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Background: Sepsis is a life-threatening organ dysfunction caused by the host’s dysfunctional response to infection, which can cause
acute gastrointestinal injury (AGI). The gut microbiota is dynamic and plays a role in the immune and metabolic. The aim of this study
was to investigate the composition and function of gut microbiota in patients with sepsis, as well as the gut microbiome that may be
involved in the occurrence of AGI.

Methods: A total of 23 stool samples from healthy control individuals and 41 stool samples from sepsis patients were collected.
Patients with sepsis were followed up for one week to observe whether AGI has occurred. Finally, 41 patients included 21 sepsis
complicated with AGI (referred to as Com-AGI) and 20 sepsis without complicated with AGI (referred to as No-AGI). The gut
microbiota was analyzed by 16S rRNA gene sequencing, followed by composition analysis, difference analysis, correlation analysis,
functional prediction analysis.

Results: The diversity and evenness of gut microbiota were decreased in patients with sepsis. Compared with No-AGI, the gut
microbiota of Com-AGI has higher community diversity, richness, and phylogenetic diversity. Escherichia-Shigella, Blautia and
Enterococcus may be important indicators of sepsis. The correlation analysis showed that aspartate aminotransferase (AST) and
Barnesiella have the most significant positive correlation. Moreover, Clostridium_innocuum_group, Christensenellaceae R-7 group
and Eubacterium were all significantly correlated with LAC and DAO. Clostridium innocuum group, Barnesiella,
Christensenellaceac R-7 group and Eubacterium may play important roles in the occurrence of AGI in sepsis. PICRUSt analysis
revealed multiple functional pathways involved in the relationship between gut microbiota and sepsis, including starch degradation V,
glycogen degradation I (bacterial), Lipoic acid metabolism and Valine, leucine and isoleucine biosynthesis. BugBase analysis showed
that the gut microbiota with Aerobic phenotype may play an important role in sepsis.

Conclusion: Dysfunction of gut microbiota was associated with sepsis and AGI in patients with sepsis.

Keywords: sepsis, acute gastrointestinal injury, gut microbiota, PICRUS, classification model

Introduction

Sepsis is a global health care problem and remains the leading cause of death from infection.' Sepsis is a life-threatening
organ dysfunction caused by the host’s dysfunctional response to infection.” Acute gastrointestinal injury (AGI) is often
caused by serious illness such as infection, sepsis and shock.> Among the organ dysfunction caused by sepsis, the gut is
one of the most vulnerable organs.* More and more evidence suggests that gastrointestinal dysfunction is associated with
high mortality rates in patients with sepsis.>® Improving intestinal barrier damage is considered an important measure for
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treating sepsis.” Therefore, exploring the potential link between sepsis and AGI may contribute to the management and
treatment of patients.

Microbiota plays an important role in the maintenance of gastrointestinal physiology.” The gut microbiota is dynamic
and plays a role in the immune, metabolic, structural, and nervous systems of the human body.® It has been reported that
the regulation of the gut microbiota can significantly influence a variety of diseases, such as sepsis.”'® The alterations of
gut microbiota are associated with an increased susceptibility to sepsis and an increased risk of adverse consequences.'’
In addition, gut microbiota types or gut abundance of enterococci may be used as biomarkers for sepsis intensive care
unit patients to predict adverse outcomes.'*'* Moreover, regulating the gut microbiota through fecal microbiota
transplantation or supplementation with probiotics has beneficial effects in patients with sepsis.'*'> Thus, it can be
seen that identifying the potential gut microbiota of patients with sepsis is needed.

At present, 16S rRNA gene sequencing technology has become an important means of studying the composition and
distribution of microbial communities.'® In this study, 23 stool samples from healthy control individuals and 41 stool
samples from sepsis patients were collected. After one week of follow-up, it was found that 21 sepsis complicated with AGI
and 20 sepsis without complicated with AGI. Subsequently, 16S rRNA gene sequencing technology was used to investigate
the composition and function of gut microbiome. The aim of this study was to investigate the composition and function of

gut microbiota in patients with sepsis, as well as the gut microbiome that may be involved in the occurrence of AGI.

