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Abstract: Toxins produced by bacteria and fungi are one of the most important factors 
which may cause food contamination. The study of detection methods with high sensitivity 
and throughput is significant for the protection of food safety. In the present study, we 
coupled microarray with emulsion PCR and developed a high throughput detection 
method. Thirteen different gene sites which encode the common toxins of several bacteria 
and fungi were assayed in parallel in positive and maize samples. Conventional PCR 
assays were carried out for comparison. The results showed that the developed microarray 
method had high specificity and sensitivity. Two zearalenone-related genes were 
investigated in one of the ten maize samples obtained with this present method. The results 
indicated that the emulsion based microarray detection method was developed successfully 
and suggested its potential application in multiple gene site detection. 
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1. Introduction 

Recently, food safety has become more and more of concern due to reported problems such as 
contaminated ham and cucumber. Toxins, pesticide residues and many other factors might contribute 
mainly to this problem [1-3]. Among them, contamination in food or food sources by microbial toxins 
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was one of the most important aspects of food safety. Hence, the availability of reliable and efficient 
detection methods for these toxins is very important; the conventional methods for the detection  
of toxin-producing microorganism such as fungi are chemical analysis, instrumental analysis, 
immunoassay, and bacterial luminescent tests, etc. [2-7]. However, low sensitivity, poor reproducibility, 
long duration and poor security are the common problems in these methods. Moreover, there is no 
stable method that can simultaneously detect the most common microbial toxins. It is very significant 
to establish an accurate and efficient method which could detect toxin-producing fungi, bacteria and 
other microorganisms in a high-throughput manner. 

Microarrays have provided a platform for high-throughput detection, and have been successfully 
used for mRNA expression analysis [8-10], mutation analysis [11], DNA methylation analysis and 
deletion strain analysis [12]. However, the widely application of DNA microarrays in microorganism 
detection was limited by its target DNA preparation method such as multiplex PCR. The interferences 
between primers and templates might be the main reason for the poor results [13,14], so it is necessary 
to study it further. 

Emulsion PCR was developed in the last decade and is widely used in many aspects such as the 
next generation DNA sequencing technology [15-18]. We have successfully developed an emulsion 
based multiplex PCR using separated micro-droplets [19]. However, the limited number of primers has 
restrained its ability of parallel amplification, and only products of different length could be separated 
by electrophoresis. These problems could be solved by DNA microarrays, which have no requirement 
for different amplification products length with different genes and the sequencing information could 
be confirmed by hybridization, which highly increases the reliability of the method, as well as the 
number of detection sites is also limitless for DNA microarrays.  

BEAMing was a system whose amplification was carried out on the surface of magnetic beads in 
emulsion [20-23]. It had been used in commercial sequencing platforms such as SOLiD and the 454 
sequencing system for its high throughput potential [24,25]. Compared with conventional emulsion 
PCR, BEAMing had higher efficiency with relative low concentrations of primers and good separation 
of the micro-droplets by introducing the magnetic beads.  

In present study, the side products of BEAMing were collected and labeled with fluorescence, then 
detected by DNA microarray. This BEAMing-coupled DNA microarray method was developed and 
validated by using to inspect fungi and bacteria which could produce toxins. The results showed that 
the desired gene sites were detected by the combined method specifically and sensitively, and it also 
revealed good application prospects. 

2. Results and Discussion  

2.1. Comparison of Immobilization Approaches for Primer on Beads Surface 

The immobilized efficiency of these different primers on the beads was very important to 
BEAMing, especially in this study, because the target molecules for hybridization on the DNA 
microarray were provided by effective amplification on the bead surface. Three different methods for 
primer immobilization were compared. The results are shown in Figure 1, where the hybridized signals 
on beads were captured by a CCD camera under a fluorescent microscope (Nikon E300). A, C and E in 
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Figure 1 show the pictures captured before PCR thermal cycles with avidin-biotin, carboxyl-amino and 
avidin-dual biotin interaction, respectively. Satisfactory signal/noise ratios were obtained by all three 
methods. However, a remarkable decrease of the signal/noise ratio was found in avidin-biotin 
interaction after the PCR cycle (picture B); no obvious differences were found between the other two 
methods (pictures D, F). We finally selected the avidin-dual biotin immobilization method for its 
higher signal/noise ratio compared to the method with carboxyl-amino interaction. 

