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a b s t r a c t

Magnetic microspheres P(HEMA-co-EDMA) were used for PCR-ready phage DNA isolation from lysogenic
strains of Staphylococcus aureus, including two new clinical isolates. The conditions of phage particle lysis
were optimized. The quality of eluted phage DNA was evaluated by PCR. It was demonstrated that PCR-
ready phage DNA can be isolated from small volumes of phage lysates (150 �l) by magnetic microspheres.
The reported method is very expeditious without using toxic compounds such as phenol or chloroform.
It can be used for phage identification and phage gene detection.
P(HEMA-co-EDMA)
Staphylococcus aureus
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. Introduction

Staphylococcus aureus is a major human Gram-positive oppor-
unistic pathogen that causes a wide range of hospital- and
ommunity-acquired infections. The invasive potential of S. aureus
trains depends on the presence of numerous virulence factors
1,2]. Bacteriophages capable of lysogenic life cycle are important

ediators of horizontal gene transfer of different virulence factors
uch as Panton-Valentine leukocidin, staphylokinase, enterotoxins,
nd immune evasion factors [3,4]. The analysis of staphylococcal
rophages is important to understand the emergence and evolution
f very dangerous virulent hospital S. aureus strains [5]. In addi-
ion, DNA-based diagnostics exploiting the latest developments in
ost-genomics technology is desirable for characterization of bac-
eriophages used for the differentiation of clinical S. aureus strains
6], as well as for staphylococcal phages important in medicine as
otential antibacterial agents [7].

Phage DNA isolation is a critical step in analyzing phage sam-
les using PCR. The elimination of bacterial DNA background from
hage lysates is necessary due to the prevention of false-positive
esults because the same gene can be carried both on bacterial

nd phage genomes. The routinely used method is based on phe-
ol/chloroform extraction [8,9]. A commercial isolation technique
ased on the precipitation of phage particles by PEG [8] is also
vailable.
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Small-scale DNA extraction methods were developed for differ-
ent bacteriophages. Bae et al. [10] extracted PCR-ready DNA from
1 ml of phage lysate by phenol/chloroform extraction followed by
ethanol precipitation. A small-scale procedure, based on the pre-
cipitation of phage particles by ZnCl2, was also described [11].
According to another method, phage DNA was extracted from 1 ml
of phage lysate using guanidine hydrochloride. This method can be
used for phages with high titres (1.109 pfu/ml) only [12]. Phage DNA
can also be purified by chromatography, microchip sol–gel, or PFGE
[13–15]. However, none of these methods is used routinely and most
of them are relatively complicated to perform or expensive.

The aim of this study was to develop a quick method for phage
PCR-ready DNA extraction from small volumes (150 �l) of differ-
ent S. aureus phage lysates. High-titre (1.109 pfu/ml) and low-titre
lysates (1.103 pfu/ml) induced from lysogenic strains were used
for DNA isolation. Newly designed carboxyl-functionalized mag-
netic poly(2-hydroxyethyl methacrylate-co-ethylene dimethacry-
late) microspheres (P(HEMA-co-EDMA)) were used for phage DNA
isolation. The quality of extracted DNA was checked by PCR ampli-
fication.

2. Materials and methods

2.1. Bacteriophages and bacterial strains
S. aureus phages of the International Typing Set �77 and �53
were obtained from Professor V. Hájek (Palacký University, Olo-
mouc, Czech Republic). The prophage-less indicator strain of S.
aureus 1039 was obtained from Dr. Y. Yoshizawa and used as a

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:rittich@sci.muni.cz
dx.doi.org/10.1016/j.jchromb.2009.01.006


6 omato

p
I
7
c
s
C
t
P

2

2

s
d
(
o
h
a
t
o
e
m
e
f
e
t
i
m
a
P
(

2

e
s
f
M
d
w
a
E
(
D
s
w
l
a
N
l
w
w
s

2

d
S
m
a
g
a
w
b

00 J. Kahánková et al. / J. Chr

ropagating strain of phages [16]. Lysogenic strains S. aureus
SP8[53+], S. aureus ISP8[77+], and polylysogenic S. aureus CCM
097 were prepared previously [17]. Two toxin-producing clini-
al isolates of lysogenic S. aureus strains designated by NRL in the
train number were isolated in different hospital laboratories in the
zech Republic and obtained from the National Reference Labora-
ory (NRL) for Staphylococci (National Institute of Public Health,
rague, Czech Republic).

