figures 3A-3C; Tables 59, S10, and S11). These differential pathways were predominantly
associated with metabolic functions including the synthesis and metabolism of sugars, fatty acids, vitamins, amino acids, and nucleotides.
Particularly noteworthy were the common differential pathways, P381-PWY and PWY-5507, in Constipation_F versus Constipation_NF and
Constipation_F versus C, both linked to vitamin B12 synthesis (Figures 3A and 3B). Vitamin B12 is a vital water-soluble vitamin known to
ameliorate megaloblastic anemia, alleviate neurological lesions, and participate in fatty acid metabolic processes.””

Previous studies revealed that Actinomyces and Akkermansia have the capability to produce vitamin B12.**’ In our study, Actinomyces
and Akkermansia were identified as biomarkers in Constipation_F versus Constipation_NF, with lower abundances in Constipation_F for both
genera. To validate the reliability of the model, we performed ROC analysis for each of the biomarkers and found AUCs of 0.86 and 0.56 for
Akkermansia and Actinomyces in the test cohort, respectively (Figure S5; Table S12). Additionally, it is noteworthy that the abundance of
Akkermansia and Actinomyces exhibited a gradual decrease from C, to Constipation_NF, and then to Constipation_F (Figure 3D).

DISCUSSION

In this study, we observed that the structures and functions of the gut microbiota were significantly different between constipated elderly
patients with frailty and those without. We then identified disease-status-specific microbial markers that displayed potential diagnostic values
for distinguishing among Constipation_F, Constipation_NF, and healthy individuals with RF models. Importantly, the compositional and mi-
crobial function analysis consistently suggested reduced capacity in vitamin B12 production in the gut microbiota of frail constipation. Our
findings support a potential mechanism for reduced vitamin B12 mediating a causal role of dysbiosis in the pathogenesis of constipation.
Further investigation in this direction may lead to vitamin-B12-related, diagnostic markers and therapeutic targets for frail constipation.
Taxonomic analyses identified multiple microbial markers specific for frail constipation. Among these, two microbial genera, Akkermansia
and Actinomyces, have the capacity to distinguish Constipation_F from Constipation_NF, demonstrating potential value as microbial indica-
tors of frail constipation. Another outstanding observation was significant differences in the abundances of multiple genera between Con-
stipation_F and Constipation_NF, emphasizing distinct gut microbial profiles associated with frail and non-frail constipation. Additionally,
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Figure 2. Identification and evaluation of the microbial markers for Constipation_F and Constipation_NF
(A-C) Microbial markers of the study groups selected using random forest models. The three bar charts show the performances of the biomarkers in random
forest models for Constipation_F versus Constipation_NF, Constipation_F versus C, and Constipation_NF versus C.

(D-F) Receiver operating characteristic curves of test cohorts for distinguishing between Constipation_F and Constipation_NF, between Constipation_F and C,
and between Constipation_NF and C.
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Figure 3. Functional alterations in the gut microbiota of Constipation_F and Constipation_NF

(A) Differential pathways for Constipation_F versus Constipation_NF with vitamin B12 relevant pathways highlighted.
(B) Differential pathways for Constipation_F versus C with vitamin B12 relevant pathways highlighted.

(C) Differential microbial pathways between Constipation_NF versus C.
D)

D) The abundances of Akkermansia and Actinomyces in the study groups.*p < 0.05; **p < 0.01; ***p < 0.001; Wilcoxon rank-sum test.

itis interesting to note that the microbiota in non-frail constipation represents an intermediate state between those with frail constipation and
those participants who are healthy. These observations underscore the complexity of gut microbiota dynamics in constipated patients with or
without frailty.

With RF models, we identified a series of biomarkers associated with Constipation_F, Constipation_NF, and C. These markers could be
utilized for predicting and screening constipated patients with or without frailty. Notably, certain gut microbes, such as Cutibacterium (which
distinguishes C from the two constipation groups) and Dubosiella (which distinguishes Constipation_F from the other two groups), demon-
strate potential for broader applications (Figures 2A-2C and S3).

