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Abstract

BACKGROUND AND AIMS: Cirrhosis is associated with changes in intestinal microbiota 

that can lead to hepatic encephalopathy (HE) and infections, especially with antibiotic-resistant 

organisms. However, the impact of gut microbial antibiotic resistance gene (ARG) burden on 

clinical outcomes is unclear. The aims of the study were to determine the impact of ARGs 

in cirrhosis-related gut metagenome on outcomes and disease progression, study the effect of 

rifaximin on ARG burden, and compare ARGs in cirrhosis with chronic kidney disease (CKD) and 

diabetes.

METHODS: In outpatients with cirrhosis who underwent metagenomics, we evaluated change 

in ARG abundances with progression and their multivariable impact on 90-day hospitalizations 
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and deaths over 1 year. We also studied ARGs pre- and 8 weeks post-rifaximin in patients with 

compensated cirrhosis in an open-label trial. Finally, ARGs from CKD and diabetes studies were 

compared with cirrhosis on machine learning.

RESULTS: A total of 163 patients with cirrhosis (43 compensated, 20 ascites-only, 30 HE-only, 

70 both) and 40 controls were included. ARG abundances were higher in cirrhosis versus controls 

and worsened with advancing cirrhosis severity; 44 patients were hospitalized and 14 died. ARG 

abundances were associated with hospitalizations and mortality while controlling for cirrhosis 

complications, medications, and demographics. Rifaximin trial: ARG abundance patterns were 

minimally affected in 19 patients post-rifaximin. CKD/diabetes comparison: ARG abundance 

patterns in cirrhosis are distinguishable on machine learning and include more gram-positive 

ARGs.

CONCLUSIONS: Cirrhosis is associated with high gut microbial ARG gene burden compared 

with controls, which worsens with disease progression and may be different from CKD and 

diabetes. ARGs are not affected by rifaximin and are associated with hospitalizations and death.

Graphical Abstract
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Patients with cirrhosis have a high likelihood of antibiotic resistance carriage and higher 

relative abundance of bacteria with pathogenic potential or “pathobionts” that is associated 

with poor outcomes.1–4 These poor outcomes and higher mortality could be related to 

hepatic encephalopathy (HE) and infections, especially with drug-resistant organisms.5,6 

The summation of all antibiotic resistance genes (ARGs) and their precursors within a 

microbial community is termed a “resistome”; however, its clinical evaluation is currently 

limited to culture-based techniques.7,8 Prior studies in cirrhosis have shown altered 

composition and function of intestinal microbiota, which can affect clinical outcomes.9–11 

With advancing cirrhosis, there is a higher relative abundance of pathobionts12 that could 

express ARGs.13–15 In addition, these ARGs can represent survival and quorum-sensing 

strategies that can predate antibiotic exposure,16 regulate the microbial ecological dynamics 

in the gut, and determine survival in complex multiorganismal mucosal surfaces17; however, 

whether these are unique to cirrhosis or are a sequelae of chronic diseases per se is 

unknown. The knowledge of species with ARGs that are associated with poor outcomes 
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could be used as prognosticators and facilitate development of novel or targeted therapeutic 

strategies directed toward them rather than the broad-spectrum antimicrobial treatments 

that dominate clinical practice today.18 However, the impact of rifaximin, a nonabsorbable, 

gut-specific antibiotic needs to be studied in the overall metagenomic context.19

We hypothesized that ARG burden would increase with advancing cirrhosis and provide 

prognostic information regarding hospitalizations and death independent of disease 

severity and prior antibiotic exposure. We also hypothesized that unlike traditional broad-

spectrum antibiotics, rifaximin therapy would not increase the ARG burden.20,21 Last, we 

hypothesized that the gut microbiota ARG burden is different in cirrhosis as compared with 

other chronic diseases associated with dysbiosis, such as chronic kidney disease on dialysis 

(CKD) and diabetes.

Materials and Methods

Subjects

Cross-sectional HE and hospitalization/death study.—Outpatients with cirrhosis 

and healthy controls between 21 and 75 years of age underwent informed consent before 

sample collection (Supplementary Figure 1, n = 203). Cirrhosis was defined by liver 

biopsy, endoscopic or radiological evidence of varices or porto-systemic shunting in chronic 

liver disease, frank decompensation, or through transient elastography. Patients unable to 

provide consent or samples, those with HIV infection, prior transplantation, those with 

alcohol abuse or probiotic use within the prior 8 weeks, with other organ failures (chronic 

kidney disease on dialysis [CKD], congestive heart failure, chronic obstructive pulmonary 

disease), cancer, those with other gastrointestinal diseases, or those in whom the diagnosis 

of cirrhosis was unclear were excluded. Patients were divided into compensated (no prior 

or current history of HE or ascites) and decompensated (ascites-only, HE-only, or both). 

