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ABSTRACT The mechanisms of action and resistance of cefiderocol (FDC) in Acineto-
bacter baumannii are still not fully elucidated, but iron transport systems have been
evoked in its entry into the cell to reach the penicillin-binding proteins (PBPs). To capture
the dynamics of gene expression related to FDC action in various conditions, we report
on the genomic and transcriptomic features of seven A. baumannii strains with different
FDC susceptibility, focusing on the variants in genes associated with B-lactam resistance
and the expression of the siderophore biosynthesis and transport systems acinetobactin
and baumannoferrin. We also investigated the expression of the TonB energy transduc-
tion system (ETS) and siderophore receptors piuA and pirA. The four clinical samples
belonged to the same clonal complex (CC2), and the two strains with the highest FDC
MICs showed peculiar variants in PBP2 and ampC. Similarly, the two clinical strains with
the lowest MICs shared variants in an outer membrane protein as well as ampC. Gene
expression analyses highlighted the up-regulation of the acinetobactin and baumanno-
ferrin genes in response to iron depletion and a down-regulation in the presence of
high iron concentrations. In response to FDC, gene expression seemed strain-dependent,
probably due to the different metabolic features of each strain. Overall, FDC activates the
ETS, confirming the active import of the drug; baumannoferrin, more than acinetobactin,
appeared stimulated by FDC in an iron-depleted medium. In conclusion, iron transport
systems play a clear role in the FDC uptake, and their expression likely contributes to MIC
variation together with 3-lactam resistance determinants.

IMPORTANCE  Acinetobacter baumannii poses a threat to healthcare due to its ability to

give difficult-to-treat infections as a consequence of our shortage of antibiotic molecules

active on this multidrug-resistant bacterium. Cefiderocol (FDC) represents one of the

few drugs active on A. baumannii, and to preserve its activity, this study explored the

transcriptomic and genomic features of seven strains with varying susceptibility to FDC. Edit‘_",Ana cristing ol PauJiSta de .
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Transcriptomic analyses revealed the different effects of FDC on iron transport systems, Saulls, B

promoting mainly baumannoferrin expression—thus more likely related to FDC entry—

and the energy transduction systems. These findings suggest that not all iron transport

systems are equally involved in FDC entry into A. baumannii cells. Finally, mutations in

PBPs and B-lactamases may contribute to the resistance onset. Overall, the study sheds

light on the importance of iron availability and metabolic differences in FDC resistance, See the funding table on p. 16.
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C efiderocol (FDC) is a siderophore cephalosporin with a peculiar mechanism of entry
into bacterial cells. FDC exhibits a pyrrolidinium group in the side chain at position
3—like cefepime—and a carboxypropanoxyimino group in the side chain at position
7 of the cephem nucleus—Ilike ceftazidime—as well as a catechol group on the side
chain at position 3, conferring the ability to chelate iron and entering the cell through
iron—siderophore complex channels in an energy-dependent manner (1, 2). Its antibac-
terial activity depends on the inhibition of cell wall synthesis, as it targets the penicillin-
binding proteins (PBPs), mainly PBP3 (3). However, FDC seems able to overcome the
threat of B-lactamase enzymes, especially AmpC, extended-spectrum B-lactamases (4, 5),
and carbapenemase (KPC, NDM, and several OXA types), thus becoming a valid ally in
the fight against carbapenem-resistant Enterobacterales, difficult-to-treat Pseudomonas
aeruginosa, Stenotrophomonas maltophilia (6), and carbapenem-resistant Acinetobacter
baumannii (7). The latter represents a major threat to public health (8) due to its wide
antibiotic resistance, its capability to survive in the presence of disinfectants or shortage
of water, and its persistence on medical devices and hospital environments.

Due to its peculiar way of entry into bacterial cells, FDC in vitro susceptibility testing
requires iron-depleted media to mimic the Fe* starvation inside the host and, theoreti-
cally, maximize the expression of the bacterial iron transport systems responsible for the
uptake of ferric iron from the extracellular environment and, thus, the carriers of the
antibiotic—iron complex (9).

It is very important to shed light on bacterial features potentially related to the
different responses to FDC, in order to preserve its antibacterial activity as long as
possible. As the main steps of FDC action are its entry through the iron transport systems
and the binding to PBPs, two of the possible mechanisms underlying FDC response
may be found in mutations of the genes encoding outer membrane proteins (OMPs),
PBPs and cell division proteins, siderophore receptors, and B-lactamases (10), as well
as in the expression of the iron biosynthesis and transport systems. Nowadays, three
major systems have been identified in A. baumannii: acinetobactin, baumannoferrin (Fig.
1), and fimsbactins, all of which contain genes encoding proteins for iron reduction,
siderophore biosynthesis, import, and export. These systems require the TonB3/ExbB3/
ExbD3 energy transduction system (ETS) to acquire the proton motive force needed for
the siderophore uptake (11). Furthermore, two TonB-dependent siderophores piuA and
pirA have been identified in A. baumannii ortholog to the same P. aeruginosa genes,
likely playing a role in the resistance to B-lactam siderophore conjugates (12). To date,
only few papers addressed the role of iron transport systems or principal FDC target
gene expression, mainly through quantitative RT-PCR, suggesting the up-regulation of
some iron carrier transport genes (e.g., piuA, pirA, bauA, and bfnH) as a consequence
of iron starvation and subsequent FDC response, as well as the involvement of several
mutations in 3-lactamase genes in the development of FDC resistance (11-14).

