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Objective: This four-year longitudinal study of a single critically ill patient leverages deep temporal profiling to unravel the dynamic
interplay between antibiotic pressure, gut microbiota, and Clostridioides difficile (C. difficile) colonization, providing temporal insights
unattainable through cross-sectional designs.

Methods: We performed a retrospective analysis of one critically ill patient (2015-2019). Sixty-four fecal samples were subjected to
toxigenic C. difficile culture and metagenomic sequencing. To isolate short-term effects, we implemented a 7-day retrospective
window, categorizing each sample based on antibiotic exposure in the preceding week: no antibiotics, monotherapy, or polypharmacy.
Results: Antibiotic exposure significantly reduced microbial diversity and promoted dysbiosis. Crucially, we identified a transitional
C. difficile colonization state (Tcd+t) that potentially determines progression to toxigenic (Tcd+) or non-toxigenic (Tcd-) outcomes.
Analysis using the 7-day window revealed that intensive antibiotic pressure was strongly associated with successional progression
towards toxigenic dominance. Conversely, brief antibiotic-free intervals were linked to partial restoration of microbial network
complexity and a competitive landscape favoring non-toxigenic strains.

Conclusion: This deep temporal profiling of a single case provides novel, hypothesis-generating insights. The identification of
a transitional colonization state and the association between short-term antibiotic pressure and colonization outcomes define critical
dynamics for future validation. These findings highlight the potential of longitudinal data to inform precise antibiotic stewardship
strategies in high-risk, critically ill populations.
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Introduction
Antibiotics are highly effective for treating infectious diseases, but their use often disrupts gut microbiota homeostasis.
This disruption, characterized by decreased diversity, reduced richness, and altered species abundance, predisposes
patients to antibiotic-associated diarrhea (AAD).'”

Clostridioides difficile (C. difficile) is a leading cause of healthcare-associated AAD.®® The pathogenesis of
C. difficile infection (CDI) is mediated through a multi-step process involving spore colonization in the intestine,
germination into vegetative cells, and subsequent production of virulence factors, including toxin A (Ted A), toxin
B (Tcd B), and binary toxin (CDT).” While it is well-established that antibiotic exposure reduced microbial diversity and

. . g 10,11
creates an ecological niche favorable for C. difficile colonization,'®

a critical gap remains in understanding the
longitudinal dynamics of how the gut microbiota and C. difficile interact under continuous and prolonged antibiotic

pressure. Nevertheless, previous studies have primarily relied on cross-sectional comparisons between CDI patients and
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healthy controls, which are inherently limited by inter-individual variations in age, diet, environment, and
comorbidities.'"'* Furthermore, the optimal duration of antibiotic interruption to confer a protective effect remains
unknown. Short periods (eg around 7 days) are of particular interest as they may be more readily implemented in clinical
practice than prolonged cessation, and could provide a critical window for the recovery of key commensal bacteria.
Longitudinal, deep-sampling studies of single subjects offer a powerful, albeit underutilized, approach to address this
gap. By intensively profiling one individual over time, such designs control for inter-personal variation and can reveal intra-
host microbial and pathogen dynamics in response to perturbations, generating time-series data for hypothesis generation.'*
This case presented a rare, albeit clinically complex, opportunity to apply this principle. The patient’s prolonged four-year
Intensive Care Unit (ICU) stay under continuous monitoring, coupled with recurrent infections necessitating complex
antibiotic regimens, created a persistent dysbiosis pressure ideal for observing microbial succession. Furthermore, the
clinical team’s high index of suspicion for CDI led to the collection of 64 fecal samples over the study period, providing
a unique longitudinal dataset. We acknowledge the inherent challenges of a retrospective design, including uneven sampling
intervals due to the patient’s altered bowel habits (post-operative watery stools and an ileostomy), which made symptom-
triggered sampling difficult. Nevertheless, the overall density and temporal span of the data offer a unique window into
long-term dynamics that are virtually impossible to capture in a prospective cohort study. This unique clinical scenario
allowed us to pursue several specific objectives. We aimed to characterize the longitudinal impact of varying antibiotic
exposure on gut microbiota structure, and to investigate how these microbial community states were linked to the
emergence of toxigenic versus non-toxigenic C. difficile. We further sought to identify whether transitional states in the
microbiota could be discerned that might precede critical shifts in C. difficile colonization. Finally, by implementing
a defined temporal window for analysis, we aimed to dissect the short-term effects of antibiotic pressure from its cumulative
impact. Our central hypothesis was that intensive antibiotic pressure would drive the gut microbiota through distinct

compositional states, which would in turn be deterministically associated with different C. difficile colonization outcomes.

Methods

Patient’s Character and Collection of Clinical Data

We conducted a case study on an 84-year-old male patient diagnosed with colon cancer who underwent right hemi-
colectomy followed by fistulization. The patient was hospitalized in the intensive care unit of our institution from
February 2015 to April 2019. A total of 64 fecal samples were collected throughout the hospitalization period. (Figure 1)
Fecal samples were collected in sterile containers and stored at —80°C until further analysis.