Figure 1. Comparison of different immobilization methods. Three different interactions 
between primers and the beads surface are shown. Pictures A/B, C and D; E and F show 
the hybridization signals before and after PCR thermal cycle of avidin-biotin interaction, 
carboxyl-amino interaction and avidin-dual biotin interaction, respectively; histograms 
(right) reveal the clear differences of the three immobilization method applied in emulsion 
PCR.  

 

2.2. Reliability and Sensitivity of the BEAMing Based Method 

Then we studied the reliability of the BEAMing based microarray method. One male specific gene 
(SRY) was spotted on the slide as positive control and another unrelated oligo was also spotted 
alternately on the slide as a negative control. pksA gene was selected as an example for study. One 
male genome DNA and the DNA extracted from microgram were mixed for detection. Four repeats 
were spotted in each row. The results are shown in Figure 2, where no signal was found in the negative 
control spots. 
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Figure 2. Specificity of the beads emulsion based detection method. The figure shows one 
typical hybridization picture of the BEAMing based method with positive and negative 
control; (a) hybridization signal of SRY gene from male DNA which act as positive 
control; (b) signal of one toxin gene of pksA from micrograms DNA; (c) an unrelated gene 
used in the study as negative control. 

 

A 10× serial dilution of male DNA templates quantified previously were used to evaluate the 
sensitivity of the BEAMing based method compared with conventional PCR.  

Figure 3. Comparison with conventional PCR. (A) Electrophoresis photo of 10× serial 
dilution of male DNA detected conventional PCR; a clear band could be identified in 10−3 
of the template DNA, and a weak band at 10−4 dilution; the bottom histogram denotes the 
result analyzed by a Gel Imaging System (BioRad); (B) the same detection result of the 
BEAMing based method, showing positive signals in 10−5 dilution and a weak positive 
signal even at 10−6 dilution; (C) signal comparison of the two methods, which shows their 
sensitivity differences. 
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We can see in Figure 3 that the conventional PCR results showed that it could detect as little as  
1 × 10−4 of the template DNA (5 ng/μL of template DNA, Figure 3A) and that a positive result was 
also obtained with 1 × 10−4 of template DNA by the BEAMing based microarray method (Figure 3B), 
while weak but identifiable signals were also seen at 1 × 10−5 (500 pg/μL of template DNA) by this 
coupled method. It could be seen in this study (Figure 3C) that hybridization based detection method 
showed more sensitivity than gel electrophoresis. 

2.3. Detection of the Toxins Producing Bacteria with BEAMing Based Microarray Method 

In the present study, 13 gene sites from different bacteria and fungi were selected and amplified 
simultaneously by emulsion-based multiplex PCR, and then detected by DNA microarray. The 
extracted positive DNA were mixed and detected by this method, results showed that corresponding 
positive signals were all detected (Figure 4A), the delineation of gene sites positions on the microarray 
are shown in Figure 4B. Ten maize samples were purchased from different shops for investigation in 
this study, genome DNA were extracted and detected by the proposed method. Results showed that 
two gene sites, PSK4 and PKS13, gave weak positive signals in only one of the samples (Figure 4C). 

Figure 4. Detection of toxins gene with the BEAMing based microarray method: A is one 
typical detection result of whole positive DNA by the BEAMing method, it showed that all 
the gene sites except negative control obtained clear hybridization signal; B shows the 
location of the 13 gene sites and control gene in the microarray; C shows that only one 
maize sample gave a positive signal in this validation study, the two zearalenone-related 
genes showed relative weak but clear positive signals in the picture.  