Those with HE were further subdivided into those on lactulose only (Cirr-L), and those 

on lactulose and rifaximin (Cirr-LR). Hospitalizations and antibiotic exposures 6 months 

before sample collection were analyzed. Healthy controls were recruited through word of 

mouth and through community advertising and were all Virginia-based following a Western 

diet. Only individuals who were free of chronic diseases, including metabolic syndrome, 

autoimmunity, and intestinal disorders, and were not on prescription medications or chronic 

over-the-counter medications, including proton pump inhibitors (PPIs), were considered 

healthy controls. In addition to fecal samples, data pertaining to cirrhosis severity and 

concomitant medications were also recorded. All patients with cirrhosis were followed for 

90 days for development of nonelective hospitalizations and for 1 year for risk of death 

using chart review. Details of hospitalizations were also noted. In keeping with clinical 

practice, all included patients were seen in clinic at least every 6 months. Based on our prior 

study using 16S ribosomal RNA (rRNA) and logistic regression, we were able to predict 

the role of microbiota on 90-day hospitalizations that occurred in 25% of subjects with 145 

patients with cirrhosis.22 This was used as our minimal sample size.

Pre/post-rifaximin study.—Compensated outpatients with cirrhosis between 18 and 

65 years of age without prior or current HE, with cognitive impairment or minimal 
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HE on paper-pencil tests and without allergies to rifaximin or current/prior therapy for 

HE, prior episodes of HE, prior transjugular intrahepatic porto-systemic shunting, those 

unable to give informed consent, were recruited after informed consent in an open-label 

trial (Supplementary Figure 1). The clinical trial results and microbiome profile of these 

participants as measured by 16S rRNA gene profile are previously published.23 Cirrhosis-

associated clinical details and stool for microbiota were collected at baseline. They were 

administered 550-mg capsules of rifaximin twice a day for 8 weeks, at which point 

adherence was evaluated and repeat stool sample was collected.

The protocols and biorepository were approved by the institutional review boards at the 

Virginia Commonwealth University and Richmond VA Medical Center, and all subjects gave 

written informed consent before participation for the procedures and for the biorepository. 

Remaining methods are in the supplement.

Analyses of ARGs

Metagenomic analyses were performed at Diversigen (www.diversigen.com) and 

reads after quality trimming were mapped against antimicrobial resistance (AMR) 

accessions available CARD v.3.1.0 (Comprehensive Antibiotic Resistance Database https://

card.mcmaster.ca/).24,25 The CARD includes well-characterized, peer-reviewed resistance 

determinants and associated antibiotics, which is updated monthly. This database includes 

88 pathogens, 9560 chromosomes, 21,362 plasmids, 102,181 whole-genome sequencing 

assemblies, and 222,011 alleles. The outputs are organized by the Antibiotic Resistance 

Ontology (ARO) and AMR gene detection models. The database also determines computer-

generated resistome predictions for the sequenced genomes, plasmids, and whole-genome 

shotgun assemblies available at the National Center for Biotechnology Information for these 

88 pathogens. These resistomes include sequence variants beyond those reported in the 

scientific literature, as predicted by the Resistance Gene Identifier.25

Bio-informatics Analysis

We analyzed ARG changes between compensated, HE-only, ascites-only, and patients 

with both on false discovery rate (FDR)-corrected Kruskal-Wallis tests. Using BiomMiner, 

which used DESeq2 and Kruskal-Wallis tests (FDR-corrected), we compared patients 

with cirrhosis with controls, then HE versus no-HE, and finally those who required 

hospitalizations at 90 days and death in 1 year26,27 (Supplementary Materials). We 

compared ARG patterns (ARO terms, resistomes, and AMR genes). Then we performed 

these analyses using MaAsLin2 for hospitalization and death for the ARG patterns including 

clinical variables such as age, gender, alcohol etiology, diabetes, PPIs, lactulose, rifaximin, 

decompensation status (compensated/HE-only, ascites-only, both) and model for end-stage 

liver disease (MELD) score.28 Separate analyses were also performed for PPI use. Finally, a 

similar analysis of bacterial species and ARG patterns were performed for patients pre- and 

post-rifaximin.29

Comparison With Papers on CKD and Diabetes

We analyzed metagenomic outputs from 2 other articles: Qin et al30 for type 2 diabetes 

(T2D; n = 170), and Wang et al31 for CKD on dialysis (n = 223) that had similar 
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demographic profiles and metagenomic analyses details (Supplementary Material). Last, an 

Orange cross-validation modeling and prediction workflow (Supplementary Figures 2 and 

3) was used to differentiate the study outputs based on these ARG patterns.32 Specifically, 

we developed a prediction pipeline using the Orange data mining tool to determine the 

predictive powers of the best performing classifiers. The ARG samples were split using a 

WEKA workflow into training datasets (80%) for modeling and a naïve hold-out datasets 

(20%) to test the predictive accuracy of the trained model. The model was trained using 

5-fold cross-validation on the training dataset and then the Orange prediction function was 

used on each blinded sample in the naive hold-out set to classify it.

