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ARTICLE INFO ABSTRACT

Keywords: The use of probiotics in animal nutrition to provide health benefits is widely accepted. Bifidobacterium animalis
Bifidobacterium (BAN) is an example of a commonly used beneficial strain. BAN is applied in a multi-strain feed additive for
Droplet digital PCR poultry. As part of the increased demand for tracking and tracing of feed additives within modern quality
Feed management, it is crucial to determine the quantity of the active strain after mixing the probiotic product into
Quantification

feed. A real-time PCR protocol, already developed some years ago, was replaced with a Droplet Digital PCR
(ddPCR) assay, as this third generation PCR method is known for higher precision, sensitivity and does not
require standard curves. Each sample is partitioned into thousands of small subsamples that are measured in-
dividually and an absolute result value for each sample is extrapolated via Poisson distribution. The following
parameters were evaluated for the ddPCR assay: optimal annealing temperature (59 °C), concentration of pri-
mers (500 nM) and probe (400 nM), and PCR cycle number (50 cycles). The linearity of the optimised ddPCR
assay was tested with BAN DNA extracted from pure culture. The obtained standard curve was linear
(R* = 0.9982) and the efficiency (E) of the method was 99.98%. To finalise the development, the Limit of Blank
(LoB = 9.17 x 102 copies g~ ), Limit of Detection (LoD = 1.15 x 10° copies g~ ') and Limit of Quantification
(LoQ = 1.57 x 10° copies g~ ') for the assay were determined using poultry feed free of BAN and feed spiked
with different concentrations of the strain. A BAN strain-specific, probe-based ddPCR assay for the quantification
in poultry feed was developed.

1. Introduction

The genus Bifidobacterium consists currently of more than 50 dif-
ferent known species. These beneficial bacteria constitute part of the
intestinal microbiota of mammals, birds and insects. The health benefits
of this genus, even though not completely unveiled, are associated with
(i) the complex dynamic interplay among bifidobacteria, (ii) interaction
with other members of the microbiota and (iii) interaction with the host
(Hidalgo-Cantabrana et al., 2017). The positive effect of increased bi-
fidobacteria levels and in general probiotics on the overall composition
and metabolism in the gut was repeatedly described (Enomoto et al.,
2014; Sugahara et al., 2015). Bifidobacteria are commonly used as
probiotics in productive livestock (Gaggia et al., 2010). The Bifido-
bacterium animalis subsp. animalis strain (DSM 16284), which is men-
tioned hereafter by the abbreviation BAN, has been isolated and iden-
tified as a probiotic strain for use in a multi-species feed additive in
poultry (Klose et al., 2006; Mountzouris et al., 2010). The identifica-
tion, quantification and inclusion rate of the probiotic strain in feed is
very important to confer health benefits to the host (Fuller, 1989) and
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to evaluate the efficacy of the probiotic strain in vivo. Application of
Droplet Digital PCR (ddPCR) for the strain-specific quantification of
BAN in feed could provide a superior method compared to the available
real-time PCR assay.

Digital PCR (dPCR) is a third generation PCR method for target
quantification. One of the commercially available approaches is ddPCR
from Bio-Rad (QX200™ Droplet Digital™ PCR system, Bio-Rad, Munich,
Germany). For ddPCR, each PCR sample is partitioned into thousands of
droplets, with each droplet containing either O or 1 (or more) copies of
the target sequence (Hindson et al., 2011). After partitioning in about
20,000 droplets with a volume of 0.85nL, PCR is performed and the
droplets are read out. Based on the proportion of positively and nega-
tively read droplets, the absolute number of targets can be extrapolated
from the positive fraction via Poisson distribution. Compared to real-
time PCR, ddPCR provides several significant advantages such as higher
precision, sensitivity and tolerance towards PCR inhibitors (Hugget
et al., 2013; Pinheiro et al., 2012). Additionally, absolute quantification
can be performed without the requirement of a standard curve. This
results in shortened laboratory work and guarantees higher intra- and
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Table 1

Primers and Probe used in this study. Purification quality: desalt.
Primer/probe name Sequence Supplier Origin
BAN_T39_S2_fw 5’-CCATCTTCTGGTATCTCCAACAA-3’ Sigma-Aldrich Fibi et al., 2016
BAN_T39.S2 rv 5-GTAAGCGCAAATGTCACAAAGA-3’ Sigma-Aldrich Fibi et al., 2016
BAN_T39_S2 _probe [6FAM]ACGTAGCGCCCTCAGAAGTGCAACAAA[BHQ1] Sigma-Aldrich this study

inter-laboratory reproducibility. DAPCR is regularly applied in the field
of diagnostic analyses (Lin et al., 2016; Memon et al., 2017) and has
also been reported for bacterial quantification (Witte et al., 2016a,
2016b). Thus, ddPCR was the method of choice to improve a previously
established strain-specific real-time PCR method for quantification of
BAN in poultry feed (Fibi et al., 2016). A probe for BAN-specific ddPCR
was designed, evaluated and included in the method. The DNA-ex-
traction procedure was adapted to the specific needs of ddPCR. Real-
time PCR is still a valid method, but its limitations compared to ddPCR
became obvious. The labour and resource intensive preparation of
standard curves for each type and set of samples and the detrimental
effect of sample autofluorescence on the results make real-time PCR
inferior to ddPCR. The latter method does not require standard curves
and tolerates inhibitors much better. Taken together, a new ddPCR
method starting with DNA extraction from complex feed samples to the
PCR run was developed to overcome real-time PCR limitations.

