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ABSTRACT

The long-term resistance to desiccation on abiotic surfaces is a key determinant of the adaptive
success of Acinetobacter baumannii as a healthcare-associated bacterial pathogen. Here, the
cellular and molecular mechanisms enabling A. baumannii to resist desiccation and persist on
abiotic surfaces were investigated. Experiments were set up to mimic the A. baumannii response
to air-drying that would occur when bacterial cells contaminate fomites in hospitals. Resistance to
desiccation and transition to the “viable but nonculturable” (VBNC) state were determined in the
laboratory-adapted strain ATCC 19606" and the epidemic strain ACICU. Culturability, membrane
integrity, metabolic activity, virulence, and gene expression profile were compared between the
two strains at different stages of desiccation. Upon desiccation, ATCC 19606" and ACICU cells lose
culturability and membrane integrity, lower their metabolism, and enter the VBNC state. However,
desiccated A. baumannii cells fully recover culturability and virulence in an insect infection model
following rehydration in physiological buffers or human biological fluids. Transcriptome and
chemical analyses of A. baumannii cells during desiccation unveiled the production of protective
metabolites (L-cysteine and L-glutamate) and decreased energetic metabolism consequent to
activation of the glyoxylate shunt (GS) pathway, as confirmed by reduced resuscitation efficiency
of aceA mutants, lacking the key enzyme of the GS pathway. VBNC cell formation and extensive
metabolic reprogramming provide a biological basis for the response of A. baumannii to desicca-
tion, with implications on environmental control measures aimed at preventing the transmission
of A. baumannii infection in hospitals.
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Introduction
in the near surroundings of patients (reviewed by

Acinetobacter baumannii is a frequent colonizer of
hospitalized patients and causes severe disease, includ-
ing ventilator-associated pneumonia, urinary tract
infection, bacteraemia, meningitis, and skin or soft
tissue infections, particularly in intensive care unit
(ICU) patients [1-3]. Recently, the incidence of
A. baumannii infections increased by more than 110%
due to the SARS-CoV-2 pandemic, often resulting in
lethal co-infections [4,5]. Therefore, A. baumannii
infections are now considered a worrisome problem
on a global scale due to the healthcare burden, increas-
ing trend of antibiotic resistance, and high transmissi-
bility among patients [2]. Contamination of the
environment has been documented in outbreaks for
which information about environmental sampling was
reported [6]. Asymptomatic A. baumannii carriage on
the skin, in the pharynx, and the gastrointestinal tract
has frequently been linked to significant contamination

Dijkshoorn et al., 2007 [1]). Transmission of this
pathogen is facilitated by hospital personnel, airflow,
shared equipment, plumbing systems, and other
fomites that constitute an A. baumannii reservoir of
infections [7]. Managing outbreaks of A. baumannii
sometimes necessitate ward closure and impose decon-
tamination interventions or modifications to infrastruc-
ture which cause clinical, financial, and logistical
burdens [1,2].

The striking ability to endure long-term desiccation
is a major obstacle to A. baumannii eradication from
the hospital environment, making this pathogen
a model organism to investigate the effects of air-
desiccation and osmostress on Gram-negative bacteria
[8]. The ability of A. baumannii to survive water loss
has so far been ascribed to the biosynthesis of compa-
tible solutes, namely L-glutamate, D-mannitol, and tre-
halose, which act as osmoprotectants to prevent
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macromolecular damages caused by dehydration
(reviewed by Zeidler and Miiller [8]), and the expres-
sion of the DtpA and DtpB hydrophilins, which act as
molecular chaperones to prevent desiccation-induced
protein denaturation [9]. It has also been demonstrated
that A. baumannii enters a state of metabolic quies-
cence induced by dehydration, known as the “viable but
not culturable” (VBNC) state [10]. Since culture-based
procedures for assessing bacterial contamination in the
hospital environment rely on the assumption that one
viable cell gives rise to one colony on a solid medium
[11], transition to the VBNC state would reduce bac-
terial detection given that VBNC cells, by definition, do
not grow on solid media normally used for environ-
mental control [12]. Indeed, the notion that the most
successful A. baumannii clinical strains are endowed
with higher desiccation resistance compared to labora-
tory-adapted strains is based on their ability to form
colonies after desiccation [13,14]. However, the exis-
tence of a VBNC state challenges the paradigm “one
viable cell=one colony” in assessing bacterial viability,
posing the need to consider VBNC cells as an integral,
still-alive component of the entire population chal-
lenged with the desiccation stress. Here, we elucidate
the cellular and molecular mechanisms governing the
transition to the desiccation-induced VBNC state in
two A. baumannii prototypic strains endowed with
different levels of desiccation resistance and discuss
the impact of VBNC cell formation on environmental
surveillance and hospital infection control.

Results
A. baumannii culturability during desiccation

Preliminarily, we set the culture conditions ensuring
100% culturability of A. baumannii cells for desiccation
experiments. To this aim, culturability [expressed as col-
ony-forming unit (CFU) values], cell density (ODgq),
and membrane integrity (the principal viability marker)
were compared between the type strain ATCC 19606"
and the epidemic strain ACICU taken at different times
during growth in Luria Bertani (LB) medium (Figure S1).
Although the CFU/ODg, values did not change during
24-h growth, membrane damage became detectable after
14h (Figure S1). Hence, to evaluate the clonogenic
potential of A. baumannii undergoing desiccation,
6-h cultures of ATCC 19606" and ACICU, showing
maximum culturability and membrane integrity, were
desiccated on a glass surface for up to 8 weeks or main-
tained in water as control (Figure 1a). Desiccation caused

a progressive reduction of culturability of both strains,
with ACICU retaining its colony-forming ability 6 weeks
longer than ATCC 19606". Storage in water for up to
4weeks did not affect A. baumannii culturability,
whereas a moderate (<1 Log) decrease in CFU counts
was observed after 8 weeks (Figure 1b).

A. baumannii transition to the VBNC state during
desiccation

To study the clonogenic potential of desiccated cells at
the single-cell level, the pVRL1gfp plasmid directing
constitutive expression of the green fluorescent protein
(GFP [15]) was introduced in both A. baumannii
ATCC 19606" and ACICU strains. GFP-expressing
cells desiccated for 0, 6, and 24 h were overlaid with
a pad of LB soft (0.5% agarose) medium supplemented
with a subinhibitory concentration of propidium iodide
(PI, 60 uM; Figure S2) to label membrane-damaged
cells, and bacterial replication was continuously mon-
itored for 4h by time-lapse confocal microscopy. Four
distinct A. baumannii sub-populations were found to
co-exist after desiccation, hereafter classified as type
I to type IV cells (Figure 1c): type I, clonogenic green-
fluorescent cells; type II, non-clonogenic green-
fluorescent cells; type III, non-clonogenic cells, which
lose green fluorescence and adsorb PI over time; type
IV, non-clonogenic red-fluorescent cells (Figure 1d and
Supplementary videos 1-2). The inability to replicate
despite membrane integrity, as proven by the cytoplas-
mic retention of GFP (27-kDa protein; ca. 4 x 3 nm size
[16]) and PI exclusion, conforms type II cells to typical
VBNC cells [12]. Conversely, type III and IV cells are
endowed with typical features of dead cells due to PI
intake, GFP release, and loss of clonogenicity.
Quantification of these subpopulations revealed that
the number of type II cells and, to a lesser extent,
type IV cells increased during desiccation for both
strains, denoting a progressive switch to the VBNC
and dead states, respectively (Figure le). Moreover,
the percentage of type II (typical VBNC) cells after 6-
and 24-h desiccation was higher in ATCC 19606" than
in ACICU (Figure le). The decrease of green fluores-
cence emission by type III and IV cells should be
attributed to GFP leakage from damaged cells, since
GFP levels in the supernatants increased proportionally
to the desiccation time and loss of cell-associated fluor-
escence (Figure S3). Plasmid loss was excluded since
nearly 100% of the population of both strains main-
tained the pVRL1gfp plasmid (Figure S4).
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Figure 1. Resistance to desiccation and entry of A. baumannii cells in the non-clonogenic state after desiccation. (a) Experimental
timeline of the desiccation resistance assay. Colored arrows indicate the sampling times for CFU counts; cyan, before desiccation;
purple, after desiccation. (b) Clonogenic ability (CFU counts) of ATCC 19606" and ACICU cells kept in water or desiccated for up to
8 weeks. The grey area indicates the lower detection limit (LoD) of CFU counts, corresponding to 4 x 10> CFU, with red segments
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Factors affecting the resuscitation of VBNC
A. baumannii cells