Results

Forty healthy controls and 163 patients with cirrhosis (43 compensated, 30 HE-only, 20 

ascites-only, and 70 with both, Table 1) were included. When comparing vis-à-vis HE, 

63 were without prior HE, and 100 had prior HE, of whom 43 were Cirr-L and 57 were 

Cirr-LR (Supplementary Table 1). Patients with Ascites+HE had a higher MELD and greater 

alcohol-related etiology, PPI use, spontaneous bacterial peritonitis (SBP) prophylaxis, 

lactulose and rifaximin use, and prior hospitalizations/antibiotic use compared with the rest. 

Demographics, dietary characteristics, and diabetes were similar. All patients were seen in 

clinic as standard of care at least once in 6 months before and 59 patients had required 

an upper endoscopy for variceal surveillance or eradication within the past year. Of the 49 

people hospitalized 6 months before sample collection, most were in the ascites+HE group 

who were admitted a median of 1 (interquartile range 0–2) times. Most hospitalizations were 

due to liver-related reasons (ascites n = 13, HE n = 17, acute kidney injury n = 11, others 

n = 8). Exposures to antibiotics were also highest in ascites+HE, equivalent across the HE-

only/ascites-only and lowest in compensated patients. Most antibiotics were administered 

for short courses (<14 days) within hospitalizations. The remaining were administered 

for outpatient urinary tract infections or suspected upper respiratory tract infections. 

None were diagnosed with Clostridioides difficile infection or required vancomycin; 14 

patients received fluoroquinolones, 16 received cephalosporins, 3 amoxicillin-clavulanate, 3 

metronidazole, 3 macrolides, and 3 trimethoprim-sulfamethoxazole. Patients with HE had a 

greater rate of PPI use and alcoholic etiology of cirrhosis and were more likely to be men 

(Supplementary Table 1). Age and diabetes prevalence were similar regardless of HE/no-HE. 

When Cirr-L and Cirr-LR groups were compared, we did not find significant differences 

on demographics, PPI use, MELD score, or alcohol-related etiology. All participants were 

Virginia-based and were on similar Western diet and on 7-day dietary recall had similar 

caloric intake (Table 1). On follow-up, 44 patients were hospitalized over 90 days and 14 

died over 1 year (details later in this article). A separate group of patients with compensated 

cirrhosis were included in the rifaximin trial (Supplementary Figure 1).

Cirrhosis Is Associated With Greater Burden of ARGs Relative to Healthy Controls

Bacterial species that were highest in controls, which reduced over the disease spectrum, 

belonged to Faecali-bacterium, Alistipes, Eubacterium, and other short-chain fatty acids 

producers, such as Dorea, Subdoligranulum, and Roseburia (Supplementary Table 2). 

Patients with cirrhosis had greater abundance of resistomes associated with pathobionts 
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belonging to Enterobacteriaceae, as well as Streptococcus, Enterococcus, and Acinetobacter 
spp (Supplementary Tables 3–5). These resulted in greater abundance of resistance 

patterns focused on beta-lactamases, macrolide, quinolone, glycopeptide, fosfomycin, and 

tetracycline resistance, and those focused on generic AMR pathways compared with controls 

(Supplementary Tables 3–5, Figure 1). There was a statistically significant difference in the 

species distribution based on the Bray-Curtis permutational multivariate analysis of variance 

(PERMANOVA) analysis (P = .001).

ARG Patterns Across Decompensating Events

On Kruskal-Wallis (Table 2), AMR genes higher in ascites and both belonged to 

aminoglycoside (ANT, APH), sulfonamide resistance and selected beta-lactamases (SHV, 
CTX-M, SRT) and efflux pumps. Others were found only in decompensated patients 

regardless of complication (porins). Aminocoumarin-resistant parY, lincosamide resistance, 

ileS, RpoB, and PDC beta-lactamase were higher in patients with HE regardless of ascites. 

