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Abstract: Carbapenem-resistant Enterobacteriaceae (CRE) is a risk to public health worldwide and
causes epidemic outbreaks in hospitals. The identification of alterations in the gut microbial profile
can potentially serve as an early diagnostic tool to prevent harmful bacterial colonization. The
purpose of this study was to characterize the gut microbiota profile of CRE-positive stool samples
using 16S rRNA gene sequencing and to compare it with that of healthy control groups at King
AbdulAziz University Hospital. Our results demonstrate that compared to the control group samples,
the CRE-positive and CRE-negative group samples were less diverse and were dominated by a few
operational taxonomic clusters of Enterococcus, Sphingomonas, and Staphylococcus. An analysis
of samples from CRE-positive patients revealed Pseudomonas as the most abundant taxon. The
existence of Pseudomonas in clinical samples undoubtedly indicates the development of resistance
to a variety of antimicrobial drugs, with a less diverse microbiota. In our study, we found that the
co-occurrence patterns of Klebsiella, Parabacteroides, Proteus and Pseudomonas differed between
the CRE-negative and control stool groups.

Keywords: carbapenem-resistant enterobacteriaceae; microbiota; antibiotic resistance; ICU

1. Introduction

In 2019, the Centers for Disease Control and Prevention (CDC) classified 18 microor-
ganisms according to the threat of antibiotic resistance into three categories: urgent, serious
and concerning. Four bacteria are represented in the “urgent threats” category: Neisseria
gonorrhoeae, Clostridium difficile, carbapenem-resistant Acinetobacter and carbapenem-
resistant Enterobacter (CRE). The latter has been associated with more than 50% mortality
among hospitalized patients [1,2]. In Saudi Arabia, increasing numbers of hospital CRE
infection cases have been reported [3,4].

The predominant bacterial phyla in the healthy human gastrointestinal tract (GIT) are
much more constant than in other body sites, dominated by Firmicutes and Bacteroidetes
followed by Actinobacteria and Verrucomicrobia [5]. The abundance of Proteobacteria
has been associated with inflammation [6,7]. However, the prevalence of uncultured gut
species is still unknown [8].

Longitudinal data have shown that certain Enterobacteriaceae family members are
more likely to reside in the human gut than others [9]; additionally, they have the ability
to exchange antibiotic resistance and virulence genes [10]. Members of this family that
establish fecal colonization include approximately 30 genera and 150 species of facultative
anaerobes. Only 10 species are considered pathogens, such as E. coli, Citrobacter freundii,
Proteus mirabilis and Klebsiella pneumoniae. Latency was identified in nosocomial out-
breaks of strains harboring the NDM-1 carbapenemase [11]. Additionally, species such
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as Anaerotruncus colihominis in the family Ruminococcaceae are emerging, with serious
clinical consequences [12].

In contrast, beneficial classes that could mediate resistance to infections are represented
by the genera Lactobacillus, Bifidobacterium, Ruminococcus, Roseburia, Eubacterium,
Barnesiella and Faecalibacterium [13,14]. These beneficial gut microbiota constituents can
lower the occurrence of chronic inflammatory diseases, pathogenic infections and early
death [15]. A disruption of the endogenous microbial community by antibiotics leads to the
overgrowth of facultative anaerobes and increases epithelial permeability [16]. Five studies
have concluded that antibiotic treatment tends to reduce the diversity of the microbiota,
causing a dramatic reduction in the members of the gut microbiota in the Intensive Care
Unit (ICU) environment [17–21].

The effect of broad-spectrum antibiotics has led to the overgrowth of Clostridioides
difficile by reducing the capacity of the commensal microbiota to fight this pathogen [22].
For example, Bacteroidetes and Actinobacteria suppress exogenous C. difficile inva-
sion [23]. Actinobacteria is reportedly more susceptible to carbapenem treatment than
other phyla [24].

Previous studies have shown that the gut microbiota of the most extreme environment
available for colonization are very complex. Our aim was to describe the gut microbiota
of patients in the ICU and identify taxonomic markers associated with CRE carriers, as
colonization precedes infection and the risk for developing infection among CRE carriers
has yet to be determined.

