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xMAP technology is applicable for high-throughput, multiplex and simultaneous detection of different analytes within a single complex sample. xMAP multiplex assays are currently available in various nucleic acid and immunoassay formats, enabling simultaneous detection and typing of pathogenic viruses, bacteria, parasites and fungi and also antigen or antibody interception. As an open architecture platform, the xMAP technology is beneficial to end users and therefore it is used in various pharmaceutical, clinical and research laboratories. The main aim of this review is to summarize the latest findings and applications in the field of pathogen detection using microsphere-based multiplex assays.
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INTRODUCTION

High-throughput multiplex detection techniques are designed for the rapid, sensitive and specific testing of large numbers of analytes (nucleic acid assays, immunoassays, enzyme assays, or receptor-ligands) in a single biological sample. These techniques enable analysis of large numbers of samples. On the other hand, there are also classical single reaction detection methods based on determination of nucleic acids such as polymerase chain reaction (PCR) (Dunbar, 2006; Taylor et al., 2001), quantitative real-time PCR (qPCR) (Wuyts et al., 2015; Iannone et al., 2000), reverse transcription PCR (RT-PCR) (Weis et al., 1992) and reverse transcription quantitative PCR (RT-qPCR) (Bustin, 2000), or antibody-based tests like enzyme-linked immunosorbent assays (ELISA) (Engvall and Perlmann, 1971; Vanweeme and Schuurs, 1971) represent nowadays the “gold diagnostic standard” in many laboratories. Despite the previous implementation of these methods for routine rapid, sensitive, specific and cost-effective molecular diagnostics, their ability to simultaneously detect multiple analytes in a single reaction is limited and this limitation has yet to be overcome. The increasing amount of proteomic, transcriptomic and genomic sequence data from a large number of organisms accessible in public databases represents an exceptional opportunity for the development of new, multiplex detection technologies. The Luminex® xMAP technology (x = analyte, MAP = Multi-Analyte Profiling) that was invented in the late 1990s represents such a platform that can benefit from all the advances in DNA research (Angeloni et al., 2014). Although PCR allows multiplex amplification of several targets in a single run xMAP as a methodology represents a significant step forward, and was designed with the aim of creating a high-throughput bioassay platform, enabling rapid, cost-effective, and simultaneous analysis of multiple analytes within a single biological sample. As an open architecture platform, the xMAP system holds many benefits for the end user and therefore it is used in pharmaceutical, clinical and research laboratories (Dunbar and Li, 2010). The main aim of this review is to summarize the state-of-the-art of xMAP technology applications in the detection of viral, bacterial, parasitical and fungal pathogens from different matrices.

XMAP TECHNOLOGY – IN THE BEGINNING WERE THE MICROSPHERES

The principle of xMAP technology is based on the concept of a liquid (suspension) array. In contrast to the conventional microarray technology where the identity of the analyte is characterized by its position on the glass slide, the xMAP technology uses different sets of microspheres in a liquid suspension as determiners of analyte specificity. Microsphere sets are internally dyed with two spectrally different fluorophores. The spectral signature is unique for each microsphere set and is determined by different concentrations of internal dyes, producing a 100-member array of spectrally distinct microsphere sets (Figure 1). Integration of a third internal dye has allowed the expansion of up to 500-member microsphere sets (Dunbar and Li, 2010). The surface of each microsphere set allows a simple chemical coupling of various reagents specific to a particular bioassay, such as nucleic acid assays, immunoassays, enzyme assays or receptor-ligand assays. A further fluorescent reporter (e.g., Streptavidin-R-phycoerythrin, Alexa 532, Cy3) is coupled to a target molecule, which allows its detection after specific capture on the microsphere surface.
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FIGURE 1. The xMAP Technology based on internally dyed microspheres. Different concentrations of red and infrared fluorophores were used to create 100 distinct microsphere sets. Each set is able to conjugate to a specific target molecule (yellow and orange lines = nucleic acid; green star = fluorescent reporter).



There are different types of commercially available microspheres (Table 1), and their selection is generally determined by the type of instrumentation used for detection and the particular analyte of interest (Dunbar and Li, 2010; Houser, 2012). Basic microspheres are 5.6 μm polystyrene beads whose surface is covered by approximately 108 carboxyl groups (COOH) for covalent coupling of capture reagents (Tang and Stratton, 2006). Magnetic microspheres (Figure 2) differ in size and structure through the addition of a magnetite layer (Dunbar and Li, 2010; Houser, 2012). Usage of magnetic beads improves washing efficiency as the magnetic separation step enables the elimination of unwanted sample constituents. Moreover, MagPlex-TAG microspheres are covalently pre-coupled with unique 24 base pair-(bp)-long anti-TAG oligonucleotides that serve as an anchor for target sequences containing the complementary TAG sequence. This proprietary TAG system (xTAG technology) is optimized to have minimum cross-reactivity. An assay can be easily designed by adding a complementary TAG sequence into the sequence of the primer or detection probe of interest and hybridization to the anti-TAG sequence on the microsphere surface.

TABLE 1. Commercially available microspheres.
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FIGURE 2. Microsphere architecture. The polystyrene divinylbenzene core is surrounded by a polymer layer, which is formed by polystyrene methacrylic acid (infusion of dyes). The surface of each microsphere is irregular, porous and carboxylated. Magnetic microspheres have an additional layer of magnetite within the polymer layer and so differ also in size.



Mechanism of Signal Detection and Overview of Available Instruments

The analysis of beads is in general performed by two lasers. The red classification laser/LED (635 nm) excites the inner fluorescent dyes of the microspheres, thus identifying a specific microsphere set according to its spectral signature. If the analyte of interest is present, the green reporter laser/LED (525–532 nm) recognizes the fluorescent reporter bound to the captured analyte on the microsphere surface.

There are approximately 104 microspheres from each set present in a single sample. This number represents the range in xMAP, in which it is possible to perform determination of quantity according to a calibration curve, similarly to qPCR. However, one must bear in mind that inclusion of a PCR amplification step prior to xMAP analysis does not reveal the real number of DNA molecules present in the original sample, but can only be used for the approximate estimation of DNA quantity. Therefore, xMAP can provide only semi-quantitative data.

The simultaneous reading of both spectra is performed in purpose-designed readers (Table 2). They differ by their mechanisms of fluorescence capture and by the maximum number of samples that can be analyzed.

TABLE 2. Detection instruments compatible with xMAP technology.
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The basic detection instrument, which is called MAGPIX, is compatible only with magnetic microspheres (MagPlex and MagPlex-TAG). The principle of microsphere analysis in the MAGPIX instrument is based on their immobilization in the monolayer on the magnetic surface (Figure 3). Unlike flow-based instruments, the fluorescent imager of the MAGPIX system reads all the microspheres at once, while generating data that is comparable with other methods. Reading a 96-well-plate takes about 60 min. The maximal reading capacity of MAGPIX instruments is limited to 50 bead sets.
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FIGURE 3. Principle of analysis by the MAGPIX fluorescent imager. Magnetic microspheres immobilized on a magnet are recognized by LEDs and a CCD camera records the picture (LED, light-emitting diode; CCD, charge-coupled device).



Advanced detection instruments – the Luminex 100/200 (Bio-Plex 200) and FlexMAP (Bio-Plex) 3D – are based on flow cytometry principles. The microspheres with bound analyte are focused into a rapidly flowing fluid stream. Each microsphere is then individually detected and digitally processed as the stream passes through the imaging cuvette. Flow cytometry-based platforms are convenient for applications with samples of limited size. The reading of a 96-well-plate is faster than in the MAGPIX system and takes 45 min or less. The capacity of the 3D platform is further increased by the possibility of analyzing 384-well plates.

MICROSPHERE-BASED MULTIPLEX ASSAY FORMATS

The microsphere-based technology can be applied in various assay formats, which can be divided, according to the type of analyte, into microsphere-based multiplex nucleic acid assay formats (MBMNA) and microsphere-based multiplex immunoassays (MBMI).

In general, xMAP-based assay formats are in comparison to other commonly used methods very open and flexible, ensuring the result data within few hours, while requiring only minimal amounts of sample.

Detection assays based on nucleic acids have a potential for high levels of multiplexing, approaching the levels of sensitivity achieved by target amplification methods like multiplex PCR or TaqMan chemistry assays, while using the same protocols of DNA/RNA extraction. Multiplex oligonucleotide ligation PCR assay format (MOL-PCR) is able to simultaneously perform detection and identification, strain typing, detect antibiotic resistance determination, virulence prediction, etc., thereby surpasses other methods like Multiplex Ligation-dependent Probe Amplification (MLPA) or qPCR. The disadvantage of technology is that it is not capable to perform quantitative analysis like qPCR, because providing only semi-quantitative data.

xMAP immunoassays surpass the common enzyme immunoassays in the ability of multiple simultaneous detection, while requiring smaller amount of sample and lower cost. Moreover, these assay formats produce superior dynamic range and sensitivity.

Nucleic Acid Assays (MBMNA)

xMAP technology is applicable in numerous nucleic acid assay formats such as, e.g., gene expression analysis, microRNA analysis, single nucleotide polymorphism (SNP) analysis or specific sequence detection. Basically, nucleic acid assays can be developed by coupling sequence-specific capture oligos to magnetic microspheres or by use of xTAG technology (Angeloni et al., 2014).

When performing xMAP analysis of nucleic acids it is essential to include PCR amplification to enrich the number of targets in the sample to detectable levels. There are two general strategies for including a PCR step in the detection of pathogens using xMAP technology. The main difference between the two lies in which phase the PCR amplification is applied. In direct DNA hybridization (DDH), allele-specific primer extension (ASPE), single base chain extension (SBCE), and Oligonucleotide ligation assay (OLA) all the target DNA sequences are amplified in multiplex PCR prior to hybridization to microspheres. The disadvantage of these methods is that in assays containing large amounts of targets multiplex PCR leads to amplification bias, which is caused by the different lengths of the amplicons (Nolan et al., 2001). In contrast, in the multiplex oligonucleotide ligation PCR assay (MOL-PCR) sequence discrimination by detection probes occurs before the amplification step, which can subsequently be run just in singleplex PCR with universal primers.

Direct DNA Hybridization (DDH)

Direct DNA hybridization is one of the basic approaches used for the selective identification of sequences of interest from heterogeneous mixtures of DNAs (Figure 4). It is often used, e.g., for identification of species (Defoort et al., 2000; Page and Kurtzman, 2005; Righter et al., 2011; Liu Y. et al., 2012) or genotyping of pathogens (Letant et al., 2007; Zubach et al., 2012). In DDH, the amplification of target sequences is ensured by specific primer pairs, and one primer from each pair is fluorescently labeled at the 5′ end, permitting detection of the amplicon (Christopher-Hennings et al., 2013). The subsequent incubation of amplicon with microspheres leads to a direct and specific hybridization between matching capture and target sequences. Amplicon sequences should be 100–300 bp in length to minimize steric hindrance during hybridization and the capture sequence on microspheres should be 18–20 bp in size (Dunbar, 2006). The specificity of the capture sequences and stringency of hybridization conditions allow discrimination up to SNP. If the SNP or mutation discrimination is intended, the presumed mismatch should be located at the center of the capture sequence (Livshits and Mirzabekov, 1996). This assay format then requires a unique capture sequence coupled to a specific microsphere set to score each SNP allele (Kellar and Iannone, 2002).
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FIGURE 4. Direct DNA hybridization (DDH, yellow lines = capture oligonucleotide; orange line = amplified target sequence; green star = fluorescent reporter). Target DNA sequence is amplified, while one of the primers is fluorescently labeled. Amplicons are then specifically hybridized (according to complementarity) to capture oligonucleotides on the microsphere surface.



