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Abstract

Background: Staphylococcus aureus, with reduced vancomycin susceptibility; is probably under the regulation of several genes and
various express phenotypes.

Objectives: This study aimed to investigate the phenotypic differences between vancomycin-susceptible S. aureus (VSSA), vancomycin-
intermediate S. aureus (VISA), and heterogeneous VISA (hVISA) isolates.

Materials and Methods: A total of 130 methicillin-resistant S. aureus (MRSA) isolates were studied, including 49 VSSA, 28 hVISA, and 5 VISA
isolates from blood cultures and 48 isolates (two VSSA, six hVISA, and 40 VISA) derived in vitro (laboratory-induced/sub-passaged). Their
phenotypes were examined using a coagulase tube test, colony spreading on soft agar, and urease activity. The SCCmec and agr typing were
performed using multiplex PCR.

Results: Most of the MRSA isolates were SCCmec Il-agr I (84.5%), followed by SCCmec Il-agr 11 (11.8%). The average plasma coagulation time
of vancomycin-non-susceptible isolates was longer than that of the susceptible isolates (12 vs. 2.6 hours). Four hVISA (P = 0.023) and nine
VISA (P<0.001)isolates yielded a negative coagulase test after 24-hour incubation. The percentage of VSSA isolates showing non-spreading
colonies (accessory gene regulator (agr) dysfunction) was significantly lower than in the VISA group (P=0.013), but no significant difference
was found between VSSA and hVISA. The VISA group showed higher urease activity than that of the VSSA and hVISA groups (P=0.002).
Conclusions: There were diverse phenotypic changes among vancomycin-non-susceptible S. aureus isolates. This may be due to the variety
of related regulatory systems. The diversity of phenotypic expression may result in its misidentification in routine laboratory checks.
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1. Background

Staphylococcus aureus causes various types of infection,
and is therefore a serious public health concern. Problem
of infections caused by methicillin-resistant S. aureus
(MRSA) have been widely reported around the world (1).
Vancomycin (a glycopeptide antibiotic) is the recom-
mended therapy for serious infections caused by MRSA.
Staphylococcus aureus with reduced susceptibility to van-
comycin, including vancomycin-intermediate S. aureus
(VISA) and heterogeneous VISA (hVISA), was eventually
identified in Japan in 1997 (2, 3). These two strains were
related to vancomycin treatment failures (4). The clinical
and laboratory standards institute (CLSI; formerly NC-
CLS) redefined the vancomycin breakpoints, suggesting
a susceptible, intermediate, or resistant interpretation
when the vancomycin minimum inhibitory concentra-
tion (MIC) is <2 pg/ml, 4 to 8 ug/mL, or > 16 pg/mlL, re-
spectively (5). The hVISA isolates cannot be detected us-
ing routine laboratory methods (i.e., disk diffusion and
MICs determination) (6); rather, the reference procedure

for hVISA detection is population analysis profiling with
an area under the curve (PAP-AUC) (7). This procedure,
however, is time-consuming, labor-intensive, costly, and
unsuitable for most laboratories.

The phenotypic features and biochemical alterations
of S. aureus with reduced vancomycin susceptibility have
been reported. The alterations to the cell wall structure,
leading to thickening, included: an increasing level of ab-
normal muropeptide production (8), an overexpression of
penicillin-binding protein (PBP) 2 and PBP2a (9), increas-
ing levels of D-alanyl-D-alanine residues, and reduction of
peptidoglycan cross-link (10). The reduction of autolytic
activity prevented the diffusion of vancomycin to its ac-
tive site, increasing the level of resistance. In addition, 58%
of hVISA isolates showed a loss of accessory gene regula-
tor (agr) function (11), which is associated with autolytic
activity reduction (12). Nelson et al. demonstrated that 8%
of VSSA and 71% of VISA strains had reduced acetate catabo-
lism, leading to an alteration of growth characteristics, tol-
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eration of antibiotics, cell death changes, and an increase
in polysaccharide intercellular adhesion synthesis (13).
These characteristic alterations may have an effect on bac-
terial identification in clinical microbiology laboratories.

