
  

 

a) b) 

c) 

Fig.6 Microscope observation of an Alexandrium catenella single cell deposited in a reaction site of a 48-well AmpliGrid prior to 

cell lysis/DNA extraction. Visualization of the cell in a well (a, X25) and further enlargements of the cell prior (b, X200) and after 

drying at room temperature (c, X250). The arrow points to the cell.  

 

 For cell lysis/DNA extraction, 0.75 µl of cell extraction/working solution was added to each reaction site. The cell 

extraction procedure, consisting of 5 min at 75°C followed by 2 min at 95°C, was performed on an AmpliSpeed slide 

cycler (Advalytix). Then, 0.75 µl of a 2X PCR mix containing all necessary reagents was added to the reaction sites. 

After amplification with the AmpliSpeed slide cycler, PCR products were then visualized by regular gel electrophoresis 

(for more details, see [13]).  

 The ability of this method to identify A. catenella and A. tamarense from single cells was assessed on fresh 

monoclonal cultures that were established from water samples collected in Thau lagoon (French Mediterranean coast) 

during May 2007. Cells in cultures were numerated and serial dilutions were realized in order to reach a final 

concentration of ~1 cell µl
-1

. Quantity and quality of the template material deposited in the AmpliGrid wells was 

inspected under an inverted microscope prior to cell lysis. Amplifications were performed on 1 µl of such preparations. 

The actual number of intact cells varied from 0 to 14 per well. Many wells were devoid on intact cells and contained 

only damaged cells, cellular debris and/or empty theca. Positive controls consisted in ~10 ng of DNA from pure 

cultures of A. catenella or A. tamarense, and negative controls consisted in H2O. All of the wells loaded with samples 

were positive for either A. catanella or A. tamarense (Table 1).  
 

Table 2 PCR amplification results and microscopic cell numeration control on AmpliGrid slides (reproduced from [13])  

# cells / well 
# positive amplifications / # wells 

A. catenella A. tamarense 

0 intact cell 37/37 21/21 

1 cell 25/25 10/10 

2 cells 17/17 8/8 

3 cells 12/12 3/3 

4 cells 9/9 3/3 

5 cells 2/2 - 

6 cells 2/2 - 

7 cells 2/2 - 

8 cells 1/1 - 

9 cells 1/1 - 
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10 cells 1/1 - 

14 cells 1/1 - 

Total 110/110 45/45 

 

 Amplification also occurred on samples devoid of intact cells. When cultures were mixed, amplifications yielded two 

bands corresponding to the 2 dinoflagellate species, even though there were no intact cells present in the reactions (Fig. 

7). These results tend to indicate that this protocol is highly sensitive and is able to amplify trace amounts of DNA 

contained in cellular debris. 

M 654321

 

Fig. 7 PCR amplification results of samples consisting of a 1:1 mix of the two cultures and devoid of intact cells. M: 100-bp 

molecular weight marker. Lanes 1-2: positive controls for A.catenella and A. tamarense strains, respectively; lane 3: negative control; 

lanes 4-6: wells loaded with a 1:1 mix of the two cultures. A.catenella and A. tamarense products were visible with the expected size 

(240 and 129 bp, respectively).  

 

 

 Another series of experiments aimed at testing the method directly on environmental samples. These latter consisted 

in 3 water samples collected in Thau lagoon during two recent blooms (autumn 2008 and spring 2009). Their original 

Alexandrium sp. concentration was estimated by microscope to ~260, ~770 and ~46,900 cells.l
-1

. Water was filtered-

concentrated such that cells were concentrated ~10,000 times at the end. The resulting cell suspensions were diluted 

1000 times because of the high abundance of detritus that may interfere with DNA amplification, and one µl was used 

as PCR template, without checking for the potential presence of Alexandrium sp. cells in the wells. Results showed that 

DNA was detected in the 3 natural samples, albeit at different rates. If all the wells tested (8) for the most concentrated 

sample were positive, only 4/8 and 3/9 wells were positive for the two least concentrated samples. Furthermore, both 

dinoflagellate species were detected in 2 of the 3 samples. Including the different steps in sample preparation, the final 

Alexandrium sp. cell concentration was ~2.6x10
-3

, ~7.7x10
-3

 and ~0.46 cells µl
-1

 in the three samples, respectively. 

Considering that the number of rDNA copies per Alexandrium sp. cell is approximately 200-2000 [14, 15], this suggests 

that almost one single copy of rDNA gene could be detected in a reaction site [13]. Such results confirm that low 

volumes are appropriate to enhance the sensitivity and efficiency of DNA amplification, as already stated [16, 17].  

 In conclusion, this on-slide PCR method proved very sensitive and could successfully identify Alexandrium catenella 

and A. tamarense at the infra-single cell level. Compared to other described methods used for the genetic 

characterization of single phytoplankton cells [18, 19], this procedure presents several major advantages and/or 

improvements: i) it is very easy and quick, as identification can be obtained within less than 3 hrs; ii) DNA loss is 

impossible since extraction and amplification occur in the same reaction site; iii) the on-slide format allows for an easy 

visual control of both quality and quantity of the templates using standard microscopy, ensuring a quality control when 

necessary, e.g. for taxonomic studies; iv) its exceptional sensitivity makes possible to skip the uneasy microscopic 

selection of phytoplankton cells for monitoring applications.  

