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The prevalence of infections caused by multidrug-resistant gram-negative Acinetobacter baumannii strains
and the lack of novel antibiotics under development are posing a global dilemma, forcing a resurgence of the
last-line antibiotic colistin. Our aim was to use atomic force microscopy (AFM) to investigate the morphology
and topography of paired colistin-susceptible and -resistant cells from colistin-heteroresistant A. baumannii
strains as a function of bacterial growth phase and colistin exposure. An optimal AFM bacterial sample
preparation protocol was established and applied to examine three paired strains. Images revealed rod-shaped
colistin-susceptible cells (1.65 � 0.27 �m by 0.98 � 0.07 �m) at mid-logarithmic phase, in contrast to spherical
colistin-resistant cells (1.03 � 0.09 �m); the latter were also more diverse in appearance and exhibited a
rougher surface topography (7.05 � 1.3 nm versus 11.4 � 2.5 nm for susceptible versus resistant, respectively).
Cellular elongation up to �18 �m at stationary phase was more commonly observed in susceptible strains,
although these “worm-like” cells were also observed occasionally in the resistant population. The effects of
colistin exposure on the cell surface of colistin-susceptible and -resistant cells were found to be similar;
topographical changes were minor in response to 0.5 �g/ml colistin; however, at 4 �g/ml colistin, a significant
degree of surface disruption was detected. At 32 �g/ml colistin, cellular clumping and surface smoothening
were evident. Our study has demonstrated for the first time substantial morphological and topographical
differences between colistin-susceptible and -resistant cells from heteroresistant A. baumannii strains. These
results contribute to an understanding of colistin action and resistance in regard to this problematic pathogen.

The rapid emergence of infections caused by multidrug-resis-
tant (MDR) bacteria, coupled with a significant decline in anti-
biotic discovery and development, is posing a considerable public
health threat worldwide. Gram-negative bacteria such as
Acinetobacter baumannii, Pseudomonas aeruginosa, and Klebsiella
pneumoniae continue to prove problematic, with few novel
antibiotics currently in the drug development pipeline (4). A.
baumannii, in particular, is presenting increasing cause for
concern with resilience demonstrated by its ability to survive
for prolonged periods at various temperatures, pHs, and nu-
trient-limiting conditions, thus enabling rapid nosocomial
spread, particularly in critically ill and immunocompromised
patients (2). Management of infections caused by A. baumannii
is complicated by the emergence of strains that are resistant to
almost all available antibiotics (25).

In an era of increasing prevalence of MDR A. baumannii
strains, interest in the polymyxin class of antibiotics stems from

their significant activity against gram-negative MDR organisms
and current low levels of resistance (26). Two major polymyx-
ins, colistin (also known as polymyxin E) and polymyxin B,
differing by a single amino acid, have been employed clinically
as last-line therapy against infections caused by MDR gram-
negative bacteria, including A. baumannii (13, 23, 26, 46).
While the exact mechanism of action of colistin is yet to be
completely elucidated, there is strong evidence to indicate that
the primary target is the gram-negative outer membrane,
whereby electrostatic forces mediate the initial interaction be-
tween the cationic polymyxin and negatively charged lipopoly-
saccharide (LPS) (18). Subsequently, hydrophobic interactions
enable polymyxin to insert into the lipid membrane (18). Re-
cent reports of both colistin-resistant and colistin-heteroresis-
tant A. baumannii strains (defined as the presence of a small
subpopulation of resistant bacteria within a strain that is sus-
ceptible based on MICs) (19, 27) serve to emphasize the grow-
ing concerns presented by this pathogen. Rapid emergence of
colistin resistance has also been noted following colistin expo-
sure both in vitro (38) and in vivo (19).