.2. Chemicals

.2.1. Magnetic microspheres
Magnetic nonporous P(HEMA-co-EDMA) (92/8, w/w) micro-

pheres were prepared by cellulose acetate butyrate-stabilized
ispersion copolymerization of 2-hydroxyethyl methacrylate
HEMA) and ethylene dimethacrylate (EDMA) in the presence
f maghemite (�-Fe2O3) nanoparticles [18]. Subsequently, the
ydroxy groups of the microspheres were oxidized with a 2% (w/v)
queous solution of potassium permanganate under acidic condi-
ions (2 M sulphuric acid) yielding 0.85 mM COOH/g [19]. Titration
f carboxyl groups was carried out using 0.1 M NaOH after ion
xchange with a 10% (w/v) aqueous solution of BaCl2 [20]. The
icrospheres show clearly ferromagnetic behaviour, as reported

arlier [21]. The average microsphere diameter Dn was determined
rom the measurement of at least 500 microspheres on scanning
lectron micrographs. Microsphere size distribution was charac-
erized by the polydispersity index PDI (PDI = Dw/Dn, where Dw

s the average weight of the microspheres and Dn is the average
icrosphere diameter). The microspheres were of 1.5 �m size with
narrow size distribution characterized by a polydispersity index
DI = 1.1. Magnetic glass particles (5 �m) were purchased from CPG
NY, USA).

.2.2. Chemicals
Agarose was purchased from Serva (Heidelberg, Germany),

thidium bromide and PEG 6000 from Sigma (St. Louis, Mis-
ouri, USA). Iron oxide was needle-like maghemite (�-Fe2O3)
rom the Société Française d’Electrométallurgie (Marseille, France).

onomers, 2-hydroxyethyl methacrylate (HEMA) and ethylene
imethacrylate (EDMA), both from Röhm (Darmstadt, Germany),
ere purified by distillation under reduced pressure in nitrogen

tmosphere. Cellulose acetate butyrate (CAB) was a kind gift of
astman (Kingsport, USA). RNase A, DNase I, pronase E from Serva
Heidelberg, Germany), proteinase K and dNTPs were from Roche
iagnostics (Mannheim, Germany). The PCR primers were synthe-

ized by Sigma-Genosys (Steinheim, Germany); Taq polymerase
as from Invitrogen (Carlsbad, USA), and the DNA marker 100 bp

adder (100, 200, 300, 400, 500, 600, 700, 800, 900, 1000, 1200,
nd 1500 bp long DNA fragments) for gel electrophoresis was from
ew England Biolabs (New England, USA); Phage DNA was iso-

ated from phage lysates (see Section 2.4.1). Nutrient Broth CM1
as from Oxoid (Basingstoke, UK). Other chemicals and solvents
ere of analytical grade and were taken from common commercial

ources.

.3. Equipment

The carboxyl group content on the microsphere surface was
etermined by titration on a 799 GPT Titrino (Metrohm, Herrisau,
witzerland). Magnetic particles were separated on an MPC-M
agnetic particle concentrator Dynal (Oslo, Norway). DNA was
mplified on a DNA thermal cycler T gradient (Biometra, Göttin-
en, Germany). Agarose gel electrophoreses were carried out using
POWER PAC 300 (Bio-Rad, Richmond, USA). The PCR products
ere visualized at 302 nm on a UV transilluminator ETX-35.M (Vil-
er Lourmat, Marne-la-Vallée, France), and photographed with a
gr. B 877 (2009) 599–602

digital camera KODAK EDAS 290 equipped with 1D Image Analysis
Software v3.6 (Eastman Kodak, Rochester, NY, USA).

