
  
    
      
    
  


  
    Table of Contents
  


  
    Rapid Identification and Characterization of Francisella by Molecular Biology and Other Techniques

    
      Abstract

      
        Article Information

        
          Identifiers and Pagination:
        


        
          Article History:
        

      

    


    
      1. INTRODUCTION
    


    
      2. IDENTIFICATION AND CHARACTERIZATION OF ISOLATED FRANCISELLA STRAINS

      
        2.1. Direct Culture and Methods to Increase Isolation of Strains are Very Helpful
      


      
        2.2. Insertion-Deletion (INDEL) and Pulsed Field Gel Electrophoresis (PFGE)
      


      
        2.3. Single Nucleotide Polymorphism (SNP)
      


      
        2.4. Multiple-Locus Variable Number Tandem Repeat Analysis (MLVA)
      


      
        2.5. PCR
      


      
        2.5.1. PCR Reagents
      


      
        2.5.2. DNA Extraction Methods for PCR
      


      
        2.5.3. PCR Instruments
      


      
        2.5.4. PCR
      


      
        2.6. Genome Sequencing and MLST+
      


      
        2.7. Other Techniques
      

    


    
      3. DETECTION OF FRANCISELLA WITHOUT ANY PURE ISOLATE

      
        3.1. Serum-based Assays
      


      
        3.2. Other Assays
      

    


    
      4. SIMULTANEOUS DETECTION OF FRANCISELLA AND OTHER SELECT AGENTS

      
        4.1. PCR
      


      
        4.2. Surveillance of Antibiotic Resistance
      


      
        4.3. Other Assays
      

    


    
      5. FUTURE PERSPECTIVES
    


    
      CONCLUSION
    


    
      ABBREVIATIONS
    


    
      CONFLICT OF INTEREST
    


    
      ACKNOWLEDGEMENTS
    


    
      REFERENCES
    

  


  
    Rapid Identification and Characterization of Francisella by Molecular Biology and Other Techniques
Xin-He Lai1, 2, *, #, Long-Fei Zhao3, #, Xiao-Ming Chen1, 2, 4, Yi Ren1, 5

    


    
      1 Institute of Inflammation & Diseases, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

    


    
      2 Institute of Translational Medicine, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

    


    
      3 College of Life Sciences, Key Laboratory of Plant-Microbe Interactions of Henan, Shangqiu Normal University, Shangqiu, Henan, 476000, PR China

    


    
      4 Department of Pediatric Surgery, The First Affiliated Hospital of Wenzhou Medical University, Wenzhou, China

    


    
      5 Department of Biomedical Sciences, Florida State University College of Medicine, Tallahassee, FL, USA

    


    
      
        Abstract



        Francisella tularensis is the causative pathogen of tularemia and a Tier 1 bioterror agent on the CDC list. Considering the fact that some subpopulation of the F. tularensis strains is more virulent, more significantly associated with mortality, and therefore poses more threat to humans, rapid identification and characterization of this subpopulation strains is of invaluable importance. This review summarizes the up-to-date developments of assays for mainly detecting and characterizing F. tularensis and a touch of caveats of some of the assays.
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      1. INTRODUCTION


      Due to its high infectivity to cause tularemia, relative ease of dissemination and prior stock as a biological weapon, F. tularensis subsp. tularensis (F. tularensis) is classified as a Tier 1 (Category A) agent by the Centers for Disease Control and Prevention (CDC), together with the other 5 members, i.e., Bacillus anthracis, Yersinia pestis, Clostridium botulinum toxin, Variola major, and viruses causing viral hemorrhagic fevers [1]. Francisella genus, a group of Gram-negative bacteria, is expanding rapidly and includes human pathogen F. tularensis, opportunistic pathogens such as F. hispaniensis, and F. philomiragia, numerous fish pathogens, and non-pathogenic Francisella like bacteria found in ticks and soil samples [2]. With some controversy, F. tularensis is described to consist of four subspecies: holarctica, mediasiatica, novicida, and tularensis [2].


      By CDC definition, a confirmed tularemia is when F. tularensis is isolated from a clinical specimen or a four-fold or greater change in the F. tularensis antiserum titer and a probable case when F. tularensis is detected in a specimen by fluorescent assay or a single titer elevation of the F. tularensis antiserum [3]. The greatest risk of Francisella to laboratory workers is from exposure to its infectious aerosols from manipulation of Francisella cultures. Although still the gold-standard to validate an F. tularensis infection, cultivation of the organism is not routinely performed at most clinical laboratories because it requires a certain equipment, special containment and experience. Limitations in both culture and serology have led to substantial research in the development of new diagnostic techniques for F. tularensis.


      Techniques, either new or old, such as biosensor, cell culture, lateral immunological flow, PCR, liquid- or solid-based biochip, and analytical chemistry (gas chromatography and mass spectrometry, etc.) or biochemistry-based methods, have been developed and used for identifying and detecting F. tularensis. In particular, a variety of molecular typing methods can be used to characterize F. tularensis, including amplified fragment length polymorphism (AFLP), canonical insertion-deletions (INDELs), PCR, multilocus sequence typing (MLST), multilocus variable-number tandem repeat (VNTR) analysis (MLVA), pulsed-field gel electrophoresis (PFGE), ribotyping, regional difference (RD) analysis, whole-genome-based single nucleotide polymorphism (SNP) analysis and even whole genome sequencing (WGS)-based MLST+. Among them, PCR is the dominant method for direct detection of F. tularensis. In the United States, one can also consult the Laboratory Response Network (LRN) for reagents and protocols to aid in identification of Francisella species [4].


