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Variation of the polymorphic region of the protein A gene (spa) was observed during long-term persistence
of Staphylococcus aureus in the airways of 10 cystic fibrosis patients and occurred at a rate of one genetic change
every 70 months. Independent mutational events were observed eight times in 142 isolates: four deletions, two
duplications of repeats, and two point mutations.

DNA sequence-based approaches, such as multilocus se-
quence typing of seven housekeeping genes and single-locus
DNA sequencing of the variable repeat region X of the protein
A gene (spa), are being used more frequently as molecular
typing methods for Staphylococcus aureus population studies
(2, 3, 5, 9). An important advantage of sequence-based typing
methods is the ease of access of sequencing data for interlabo-
ratory comparison via the Internet (e.g., http://www.mlst.net or
http://www.ridom.de/spaserver/). In a recent study, spa has
been shown to function as a genetic marker, and the discrim-
inatory power of spa typing is comparable to those of pulsed-
field gel electrophoresis (PFGE) and whole-genome DNA mi-
croarray (7). Furthermore, to detect genetic variation that
accumulates rapidly and slowly by two independent mecha-
nisms, Koreen et al. (7) used spa typing at the level of spa types
and spa lineages for which spa types with similar repeat profiles
were grouped together. Thus, spa typing might serve as a useful
method not only for outbreak investigations but also for long-
term epidemiological and population-based studies. However,
the occurrence of mutational events of the polymorphic spa
region in consecutive strains of individual patients in vivo has
not been studied extensively.

(Part of this work was shown at the 104th General Meeting
of the American Society for Microbiology [A. Mellman, S.
Deiwick, D. Harmsen, G. Peters, B. C. Kahl, Abstr. 104th Gen.
Meet. Am. Soc. Microbiol., abstract no. C-221, 2004].)

In this study, 142 isolates collected during a longitudinal
study of 10 cystic fibrosis (CF) patients with persistent infec-
tions were chosen for sequence analysis of the spa region (6 to
25 isolates per patient) (6). These 10 patients were persistently
infected (median, 56 months; range, 41 to 75 months) by single
S. aureus clones as determined by PFGE. The PFGE fragment
patterns of consecutive isolates from the individual patients
were identical (isolates from five patients) or displayed differ-

ences in fragment patterns consistent with the occurrence of
one or two independent genetic events (differences of two to
six bands), thereby indicating that the strains are related (10).
Such changes most likely emerged due to genomic changes
during long-term persistence in the host (4, 10). Thirty-nine of
the strains from six patients that were analyzed were small
colony variant strains, which were isogenic to the phenotypi-
cally normal S. aureus strain as shown by PFGE (6).

The spa region was amplified with the following primers:
spa-1113f (5�-TAAAGACGATCCTTCGGTGAGC-3�) and
spa-1514r (5�-CAGCAGTAGTGCCGTTTGCTT-3�). DNA
sequences were obtained with an ABI 3100 Avant sequencer
(Applied Biosystems, Foster City, Calif.). spa types were de-
termined with the Ridom StaphType software (5). Numerical
spa repeat and type codes were used.

Sixteen different spa types with 4 to 13 repeats (median, 10)
for the 142 isolates were resolved by sequencing (Table 1). All
repeats consisted of 24 bp, except repeat 44, which was only 21
bp (AAAGAAGACAACAAGCCTGGT). Sequential isolates
of half of the patients (five patients) had identical spa types,
while consecutive isolates of the other half were grouped into
two or three spa types for each patient (Table 1). There was no
association of variation of the spa region and variation of the
whole genome as determined by PFGE fragment pattern dif-
ferences: the isolates of two of five patients with identical
PFGE patterns displayed different spa types (Fig. 1A), while
the isolates of two of five patients with PFGE fragment pattern
differences showed the same spa types (Fig. 1B). Variation of
the spa type of consecutive strains from individual patients was
not associated with specific differences in the susceptibility
patterns of the strains, clinical scores of the patients, or with
normal or small colony variant phenotypes of the strains (data
not shown).

