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ABSTRACT: Acinetobacter baumannii has emerged as a major
bacterial pathogen during the past three decades. The majority of
the A. baumannii infections occur in hospitals and are caused by
strains endowed with high desiccation tolerance, which represents
an essential feature for the adaptation to the nosocomial
environment. This work aims at investigating the desiccation
response of the multidrug-resistant A. baumannii strain ACICU as
a function of the bacterial growth phase and oxygen availability, by
correlating bacterial survival with shape alterations. The three
dimensional morphological analysis of bacteria was carried out by
atomic force microscopy (AFM), following the evolution of
bacterial shape descriptors, such as the area, volume, roughness of
individual cell membranes, and the cell cluster roughness, which
exhibited peculiar and distinctive behavior as a function of the
growth conditions. AFM images of A. baumannii ACICU cells
revealed a prevalence of the coccoid morphology at all growth
stages, with a tendency to reduce their size in the stationary phase,
accompanied by a higher survival rate to air-drying. Moreover,
cells harvested from the logarithmic phase featured a larger volume
and resulted to be more sensitive to desiccation compared to the
cells harvested at later growth stages. In addition, oxygen
deprivation caused a significant decrease in cellular size and was
associated with the formation of pores in the cell membrane,
accompanied by a relative reduction in culturability after
desiccation. Morphological plasticity and multidrug resistance may
contribute to desiccation tolerance and therefore to persistence in
the hospital setting.

KEYWORDS: Acinetobacter, Atomic Force Microscopy,
bacteria, desiccation, morphology, nanoscopy, super-resolution
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■ INTRODUCTION
Bacterial species exhibit an extraordinary variability of shapes
that are preserved through countless generations (1). Although the
bacterial shape is genetically determined, sporadic changes in

bacterial cell morphology can occur in response to environmental
conditions (i.e., physical and chemical stressors, changes in
osmolarity, colonization of other organisms, nutrient depletion or
abundance, etc). Indeed, shape drives the interactions between a
bacterial cell and its environment, and morphology modifications
reflect the bacterial response to a given environmental change (2,
3).
The ability of adapting the morphology in response to the stress
induced by antimicrobials has been reported for Acinetobacter
baumannii (4, 5, 6). A. baumannii is an opportunistic human
pathogen responsible for a variety of hospital-acquired infections,
especially among severely ill and immunocompromised patients in
intensive care units (7, 8). In recent years, this bacterium has
become a growing global concern due to the rapid emergence of
multidrug-resistant strains (MDR) in a number of healthcare
settings (8, 9). Among Gram-negative bacteria, A. baumannii is
characterized by an impressive ability to tolerate long-term
desiccation (10, 11, 12) and to resist various temperatures, pH
levels, and nutrient-limiting conditions, both on biotic and abiotic
surfaces (13). For this peculiar feature, A. baumannii represents a
model organism for desiccation studies in Gram-negative bacteria
(14, 15, 16, 17), and to investigate the key features that promote
survival and transmission of nosocomial pathogens (11,12).
Desiccation tolerance varies among A. baumannii strains: in
particular, isolates adapted to the hospital environment generally
appear more resistant than laboratory-adapted strains (12). In this
work, the prototypic MDR A. baumannii strain ACICU (18) has
been selected as a clinical isolate endowed with high desiccation
resistance (12), and as a model organism to investigate changes in
bacterial cell morphology due to desiccation.
To date, scanning and transmission electron microscopy have
widely been used to investigate bacterial cell morphology or
bacterial appendages (such as pili, membrane, flagella). These
techniques reach the necessary resolution to allow visualization of
bacterial microdomains at the nanoscale level. However, they have
several limitations, including harsh chemical procedures in sample
preparation and the necessity to work under vacuum and/or