      If human, animal and environmental samples are collected for epidemiological study when there is a tularemia or any infectious outbreak, the question will be what is in the specimen from a patient or from the environment? No organism can be detected in the sample? Only a single type of organism or a mixed population of organisms coexisting in the specimen? This review will focus on the rapid characterization, identification of F. tularensis, touch a bit of its differentiation from other Francisella strains and other Class A agents if needed, and divide this topic into different scenarios. One is F. tularensis is isolated and pure culture is available for analysis. Another is F. tularensis is there alone or together with other agents in the specimen or environment but the situation does not allow to culture the microorganism(s). We will discuss the strategy dealing with these oversimplified situations.

    


    
      2. IDENTIFICATION AND CHARACTERIZATION OF ISOLATED FRANCISELLA STRAINS


      When F. tularensis strain(s) is isolated and available, it is quite straight forward to use the quickest, most sophisticated technique available to do the job. The assays, either physical, chemical, or mainly molecular, to achieve the specific goal of the project, will be discussed.


      
        2.1. Direct Culture and Methods to Increase Isolation of Strains are Very Helpful


        A very recent report described that bacterial isolate from direct culture of blood samples in BacT/ALERT 3D was identified as F. tularensis with 99% probability by Vitek GN ID Cards [5]. Pavlovich's medium T was found optimal for enrichment of fastidious pathogen like Francisella upon re-evaluation [6]. DNA aptamers (single strand sequences) against Francisella alone fail to capture the target at low inoculums (1–10 cells/mL) [7]. An enrichment step with addition of 0.625 mg/mL of carnosine into conventional medium for F. tularensis to increase the growth of this specific bacterium at initial low inoculums, together with a DNA aptamer cocktail to physically separate F. tularensis from other bacteria present in food and environmental matrices, resulted in a detection range of 1–106 colony-forming-unit (CFU)/mL (starting inoculums) in both soil and lettuce backgrounds. This combined two-step enrichment process could be very useful for easy field diagnostics and subtyping of suspected F. tularensis contamination [7].

      


      
        2.2. Insertion-Deletion (INDEL) and Pulsed Field Gel Electrophoresis (PFGE)


        INDELs and PFGE, the two fragment-based methods, have been used to genotype F. tularensis strains. A new version of INDELs, canINDEL, together with CanSNPs (see below) was used to analyze 76 F. holarctica strains in Finland and helped to verify the diversity of this subspecies [8]. In PFGE, the banding patterns of DNA fragments (10 kb–10 Mb in size) of the strains are compared after restriction enzyme digesting and electrophoresis separation of the bacterial genomic DNA, which is most extensively utilized to investigate population structure of F. tularensis strains and define them into three subpopulations, A1a, A1b, and A2 [9], which differ in their levels of virulence in animal, fatality rate (4%, 24% and 0% mortality, respectively) and clinical outcome in human.

      


      
        2.3. Single Nucleotide Polymorphism (SNP)


        In clonally reproducing F. tularensis organisms, single nucleotide polymorphisms (SNP) are represented by evolutionarily stable point mutations and SNP analysis of the whole-genome and genotyping of strains using high-density microarray and real-time PCR have been used to do the phylogeography of F. tularensis subspecies and their subclades [10]. Based on 16 SNP signatures, 179 strains previously designated as A1 subpopulations were further assigned to 15 F. tularensis subsp. tularensis A.I subpopulations, including group A.I.3 (4 subpopulations), group A.I.8 (4 subpopulations), group A.I.12 (previous A1a, 6 subpopulations) and one (ND01-1900) undetermined [11].

      


      
        2.4. Multiple-Locus Variable Number Tandem Repeat Analysis (MLVA)


        After analyzing genomes for variable-number tandem repeats (VNTRs), a multilocus VNTR analysis (MLVA) typing system has been developed for F. tularensis at the beginning of this century and demonstrated its applicability for rapid identification and characterization of outbreak isolates from an epizootic [12]. MLVA can genotype microbes by comparing the differences of the sizes of repetitive DNA in microbial genomes via PCR and subsequent fragment analysis. Upon utilizing 11 canonical SNPs, 4 INDEL markers and 5 VNTRs, the 1st tularemia case in the Capital of China was determined as Type B and caused by a B3 clade F. tularensis of Russian origin [13].

      


      
        2.5. PCR


        About 20 years ago PCR was first introduced to distinguish Francisella strains at the genus, species, and subspecies levels using primers designed from the 16S rDNA sequence [14], much has been progressed since then from the format, the primer design to the automation level and potential as mentioned below and nicely reviewed elsewhere [15]. The importance of choosing the right PCR supplies like DNA extraction reagents, and some instruments were emphasized in some publications. RT-PCR and Taqman PCR will be discussed under the Section “SIMULTANEOUS DETECTION OF FRANCISELLA AND OTHER AGENTS”.