This study primarily investigated, by transcriptomic analyses, the different expressions
of iron transport systems in seven A. baumannii strains in three different media and in
the presence or absence of FDC. The strains were varyingly susceptible to the drug.
Furthermore, we genomically analyzed the role of major FDC target genes possibly
related to higher MIC values.

RESULTS
Strains’ response to FDC

The FDC MICs of the four clinical (Abaul-Abau4) and three laboratory-adapted A.
baumannii strains included in the study are listed in Table 1. The American Clinical
& Laboratory Standard Institute (CLSI) and European Committee on Antimicrobial
Susceptibility Testing (EUCAST) propose two different interpretations of FDC susceptibil-
ity testing for A. baumannii. CLSI indicates S < 4 mg/L, I = 8 mg/L, and R = 16 as break-
points, while a clinical breakpoint for FDC had not yet been established by EUCAST. For
this reason, our strain susceptibility categorization is not reported. However, according to
the EUCAST guidelines and pharmacokinetic/pharmacodynamic (PK/PD) studies, isolates
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FIG 1 Acinetobactin and baumannoferrin gene clusters.

with FDC MIC > 2 in iron-depleted cation adjusted Mueller-Hinton Broth (ID-CAMHB)
should be considered as non-susceptible (15). Among our isolates, two out of seven
strains can be considered non-susceptible in the iron-depleted medium and three out of
seven in normal CAMHB; four out of seven were resistant when Fe** was added to the
medium.

Sequence type, clonality, and resistome

All clinical strains and ACICU belonged to the international sequence type 2 (ST2) and
clonal complex (CC) 2, according to the Pasteur Institute. Therefore, they were members
of the predominant clone spreading carbapenem resistance globally (16). ATCC19606
and ATCC17978 belonged to ST52 and ST77, respectively.

Resistance genes to aminoglycosides, 3-lactams, macrolides, sulphonamides, and
tetracyclines are listed in Table 2. Clinical strains had more resistance genes, as expected.

Amino acid changes in proposed FDC targets

All of the amino acid variants of the study sample—compared to the reference genome
of A. baumannii reference strain K09-14 (susceptible to cephalosporins)—seen in the
main PBPs, OMPs, and PiuA and PirA and in AmpC are listed in Table S1 and briefly
reported below. The amino acid substitutions characterizing up to two strains are listed

TABLE 1 FDC MIC values at different iron concentrations®

FDC MIC (mg/L)
Strain CAMHB ID-CAMHB ID-CAMHB+Fe**
Abaul 4 8 16
Abau2 1 0.5 1
Abau3 1 4 4
Abau4 8 1 8
ACICU 8 2 4
ATCC17978 0.25 0.06 0.25
ATCC19606 0.12 0.06 0.25

“In accordance with EUCAST, A. baumannii strains should be characterized as susceptible for MIC values <2 mg/L
(Enterobacterales, P. aeruginosa, and PK/PD breakpoint). The values represent the geometric means of three
replicates.
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TABLE 2 Resistome of the study sample

Resistance Gene Abau1 Abau2 Abau3 Abau4 ACICU ATCC17978 ATCC19606
Aminoglycosides aac(3) X
aac(6)1b3 X
ant(2) X X
aadA1 X
aadA2 X X
armA X X
aph(3’)-Vla X X
aph(3”)-1b X X
aph(6) X X
B-Lactams blaapcos X X X X X X X
blaoxaz0 X
bIGOXA23 X X X
bIaOXA66 X X X
blaoxaz2 X
blaoxaos X
blaoxa11e X X
blaoxaase X
Macrolides msrE X X
mphE X X
Sulphonamides sul X X X X
sul2 X X
Tetracyclines tetb X X

in Table 3 together with the FDC MICs of the strains and their overall gene expression in
ID-CAMHB.

Penicillin-binding proteins and cell division protein FtsL mutational analyses

The analyses of SNPs in the main A. baumannii PBPs revealed the absence of amino
acid variants in PBP1a in all of the clinical strains as well as in ATCC17978, while two
different SNPs were found in ACICU and ATCC19606 causing the amino acid changes
L1471 (17) and V623|, respectively. With regard to PBP1b, the 1460V and S764P changes
were common to all strains in the study, whereas P112S was found in all clinical strains
and ACICU (17), and two SNPs leading to the V110l and M726V amino acid variants were
seen in ATCC19606. Of note, PBP2 sequence was different only in Abaul, which carries
the L424F amino acid change that may correlate with the highest MIC value of this
strain. The PBP3 variants A514V and A346V/H370Y were identified in Abau2 and ACICU,
respectively, as already reported for the latter (17).

FtsL did not show any sequence change in the study sample compared to the A.
baumannii reference strain K09-14 (data not shown).