Allele-Specific Primer Extension (ASPE)

Allele-specific primer extension (Figure 5) is an approach usually used for determination of allelic variants of pathogens (Page and Kurtzman, 2005; Lin et al., 2008). The defining characteristic of ASPE is the extension of two allele-specific detection probes, which contain a polymorphic site at the 3′ end, defining the particular allele variant. In this arrangement, DNA polymerase can extend detection probes by incorporation of dNTPs (one nucleotide is labeled, e.g., biotin-dCTP), if the allele is present in the sample. Just one probe is extended in the case of a homozygous target; conversely, in heterozygotes both probes are extended. The fluorescence signal is generated by a fluorophore bound to labeled dNTPs, incorporated within the extended probe.
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FIGURE 5. Principle of Allele-specific primer extension (ASPE) (red and green line = anti-TAGs; green star = fluorescent reporter). Allele-specific detection probes, differing in one nucleotide on the polymorphic side, hybridize to amplified target sequence. After addition of DNA polymerase and dNTPs (one of which is fluorescently labeled), molecules are extended according to complementarity. Products are captured by anti-TAGs on the specific microsphere set.



Single Base Chain Extension (SBCE)

The use (Taylor et al., 2001) and assay format of SBCE is similar to the previously described ASPE. However, there are slight differences, mainly in the design of detection probes. In the case of SBCE (Figure 6), probe sequences are terminated one base before the polymorphic site (Chen et al., 2000; Ye et al., 2001). Due to this design the labeled dideoxyribonucleoside triphosphate (ddNTP) terminators serve as a “query” nucleotide and are used for single base probe extension at the same time; this assay requires the setting up of separate reactions for each of the four ddNTPs (ddC, ddG, ddA, and ddT). Moreover, PCR products from the previous step of PCR amplification of the target sequence need to be treated with exonuclease I and shrimp alkaline phosphatase (ExoI/SAP) before use as a template in the SBCE reaction (Ye et al., 2001; Dunbar, 2006) to get rid of unincorporated primers and dNTPs. Although SBCE has been proven to be highly specific and reliable (Chen et al., 1999; Syvanen, 1999), it is in the process of being replaced by less laborious methods.
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FIGURE 6. Principle of Single base chain extension (SBCE) (red dot = dideoxynucleotide; green star = fluorescent reporter; red line = anti-TAG). Specific detection probes are terminated one base before the polymorphic site. Utilization of fluorescently labeled dideoxynucleotides necessitates a separate reaction for each nucleotide in focus (minimally two). Target DNA hybridizes with probes after amplification but only the mix with the proper ddNTP leads ultimately to the synthesis of a labeled product, which is captured by anti-TAG on the microsphere surface.



Oligonucleotide Ligation Assay (OLA)

Oligonucleotide ligation-based formats include a ligation step of two oligonucleotide detection probes, which occurs in the presence of a target sequence of a specific pathogen. These assays are based on the ability of detection probes to hybridize next to each other on a complementary target DNA sequence (Landegren et al., 1988). If there are no mismatches near the junction site and there is a phosphate group at the 5′ end of a second probe (necessary for phosphodiester bond formation), annealing occurs; DNA ligase then recognizes the nick and forms a covalent bond between adjoining nucleotides while creating a single-stranded DNA molecule (Iannone et al., 2000). The most crucial step during the multiplexing of different ligation assays is the design of suitable probes with similar melting temperatures of between 51 and 56°C (Dunbar, 2006).

In the OLA assay format, the target DNA sequence is PCR-amplified prior to the ligation step of the annealed probes (Figure 7). OLA is suitable for SNP genotyping (Iannone et al., 2000; Taylor et al., 2001; Ye et al., 2001).
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FIGURE 7. Principle of Oligonucleotide ligation assay (OLA) (green star = fluorescent reporter; Pho = phosphate group; red line = anti-TAG). The target DNA sequence is PCR-amplified prior to the ligation step of the annealed probes. One of the detection probes consists of a sequence complementary to the target sequence (polymorphic site at the 3′ end if SNP identification is needed) and also an additional TAG tail sequence. The second detection probe is fully complementary to the target sequence and serves as a reporter due to its fluorescent label at the 3′ end. Detection probes bind next to each other, DNA ligase recognizes the nick and makes a bond. The product is captured by anti-TAG on the microsphere surface.



Multiplex Oligonucleotide Ligation PCR Assay (MOL-PCR)

The multiplex oligonucleotide ligation PCR assay represents an improved version of the previous OLA assay format. One advantage is that ligation is carried out prior to the PCR-amplification (Figure 8) (Nolan and White, 2004). Unlike in the OLA assay, one of the detection probes consists of a sequence complementary to the target sequence and an extension composed of the TAG sequence and primer binding site. The second probe is the same as the first except for the absence of the TAG sequence. Each probe pair is specific for a particular target sequence, but all pairs share the same primer sequence. Basically, these modular detection probes anneal to a target sequence, ligate into a complex single-stranded DNA molecule and only if this occurs does the molecule become a template for singleplex PCR using a universal pair of primers (one is fluorescently labeled). Additionally, all the ligation products are very similar in length (approximately 100 bp -120 bp), so the use of a universal primer pair during PCR makes the simultaneous amplification of many short fragments highly feasible. All these facts ensure that MOL-PCR is not susceptible to the amplification bias that is characteristic of multiplex PCR or previously mentioned formats. Only a minimal amount of target/sample is required.
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FIGURE 8. Principle of Multiplex oligonucleotide ligation PCR assay (MOL-PCR) (orange line = detection probe 1; green line = detection probe 2; blue lines = universal PCR primers; burgundy line = amplified negative strand; green star = fluorescent reporter; Pho = phosphate group; red line = anti-TAG). Specific detection probes bind next to each other to target sequence via complementary parts, while the parts including the TAG sequence and binding sites for PCR primers form tails sticking out into space. DNA ligase recognizes the nick and makes a bond. The complex sequence of ligated probes becomes a template for singleplex PCR with universal primers; one of the primers is fluorescently labeled. Labeled amplicon hybridizes via its TAG sequence to capture anti-TAG on the microsphere.



The MOL-PCR upgrade has the potential to have widespread impact on genomic assays, because not only is sequence detection and SNP identification possible, but the detection of indels (insertion/deletion), screening tests for pathogens (virus, bacteria, fungi) from various matrices or determination of antibiotic resistances is also feasible (Deshpande et al., 2010; Thierry et al., 2013; Wuyts et al., 2015). MOL-PCR could replace, e.g., MLPA or qPCR in certain applications in routine diagnostics (Deshpande et al., 2010).

Microsphere-Based Multiplex Immunoassay (MBMI)

Microsphere-based multiplex immunoassay (MBMIs) are typically biochemical tests that allow the detection or measuring of the concentration of an analyte (protein) in a solution through the use of an antibody or immunoglobulin (Angeloni et al., 2014). Single-analyte ELISA cannot support simultaneous detection of multiple specific antibody responses within a single serum sample (Bokken et al., 2012), and has further disadvantages, such as the requirement for a relatively large amount of sample, negligible non-specific binding or increased background. MBMIs represent an alternative for commonly used indirect tests like ELISA. The conversion of an ELISA assay to the MBMI format is uncomplicated, efficient, cost-saving and produces an assay with superior dynamic range and sensitivity (Baker et al., 2012). MBMIs are often used in the diagnostics of various pathogens including multicellular organisms, such as e.g., parasites, in tests where the current methods are not sensitive enough. The methods of choice are usually Capture Sandwich (CS) and Indirect Serological Assay (ISA) (Figure 9). However, the problems typical for methods based on serology remain: the need for periodical testing in order to avoid false negative results resulting from a wide and inevitable lag between infection and development of a specific response against a parasite in the form of IgG antibodies (sero-positivity) (Nockler et al., 1995).
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FIGURE 9. Principle of microsphere-based multiplex immunoassays. (A) Capture sandwich (CS; yellow hexagon = target; blue Y = capture antibodies; green Y = detection antibody; green star = fluorescent reporter); (B) Indirect serological assay (ISA; yellow hexagon = capture antigen; blue Y = specific target antibody; green Y = detection anti-antibody; green star = fluorescent reporter).



Capture Sandwich (CS)

The CS assay utilizes microspheres covalently coupled with a capture antibody (polyclonal antibodies should be purified and mono-specific) that takes up target molecules from the sample. This complex is recognized by a labeled detection antibody (Baker et al., 2012; Angeloni et al., 2014). The CS format can be used in cases where, for example, confirmation of pathogen identity within the inflammatory focus or altered tissue is needed.

Indirect Serological Assay (ISA)

In contrast to CS, in ISA a specific antibody against an antigen coupled with a microsphere is captured. If the binding of serum antibody to antigen occurs, a labeled secondary antibody (anti-antibody) then provides the visualization. ISA is typically used for serological screenings (monitoring and prevention purposes) that are carried out on serum samples (van der Wal et al., 2013).

APPLICATIONS OF XMAP TECHNOLOGY

The xMAP technology is used in many different applications. This chapter describes the use of this technology for multiplex detection of viral, bacterial, parasitical and fungal agents using the microsphere-based multiplex nucleic acid-assay formats (MBMNA) and microsphere-based multiplex immuno-assay formats (MBMI) described above.

Multiplex Detection and Typing of Viruses

Viruses are a very diverse group of infectious agents and are divided into groups according to a number of properties, e.g., type of nucleic acid, the presence of the viral envelope, antigenic structure, mode of transmission, pathogenicity, etc. They can be classified also according to the syndromes which they cause and mode of transmission, e.g., respiratory viruses, viruses causing gastroenteritis, tumors, hepatitis, rashes or neuroviruses.

To date, the majority of applications that enable multiplex viral detection and identification are based on the capture of viral nucleic acid by adoption of various DDH modifications.

Respiratory viruses are causative agents of the most common diseases of the human upper and lower respiratory tract, which are often associated with significant patient morbidity and mortality (Berry et al., 2015), e.g., H5N1 subtype of highly pathogenic influenza A virus (Neumann et al., 2010).

The MBMNA method for more effective detection and genotyping of H5N1 viral isolates from clinical samples comprising pharyngeal swabs and tracheal aspirates was developed and its efficiency was compared with RT-PCR and qPCR (Zou et al., 2007). The results using the MBMNA approach showed that this assay is vulnerable to viral mutations although the primers were designed according to conserved sequences. Therefore, there is a need to monitor viral mutations in order to reduce false-negative results and add new primers and probes to adapt to the mutations, which is a disadvantage of MBMNA. On the other hand, MBMNA holds a number of advantages compared to RT-qPCR and qPCR, e.g., allele-specific probes with TAG sequences can be recognized by a universal set of primers, thus potentially eliminating the problem with different primer sets (which may be incompatible) used in conventional methods. Moreover, amplification is carried out with a single set of universal primers where only one primer is labeled; therefore, the background is low and no post-PCR cleanup is required.