2. Objectives

The main objective was to investigate the phenotypic
characteristics of VSSA vs. vancomycin-non-susceptible
strains, including coagulase activity, urease activity, and
colony spreading. The basic genotypes (SCCmec and agr
types) were also examined. This information would re-
mind or alert clinical laboratories to identify Staphylococ-
cus, especially the vancomycin-non-susceptible isolates.
In addition, we observed the cell wall thicknesses of rep-
resentative isogenic bacterial pairs.

3. Materials and Methods

3.1. Bacterial Isolates

A total of 130 MRSA isolates, including 82 isolates from Sri-
nagarind hospital, Khon Kaen University, Thailand, and 48
isolates from laboratory induction, were studied. 33 isolates
were randomly collected between October 1997 and Novem-
ber 1998, and 49 were collected between November 2010
and December 2011. 82 isolates (49 VSSA, 28 hVISA, and 5 VISA)
were recovered from blood cultures, and 48 (2 VSSA, 6 hVISA,
and 40 VISA) were derived in vitro (laboratory-induced/sub-
passaged). All of the test isolates were identified by routine
laboratory methods and confirmed by PCR-based detection
of mecA and femA genes that are specific to MRSA (14). The
isolates were preserved in skimmed milk, supplemented
with 20% glycerol, at -20°C (15). The bacterial isolates of S.
aureus were cultured overnight on blood agar (Oxoid, UK)
at37°C; a single colony was then subcultured for use in phe-
notypic tests. The isogenic set of isolates composed of the
parent strain and its in vitro-induced/subpassaged strains
with the same genetic background. The S. aureus reference
strains were ATCC 29213 (VSSA), ATCC 700699 (VISA strain
Mu50), and ATCC 700698 (hVISA strain Mu3). This study was
conducted in accordance with the Helsinki declaration and
was approved by the Khon Kaen University human research
ethics committee (project number HE552272).

3.2. Laboratory Induction of Vancomycin-Non-
Susceptible Staphylococcus aureus Isolates

The bacterial isolates were induced for vancomycin resis-
tance by using a method modified from that of Pfeltz et al.
(16). The isolates were cultured in tryptic soy broth (TSB) (Ox-
oid, UK) mixed with 2 ug/mL of vancomycin and shaken at
250 rpm in a 37°C water bath for one to seven days, or until
turbid growth was observed. The cultures were then spread
on tryptic soy agar (TSA) (Oxoid, UK) containing the same
concentration of vancomycin as in the broth cultures. After
24-hour incubation, the mutant colony was re-cultured in
TSB that was supplemented with a higher concentration of

vancomycin (e.g. three, four, and five pg/mL vancomycin)
and incubated under the same conditions for one to seven
days. The cycles of broth and agar subcultures were repeat-
ed with increased concentrations of vancomycin in the me-
dia, until the concentration reached 16 pg/mL.

3.3. Modified Population Analysis Profile With Area
Under the Curve (PAP-AUC)

Analyses of the subpopulation that was resistant to van-
comycin were carried out using the modified PAP-AUC
method (7). Overnight cultures of isolates in brain-heart
infusion (BHI) broth (Oxoid, UK) were diluted serially in
saline solutions from zero (undiluted) to 10°°. A 100-uL
aliquot of each dilution was spread on BHI agar (Oxoid,
UK) plates containing 0, 0.5, 1, 2, 3, 4, 5, 6, 7, and 8 ug/mL
of vancomycin. The plates were incubated at 37°C for 48
hours before the colonies were counted. The log 10 CFU/
mL of the bacterial colony counts were plotted vs. the
vancomycin concentrations, and the area under the
curve (AUC) was calculated using GraphPad Prism ver-
sion 5.0.1 (GraphPad Software Inc., USA). The AUC ratio of
the test isolate and that of the Mu3 strain were interpret-
ed as follows: < 0.9, 0.9 to 1.3, and > 1.3 for the VSSA, hVISA,
and VISA strains respectively. The hVISA strain Mu3 and
the VSSA strain ATCC 29213 were tested simultaneously as
positive and negative controls, respectively.

3.4. Antimicrobial Susceptibility Testing

The MICs of vancomycin (Sigma Chemical, USA) for all
isolates were determined by the agar dilution method, as
per the CLSI guideline (5).

