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bacterial strains with lipogenic effects
contributing to NAFLD in children

Jia Wei,1 Jiayou Luo,1 Fei Yang,2 Wen Dai,1 Xiongfeng Pan,1 and Miyang Luo1,3,*

SUMMARY

Gut microbiota is known to have a significant impact on nonalcoholic fatty liver disease (NAFLD), partic-
ularly in children with obesity. However, the specific functions of microbiota at the strain level in this pop-
ulation have not been fully elucidated. In this study, we successfully isolated and identified several
commensal gut bacterial strains that were dominant in children with obesity and NAFLD. Among these,
four novel isolates were found to have significant lipogenic effects in vitro. These strains exhibited a po-
tential link to hepatocyte steatosis by regulating the expression of genes involved in lipid metabolism and
inflammation.Moreover, a larger cohort analysis confirmed that these identified bacterial strainswere en-
riched in the NAFLD group. The integrated analysis of these strains effectively distinguished NASH from
NAFL. These four strains might serve as potential biomarkers in children with NAFLD. These findings pro-
vided new insights into the exploration of therapeutic targets for NAFLD.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) has been declared as the primary cause of chronic liver disease worldwide,1 and more than 30% of

children with obesity are suffering from NAFLD,2 representing a significant health burden to society.3,4 The pathogenesis of NAFLD in chil-

dren with obesity remains unclear, and there is no clarity on pharmacotherapy for childrenwith NAFLD.5,6 Therefore, it is essential to elucidate

the underlying mechanisms of NAFLD progression and to develop novel noninvasive biomarkers and therapeutic methods.

The gut microbiota is a diverse ecology that spans the length of the gastrointestinal tract and includes a variety of microorganisms such as

bacteria, archaea, bacteriophages, eukaryotic viruses, and fungi. Approximately 100 trillion bacteria comprise over 99% of the gut micro-

biota.7 It is now widely acknowledged that the gut microbiota influences physiological processes, including aging, digestion, absorption,

metabolism, and immune system function.8,9 Furthermore, this intricate community of microorganisms significantly influences the pathophys-

iology of various diseases, damaging the liver, gastrointestinal system, respiratory system, cardiovascular health, endocrine functions, and

more.10,11

The gut-liver axis has become a pivotal transducer for NAFLD over the last ten years.12,13 High throughput sequencing analysis (e.g., meta-

genomic analysis), a culture-independent technology, has greatly clarified the relationship between gut microbiota and NAFLD at the pop-

ulation level,14,15 and gut microbiota has emerged as a potential source of noninvasive biomarkers for NAFLD, especially in high-risk popu-

lations.16,17 For example, enrichment of genera such as Eubacterium, Bacteroides, Escherichia, Dorea, Anaerococcus, Peptoniphilus, and

Novosphingobium have been correlatedwithNAFLD in children.18–21 However, several factors continue to impact the accuracy of sequencing

technology, including different DNA extraction techniques, variations in primer usage, sequencing depth, and analysis methods, and it is

challenging to assign the sequencing results to specific live purified bacteria.22,23 Recent studies have usedmicrobial culturomics, a culturing

approach that uses multiple culture settings and sequencing technologies for bacterial identification.24–26 The cultures obtained from the

samples represent the ‘‘alive’’ disease-associated bacteria, while even the most advanced sequencing techniques are unable to differentiate

between viable and ‘‘dead’’ bacteria.27–29 Indeed, the combination of culture techniques and 16S ribosomal RNA (16S rRNA) gene amplifi-

cation for bacterial identificationmay generate amore comprehensive profile of themicrobial community. This also provides opportunities to

study the mechanisms of certain microbial strains.24,30

Several studies have identified specific strains that probably contributed to metabolic dysfunctions or hepatic steatosis. The publicly avail-

able strain of Bilophila wadsworthiaATCC 49260 andClostridium ramosumDSM1402may exacerbate obesity or metabolic impairments.31,32

Klebsiella pneumonia strains W14 and TH1 identified in adults with auto-brewing syndrome likely induced hepatic steatosis by producing

ethanol.33 Generally, gut microbiota and derived metabolites influence the hepatic lipid metabolism and inflammatory response, which pro-

mote lipid degeneration in the liver and drive the pathogenesis of NAFLD.34,35 In addition, strains from different sources may result in
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inconsistent outcomes, and their diagnostic efficacy in NAFLD remains unknown. While most studies have focused on the association of gut

microbiota and NAFLD in adults, there has been little research in children. Moreover, the vital pathogenic strains associated with NAFLD in

children with obesity have not yet been identified and cultured. Therefore, it is necessary to isolate specific gut bacterial strains and explore

their lipogenic effects and mechanisms on the development of NAFLD in children.

In this study, we aimed to isolate and characterize the dominant gut bacterial strains from children with obesity and NAFLD using meta-

genomic and culturomic techniques. The commensal bacterial strains were extensively screened for lipogenic effects, and their potential

mechanisms contributing to NAFLD in vitro were investigated. Additionally, the associations of the identified bacterial strains and NAFLD

in children with obesity were validated in a larger cohort, and a discriminative model based on these identified strains was established.

This study may help reveal the pathogenic microbial profiles at the strain level and identify novel microbial biomarkers for NAFLD in children.

The workflow is shown in Figure 1.