It has been demonstrated that phase of growth is a deter-
minant of the hydrophobicity and surface charge of the bacte-
rial outer membrane (17, 41), and accordingly, growth phase
has the potential to influence the interaction between colistin
and the outer membrane. Interestingly, a significant decrease
in colistin susceptibility of A. baumannii at stationary phase in
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comparison to exponential phase was discovered recently (33).
Despite these findings, the morphology and topography of A.
baumannii at different growth phases and the effect of colistin
treatment on colistin-susceptible versus -resistant subpopula-
tions within clinical heteroresistant strains have yet to be char-
acterized. The aim of the present investigation was therefore to
explore these aspects using atomic force microscopy (AFM),
an extraordinarily powerful tool for microbiological investiga-
tions (11). We hypothesized that because the LPS of the outer
membrane is the initial site of colistin action on gram-negative
bacteria (17) and because LPS plays such a crucial role in the
integrity of the outer membrane (1), phenotypic differences in
regard to surface structure and cell morphology may exist
between susceptible and resistant cells.

MATERIALS AND METHODS

Chemicals. A stock solution (1 mg/ml) of colistin (sulfate form, 20,374 U/mg;
Zhejiang Shenghua Biok Biology, Co., Ltd., China) was prepared in Milli-Q
water (Millipore, Australia) followed by sterilization with 0.22-�m syringe filters
(Sartorius, Australia). The colistin solution was stored at 4°C for up to 1 month,
conditions under which colistin is stable (unpublished data).

Bacterial strains. Three colistin-heteroresistant strains of A. baumannii (clin-
ical strains 9 and 16 and reference strain ATCC 19606 from the American Type
Culture Collection, Manassas, VA) were employed. The MICs of colistin were 2
�g/ml for strain 9 and 1 �g/ml for strains 16 and ATCC 19606; all three strains
belong to different pulsed-field gel electrophoresis clonotypes (27). From each
parent strain a paired colistin-resistant strain (MICs of �128 �g/ml) was ob-
tained, which represented the colistin-resistant subpopulation in each heterore-
sistant strain (27); these were designated as “Col10” as they were able to grow in
the presence of at least 10 �g/ml colistin (see below). Thus, a total of six strains
(9, 9 Col10, 16, 16 Col10, ATCC, and ATCC Col10) were examined in this study.
Investigation of the effect of colistin treatment was performed on paired colistin-
susceptible and -resistant subpopulations of strains 16 and ATCC.

All strains were stored at �80°C. The susceptible parent strains (9, 16, and
ATCC) were subsequently subcultured onto nutrient agar plates (Medium Prep-
aration Unit, University of Melbourne, Australia). Cation-adjusted Mueller-
Hinton broth was employed for overnight culture, following which early-loga-
rithmic, mid-logarithmic, and stationary-phase cultures were prepared according
to the optical density at 600 nm. All broth cultures were incubated at 37°C in an
orbital shaker (Thermoline Scientific, Australia). The respective colistin-resis-
tant strains (9 Col10, 16 Col10, and ATCC Col10), obtained from our previous
study (27), were prepared in the same manner as their parent colistin-susceptible
strains, except that the initial subculture and overnight broth culture were grown
in the presence of 10 �g/ml colistin. Early-logarithmic, mid-logarithmic, and
stationary-phase cultures of strains 16 Col10 and ATCC Col10 were grown in the
absence of colistin to avoid potential structural modifications induced by the
antibiotic.

Sample preparation for AFM experiments. To determine the optimal condi-
tions for sample pretreatment, mid-logarithmic cells of ATCC 19606 were har-
vested from broth culture by centrifugation at 3,000 or 15,000 � g for 5 or 15 min
at 25°C. Cells were washed up to six times and resuspended in Milli-Q water to
prepare final bacterial suspensions containing �1 � 108 CFU/ml. A 5-�l drop of
bacterial suspension was deposited on a clean glass slide and allowed to air dry
before imaging. To examine the effect of colistin treatment on A. baumannii,
colistin (1 mg/ml) was added to 5 ml of bacterial culture to achieve final con-
centrations of 0.5, 4, and 32 �g/ml. Bacterial broth cultures were incubated at
37°C in an orbital shaker for 20 min; this duration ensured that there were
sufficient cells left for AFM imaging after rapid concentration-dependent killing
(30). Following centrifugation and washing, a 5-�l drop of bacterial suspension
was deposited for AFM imaging, as described above.