Resuscitation is defined as the regain of clonogenicity
(i.e., the ability to generate a colony from a single cell
on a solid medium) by stress-induced VBNC cells, and
it can occur by removing the stressing factor [12]. As
previously demonstrated, ATCC 196067 cells can be
resuscitated after osmotic stress and dehydration,
although with a low efficiency [10]. Therefore, the
resuscitation of desiccated A. baumannii cells was
investigated by measuring their culturability and mem-
brane integrity after 24-h incubation at 37°C in M9
basal salt solution (M9SS Mg**Ca>"), a mineral med-
ium containing Mg** and Ca** ions but devoid of any
carbon source (Figure 2a). Interestingly, a complete
regain of clonogenicity was observed for both ATCC
19606" and ACICU strains after 24-h incubation in
M9SS Mg*"Ca**, irrespective of the initial composition
of the population (Figure 2b). Resuscitation was asso-
ciated with complete recovery of membrane integrity,
as inferred from PI exclusion (Figure 2c). This indicates
that not only the typical VBNC population (type II) but
also the populations composed of apparently dead cells,
characterized by severely damaged membranes and
leakage of intracellular GFP (type III and IV;
Figure 1c), can be resuscitated, and therefore should
be considered in a VBNC-like state. Low temperature
and absence of membrane-stabilizing cations dramati-
cally affected resuscitation, since culturability and
regain of membrane integrity were reduced by incuba-
tion at 4°C and depletion of Mg** and Ca’** ions
[MOSS, phosphate-buffered saline (PBS)] (Figure S5).
Under these sub-optimal conditions, the resuscitation
efficiency greatly differed between ATCC 19606 and
ACICU, the latter being less sensitive to Mg>* and Ca>*
depletion and low temperature (Figure S5). Thus, the
epidemic strain ACICU remains culturable during
longer desiccation periods than ATCC 19606"
(Figure 1b) and regains culturability and membrane
integrity under sub-optimal resuscitation conditions
(Figure S5). Intriguingly, resuscitation kinetic assays

revealed that 12-h incubation in M9SS Mg**Ca®" at
37°C was sufficient to ensure complete recovery of
culturability and membrane integrity of both the
A. baumannii strains (Figure S6).

We also used vancomycin (Van), a glycopeptide
antibiotic excluded by the A. baumannii outer mem-
brane but capable of penetrating it when the membrane
is damaged [17], to probe membrane permeability of
cells before and after desiccation, and after resuscita-
tion. The minimal inhibitory concentration (MIC) of
Van was similarly high (256 mg/L) for ATCC 19606"
and ACICU in all the test conditions (Figure S7).
However, time-killing assays revealed that desiccated
cells were more rapidly killed by inhibitory Van con-
centrations (512mg/L; 2 x MIC) than cells before
desiccation or after resuscitation, confirming that desic-
cation perturbs the outer membrane and facilitates Van
penetration (Figure S7).

Since both A. baumannii strains were able to resus-
citate after desiccation, we wondered if VBNC forma-
tion and resuscitation are common features of other
members of the Acinetobacter genus. Therefore, four
additional A. baumannii strains (ATCC 17978,
AB5075, RUH 5875, and AYE) and representative
strains belonging to other species of the genus
(Acinetobacter — nosocomialis,  Acinetobacter  pittii,
Acinetobacter  baylyi, Acinetobacter seifertii, and
Acinetobacter lactucae) were desiccated, and their abil-
ity to resuscitate was assessed. Albeit with different
resuscitation efficiencies, all A. baumannii strains and
Acinetobacter species entered the VBNC state after
desiccation and recovered culturability upon incuba-
tion in M9SS Mg*'Ca®>". Notably, A. baumannii
AB5075 and A. pittii showed the highest resistance to
desiccation (Figure S8).

Structural and functional modifications of
desiccated A. baumannii cells

To better characterize the transitions in and out of
the VBNC state, desiccated and resuscitated cells of

representing all CFU values below the LoD. Data are the meanzstandard deviation (SD; error bars) of three independent
experiments. (c) Graphical representation of the confocal laser-scanning microscopy (CLSM) imaging experiment. ATCC 19606"
(pVRL1gfp) and ACICU(pVRL1gfp) cells were desiccated on a glass coverslip, covered with a pad of LB 0.5% agarose supplemented
with 60 uM PI, and observed in a CLSM incubation chamber. Bacterial subpopulations (type I-IV) were quantified before and after
4-h incubation at 37°C. (d) Representative time-lapse CLSM micrographs of cells before and after 4-h incubation at 37°C. White
arrows indicate type Il cells. Green and red scales denote pixel intensity. (e) Percentages of cells belonging to type I, Il, lll, and IV
subpopulations, calculated before (0 h) and after (4 h) incubation in the CLSM chamber (n > 6,500 for each sample). The distinction
between type | and Il cells is based on bacterial replication after 4-h incubation at 37°C.
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Figure 2. Formation of VBNC cells upon desiccation and analysis of structural and functional alterations occurring during
A. baumannii desiccation and resuscitation. (a) Timeline of the resuscitation assay. ATCC 19606" and ACICU cells were air-dried
for 1 week. After desiccation, cells were suspended in M9SS Mg”Ca2+ and incubated at 37°C for 24 h under shaking (resuscitation).
Colored arrows indicate the sampling times for CFU counts; cyan, before desiccation; red, after desiccation; green, after resuscitation.
(b) Culturability (expressed as CFU) of cells before desiccation, after desiccation, and after resuscitation. (c) Membrane integrity
expressed as the ratio between green (SYTO 9) and red (PI) fluorescence emissions. (d) Cell volume before desiccation, after 1-week
desiccation, and after resuscitation, as determined by AFM imaging of 30 cells of ATCC 19606 and ACICU. The median (filled lines)
and interquartile ranges (dashed lines) are shown. ATP (e) and ROS (f) levels in ATCC 19606" and ACICU cells before desiccation, after
desiccation, and after resuscitation. (g) Timeline of the resuscitation assays performed after three rounds of desiccation. Colored
arrows indicate the sampling times for CFU counts (h), ATP levels (i), and ROS content (j). Color codes of histograms in (h,ij) are
those used in the experimental timeline (g). The grey area in (b) and (h) indicates the LoD of CFU counts (4 x 10> CFU). Dashed lines
in histograms (b,c,e,f,h,i,j) indicate the pre-desiccation values. Data are the mean+SD (error bars) of three independent experiments.
Statistical significance was determined by the unpaired t-test (***p < 0.001; ****p < 0.0001).

