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Novel cell surface topography was revealed on cocci from a glycopeptide-intermediate Staphylococcus aureus
(GISA) clinical strain by using atomic force microscopy. The GISA isolate and its revertant had two parallel
circumferential surface rings. One equatorial surface ring was observed in control strains. In vancomycin-
susceptible strains, additional rings were formed in the presence of vancomycin. Ring depth measurements
also revealed striking differences between the GISA strain and susceptible strains grown with or without

vancomycin.

The emerging problem of intermediate resistance to the
glycopeptide antibiotic vancomycin in Staphylococcus aureus
isolates (25) has raised concern, since few therapeutic options
remain for treatment. Glycopeptide antibiotics kill gram-pos-
itive bacteria by interfering with the synthesis of peptidoglycan
(reviewed in reference 1a). We reasoned that the identification
of cell surface alterations associated with the resistance phe-
notype could lead to an improved understanding of the mech-
anism of resistance. Studies performed to date to describe the
morphology of untreated and vancomycin-treated vancomycin-
resistant S. aureus cells (7, 8, 13, 20-22) have been limited to
the examination of ultrathin cross-sections of fixed bacteria
using transmission electron microscopy. Characterization of
the cell surface topology of glycopeptide-resistant isolates is
still lacking.

Atomic force microscopy (AFM), a scanning probe micros-
copy technique recently used to elucidate the detailed nano-
scale structure of soft polymers (11, 12), has recently been used
to elucidate the detailed structure of biological surfaces (15),
including the cell walls of bacteria (3, 4, 26). The advantages of
AFM over alternative techniques such as scanning electron
microscopy include enhanced resolution, the ability to measure
surface topographic features, and sample preparation lacking
harsh chemical treatments that might form artifacts.

Using contact mode AFM, we characterized the surface
topology of cells from a glycopeptide intermediate-resistant S.
aureus (GISA) isolate (strain NJ) (5, 6, 23). For strain NJ, the
MIC of vancomycin is intermediate according to the guidelines
published by the National Committee for Clinical Laboratory
Standards (18). A vancomycin-susceptible revertant of that
isolate (NJ[P15]) (2) was also studied, as well as two vanco-
mycin-susceptible control strains, RN4220 (14) and methicil-
lin-resistant S. aureus (MRSA) isolate 6/3 8N, which was ob-
tained from our collection (24). The effects of vancomycin
induction on surface topology were also examined.
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Bacteria were collected from brain heart infusion agar
(BHIA) and suspended in 0.85% saline to an Ag, of 1.0. A
5.0-pl drop of the bacterial suspension was applied to a small
glass chip (4 by 4 mm?) and allowed to air dry. The subinhibi-
tory concentration of vancomycin for each strain was deter-
mined by passaging on a series of BHIA plates containing
vancomycin (1 to 8 pg/ml). AFM imaging was performed in
contact mode with a Topometrix Discoverer AFM (Thermo-
microscopes, Sunnyvale, Calif.) equipped with a 75-um scan-
ner and a silicon nitride cantilever probe (spring constant of
0.032 N/m). The cantilever probe exerted a constant force of 1
nN on the surfaces of the bacterial cells. The same cantilever
tip was used for all experiments; however, force calibration
measurements of the cantilever probe were performed prior to
the scanning of each new sample.

When samples were scanned over a large area, cocci were
arranged in grapelike clusters, the morphology typical of staph-
ylococci (Fig. 1). The mean cell diameter was consistent with
that expected for S. aureus (1 wm). The cell surface of the cocci
appeared relatively smooth in texture, except for an occasional
protrusion. Viewing cells of strains RN4220 and 6/3 8N over a
small scanning area revealed a single equatorial ring on the
surface of each cell (Fig. 2a). This ring likely marks the septal
plane of division between future daughter cells. Tetrads of
undivided cells were occasionally seen with their rings forming
two perpendicular lines, as in a cross-like structure (Fig. 2b), a
morphology demonstrated previously by scanning electron mi-
croscopic imaging of freeze-etched samples (9). Such images
illustrate S. aureus division septa forming normally at right
angles (10).

