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Carbapenem-resistant Acinetobacter baumannii (CRAB) is a major human pathogen and a research
priority for developing new antimicrobial agents. CRAB is a causative agent of a variety of infections
in different body sites. One of the manifestations is catheter-associated urinary tract infection, which
exposes the bacteria to the host’s urine, creating a particular environment. Exposure of two CRAB
clinical isolates, AB5075 and AMA40, to human urine (HU) resulted in the differential expression levels
of 264 and 455 genes, respectively, of which 112 were common to both strains. Genes within this
group play roles in metabolic pathways such as phenylacetic acid (PAA) catabolism, the Hut system,
the tricarboxylic acid (TCA) cycle, and other processes like quorum sensing and biofilm formation.
These results indicate that the presence of HU induces numerous adaptive changes in gene expression
of the infecting bacteria. These changes presumably help bacteria establish and thrive in the hostile
conditions in the urinary tract. These analyses advance our understanding of CRAB’s metabolic
adaptations to human fluids, as well as expand knowledge on bacterial responses to distinct human
fluids containing different concentrations of human serum albumin (HSA).
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Acinetobacter baumannii is a Gram-negative non-fermentative coccobacillus, which has emerged as an
important human pathogen mainly due to its capacity to persist in hospital settings as well as to resist multiple
antimicrobials. Infections with A. baumannii are challenging to treat as per an increase in the incidence of
multi-drug (MDR) and extensively-drug (XDR) resistant strains!. The World Health Organization has placed
carbapenem-resistant strains of A. baumannii as a critical priority for the research and development of new
antimicrobials?.
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A. baumannii can cause pneumonia, as well as infections in the bloodstream, skin, soft tissue, and urinary
tract. Acinetobacter spp. infections in the clinical setting can be associated with the use of medical devices
such as ventilation tubes and central venous and urinary catheters, as well as surgery, invasive procedures, and
prolonged treatment with broad-spectrum antimicrobials®. Studies carried out in intensive care units identified
A. baumannii as the main cause of catheter-associated urinary infections (CAUTI) in that setting®®. Up to
20 percent of all A. baumannii isolates are obtained from urinary sources® and recently it was proposed that
secondary urinary tract infection (UTI) after re-catheterization could be caused by an intracellular reservoir of
A. baumannii in bladder epithelial cells in a murine model’.

A. baumannii has a versatile metabolism that allows it to acquire nutrients, survive, and ultimately replicate
in a low-nutrient environment like the one present in the host during an infection'?. Also, the interaction with
the host’s environment can trigger A. baumannii metabolic responses that activate antimicrobial resistance and
immunomodulatory effects"®. An example of the latter is the catabolism of the alpha-amino acid histidine, that in
A. baumannii is done through the Hut system. The Hut system has an important role in A. baumannii infections,
as it is implicated in multiple metabolic pathways including zinc homeostasis, biofilm formation, and histamine
synthesis®. Then, studying the physiological responses of A. baumannii caused by exposure to environmental
conditions that mimic those of the host, is key to understanding its metabolism during infection and, ultimately,
for the development of new methods to control those infections'.

The catabolism of organic acids has been regarded as essential for the virulence and immunomodulation
of A. baumannii'. Thus, phenylacetic acid (PAA) metabolism plays a key role in A. baumannii infection. The
PAA catabolic pathway, that is encoded in the paa operon, is an important route in the catabolism of aromatic
compounds that will lately converge in the Krebs cycle!®!. A. baumannii mutations in the paaE gene resulted in
lesser virulence in a murine septicemia model'’. Conversely, GacS is a global virulence regulator of A. baumannii,
and deletion of its gene leads to high repression of the paa operon and accumulation of phenylacetate (PA)®. In a
zebrafish infection model, inhibition of the A. baumannii paa operon led to the migration of polymorphonuclear
neutrophiles to the infection site, with the ultimate consequence of a reduction in bacterial burden and attenuated
disease®. Another set of experiments demonstrated that subinhibitory concentrations of antimicrobials
upregulated the paa operon; as well as interfering with PAA metabolism and increased susceptibility to antibiotics
and hydroxide peroxide treatment'?. Also, the blockage of PAA catabolism resulted in attenuated virulence in a
murine catheter-associated urinary tract infection (CAUTI) model'~

Previous results indicated that exposure to human pleural fluid (HPF), a fluid with a high content of human
serum albumin (HSA), can alter the expression of A. baumannii genes related to survival and persistence'?
and elicit metabolic changes that enhance cytotoxicity and immune evasion'* and DNA uptake'®. Moreover,
HPF triggers the differential expression of genes related to processes such as antimicrobial resistance, biofilm
formation, motility, osmotic stress, and DNA damage control, thus acting as an adaptative response to
environmental stressors'®. Still, when A. baumannii is exposed to fluids with low HSA content like cerebrospinal
fluid (CSF), global changes in gene expression are triggered including the increase of metabolism and virulence
expression factors'. In this study, we evaluate the transcriptomic response followed by phenotypic analysis to
human urine (HU), a fluid low in HSA content, of two carbapenem-resistant A. baumannii (CRAB) strains,
AB5075" and the AMA40", belonging to different genetic lineages and harboring different carbapenemases'®".

