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ABSTRACT

Staphylococcal intoxications are often associated with staphylococcal enterotoxins produced by Staphylococcus aureus. 
However, several studies revealed that other Staphylococcus species, such as S. intermedius and S. warneri, could produce 
enterotoxins as well.  To facilitate the identification of a mixed culture while tracing the causative staphylococci of food poison, 
a polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) method was developed to differentiate 
Staphylococcus species using Staphylococcus-specific primers targeting the elongation factor Tu gene (tuf gene).  Eleven tested 
species were differentiated to 10 separated patterns.  Variance of the patterns between strains within a species was analyzed using 9 
strains of S. aureus and several strains of other species.  It was shown that strains within a species migrated the same distance in the 
DGGE assay.  When mixed cultures of different Staphylococcus species in milk were subjected to DNA extraction and PCR-DGGE, 
the resulted patterns faithfully corresponded to the species of the mixed cultures, including those of potential to secret enterotoxins.
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INTRODUCTION

The bacteria in genus Staphylococcus are associat-
ed with the normal skin flora and mucous membranes of 
human beings and can be isolated from many other sourc-
es such as meat, milk, cheese, soil, sand, water, and air.  
Currently, there are more than 30 species in the genus 
Staphylococcus, including coagulase-positive staphy-
lococci (CPS) and coagulase-negative staphylococci 
(CNS).  It was generally recognized that S. aureus strains 
would be able to produce several related staphylococcal 
enterotoxins (SEs).  These SEs belong to the large family 
of staphylococcal and streptococcal pyrogenic exotox-
ins (PT), which cause toxic shock-like syndromes and 
have been implicated in food poisons.  The heat-stable 
SEs produced by staphylococci are the major causative 
agents of staphylococcal food-borne illness.  Nowadays, 
staphylococcal intoxication is one of the most common 
causes of food poisoning in many countries(1) and in most 
cases, staphylococcal food poisoning was thought to be 
associated with S. aureus. Only limited and conflict-
ing data are available regarding enterotoxins production 
of non-S. aureus staphylococcal species(2-6).  Recently 

researches of S. intermedius isolates revealed their poten-
tial to produce enterotoxins based on the genomic and 
immunological level(5).  Moreover, lines of evidence of 
the noninvasive zoonotic transmission of S. intermedius 
from animal hosts to humans have been documented(7), 
assuming the intoxigenic role of S. intermedius in staphy-
lococcal food poisoning via contamination of food prod-
ucts.  Since non-S. aureus staphylococci, which present 
in a variety of foodstuffs and food ingredients, are able 
to produce SEs as well, it is reasonable to consider that 
SEs present in foodstuffs are not solely produced by S. 
aureus alone.  As a result, a variety of the Staphylococcus 
species responsible for the staphylococcal toxin would be 
assumed and needs to be disclosed.  Therefore, a method 
for the rapid identification of the Staphylococcus species 
on foods would be necessary when tracing staphylococ-
cal outbreaks. 

There are several commercial kits developed for the 
identification of staphylococci, such as API identification 
systems (bioMérieux Vitek) and MicrodScan systems 
(Dade Behring Inc., Deerfield, Ill.).  Those kits are based 
on the phenotypic characteristics.  Although the sensi-
tivity in the detection of S. aureus was between 76 and 
87%(8), the overall accuracy of these systems ranges only 
50 to 70%(9-10).  For a more rapid and correct identifica-
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tion, several genotypic methods to identify Staphylococ-
cus isolates have been developed, including PCR-based 
methods(11-14) and enzyme immunoassay(15).  In addi-
tion, a number of PCR methods for the species-specific 
detection of non-S. aureus species have been reported(16-
17). During the last decade, 16S rDNA was thought to 
be the most suitable target gene for the identification of 
eubacteria.  However, the identical 16S rDNA sequences 
of closely related species and the divergent 16S rDNA 
sequences of a single organism remain problems.  To 
solve these problems, alternative mono-copy target 
sequences are persistently being developed, including tuf 
gene(13), tRNA gene intergenic spacer(18), rpoB gene(19), 
heat shock protein 60 (HSP60) gene(20), femA gene(21), 
and sodA gene(10).  Several target genes revealed high 
divergence in Staphylococcus species and could serve as 
suitable alternative molecular markers.  In this study, the 
tuf gene was used as the target gene for the PCR-DGGE 
analyses.