These patterns were reflected in ARO terms with greater membrane fusion pump efflux 

complex (Mex) and Klebsiella-related genes in decompensated patients. Streptomyces spp, 

Lactococcus, Bifidobacterium, and Staphylococcus aureus resistomes were higher were 

higher in patients with HE, whereas Klebsiella and Shigella spp were lower. Ascites, 

regardless of HE, was associated with greater abundance of Pseudomonas, Serratia, and 

Clostridium perfringens.

ARG Patterns in Patients With Prior HE Compared With Those Without HE

Specific microbial changes showed lower abundance of species belonging to 

Lachnospiraceae and Ruminococcaceae in those with HE, whereas Streptococcus, 
Lactobacillus, Enterococcus, and Escherichia spp were higher in those without HE 

(Supplementary Table 6, Supplementary Figure 4). When ARGs were analyzed, patients 

with HE had greater abundance of resistomes focused on Staphylococcus, Listeria, 
Streptococcus, Pseudomonas, and Bifidobacterium spp relative to no-HE patients 

(Supplementary Tables 7–9, Supplementary Figure 4). ARG abundance of beta-lactamase, 

vancomycin resistance, as well as RbpA bacterial RNA polymerase binding protein were 

higher in HE, whereas quinolone resistance genes were higher in those without HE. These 

patterns were also followed when ARO terms were analyzed between patients with and 

without HE. Despite these changes on DESeq2, species distribution based on the Bray-

Curtis PERMANOVA analysis did not show significant differences in ARG patterns (P = 
.11, ARO term, P = .113 AMR gene family, and P = .12 resistomes) between patients 

with/without HE.

ARG Patterns in Patients on PPI Compared With Those Without PPI

Because patients on PPIs had more advanced cirrhosis vs the rest (Table 1, Supplementary 

Table 1), we performed MaAsLin2 for ARG terms. We found that PPI use was associated 

with Enterococcus faecalis- and Enterococcus faecium-related genes, that is, higher 

Vancomycin resistance (VanYB, VanRB, VanHB, VanB) ARO terms and VanH, VanX, VanY 

AMR gene families. However, none of the resistomes survived FDR.
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Hospitalizations

Forty-four patients needed hospitalizations at 90 days, which was most frequent in more 

advanced patients (Table 1). The major reasons were HE (n = 19) followed by acute kidney 

injury and electrolyte disturbances (n = 7), infection (n = 11), gastrointestinal bleeding (n 

= 3), and others (n = 9). Of the 11 infections, methicillin-resistant Staphylococcus aureus 
was found in 3 patients (2 bacteremia and 1 SBP), Candida spp in 3 patients, Streptococcus 
viridans bacteremia in 1 patient, and no organism isolated in 4 patients (cellulitis and 

pneumonia in 2 each). Three patients had 2 infections during the same hospitalization (SBP 

followed by urinary tract infections).

Bacterial species distribution based on the Bray-Curtis PERMANOVA analysis was not 

significantly different (P = .121) and there was no difference in the Shannon diversity 

between groups (2.87 ± 0.75 not hospitalized vs 2.83 ± 0.69 hospitalized, P = .178). 

Potentially beneficial taxa belonging to species in Ruminococcaceae and Lachnospiraceae 

associated with lower risk of hospitalizations (Supplementary Figure 5, Supplementary 

Table 10 and 11). Pathobionts belonging to Enterobacter, Pseudomonas, Yersinia, and 

Enterococcus spp remained associated with a greater risk of hospitalizations despite 

controlling for clinical factors by MAAsLin2 (Supplementary Table 11). Also, using 

MAAsLin2 (Table 3), aminoglycoside-2-O-nucleotidyltransferase (ANT [2]) gene, one of 

the most common determinants of enzyme-dependent aminoglycoside resistance prevalent 

in in gram-negative bacteria were associated with higher hospitalization risk, whereas 

generic AMR genes related to rifamycin, aminocoumarin, and lincosamide ribosomal 

RNA methyltransferase were associated with lower hospitalization risk. ARO term 

associated with hospitalizations independent of clinical factors were dfrA12, InUA, MexE, 
OXY beta-lactamase, and VanVB. Of these, dfrA12 is present in several pathogenic 

gram-negative species (Acinetobacter baumannii, Citrobacter, Enterobacter, Escherichia, 
Klebsiella, Proteus, Shigella, and Morganella spp), MexE is present in Pseudomonas spp, 

and is a multidrug efflux complex whereas OXY 1–6 beta-lactamase is found in Klebsiella 
spp. VanVB is a vancomycin-resistant ARG found in E faecalis, whereas InuA is a plasmid-

mediated nucleotidyl-transferase found in several pathobionts belong to Enterococcus, 
Staphylococcus, Listeria, and Escherichia spp. These data were found in resistomes as well, 

where gram-negative bacteria, including Citrobacter were associated with hospitalization, 

whereas Streptomyces spp were protective independent of clinical factors. Regardless of 

whether composite of decompensation (compensated, ascites-only, HE-only, or both) or 

no-HE or HE were considered, the ARG analyses contribution toward hospitalizations was 

similar (Table 3, Supplementary Table 12).