ATCC 19606" and ACICU were analysed at both  resuscitation, desiccated ATCC 19606" cells fully
morphological and metabolic levels. Atomic force  recovered their pre-desiccation volume, whereas
microscopy (AFM) measurements revealed that ACICU did not. However, ATCC 19606" and
desiccation results in a significant loss of cellular =~ ACICU showed nearly identical cellular volumes
volume, consequent to water evaporation, more evi-  after desiccation and after resuscitation (Figure 2d,
dent in ACICU than in ATCC 19606'. Upon  Figure S9).
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Dehydration causes energy consumption and the
generation of reactive oxygen species (ROS) due to
membrane damage and respiratory chain misfunction
[18]. Quantitative ATP and ROS content estimation
demonstrated that ATCC 19606 and ACICU suffer
from severe ATP depletion and ROS production during
desiccation (Figure 2e-f). During resuscitation, intracel-
lular ATP was further consumed (Figure 2e), while
ROS production continued (Figure 2f), denoting that
resuscitation is an energy-demanding process laden
with oxidative stress.

Since both desiccation and resuscitation are energy-
demanding processes, we wondered whether
A. baumannii could endure multiple rounds of desicca-
tion and resuscitation in the absence of carbon and
energy source supply (Figure 2g). ATCC 19606" recov-
ered full culturability across 3 rounds of desiccation
and resuscitation, while ACICU failed to resuscitate
after the first round, despite its higher tolerance to
multiple rounds of desiccation (Figure 2h). Both strains
experienced a progressive decline in ATP content dur-
ing three rounds of desiccation and resuscitation
(Figure 2i). Different from ATCC 19606, ROS levels
progressively increased in ACICU during multiple
rounds of desiccation and resuscitation (Figure 2j), in
line with reduced culturability.

Resuscitation in biological fluids and virulence of
desiccated A. baumannii cells

Given that the vast majority of A. baumannii cells are
in the VBNC state after 1-week desiccation (Figure 2b),
we wondered if resuscitation also occurs in biological
fluids, as this would be a pre-requisite for ensuing
in vivo proliferation. Since biological fluids contain
carbon sources that would sustain bacterial replication
during 24-h incubation at 37°C, we tested
A. baumannii resuscitation in heat-inactivated human
serum (HIS), urine, and saliva supplemented with bac-
teriostatic concentrations of ciprofloxacin (Cip) to pre-
vent bacterial growth (Figure 3a). After desiccation,
only ATCC 19606 was resuscitated in saliva, whereas
both ATCC 19606" and ACICU were resuscitated in
HIS and urine (Figure 3b), raising the possibility that
desiccated A. baumannii cells which contaminate the
hospital environment can resuscitate in human biolo-
gical fluids to cause infection. Consequently, the viru-
lence potential of both A. baumannii strains before and
after desiccation, and after resuscitation in M9SS Mg2
*Ca®* or biological fluids, was tested in the Galleria
mellonella insect model of infection. Although desic-
cated cells of both strains were significantly less virulent
than the non-desiccated counterparts, virulence was

fully recovered after resuscitation in biological fluids
(Figure 3c). The reduced virulence of desiccated cells
suggests that part of the bacterial inoculum is unable to
replicate in vivo and/or is cleared by the insect immune
system before resuscitation. Overall, these data demon-
strate that the VBNC A. baumannii population retains
infectivity and lethality in the insect model of infection
after resuscitation in biological fluids.

Transcriptional reprogramming in desiccated
A. baumannii cells

To gain insights into the regulatory mechanisms impli-
cated in the transition to the VBNC state, the transcrip-
tional profiles of ATCC 19606" and ACICU were
compared before and after 1-week desiccation by RNA-
sequencing (Figure 4a). Desiccation caused an extensive
transcriptional reprogramming, involving ca. one-third
of A. baumannii genes (Table S1). ACICU showed
more differentially expressed genes (DEGs) than
ATCC 19606" (1,101 vs 975, respectively). Of the 539
DEGs shared by the two strains, only 9 showed oppo-
site regulation (Figure 4b). To shed light on the func-
tional categories of shared DEGs, each DEG was
assigned to a cluster of orthologous groups of protein
(COG) category (Table S2). COGs within the
P (inorganic ion transport and metabolism) and
C (energy production and conversion) categories were
enriched with upregulated DEGs (Figure 4c; Table S3).
The downregulated DEGs were enriched in COGs
related to the J (translation, including ribosome struc-
ture and biogenesis) and O (molecular chaperones and
related functions) categories (Figure 4c; Table S4). The
Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway analysis indicated that the upregulated DEGs
common to both strains were enriched in pathways
involving ATP-binding cassette (ABC) transporters
(ko02010), sulphur and biotin metabolism (ko00920
and ko00780, respectively), and fatty acid biosynthesis
(ko00061) (Figure 4d; Table S5). The shared downre-
gulated DEGs enriched the pathways related to ribo-
some biogenesis (ko03010), valine, leucine, and
isoleucine degradation (ko00280), benzoate degrada-
tion (ko00362), and geraniol degradation (ko00281)
(Figure 4e; Table S6).

Involvement of L-cysteine, L-glutamate, and
glyoxylate shunt pathway in A. baumannii
desiccation resistance and resuscitation

Analysis of individual DEGs belonging to upregulated
COG categories (P and C) and KEGG pathways (ABC
transporters and sulphur metabolism) shared by ATCC
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Figure 3. Resuscitation of desiccated A. baumannii cells in different biological fluids, and lethality in an insect infection model. (a)
Experimental timeline of the resuscitation assay in different biological fluids. Colored arrows indicate the sampling times for CFU
counts; cyan, before desiccation; red, after desiccation; fluo-green, after resuscitation. (b) Suspensions of ATCC 19606' and ACICU
cells before and after 1-week desiccation were incubated at 37°C for 12 h in HIS, urine, or saliva supplemented with Cip. The
concentrations shown beneath the bars indicate the bacteriostatic concentration of Cip for each resuscitation medium. M9SS Mg?
*Ca®* was used as the resuscitation control medium. After incubation, clonogenicity was evaluated by CFU counts. Color codes of
histograms are those used in the experimental timeline. The grey area indicates the LoD of CFU counts (4 x 10 CFU). Dashed lines
indicate the pre-desiccation values. Data are the mean%SD (error bars) of three independent experiments. (c) Lethality of ATCC
19606" and ACICU cells in G. mellonella. The larvae (n=120 per group) were injected with A. baumannii cells taken before
desiccation, after desiccation, and after resuscitation in M9SS Mgz+Ca2+, HIS, urine, or saliva. Ten L of bacterial suspensions at
ODggo = 0.1 (ca. 5 x 10%) and ODgye = 0.01 (ca. 5 x 10°) for ATCC 19606" and ACICU, respectively, corresponding to the LDs, of each
strain, were inoculated into each caterpillar. After injection, larvae were kept at 37°C, and their survival was monitored every 24 h for
3 days. p-values were determined by the log-rank test (ns, not significant; *p < 0.05; **p < 0.01; ***p <0.001; ****p < 0.0001).
Asterisks indicate statistically significant differences between the survival plots of larvae infected with ATCC 19606" and ACICU
cells before desiccation and the test condition.