RESULTS

Metagenomic-based taxonomic and functional analysis

Ten children with NAFLD were included in the first cohort, including four children with simple steatosis (NAFL) and six children with steato-

hepatitis (NASH). The characteristics of these typical patients are presented in Table S1 (see Table S1). All of the selected children weremale,

aged 8–13 years, obese, and present with hepatic steatosis. Children with NASH exhibited concentrations of alanine aminotransferase (ALT),

aspartate aminotransferase (AST), and triglycerides (TG) that exceeded the reference ranges. In contrast, most biochemical indices in children

with NAFL were within the normal range, except for systolic blood pressure (SBP). Metagenomic analysis was performed to describe the gut

microbial composition of these children. The reads number of individual samples ranged from 37,136,586 to 53,718,540. The rarefaction and

species accumulation curves suggested that the estimated species richness and sample size were approaching saturation (see Figure S1). The

composition of the gut microbiota in each child is shown in Figure 2 (Figure 2). At the genus level, the relative abundance of the top 20 taxo-

nomic profiles was Klebsiellas, Streptococcus, Enterobacter, Clostridium, Blautia, Bifidobacterium, Dorea, and Bacteroides, among others

(Figure 2A). Moreover, the relative abundance of the top 20 species was revealed, withMegamonas funiformis, Bifidobacterium adolescentis,

Klebsiella pneumoniae, Escherichia coli, Collinsella aerofaciens, and Prevotella copri as the dominant species (Figure 2B). In addition, we

explored the effect sizes (Cliff’s delta) for individual features at the genus level, and the results showed that Eubacterium, Enterococcus, Cro-

nobacter, Bifidobacterium,Megamonas, Klebsiella, Collinsellawere enriched in the NASH group, while the Bacteroides, Enterobacter, Clos-

tridium, Dorea, Subdoligranulum, Escherichia, Faecalibacterium, and Blautia were enriched in the NAFL group (Figure 2C). Moreover, the

effect sizes (Cliff’s delta) for individual features at the species level suggested that the Bifidobacterium bifidum, Collinsella aerofaciens, Bifi-

dobacterium longum, Dialister invisus, Klebsiella quasipneumoniae, Streptococcus salivarius, Enterococcus faecium, were enriched in the

NASH group. In contrast,Cronobacter sakazakii, Blautia obeum, E. coli, andDorea longicatenawere enriched in the NAFL group (Figure 2D).

In addition, the KEGG pathway analysis of microbial genes revealed that the bacterial carbon metabolism, amino acid metabolism, mem-

brane transport, and lipid metabolism were highly enriched (see Figure S2). Therefore, the gut microbiota might be active in energy absorp-

tion, fatty acid transport, and metabolism, all of which might affect the metabolism in the human body.

Culturomic-based bacterial analysis

To obtain gut bacterial strains for further investigation, we performed large-scale microbial cultivation of fecal samples from ten children with

obesity andNAFLD.We grew bacteria from fecal samples of children with NAFLDon different solidmedia under anaerobic conditions. These

Figure 1. Overview of the workflow
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media included a wide range of substrates with good recovery capability for the numerous anaerobic gut bacteria. Every single colony with a

distinctive morphology was identified according to the 16S rRNA sequences.We isolated 409 viable bacterial strains belonging to 27 genera,

and analyzed the percentage of each genus in fecal samples (Figure 3A). The proportion of isolated Bacillus, Clostridium, Dialister, Entero-

bacter, Enterococcus, Klebsiella, and Phascolarctobacterium was higher in the NASH group, while the proportion of isolated Bacteroides,

Citrobacter, Streptococcus, Weissella was higher in the NAFL group (Figure 3B). Furthermore, a maximum likelihood phylogenetic tree

was constructed based on these commensal bacterial strains’ 16S rRNA gene alignment (Figure 3C). In addition to a few unclassified strains,

most bacterial strains belonged to Streptococcus, Bacillus, and Escherichia genera. Notably, the genus Sutterella, classified as Proteobacteria

phylum, was successfully isolated and cultured in our work, although the metagenomic sequencing did not detect it. Moreover, we observed

the same dominant genera, such as Klebsiella,Clostridium, Enterococcus, and Bacteroides, through culturomic andmetagenomic-based an-

alyses (Figures 2C and 3B). It is likely that the enrichment of these opportunistic pathogens probably caused gut dysbiosis and intestinal dam-

age. These genera might represent the main risk factors through the gut-liver axis for NAFLD development.

Lipogenic effects of the isolated strains

We assessed the lipogenic effects of the isolated strains using HepG2 cell lines. Based on the dose-response experiment, we selected the

concentration of cell-free supernatants from cultured bacterial strains with the maximal non-suppressive effects for further experiments. After

screening the 409 isolated strains, we identified only four strains (named B6, R61, Y64, and Y129) that exhibited effects on lipid metabolism.

When compared to the negative control, these four bacterial strains induced lipid droplets in HepG2 cells (Figure 4A). The relative area of

lipids in the images of hepatocytes is shown in Figure S3 (see Figure S3). Among these strains, the B6 treatment group had a much higher

level of lipid accumulation, followed by the R61 group (Figure 4B). Additionally, we found that the lipogenic effects of these strains were lower

Figure 2. Metagenomic analysis of the fecal microbiota in children with obesity and NAFLD

(A) Top 20 genera identified through culture-independent sequencing.

(B) Top 20 species identified through culture-independent sequencing.

(C) Effect size of the genera estimated by Cliff’s delta analysis.