Two biomarkers, Cutibacterium and Ruegeria, were common for distinguishing Constipation_F versus C and Constipation_NF versus C
and thus may serve as general markers for constipation (Figures 2B and 2C). Cutibacterium was significantly less represented in patients
with constipation (Figure S3), and it is closely associated with skin diseases such as acne.”® Vanesa et al. propose that it has a significant cor-
relation with lactate producers and protein degraders.”” Ruegeria was considered as a gut pathogen, but its association with constipation
remains to be investigated.™

Three common biomarkers were observed in Constipation_F versus Constipation_NF and Constipation_F versus C, namely Dubosiella,
norank_f_Muribaculaceae, and Spiroplasma (Figures 2A, 2B, and S3). Capable of distinguishing Constipation_F from the other two groups,
these three biomarkers were identified as Constipation_F-specific markers. Studies have shown that Dubosiella has anti-aging functions, such
as reducing oxidative stress, improving vascular endothelial function, and reshaping gut microbiota.?’ These functions precisely explain the
susceptibility of the elderly to constipation with frailty. Muribaculaceae, a member of Bacteroidota, specializes in the fermentation of complex
polysaccharides and propionate production. Byron et al. discovered that the propionate produced by Muribaculaceae is associated with bet-
ter gut health and increased longevity in mice.* Spiroplasma, a member of the Tenericutes, is believed by some researchers to be a pathogen
for transmissible spongiform encephalopathies, but its role in gut microbiota remains to be investigated.*

There was no common microbial marker for distinguishing Constipation_F versus Constipation_NF and Constipation_NF versus C
(Figures 2A and 2C).

Functional analysis provides explanations for the differential microbial structures associated with distinct disease status. Of particular
importance, pathways P381-PWY and PWY-5507, both of which displayed reduced abundances in Constipation_F when compared to C as
well as Constipation_NF, are closely linked to vitamin B12 synthesis. This result brought our attention to the reduced abundances of Actino-
myces and Akkermansia in Constipation_F because these genera have the capability to synthesize vitamin B12.7*?” These results consistently
demonstrated reduced capability in vitamin B12 production in the microbiota of constipated elder patients with frailty.

Vitamin B12 plays a crucial role in various physiological processes, including its potential impact on gastrointestinal function, closely inter-
twined with constipation. The mechanistic relationship between vitamin B12 and constipation involves several pathways. (1) Neural regulation:
vitamin B12 is indispensable for the proper functioning of the nervous system, including the enteric nervous system that regulates bowel move-
ments.>* Deficiency in vitamin B12 may lead to neurological impairments, potentially affecting the motor function of the gastrointestinal tract.*®
(2) Fatty acid metabolism: vitamin B12 is intricately involved in fatty acid metabolism, a process known to play a crucial role in intestinal
motility.***” The deficiency of vitamin B12 may impact fatty acid metabolic processes, potentially leading to alterations in the efficiency of my-
ofiber metabolism and muscle mass.***” (3) SCFAs and gut microbiota: vitamin B12 deficiency may influence the production of SCFAs.***’
SCFAs, such as propionate, are crucial for maintaining gut health and regulating motility.*” Vitamin B12is also closely associated with frailty.
In individuals with insufficient levels of vitamin B12, symptoms like weakness, fatigue, and lethargy may arise due to the compromised ability of
the body to produce a sufficient number of healthy red blood cells.*> Anemia resulting from vitamin B12 deficiency can lead to reduced oxygen
transportto tissues, exacerbating feelings of weakness and fatigue.*“* Additionally, neurological consequences of vitamin B12 deficiency may
manifest as numbness, tingling, and muscle weakness.>>>" Adding to these findings, our research reveals an altered microbiome structure, with
reduced capability in vitamin B12 production in the gut of frail constipated patients, supporting the notion that diminished abundance in mi-
crobes producing vitamin B12 is a significant factor contributing to frail constipation in elderly patients. Therefore, supplementing with vitamin
B12 or specific bacterial strains known for synthesis of vitamin B12 may be a potential approach in treating patients with frail constipation.

Frail constipation, especially in elderly patients, can have a significant impact on their quality of life. Based on this study, we propose
several potential avenues for future research. First, multi-center cohort studies exploring the correlation between frailty, aging, and consti-
pation should be conducted, in order to investigate the relationship between aging and the prevalence of frail constipation and the effect
of frail constipation on the elderly. Second, the functions and mechanisms of specific gut microorganisms, such as how vitamin-B12-synthe-
sizing bacteria affect frail constipation, can be explored through intervention studies. In addition, the development of innovative microbe-
mediated therapeutic modalities is a very promising research direction. Gut microbiota with vitamin-B12-synthesizing function can be
used as a potential direction for the development of therapeutic drugs such as prebiotic drugs and microbiota transplantation.

In conclusion, our study introduces a novel perspective by focusing on the interplay between constipation, frailty, and the gut microbiota,
particularly in highlighting the diminished representation of vitamin-B12-producing bacteria in the gut of constipated elderly individuals with
frailty. While the relationship between gut microbiota and constipation has been explored, our research uniquely identifies specific microbial
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signatures that differentiate between constipated elderly with and without frailty. This targeted approach provides a more nuanced under-
standing of intestinal dysbiosis in the context of frailty and may lead to tailored interventions for this vulnerable population. The identification
of biomarkers through random forest models and the functional analysis of microbial pathways related to vitamin B12 synthesis represent
original contributions to the field.