3.3 Detection of Clostridium botulinum types C and D from naturally contaminated samples 

3.3.1 Introduction 

Botulism is a severe flaccid paralytic disease caused by seven different neurotoxin subtypes (BoNT A-G) produced by 

bacterial species such as Clostridium botulinum [20]. All BoNT subtypes act at the neuromuscular junction blocking the 

release of acetylcholine thus leading to flaccid paralysis [21]. BoNT types A, B, E and more rarely F cause human 
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botulism. Toxin types C and D are mainly responsible for animal botulism [22]. The economic, medical and alimentary 

consequences of animal botulism can be catastrophic in the event of an epizooty, underlying the necessity of rapid 

identification. Thus research has focused on the development of specific and reliable techniques to identify BoNT-

producing clostridia [23]. There are several reports on the detection of type C (bont/C) and type D (bont/D) genes by 

PCR [24], but only one by real-time PCR [25]. Real-time PCR presents the advantages of being more specific and 

sensitive than conventional PCR. We developed a real-time PCR (Rt PCR) assay for detection of type C and type D C. 

botulinum bont genes for veterinary and epizootic study purposes. The test was developed on the AmpliHyb system, a 

new device of great technical interest, capable of monitoring micro-volume Rt PCR assays on microscope slides. 

3.3.2 Primers and probes for nucleic acid amplification 

The sensitivity, specificity and reproducibility of an Rt PCR-based assay to detect microorganisms in naturally 

contaminated samples are largely dependent on the design of appropriate primers and probes. Unfortunately C. 

botulinum has a low GC content and its bont genes have a high degree of similarity; these features make it challenging 

to find acceptable primers and probes. C2 and D3 oligonucleotides were designed in homologous regions of subtypes 

bont/C and subtypes bont/D respectively and in non-homologous regions of C. botulinum subtypes A, B, E, and F for 

toxin-gene specific identification. All probes were 5’-labelled with 6-carboxy-x-rhodamine (ROX) and 3’-labelled with 

Black Hole Quencher (BHQ-2). All primers and probes were purchased from Sigma Aldrich (St. Quentin Fallavier, 

France). Specificity was first evaluated in silico against sequences from the GenBank database using the BLAST 

algorithm (http://www.ncbi.nih.gov/BLAST), which revealed no cross reaction. It was then tested with DNA from pure 

microbial strains.  

3.3.3 Real-time PCR assays 

Real-time PCR amplifications were carried out with the AmpliHyb. Ampligrid reaction sites were preloaded with 1µl of 

extracted DNA from reference strains or naturally contaminated samples and air-dried at room temperature. One µl of 

master mix was placed on each reaction site for a final concentration of 600 nM primers and 400 nM probes. 

Evaporation was prevented by covering the aqueous phase with 5µl of a special sealing solution. Rt PCR was then 

performed on the AmpliHyb with 40 cycles in about 2h45 min by acquiring the images that correspond exactly to the 

elementary arrays. Positive samples were identified by a fluorescence signal greater than or equal to 0.05 units at the 

beginning of the exponential phase on a scale from 0 to 1 arbitrary units and a quantification cycle below 38 Cq. 

3.3.4 Specificity study 

Specificity was evaluated on eleven C. botulinum type C (strain 850131 as bont/C reference) and six type D (strain 

1873 as bont/D reference). Twenty three Clostridium strains (BoNT/A, B, AB, E, F) were tested as BoNT-producing 

negative controls. Twenty one Clostridium strains were used as non-BoNT-producing negative controls. Twenty three 

strains of other bacterial species were analyzed as non-Clostridium negative controls. C2 and D3 oligonucleotides gave 

positive signals for respectively all type C and type D C. botulinum strains and no signals for the negative controls, 

BoNT-producing/non-BoNT-producing Clostridium negative controls, and the other non-Clostridium bacteria. 

3.3.5 Sensitivity study 

The limit of detection (LOD) was determined with serial 10-fold dilutions of genomic DNA over a range of six orders 

of magnitude. The LOD is the lowest amount of C. botulinum in a test sample that has been reproducibly detected in at 

least three experiment sets. LOD was converted to a genomic copy number based on the total genomic DNA content of 

each strain. DNA from C. botulinum type C (strain NCTC 850131) and type D (strain NCTC 1873) was extracted and 

tested as a reference. Extracted DNA was quantified prior to serial dilution with the NanoDrop ND-1000 

spectrophotometer (Thermo Scientific, Wilmington, USA). PCR efficiency was evaluated for each primer/probe pair 

with serial dilution in accordance with the correlation coefficient (R²). bont/C2 oligonucleotides gave sensitivity results 

of 44 genome copies and bont/D3 oligonucleotides gave sensitivity results of 20 genome copies with PCR efficiency of 

respectively 92% and 91%. All real-time PCR assays showed a strong linear correlation (R²>0.99) between Cq values 

and the template concentration (Fig.8). 
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c) d)

Fig. 8 Sensitivity study of bont/C2 and bont/D3 oligonucleotides. bont/C2 permits detection until 140 fg of type C C. botulinum
strain 850131 corresponding to 44 equivalent genomes, with a correlation coefficient of 0.9963 (a, b). bont/D3 permits detection until
50 fg of type D C. botulinum strain 1873 corresponding to 20 equivalent genomes, with a correlation coefficient of 0.9998 (c, d).