Denature gradient gel electrophoresis (DGGE) is 
a technique used in the resolution of similar DNA frag-
ments by the different endurance of the DNA fragments 
to the denaturant concentration.  In recent years, this 
culture-independent DGGE technique has been employed 
in monitoring the microbial populations dynamics of 
fermented foods, such as silica cheese, fermented Ital-
ian sausages, and fermented cassava dough, and provid-
ed fast and reliable data(22).  In this study, we attempted 
to use this technique combining with Staphylococcus-
specific PCR for the identification of individual Staphylo-
coccus species in mixed cultures 

MATERIALS AND METHODS

I. Bacterial Strains and Culture Condition

Bacterial strains used in this study were listed in 
Table 1.  All Staphylococcus, Citrobacter, and Bacillus 
strains were cultured at 37°C in tryptic soy broth (TSB 
broth; Difco, Sparks, Maryland, USA) and subcultured 
on tryptic soy agar aerobically.  The Klebsiella oxytica 
strain was cultured on LB broth (USB, Cleveland, Ohio, 
USA) at 37°C.

II. Rapid DNA Isolation

Rapid DNA extraction from the cultures of each 
strain was done as follows: 1mL of overnight culture was 
transferred to an eppendorf tube and was centrifuged at 
13000 rpm for 2 min.  The collected bacterial pellet was 
resuspended with 250 µL of Solution D (4M guanidine 
thiocyanate, 25mM sodium citrate, 0.5% sarcosyl) and 
500 µL of phenol/chloroform (1:1).  After vortexing for 
3 min and centrifugation for 5 min at 10,000 rpm, DNA 
was recovered from the supernatant and precipitated with 
ammonium acetate and isopropanol.  The addition of 1 

µL of RNase (1 mg/1mL) would help to degrade residual 
RNA.  To extract bacterial DNA from milk, the bacteria 
were collected by centrifugation and resuspended in 100 
µL of TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). 
The bacterial suspension was treated with 3 µL of lyso-
staphin (20 mg/mL) (Sigma, St. Louis, Missouri, USA) 
and 3 µL of lysozyme (40 mg/mL) (Amresco, Solon, 
Ohio, USA), and incubated at 37°C for 20 min, followed 
by treatment with proteinase K (10 mg/mL) (Worthing-
ton, Lakewood, New Jersey, USA) at 65°C for 20 min. 
The suspension was thus adjusted to 500 µL with TE 
buffer, and subjected to DNA extraction as above.