cryogenic conditions (19,20). In recent years, atomic force
microscopy (AFM) has brought novel insights into the assembly,
dynamics, and functions of bacterial cell nanostructures thanks to
its capability to return morphological information of the sample in
three dimension (21 - 24). The high lateral and vertical resolution
of the technique have enabled to reveal a wealth of ultrastructural
features that are invisible to traditional, diffraction-limited optical
microscopy techniques or imperceptible in their true physiological
state by electron microscopy (25, 26).
Several aspects of A. baumannii have been investigated using
AFM, such as the effects of antimicrobial compounds (4, 5, 27), the
role of a transcriptional regulator involved in pathogenicity
modulation (28), the mechanism of phage infection (29, 30), and
the bacterial adhesion and biofilm formation (31).
In the present work, AFM was employed to study the A.
baumannii ACICU morphology in different growth phases and
culture oxygenation level. The A. baumannii ACICU cell viability
was also determined at each condition in order to correlate survival
to desiccation with morphometric parameters measured with AFM
operating in Peak Force mode.
We demonstrated the correlation between quantitative cell
morphology parameters extracted from AFM imaging and
biologically relevant factors, such as the bacterial survival rate in
the different growth phase/conditions, obtaining useful information
for understanding the specific response of A. baumannii strains to
environmental stresses.

■ EXPERIMENTAL SECTION
Growth conditions. A. baumannii ACICU was grown in LB liquid
medium (32) for 18 h at 37°C with vigorous shaking (250 rpm),
then sub-cultured (dilution 1:100) in a 15-ml tube containing 5 ml
of LB or in a 350 ml flask containing 50 ml of LB, and incubated
at 37°C in static conditions (static tube; ST), or under vigorous
aeration by rotary shaking at 250 revolutions/min (shaken flask;
SF), respectively. The dissolved oxygen levels were 10% and 25%
in ST and SF, respectively, as determined by using a Dissolved
Oxygen Measuring System (Instech). Bacterial growth was
monitored during time, measuring the absorbance at 600 nm
(OD600)
using
a
BioSpectrometer®
(Eppendorf)
spectrophotometer.
Viable cell counts. At each time point specified in the Results
section, 1 ml of bacterial culture was collected, washed twice, and
diluted in distilled water to reach OD600=1, corresponding to ca
5x108 CFUs (Colony Forming Units) per ml. An aliquot of 20 µl of
the bacterial suspension was used to determine the CFU number by
the plate dilution method, and a second aliquot of 20 µl was spotted
on a glass coverslip (Corning® cover glasses, Sigma-Aldrich) and
air-dried under the laminar flow hood for 20 min at room
temperature. Cell viability after desiccation was determined by
viable counts on LB-agar (LA) plates before and after air-drying,
as previously described (12). Briefly, desiccated samples were
rehydrated in 2 ml of distilled water, incubated for 15 minutes at
room temperature, mixed by vigorous shaking for 30 seconds to
ensure a complete detaching of bacteria from the glass coverslip,
and appropriately diluted in saline (isotonic) solution for CFU
counts. Statistical analysis was performed with the software
GraphPad Instat (GraphPad Software, Inc., La Jolla, CA), using
One-Way Analysis of Variance (ANOVA).

Sample preparation and AFM measurement. Bacterial cells
were washed twice and diluted in distilled water to OD600=1.
Twenty µl of the bacterial suspension was poured on a microscope
glass slide (Thermo ScientificTM SuperFrostTM Microscope slides
76 x 26 mm, with 1 mm thickness) and air-dried under the laminar
flow hood at room temperature for 20 min. Glass slides were
cleaned with pure ethanol before bacteria deposition. AFM
measurements were performed using a Dimension ICON AFM
(Bruker, Santa Barbara, USA) set to Peak Force mode equipped
with a ScanAsyst-Air Bruker silicon probe featuring a nominal
cantilever elastic constant of 0.4 Nm−1 and a tip with a nominal
radius of 2 nm. The AFM images were recorded at a temperature
range of 20–24 °C. The oscillation frequency and oscillation
amplitude of the cantilever were set to 1 kHz and 150 nm,
respectively. The force setpoint was optimized in the 15 nN- 25 nN
range. For each experiment, multiple large scans (25×25 𝜇m2) were
performed in different regions of the glass slide, using a constant
512×512 pixels size in each image. Individual bacterial clusters
were imaged acquiring images in the range of size of 10× 10 𝜇m2
to 15×15 𝜇m2 depending on the cluster size. High resolution images
of individual cells were acquired with scan sizes ranging from 2×2
𝜇m2 to 5×5 𝜇m2 , at image sizes up to 700×700 pixels. For each
condition, at least 7 images at different scan sizes and lateral
resolutions were obtained. For each measurement, height sensor
and Peak Force error images were recorded simultaneously. The
AFM images were analyzed and processed with the software
Gwyddion (33). For visulalization of the topographic images, we
used the Gwyddion adaptive color bar mapping. All images were
first-order flattened and set to the constant value of height to
facilitate their comparison. After leveling, a metrological analysis
was performed on at least 30 different, randomly selected cells to
measure their biophysical parameters. Briefly, cellular length (L)
and width (W) were referred to elongated and short horizontal axes,
respectively. Cell height (H) was determined based on the
maximum height measured along the cell cross section. The
reported height was calculated by averaging at least 30 bacterial
cells for each condition. Cell volume (V) and surface area were
obtained by Gwyddion grain-analysis algorithm after masking
individual cells. The depth of the cell-membrane pores was
considered from the highest protruding rim relative to the lowest
concave edge. Surface roughness was obtained by measuring the
root mean square deviation of surface heights from AFM images of
clusters. For the evaluation of the cluster roughness, we averaged
over at least three 2.5 µm × 2.5 µm areas within the same bacterial
cluster. For what the individual cell roughness analysis is
concerned, we analyzed a surface area of 400 nm × 400 nm, after
subtraction of the background due to the overall curvature of the
cell membrane, i.e. we analyzed the “local surface roughness”,
averaging over at least forty different cell areas.