      


      
        2.5.1. PCR Reagents


        Reagents play an important role in any PCR detection system. Lot-to-lot variation exists even in the same commercial DNA extraction kit (not to say another brand), a finding that emphasizes the necessity to construct standard curves for each new lot of PCR reagents for more accurate data interpretation. The cycle threshold (Ct) values were statistically different among 3 different lots of the above mentioned commercial DNA extraction kit when it was used in a real-time PCR assays for F. tularensis, B. anthracis, and V. cholerae [16], in which replicate aliquots of the 3 bacteria were processed in duplicate and the experiment was repeated in triplicate.


        Here is another example how commercial products can differ. For comparison purpose, 10 master mix products (ABsolute Fast QPCR Mix, Brilliant II FAST qPCR master mix, EXPRESS qPCR SuperMix kit, FAST qPCR master mix, the HotStart IT Taq master mix, LightCycler FastStart DNA Master HybProbes, LightCycler FastStart DNA Master (PLUS) HybProbe, OmniMix HS, QuantiFast Probe PCR kit, and the TaqMan Fast Universal PCR master mix) were used in real-time PCR assays for detection of 4 biothreat agents (F. tularensis, B. anthracis, B. mallei and B. melitensis). They performed well on the 7500 Fast Dx instrument [17], and positive results were most consistent from using the QuantiFast Probe PCR kit and random combinations of commonly used master mixes and instruments were not as reliable as others at detecting low concentrations of target DNA.

      


      
        2.5.2. DNA Extraction Methods for PCR


        DNA or RNA quality is of utmost importance for PCR reaction. The capacity to isolate F. tularensis quality DNA suitable for real-time PCR analysis from cell suspensions and spiked foam, cotton, and polyester swabs was compared among 2 automated methods (the QIAcube and the MagNA Pure Compact) and 4 manual methods (the IT 1-2-3 DNA sample purification kit, the MasterPure Complete DNA and RNA purification kit, the QIAamp DNA blood mini kit, and the UltraClean Microbial DNA isolation kit). Four of them (2 of the manual methods MasterPure and QIAamp and both the automated methods) did equivalently well for spiked swab samples and significantly better in detection from bacterial suspensions than the remaining two methods. Using a multitarget 5' nuclease assay resulted in the same PCR sensitivity for F. tularensis [18].


        One of the confounding factors for PCR reaction is the presence of inhibitors in the sample. The capacity of 9 inhibitor-resistant PCR reagents to overcome PCR inhibition was assessed in an established real-time PCR assay for direct detection of F. tularensis in 7 different environmental and clinical samples. No reagent could outperform others in all of the different evaluated matrices (buffer, sand, soil, sputum, stool, swab, and whole blood). KAPA Blood PCR kit produced the most consistent results among the various conditions assessed, and 3 other brands (Phire Hot Start DNA polymerase, Phire Hot Start DNA polymerase with STR Boost, and Phusion Blood Direct PCR Kit) performed best for direct detection in whole blood. The only reagent yielding a limit of detection in the femtogram range for soil was Phire Hot Start DNA polymerase with STR Boost [19], indicating room for further improvement. A similar study specifically evaluated 5 kits (Puregene DNA purification kit, QIAamp Stool Mini kit, Epicentre Biotech SoilMaster DNA extraction kit, and the UltraClean and PowerMax soil DNA isolation kits) of their performance in extracting F. tularensis DNA from all types of soil samples and the 2 kits from MoBio (UltraClean and PowerMax) provided the lowest limit of detection (20 and 100 CFU/g soil, respectively) and came out positive consistently [20].

      


      
        2.5.3. PCR Instruments


        The performance of the Applied Biosystems 7300/7500 and the RAZOR instruments was compared in real-time PCR assay for specific detection of F. tularensis, B. anthracis, Brucella spp., and Y. pestis. Although the duration of thermocycling with the RAZOR instruments was shorter than that of the Applied Biosystems 7300/7500 instruments (40 vs 100 min), their assay performance was not significantly different with a sensitivity at 10-100 fg of target DNA per reaction [21]. A portable real-time PCR instrument from PikoReal™ could obtain result within 95 min in field testing with sensitivity ranged from 1 to 100 fg for F. tularensis, B. anthracis, and Y. pestis [22].

      


      
        2.5.4. PCR


        We will discuss the detail development of PCR below as exemplified by a recent publication [23] and focus on the findings about F. tularensis.


        First of all, it was an assay combined with two closely-related multiplexed assays (multiplexed PCR sizing assay, Focused Sequencing assay with Sanger protocol), which seems a trend we will see more and more in the literature and these two assays were so closely-related that they could share the same set of primers. The two assays mainly differed in that Rapid Focused Sequencing could reveal additional variations (size neutral INDELs, SNPs) that would not lead to alterations of fragment size, and at the same time provide the same precision but more accurate sequence information of the continuous 500 base target locus fragments than whole genome sequencing (WGS) methods, which was almost impossible to achieve by quantitative PCR together with probe- or melt-curve- or microarray-based detection. In contrast to MLST methods, the choice for primers in the Rapid Focused Sequencing approach was more flexible and not limited to those neutral housekeeping genes and as a result the increase of targets made it better than PCR alone in its strain typing ability.