19606" and ACICU, unveiled a metabolic flux of sul-
phur- and carbon-containing compounds towards the
biosynthesis of L-cysteine, L-glutamate, and glyoxylate
(Figure 5a). The upregulation of genes encoding ABC
transporters of sulphur compounds (cysPUWA,
tauABC, and ssuABC for sulphate, taurine, and

alkanesulfonate uptake, respectively) and enzymes
implicated in the conversion of dimethylsulfone to sul-
phite (ssuD, ssuE, and sfnG) direct the metabolism
towards the generation of sulphite, a central precursor
of L-cysteine. Furthermore, the upregulation of both
cys] and cysE would increase the production of sulphide
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Figure 4. Analysis of the A. baumannii transcriptome before and after desiccation. (a) Timeline of sample collection for transcriptome
analysis. Arrows indicate the sampling times of cells for RNA-seq before (cyan) and after (red) desiccation. (b) Venn diagram showing
the number of DEGs in ATCC 19606" and ACICU after 1-week desiccation. The number of shared DEGs is shown in bold. Upwards and
downwards arrows indicate up- and down-requlated DEGs, respectively. (c) COG functional categories of ATCC 19606" and ACICU

DEGs in desiccated cells. Asterisks in green and red bars denote

COGs enriched with up- and down-regulated DEGs, respectively.

Shared categories are highlighted in bold. (d-e) KEGG pathway-based enrichment analysis of upregulated (d) and downregulated (e)
DEGs of ATCC 19606" and ACICU during desiccation. Shared pathways are highlighted in bold. Abbreviations: ABC, ATP-binding

cassette; CAMP, cationic antimicrobial peptide.

(resulting from sulphite oxidation catalysed by Cys])
and O-acetylserine (generated from L-serine by CysE),
respectively, both serving as substrates for the biosynth-
esis of L-cysteine and acetate (Figure 5a). Upregulation

of genes involved in L-cysteine biosynthesis was con-
firmed by reverse transcription-quantitative PCR (RT-
qPCR) analysis of cysU, sfuG, ssuE, cys], and cysE tran-
scripts. All five genes were upregulated in both ATCC
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19606" and ACICU during desiccation, and downregu-
lated or not differentially expressed during resuscitation
(Figure S10), paralleling the increase of intracellular
L-cysteine levels occurring during desiccation and its
consumption during resuscitation (Figure 5b-c).
Acetate is converted into acetyl-CoA by acetyl-CoA
synthetase (Acs), serving as substrate for CysE or enter-
ing the tricarboxylic acid (TCA) cycle. Notably, DEGs
involved in the glyoxylate shunt (GS) pathway, namely
gltA (citrate synthase), acnB (aconitase), and aceA (iso-
citrate lyase), were upregulated during desiccation in
both strains (Table S7). Moreover, the repression of
sucA (a-ketoglutarate dehydrogenase) concomitant
with the activation of gdhA (glutamate dehydrogenase)
suggests a metabolic flux towards L-glutamate produc-
tion from 2-oxo-glutarate (Table S7; Figure 5a). RT-
qPCR analysis of gltA, acnB, aceA, and gdhA transcripts
confirmed the upregulation of glutamate synthesis and
GS pathway genes in desiccated cells of both ATCC
19606" and ACICU and showed that these genes were
expressed below the basal level in resuscitated cells
(Figure S10). Accordingly, intracellular L-glutamate
levels significantly increased during desiccation and
decreased during resuscitation in both strains
(Figure 5d), while the levels of trehalose and
D-mannitol, two compatible solutes that accumulate
during salt-induced stress [19], remained unchanged
(Figure S11). Overall, gene expression analysis and
chemical assays suggest that desiccated A. baumannii
cells activate the GS pathway and overproduce
L-cysteine and L-glutamate, whereas resuscitated cells
shut off the GS pathway and consume both amino
acids.

To substantiate the importance of the GS pathway in
the A. baumannii response to desiccation, the aceA
gene, encoding the key enzyme that deviates the TCA
cycle to the GS pathway by converting isocitrate into
glyoxylate plus succinate, was inactivated in ATCC
19606". Knock-out of aceA severely impaired the resus-
citation efficiency without affecting post-desiccation
culturability (Figure 5e). This result indicates that

activation of the GS pathway during desiccation
ensures the recovery of the clonogenic ability upon
resuscitation. Compared with the wild type, desiccated
cells of the aceA mutant did not recover from mem-
brane damage appearing extremely permeable to PI
even after resuscitation (Figure 5f). The aceA knock-
out also endured ATP, L-cysteine, and
L-glutamate depletion, and increased ROS production
(Figure 5g-j). Complementation in trans of the aceA
mutation rescued the defect in resuscitation, improved
membrane integrity, and restored wild-type levels of
ATP, ROS, L-cysteine, and L-glutamate (Figure 5e-j).

severe

Discussion

Microorganisms have the exceptional ability to endure
harsh environments and adapt to changes in external
conditions. Dehydration, induced by either water eva-
poration (desiccation or matric stress) or exposure to
high solute concentrations (hyperosmotic stress), poses
a serious challenge to microorganisms. Although both
matric and hyperosmotic stresses result in water sub-
traction from the cell, these two stresses are mechan-
istically distinct. While dehydration can be obtained by
exposing cells to a hypertonic solution, it should be
noted that water is still physically present around the
cell during hyperosmotic stress. Conversely, air-
desiccated cells are not suspended in a water solution,
implying that several vital functions are impaired as the
result of water evaporation, particularly nutrient diffu-
sion and solute transport, which are indeed essential for
the hyperosmotic stress response [3,20]. These differ-
ences require distinct adaptive responses as evidenced
by the accumulation of different metabolites: while
D-mannitol and trehalose protect A. baumannii cells
during hyperosmotic stress [19], we identified
L-cysteine and L-glutamate as possible protectants dur-
ing desiccation. Based on these differences, our experi-
mental set-up was intended to mimic the A. baumannii
response to air-drying that would occur when bacterial
cells are shed in the hospital environment. To account,

before desiccation (cyan), after desiccation (red), and after resuscitation in M9SS Mg?*Ca®* for 24 h at 37°C (green). (c) L-cysteine
concentration in ATCC 19606" and ACICU cells. (d) L-glutamate concentration in ATCC 19606" and ACICU cells. (e) Culturability, (f)
membrane integrity, (g) ATP content, (h) ROS levels, (i) intracellular L-cysteine, and (j) L-glutamate concentration in wild type and
aceA-defective ATCC 19606 strains before desiccation, after desiccation, and after resuscitation. The grey area in (e) indicates the
LoD of CFU counts (4 x 10° CFU). Data in (c-j) are the mean+SD (error bars) of at least three independent experiments. Statistical
significance was determined by the unpaired t-test (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001). Asterisks in (c-d) indicate
statistically significant differences relative to cells before desiccation. Asterisks in (e-j) indicate statistically significant differences

between the test strain and ATCC 19606 (pME6031).



at least in part, for the intra-species A. baumannii
variability [3], experiments were conducted using the
laboratory-adapted type strain ATCC 19606" [21] and
the epidemic isolate ACICU [22], which belongs to
International Clonal Lineage II and represents the
most widespread A. baumannii lineage [23].

While the drying process is a complex phenom-
enon impacting all macromolecular components of
the cell [18], recent findings have linked the gradual
loss of A. baumannii culturability occurring during
desiccation to membrane gelification, a physical pro-
cess in which phospholipids of both inner and outer
membranes become densely packed, stiffening the
membranes and leading to membrane ruptures
[24,25]. At the functional level, we observed that
desiccation causes progressive loss of membrane
integrity with volume reduction, ATP depletion, and
oxidative stress, ultimately resulting in a dramatic
loss of clonogenicity in both ATCC 19606 and
ACICU strains. While the two A. baumannii model
strains used in this study showed remarkable differ-
ences in the timing of their response to the desicca-
tion, it is worth noting that >90% of the population
became unculturable after 24-h desiccation on an
inert glass substrate, disclosing structural and func-
tional features suggestive of cell death. However, the
whole non-culturable A. baumannii population,
including apparently dead cells characterized by
extensively compromised membrane integrity, was
able to recover clonogenicity when suspended in
a carbon-free physiological buffer, a typical feature
of VBNC cells [12]. Resuscitation was optimal under
conditions favouring membrane fluidity and stability,
i.e. optimal temperature (37°C) and availability of
membrane-stabilizing divalent cations (Ca®* and
Mg*"). Following desiccation, the reversible transi-
tion to the VBNC state was demonstrated for several
A. baumannii clinical strains, as well as strains
belonging to non-A. baumannii pathogenic species.
One can speculate that resistance to desiccation and
entrance in the VBNC state are effective survival
strategies for species endowed with broad ecological
fitness, allowing members of the Acinetobacter genus
to face harsh conditions and thrive in diverse envir-
onments [1,26].

