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Understanding the relatedness of strains within a bacterial species is essential for monitoring reservoirs of
antimicrobial resistance and for epidemiological studies. Pulsed-field gel electrophoresis (PFGE), ribotyping,
and multilocus sequence typing are commonly used for this purpose. However, these techniques are either
nonquantitative or provide only a limited estimation of strain relatedness. Moreover, they cannot extensively
define the genes that constitute an organism. In the present study, 21 oxacillin-resistant Staphylococcus aureus
(ORSA) isolates, representing eight major ORSA lineages, and each of the seven strains for which the complete
genomic sequence is publicly available were genotyped using a novel GeneChip-based approach. Strains were
also subjected to PFGE and ribotyping analysis. GeneChip results provided a higher level of discrimination
among isolates than either ribotyping or PFGE, although strain clustering was similar among the three
techniques. In addition, GeneChip signal intensity cutoff values were empirically determined to provide
extensive data on the genetic composition of each isolate analyzed. Using this technology it was shown that
strains could be examined for each element represented on the GeneChip, including virulence factors, anti-
microbial resistance determinants, and agr type. These results were validated by PCR, growth on selective
media, and detailed in silico analysis of each of the sequenced genomes. Collectively, this work demonstrates
that GeneChips provide extensive genotyping information for S. aureus strains and may play a major role in
epidemiological studies in the future where correlating genes with particular disease phenotypes is critical.

Monitoring the acquisition and maintenance of genes within
bacterial populations is an essential component of understand-
ing the epidemiology of emerging infectious diseases. Accord-
ingly, much effort has been devoted toward developing meth-
ods to delineate the relatedness of Staphylococcus aureus
strains that are circulating within both health care institutions
and community settings.

The techniques that are currently used for strain surveillance
include spa typing, ribotyping, pulsed-field gel electrophoresis
(PFGE), and multilocus sequence typing (MLST) (2, 3, 8, 20).
Although these methods have proven valuable in monitoring
strain relatedness, none extensively defines the genes that con-
stitute the organism(s) under investigation. Further evaluation
of the genes of interest within an individual isolate can be
accomplished by PCR amplification of the particular loci of
interest followed by restriction enzyme analysis or sequencing.
Vandenesch and colleagues recently combined PFGE, MLST,
and PCR for 24 individual virulence genes in a study that was
designed to examine the relatedness and genetic composition
of 117 community-associated oxacillin-resistant S. aureus (CO-
ORSA) isolates from several countries (22). The study dem-
onstrated that despite geographic origin or relatedness of the
strains, all CO-ORSA isolates contained the Panton-Valentine
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leukocidin virulence factor locus. Other virulence factors that
were analyzed were not detected within all strains. It is likely
that additional genes, which were not subjected to PCR anal-
ysis in that study, are also conserved across all CO-ORSA
isolates and may play a direct role in the prevalence of these
strains within the community.

Recently, Musser and colleagues used a more comprehen-
sive approach to evaluate the relatedness and genomic com-
position of 36 S. aureus clinical isolates (9). Using a DNA
microarray constructed from the genomic sequence of the S.
aureus COL strain, a comparison was made among the hybrid-
ization patterns of genomic DNA isolated from each isolate.
The study identified genomic elements that were present in
COL but absent from the strains of interest. Inferences could
also be made regarding the relatedness of strains analyzed
which, although not extensively evaluated, generally correlated
well with more-established methods of determining genetic
relationships, such as multilocus enzyme electrophoresis. How-
ever, the study was limited to comparing strains of interest with
respect to COL open reading frames (ORFs) represented on
the microarrays used. As a result, genes that were present
within clinical isolates but that were not contained within the
COL DNA sequence could not be identified, despite their
potential importance in pathogenesis. In addition, many well-
studied genes are not present in COL and could not be ana-
lyzed, including collagen adhesin (cna), epidermal cell differ-
entiation inhibitor (edin), exfoliative toxins A and B (efa and
etb), staphylokinase (sak), Panton-Valentine leukotoxin (luk-
PV), and toxic shock syndrome toxin (tst). Similarly, all anti-
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microbial resistance determinants (except tetracycline resis-
tance), loci for heavy metal resistance, non-type 5 capsule
biosynthesis genes, and 27 enterotoxin and exotoxin genes, as
well as 315 hypothetical genes from the genomes of S. aureus
strain N315 or Mu50, or individual GenBank records could not
be interrogated by the microarray used.

In the present study, we have used an Affymetrix GeneChip
that represents predicted ORFs from six genetically divergent
S. aureus strains and novel GenBank entries to analyze the
relatedness of 21 ORSA isolates and each of the strains for
which genomic sequencing information is currently available.
The 21 isolates represent strains of eight U.S. oxacillin- and
methicillin-resistant lineages (15). We compared these results
with ribotyping and PFGE results and found that the Gene-
Chip typing method used was more discriminative than con-
ventional approaches. In addition, we established parameters
that predict whether individual genes are present within a
given strain. These parameters have been validated by PCR
analysis, growth on selective media, and DNA sequence anal-
ysis. Collectively, these results demonstrate that GeneChips
provide an extensive discriminative genotyping procedure and
simultaneously provide the ability to identify specific loci that
are present or absent within an S. aureus strain.