        The fluorescently labeled 30-plex primer set was for PCR and unlabeled one for Rapid Focused Sequencing. In the 7 µl reaction volume, the purified sample DNA was subjected to two slightly different multiplexed (in this work 30-plex) microfluidic amplifications, one with fluorescently labeled primers and the other with unlabeled. The labeled amplification products were separated by microfluidic electrophoresis and the unlabeled ones were divided into 20 aliquots and diluted for Rapid Focused Sequencing. Each sequencing reaction contained a reverse or forward primer for a locus from any of the 3 microbes and the amplicon was separated and detected on a different electrophoresis channel.


        Another feature of this assay was its extraordinary strain typing capacity accomplished by sizing the differential fragments of the resulting amplicons and discrimination ability among closely-related species based on selective primer binding, which enabled to detect F. tularensis, B. anthracis, and Y. pestis simultaneously by interrogation of 30 loci (10 each from the several pathogens) in a single reaction, fulfilling the purpose of multitasking, which is the direction of future assay development.


        The 3rd change in the assay design was the number increase and their broader representation of the detection targets. Taking advantage of the availability of tens of sequenced F. tularensis genomes, the authors selected a total of 10 target loci which were very representative and able to distinguish the 4 subspecies and strains within, including those of the type A1 and A2 clade. Specifically, the Francisella target panel included genes for antigen (fopA), metabolism (gyr, speA), virulence (acpA, iglC, pdpD), transcriptional regulation (FTT008, migR), and FTT0082 and pepO which were annotated as pseudogenes in certain strains including Schu S4. Designing multiple primers this way greatly reduces the risk of PCR failure due to any strain missing a chunk of genes, sometimes the whole Francisella pathogenicity island [24], which is extreme and rare.


        Using template DNAs from reference strains representing each agent, the specificity and sensitivity of the primers were tested by singleplex PCR, indicating the continuous usefulness of singleplex PCR. To generate the 10-plex PCR F. tularensis panel, the primer pairs were combined sequentially after individual primer pair optimization and preliminary testing, and further used to examine 28 additional Francisella strains in PCR reactions containing Schu S4 DNA ca. 100 genome equivalents. Sequence analysis (including in silico) of fragments amplified from the 10 loci showed that a total of 21 Sequence Types (STs) exist in the 41 F. tularensis isolates. All type A2 strains shared Sequence Type B and Type A1 strains had either ST A or C with no overlap in STs between F. tularensis and F. novicida subspecies. Therefore, Rapid Focused Sequencing is perfectly able to detect the presence or absence of F. tularensis-specific DNA, and unambiguously distinguish between subspecies (holarctica, novicida and tularensis) and between type A1 and A2 strains.


        Last but not least, this newly developed technique was full of potential that in a single microfluidic biochip it could incorporate multiplexed amplification, nucleic acid purification, and electrophoretic separation and run rapid pathogen analysis in the field on both clinical and environmental samples. Furthermore, the assay could be modified in primer design, pathogen change, and target expansion.


        
          Table 1

          Comparison of some assays for Francisella and characterization.



          
            
              
                	Assay

                	Resolution

                	Comment

                	Ref
              

            

            
              
                	Culture

                	Genus

                	Time consuming, infection risk, low sensitivity

                	[5-7]
              


              
                	Agglutination

                	Species

                	Simple, cost effective but with cross reaction

                	[36, 65]
              


              
                	LAT

                	Species

                	Fast (5 min), sensitive, specific without cross reaction

                	[31]
              


              
                	ELISA

                	Species

                	10 times more sensitive than TA but with delay post infection

                	[32-35]
              


              
                	GNP-OLISA

                	Species

                	LOD 25 CFU/ml (37 times more sensitive than ELISA)

                	[38]
              


              
                	SELDI-TOF/MS

                	Subspecies

                	Less loss, faster and simpler in sample prep than MALDI

                	[39, 41]
              


              
                	MALDI-TOF/MS

                	Species/subspecies

                	LOD 80 CFU, fast (10-30 min), simple, less peaks than SELDI

                	[40, 41]
              


              
                	Raman

                	Species/subspecies

                	Fast (15 min) but need strain isolation spectral library

                	[66, 67]
              


              
                	Sensor

                	Species

                	Fast (30 min), specific, sensitive (LOD 15 ng/ml), simple

                	[30, 37]
              


              
                	Ribotyping

                	Species/subspecies

                	Fast but need strain isolation

                	[66, 68]
              


              
                	rRNA probe

                	Species

                	LOD 105 CFU/ml, involve RNA extraction

                	[69, 77]
              


              
                	AFLP

                	Subspecies

                	Less prone to lab infection, more time consuming than PCR

                	[67, 70]
              


              
                	RFLP

                	Species

                	Rapid, simple, involve gene amplification enzyme digestion

                	[70, 71]
              


              
                	PFGE

                	Subspecies

                	Less lab infection risk but need prior strain isolation

                	[9, 70]
              


              
                	MLVA

                	Strain

                	Robust, simple, fast but need strain isolation

                	[12, 72]
              


              
                	SNP

                	Subspecies/strain

                	rapid low-cost strain typing, suitable for evolution analysis

                	[10, 73]
              