Different spa types of individual patients showed an overall
similar composition of repeats (Table 1). The changes in the
composition of the repeats were consistent with deletion or
duplication of repeats and point mutations. Specifically, dele-
tion of repeats occurred four times independently and was
demonstrated in nine isolates, duplication of repeats took
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place two times and was shown in two isolates, and point
mutations happened two times and were identified in four
isolates. The duplication of a single repeat in one isolate was
coupled with a point mutation in the duplicated repeat.
Thus, eight independent mutational events occurred in the
strains analyzed, and these events were demonstrated for 14
of 142 isolates (10%). Four isolates with changed repeats
occurred only once, while isolates with three mutations were
observed in consecutive isolates (Table 2), indicating differ-
ences in the stability of the mutation. The two point muta-
tions observed in our study resulted in one synonymous
change (Gly-Gly) and one nonsynonymous change (Asn-
Lys) of amino acids. The rate of genetic change (clock
speed) of the variable spa region was 70 months (number of
months of persistence of S. aureus in all patients/number of
independent genetic events � 556/8). In particular, every 93
months, deletions or duplications occurred in the strains
analyzed, and every 280 months, point mutations occurred
in the strains analyzed. The variability of the number of
repeats is thought to be caused by slipped-strand mispairing
(SSM), which seems to occur in combination with inade-
quate DNA mismatch repair systems (12). In this way, re-
peats can be deleted or inserted during DNA polymerase-
mediated DNA duplication, depending on the orientation of
the strand. Variations by SSM occurred more often in the
isolates analyzed (six times in 11 isolates) than point muta-
tions (twice in 4 isolates). While point mutations are an
indicator of the background rate of nucleotide mutation in

the repeats, SSM has been documented as an important
prerequisite for bacterial phase variation and adaptation
(12).

By using consecutive isolates from individual patients who
were persistently infected by a single S. aureus clone as deter-
mined by PFGE, the chance that sequential isolated strains
have evolved from a common ancestor is high. Therefore, it is
very likely that differences in the resolved spa types from con-
secutive isolates resulted from mutational changes during per-
sistence in the host. The evolutionary events that appeared in
our isolates had been hypothesized previously by Brigido et al.
(1), who proposed a model for the evolution of region X from
an ancestral 24-bp region through multiple processes, such as
duplication, deletion, and point mutations. Changes of repeat
regions as demonstrated in the sequential S. aureus strains
have also been shown to occur in Haemophilus influenzae re-
peat regions during persistence in the airways of CF patients
(8).

In this study, we determined a rather high rate of mutational
events that occurred in 10% of the strains analyzed. This is in
contrast to other studies, which demonstrated stability of the
spa region in vitro and in vivo (3, 9). While the in vitro stability
was established during multiple passages on blood agar plates
in the laboratory (3, 9), the data on in vivo stability of the spa
region were retrieved from three methicillin-resistant S. aureus
strains collected over a 5-year period from only one CF me-
thicillin-resistant S. aureus carrier (3). The conclusions that can

TABLE 1. spa types of consecutive S. aureus strains from the airways of individual CF patients

Patienta spa
typeb Repeatsc No. of

isolatesd Commentse

1 8 r11r19r12r21r17r34r24r34r22r25 6

2 15 r08r16r02r16r34r13r17r34r16r34 12 Ancestor
50 r08r16r02r16r34r34r17r34r16r34 3 pm, AAC to AAA, (Asp-Lys) at pos 6

3 71 r26r23r23r17r34r17r20r17r12r17r16 10 Ancestor
2 r26r23r17r34r17r20r17r12r17r16 1 del of r23 at pos 3
72 r26r23r23r17r12r17r16 2 del of r34r17r20r17 at pos 5

4 154 r04r44r33r31r12r16r34r22r17r25r22r22r34 10

5 84 r07r23r12r34r34r12r12r23r02r12r23 11 Ancestor
85 r07r23r12r34r34r12r23r02r12r23 1 del of r12 at pos 7

6 80 r09r02r16r34r42r17r16r34 11

7 91 r07r23r21r17r34r12r23r02r12r23 24 Ancestor
250 r07r16r23r21r17r34r12r23r02r12r23 1 dupl with pm at pos 2, GGC to GGG (Gly-Gly)