(D) Effect size of species estimated by Cliff’s delta analysis.
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than those of oleic acid (OA) and phenylacetic acid (PAA), which served as positive controls. The morphology of the lipid droplets induced by

these strains more closely resembled that of PAA. Furthermore, TG and total cholesterol (TC) levels in the bacterial cell-free supernatants

treatment group were significantly higher than those in the corresponding control group. In particular, the B6 and R61 treatment groups ex-

hibited higher levels of TG and TC than other groups, which was consistent with the results of Oil red O staining (Figure 4C).

Effects of the four specific bacterial strains on metabolism

To explore themechanisms of the lipogenic strains, we investigated the expression of lipid synthesis genes (SREBP1, SCD,ACC1, and FASN),

lipid oxidation genes (ACOX1,CPT1A, and PPAR-a), and inflammatory genes (TNF-a, IL-6) in HepG2 cells after stimulation with bacterial cell-

free supernatants. Overall, the expression of these genes showed a dose-dependent manner. The expression of lipid synthesis and inflam-

matory genes increased with the concentrations of bacterial strains (Figure 5). More specifically, strains B6 and Y64 appeared to have a great

ability to activate the expression of lipid synthesis genes and suppress the expression of lipid oxidation genes (Figures 5A and 5B). Most of the

bacterial strains inhibited the expression of lipid oxidation genes, except for strain Y129.When the HepG2 cells were treated with strain Y129,

the expression of some lipid oxidation genes (CPT1A and PPAR-a) and inflammatory genes (IL-6) were up-regulated, while the expression of

ACOX1 and TNF-a was down-regulated (Figure 5C). In addition, the treatment with strain B6, Y64, and R61 cell-free supernatants increased

the expression of TNF-a and IL-6 (Figures 5A, 5B, and 5D).

Phylogenetic analysis of the four bacterial strains with lipogenic effects

The four specific bacterial strains with lipogenic effects were successfully identified through phylogenetic analysis based on their 16S rRNA

sequences. Strain B6 was classified as Enterococcus genus and closely resembled Enterococcus faecium HBUAS66133. Strain R61 was iden-

tified as the Streptococcus genus, with a sequence similar to Streptococcus oralis subsp. Tigurinus 7117668. Strain Y64 was classified as the

Escherichia genus, similar to Escherichia coli ATCC 8739. Additionally, strain Y129 was affiliated with the Klebsiella genus and closely resem-

bled K. pneumoniae F42 (Figure 6). Therefore, the four bacterial strains with lipogenic effects were named Enterococcus sp. B6 (Figure 6A),

Streptococcus sp. R61 (Figure 6B), Escherichia sp. Y64 (Figure 6C), and Klebsiella sp. Y129 (Figure 6D), respectively. The Enterococcus sp. B6

and Streptococcus sp. R61 were gram-positive bacteria, while Klebsiella sp. Y129 and Escherichia sp. Y64 were gram-negative bacteria.

Associations of the four specific bacterial strains and children with NAFLD

We further investigated the biological relevance of these specific strains and childhood NAFLD using a second validation cohort to validate

our findings. A total of 161 children with obesity were included, comprising 59 children with simple obesity (termed as Control), 59 children

with obesity and NAFL (termed as NAFL), and 43 children with obesity and NASH (termed as NASH). The characteristics of these participants

are shown in Table S2 (see Table S2). The levels of NAFLD-associated indicators, including ALT, AST, AST/ALT, TG, TC, high-density lipopro-

tein cholesterol (HDL-c), low-density lipoprotein cholesterol (LDL-c), C-peptide, and insulin, were statistically significant among the groups,

while age, gender, BMI, body fat, SBP, and diastolic blood pressure (DBP) did not significantly differ among the groups. Moreover, the abun-

dance of fecal Enterococcus sp. B6, Streptococcus sp. R61, Escherichia sp. Y64, and Klebsiella sp. Y129 was significantly higher in the NAFL

andNASHgroups than in the control group (p < 0.05, Figure 7A). Correlation analysis was performed between the abundance of gut bacterial

strains and typical clinical indicators (Figure 7B). The abundance of Enterococcus sp. B6, Streptococcus sp. R61, Escherichia sp. Y64, and Kleb-

siella sp. Y129 was positively correlated with serumALT, AST, and TG levels, while being negatively correlated with AST/ALT (p < 0.05). More-

over, the abundance of Enterococcus sp. B6 was positively correlated with serum C-peptide and insulin levels (p < 0.05). The abundance of

Klebsiella sp. Y129 was positively correlated with glycosylated hemoglobin (HbA1c) and LDL-c levels (p < 0.05, Figure 7B).

Performance of the four specific bacterial strains in distinguishing NAFLD and controls

The diagnostic performance of the specific bacterial strains was confirmed in the second cohort.We assessed the diagnostic efficiency of fecal

Enterococcus sp. B6, Streptococcus sp. R61, Escherichia sp. Y64, and Klebsiella sp. Y129 to distinguish between NAFL and controls, NASH

and controls, as well as NAFL andNASH. Predictionmodels were constructed using the abundance of the four bacterial strains with lipogenic

effects, and the area under curve (AUC) values for NAFL vs. controls, NASH vs. controls, and NAFL vs. NASH were 0.728 (95%CI 0.637–0.819),

0.950 (95%CI 0.909–0.991), and 0.856 (95%CI 0.780–0.940) respectively. As shown in Figure 8, the sensitivity and accuracy of the integrated

analysis of the four bacterial strains were higher than those of the single strain signature (Figure 8). Moreover, the predictive power of the

four strains for NAFL and NASH diagnosis exhibited a sensitivity and specificity of 0.831 and 0.791, respectively.