Materials and Methods

Patients

In this study, a total of 23 stool samples from healthy control individuals and 41 stool samples from sepsis patients
were collected. Samples were collected from patients with sepsis as soon as they were admitted to the intensive care
unit (ICU). AGI did not onset in patients with sepsis at the time of sample collection. The detailed information of the
individuals included in this study is shown in Table S1. Patients with sepsis were followed up for one week to
observe whether AGI has occurred. Finally, 41 patients included 21 sepsis complicated with AGI (referred to as
Com-AGI) and 20 sepsis without complicated with AGI (referred to as No-AGI). Detailed inclusion criteria for
patients were as follows (1) The diagnosis of western medicine conforms to the sepsis standard in the “Third Edition
International Consensus Definition of Sepsis and Infectious Shock”,'” and the definition and grading of AGI refer to
standards such as the “European Association of Critical Care Medicine’s Guidelines for the Definition and
Management of Acute Gastrointestinal Injury”;'® (2) Patient age >18 years old; (3) Patient has informed consent
and is willing to cooperate. Detailed exclusion criteria for patients were as follows (1) Patients diagnosed with
primary AGI or with primary diseases of the gastrointestinal system before the onset of sepsis; (2) Patients with
severe gastrointestinal bleeding and gastrointestinal tumors; (3) Patients with sepsis caused by acute abdomen and
abdominal infection; (4) Patients with previous gastrointestinal resection; (5) Patients with other malignant tumors;
(6) Patients with combined immune system defects, hematological diseases, liver and kidney dysfunction, and
abnormal coagulation function; (7) Pregnant women; (8) Patients with incomplete medical history information (such
as patients who have not completed treatment and are automatically discharged early). Healthy control individuals
(age >18 years old) were recruited.

lllumina MiSeq Sequencing

In this study, stool samples were collected for DNA extraction and detected by NanoDrop2000 and 1% agarose gel
electrophoresis. Subsequently, DNA amplification was performed using ABI GeneAmp®™ 9700. The experiment used
TransGen AP221-02: TransStart FastPfu DNA Polymerase 20 pL reaction system. Illumina’s TruseqTM DNA sample
Prep Kit was used to construct DNA library. The constructed library was denatured by sodium hydroxide to produce

single-strand DNA fragments. Then, sequencing was performed using the Illumina MiSeq platform.
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Data Processing

The raw data (FASTQ format) obtained from MiSeq sequencing needs to undergo quality control, splicing, and filtering
through FASTP (version V0.19.6) and FLASH (version V1.2.11). There may also be some polymerase chain reaction
(PCR) amplification and sequencing errors in the optimized sequence obtained after data quality control and splicing. The
sequence was further denoised by DADA?2 to obtain the real sequence information amplicon sequence variant (ASV) in
the sample. In order to obtain the species classification information corresponding to each ASV, species annotation
(reference database: Silval38, https://www.arb-silva.de/documentation/release-138/) was carried out based on QIIME2

(version 2022.2) software. The species annotation method and classification confidence are classified-sklearn (Naive
Bayes) and 0.7, respectively.

Diversity Analysis of Gut Microbiota

The vegan package was used for Pan/Core species analysis. Pan/Core species analysis was used to describe changes in
total species and core species populations as the sample size increases. The mothur software (version 1.30) was used for
alpha diversity analysis. The commonly used alpha diversity indices include sobs, chao, ace, shannon, simpson,
shannoneven, coverage and phylogenetic diversity (PD). Sobs, chao and ace indices were used to reflect community
richness. Shannon and simpson indices were used to reflect community diversity. Shannoneven indice was used to reflect
community evenness. Coverage index was used to reflect community coverage. PD index was used to reflect community
phylogenetic diversity. The Wilcoxon rank sum test was used to analyze the differences in alpha diversity indices
between groups. Subsequently, beta diversity analysis was also performed. Principal coordinate analysis (PCoA) can be
used to study the similarity or difference of sample community composition. The weighted UniFrac distance algorithm
was used to calculate the distance between samples. The ANOSIM was used to test differences between groups. In
addition, non-metric multidimensional scaling (NMDS) analysis was also performed.

Composition Analysis of Gut Microbiota

Community Circos diagram is a visual circle diagram that describes the corresponding relationship between samples and
microbial species. The Circos diagram not only reflects the proportion of dominant species in each group of samples, but
also reflects the distribution proportion of each dominant species in different groups.

Differential Analysis of Gut Microbiota Species

Based on community abundance data, Wilcoxon rank sum test was used to analyze gut microbiota with significant
differences between groups. The screening criteria is P <0.05. In addition, the Pearson correlation coefficient between
differential gut microbiota and clinical information was calculated using the corr.test function in R language.

Phylogenetic Investigation of Communities by Reconstruction of Unobserved States

(PICRUSt) Functional Prediction Analysis

PICRUSt2 (version 2.2.0-b) is a software that predicts functional abundance based on marker gene (16S/18S/ITS)
sequences. It supports prediction based on multiple gene family databases such as Kyoto Encyclopedia of Genes and
Genomes (KEGG), Clusters of Orthologous Group (COG) and MetaCyc. KEGG is an integrated database resource
composed of multiple databases such as KEGG module and KEGG pathway.'® Evolutionary genealogy of genes: Non-
supervised Orthologous Groups (eggNOG) is an internationally recognized professional annotation database for homo-
logous clustering gene groups, including functional classifications from original COG/KOG and taxonomic-based
functional annotations.”” MetaCyc is a metabolic pathway database.?’ The Wilcoxon rank sum test was used to analyze
the differences between groups.