Another application of the MBMNA method was developed for the identification of human adenoviruses (HAdVs). Conventional serological identification of HAdVs serotypes is a time consuming process. Target-specific extension (TSE), which is a variant of ASPE was suggested to accelerate identification through the use of MBMNA for simultaneous identification of different serotypes; this is not possible using commercially available neutralization tests, antibody studies, or antigen detection by immunofluorescence or conventional PCR (Washington et al., 2010). Universal primers were used for nonspecific PCR amplification and serotype-specific probes coupled to tags were used for TSE. This MBMNA procedure is methodically simple, the cost is relatively low, and it enables diagnosis of up to five HAdV serotypes in a single reaction.

Besides the in-house assays described above, commercial kits have also been developed for the detection of respiratory viruses by xMAP, e.g., xTAG® Respiratory Viral Panel (xTAG RVP) (Krunic et al., 2011). xTAG RVP is multiplex nucleic acid test designed for detection of multiple respiratory virus nucleic acids in human nasopharyngeal swabs (Selvaraju and Selvarangan, 2012; Smith et al., 2012). Qualitative detection of a panel including respiratory syncytial virus (RSV), Influenza A virus (influenza A matrix, H1 subtype, H3 subtype, H5 subtype), Influenza B (Parainfluenza 1,2,3, and 4), Metapneumovirus (hMPV), HAdV, Entero-Rhinovirus, Corona NL63, Corona HKU1, Corona 229E, Corona OC43, and Bocavirus is possible. Bacteriophage MS2 and bacteriophage λ DNA were used as the internal controls. The detection of respiratory virus targets using the xTAG RVP, which detects 20 respiratory viral targets, was compared with individual qPCR nucleic acid amplification tests (NATs) (Pabbaraju et al., 2008). The xTAG RVP can detect all the respiratory viral targets included in the in-house NAT panel, which is used for detection of Influenza A, B viruses (IFVA, IFVB), parainfluenza virus types 1 to 4 (PIV 1–4), RSV, hMPV, and respiratory adenovirus types (ADV). Of the 1,530 samples tested, 532 were positive by xTAG RVP and 580 by in-house NATs for these targets. This gives the xTAG RVP a sensitivity of 91.2% and a specificity of 99.7%; in addition, xTAG RVP can detect picornaviruses (the in-house assays did not detect 88 picornaviruses) and coronaviruses and can subtype IFVA positives simultaneously. The xTAG RVP includes all the respiratory viral targets that are tested routinely for the diagnosis of acute respiratory tract infections; further, the technology is flexible and can easily allow for incorporation of other targets (e.g., human bocavirus) in the future.

The xTAG RVP assay was subsequently modified and was marketed as the xTAG RVP Fast assay, which has a simpler protocol; the results are obtained in a shorter time and handling of the amplified product is not required (amplified DNA is mixed with TAG primers specific to each viral target), which could be a potential contamination risk (Pabbaraju et al., 2011). The respiratory samples were tested for a variety of respiratory viral targets by xTAG RVP and xTAG RVP Fast in parallel. The xTAG RVP was more sensitive than xTAG RVP Fast (88.6% versus 77.5%) for all the viral targets; in addition, some targets (influenza B virus, parainfluenza virus type 2, and human coronavirus 229E) were not detected using xTAG RVP Fast and, e.g., the sensitivity for detection of IFVB was very low (41.3%). Therefore, it is not suitable as the primary assay for the detection of IFVB.

In addition to respiratory viral diseases the MBMNA was successfully applied also for detection of viral pathogens causing acute viral gastroenteritis. Acute viral gastroenteritis is usually caused by four distinct families of viruses: rotaviruses, noroviruses, astroviruses, and adenoviruses (Liu Y. et al., 2012). The authors focused on simultaneous detection of rotavirus A (RVA), noroviruses (NoVs), sapoviruses (SaV), human astrovirus (HAstV), enteric adenoviruses (EAds) and human bocavirus 2 (HBoV2). Altogether 140 fecal samples were tested using the MBMNA and RT-PCR in parallel. The specificity of MBMNA was equal to the conventional RT-PCR (>90%), but MBMNA was faster in terms of detection of different viral pathogens in one tube (Liu Y. et al., 2012). The studies of (Hamza et al., 2014) were also directed to the detection of human enteric viruses (human adenovirus (HAdV), human polyomavirus (HPyV), enterovirus (EV), rotavirus (RoV), norovirus GI (NoVGI), and norovirus GII (NoVGII), but environmental water samples were tested (Hamza et al., 2014). MBMNA provided high specificity and no cross-reactivity, but was not as sensitive as qPCR for the identification of viral contamination in river water samples. In contrast, all wastewater samples that were positive in qPCR were also positive by the MBMNA and the detection limit was higher than qPCR; MBMNA was as sensitive as qPCR for viral detection in wastewater samples. Therefore, MBMNA could be a reliable method for the simultaneous detection of viral pathogens, but only in wastewater. For detection of gastrointestinal pathogens xTAG® Gastrointestinal Pathogen Panel - GPP is commercially available [multiplex detection of various viral, bacterial and parasitic nucleic acids in human stool samples (Beckmann et al., 2014; Perry et al., 2014; Wessels et al., 2014; Zboromyrska et al., 2014)]. In comparison to the two previous studies mentioned above only three enteric viruses (norovirus, rotavirus and adenovirus 40/41) can be identified by the GPP (See chapter 4.2).

Viruses such as human papillomaviruses (HPV) are also associated with oncogenesis. HPV belong to those viruses, which require simultaneous detection and typing to identify individual HPV types because the genotype determination is necessary for the investigation of epidemiology and behavior of individual HPV types. Therefore, DDH was designed for detection and genotyping of HPV using L1 consensus (primer systems, which can detect 10 to 100 molecules of HPV targets) resulting in the establishment of a method for simultaneous detection of 26 different HPV genotypes including 18 high-risk HPV and 8 low-risk HPV genotypes (Jiang et al., 2006). Subsequent analysis of the data showed that the 26-plex method precisely discriminated all 18 high-risk HPV targets and also 8 low-risk HPV targets. Another study focused on genotyping HPV also used specific probes targeting a region of the L1 gene (Zubach et al., 2012). DDH was optimized for the detection and genotyping of 46 mucosal HPV types, which are associated with infections of the genital, anal, and oropharyngeal mucosae and the method enables a more comprehensive coverage of HPV types compared with the previously mentioned study, where only 26 types of HPV were genotyped. The DDH was more sensitive than the Linear Array (a leading commercial genotyping method) in terms of distinguishing positive/negative HPV samples, but less sensitive for detection of multiple HPV types; another limitation was the inability of the PCR system to amplify certain variants of HPV68. HPV genotype detection was by combined whole genome amplification and xMAP technology showed that this method is highly specific and sensitive (Lowe et al., 2010). This approach is capable to identify all high risk HPV types with the analytical limit of detection 100 copies plasmid DNA.

Many viruses can cause infections with fatal consequences for human health, e.g., Hendra and Nipah viruses, which can infect cells of the central nervous system and may cause relapsing encephalitis (Clayton et al., 2013), Ebola virus, which causes lethal hemorrhagic disease in humans (Takada and Kawaoka, 2001) or Menangle virus, which causes an influenza-like illness with a rash in humans (Bowden et al., 2012); these zoonotic viruses are linked to bats. The surveillance of zoonotic viruses in wildlife populations is necessary in order to monitor the risk of emerging infectious disease outbreaks. For the complex detection and genotyping of paramyxoviruses in Australian bats two bat virus panel assays (BVPA) for detection of paramyxoviruses in Australian bats (BVPA-1) and for paramyxoviruses and filoviruses in non-Australian bats (BVPA-2) were introduced (Boyd et al., 2015). Examined RNA was extracted from the urine of bats and a total of 532 samples were tested in 11-plex BVPA-1 and 540 field 8-plex BVPA-2; both developed assays were proven to be reliable and accurate.

A number of pathogens, including viruses, are implicated in reproductive diseases of swine. (Chen et al., 2015) combined one-step asymmetric multiplex reverse transcription PCR (RT-PCR) with DDH for simultaneous detection of respiratory syndrome virus (PRRSV), porcine circovirus type 2 (PCV-2), porcine pseudorabies virus (PRV), classical swine fever virus (CSFV), and porcine parvovirus (PPV). All strains of these five viruses were accurately identified. The results showed that the combination of RT-PCR with the DDH assay is more accurate and specific than the other methods, e.g., conventional RT-PCR, and could be a useful tool in the diagnostics of swine diseases. MBMNAs could become very important for veterinary diagnostic testing and (Christopher-Hennings et al., 2013) reported the potential use of MBMNAs for detection of different pathogens in pigs using panels for the multiplex detection of swine pathogens (viruses and bacteria) in serum, lung, oral fluids, feces and spleen or liver.

Although direct diagnosis based on the detection of the nucleic acids of viral pathogens described above prevails, xMAP antibody-based tests for the detection and typing of viruses are also available. MBMI was used to develop a competitive immunoassay that measures HPV type 6, 11, 16, and 18 specific neutralizing antibodies (Opalka et al., 2003); this was later validated for use in epidemiology studies and clinical vaccine trials (Opalka et al., 2003; Dias et al., 2005). MBMI was also compared with a Western blot assay for the detection of HIV-specific antibodies (Kong et al., 2016). The microspheres were coupled with anti-p24 monoclonal antibody and with HIV antigens: gp41, p17, p24, p31, and p66 recombinant protein. The results of both methods showed that MBMI sensitivity was 82.7% and Western blot assay sensitivity was 74.7%. The MBMI was more efficient and precise for screening several parameters and based on the acquired results it was better in HIV diagnostics than Western blots. For the determination of antibodies against HCV in patient serum samples MBMI based on the antigenic properties of four recombinant proteins was designed (Fonseca et al., 2011). Only a small number of samples was tested and that is why the specificity and sensitivity were 100%, but in spite of this the MBMI has the potential to become a viable alternative to standard tests due to its excellent specificity and it may be used for screening of HCV infection. Detection of antibodies against several Epstein-Barr virus (EBV) antigens in nasopharyngeal carcinoma patients (NPC) showed the possibility of simultaneous detection of multiple markers using MBMI, which is not possible with ELISA, and because of the distinct EBV serology spectrum in individual NPC patients, the multiplexed microsphere assay has powerful potential to allow serological diagnosis of NPC in the future (Gu et al., 2008). MBMI showed increased sensitivity and the possibility of quantifying antibodies, antigens, as well as other substances (e.g., hormones, cytokines, tumor markers, etc.), in contrast to conventional ELISA tests (duPont et al., 2005).

Multiplex Detection and Typing of Bacteria

The majority of applications for multiplex bacterial diagnostics are based on the detection of DNA. The most widely used approaches are based on the DDH, ligation assays or ASPE, but multiplex detection of bacteria may be performed as well using MBMI.

Direct DNA hybridization was used for the detection of pathogens causing foodborne diseases such as acute gastroenteritis and diarrhea, which are usually associated with ingestion of contaminated food. DDH was applied for the typing of 500 Salmonella isolates using the genes encoding the flagellar antigens H (fliC and fljB) (McQuiston et al., 2011). Allele-specific probes for fifteen H antigens, 5 complex major antigens and 16 complex secondary antigens according to the Kauffmann-White serotyping scheme were designed. Comparison of DDH with traditional serotyping methods revealed that the DDH cannot completely replace these methods because unfortunately not all flagellar antigen types were detected. A similar DDH assay for the typing of Salmonella focused only on the most common six serogroups of Salmonella in the United States (B, C1, C2, D, E, and O13), as well as serotype Paratyphi A, using the rfb genes required for O-antigen biosynthesis in Salmonella (Fitzgerald et al., 2007). In contrast with the previous study of McQuiston et al. (2011), the authors showed that the DDH was more specific than traditionally used methods for typing of Salmonella.