8 78 r04r21r12r41r20r17r12r12r17 18 Ancestor
87 r04r21r12r41r20r17r12r12r17r17 1 dupl of r17 at pos 10
79 r04r21r12r41 5 del of r20r17r12r12r17 at pos 5

9 9 r11r12r21r17r34r24r34r22r24r34r22r33r25 15

10 91 r07r23r21r17r34r12r23r02r12r23 11

a Individual CF patients.
b Numerical spa types.
c Repeats of the respective spa types.
d Number of isolates that were sequenced and were found to display the different spa types.
e pm, point mutation; del, deletion; pos, position of the repeat; dupl, duplication.
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be drawn from these data are limited compared to the large
number of long-term persistent isolates were sequenced in this
study.

van Belkum et al. raised concerns about using the spa region
as an epidemiological marker, because in their analysis of
isolates collected from 20 nasal S. aureus carriers over time,
clonally related strains as determined by phage typing and
random amplification of polymorphic DNA analysis displayed
heterogeneous numbers of spa repeats (11). These researchers
concluded that the spa region may behave in a hypervariable,
unstable manner which is unrelated to the overall evolution of
the S. aureus genome. Unfortunately, these researchers did not
sequence the spa region to provide information of the kind of
variability that they found in their isolates. It is likely that the
results in their study would parallel the results that we found in
our analysis.

Using spa typing on isolates collected during a longitudinal

study, it was possible for the first time to monitor evolution of
the spa region during long-term persistence of S. aureus in the
host. The changes that occurred in the spa region resulted in
different spa types of consecutive isogenic or closely related
strains as determined by PFGE. The different spa types of
consecutive isolates consisted of highly similar repeat profiles,
which could be explained by loss or gain of repeats and point
mutations, thus confirming the hypothesis of Koreen et al. that
strains with similar repeat profiles are closely related (7). Fur-
thermore, our study enabled us to determine the rate of ge-
netic change of this region. Although the rather high rate of
variability in the spa region as demonstrated for the CF isolates
may not be generalized to the frequency and persistence of S.
aureus because of the special ecological niche and selective
pressure present in the airways of CF patients, these data may
be useful in modeling the evolution of the polymorphic spa
region of S. aureus.

FIG. 1. Comparison of PFGE fragment patterns and spa types of consecutive isolates from patients 3 and 9. The dates of isolation (month/
day/year) of the strains are shown to the left of the gel. The PFGE types and spa types of the strains, including the composition of repeats, are
shown to the right of the gel. The marker (M) is a molecular weight marker of concatemers of lambda phage DNA. (A) Identical PFGE fragment
patterns for isolates from patient 3. The spa type 71 changed to spa type 2 by the loss of repeat r23 at position 2 or 3 and to spa type 72 by the
loss of 4 repeats, i.e., r34r17r20r17 at position 5. (B) Consecutive isolates from patient 9 with minor differences of PFGE fragment patterns
indicating that the isolates are closely related. The spa types of all isolates were identical.
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TABLE 2. Analysis of spa types of consecutive isolates of S. aureus from individual patients over time

Patienta
spa typeb of consecutive isolates from individual patients at the indicated month:

3 6 9 12 15 18 21 24 27 30 33 36 39 42 45 48 51 54 57 60 63 66 69 72 75

1 8 8 8 8
8 8

2 15 15 15 15 15 15 15
15 15 50 15 50

15 50 15
3 71 2 71 71 71 72 71 71

71 71 71 71 72
4 154 154 154 154 154 154 154 154

154 154
5 84 84 84 84 84 84 84 84 85

84 84 84
6 80 80 80 80 80 80

80 80 80 80
80

7 91 91 91 250 91 91 91 91 91 91 91 91
91 91 91 91 91 91 91 91 91

91 91 91
91

8 78 78 78 78 78 78 78 78 78 78 78 78
78 78 87 79 78 79 78

78 78 79 78
79

9 9 9 9 9 9 9
9 9 9 9 9

9 9
9 9

10 91 91 91 91 91 91 91 91 91
91 91

a Individual CF patients.
b Numerical spa types.
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