Results
Complete metabolic pathways are modulated by human urine (HU)
RNA-seq analyses were performed using two carbapenem-resistant A. baumannii (CRAB) strains, AB5075 and
AMAA40, belonging to different genetic lineages and possessing different carbapenemases'®'?, in the presence or
absence of human urine (HU). RNA-Seq analysis revealed 264 and 455 differentially expressed genes (DEGs)
in AB5075 and AMAA40, respectively, upon exposure to HU?. In the presence of HU, AB5075 had 148 genes
upregulated, and 116 genes downregulated. In the case of the AMA40 strain, 262 genes were upregulated and 193
were downregulated (Supplementary Fig. S1A). In terms of gene ontology, genes coding for a variety of functions,
such as catalytic activity and metabolic processes are significantly affected by the presence of HU in the medium
(Fig. 1A and B). In addition, it was found that of these differentially expressed genes, 112 of them were shared
by both strains upon HU exposure (Fig. S1A). Notably, the majority of up- and downregulated genes fell into
metabolic pathways. Interestingly, when comparing the data obtained with HU, we observed that the presence
of HU produces a distinct transcriptional response compared to when A. baumannii is exposed to host fluids
with high HSA content or pure HSA!141621,

A key pathway is the tricarboxylic acid (TCA) cycle, which is strongly linked to pathogen virulence and has
a significant influence on energy production, biosynthesis processes, and adaptation to the host environment.
TCA cycle intermediates function as signaling molecules, orchestrating the regulation of virulence genes, and
exerting a pivotal impact on host-pathogen interactions, thereby unveiling potential targets for therapeutic
interventions??~%°. In both AB5075 and AMA40, a total of 7 out of 18 TCA genes were found to be upregulated
(Fig. 1C). Additionally, 3 out of 18 and 4 out of 18 downregulated TCA genes were identified in AB5075 and
AMAA40, respectively. Furthermore, in both strains, the glyoxylate pathway exhibited upregulation, with 2 out of
2 and 1 out of 2 genes being upregulated in AB5075 and AMA40, respectively. Notably, the expression of the aceB
gene was not detected in both strains (Fig. 1C). In addition, genes upregulated in the presence of HU for both A.
baumannii strains AB5075 and AMA40 correspond to other metabolic pathways such as those iron uptake?’, PAA
and Phe catabolic pathways (Fig. 2), the histidine catabolism (Fig. 3), the benzoate pathway (Fig. 4A and B), the
acetoin catabolic pathway (Fig. S1B), the catabolism of central aromatic intermediates (Supplementary Fig. S1C)
and lipid metabolism (Supplementary Fig. S2). Regarding genes that are downregulated in association with
metabolic pathways in the presence of HU for both strains, these include a decrease in DGE in the high-affinity
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Figure 1. Enriched gene ontology terms of the most representative differentially expressed genes. Gene
ontology enrichment analysis of the DEGs of strains AB5075 (A) or AMA40 (B) incubated in the presence

or absence of HU. Data were analyzed using the Fisher’s test (FDR < 0.05) with the Blast2GO software. (C) A.
baumannii TCA-glyoxylate pathways affected in response to HU. Reactions and intermediates of the TCA and
glyoxylate cycles are represented and based on BioCyc and MetaCyc. Green and red represent up and down-
regulation, respectively. *, indicates statically significant differential expressed genes (DEGs).

Potassium transporter Kdp operon (Fig. 4C, D), as well as in the cysteine (Fig. 4E, F) and arginine succinyl
transferase pathways (Supplementary Fig. S3A), along with the taurine and alkanesulfonate transport system
pathways (Supplementary Fig. S3B). A distinctive difference is observed in the arsenic metabolism where in
AMAA40 gene expression is clearly downregulated while in AB5075 most genes remain upregulated or slightly
downregulated (Supplementary Fig. S3C).