Limitations of the study

Several limitations in the current study warrant consideration. Firstly, the cross-sectional nature of our study design hinders our ability to establish
causation or infer temporal relationships. Secondly, with 61 participants in total, there is a potential for overfitting with the area under the curve
(AUC) analysis. The high AUC values observed in our test data, while promising, may not be indicative of the model’s performance in a broader
population. To mitigate this risk, we have implemented stratified 10-fold cross-validation, which has shown robustness in our training and test
datasets. However, we recommend that future studies with larger sample sizes be conducted to confirm the generalizability of our identified
microbial markers and to ensure that the models developed are not overfitted to our specific cohort. Thirdly, while our functional analysis hints
at potential pathways associated with vitamin B12 synthesis, additional experimental validation is necessary to confirm these predictions.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Biological samples

Stool samples

Collected from participants

N/A

Critical commercial assays

QlAamp DNA Microbiome Kit
Agilent 2100 Bioanalyzer
2x Phanta Max Master Mix

GeneAmp 9700 polymerase chain reaction system

Qiagen (Hilden, Germany)
Agilent (Germany)
Vazyme (Nanjing, China)
ABI (USA)

Cat#51704

RRID: SCR_018043
Cat#P515-01

RRID: SCR_018436

Deposited data

Microbiome 16S rRNA sequence data

European Nucleotide Archive

PRJEB71623

Oligonucleotides

Barcode-indexed primers
341- F: 5"-ACTCCTACGGGAGGCAGCAG-3/;
806-R: 5-GGACTACHVGGGTWTCTAAT-3'

Sangon Biotech

Cat#F22FTSNCKF1957_BACtclvM

Software and algorithms

Qiime2 (version 2022.2) pipeline
mothur-1.30

R-3.3.1 (Vegan) package

Python 2.7 package

R-3.3.1 (stat) package

R-3.3.1 (random Forest) package

Phylogenetic Investigation of Communities by
Reconstruction of Unobserved States (PICRUSt2, v2.2.0-b).

Bolyen, E., 2019

Majorbio (Shanghai, China)
Majorbio (Shanghai, China)
Majorbio (Shanghai, China)
Majorbio (Shanghai, China)
Majorbio (Shanghai, China)
Douglas, G.M., 2020

https://qiime2.org
https://mothur.org/wiki/calculators/
https://cran.r-project.org/
https://www.python.org/downloads/
https://cran.r-project.org/
https://cran.r-project.org/

http://huttenhower.sph.harvard.edu/galaxy

Other

lllumina MiSeq platform
Majorbio Cloud platform

lllumina (San Diego, USA)
Majorbio (Shanghai, China)

https://cgi.uconn.edu/illumina-miseq/

https://cloud.majorbio.com

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Dr.Lixin Zhu (zhulx6@mail.sysu.

edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

e Data are available from the lead contact and corresponding authors. 16S rRNA gene reads are publicly available from the European
Nucleotide Archive under study project accession number PRJIEB71623 (European Nucleotide Archive: PRJEB71623).

e No original code was reported in this article.

e Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human subject

Patients with constipation and healthy people as control were enrolled in this study at Beijing Hospital of Traditional Chinese Medicine, Cap-
ital Medical University from December 2021 to February 2023.
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Selection criteria for our constipated patients included the following: age between 40 and 80 years, and diagnosis with functional consti-
pation based on Rome IV criteria (Mearin et al., 2016°"). The healthy controls were age, gender, and body mass index (BMI) matched with the
constipated patients.

All of the following were excluded: (1) stomach, small intestine, colon or rectum resection, colon or rectum cancer, inflammatory bowel
disease, insulin-dependent diabetes, and other diseases or conditions that strongly affect colonic transit; (2) used drugs that cause constipa-
tion; (3) underwent abdominal surgery within 3 months or plan to undergo abdominal surgery during the trial period; (4) had a history of
mental illness; (5) alcohol or drug abuse; (6) psychological, mental, or cognitive abilities, language expression abilities, and other conditions
that have been assessed by researchers as unable to cooperate in completing the task.

The diagnosis of frailty was based on an established frail scale (Morley et al., 2012°?), which consisted five items. Patients were classified as
frail if they exhibited three or more positive indicators on the frail scale. Thus, constipated patients were divided into two study groups: consti-
pated patients with frailty (Constipation_F) and constipated patients without frailty (Constipation_NF).

Ethics statement

The protocol involving participants in this study was approved by the Ethics Committee of Beijing Hospital of Traditional Chinese Medicine,
Capital Medical University (2022BL02-003-01). All subjects were voluntarily recruited and informed of the nature of the study before sample
collection with written informed consent obtained.