BugBase Phenotype Prediction Analysis

BugBase (https://bugbase.cs.umn.edu/documentation.html) is a microbiome analysis tool that can be used to identify high

levels of phenotypes present in microbiome samples. It includes 7 major phenotypes, biofilm forming, mobile element
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containing, pathogenic, gram positive, gram negative, oxygen utilizing (aerobic, anaerobic, facultatively anaerobic) and
oxidative stress tolerant. The Wilcoxon rank sum test was used to analyze the differences between groups.

Model Prediction Analysis

The Random Forest package was used to establish diagnostic classification models. The random forest algorithm was
used to sort the importance of gut microbiota species from large to small according to the Mean Decrease Accuracy
value. Subsequently, adding one gut microbiota species at a time in a top-down forward-wrapper approach according to
the order of the random forest sorting results, and the area under curve (AUC) value was obtained by the 10-fold cross-
validation process. The optimal biomarkers were selected according to the maximum value of AUC. In addition, pROC
packets were used to perform receiver operator characteristic (ROC) analysis to verify the diagnostic accuracy of
diagnostic classification model. AUC > 0.7 indicates that the model has a very good diagnostic accuracy.*?

Statistical Analysis

The Shapiro test function was used to test the normality distribution of clinical data. If the clinical data conforms to
normal distribution (P > 0.05), it was represented by the mean and standard deviation (SD). If the clinical data conforms
abnormal distribution (P < 0.05), it was represented by the median and interquartile range (IQR). Wilcoxon rank sum test
was used to analyze the difference of alpha diversity indices, gut microbiota, PICRUSt function and BugBase phenotypic
between groups. The Pearson correlation between differential gut microbiota and clinical information was calculated

using the corr.test function. P < 0.05 was considered statistically significant.

Results
Analysis of Clinical Data

In this study, a total of 23 healthy controls individuals and 41 patients with sepsis were included. Samples were collected
from patients with sepsis as soon as they were admitted to the ICU. Age, Acute Physiology and Chronic Health
Evaluation (APACHE)-II score, Sequential Organ Failure Assessment (SOFA) score, temperature, heart rate (HR),
respiratory rate (RESP), glucose (GLU), C-reactive protein (CRP), procalcitonin (PCT), cardiac troponin I (cTnl),
blood lactic acid (LAC), white blood cell (WBC), aspartate aminotransferase (AST), endotoxin, IL-6, D Lactate,
diamine oxidase (DAO) and multiple organ dysfunction syndrome (MODS) were significantly different between the
control and sepsis groups (Table 1). In addition, 41 patients included 21 Com-AGI and 20 No-AGI. SOFA score, CRP,
LAC, AST, endotoxin, IL_6, DAO, sepsis infection pathway, intra-abdominal pressure (IAP) and high blood pressure
(HBP, also known as hypertension) were significantly different between the Com-AGI and No-AGI groups (Table 2).

Table | Analysis of Clinical Characteristics of Control Individuals and Sepsis Patients