3.5. Molecular Typing

The isolates’ DNA was extracted using achromopep-
tidase enzyme, according to the procedure described
by Sasaki et al. (17). The supernatant was used as a DNA
template for the PCR reaction. The MRSA isolates were
analyzed by accessory gene regulator (agr) grouping ac-
cording to Lina et al. (18), and the staphylococcal chromo-
some cassette mec (SCCmec) type was determined using a
multiplex PCR as described by Kondo et al. (14).

3.6. Colony Spreading Assay

The presumptive test for function of the agr gene sys-
tem was conducted in triplicate by colony spreading as-
say, using a method modified from Kaito et al. (19). Twenty
mL of sterile TSB, supplemented with 0.24% agar (Becton
and Dickinson, USA) was poured into a sterile petri dish.
The plate was dried in a safety cabinet for 20 minutes. A
2-uL aliquot of the test isolate, of 0.5 McFarland turbidity,
was spotted at the center of the plate. The plate was then
dried in a safety cabinet for another 15 minutes and incu-
bated overnight at 37°C (20). The isolates which showed
giant colonies with branched arms were recorded as be-
ing positive for colony spreading.
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3.7. Coagulase Tube Test

The coagulase tube test was performed in triplicate, as
per Moreira et al. (9). Briefly, a loop of growth from fresh
colonies on blood agar was suspended in 0.5 mL of plas-
ma and incubated overnight at 37°C. The tubes were in-
spected for clot formation at 30-minute intervals for four
hours, and again at 24 hours.

3.8. Urease Activity

Bacterial urease activity was determined in triplicate us-
ing the modified colorimetric assay of Hamilton-Miller and
Gargan (21). Briefly, bacteria were cultured overnight at37°C
in a urea broth comprising 0.1 g[L of yeast extract, 9.1 g/L of
KH,PO,, 9.5 g/L of Na,HPO,, 20 g/L of urea, and 0.01 g[L of
phenol red. The cultures were then centrifuged at 5,000 xg
for three minutes, and the supernatants were transferred
into a 96-well plate for measurement of the absorbance at
560 nm using a microplate reader (Tecan Sunrise, USA).

3.9. Transmission Electron Microscopy

Three sets of isogenic VSSA, hVISA, and VISA isolates were
randomly selected for investigation of their cell wall thick-
ness by transmission electron microscopy. The bacterial
isolates were cultured overnight in TSB at 37°C. Each isolate
was fixed overnight in Karnovsky’s fixative reagent, and was
then rinsed four times in phosphate-buffered saline (PBS)
for 15 minutes. The cells were then post-fixed for two hours
in1% 0s0,,, followed by washing twice in PBS for 15 minutes.
The samples were dehydrated through a graded ethyl alco-
hol series, followed by infiltration and embedding in Epon
812. Ultrathin sections were cut from selected areas of the
embedding samples and double-stained with uranyl ac-
etate and lead citrate. The samples were examined with a
transmission electron microscope (Zeiss EM10C, Germany)
equipped with a Nikon DS-L2 camera (Nikon Corporation,
USA), and digital micrograph software at 60 kV. Cell wall
thickness was analyzed using Image |® version 1.49f (Na-
tional Institute of Health, USA). Triplicate measurements of
30 equatorially cut cells were recorded from each strain and
expressed as means + standard deviations (SDs).

3.10. Statistical Analysis

All statistical analysis was conducted using MedCalc ver-
sion 10.2.0.0 (MedCalc Software, Belgium). Comparisons
of variables were analyzed using Fisher’s exact probability
test. The independent and dependent samples t-test was
used to compare the means between two unrelated groups,
including urease activity and cell wall thicknesses. A Pvalue
of <0.05 was considered as statistically significant.

4. Results

4.1. Bacterial Isolates
Of the 82 MRSA isolates from patients, 49 were VSSA, 28
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were hVISA, and five were VISA, with PAP-AUC ratio ranges
of 0.12-0.88,0.9-1.26,and 1.35 - 1.91 respectively. Their van-
comycin MICs ranges were1-2,1-3,and 3 - 4 pg/mL respec-
tively. However, two VSSA isolates with vancomycin MICs
of 2 -3 pg/mL were received from the sub-passage experi-
ments, and from the induction experiments, six hVISA
and 40 VISA isolates were found with higher vancomycin
MICs (3 - 16 and 3 - 16 pg/mL, respectively). Their PAP-AUC
ratios ranged from 0.65 - 0.83, 0.99 - 1.27, and 1.35 - 3.91 re-
spectively. The MIC,, /90 values of all isolates are shown in
Table 1.