Outer membrane protein mutational analyses

Among the OMP encoding genes already suggested to be involved in the develop-
ment of FDC resistance, CarO nucleotide sequence was different only in ACICU, not
leading to amino acid changes (data not shown). Five different OprD genes, namely,
F3P16_RS17620, F3P16_RS14255, F3P16_RS12500, F3P16_RS08550, and F3P16_RS01420,
were identified in all the strains. The OprD F3P16_RS17620 variants L47] and T48S were
found in Abau2, Abau4, and ATCC17978, the latter of which shows another 27 amino acid
changes in the same protein. OprD F3P16_RS14255 was different in all of the strains in
the study, with 10-16 diverse amino acid changes in each strain. Interestingly, Abaul and
Abau3 shared the same amino acid variants, similarly as Abau2 and Abau4—both with
a W243* stop codon resulting in a truncated protein (243 aa instead of 448 aa)—while
ACICU was the only strain having K128Q, L238M, V299I, E316D, and D434Y. The L236F
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and F418l amino acid changes were unique for ATCC19606 OprD F3P16_RS14255, while
ATCC17978 was the only strain showing the 1172M, V388L, and D434G variants in the
same gene. With regard to OprD F3P16_RS12500, the same four amino acid changes
were common to Abau2, Abau3, Abau4, and ACICU, whereas ATCC19606 only had two of
them. In the same gene, Abau1 presented two more amino acid changes, one of which
was unique for this strain (F386L) and the other one (T381A) shared with ATCC17978, the
latter also having a unique F3L variation. When analyzing OprD F3P16_RS08550, it was
evident that all strains but the two ATCCs shared the same eight amino acid variants.
Once again, of note, Abau1 had a supplementary modification in the same gene, F384L.
ATCC19606 OprD F3P16_RS08550 exhibited seven out of the eight variants, as it lacked
F14V but had the unique A379T. ATCC17978 was characterized by four peculiar variants
at the beginning of its OprD F3P16_RS08550 protein (F14l, F18L, 119L, and S23N) next to
six of the amino acid changes reported for the other strains.

TonB-dependent siderophore receptors and ETS gene mutational analyses

PiuA and PirA, as well as TonB3, ExbB3, and ExbD3, were found to exhibit the same amino
acid sequences as the A. baumannii reference strain K09-14 throughout the sample (data
not shown).

Class C B-lactamase mutational analyses

The AmpC amino acid sequence of ATCC17978 was identical to that of A. baumannii
K09-14 AmpC, while all other strains shared the V119E variant. All clinical strains also
shared the Q150K, P167S, and F283R amino acid changes. Both Abaul and Abau3
had the P238R modification; similarly, Abau2 and Abau4 shared the N341T amino acid
change, which was missing in the other strains. Moreover, Abau2 was also characterized
by the presence of the G247S variant. Finally, ACICU was different from the clinical
strains, having the unique S80R, K163Q, G183R, N311S, and N379D variants, whereas
ATCC19606 was characterized by the A270T, besides the shared V119E and F283R amino
acid changes (Table S1).

Iron transport and biosynthesis system expression

A differential gene expression (DGE) analysis of transcriptomic data has shown a great
number of differently expressed genes related to several bacterial metabolic pathways
(e.g., amino acid metabolism, glucose metabolism, energetic metabolism, and fimbriae
production). To assess the impact of diverse iron and FDC concentrations on A. bauman-
nii with different FDC susceptibility, here, we report the DGE analyses for the main A.
baumannii iron transport and biosynthesis systems, highly involved in the uptake of FDC.
Of note, of the three systems present in Acinetobacter, our strains had only two of them,
i.e., acinetobactin and baumannoferrin; the fimsbactin system was only found in the
genome of ATCC17978 and was, therefore, excluded from the analyses.

Acinetobactin and baumannoferrin, as well as piuA and pirA, and ETS exbB3, exbD3,
and tonB3 varied in gene expression depending on the different culture conditions and
in response to the different iron concentrations and exposition to FDC at two sub-MIC
concentrations, as reported in Fig. 2 and 3 and described below.

In particular, the effect of different iron concentrations on the expression of the genes
involved in iron biosynthesis and transport is reported in Fig. 2A through D and descri-
bed below.

ID-CAMHB FDC-free vs CAMHB FDC-free

The expression analysis of the genes involved in siderophore synthesis and transport
when Fe** concentration is <1/20 of the concentration in the normal CAMHB medium
highlighted a strong up-regulation of all acinetobactin and baumannoferrin genes as
well as piuA, pirA, and ETS genes, mainly in Abau2 and Abau3. Conversely, less than half
of the statistically differentially expressed genes(DEGs) were up-regulated (8/18), while
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least four out of seven strains.

11/18 genes were down-regulated in Abau4. With regard to Abau1, ACICU, and the two
ATCCs, the acinetobactin and baumannoferrin genes were globally up-regulated; only
two to five genes were down-regulated. Concerning acinetobactin, bauA and bauB
(import genes) were down-regulated in Abau1 and ATCC17978, whereas basJ (biosynthe-
sis gene) was down-regulated in ACICU. Baumannoferrin genes bfnJ (export) and bfnH
(import) were both down-regulated in ACICU and ATCC19606, whereas bfnJ was the only
down-regulated gene within the baumannoferrin cluster in Abau1, and bfnH was down-
regulated in ATCC17978. Of note, ATCC19606 was the only strain showing down-
regulation of exbB3 and exbD3 even in the presence of up-regulated tonB3 (Fig. 2A).