Deaths Over 1 Year

Fourteen patients died; all of whom had both HE and ascites. All deaths occurred due 

to liver-related reasons: infections in 10, variceal bleeding in 2, and the rest with cancer. 

As shown in Supplementary Table 13, patients who died were more likely to have 

pathobionts (Pseudomonas, Serratia, Klebsiella, Proteus spp) with Lactobacillus spp, and 

relatively lower autochthonous taxa (Lachnospira spp, Prevotella copri; Supplementary 

Figure 5). Bray-Curtis PERMANOVA analysis demonstrated P = .05 for bacterial species 

between those who died vs survived but no changes in Shannon diversity were seen 
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(survived 2.86 ± 0.71 vs died 2.77 ± 0.89, P = .75). Microbial changes focused on 

Clostridium, Pseudomonas, Lactobacillus, and Neisseria spp were associated with death, 

whereas Streptococcus, Veillonella, Lachnospiraceae, and Bacteroides spp were associated 

with protection on MAAslin2 (Supplementary Table 14).

Similar to hospitalizations, ANT (2”) was the AMR gene associated with death (Table 4). 

ANT, MexE/M, and dfrA12 were higher in those who died, with beta-lactamase (TEM), 
TriB (P aeruginosa), LnUp (Lincosamide resistance), tetS (tetracycline ribosomal protection 

protein in E faecalis), and tet(B) present in gram-negative bacteria (Supplementary Table 

15). Only CfxA6, which is a beta-lactamase from an uncultured bacterium, was associated 

with lower death. As expected, MELD score and greater decompensation were associated 

with death. When resistomes were considered, MELD score, HE, and lactulose use were 

associated with death, along with Legionella, gram-negative bacteria, and Enterobacter 
spp. Firmicutes members belonging to Desulfitobacterium spp were protective. Similar to 

hospitalizations, ARG patterns associated with death were similar regardless of whether 

composite of decompensation or no-HE or HE were considered (Table 4, Supplementary 

Table 15).

Pre/post-Rifaximin Trial Did Not Show Major Changes in ARG Patterns

Rifaximin was well-tolerated and safe as published.23 One sample could not be located so 

we analyzed samples of 19 subjects. Shannon diversity or beta-diversity in bacterial species 

(PERMANOVA P = .199) was not changed from baseline. On DESeq2, post-rifaximin 

there was a significant increase in autochthonous species such as Blautia, Butyricimonas, 
Lactobacillus, and Eubacterium and lower E faecium and Clostridium scindens after 

rifaximin therapy (Figure 2). Rifaximin did not significantly change AMR gene abundance 

and only reduced Klebsiella oxytoca resistome abundance. On ARO terms, there was a 

reduction in gram-negative resistance patterns (Escherichia coli acrA, marA, and H_NS, 
which are involved in antibiotic efflux) and beta-lactamases (SRT2 and TEM219). Only 

VanI marginally increased post-rifaximin.

Cirrhosis Is Associated With Higher Burden of ARGs Relative to CKD, and Diabetes, 
Whereas Controls Are Largely Similar

Type 2 diabetes.—Qin et al30 studied 170 Chinese patients with T2D with similar age 

as our patients. Figure 3 shows a significant separation on principal coordinates analysis 

between the groups, which were significant on PERMANOVA (all P < .001) for ARG 

pattern comparisons. This separation was maintained even when patients with cirrhosis 

with or without diabetes were compared with patients with diabetes alone (Supplementary 

Figures 6 and 7). Patients with cirrhosis had a higher number of ARGs compared with 

diabetes, with resistomes being higher in cirrhosis belonging to a wide range of gram-

positive and negative microbes with pathogenic potentials, whereas patients with diabetes 

had a relatively narrower range of resistome representation (Supplementary Figures 8 and 9, 

Supplementary Tables 16–18). AMR gene families and ARO terms were relatively similarly 

spread between the 2 conditions spanning vancomycin, beta-lactamase, and quinolone 

resistance. There were only 6 ARGs different between the cirrhosis controls and the T2D 

controls (Supplementary Figure 10A).
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Chronic kidney disease.—Wang et al31 studied 223 patients with CKD on dialysis. The 

authors excluded recent antibiotic use and those with major nonrenal diseases including 

liver disease. Although patients were from China, their demographics and nonvegetarian 

diet intake were largely similar to our cohort. As shown in Figure 3, there was a 

significant separation on principal coordinates analysis between cirrhosis and CKD with 