Variables Control (n=23) Sepsis (n=41) P value
Gender = male (%) 15 (65.2) 25 (61.0) 0.946
Age (median [IQR]) 59.00 [48.50, 64.00] 65.00 [57.00, 71.00] 0.025
BMI (median [IQR]) 24.40 [21.85, 27.70] 24.20 [21.80, 26.80] 0.922
APACHE-II score (median [IQR]) 3.00 [2.00, 4.00] 15.00 [13.00, 20.00] <0.001
SOFA score (median [IQR]) 0.00 [0.00, 0.00] 5.00 [4.00, 6.00] <0.001
Temperature (median [IQR]) 36.50 [36.40, 36.70] 36.90 [36.50, 37.40] 0.014
HR (median [IQR]) 72.00 [67.50, 77.50] 102.00 [91.00, 119.00] <0.001
RESP (median [IQR]) 18.00 [18.00, 19.00] 22.00 [20.00, 30.00] <0.001
SBP (median [IQR]) 125.00 [121.00, 130.00] | 131.00 [111.00, 159.00] 0.363
MAP (median [IQR]) 90.00 [88.00, 93.50] 95.00 [80.00, 105.00] 0.159
GLU (median [IQR]) 5.92 [5.06, 7.06] 8.61 [5.86, 12.07] 0.001
(Continued)
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Table | (Continued).
Variables Control (n=23) Sepsis (n=41) P value
CRP (median [IQR]) 3.11 [2.44, 4.22] 75.40 [33.34, 133.80] <0.001
PCT (median [IQR]) 0.01 [0.01, 0.01] 1.20 [0.29, 6.30] <0.001
ALT (median [IQR]) 25.00 [22.00, 27.50] 25.50 [16.10, 48.60] 0.471
cTnl (median [IQR]) 0.00 [0.00, 0.00] 0.02 [0.01, 0.07] <0.001
LAC (median [IQR]) 0.60 [0.40, 0.80] 2.20 [1.40, 3.70] <0.001
WBC (median [IQR]) 5.98 [5.48, 7.32] 891 [5.84, 12.44] 0.004
AST (median [IQR]) 28.00 [24.50, 31.50] 38.60 [23.90, 63.00] 0.048
Endotoxin (median [IQR]) 6.13 [4.00, 8.30] 21.19 [16.74, 24.35] <0.001
IL-6 (median [IQR]) 1.90 [1.60, 2.10] 15.90 [2.50, 52.00] <0.001
D_Lactate (median [IQR]) 2.40 [1.35, 3.00] 9.40 [5.05, 15.32] <0.001
DAO (median [IQR]) 4.60 [4.00, 6.70] 13.45 [8.75, 20.28] <0.001
HbAlc (median [IQR]) 5.90 [5.50, 6.35] 6.00 [5.40, 7.20] 0.889
IAP (mean (SD)) 10.61 (4.02)
MODS = Yes (%) 0 (0.0) 13 (31.7) 0.007
HF = Yes (%) 0 (0.0) 8 (19.5) 0.061
DM = Yes (%) 6 (26.1) 15 (36.6) 0.561
HBP = Yes (%) 4 (17.4) 9 (22.0) 0911
Smoke = Yes (%) Il (47.8) 10 (24.4) 0.101
Abbreviations: IQR, interquartile range; SD, standard deviation; BMI, body mass index; APACHE, Acute Physiology and
Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; HR, heart rate; RESP, respiratory rate; SBP,
systolic blood pressure; MAP, mean arterial pressure; GLU, glucose; CRP, C-reactive protein; PCT, procalcitonin; ALT,
glutamic-pyruvic transaminase; cTnl, cardiac troponin |; LAC, blood lactic acid; WBC, white blood cell; AST, aspartate
aminotransferase; DAO, diamine oxidase; HbAlc, glycated hemoglobin; IAP, intra abdominal pressure; MODS, multiple
organ dysfunction syndrome; HF, heart failure; DM, diabetes mellitus; HBP, high blood pressure.
Table 2 Analysis of Clinical Characteristics of Sepsis Complicated with AGI and Sepsis without
Complicated with AGI
Variables No-AGI (n=20) Com-AGlI (n=21) P value
Gender = male (%) Il (55.0) 14 (66.7) 0.656
Age (median [IQR]) 65.50 [59.75, 71.25] 65.00 [52.00, 69.00] 0.505
BMI (median [IQR]) 23.50 [22.38, 26.92] 24.70 [20.80, 26.00] 0.979
APACHE-II score (median [IQR]) 14.00 [12.00, 17.25] 16.00 [14.00, 22.00] 0.143
SOFA score (median [IQR]) 4.50 [4.00, 5.00] 6.00 [5.00, 8.00] 0.007
Temperature (median [IQR]) 36.80 [36.38, 37.05] 37.00 [36.50, 37.90] 0.195
HR (mean (SD)) 97.05 (22.43) 112.86 (27.19) 0.05
RESP (median [IQR]) 24.00 [16.75, 28.50] 22.00 [20.00, 30.00] 0.544
SBP (mean (SD)) 144.00 (33.31) 127.76 (35.19) 0.138
MAP (mean (SD)) 98.90 (18.48) 90.76 (24.25) 0.236
GLU (median [IQR]) 9.73 [6.13, 15.26] 7.30 [5.71, 11.66] 0.103
CRP (median [IQR]) 42.22 [24.87, 96.61] 87.66 [54.39, 145.16] 0.022
PCT (median [IQR]) 0.65 [0.21, 3.15] 2.70 [0.39, 15.00] 0.188
ALT (median [IQR]) 30.55 [17.50, 52.25] 25.50 [15.10, 44.30] 0.686
cTnl (median [IQR]) 0.02 [0.01, 0.03] 0.03 [0.02, 0.09] 0.098
LAC (median [IQR]) 1.75 [1.25, 2.38] 3.50 [2.00, 4.60] 0.004
WBC (median [IQR]) 9.30 [8.03, 13.46] 7.56 [4.73, 10.08] 0.103
AST (median [IQR]) 26.40 [23.10, 46.98] 61.00 [29.60, 85.20] 0.023
Endotoxin (median [IQR]) 17.80 [14.08, 21.01] 23.25 [21.19, 27.34] 0.002
IL_6 (median [IQR]) 11.30 [1.93, 26.27] 36.10 [7.20, 63.90] 0.042
D_Lactate (median [IQR]) 7.56 [4.76, 11.32] 12.73 [5.14, 24.27] 0.06
DAO (median [IQR]) 9.46 [6.98, 16.60] 16.91 [12.53, 22.23] 0.029
(Continued)
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Table 2 (Continued).