Table 1. Bacterial strains used in this study

Species Straina

Staphylococcus aureus BCRC 14958

Staphylococcus aureus BCRC 12654

Staphylococcus aureus BCRC 12656

Staphylococcus aureus BCRC 10823

Staphylococcus aureus BCRC 12653

Staphylococcus aureus BCRC 13825

Staphylococcus aureus BCRC 13826

Staphylococcus aureus BCRC 13827

Staphylococcus aureus BCRC 13831

Staphylococcus capitis BCRC 15231

Staphylococcus capitis BCRC 12161

Staphylococcus chromogenes BCRC 12924

Staphylococcus epidermidis BCRC 15245

Staphylococcus epidermidis BCRC 11030

Staphylococcus haemolyticus BCRC 15240

Staphylococcus haemolyticus BCRC 15241

Staphylococcus intermedius BCRC 15235

Staphylococcus lentus BCRC 12926T

Staphylococcus saprophyticus BCRC 15283

Staphylococcus saprophyticus BCRC 13978

Staphylococcus sciuri BCRC 15242

Staphylococcus warneri BCRC 15220

Staphylococcus warneri BCRC 15221

Staphylococcus xylosus BCRC 15251

Bacillus subtilis BCRC 14716

Klebsiella oxytoca BCRC 13985

Citrobacter koseri BCRC 14804
a�BCRC: Bioresource Collection and Research center, Hsinchu, 
Taiwan
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For the detection of mixed Staphylococcus spp. in 
milk, each bacterial suspension was diluted with TSB 
broth until OD660 value reached 1.  One milliliter of the 
suspension was centrifuged at 10,000 rpm for 5 min to 
obtain bacterial pellets.  The bacterial sediments were 
thus resuspended and mixed in sterilized milk and 
subjected to DNA extraction as above.  For the sensitiv-
ity test, S. aureus BCRC 14958 in the logarithmic phase 
of growth was collected and diluted serially 10-fold in 
commercial milk.  After centrifugation of 1 mL of the 
dilutions at 10,000 rpm for 5 min, the bacterial sediment 
was resuspended in 100 µL TE buffer and used for DNA 
extraction from milk as above.  In parallel, the actual 
number of colony-forming units (CFU) for each dilution 
was determined by culturing onto TSB agar plate at 37°C 
for 24 hrs.

III. Staphylococcus-specific PCR Protocol

Twenty four Staphylococcus strains and three other 
bacterial strains (Table 1) were used for the specificity 
test. PCR reactions were carried out on a GeneAmp PCR 
System 2400 (Applied Biosystems, Foster City, Califor-
nia, USA.).  For the specific amplification of partial tuf 
genes of staphylococci, each PCR tube consisted of 25 
µL mixture of 0.2 mM deoxyribonucletide triphosphate 
(dNTP), 2.5 µL 10X TBR reaction buffer, 1U Prozyme 
polymerase (Protech, Taipei, Taiwan), and 25 pmol of each 
Staphylococcus-specific primer (TstaG422 and Tstag765) 
described by Martineau et al.(13).  For PCR-DGGE, a GC 
clamp sequence (CGCCCGCCGCGCGCG- GCGGGC-
GGGGCGGGGGCACGGGGGG) was added to the 5’ 
end of the reverse primer Tstag765.  The amplification 
program was 94°C for 5 min, 30 cycles of 30s at 94°C, 
30s at 55°C, and 20s at 72°C, followed by 7 min at 72°C.  
The PCR products were resolved by 2% agarose gel elec-
trophoresis, followed by staining with ethidium bromide 
and examining visually under UV transillumination.  

The reaction sensitivity were measured by using purified 
genomic DNA with serial dilution and the specificity was 
verified using genomic DNA from several Gram-positive 
bacteria close to the genus Staphylococcus. 

IV. DGGE

After PCR amplification, the amplicons were 
subsequently applied to DGGE analysis.  DGGE was 
performed on DCodeTM System (Bio-Rad, Hercules, 
CA, USA),by running a 6.4% acrylamide gel (160 × 160 
× 1 mm) in 1X TAE buffer with a denaturing gradient 
from 25 to 40% [A 100% denaturing solution contained 
40% (vol/vol) formamide and 7.0 M urea.] in the direc-
tion of parallel electrophoresis.  The electrophoresis was 
conducted with a constant voltage of 130 V at 60°C for 
5 h.  After electrophoresis, gels were stained with 1X 
TAE buffer containing 25 µg/ mL ethidium bromide for 
5-10 min, destained in 1X TAE buffer for 20 min, and 
then visualized under UV transillumination.

RESULTS

I. PCR Amplification with Staphylococcus-specific Primers

Genomic DNA prepared from bacteria listed in 
Table 1 was used in Staphylococcus-specific PCR and 
the PCR products were examined on agarose gel under 
UV light.  From all 18 Staphylococcus strains generated 
a band about 410-bp, the similar size to the predicted size 
of 370-bp fragment of the amplified tuf genes plus a 40-
bp GC clamp (Figure. 1).  The specificity was confirmed 
by using purified genomic DNA of other bacteria as 
templates of PCR.  As expected, bacteria from other 
genus remained negative with the set of primers.  The 
result was in accordance with the original research of the 
primers (13). 