DISCUSSION

This study explored the dominant commensal gutmicrobiota in childrenwith obesity andNAFLDby using the culture-dependent and culture-

independent techniques. A series of commensal gut bacterial strains were successfully isolated, and four novel strains with lipogenic effects

Figure 3. Culturomic analysis of fecal microbiota in children with NAFLD

(A) Relative abundance of bacteria isolated from children with NAFLD.

(B) Proportion of isolates at the genus level in the NAFL and NASH groups.

(C) Phylogenetic tree analyzing all isolated bacterial strains.
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were identified for the first time. These specific bacterial strains likely contributed to NAFLD by activating the expression of lipid synthesis

genes and inflammatory genes, and suppressing the expression of lipid oxidation genes. Moreover, the abundance of the four specific

gut bacterial strains (Enterococcus sp. B6, Streptococcus sp. R61, Escherichia sp. Y64, and Klebsiella sp. Y129) was significantly associated

with NAFLD. These strainsmight serve as new noninvasive biomarkers and treatment targets in childrenwith NAFLD. These findings provided

knowledge for exploring the pathogenesis and therapeutic targets of NAFLD in children.

In this study, we identified the dominant commensal gut bacterial strains in children with NAFLD using metagenomic sequencing tech-

nology and isolated-cultured methods. Hundreds of commensal gut bacterial strains were isolated through culturing. The bacterial profile

of each fecal sample was similar to the results measured using metagenomic sequencing. Moreover, the two approaches complemented

each other. On the one hand, some genera and strains were determined by metagenomic analysis, while they had not been isolated and

cultured, such as strains in Blautia, Prevotella, and Eubacterium. On the other hand, the genus Sutterella, which belonged to the Proteobac-

teria phylum, was successfully isolated and cultured in our work, despite not being characterized by metagenomic sequencing. Previous ob-

servations noted inconsistencies in the gut microbiota betweenmetagenomics and bacterial culture, wherein certain gut bacteria (e.g., Clos-

tridium newborn, Clostridium gas, and E. coli) related to premature necrotizing identified through culturomics did not exhibit any correlation

with the disease by metagenomic analysis.36 Li et al.37 also suggested that only 42.17% of the large-scale culturomic-isolated species were

detected by ultra-deep metagenomics. This may be because the comparative genetic databases are not robust enough; it is necessary to

isolate and identify more bacteria for the reference database.38 Moreover, isolation and culture bacteria at the strain level in children with

NAFLD provided viable bacteria for causal validation, mechanism research, and further application.39–41 Such knowledge may be helpful

for further pathogen identification and probiotics development.

In recent years, a few studies have isolated and cultured pathogenic bacteria related to NAFLD in adults. Yuan et al.33 isolated Klebsiella

pneumoniaW14 and TH1 and found that they contributed to NAFLD in adults by producing ethanol. Enterobacter cloacae B29 was isolated

from the feces of adult patients with severe obesity, and it contributed to NALFD by utilizing the essential upstreammolecular event lipopoly-

saccharide-toll-like-receptor-4 cross-talk.42,43 However, few strains have been precisely isolated from humans with NAFLD, especially in chil-

dren. In this study, four novel commensal bacterial strains with lipogenic effects were identified in children for the first time, including strains

Enterococcus sp. B6, Streptococcus sp. R61,Escherichia sp. Y64, andKlebsiella sp. Y129. Previous research suggested that Enterococcus influ-

enced hostmetabolism in differentways. For example,Quan et al.44 found thatEnterococcus reducedobesity and improvedhepatic steatosis

Figure 4. The four bacterial strains with lipogenic effects (B6, R61, Y64, and Y129)

(A) Representative Oil red O staining in HepG2 cells (magnification: 3400, the scale bar: 75 mm).

(B) Levels of TG influenced by the four bacterial strains.

(C) Levels of TC affected by the four bacterial strains. Values are presented as mean G standard deviation (SD). Student’s t test, *p < 0.05, **p < 0.01.
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by myristoleic acid. Conversely, Duan et al.45,46 proposed that Enterococcus eliminated ethanol-induced liver disease by a two-subunit

exotoxin. Streptococcus mutans might aggravate mice with NASH by collagen-binding protein and protein antigens.47 Besides, it was hy-

pothesized that the commercial Escherichia fergusonii could cause NAFLD in rats by interfering with the hepatic lipid metabolism.48 Trans-

location of E. coli increased triglyceride synthesis in the liver of mice.49 In addition, high alcohol-producing K. pneumoniae could induce liver

damage via DNAmethylation,mitochondrial dysfunction, and 2,3-butanediol fermentation.50–52 These findings demonstrated that some spe-

cific bacterial strains are responsible for the development of NAFLD, and the metabolites derived from these gut bacteria might be crucial in

this process. In particular, gene expression analysis showed that the four commensal bacterial strainsmight promoteNAFLDby activating the

lipid synthesis and inflammatory reaction, and suppressing the lipid oxidation process. Our findings suggest that the pathogenic bacteria in

children are different from those in adults, and numerous pathogenic bacterial strains might coexist in the gastrointestinal tract of children

with NAFLD.Moreover, the pathogenesis of NAFLD is also linked to an increase in lipid production and absorption that exceeded lipid oxida-

tion and excretion, resulting in lipid accumulation and inflammatory response in the liver.53,54 Only four commensal bacterial strains were

found to be able to cause lipid accumulation in HepG2 cell lines, but many other isolated strains from the same species could not induce

lipogenesis. Therefore, the lipogenic functions might be strain-specific, even though they belonged to the same species. Furthermore,

the unique lipogenic effects and mechanisms of the four strains need to be investigated using comparative genomic/metabolomic analysis

in the future.