■ RESULTS AND DISCUSSION
Growth phase influences desiccation tolerance and cell
morphology
Previous findings demonstrated that desiccation tolerance in A.
baumannii type strain ATCC 19606T is a growth phase-dependent
phenomenon. Indeed, cells harvested during the logarithmic growth
phase were more sensitive to dehydration than stationary phase
cells (34, 16, 17). However, in these studies the desiccation
tolerance was not systematically correlated to the cell morphology
in the different growth phases. Consequently, we investigated

whether also the A. baumannii ACICU strain shows a growth
phase-dependent susceptibility to desiccation, and whether a
correlation exists between growth phase, bacterial survival, and cell
morphology (35). A. baumannii ACICU was cultured in LB
medium and the bacterial growth was monitored for up to 48 h in a
shaken flask (SF), in order to identify the different growth phases.
By measuring the absorbance at 600 nm over time, the following
growth phases were defined: lag (tgrowth<1 h), early logarithmic (1
h<tgrowth<4 h), late logarithmic (4 h<tgrowth<6 h), stationary (6
h<tgrowth<32 h), and death phase (tgrowth>32 h) (see Fig. 1A).
Concurrently, at 3, 6, 14, 24, and 48 h of growth, bacterial cells
were washed and normalized to OD600=1. The bacterial survival
rates were determined before and after air-drying and expressed as
viable counts (Colony-Forming Units CFU; Fig. 1B). During
incubation of bacteria at 37° in LB medium, one log CFU reduction
was observed only at 48 h, confirming the predicted death phase,
while no reduction in bacterial viability was observed in earlier
growth stages. As expected, desiccation of A. baumannii ACICU
cells taken from the early logarithmic phase caused a significant
decrease (P=0.0024) in survival compared with cells harvested

from late logarithmic (P= 0.0326), stationary (P= 0.055) or death
(P=0.75) phase.
In order to determine if the desiccation effect on cell viability is
correlated with an alteration of cell morphology, we used AFM to
image A. baumannii ACICU cells at each growth phase (Figure
1C). In all the investigated samples, we observed a tendency of the
bacteria to aggregate in clusters, leaving only a few sparse
individual cells, probably due to the driving force of the
evaporating water, inducing the so-called “coffee-stain” effect (36).
Interestingly, the height of A. baumannii ACICU cells in earlylogarithmic growth phase was higher than those measured in the
other growth phases (Figure 1D). Furthermore, AFM height images
were used to provide quantitative information on the cell surface
roughness as a function of the bacterial growth phase (Figure
1C). The cluster surface roughness was measured for at least three
independent areas in a 2.5×2.5 µm2 square comprising several A.
baumannii ACICU cells. As shown in Figure 1D, we observed that
the cluster roughness was significantly decreased from 56 nm in the
logarithmic phase to 32 nm in the stationary phase.