MATERIALS AND METHODS

Sources of sequence and ORF predictions for design of the Saur2a array.
Genomic sequences and ORF predictions for the S. aureus N315 and Mu50
published genomes were obtained from GenBank. Unpublished genomic se-
quences for MRSA252 (complete) and MSSA476 (incomplete) were obtained
from the Wellcome Trust Sanger Institute (http://www.sanger.ac.uk). The unfin-
ished S. aureus NCTC 8325 sequence was obtained from the University of
Oklahoma Advanced Center for Genome Technology (http://www.genome.ou
.edu). S. aureus COL genomic sequence and ORF predictions were obtained
from The Institute for Genomic Research (http://www.tigr.org). Additional an-
notated S. aureus records were retrieved from GenBank coding regions.
Genomic fragments of the unfinished genomes from strains NCTC 8325 and
MSSA476 were approximately ordered and oriented by comparison with the
N315 and COL genomes. Prior to running ORF prediction algorithms, the
sequence CTAACTAATTAG, which contains translation stop codons in all six
reading frames, was placed at the 3’ end of each fragment, so that ORF predic-
tions could be run on the entire sequence without the possibility of predicted
genes crossing fragments. For all six genomes, Glimmer 2.02 (5) and GeneMark
(10) were used to predict ORFs. Glimmer was performed with default parame-
ters, except that a minimum ORF size of 75 nucleotides was set and start codons
ATG, TTG, CTG, and GTG were allowed. Ribosomal binding site location was
used to guide the placement of the translation start site (-f option). GeneMark
1.42a was performed with default parameters with the gene model saureus_4.mat
(http://opal.biology.gatech.edu/GeneMark/download/saureus_4.mat).

Several well-conserved genes were divided into three segments so that 5'/3’
signal ratios could be tracked (SA0014[rplI], SA0352[rpsF], SA0459 [mplY],
SA0506[tuf], SA0578[conserved hypothetical], SA0600[conserved hypothetical],
SA1129[conserved hypothetical], SA1334[proC], SA1456[aspS], and SA1682
[conserved hypothetical]). Several very large genes encoding surface proteins
were divided into 5,000-bp segments (SA0173 and homologs in other strains
[gramicidin S synthetase], SA1267 and homologs [ebhA], SA1964 and homologs
[fmtB], COL-SA0379 [bacteriophage L54a peptidase], COLSA1472 and ho-
mologs [putative pathogenicity protein], COL-SA2676 [LPXTG surface protein],
and biofilm-associated protein [bap]). Genes known to contain constant and
variable domains, such as agrB and agrC, were separated into individual domains.

Clustering. The ORFS were clustered to identify homologs among the indi-
vidual strains by using the CAT 4.5 (clustering and alignment tool) software from
DoubleTwist (4). To maximize both the discriminatory power of the array and
the number of unique probe sets representing each qualifier, the sequence
identity threshold for inclusion in an alignment was set at 97%. Each resulting
cluster contained a set of highly similar ORFs that were aligned to derive
consensus sequences. The clusters were manually curated to correct any obvious
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errors, such as those in which two adjacent genes merged into a single cluster as
a result of a read-through error in a sequence record.

Intergenic regions and probe selection. Intergenic sequences of >50 bases in
length were extracted from the N315 genome by using the published ORF
coordinates. Any portion of an intergenic region with >90% identity to an ORF
in another genome or in the N315 Glimmer ORF set was excised. Intergenic
sequences (both strands) were clustered separately from ORFs. The ORF and
intergenic sequences were submitted to Affymetrix (Santa Clara, Calif.) for
probe selection. Thirty-four probe pairs were requested for each ORF, and 15
were requested for each intergenic region. The final array contained 7,792 S.
aureus qualifiers recognizing 4,380 ORFS, 3,343 intergenic regions, and 69 ex-
ogenous control probe sets.