              
                	PCR

                	Subspecies/strain

                	Fast, no strain isolation with false +/-, LOD 102 CFU/ml

                	[14, 23]
              


              
                	Taqman

                	Subspecies

                	Rapid, accurate, sensitive (LOD 1 CFU/GE)

                	[57, 74]
              


              
                	RT-PCR

                	Subspecies/strain

                	Faster less false positive than PCR, LOD 25 GE

                	[18, 57]
              


              
                	Microarray

                	Subspecies

                	Rapid, LOD 20 GE or 100 ng/ml, compatible to multiple pathogen

                	[42, 75]
              


              
                	FilmArray needed

                	Genus

                	Sensitive, LOD 12.5 GE with 0.9% error rate, no experience

                	[49]
              


              
                	LAMP

                	Species

                	Specific, LOD 25 GE or 50 fg/ml, 100x sensitive than PCR

                	[76]
              


              
                	MLST+

                	Subspecies/strain

                	High resolution, superior to MLVA, able to assign genotype

                	[28]
              


              
                	WGS

                	Strain

                	High resolution, limited number of strains, relatively costly

                	[25-27]
              

            
          


        

      


      
        2.6. Genome Sequencing and MLST+


        The availability of the ever increasing genome data allows more rational design and better selection of PCR primers and typing markers based on evaluation of previous published genetic markers, which will further reduce the laboratory costs and time spending in the development of the next generation of molecular differentiation methods for bacterial subspecies. Whole-genome sequencing (WGS), although affordable and thoroughly informative, should still be used as supportive rather than decisive and the last resort to solve the epidemiology mystery, which was demonstrated in a recent report cautioning not to completely rely on genome sequence data as proof of a direct F. tularensis epidemiological link [25]. WGS was also used to genotype 18 F. tularensis strains isolated from 180 patients during a tularemia outbreak in Norway and they were assigned to clade B.6 (subclade B.7), clade B.12, and clade B.4 of subsp. holarctica [26]. WGS demonstrates that the less virulent A.II strains have more genomic plasticity than A.I strains, which might be the source of their differences in virulence and fitness [27].


        An upgraded version of multilocus sequence typing system called MLST+ based on WGS of 15 F. holarctica strains and a gene-by-gene approach has been developed and tested to investigate a lethal tularemia epidemic of non-human primates, and proved to be rapid with high resolution and superior to the current genotyping method [28]. Similar idea and practice have been encouraged for other pathogens during the GMI8 meeting in Beijing, China [29], which is in contrast to the comment made by reference [25].

      


      
        2.7. Other Techniques


        Two DNA probes (the 101 bp probe unique for type A strains from the yhhW gene and the 117 bp probe common to type A and type B strains from the lpnA gene) were designed that the specific antigen could bind to the IgG fraction of F. tularensis antiserum coated on the optical fiber surface in a nanostructured film of the Fabry-Perot interferometric sensor, which would cause the decrease of peak wavelength and thus enable the detection of F. tularensis. Using a standard transmission mode long period (260 μm) fiber grating of length 15 mm, the sensors were capable of detecting the optical changes induced by the attachment either of the immunological binding or DNA hybridization to the fiber tip via layer-by-layer electrostatic self-assembly, and spectroscopic ellipsometry could measure the refractive index change. This assay was rapid, culture-free, field-compatible, and able to differentiate 2-bp mismatch sequence with a sensitivity of nanogram and 100% specificity to homologous target DNA [30].

      

    


    
      3. DETECTION OF FRANCISELLA WITHOUT ANY PURE ISOLATE


      
        3.1. Serum-based Assays


        Antibody-based assays using specific antibody, either monoclonal or polyclonal, have been used in assays to diagnose F. tularensis infection, such as microscopy, microagglutination (MA) and ELISA. Recent developments have modified or combined these conventional assays and improved their performance in some degree as shown below.


        The result of a latex agglutination test (LAT) was read within 5 min by mixing serum with F. tularensis antigen-coated latex beads, which has proved to be a specific, sensitive, fast, easy-to-perform and cost-efficient tool for routine diagnosis of tularemia [31].


        A competitive enzyme-linked immunosorbent assay (cELISA) has been tested in Japan for serosurveillance of tularemia among various species of wild animals and it was highly sensitive and useful [32]. Another cELISA was developed on the principle that antiserum could inhibit antigen binding to monoclonal antibodies (MAbs) directed against F. tularensis lipopolysaccharide (LPS) and used to detect serum samples of 50 healthy individuals and 19 tularemia patients, and compare with indirect ELISA (iELISA) and microagglutination (MA). The cELISA in this study had a sensitivity and specificity of 93.9 and 96.1%, respectively, whereas MA was less sensitive (81.8%) with a specificity of 98.0% [33].