The expression of biofilm and quorum sensing/quorum quenching genes were evaluated (Supplementary
Fig. S4). The expression level of csu locus was significantly down-regulated for both strains, while the pga locus
was induced not significantly (Supplementary Fig. S4A-C). Finally, the quorum network genes were upregulated
for AB5075 and downregulated for AMA40 (Supplementary Fig. S4D). In the following section, we describe
some of the most relevant pathways affected by the presence of HU in both CRAB strains studied in this work.
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Figure 2. PAA degradation pathway is induced in CRAB by exposure to HU and affects neutrophile
chemotaxis. Differential expression of AB5075 genes coding for the PAA and Phe pathways when exposed to
HU determined by transcriptomic analyses (A) and by qRT-PCR (B). Differential expression of AMA40 genes
coding for the PAA and Phe pathways when exposed to HU determined by transcriptomic analyses (C) and by
qRT-PCR (D). Neutrophile chemotaxis assays (E) indicate reduced neutrophile recruitment when both CRAB
strains are exposed to HU. Statistical significance (P<0.05) was determined by two-way ANOVA followed by
Tukey’s multiple comparison test. Significance was indicated as follows: ***, P<0.001; ** P<0.01, and * P<0.05.

The PAA degradation pathway of CRAB strains is induced by HU

Considering the relevance of the PAA catabolic pathway in virulence and immune evasion, we decided to assess
the expression level of genes involved in the PAA and Phe catabolic pathways in the carbapenem-resistant A.
baumannii strains AB5075 and AMAA40. For this purpose, both CRAB strains were cultured in Cation Adjusted
Mueller-Hinton Broth (CAMHB) with or without HU supplementation, and the transcriptome analysis showed
that the genes encoding enzymes of the PAA and Phe catabolic pathways are induced under HU in AB5075
(Fig. 2A) and AMA40 (Fig. 2C). Further qRT-PCR experiments confirmed that HU significantly induced the
expression of genes of those pathways, such as paaA, paaB, paaE, paaG, paakK, paaZ and feaB in the strain
AB5075 (Fig. 2B). Similar qRT-PCR results were observed in the strain AMA40 (Fig. 2D), confirming that the
PAA degradation pathway was upregulated by the presence of HU in both CRAB strain evaluated.

It has been shown that if the PAA metabolic pathway is inhibited, the accumulation of metabolic by-products
acts as a direct attractant of neutrophils, one of the main immune cells involved in the response to bacterial
infections®. Therefore, neutrophil chemotaxis assays were performed to evaluate whether HU affects this
phenomenon. To this end, both CRAB strains were grown in the presence of PAA, and the presence or absence
of HU. The results obtained were consistent with what was observed at the transcriptional level. Under HU
treatment, both strains increased PAA catabolism and attracted significantly fewer neutrophils than the control
condition, with 2.32-fold and 1.46-fold decreases for the AB5075 and AMAA40 strains, respectively (Fig. 2E).

Histidine catabolism gene expression in AB5075 and AMA%4O0 strains is increased under HU
condition

The catabolism of the alpha-amino acid histidine is done through the Hut system in A. baumannii. As mentioned
in the introduction, the Hut system is implicated in multiple cellular processes that include biofilm formation,
zinc homeostasis, and histamine synthesis. The RNA-seq results showed an up-regulation in the hut operon for
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Figure 3. Differential expression of the genes involved in histidine catabolism in CRAB strains exposed to

HU. (A) Heatmap outlining the differential expression of AB5075 and AMA40 genes associated with histidine
catabolism. (B) gqRT-PCR results of the Hut system genes in AB5075 (A) and AMA40 (B). Statistical significance
(P<0.05) was determined by two-way ANOVA followed by Tukey’s multiple comparison test. Significance was
indicated as follows: *** indicates p <0.001; ** p<0.01, and * p<0.05.

the AB5075 strain, while the hutCDGHITU genes for the AMA40 strain were down-regulated (although not
significantly) (Fig. 3A). Also, for both strains, qRT-PCR assays were carried after being cultured in HU respect
to CAMHB. Results indicated that the expression of genes linked to histidine catabolism was enhanced in the
presence of HU for AB5075 and AMA40 (Fig. 3B).

Other metabolic genes of interest in A. baumannii are modulated by HU

As described above in the transcriptomic results, all genes of the benzoate pathway were upregulated when both
CRAB strains grew in the presence of HU (Fig. 4A). To corroborate this, the expression level of benA gene was
evaluated by qRT-PCR, resulting in a significant enhanced expression in the presence of HU in AB5075 and
AMAA40 (Fig. 4B). Also, RNA-seq results indicated that the expression of high-affinity K* transporter (Kdp)
genes was down-regulated in HU conditions (Fig. 4C). In this case, the expression level of kdpA was decreased
0.24-fold and 0.22-fold for AB5075 and AMA40, respectively (Fig. 4D). Finally, the cysteine pathway composed
of cysDNPTW genes was completely repressed under HU conditions in both CRAB strains, according to RNA-
seq results (Fig. 4E). To confirm this repression, the expression of cysT was assessed by RT-qPCR, resulting
significantly reduced by fivefold, in both strains, when grown in the presence of HU (Fig. 4F).