Figure 1. Agarose gel electrophoresis of Staphylococcus-specific PCR. From left to right: DNA marker, S. chromogenes BCRC 12924, S. 
lentus BCRC 12926, S. intermedius BCRC 15235, S. haemolyticus BCRC 15240, S. haemolyticus BCRC 15241, S. sciuri BCRC 15242, S. 
aureus BCRC 14958, S. aureus BCRC 12654, S. aureus BCRC 12656, S. warneri BCRC 15220, S. warneri BCRC 15221, S. capitis BCRC 
15231, S. capitis BCRC 12161, S. epidermidis BCRC 11030, S. epidermidis 15245, DNA marker, DNA marker, S. saprophyticus BCRC 15283, S. 
saprophyticus BCRC 13978, S. xylosus BCRC 15251, Bacillus subtilis BCRC 14716, Klebsiella oxytoca BCRC 13985, Citrobacter koseri BCRC 
14804. The DNA marker was purchased from Protech (Taipei, Taiwan). The sizes of the marker bands were 100 bp, 200 bp, 300 bp, 400 bp, 500 
bp, 600 bp, 700bp, 800 bp, 900 bp, 1 kb, 1.5 kb, 2 kb, and 3kb (from bottom to top). 
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II. DGGE

After PCR amplification, the products were subjected 
to DGGE analysis directly.  A total of 18 strains belong-
ing to 11 Staphylococcus species generated ten migra-
tion patterns.  All Staphylococcus species tested in this 
research were successfully differentiated except for S. 
intermedius and S. haemolyticus (Figure. 2).  Compared 
to previous DGGE analysis targeting the 16S V2-V3 
region(23), a better resolution was achieved here, especial-
ly in the differentiation of S. xylosus and S. haemolyticus.  
According to another PCR-DGGE study targeting the 
V3 region to differentiate Staphylococcus species(11), 23 
species were differentiated to 15 patterns.  However, S. 
aureus, S. epidermidis and S. lentus belonged to the same 
pattern and could not be distinguished.  Meanwhile, S. 
saprothyticus and S. warneri belonged to another pattern 
and could not be separated either.  As a result, when 
targeting the V3 region, the capability of DGGE in the 
identification of staphylococci would be restricted, since 

suspected nosocomial pathogens such as S. aureus, S. 
epidermidis, S. saprophyticus and S. warneri(13, 24) could 
not be definitely identified.  Contrastingly, S. aureus, S. 
epidermidis, S. saprothyticus and S. warneri could be 
differentiated in a single PCR-DGGE assay (Figure. 2 and 
Figure. 5), where partial tuf gene was taken as the target 
gene in this study.  Though S. intermedius and S. haemo-
lyticus could not be separated in the DGGE pattern, the 
two species could be discriminated by a further coagu-
lase test.  This DGGE results demonstrated that a broad 
range of Staphylococcus species could be identified, 
including not only those of clinical significance but those 
commonly recovered from foodstuffs.

III. Conservation of the DGGE Profiles within Staphylococ-
cus Species

To confirm the conservation of the PCR-DGGE 
method in Staphylococcus strains belonging to the same 
species, several strains of the same species were exam-

Figure 2. DGGE profiles of 11 Staphylococcus 
species. Lane 1 and 13, DNA ladder of the PCR 
products of the Staphylococcus species; lane 
2, S. chromogenes; lane 3, S. lentus; lane 4, S. 
intermedius; lane 5, S. haemolyticus; lane 6, S. 
sciuri; lane 7, S. aureus; lane 8, S. warneri; lane 
9, S. capitis; lane 10, S. epidermidis; lane 11, S. 
saprophyticus; lane 12, S. xylosus.