2.4. Methods

2.4.1. Propagation of bacteriophages and induction of prophages
High-titre lysates (HTL) of 109 plaque-forming units per ml

(pfu/ml) were prepared from 3 ml of stock phage HTL in 20 ml liq-
uid medium Nutrient Broth CM1 on a propagation strain S. aureus
1039 for 2 h at 37 ◦C. Low-titre lysates (LTL: 1.103 pfu/ml) were pre-
pared after UV induction of lysogenic strains carrying �77 and �53
prophages and from lysogenic clinical S. aureus strains. Lysogenic
bacterial cells were centrifuged at 5000 × g for 20 min and resus-
pended in physiological buffer to optical density A600 nm = 0.15; then
10 ml of this suspension was irradiated in a Petri dish (diameter
9 cm) by UV light (254 nm, 15 W, 28 cm). After irradiation, 10 ml of
10× concentrated nutrient broth and 30 ml of physiological buffer
was added. The resulting mixture was incubated under aeration for
2 h at 37 ◦C and plated on an S. aureus 1039 strain giving low-titre
phage lysates. The LTLs were prepared from one plaque in 500 �l
of a bacterial culture of the S. aureus 1039 strain (A600 nm = 0.22)
for 2 h at 37 ◦C. The remaining bacteria and bacterial cell debris in
lysates were removed by centrifugation at 5000 × g for 15 min and
by subsequent filtration. Small volumes (150 �l) of phage lysates
were used for sample preparation and DNA extraction using the
methods tested.

2.4.2. Bacteriophage lysate treatment and DNA isolation using
magnetic microspheres

DNA was released from phage virions using different procedures
to evaluate optimal phage DNA isolation (see below). Isolation and
purification of control DNA was performed by phenol extraction
according to authors [8]. The lysis step of phage capsids and phage
DNA isolation using magnetic microspheres were optimized. Three
different methods of phage lysate treatment were tested to simplify
the procedure of phage DNA isolation: (1) phage lysates (150 �l)
were treated by RNase A (5 �g/ml) and DNase I (1 �g/ml) for 30 min
at 37 ◦C to remove bacterial RNA and DNA background. Then, RNase
A and DNase I were precipitated by chloroform and removed by
centrifugation before phage capsid lysis. The sample was subse-
quently treated with proteinase K (50 �g/ml) activated by Ca2+ ions
(5 mM) for 1 h at 56 ◦C; (2) phage lysates were treated by RNase A
(5 �g/ml) and DNase I (1 �g/ml) for 30 min at 37 ◦C to remove bac-
terial RNA and DNA without their precipitation by chloroform. The
sample was subsequently treated as in (1); (3) phage lysates were
treated directly with proteinase K (50 �g/ml) activated by Ca2+ ions
for 1 h at 56 ◦C. The proteinase K treatment conditions were opti-
mized: CaCl2 concentrations 0, 1, 5 and 10 mM and incubation times
1, 8 and 16 h. In some cases, 10% (w/v) SDS was added to the lysis
buffer (without proteinase K) to a final concentration of 0.5%.

A total of 150 �l of the phage lysate sample, 50 �l of the mag-
netic microsphere suspension (2 mg/ml), 100 �l of 40% (w/v) PEG
6000, and 200 �l of 5 M NaCl was added, mixed, and incubated
for 15 min at laboratory temperature. The final PEG and NaCl
concentrations of 8.0% (w/v) and 2.0 M, respectively, were used.
Carboxyl-functionalized magnetic microspheres carrying adsorbed
DNA were separated in a magnetic particle concentrator (5 min),
the supernatant was discarded, and the magnetic microspheres
were washed with 500 �l of 70% (v/v) ethanol and dried briefly.
The DNA adsorbed on the microspheres was eluted in 50 �l of TE
buffer at laboratory temperature for 10 min. The DNA in the eluates