PERMANOVA P < .001 for all 3 comparisons. Compared with CKD, patients with cirrhosis 

had a greater number of AMR, ARO, and resistome log-fold changes (Supplementary 

Figures 8 and 9, Supplementary Tables 19–21). Despite this, several important pathobionts 

were higher in CKD, such as Klebsiella pneumoniae, Acinetobacter, Enterobacter, and 

Legionella. Patients with cirrhosis had higher Escherichia, Staphylococcus, Enterococcus, 
C difficile, Klebsiella oxytoca, and Streptomyces spp. Reflecting these, there were beta-

lactamase genes in both conditions but glycopeptide, vancomycin, cephalosporinase, and 

rifamycin resistance genes were higher in cirrhosis. Patients with CKD also had greater 

ARO abundances belonging to a broad spectrum of gram-negative and -positive pathobionts. 

There were only 7 ARGs different between the cirrhosis controls and the CKD controls, 

indicating minimal confounders (Supplementary Figure 10B). On Kruskal-Wallis analyses, 

vancomycin and efflux pumps were seen higher in cirrhosis on AMR and ARO terms 

(Supplementary Figures 11 and 12). Several ARO terms belonging to multidrug efflux 

pumps along with beta-lactamases, macrolide, aminoglycoside, quinolone, and tetracycline 

resistance were uniquely higher in cirrhosis. Resistomes higher in cirrhosis were gram-

negative pathobionts, Streptococcus spp, and C difficile. Streptomyces spp were also 

increased in cirrhosis compared with diabetes and CKD (Supplementary Figure 12).

Naïve machine-learning prediction model.—The average accuracy for all the naïve 

samples was for each class is presented in Supplementary Table 22 and Supplementary 

Figure 13). For ARO terms, AMR gene families and resistomes, there was an excellent 

separation from samples derived from our patients compared with the other study outputs 

based on models created. However, random forest was the best method to separate the 

groups and true positivity rate in cirrhosis on the naive samples was 97.9% for AMR gene 

families, 99% for ARO terms, and 100% for resistomes. It should be noted that the blinded 

naïve samples are not used in the model training and thus represent the true accuracy of the 

prediction model and could be used as an accurate diagnostic of new naïve samples.

Discussion

The results of the current study demonstrate that ARG abundances are higher in cirrhosis 

compared with healthy controls, increase with worsening disease regardless of ascites 

and HE, and unlike previously described with absorbable antibiotics, are not affected 

by rifaximin therapy. We also found that greater abundance of ARG is related to 

hospitalizations and death independent of cirrhosis severity, prior antibiotic exposure, 

hospitalizations, or concomitant medications. Moreover, the ARG profile of cirrhosis is 

distinct compared with outputs from 2 articles studying CKD and diabetes.

The underlying immune deficits, exaggerated inflammatory response, liver dysfunction, 

and multiple hospitalizations make cirrhosis a prime candidate for suffering these negative 

consequences.6,33 Therefore, the carriage rate and potential impact and determinants of 
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ARGs needs to be defined in cirrhosis. Metagenomic and 16S rRNA gene analyses have 

consistently demonstrated a higher proportion of pathobionts in cirrhosis compared with 

controls, which worsen with progression of disease.1,9,10,12,34–36 However, not all strains of 

potential pathobionts have ARGs associated with them, which is why we focused on those in 

the CARD database that have ARG genes mapped.

We confirmed prior metagenomic studies of patients with cirrhosis and determined that the 

relative abundances of pathobionts were higher compared with controls and worsened with 

advancing cirrhosis complexity. We extended prior studies by defining AMR gene families 

and their corresponding resistomes that were associated with this progression. In cirrhosis 

compared with controls, there was a higher abundance of beta-lactamase, vancomycin 

resistance, and quinolone resistance. This trend worsened with development of ascites, HE, 

and progression of cirrhosis.37 As expected, decompensated patients had relatively higher 