2. Materials and Methods
2.1. Study Design and Sample Collection

The population was composed of 24 CRE-positive and 26 CRE-negative patients who
were admitted to the Division of Internal Medicine (ICU) at King AbdulAziz University
Hospital. The inclusion criteria for the CRE-positive and CRE-negative patients were
applied upon hospitalization and every other week by routine screening for rectal CRE
carriage by PCR for five genes only (KPC, NDM, OXA48, IMP, and VIM). Conventional
identification was performed by blood and urine cultures for all patients, while stool,
sputum and wound cultures were checked in some cases, and no pneumonia cases were
detected between the two groups. Bacteremia was defined as positive blood growth only,
as other results were different. The inclusion criteria for 10 healthy adults in the control
group consisted of no antibiotic treatment for at least 6 months and no gastrointestinal
disease prior to sampling. The clinical characteristics are presented in Table 1. Written
informed consent was obtained from all participants. Fresh fecal samples were collected by
the research team during ICU hospitalization. A total of 60 fecal samples were stored at
−80 ◦C for subsequent DNA extraction.

Table 1. Clinical characteristics of the groups.

Variables CRE-Positive Patients (n = 24) CRE-Negative Patients (n = 26) Controls (n = 10)

Age 61.8 ± 3.5 (23–89) 59.9 ± 3.4 (18–88) 58 ± 8.2 (20–90)

Sex
Male 12 9 6

Female 12 17 4

Combined treatments
Broad spectrum (meropenem
and piperacillin-tazobactam) 22 23

Narrow spectrum
(vancomycin and colistin) 23 24
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Table 1. Cont.

Variables CRE-Positive Patients (n = 24) CRE-Negative Patients (n = 26) Controls (n = 10)

Comorbidities
GI disease

Positive 6 3
Negative 18 23

Diabetes mellitus
Positive 16 15

Negative 8 11

Urine cultures
Positive 10 6

Negative 14 20

Bacteremia (blood growth) 0
Positive 9 8

Negative 15 18

Length of stay in ICU 29 ± 5.5 11.5 ± 2.5 0

Outcome 0
Death 15 12

Discharge 7 11

This study was approved by the KAU Hospital Ethics Committee. Written informed
consent was obtained from all participants.

2.2. Microbiota Sequencing and Taxonomy Assignment

Total DNA was extracted using (QIAGEN, Hilden, Germany) following the manu-
facturer’s protocol. Distinct regions (16S V4/16S V3/16S V3-V4) of the 16S rRNA/18S
rRNA/ITS genes were amplified using amplicon generation and the specific primers
16SV34, 341F (CCTAYGGGRBGCASCAG), and 806R (GGACTACNNGGGTATCTAAT)
with barcodes. All PCRs were carried out with Phusion® [Editor2] High-Fidelity PCR
Master Mix (New England Biolabs). The amplicon was sequenced on an Illumina paired-
end platform to generate 250 bp paired-end raw reads (Raw PE), which were merged and
pretreated to obtain clean tags. The chimeric sequences in the clean tags were detected and
removed to obtain the effective tags that could be used for subsequent analysis. The FASTQ
file was merged using the PEAR software package. Operational taxonomic units (OTUs)
were defined based on 97% similarity clustering using the UCLUST algorithm. For each
representative sequence, the Unite Database (https://unite.ut.ee/ (accessed on 7 February
2022) was used based on the Blast algorithm, which was calculated by QIIME software
(Version 1.9.1) (http://qiime.org/scripts/assign_taxonomy.html (accessed on 25 March
2022)) to annotate taxonomic information.

The accepted paired-end, primer-trimmed reads were deposited at the National Center
for Biotechnology Information (NCBI) under accession number SUB10994983.