The consequences of the above findings on the
transmissibility of A. baumannii infection in hospitals
can be inferred by the ability of desiccated VBNC cells
to resuscitate in some biological fluids and recover
their virulence in the G. mellonella insect model of
infection. The desiccation-induced transition to the
VBNC state observed in pathogenic Acinetobacter spe-
cies imposes a paradigm shift in interpreting
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environmental surveillance results in healthcare set-
tings. Infection control specialists should know that
VBNC Acinetobacter cells constitute a reservoir of
potentially infectious bacteria that cannot be detected
in routine monitoring of hospital surfaces through
direct culture-based methods.

Although the VBNC state has previously been asso-
ciated with A. baumannii survival to hyperosmotic
stress, the underlying molecular mechanisms have
been elucidated only in part [10]. Our results suggest
that A. baumannii extensively remodels its transcrip-
tome when exposed to air-desiccation for one week, i.e.
when the population consists of >99% VBNC cells. In
this condition, comparative transcriptome analysis
showed that ca. one-third of A. baumannii genes are
differentially expressed with remarkable differences
between ATCC 19606" and ACICU, suggesting that
A. baumannii adopts multiple strategies to face desicca-
tion and enter the VBNC state. In search of common
response mechanisms to desiccation, we focused on
DEGs shared by the two strains, observing that both
ATCC 19606" and ACICU activate genes for the synth-
esis of L-cysteine and L-glutamate and shift their ener-
getic metabolism towards the GS pathway. The
metabolic overview provided by KEGG and COG ana-
lysis also denotes a reduction of protein synthesis
(ko03010, ribosome) and expression of molecular cha-
perones (O category, molecular chaperones and related
functions), consistent with prior findings [27,28].
Intriguingly, although DtpA and DtpB molecular cha-
perones appeared essential for resistance to desiccation
in a Lon protease-deficient mutant of A. baumannii
ATCC 17978 [9], in our experimental conditions dptA
and dipB were not differentially expressed (Table S1). It
is plausible that the expression of these two chaperones
occurs at different stages of desiccation, is strain-
specific, and/or restricted to the Alon mutant. Even
more intriguing is the observation that the catalase
gene katE, previously hypothesized to play a role in
the detoxification of ROS produced during desiccation
[9], was downregulated in ATCC 19606" and not dif-
ferentially expressed in ACICU (Table S1), raising the
possibility that A. baumannii employs alternative stra-
tegies to withstand the desiccation-induced oxidative
stress. Production of antioxidants, like L-cysteine, is
a viable defence strategy from oxidative stress, and we
provide evidence that L-cysteine is accumulated during
desiccation and is consumed during resuscitation.
L-cysteine is known to protect bacteria from ROS
through S-thiolation, a reversible post-translational
modification that links low molecular weight thiols
(e.g., L-cysteine and glutathione) to protein sulthydryl
groups via disulfide bonds, safeguarding thiol-
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containing proteins from irreversible oxidative damage
[29,30].

Transcriptomic and chemical analyses revealed that
A. baumannii cells overproduce the osmolyte L-glutamate
during desiccation, consistent with the upregulation of the
L-glutamate dehydrogenase (gdhA) gene. Notably,
increased L-glutamate synthesis has previously been docu-
mented in VBNC cells of ATCC 19606" induced by hyper-
osmolarity (Table S8; ref. [10]) and in nutrient-starved
VBNC cells of Vibrio parahaemolyticus [31], suggesting
that overproduction of L-glutamate is a general stress-
response mechanism associated with the transition to
a quiescence state. Among the de novo synthesized compa-
tible solutes, L-glutamate has a broader function in bacter-
ial stress response than trehalose and mannitol, whose
function is limited to osmoprotection. Indeed, induction
of L-glutamate synthesis has been associated with acid
tolerance, growth under oxygen limitation, resistance to
lantibiotics, and protection against oxidative stress [32].

A prominent role of the GS pathway in resuscitation
from the VBNC state can be inferred from the expression
analysis and mutagenesis of aceA. By shortcutting the TCA
cycle into the GS pathway, desiccating A. baumannii cells
would slow down their energetic metabolism, consistent
with the established role of the GS pathway in the main-
tenance of the stress-induced latency and VBNC state in
other bacterial pathogens [33-35].

It is interesting to notice that in A. baumannii the
mutational inactivation of the GS pathway has no effect
on clonogenicity after desiccation but impairs the
resuscitation of desiccated (VBNC) cells. Wild type
and aceA-mutant cells show a similar decay in clono-
genicity after 1-week desiccation, but only the aceA-
mutant does not resuscitate from the VBNC state.
During desiccation, ATP consumption and ROS pro-
duction increase in the aceA mutant compared with the
wild type. Concomitantly, the synthesis of protective
metabolites (L-cysteine and L-glutamate) is strongly
reduced. These metabolic alterations are likely to
impair the ability of the aceA mutant to relieve the
desiccation stress, as shown by a further increase in
ROS production and consumption of residual
L-cysteine and L-glutamate levels during resuscitation.
In addition, aceA mutant cells disclose more severe
membrane damage during desiccation and are
impaired in membrane repair during the resuscitation
step. All these features suggest that, following desicca-
tion, the aceA mutant cells are dead or enter a deeper
state of dormancy that cannot be reversed under the
resuscitation conditions of this study.

Master regulators controlling the expression of
A. baumannii desiccation- and stress-responsive pro-
teins are promising targets for the development of

alternative strategies against A. baumannii [36-39].
Since resuscitation from the VBNC state is essential
for the virulence of desiccated A. baumannii cells, inhi-
bition of AceA would represent a novel approach to
impede A. baumannii resuscitation, “freezing” the cells
in the less virulent VBNC state. Notably, itaconate,
a lysosomal inducer produced by macrophages in
response to bacterial infection [40] acts as a potent
AceA inhibitor [41], showcasing how innate immunity
has evolved AceA inhibitory strategies to combat bac-
terial infection.

Materials and methods
Bacterial strains and culture media

The bacterial strains used in this study are listed in
Table S9. The A. baumannii type strain ATCC 19606
[21] and the A. baumannii strain ACICU, a prototype
of the epidemic International Clonal Lineage II [22]
were used for comparison. A. baumannii ATCC
19606" and ACICU had formerly been categorized as
“desiccation-sensitive” and  “desiccation-resistant,”
respectively [13,14]. Bacteria were routinely grown in
Luria Bertani broth (LB; 42) or LB supplemented with
1.5% (w/v) agar (LA) at 37°C. Antibiotics were used at
the following concentrations for Escherichia coli DH5a
and A. baumannii, respectively: gentamicin (Gm) 10
mg/L and 100 mg/L; tetracycline (Tc) 12.5mg/L and
100 mg/L; kanamycin (Km) 25 mg/L and 50 mg/L.