Clinical data were retrieved from the electronic medical record system, including demographic information, under-
lying comorbidities, length of hospital stay, and invasive procedures (such as tracheal intubation, central venous
catheterization, urinary catheterization, and gastric tube placement). Comprehensive antibiotic usage, including oral
(P.0.) and intravenous (i.v.) administration, was recorded. (Figure 2a—2d)

Grouping Criteria

Given the prolonged administration of multiple antibiotics, we aimed to investigate the effects of antibiotic monotherapy
versus polypharmacy on the patient’s microbiota and C. difficile colonization dynamics. We systematically documented
and categorized all antibiotic usage during the hospitalization period, with particular attention to antimicrobial exposure
with the preceding seven days. Based on this temporal classification, we stratified all collected samples into three groups:
monotherapy group, polypharmacy group and no medication within the past 7 days group.

To further elucidate the gut microbiota effected by antibiotics on varied C. difficile colonization states, we classified
the 64 fecal samples into four categories based on culture results: (1) only toxigenic C. difficile (Tcd+) (n=10); (2) only
non-toxigenic C. difficile (Tcd-) (n=8); (3) both toxigenic and non-toxigenic C. difficile (Tcd+) (n=6) and (4) C. difficile-
negative (No C. difficile) (n=40).
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A total of 64 stool samples were collected
from an 84-year-old male patient who was
hospitalized in the intensive care unit (ICU)
of our institution for a period of four years.

Antibiotics utilization in the past 7 days

22 samples were 7 samples were 35 samples were
monotherapy polypharmacy no medication

C. difficile culture results

10 samples cultured 8 samples cultured non- 6 samples cultured both toxigenic C. 40 samples cultured

toxigenic C. difficile difficile and non-toxigenic C. difficile no C. difficile

toxigenic C. difficile

Figure | Patient and sample flow in the study. This flowchart illustrates a medical study. A total of 64 stool samples were collected from an 84-year-old male patient
hospitalized in the intensive care unit (ICU) of the institution for four years. The samples were categorized based on antibiotic utilization in the past 7 days: 22 samples were
from monotherapy, 7 from polypharmacy, and 35 from no medication. Subsequently, C. difficile culture was performed on these samples. The results showed that 10 samples
cultured toxigenic C. difficile, 8 samples cultured non-toxigenic C. difficile, 6 samples cultured both toxigenic and non-toxigenic C. difficile, and 40 samples cultured no

C. difficile.
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Figure 2 The antibiotic utilizations and C. difficile culture results from 2015 to 2019. The timeline is divided into four consecutive periods (a—d). Horizontal bars indicate
durations of antibiotic administration (iv, intravenous; po, oral; inh, inhalation). Fecal samples collected for metagenomic sequencing are marked by dots, color-coded to
reflect concurrent C. difficile culture status: yellow (negative), green (non-toxigenic), red (toxigenic), and half-red/half-green (mixed toxigenic and non-toxigenic colonization).
Dates are formatted as YYYY-MM-DD. (a) February 2015-December 2015. Antibiotics: Amikacin (inh, periwinkle), Aztreonam (iv, gray), Biapenem (iv, tan), Cefepime (iv,
salmon), Cefoperazone (iv, yellowgreen), Ceftazidime (iv, steelblue), Cefoxitin (iv, thistle), Daptomycin (iv, light pink), Imipenem (iv, light sage), Levofloxacin (iv, slateblue),
Linezolid (iv, medium purple), Metronidazole (po, Peru), Piperacillin (iv, skyblue), Tigecycline (iv, indigo), Vancomycin (po, red). (b) January 2016-December 2016.
Antibiotics: Ceftazidime (iv, steelblue), Daptomycin (iv, light pink), Imipenem (iv, light sage), Linezolid (iv, medium purple), Piperacillin (iv, skyblue), Vancomycin (iv, darkgreen;
po, red). (c) January 2017-December 2017. Antibiotics: Caspofungin (iv, purple), Cefepime (iv, salmon), Ceftazidime (iv, steelblue), Imipenem (iv, light sage), Linezolid (po,
saddlebrown), Vancomycin (iv, darkgreen). (d)January 2018-April 2019. Antibiotics: Amikacin (iv, periwinkle), Aztreonam (iv, gray), Biapenem (iv, tan), Cefepime (iv, salmon),
Cefoperazone (iv, yellowgreen), Ceftazidime (iv, steelblue), Levofloxacin (iv, slateblue; po, olive), Linezolid (iv, medium purple; po, saddlebrown), Meropenem (iv, sienna),

Micafungin (iv, deep pink), Vancomycin (po, red).
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C. Difficile Detected

Fecal samples were mixed with 95% ethanol and cultured under anaerobic incubation (80% N,, 10% H,, 10% CO,) for

48 h at 37°C on cycloserine-cefoxitin-fructose agar (CCFA; Oxoid Ltd., Basingstoke, United Kingdom) supplemented
with 7% sheep blood. C. difficile isolates were confirmed using standard microbiological methods, including colony
morphology, odor. Isolated suspicious colonies were identified as C. difficile using Brooke Matrix-assisted laser
desorption/ionization-time of flight mass spectrometry (MALDI-TOF) (Bruker Daltonik GmbH, Bremen, Germany).
Toxin genes was performed by PCR targeting the toxin genes fcdA, tcdB, and binary toxin genes (cdtA and cdtB), as
previously described.'?