DNA isolation and labeling. S. aureus strains were grown overnight in brain
heart infusion medium in ambient air at 37°C with vigorous aeration. For chro-
mosomal isolation, 1.5 ml of an overnight culture was placed in a 1.5-ml Eppen-
dorf tube and was centrifuged for 5 min at 4°C at high speed in a table-top
centrifuge. Supernatants were discarded, and cell pellets were resuspended in an
equal volume of ice-cold TE buffer (10 mM Tris, 1 mM EDTA; pH 8.0).
Suspensions were then placed in 2-ml lysing matrix tubes (Bio 101, Vista, Calif.).
Cells were lysed by shaking in an FP120 reciprocating shaker (Bio 101) two times
at 6,000 rpm for 20 s, and cell debris was pelleted by centrifugation at high speed
in a table-top centrifuge for 10 min. Chromosomal and plasmid DNA was then
purified from the supernatant on a Qiagen DNA tissue easy column (Valencia,
Calif.), following the manufacturer’s recommendations for bacterial DNA puri-
fication. Two micrograms of purified DNA was subjected to electrophoresis on a
0.8% native agarose gel to assess DNA integrity. For DNA labeling, 5 pg of
purified DNA was incubated at 90°C for 3 min and then plunged into an ice bath,
followed by standard DNA fragmentation and labeling procedures according to
the manufacturer’s (Affymetrix Inc.) instructions for labeling mRNA for anti-
sense prokaryotic arrays. A 1.5-ug aliquot of labeled DNA was hybridized to a
GeneChip and was processed as per the manufacturer’s protocol for GeneChip
hybridization and washing. GeneChips were scanned as previously described (7).
Signal intensities for elements tiled onto each GeneChip were normalized to
account for loading errors and differences in labeling efficiencies by dividing each
signal intensity by the mean signal intensity for an individual GeneChip. Results
were analyzed using GeneSpring version 6.1 (Silicon Genetics) and Spotfire
version 7.0.

PCRs. All PCR assays were performed using Invitrogen’s platinum PCR Su-
permix kits (Carlsbad, Calif.), following the manufacturer’s recommendations.
Amplification of the cna gene was accomplished using the primers 5'-ACTGG
ACACATACGTGGACAGGATT and 5'-TTTTCCTGTTGCTTTTCCATCT
TGA. Primers for PCR amplification of the srz4 gene included 5'-AGCAGCA
AGCTAAACCTCAAATTCC and 5'-AAGATTTTACGTTTTTCCCAAAC
GC. PCR amplification and typing of the agr locus was accomplished following
the procedure described in reference 14.

Ribotyping and PFGE. Strains were subjected to PFGE as previously de-
scribed (15). Ribotyping was performed using the RiboPrinter system (Qualicon,
Wilmington, Del.) according to the manufacturer’s instructions. Each strain was
analyzed using two restriction enzymes, EcoRI and Pvull. Computer-generated
riboprints for each strain were assigned to an EcoRI or Pvull ribogroup by the
software and then visually inspected for correct assignment into ribogroups.
Individual ribotypes were assigned to a strain based on identity of ribogroups for
both restriction enzymes.

RESULTS

The availability of six S. aureus genomic sequences allowed
the development of a second-generation Affymetrix GeneChip
that was designed to monitor a more expansive repertoire of
S. aureus loci than previously measurable by microarrays.
Based on these sequences, an Affymetrix GeneChip (Saur2a)
was developed that represents (i) consensus sequences for
genes that are conserved in all strains analyzed, (ii) alleles,
which we have defined as any gene that contains less than 97%
nucleotide identity to another gene, (iii) genes that are unique
to an individual strain, (iv) unique GenBank entries, and (v)
N315 intergenic regions that are greater than 50 nucleotides in
length. In the present study we used this GeneChip to develop
a method to monitor strain relatedness and genetic composi-
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TABLE 1. Analysis of sequenced S. aureus strains

Straine Predicted  Called Called Incorrectly
train b . marginal called
present present” or absent? present’
COL (laboratory 1) 5,335 5,330 5 ND
COL (laboratory 2) 5,335 5,330 5 ND
COL (laboratory 3) 5,335 5,330 5 1,207
COL (repository) 5,335 5,084 251 ND
COL (type 1) 5,335 5,329 6 ND
COL (type 2) 5,335 5,105 239 ND
MRSA252 4,397 4,387 10 1,838
MSSA476 5,242 5,236 6 1,277
Mu50 6,412 6,407 5 464
MW2 5,208 5,202 6 1,268
N315 6,339 6,331 8 424
NCTC 8325 5,366 5,359 7 1,102

“ Sequenced S. aureus strains, with the source referenced in parentheses.

> Number of genes expected to be present based on DNA sequence.

¢ Number of genes determined to be present (called present) by GeneChip
Microarray Suite 5.0 analysis.

4 Number of genes determined to be not present by microarray analysis.

¢ Number of qualifiers that were not contained within the genomic sequence of
a given sequenced strain but were incorrectly identified to be present based on
Affymetrix algorithms. ND, not determined.

tion of each of the sequenced S. aureus strains and 21 clinical
isolates.

Analysis of sequenced strains. Prior to using the Saur2a
array to evaluate the genetic composition and relatedness of
clinical isolates, we determined the accuracy with which the
array monitored the genes that constitute each of the six strains
that were used in its development. We also analyzed S. aureus
strain MW2, whose sequence was published after Saur2a was
developed (1). An initial analysis was performed using Af-
fymetrix Microarray Suite 5.0 algorithms, which provide detec-
tion calls (present, absent, or marginal) for RNA transcripts.
Although these algorithms have been optimized for RNA anal-
ysis, they initially served to analyze DNA purified from each of
the sequenced strains. DNA from each strain was labeled and
hybridized to a Saur2a array. The signal intensity for each
qualifier (predicted ORF or intergenic region) was measured.
Aftymetrix algorithms determined a detection call for each
qualifier. Results are shown in Table 1.