Variables No-AGI (n=20) Com-AGlI (n=21) P value
HbAIc (median [IQR]) 6.10 [5.65, 6.85] 5.70 [5.40, 7.20] 0.261
Sepsis infection pathway (%) 0.039
Pulmonary infection 14 (70.0) 6 (28.6)

Pulmonary and urinary system infections 2 (10.0) 0 (0.0)

Pulmonary origin infection 0 (0.0) 1 (4.8)

Submaxillary abscess I (5.0) 0 (0.0)

Urinary system infection I (5.0) 4 (19.0)

Traumatic infection 0 (0.0) 2 (9.5)

Hematogenous infection 2 (10.0) 8 (38.1)

IAP (mean (SD)) 8.90 (2.75) 12.24 (4.40) 0.006
MODS = Yes (%) 5 (25.0) 8 (38.1) 0.572
HF = Yes (%) 6 (30.0) 2 (9.5) 0.208
DM = Yes (%) 8 (40.0) 7 (333) 0.906
HBP = Yes (%) 0 (0.0 9 (42.9) 0.003
RIB = No (%) 20 (100.0) 21 (100.0) NA
Smoke = Yes (%) 2 (10.0) 8 (38.1) 0.084

Abbreviations: IQR, interquartile range; SD, standard deviation; BMI, body mass index; APACHE, Acute Physiology and
Chronic Health Evaluation; SOFA, Sequential Organ Failure Assessment; HR, heart rate; RESP, respiratory rate; SBP, systolic
blood pressure; MAP, mean arterial pressure; GLU, glucose; CRP, C-reactive protein; PCT, procalcitonin; ALT, glutamic-pyruvic
transaminase; cTnl, cardiac troponin I; LAC, blood lactic acid; WBC, white blood cell; AST, aspartate aminotransferase; DAO,
diamine oxidase; HbAlc, glycated hemoglobin; IAP, intra abdominal pressure; MODS, multiple organ dysfunction syndrome;
HF, heart failure; DM, diabetes mellitus; HBP, high blood pressure; RIB, rest in bed.

Diversity Analysis of Gut Microbiota in Different Groups

In Pan/Core analysis, with the number of samples increased, the total number of microbiota species was higher. However,
with the number of samples increased, the number of core microbiota species was lower (Figure S1). Alpha diversity
analysis showed that shannon in the sepsis group was lower than that in the control group, while simpson was higher than
that in the control group, indicating that the community diversity in the sepsis group was lower than that in the control
group (Figure 1A and B). In addition, the shannoneven of the sepsis group was lower than that of the control group,
indicating that the community evenness of the sepsis group was also lower than that of the control group (Figure 1C).
Subsequently, the alpha diversity was also analyzed in the Com-AGI and No-AGI groups. The ace, chao and sobs of the
Com-AGI group were higher than that of the No-AGI group, indicating that the community richness of the Com-AGI
group was also higher than that of the No-AGI group (Figure 1D-F). The PD of the Com-AGI group was higher than that
of the No-AGI group, indicating that the community phylogenetic diversity of the Com-AGI group was also higher than
that of the No-AGI group (Figure 1G). The shannon in the Com-AGI group was higher than that in the No-AGI group,
while simpson was lower than that in the No-AGI group, indicating that the community diversity in the Com-AGI group
was higher than that in the No-AGI group (Figure 1H and I). The coverage of the Com-AGI group was lower than that of
the No-AGI group, indicating that the community coverage of the Com-AGI group was also lower than that of the No-
AGI group (Figure 1J). These results imply that patients with high diversity, richness, and PD may be more prone to
AGI. Subsequently, beta diversity analysis was also performed. The results of PCoA and NMDS analysis showed that the
distribution between the healthy control and sepsis groups was significantly different (Figure 2A and B). However,
the difference between the Com-AGI and No-AGI groups was not significant (Figure 2C and D). It is indicated that the
structure of gut microbiota was significantly different between the healthy control and sepsis groups.

Composition Analysis of Gut Microbiota in Different Groups

Circos diagram showed that the dominant gut microbiota at the phylum level of the healthy control and sepsis groups
were Firmicutes, Proteobacteria, Actinobacteriota, Bacteroidota and Verrucomicrobiota (Figure 3A). Circos diagram also
showed that the dominant gut microbiota at the phylum level in the No-AGI group were Firmicutes, Proteobacteria,
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Figure | Alpha diversity analysis in healthy control, sepsis, Com-AGI and No-AGlI groups. (A) Difference analysis of shannon index between healthy control and sepsis
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analysis of shannon index between Com-AGI and No-AGlI groups; (1) Difference analysis of simpson index between Com-AGI and No-AGI groups; (J) Difference analysis of
coverage index between Com-AGI and No-AGlI groups.