Metagenomics Sequencing and Analysis

DNA Extraction, Sequencing, and Quality Control

Total genomic DNA was extracted from fecal samples using the Qiagen DNA Stool Mini Kit (Qiagen, Hilden, Germany)
following the manufacturer’s protocol. DNA quality and quantity were assessed using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, USA) and Qubit fluorometer (Invitrogen, USA).

Libraries were prepared using an Illumina DNA Prep kit, and sequencing was performed on an Illumina NovaSeq
6000 platform, generating an average of 10 Gb of data per sample with paired-end 150 bp reads.

Raw sequencing data underwent a rigorous quality control (QC) pipeline. Fastp was used to remove low-quality
bases, adapter sequences, and ambiguous reads. The specific filtering criteria were as follows: reads were discarded if
either read contained adapter contamination, more than 10% uncertain nucleotides, or more than 50% low-quality
nucleotides (Phred quality score < 5). Subsequently, reads aligning to the human reference genome (GRCh38) were
identified and removed using Bowtie2 with parameters: —end-to-end —sensitive -1 200 -X 400 to eliminate host-derived

contamination.

Metagenome Assembly, Gene Catalog Construction, and Annotation

High-quality, non-host reads were assembled for each sample using MEGAHIT with the parameter —presets meta-large.
Scaffolds were broken at N junctions to obtain contiguous fragments (scaffigs) without Ns. Protein-coding genes were
predicted on scaffigs (> 500 bp) using MetaGeneMark with default parameters. Predicted genes shorter than 100
nucleotides were filtered out. A non-redundant gene catalog was constructed from all predicted genes using CD-HIT
with parameters: -c 0.95 -G 0 -aS 0.9 -g 1 -d 0. This 95% identity threshold was chosen to cluster highly similar
sequences while retaining potential functional variants, a standard practice to reduce redundancy.

For taxonomic and functional annotation, the non-redundant gene sequences were aligned against the National Center
for Biotechnology Information (NCBI) Non-redundant (NR) database using DIAMOND'® in blastp mode with an e-value
cutoff of 1x10—>. Taxonomic profiling was performed using the lowest common ancestor (LCA) algorithm implemented
in MEGAN. Functional annotations were conducted by aligning sequences against the Kyoto Encyclopedia of Genes and
Genomes (KEGQ) and the Virulence Factor Database (VFDB) using DIAMOND with the same e-value cutoff. The best
alignment hit was selected for each sequence for functional analysis.

Gene Abundance and Statistical Analysis
Clean reads from each sample were aligned to the final gene catalog using Bowtie2 with parameters —end-to-end —sensitive -I
200 -X 400 to calculate gene abundance. Genes with < 2 reads in a sample were filtered out. The abundance of a gene was
calculated as: (r * L) / (X (r_i * L 1)), where r is the number of reads aligned to the gene and L is the gene length.
Microbial alpha and beta diversity analyses were performed based on taxonomic abundance profiles. Principal
coordinate analysis (PCoA) was conducted using the R “vegan” package based on Bray-Curtis’s dissimilarity.
Differential abundance analysis was performed using MetaGenomeSeq and LEfSe (LDA score threshold=4).
Correlation networks between microbial taxa and KEGG pathways were constructed using Spearman’s rank correlation.
Only robust correlations with |r| > 0.5 and a p-value < 0.05 were retained. Network visualization and analysis were

performed using the R “igraph” package.
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Data and Code Availability
The raw sequencing data have been deposited in the NCBI SRA under BioProject accession number PRINA1237222.
The custom scripts used for statistical analysis and figure generation are available from the corresponding author upon

reasonable request.

Statistical Analysis

Continuous variables were presented as median and interquartile range (IQR), while categorical variables were
presented as frequencies and percentages. The normality of the data distribution was assessed using the Shapiro—
Wilk test, and the homogeneity of variances was assessed using Levene’s test. The Wilcoxon rank-sum test was
used to compare continuous variables between two independent groups, while the Kruskal-Wallis H-test was used
to compare continuous variables between multiple independent groups. Post hoc tests (Bonferroni correction) were
performed to adjust for multiple comparisons. The Chi-square test or Fisher’s exact test was used to compare the
categorical variables. Spearman’s rank test was used for the correlation analysis. P-value < 0.05 was considered
statistically significant. Statistical analysis was performed with SPSS 27.0 (SPSS, Chicago, IL, USA) and
R v4.1.2, following the standard procedures for data input, test selection, and result output.

Results

Inpatient Clinical Course and Therapeutic Strategy

We present the case of an 84-year-old gentleman with an extended hospitalization course, initially admitted for
subsequent therapeutic interventions following surgical resection of colon cancer. The patient underwent radical colon
resection on September 30, 2014, and performed an exploratory laparotomy with abdominal irrigation and terminal
ileostomy on October 6, 2014. Following the secondary surgical intervention, the patient was subsequently transferred to
the ICU encompassed comprehensive therapeutic regimens.