For the sequenced strains, a qualifier was expected to be
present if at least 70% of the qualifier’s perfect-match oligo-
nucleotides were contained within the genome being analyzed.
The 70% matching requirement is one of the criteria Af-
fymetrix software requires for an RNA transcript to be con-
sidered present. For each of the seven strains tested, there
were between 5 and 10 discrepancies between the expected and
actual present-detection calls, resulting in a 0.1 to 0.2% error
rate. Despite this low error rate, there were two immediate
concerns with the data. Firstly, 251 genes (4.7%) that were
expected to be present in strain COL [COL (repository)] were
determined to be absent by Affymetrix algorithms, raising con-
cern either that (i) the GeneChip was not properly con-
structed, (ii) the Affymetrix approach used to make present or
absent calls was not appropriate for DNA samples on Saur2a
GeneChips; and/or (iii) the strain analyzed was not the se-
quenced COL strain. Secondly, the false-positive error rate
(genes that were known to be absent but incorrectly deter-
mined to be present) was between 5.0 and 23.5% for each of
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the sequenced strains. This latter issue is addressed in more
detail in subsequent sections.

The COL strain used was obtained from a publicly available
strain repository. Upon further investigation, the strain pro-
duced two colony morphologies following extended incubation
on nutrient-rich agar plates. Each colony type was purified and
was subjected to microarray analysis (Table 1). One colony
type (COL type 1) demonstrated an error rate of 0.1%, was
resistant to tetracycline, and matched the profiles of COL
strains obtained from three independent laboratories. The sec-
ond colony type (COL type 2) demonstrated an error rate of
4.5% and was tetracycline susceptible. These results suggested
that the initial strain analyzed was contaminated with at least
one additional S. aureus strain, which was likely to be the cause
of major discrepancies between the expected and observed
results. Scientists at the strain stock center confirmed that the
repository stock was contaminated with another S. aureus
strain. (The strain stock center subsequently notified investi-
gators to whom contaminated stocks had been shipped.)

Although Affymetrix algorithms accurately detected genes
known to constitute each of the strains under investigation,
between 424 and 1,838 other genes were erroneously identified
to be present in each strain (Table 1). Based on sequencing
data, these genes were known to be missing from the genomic
sequence of a given strain but were called present by Af-
fymetrix standards. This finding indicated that Affymetrix al-
gorithms tended to overestimate the number of genes that
were present within a DNA sample. As a result, we set out to
redefine parameters that would allow more accurate call de-
terminations to be made for all genes of an organism under
investigation.

Calculating present and absent call determination values.
The goal was to evaluate each sequenced strain independently
and empirically identify signal intensity cutoff values to define
whether a gene was present or absent within a given strain. A
present call cutoff value was set so that 90% of the qualifiers
known to be present in a given strain would have signal inten-
sities above the designated value. Similarly, a second cutoff was
to be defined so that 90% of the qualifiers expected to be
absent would have signal intensities below this value.

The initial step in defining the appropriate cutoff values was
identifying all the genes expected to be present in a given
sequenced strain by using the 70% matching requirement de-
scribed above. Next, GeneChip data for that strain were nor-
malized to account for differences in labeling efficiencies. Nor-
malization was accomplished by dividing the log-transformed
raw signal intensity of each qualifier by the mean signal for the
entire chip. For each strain, the distribution of the normalized
values for the qualifiers expected to be present was examined,
and the cutoff value that defined 90% of the signals was de-
termined. This value was termed the adjusted present call
determination value. Similarly, an adjusted absent call deter-
mination value was calculated based on the distribution of
normalized signal values for the qualifiers expected to be ab-
sent. Qualifiers demonstrating intermediate signal intensities
(between the absent and present call determinates) were con-
sidered undeterminable. The distribution of expected present
and absent qualifiers for strain NCTC 8325 is shown in Fig. 1.
All other sequenced strains demonstrated a similar distribu-
tion (results not shown).
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qualifiers with <70% perfect-match probe matches to strain NCTC 8325 chromosomal DNA. Dark grey indicates qualifiers with =70%

perfect-match probe matches to the strain NCTC 8325 genome.

Adjusted present and absent call determination values were
0.894 £ 0.01 and 0.981 = 0.01, respectively, for all sequenced
strains. As shown in Table 2, based on these call determination
values an average of 80.8% qualifiers known to be present
within a strain were correctly identified, 10% were incorrectly
called absent, and 9.9% were undeterminable. A total of 84.6%
of the qualifiers that were known to be absent from a strain
were correctly called absent, 10% were incorrectly called
present, and 5.7% were undeterminable. In each case, inter-
genic regions accounted for the majority of the erroneous call
determinations. For instance, a total of 774 qualifiers were
incorrectly determined to be present or absent based on ad-
justed call determination values for strain NCTC 8325. Of
these 774 erroneous calls, 637 (82%) were intergenic regions
(data not shown). As a result, 96.9% of the 4,380 ORFs rep-

resented on the Saur2a array were correctly determined for
strain NCTC 8325 by using adjusted call determinations. Sim-
ilar values were observed for all other sequenced strains. Anal-
yses with cutoff values other than 90% and with the exclusion
of intergenic regions were also examined but were less accu-
rate in predicting the presence or absence of genes within
sequenced strains (data not shown).