Preparation of competent cells

Competent E. coli cells were prepared by the rubidium-
calcium chloride method and transformed according to
the heat shock protocol [42]. Electrocompetent cells of
A. baumannii were prepared as previously described
[43], and plasmids were introduced in ATCC 19606
and ACICU by electroporation, as reported in ref [43].

Bacterial growth measurements, culturability, and
SYTO 9 and PI staining

ATCC 19606" and ACICU were grown in LB and incu-
bated at 37°C under shaking for 18 h. Bacterial cultures
were sub-cultured (1:100 dilution) in a flask and incubated
at 37°C under shaking. Bacterial growth was monitored
for up to 24 h, measuring the optical density at 600 nm (
ODggo) in a BioSpectrometer Basic spectrophotometer
(Eppendorf). Aliquots of the cultures were collected after
6, 14, and 24 h for colony-forming units (CFU) counts on
LA and LIVE/DEAD staining using the BacLight kit,
containing SYTO 9 and PI dyes (Thermo Fisher),



according to the manufacturer’s instructions. Fluorescence
emissions of SYTO 9- and PI-stained samples were quan-
tified using a Spark 10 M microplate reader (Tecan) at the
excitation/emission wavelengths of 480/500 nm and 515/
635 nm, respectively. Stained samples were observed by
using a Leica SP5 inverted confocal laser-scanning micro-
scope (CLSM) equipped with a 63x oil immersion
objective.

Preparation of bacterial inocula and desiccation
conditions

ATCC 19606" and ACICU were grown in LB at 37°C for
18 h, diluted 1:100 in the same medium, and incubated at
37°C under shaking for 6 h. Then, bacteria were harvested
by centrifugation (3,000 g x 5min), washed twice, and
suspended in ultrapure distilled water at the desired
ODggo. Aliquots of bacterial suspensions were air-dried
under the laminar flow hood at 25.19 + 1.49°C and stored
in a 16 L-vacuum bell containing 50 g of silica gel at an
average temperature of 20.88 + 0.59°C and an average rela-
tive humidity (RH) of 13.00 + 5.58%. Bacterial suspensions
were desiccated on the surface of glass coverslips (Corning
cover glasses, Sigma-Aldrich), glass Petri dishes, and glass
chamber slides (4-well on lumox detachable, Sarstedt).

Bacterial culturability during maintenance in water
and after desiccation

ATCC 19606" and ACICU inocula were diluted in ultra-
pure distilled water to ODgpo = 1.0 (corresponding to ca.
5x 10° CFU/mL for both strains). The bacterial suspen-
sions (20 pL, ca. 10" CFU) were poured onto a glass cover-
slip and air-dried or maintained in ultrapure distilled water
(15mL) in 50 mL-polystyrene tubes (Falcon) and incu-
bated at 20.88 + 0.59°C for up to 8 weeks. Culturability of
desiccated and water-maintained cells was evaluated by
CFU counts on LA plates at O0h, 6h, 24h, 48h, 72h,
1 week, 2 weeks, 4 weeks, and 8 weeks. Air-dried samples
on glass coverslips were rehydrated in 2 mL of ultrapure
distilled water, incubated for 15 min at room temperature,
mixed by vortexing for 30 s, and 10-fold serially diluted in
sterile saline for CFU counts, as previously described
[13,14]. To evaluate bacterial culturability in water, 20-uL
samples were appropriately diluted for CFU counts on LA
plates.

PI toxicity and time-lapse microscopy assessment of
bacterial clonogenicity

ATCC 19606 (pVRL1gfp) and ACICU(pVRLIgfp) were
suspended in ultrapure distilled water and air-dried.
Culturability before and after desiccation was assessed
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by CFU counts on LA. The ODgyo of samples before
and after desiccation was adjusted to inoculate the same
number of clonogenic cells (ca. 10° CFU/mL) in LB
containing serial twofold PI dilutions (ranging from
120 uM to 30 uM). Bacterial growth (ODggp) at 37°C
was monitored over time using the Spark 10 M (Tecan)
microplate reader. The subinhibitory PI concentration
(60 uM) was determined by comparison of growth pro-
files of desiccated and non-desiccated cells treated with
increasing PI concentrations (30-120 uM).

Time-lapse fluorescence microscopy experiments
were performed with a Leica SP5 CLSM equipped
with a 63x oil immersion objective. ATCC 19606"
(pVRL1gfp) and ACICU(pVRLI1gfp) were suspended
in water, diluted to ODgyo = 0.5, and air-dried on glass
coverslips for Oh, 6h, and 24 h. Desiccated bacteria
were covered with a 0.1 mm thick layer of LB supple-
mented with 0.5% (w/v) agarose and 60 uM propidium
iodide (PI), and placed in a CLSM incubation chamber
at 37°C, 80% RH, and 20% P(O,). Twenty pL of sam-
ples before air-drying were directly deposited on LB
0.5% (w/v) agarose supplemented with 60 uM PI and
placed in the CLSM incubation chamber under the
same conditions. Time-lapse microscopy images of at
least 20 different fields of view (400 um x 400 um) were
acquired every 30min for 4h, since thereafter cells
stopped dividing, probably due to lack of nutrients
and/or phototoxicity. Due to the low probability of
spotting clonogenic cells after long-term desiccation
(see Results), 24h was designated as the desiccation
endpoint for clonogenicity assessment.

Automatic cell- and microcolony-counting was per-
formed using CellProfiler [44]. Cells organized in clus-
ters before incubation were manually identified and
excluded from the analysis.

Quantification of GFP release during desiccation

ATCC 19606 (pVRL1gfp) and ACICU(pVRLIgfp) were
suspended in ultrapure distilled water and air-dried on
glass Petri dishes for 6 h and 24 h. Cells before and after
desiccation were diluted to ODggo = 0.5 in ultrapure dis-
tilled water and centrifuged (3,000 g x 5 min). Supernatants
were collected to determine the emission spectra ranging
from 500 to 530 nm with a resolution of 0.5 nm employing
the LS-50B fluorimeter (PerkinElmer).

Membrane integrity assessment and resuscitation
of desiccated cells in different media

Bacterial cells were diluted in ultrapure distilled water
up to ODggo = 1.0. Twenty pL of the bacterial suspen-
sions were poured onto a glass coverslip and air-dried
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for 0 h, 24 h, and 1 week. After desiccation, CFU counts
were performed. Alternatively, air-dried bacteria were
incubated at 37°C or 4°C for 24 h under shaking in 2
mL of the following resuscitation media: i) PBS without
calcium chloride and magnesium chloride (Sigma-
Aldrich); ii) M9 basal salt solution (M9SS) without
carbon source (7 g/L Na,HPO,, 3 g/L KH,PO,, 0.5g/L
NaCl, 1g/L NH,Cl; 42); iii) PBS supplemented with
1 mM MgSO, and 0.2 mM CaCl, (PBS Mg**Ca*"); iv)
MOSS supplemented with 1 mM MgSO, and 0.2 mM
CaCl, (M9SS Mg**Ca®"; ref. [42]). After resuscitation,
bacterial culturability was evaluated by CFU counts,
and bacterial membrane integrity was assessed by
SYTO 9/PI staining by wusing the LIVE/DEAD
BacLight kit (Thermo Fisher). Similarly, bacterial cul-
turability and membrane integrity were evaluated dur-
ing resuscitation, harvesting cells after 6-, 12-, 24-, and
48-h incubation in M9SS Mg**Ca** at 37°C.