During the ICU hospitalization, the patient developed multiple infections, including: pulmonary infections caused by
Acinetobacter baumannii, Pseudomonas aeruginosa, and Serratia marcescens; bloodstream infections attributed to
Klebsiella pneumoniae, Staphylococcus aureus, and Enterococcus faecalis; as well as intestinal infections. The anti-
microbial treatment regimen encompassed various classes of agents, including B-lactams, glycopeptides, nitroimidazoles,
oxadixyl, peptide antibiotics, echinocandins, and several other categories.

The diagnosis of CDI in clinical practice is primarily based on the presence of characteristic clinical manifestations like
diarrhea, abdominal pain and fever combined with elevated inflammatory markers.'”"'® However, in this particular case, the
presence of concurrence systemic infections may compromise the diagnostic specificity of fever and inflammatory markers
for CDI. Consequently, gastrointestinal symptoms assumed particular diagnostic significance, necessitating long-term
clinical monitored. Moreover, the patient’s terminal ileostomy resulted in altered stool patterns that differed substantially
from those observed in patients with intact colon function. This postoperative change, as outlined in the Infectious Diseases
Society of America (IDSA) and European Society of Clinical Microbiology and Infectious Diseases (ESCMID) clinical
practice guidelines, may potentially mimic certain symptoms.”*?' The patient demonstrated multiple established risk factors
for CDI, including advanced age and prolonged antibiotic exposure, particularly to B-lactams with a predominance of third-
generation cephalosporins.?® In light of these considerations, clinicians maintained a high index of suspicion, implementing
a protocol of empirical stool testing for C. difficile, which ultimately yielded 64 analyzable stool samples.

In this clinical scenario, despite the diagnostic uncertainty regarding CDI, clinicians initiated empirical vancomycin
therapy during specific periods in the early 2015, early 2016 and late 2017. Notably, our longitudinal analysis revealed
persistent positive for toxigenic C. difficile following these therapeutic interventions. This observation suggests empirical
antimicrobial treatment may not consistent achieve optimal clinical outcomes, as evidenced by the sustained risk of
toxigenic C. difficile pathogenicity despite therapeutic measures.
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Diversity Metrics and Differential Abundance

Initially, we assessed the effects of antibiotic administration on the taxonomic composition and ecological structure of the
patient’s gut microbiota. This comprehensive analysis was conducted using a diversity metric,  diversity measures, and
species abundance profiling. Our findings revealed a significant reduction in all measured diversity indices (ACE, Chaol,
Shannon, Simpson, and observed species) following antibiotic exposure compared to samples without recent antibiotic
treatment (within 7 days; Kruskal-Wallis H-test with Bonferroni correction, p < 0.001), consistent withsubstantial
antibiotic-induced dysbiosis. (Table 1) Notably, samples from polypharmacy regimens were observed to have lower
indices, suggesting a potential trend towards a more pronounced impact of polypharmacy on gut microbial communities,
although this difference did not reach statistical significance. To further characterize temporal variations in microbial
community structure, we performed principal co-ordinates analysis (PCoA) based on B-diversity metrics. (Figure 3a)
Interestingly, the analysis using the unweighted UniFrac distance algorithm revealed relative temporal stability in the
patient’s gut microbiome composition, with no significant clustering patterns observed across different antibiotic
treatment conditions. This suggests that while antibiotic administration significantly reduced microbial diversity, the
overall community structure maintained a degree of stability throughout the treatment period.

To characterize temporal dynamics of gut microbiota composition, we conducted a comprehensive analysis of
microbial relative abundance. Our investigation initially focused on the Firmicutes (Bacillota)/Bacteroidetes ratio, a well-
established indicator of gut microbiota balance. (Figure 3b) The analysis revealed a markedly elevated ratio, indicative of
significant dysregulation of Bacillota proportions. In contrast, the no-medication group demonstrated the lowest ratio,
approximating values observed in healthy individuals, although these differences did not reach statistical significance.?
Building upon these findings of microbial imbalance, we performed detailed taxonomic profiling at both phylum and
family levels. Quantitative analysis revealed significant alterations in specific microbial taxa following antibiotic
administration (p < 0.05). (Table 2) At phylum level, we observed a substantial decrease in the relative abundance of
the Bacillota and Actinomycetota, while Pseudomonadota demonstrated a significant increase (p < 0.05). (Figure 3c)
Furthermore, our analysis identified pronounced shifts in key microbial families: dysbiosis-associated taxa, including
Enterobacteriaceae, showed significant proliferation, whereas protective symbionts such as Clostridiaceae,
Bifidobacteriaceae, Veillonellaceae, and Lachnospiraceae exhibited depletion (p < 0.05).>*** (Figure 3d) These findings
collectively revealed that antibiotic exposure is associated with substantial maladaptation in gut microecological
composition, characterized by depletion of beneficial taxa and expansion of potential pathogenic organisms. This pattern
of dysbiosis aligns with established literature documenting antibiotic-induced microbiota alterations in healthy
individuals.*>**

We hypothesized that antibiotic exposure was strongly associated with the colonization and growth of toxigenic
C. difficile culturing. To investigate the relationship between antibiotic use and toxigenic C. difficile dynamics, we

analyzed microbiota variation across different C. difficile culture outcome. Our analysis revealed that 83.3% (20/24) of