Exposure to human urine affects biofilm formation in CRAB

The lifestyle changes from planktonic to biofilm, and conversely, are key for environmental adaptation and
survival of bacteria. Previous studies in animal infection models indicated that biofilm formation may play
a role by increasing A. baumannii virulence?®. RNA-seq analyses of the carbapenem-resistant A. baumannii
strains AB5075 and AMA40 showed that the presence of HU resulted in the downregulation of csu genes,
which are involved in biofilm formation. Conversely, while the AMA40 genes from the pga locus were mostly
upregulated by HU, those from AB5075 were either slightly downregulated or showed no significant changes
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Figure 4. Impact of HU on the expression of CRAB genes coding for K* transport and benzoate and cysteine
metabolism. Benzoate pathway genes are upregulated in both strains, AB5075 and AMA40 according to
transcriptomics data (A) and corroborated by qRT-PCR (B). Expression of genes involved in the high-affinity
potassium transporter is downregulated in both strains of A. baumannii (C and D). Cysteine metabolic pathway
genes are also downregulated in the presence of HU for AB5075 and AMA40 as shown by transcriptomic
analyses (E) and qPCR (F). Statistical significance (P<0.05) was determined by two-way ANOVA followed by
Tukey’s multiple comparison test. Significance was indicated as follows: *** indicates P<0.001; ** P<0.01, and *
P<0.05.

(Supplementary Fig. S4A). Biofilm experiments were performed and quantified using crystal violet. A small
significant difference was found for the AMA40 strain cultured in the presence of HU, while differences were
not found in AB5075 between CAMHB and CAMHB+50% HU conditions (Supplementary Fig. S4B). In
addition, CFU recovered from biofilm did not show significant differences (Supplementary Fig. S4C). Finally,
the transcriptomic analyses revealed that Quorum Quenching (QQ) related genes were upregulated in the
presence of HU in both CRAB strains. While most of Quorum Sensing (QS) associated genes were significantly
upregulated or slightly downregulated in AB5075 in the presence of HU, they were mostly downregulated in
AMAA40 (Supplementary Fig. S4).

Discussion

CRAB strains cause CAUTI that are difficult to treat. The ability of A. baumannii to survive in a low-nutrient
environment, such as the one in the host during an infection, could be explained by the bacterium’s versatile
metabolism. In this work, we have described the effects of exposure to human urine (HU) of two genetically
different CRAB strains, AB5075 and AMA40. As a result of HU exposure, we observed the differential expression
of 264 and 455 genes in strains AB5075 and AMA40, respectively. Further, both strains shared 112 DEGs,
suggesting common transcriptional responses to HU.

This common transcriptional response in response to HU exposure includes DEGs coding for various
metabolic pathways. Among these, genes coding for the TCA cycle and glyoxylate pathway showed upregulation
in both strains, implying potential adaptations in energy production and biosynthesis. In addition, the TCA cycle
is linked to the virulence of pathogens through various mechanisms including metabolic adaptation to diverse
nutrients allowing biosynthesis and growth, regulation of virulence genes, redox balance, iron acquisition, tissue
colonization and immune evasion, and host immune response modulation?**. Another response to HU in both
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tested strains is the downregulation of the transcription of genes present in the kdp operon, which encodes the
high-affinity Potassium transporter Kdp. In E. coli, the Kdp transporter is encoded by the kdpABC operon, and
its expression is regulated by the products of kdpD and kdpE. Previous observations indicate that the expression
of Kdp is affected by the concentration of K* in the medium, resulting in a repression of the operon when the K*
concentration in the medium is high?”. A further study confirmed that the transcription of the five A. baumannii
Kdp components is linked and that kdpE is notably upregulated under K* limiting conditions. This transport
system proved to be an important factor for pathogenicity in a murine pneumonia model?.

Also, the PAA degradation pathway was induced under HU conditions in both strains, as evidenced by
the upregulation of genes in the PAA and Phe catabolic pathways. Accordingly, in neutrophil assays, bacteria
from both CRAB strains exposed to HU attracted significantly fewer neutrophils. These results are consistent
with previous observations indicating that PAA metabolism in A. baumannii affects infection outcomes by
directly influencing neutrophil chemotaxis®. Hence, we can conclude that HU is an environmental signal that
affects A. baumannii metabolism, providing favorable conditions for this pathogen to evade the host immune
system. Finally, lipid metabolism was upregulated in both strains under HU conditions, suggesting increased
lipid catabolism in a minimal medium-like environment.