Verrucomicrobiota, Actinobacteriota and Bacteroidota, but the dominant gut microbiota at the phylum level in the Com-
AGI group were Firmicutes, Proteobacteria, Bacteroidota, Actinobacteriota and Patescibacteria (Figure 3B). At the same
time, Circos diagram at the genus level was also drawn. The dominant gut microbiota at the genus level of the healthy
control group were Faecalibacterium, Escherichia-Shigella, Klebsiella, Blautia and FEubacterium_ hallii_group
(Figure 3C). The dominant gut microbiota at the genus level of the sepsis group were Escherichia-Shigella,
Enterococcus, Romboutsia, Klebsiella and Blautia (Figure 3C). The dominant gut microbiota at the genus level of the
No-AGI group were Escherichia-Shigella, Enterococcus, Romboutsia, Klebsiella and Akkermansia (Figure 3D). The
dominant gut microbiota at the genus level of the Com-AGI group were Escherichia-Shigella, Romboutsia, Enterococcus,
Klebsiella and Blautia (Figure 3D). In addition, Circos diagram at the species level was also drawn (Figure 3E and F).
However, at the species level, most gut microbiota have not been classified, and the corresponding species cannot be
determined.

Differential Analysis of Gut Microbiota Species at Phylum and Genus Levels
The Wilcoxon rank sum test showed that only Desulfobacterota and Firmicutes had significant differences at the phylum
level between the healthy control and sepsis groups (Figure 4A and B). The Wilcoxon rank sum test also showed that
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Figure 2 Beta diversity analysis. (A) PCoA analysis between healthy control and sepsis groups; (B) NMDS analysis between healthy control and sepsis groups; (C) PCoA
analysis between Com-AGI and No-AGI groups; (D) NMDS analysis between Com-AGI and No-AGI groups.

only Bacteroidota had a significant difference at the phylum level between the Com-AGI and No-AGI groups
(Figure 4C). At the genus level, 85 gut microbiota species were significantly different between healthy control and
sepsis groups, such as Escherichia-Shigella, Faecalibacterium, Blautia, Enterococcus and Eubacterium_hallii_group.
Histogram was drawn for the top 30 species with significant differences at the genus level (Figure 4D). At the genus
level, 29 gut microbiota species were significantly different between Com-AGI and No-AGI groups, such as Bacteroides,
Clostridium_innocuum_group, Barnesiella, Christensenellaceaec R-7 group and Eubacterium. Histogram was drawn for
all species with significant differences at the genus level (Figure 4E). Subsequently, Pearson correlations between
differential clinical information and differential gut microbiota species at the genus level were analyze (Figure S2).
Correlation analysis showed that endotoxin, APACHE-II score, SOFA score and HR were associated with a variety of
different gut microbiota species between healthy control and sepsis groups, while cTnl, IL 6, PTC and Age were
associated with less different gut microbiota species (Figure S2A). Moreover, correlation analysis showed that IAP, DAO

and lac were associated with a variety of different gut microbiota species between Com-AGI and No-AGI groups, while
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Figure 3 Circos maps of the predominant dominant gut microbiota species at phylum, genus and species levels in different groups. (A) Circos maps of the predominant
dominant gut microbiota species at phylum level in healthy control and sepsis groups; (B) Circos maps of the predominant dominant gut microbiota species at phylum level in
Com-AGI and No-AGlI groups; (C) Circos maps of the predominant dominant gut microbiota species at genus level in healthy control and sepsis groups; (D) Circos maps of
the predominant dominant gut microbiota species at genus level in Com-AGIl and No-AGI groups; (E) Circos maps of the predominant dominant gut microbiota species at
species level in healthy control and sepsis groups; (F) Circos maps of the predominant dominant gut microbiota species at species level in Com-AGI and No-AGlI groups.

SOFA score, IL_6 and AST were associated with less different gut microbiota species (Figure S2B). In addition, the
results of correlation analysis also showed that AST and Barnesiella have the most significant positive correlation.

PICRUSt Function and BugBase Phenotypic Prediction Analysis

In COG functional analysis, D (Cell cycle control, cell division, chromosome partitioning) function had the highest
significant difference between healthy control and sepsis groups (Figure SA and Table S2). In the metaCycle metabolic
pathway prediction analysis, the abundance of multiple pathways such as PWY-6737 (starch degradation V),
GLYCOCAT-PWY (glycogen degradation I (bacterial)) and PWY-5101 (L-isoleucine biosynthesis II) in the sepsis
group was lower than that in the healthy control group (Figure 5B and Table S3). In the functional units of KEGG
module, M00010 (Citrate cycle, first carbon oxidation, oxaloacetate => 2-oxoglutarate) and M00036 (Leucine degrada-
tion, leucine => acetoacetate + acetyl-CoA) was respectively the most significantly higher and lower functional
composition of gut microbiota in sepsis group (Figure 5C and Table S4). In the functional units of KEGG pathway,
ko00785 (Lipoic acid metabolism) and ko00290 (Valine, leucine and isoleucine biosynthesis) was respectively the most
significantly higher and lower functional composition of gut microbiota in sepsis group (Figure 5D and Table S5). In the
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Figure 4 Differential species analysis of gut microbiota at phylum and genus levels. (A) Difference analysis of Desulfobacterota between healthy control and sepsis groups;
(B) Difference analysis of Firmicutes between healthy control and sepsis groups; (C) Difference analysis of Bacteroidota between Com-AGI and No-AGlI groups; (D)
Differential species analysis of gut microbiota at genus level between healthy control and sepsis groups; (E) Differential species analysis of gut microbiota at genus level
between Com-AGI and No-AGlI groups; *, P <0.05; *¥, P <0.01; **, P <0.001.