Despite their strain divergence (described below), present
and absent call determination values were very similar for each
of the seven sequenced strains. These adjusted values ap-
peared to accurately predict the presence or absence of ~6,000
qualifiers for each strain. To test the reproducibility of the
adjusted call determination method, DNA isolation, Gene-
Chip hybridization, and analysis of the adjusted detection calls
were repeated for strains COL (two times) and Mu50 (one

TABLE 2. Adjusted call determinations for sequenced S. aureus strains

No. of qualifiers

Strain <0.70 fraction matched” =().70 fraction matched®
Absent No call Present Absent No call Present
COL (laboratory 1) 1,973 (82.6) 176 (7.4) 239 (10.0) 534 (10.0) 693 (13.0) 4,108 (77.0)
COL (laboratory 2) 1,970 (82.5) 179 (7.5) 239 (10.0) 534 (10.0) 598 (11.2) 4,203 (78.8)
COL (laboratory 3) 1,956 (81.9) 193 (8.1) 239 (10.0) 534 (10.0) 745 (14.0) 4,056 (76.0)
COL (repository) 1,955 (81.9) 194 (8.1) 239 (5.0) 534 (10.0) 685 (12.8) 4,116 (77.2)
MRSA252 2,713 (81.6) 280 (8.4) 333 (10.0) 440 (10.0) 467 (10.6) 3,490 (79.4)
MSSA476 2,034 (82.0) 198 (8.0) 249 (10.0) 525 (10.0) 745 (14.2) 3,972 (75.8)
Mu50 1,185 (90.4) 0(0.0) 126 (9.6) 574 (9.0) 0(0.0) 5,838 (91.1)
MW2 2,023 (80.4) 239 (9.5) 253 (10.1) 522 (10.0) 1,025 (19.7) 3,661 (70.3)
N315 1,264 (91.3) 0(0.0) 120 (8.7) 442 (7.0) 0(0.0) 5,897 (93.0)
NCTC 8325 1,896 (80.4) 225 (9.6) 236 (10.0) 538 (10.0) 937 (17.5) 3,891 (72.5)

“ Adjusted call determinations-for Saur2a qualifiers containing =70% or <70% perfect-match probe sets to chromosomal sequences of each sequenced strain.
b Values are numbers of qualifiers that would actually be determined to be absent, undeterminable, or present based on strain-specific adjusted call cutoffs. Values

in parentheses are percentages.

¢ The <0.70 fraction included an analysis of all qualifiers that contained less than 70% perfect-match probe sets to chromosomal DNA for each sequenced strain.
@ A similar analysis was performed for qualifiers with =70% perfect-match probe sets that represent a gene within each sequenced strain.
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TABLE 3. Comparison of Affymetrix, adjusted present calls,
and PCR detection for sequenced and clinical isolates

srtA cna agr type

Raw Adjusted PCR Raw Adjusted PCR Raw Adjusted PCR

Strain

CDC 1 +
CDC 2 +
CDC 3 +
CDC 4 +
CDC 5 +
CDC 6 +
CDC 7 +
CDC 8 +
CDC 9 +
CDC 10 +
CDC 11 +
CDC 12 +
CDC 13 +
CDC 14 +
CDC 15 +
CDC 16 +
+
+
+
+
+
+
+
+
+
+
+
+
+
+

R

CDC 17
CDC 18
CDC 19
CDC 20
CDC 21
COL (lab 1)
COL (lab 2)
COL (lab 3)
MRSA252
MSSA476
Mu50

MW2

N315
NCTC 8325

or 4
or 4

I+ 1+ + 1
I+ 1+ + 1

—
|
el S I S TN OSSR RO NS I NS SN SN LUV I VS R U B U RO R O B e e

kT R e S A
R T e i e i e i i I A A e e o
— 0 LMD LW om0 LR R — L)L LWL LWL, e
o BV B S IR US IS B S USRS I NS I S SR USRS SRS IR S SR US B USROS B e e

L d 1+ 1+
T

or 4

“ Genes were present (+) or absent (—) based on Affymetrix algorithms (raw),
adjusted call determinations, and PCR detection. agr type determinations are
also shown (1 to 4).

time). As expected, an average of 6,410 qualifiers (83.2%) were
accurately determined, and 736 qualifiers (9.5%) were incor-
rectly identified as present or absent (data not shown). These
results suggested that the adjusted determination calls allowed
for reproducible results among a diverse strain set.