The overall increased expression trend in the iron-depleted growth medium was
observed with both acinetobactin and baumannoferrin, as well as with the other
TonB-dependent siderophore receptors and ETS.

Correlation analyses consistently showed that almost all acinetobactin and bauman-
noferrin genes had the same trend in response to iron depletion (less evident for bauA,
bfnH, and bfnJ). Furthermore, pirA expression showed greater concordance with other
genes than piuA. Finally, among the ETS genes, only tonB3 had a significant expression
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trend similar to that of some of the siderophore biosynthesis and transport systems,
mainly paired with export (barA, barB, and bfnJ) and biosynthesis (basA-basG, basJ, and
bfnA) genes (Fig. 2B).

ID-CAMHB+Fe** FDC-free vs ID-CAMHB FDC-free

As expected, we found a consistent down-regulation of siderophore biosynthesis and
transport system genes when Fe®* concentration was 40 times higher than in iron-
depleted conditions, as shown in Fig. 2C. All genes were statistically down-regulated
in Abau2 and Abau3; there were only significant down-regulation or no expression
changes in Abaul and ATCC17978. Abau4, instead, had two up-regulated genes within
the baumannoferrin system and ETS. With regard to ACICU, this only showed up-regula-
tion for piuA and tonB3. ATCC19606 was characterized by a different behavior; in fact,
11/18 genes of the acinetobactin system were statistically up-regulated, and 5/18 genes
were down-regulated (bauF, bauD, bauC, bauk, and basE), while only one gene in the
baumannoferrin system was up-regulated (bfnH), as were piuA, exbD3, and exbB3.

Similar expression changes were highlighted in almost all acinetobactin and
baumannoferrin genes, as well as between them and piuA, pirA, exbB3, exbD3, and tonB3
(Fig. 2D). This trend was less evident for three iron biosynthesis (basH, basl, and bfnE) and
two iron import (bauA and bauB) genes and, to a lesser extent, also for the export genes
barA and barB. Interestingly, all these genes but bfnE belonged to the acinetobactin
cluster, the latter being less compliant with the expected results.

The effect on DGE of adding FDC at sub-inhibitory concentrations is reported in Fig.
3A through D and analyzed in the following paragraphs.

ID-CAMHB+FDC vs ID-CAMHB FDC-free

The siderophore gene expression in the presence of FDC at infinitesimal iron concentra-
tions, widely indicated as the condition maximizing FDC entry, highlighted a non-uni-
form strain-dependent response of the analyzed clusters of genes. As reported in Fig. 3A,
acinetobactin, baumannoferrin, and ETS genes were up-regulated in Abau1 and Abau2,
while pirA was slightly down-regulated in Abaul and up-regulated in Abau2. Conversely,
piuA expression did not vary in Abaul and was not significantly up-regulated in Abau?2.
Abau3 was characterized by a strong down-regulation of all analyzed genes. Acinetobac-
tin genes showed an increasing “trend” toward down-regulation, more evident when
moving from Abau4 to ACICU and from ACICU to the two ATCCs. Baumannoferrin genes,
piuA and pirA, and energy transducers were all up-regulated in Abau4. A similar behavior
characterized ACICU and ATCC17978, with the exception of two down-regulated genes
within the baumannoferrin system (bfnkE and bfnD biosynthesis genes in ACICU, bfnC and
bfnG export and biosynthesis genes in ATCC17978) and the down-regulation of piuA in
ATCC17978. Conversely, ATCC19606 showed a down-regulation of the baumannoferrin
genes (similar to its acinetobactin genes) and pirA and up-regulation of tonB3.

FDC addition, with the only exception of the non-susceptible Abau3, activated all
genes related to the TonB3 ETS, demonstrating the expression of these genes more than
others.

The clustered comparison of gene expression in Fig. 3B highlighted an overall equal
expression trend between the acinetobactin and baumannoferrin genes; however, barA,
barB, basH, bauA, and bauB expression mainly correlated with other acinetobactin genes.
pirA and piuA showed different trends, the latter being related to fewer acinetobactin
genes (only the basF iron biosynthesis gene, two import genes bauC and bauD, and
bauF reductase), while pirA expression was in line with almost all of the acinetobactin
iron biosynthesis genes (i.e., basB-basG and basl), bauC-bauk import genes, and the
reductase gene bauF. The ETS genes had the same expression trend among them and as
the iron import and biosynthesis genes of the acinetobactin and the different compo-
nents of the baumannoferrin system.
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FIG 3

Effect of FDC sub-inhibitory concentrations on the expression of iron biosynthesis and transport system genes (A and B) ID-CAMHB+FDC vs ID-CAMHB

FDC-free and (C and D) CAMHB+FDC vs CAMHB FDC-free. Heatmaps in A and C report the different expressions of the genes in the study with * indicating the
probability of the different gene expressions being statistically significant (*0.85 < PDE < 0.90; **0.90 < PDE < 0.95; ***PDE > 0.95). In B and D, the dots show the

results of Pearson’s correlation analysis. The statistically significant (P-value <0.05) positive (red) or negative (blue) correlation of the gene expressions indicates a

clustered trend in at least four out of seven strains.