AFM imaging and analysis. AFM height, amplitude, and phase images were
simultaneously acquired using a Dimension 3000 microscope with a Nanoscope
IIIa controller (Digital Instruments, Santa Barbara, CA) operating in tapping
mode. Standard tapping mode silicon cantilevers (Tap300 Budget Sensors; In-
novative Solutions Bulgaria, Ltd.) were used (125 �m in length, nominal spring
constants of 40 N/m, and typical resonant frequencies of 300 kHz). The radius of
curvature of the AFM tips was nominally less than 10 nm. A scan rate of 0.5 to
1 Hz was employed at a resolution of 512 pixels per line. Height images were
primarily used for quantitative measurements, while amplitude and phase images

functioned to present surface features with greater clarity. Surface plots were
derived from height data. All images were further processed using the Nano-
scope 5.13 software by means of first-order flattening and first-order contrast
enhancement. Images were not processed prior to quantitative measurements.

To validate the reproducibility of observations and quantify morphological
parameters, multiple images were collected on at least four independently pre-
pared bacterial samples over 2 separate days. Several (three to six) large scans
(20 �m by 20 �m) were performed on randomly chosen sections of the glass
slides, encompassing at least 100 bacterial cells in total, from which the mor-
phology of the sample bacterial population was determined. High-magnification
images (5 �m by 5 �m) were utilized to evaluate cell dimensions. Roughness
measurements were conducted over three different 500-nm by 500-nm areas on
individual cells. A minimum of 10 cells of each strain were characterized for
dimensions and roughness. Analysis of variance and two-sample t tests were used
to determine the significance of differences in cellular dimensions and surface
roughness (Microsoft Excel).

RESULTS

Sample pretreatment. AFM images of A. baumannii ATCC
19606 cells, prepared with various centrifugation and washing
steps, are presented in Fig. 1. The characteristic rod shape of
typical colistin-susceptible A. baumannii cells was evident after
all washing and centrifugation protocols. The optimum bacte-
rial sample preparation protocol was determined to be two
washing steps at a centrifugation speed of 3,000 � g for 5 min
(Fig. 1C). Fewer washes revealed cells that appeared to be
blanketed by an amorphous material (Fig. 1A and B), while
more than two washes (Fig. 1D and E) or increased speed (Fig.
1F) or duration (Fig. 1G) of centrifugation did not improve the
image quality (Fig. 1D to G) or modify cell surface roughness
(data not shown). Washing twice followed by centrifugation at
a higher speed of 15,000 � g (Fig. 1F), or for a longer duration
of 15 min at 3,000 � g (Fig. 1G), resulted in an observable
shortening of pili in comparison to that shown in Fig. 1C,
without dramatic effects on the cellular body. For the remain-
der of this study, all samples were washed twice with Milli-Q
water followed by centrifugation at 3,000 � g for 5 min. The
adequacy of this protocol was confirmed using all other colis-
tin-susceptible and -resistant strains of A. baumannii. Images
of cells prepared using this protocol were similar to those of
cells which were taken directly from culture on agar plates and
dispersed in Milli-Q water without centrifugation (data not
shown).

Morphology and topography of colistin-susceptible and
-resistant bacterial cells in different growth phases. Repre-
sentative images of ATCC 19606 and ATCC 19606 Col10 at
different growth phases are shown Fig. 2; similar images
were captured for the other strains (images not shown). As is
evident in Fig. 2, colistin-susceptible cells were rod shaped at
all growth phases; at stationary phase, elongated cells, includ-
ing numerous worm-like cells, were observed. In contrast,
colistin-resistant cells exhibited a spherical morphology at
early- and mid-logarithmic phases; however, marked cellular het-
erogeneity was evident in stationary phase with cocci and rod
and elongated worm-like cells (Fig. 2). Pili were observed at all
growth phases for colistin-susceptible strains but were substan-
tially reduced in number and length for colistin-resistant cells
(Fig. 2). In comparison to colistin-susceptible cells, greater
topographic variability was noted on colistin-resistant cells,
with some presenting with grooves on the exterior (Fig. 2E).
Furthermore, resistant cells displayed a finer surface texture
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(Fig. 3). These characteristics were evident across all growth
phases.