BugBase phenotypic analysis, only Aerobic phenotype was significantly different between the healthy control and sepsis

groups (Figure S3).

Prediction Analysis of Diagnostic Classification Model

The random forest algorithm was used to sort the importance of gut microbiota species from large to small according to
the Mean Decrease Accuracy value (Figure 6A). Subsequently, it was found that the AUC value reached maximum when
the number of species reached 24 through 10-fold cross-validation process (Figure 6B). Therefore, these 24 genera were
considered to be the optimal biomarkers for sepsis. Then, a classification model was constructed based on 24 optimal
biomarkers, and ROC analysis was performed. The ROC result showed that the classification model had good diagnostic
accuracy (AUC = 0.948) in detecting sepsis (Figure 6C). In addition, the optimal biomarkers of Com-AGI were also
analyzed based on random forest. A total of 13 genera were considered to be the optimal biomarkers for Com-AGI
(Figure 6D and E). Similarly, a classification model was constructed based on 13 optimal biomarkers, and ROC analysis
was performed. The ROC result showed that the classification model also had good diagnostic accuracy (AUC = 0.818)
in detecting Com-AGI (Figure 6F).

Discussion
The diverse and balanced gut microbiota enhances the host’s immunity to gut and systemic pathogens. This disruption of
balance increases the susceptibility to sepsis and sepsis-related organ dysfunction, while the recovery of gut microbiota
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Figure 5 PICRUSt functional prediction analysis. (A) Difference analysis of COG functional composition of gut microbiota between healthy control and sepsis groups; (B)
Difference analysis of MetaCyc functional composition of gut microbiota between healthy control and sepsis groups; (C) Difference analysis of KEGG Module functional
composition of gut microbiota between healthy control and sepsis groups; (D) Difference analysis of KEGG Pathway functional composition of gut microbiota between
healthy control and sepsis groups. *, P <0.05; **, P <0.01; ***, P <0.001.

has a protective effect.”> A study has shown that there are significant dynamic changes in the gut microbiota of patients
with sepsis of different severity.”* Previous studies have found that the diversity and evenness of gut microbiota in sepsis
group are lower than that in healthy control group.”>?® In this study, shannon, simpson and shannoneven indices
suggested that the diversity and evenness of gut microbiota in sepsis group were lower than that in healthy control
group, which is consistent with previous reports. Among the organ dysfunction caused by sepsis, the gut is one of the
most vulnerable organs.* A study found that a higher AGI score was associated with an increase in sepsis mortality.*’
Moreover, changes in gut microbiota are associated with the severity of AGI in sepsis.”® At present, there are few studies
on early prediction of sepsis complicated with AGI, and there is a lack of effective biomarkers for early prediction and
diagnosis. Herein, at the genus level, 29 gut microbiota species were found to be significantly different between Com-
AGI and No-AGI groups, which provides potential research directions for future research.

The Firmicutes and Bacteroidota are the main component of healthy gut microbiota, and the ratio of Firmicutes to
Bacteroidota is associated with disease susceptibility.”” Previous studies have found that the abundance of Firmicutes in
the sepsis group is reduced.’®*' Moreover, its abundance increased in the sepsis group after treatment with related
drugs.>**? The Bacteroidota, also known as Bacteroidetes, is an anaerobic bacterium that plays a role in immunity and
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Figure 6 Construction of RF classification diagnosis models. (A) Rank the importance of the top 50 species of gut microbiota at the genus level in the healthy control and
sepsis groups; (B) The tendency chart of AUC along with the increase of gut microbiota species; (C) ROC analyzed the diagnostic accuracy of the classification model
composed of the top 24 genera; (D) Rank the importance of the top 50 species of gut microbiota at the genus level in the Com-AGI and No-AGlI groups; (E) The tendency
chart of AUC along with the increase of gut microbiota species; (F) ROC analyzed the diagnostic accuracy of the classification model composed of the top |13 genera.

infection.®® Tt is usually associated with gut inflammation, and its abundance is also different before and after the
treatment of sepsis.>**> In the Circos diagram, Firmicutes and Bacteroidota is a dominant species at the phylum level.
Moreover, the abundance of Firmicutes in the sepsis group was reduced compared to the control group, which is
consistent with previous studies. Meanwhile, the abundance of Bacteroidota in the Com-AGI group was increased
compared to the No-AGI group. Therefore, it is hypothesized that Firmicutes and Bacteroidota may play an important
role in the development of sepsis and the development of AGI in sepsis patients, respectively. The Desulfobacterota can
synthesize immunostimulatory endotoxin, its play a role in regulating SARS-CoV-2 mRNA vaccines immunogenicity.*®
In this study, the abundance of Desulfobacterota in the sepsis group was increased compared to the control group. This
suggested that the Desulfobacterota abundance anomalies may be associated with the occurrence of sepsis.