It was established that up to 20% of A. baumannii clinical isolates are obtained from urinary sources®, and
CRAB isolates are considered a critical priority for the research and development of new antimicrobials®. The
findings in this study contribute to a better understanding of metabolic changes undergone by CRAB when
exposed to HU. The human fluids that A. baumannii may encounter while infecting its host, possess different
compositions regarding proteins, metabolites and other solutes. In this sense, a characteristic that distinguishes
HU from other fluids is its low content of human serum albumin (HSA).

It was previously reported that A. baumannii responds to components of human fluids by modifying its
transcriptional and phenotypic profiles'®'”*'. HSA and human pleural fluid (HPF) can modulate the expression
of genes associated with iron uptake systems, biofilm formation, antibiotic resistance, DNA acquisition, and
metabolism. Previous results indicated that most genes of the paa locus were downregulated when exposed to
HPF", while as showed in this study the paa locus is upregulated in the presence of HU in both CRAB strains.
Interestingly, the incubation of A. baumannii strain A118 in the presence of HSA led to the downregulation
of many components of the paa locus with the repressor paaX being upregulated'®. Taken together, these
observations indicate that HSA and human urine components play a distinct role in the regulation of the PAA
metabolic pathway.

Additionally, previous research has demonstrated that the effectiveness of cefiderocol, a novel chlorocatechol-
substituted siderophore antibiotic used to treat cUTI, is reduced when exposed to human fluids containing HSA,
such as Human Serum (HS) and HPF?**. Ferric siderophore transporters facilitate the uptake of cefiderocol
into bacterial cells, and the presence of HSA or HSA-containing fluids is associated with a decrease in the
expression of genes linked to high-affinity siderophore-mediated iron uptake systems®. In contrast, studies
have shown that exposure to HU, a fluid with little to no HSA or free-iron content, did not significantly alter the
minimum inhibitory concentration (MIC) values for CRABs under the conditions tested®. Additionally, genes
involved in iron uptake were upregulated. These results support the hypothesis that an unknown mechanism
triggers a regulatory response in A. baumannii when exposed to human fluids, enabling it to thrive in different
environments. Thus, the HSA content in the fluid may play a crucial role in eliciting a differential adaptive
response.

In conclusion, this report shows that exposure to HU induces widespread changes in the transcriptome of
CRAB strains, impacting various metabolic pathways, as well as genes coding for antibiotic resistance, biofilm
formation, and quorum sensing functions. These findings contribute to a better understanding of the adaptive
responses of CRAB strains to urinary environments, providing insights that may guide future therapeutic
interventions and infection control methods.

Material and methods

Bacterial strains

Two CRAB isolates were used in the present study: the multidrug and hypervirulent AB5075 (OXA-23)® strain,
and AMA40 (NDM-1)".

RNA extraction

A. baumannii AB5075 and AMA40 were cultured in CAMHB and CAMHB supplement with 50% human
urine (HU) from healthy individuals obtained from a certified vendor (Innovative Research Inc., MI, USA) and
incubated with agitation for 18 h at 37 °C. Then, overnight cultures were diluted 1:10 in fresh Cation Adjusted
Mueller-Hinton Broth (CAMHB), supplemented with HU, and incubated at 37 °C with agitation for 7 h. RNA
extraction was carried out with the Direct-zol RNA Kit (Zymo Research, Irvine, CA, USA), in triplicate. The RNA
samples obtained were subjected to DNase treatment (Thermo Fisher Scientific, Waltham, MA, USA) following
manufacturer’s instruction, afterwards a PCR amplification of the 16S rDNA gene was performed to confirm
there was no DNA contamination. Three independent replicates per sample were ribosomal RNA-depleted using
the Ribo-Zero kit (Illumina) followed by the construction of cDNA libraries with the TruSeq Stranded Total
RNA Library Prep kit (Illumina). The RNA sequencing was outsourced to Novogene (Novogene Corporation,
Sacramento, CA, USA)%.

RNA-seq analysis
The quality control of the Illumina reads, trimming of low-quality bases, and removal of Illumina adapters was
performed as described previously?. Reads were aligned to the genome of A. baumannii AB5075 or AMA40,
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using the Burrows-Wheeler Alignment (BWA) software (v0.7.17) and visualized using the Integrative Genomics
Viewer (IGV). Read counts per gene were calculated using FeatureCounts. Differential expression analysis was
performed using DEseq2 and the Differentially Expressed Genes (DEGs) were defined as those displaying an
FDR-adjusted P value of < 0.05 and log2 fold change > 1%°.