Figure 1. Growth, cell viability and morphology of A. baumannii ACICU during growth in shaken flasks (SF). (A) Growth plot of A.
baumannii ACICU cultured in LB at 37°C under vigorous shaking. At the indicated time points, bacterial growth was measured as absorbance
at 600 nm (OD600). The colored boxes yellow, green, red, cyan, and violet indicate lag, logarithmic, late logarithmic, stationary and death
phases, respectively. (B) CFU counts at different growth phases before and after air-drying. Colors of the histogram bars outline correspond
to the growth phases shown in panel A. (C) Roughness analysis of A. baumannii ACICU cell clusters was conducted over three different
2.5µm × 2.5µm wide areas within the same bacterial cluster. The error is estimated as the mean absolute deviation around the mean. The
color of the squares corresponds to the growth phases shown in panel A. (D) AFM Peak Force error and height images of A. baumannii
ACICU cells at different growth phases. Asterisks indicate statistically significant differences between before and after air-drying conditions
(* P <0.05; ** P <0.01).

To gain insight into the cell schape, the length, width, height,
volume, and surface/volume ratio were calculated on more than 30
desiccated cells for each growth phase (Table 1). At all time points,
A. baumannii ACICU cells displayed a coccoid morphology, with
an oval surface projection featuring an average length-to-width
ratio of L/W=1.2 ± 0.02, suggesting that the shape of A. baumannii
ACICU is not influenced by growth-phase under the tested
conditions. We notice that, the majority of the A. baumannii
ACICU cells is characterized by the presence of a height depression
in the central part of the cell, which is typically ∼50 nm lower with
respect to the cell edges. Although the overall cell morphology did

not change, the height and the volume of cells in the earlylogarithmic phase were higher than those in the late logarithmic,
stationary, late stationary, and death phase. Interestingly, A.
baumannii ACICU cells in the stationary phase showed the lowest
surface to volume ratio and were also the most resistant to
desiccation, as compared with cells in the other growth phases.
Therefore, we speculate that bacterial cells endowed with smaller
surface are less exposed to water loss and consequently, their
desiccation resistance is higher. This observation is in line with a
previous study of Madigan and coworkers, demonstrating that
smaller cells can tolerate adverse conditions better than the large
cells (37, 38).

Table 1. Cellular dimensions at different growth phases of A. baumannii ACICU cultured in shaken flask (SF).

Growth phase
Logarithmic
Late logarithmic
Stationary
Late stationary
Death

Length (μm)

Width (μm)

Cellular dimensions
Height (μm)
Volume (μm3)

1.29 ± 0.15
1.06 ± 0.14
0.96 ± 0.17
1.06 ± 0.18
1.15 ± 0.18

1.08 ± 0.11
0.90 ± 0.11
0.79 ± 0.10
0.88 ± 0.12
0.96 ± 0.13

0.397 ± 0.11
0.335 ± 0.04
0.325 ± 0.04
0.308 ± 0.06
0.316 ± 0.04

0.350 ± 0.06
0.201 ± 0.03
0.226 ± 0.06
0.203 ± 0.05
0.260 ± 0.04

Surface/Volume (μm-1)
3.14± 0.40
3.79± 0.61
3.02± 0.31
3.86± 0.63
4.01± 1.12

Figure 2. Morphology of A. baumannii ACICU cells. Coccoid and rod shape of A. baumannii ACICU grown for 14 h in flask at 37°C with
shaking. Bacterial cells were harvested, washed twice and diluted to OD600=1 in distilled water. An aliquot of 20 µl of the bacterial suspension
was deposited on a microscope glass slide and air-dried for 20 min at room temperature before imaging with AFM. (A) Large-scale image
of different bacterial clusters. (B) Zoom up of an individual cluster. (C) Detailed view of individual cells within the cluster. (D, E) 3D
renderings of AFM images of a cluster at different magnifications. Black arrows indicate elongated cells. Relative insets of a filamentous
cell and the corresponding 3D projections were shown.

We notice that, albeit AFM analysis indicates that A. baumannii
ACICU typically features a coccus shape, 4 µm-long rod-shaped
cells were sporadically detected in the logarithmic phase (Figure
2A, 2B, and 2C), in agreement with a previous study reporting a
bacillus-like morphology for cells in the logarithmic growth phase
(39). From the high magnification 3D rendering of a rod-shaped
cell (Figure 2D and 2E), it was possible to observe a lower height

and a larger footprint compared to the surrounding coccus cells.
The abundance of elongated cells observed in the early-logarithmic
growth phase was < 0.3% only, increasing to 1.5% in the latelogarithmic growth phase. Interestingly, rod-shaped cells were not
detected in samples collected at > 6 h incubation, following
examination of > 300 cells, suggesting that the elongated shape
could be related to an ongoing cell division.