Notably, our investigation extended beyond merely exploring the distribution of the gut microbiota in the discovery cohort. We delved

deeper into the abundance of specific bacterial strains by validating our findings in a larger population. Despite the limited sample size of ten

in the discovery cohort for metagenomics analysis, the rarefaction and species accumulation curves exhibited flattening, indicating that both

sequencing depth and sample size approached the expected level. Specifically, increasing the sequencingdepth and incorporating new sam-

ples did not lead to a significant rise in undiscovered species or the total number of OTUs within the community.55,56 Moreover, our

Figure 5. Expression of lipid synthesis genes (ACC1, SREBP1, SCD, FASN), lipid oxidation genes (ACOX1, CPT-1A, PPARa), and inflammatory genes

(TNF-a, IL-6) influenced by the cell-free supernatants of bacterial strains (A) B6, (B) Y64, (C) Y129, and (D) R61 in HepG2 cells

Values are presented as mean G SD. Student’s t test, *p < 0.05, **p < 0.01.
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comprehensive approach included metagenomic and culturomic analyses, enabling us to identify bacterial profiles in children with NAFLD

and isolate live bacterial strains for further causality investigation. Besides, we explored the lipogenic effects of these strains in vitro, which

indicated the important roles of these strains in NAFLD. Furthermore, we demonstrated that the abundance of strains with lipogenic effects,

including Enterococcus sp. B6, Streptococcus sp. R61, Escherichia sp. Y64, and Klebsiella sp. Y129, was significantly higher in children with

NAFLD than in controls in a larger validation cohort. This multi-faceted investigation and validation process enhanced the robustness of

our findings, reinforcing the relevance and credibility of our results. These data supported the hypothesis that these bacterial strains might

serve as a critical microbiological marker in children with NAFLD. Some earlier studies also indicated a link between gut microbiota and

NAFLD.19,57,58 Nevertheless, gut microbiota was also associated with weight and obesity status.59,60 This study is the first to focus on the dif-

ferences in gut microbes between children with NAFLD and those with simple obesity. Moreover, integrated analysis of the four specific bac-

terial strains showed an excellent ability to distinguish betweenNAFLD and controls, as well as betweenNASH andNAFL.Microbiota data for

disease prediction provides great potential in understanding the microbial roles in disease diagnosis and prognosis.61,62 The accuracy of the

strain-based model was higher than the model with the serological markers and morphological phenotypes alone.14,63 As the application of

liver biopsy, the gold standard for NAFLD diagnosis, is limited mainly by its invasive nature,64 many studies have also investigated the pre-

diction power of gut microbiota in NAFLD diagnosis.65,66 For example, Hoyles et al.65 constructed a model using fecal metagenomics and

other molecular phenomic signatures, and reported an AUC of 0.87 in the NAFLD diagnosis among obese women. However, the power

of the model in distinguishing different stages of NAFLD (such as NAFL vs. NASH) was not investigated. Our study paves the way for further

investigations into the possible value of a noninvasive examination to discriminate between NAFL and NASH in the future.

This study possesses several advantages. We explored the gut microbiota involved in children with NAFLD at the strain level using meta-

genomic combined with culturomic technology. Subsequently, through rigorous cell experiments, we identified four novel commensal bac-

terial strains that probably participate in NAFLD development in children with obesity for the first time. Moreover, we conducted both in vitro

experiments to explore related molecular mechanisms and a validation study on the population level. In brief, this study consumed time and

labor, and it was innovative and challenging to isolate and evaluate the functional properties of such enormous isolates at the strain level.

For clinical implication, the fecal abundance of these strainsmight serve as a novel noninvasive biomarker for NAFLD. In the future, wemay

estimate and forecast the risk condition of the hostmetabolism by determining the abundance of these strains in the fecal environment. Addi-

tionally, we could develop medications, probiotics, and bacteriophages that precisely inhibit the growth of these pathogenic strains and

restore intestinal balance. Moreover, identifying harmful small molecules (e.g., microbial-derived metabolites, toxins, enzymes) and the

Figure 6. Phylogenetic analysis of the four bacterial strains

Neighbor-joining tree based on 16S rDNA sequences depicting the phylogenetic position of strains (A) B6, (B) R61, (C) Y64, and (D) Y129.
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encoding genes may assist us in modifying the functionalities of these pathogenic strains. Finally, revealing the underlying mechanisms of

these strains that might aggravate NAFLD development would allow us to effectively treat it with selective inhibitors or activators that spe-

cifically hinder NAFLD development. These approaches are valuable as they provide the possibility for precise NAFLD prevention and treat-

ment in young patients.

In conclusion, this study was the first endeavor to reveal the dominant gut microbial profile of children with NAFLD using metagenomics

and culturomics. Four novel commensal bacterial strains with lipogenic effects were identified successfully, whichmight regulate hepatic lipid

metabolism and contribute to hepatocyte steatosis. Notably, compared to the controls, the abundance of the four novel bacterial strains was

higher in children with NAFLD, suggesting that they might represent a novel noninvasive biomarker for the disease. These findings provide

new insights to identify new biomarkers and therapeutic targets that interrupt NAFLD development.