In addition, to represent metabolic pathways derived from our RNA sequencing data, the Omics Dashboard
Tool provided by both BioCyc?! and MetaCyc*? was employed. Enrichment or depletion of metabolic pathways
was assessed utilizing the Fisher’s exact test hypothesis, with significance determined at P values below 0.05.
Enrichment or depletion scores (represented as -log,, P values) for each pathway within the dashboard were
subsequently acquired through download and analyzed. The RNA-seq data presented in this study are available
in the NCBI repository with the GEO accession No GSE201259%.

qRT-PCR assays

The cDNA was prepared using the iScript Reverse Transcription Supermix for qRT-PCR (BioRad, Hercules,
CA, USA) and the quantitative PCR was performed using iQ"SYBR Green Supermix (BioRad, Hercules, CA,
USA), in both cases following the recommendation of the manufacturer. Different primers to confirm RNA-seq
results and also study the expression of genes associated with virulence and antimicrobial resistance were used
(Table S1). Experiments were performed in technical and biological triplicates. The results were analyzed using
the qBASE method® with recA and rpoB genes as normalizers*»*. Data are presented as NRQ (normalized
relative quantities). Differences were determined by two-way ANOVA followed by Tukey’s multiple comparison
test (P <0.05) using GraphPad Prism (GraphPad software version 10.0.0, San Diego, CA, USA).

Neutrophil chemotaxis assay

For this assay, a previously published protocol with modifications was used'*. AB5075 or AMA40 cultured
overnight in CAMHB supplement with 50% human urine with or without 0.02% phenylacetic acid (PAA) were
tested. (Millipore) Sterile CAMHB and CAMHB +0.02% PA were used as controls. First, 100 ul of an overnight
culture of A. baumannii AB5075 or AMAA40 tested under different conditions were combined with 100 ul of
chemotaxis buffer (CF). Then, each mix was transferred to a twenty-four-well Olympus polycarbonate tissue
culture plate with 8-um pore-size membrane semipermeable well inserts (Genesee Scientific). Prior to incubation,
100 pl of neutrophils (10 x 10° cells/ml) from iQ Biosciences were added to the semipermeable well inserts. Then,
plates were incubated for 1 h in 5% CO, at 37 °C. Neutrophils were then counted from each sample tested. The
migration chemotaxis index was calculated by the number of neutrophils in the test well relative to the number
of neutrophils in the control samples. All assays were performed in triplicates. The chemotaxis buffer (CF) has
the following components: 25 ml of Roswell Park Memorial Institute Medium (Thermo Fisher), 10% fetal calf
serum (FCS) (Thermo Fisher), 500 pl of 100 U/ml penicillin-streptomycin (Sigma Aldrich), and 22 ml of Hanks’
balanced salt solution (HBSS) (Thermo Fisher).

Biofilm assay

First, A. baumannii AB5075 and AMAA40 strains were cultured in fresh CAMHB medium or CAMHB
supplemented with 50% HU in static conditions at 37 °C for 18 h using polystyrene tubes (12 x 75 mm). Tubes
were emptied, washed three times with 1X phosphate-buffered saline (PBS), and stained with 1% crystal violet
(CV) for 15 min. Excess CV was removed by washing three more times with 1X PBS. The biofilm assays were
performed in triplicate (absorbance determination at 580 and 660 nm as well CFU/ml), with at least three
technical replicates per biological replicate (Quinn 2018 HSA).

Statistical analysis
Experiments performed at least in triplicates were statistically analyzed by one- or two-way ANOVA followed
by Tukey’s multiple comparison tests using GraphPad Prism (GraphPad software, San Diego, CA, USA). A P
value<0.05 was considered significant.

All procedures performed in this study were conducted following a CSUF Institutional Biosafety Committee
Approval plan (DBH117-01) and followed the NIH, CDC, OSHA, and other environmental and occupational
regulations.

Data availability
The datasets generated and analyzed during the current study are available in the Gene Expression Omnibus
(GEO) repository (GEO accession No GSE201259).

Received: 13 May 2024; Accepted: 13 August 2024
Published online: 19 August 2024

References

1. Ren, X. & Palmer, L. D. Acinetobacter metabolism in infection and antimicrobial resistance. Infect. Immun. 91, €00433-¢522 (2023).

2. Tacconelli, E. et al. Discovery, research, and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect. Dis. 18, 318-327 (2018).

3. Wong, D. et al. Clinical and pathophysiological overview of Acinetobacter infections: A century of challenges. Clin. Microbiol. Re.
30, 409-447 (2017).

4. Ding, R,, Li, X., Zhang, X., Zhang, Z. & Ma, X. The Epidemiology of symptomatic catheter-associated urinary tract infections in
the intensive care unit: A 4-year single center retrospective study. Urol. J. 16, 312-317 (2019).