In the previous sections, it was described how DDH can be used for typing of pathogens; however, in most cases DDH is used only for the detection of pathogens, as described below. (Liu J. et al., 2012) attempted simultaneous detection of the enteric pathogens Aeromonas, Campylobacter jejuni/coli, Shigella, enteroinvasive Escherichia coli (EIEC), Vibrio, Yersinia and as well as Salmonella in fecal samples. However, there were some limitations to the method, which included the limited number of clinically significant pathogens or the inability to detect diarrheagenic E. coli, protozoa, or viruses. The full capacity of the DDH assay was utilized when the panel was expanded to include the most common bacterial/viral enteropathogens found in stool samples, such as Salmonella, Shigella, Vibrio, toxin B producer Clostridium difficile, Campylobacter, Clostridium perfringens, Yersinia enterocolitica, Aeromonas, Escherichia coli O157:H7, verocytotoxin-producing Escherichia coli and adenovirus, Group A rotavirus, norovirus GI and GII and astrovirus (Onori et al., 2014). The results showed that the assay is rapid, sensitive, specific, and reliable for screening and for exploring the etiology of gastrointestinal infections. The sensitivity of MBMNA was demonstrated to be greater than the routine methods (76.3% versus 66.5%), with the exception of Salmonella sp. and toxigenic C. difficile where the adoption of multiplex PCR did not always result in a significant improvement of specificity. The causative agents were not found in 44 of 245 (18%) of the presumed infectious gastroenteritis cases, but this could be due to the limitations of the detection panel, which did not include allele-specific probes for detection of parasitic enteric pathogens or emerging viruses related to gastroenteritis. Also, using DDH, detection of pathogenic bacteria occurring in environmental samples and causing acute and often fatal diseases (Bacillus anthracis, Yersinia pestis, Francisella tularensis, and Brucella melitensis) was optimized in a multiplexed format to allow the maximum sensitivity and specificity (Wilson et al., 2005). DNA was extracted robotically and in combination with DDH a rapid reliable screening approach was developed. Detection limits were from 100 fg to 10 pg starting DNA concentration when primer sets were multiplexed; in some cases the limits of detection were higher when primer sets were tested separately (range from 10 fg to 10 pg).

Besides the in-house assays developed for multiplex detection of bacteria described above, there are also commercial solutions based on xMAP technology for detection of the most common gastrointestinal pathogens and toxins. The xTAG® Gastrointestinal Pathogen Panel is a multiplex nucleic acid test designed for detection of various bacterial, viral and parasitic nucleic acids in human stool samples (Beckmann et al., 2014; Perry et al., 2014; Wessels et al., 2014; Zboromyrska et al., 2014). The panel allows qualitative detection of Campylobacter sp., Clostridium difficile (toxin A/B), Escherichia coli O157, Enterotoxigenic E. coli (ETEC) LT/ST, Shiga-like toxin producing E. coli (STEC) stx1/stx2, Salmonella sp., Shigella sp., Vibrio cholerae, Yersinia enterocolitica, HAdV serotypes 40 and 41, NoV GI and GII, Rotavirus A, Giardia, Cryptosporidium and Entamoeba histolytica. The xTAG GPP was tested and compared with routine tests, which are used in clinical diagnostic laboratories for screening of 17 kinds of enteropathogens, e.g., qRT-PCR kit for detection of viruses, culture methods for detection of bacteria or microscopic examination for detection of parasites (Deng et al., 2015). Samples with discordant results between the routine tests and xTAG GPP were tested by singleplex PCR and sequencing. The overall sensitivity of xTAG GPP was 96.3% and specificity was 99.8%. The sensitivity of xTAG GPP was 100% for all enteropathogens except Salmonella sp. (84.9%) and C. difficile toxin B (88.6%). The specificity was 100% for all targets except Salmonella sp. (99.2%), Shigella sp. (99.7%), C. difficile toxin B (99.2%), and norovirus GII (98.8%). xTAG GPP is also capable of detecting coinfections; 35 coinfections were detected using xTAG GPP, which is more than by the routine tests. However, the authors also reported some disadvantages as xTAG GPP failed to detect some important diarrheal pathogens (Aeromonas, Plesiomonas shigelloides) often detected by routine diagnostic tests; further, the detection of Salmonella exhibited low sensitivity (84.9%).

Ligation assays are also often used for multiplex detection of pathogenic bacteria. The main advantage over direct hybridization methods is the ability to simultaneously detect diverse signatures such as unique sequences, SNPs, indels and repeats (Song et al., 2010). MOL-PCR was initially optimized for the detection of the biothreat agents Bacillus anthracis, Yersinia pestis, and Francisella tularensis (Deshpande et al., 2010). The pathogen-specific sets of MOLigo pair probes were designed and their specificity and sensitivity were tested using similar species of Bacillus anthracis, Yersinia pestis, and Francisella tularensis and dilutions of isolated DNA, respectively. MOLigo pairs, which showed the highest specificity and sensitivity, were selected for compilation of a final probe panel, which was validated on extracted DNA from infected rodent liver and spleen, human blood or pleural fluid spiked with pathogen DNA. Nine from 10 unknown samples were successfully identified using the final probe panel. The results also showed the ability of this method to simultaneously detect multiple different signatures (SNPs, indels and repeats). The versatility of MOL-PCR was utilized when simultaneous detection of Bacillus anthracis, Yersinia pestis, and Francisella tularensis was supplemented by characterization of antibiotic resistance (ciprofloxacin and doxycycline) of these bacteria based on SNP analysis (Song et al., 2010). The allele-specific probes for detection and characterization of all the known resistance determinants performed well when tested individually, but multiplex use did not provide satisfactory results. Due to the ability to simultaneously detect diverse signatures such as unique sequences, SNPs, indels, and repeats, MOL-PCR can be used as a genotyping method as described below. A MOL-PCR-based 8-plex SNP typing method for Mycobacterium tuberculosis complex (MTBC) based on two phylogenetically equivalent sets of SNP markers that are specific for the six main human-associated lineages of MTBC was introduced (Stucki et al., 2012). MOL-PCR was compared with TaqMan qPCR and the obtained results showed that the sensitivity and specificity of both methods were similar (specificity 100%, sensitivity 98.6% MOL-PCR, 98.8% TaqMan) and that both methods were of comparative cost. MOL-PCR was ideal for classification of unknown isolates, while TaqMan qPCR was faster for confirmation of unknown isolates. MOL-PCR was also successfully used for genotyping of Bacillus anthracis in a 13-plex assay to score 13 phylogenetically lineage-specific canonical SNPs within the genome of Bacillus anthracis (Thierry et al., 2013).

Allele-specific primer extension was applied for identification of bacteria (Lin et al., 2008) even though it is more commonly used for SNP genotyping. ASPE was used for the identification of Acinetobacter sp. and antimicrobial susceptibilities of the clinical Acinetobacter species isolates were also determined (Lin et al., 2008). The 16S-23S rRNA gene intergenic spacer (ITS) regions of 13 distinct Acinetobacter species were amplified and then multiplex ASPE was performed. It was shown that this multiplex identification of Acinetobacter sp. is applicable also for determination of antibiotic resistance of the clinical Acinetobacter isolates. ASPE was compared with SBCE for identification of bacterial samples (Ye et al., 2001) and both methods provided similar results as they managed to correctly classify 17 bacterial species into 17 groups.

In addition to MBMNA also MBMI can be used for the direct multiplex detection of bacteria and their products (Dunbar et al., 2003). In MBMI direct fluorescence (detection antibody that incorporates a fluorescent label) is used for detection of reaction or of emerging product in contrast to ELISA and, in addition, MBMI enables measurement of multiple analytes simultaneously. For this reason, MBMI is preferred because time for detection is reduced and also test sensitivity is increased (Jun et al., 2012). Capture sandwich immunoassays (CS) were successfully applied for detection of organism-specific antibodies using microspheres coupled with antibodies for Salmonella, Campylobacter, Escherichia coli, and Listeria and it has been demonstrated that MBMI is a suitable method for multiplex detection of bacteria occurring in foodstuffs (Kim et al., 2010) or for detection of Brucella sp. from milk using capture-sensitive monoclonal antibodies for the lipopolysaccharide (LPS) O-antigen of Brucella sp. (Silbereisen et al., 2015). MBMI was also applied to test bacterial contamination of foods through the detection of staphylococcal enterotoxin B (SEB) (Kim et al., 2010), staphylococcal toxin A (SEA), and toxic shock syndrome toxin (TSST) produced by various strains of Staphylococcus aureus (Simonova et al., 2014) using sandwich immunoassays in which microspheres were conjugated with specific antibodies. A similar approach was used for the detection of pneumococcal serotype-specific polysaccharide and C-polysaccharide (C-Ps) antigens from urine samples (Sheppard et al., 2011). For the detection, MBMI was combined with the Binax NOW Streptococcus pneumoniae antigen detection kit. The specificity of MBMI was determined by testing 85 serotypes of S. pneumoniae and other strains of streptococci; 18 of the 26 non-pneumococcal serotypes gave C-P positive results, which showed that MBMI could be used for diagnosis of infection caused by S. pneumoniae only in combination with the Binax NOW assay.

Multiplex Detection of Parasitic Agents

Parasitic zoonoses are recorded worldwide and some of them have endemic character. Parasitic agents may pass from animals to humans in several ways, e.g., by direct contact, vector, consumption of raw or undercooked foodstuffs containing the infective stages or by infective stages released into environment (Hubalek, 2003). In the context of animal health and human food consumption, a list of the top ten parasites has been defined by the UN’s Food and Agriculture Organization (FAO) and World Health Organization (WHO) (Table 3). Although in the last decades a number of novel diagnostic methodological approaches has been developed, the current diagnosis of some parasitic diseases is still based only on a combination of clinical signs, anamnesis, and direct visual identification of parasitological objects (Anderson et al., 2015). The most common conventional diagnostic methods, such as microscopic examination, biochemical assays or ELISA, are available, but they are laborious, time-consuming and in many cases not reliable (Navidad et al., 2013). Improvements in this field are represented by molecular methods, including also routine PCR diagnostics, increasingly used for detection mainly of intestinal parasites, which are easy to recover from fecal specimens (Taniuchi et al., 2011) or potentially useful for other parasites found in secretions. With regard to the fact that parasites might exhibit very strictly confined localization within the host’s body – intracellular/extracellular or tissue/organ, sampling can be very problematic and it often leads to a false negative results.