Bacterial dimensions and surface roughness are summarized
in Table 1. Average cellular dimensions at stationary phase
were not tabulated due to the marked morphological hetero-
geneity (Fig. 2C and F). There were no significant differences
(P � 0.05) in a given cell dimension (i.e., length, width, or
diameter) between early- and mid-logarithmic phases for each
strain (Table 1). At stationary phase, very elongated cells of up
to 18 �m were observed; these cells had similar widths (�1
�m) to susceptible cells at early- and mid-logarithmic phases.
The worm-like cells were more prevalent in the susceptible
strain (�1 in 8) than in the resistant one (�1 in 25). Surface
roughness was invariant across all growth phases (P � 0.05);
however, significant differences were noted between strains
(P � 0.05) (Table 1).

Effect of colistin treatment. Representative images of mid-
logarithmic-phase (Fig. 4) and stationary-phase (images not
shown) ATCC 19606 and ATCC 19606 Col10 cells illustrate
the effect of 20 min of exposure to colistin (0.5, 4, and 32
�g/ml). The nature and degree of outer membrane damage
caused by colistin treatment of susceptible or resistant cells
were found to be similar at both mid-logarithmic (Fig. 4) and
stationary growth phases (images not shown) (Table 2).

Damage to the outer membrane of susceptible mid-logarith-
mic cells was minimal in response to the 0.5-�g/ml treatment
(Fig. 4A). Maintenance of cellular shape was accompanied by
small pits and indentations across the bacterial surface (Fig.
4A). The surface roughness (8.64 � 2.4 nm) (Table 2) was not
significantly different (P � 0.05) from that of untreated cells
(7.65 � 1.7 nm) (Table 1). Substantial topographical changes
(numerous grooves and incisions) were observed, together with

FIG. 1. Influence of sample preparation on AFM amplitude images of A. baumannii ATCC 19606. Panels A to G show the influence of the
number of washing steps and centrifugation conditions. High-magnification (1 �m by 1 �m) images are displayed within panels C and G to
emphasize extracellular appendages (see text).

VOL. 53, 2009 AFM INVESTIGATION OF ACINETOBACTER BAUMANNII 4981



the presence of debris surrounding some cells upon treatment
with 4 �g/ml colistin (Fig. 4B). These alterations were consis-
tent with a significant increase (P � 0.05) in surface roughness
(13.5 � 5.6 nm) (Table 2) compared with untreated cells.
Surprisingly, images acquired following colistin treatment at 32
�g/ml revealed cells with much smoother topography on visual
inspection (Fig. 4C). This apparent smoothness was not re-
flected by quantitative roughness measurements which indi-
cated an increased surface roughness (P � 0.05) (19.8 � 4.3
nm) (Table 2) in comparison to either untreated cells, or cells
treated at lower colistin concentrations. Additionally, the total
number of cells present on the slide for imaging was substan-
tially reduced, and the remaining cells displayed a tendency to

cluster together rather than scatter as discrete entities (Fig.
4C). Average bacterial dimensions were not affected by colistin
exposure at all concentrations (P � 0.05) (Table 2).

Changes to the surface of mid-logarithmic-phase colistin-
resistant cells were not noticed upon treatment with 0.5 �g/ml
colistin (Fig. 4D). Interestingly, surface disruptive effects ob-
served at 4 �g/ml (Fig. 4E) and 32 �g/ml (Fig. 4F) were
analogous to those seen with the colistin-susceptible strains
(Fig. 4B and C) in response to colistin treatment at the same
concentrations. A significant (P � 0.05) increase in average
roughness (23.8 � 5.2 nm) (Table 2) was noted after exposure
to 4 �g/ml colistin in comparison to untreated cells (11.4 � 2.0
nm) (Table 1), while treatment with 32 �g/ml colistin revealed

FIG. 2. AFM amplitude images and high-magnification surface three-dimensional plots (1 �m by 1 �m; reconstructed from height data) of
colistin-susceptible A. baumannii strain ATCC 19606 (A to C) and colistin-resistant strain ATCC Col10 (D to F) in different growth phases.