Limitations of the study

However, there were also some limitations in this work. First, we employed limited media and culture conditions to isolate commensal bac-

terial strains in this study; thus, some bacterial strains, both with and without lipogenic effects, might not have been entirely isolated. Further

studies should aim to enhance culture conditions and comprehensively capture the gutmicrobial profiles of childrenwith obesity. Second, it is

necessary to validate the role of the four specific bacterial strains in various cell lines. Finally, we focused on bacterial strains with lipogenic

effects in this work, whereas alternative bacterial strains and their pathogenic mechanisms in NAFLD development have not yet been

explored. In addition, longitudinal and longer-term follow-up studies are required to further confirm our claims.
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Detailed methods are provided in the online version of this paper and include the following:
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B Materials availability
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Figure 7. Association of the specific bacterial strains and children NAFLD

(A) The abundance of strain B6, Y64, Y129, and R61 in the control (n = 59), NAFL (n = 59), and NASH (n = 43) groups. Kruskal-Wallis test for pairwise multiple

comparisons.

(B) Spearman’s rank correlation revealed the relationship between clinical indicators and strains with lipogenic effects. The abundance of strains with lipogenic

effects was determined by qPCR and defined as the log10 (16s rRNA gene copies/mL). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 8. Receiver operating characteristic curve of the models constructed using the abundances of bacterial strains with lipogenic effects

(A) Diagnostic accuracy of the model for NAFL vs. control.

(B) Diagnostic accuracy of the model for control vs. NAFH.

(C) Diagnostic accuracy of the model for NAFL vs. NAFH.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Enterococcus sp. B6 This study N/A

Streptococcus sp. R61 This study N/A

Escherichia sp. Y64 This study N/A

Klebsiella sp. Y129 This study N/A

Biological samples

Fecal samples of children with NAFLD This study N/A

Chemicals, peptides, and recombinant proteins

Trypsin-EDTA Gibco Cat# 25200-056

DMEM, high glucose, no glutamine Gibco Cat# 11960069

Fetal bovine serum Gibco Cat# 10270-106

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat# 15140-122

Oleic acid Sigma-Aldrich Cat# O1008, CAS: 112-80-1

Phenylacetic acid Sigma-Aldrich Cat# P16621, CAS: 103-82-2

Brian Heart Infusion medium Oxoid Cat# CM1135

Reinforced Clostridial Medium Oxoid Cat# CM0149

Columbia Medium Oxoid Cat# CM0331B

Man Rogosa Sharp medium Oxoid Cat# CM0361B

Critical commercial assays

Stool DNA Isolation Kit Qiagen Cat# DP302

Gel Extraction Kit Qiagen Cat# DP204

Oil red O staining Solarbio Cat# G1262

Total triglycerides (TG) kits Jiancheng Cat# A110-1-1

Total cholesterol (TC) kits Jiancheng Cat# A111-1-1

Trizol reagent Vazyme Cat# R401-01

HiScript II Q RT SuperNix for qPCR Vazyme Cat# R212-01

ChamQ Universal SYBR qPCR Master Mix Vazyme Cat# Q711-02

Deposited data

16S rRNA gene sequence of strain B6 This study NCBI Accession number: OP874955

16S rRNA gene sequence of strain R61 This study NCBI Accession number: OP875089

16S rRNA gene sequence of strain Y64 This study NCBI Accession number: OP875090

16S rRNA gene sequence of strain Y129 This study NCBI Accession number: OP875098

Experimental models: Cell lines

HepG2 the Cancer Research Institute

of Central South University

Oligonucleotides

Specific primers used for qRT-PCR

of cell genes, see Table S4

This study

Specific primers used for qPCR

of bacterial genes, see Table S5

This study

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Miyang Luo

(miyangluo@csu.edu.cn).

Materials availability

This study didn’t generate new unique reagents.

Data and code availability

� All data have been deposited at the National Center for Biotechnology Information repository (NCBI, http://www.ncbi.nlm.nih.gov/

genbank/) and are publicly available as of the date of publication. Accession numbers are listed in the key resources table.
� This paper does not report the original code.
� 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

Subjects enrolled and samples collection

Children with obesity aged 6-18 years were recruited from the Hunan Children’s Hospital (Changsha, China). The obesity was screened using

BMI-for-age and BMI-for-sex according to the national standards.70 The diagnostic criteria of NAFLD (including NAFL and NASH) refer to

expert consensus on the diagnosis and treatment of NAFLD in Children.71 Children with obesity who were first diagnosed with NAFLD

were included in the NAFLD groups. Children with obesity but without NAFLD were set as the control group. In addition, patients were

excluded if they had excessive alcohol consumption (alcohol consumption >140 g/week for boys and >70 g/week for girls), a history of viral

hepatitis and cirrhosis complications, or received steatosis-inducingmedications, probiotics or antibiotics within onemonth. The studies were

approved by the Xiangya School of Public Health Central South University Human Research Ethics Committee (XYGW-2020-20). All processes

were performed following the ethical guidelines of the Helsinki Declaration. Written and informed consent was obtained from the partici-

pant’s legal guardian/next of kin. Fresh fecal samples of children were collected and stored at -80�C.

