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Droplet digital PCR (ddPCR) after DNA digestion yielded a 28S rDNA copy number of 61 to 86 copies/genome
when testing 10 unrelated Aspergillus fumigatus isolates, higher than with quantitative PCR. Unfortunately,
ddPCR after DNA digestion did not improve the sensitivity of our PCR assaywhen testing serum patients with in-
vasive aspergillosis.
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The DNA detection for the diagnosis of invasive aspergillosis (IA) are
dominated by laboratory specific assays based mostly on ribosomal
DNA (rDNA) targets (White et al., 2015b) with varying performance
(Cruciani et al., 2015; White et al., 2015a). Among the possible causes
of this variability is the known copy number variation (CNV) of the
rDNA of Aspergillus fumigatus (Herrera et al., 2009), themain species in-
volved in IA (Lortholary et al., 2011). The results generated by quantita-
tive PCR (qPCR) are then dependent on CNV of the rDNA of each isolate
and could participate to some discrepancies observed between different
quantitative PCR (qPCR) assays. A small variation in sensitivity of the
PCR assays can lead to false negative results because the fungal DNA
load in blood or serum during IA is most often very low (Costa et al.,
2002; Loeffler et al., 2000).

Relative quantification of CNV using qPCR is often used because of its
easiness (D'haene et al., 2010; Herrera et al., 2009). However, droplet dig-
ital PCR (ddPCR) intrinsically allows better accuracy of DNA quantification
(Huggett et al., 2013, 2015). Thefirst step in ddPCR is to isolate singlemol-
ecules in droplets with some of them containing the target molecule and
some not. It allows independent amplification of each target that will
lead at the end to an absolute count of the number of target molecules in
the sample. The sample preparation of genomic DNA for ddPCR requires
restriction enzyme digestion (RED) to separate tandem gene copies and
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to then ensure proper random partitioning into droplets (http://www.
bio-rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf). This
method particularly fits with measurement of small percentage differ-
ences and quantification of rare variants (Huggett et al., 2015). Therefore,
we investigated the potential of ddPCR in comparison with qPCR for A.
fumigatus rDNA CNV.We secondarily tested serum samples from patients
to knowwhether ddPCR can improve the performance of PCR for IA diag-
nosis or can give clues on the nature of the DNA amplified.

DNA from the A. fumigatus reference strain AF293 (CBS 101355) and
nine isolates from nine patients with IA was extracted as already de-
scribed (Alanio et al., 2011). All had different genotypes (Bart-
Delabesse et al., 1998) and belonged to different clonal complexes
(Alanio et al., 2012).

A duplex PCR assay was designed to amplify either the 28S rDNA
(Challier et al., 2004) or the single copy gene FKS1 of A. fumigatus
(Herrera et al., 2009) with primers and probe sequences as reported
by the authors. The 28S rDNA probewas labeledwith 6-carboxyfluores-
cein (FAM) and the FKS1 probe with hexachloro-fluorescein (HEX).
Primer and probe concentrationswere set at 0.3 and 0.1 μM, respective-
ly, in the ddPCR Supermix for Probes (Biorad, Marnes-la-Coquette,
France) for the ddPCR and the 480 probe Master (Roche, Meylan,
France) for the qPCR.

For the ddPCR assay, after mixing 2.2 μL of DNA with 19.8 μL of pre-
mix, 20 μL of solutionwere used to generate droplets using the QX100®
droplet generator (Biorad), amplified in a C1000 Touch® thermocycler
(Biorad) and then analyzed in a QX100® droplet reader (Biorad). The
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absolute quantification of each target was analyzed using Quantasoft®
software and expressed as number of copies/μL. Indeed, the number of
positive and negative dropletswas determined using specific thresholds
based on the dotplot and histogram analysis of droplets' fluorescence
(Fig. 1A). A preliminary experiment using temperature gradient and A.
fumigatus Af293 DNA without and with RED (Fig. 1B) allowed to fix
the optimal annealing temperature at 59 °C, which was used thereafter
for qPCR and ddPCR (activation at 95 °C 10 min, 45 cycles of 95 °C for
15 s and 59 °C for 60 s). This optimized annealing temperature is the
one resulting in the largest fluorescence amplitude difference of the
droplets between the positive and negative wells (http://www.bio-
rad.com/webroot/web/pdf/lsr/literature/Bulletin_6407.pdf).

The qPCR assay was performed in a LightCycler 480 instrument
(Roche). Calibration curves and efficacies were obtained upon serial
10-fold dilutions. 28S and FKS1 PCR efficiencies were 1.919 and 1.929,
respectively. Determination of the 28S rDNA copy number using qPCR
was performed with modification of Pfaffl method (Pfaffl, 2001) as:
(28S efficiency−(28S qPCR Cq)) / (FKS1 efficiency−(FKS1 qPCR Cq)).
Fig. 1. Specific analysis of ddPCR data on the Quantasoft® software (Biorad) including gradient
the number of positive and negative droplets (B). The analysis of the gradient of hybridization
fluorescence was higher in the droplets at 59 °C with no gain at higher temperatures. The num
droplets were determined using dotplot and histogram analysis of each experiment by applyin
The ten A. fumigatus DNAs underwent RED using EcoRI and RsaI
(New England Biolabs, Ipswich, USA), after verification of the absence
of specific recognition sites in the 28S and FKS1 amplified regions.
RED was designed to calculate the number of independent copies of
28S rDNA on the same DNA strand. The ten DNAs were then tested un-
digested and digested.