5. Kumar, S. et al. Prospective surveillance of device-associated health care-associated infection in an intensive care unit of a tertiary
care hospital in New Delhi, India. Am. J. Infect. Control 46, 202-206 (2018).

Scientific Reports |

(2024) 14:19145 | https://doi.org/10.1038/s41598-024-70216-w nature portfolio



www.nature.com/scientificreports/

6. Di Venanzio, G. et al. Urinary tract colonization is enhanced by a plasmid that regulates uropathogenic Acinetobacter baumannii
chromosomal genes. Nat. Commun. 10, 2763 (2019).
7. Hazen, ]. E., Di Venanzio, G., Hultgren, S. ]. & Feldman, M. F. Catheterization of mice triggers resurgent urinary tract infection
seeded by a bladder reservoir of Acinetobacter baumannii. Sci. Transl. Med. 15, eabn8134 (2023).
8. Bhuiyan, M. S. et al. Acinetobacter baumannii phenylacetic acid metabolism influences infection outcome through a direct effect
on neutrophil chemotaxis. Proc. Natl. Acad. Sci. U.S.A. 113, 9599-9604 (2016).
9. Lonergan, Z. R, Palmer, L. D. & Skaar, E. P. Histidine utilization is a critical determinant of Acinetobacter Pathogenesis. Infect.
Immun. 88, €00118-e120 (2020).
10. Cerqueira, G. M. et al. A global virulence regulator in Acinetobacter baumannii and its control of the phenylacetic acid catabolic
pathway. J. Infect. Dis. 210, 46-55 (2014).
11. Teufel, R. et al. Bacterial phenylalanine and phenylacetate catabolic pathway revealed. Proc. Natl. Acad. Sci. U.S.A. 107, 14390-14395
(2010).
12. Hooppaw, A. J. et al. The phenylacetic acid catabolic pathway regulates antibiotic and oxidative stress responses in Acinetobacter.
mBio 13, e01863-e1921 (2022).
13. Quinn, B. et al. Human serum albumin alters specific genes that can play a role in survival and persistence in Acinetobacter
baumannii. Sci. Rep. 8, 14741 (2018).
14. Rodman, N. et al. Human pleural fluid elicits pyruvate and phenylalanine metabolism in Acinetobacter baumannii to enhance
cytotoxicity and immune evasion. Front. Microbiol. 10, 1581 (2019).
15. Le, C. et al. Interplay between meropenem and human serum albumin on expression of carbapenem resistance genes and natural
competence in Acinetobacter baumannii. Antimicrob. Agents Chemother. 65, €01019-¢1021 (2021).
16. Martinez, J. et al. Human pleural fluid triggers global changes in the transcriptional landscape of Acinetobacter baumannii as an
adaptive response to stress. Sci. Rep. 9, 17251 (2019).
17. Martinez, J. et al. Cerebrospinal fluid (CSF) augments metabolism and virulence expression factors in Acinetobacter baumanni.
Sci. Rep. 11, 4737 (2021).
18. Jacobs, A. C. et al. AB5075, a highly virulent isolate of Acinetobacter baumannii, as a model strain for the evaluation of pathogenesis
and antimicrobial treatments. mBio 5, €01076-e1114 (2014).
19. Adams, M. D. et al. Distinct mechanisms of dissemination of NDM-1 metallo-p-Lactamase in Acinetobacter species in Argentina.
Antimicrob. Agents Chemother. 64, €00324-e420 (2020).
20. Nishimura, B. et al. Acinetobacter baumannii response to cefiderocol challenge in human urine. Sci. Rep. 12, 8763 (2022).
21. Pimentel, C. et al. Interaction of Acinetobacter baumannii with human serum albumin: Does the host determine the outcome?.
Antibiotics 10, 833 (2021).
22. Rowe, S. E. et al. Reactive oxygen species induce antibiotic tolerance during systemic Staphylococcus aureus infection. Nat.
Microbiol. 5, 282-290 (2019).
23. Richardson, A. R., Somerville, G. A. & Sonenshein, A. L. Regulating the intersection of metabolism and pathogenesis in gram-
positive bacteria. Microbiol. Spectr. 3,3.3.11 (2015).
24. Cohen, H. et al. The ancestral stringent response potentiator, DksA has been adapted throughout Salmonella evolution to
orchestrate the expression of metabolic, motility, and virulence pathways. Gut Microbes 14, 1997294 (2022).
25. Noster, J. et al. Blocks in tricarboxylic acid cycle of Salmonella enterica cause global perturbation of carbon storage, motility, and
host-pathogen interaction. mSphere 4, 00796-00819 (2019).
26. Wand, M. E., Bock, L. J., Turton, J. F, Nugent, P. G. & Sutton, J. M. Acinetobacter baumannii virulence is enhanced in Galleria
mellonella following biofilm adaptation. J. Med. Microbiol. 61, 470-477 (2012).
27. Asha, H. & Gowrishankar, J. Regulation of kdp operon expression in Escherichia coli: Evidence against turgor as signal for
transcriptional control. J. Bacteriol. 175, 4528-4537 (1993).
28. Samir, R. et al. Adaptation to potassium-limitation is essential for Acinetobacter baumannii pneumonia pathogenesis. J. Infect. Dis.
214, 2006-2013 (2016).
29. Escalante, J. et al. The iron content of human serum albumin modulates the susceptibility of Acinetobacter baumannii to cefiderocol.
Biomedicines 11, 639 (2023).
30. Le, C. et al. Human serum proteins and susceptibility of Acinetobacter baumannii to Cefiderocol: Role of iron transport.
Biomedicines 10, 600 (2022).
31. Keseler, I. M. et al. The EcoCyc database: Reflecting new knowledge about Escherichia coli K-12. Nucleic Acids Res. 45, D543-D550
(2017).
32. Caspi, R. et al. The MetaCyc database of metabolic pathways and enzymes and the BioCyc collection of pathway/genome databases.
Nucleic Acids Res. 40, D742-D753 (2012).
33. Hellemans, J., Mortier, G., De Paepe, A., Speleman, F. & Vandesompele, J. qBase relative quantification framework and software
for management and automated analysis of real-time quantitative PCR data. Genome Biol 8, R19 (2007).
34. Mezcord, V. et al. Induced heteroresistance in carbapenem-resistant Acinetobacter baumannii (CRAB) via exposure to human
pleural fluid (HPF) and its impact on cefiderocol susceptibility. IJMS 24, 11752 (2023).
35. Escalante, J. et al. Human serum albumin (HSA) regulates the expression of histone-like nucleoid structure protein (H-NS) in
Acinetobacter baumannii. Sci. Rep. 12, 14644 (2022).