4.2. Molecular Typing

Molecular typing was randomly performed in 50 VSSA,
20 hVISA, and 40 VISA isolates. Among the 50 VSSA iso-
lates, 43 were SCCmec IlI-agr 1, five were SCCmec Il-agr 11,
one was SCCmec Ill-agr 11, and one was SCCmec IX-agr II.
Similarly, of the 20 hVISA isolates, 15 were SCCmec Ill-agr
[, four were SCCmec Il-agr 11, and one was SCCmec Ill-agr
II. Among the 40 VISA isolates, 35 were genotype SCCmec
[l-agr I, four were SCCmec II-agr 11, and one was SCCmec
[I-agr I (Table 2). The isolates which were successful in in-
creasing their vancomycin resistance were mostly of the
genotypes SCCmec Ill-agr I, followed by SCCmec IIl-agr II
and SCCmec II-agrII.

4.3. Colony Spreading Assay

Since the intact agr system is one of the important
regulatory systems for colony spreading, the ability
to spread on soft agar plates was tested for presump-
tive evaluation of the presence of intact agr (Figure 1).
Colony spreading was most predominant in VSSA iso-
lates (36/51, 70.6%), followed by hVISA (20/34, 58.8%) and
VISA (20/45, 44.4%). The prevalence of non-spreading
colonies (assumed as agr dysfunction) among the VSSA
isolates was significantly lower than that of the VISA
isolates (P = 0.013) (Table 1). There was, however, no
significant difference observed in colony spreading be-
tween the VSSA and hVISA isolates.

4.4. Coagulase Tube Test

All VSSA isolates yielded a positive coagulase test within
one to 24 hours of incubation, whereas 4/34 of the hVISA
(11.8%, three isolates being SCCmec Ill-agr I, one being SC-
Cmec Il-agr II) and 9/45 of the VISA isolates (20%, eight
isolates being SCCmec Ill-agr I, one being SCCmec II-agr II)
showed no clot formation after 24-hour incubation. These
results were significantly different from those of the VSSA
isolates (P =0.023 and < 0.001, respectively) (Table 1). The
average coagulation time of the isogenic vancomycin-
non-susceptible isolates (n = 47) was significantly longer
than that of its parent VSSA isolates (12 vs. 2.6 hours, P <
0.0001). In addition, all of the 13 isolates which showed
no clot formation after 24-hour incubation also present-
ed non-spreading colonies.
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Table 1. Phenotypic Characteristics of VSSA, hVISA, and VISA Isolates

VSSA (n =51) hVISA (n=34) VISA (n =45) P Value? P ValueP P Value€
PAP-AUC ratio, range 012-0.88(0.62+  0.90-127(1.04  135-3.91(1.92% d d d
(mean +SD) 016) +0.12) 0.66) <0.001 <0.001 <o.001
Vancomycin MIC range 1-2(12) 1-3(1/2) 2-16 (14[16) 0.0404 <0.0014 <0.0014
(MIC50/90), pg/mL
Coagulase negative
after 24 hours incuba- 0 4 (11.8) 9(20) 0.023¢ <0.001° 0.375¢
tion, No. (%)
agr-dysfunction by
colony spreading as- 15(29.4) 14 (41.2) 25(55.6) 0.351¢ 0.013¢ 0.258¢
say, No. (%)
0D value of urease d d d

29, 0.369+0.25 0.345+0.33 0.559+0.32 0.701 0.002 0.005

activity, Mean + SD

Abbreviations: hVISA, heterogeneous vancomycin-intermediate
ap value when comparing the results of hVISA with those of VSSA.
P value when comparing the results of VISA with those of VSSA.
p value when comparing the results of hVISA with those of VISA.

Student t-test.
CFisher’s exact test.

Table 2. Molecular Characteristics of VSSA, hVISA, and VISA Isolates?

Isolates agr Group SCCmec Type

I I I 11 IX
VSSA (n=50) 43 (86) 7(14) 5(10) 44 (88) 1(2)
hVISA (n =20) 15(75) 5(25) 4(20) 16 (80) NA
VISA (n=40) 36(90) 4(10) 5(12.5) 35 (87.5) NA

Abbreviations: hVISA, heterogeneous vancomycin-intermediate
3values are presented as No. (%).