When grown on medium containing a subinhibitory concen-
tration of vancomycin (1 pg/ml), vancomycin-susceptible con-
trol strains RN4220 and 6/3 8N often produced cells with
additional grooves or rings which either were nearly parallel
(referred to hereafter as parallel) or intersected the primary
ring at various angles (Fig. 2¢). In contrast, untreated cells of
strain NJ (Fig. 3a) produced a pair of circumferential rings
arranged in parallel. Revertant strain NJ[P15] also had the
parallel, dual-ring topology (Fig. 3b). When strain NJ was
grown in the presence of a subinhibitory concentration of van-
comycin (7 wg/ml) (Fig. 3c and e), the cells maintained the
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FIG. 1. AFM image of GISA strain NJ showing cocci arranged in grapelike
clusters. Scanning area, 25 by 25 wm.

parallel dual-ring topology. In contrast, vancomycin at 3 pg/ml
induced cells of strain NJ[P15] to produce a third ring (Fig. 3d
and f) that was parallel to the two primary circumferential
rings seen on untreated cocci. Interestingly, although colonial
growth of strain NJ[P15] did not arise on BHIA containing 7
pg of vancomycin/ml, cells did grow in small, flat, patchy films
on the agar surface. Interestingly, cells from this film also
produced three rings, identical to those of cells that produced
colonies at 3 g of vancomycin/ml.

The depth of the circumferential rings was the characteristic
that best distinguished the resistant from the susceptible
strains. When cells were grown in the absence of vancomycin,
the grooves that formed the rings on cells of strain NJ were
shallower than those of cells of the three vancomycin-suscep-
tible strains examined (Table 1). The grooves deepened on
cells of all of the strains when they were grown in the presence
of vancomycin (Table 1); however, the increase was slightly
more pronounced for the susceptible revertant strain (4.5-fold
increase) than for the resistant parent (3.4-fold).

The two parallel rings on untreataed cells from strain NJ
were separated by a narrower gap (164 * 13.4 nm, mean gap
width = the standard deviation) than that between parallel
rings on untreated cells from the revertant strain NJ[P15] (190
*+ 19 nm). The mean width of the gap between parallel rings of
strain NJ grown in the presence of 7 g of vancomycin/ml was
167 = 10 nm. Thus, vancomycin did not considerably affect the
distance between the rings of cells of the resistant strain. For
the revertant strain NJ[P15] grown in the presence of vanco-
mycin (3 pg/ml), the three parallel rings were separated by two
consecutive gaps with mean widths of 198 = 17 nm (large gap)
and 169 * 15 nm (small gap). Thus, the width of the large
interring gap on vancomysin-treated cells of strain NJ[P15]
corresponds to that found between the two rings of the un-
treated cells of this strain.

To summarize, as shown in the schematic in Fig. 4, one
equatorial ring was present on cells from the vancomycin-
susceptible strains, whereas a dual-ring structure characterized
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FIG. 2. AFM images of cocci from vancomycin-susceptible control strains.
(a) Vancomycin-susceptible MRSA strain 6/3 8N showing a typical view of a
single circumferential ring (arrow). (b) Undivided tetrad of cells of strain
RN4220 with the perpendicular arrangement of circumferential rings forming a
cross-like structure (arrow). (c) Cells of vancomycin (1 pg/ml)-treated, vanco-
mycin-susceptible MRSA strain 6/3 8N illustrating an equatorial, circumferential
ring (arrow labeled C) with aberrantly placed grooves (unlabeled arrows) formed
in response to vancomycin. Arrows labeled P indicate nearly parallel grooves
formed in one cell. Scanning area, 1.5 by 1.5 pm.