Figure 3. DGGE profiles of 18 staphylococcal strains belonging to 11 species. Lane 1, 11, and 21, DNA ladder; lane 2, S. chromogenes BCRC 
12924; lane 3, S. lentus BCRC 12926; lane 4, S. intermedius BCRC 15235; lane 5 and 6, S. haemolyticus BCRC 15240 and BCRC 15241; lane 7, 
S. sciuri BCRC 15242; lane 8-10, S. aureus BCRC 14958, BCRC 12654,and BCRC 12656; lane 12 and 13, S. warneri BCRC 15220 and BCRC 
15221; lane 14 and 15, S. capitis BCRC 15231 and BCRC 12161; lane 16 and 17, S. epidermidis BCRC 11030 and BCRC 15245; lane 18 and 19, S. 
saprophyticus BCRC 15283 and BCRC 13978; lane 20, S. xylosus BCRC 15251.
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ined in PCR-DGGE.  A total of 18 strains were used for 
PCR-DGGE assay, including one S. chromogene, one S. 
lentus, one S. intermedius, two S. haemolyticus, one S. 
sciuri, three S. aureus, two S. warneri, two S. capitis, 
two S. epimidis, two S. saprophyticus, and one S. xylo-
sus strains.  It was shown that DNA from various strains 
of the same species migrated the same distances (Figure. 
3), indicating the highly conserved taxa of the partial 
tuf gene intra-species.  In addition, other 6 strains of S. 
aureus were tested in another PCR-DGGE assay in order 
to explicate the accuracy of the S. aureus identification 
(Figure. 4).  The DNA of all S. aureus strains tested 
migrated the same distances, suggesting the high repro-
ductivity and accuracy in the identification of S. aureus. 

IV. Identification of Individual Species in the Staphylococ-
cus Mixed Cultures

The TstaG422 and Tstag765 primers were examined 
in the amplification of the partial tuf gene of all repre-
sentative staphylococcal pathogens.  Since opportunistic 
infections(25) and food contamination may sometimes 
be due to more than one species of staphylococci, the 
practicability of this PCR-DGGE method was evaluated 
to identify individual species in the mixed cultures of 
Staphylococcus spp..  Genomic DNA of different Staphy-
lococcus species were mixed and applied to PCR-DGGE. 

All tested species migrated different distances and could 
be resolved.  No false-negative reaction was found.  At 
least five common Staphylococcus species could be diag-
nosed in one assay (Figure. 5).  Staphylococcal pathogens 
commonly isolated from nosocomially infected patients 
such as S. aureus, S. epidermidis and S. saprophyticus 
could be detected and identified in spite of the existence 
of other species (Figure. 5).

V. Detection of Staphylococcus Species in Milk

Eleven species of staphylococcal cultures, including 
those cause mastitis such as S. aureus, S. chromogenes, 
S. epidermidis, and S. xylosus(26), were randomly chosen 
and added to pasteurized milk.  Before mixing, the OD660 
value of each bacterial culture was adjusted to unity, 
and 1 mL of the bacterial suspension was taken for the 
mixture.  Each milk sample was designed to consist of 
four Staphylococcus species. PCR-DGGE results showed 
that all tested species migrated the anticipated distanc-
es in the DGGE pattern. S. aureus, S. chromogenes, S. 
epidermidis, and S. xylosus could be detected and differ-
entiated in a single PCR-DGGE assay (Figure. 6).  The 
results indicated the efficiency and applicability of PCR-
DGGE in the detection of mixed staphylococcal cultures 
in milk sample.

Figure 4. A total of 9 strains of S. aureus were subjected 
to PCR-DGGE and observed a conservative profile. Lane 1 
and 11: DNA ladder of staphylococci. Lane 2-10: S. aureus 
BCRC 14985, 12654, 12656, 10823, 12653, 13825, 13826, 
13827, 13831.  

Figure 5. PCR-DGGE profiles using mixed purified DNA 
of staphylococci as templates. Lane 1 and 11, DNA ladder 
of staphylococci; lane 2-4, S. saprophyticus, S. warneri, 
and S. haemolyticus respectively; lane 5, mixed DNA of S. 
aureus and S. epidermidis; lane 6, mixed DNA of S. aureus, 
S. epidermidis and S. saprophyticus; lane 7, mixed DNA 
of S. epidermidis, S. saprophyticus, and S. haemolyticus; 
lane 8, mixed DNA of S. epidermidis and S. haemolyticus; 
lane 9, mixed DNA of S. aureus, S. epidermidis, S. 
saprophyticus, S. haemolyticus and S. sciuri; lane 10, S. 
epidermidis.
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VI. Sensitivity of PCR-DGGE