TABLE 3. Foodborne parasites with the greatest global impact (Anonymous, 2014).
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Outbreaks of diarrheal diseases are caused by a wide range of pathogens, including parasites. Stool microscopy (detection of eggs, parts of bodies etc.) is the gold standard in the diagnostics of intestinal parasites. However, the presence of parasites in stool may vary and could be naturally low, requiring multiple sampling. In fact, up to 80% of all cases of diarrhea remain without confirmed etiology (Vernacchio et al., 2006). Therefore, there is space for the development of more sensitive diagnostic assays (Taniuchi et al., 2011), which should provide more precise determination. Among the modern molecular diagnostic methods qPCR assays are most frequently used for determination of intestinal parasites. In areas where co-infections are common (up to 22% of cases are caused by two or more pathogens) (Jansen et al., 2008; Friesema et al., 2012), the application of multiplex assays is of great benefit. Several pioneering works have been published in relation to this topic. To date, in parasitology, improved multiplex qPCR assays were adapted to DDH, which enables parallel diagnosis of seven intestinal parasites (Taniuchi et al., 2011); separate reactions were optimized – 3-plex for protozoa (Cryptosporidium sp., Giardia intestinalis, and Entamoeba histolytica) and 4-plex for helminths (Ancylostoma duodenale, Ascaris lumbricoides, Necator americanus, and Strongyloides stercoralis). The final calculated sensitivity was 83% and specificity was 100%. The results of both DDH assays were equivalent or better in comparison to the parent multiplex qPCR. Moreover, this approach has been developed as a commercial diagnostic xTAG GPP tool– a 19-plex assay, which enables inter alia detection of the protozoa G. intestinalis, E. histolytica and Cryptosporidium sp. The overall performance of xTAG GPP compared with conventional methods (standard culture, microscopic examination, immunochromatographic tests, qPCR) showed a sensitivity of 94.5% (range 90 to 97%) and a specificity of 99% (range 98,5% to 99,9%) (Claas et al., 2013; Mengelle et al., 2013; Navidad et al., 2013). If multiplexing more than 20 targets, the limit of detection might be reduced for individual targets when compared to single-target detection (Navidad et al., 2013). However, the identification of multiple pathogens revealed that very often (in up to 65% of samples), the physicians do not request testing for the proper pathogen (Claas et al., 2013). Therefore, multiplexing refines the diagnosis and contributes to the selection of a suitable treatment.

It was mentioned above that microsphere-based assays can be arranged also as multiplex indirect immunoassays, although the conventional singleplex ELISA still represents the gold standard in serodiagnostics for screening of individual human/animal or higher numbers of samples at a population level (Ruitenberg et al., 1983; Nockler et al., 2000; Dubey et al., 2005). Recently, some studies have been done in order to improve the potential of this serological method and to upgrade it to the multiplex level. These studies are mostly focused on parasites with the ability to migrate through the tissues of the host’s body – where PCR based detection would not be reliable. In this context, the most studied group of parasites are representatives from the phylum Nematoda, including also the important human pathogens, the Trichinella sp. The larvae may infect humans during the ingestion of raw or undercooked meat, mainly pork (domestic pig, wild boar) and can induce disease, whose consequences can be fatal (Dupouy-Camet, 2000; Pozio and Murrell, 2006). Inspection of meat for the most important species, Trichinella spiralis, is mandatory at slaughter (Anonymous, 2015), but currently used methods like artificial digestion and microscopic examination of pooled meat samples (Nockler et al., 2000) are archaic and usually do not properly reflect the real infection. Therefore, serodiagnostic methods are considered as a possible alternative and xMAP technology in the form of ISA, using excretory/secretory (E/S) products, was also developed and tested. The effectivity of ISA was tested with T. spiralis-positive pig meat samples. The system was developed as a duplex assay (with Toxoplasma gondii), using goat anti-swine secondary antibodies against specific antibodies. The results of this study corresponded to the infection status of the animals with an assay sensitivity of 68% and specificity of 100% (Bokken et al., 2012). When the immunoglobulin binding protein A/G (generic Ig-binding protein), which can be used in multiple species in contrast with goat anti-swine secondary antibody, was included, the results showed a similar specificity of 95%, but an increase in sensitivity from 88% for anti-swine antibody to 94% with protein A/G. The xMAP technology-ISA exhibited 87% sensitivity and 95% specificity in comparison with the commercial Pourquier ELISA, and 98% sensitivity and 95% specificity in comparison with the Safepath ELISA (van der Wal et al., 2013).

With the rising popularity of MBMIs, ISA was also developed for other members of Nematodes, such as representatives from the genus Toxocara (Anderson et al., 2015). The infection by these parasites is typically peroral at areas contaminated by embryonated roundworm eggs, e.g., sand from childrens’ playgrounds. The recombinant T.canis and T. cati E/S antigens Tc-CTL-1 and Tc-TES-26 were used to detect toxocara-specific antibodies in sera from humans pre-diagnosed as positive for visceral and ocular larval migrans (VLM, OLM). The specificity of ISA was 94% for both sets of samples, but there were differences in the sensitivity, which was 99% for VLM and 64% for OLM samples. It was recorded that a combination of recombinant antigens improves sensitivity in comparison with conventional immunoassays (e.g., Western Blot, ELISA), which employ native E/S antigens isolated from larvae (limited availability) that also exhibit cross-reactivity with antibodies from other helminthic infections so reducing its usefulness in regions with poly-parasitism.

Within the unicellular parasitic protozoa ISA was tested in representatives from the genus Toxoplasma. Unlike T. spiralis, no such regulations for meat control exist for T. gondii, even though its prevalence is higher and health complications can be very severe. Recombinant tachyzoite surface protein (SAG-1) was used for simultaneous serological detection in a set with T. spiralis E/S (Bokken et al., 2012). Similarly to T. spiralis, the results exactly reflected the load of infection; sensitivity was 86% and specificity was 96% for T. gondii. The obtained results repeatedly underline the potential of these assays for further implementation in routine diagnostic screening of a wide range of parasites.

As we have descibed, the ISA represents an improved methodological alternative to current serological diagnostics, enabling multiplex detection of pathogenic agents with higher sensitivity.

Multiplex Detection and Typing of Fungal Pathogens

Traditional diagnostic methods for the identifications of fungal pathogens are mostly based on phenotype analysis of fungal cultures or detection of antigens (polysaccharides), but these approaches are time-consuming and not very accurate (Diaz and Fell, 2004; Bovers et al., 2007; Landlinger et al., 2009; Babady et al., 2011). Rapid and correct identification methods are important for efficient therapy (Diaz and Fell, 2004), however, available qPCR assays have various levels of sensitivity and specificity and often have a limited range, targeting only a few yeasts or mold species (Landlinger et al., 2009; Babady et al., 2011).

The need for rapid and correct identifications of fungal pathogens was addressed by development of xMAP technology based detection methods (Diaz and Fell, 2004; Page and Kurtzman, 2005; Das et al., 2006; Bovers et al., 2007; Babady et al., 2011; Balada-Llasat et al., 2012; Farooqi et al., 2012; Landlinger et al., 2009). Majority of xMAP applications for the multiplex detection and identification of fungal pathogens are based on the capture of fungal nucleic acid by DDH assays.

To perform rapid and accurate identifications of fungal pathogens in immunocompromised individuals, the DDH was designed detect a wide range of the most commonly occurring clinically relevant fungal pathogens including species of the genera Aspergillus and Candida and other important pathogens such as Cryptococcus, Fusarium, Trichosporon, Mucor, Rhizopus, Penicillium, Absidia, and Acremonium (Landlinger et al., 2009). The DDH was used mainly for identifications of fungi due to its ability to detect coinfections with multiple fungal species in patients and may contribute to improved diagnosis of invasive fungal infections.

Studies employing xMAP technology were developed and successfully used to identify individual fungal species within Candida sp. (Page and Kurtzman, 2005; Farooqi et al., 2012), or Trichosporon sp. (Diaz and Fell, 2004). In these studies, DDH assays for fast and accurate detection and identification of important fungal pathogens were developed. In another study, the xMAP technology was used for genotyping of human pathogenic Fusarium sp. (O’Donnell et al., 2007). Fusaria were genotyped also by sequence analysis. The independent comparison of the results obtained via xMAP technology with results obtained via sequencing showed the xMAP incorrectly identified some of Fusarium isolates.

Besides the in-house assays described above, commercial kits have also been developed for the detection of fungal pathogens by xMAP, e.g., xTAG® Fungal Analyte-Specific Reagents (ASR) assay and the sensitivity and specificity of the assay were tested within identification of fungal isolates and positive blood culture bottles (Babady et al., 2011). The Candida 7-plex assay was tested within 43 of Candida strains and 16 bacterial strains with no-cross-reaction with any of the bacterial strains. The sensitivity and specificity were 100%. Using 11-plex assay were tested 51 mold species and the assay correctly identified all species of Aspergillus, with 100% specificity and sensitivity except A. niger (0/8 isolates). Other molds were identify also with 100% specificity and sensitivity except Mucor (0/6 isolates) and Rhizopus (1/6 isolates). Besides the testing of fungal isolates also positive blood culture bottles were tested for the presence of Candida species using Candida 7-plex assay. The sensitivity and specificity of the assay was 100% for each species. The mold 11-plex assay did not detect one Rhizopus species and the A. niger strains, so the results were similar as the previous mentioned results in the course of identification of fungal isolates.

In addition, ASR for identification of Candida species do not distinguish between members of Candida complexes, e.g., phenotypically indistinguishable groups II and III of C. parapsilosis (group I), which have been renamed Candida orthopsilosis and C. metapsilosis. Similarly, ASR for identification of A. fumigatus were unable to distinguish between members of the A. fumigatus complex. The results showed that xTAG® Fungal ASR assay could be used as an adjunct to culture. The mold 11-plex assay has been developed specifically for the detection of specific species of mold, which may be reason why Rhizopus, Mucor, and A. niger have not been identified. Due to the equal treatment of infections caused by genera Mucor and Rhizopus, it would be better to design a panel to detect the most common genera of fungi, and not to focus on the detection of particular species.

The results showed that the xTAG® Fungal ASR assay is an attractive alternative to reference methods, due to its speed and ability to simultaneously identify multiple fungal species (Balada-Llasat et al., 2012).

DDH assay is able to not only identify the fungal pathogens, but it can be used for a genotyping of fungal pathogens. It was applied for identification of closely related pathogenic yeasts Cryptococcus neoformans and Cryptococcus gattii that may cause meningoencephalitis in immunocompromised individuals (Bovers et al., 2007). Six haploid genotypic groups within these pathogens can be distinguished by several molecular methods e.g. PCR fingerprinting or intergenic spacer genotyping. Besides these haploid groups, hybrids have been described as well. AD hybrids are hybrids between the two varieties of C. neoformans and also hybrids between C. neoformans var. neoformans and C. gattii have been described. The DDH has been adapted for the detection of the genotypes within Cryptococcus neoformans and Cryptococcus gattii. The detection limit was calculated from 4 × 101 to 2 × 103 cells for the various specific probes for each of the six haploid genotypic groups. The results showed that DDH is highly specific method and it is possible not only identify cryptococcal isolates at the species and genotype levels but also allows identification of hybrid isolates that have two alleles of the specific probes region and also able to identify cryptococci in cerebrospinal fluid. However, the optimization of DNA extraction methods is needed before routine use in clinical laboratories.

CONCLUSION

Detection and identification of pathogens, as well as an understanding of pathogen variation, the pathogenesis of the diseases they cause, and timelines of infection and antimicrobial resistance, are all required in order to obtain the full picture of disease progression and to select effective cures for infected individuals or populations. As the amount of input data required for such decisions increases, so too does the number of tests that are required during laboratory examinations. The multiplex assays for the detection and typing of pathogens using xMAP technology are tools of choice as they are capable of providing all of the important information within a reasonable timeframe, and without excessive labor or costs. The major improvement of xMAP assays is that they add another dimension to the simple detection, which is represented by the simultaneous analysis of many targets within a single sample, and they therefore represent complementary tools to procedures for the detection and quantification of pathogens such as qPCR, culture, or ELISA assays. The significance of such a complex approach for the multiplex detection has grown in recent years, which is documented by the increase in published data and of application of the commercial assays in routine diagnostics.