ARO and AMR gene abundance, along with resistomes belonging to pathobionts. These 

could be due to exposure to the health care environment, because over the past 6 months 

they had been hospitalized and/or exposed to antibiotics or because of the greater abundance 

of organisms with these genes that may be used as a survival mechanism independent of 

antibiotics.16

In addition, most of the decompensated patients were on rifaximin and some on SBP 

prophylaxis. This is important because unlike a prior study in which ciprofloxacin, 

amoxicillin, and metronidazole exposure over 5 days significantly increased the ARG 

burden,21 the use of rifaximin per se was not associated with this. This confirms and extends 

prior studies of rifaximin that demonstrate a low resistance footprint into the cirrhosis 

realm as well.38,39 We also found that rifaximin was associated with greater abundance 

of potentially beneficial taxa, and reduction in resistomes of Klebsiella spp as well as 

gram-negative ARG abundance in the small trial. This was reiterated by finding similar 

changes in cross-sectional subjects with HE-only or HE+ascites patients who showed lower 

Shigella and Klebsiella and higher Streptomyces resistomes compared with ascites-only 

patients. The Streptomyces spp resistome increase in cirrhosis with HE, and in cirrhosis 

compared with CKD and diabetes is interesting because these organisms are the source of 

rifamycin, from which rifaximin is derived.

The potential beneficial effect of rifaximin against hospitalizations that has been noted in 

HE and other gut-derived outcomes, such as SBP, could be the reason why Streptomyces 
resistomes,40 even though higher in cirrhosis and HE, were associated with protection from 

hospitalization.20,41 The favorable effect on gram-negative resistomes with rifaximin could 

potentially be one of the reasons behind the reduction in hospitalizations because of HE 

and potentially other complications of cirrhosis with rifaximin use, and association with 

protection against C difficile infection42 and traveler’s diarrhea.43 It also clarifies that the 

worsening ARG burden with cirrhosis progression reflects the underlying disease process 

and is not a rifaximin-related epiphenomenon.

The occurrence of ARGs could be due to exposure to health care systems and antibiotics 

and/or the selection of these genes as a means to enhance trans-kingdom and quorum-

sensing communications.16 These are supported by studies in antibiotic-unexposed and 
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natural systems and in organisms exposed to sub-MIC antibiotic concentrations of 

antibiotics show ARG expressions that are distinct from the effect seen after exposure to 

adequate antibiotic concentrations.40,44–46 Therefore, despite controlling for prior antibiotic 

exposure and hospitalizations, ARG patterns were associated with poor outcomes in 

cirrhosis but most of these outcomes were not antibiotic-resistant infections. However, 

the gut remains a major reservoir of these organisms.15,47 Unique patterns for HE and 

ascites-related ARG carriage and PPI use were found but on multivariable analysis, several 

of the genes found to be higher in decompensated patients on Kruskal-Wallis tests were also 

associated with hospitalizations and death. Prominently aminoglycoside resistance (ANT2) 

and membrane fusion pump efflux complex (MexE) found in gram-negative taxa were 

higher in those with negative outcomes while those potentially associated with rifaximin 

use (rpoB) and Streptomyces spp were protective against negative outcomes. Therefore, 

the presence of specific ARGs are additive prognosticators of a hostile gut milieu that 

can predict negative infectious and noninfectious outcomes despite controlling for clinical 

factors.

The focus on cirrhosis is necessitated by the comparison with several other diseases that 

are often comorbid or complicate the course of this disease. Diabetes is often found in 

cirrhosis, and cirrhosis can result in renal impairment and requirement for dialysis.48 None 

of our patients with cirrhosis were on dialysis. Notwithstanding differences in cohorts, the 

greater ARG burden in cirrhosis as well as major separation between the CKD compared 

with cirrhosis likely reflects the major role of liver in the regulation of the gut-liver axis 

and gastrointestinal immune response.49 Our finding of higher gram-positive resistomes 

and vancomycin resistance ARGs in cirrhosis extends prior studies of alcohol-related liver 

disease into the cirrhosis realm and could reflect the key role of the liver in clearing 

grampositive bacterial translocation.49–51 The higher ARG burden in cirrhosis vs CKD 

is striking because these conditions are associated with high use of antibiotics, impaired 

systemic immune response,52,53 and high carriage of resistant organisms.54,55 We found 

that ARG patterns were different between cirrhosis and diabetes but, unlike that in CKD, 

this was spread out. The frequent coexistence of diabetes and cirrhosis may make this 

differentiation less relevant patho-physiologically.48 Regardless of the comparison, we found 

a unique signature of ARGs in cirrhosis consisting of several gram-negative rods and C 
difficile and Streptococcus spp that are associated with infections and poor prognosis.56–58

These findings as well as the contribution of ARGs toward negative outcomes in 

cirrhosis demonstrate that this burden is clinically relevant and could be harnessed to 

enhance prognostication. Therapies that beneficially modulate the gut microbiota, such 

as fecal microbiota transplant, can reduce the ARG burden in patients with and without 

cirrhosis.18,21 Therefore, focusing on patients with cirrhosis that have a high ARG burden 

can not only improve the prognostication but also potentially select them for therapeutic 

options.