At the genus level, 85 gut microbiota species were significantly different between healthy control and sepsis groups,
such as Escherichia-Shigella, Blautia and Enterococcus. Escherichia-Shigella is considered a conditional pathogen that
causes infection and activates immune and inflammatory responses.’’** Gut microbiota imbalance is a hallmark of IgA
nephropathy patients, characterized by a significant expansion of the Escherichia-Shigella.’® The ratio of Escherichia-
Shigella associated with lipopolysaccharide production was elevated in rats with sepsis.*” Blautia is a genus of anaerobic
bacteria with probiotic characteristics and is widely present in the feces and intestines of mammals.*' Decreased levels of
Blautia are associated with intestinal inflammation and inflammatory bowel disease.**** Enterococcus inhabits the
intestines of almost all species, from insects to mammals, but its proportion in the gut microbiota of healthy individuals
is relatively small. It can cause intestinal inflammation by stimulating immune cells.** Moreover, it is also involved in the
occurrence of sepsis in infants.*> In addition, at the genus level, 29 gut microbiota species were significantly different
between Com-AGI and No-AGI groups, such as Clostridium_innocuum_group, Barnesiella, Christensenellaceae R-
7 _group and Eubacterium. The abundance of Barnesiella correlates with the number of immunomodulatory cells, such as
B cells and invariant natural killer T cells.*® Christensenellaceae R-7_group and Clostridium_innocuum_group are mostly
associated with metabolism.*”° Eubacterium can regulate intestinal inflammation through short-chain fatty acids, and also
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regulate bile acid metabolism to promote intestinal and liver health.’' Therefore, it is speculated that Escherichia-Shigella,
Blautia and Enterococcus may be important indicators of sepsis, and Clostridium_ innocuum_group, Barnesiella,
Christensenellaceae R-7 group and Eubacterium may play an important role in sepsis complicated with AGI.

PICRUSt analysis revealed multiple functional pathways involved in the relationship between gut microbiota and
sepsis, including cell cycle control, cell division, chromosome partitioning function, starch degradation V, glycogen
degradation I (bacterial), L-isoleucine biosynthesis II, Citrate cycle, first carbon oxidation, oxaloacetate=>2-oxoglutarate,
Leucine degradation, leucine => acetoacetatetacetyl-CoA, Lipoic acid metabolism and Valine, leucine and isoleucine
biosynthesis. The occurrence and development of sepsis are closely related to the disorder of carbohydrate metabolism.>*
Lipoic acid is involved in regulating inflammation and oxidative stress in patients with sepsis and is associated with
Staphylococcus aureus tissue infection during sepsis.’>>* A study based on metabolomics and proteomics reveals the
disorder of amino acid metabolism in sepsis.”> In addition, in BugBase phenotype analysis, only Aerobic phenotype was
significantly different between the healthy control and sepsis groups. This suggested that Aerobic phenotype may play
important roles in sepsis.

Random forest technology is a regression tree technique that uses bootstrap aggregation and randomization of predictors to
achieve high prediction accuracy.>® In this study, two random forest classification models were constructed based on gut
microbiota to distinguish between healthy controls and sepsis, as well as No-AGI and Com-AGI. In ROC analysis, AUC > 0.7
indicates that the model has a very good diagnostic accuracy.”? ROC analysis of the classification model of healthy control and
sepsis showed that the AUC value was 0.948. This implies that the model can accurately classify the healthy controls and
sepsis. Similarly, ROC analysis of the classification model of No-AGI and Com-AGI showed that the AUC value was 0.818.
This also implies that the model can accurately classify the No-AGI and Com-AGI.

However, this study also has certain limitations. Firstly, the causal relationship between the identified gut microbiota
and functional composition and sepsis or Com-AGI needs to be further investigated by functional experiments, such as
fecal transplant experiment. Secondly, the constructed classification model also needs to collect a large number of clinical
samples for further validation.

Conclusion

Compared with healthy control, the diversity and evenness of gut microbiota were decreased in patients with sepsis.
Escherichia-Shigella, Blautia and Enterococcus may be important indicators of sepsis. In addition, the functions of gut
microbiota that may be involved in the occurrence and development of sepsis were also found. Compared with No-AGI,
the gut microbiota of Com-AGI has higher community diversity, richness, and phylogenetic diversity.
Clostridium_innocuum_group, Barnesiella, Christensenellaceae R-7 group and Eubacterium may play important roles
in the occurrence of AGI in sepsis. Moreover, two random forest classification models were constructed based on gut
microbiota. The results of ROC indicated that classification models can accurately classify the healthy controls and
sepsis, as well as No-AGI and Com-AGI. In a word, our study extends the current knowledge on the role of gut
microbiota in sepsis and Com-AGI, and also provides guidance and theoretical knowledge for the regulation of gut
microbiota in the treatment of sepsis.
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