Figure 3. Comparison of growth, cell viability and morphology of A. baumannii ACICU during growth in shaken flasks (SF) and
static tube (ST). (A) Growth plot of A. baumannii ACICU cultured in LB at 37°C in static condition. At the indicated time points, bacterial
growth was measured as absorbance at 600 nm (OD600). The coloured boxes yellow, green, red, cyan and violet indicate lag, logarithmic,
late logarithmic, stationary and death phase, respectively. (B) CFU of A. baumannii ACICU grown in shaking and in static condition. The
CFU was determined before and after air-drying. Colours of the histogram bars outline correspond to the growth phases shown in panel A.
(C) AFM imaging of A. baumannii ACICU grown in static and shaking conditions. All of the height images were first-order flattened and
set to the same range of height (0-500 nm) to facilitate comparison between conditions. (C1) AFM Peak Force error and (C2) height images
of A. baumannii ACICU clustered cells. (C3, C4) Large magnification of A. baumannii ACICU single cells and corresponding cross-sectional
profiles. The green dashed lines indicate the length of single cell bacteria. Asterisks indicate statistically significant differences between
before and after air-drying conditions (* P <0.05; ** P <0.01; *** P <0.001; **** P <0.0001).

Oxygen deprivation influences desiccation tolerance and cell
morphology
Bacterial cell morphology can be influenced by a number of factors
like nutrient availability, temperature, light, pH, relative humidity,
salt concentration, and oxygenation (40, 41). Although A.

baumannii is a strictly aerobic bacterium (42), it can occasionally
be faced with low oxygen concentrations, e.g. during biofilm-mode
growth in vivo (43). Therefore, we wondered whether
microaerophilic cultural conditions could influence A. baumannii
resistance to desiccation and/or cell morphology (35).

To this aim, the effects of oxygen deprivation on the growth of A.
baumannii ACICU has been mimed by inoculating cells in a tube
containing 1/3 atmospheric oxygen/cultural medium volume ratio
and incubated in static conditions. Since A. baumannii is a nonmotile bacterium, the static condition causes the bacteria to settle
at the bottom of the tube, minimizing oxygen availability (44). The
effect of static tube (ST) growth condition on A. baumannii ACICU
desiccation tolerance and morphology was then compared with
those determined for aerated (SF) cultures.
To this purpose, A. baumannii ACICU growth in ST was
monitored for up to 48 h (Figure 3A), and compared with the SF
condition (Figure 1A). Cultivation in ST produced an overall
slowdown of growth rate, with a clear delay of all growth phases:
lag (tgrowth < 3 h), early logarithmic (3 h < tgrowth< 24 h), late
logarithmic (24 h < tgrowth< 26 h), stationary (26 h< tgrowth< 32 h),
and death (tgrowth>32 h) phases. Moreover, the maximum of cell
density reached under ST conditions was 1/5× that reached in SF
(OD600= 1.0 vs. OD600= 5.0, respectively). Furthermore, the
logarithmic growth phase duration 5× longer in ST than in SF.
Then, the impact of oxygen availability on A. baumannii ACICU
desiccation resistance was investigated by comparing the bacterial
viability before and after drying between SF and ST cultures
(Figure 3B). An overall increased susceptibility to desiccation was

observed for ST cells, compared with SF cells, and this effect was
evident irrespective of the growth stage (exponential or stationary;
Figure 3B). At the exponential phase, the extent of desiccationdependent cell death was ca. two log reduction in ST and < one log
in SF. Likewise, desiccation had nearly no effect on SF cells at the
stationary phase, while it caused one log reduction of ST cells.
These results indicate that low oxygen availability increases the
susceptibility to desiccation of A. baumannii ACICU.
To extend the investigation of the oxygen availability effect on cell
morphology, A. baumannii ACICU cells from SF and ST
conditions were imaged by AFM during the logarithmic and
stationary growth phases (Figure 3C). A. baumannii ACICU cells
grown in a low-oxygen condition (ST) displayed a rod-shaped
morphology (Figure 3C1). Furthermore, the diplococcus structure
of the A. baumannii ACICU, appearing as two joined cells, and
cells with pronounced damage in their outer membranes were
frequently detected in both growth phases of the ST condition
(Figure 3C1).
On the other hand, investigation of AFM height images (Figure
3C2) revealed that the cells which were grown in a low-oxygen
condition (ST) displayed reduced height as compared to SF cells.
A height reduction was also observed in cells harvested from the
stationary phase in SF (Figure 1C), which were characterized by a
maximum survival rate after desiccation (Figure 3B). Therefore,
the height variation is not predictive of desiccation tolerance.