Table | Comparison of Gut Microbiota Alpha-Diversity Indices Across Antimicrobial Treatment

Conditions
Monotherapy Polypharmacy | No Medication in Past 7 Days P
(n=22) (n=7) (n=35)
ACE 1115.324810.94* | 801.21+£250.99* 1617.16£598.77° <0.001
Chaol 1120.95+811.83* | 799.00+251.69% 1620.01£599.87° <0.001
Shannon 3.70£1.29 3.15+1.89° 441£0.84° <0.00!
Simpson 0.83%0.19* 0.77+0.33* 0.900.06° <0.001
Observed species | 1093.50+£797.75% | 795.00+238.00% 1573.00+616.00° <0.001

Notes: Data are presented as mean * SD. Different superscript letters (a, b) within a row indicate statistically significant
differences between groups (Kruskal-Wallis H-test with Bonferroni correction, p < 0.05). Groups sharing the same letter are not
significantly different.

Infection and Drug Resistance 2026:19
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Figure 3 Gut microbiota changes associated with antibiotic treatments. (a) Principal coordinates analysis (PCoA) based on unweighted UniFrac distances, colored by recent antibiotic
exposure history. Samples are categorized as monotherapy (blue circles), polypharmacy (red triangles), or no medication within the past 7 days (green squares). (b) Firmicutes/
Bacteroidetes ratio across treatment groups. The monotherapy group shows the highest median ratio, followed by polypharmacy, while the no-medication group exhibits the lowest
ratio. No statistically significant differences were observed between groups. (¢ and d) Temporal dynamics of microbial composition at the (c) phylum and (d) family levels. Stacked area
charts depict the relative abundances of the top 10 most abundant taxa; remaining taxa are grouped as “Others”. Samples are stratified by antibiotic exposure as in (a). Taxa are arranged
in descending order of mean relative abundance from bottom to top. Phylum order (c): Pseudomonadota, Bacteroidota, Bacillota, Actinomycetota, Thermoplasmatota, Spirochaetota,
Cyanobacteria, Chloroflexi, Fusobacteriota, Planctomycetota. Family order (d): Enterobacteriaceae, Moraxellaceae, Staphylococcaceae, Lachnospiraceae, Ruminococcaceae,
Erysipelotrichaceae, Veillonellaceae, Comamonadaceae, Coriobacteriaceae, Bifidobacteriaceae. These profiles illustrate structural shifts in the gut microbiota in response to varying
degrees of antibiotic pressure, highlighting changes in the dominance and succession of major taxonomic groups.
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Table 2 Differential Relative Abundance of Selected Microbial Taxa at Phylum

and Family Levels Across Antimicrobial Treatment

Conditions
Taxonomic Abundances Monotherapy Polypharmacy No Medication in Past 7 Days P
Ranks (n=22) (n=7) (n=35)

Phylum Bacillota 0.3240.25% 0.080+0.25% 0.39£0.19° <0.05
Actinomycetota 0.0016+0.01* 0.00050+0.00° 0.020£0.08° <0.05
Pseudomonadota 0.3940.30° 0.6110.54* 0.24£0.23° <0.05
Family Enterobacteriaceae 0.324£0.217 0.4110.43* 0.2240.17° <0.05
Clostridiaceae 0.0088+0.05% 0.00050+0.01° 0.070£0.09° <0.05
Bifidobacteriaceae 0.0012+0.01* 0.00030+0.00° 0.23£0.08° <0.05
Veillonellaceae 0.0054+0.04* 0.0005+0.02* 0.026+0.04° <0.05
Lachnospiraceae 0.0030+0.00* 0.0004+0.00* 0.0071+0.02° <0.05

Notes: Data are presented as mean + SD. Different superscript letters (a, b) within a row indicate statistically significant differences between groups (Kruskal-Wallis H-test
with Bonferroni correction, p < 0.05). Groups sharing the same letter are not significantly different. Only taxa with significant differences are shown.

C. difficile-positive samples were associated with antibiotic exposure within the preceding 30 days, while 54.2% (13/24)
had recent antibiotic exposure within 15 days. Notably, all toxigenic C. difficile-positive samples (10/10) demonstrated
antibiotic exposure within30 days, with 70.0% (7/10) showing recent exposure within 15 days.

To further elucidate the impact of microbial diversity alteration on toxigenic C. difficile (Tcd+), non-toxigenic
C. difficile (Tcd-), and co-colonization with both toxigenic and non-toxigenic C. difficile (Tcd+), we conducted
comparative analyses of microbial diversity across these three and C. difficile-negative sample groups. (Figure 4a) We
findings demonstrated that samples with the lowest diversity consistently yielded toxigenic C. difficile growth.
Quantitative analysis revealed significantly lower diversity in Tcd+ samples compared to Tcd- samples (p < 0.05). In
addition, samples collected one month prior to toxigenic C. difficile detection (pre-Tcd+) had significantly reduced
diversity compared to those collected one month prior to non-toxigenic C. difficile detection (pre-Tcd) (p < 0.05),
suggesting that antibiotic-induced loss of diversity associated with toxigenic C. difficile colonization. At the taxonomic
level, we observed distinct microbial composition patterns preceding different C. difficile outcome. The pre-Tcd-period
was characterized by significantly lower Pseudomonadota and higher levels of Bacillota, Bacteroidota and
Actinomycetota compared to the pre-Ted+ period (all p < 0.05), reflecting a more favorable microbial composition.
Interestingly, the Tcd+ group demonstrated intermediate characteristics in both diversity and relative abundance profiles,
positioned between the Ted- and Ted+ groups.