Acknowledgements

The authors’ work was supported by NTH SC3GM125556 to M.S.R., R0O1AI100560, RO1AI063517, RO1AI072219
to R.A.B., and 2R15 AI047115 to M.E.T. This study was supported in part by funds and facilities provided by
the Cleveland Department of Veterans Affairs, Award Number 1101BX001974 to R.A.B from the Biomedical
Laboratory Research & Development Service of the VA Office of Research and Development and the Geriatric
Research Education and Clinical Center VISN 10 to R.A.B. J.E. was supported by grant MHRT 2T37MD001368
from the National Institute on Minority Health and Health Disparities, National Institute of Health. The content
is solely the authors’ responsibility and does not necessarily represent the official views of the National Institutes
of Health or the Department of Veterans. M.R.T., T.S., and R.S are members of the CONICET Research career.

Author contributions

G.M.T,L.A.A,R.S,, M.E.T, R.A.B, and M.S.R. conceived the study and designed the experiments. J.E., M.H., BN,,
M.M.,, C.P, TS, M.R.T, R.S., G.M.T., and M.S.R performed the experiments and genomics and bioinformatics
analyses. M.R.T,, T.S., R.S., C.D.S, L.A.A., and M.S.R. analyzed the data and interpreted the results. M.E.T.,
G.M.T,, and M.S.R. contributed reagents/materials/analysis tools. C.D.S., G.M.T, L.A.A,,R.S.,, M.E.T, R.A.B, and
M.S.R. wrote and revised the manuscript. All authors read and approved the final manuscript.

Scientific Reports |

(2024) 14:19145 | https://doi.org/10.1038/s41598-024-70216-w nature portfolio



www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-70216-w.

Correspondence and requests for materials should be addressed to M.S.R.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by-nc-nd/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:19145 | https://doi.org/10.1038/s41598-024-70216-w nature portfolio


https://doi.org/10.1038/s41598-024-70216-w
https://doi.org/10.1038/s41598-024-70216-w
www.nature.com/reprints
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Carbapenem-resistant Acinetobacter baumannii (CRAB): metabolic adaptation and transcriptional response to human urine (HU)
	Results
	Complete metabolic pathways are modulated by human urine (HU)
	The PAA degradation pathway of CRAB strains is induced by HU
	Histidine catabolism gene expression in AB5075 and AMA40 strains is increased under HU condition
	Other metabolic genes of interest in A. baumannii are modulated by HU
	Exposure to human urine affects biofilm formation in CRAB

	Discussion
	Material and methods
	Bacterial strains
	RNA extraction
	RNA-seq analysis
	qRT-PCR assays
	Neutrophil chemotaxis assay
	Biofilm assay
	Statistical analysis

	References
	Acknowledgements