The accuracy of the adjusted call method was analyzed in a
number of ways. First, comparisons were made between the
Affymetrix and adjusted call determinations for 315 genes that

COL CDC20 N315
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are known to be missing from COL but represented on the
Saur2a array (data not shown). COL strains from three inde-
pendent laboratories were analyzed. Affymetrix software erro-
neously identified between 28 and 46 genes to be present in the
three strains (8.8 to 14.6% false-positive rate), whereas 10 to
15 genes (3.0 to 4.7%) were undeterminable. In contrast, ad-
justed present call determinations indicated that one gene was
incorrectly identified to be present in each sample (0.3% false-
positive rate) and either none or one gene (<0.3%) was con-
sidered undetermined for each replicate. Comparisons of
genes that are known to be present in COL and represented on
the array demonstrated a slight advantage to using Affymetrix
algorithms (0.1% false-negative rate) compared to adjusted
call values (1.2% false-negative rate). To further evaluate the
two processes, GeneChip analysis was performed on 21 clinical
isolates that were obtained from the Centers for Disease Con-
trol and Prevention (CDC), using both Affymetrix and ad-
justed present and absent call determination values of 0.894
and 0.981, respectively.

Table 3 compares Affymetrix and adjusted call determina-
tions for the genes encoding collagen adhesion (cna) and sor-
tase (srtA) virulence factors. Both Affymetrix and adjusted call
determinations indicated that the gene encoding sortase (srtA)
was present in every strain analyzed. These results were vali-
dated by PCR detection. However, discrepancies were ob-
served between the two detection methods when analyzing the
gene encoding collagen adhesion. Affymetrix algorithms deter-
mined that cna is present in both isolate 20 and the sequenced
strain Mu50. cna was also considered present in two of three
COL samples tested, and it was undeterminable in the third
sample (laboratory 3) and also in strain N315. In contrast,
adjusted call determination parameters indicated that cna was
absent in each of these strains (isolate 20, Mu50, N315, and
each of the COL samples). In each case, PCR analysis, as well
as sequence analysis of Mu50, N315, and COL demonstrated
that the adjusted determinations were correct and that cna is
not present in these strains, further validating the accuracy of
the methodology (Table 3; Fig. 2A).

Next, the two procedures were used to evaluate allelic dif-
ferences between strains. The agr locus encodes members of a
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FIG. 2. PCR detection of cna, srtA, and agr type. PCR analysis was performed for cna and srtA4 and to distinguish agr alleles for all strains in
this study. In each case, PCR results validated adjusted call predictions. (A) PCR detection of srt4 (S) and cna (C) for several strains in which there
were discrepancies between Affymetrix and adjusted call determinations. Positive (MRSA252) and negative (COL, laboratory 1) control strains are
also shown. (B) Multiplex PCR detection of S. aureus agr alleles, as described in reference 14. CDC strains tested are indicated across the top. M,

molecular marker; C1 to C4, controls for agr types 1 to 4, respectively.
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FIG. 3. GeneChip-based genotyping. (A) Saur2a-derived dendrogram (top) with heat map (beneath) for all qualifiers that were analyzed in
each strain. The dendrogram illustrates the relatedness of each strain based on the signal intensity of each qualifier across all strains. Within the
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two-component regulatory system that, in part, modulates vir-
ulence factor expression in S. aureus. Ji et al. demonstrated
that polymorphisms within the locus define at least four agr
groups (12). Because the Saur2a contains alleles of the genes
constituting the agr locus, we investigated the accuracy of the
microarray for determining agr types. Although Affymetrix al-
gorithms provided ambiguous results for three of the strains
analyzed, applying adjusted determination values resulted in
accurate agr typing of each strain, as confirmed by PCR anal-
ysis (Table 3; Fig. 2B).

Use of GeneChips to monitor strain relatedness. In addition
to simultaneously providing an ability to obtain gene-by-gene
information for a strain under investigation, the relatedness of
each strain analyzed could also be determined with Saur2a.
This was accomplished by using hierarchical clustering to de-
velop a dendrogram that compared the normalized signal in-
tensity of each qualifier for a given strain to the signal intensity
of the same qualifier across all strains analyzed (Fig. 3A).
Using this approach, strains that have similar signal intensities
for all qualifiers are positioned closer together on the dendro-
gram than strains with divergent genomic compositions (dif-
fering signal intensities for the same qualifiers).

The data were validated by several observations. First, as
shown in Fig. 3A, strains 1, 10 and 13 (both are the same
strain), COL, and Mu50 were independently tested multiple
times, and replicates were considered more closely related than
other strains analyzed. Isolates 10 and 13 are the same strain; they
were included twice to serve as a control for this analysis. Second,
in silico comparisons demonstrated that, among sequenced
strains, (i) MW?2 is most closely related to MSSA476, (ii) Mu50 is
closely related to N315 and moderately related to MRSA252, and
(iii) COL is closely related to NCTC 8325. Each of these rela-
tionships was detected in the dendrogram (Fig. 3A). Finally, both
ribotyping and PFGE clustering nicely agreed with the dendro-
gram derived from the GeneChip data (Table 4).