Figure 1. Colony Spreading of MRSA Isolates on Soft Agar Plates (Tryptic Soy Broth Plus 0.24% Agar) After Overnight Incubation at 37°C

The isolates from A - C were reference strains of S. aureus, and D - F were test isolates: A, ATCC 29213; B, Mu3; C, Mu50; D, test vancomycin-susceptible S.
aureus (VSSA); E, heterogeneous vancomycin-intermediate S. aureus (hVISA); and F, vancomycin-intermediate S. aureus (VISA).
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4.5. Urease Activity

The urease activity of the VSSA and hVISA isolates was
quite low compared to that of the VISA isolates (P =0.002
and 0.005, respectively). The ranges of OD., of the VSSA,
hVISA, and VISA isolates were 0.023 - 0.912, 0.013 - 0.981,
and 0.020 - 0.989 respectively (mean OD4, + SD, 0369 +
0.25, 0.345 £ 0.33, and 0.559 * 0.32 respectively; Figure 2
and Table 1).

4.6. Transmission Electron Microscopy

A total of nine representative MRSA isolates (includ-
ing three VSSA, three hVISA, and three VISA) underwent
a morphometric study using transmission electron mi-
croscopy. The mean =+ SDs of cell wall thickness of the 30
cells from each isolate are presented in Figure 3. The stu-
dent’s t-test demonstrated that the cell wall thicknesses
of hVISA and VISA isolates increased to be statistically sig-
nificant for all samples (P < 0.001).

Figure 2. Urease Activity of Vancomycin-Susceptible (VSSA) and Vanco-
mycin-Non-Susceptible Isolates (hVISA and VISA)

10
0.9
0.8
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0.6

0.5 ]
0.4 ]
0.3—
0.2—-
0.1—-
0.0—-

oD 560

VSSA hVISA

Each bar represents the mean OD values with error bars showing 95%
confidence intervals of 51 VSSA; 34 hVISA and 45 VISA isolates were from
triplicate determination of the urease assay.

Figure 3. Transmission Electron Micrographs of Parent Vancomycin-Susceptible Isolates: VS-18, VS-57,VS-79, and Their Induced Heterogeneous Vancomy-
cin-Intermediate (hVISA): hVI-18, hVI-57, hVI-79, and Induced Vancomycin-Intermediate Isolates (VISA): VI-18, VI-57, VI-79

| —
| .
G.
[
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The given values under each image represent the mean and SD of the cell wall thicknesses of 30 cells in nm: A, VS-18; B, Hvi-18; C, VI-18; D, VS-57; E, Hvi-57;
F, VI-57; G, VS-79; H, Hvi-79; and I, VI-79. The mean and SD of the cell wall thicknesses of 30 cells in nm of each part: A, 30.57 £ 4.79; B, 34.16 £ 5.42; C, 46.44 £
6.69;D,36.48 +4.17; E, 40.50 £ 6.01; F, 45.16 £ 5.44; G, 37.79 £ 5.56; H, 41.15 £ 4.54; ], 46.95 £ 5.57.
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5. Discussion

Staphylococcus aureus with reduced susceptibility to van-
comycin, including hVISA and VISA, mostly arises from
MRSA. Previous studies have suggested that S. aureus iso-
lates with reduced vancomycin susceptibility were more
likely to harbor SCCmec II, which had been associated
with increased mortality (22). Most of the MRSA isolates
in this study were of the genotype SCCmec Ill-agr I, which
has also been the most dominant nosocomial MRSA iso-
late in south-east Asia (23). However, diverse genotypes of
MRSA isolates were able to be induced to hVISA and VISA.
Likewise, the natural hVISA isolates from patients were
of several genotypes: SCCmec Ill-agr I, SCCmec ll-agr 1I,
and SCCmec Il-agr II. It has been reported that the S. au-
reus of all agr groups could develop to become VISA. In
addition, when hVISA or VISA developed from VSSA, there
was areduction in levels of agr expression in the resistant
isolates (24). The agr locus is a main quorum-sensing op-
eron which regulates cell-to-cell signaling and also coor-
dinates the expression of S. aureus virulence genes.