2.3. Statistical Analysis

Within-sample (alpha) diversity was assessed using the observed taxa and Shannon
index variation and tested with Wilcoxon (for two conditions) or Kruskal–Wallis and
Dunn post hoc tests (for multiple conditions) [25,26]. Across-sample (beta) diversity
measurements were performed to examine the sample dissimilarity by using the Aitchison
distance, as described elsewhere [27], which is considered an appropriate method that takes
into consideration the compositional nature of 16S rRNA sequencing data.

To assess the effect of each measured environmental factor on sample differences
regarding microbial composition, PERMANOVA was used. Distance matrices were con-
structed based on an index of similarity of community membership and structure clustered
based on Aitchison distance [27] to reveal major groups. All genera not filtered dur-

https://unite.ut.ee/
http://qiime.org/scripts/assign_taxonomy.html
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ing gene copy number (GCN) correction were tested for differential abundance between
any two sample types. Genera with significantly differential abundances were defined
using a Venn diagram formalism with the following thresholds: |effect size| > 1 and ad-
justed p-value ≤ 0.05 for the expected Benjamini–Hochberg-corrected p value of Welch’s
t-test (we.eBH) and/or expected Benjamini–Hochberg-corrected p value of Wilcoxon
test (wi.eBH).

3. Results
3.1. Participants Profile

A total of 60 stool samples were assessed using 16S rRNA gene sequencing; only
10 stool samples were collected from the general population that was matched by age to
the hospitalized groups. The rates of bacteremia between the two groups of hospitalized
patients were similar, yet there was a higher rate of positive urine cultures in the CRE-
positive group. A total of 27 participants in both the CRE-positive and CRE-negative
groups died after stool samples were obtained. Antibiotic treatment was assessed based on
broad- and narrow-spectrum antibiotics, and 23 patients in the CRE-positive group were
on both types of antibiotics. The common broad-spectrum antibiotics used in this study
included meropenem and piperacillin-tazobactam, while the narrow-spectrum antibiotics
were colistin for multidrug-resistant (MDR) gram-negative sepsis and vancomycin for
methicillin-resistant Staphylococcus aureus (MRSA) infections or severe suspected gram-
positive sepsis.

3.2. Sequence Dataset Quality

The total DNA sequence was 1,051,849 bp, containing 2558 sequences ranging from
307 bp to 430 bp and averaging 411 bp in length. After the quality control pipeline
was applied, 371 sequences were removed, and the total DNA sequence was 906,789 bp,
containing 0 ambiguous bases and 2187 sequences ranging from 332 bp to 430 bp and
averaging 414 bp in length (std. deviation from average length: 11.266). All these sequences
had unique IDs. The average GC content was 53.474% (std. deviation: 3.210%), and the GC
ratio was 0.877 (std. deviation: 0.114).

3.3. Microbial Diversity and Structure

The variation in the bacterial diversity within the three groups, CRE-positive indi-
viduals, CRE-negative individuals and controls, was assessed by the Shannon index and
number of observed taxa. The control group had a significantly higher bacterial richness
than the other two groups (p < 0.005) (Figure 1a,b), and the same observation was true
under the effect of antibiotic usage (Figure 1c,d).

The bacterial communities in the three groups were compared using the Atchison
distance prior to constructing a heatmap. Compared with the CRE-based sample group
and antibiotic-regimen-based groups, the control group tended to form a separate cluster
along with a small number of CRE-negative group individuals treated with antibiotics
(Figure 2).