The Impact of Antibiotic Use on the Temporal Dynamics of the Intestinal Microbiota
To characterize the longitudinal dynamics of gut microbiota over four-year observation period, we performed PCoA
analysis to examine microbial community variations associated with different C. difficile culture outcomes. Our analyses
of C. difficile-positive samples revealed distinct clustering patterns between the Ted+ and Tcd- group. However, the samples
from Ted+ group exhibited a degree of overlap with the samples from Tcd+ and Tcd- group. Interestingly, samples from the
mixed colonized group Ted+ demonstrated partial overlap with both Ted+ and Ted- clusters in PCoA space. (Figure 4b)
Notably, temporal analysis of Tcd+ samples revealed a progressive transition in microbial community structure. Specifically,
samples collected on 20151227 and 20160504, which preceded of toxigenic strains (20160912 to 20170104), exhibited
closer proximity to the Ted+ group in the principal coordinate space. Subsequent samples (20170110, 20,170,116,
20170123, and 20170213) demonstrated a gradual transition from Tcd+-like to Tcd-like microbial profiles, as evidenced
by their shifting positions in the PCoA plot. These findings suggest the possibility that antibiotic-induced alterations in gut
microbiota composition may facilitate distinct C. difficile colonization patterns. The observed transitional phase in microbial

Infection and Drug Resistance 2026:19

8 https:



Jiang et al

a * % b 0.10 20160504
I I ®
* 2017
2000 b N R=0.1312
* * 5 [ R 0™MO =0.042
1800 0.05 ‘r o P
¥ = - ‘,

16004 o " " . X i
2 * . n ; :
214004 * T S \
= * ' ~  0.00 120170526\ \
@ o . ~ ° \ 20170213
20 0‘ . S 2017050% o
z hd O > |
2 1000 A /
= *
o 20170310

800 ~ ** —0.05 o

* 3
600 -
* o L
400 20170626 0ot
T T T T T -0.10
Before TCD TCD Before NTCD ~ NTCD Both —-0.1 0.0 0.1 0.2

PCoA1 (39.49%)

Figure 4 Alterations in gut microbiota composition stratified by C. difficile culture status. (a) Comparisons of alpha diversity (observed species) among groups defined by
subsequent C. difficile culture results. The experimental groups include: pre-toxigenic C. difficile (samples prior to toxigenic strain detection), toxigenic C. difficile (Tcd+), pre-
non-toxigenic C. difficile (samples prior to non-toxigenic strain detection), non-toxigenic C. difficile (Tcd-), and co-colonization by both toxigenic and non-toxigenic strains
(Tcdt). Data are presented as distinct colored diamonds for each condition with vertical error bars. Statistically significant inter-group differences (p < 0.05) are marked by
asterisks above connecting lines. (b) Beta diversity analysis visualized via principal coordinates analysis (PCoA). Samples are categorized and colored by C. difficile culture
outcome: Ted+ (red), Ted- (green), and Ted+ (blue). Individual sampling dates are annotated for each point. Confidence ellipses encapsulate the distribution of each sample
group. The statistical summary indicates a significant, albeit weak, relationship between microbial community structure and C. difficile status (R = 0.1312, p = 0.042).

community structure suggests that the trajectory of C. difficile colonization outcomes may be influenced by the timing and

duration of antibiotic exposure, with potential implications for clinical management.

Alterations in Intestinal Microbiota Metabolism and Virulence Factors After Antibiotic

Utilization

To further elucidate the functional consequences of antibiotic exposure on C. difficile colonization dynamics, we
conducted comprehensive analysis of metabolic pathways and virulence factors using KEGG and VFDB databases.
(Figure 5) Our pathway analysis revealed significant upregulation of several KEGG pathways in both the antibiotics-
treated group and toxigenic C. difficile group (p < 0.05), including carbohydrate metabolism, signal transduction,
metabolism of other amino acids, xenobiotics biodegradation and antimicrobial resistance pathways. Conversely, we
observed significant downregulation in glycan biosynthesis and metabolism, as well as DNA replication and repair (p <
0.05). These parallel alterations in metabolic pathway activity are consistent with the view that antibiotic exposure on the
metabolic landscape favoring toxigenic C. difficile colonization.