was used for PCR amplification. DNA concentrations in eluates were
determined on Qubit Fluoremeter (Invitrogen, Carlsbad, USA) using
Quant-iT dsDNA BR Assay Kit according to the recommendations of
producer (Invitrogen, Carlsbad, USA). Experiments were carried out
triplicate.
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Fig. 1. Agarose gel electrophoresis of PCR products amplified from phage DNA
isolated by magnetic P(HEMA-co-EDMA) microspheres. Influence of pretreatment
procedures on PCR specificity. Conditions: 2.0% (w/v) agarose gel in TAE buffer
(0.04 M Tris–acetate; 1 mM EDTA, pH 8). Lanes 1 and 8: DNA standard (100 bp
ladder); PCR products obtained by amplification of DNA from—lane 2: lysogenic
S. aureus CCM 7097 strain containing four prophages (positive control, phenol
extraction—A (744 bp), Fa (548 bp), B (405 bp), SAU (217 bp), and Fb (147 bp)); lane
3: nonlysogenic S. aureus 1039 strain (bacterial DNA phenol extraction); lanes 4–7:
S. aureus phage �53; lane 4: DNA isolated with DNase I, RNase A pretreatment, chlo-
roform extraction and capsid treatment by proteinase K; lane 5: DNA isolated with
DNase I, RNase A pretreatment and capsid treatment by proteinase K; lane 6: DNA
J. Kahánková et al. / J. Chro

.4.3. PCR amplification and detection of PCR products
A multiplex PCR assay with primers designed previously [22]

nd specific to phage DNAs �53 (primers SGB1 and SGB2) and �77
SGFa1 and SGFa2) and to the contaminating bacterial S. aureus
NA (primers SAU1 and SAU2) were used for the amplification.
he genomic DNAs from lysogenic strain of S. aureus CCM 7097 and
onlysogenic strain S. aureus 1039 were used as the control DNA
22]. The reaction mixtures (25 �l) consisted of 75 mM Tris–HCl
pH 9.0), 50 mM KCl, 2 mM MgCl2, 20 mM (NH4)2SO4, 200 �M each
f dNTPs, and 0.2 �M each of 6 primers. To each PCR mixture, 1.5
nits of Taq DNA polymerase and 3 �l of DNA matrix eluate were
dded. PCR was performed using 30 cycles of amplification consist-
ng of denaturation (1 min, 94 ◦C), annealing (1 min 30 s, 58 ◦C), and
NA chain extension (1 min 30 s, 70 ◦C). The final polymerization

tep was prolonged to 5 min. PCR products of 548 bp for phage �77,
05 bp for phage �53, and 217 bp for bacterial DNA were detected
sing gel electrophoresis with 2.0% (w/v) agarose in TAE buffer
0.04 M Tris–acetate; 1 mM EDTA, pH 8). DNA was stained with
thidium bromide (1 �g/ml), and photographed under UV light (see
ection 2.3).

. Results

The PCR-based characterization of virulence genes carried by
hage is one of the principal methods used for bacteriophage
escription. A standard phenol extraction procedure for phage DNA

solation involves degradation of bacterial RNA and DNA in phage
ysates to avoid PCR interference. The presence of RNA decreases
CR sensitivity and can lead to false-negative results; bacterial
NA can lead to false-positive results, because the same genes
an also be carried on bacterial DNA. As the standard procedure
f DNA isolation is time-consuming and laborious, an alterna-
ive procedure using a small volume of phage lysates (150 �l)
nd magnetic microspheres was evaluated. Magnetic hydrophilic
(HEMA-co-EDMA) microspheres covered by carboxyl groups were
reviously used for the isolation of high-molecular weight bac-
erial PCR-ready DNA with success [23,24]. For this reason, these

icrospheres were newly applied to phage DNA extraction. Since
ewly designed P(HEMA-co-EDMA) microspheres were used for
NA isolation, their possible interference in PCR was tested [25].
or this reason the PCR sensitivity using DNA eluted from the tested
(HEMA-co-EDMA) microspheres and commercially available mag-
etic glass particles was compared.

Magnetic glass particles were used for the comparison of DNA
solation under the same experimental conditions as were newly
esigned P(HEMA-co-EDMA) microspheres.