Cell line and maintenance

HepG2 cells were obtained from the Cancer Research Institute of Central South University (Changsha, China). The cells were cultured in high-

glucose Dulbecco’s Modified Eagle’s Medium (DMEM) (Gibco BRL, Grand Island, New York, USA) supplemented with 10% (vol/vol) fetal

bovine serum and 1% penicillin/streptomycin, maintained in a 5% CO2 humidified atmosphere at 37�C (Thermo Fisher Scientific, USA).

METHOD DETAILS

Total DNA isolation and metagenomic analysis

Total gut microbiota DNA was isolated from fecal pellets using a stool DNA Isolation Kit (Qiagen, Valencia, CA). Sequencing libraries were

generated using NEBNext� Ultra � DNA Library Prep Kit for Illumina (NEB, USA) following manufacturer’s recommendations. All samples

were sequenced based on an Illumina NovaSeq platform (paired-end; insert size, 350 bp). After the removal of the adaptor and low-quality

reads, high-quality pair-end reads for the samples were obtained (clean data) and assembled into contigs for all samples using the assembly

software SOAPdenovo v2.04.67 Open reading frames (ORFs) were predicted using the MetaGeneMark v2.10 with default parameters.68 All

ORFs were clustered by CD-hit v4.5.8 to construct a non-redundant gene catalog using a stringent criterion of 95% identity at the nucleotide

level over 90% of the length of the shorter ORFs.72 The final non-redundant gene catalog was constructed. The sequencing depths and sam-

ple sizes were evaluated according to the rarefaction and species accumulation curves. For the taxonomic assignment, DIAMOND software

(V0.9.9) was used to blast the predicted genes.69 The number of genes and the abundance of each sample in each taxonomy hierarchy was

obtained based on the LCA annotation results.73 The phylogenetic tree was constructed using GraPhlAn.74

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

SOAPdenovo v2.04 Li et al.67 https://doi.org/10.1093/bioinformatics/btp336

MetaGeneMark v2.10 Zhu et al.68 https://doi.org/10.1093/nar/gkq275

DIAMOND software Buchfink et al.69 https://doi.org/10.1038/nmeth.3176

Graphpad Prism v 8.0.1 GraphPad Software Inc. https://www.graphpad.com
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Culturomic analysis

The metagenomic analysis provided initial evidence of the gut microbiota composition and functionality in the host. To make up for the lim-

itation of sequencing technology and obtain live bacterial strains for causal inference, we performed culturomic analysis of fecal samples from

the ten children with obesity and NAFLD. The fresh fecal samples were immediately transferred into an anaerobic station (Longyue LAI-3T,

Shanghai, China). All the experiments were performed in an anaerobic environment (an atmosphere of 5% hydrogen, 10% carbon dioxide,

and 85% nitrogen). Each fecal sample (about 0.2 g) was suspended in a sterile phosphate-buffered solution (PBS, pH 7.0) and homogenized

for 15 min at a speed of 200 rpm/min. Then, the mixtures were diluted with PBS, and the serial dilutions were used to seed in various agar

plates for anaerobic culturing. The exact quantity of stools diluted mixture was plated and incubated at 37�C for 24 h, and different colonies

were observed and picked out. A second round of purification was carried out by sub-culturing these re-purified colonies to ensure that pure

single strains were isolated. Variousmediawere used in this work, including the BHI (Oxoid, USA), RCM (Haibo,Qingdao, China), CoM (Haibo,

Qingdao, China), MRS (Solarbio, Beijing, China), NB, and YCFA media (see Table S3). All agar plates were prepared according to the man-

ufacturer’s instructions, and maintained anaerobically overnight to remove oxygen before plating.

Bacterial identification

The bacterial 16S rRNA gene of every single colony was amplified by PCR using the two universal primers, 27F (5’-AGAGTTTGATCMTGGCT

CAG-3’) and 1492R (5’-TACGGYTACCTTGTTACGACTT-3’). The products were sequenced by Sangon Biotech (Shanghai, China). The evolu-

tionary relationships of these isolated bacterial strains were evaluated using the phylogenetic reconstruction strategy. We performed the

similarity-based search in the NCBI BLASTn network service to provide a glimpse of provisional recognition. The maximum-likelihood

(ML) phylogenetic tree was constructed using PhyML 3.0 (http://www.atgc-montpellier.fr/phyml/), and visualized using the online tool inter-

active Tree Of Life (https://itol.embl.de/). In addition, the neighbor-joining phylogenetic tree of the interested strains was constructed by

MEGA11 (www.megasoftware.net).

Screening of candidate bacterial strains with lipogenic effects

The growth of bacteria was measured as the optical density at the 600 nm wavelength. Single bacterial strains were cultured until the station-

ary phase, and the cell-free supernatants of cultured bacterial strains with 3 3 109 cfu/mL were collected by centrifuging (5000 3 g, 10 min,

4�C), then filtered through a 0.22 mm Millipore Aseptic PES membrane and termed as the cell-free supernatants stock solution.