In this study, agr functions were primarily examined by
colony-spreading assay which revealed that 55.6% of VISA
and 41.2% of hVISA isolates displayed colony non-spreading,
compared to 30% of VSSA isolates. In addition, other stud-
ies have demonstrated that 58% and 86.8% of hVISA strains
had lost their agr function, which were higher percentages
than those of the VSSA strains that had done so (11, 25). The
colony-spreading of S. aureus is one of the bacterial viru-
lence factors which require an interaction between the cell
wall teichoic acids and the water in a soft agar surface (19).
It was an agr-dependent expression (20), which might con-
tribute to a synthesis of some of the molecules required for
colony-spreading (26). The mechanism responsible for the
reduced level of agr expression in these isolates, however,
remains unclear; although S. aureus with reduced vanco-
mycin susceptibility tended to lose agr function (10).

Park et al. reported a point mutation in the agr gene of
some VISA strains, whereas the RNAIII levels of all VISA
strains showed a marked decline when compared with the
VSSA strains (27). This implied that there are several path-
ways that result in agr dysfunction. Coagulase production
is another virulence factor whose function may be regulat-
ed by the agr operon; it is an important property used for
routine identification of S. aureus. Decreases in coagulase
activity in S. aureus with reduced glycopeptide susceptibil-
ity, however, can lead to misidentification (9). In this study,
the hVISA and VISA strains demonstrated that they took
longer to form clots than the VSSA strains. In addition, 11.8%
of hVISA and 22.2% of VISA isolates showed no clot forma-
tion after 24-hour incubation. This may be due to the low
expression of the agr gene or decreasing enzyme activity
as a result of bacterial cell wall thickness (28). The thicker
cell wall is presumed to have acted as a barrier, preventing
the diffusion of vancomycin in cytoplasmic membrane
through its active site (16). The essential prolonged time
for coagulase in vancomycin-non-susceptible strains was

consistent with an increase in PBP2 production (9).

At present, there is no simple screening technique or mo-
lecular-based testing for the detection of hVISA strains (1).
The PAP-AUC method is generally considered the gold stan-
dard for confirmation of hVISA strains, albeit impractical
for routine use. We therefore tested the potential of urease
testing to identify hVISA and VISA strains in routine labora-
tory checks. S. aureus is particularly capable of using urea
as a source of nitrogen for its growth. It produces urease,
which hydrolyzes urea into ammonia and carbon dioxide
(29). Interestingly, we found that the urease activity of VISA
strains was different from that of hVISA and VSSA strains.
This, however, is a preliminary study and additional sample
sizes should be investigated in order to develop a practical
screening method. If the bacteria could release a strongly
alkaline agent such as ammonia, this may cause tissue
damage or persistent infection (29). Therefore, reducing
vancomycin susceptibility in S. aureus isolates may be a
cause of poor outcomes, longer antibiotic treatment peri-
ods, treatment failure, and prolonged hospitalization (30).

Currently, the mechanism of low-level vancomycin re-
sistance in S. aureus is not fully understood (1). The hy-
pothesis for the resistance mechanism is that cell wall
thickening prevents the diffusion of vancomycin (16).
Our study supports this concept, as we observed that the
hVISA and VISA strains had thicker cell walls than their
parent VSSA strains. Cui et al. used mathematical model-
ing and suggested that cell wall thickening of hVISA and
VISA resulted in a clogging phenomenon, which is an
important resistance mechanism (31). Interestingly, the
thickened cell wall appears to be a predominant feature,
besides the increased production of abnormal muropep-
tides (8), overexpression of PBP2 and PBP2a (9), increase
in D-alanyl-D-alanine residues, and reduction of peptido-
glycan cross-linking (10). Cell wall biosynthesis pathways
are disordered as a result of several mutations, leading to
a loss of key enzyme functions (32). These relative char-
acteristics make for interesting topics for further study,
in order to elucidate the intrinsic resistant mechanisms.

In conclusion, reduced vancomycin susceptibility in S.
aureus demonstrates several different phenotypic and
biological changes, which may make identification dif-
ficult or result in misidentification of the isolates, lead-
ing to an underestimated prevalence. The current study
suggests that the phenotypic changes in S. aureus with
reduced vancomycin susceptibility are important and
should be taken seriously.
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