 

Multiplex PCR is the most commonly used method in these related studies of microbiology 
detection [26,27], while its parallel amplification ability was largely limited by the interferences 
between primers. Currently, no method can solve this problem thoroughly, although many attempts 
have been made [28,29]. In present study, we coupled BEAMing with DNA microarrays to develop a 
multiplex detection method, and thirteen related toxins gene sites from toxin-producing organisms 
were simultaneously investigated successfully. These achievements in the method mainly contribute to 
the following aspects: (1) BEAMing beads which were coated with one of the pair primers: different 
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primers were separated by the beads in different emulsion droplets; the concentrations of the primers 
were also reduced highly in the reaction and this resulted in less interference between primers. (2) PCR 
amplification in emulsion system: thousands upon thousands of micro-droplet in emulsions mostly 
separate the different gene amplification. Just because of this, emulsion PCR was used to produce 
monoclonal sequencing templates in the next generation sequencing technology. (3) DNA microarray 
was used for final detection: high throughput is the primary concern for microarrays. In this study, the 
microarray was mainly used to replace electrophoresis against multiplex gene sites detection. It 
showed more flexible and reliable results without length limitation and sequence based detection. The 
hybridization based microarray method used in this study also showed better sensitivity than 
conventional PCR with electrophoresis (Figure 3C). Beads-based amplification might contribute to this 
mostly, because all the target molecules for hybridization were single strand DNA obtained from 
amplified magnetic beads. All these factors mentioned above might contribute to the success and also 
suggested a reliable, sensitive and high throughput detection method. 

High efficiency of immobilized primers on magnetic beads was the key factor for a successful 
emulsion PCR. The different methods for immobilizing oligos on beads have been mentioned by 
Dressman et al. in their research [30]; however, systematic and general study of the common 
approaches in this study was more significant. Carboxyl-amino interaction on the bead surface could 
also be used in the method for much cheaper modification of the primer by amino than dual biotin, 
although we selected dual biotin in present study for the possibility of producing more PCR products. 

Two related toxins gene were detected in this study. We can infer from the result that the one maize 
sample detected were probably contaminated by zearalenone produced by F. graminearum, because 
this toxin was coded mainly by the two genes PKS13 and PKS4 detected in the sample [31]. 

3. Experimental 

3.1. Sample Preparation 

Ten maize samples used as the raw material for animal feed were purchased for the study from 
different grain shops. DNA was extracted according to Holden’s report with some modifications [32]. 
Positive DNA samples used in this study were obtained as a gift from the Food Science and 
Technology College of Hunan Agriculture University. One male DNA was used as positive control in 
the study which was mixed with the sample before emulsion PCR. 

3.2. Preparation of the Oligonucleotides and Microarray 

Aminosilane-derivatized glass slides were cleaned with deionized distilled water and incubated in 
5% glutaraldehyde in 0.1 mol/L PBS, pH 7.4, for 2 h. Then, the slides were thoroughly washed twice 
with methanol, acetone, and deionized distilled water and dried for use. Two hours after the probes 
were spotted on the treated glass slides, the slides were incubated in 0.01 mol/L NaBH4 solutions for 
about 30 min, then they were thoroughly washed twice with distilled water and dried for use. The 
probes and primers of the used gene sites in this study were synthesized and purified by Invitrogen Inc. 
(Shanghai, China). Cy3-dUTP was purchased from Amersham (GE Healthcare) for target DNA 
labeling. The DNA sequences and GenBank number of probes and primers are listed in Table 1. 
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Table 1. DNA sequence of the primers and probes. 