Despite the similarity between the three genotyping ap-
proaches, GeneChip results appeared to be the most discrim-
inative. For instance, ribotyping data indicated that seven
strains fit into ribogroup XII and eight strains belonged to
ribogroup XI. As shown in Table 4, both PFGE and Saur2a-
based typing further distinguished members of each ribogroup
into subgroups. In the case of ribogroup XII, PFGE and Gene-
Chip analysis further distinguished strains into identical sub-
groups. However, five strains from ribogroup XI were consid-
ered identical by PFGE (isolates 8, 9, 10, 12, and 13) but were
further distinguished as three separate strains by Saur2a (Ta-
ble 4; Fig. 3A and B). To determine which typing method
provided more accurate results, adjusted call determinations
were compared for all qualifiers across these five strains. As
shown in Fig. 3B, 36 genes including the antimicrobial resis-
tance determinants ermA, bleO, and aadA were considered to
be present in strains 10 and 13 but absent from strains 9, 12,
and 8. To determine if these GeneChip predictions were cor-
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TABLE 4. Ribotyping, GeneChip, and PFGE genotyping results

Genotyping result’

Strain

GeneChip Ribotype PFGE
CDC 1 1.1 XII USA300 (0.0114)
CDC 3 1.1 XII USA300 (0.0114)
CDC 4 1.1 XII USA300 (0.0114)
CDC 6 1.1 XII USA300 (0.0114)
CDC 5 1.1 XII USA300 (0.0114)
CDC 2 12 XII USA300 (0.0114)
CDC 19 1.3 XII USAS00 TYPE (0.0004)
NCTC 8325 1.4 XIII ND
COL (lab 1) 1.5 IX ND
COL (lab 2) 1.5 ND ND
COL (repository 1) 1.5 ND ND
COL (lab 3) 1.5 ND ND
CDC 10 2.1 XI USA400 (0.0051)
CDC 13 2.1 XI USA400 (0.0051)
CDC 12 2.2 XI USA400 (0.0051)
CDC 9 2.2 XI USA400 (0.0051)
MW2 23 XI ND
CDC 7 2.4 v USA400 (0.0199)
CDC 8 2.5 XI USA400 (0.0051)
CDC 14 2.6 X USA400 (0.0172)
MSSA476 2.7 XI ND
CDC 11 2.8 XI USA400 (0.0080)
CDC 21 2.9 VI USA700 TYPE (0.0097)
CDC 16 3.1 \% USA100/800
N315 32 ND ND
COL (repository 2) 33 ND ND
CDC 20 3.4 II USA600 TYPE
CDC 17 35 vl USA100-B (0.0022)
Mu50 (1) 3.6 ND ND
Mu50 (2) 3.6 ND ND
CDC 15 4.1 111 USAG600 (0.0121)
CDC 18 4.2 VIII USA200 TYPE
MRSA252 43 I ND

“ Ribotyping, GeneChip, and PFGE results are shown for each strain. Strains
were observed to fit into four major clusters (1 to 4) by GeneChip analysis (Fig.
3A). Individual strains within each of these clusters were further distinguished.
For example, GeneChip profiles 2.2 and 2.3 are different strains within cluster
number 2. Strains with the same profile numbers are identical. Ribotyping results
distinguished strains as belonging to one of 12 different ribogroups (I to XII).
PFGE results demonstrated that strains belonged to eight different groups
(USA100 to USA800; 80% identity cutoff). Numbers in parentheses represent
the strain’s identification number. Strains with the same identification number
are considered identical. ND, not determined.

rect, strains were tested for growth on antibiotic-containing
agar plates. Strains 10 and 13 formed colonies on plates
containing kanamycin, whereas isolates 8, 9, and 12 did not,
confirming that the five strains are not identical in genetic
composition (Fig. 3C). In addition, adjusted detection call
predictions indicated that 31 genes were present in strains 9
and 12 but absent from strains 10 and 13 (data not shown).
Collectively, these results suggested that GeneChip-based geno-
typing was more discriminative than both ribotyping and PFGE.