AUTHOR CONTRIBUTIONS

Conception of the review: PK; Design of the work: VM, NR, PK; Writing this review: NR and VM (These authors contributed to this work equally); Revision of the manuscript: MK, PM, PK; All authors approved the version to be published in Frontiers in Microbiology and agreed to be accountable for all aspects of the work.

FUNDING

The work was supported by the Ministry of Education, Youth and Sports of the Czech Republic (LO1218), by the Ministry of Agriculture of the Czech Republic (RO0516), Ministry of the Interior of the Czech Republic (VI20152020044), and by Masaryk University institutional support (MUNI/A/1325/2015).

ACKNOWLEDGMENT

The authors would like to thank Neysan Donnelly (Max-Planck-Institute of Biochemistry, Germany) for grammatical corrections of the manuscript.

REFERENCES

Anderson, J. P., Rascoe, L. N., Levert, K., Chastain, H. M., Reed, M. S., Rivera, H. N., et al. (2015). Development of a luminex bead based assay for diagnosis of toxocariasis using recombinant antigens Tc-CTL-1 and Tc-TES-26. PLoS Negl. Trop. Dis. 9:e0004168. doi: 10.1371/journal.pntd.0004168

Angeloni, S., Cordes, R., Dunbar, S., Garcia, C., Gibson, G., Martin, C., et al. (2014). xMAP Cookbook: A Collection of Methods and Protocols for Developing Multiplex Assays with xMAP Technology, 2nd Edn. (Austin, TX: Luminex)

Anonymous. (2014). Multicriteria-Based Ranking for Risk Management of Food-Borne Parasites: Microbiological Risk Assessment Series (MRA) 23. Rome: FAO, 324.

Anonymous. (2015). Regulation (EU) 2015/1375, laying down specific rules on official controls for Trichinella in meat. Official J. Eur. Union 28, 7.

Babady, N. E., Miranda, E., and Gilhuley, K. A. (2011). Evaluation of Luminex xTAG fungal analyte-specific reagents for rapid identification of clinically relevant fungi. J. Clin. Microbiol. 49, 3777–3782. doi: 10.1128/JCM.01135-11

Baker, H. N., Murphy, R., Lopez, E., and Garcia, C. (2012). Conversion of a capture ELISA to a luminex xMAP assay using a multiplex antibody screening method. J. Vis. Exp. 6, 4084. doi: 10.3791/4084

Balada-Llasat, J. M., LaRue, H., Kamboj, K., Rigali, L., Smith, D., Thomas, K., et al. (2012). Detection of yeasts in blood cultures by the luminex xTAG fungal assay. J. Clin. Microbiol. 50, 492–494. doi: 10.1128/JCM.06375-11

Beckmann, C., Heininger, U., Marti, H., and Hirsch, H. H. (2014). Gastrointestinal pathogens detected by multiplex nucleic acid amplification testing in stools of pediatric patients and patients returning from the tropics. Infection 42, 961–970. doi: 10.1007/s15010-014-0656-7

Berry, M., Gamieldien, J., and Fielding, B. C. (2015). Identification of new respiratory viruses in the new millennium. Viruses Basel 7, 996–1019. doi: 10.3390/v7030996

Bokken, G. C. A. M., Bergwerff, A. A., and van Knapen, F. (2012). A novel bead-based assay to detect specific antibody responses against Toxoplasma gondii and Trichinella spiralis simultaneously in sera of experimentally infected swine. BMC Vet. Res. 8:36. doi: 10.1186/1746-6148-8-36

Bovers, M., Diaz, M. R., Hagen, F., Spanjaard, L., Duim, B., Visser, C. E., et al. (2007). Identification of genotypically diverse Cryptococcus neoformans and Cryptococcus gattii isolates by luminex xMAP technology. J. Clin. Microbiol. 45, 1874–1883. doi: 10.1128/JCM.00223-07

Bowden, T. R., Bingham, J., Harper, J. A., and Boyle, D. B. (2012). Menangle virus, a pteropid bat paramyxovirus infectious for pigs and humans, exhibits tropism for secondary lymphoid organs and intestinal epithelium in weaned pigs. J. Gen. Virol. 93, 1007–1016. doi: 10.1099/vir.0.038448-0

Boyd, V., Smith, I., Crameri, G., Burroughs, A. L., Durr, P. A., White, J., et al. (2015). Development of multiplexed bead arrays for the simultaneous detection of nucleic acid from multiple viruses in bat samples. J. Virol. Methods 223, 5–12. doi: 10.1016/j.jviromet.2015.07.004

Bustin, S. A. (2000). Absolute quantification of mRNA using real-time reverse transcription polymerase chain reaction assays. J. Mol. Endocrinol. 25, 169–193. doi: 10.1677/jme.0.0250169

Chen, J. W., Iannone, M. A., Li, M. S., Taylor, J. D., Rivers, P., Nelsen, A. J., et al. (2000). A microsphere-based assay for multiplexed single nucleotide polymorphism analysis using single base chain extension. Genome Res. 10, 549–557. doi: 10.1101/gr.10.4.549

Chen, R., Yu, X.-L., Gao, X.-B., Xue, C.-Y., Song, C.-X., Li, Y., et al. (2015). Bead-based suspension array for simultaneous differential detection of five major swine viruses. Appl. Microbiol. Biotechnol. 99, 919–928. doi: 10.1007/s00253-014-6337-8

Chen, X. N., Levine, L., and Kwok, P. Y. (1999). Fluorescence polarization in homogeneous nucleic acid analysis. Genome Res. 9, 492–498.

Christopher-Hennings, J., Araujo, K. P. C., Souza, C. J. H., Fang, Y., Lawson, S., Nelson, E. A., et al. (2013). Opportunities for bead-based multiplex assays in veterinary diagnostic laboratories. J. Vet. Diagn. Invest. 25, 671–691. doi: 10.1177/1040638713507256

Claas, E. C., Burnham, C.-A. D., Mazzulli, T., Templeton, K., and Topin, F. (2013). Performance of the xTAG (R) gastrointestinal pathogen panel, a multiplex molecular assay for simultaneous detection of bacterial, viral, and parasitic causes of infectious gastroenteritis. J. Microbiol. Biotechnol. 23, 1041–1045. doi: 10.4014/jmb.1212.12042

Clayton, B. A., Wang, L. F., and Marsh, G. A. (2013). Henipaviruses: an updated review focusing on the pteropid reservoir and features of transmission. Zoonoses Public Health 60, 69–83. doi: 10.1111/j.1863-2378.2012.01501.x

Das, S., Brown, T. M., Kellar, K. L., Holloway, B. P., and Morrison, C. J. (2006). DNA probes for the rapid identification of medically important Candida species using a multianalyte profiling system. FEMS Immunol. Med. Microbiol. 46, 244–250. doi: 10.1111/j.1574-6968.2006.00424.x

Defoort, J. P., Martin, M., Casano, B., Prato, S., Camilla, C., and Fert, V. (2000). Simultaneous detection of multiplex-amplified human immunodeficiency virus type 1 RNA, hepatitis C virus RNA, and hepatitis B virus DNA using a flow cytometer microsphere-based hybridization assay. J. Clin. Microbiol. 38, 1066–1071.

Deng, J. K., Luo, X., Wang, R. L., Jiang, L. X., Ding, X. X., Hao, W., et al. (2015). A comparison of luminex xTAG (R) Gastrointestinal Pathogen Panel (xTAG GPP) and routine tests for the detection of enteropathogens circulating in Southern China. Diagn. Microbiol. Infect. Dis. 83, 325–330. doi: 10.1016/j.diagmicrobio.2015.07.024

Deshpande, A., Gans, J., Graves, S. W., Green, L., Taylor, L., Kim, H. B., et al. (2010). A rapid multiplex assay for nucleic acid-based diagnostics. J. Microbiol. Methods 80, 155–163. doi: 10.1016/j.mimet.2009.12.001

Dias, D., Van Doren, J., Schlottmann, S., Kelly, S., Puchalski, D., Ruiz, W., et al. (2005). Optimization and validation of a multiplexed Luminex assay to quantify antibodies to neutralizing epitopes on human papillomaviruses 6, 11, 16, and 18. Clin. Diagn. Lab. Immunol. 12, 959–969.

Diaz, M. R., and Fell, J. W. (2004). High-throughput detection of pathogenic yeasts of the genus Trichosporon. J. Clin. Microbiol. 42, 3696–3706. doi: 10.1128/JCM.42.8.3696-3706.2004

Dubey, J. P., Hill, D. E., Jones, J. L., Hightower, A. W., Kirkland, E., Roberts, J. M., et al. (2005). Prevalence of viable Toxoplasma gondii in beef, chicken, and pork from retail meat stores in the United States: risk assessment to consumers. J. Parasitol. 91, 1082–1093. doi: 10.1645/GE-683.1

Dunbar, S., and Li, D. (2010). Introduction to Luminex® xMAP® technology and applications for biological analysis in China. Asia Pac. Biotech 14, 26–30.

Dunbar, S. A. (2006). Applications of Luminex (R) xMAP (TM) technology for rapid, high-throughput multiplexed nucleic acid detection. Clin. Chim. Acta 363, 71–82. doi: 10.1016/j.cccn.2005.06.023

Dunbar, S. A., Vander Zee, C. A., Oliver, K. G., Karem, K. L., and Jacobson, J. W. (2003). Quantitative, multiplexed detection of bacterial pathogens: DNA and protein applications of the Luminex LabMAP (TM) system. J. Microbiol. Methods 53, 245–252. doi: 10.1016/S0167-7012(03)00028-9

duPont, N. C., Wang, K. H., Wadhwa, P. D., Culhane, J. F., and Nelson, E. L. (2005). Validation and comparison of luminex multiplex cytokine analysis kits with ELISA: determinations of a panel of nine cytokines in clinical sample culture supernatants. J. Reprod. Immunol. 66, 175–191. doi: 10.1016/j.jri.2005.03.005

Dupouy-Camet, J. (2000). Trichinellosis: a worldwide zoonosis. Vet. Parasitol. 93, 191–200. doi: 10.1016/S0304-4017(00)00341-1

Engvall, E., and Perlmann, P. (1971). Enzyme-linked immunosorbent assay (ELISA) Quantitative assay of immunoglobulin-G. Immunochemistry 8, 871–874. doi: 10.1016/0019-2791(71)90454-X

Farooqi, J., Jabeen, K., Saeed, N., Zafar, A., Brandt, M. E., and Hasan, R. (2012). Species identification of invasive yeasts including Candida in Pakistan: limitations of phenotypic methods. J. Pak. Med. Assoc. 62, 995–998.