FIG. 3. Surface three-dimensional plot (1 �m by 1 �m; reconstructed from height data) illustrating the topography of colistin-susceptible
(A) and -resistant (B) A. baumannii ATCC 19606 cells.

4982 SOON ET AL. ANTIMICROB. AGENTS CHEMOTHER.



cells with a smoother topography (14.3 � 4.1 nm) (Table 2)
and a tendency for clumping to occur (Fig. 4F).

DISCUSSION

The development of antimicrobial resistance phenomena
in MDR A. baumannii strains has highlighted the urgent
requirement to investigate its resistance to the last-line ther-
apy, colistin. In the present study, AFM was utilized to
examine differences in the morphology and topography of
paired colistin-susceptible and -resistant cells from hetero-
resistant A. baumannii strains and the effect of colistin. Since
its advent in 1986, AFM has been credited as a powerful tool
for microbiological investigations (11), owing in part to its
extended capability to function as both a force-sensing device
and as an imaging tool. Based on a principle involving the
mechanical scanning of samples without use of lenses, photons,
or electrons, the requirement for sample preparation that may

potentially alter the native cell is minimized (in comparison to
light and electron microscopy), while images with exceptional
nanometer resolution and topographic contrast are captured
(43). A limited number of A. baumannii images have been
acquired using electron microscopy (21, 34) and phase-contrast
and scanning confocal laser microscopy techniques (22). To
the best of our knowledge, this is the first investigation per-
formed on colistin-heteroresistant A. baumannii strains using
the surface imaging capabilities of the AFM.

Although the focus of this study was not on AFM method-
ology, validation of bacterial sample preparation procedures
was crucial to ensure the surface depicted provided an accurate
reflection of its true nature. Centrifugation and washing of
bacterial cultures function to remove broth and bacterial de-
bris; however, centrifugation speeds ranging from 1,000 � g
(29) up to �15,000 � g (3) (from investigations of Staphylo-
coccus epidermidis and lactic acid bacteria, respectively), have

TABLE 1. Cellular dimensions and average RMS surface roughness of colistin-susceptible and -resistant (ATCC 19606 Col10) cells of
A. baumannii ATCC 19606 at different growth phases

Growth phase

Susceptible Resistant

Width (�m) Length (�m) Avg RMS surface
roughness (nm) Diam (�m) Avg RMS surface

roughness (nm)

Early log 0.98 � 0.07a 1.65 � 0.27a 7.05 � 1.3b,c 1.03 � 0.09a 11.4 � 2.5b,c

Mid-log 1.03 � 0.10a 1.61 � 0.21a 7.65 � 1.7b,c 0.97 � 0.11a 11.4 � 2.0b,c

Stationary NDd ND 6.71 � 1.7b,c ND 11.6 � 2.3b,c

a Not significantly different from corresponding dimension across growth phases (P � 0.05).
b Not significantly different across growth phases (P � 0.05).
c Significantly different between susceptible and resistant cells for a given growth phase (P � 0.05).
d ND, not determined due to marked morphological heterogeneity.

FIG. 4. AFM amplitude images and high-magnification surface three-dimensional plots (1 �m by 1 �m; reconstructed from height data) of
mid-logarithmic-phase colistin-susceptible (A to C) and -resistant (D to F) A. baumannii ATCC 19606 cells treated for 20 min with colistin at 0.5
�g/ml (A and D), 4 �g/ml (B and E), and 32 �g/ml (C and F).
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been employed for various durations to prepare bacterial sam-
ples. Considerable variability has been detected in the extent to
which bacterial cells are altered by centrifugal shear forces; this
encompasses changes to cellular viability (15), surface constit-
uents (36), and surface properties (32) which may subsequently
impede the interaction between antimicrobial agents and bac-
terial cells (15, 16). Additionally, the use of buffer to wash cells
has led to the presence of a “fern-like matrix” surrounding the
cells in AFM images, which was proposed to be derived from
buffer salts (14). An appropriate protocol for the preparation
of A. baumannii for AFM imaging which achieved adequate
cleansing of the surface under minimal centrifugal conditions
was thus determined to be two washes of bacterial culture
with Milli-Q water at a centrifugal speed of 3,000 � g for 5
min (Fig. 1C).