        The diagnostic accuracy of other versions of ELISA (Serazym®Anti-F. tularensis ELISA, Serion ELISA classic F. tularensis IgG/IgM, an in-house ELISA) in examining 135 sera (from a series of 110 consecutive tularemia patients) were compared with a Western Blot (WB) assay and the VIRapid® Tularemia immunochromatographic test, an in-house antigen microarray. All the commercial assays gave a diagnostic value above 90% and among them the antigen microarray test was predictive and very specific [34]. VIRapid, Serion IgG, Serion IgM, Serazym, in-house ELISA, WB and microarray had high diagnostic sensitivity (97.0%, 96.3%, 94.8%, 97.0%, 95.6%, 93.3% and 91.1%) and specificity (84.0%, 96.8%, 96.8%, 91.5%, 76.6%, 83.0%, and 97.9%), respectively [34]. Slightly lower or higher detection rates than the above report were obtained earlier with Virion/Serion ELISA assay for IgG and IgM antibodies, and tube agglutination test, lower in one study in 39 (68.4%) serum samples obtained from patients suspected for tularemia [35], and higher in another with an overall sensitivity of 99.3%, a specificity of 94.6%, and 91.5% (κ = 0.91) agreement with MA [36].


        An electrochemical immunosensor made of gold-based self-assembled monolayers of a carboxylic-group-terminated bipodal alkanethiol linked covalently to a F. tularensis LPS was developed to detect anti-F. tularensis antibodies [37]. This immunosensor could deliver a result after 30 min with a limit of detection of 15 ng/mL (RSD of 9%, n=3) when testing serum from tularemic animals.


        A gold nanoparticle-based oligonucleotide-linked immunosorbent assay (GNP-OLISA) that utilized antibody-gold nanoparticles conjugated with DNA strands as a signal generator and RNA oligonucleotides appended with a fluorophore as a quencher for signal amplification was modified by using one antibody for both the capture of the target and for signal generation instead of using two different antibodies for the detection of F. tularensis. The modified GNP-OLISA showed 37-fold higher sensitivity in sera samples than that of ELISA and the detection specificity was not affected by the presence of non-target bacteria, suggesting that GNP-OLISA could overcome the limit of the conventional assay system and be used as a sensitive detection platform for monitoring high-risk pathogens [38].

      


      
        3.2. Other Assays


        Surface enhanced laser desorption ionization time-of-flight mass spectrometry (SELDI-TOF/MS) was first utilized two decades ago to discriminate between the 4 subspecies of F. tularensis [39] and the method was based on the differential binding of protein subsets to chemically modified surfaces. Bacterial thermolysates were added to cationic, anionic, and copper ion-loaded immobilized metal affinity SELDI chip surfaces for binding. After washing, the spectra generated from the different surfaces were then obtained and the SELDI-TOF/MS profiles of different proteins were then used to characterize each F. tularensis strain.


        MALDI-TOF/MS spectra acquired on a virulent F. tularensis strain and a F. philomiragia strain confirmed the intense peaks of the 10 kDa chaperonin Cpn10, the 50S ribosomal protein L24, the histone-like protein HU form B, and their predicted molecular weights in terms of m/z, which made the mass spectrometry method possible to distinguish between virulent and nonvirulent Francisella strains in a quick and robust manner [40]. MALDI-TOF/MS was tested for its ability to identify and discriminate 50 different strains of the genus Francisella with already known species and subspecies and it could classify 2 isolates as Francisella species and 7 strains as F. tularensis on a microflex LT mass spectrometer using MALDI Biotyper version 3.0 software [41]. Spectra generated from a single analysis were queued with the Biotyper reference library with or without SR library supplementation and further analyzed with the help of both libraries.


        Cy5-labeled, PCR-generated rrs gene amplicons of both target and non-target bacteria were hybridized in DNA microarrays and the mean fluorescence of a positive sample was at least 10% of that of a positive control. The rrs gene of samples with values around the threshold were further analyzed by quantitative PCRs. The detection limit for Francisella spp. was only 1 genome copy with no unspecific cross-reactions and the general detection limit for other agents was about 103 genome copies, corresponding to 1-2 pg of DNA [42].


        The combination of the conventional sandwich-ELISA using streptavidin-poly-horseradish peroxidase as the signal amplifier with a microtube-integrated protein chip enabled simultaneous detection of a multitude of different biowarfare agents [43]. Specific immunoassays for F. tularensis and the rest of the listed agents were also developed and optimized and these assays could get results within 2 h with detection levels as low as those in well-established ELISAs. With careful antibody screening and testing, it had the potential to analyze at least 5 different agents in parallel on one single chip, which is most interesting.


        Considering that pathogens are of different sizes, a bacterial detection system based on flow cytometry was designed to detect pathogens about the size of submicron by counting and interrogation of individual bacterium physically on a microfluidic chip through very narrow channels controlled by changing the respective flow rates of a sample solution and the liquid wall therein using a movable virtual wall (made of a non-conducting fluid). This bacterial sensor based on DC (direct current) impedance on chips was capable of discriminating different types of bacterial mixtures containing F. tularensis and E. coli BL21 of different size distributions due to its ability to monitor changes in DC impedance and fluorescence simultaneously [44].

      

    


    
      4. SIMULTANEOUS DETECTION OF FRANCISELLA AND OTHER SELECT AGENTS


      Three of the 6 Category A Select Agents (F. tularensis, B. anthracis, and Y. pestis) are the deadliest bacteria and their potential use in bioterrorism attacks is a concern as illustrated in the intentional release of B. anthracis in the United States in 2001. It also holds equal importance to be able to tell whether it is a true warning or a false alarm and whether it is the intentional use of biological warfare agents or natural outbreaks as discussed [45], and that relies on our capability to quickly and accurately differentiate the more virulent pathogens from the less virulent or environmental strains. To develop some procedure like “one (assay) for all (agents)” would be ideal. We have listed below the most recent reports of assays targeting multiple bioagents with various features like sensitivity (level of detection, LOD), specificity, and time of the procedure.