CAMHB+FDC vs CAMHB FDC-free

As for the previous comparison, the addition of sub-inhibitory concentrations of FDC
to CAMHB highlighted different strain-related changes in the iron biosynthesis and
transport system gene expression (Fig. 3C). Abaul was still only characterized by
statistically significant up-regulation of all genes but bauA, although their expression
was less important. The acinetobactin genes in Abau2 did not show any statistically
significant difference in expression. Meanwhile, of the baumannoferrin genes, three were
down-regulated (biosynthesis bfnG and bfnE, reductase bfnF) and one up-regulated
(biosynthesis bfnL). Still considering Abau2, pirA and piuA had opposite expressions:
the former was down-regulated and the latter up-regulated, while all ETS genes were
up-regulated. Abau3, Abau4, and ACICU were characterized by the down-regulation
of the acinetobactin and baumannoferrin genes (more evident in ACICU than in the
other two strains), down-regulation of pirA, and up-regulation of piuA (not significant in
Abau3). A similar concordance was not found in the ETS genes: in fact, while tonB3 was
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up-regulated in all three strains, exbB3 and exbD3 were down-regulated in Abau3 and
up-regulated in Abau4 and ACICU.

Once again, FDC addition seems to be effective in up-regulating the TonB3/ExbB3/
ExbD3 energy transducers in all strains, with the exception of the non-susceptible Abau3.
The acinetobactin genes in ATCC17978 did not have a univocal expression trend (with
6/18 genes significantly up-regulated and 8/18 genes significantly down-regulated),
whereas all baumannoferrin, TonB-dependent siderophore receptors, and ETS genes
were up-regulated. This up-regulation trend was more evident in ATCC19606, character-
ized by the up-regulation of all analyzed genes (with the exception of acinetobactin
biosynthesis gene basl, which was not statistically significantly up-regulated).

Correlation analyses (Fig. 3D) confirmed a strain-dependent gene expression. Indeed,
no correlation was seen in this comparison in the expression of the acinetobactin and
baumannoferrin genes, and gene expressions were also more discordant within the
two systems than in the previous analyses. pirA expression paired with iron import
(bauA, bauk) and biosynthesis acinetobactin (basA-basE) genes, while piuA only showed
concordant expression with tonB3, but not with either the acinetobactin or baumanno-
ferrin genes. With regard to the ETS genes, only the expression of exbB3 and exbD3 was
correlated, but so was not with the other iron transport and biosynthesis system genes.
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FIG 4 Scatter plots of the correlation between FDC MIC variations and iron or drug resistance-related gene expression in CAMHB. Blue dots indicated

the FDC MIC of the strains in CAMHB. (A) emrA/emrK multidrug export protein gene. (B) bfnD siderophore biosynthesis gene. (C) oprD porin gene. (D)

bacteriohemerythrin gene. (E) bfnE siderophore biosynthesis gene (iucA/iucC family). (F) DUF4198 metal transport family protein gene.
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Correlations between FDC MIC values and gene expression in different
growth media

The analysis of correlation showed an association between MIC values and several genes
as reported in Tables S2 and S3. Only the expression trends of genes likely related to
antibiotic resistance have been graphically represented in the scatter plots as shown
in Fig. 4. To note, just the addition of FDC to normal CAMHB displayed correlations
in siderophore (i.e, DUF4198 domain-containing protein, lucA/lucC, and AcsC), iron-
dependent oxygen transporter (bacteriohemerythrin), efflux pump (EmrA/EmrK), and
porin genes (OprD), while in ID-CAMHB, the analyses revealed that only the expression of
metabolic, tRNA, and ATP-dependent system genes correlated with MIC variation.

Interestingly, the expression of the genes for siderophores, iron-dependent oxygen
transporter, and porin negatively correlated with the increase of the MIC values (the
more resistant was the strain, the less expressed were the genes), while the expression
of the efflux pump gene increased with the increasing of the FDC MIC values (positive
correlation).

DISCUSSION

A. baumannii is a resilient pathogen that relies on various cellular processes to adapt
to challenging environments, including within the host, and to selective antibiotic
pressure. With an increasing number of multidrug-resistant (MDR) strains of A. baumannii
emerging, elucidating their regulatory mechanisms and direct regulons can provide new
information on the mechanisms of action and resistance to identify promising targets for
novel therapeutic interventions.

FDC is one of the drugs showing efficacy against this troubling MDR species; it
acts like a Trojan horse, mimicking the structure of siderophores. When FDC binds to
iron, it forms a stable complex that is recognized by bacterial iron transporters. These
transporters then take the FDC-iron complex into the bacterial cell, where it can exert
its antimicrobial activity. Therefore, iron concentration at FDC entry is crucial for its
mechanism of action (9).