The cell viability was assessed by the CCK8 method (Vazyme, Nanjing, China). For co-culture experiments, cells were incubated in HepG2

growth medium containing 10 % of the bacterial cell-free supernatants stock solution (treatment group) for 24 h at 37�C and 5% CO2. The

HepG2 growth medium supplemented with the corresponding bacterial culture media was used as the negative control. The OA and

PAA (Sigma-Aldrich,MO, USA) were used as positive controls. The final concentrations of OA and PAAwere set as 0.5mMand 10 mM, respec-

tively.65,75 The HepG2 cells were exposed to the bacterial cell-free supernatant solution, OA, PAA, and the bacterial culture media for 24 h,

respectively. All experiments were performed in triplicate. Lipid droplets in cells were determined by Oil red O staining (Solarbio, Beijing,

China) according to the manufacturer’s protocol. Pictures were taken on the auto cell imaging system (Invitrogen, Thermo Fisher Scientific,

USA). We quantified the red area on the images of cells stained with red oil using Image Pro Plus v 6.0 software. Comparing the Oil red O

staining images among these groups, when the lipid droplets were similar to the positive control, and the area of lipid droplets (orange-

red color in cells) was obviously larger in the treatment group than in the negative control group, the strain might be preliminarily considered

to induce lipid accumulated in cells.

Candidate bacterial strains treatment in HepG2 cells

To further validate the lipogenic effects of these candidate strains, HepG2 cells were seeded on a 6-well plate (at 63 105 cells per well). The

HepG2 cells incubated in the growth medium containing 5% or 10% of the four bacterial cell-free supernatants, respectively, were set as the

treatment groups. The HepG2 cells incubated in the growth medium supplemented with an equal quantity of the corresponding bacterial

culture media were set as the control groups. All the treatment and control groups were incubated at 37�C for 24 h. The intracellular TG

and TC levels were measured using the enzymatic reagent kits (Jiancheng, Nanjing, China) according to the manufacturer’s instructions.

When the TG and TC levels were higher in the treatment groups than in the negative control groups, we considered the strain as candidate

strain with lipogenic effects. In addition, total RNA and qRT-PCR analyses were performed as per our previous report.76 Briefly, total RNA was

extracted and purified using Trizol reagent (Vazyme, Nanjing, China) following the manufacturer’s protocol. The cDNA was synthesized by

HiScript II Q RT SuperNix for qPCR (+gDNAwiper) (Vazyme, Nanjing, China). qPCR was performed with a ChamQUniversal SYBR qPCRMas-

ter Mix (Vazyme, Nanjing, China) on a LightCycler 480 Real-Time PCR System (Roche Diagnostics). The primers are shown in Table S4 (see

Table S4). The relative quantification values for each mRNA were calculated by the 2-66Ct method. In summary, the strain with lipogenic ef-

fects was ascertained based on the following criteria: (1) induced lipid droplets in cells, (2) increased the levels of TG and TC in cells, (3) influ-

enced the expression of genes involved in lipid metabolism and inflammation.

Measuring the specific bacterial strains in children with NAFLD and controls

A second cohort was used to verify the abundance of bacterial strains with lipogenic effects in children. The recruiting process and the clinical

indicators information collection have been described above. Finally, 59 controls (children with obesity but without NAFLD), 59 children with
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obesity and NAFL, and 43 children with obesity and NASH were included. Abundance of the four bacterial strains in fecal samples was

analyzed by qPCR analysis.

Specifically, the specific primers were designed according to the whole sequences of the 16S rRNA genes of the four lipogenic strains using

primer 6.0 (see Table S5). Firstly, total DNAof the four lipogenic strains was extracted, then the 16S rRNA genes were amplified using PCR, and

the products were purified using theGel Extraction Kit (Tiangen, Beijing, China). The purified 16S rRNAgene fragments were prepared as stan-

dard templates. The concentration of DNAwas quantified by a nano spectrophotometer (Implen, Germany). The corresponding copy number

of strains was calculated using the following equation:77 C(copies/mL) =CDNA (ng/mL)3 6.0231023 (bp/mol)/ LDNA (bp)3 660 (g/mol).WhereC

(copies/mL) represents the concentration of target genes calculated from the equation, CDNA (ng/mL) represents the DNA concentration, and

LDNA (bp) represents the length of the target DNA fragment. The Avogadro was 6.022 3 1023 bp/mol, and the average molecular mass of a

double-stranded DNA base pair is 660 (g/mol). Ct values in each 10-fold serial dilution of the standard templates were measured through a

qPCR analysis. The linear regression of log10 (16S rRNA gene copies/mL) versus Ct value was established to generate a standard curve for

each strain. The total DNA was extracted, and the 16S rRNA gene of each lipogenic strain was amplified by qPCR to quantify the abundance

of the four lipogenic strains in fecal samples. The Ct values were obtained, and the concentrations of bacterial strains were calculated according

to the standard curve.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Statistical analysis was performed using SPSS (version 24.0, IBM Corp, USA) and Graph-pad Prism (version 8, San Diego, California, USA). For

the microbiome analysis, taxonomic composition between groups was assessed using non-parametric tests (Mann-Whitney U) and corrected

for multiple testing using the Benjamini-Hochberg approach. Non-parametric directional standardized effect sizes were likewise taken as the

Cliff’s delta.78 For the population-based analysis, data were expressed as mean G standard deviation (SD) or median (interquartile range).

Statistical analysis was determined kruskal-wallis test for pairwise multiple comparisons. Spearman correlation tests were used to evaluate

the association between bacterial strains and the clinical indicators. Additionally, receiver-operating characteristic (ROC) curve analysis

was performed to assess the AUC, sensitivity, and specificity of bacterial strains in screening tests. For cell experiments, data were expressed

as meanG SD. Statistical analysis was performed using a student t-test to compare the different between the treatment groups and the con-

trol groups. Values of P < 0.05 were considered as statistically significant.
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