Furthermore, our virulence factor analysis revealed distinct expression patterns across different colonization states.
Besides, we found that virulence factors varied from each group. Among those top ten expressed virulence factors, LOS,
T6SS and type I fimbriae were decreased from January 10, 2017, to June 26, 2017, when antibiotic use was lowest.
Notably, among C. difficile-specific virulence factors in this period, we identified upregulation of groEL, fbpA, cwpV, cwp
66, cwp 84, zmp 1, cbpA, sipA, CD3246, and CD2831 (p < 0.05), while fcdA and tcdB genes showed non-significant
downward trends. Contrary to conventional understanding, the non-toxigenic C. difficile colonization phase was
characterized by heightened expression of virulence factors associated with host attachment, colonization, nutrient
acquisition, immune evasion and biofilm formation. This unexpected finding suggests that non-toxigenic strains may
employ alternative survival strategies to maintain ecological competitiveness within the gut microbiota, potentially as
a mechanism for persistence in a competitive environment.
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Figure 5 The heatmap of the correlations between different antibiotics utilization and C. difficile culture results according to KEGG and VFDB. Hierarchically clustered
heatmaps display the relative abundance of microbial functions, with columns representing individual samples and rows representing functional features. The color intensity
of each cell reflects the relative abundance, with a gradient from blue (low) to yellow/red (high). Two annotation bars above each heatmap indicate the sample metadata:'
C. difficile culture result (red, toxigenic; green, non-toxigenic; Orange, mixed; purple, negative) and® recent antibiotic exposure (yellow, monotherapy; dark orange,
polypharmacy; dark green, no medication within 7 days). (a) Metabolic and cellular pathways. The heatmap shows the relative abundance of KEGG orthologs grouped into
level 2 categories, including Metabolism (eg, Glycan biosynthesis, Energy metabolism), Environmental Information Processing (eg, Membrane transport, Signal transduction),
Cellular Processes, Human Diseases, and Organismal Systems. (b) Virulence and survival factors. The heatmap shows the relative abundance of virulence-associated genes
and systems from the Virulence Factor Database (VFDB), including effector delivery systems (eg, T6SS, T4SS), adhesins (eg, Fbp88, FbpA), motility factors, and toxin genes.

Comparison of the Correlation Networks Between Microbiota and Metabolic
Pathway After the Utilization of Antibiotics

To investigate the relationship between microbial composition and metabolic functionality, we constructed correlation
network analyzing the association between relative abundance and metabolic pathways. Our analysis revealed distinct
network complexity across different antibiotic exposure conditions. Both the monotherapy (Figure 6a) and polypharmacy
(30 nodes, 32 edges) (Figure 6b) groups demonstrated a less complex network topology compared to the no-medication
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Figure 6 The correlation networks pertaining to differential microbiota and KEGG metabolic pathways in different antibiotics situations. (a—c) monotherapy group,
polypharmacy group, no medication group. Correlation networks depict significant associations (Spearman’s |r| > 0.5, p < 0.05) for the (a) Monotherapy, (b) Polypharmacy,
and (c) No medication within the past 7 days groups. In each network: Nodes represent microbial taxa (large, purple) or KEGG pathways (small, colored by category). Edges
represent significant correlations: red for positive and green for negative associations. The thickness of each edge is proportional to the absolute value of the correlation
coefficient (|r]), indicating the strength of the relationship. Node size is proportional to the number of connections (degree centrality). KEGG pathways are color-coded by
functional category: Metabolism (blue), Genetic Information Processing (Orange), Environmental Information Processing (green), Cellular Processes (red), Organismal
Systems (purple), Human Diseases (brown). (a) Monotherapy: Key taxa include Pseudomonadota, Bacillota, Bacteroidota, and Ascomycota. Representative pathways involve
Xenobiotics biodegradation, Energy metabolism, and Cellular community-prokaryotes. (b) Polypharmacy: Dominant taxa include Pseudomonadota, Bacillota, and
Ascomycota. Notable pathways include Energy metabolism, Transcription, and Cell growth and death. (c) No medication: Key taxa include Pseudomonadota,
Bacteroidota, Bacillota, Ascomycota, and Actinomycetota. Prominent pathways include Biosynthesis of secondary metabolites, Glycan biosynthesis, and Immune system.
The comparative analysis demonstrates that antibiotic pressure, particularly polypharmacy, restructures microbial-functional interactions and reduces network complexity
compared to the untreated state.
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group (prior 7-day antibiotic-free period) (36 nodes, 38 edges) (Figure 6¢). Network centrality analysis identified
Pseudomonadota and Bacillota as hub taxa across all conditions, characterized by extensive connectivity and high
betweenness centrality, indicating their pivotal roles in maintaining gut microbiome stability and functionality. Notably,
in the no-medication group, Pseudomonadota and Bacillota exhibited stronger negative correlations with associated
KEGG pathways compared to antibiotic-exposed groups, which may indicate more robust regulatory interactions in the
absence of antimicrobial pressure. Furthermore, the antibiotic-naive state was characterized by a more balanced
microbial community structure, with diverse taxa participating in multiple functional networks encompassing core
metabolic processes, genetic information processing, and environmental adaptation pathways. This intricate network
architecture suggests enhanced functional redundancy and ecosystem resilience in the absence of antibiotic perturbation.

Discussion

This longitudinal case study provides a unique perspective on the dynamic interplay between antibiotic pressure and the
gut ecosystem in a critically ill patient. Our data indicate that antibiotic exposure, particularly polypharmacy, was
associated with marked ecological shifts, including reduced microbial diversity and altered taxonomic composition,
which coincided with an environment conducive to toxigenic C. difficile colonization. Interestingly, these changes
occurred against a backdrop of relative overall community stability at the individual level.