Herein, we have explored how FDC affects the expression of the main iron transport
systems in some A. baumannii isolates with different FDC MICs, at various iron concen-
trations. The study was performed through the novel approaches of whole-genome
sequencing (WGS) and RNA-seq techniques. In particular, transcriptomics, coupled with
WGS for the identification of mutations likely to confer antibiotic resistance, is a powerful
tool for studying this phenomenon. It allows for the identification of changes in gene
expression patterns that occur in response to antibiotic exposure as well as helps identify
genes that are responsible for antibiotic resistance by comparing the transcriptome of
resistant and susceptible bacteria (18-23).

According to our genomic analyses, all our clinical strains belonged to the CC2
international clone and carried a plethora of antibiotic resistance genes, especially
for aminoglycosides, B-lactams, macrolides, sulphonamides, and tetracyclines. Clinical
strains probably had more chances to acquire new resistance determinants as shown
in our results. Genomic analyses somewhat confirmed the differences reported in the
evaluation of the proposed FDC target mutations as well as the different susceptibility
to FDC of the clinical strains. The analyses of the mutations in these genes suggested
that they may be involved in cephalosporins and/or FDC resistance, as already described
(24-31). Among the main PBPs, only PBP2 may have an amino acid change related to
FDC resistance (L424F), as it is only harbored by Abaul (the strain with the highest
MIC). Amino acid changes in the other PBPs are shared by or unique for susceptible
strains, for which reason they should be considered less significant. The identified OprD
gathered multiple variants, but—once again—only Abaul had peculiar variants in two
of them, while another porin was characterized by four amino acid changes shared by
both FDC non-susceptible strains Abaul and Abau3. Notwithstanding, these variants
are more likely attributable to a generic B-lactam resistance, as these OMPs are less
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involved in FDC entry. Interestingly, the two clinical strains with the lowest FDC MICs
were characterized by a truncated OprD protein, halved compared to the original one,
thus probably not properly working. Their low MIC values led to the hypothesis that
the missing function of one of these proteins may be counterbalanced by the presence
of cognate proteins and that FDC does not mainly enter through these channels. With
regard to AmpC, the most important amino acid change seems to be P238R, as this is
common to both FDC non-susceptible strains. However, AmpC sequence was different
in all other strains but ATCC17978 when compared to the cephalosporin-susceptible A.
baumannii K09-14. ACICU, on the other hand, was characterized by a plethora of amino
acid changes, and albeit susceptible to FDC, its MIC value was higher than that for the
ATCCs and the other two susceptible isolates.

Our results would lead to considering the complexity and multiplicity of factors
involved in FDC testing and determination of resistance. First off, we confirmed the
importance of Fe** in the regulation of the main iron biosynthesis and transport systems
of A. baumannii, predominantly acinetobactin and baumanoferrin in our strains. The use
of the ID-CAMHB, evaluated in comparison with CAMHB, showed the up-regulation of all
genes clustered in the two systems, and this observation was significant for almost all
isolates. The lack of iron in the medium varyingly affected the transcription of ETS genes,
demonstrating a sort of intra-species variability, probably linked to the different energy
status of the microorganism. The addition of a high concentration of Fe** to the medium
changed the scenario completely: in all strains—with the exception of ATCC19606—
repression of gene expression was observed in all systems, including energy transducers.
This generalized and statistically significant behavior showed some specific variability in
genes related to the ferric reductase and import genes such as basH, basl, and basJ of the
acinetobactin cluster, as well as the bauA and bauB genes related to iron import, in which
repression was less represented.

Comparing the effect of sub-inhibitory FDC supplementation in the different
culture conditions (i.e., ID-CAMHB vs CAMHB, as high iron concentrations are allegedly
detrimental for FDC testing), an overall greater expression of the iron uptake clusters
was observed in ID-CAMHB compared to a condition in which Fe** was 20 times more
concentrated (CAMHB). These expected results were statistically confirmed in Pearson’s
correlation analysis, in which the same DEGs were associated in at least four out of the
seven strains included.

Sub-inhibitory concentrations of FDC in ID-CAMHB were seen to be active in
promoting a positive expression trend of the acinetobactin and baumannoferrin genes,
which may potentially increase the entry of the antibiotic into bacterial cells, as
suggested by the use of ID-CAMHB in MIC testing. Abau3 was characterized by a
stronger differential expression of all analyzed genes in all culture conditions. An
evident down-regulation trend was also observed for Abau3 in the presence of FDC
in ID-CAMHB, unlike for the other clinical strains. With the exception of Abau3, the
addition of FDC to ID-CAMHB stimulated the expression of the ETS, suggesting the
occurrence of active transport of FDC inside the cell, as described for the Fe-siderophore
system entry (32). Interestingly, not only was the ETS activated by iron depletion, but
also the addition of FDC to a medium with standard iron concentrations (CAMHB)
promoted its expression, whose genes were only partially repressed in the presence
of high iron concentrations. Finally, FDC seems to have different effects on acinetobactin
and baumannoferrin, enhancing the expression of the genes of the latter cluster and
impairing acinetobactin gene expression.