3.3.6 Investigation of suspected naturally contaminated samples

One hundred and twenty five suspected botulism cases were collected by the Analysis and Development Laboratory 22
(LDA22, Brittany, France) during animal botulism epizootic events in Brittany, France, in 2009. Samples were
incubated in anaerobic conditions in pre-reduced tryptone-glucose-yeast extract (TGY). DNA was extracted with the
DNeasy blood and tissue kit (Qiagen, Hilden, Germany). Samples were typed for presence of the type C and type D
gene by standard Rt PCR considered as the reference in this study, and by the AmpliHyb real-time PCR array. Fifty
seven out of the 125 samples were detected positive for either the bont/C or bont/D gene by conventional Rt PCR.
Among them, 38 were type C, 16 were type D, and 3 were detected both as type C and D. Regarding the AmpliHyb
results, 33 out of the 125 samples were found positive by real-time PCR array. Twenty were type C, 11 were type D and
two were detected both as type C and D. The results of the AmpliHyb and conventional Rt PCR matched to 80.80%. To
decrease the level of discrepancy observed between the AmpliHyb and conventional Rt PCR, a pre-amplification step
prior to the AmpliHyb assay was investigated. Applied BioSystems markets the “Taqman Preamp Master Mix Kit”
which allows an increase in specific DNA targets. Starting material is increased prior to PCR and the resulting pre-
amplification product is then used for Rt PCR. With the addition of this pre-amplification step, the concordance results
between AmpliHyb and conventional PCR matched to 96.80% (Table 3).

Table 3 Concordance results between conventional Rt PCR and AmpliHyb assay

N = 125 AmpliHyb PCR N = 125 AmpliHyb PCR
without pre-amplification Positive Negative with pre-amplification Positive Negative

Conventional
Rt PCR

Positive
33 24 57

Conventional
Rt PCR

Positive 53 4 57
26.40% 19.20% 45.60% 42.40% 3.20% 45.60%

Negative
0 68 68

Negative 0 68 68
0.00% 54.40% 54.40% 0.00% 54.40% 54.40%

33 92 50 72
26.40% 73.60% 42.40% 57.60%
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3.3.7 Conclusions 

Animal botulism is a worldwide problem that causes significant economic losses as it concerns cattle [26] and several 

varieties of birds [27]. A real-time PCR assay for the detection of the type C and type D C. botulinum toxin genes was 

developed on the AmpliHyb system. Oligonucleotides C2 and D3 were found to be specific and sensitive for the 

detection of bont/C and D genes of BoNT-producing clostridia, as no cross detection was observed with C. botulinum 

BoNT/A, B, E and F producing strains, other Clostridia or Enterobacteriaceae species which are frequently isolated 

from environmental samples. These results indicate that bont/C2 and bont/D3 oligonucleotides are suitable for the rapid 

and specific characterization of toxigenic bont-positive type C and D Clostridium strains. The applicability of the 

bont/C2 and bont/D3 assay to botulism investigation in complex samples was analyzed in 125 naturally contaminated 

samples. DNA was extracted and tested blindly on the AmpliHyb against conventional real-time PCR considered as the 

reference method. Data obtained correlated quite well, with 80.80% of concordance, and after a pre-amplification step it 

was possible to increase the concordance to 96.8%. The AmpliHyb system showed comparable specificity and 

sensitivity to conventional real-time PCR on pure DNA microbial strains, but necessitated a pre-amplification step on 

complex DNA samples. The benefits of using this device are the low level of genetic material needed, as the limit of 

detection reached 50 fg for C. botulinum type D, and the smaller volumes of reaction components which substantially 

reduces running costs. As the experiments demonstrated good concordance results with conventional methods, the 

AmpliHyb system promises to be an efficient alternative to conventional microwell plate-based systems for real-time 

PCR.  

4. General Conclusion 

The accuracy, sensitivity and robustness of an on-slide PCR system has been tested and compared with conventional 

PCR. Results showed high reproducibility and sensitivity. As described above, this system enables to dramatically 

reduce the amount of starting genetic material and to detect DNA at the infra-single cell level. The AmpliGrid format 

allows an easy visual control of both quality and quantity of the templates using standard microscopy, ensuring a quality 

control when necessary, e.g. for taxonomic studies. The real-time version based on the AmpliHyb offers the possibility 

to perform quantitative PCR amplifications in a very short time. Combined with the reduced amount of reagents needed, 

this on-slide PCR format therefore constitutes a powerful cost- and time-effective alternative to conventional end-point 

and real-time PCR systems. It should prove extremely valuable in both environmental and clinical microbiology.  
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