The phage DNA yield depends on the number of phage parti-
les (plaque-forming units in phage lysates) and on the efficiency
f phage capsid lysis. Bacteriophages �77 and �53 with differ-
nt capsid composition (classified into different serological groups)
ere used here for the evaluation of the DNA isolation protocol. To

uarantee efficient DNA release from phage capsids both steps –
he lysis of bacteriophage capsids and phage DNA isolation using

agnetic microspheres – were optimized. At first, the conditions
or proteinase K treatment were optimized (see Section 2.4.2 (3)).
roteinase K has two binding sites for Ca2+ ions and the removal
f Ca2+ ions reduces proteinase K activity [25]. Lysates (150 �l) of
oth phages were treated with proteinase K (final concentration
0 �g/ml) by different incubation times at 56 ◦C in the presence
f different Ca2+ ion concentrations (see Section 2.4.2). Increas-
ng incubation time had no statistically significant effect on the

fficiency of phage �53 DNA release. If 5 mM Ca2+ ion concentra-
ion was used for proteinase activation DNA concentrations were
0.37 ± 0.11 �g/ml after 1 h treatment and 10.22 ± 0.07 �g/ml after
6 h treatment. Concentration of Ca2+ ions in the range 0–5 mM had
o statistically significant effect on the efficiency of DNA release.
isolated without DNase I, RNase A pretreatment and treated by proteinase K; lane
7: control phage DNA isolated phenol extraction; lanes 9–13: Staphylococcus aureus
phage �77, samples treated as phage �53 and the results are in the same order as
above.

DNA concentration was 10.45 ± 0.09 �g/ml for 0 mM Ca2+ ion con-
centration and 10.22 ± 0.07 �g/ml for 5 mM Ca2+ ion concentration
after 16 h treatment. For a concentration of 10 mM Ca2+ a decrease
of DNA yield was observed out and white precipitate containing
the bulk of DNA was created. Efficiency of phage capsid lysis was
sufficient after 1 h treatment without Ca2+ ion addition. Addition
of Ca2+ ions to proteinase K had no effect on the efficiency of DNA
release probably due to the presence of Ca2+ ions in external source
(medium).

Detergent SDS at the end concentration of 0.5% was added to
the lysis mixture with the aim to facilitate DNA release from phage
particles. Detergent SDS at a final concentration of 0.5% had a pos-
itive effect on DNA yield. However, the amount of DNA was lower
(8.12 ± 0.05 �g/ml for 1 h) than in the case of treatment using pro-
teinase K without addition of Ca2+ ions (10.47 ± 0.09). There was
a slight difference in DNA release between phages �53 and �77,
apparently due to different capsid composition or due to presence
of defect phages (not forming plaques) in phage stocks.

The UV induction of prophages from lysogenic bacterial strains
allows phage amplification and cell lysis. Phage DNA was isolated
from phage lysates as given above. The total DNA amount obtained
from UV-induced phages (LTL) was much higher than expected
probably due to the presence of many defective phage particles that
cannot form plaques on the indicator strain.

In the next step, DNA was isolated from 150 �l of lysed capsid
phage samples using magnetic P(HEMA-co-EDMA) microspheres.
DNA macromolecules collapse in aqueous solutions of polyethylene
glycol 6000 (PEG 6000) and sodium chloride and adsorb on the sur-
face of hydrophilic magnetic microspheres [19]. The amount of DNA
eluted from microspheres in 50 �l TE buffer was approximately
0.5–10.0 ng (10–200 pg/�l). This amount could not be detected on

agarose gel; however, it was sufficient for PCR. The amount of eluted
DNA was the same for both types of particles and was lower than in
experiments with bacterial DNA [19]. However, in previous experi-
ments the recovery of bacterial DNA was determined for higher DNA
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Fig. 2. Agarose gel electrophoresis of PCR products amplified from DNA isolated
from phages induced from lysogenic S. aureus strains. Conditions: 2.0% (w/v) agarose
gel in TAE buffer (0.04 M Tris–acetate; 1 mM EDTA, pH 8). Lanes 3, 8, 13: DNA stan-
dard (100 bp ladder); PCR products obtained by amplification of DNA from—lanes
1, 2: control—phenol extraction; 1: lysogenic S. aureus CCM 7097 strain containing
four prophages (positive control—A (744 bp), Fa (548 bp), B (405 bp), SAU (217 bp),
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nd Fb (147 bp)), 2: nonlysogenic S. aureus 1039 strain (bacterial DNA); lanes 4–7:
agnetic P(HEMA-co-EDMA) microspheres; 4: phage �77 DNA, 5: phage �53 DNA,

: phage �06/622 DNA, 7: �05/840 DNA; lanes 9–12: magnetic glass; 9: phage �77
NA, 10: phage �53 DNA, 11: phage �06/622 DNA, 12: phage �05/840 DNA.

oncentrations. Phage DNAs (�53–3.1 and �77–2.4 ng/�l) isolated
y phenol/chloroform extraction were used as controls.