Table 2. Cellular dimensions of A. baumannii ACICU grown in static tube (ST).
Cellular dimensions
Growth phase
Length (μm)

Width (μm)

Height (μm)

Volume (μm3)

Surface/Volume (μm-1)

Logarithmic

1.73±0.22

1.11±0.13

0.244±0.31

0.275±0.04

5.091±0.63

Stationary

1.67±0.30

1.05±0.12

0.232±0.25

0.263±0.05

5.498±1.28

Figure 4. Surface morphology of A. baumannii ACICU cells after growth under shaking and static conditions. A. baumannii ACICU
cells harvested from logarithmic phase were imaged by AFM after desiccation (A) and the scale bar was set from 0 to 400 nm in all images.
The red and white arrows denote the extracellular materials in shaken flask and release of DNA in the static tube, respectively. The insets
represent high resolution (704×704 pixels/line) images of A. baumannii ACICU cells. Green arrows and white dotted circles show the
presence of an extracellular matrix, presumably an exopolysaccharide layer, on the cell surface in SF and membrane pores in ST, respectively.
The red and black dashed lines show the cross-sectional height of intact and collapsed A. baumannii ACICU cells in both conditions. Panel
(B) from left to right displays the corresponding profiles of extracellular matrix, the surface structure of A. baumannii ACICU cells in SF,
ST and cell membrane pores, respectively. Large magnification (3D) AFM images of A. baumannii ACICU surface characteristics (C) in SF
and ST conditions along with 3D images of membrane pores are illustrated.
A more detailed analysis of A. baumannii ACICU morphology
under different growth conditions is provided by the magnified
AFM images in Figure 3C3. Bacterial cells in the SF condition
displayed a coccus morphology with a smooth surface. On the
contrary, cells grown in ST condition showed a rod-shape with an
uneven surface. Cross-sectional lines in the bottom panels of Figure
3C4 clearly highlight a height decrease and a sizable increase in
length for the A. baumannii ACICU cells grown in low-oxygen
conditions (ST). Furthermore, in the ST condition, most of the cells
do not display the central depression typical of the cell grown in SF
condition (Figure 3C and 4A, 4B). Additionally, the morphology
and structure of the cells remained relatively unchanged in the

different growth phases of each condition. These findings suggest
that cell morphology is markedly influenced by oxygen availability
rather than the growth phase.
To better characterize A. baumannii ACICU cells grown in ST,
the length, width, height, volume, and surface/volume ratio were
calculated for more than 30 air-dried cells harvested from
logarithmic and stationary growth phases (Table 2). ST cells are
characterized by a 1.6 L/W ratio in both logarithmic and
stationary phases. Moreover, no significant differences for all the
calculated parameters were observed between ST cells from the
logarithmic and stationary phase. Of note, ST cells grown under

oxygen-deprivation condition appeared to be ca 1.5-fold longer and
0.7-fold thinner than those cultured in SF (Table 1). It must be
pointed out that nearly all the measured ST cells should be
considered dead, given the dramatic reduction of cell viability
observed after desiccation (Figure 3B). Interestingly, ST cells had
a larger footprint and surface to volume ratio compared with SF
cells, corroborating our observations that a larger cell relative
footprint is related to a decrease in viability.

stationary phase, respectively. The ST membrane roughness values
were measured to be slightly lower than those observed in the SF
condition seems, at a first glance of Fig. 4, counterintuitive. In fact,
despite being particularly eye-catching in the images due to their
short wavelength and spatial correlation length, they have a
relatively low height amplitude (see Fig. S1).