      
        4.1. PCR


        Several multiplex real-time PCRs have been designed for reliable and rapid detection of F. tularensis, B. anthracis, and Y. pestis and shown a high analytical specificity, sensitivity and coverage of the diverse pathogens [46].


        Incorporating 10 PCR assays together made possible to target 5 biological agents (F. tularensis, B. anthracis, B. mallei, B. pseudomallei, and Y. pestis) with a single TaqMan Array Card. When 100 fg of the pathogen DNA extracted from pure bacterial cultures was added to the channels of Array Card, the detection level of the pathogen was 100%, 93%, 71% and 43% for Y. pestis, B. mallei & F. tularensis, B. anthracis, and B. pseudomallei respectively, which was further verified by singleplex format PCR [47].


        The simplicity, specificity and sensitivity of 11 commercially available rapid test kits were compared in detecting F. tularensis, Y. pestis, and B. anthracis [48]. Among the 11 kits, the immunofiltration assays were highly sensitive but with limited specificity and the procedure was far too complicated for non-laboratory workers. Although the lateral flow assays were easy to perform and rapid but its sensitivity was very limited.


        Contrary to the above example, here is a multiplexed PCR-based assay particularly suited for biothreat testing by operators with limited training. The FilmArray® platform was a sophisticated, almost complete sample-to-result system automated from sample preparation, PCR to data analysis for 17 pathogens and toxins. It was sensitive, selective and identification of F. tularensis was made in 63 of 72 samples at 25 genome equivalents (GEs) or less with no cross-reactivity with near-neighbor DNAs. The limit of detection for B. anthracis and Y. pestis was 250 GEs per sample or lower [49].


        A biological agent identification system based on the biobarcode assay and on-chip capillary electrophoresis (CE) analysis was developed and used to detect F. tularensis, B. anthracis, Y. pestis, Vaccinia virus with a detection limit of 50 CFU/mL, and at a concentration of 12.5 ag/mL for Botulinum toxin A [50]. The working mechanism for the DNA barcode assay is that a specific pathogen can form complexes with the polystyrene microbead and the magnetic microparticle, and upon denaturation the single stranded barcode DNA labeled with FAM could be released from the complexes. The specific peak elution time in the CE on a chip representing the specific barcode DNA length of a certain pathogen allows to distinguish the target microbe within 3 min in a multiplex, accurate, and sensitive manner.


        Luminex® 100™ is a bead-based liquid hybridization assay and has been used to identify pathogens (F. tularensis, B. anthracis, C. botulinum, and Y. pestis, and several close relatives). Depending on the varying sensitivity ranged from 0.1 to 10 ng of the probes for different microbes, signals could be detected in single-probe or multiple-probe assays after hybridization of PCR-amplified target sequences with probe sequences (located within the 23S ribosomal RNA gene rrl and the virulence genes of a certain pathogen). Sensitivity could be improved by digesting the noncomplementary target strand with lambda exonuclease before the hybridization reaction. All contributors were identified with an 80% success rate in all the 33 binary, ternary, and quaternary mixture present in a 1:1 ratio. The assay could detect all the mixed 28 binary target sequences in different ratios, even when the minor component was 10 times less than the major component [51].


        Two sensitive, flexible arrays were developed in one work to detect several biothreat pathogens simultaneously (F. tularensis, B. anthracis, Brucella spp., B. pseudomallei, and Y. pestis). One has utilized universal primers to amplify the highly conserved region located within the 16S rRNA amplicon, and hybridized with probes specific for identification of these 5 microbes, which could detect as low as 0.2pg F. tularensis or varying amount genomic DNA template for the rest agents in the PCR amplification reactions. Another assay based on multiplex PCR could simultaneously detect pathogens by amplifying 5 species-specific target unique identifier regions (fopA for F. tularensis), and significantly increase the discriminatory power of detection to the species level which was not seen from using the universal primers in the 1st assay [52].


        As the non-spore-forming and most stable organism in water, F. tularensis has a potential to survive and grow in this environment as summarized [53]. A useful technique that could specifically and simultaneously detect in tap water the faecal indicator bacteria and human pathogens (F. tularensis, C. parvum, C. hominis, E. faecium, and B. anthracis) was developed with a DNA microarray containing probes for these microbes [54].


        Francisella is closely related to the environment and a lot of effort has already been made on differentiating the highly infectious F. tularensis strains from other less virulent Francisella isolates from water and soil, such as F. noatunensis, F. philomiragia and F. novicida. Two real-time quantitative PCR assays (monoplex or multiplex) were developed that could specifically differentiate F. philomiragia from F. noatunensis with a LOD of 10 genome equivalents [55]. Interestingly, a pair of eubacterial 16S rRNA primers amplified a product of 550 bp (part of the 16S rRNA of Francisella) from bass kidney, which led to the finding of F. noatunensis, a novel species of Francisella [56]. More than a decade ago, a TaqMan PCR was elegantly designed to target 3 genes (ISFtu2, iglC, and tul4) so that the difference of Ct values in ISFtu2 PCR could tell F. philomiragia (average Ct, 33) from F. tularensis (average Ct, 14) with a sensitivity of about 1 CFU or GE [57].