Another significant point for consideration in bacterial char-
acterization is the growth phase, as the development of surface
macromolecules and cellular constituents is a dynamic process
evolving over the entire growth of a bacterium and may there-
fore also influence bacterial surface properties (41). A. bau-
mannii has been described to adopt a cocco-bacillar morphol-
ogy (40) and was reported in coccus form at stationary growth
phase (34). Interestingly, distinction in morphology at station-
ary phase was also noted here; however, unlike previous re-
ports, the opposite trend of elongation was observed with cells
extending up to �18 �m in length for both colistin-susceptible
(Fig. 2C) and colistin-resistant (Fig. 2F) cells. This phenome-
non was more frequently observed in the susceptible popula-
tion, although greater morphological heterogeneity was de-
tected for stationary-phase resistant cells. Factors including
bacterial nutrient status (22, 39) and desiccation (21) have
been shown to influence the morphology of A. baumannii (21,
22). Additionally, elongated worm-like cells have been simi-
larly observed in other gram-negative bacteria (e.g., P. aerugi-
nosa, Escherichia coli, and K. pneumoniae) (7) in response to
low concentrations of lomefloxacin (31) and �-lactam and sul-
fonamide antibiotics (7, 37). The exact mechanism of elonga-
tion detected in this investigation of A. baumannii is presently
unknown, and its influence on decreased colistin susceptibility
at stationary phase (33) requires further investigation.

Comparison between colistin-susceptible and -resistant sub-
populations from AFM images illustrated a contrasting coccal
morphology of resistant cells (Fig. 2D to F) in comparison to
the susceptible cells (Fig. 2A to C), which adopted a bacillar
shape. Additionally, differences in the surface topography (Fig.
3) were observed between susceptible and resistant cells; these
were seen to be consistent across all growth phases. Although
these differences in morphology and topography of colistin-
resistant cells cannot directly account for colistin resistance in
A. baumannii, the resistance mechanism may be related to
structural differences in the outer membrane of each subpopu-
lation. Our observations further contribute to recent findings
that have highlighted a substantially increased susceptibility to
several other antibiotics for colistin-resistant cells, including
those to which A. baumannii strains are usually resistant (such
as rifampin and macrolides) (25). Further comparison between
colistin-susceptible and -resistant subpopulations revealed that
the extracellular appendages surrounding colistin-resistant
cells were shorter and less densely populated than those in
colistin-susceptible cells. Lack of bacterial pili may account for
negligible biofilm formation, which is supported by our obser-
vations of colistin-resistant A. baumannii (25).

A number of AFM time-course studies investigating the
effects of antibiotics (5, 9, 44), including cyclic antimicrobial
peptides (10, 24, 28, 35), on the bacterial surface have posi-
tively contributed to an understanding of the mechanisms of
action of various antibiotics. Good correlation between the
extent of outer membrane damage with increasing incubation
time and antibiotic concentration has been established (10, 24,
28, 35). Similarly, colistin-induced disruption of the outer
membrane of mid-logarithmic (Fig. 4) and stationary-phase
(images not shown) A. baumannii cells illustrated that expo-
sure to a sub-MIC colistin concentration (0.5 �g/ml) was suf-
ficient to impart topographical changes to colistin-susceptible
cells (Fig. 4A). These observations were consistent with results
from static time-kill studies (27, 30), in which substantial killing
occurred initially at sub-MIC colistin concentrations. Rapid
concentration-dependent bacterial killing has been revealed at
concentrations above the MIC (45); hence, the cells imaged
following colistin treatment at these high concentrations pos-