Gene name Primers/Probes sequence (5’-3’) Modification GenBank No. Toxins 

PKS4 
(F)gtatcttggagctgccttgc  gi:46562332 Zearalenone 

(R)ccaccacccaaaagcttaaa    
(P)ccatcggcactaggagacat 5’-amino   

stcS 
(F)ggtggtggagctgtgaatct  gi:50058538 Sterigmatocystin 
(R)ccgatgaggtcgttgttttt    
(P)gttcctgttctggccttctg 5’-amino   

Tri8 
(F)tttgctggaacttgtgttgc  gi:4249355 Trichothecene 

(R)gtatacagcgccacctggat    
(P)ctagtcaagtttccaggcgc 5’-amino   

Tri7 
(F)tgtttgcctcatcttcaacg  gi:4249355 Trichothecene 

(R)acattgccacgcaacaataa    
(P)agcaaagcatctttgtggct 5’-amino   

stcA 
(F)ggtggaacatgacacactgc  gi:50058538 Sterigmatocystin 
(R)gctacgtcttgggagtctgc    
(P)atttcaaggttatcgcgcac 5’-amino   

verA 
(F)tatggcctgtccctatctcg  gi:50058538 Sterigmatocystin 

(R)gctgtccaggaggtgaagag    
(P)tgctgtcctccaaccatgta 5’-amino   

pksST 
(F)gctacgtcttgggagtctgc  gi:50058538 Sterigmatocystin 

(R)ggtggaacatgacacactgc    
(P)gtgcgcgataaccttgaaat 5’-amino   

omtA 
(F)ctcctctaccagtggcttcg  gi:169775554 Aflatoxin 
(R)aacctccgagttggaatgtg    
(P)ccgcccatacctagatcaaa 5’-amino   

Nor1 
(F)cacttagccagcacgatcaa  gi:169775554 Aflatoxin 
(R)tttgggacgttggagaaaag    
(P)ccgaggtacggtctatcgaa 5’-amino   

Ver1 
(F)tccccaatggtgagactttc  gi:169775554 Aflatoxin 
(R)caccccaatgatctttccac    
(P)ccccataaactgcgtcttgt 5’-amino   

pksA 
(F)gaacgtaccggatgaagcat  gi:169775554 Aflatoxin 
(R)atgctgcagagcatgaacac    
(P)gaggcacactagagcggttc 5’-amino   

PKS13 
(F)tgggcgcttaagactgagat  gi:46562332 Zearalenone 
(R)atttccccaccaaacatgaa    
(P)ttgaatcctggatccgaaag 5’-amino   

UGT 
(F)acgagaagctgatcgtggac  gi:21240774 Deoxynivalenol 
(R)ttacatgccagagccttcct    

(P)gttgaaggggaggacatgag 5’-amino   

SRY 
(F)acctgttgtccagttgcact  gi:4507224 -- 

(R)actgaaagctgtaactctaagta    
(P)tgaagcgacccatgaacgcattca 5’-amino   

(F): Forward primer; (R): Reverse primer; (P): Probe. 
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3.3. Strategy of the Emulsion Based Detection Method 

Figure 5 is a schematic diagram illustrating the BEAMing based microarray detection method. The 
forward primers of all the gene sites inspected were immobilized on the beads surface, and then 
balance mixed for emulsion PCR.  

Figure 5. Main pipeline of the BEAMing based microarray detection method: (A) shows 
different primers that were immobilized on the carboxyl-coated beads respectively, and 
mixed before BEAMing; picture (B) denotes the possible condition of the emulsion system 
before and after PCR thermal cycles. Product amplification occurred only in the micro-
droplet which contained the corresponding primers and other PCR components; (C) in the 
figure shows that the desired single strand DNA for microarray hybridization could be 
separated from the amplified beads easily and be labeled with Cy3 fluorescence by 
terminal transferase. 

 

An emulsion system containing these forward primer coated beads, all the reverse primers and other 
PCR components were prepared; only those micro-droplets which contain DNA polymerase, template 
DNA, and the corresponding reverse primers could generate PCR products. After the PCR thermal 
cycles, the emulsions were broken and the amplified beads were pooled. Most of the washed beads 
were well amplified and contained double strand PCR products in the surface, the free stranded DNA 
products were separated from the beads by 0.1M NaOH which acted as denaturing buffer, then purified 
with a MinElute® Reaction Cleanup Kit (QIAGEN). 