The effect of confounding factors was assessed by PERMANOVA. CRE-positive and
CRE-negative samples (R2: 0.240; p-value: 0.001) and antibiotics (R2: 0.186; p-value: 0.001)
were the two factors most likely affecting individuals’ microbial compositions (Supple-
mentary Table S1). Specifically, pairwise PERMANOVA revealed the greatest differences
between CRE-positive samples and control samples (R2: 0.35; p-adjusted: 0.003), as well
as between CRE-negative samples and control samples (R2: 0.20; p-adjusted: 0.003). Nev-
ertheless, these observations can be at least partially explained by between-group hetero-
geneity of variance, except for CRE-negative sample versus control sample comparisons
(Supplementary Figure S1a). The administered antibiotic formulations were also respon-
sible for a proportion of the microbial variability observed (R2: 0.186; p-value: 0.001). A
significant heterogeneity of variance was also found among the treated and untreated indi-
viduals, necessitating a careful interpretation of the findings (Supplementary Figure S1b).
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Figure 1. Boxplots based on observed species and Shannon indices showing the alpha-diversity
of microbial communities. (a) Comparison of observed species between the CRE-based groups.
(b) Comparison of Shannon indices between the CRE-based groups. (c) Comparison of observed
species between antibiotic-treated and control samples. (d) Comparison of Shannon indices between
antibiotic-treated and control samples. Within-sample diversity was compared between the CRE-
based group samples using Kruskal–Wallis followed by Dunn’s post hoc test. Comparisons between
antibiotic groups were performed using the Wilcoxon test. An adjusted or nominal p-value threshold
of 0.05 was used to define statistical significance. *** (adjusted) p-value < 0.001; NS nonsignificant.
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Figure 2. Beta diversity heatmap with hierarchical clustering of individual samples. Aitchison
distance was used to hierarchically cluster individual samples using complete linkage.

3.4. Fecal Microbiome Taxonomy Differences between Samples Determined Using 16S rRNA
Gene Sequencing

The dominant bacterial phyla were Bacteroidetes, Firmicutes and Proteobacteria in all
three groups (Supplementary Figure S2; Supplementary Table S2), and Actinobacteria
represented the most abundant taxon in the control samples and the least abundant taxon
in the CRE-negative samples. In contrast, in the CRE-positive group, Proteobacteria was
the most abundant taxon (Figure 3a). Moreover, Actinobacteria and Proteobacteria were
the only phyla significantly affected by antibiotic administration (Figure 3b). Both taxa
had the same behavior between the conditions of both comparisons, suggesting a common
response to steady state disruption.

Further examination of families with increased abundance in the control samples
(above the 3rd quartile) revealed the three taxa Bifidobacteriaceae, Succinivibrionaceae and
Coriobacteriaceae (Figure 4a). The comparison of findings between the CRE-positive and
CRE-negative groups revealed a significantly increased prevalence of the families Enter-
obacteriaceae, Morganellaceae, and Pseudomonadaceae and a significantly decreased prevalence
of the families Corynebacteriaceae and Sphingomonadaceae. The abundance of the family
Corynebacteriaceae seemed to be resistant to antibiotic regimens (Figure 4b).

At the genus level, we performed a differential abundance analysis using pairwise
examination among the three groups, which revealed three taxa, Enterococcus, Sphingomonas
and Staphylococcus, as the only genera with an increased abundance in both CRE-positive
and CRE-negative samples compared to that in controls (Figure 5; Supplementary Table S3).
The abundances of Anaerostipes, Blautia, Collinsella, Dialister, Eubacterium, Faecalibacterium,
Prevotella and Roseburia changed in the opposite direction in both hospitalized groups
compared to those in control groups.
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Figure 3. Relative abundance of phyla in the CRE-based and antibiotic regimen-based groups.
(a) Relative abundance of the top phyla in CRE-based groups. (b) Relative abundance of the top phyla
in antibiotic regimen-based groups. All taxa with a gene copy number-corrected relative abundance
below the respective median were classified as “Other”. Differences in the relative abundance in
the CRE-based groups were identified using the Kruskal–Wallis test followed by the Dunn post
hoc test. Differences between the antibiotic groups were identified using the Wilcoxon test. An
adjusted or nominal p value threshold of 0.05 was used to define statistical significance. * (adjusted)
p value < 0.05; ** (adjusted) p value < 0.01; *** (adjusted) p value < 0.001.
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Figure 4. Relative abundance of families in the CRE-based and antibiotic regimen-based groups.
(a) Relative abundance of the top families in the CRE-based groups. (b) Relative abundance of the
top families in antibiotic regimen-based groups. All taxa with a gene copy number-corrected relative
abundance below the respective 3rd quartile were classified as “Other”. Differences in the relative
abundance of the CRE-based groups were identified using Kruskal–Wallis followed by Dunn’s post
hoc test. Differences between the antibiotic groups were identified using the Wilcoxon test. An
adjusted or nominal p value threshold of 0.05 was used to define statistical significance. * (adjusted)
p-value < 0.05; ** (adjusted) p-value < 0.01; *** (adjusted) p-value < 0.001.
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Figure 5. Common and unique genera among sample types. Venn diagram of differential abundance
analysis performed between the CRE groups at the genus level. Genera found to be differentially
abundant by at least one statistical test (Welch’s t or Wilcoxon test) are included. The analysis was
performed on gene copy number-corrected values. An absolute ALDEx2 effect size > 1 and an
adjusted p-value ≤ 0.05 were used as differential abundance thresholds.