      


      
        4.2. Surveillance of Antibiotic Resistance


        Antibiotic treatment is a therapeutic strategy for tularemia and its resistance, whether spontaneous or intentionally engineered, remains a national security and public health concern. Besides the disc method for assaying antibiotic resistance, there are molecular techniques available to determine the resistance mechanism. For example, several assays were compared for their ability rapidly detecting one or more known mutations within the gyrA, gyrB, parC, and parE genes of the quinolone resistance-determining region (QRDR) in ciprofloxacin-resistant F. tularensis, B. anthracis, and Y. pestis. Among them, Pyrosequencing and SimpleProbe successfully found all the known mutations whereas the HRM assay could identify all but those generated from G-C or A-T substitutions [58].


        An SNP-based Multiplexed Oligonucleotide Ligation-PCR (MOL-PCR) was developed and used for rapid characterization of ciprofloxacin and doxycycline resistance in and simultaneous detection of F. tularensis, B. anthracis, and Y. pestis [59]. A similar approach utilizing qPCR was able to detect acquired resistance of F. tularensis by measuring the minimal inhibitory extracellular concentration of antibiotics indicative of its intracellular activity [60]. A web-based tool called MOLigoDesigner (http://MOLigoDesigner.lanl.gov) was provided to keep the making of all probes minimal, and all the multiplex assays were validated individually. A genotyping pipeline, CanSNPer, was developed with the Python language where preconstructed typing schemes for F. tularensis, B. anthracis,Y. pestis, and C. burnetii were available for analysis of canonical SNPs [61]. The obvious advantage of this pipeline is that one can modify and improve it by adding additional pathogens and optimizing the classification algorithm.

      


      
        4.3. Other Assays


        Laser-induced breakdown spectroscopy (LIBS) was used to differentiate among all dead and live bacteria on agar or glass slides as substrates with either F. tularensis live vaccine strain or B. anthracis Sterne strain grown as lawn, single colony or even in solution [62]. Francisella specific monoclonal antibodies could be covalently coated onto the up-converting phosphor particles to make the lateral flow assay to detect F. tularensis in a fast (15 min), sensitive (100 CFU/test), and low error fashion [63]. A nanoprobe that was made by apoferritin nanoparticles genetically engineered and conjugated with antibodies with different fluorescent dyes could detect F. tularensis, B. anthracis, Y. pestis and Vaccinia virus, 10 times more sensitive than regular lateral flow devices [64].

      

    


    
      5. FUTURE PERSPECTIVES


      Although F. tularensis has been identified in more than 300 species of invertebrates, amphibians, birds, and mammals, still its overall ecology is poorly understood. The type A F. tularensis infections in humans are most often associated with exposure to blood-feeding arthropods, lagomorphs, rodents, and the type B F. holarctica infections are also associated with rivers, streams, and flooded landscapes. Table 1 summarized in an oversimplified manner the features of some assays as reported [65-76] and reviewed [53, 77-79] for Francisella detection from case (animal, human) samples or the environment (air, water, plants). It is true that molecular genetic analysis of F. tularensis has been greatly helped by the availability of the many complete and published genome sequences. Better understanding of F. tularensis, more whole F. tularensis genome sequences [25-28, 80-88], and advanced technology in general will be needed and definitely help develop more rapid, accurate and automated assays, making the identification and characterization of F. tularensis easier and hopefully keeping its threat under bay.

    


    
      CONCLUSION


      Molecular techniques should be the 1st option of choice when it comes to answer the questions whether it is a Francisella infection and what kind of Francisella is it? When feasible, complementing these molecular techniques with other assays like whole genome sequencing and physiochemical instruments makes the answer come out faster, more convincing and reliable.

    

  


  
    
      ABBREVIATIONS


      
        
          	

          	
        


        
          	AFLP

          	 = amplified fragment length polymorphism
        


        
          	ELISA

          	 = enzyme-linked immunosorbent assay
        


        
          	GE

          	 = genome equivalent
        


        
          	GNP-OLISA

          	 =  gold nanoparticle-based oligonucleotide-linked immunosorbent assay
        


        
          	LAMP

          	 = loop-mediated isothermal amplification
        


        
          	LAT

          	 =  latex agglutination test
        


        
          	LOD

          	 =  level of detection
        


        
          	MALDI-TOF/MS

          	 =  matrix-assisted laser desorption ionization-time-of-flight mass spectrometry
        


        
          	MLST+

          	 =  multilocus sequence typing gene-by-gene
        


        
          	MLVA

          	 = multiple-locus variable-number tandem repeat analysis
        


        
          	PFGE

          	 =  pulsed-field gel electrophoresis
        


        
          	RFLP

          	 = restriction fragment length polymorphism
        


        
          	SELDI-TOF/MS

          	 = surface enhanced laser desorption ionization time-of-flight mass spectrometry
        


        
          	SNP

          	 =  single nucleotide polymorphism
        


        
          	TA

          	 =  tube agglutination
        


        
          	WGS

          	 =  whole-genome sequencing
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