Since morphological differences were observed depending on the
oxygenation level, AFM comparative analysis at higher resolution
was performed on SF and ST cells (Figure 4). To this aim, different
fields of view, from 15 μm to 500 nm images were acquired,
emphasizing the surface and cellular characteristics of bacteria. As
shown in Figure 4A, we observed aggregation of extracellular
material around both SF (see red arrows) and ST cells (see white
arrows). On the basis on morphological analysis previously
reported in literature (45, 46) and the height obtained from the line
profiles displayed in Fig. S2 (Supporting Information), the material
around ST cells (white arrows) is compatible with DNA. We argue
that this material is probably being leaked out from the damaged
cells. Conversely, the morphology of the extracellular materials
around SF cells (red arrows) is completely different from that of
DNA (white arrows). Despite we cannot univocally identify the
material around the SF cells, we can rule out that it originates from
the growth medium, since the bacterial cells were washed twice
with distilled water before AFM analysis (see Experimental
section).

The peculiar ability of A. baumannii to overcome the desiccation
stress certainly contributes to the adaptive success of this bacterium
in the nosocomial environment. In the present work, we
demonstrated that desiccation tolerance and cellular shape and
dimension are strongly influenced by the growth phases and by
oxygen availability. A. baumannii ACICU cells featured a
predominant coccoidal morphology at all growth phases, although
rare rod-shaped elements were detected in the logarithmic phase.
Moreover, A. baumannii ACICU cells in the early-logarithmic
phase appeared more susceptible to desiccation than those in the
stationary phase. Intriguingly, A. baumannii cells in the stationary
phase display the smallest surface/volume ratio, indicating a
possible negative correlation between cell dimension and
desiccation resistance. Regarding the effect of oxygen on cell shape
and desiccation resistance, a significant decrease in cell height and
volume, together with a significant reduction of survival rates, were
observed for A. baumannii cells cultured in a micro-aerobic
environment. AFM measurements revealed that growth under
microaerobic conditions causes the frequent formation of
membrane pores (likely responsible
for intracellular material
leakage) and an increase of surface RMS roughness, which
represents a novel cellular marker of environmental fitness decline,
after exposure to dry conditions. More importantly, our results
correlate morphology alteration with desiccation tolerance of A.
baumannii ACICU cells, suggesting that the rod-shaped
morphotype of A. baumannii ACICU, occurred under low-oxygen
condition, is highly susceptible to desiccation compared with the
coccoid shape. In conclusion, this work provides a preliminary
description of some functional and morphological changes
occurring in A. baumannii during desiccation under condition
mimicking those encountered in the hospital environment and
paves the way for the use of AFM as a tool for the investigation of
the adaptive response to dehydration, or other environmental
stresses.

The highresolution images in the inset
revealed the
presence of a smooth layer covering the SF bacteria (inset of Figure
4A, green arrows). This layer, which is absent in ST bacteria, could
be composed of exopolysaccharides that could play an
osmoprotectant role by retaining water in the local
microenvironment, protecting bacterial cells from dehydration, and
enhancing the survival in harsh environments (34, 47). AFM profile
analy sis revealed that the thickness of these layers, occasionally
observed in contact regions between cells (green arrows), was in
the 100- 400 nm range (Figure 4B). On the other hand, the surface
of ST was characterized by visible short-wavelength ripples and
also relatively large pores (Figure 4A, see dashed circles) (48).
These pores reflect major alterations in membrane integrity caused
by desiccation. The pore average depth and diameter measured 2030 nm (Figure 4B). These holes were large enough to allow the
leakage of intracellular material, including that observed on the
glass slide in the neighborhood of some cell clusters (Figure 4A,
white arrows). The 3D rendering of the AFM provided in Figure
4C further evidences the negative part, i.e. the dip in the membrane
of A. baumannii ACICU cells grown in ST condition.
Moreover, the black and red dashed lines over the cells in the
inset of Figure 4A indicate the intact and collapsed bacterial cells,
respectively, in both growth conditions. The corresponding profiles
in Panel B clearly demonstrate the deformation of the cells. We
carried out local surface roughness analysis of individual cell
membranes for both ST and SF growth conditions, performing each
measurement at least forty different cells. For ST cells, the nearly
identical surface roughness of 1.0 ± 0.2 nm and 0.9 ± 0.2 nm was
observed for the logarithmic and stationary phase, respectively
(Figure S1). This finding is in line with an earlier study on the A.
baumannii type strain ATCC 19606T, showing that the membrane
roughness was invariant for cells across all growth phases (4).
Similarly, in the SF conditions, we measured a local surface
roughness of 1.5 ± 0.3 nm and 1.1 ± 0.3 nm for the logarithmic and
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