All the 3’-end of the single strand PCR products obtained were labeled with Cy3 fluorescence by 
terminal transferase, and then hybridized with the probes previously immobilized on the slides. The 
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hybridization signal of the spots could be obtained by a laser scanner which indicated the positive or 
negative result for the corresponding detected gene site. 

3.4. BEAMing 

Magnetic beads of 1.05 ± 0.1 μm in diameter, covalently bound to carboxyl acid, were purchased 
from Invitrogen (no. 650.11, Dynal Biotech). Beads were washed twice with 1 × TX buffer  
(50 mM KCl/20 mM Tris·HCl, pH 8.4) and then coupled with 5′-amino-modified oligonucleotide 
acting as forward primers (Table 1) according to the method described by Kojima et al. [17]. After 
binding, the beads were washed three times with 1 × TX buffer to thoroughly remove unbound 
oligonucleotides. The oil phase was composed of 4.5% Span 80 (no. S6760, Sigma) and 0.40% Tween 
80 (no. S-8074, Sigma) in mineral oil (no. M-3516, Sigma). The aqueous phase contained 1 × Taq 
buffer (10 mM Tris–HCl, pH 8.0, 50 mM KCl), 3.5mM each dNTP, 25 mM MgCl2, 3 μM each 
reverse primer, 0.04 μM each forward primer, 0.5 U/μL Ex Taq (TaKaRa) and 10 ng/μL sample DNA. 

Water-in-oil emulsions were prepared by dropwise addition of 1,000 μL of the aqueous phase to 
2,000 μL of the oil phase previously placed in an IKA tube (45-mL round-bottom cryogenic vial). The 
dropwise addition was performed over ≈1 min while the mixture stirred at 600 rpm with an ULTRA-
TURRAX® Tube Drive (IKA). After the addition of the aqueous phase, the mixture continued to be 
stirred for a total time of 5 min. The emulsions were aliquoted into a 96-well PCR plate, each 
contained about 100 μL. PCR was carried out under the following cycling conditions: 94 °C for 2 min, 
45 cycles of 94 °C for 15 sec, 62 °C for 30 sec, and 70 °C for 45 sec. 

3.5. Separation and Labeling of the Target Molecules  

After PCR cycling, the emulsion from the 96 wells of a PCR plate were pooled and broken by the 
addition of twice the volume of 2-butanol and transferred to a 50 mL centrifugal tube. After vortexing 
for ≈20 sec, the beads were pelleted by centrifugation in a centrifuge at 500 ×g for 5 min. The top oil 
phase and all but ≈500 μL of the aqueous phase were removed from the tube, the aqueous phase was 
transferred to another clean tube, the beads were washed with NX buffer (100 mM NaCl/1% Triton  
X-100, 10 mM Tris·HCl, pH 7.5, and 1 mM EDTA) three more times and washed an additional three 
times with 1 × TX buffer by using magnetic separation rather than centrifugation. Onre hunderd μL of 
denaturing buffer was added and mixed thoroughly for about 2 min. Vortex 20 s. The beads were 
separated by magnetic separation, the supernatants collected, and cleanup with a Qiagen PCR 
purification kit was performed. Finally elution in 40 μL elute buffer was carried out. Cy3-labeled 
dUTP was added to 3-end of the target molecules by terminal transferase according to Rogers’s 
method [33]. 

3.6. Hybridization and Scanning  

Fluorescently labeled target DNA were mixed with one volume of hybridization solution (10× SSC, 
0.2% SDS, 50% formamide, 100 μg/mL sheared Salmon Sperm DNA) and heated to 95 °C for  
3 min, then hybridized to capture DNA probes on a slide at 50 °C for 30 min. After hybridization, the 
slides were washed in 2× SSC (1× SSC is 0.15 mol/L NaCl plus 0.015 mol/L sodium citrate), 0.1% 
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sodium dodecyl sulfate (SDS) at 50 °C for 5 min, 0.2 × SSC, 0.1% SDS, and distilled water at room 
temperature for 5 min in sequence and were then dried for scanning. All the glass slides were scanned 
on a LuxScan™ 10K system (CapitalBio Corporation), laser lights with a wavelength of 532 nm were 
used to excite Cy3 dye, and image analysis was carried out with QuantArray software. 