Our study is limited by the cross-sectional sampling, relatively small number of patients 

pre/post-rifaximin, and using previously published metagenomic datasets for comparison. 

However, our recent short-term longitudinal follow-up of patients over 15 to 30 days who 

were randomized to placebo or standard-of-care arms in fecal microbiota transplant trials 
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did not show appreciable changes in ARG abundance.21 Also, several factors such as HE, 

prior or current antibiotics, PPIs, and other medications can affect the ARG burden. We 

controlled for these using individual comparisons, FDR, and multivariable analyses and 

found consistent changes across groups. This increases confidence in the generalization 

of these results into the clinical population, which often have all these factors as part of 

their treatment regimen. Although patients in CKD and diabetes studies were from China, 

the use of metagenomic libraries was similar and their demographics and other data were 

largely comparable to our dataset and there were few differences between their controls 

and ours. This was like earlier US and China data on 16S rRNA sequencing in cirrhosis 

vs controls59,60; however, systematic differences, including diet and socio-cultural impacts 

cannot be excluded. Finally, these data demonstrate association but not causation of the role 

of ARGs in disease progression.

We conclude that patients with cirrhosis have a high burden of ARGs compared with 

controls, which worsen with disease progression. Rifaximin modulates ARGs favorably, 

unlike absorbable antibiotics. ARGs focused on gram-negative rods are associated with 

90-day hospitalizations and death over 1 year independent of clinical factors, which could 

refine prognostication. This ARG burden in cirrhosis is different and may be higher from 

that found in diabetes and CKD based on outputs from 2 previous studies. Strategies that 

focus on detection of ARGs for prognosis and predicting outcomes and targeting them for 

therapy in this era of rampant antibiotic overuse could improve the prognosis in cirrhosis.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Cirrhosis is associated with gut microbial dysbiosis and a growing burden of antibiotic-

resistant infections. However, the impact of antibiotic resistance genes on cirrhosis-

related outcomes is unclear.

NEW FINDINGS

Cirrhosis is associated with high burden of gut microbial antibiotic resistance genes 

abundance compared with controls, which worsens with disease progression and may 

be different from other diseases. Antibiotic resistance genes, which are impacted by 

most common antibiotics, are not affected by rifaximin therapy and are associated with 

hospitalizations and death independent of clinical factors.

LIMITATIONS

Cross-sectional analysis of cirrhosis and small sample size in patients pre- and post-

rifaximin. Comparisons with other diseases based out of studies from geographically 

disparate populations.

IMPACT

Strategies that focus on detection of antibiotic resistance genes for prognosis and 

predicting outcomes, encouraging use of nonabsorbable antibiotics, such as rifaximin, 

and development of therapeutic strategies to limit antibiotic resistance gene burden this 

era of rampant antibiotic overuse could improve the prognosis in cirrhosis.
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Figure 1. 
Comparison of healthy controls and cirrhosis. For all comparisons, purple is higher in 

cirrhosis, orange is higher in controls. (A) Volcano plot of Kruskal-Wallis comparison of 

bacterial species. (B) Volcano plot of DESeq2 lineage of ARO terms. (C) Volcano plot of 

DESeq2 lineage of resistomes and variants. (D) Volcano plot of DESeq2 lineage of AMR 

gene families.
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Figure 2. 
Comparison of microbial and ARG changes before and after rifaximin. (A) Volcano plot 

of DESeq2 lineage of bacterial species compared between pre- (orange) and post-rifaximin 

(purple). (B) Volcano plot of Kruskal-Wallis comparison of resistomes that changed between 

pre- (orange) and post-rifaximin (purple) showing higher Klebsiella oxytoca pre, which was 

not found post-rifaximin. (C) Volcano plot of Kruskal-Wallis comparison of ARO terms that 

changed between pre- (orange) and post-rifaximin (purple) showing no significant change 

between the time-points. (D) Volcano plot of Kruskal-Wallis comparison of AMR gene 

families that changed between pre- (orange) and post-rifaximin (purple) showed reduction in 

baseline AMR gene expressions after rifaximin.
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Figure 3. 
Principal coordinate analysis of cirrhosis compared to other chronic diseases. (A-C) 

Comparison of cirrhosis (purple) with T2D (orange, Qin et al30) showing clear separation 

between the groups on resistome, AMR gene family, and ARO term abundances. (D-F) 

Comparison of cirrhosis (purple) with CKD on dialysis (orange, Wang et al31) showing clear 

separation between the groups on resistome, AMR gene family, and ARO term abundances.
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