In parallel, ten frozen sera from ten patientswith probable IA already
known to be qPCR-positivewere selected. After thawing, DNA from one
milliliter of serum was extracted using the Qiasymphony DSP virus/
Pathogen Mini kit (Qiagen, Hilden, Germany) on a Qiasymphony appa-
ratus (Qiagen), eluted in 85 μL of water and tested using the 28S rDNA
PCR (Challier et al., 2004). The ten patients DNAs were then tested un-
digested and digested as above.

When testing the DNAs of the ten stain/isolates, the number of 28S
rDNA copies/genome varied from 20 to 49 and from 46 to 68 using
qPCR (Fig. 2A) and from 34 to 76 and from 61 to 86 using ddPCR (Fig.
2B), without andwith RED, respectively, The copy numberswere signif-
icantly higher using ddPCR compared to qPCR (Wilcoxon paired t-test,
analysis dotplot (A) and an example of dotplot and histogram analysis for quantification of
temperature showed that 59 °C was the optimal temperature for the 28S assay since the
ber of droplets was also higher in RED compared to no RED tests. Positive and negative
g a florescence threshold (2400 for 28S and 1650 for FKS1).
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Fig. 2.Distribution of the number of number of 28S copies/genome of nineA. fumigatus clinical isolates and Af293 using qPCR (A) or ddPCR (B) and the number of 28S copies/μL of the DNA
of 10 sera of patients with invasive aspergillosis using qPCR (C) or ddPCR (D) regarding DNA treatedwith or without restriction enzyme digestion (RED). For strains analysis in qPCR, one
dot corresponds to the mean of four independent experiments tested at different concentrations (pure, 1:20 and 1:200) in duplicates (eight values per strains). For strains analysis in
ddPCR, one dot corresponds to the mean of three independent experiments tested at different concentrations (1:10, 1:40 and 1:100) and duplicates (six values per strains). For patient
analysis, one dot corresponds to the mean of one duplicate.
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p b 0.0001, with and without RED) and with RED compared to without
RED (Wilcoxon paired t-test, p = 0.003 for qPCR and p b 0.0001 for
ddPCR). When considering the Af293 reference strain, we found a
higher copy number using ddPCR (69 copies) for the 28S copy number
than the 35 copies obtained after whole genome sequencing (Nierman
et al., 2005) and the 38 copies of 18S rDNA obtained using qPCRwithout
RED (Herrera et al., 2009). Of note, using qPCR without RED, we obtain-
ed closer results (46 28S rDNA copies versus 38 18S rDNA copies) than
previously found (Herrera et al., 2009), knowing that the same copy
number is expected for 18S and 28S rDNA since the large and small ri-
bosomal subunits are collinear and transcribed as a single transcript
(Iwen et al., 2002; Warner, 1989).

In ddPCR, the proportion of positive droplets allows precise quanti-
fication independently of the PCR efficiency, in contrast to qPCR for
which relative quantification is susceptible to the PCR efficiency. A
small variation in the efficiency of one of the two assays can lead to
huge differences in the quantification (Pfaffl, 2001). Therefore, calcula-
tion of the copy number using relative quantification based on a expo-
nential formula introduced bias, that are intrinsically not observed with
ddPCR, Interestingly, the gain in the number of 28S copies using RED
was also observed using qPCR, although lower than with ddPCR. Thus,
RED could act to make more targeted molecules accessible and then
amplifiable with a possible improvement of sensitivity of PCR assays.

Therefore, we tested ten serum samples from patients with IA with
and without RED. The number of 28S copies ranged from 0.1 to 13 and
from 0.3 to 20 copies/μL using qPCR with andwithout RED, respectively
(Fig. 2C), whereas the number of 28S copies in the serum of patients
ranged from 0.2 to 11 and from 0.3 to 18 copies/μL using ddPCR with
and without RED, respectively (Fig. 2D). The number of circulating 28S
copies was not significantly different using ddPCR compared to qPCR
and with and without RED (Wilcoxon paired t-test, p N 0.05). The
lower gain with DNA extracted from patient serum samples than from
fungal cultures suggests that circulating A. fumigatus DNA in human
serum is already fragmented. Indeed, the mean length of circulating
DNA fragment is usually short, mainly below 500 bp, when investigated
in human genetics and prenatal diagnosis (Breitbach et al., 2014). As a
consequence, digestion of DNA present in serum does not increase the
number of copies, which could have increased the sensitivity of the
qPCR assays for the diagnosis of IA.

In conclusion, CNVmay be an important factor that affects the sensi-
tivity of PCR assays since different clinical strains can harbor different
number of 28S qPCR copies. This could be one of the explanations of
the different performances observed in the clinical evaluation of these
PCR assays (Cruciani et al., 2015; White et al., 2015a). CNV mainly de-
pends on the A. fumigatus strain since the other parameters such as cul-
ture duration, temperature culture, antifungal exposure, fungal
morphology (pure conidia and hyphae) have already been shown not
to impact on the copy number of 18S rRNA in A. fumigatus (Herrera et
al., 2009). For intrinsic technical reasons, quantification using ddPCR is
more reliable than when using qPCR, although the results are very
parallel.

We thank Thomas Bourgeron from the Human genetics and cogni-
tive functions Unit of Institut Pasteur for giving their help in performing
digital PCR experiments and all the physicians involved in taking care of
the patients in Saint-Louis hospital (Pr Anne Bergeron, Pr. Jean-Michel
Molina, Dr. Nathalie de Castro, and Dr. Blandine Denis, Dr. Emmanuel
Raffoux).
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