METHOD DETAILS
Clinical sample collection
The stool samples of constipated patients and healthy individuals were collected. Demographic information including age, gender, and BMI

was obtained during subject recruitment. We estimated the sample size based on previous research data. In total, 46 constipated patients (21
Constipation_F and 25 Constipation_NF) and 15 healthy controls (C) were included in this study.

16s rRNA gene sequencing

Stool samples were collected and stored in a sterile container at -80°C before microbiome analysis (Vandeputte et al., 2016™). DNA extraction
was performed utilizing the QlAamp DNA Microbiome Kit from Qiagen (Hilden, Germany). The concentration of bacterial DNA was deter-
mined using an Agilent 2100 Bioanalyzer (Agilent, Germany). The DNA samples were stored at -80°C until all samples were prepared for
sequencing. The V3-V4 region of the bacteria’s 16S rRNA was amplified through polymerase chain reaction with barcode-indexed primers
(341-F: 5-ACTCCTACGGGAGGCAGCAG-3" and 806-R: 5'-GGACTACHVGGGTWTCTAAT-3') using 2x Phanta Max Master Mix (Vazyme,
P515-01, Nanjing, China) on an ABI GeneAmp 9700 polymerase chain reaction system (USA). Agencourt AMPure XP beads were employed
for the purification of DNAs, which were subsequently dissolved in an Elution Buffer. Subsequently, the purified amplification products were
combined, and the paired ends were sequenced on an lllumina MiSeq platform (lllumina, San Diego, USA). Raw data underwent demultiplex-
ing, quality filtering, and splicing to yield clean data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Microbiome analysis was conducted using the Majorbio Cloud platform (https://cloud.majorbio.com).

Analysis of 16S rRNA gene sequencing data

Following demultiplexing, the resultant sequences underwent quality filtering using fastp (v0.19.6) and were then merged with FLASH v1.2.7
(Magoc et al.,, 2011>%). Subsequently, the high-quality sequences underwent de-noising utilizing the DADA?2 (Callahan et al., 2016™) plugin
within the Qiime2 (version 2022.2) pipeline with recommended parameters (Bolyen et al., 2019°°). This process achieves single-nucleotide
resolution based on error profiles within the samples. The sequences de-noised by DADA2 are commonly referred to as amplicon sequence
variants (ASVs). To mitigate the impact of sequencing depth on alpha and beta diversity measurements, the number of sequences from each
sample was rarefied to 34518, maintaining an average Good's coverage of 99.99%. Taxonomic assignment of ASVs was conducted using the
Naive Bayes consensus taxonomy classifier implemented in Qiime2 and silva138/16s_bacteria.

Statistical analysis

Employing mothur-1.30 and based on ASV information, we computed alpha diversity, encompassing the Pd metric (based on phylogenetic
distances), Sobs richness, ACE richness, Chao richness, Shannon index, Simpson index, and Good's coverage. Upon implementing un-
weighted-unifrac and adonis with 999 permutations, Principal Coordinates Analysis (PCoA) was utilized to evaluate the microbial community
similarity across diverse samples using the R-3.3.1 (Vegan) package. We analyzed the composition of community structures at the phylum level
across different groups and visually depicted the microbial abundance of each group using a community bar diagram. This visualization was
crafted using the Python 2.7 package. By conducting the Wilcoxon rank-sum test on the Majorbio Cloud Platform, differential genera between
two groups were determined, utilizing the R-3.3.1 (stat) package.
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A Random Forest (RF) model analysis was conducted on the Majorbio Cloud Platform. After generating an ASVs table for all participants, a
training cohort comprising 15 Constipation_F, 18 Constipation_NF, and 11 C was used for model construction. A test cohort, including 6 Con-
stipation_F, 7 Constipation_NF, and 4 C, was employed to validate the initial findings. Following the analysis of differentially abundant ASVs at
the genus level, we constructed the RF model using the R-3.3.1 (random Forest) package. The model utilized stratified 10-fold cross-validation
to distinguish between Constipation_F, Constipation_NF, or C. The features employed for model development including patient metadata
and differential ASVs at the genus level. Patient metadata features encompassed age, sex, and BMI. Stratified 10-fold cross-validation was
implemented to configure training and testing datasets. The "important features" were identified from the top-performing model, consisting
of both patient metadata and microbial features, while the top microbial features were designated as "biomarkers". Ultimately, the model’s
performance was evaluated using the Area Under the Curve (AUC).

The Function Prediction was carried out on the Majorbio Cloud Platform with ASV representative sequences as the basis, utilizing the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database through PICRUSt2 (Phylogenetic Investigation of Communities by Reconstruc-
tion of Unobserved States, v2.2.0-b) (Douglas et al., 2020°).
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