4. Conclusions 

In conclusion, emulsion and beads were used in this study to solve the serious problem of 
interferences between primers and template which commonly occurred in conventional multiplex PCR. 
A hybridization-based microarray technique was used to overcome the common disadvantages of 
electrophoresis. We successfully detected 13 toxin gene sites at one time, and genes related to 
zearalenone were detected from one randomly purchased maize sample by this emulsion-based 
microarray method. Our experiment results proved its reliability, sensitivity and efficiency and show 
its great potential for practical applications in both microbiological detection and academic research.  

Acknowledgments 

This work was supported by projects 60701008 and 60971021 of the National Natural Science 
Foundation of China. We also wish to express our appreciation to Yuanliang Wang for his kindly help 
providing the necessary positive DNA samples. 

Conflict of Interest 

The authors declare no conflict of interest  

References and Notes 

1. Rasooly, L.; Rasooly, A. Real time biosensor analysis of staphylococcal enterotoxin A in food. Int. 
J. Food Microbiol. 1999, 49, 119-127. 

2. Becker, K.; Roth, R.; Peters, G. Rapid and specific detection of toxigenic Staphylococcus aureus: 
Use of two multiplex PCR enzyme immunoassays for amplification and hybridization of 
staphylococcal enterotoxin genes, exfoliative toxin genes, and toxic shock syndrome toxin 1 gene. 
J. Clin. Microbiol. 1998, 36, 2548-2553. 

3. Yim, S.H.; Hee, S.S. Genotoxicity of nicotine and cotinine in the bacterial luminescence test. 
Mutat. Res. 1995, 335, 275-283. 

4. Ueno, Y.; Nagata, S.; Tsutsumi, T.; Hasegawa, A.; Watanabe, M.F.; Park, H.D.; Chen, G.C.; 
Chen, G.; Yu, S.Z. Detection of microcystins, a blue-green algal hepatotoxin, in drinking water 
sampled in Haimen and Fusui, endemic areas of primary liver cancer in China, by highly sensitive 
immunoassay. Carcinogenesis 1996, 17, 1317-1321. 

5. Nedelkov, D.; Rasooly, A.; Nelson, R.W. Multitoxin biosensor-mass spectrometry analysis: A 
new approach for rapid, real-time, sensitive analysis of staphylococcal toxins in food. Int. J. Food 
Microbiol. 2000, 60, 1-13. 



Molecules 2011, 16              
 

 

7375

6. Sloan, L.M.; Duresko, B.J.; Gustafson, D.R.; Rosenblatt, J.E. Comparison of real-time PCR for 
detection of the tcdC gene with four toxin immunoassays and culture in diagnosis of Clostridium 
difficile infection. J. Clin. Microbiol. 2008, 46, 1996-2001. 

7. de Boer, E.; Beumer, R.R. Methodology for detection and typing of foodborne microorganisms. 
Int. J. Food Microbiol. 1999, 50, 119-130. 

8. Lockhart, D.J.; Dong, H.; Byrne, M.C.; Follettie, M.T.; Gallo, M.V.; Chee, M.S.; Mittmann, M.; 
Wang, C.; Kobayashi, M.; Horton, H.; Brown, E.L. Expression monitoring by hybridization to 
high-density oligonucleotide arrays. Nat. Biotechnol. 1996, 14, 1675-1680. 

9. Roth, F.P.; Hughes, J.D.; Estep, P.W.; Church, G.M. Finding DNA regulatory motifs within 
unaligned noncoding sequences clustered by whole-genome mRNA quantitation. Nat. Biotechnol. 
1998, 16, 939-945. 

10. Schena, M.; Shalon, D.; Davis, R.W.; Brown, P.O. Quantitative monitoring of gene expression 
patterns with a complementary DNA microarray. Science 1995, 270, 467-470. 