It is crucial to frame the interpretation of these findings within the inherent limitations of this work. The single-subject
design, while yielding rich longitudinal data, limits the generalizability of our conclusions and precludes causal
inferences. The retrospective nature led to uneven temporal sampling, potentially introducing observational bias, and
the absence of samples during the 20182019 period represents a significant data gap. Furthermore, the patient’s complex
clinical course—encompassing disease progression, nutritional status, and concurrent medications—presents potential
confounding factors that could have contributed to the observed microbiota changes. These constraints underscore the
strictly hypothesis-generating nature of our study.

Within this context, the observed stability in beta diversity provides a critical backdrop against which more specific,
pathology-relevant dynamics unfolded. A central finding of this study was the identification of a distinct transitional
colonization state (Tcd+). The temporal dynamics and intermediate microbial features of this state suggest it may
represent a critical juncture that determines progression towards toxigenic or non-toxigenic dominance. Furthermore,
our analysis, which used 7-day intervals to define exposure, revealed that periods of reduced antibiotic pressure were
associated with partial microbial network recovery and a competitive landscape that appeared to favor non-toxigenic
strains. While these observations require validation in larger cohorts, they generate the hypothesis that strategic antibiotic
cessation, even of relatively short duration, might help steer the microbiota away from states that favor toxigenic
C. difficile.*” This aligns with the principle of antibiotic stewardship but frames our specific finding as a testable concept
rather than a clinical recommendation. Consistent with previous findings, we observed characteristic microbial shifts
following antibiotic administration and preceding toxigenic C. difficile detection, marked by depletion of protective taxa
(Clostridiaceae, Bifidobacteriaceae, Veillonellaceae, and Lachnospiraceae) and proliferation of potentially pathogens
Gammaproteobacteria. Our findings suggest that polypharmacy may exert more pronounced effects on gut microbiota
than monotherapy, though this difference did not reach statistically significant due to limited sample size. It is well
established that B-lactam antibiotics, particularly third-generation cephalosporins, constitute major risk factors for CDI,*
and were extensively used in this patient. While previous studies have demonstrated that short-term antibiotic courses can
induce profound, long-lasting (6-24 months) microbiota alteration in healthy adults.*®

Our findings align with current IDSA and ESCMID, which recommend cautious consideration of empirical CDI
antibiotic prophylaxis.”®*' However, in this case, a standard prophylactic regimen of oral vancomycin (125mg four times
daily for more than 10 days) failed to prevent toxigenic C. difficile colonization. This observation highlights the
challenges in patients with multiple risk factors for non-infectious diarrhea, including antibiotic use, proton pump
inhibitors or NSAIDS administration, enteral nutrition, short bowel syndrome, special bowel surgeries, hypoalbumine-
mia, and malnutrition.®** ! The clinical differentiation between CDI and other causes of diarrhea in such complex cases
remains problematic, potentially compromising the efficacy of both prophylaxis or treatment. These findings underscore
the need for more refined clinical guidelines that can better distinguish CDI from other diarrheal etiologies in high-risk
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populations. The development of such guidelines, incorporating specific diagnostic algorithms and treatment initiation
criteria, could significantly improve clinical management. However, this will require further large-scale, prospective
studies to establish evidence-based recommendations tailored to complex clinical scenarios. Intriguingly, our analysis
revealed enhanced expression of virulence factors associated with adhesion and colonization during the phase of Tcd-,
suggesting that non-toxigenic strains may employ alternative strategies, potentially enhancing their ability to compete for
ecological niches and persist within the gut, even in the absence of toxin production. These finding merits further
investigation as it could reveal novel mechanisms of microbial competition relevant to CDI.

Collectively, this detailed longitudinal profile highlights the potential of deep temporal data to reveal complex
dynamics, such as the transitional state (Tcd+) and the competitive strategies of non-toxigenic strains, which are typically
obscured in cohort studies. Our work does not offer definitive clinical strategies but rather proposes specific, testable
hypotheses about microbial succession and critical intervention windows. Future prospective studies in high-risk
populations are warranted to validate these dynamics and explore their potential for informing more personalized,
microbiota-aware patient management.

Conclusion

This four-year longitudinal study of a single ICU patient underscores the power of deep temporal profiling to unravel
complex host-microbe dynamics inaccessible to cross-sectional designs. Our analysis revealed that within a backdrop of
relative community-level stability, intensive antibiotic pressure was associated with marked ecological shifts that created
a niche permissive for C. difficile colonization. A central finding was the identification of a critical transitional
colonization state (Tcd+), which may represent a determinative juncture in the progression towards toxigenic or non-
toxigenic dominance. Furthermore, our data suggest that even brief antibiotic-free intervals may facilitate partial
microbial network recovery and shift competitive dynamics in favor of non-toxigenic strains.

These observations are inherently hypothesis-generating. This study does not offer definitive clinical recommenda-
tions but provides a novel perspective on CDI pathogenesis by highlighting the transitional state and the potential
impact of short-term antibiotic pressure as specific, testable concepts. Future prospective studies in high-risk popula-
tions are warranted to validate these dynamics and to explore their utility in informing precision antibiotic stewardship
strategies.
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