TABLE 2. Cellular dimensions and average RMS surface roughness of colistin-susceptible and -resistant (ATCC 19606 Col10) cells of A.
baumannii ATCC 19606 at mid-logarithmic and stationary growth phases after colistin treatment

Growth phase and
colistin concn

Susceptible Resistant

Width (�m) Length (�m) Avg RMS surface
roughness (nm) Diam (�m) Avg RMS surface

roughness (nm)

Mid-log phase
0.5 �g/ml 1.03 � 0.09a 1.63 � 0.24a 8.64 � 2.4b,c 0.95 � 0.21a 11.5 � 2.1b,c

4 �g/ml 0.94 � 0.06a 1.44 � 0.17a 13.5 � 5.6b 0.98 � 0.09a 23.8 � 5.2b

32 �g/ml 0.97 � 0.07a 1.59 � 0.23a 19.8 � 4.3b 1.06 � 0.11a 14.3 � 4.1b

Stationary
phase
0.5 �g/ml NDd ND 7.81 � 2.4b,c ND 11.9 � 2.8b,c

4 �g/ml ND ND 16.7 � 4.7b ND 26.1 � 6.0b

32 �g/ml ND ND 15.3 � 2.9b ND 14.9 � 2.9b

a Not significantly different from corresponding dimension following treatment at different colistin concentrations (P � 0.05).
b Significantly different following treatment at different colistin concentrations (P � 0.05).
c Not significantly different from untreated cells.
d ND, not determined due to marked morphological heterogeneity.
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sibly represent the most resistant subpopulation within each
strain. At 4 �g/ml (2� to 4� the MIC), colistin caused sub-
stantial disruption of the outer membrane of both susceptible
and resistant cells (reflected by roughness measurements in
Table 2) without compromising the cell shape. Cell clustering
and surface “smoothening” were observed for both strains
upon exposure to 32 �g/ml colistin. It is likely that the root
mean squared (RMS) roughness (RMS value of all surface
height fluctuations from the mean surface height level) (8) was
sensitive to the presence of large craters in the cell surface
upon treatment with 32 �g/ml colistin, which may account for
differences observed between numerical roughness measure-
ments (19.8 � 4.3 nm for susceptible cells versus 14.3 � 4.1 nm
for resistant cells) (Table 2) and the apparent cell surface
smoothness (Fig. 2C and F). Although the increase in numer-
ical surface roughness corresponded with increasing colistin
concentrations for susceptible cells, this relationship was not
detected for resistant cells (Table 2); the reasons for this are
unknown. However, the observation that the surface of colis-
tin-resistant cells responds in a similar manner to susceptible
strains to treatment with various colistin concentrations (Fig.
2) is fascinating and suggests that the ability of colistin to
interact with the outer membrane of resistant A. baumannii
cells is maintained.

Interpretation of these AFM images requires consideration
of the fact that this study was conducted under ambient con-
ditions. A number of time-course microbial AFM imaging in-
vestigations have been similarly conducted in air (6, 12, 24, 28)
as this enables high-resolution imaging. In this manner, drying
small aliquots of prepared bacterial suspensions may impede
an accurate illustration of the hydrated bacterial surface. It
must be noted, however, that A. baumannii exhibits great re-
sistance to desiccation and can survive for prolonged periods
under dry conditions (20, 21, 42). Examination of the surface
of A. baumannii in liquid is currently being undertaken.

In summary, this study is the first to differentiate between
the morphology and topography of colistin-susceptible versus
-resistant cells from heteroresistant A. baumannii strains at
different growth phases and after colistin exposure. The con-
trasting spherical appearance of resistant cells was noted, in
comparison to the rod-shaped susceptible cells. Resistant cells
also displayed a finer surface topography, which was reflected
by increased quantitative surface roughness in comparison to
that of susceptible cells. Cellular elongation at stationary phase
was apparent for both colistin-susceptible and -resistant
strains, and levels of bacterial outer membrane damage ob-
served in response to colistin exposure were similar for both
strains. Investigations are warranted to elucidate the genetic
mechanism(s) leading to such variations in morphology and
topography, which will facilitate a comprehensive understand-
ing of colistin resistance.
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