Membrane integrity was also assessed by the Van
susceptibility test. Briefly, ATCC 19606" and ACICU
were washed twice, suspended in ultrapure distilled
water, and air-dried on glass Petri dishes for 24 h. An
aliquot of desiccated cells was resuscitated for 24 h at
37°C in M9SS Mg**Ca®". Bacterial samples were
resuspended at ODgpp=0.001 (corresponding to ca.
5x10° CFU/mL) in 100uL of cation-adjusted
Mueller Hinton broth (CAMHB; Becton Dickinson)
supplemented with increasing concentrations of van-
comycin (Van; 512-0.5mg/L). MIC was defined as
the lowest concentration that completely inhibited
bacterial growth as detected by the unaided eye,
according to Clinical Laboratory Standards Institute
recommendations (CLSI, 2024). For Van time-killing
assay, bacterial samples were resuspended at ODggo =
0.1 in saline and saline supplemented with 512 mg/L
Van, incubated at 37°C, and plated on LA after 0, 3,
6, 9, and 12h for CFU counts. For each time, the
survival percentages were calculated by dividing the
CFU obtained from the Van-treated sample by the
CFU obtained from saline.

Plasmid stability

Bacterial cells before, after 1-week desiccation on
glass Petri dishes, and after resuscitation at 37°C for
24h in M9SS Mg**Ca** were washed in distilled
water and diluted at ODgyo=1. CFU were deter-
mined on LA (Np) and LA supplemented with the
appropriate antibiotic (N4j,.). The plasmid stability
percentage was expressed as (Nu,/Ng)x100, as pre-
viously reported [43,45].

AFM analysis of bacterial cells and image
processing

ATCC 19606 and ACICU were diluted in ultrapure
distilled water to ODggg = 0.5. Twenty uL of bacterial
suspensions were poured onto a microscope glass
(Thermo Scientific SuperFrost Microscope slides
76 x26 mm with 1 mm thickness) and imaged by
AFM before and after desiccation, and after resusci-
tation. AFM measurements were carried out at 24°C
using a Dimension ICON AFM (Bruker, Santa
Barbara, USA) operating in the PeakForce mode, as
previously described with minor modifications [46].
Briefly, the AFM cantilever (Bruker Scan-Asyst-Air)
was set for “soft” nominal spring constant of 0.4 N/m
and had a sharpened silicon tip with a nominal radius
of 2nm. The cantilever oscillation frequency and
oscillation amplitude were set to 1 kHz and 150 nm,
respectively. The force set point was optimized in the
15-25 nN range. The image size was 512 pixels/line/
row, and the minimum lateral resolution was deter-
mined by the scan size. AFM images were analysed
with Gwyddion Software v.248 [47]. All images were
first-order flattened and set to the same range of
height (0-900 nm) to facilitate comparison between
conditions. After levelling, a metrological analysis
was performed on at least 30 different randomly
selected cells to measure their biophysical para-
meters. Briefly, cellular length and width were
referred to as elongated and short horizontal axes,
respectively. Cell height was determined based on the
maximum height measured along the cell cross-
section. Cell volume and surface area were obtained
by the Gwyddion grain-analysis algorithm after indi-
vidual cell masking.

Evaluation of ATP levels and ROS production in
cells before desiccation, after desiccation, and after
resuscitation

Bacterial cells were washed twice, suspended in ultra-
pure distilled water, and air-dried for 1week. After
desiccation, the samples were diluted and resuscitated
in M9SS Mg**Ca**. The cellular ATP content was
quantified by the BacTiter-Glo Microbial Cell
Viability Assay (Promega) according to the manufac-
turer’s instructions. Briefly, the cells taken before and
after desiccation or after resuscitation were suspended
in 50 uL of ultrapure distilled water, mixed with an
equal volume of the BacTiter-Glo reagent, and incu-
bated in the dark for 5min. Then, luminescence was
measured employing the Spark 10M (Tecan)



microplate reader. The ATP content was expressed as
the ratio between arbitrary luminescence units (ALU)
and the ODg of the bacterial suspension. ROS levels
were quantified by employing the 2,7-dichlorofluores-
cein diacetate (DCFDA)-based assay [48]. Cells taken
before and after desiccation or after resuscitation were
suspended in 100 pL of ultrapure distilled water con-
taining 10 uM DCFDA. The fluorescence excitation/
emission at 485/535nm of DCFHDA and the ODgg
of samples were measured in a Spark 10 M (Tecan)
microplate reader. ROS production was expressed as
the ratio between arbitrary fluorescence unit (AFU)
emission and ODg.

Resuscitation in biological fluids

The biological fluids used in this study are residual
samples from previous works [49,50]. An existing
stock of heat-inactivated human serum (HIS) pooled
from 125 healthy donors was used [49]. Urine and
saliva specimens were previously collected from
10 healthy donors, pooled, and filter-sterilized [50].
ATCC 19606" and ACICU cells were air-dried for
1 week on glass Petri dishes. Cells before and after
desiccation were diluted at ODgyo = 0.1 in HIS, urine,
saliva, or M9SS Mg**Ca** supplemented with different
two-fold serially diluted ciprofloxacin (Cip) concentra-
tions ranging from 128 to 0.03 ug/mL. CFU counts
were performed after 12-h incubation at 37°C with
shaking.

Galleria mellonella infection assay

The LDs, of ATCC 19606" and ACICU, corresponding
to ca. 5x10° and 5x 10> CFU, respectively, was pre-
liminarily determined [51]. Since ATCC 19606" is
more susceptible to desiccation than ACICU (see
Results), to appreciate any difference between different
resuscitation conditions, the G. mellonella killing assay
was set up to inject the larvae with bacterial inocula
causing ca. 50% lethality. To this purpose, ATCC
19606" and ACICU were washed twice with ultrapure
distilled water, air-dried for 24 h and 1 week, respec-
tively, and then incubated in M9SS Mg*"Ca®*, HIS,
urine, or saliva for 12h at 37°C. After 24-h and
1-week desiccation, ATCC 19606" and ACICU showed
comparable levels of culturability (see Results). Fifth-
instar G. mellonella larvae (0.406+0.054g) were
injected with 10 uL of bacterial suspensions before air-
drying, after desiccation, or after incubation in M9SS
Mg**Ca®" or biological fluids at ODggo = 0.1 (ca. 5 x 10°
CFU) and 0.01 (ca. 5 x 10° CFU) for ATCC 19606" and
ACICU, respectively, corresponding to the LDs, of the
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two strains. The G. mellonella infection assay was per-
formed as previously described [52], using sterile water
as vehicle and control. A cohort of 120 larvae was
injected for each experimental group. Larvae unrespon-
sive to multiple tactile stimulations were considered
dead.

Isolation and purification of bacterial RNA

ATCC 19606" and ACICU cells were washed in ultra-
pure distilled water, suspended in ultrapure distilled
water at ODggo=1.0, and 4 mL of suspension were
uniformly spread on the surface of 78.5cm? glass
Petri dishes for one-week desiccation. Before and after
desiccation, bacteria were directly suspended in 2 mL of
RNA Protect Bacteria Reagent (Qiagen). Total RNA
isolation was performed by using miRNeasy Mini Kit
(Qiagen), according to the manufacturer’s instructions.
RNA was purified with RNeasy MiniElute Cleanup Kit
(Qiagen), and RNA samples were treated with TURBO
DNase (Invitrogen) to remove genomic DNA. PCR
reactions were performed to confirm the absence of
DNA contamination by using the oligonucleotides
16S_FW and 16S_RV (Table S10). RNA concentration
and purity were measured with a NanoDropTM spec-
trophotometer (Thermo Fisher Scientific). Three inde-
pendent RNA isolation and purification experiments
were performed for each condition.