The quality of isolated DNA was checked by multiplex PCR
hat specifically detects targeted sequences carried by prophage
f the lysogenic strain and/or S. aureus chromosomal DNA [22].
he parameters of PCR were optimized to detect femtograms of
hage DNAs in the PCR mixture. Agarose gel electrophoresis of PCR
roducts is given in Fig. 1. Using this PCR it was confirmed that
Nase I treatment (see Section 2.4.2 (1)) is necessary for degrada-

ion of bacterial DNA before phage DNA release from phage heads
compare lanes 3, 6, and 11 in Fig. 1). It was confirmed that the chlo-
oform extraction of DNase I and RNase A before proteinase K is not
ecessary (see Section 2.4.2 (2)).

The optimized method for phage DNA isolation using magnetic
icrospheres was applied to 2 hospital lysogenic strains isolated

rom clinical sources—S. aureus NRL 06/622 and S. aureus NRL
5/840. The target genes carried by induced phages �05/840 and
06/622 were successfully amplified (Fig. 2). The method proposed

s fast and suitable for isolation of PCR-ready DNA from phage parti-

les. The sensitivity of PCR was comparable with that achieved using
agnetic glass particles. The advantage of using magnetic P(HEMA-

o-EDMA) microspheres in contrast to magnetic glass particles was
shorter time of their separation in the presence of an external
agnet and a slower sedimentation of the particle suspension.

[

[

[
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4. Conclusions

Magnetic microspheres P(HEMA-co-EDMA) were used for PCR-
ready phage DNA extraction. It was demonstrated that phage DNA
can be isolated and amplified from small volumes (150 �l) of
high-titre and low-titre phage lysates by tested magnetic micro-
spheres. The reported small-scale DNA extraction method seems to
be very effective for DNA-based staphylococcal phage diagnostics.
The method is very expeditious without using toxic compounds
such as phenol or chloroform.
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D. van Sinderen (Eds.), Bacteriophage Genetics and Molecular Biology, Caister
Academic Press, Norfolk, 2007, p. 125.

[8] J. Sambrook, E.F. Fritsch, T. Maniatis, Molecular Cloning, 2nd ed., Cold Spring
Harbor Laboratory Press, New York, 1989, p. 2.80.

[9] R. Barrangou, S.S. Yoon, F. Breidt, H.P. Fleming, T.R. Klaenhammer, Appl. Environ.
Microbiol. 68 (2002) 5452.

[10] T. Bae, T. Baba, K. Hiramatsu, O. Schneewind, Mol. Microbiol. 62 (2006) 1035.
[11] M.A. Santos, Nucleic Acids Res. 19 (1991) 5442.
12] B.D. Weiss, M.A. Capage, M. Kessel, S.A. Benson, J. Bacteriol. 176 (1994) 3354.

[13] I. Ivanov, L. Gigova, Anal. Biochem. 146 (1985) 389.
[14] Q. Wu, J.M. Bienvenue, B.J. Hassan, Y.C. Kwok, B.C. Giordano, P.M. Norris, J.P.

Landers, J.P. Ferrance, Anal. Chem. 78 (2006) 5704.
[15] P. Serwer, S.J. Hayes, J.A. Thomas, G.A. Griess, S.C. Hardies, Electrophoresis 28

(2007) 1896.
[16] Y. Yoshizawa, Jikeikai Med. J. 32 (1985) 415.
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24] A. Španová, B. Rittich, I. Štyriak, I. Štyriaková, D. Horák, J. Chromatogr. A 1130

(2006) 115.
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