Overall, our data demonstrated that not all iron-chelating systems are present and
used in A. baumannii isolates and that iron depletion is a key factor for implementing
FDC entry and, consequently, is of importance for in vitro testing of FDC. These results are
in accordance with previous studies dealing with the importance of iron depletion in the
testing conditions for FDC (33-35).

Furthermore, our isolates showed varying degrees of susceptibility to FDC (range 0.5-
16 mg/L), and these increased MIC values cannot be attributed to a single mechanism
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regulating the entry of the drug into the cell but rather to a complex network of events
also related to the accumulation of mutations in important antibiotic targets such as
PBP2, AmpC, and OMP.

FDC, in the ID medium, also affects all iron uptake transport and energy activation
systems in a strain-related manner but affects primarily the ETS that seems to be required
for drug entry. These results, which involve the molecular motor as the first and common
response to FDC, suggested the role played by the metabolic complexity of A. bauman-
nii as well as several of its characteristics in making this species resistant to various
antibiotics and adverse environments.

Analyzing the variation of the expression of the whole transcriptome and the
different FDC MIC values, we found that the most relevant associations between MIC
and genes related to iron acquisition or utilization as well as porins and efflux pumps
occurred only when FDC was added to a growth medium with average iron levels. The
positive correlation between MIC and the expression of few metabolic genes observed
when FDC was added to a medium with very low concentration of iron could be a
consequence of the minor effect of the drug on FDC non-susceptible strains.

In conclusion, our study, which was performed to define (i) the role of different iron
concentrations (high and low concentrations) on FDC entry and activity in our isolates
and (ii) the correlation of these different gene expressions and FDC MIC values with
mutations in the most important targets responsible for resistance, highlighted some
different issues in these complex mechanisms.

The complete transcriptomics of all isolates highlighted the presence of more than
800 differently expressed genes for each tested condition, related to various aspects of
bacterial metabolism. As the aim of our research was to investigate the peculiar features
of A. baumannii strains with different susceptibility to cefiderocol and their response
to diverse iron concentrations and FDC, we focused on possible FDC targets and iron—
drug uptake systems. This aspect, together with the limited number of strains included,
may represent a limitation of the study. Further analysis would need to be performed
to better understand possible predictive markers involved in the progression toward a
more resistant phenotype.

MATERIALS AND METHODS
Bacterial strains, FDC MIC determination, and culture conditions

The seven A. baumannii strains included in the study—Abaul-Abau4, ACICU,
ATCC17978, and ATCC19606—were already characterized for their ST, Oxa genes, MEM,
and COL resistance as well as their response to FDC in a previously published study
(36). The clinical samples (Abaul-Abau4) are representative of different geographic
origins and years of isolation: Abaul and Abau2 were isolated at the “Azienda Ospeda-
liero Universitaria Policlinico G.Rodolico-San Marco” (Catania, Italy) in 2020; Abau3 was
retrieved at the “Policlinico Sant’Orsola” (Bologna, Italy) in 2014; Abau4 was collected at
the “Azienda Ospedaliero—-Universitaria Pisana” (Pisa, Italy) in 2016.

To investigate the effect of iron concentration in the medium on iron transport
gene expression, the same lot of CAMHB (Becton, Dickinson and Company, Maryland,
USA) was used to prepare three different culture media with various iron concen-
trations: CAMHB (Fe** 0.084 pg/mL), iron-depleted CAMHB (Fe** 0.005 upg/mL), and
ID-CAMHB+Fe** (Fe** 0.200 pg/mL). Iron depletion was performed using the Chelex
100 resin (Bio-Rad Laboratories, California, USA), as reported by Hackel et al. (35);
ID-CAMHB+Fe** was prepared by adding FeCls to ID-CAMHB with the aim of obtaining
a medium with twice the Fe** concentration of CAMHB. The iron concentration of each
media was assessed using the Iron Assay Kit (cat. no. MAK025-1KY, Merck/Sigma-Aldrich,
Germany) according to the manufacturer’s protocol.

FDC minimum inhibitory concentration (MIC) in the different conditions was assessed
as previously published (36).

Month XXXX Volume 0 Issue 0

mSphere

10.1128/msphere.00617-23 13

Downloaded from https://journals.asm.org/journal/msphere on 21 December 2023 by 193.205.224.198.


https://doi.org/10.1128/msphere.00617-23

Research Article

In order to study the influence exerted by FDC on iron transport gene expression,
all strains were cultured in the absence and presence of two sub-MIC concentrations
of antibiotic in the following different growth conditions: (i) CAMHB FDC-free and (ii)
CAMHB+FDC; (jii) ID-CAMHB FDC-free and (iv) ID-CAMHB+FDC; and (v) ID-CAMHB+Fe®*
FDC-free.

For each culture condition, the strains were grown in 30 mL of broth (250-mL flasks,
normal air) starting from a 1:100 dilution of overnight culture in CAMHB. Flasks were
incubated at 37°C with agitation (150 rpm) until the exponential growth phase (ODg4s(:
0.45-0.55).

The bacterial pellet was recovered by centrifugation at 4,000 rpm for 10 min at
4°C, resuspended in RNAprotect Bacteria buffer (cat. no. 76506, QIAGEN, Germany),
transferred into sterile microcentrifuge tubes, and stored at -20°C pending nucleic acid
extraction.