11. Gunderson, K.L.; Huang, X.C.; Morris, M.S.; Lipshutz, R.J.; Lockhart, D.J.; Chee, M.S. Mutation 
detection by ligation to complete n-mer DNA arrays. Genome Res. 1998, 8, 1142-1153. 

12. Wang, D.G.; Fan, J.B.; Siao, C.J.; Berno, A.; Young, P.; Sapolsky, R.; Ghandour, G.; Perkins, N.; 
Winchester, E.; Spencer, J.; Kruglyak, L.; Stein, L.; Hsie, L.; Topaloglou, T.; Hubbell, E.; 
Robinson, E.; Mittmann, M.; Morris, M.S.; Shen, N.; Kilburn, D.; Rioux, J.; Nusbaum, C.;  
Rozen, S.; Hudson, T.J.; Lipshutz, R.; Chee, M.; Lander, E.S. Large-scale identification, 
mapping, and genotyping of single-nucleotide polymorphisms in the human genome. Science 
1998, 280, 1077-1082. 

13. Brownie, J.; Shawcross, S.; Theaker, J.; Whitcombe, D.; Ferrie, R.; Newton, C.; Little, S. The 
elimination of primer-dimer accumulation in PCR. Nucl. Acid. Res. 1997, 25, 3235-3241. 

14. Vandamme, P.; Pot, B.; Gillis, M.; de Vos, P.; Kersters, K.; Swings, J. Polyphasic taxonomy, a 
consensus approach to bacterial systematics. Microbiol. Rev. 1996, 60, 407-438. 

15. Margulies, M.; Egholm, M.; Altman, W.E.; Attiya, S.; Bader, J.S.; Bemben, L.A.; Berka, J.; 
Braverman, M.S.; Chen, Y.J.; Chen, Z.; Dewell, S.B.; Du, L.; Fierro, J.M.; Gomes, X.V.; 
Godwin, B.C.; He, W.; Helgesen, S.; Ho, C.H.; Irzyk, G.P.; Jando, S.C.; Alenquer, M.L.;  
Jarvie, T.P.; Jirage, K.B.; Kim, J.B.; Knight, J.R.; Lanza, J.R.; Leamon, J.H.; Lefkowitz, S.M.; 
Lei, M.; Li, J.; Lohman, K.L.; Lu, H.; Makhijani, V.B.; McDade, K.E.; McKenna, M.P.; Myers, E.W.; 
Nickerson, E.; Nobile, J.R.; Plant, R.; Puc, B.P.; Ronan, M.T.; Roth, G.T.; Sarkis, G.J.;  
Simons, J.F.; Simpson, J.W.; Srinivasan, M.; Tartaro, K.R.; Tomasz, A.; Vogt, K.A.; Volkmer, G.A.; 
Wang, S.H.; Wang, Y.; Weiner, M.P.; Yu, P.; Begley, R.F.; Rothberg, J.M. Genome sequencing 
in microfabricated high-density picolitre reactors. Nature 2005, 437, 376-380. 

16. Williams, R.; Peisajovich, S.G.; Miller, O.J.; Magdassi, S.; Tawfik, D.S.; Griffiths, A.D. 
Amplification of complex gene libraries by emulsion PCR. Nat. Methods 2006, 3, 545-550. 

17. Kojima, T.; Takei, Y.; Ohtsuka, M.; Kawarasaki, Y.; Yamane, T.; Nakano, H. PCR amplification 
from single DNA molecules on magnetic beads in emulsion: Application for high-throughput 
screening of transcription factor targets. Nucl. Acid. Res. 2005, 33, e150. 

18. Mardis, E.R. Next-generation DNA sequencing methods. Annu. Rev. Genomics Hum. Genet. 
2008, 9, 387-402. 



Molecules 2011, 16              
 

 

7376

19. Ge, Q.; Liu, Z.; Bai, Y.; Zhang, D.; Yu, P.; Lu, Z. Emulsion PCR-based method to detect Y 
chromosome microdeletions. Anal. Biochem. 2007, 367, 173-178. 