Cultures of S. aureus BCRC14958 were collected 
and serially diluted in pasteurized milk.  Sensitivity tests 
revealed that a 30-cycle PCR-DGGE could detect 1.12 × 
104 CFU/mL while a 40-cycle PCR-DGGE could detect 
1.12 × 103 CFU/mL (Figure. 7).  In addition, serial dilu-
tions of extracted DNA were subjected to PCR.  For a 
40-cycle PCR, the PCR assay was able to detect about 
15 copies of genome of Staphylococcus aureus (deduced 
from the genome size of S. aureus) (Figure. 7).  This result 
was similar to that described by Martineau et al.(13).

DISSCUSSION

Recently, the high occurrence of staphylococcal 
food poisoning among many countries accentuates the 
demands of a rapid identification method.  Further, the 
importance of CNS strains as major causes of nosocomial 
infection draw more attention.  Although S. epidermidis 
accounts for the majority of infections caused by CNS, 
many other species have also been identified in asso-
ciation with human infections(27).  As a result, a rapid, 
simple and cost-less method is required in the detection 
and identification of staphylococci, not only to detect the 
nosocomially infectious staphylococci but to trace the 
causative staphylococci responsible for staphylococcal 
food poisoning.

In this study, a PCR-DGGE method was developed to 
differentiate staphylococcal species, including S. aureus 
and important nosocomial CNS.  A total of 11 tested 
species were differentiated by the PCR-DGGE method 
except for S. intermedius and S. haemolyticus. Signifi-
cantly infectious staphylococci, such as S. aureus, S. 
epidermidis, S. haemolyticus, and S. saprophyticus could 
be identified in this PCR-DGGE method.  Six staphylo-
coccal species that comprise two or three strains and six 

more S. aureus strains were subjected to PCR-DGGE to 
test the intra-species conservation.  The conservation of 
the intra-species DGGE profiles was proven since strains 
in the same species produced the same DGGE profiles.

The PCR reaction targeted the staphylococcal tuf 
gene, which is the gene of the bacterial elongation factor. 
The tuf-based PCR assay developed by Martineau et 
al(13). for staphylococcal species identification has shown 
excellent sensitivity and specificity, and could be adapted 
for the direct detection of staphylococci from contami-
nated bloods or from normally sterile clinical specimens 
such as blood or urine.  Unlike the multi-copy numbers of 
ribosome rDNA, the tuf gene exists single copy in Gram-
positive bacteria.  This makes tuf gene more ascendant 
when applied in DGGE since multi-copy genes may be 
indefinite and confuse in the DGGE profiles.  Moreover, 
the sequences of the tuf gene have been analyzed and 
considered to be partially in agreement with phyloge-
netic studies performed with 16S rRNA in Staphylococ-
cus species(13), Lactobacillus species and Bifidobacte-
rium species(28,29).  In our previous study, a PCR-DGGE 
method targeting the tuf gene of Lactobacillus had been 
developed and actually revealed a better resolution than 
that targeting the 16S V2-V3 region (unpublished data). 
In this study, a Staphylococcus-specific PCR that targets 
the tuf gene was combined with DGGE to differentiate 
Staphylococcus species, and a considerable resolution 
and species-conservation were obtained in the result.  
The value of this study lied in that not only monoclonal 
but also mixed cultures of clinically significant staphylo-
cocci could be differentiated in a single assay.
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Figure 6. PCR-DGGE analysis of mixed cultures of Staphylococcus species in (A) TSB medium and (B) pasteurized milk. Lane L: DNA ladder 
of Staphylococcus species. Lane 1 and 6, DNA ladder. Lane 2: mixed cultures of S. aureus, S. epidermidis, S. intermedius and S. saprophyticus. 
Lane 3: mixed cultures of S. aureus, S. capitis, S. haemolyticus and S. sciuri. Lane 4: mixed cultures of S. aureus, S. chromogenes, S. 
epidermidis and S. xylosus. Lane 5: mixed cultures of S. aureus, S. lentus, S. warneri and S. xylosus.
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