Genome extraction and sequencing
DNA extraction

DNA extraction was carried out with the QlAamp DNA minikit (product 51304; QIAGEN,
Hilden, Germany) following the manufacturer’s protocol. DNA was quantified using
an Eppendorf BioPhotometer D30 and the Qubit fluorimeter double-stranded DNA
broad-range assay kit (product 32850; Invitrogen, Carlsbad, CA, USA).

Whole-genome sequencing

WGS was performed on a MiSeq platform as already published (36) and according to the
manufacturer’s instructions provided in the lllumina DNA preparation (M)-tagmentation
(24 samples) for the lllumina kit (product 20018707; lllumina, Inc., San Diego, CA, USA)
(37, 38).

RNA extraction and reverse transcription

RNA extraction was performed using the RNeasy Mini Kit (cat. no. 74104, QIAGEN,
Germany) according to the manufacturer’s protocol. RNA was quantified using the Qubit
RNA High Sensitivity kit (cat. no. Q32852, Thermo Fisher Scientific, Massachusetts, USA)
on Qubit 3.0 Fluorometer (cat. no. Q33216, Thermo Fisher Scientific, Massachusetts, USA)
and reverse-transcribed using the QuantiTect Rev. Transcription Kit (cat. no. 205311,
QIAGEN, Germany) at a cDNA concentration of 50 ng/pL.

RNA sequencing

RNA-seq was performed by Genomix4Life S.r.l. (Baronissi, Salerno, Italy). RNA concen-
trations were determined by a NanoDrop One spectrophotometer (Thermo Fisher),
and its quality was assessed with TapeStation 4200 (Agilent Technologies). Indexed
libraries were prepared from 150 ng/ea purified RNA with Stranded Total RNA Prep with
Ribo-Zero Plus (Illumina) for ribosomal RNA depletion according to the manufacturer’s
instructions. Libraries were quantified using TapeStation 4200 (Agilent Technologies) and
a Qubit fluorometer, then pooled in such a way that each index-tagged sample was
present in equimolar amounts. The pooled samples were subjected to cluster generation
and sequencing using an lllumina NovaSeq6000 System (lllumina) in a 2 x 100 paired-
end format.

The raw sequence files generated (fastq files) underwent quality control analysis
using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc).

Bioinformatic and statistical analyses

Raw paired-end sequence files were aligned using hisat2 (39) employing A. bauman-
nii strain K09-14 (NZ_CP043953.1) as the reference genome. Thereafter, FeatureCounts
(v2.0.1) was used to count mapped reads for genomic features using the paired-end
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mode and “gene” as a feature for the count. Subsequently, the raw count file was
analyzed using R (v.4.2.1) package NOISeq (40) to simulate technical replicates using
default parameters and obtain DEGs between condition pairs. DEGs were only consid-
ered significant if their probability was greater than 0.85. Iron-associated genes were
represented by heatmaps employing the ComplexHeatmap (v.2.12.1) package (41) using
an asterisk as a significant symbol to indicate the probability of differential expression:
*0.85 < PDE < 0.90; **0.90 < PDE < 0.95; ***PDE > 0.95. To reveal the trends of
expression of the acinetobactin, baumannoferrin, TonB3-ETS (tonB3, exbB3, and exbD3),
and piuA and pirA, Pearson’s correlation analyses were performed. Genes were only
retained for correlation analysis if their logFC (log of the fold change) was significant
in more than half (no. 4) of the strains considered in this work. Results were plotted
using the corrplot R package (42), where 1 stands for a full positive correlation and —1
indicates a full negative correlation, whereby only correlations with a P-value <0.05 were
considered as significant. Moreover, we also compared the gene expression with MIC in
CAMHB+FDC vs CAMHB FDC-free and ID-CAMHB+FDC vs ID-CAMHB FDC-free condi-
tions. This analysis was plotted using a scatter plot with the package ggpubr (v.0.6.0)
(43). Furthermore, we analyzed the mutations of genes likely involved in FDC resistance
such as PBPs, ftsL, carO, oprD, piuA, pirA, and ampC (10, 12, 26). ACICU (NC_010611.1)
and ATCC19606 (AP022836) FASTA and GenBank files were downloaded from NCBI
(44). The paired-end raw reads of Abaul, Abau2, Abau3, Abau4, and ATCC17978 were
analyzed employing BacPipe (45) with built-in parameters, using A. baumannii K09-14
(NZ_CP043953.1) as reference. Moreover, to identify punctual mutations, the output
assemblies from BacPipe for each sample were bwa-aligned using PBPs, ftsL, carO, oprD,
piuA, pirA, and ampC gene sequences as references (46). Finally, files were sorted using
SAMtools, variants were called, and consensus sequence was generated using BCFtools
(47, 48). Amino acid replacement was inspected using Transeq (49) and BLASTp (50).
Additionally, antibiotic resistance genes were examined in depth with both BacPipe
[CARD (51) and ResFinder (52) database] and AMRfinder (53) to obtain the resistome
profile of our strains.

For ST attribution of the strains, their genomes were analyzed with the PubMLST
online tool (54).
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