Interestingly, in addition to the previous ones, four genera (Klebsiella, Parabacteroides,
Proteus, and Pseudomonas) and five genera (Bifidobacterium, Helicobacter, Lachnospira, Rom-
boutsia, and Turicibacter) were found to be enriched and depleted, respectively, in the CRE-
positive stool samples compared to those in the nonhospitalized control group samples.

Finally, a sample comparison based on antibiotic administration revealed that drug
treatments affected several genera in the same way (). Specifically, the abundance of
Enterococcus, Proteus, Sphingomonas and Staphylococcus was increased during antibiotic treat-
ment, while that of Anaerostipes, Blautia, Collinsella, Dialister, Eubacterium, Faecalibacterium,
Prevotella, Romboutsia and Roseburia was decreased.

4. Discussion

New estimates from the World Health Organization (WHO) show a high mortality
rate among patients with CRE infections due to both the severity of the infections and
the lack of effective antibiotics, which requires intensive research for prevention [28]. The
characterization of the gut microbial communities associated with antibiotic resistance,
mostly MDR strains, would allow us to understand the deleterious effect on the host [29].
Broad-spectrum treatment diminishes the indigenous microbiota, thereby reducing resis-
tance to colonization by pathogens [30]. The clinical consequence is the alteration of the
immune defense against these harmful colonizers [14].

Our study is the second analysis of the gut microbiome in CRE-infected hospital-
ized patients under narrow- and broad-spectrum antibiotic management, complementing
previous research by [31]. In that study, the enriched microbes found in the CRE carrier
and noncarrier patients were Klebsiella, Enterococcus, and Citrobacter. In comparison, we
distinguished similar and different microbial community structures among the three exper-
imental groups. In the hospitalized groups, Enterococcus, Sphingomonas and Staphylococcus
were the most dominant, and two taxa of Citrobacter were found to be relatively equally dis-
tributed in the CRE-positive group and enriched in the CRE-negative group. Additionally,
reads related to members of the Sphingomonadaceae family were previously suggested to be
considered part of the gut core microbiota and as active players in the maintenance of the
immune response [32]; at this point, we cannot confirm whether the presence of this taxon
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mitigated other microbial invasion. In general, the genus Sphingomonas contains twelve
known species, of which Sphingomonas paucimobilis [33] was previously reported in nosoco-
mial infections, particularly among immunocompromised cases [34], and it was suggested
to be a marker for hospital-contaminated environments [35]. Traditional microbiology
misidentified the low-virulence aerobic gram-negative rod Sphingomonas in stool samples,
and this should stimulate further investigation, for example, by using laser desorption
ionization-time of flight mass spectrometry (MALDI-TOF MS) [36].

As expected, the richness of the microbiota in the CRE-negative group did not differ
from that of the microbiota in the CRE-positive group since both groups received antibiotic
treatments. Moreover, we did not observe clusters indicating different microbial structures
for any of the experimental variables, as in the cases of diabetes mellitus. Previous studies
have indicated a negative correlation between low butyrate-producing bacteria in the
phylum Firmicutes and diabetes [37], and the same trend was observed under vancomycin
treatment [38]. In contrast to our data from stool samples, the Firmicutes prevalence did not
show abundance differences between the groups. Specifically, we found a high abundance
of commensal bifidobacteria, which are butyrate-producing bacteria that have been shown
to acquire antibiotic resistance genes for ecological survival [39].