Genome-wide expression analyses and functional
annotations

The RNA-seq analysis, RNA quality assessment,
library preparation, sequencing, and statistical analysis
of the data were performed at the GENEWIZ
Biotechnology Facility (GENEWIZ, Azenta Life
Sciences Company, Leipzig, Germany), as previously
described [53]. In particular, RNA samples were quan-
tified using the Qubit 4.0 Fluorometer (Life
Technologies), and RNA integrity was checked with
an RNA kit on an Agilent 5300 Fragment Analyzer
(Agilent Technologies). The average RNA integrity
numbers + SD, calculated on three biological repli-
cates for each sample, were as follows: 9.15+0.23,
ATCC 19606" cells before desiccation; 9.13 +0.41,
ATCC 19606" cells after 1-week desiccation; 8.95+
0.12, ACICU cells before desiccation; 9.01 +0.21,
ACICU cells after 1-week desiccation. rRNA depletion
was performed using the NEB Next rRNA Depletion
kit (New England Biolabs). RNA sequencing library
preparation was performed using the NEB Next Ultra
IT RNA Library Prep kit for Illumina, following the
manufacturer’s  recommendations. The  library
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preparation was not directional. Briefly, enriched
RNAs were fragmented according to the manufac-
turer’s instructions. First-strand and second-strand
cDNA were subsequently synthesized. ¢cDNA frag-
ments were end-repaired and adenylated at the 3
ends, and a universal adapter was ligated to cDNA
fragments, followed by index addition and library
enrichment with limited-cycle PCR. Sequencing
libraries were validated using the NGS kit on the
Agilent 5300  Fragment  Analyzer  (Agilent
Technologies) and quantified using the Qubit 4.0
Fluorometer. The sequencing libraries were multi-
plexed and loaded onto the flow cell on the Illumina
NovaSeq 6000 instrument, according to the manufac-
turer’s instructions. The samples were sequenced using
a 2x 150 Pair-End configuration v1.5. Image analysis
and base calling were conducted by NovaSeq Control
Software v1.7 on the NovaSeq instrument. Raw
sequence data (.bcl files) generated from Illumina
NovaSeq were converted into fastq files and de-
multiplexed using the Illumina bcl2fastq program
v2.20. One mismatch was allowed for index sequence
identification. After investigating the quality of the
raw data, sequence reads were trimmed to remove
possible adapter sequences and nucleotides with poor
quality using Trimmomatic v0.36. The trimmed reads
were mapped to the reference genome using the
Bowtie2 aligner v2.2.6. BAM files were generated as
a result of this step. Unique gene hit counts were
calculated using feature counts from the Subread
package v1.5.2. Only unique reads that fell within
gene regions were counted. After gene hit counts
extraction, the gene hit counts table was used for
downstream differential expression analysis. Using
DESeq2, a comparison of gene expression between
the customer-defined groups of samples was per-
formed. All RNA-seq reads were aligned to the gen-
ome of ATCC 19606" (NZ_CP058289.1) and ACICU
(NZ_CP031380.1) for data analysis. The Wald test was
used to generate p-values and log, fold-change (LFC).
Only genes with an adjusted p-value (p adj)<0.05 were
considered differentially expressed genes (DEGs).
Plasmid genes were excluded for the comparative
gene expression analysis between ATCC 19606 and
ACICU.

The EggNOG-mapper v5.0 [54] was used to deter-
mine the COG categories [55] and Kyoto
Encyclopaedia of Genes and Genomes (KEGG) path-
ways [56]. All selected DEGs were visualized within
their relative metabolic pathway using the KEGG
Mapper-Reconstruct tool, in the KEGG pathway data-
base [56]. Enrichment analysis of DEGs in COG

categories and KEGG pathways was performed with
the “enrichr” function from the clusterProfiler package
v4.0 [57]. Annotations of EggNOG-mapper v5.0 (.
emapper.annotations) were used to develop the corre-
sponding reference databases. p-values were adjusted
for multiple comparisons using the false discovery
rate algorithm. The bubble plots illustrating signifi-
cantly enriched pathways (p-value <0.05) were drawn
with the R package ggplot2.

Reverse-transcriptase quantitative PCR analysis

To determine RNA expression levels of the cysU, sfnG,
ssuE, cys], cysE, gltA, acnB, aceA, and gdhA genes,
cDNA synthesis was performed using the iScript
Reverse Transcription Supermix Kit (Bio-Rad). RT-
qPCR reactions were performed using the iTaq
Universal SYBR Green Supermix (Bio-Rad). Gene-
specific primers used for the analysis are listed in
Table S10. The 16S rRNA gene was used as an internal
control to normalize the RT-qPCR data and to calculate
the relative fold change in gene expression by using the
2744CT method, as previously described [52]. RT-qPCR
analysis was performed on three different RNA pools
for each condition (biological replicates).

Disruption of the aceA gene and genetic
complementation of the aceA mutation

A 517-bp DNA fragment internal to the ATCC 19606"
aceA gene (HTZ92_RS12445) was generated by PCR
with aceATOPO_FW and aceATOPO_RV primers
(Table S10) for direct cloning in pCR-BluntII-TOPO
(58], yielding pTOPOaceA (Table S9). pTOPOaceA was
used as an integrative suicide vector in ATCC 19606,
and the aceA knock-out mutants were selected on LA
plates containing Km. Disruption of aceA was verified
by PCR using the M13_FW and aceATOPO_RV pri-
mers (Table S10) and amplicon sequencing. The aceA
knock-out mutant, designated ATCC 19606"
pTOPOaceA, was grown in the presence of Km to
stabilize the aceA mutation [58]. To complement the
aceA mutation, the entire aceA gene with its endogen-
ous promoter was amplified from ATCC 19606" geno-
mic DNA with primers listed in Table S10. The 2107-
bp amplicon was digested using BamHI and EcoRI and
cloned into the BglII and EcoRI sites of pME6031 [59],
yielding the pMEaceA plasmid (Table S9). pMEaceA
was introduced in ATCC 19606"(pTOPOaceA) by
electrotransformation.



Quantification of compatible solutes and L-cysteine

Bacterial cells before, after 1-week desiccation on
glass Petri dishes, and after resuscitation at 37°C for
24h in M9SS Mg**Ca** were diluted at ODggg = 2.0
in 1 mL of distilled water. Bacterial suspensions were
centrifuged (3,000 g x 5min), and pellets were stored
at —80°C until used. An aliquot of the bacterial pellet
was used to quantify the total protein content with
the Coomassie protein assay reagent (Sigma Aldrich)
[52]. Another aliquot was frozen at -80°C and
thawed at room temperature three times to facilitate
cell lysis. For quantification of compatible solutes, the
intracellular concentrations of L-glutamate, trehalose,
and D-mannitol were determined using L-Glutamic
Acid Assay Kit (Megazyme, Neogene), Trehalose
Assay Kit (Megazyme, Neogene), and D-Mannitol
Assay Kit (Megazyme, Neogene), respectively, follow-
ing the manufacturer’s instructions. Intracellular
L-cysteine was quantified using Cysteine Assay Kit
(Fluorometric) (Sigma-Aldrich), according to the
manufacturer’s  instructions. The levels of
L-glutamate, trehalose, D-mannitol, and L-cysteine
were normalized to the total protein content of each
sample.

Statistical analysis

Statistical analysis was performed with the GraphPad
Instat software v8.0. Survival curves were generated by
the Kaplan-Meier method, and the significance of
survival differences was estimated by the log rank
test. Differences having a p-value <0.05 were consid-
ered statistically significant. All in vitro experiments
were analysed using a two-tailed unpaired student’s
t-test.

Ethical statement

The use of human-derived samples was conducted
according to the Helsinki Declaration statement of
ethical principles. In particular, the biological fluids
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[49,50]. Human serum, urine, and saliva samples
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