the cell surface of GISA strain NJ. The dual-ring topography
of strain NJ is not associated with the methicillin resistance
phenotype of the isolate, since cells of the vancomycin-suscep-
tible, methicillin-resistant control strain had only one ring.
Strain NJ had the shallowest ring depth of the four strains
examined, and only vancomycin-resistant strain NJ was resis-
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FIG. 3. AFM images of cells from GISA clinical strain NJ and related revertant strain NJ[P15] showing parallel rings traversing each cell. Panels: a, GISA strain
NJ; b, revertant strain NJ[P15]; ¢, vancomycin (7 wg/ml)-treated cells of strain NJ; d, vancomycin (3 pg/ml)-treated cells of strain NJ[P15]; e, closer-range view of the
cell labeled e in panel c; f, closer-range view of the cell labeled f in panel d. The arrows in panels e and f point to nearly parallel rings. The scanning area used to obtain
the images in panels a to d was 3 by 3 wm. The scanning area used to obtain the images shown in panels e and f was 1 by 1 um.
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TABLE 1. Mean depths of circumferential rings observed in
vancomycin-susceptible strains and GISA clinical strain NJ¢

Mean ring depth (nm) * SD

Strain
(resistance phenotype) Untreated Vancomycin treated
RN4220 (Vm®) 9.8 =252 21.50 = 6.26
6/3 8N (Vm® Mc") 9.28 = 2.62 21.97 = 4.58
NJ[P15] (Vm® Mc") 9.7 = 1.45 44.4 = 4.46
NJ (Vm" Mc") 5.7x23 19.5 = 2.1

“ Values represent the mean measurements of eight cells chosen at random.
Phenotypes: Vm', vancomycin resistant (signifies a vancomycin MIC of at least 8
pg/ml); Vm?®, vancomycin susceptible; Mc", methicillin resistant. Subinhibitory
vancomycin concentrations varied among the strains; strain NJ was grown in the
presence of 7 pg of vancomycin/ml, NJ[P15] was grown in the presence of 3 pg
of vancomycin/ml, and RN4220 and 6/3 8N were grown in the presence of 1 pg
of vancomycin/ml.

tant to further ring or groove formation in the presence of
vancomycin.

From these data, we can envision that the susceptible pro-
genitor of strain NJ formed additional grooves when exposed
to vancomycin and that cells with the parallel dual-ring struc-
ture had a selective advantage in the presence of vancomycin.
The dual-ring structure of the revertant form of strain NJ was
apparently inherited from the resistant parent strain, and re-
version was likely obtained through a pathway that utilized a
second-site mutation that did not abolish formation of the
second ring. At present, however, it is difficult to assess
whether or not these observations represent a general phe-
nomenon that occurs in all GISA strains.

The circumferential ring seen by AFM imaging is likely the
site of the bacterial septum. Septum formation is a complex
process requiring the coordinated targeting of a number of cell
division proteins (16). We can speculate that the second equa-
torial ring of strain NJ was formed by aberrant targeting of S.
aureus cell division proteins that are normally arranged at the
cell surface in one equatorial ring (1, 10, 17, 27). Alternately,
the dual rings can be explained by thickening of cross walls.
The latter explanation is unlikely since evidence for uniform
cross wall thickening in this strain is lacking from our trans-
mission electron microscopic images of thin sections (unpub-
lished data).

Untreated Vancomycin Treated
Revertant @ @

FIG. 4. Schematic illustrating patterns of rings and grooves in untreated and
vancomycin-treated S. aureus strains. Vancomycin-susceptible S. aureus (VSSA)
control strains produced a single circumferential ring in untreated cells, and
additional grooves or rings with various orientations were present in vancomycin
(1 pg/ml)-treated control cells. Untreated cells of the GISA strain NJ (GISA)
and the revertant isolate had two parallel rings. Vancomycin (7 pg/ml)-treated
cells of the GISA strain had the same appearance as untreated cells. Vancomycin
(3 pg/ml)-treated cells of the revertant strain produced a third ring. Note that the
two adjacent gaps between rings on the vancomycin-treated revertant strain are
unequal in size.
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In conclusion, the fine structural detail provided by AFM
has extended previous topographic studies of vancomycin-sus-
ceptible (8) and vancomycin-resistant S. aureus (7, 8, 13, 19—
22) by showing novel morphological changes occurring in the
cell surface in untreated, as well as vancomycin-treated, staph-
ylococci.
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