The CRE-positive group showed low diversity (Figure 1) [40], with enrichments of
Klebsiella, Parabacteroides, Proteus and Pseudomonas, compared to the other two groups.
These taxa were suggested to be less susceptible to treatment [41].

Pseudomonas has been identified as a critical challenge for infection control in hospi-
tals [42]. The co-occurrence of both opportunistic pathogens Pseudomonas and Klebsiella
has been previously discussed [43]. Under selection pressure, these gram-negative bacteria
tend to form biofilms at the site of infection and adjust their gene expression to use the
carbon source and available iron for their benefit. Therefore, the restriction of carbon would
disrupt biofilm formation by these pathogens.

One of the most controversial roles of the genus Parabacteroides in human health
has been discussed elsewhere [44]; despite this genus being susceptible to carbapenems,
emerging resistant clinical isolates have been reported [45].

Our controls had a higher microbial diversity, and their guts were enriched with
protective flora (Figure 1a). In particular, the Collinsella genus was recently shown to have a
negative correlation with severe cases of COVID-19 [46].

Previously, a study [47] revealed the different effects of antibiotic usage on ICU
patients, as the administration of the broad-spectrum antibiotic piperacillin-tazobactam
for severe nosocomial infections was shown to be harmful to the gut microbiota, and
there were certain bacterial taxa that could be considered as markers for colonization, as
this study found a depletion of the bacterial order Clostridiales along with the occurrence
of carbapenem-resistant Pseudomonas aeruginosa. Additionally, some bacterial species
coaccumulate, forming a complex network driven by metabolic production in a mutualistic
symbiosis [48].

The outcome of gut dysbiosis under the effect of the treatments in this study led to a
decrease in the diversity of several taxa, such as the indigenous Turicibacter, which induces
the production of host serotonin [49]. Similar to the results in our study, combined treat-
ments yielded a depletion of short-chain fatty acid (SCFA)-producing bacteria, Succinivibrio
and Prevotella, and these SCFAs also act as anti-inflammatory agents [50]; in addition, an
increase in the abundance of Enterococcus and Staphylococcus was observed. The coexistence
of both genera in a particular ecological niche can be used to predict vancomycin-resistance
gene transfer and potential emerging new isolates [51,52]. The other underreported com-
mensal taxa of Corynebacterium in human gut microbiome studies remain a matter of
debate regarding whether they are a contamination or imply clinical relevance [53].

Our data suggest that antibiotics have contributed to the disruption of the micro-
biota [54], causing gut dysbiosis of high/low relative abundance taxa of human gut com-
mensal microbiota and pathogens. This study has some limitations, including the small
number of participants in the control group, certain issues we faced regarding logistic
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manners, and stool quantity and quality. Additionally, value would have been added
to the present study by combining the results of the carbapenem minimum inhibitory
concentration (MIC) with the PCR results; we could not access these data because they
are not provided on a routine basis by the laboratory. Further study is needed to evaluate
larger groups of control samples and perhaps other possible factors, as the observational
nature of our study allows the possibility of residual confounding.

5. Conclusions

Coevolution studies of the role played by microbial communities in regulating the
human gut under selection pressure have been shown to be highly complex. Antibiotic
management in the ICU has confirmed patterns of serious shifts toward low species richness
and the overrepresentation of certain pathogens. Consistent with this, we clearly detected
these pathogens in our stool analysis, and we observed other underestimated taxa that
deserve further investigation in a metabolic context.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms10071309/s1. Table S1. Detailed PERMANOVA
statistics. Table S2. Phyla abundances. Table S3. Differential abundance analysis results. Figure S1.
Between groups variance heterogeneity for PERMANOVA evaluation. Figure S2. Per sample top
phyla relative abundance. Figure S3. Differentially abundant microbial genera between antibiotics.
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