20. Diehl, F.; Li, M.; He, Y.; Kinzler, K.W.; Vogelstein, B.; Dressman, D. BEAMing: Single-molecule 
PCR on microparticles in water-in-oil emulsions. Nat. Methods 2006, 3, 551-559. 

21. Li, M.; Diehl, F.; Dressman, D.; Vogelstein, B.; Kinzler, K.W. BEAMing up for detection and 
quantification of rare sequence variants. Nat. Methods 2006, 3, 95-97. 

22. Diehl, F.; Li, M.; Dressman, D.; He, Y.; Shen, D.; Szabo, S.; Diaz, L.A., Jr.; Goodman, S.N.; 
David, K.A.; Juhl, H.; Kinzler, K.W.; Vogelstein, B. Detection and quantification of mutations in 
the plasma of patients with colorectal tumors. Proc. Natl. Acad. Sci. USA 2005, 102, 16368-16373. 

23. Leamon, J.H.; Link, D.R.; Egholm, M.; Rothberg, J.M. Overview: Methods and applications for 
droplet compartmentalization of biology. Nat. Methods 2006, 3, 541-543. 

24. Shendure, J.; Ji, H. Next-generation DNA sequencing. Nat. Biotechnol. 2008, 26, 1135-1145. 
25. Ansorge, W.J. Next-generation DNA sequencing techniques. N. Biotechnol. 2009, 25, 195-203. 
26. Vannuffel, P.; Gigi, J.; Ezzedine, H.; Vandercam, B.; Delmee, M.; Wauters, G.; Gala, J.L. 

Specific detection of methicillin-resistant Staphylococcus species by multiplex PCR. J. Clin. 
Microbiol. 1995, 33, 2864-2867. 

27. Cebula, T.A.; Payne, W.L.; Feng, P. Simultaneous identification of strains of Escherichia coli 
serotype O157:H7 and their Shiga-like toxin type by mismatch amplification mutation assay-
multiplex PCR. J. Clin. Microbiol. 1995, 33, 248-250. 

28. Panicker, G.; Call, D.R.; Krug, M.J.; Bej, A.K. Detection of pathogenic Vibrio spp. in shellfish by 
using multiplex PCR and DNA microarrays. Appl. Environ. Microbiol. 2004, 70, 7436-7444. 

29. Henegariu, O.; Heerema, N.A.; Dlouhy, S.R.; Vance, G.H.; Vogt, P.H. Multiplex PCR: Critical 
parameters and step-by-step protocol. Biotechniques 1997, 23, 504-511. 

30. Dressman, D.; Yan, H.; Traverso, G.; Kinzler, K.W.; Vogelstein, B. Transforming single DNA 
molecules into fluorescent magnetic particles for detection and enumeration of genetic variations. 
Proc. Natl. Acad. Sci. USA 2003, 100, 8817-8822. 

31. Gaffoor, I.; Trail, F. Characterization of two polyketide synthase genes involved in zearalenone 
biosynthesis in Gibberella zeae. Appl. Environ. Microbiol. 2006, 72, 1793-1799. 

32. Holden, M.J.; Blasic, J.R., Jr.; Bussjaeger, L.; Kao, C.; Shokere, L.A.; Kendall, D.C.; Freese, L.; 
Jenkins, G.R. Evaluation of extraction methodologies for corn kernel (Zea mays) DNA for 
detection of trace amounts of biotechnology-derived DNA. J. Agric. Food Chem. 2003, 51,  
2468-2474. 

33. Rogers, H.W.; Callery, M.P.; Deck, B.; Unanue, E.R. Listeria monocytogenes induces apoptosis 
of infected hepatocytes. J. Immunol. 1996, 156, 679-684. 

Sample Availability: Samples of the compounds are available from the authors. 

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.org/licenses/by/3.0/). 