Fitzgerald, C., Collins, M., van Duyne, S., Mikoleit, M., Brown, T., and Fields, P. (2007). Multiplex, bead-based suspension array for molecular determination of common Salmonella serogroups. J. Clin. Microbiol. 45, 3323–3334. doi: 10.1128/JCM.00025-07

Fonseca, B. P. F., Marques, C. F. S., Nascimento, L. D., Mello, M. B., Silva, L. B. R., Rubim, N. M., et al. (2011). Development of a multiplex bead-based assay for detection of Hepatitis C Virus. Clin. Vaccine Immunol. 18, 802–806. doi: 10.1128/CVI.00265-10

Friesema, I. H. M., de Boer, R. F., Duizer, E., Kortbeek, L. M., Notermans, D. W., Smeulders, A., et al. (2012). Aetiology of acute gastroenteritis in adults requiring hospitalization in The Netherlands. Epidemiol. Infect. 140, 1780–1786. doi: 10.1017/S0950268811002652

Gu, A. D., Xie, Y. B., Mo, H. Y., Jia, W. H., Li, M. Y., Li, M., et al. (2008). Antibodies against Epstein-Barr virus gp78 antigen: a novel marker for serological diagnosis of nasopharyngeal carcinoma detected by xMAP technology. J. Gen. Virol. 89, 1152–1158. doi: 10.1099/vir.0.83686-0

Hamza, I. A., Jurzik, L., and Wilhelm, M. (2014). Development of a luminex assay for the simultaneous detection of human enteric viruses in sewage and river water. J. Virol. Methods 204, 65–72. doi: 10.1016/j.jviromet.2014.04.002

Houser, B. (2012). Bio-Rad’sBio-Plex (R) suspension array system, xMAP technology overview. Arch. Physiol. Biochem. 118, 192–196. doi: 10.3109/13813455.2012.705301

Hubalek, Z. (2003). Emerging human infectious diseases: Anthroponoses, zoonoses,and sapronoses. Emerg. Infect. Dis. 9, 403–404. doi: 10.3201/eid0903.020208

Iannone, M. A., Taylor, J. D., Chen, J., Li, M. S., Rivers, P., Slentz-Kesler, K. A., et al. (2000). Multiplexed single nucleotide polymorphism genotyping by oligonucleotide ligation and flow cytometry. Cytometry 39, 131–140. doi: 10.1002/(SICI)1097-0320(20000201)39:2<131::AID-CYTO6>3.0.CO;2-U

Jansen, A., Stark, K., Kunkel, J., Schreier, E., Ignatius, R., Liesenfeld, O., et al. (2008). Aetiology of community-acquired, acute gastroenteritis in hospitalised adults: a prospective cohort study. BMC Infect. Dis. 8:143. doi: 10.1186/1471-2334-8-143

Jiang, H.-L., Zhu, H.-H., Zhou, L.-F., Chen, F., and Chen, Z. (2006). Genotyping of human papillomavirus in cervical lesions by L1 consensus PCR and the Luminex xMAP system. J. Med. Microbiol. 55, 715–720. doi: 10.1099/jmm.0.46493-0

Jun, B. H., Kang, H., Lee, Y. S., and Jeong, D. H. (2012). Fluorescence-based multiplex protein detection using optically encoded microbeads. Molecules 17, 2474–2490. doi: 10.3390/molecules17032474

Kellar, K. L., and Iannone, M. A. (2002). Multiplexed microsphere-based flow cytometric assays. Exp. Hematol. 30, 1227–1237. doi: 10.1016/S0301-472X(02)00922-0

Kim, J. S., Taitt, C. R., Ligler, F. S., and Anderson, G. P. (2010). Multiplexed magnetic microsphere immunoassays for detection of pathogens in foods. Sens. Instrum. Food Qual. Saf. 4, 73–81. doi: 10.1007/s11694-010-9097-x

Kong, W., Li, Y., Cheng, S., Yan, C., An, S., Dong, Z., et al. (2016). Luminex xMAP combined with Western blot improves HIV diagnostic sensitivity. J. Virol. Methods 227, 1–5. doi: 10.1016/j.jviromet.2015.10.007

Krunic, N., Merante, F., Yaghoubian, S., Himsworth, D., and Janeczko, R. (2011). Advances in the diagnosis of respiratory tract infections: role of the luminex xTAG respiratory viral panel. Ann. N. Y. Acad. Sci. 1222, 6–13.

Landegren, U., Kaiser, R., Sanders, J., and Hood, L. (1988). A ligase-mediated gene detection technique. Science 241, 1077–1080. doi: 10.1126/science.3413476

Landlinger, C., Preuner, S., Willinger, B., Haberpursch, B., Racil, Z., Mayer, J., et al. (2009). Species-specific identification of a wide range of clinically relevant fungal pathogens by use of luminex xMAP technology. J. Clin. Microbiol. 47, 1063–1073. doi: 10.1128/JCM.01558-08

Letant, S. E., Ortiz, J. I., Tammero, L. F. B., Birch, J. M., Derlet, R. W., Cohen, S., et al. (2007). Multiplexed reverse transcriptase PCR assay for identification of viral respiratory pathogens at the point of care. J. Clin. Microbiol. 45, 3498–3505. doi: 10.1128/JCM.01712-07

Lin, Y.-C., Sheng, W.-H., Chang, S.-C., Wang, J.-T., Chen, Y.-C., Wu, R.-J., et al. (2008). Application of a microsphere-based array for rapid identification of Acinetobacter spp. with distinct antimicrobial susceptibilities. J. Clin. Microbiol. 46, 612–617. doi: 10.1128/JCM.01798-07

Liu, J., Gratz, J., Maro, A., Kumburu, H., Kibiki, G., Taniuchi, M., et al. (2012). Simultaneous detection of six diarrhea-causing bacterial pathogens with an in-house PCR-luminex assay. J. Clin. Microbiol. 50, 98–103. doi: 10.1128/JCM.05416-11

Liu, Y., Xu, Z.-Q., Zhang, Q., Jin, M., Yu, J.-M., Li, J.-S., et al. (2012). Simultaneous detection of seven enteric viruses associated with acute gastroenteritis by a multiplexed luminex-based assay. J. Clin. Microbiol. 50, 2384–2389. doi: 10.1128/JCM.06790-11

Livshits, M. A., and Mirzabekov, A. D. (1996). Theoretical analysis of the kinetics of DNA hybridization with gel-immobilized oligonucleotides. Biophys. J. 71, 2795–2801. doi: 10.1016/S0006-3495(96)79473-0

Lowe, B., Kobayashi, L., Lorincz, A., Mallonee, R., O’Neil, D., Thai, H., et al. (2010). HPV genotype detection using hybrid capture sample preparation combined with whole genome amplification and multiplex detection with luminex XMAP. J. Mol. Diagn. 12, 847–853. doi: 10.2353/jmoldx.2010.100045

McQuiston, J. R., Waters, R. J., Dinsmore, B. A., Mikoleit, M. L., and Fields, P. I. (2011). Molecular determination of H antigens of Salmonella by Use of a microsphere-based liquid array. J. Clin. Microbiol. 49, 565–573. doi: 10.1128/JCM.01323-10

Mengelle, C., Mansuy, J. M., Prere, M. F., Grouteau, E., Claudet, I., Kamar, N., et al. (2013). Simultaneous detection of gastrointestinal pathogens with a multiplex luminex-based molecular assay in stool samples from diarrhoeic patients. Clin. Microbiol. Infect. 19, E458–E465. doi: 10.1111/1469-0691.12255

Navidad, J. F., Griswold, D. J., Gradus, M. S., and Bhattacharyya, S. (2013). Evaluation of luminex xTAG gastrointestinal pathogen analyte-specific reagents for high-throughput, simultaneous detection of bacteria, viruses, and parasites of clinical and public health importance. J. Clin. Microbiol. 51, 3018–3024. doi: 10.1128/JCM.00896-13

Neumann, G., Chen, H., Gao, G. F., Shu, Y. L., and Kawaoka, Y. (2010). H5N1 influenza viruses: outbreaks and biological properties. Cell Res. 20, 51–61. doi: 10.1038/cr.2009.124

Nockler, K., Pozio, E., Voigt, W. P., and Heidrich, J. (2000). Detection of Trichinella infection in food animals. Vet. Parasitol. 93, 335–350. doi: 10.1016/S0304-4017(00)00350-2

Nockler, K., Voigt, W. P., Protz, D., Miko, A., and Ziedler, K. (1995). Indirect ELISA for the diagnosis of trichinosis in living pigs. Berl. Munch. Tierarztl. Wochenschr. 108, 167–174.

Nolan, J., and White, P. (2004). Nucleic Acid Sequence Detection Using Multiplexed Oligonucleotide PCR.US 7153656 B2.

Nolan, J. P., White, P. S., and Cai, H. (2001). DNA Polymorphism Identity Determination Using Flow Cytometry.US 20020015962 A1.

O’Donnell, K., Sarver, B. A. J., Brandt, M., Chang, D. C., Noble-Wang, J., Park, B. J., et al. (2007). Phylogenetic diversity and microsphere array-based genotyping of human pathogenic fusaria, including isolates from the multistate contact lens–Associated US Keratitis outbreaks of 2005 and 2006. J. Clin. Microbiol. 45, 2235–2248. doi: 10.1128/JCM.00533-07

Onori, M., Coltella, L., Mancinelli, L., Argentieri, M., Menichella, D., Villani, A., et al. (2014). Evaluation of a multiplex PCR assay for simultaneous detection of bacterial and viral enteropathogens in stool samples of paediatric patients. Diagn. Microbiol. Infect. Dis. 79, 149–154. doi: 10.1016/j.diagmicrobio.2014.02.004

Opalka, D., Lachman, C. E., MacMullen, S. A., Jansen, K. U., Smith, J. F., Chirmule, N., et al. (2003). Simultaneous quantitation of antibodies to neutralizing epitopes on virus-like particles for human papillomavirus types 6, 11, 16, and 18 by a multiplexed luminex assay 2. Clin. Diagn. Lab. Immunol. 10, 108–115.

Pabbaraju, K., Tokaryk, K. L., Wong, S., and Fox, J. D. (2008). Comparison of the luminex xTAG respiratory viral panel with in-house nucleic acid amplification tests for diagnosis of respiratory virus infections. J. Clin. Microbiol. 46, 3056–3062. doi: 10.1128/JCM.00878-08

Pabbaraju, K., Wong, S., Tokaryk, K. L., Fonseca, K., and Drews, S. J. (2011). Comparison of the luminex xTAG respiratory viral panel with xTAG respiratory viral panel fast for diagnosis of respiratory virus infections. J. Clin. Microbiol. 49, 1738–1744. doi: 10.1128/JCM.02090-10

Page, B. T., and Kurtzman, C. P. (2005). Rapid identification of Candida species and other clinically important yeast species by flow cytometry. J. Clin. Microbiol. 43, 4507–4514. doi: 10.1128/JCM.43.9.4507-4514.2005

Perry, M. D., Garden, S. A., and Howe, R. A. (2014). Evaluation of the luminex xTAG gastrointestinal pathogen panel and the savyon diagnostics gastrointestinal infection panel for the detection of enteric pathogens in clinical samples. J. Med. Microbiol. 63, 1419–1426. doi: 10.1099/jmm.0.074773-0

Pozio, E., and Murrell, K. D. (2006). Systematics and epidemiology of Trichinella. Adv. Parasitol. 63, 367–439. doi: 10.1016/S0065-308X(06)63005-4

Righter, D. J., Rurangirwa, F. R., Call, D. R., and McElwain, T. F. (2011). Development of a bead-based multiplex PCR assay for the simultaneous detection of multiple Mycoplasma species. Vet. Microbiol. 153, 246–256. doi: 10.1016/j.vetmic.2011.06.010

Ruitenberg, E., van Knapen, F., and Elgersma, A. (1983). “Control III surveillance in swine by immunodiagnostic methods,” in Trichinella and Trichonosis, 1st Edn, ed. W. C. Campell (New York, NY: Plenum Press), 529–550.