DISCUSSION

We have previously reported results of studies that used a
first-generation S. aureus oligonucleotide array (7, 17, 21).

heat map, each qualifier (total, 7,723) is shown vertically for each strain. Red indicates a high signal intensity; green indicates a low signal intensity.
The order of qualifiers is identical for all strains. Scanning horizontally identifies qualifiers that have high signal intensity (red) in some strains but
low intensities (green) in others. (B) Dendrogram of CDC strains 10, 13, 12, 9, and 8, which were all considered to be identical strains by both
ribotyping and PFGE. The heat map illustrates 36 qualifiers (horizontally) that are considered present in strains 10 and 13 but absent in other
strains, based on adjusted call determinations. (C) Growth characteristics of CDC strains 10, 13, 12, 9, and 8 on kanamycin-containing agar plates.
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That array was based on an incomplete version of the S. aureus
strain COL DNA sequence and, as a result, could not evaluate
15% of the genes within the COL genome. Although the array
was adequate for use with strains closely related to COL,
publication of the completed S. aureus N315 and Mu50 ge-
nomes, combined with the availability of four additional ge-
nomes, provided strong motivation for developing a second-
generation microarray that could monitor a wider repertoire of
genes in divergent strains (13). In the present study, we have
used this S. aureus Affymetrix oligonucleotide array to deter-
mine the relatedness and genetic composition of a series of
S. aureus strains. In doing so, we developed an approach that
simultaneously evaluates relationships among strains and pro-
vides present or absent determinations for every gene that is
represented on the microarray.

This technology is expected to provide novel information
about S. aureus pathogenesis, antimicrobial resistance, and
vaccine tolerance. For example, studies such as those per-
formed by Vandenesch and colleagues that demonstrated that
the Panton-Valentine leukocidin virulence factor is present in
every CO-ORSA strain they tested can now be extended to
identify whether these genes are also present in health care
institution-associated strains. It is likely that such a study will
be helpful in defining whether a subset of genes can distinguish
community-associated from nosocomial ORSA strains. Defin-
ing the entire repertoire of genes that are conserved across
diverse CO-ORSA strains may also clarify how the proteins
that they encode influence the prevalence of ORSA within the
community.

Several genes have previously been linked to a particular
type of S. aureus infection, such as st with toxic shock syn-
drome and exofoliative toxins with scalded-skin syndrome. It is
anticipated that this technology will also provide the ability to
associate subsets of S. aureus genes with particular types of
infections. Moreover, because the GeneChip used contains
alleles of many genes, the potential exists to associate a par-
ticular phenotype with a gene allele. Studies evaluating agr
types have previously demonstrated that allelic types do influ-
ence pathogenesis and, thus, their identification is important
for epidemiological studies. Most clinical isolates are agr group
1. agr group 3 has been associated with community-associated
methicillin-resistant S. aureus, group 2 has been linked to in-
termediate glycopeptide resistance, and group 4 has been as-
sociated with exfoliative toxin-producing strains (6, 11, 16, 18,
19, 23). Because adjusted call predictions accurately deter-
mined the agr type of each strain analyzed in this study, it is
likely that this technology could be used to analyze the asso-
ciation of a specific agr type(s), and other genes or alleles, with
disease-causing strains.

Although the technology described herein globally evaluates
the genetic composition of an organism, there are currently
limitations to the GeneChip approach. Each qualifier contains
an average of 34 probes which collectively monitor the pres-
ence or absence of a qualifier. Due to the microarray design
stringency, in some instances probes are not distributed equally
across a gene. In addition, gaps exist between probes for most
genes represented on the GeneChip, and as a result not every
nucleotide of a coding sequence is interrogated. Therefore,
results should be considered an estimation of whether a par-
ticular gene is present or absent within a sample. The same
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limitation would occur with standard PCR-based microarrays,
which are less stringent and would erroneously consider a gene
to be present if a fragment of a gene or if homologous se-
quences hybridized to a qualifier. However, the stringency of
the GeneChip probe design provides an additional layer of
information that allows genes and promoter regions to be
monitored for point mutations and deletions (unpublished
data). It is unlikely that small deletions or point mutations
within a gene would easily be detected with PCR-based mi-
croarrays.

Because Saur2a arrays measure over 7,700 qualifiers, it is not
surprising that the array has considerable potential for assess-
ing strain relatedness. Importantly, the described approach was
robust enough to identify replicates of four very divergent
strains. This indicates that the technology can allow for one to
determine whether a group of similar strains under investiga-
tion are clonal or slightly divergent in genetic composition.
This distinction is a critical aspect of monitoring strain out-
breaks.

This technology is also likely to be powerful for analyzing the
acquisition of antimicrobial resistance determinants and may
provide a means to evaluate whether other genetic determi-
nants confer a predisposition, or contribute to, the develop-
ment of resistance. McDougal and colleagues have recently
shown that oxacillin-resistant strains from the United States
belong to eight major lineages (15). The present study de-
scribes the use of strains from each of these lineages to develop
a novel GeneChip-based method of interrogating S. aureus
strains. We currently are using the described methodology to
further characterize each lineage.

In most cases MLST, ribotyping, and PFGE provide the
level of discrimination needed to monitor strains circulating
throughout the community and health care environments.
These techniques are more rapid, do not require extensive
analysis, and can be accomplished at a fraction of the cost
associated with microarrays. However, none of these methods
also allows one to simultaneously define the genes that consti-
tute the organism(s) under investigation on a genome scale. In
addition to the uses described above, we envision the approach
developed here to be helpful in characterizing isolates within
the same ribo-, MLST, or PFGE group, or in studies where
further characterization is needed.
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