Selvaraju, S. B., and Selvarangan, R. (2012). Evaluation of xTAG respiratory viral panel FAST and xTAG human parainfluenza virus analyte-specific reagents for detection of human parainfluenza viruses in respiratory specimens. Diagn. Microbiol. Infect. Dis. 72, 278–281. doi: 10.1016/j.diagmicrobio.2011.11.005

Sheppard, C. L., Harrison, T. G., Smith, M. D., and George, R. C. (2011). Development of a sensitive, multiplexed immunoassay using xMAP beads for detection of serotype-specific streptococcus pneumoniae antigen in urine samples. J. Med. Microbiol. 60, 49–55. doi: 10.1099/jmm.0.023150-0

Silbereisen, A., Tamborrini, M., Wittwer, M., Schuerch, N., and Pluschke, G. (2015). Development of a bead-based luminex assay using lipopolysaccharide specific monoclonal antibodies to detect biological threats from Brucella species. BMC Microbiol. 15:198. doi: 10.1186/s12866-015-0534-1

Simonova, M. A., Petrova, E. E., Dmitrenko, O. A., Komaleva, R. L., Shoshina, N. S., Samokhvalova, L. V., et al. (2014). xMAP-based analysis of three most prevalent staphylococcal toxins in Staphylococcus aureus cultures. Anal. Bioanal. Chem. 406, 6447–6452. doi: 10.1007/s00216-014-8048-5

Smith, J., Sammons, D., Toennis, C., Butler, M. A., Blachere, F., and Beezhold, D. (2012). Semi-quantitative analysis of influenza samples using the luminex xTAG (R) respiratory viral panel kit. Toxicol. Mech. Methods 22, 211–217. doi: 10.3109/15376516.2011.610387

Song, J., Li, P.-E., Gans, J., Vuyisich, M., Deshpande, A., Wolinsky, M., et al. (2010). Simultaneous pathogen detection and antibiotic resistance characterization using SNP-based multiplexed oligonucleotide ligation-PCR (MOL-PCR). Adv. Comput. Biol. 680, 455–464. doi: 10.1007/978-1-4419-5913-3_51

Stucki, D., Malla, B., Hostettler, S., Huna, T., Feldmann, J., Yeboah-Manu, D., et al. (2012). Two new rapid SNP-typing methods for classifying Mycobacterium tuberculosis complex into the main phylogenetic lineages. PLoS ONE 7:e41253. doi: 10.1371/journal.pone.0041253

Syvanen, A. C. (1999). From gels to chips: “Minisequencing” primer extension for analysis of point mutations and single nucleotide polymorphisms. Hum. Mutat. 13, 1–10.

Takada, A., and Kawaoka, Y. (2001). The pathogenesis of Ebola hemorrhagic fever. Trends Microbiol. 9, 506–511. doi: 10.1016/S0966-842X(01)02201-6

Tang, Y., and Stratton, C. (2006). Advanced Techniques in Diagnostic Microbiology. Berlin: Springer.

Taniuchi, M., Verweij, J. J., Noor, Z., Sobuz, S. U., van Lieshout, L., Petri, W. A. Jr., et al. (2011). High throughput multiplex PCR and probe-based detection with luminex beads for seven intestinal parasites. Am. J. Trop. Med. Hyg. 84, 332–337. doi: 10.4269/ajtmh.2011.10-0461

Taylor, J. D., Briley, D., Nguyen, Q., Long, K., Iannone, M. A., Li, M. S., et al. (2001). Flow cytometric platform for high-throughput single nucleotide polymorphism analysis. Biotechniques 30, 661–666.

Thierry, S., Hamidjaja, R. A., Girault, G., Lofstrom, C., Ruuls, R., and Sylviane, D. (2013). A multiplex bead-based suspension array assay for interrogation of phylogenetically informative single nucleotide polymorphisms for Bacillus anthracis. J. Microbiol. Methods 95, 357–365. doi: 10.1016/j.mimet.2013.10.004

van der Wal, F. J., Achterberg, R. P., Kant, A., and Maassen, C. B. M. (2013). A bead-based suspension array for the serological detection of Trichinella in pigs. Vet. J. 196, 439–444. doi: 10.1016/j.tvjl.2012.10.029

Vanweeme, B. K., and Schuurs, A. H. W. (1971). Immunoassay using antigen-enzyme conjugates. FEBS Lett. 15, 232–236. doi: 10.1016/0014-5793(71)80319-8

Vernacchio, L., Vezina, R. M., Mitchell, A. A., Lesko, S. M., Plaut, A. G., and Acheson, D. W. K. (2006). Diarrhea in American infants and young children in the community setting. Pediatr. Infect. Dis. J. 25, 2–7. doi: 10.1097/01.inf.0000195623.57945.87

Washington, C., Metzgar, D., Hazbon, M. H., Binn, L., Lyons, A., Coward, C., et al. (2010). Multiplexed luminex xMAP assay for detection and identification of five adenovirus serotypes associated with epidemics of respiratory disease in adults. J. Clin. Microbiol. 48, 2217–2222. doi: 10.1128/JCM.00029-10

Weis, J. H., Tan, S. S., Martin, B. K., and Wittwer, C. T. (1992). Detection of rare mRNAs via quantitative RT-PCR. Trends Genet. 8, 263–264. doi: 10.1016/0168-9525(92)90242-V

Wessels, E., Rusman, L. G., van Bussel, M. J., and Claas, E. C. J. (2014). Added value of multiplex luminex gastrointestinal pathogen panel (xTAG((R)) GPP) testing in the diagnosis of infectious gastroenteritis. Clin. Microbiol. Infect. 20, O182–O187. doi: 10.1111/1469-0691.12364

Wilson, W. J., Erler, A. M., Nasarabadi, S. L., Skowronski, E. W., and Imbro, P. M. (2005). A multiplexed PCR-coupled liquid bead array for the simultaneous detection of four biothreat agents. Mol. Cell. Probes 19, 137–144. doi: 10.1016/j.mcp.2004.10.005

Wuyts, V., Roosens, N. H. C., Bertrand, S., Marchal, K., and De Keersmaecker, S. C. J. (2015). Guidelines for optimisation of a multiplex oligonucleotide ligation-PCR for characterisation of microbial pathogens in a microsphere suspension array. Biomed. Res. Int. 2015, 10. doi: 10.1155/2015/790170

Ye, F., Li, M. S., Taylor, J. D., Nguyen, Q., Colton, H. M., Casey, W. M., et al. (2001). Fluorescent microsphere-based readout technology for multiplexed human single nucleotide polymorphism analysis and bacterial identification. Hum. Mutat. 17, 305–316. doi: 10.1002/humu.28

Zboromyrska, Y., Hurtado, J. C., Salvador, P., Alvarez-Martinez, M. J., Valls, M. E., Mas, J., et al. (2014). Aetiology of traveller’s diarrhoea: evaluation of a multiplex PCR tool to detect different enteropathogens. Clin. Microbiol. Infect. 20, O753–O759. doi: 10.1111/1469-0691.12621

Zou, S. M., Han, H., Wen, L. Y., Liu, Y., Cronin, K., Lum, S. J. H., et al. (2007). Human influenza A virus (H5N1) detection by a novel multiplex PCR typing method. J. Clin. Microbiol. 45, 1889–1892. doi: 10.1128/JCM.02392-06

Zubach, V., Smart, G., Ratnam, S., and Severini, A. (2012). Novel microsphere-based method for detection and typing of 46 mucosal human papillomavirus types. J. Clin. Microbiol. 50, 460–464. doi: 10.1128/JCM.06090-11

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2017 Reslova, Michna, Kasny, Mikel and Kralik. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-08-00055-g009.jpg





OPS/images/fmicb-08-00055-g001.jpg
suoijesjuaduo) akq paJsesyul anbiun o1

Bead Set 12

-OPO0 000000
V00000000
V000000000
00009500000
00000000
00000000
00000000
00090000
00000000
—?..Q.‘.Q

10 Unique Red Dye Concentrations






OPS/images/cross.jpg
3,

i





OPS/images/fmicb-08-00055-g002.jpg
Polymer layer
Polystyrene core
Carboxylate-

modified
polymer coating

Magnetite

6,5 um 5,6 um





OPS/images/fmicb-08-00055-g003.jpg
Greenreporter LED (532-nm)

CCD camera imager

| 0000000000 |

Red classification LED (635-nm)





OPS/images/fmicb-08-00055-g004.jpg





OPS/images/fmicb-08-00055-g005.jpg
ASPE
Genamicon p&O;pO(

PCRamplification l

11

(heterozygote)





OPS/images/fmicb-08-00055-g006.jpg
SBCE

Genomic DNA

PCR amplification
SAP/Exol treatment

@ Specific

detection

/\:\/\ probes /\/\/\
-
XXX NE > 0%

AOHNA .
+
* T«
ddTTP ddGTP
Single base

probe extension

I r‘/##j\
ddGTP

ddTTP

(homozygote)





OPS/images/fmicb-08-00055-g007.jpg
>O<><>< Genomic DNA

l reRampifction

o
Specific

TNV NN detectionprobes

+

00X
l

AN~

AN AAK

|

W





OPS/images/fmicb-08-00055-g008.jpg
MOL-PCR

>OO<>< Genomic DNA

-

NN\ Specific
<~ NN\ detection probes

Pho

Pho

l Ligation

NN NN
PCR with
universal primers l

o= Y e )

NNANAANANOHK






OPS/images/cover.jpg


OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-08-00055-t002.jpg
Instrument Compatibility Strategy Analytes/reaction Microplate type
Luminex MAGPIX® Magnetic microspheres Immobilization of microspheres in magnetic field 50 96-well plate
Luminex1008/200™ Al types of microspheres Flow cytometry-based 100 (80 with MagPlex) 96-well plate

FlexMAP 3D% Al types of microspheres Flow cytometry-based 500 96 and 384-well plate





OPS/images/fmicb-08-00055-t003.jpg
Parasite

Taenia solium
Echinococcus granulosus

Echinococcus multilocularis
Toxoplasma gondii

Cryptosporidium sp.

Entamoeba histolytica
Trichinella spiralis
Opisthorchiidae
Ascaris sp.
Trypanosoma cruzi

Type

Tapeworm

Hydatid worm or dog
tapeworm

Tapeworm
Protozoa

Protozoa

Protozoa
Worm
Flatworm
Roundworm
Protozoa

Occurrence

Pork
In fresh produce

In fresh produce

In meat from small
ruminants, pork, beef,
game meat (red meat
and organs)

In fresh produce, fruit
juice, milk

In fresh produce
Pork

in fresh water fish

In fresh produce

In fruit juice
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Microsphere type

MicroPlex®
MagPlex®
MagPlex-TAGT™
LumAvidin®
SeroMAP™

Size (um)

Structure

Non-magnetic
Magnetic
Magnetic

Non-magnetic

Non-magnetic

Sets available

100
500
150
100
100

Instrument suitability

Flow cytometry-based
All XMAP
Al xXMAP
Flow cytometry-based
Flow cytometry-based

Analyte

Al
Al
Nucleic acid
Proteins
Proteins