The aim of this study was to develop a strain-specific, probe based
ddPCR assay for the detection of BAN (DSM 16284) in poultry feed. To
the best of our knowledge, this is the first time the use of ddPCR to
quantify a probiotic Bifidobacterium strain in feed has been reported.

2. Materials and methods
2.1. Bacterial culturing conditions

Bifidobacterium animalis (DSM 16284, BAN) was used in this study.
The strain was grown in a growth medium containing 10 gL~ peptone
from casein, 5gL~! meat extract, 2.5gL~! yeast extract, 10gL™!
glucose, 1gL~" Tween 80, 0.5gL " cysteine-HCl, 2gL ™" K,HPO,,
0.6gL™' MgS0,.7H,0, 0.25gL~' ZnS0,.7H,0, 0.15gL~! CaCl,,
0.08gL~! FeCl3.6H,0 and 10 gL~ " inulin. Cells were grown under
anaerobic conditions for 24-48 h at 37 °C.

2.2. DNA-extraction and quantification from culture broth and poultry feed

DNA extraction from bacterial cultures was performed following a
protocol for Gram-positive bacteria (Chan et al., 2003), with additional
lysis steps, using lysozyme (2.5mgmL ') [Sigma-Aldrich 1.6876] and
Proteinase K (125 ug mL™Y) [Qiagen DNA Stool Mini Kit, Hilden, Ger-
many] as described earlier (Sattler et al., 2014).

Microbial DNA from different poultry feed was extracted froma 40 g
sample. Briefly, feed was mixed with 150 mL peptone water (0.1%
peptone [Sigma-Aldrich 70169, MO, USA] and 0.01% Triton X-100
[Fluka, Sigma-Aldrich 93426, MO, USA]) and shaken for 30 min. The
mixture was smashed and filtered through a stomacher bag (Smasher,
AES Chemunex, Bruz, France). An aliquot of 250 uL of the filtered
peptone water extract was used for further steps. The pelleted cells were
lysed with lysozyme (100 mg mL~') for 45 min at 37 °C. Thereafter, the
DNA Stool Mini Kit protocol for pathogen detection (Qiagen GmbH,
Hilden, Germany) was followed. The concentration of the DNA samples
and their purity was determined by NanoDrop™ One spectrophotometer
(Thermo Fisher Scientific Inc., Wilmington, U.S.A) and Qubit 3.0
Fluorometer with the Qubit dsDNA HS Assay Kit (Invitrogen, California,
USA). The resulting data are summarised in Supplementary Table 1.
DNA was stored at 4 °C until ddPCR was performed and for long term
storage at —20 °C.

2.3. ddPCR-setup

The probe for the ddPCR assay was designed by Oligo Techservice of
Sigma-Aldrich (Sigma-Aldrich, MO, USA) based on the BAN specific
sequence and the already established primers, amplicon size with these
primers was 119 bp (Fibi et al., 2016). Optimisation of the ddPCR assay
was performed considering different chemical and physical parameters:
annealing temperature (thermal gradient from 59 °C to 62.2°C), pri-
mers and probe concentration (from 100 nM to 1000 nM) and number
of cycles (40 and 50 cycles) with different BAN DNA dilutions. Mas-
termix and PCR program were initially setup according to Bio-Rad (Bio-
Rad, Munich, Germany) recommendations in the manual. Final condi-
tions for one ddPCR reaction are 20 pL final volume: 1 X ddPCR™ Su-
permix for Probes (No dUTP) [Bio-Rad, Munich, Germany], 500 nM of
each primer and 400 nM of the probe (Table 1) and 3 pL of DNA. Re-
actions were prepared in duplicate or triplicate with 10% excess vo-
lume. According to the manufacturer's instructions, 20 pL of each re-
action were loaded into a sample well of an 8-well cartridge for the
QX200™ Droplet Generator (Bio-Rad, Munich, Germany) followed by
70 uL of droplet generation oil for probes (Bio-Rad, Munich, Germany)
into the oil wells. QX200™ Droplet Generator (Bio-Rad, Munich, Ger-
many) was used to generate the droplets (~20,000 droplets are pos-
sible). For each ddPCR run a non-template control (NTC), with nu-
clease-free water instead of DNA, was included. The emulsion (~40 pL)
was transferred to a 96-well plate. The plate was heat sealed using
pierceable PCR Plate Heat Seal foil (Bio-Rad, Munich, Germany) and
the PX1™ PCR Plate Sealer (Bio-Rad, Munich, Germany). The final two-
step PCR protocol applied was: initial polymerase activation period of
10min at 95°C, 50 cycles of denaturation at 95°C for 30s and an-
nealing temperature of 59 °C for 1 min and at the end final enzyme
deactivation at 98 °C for 10 min. For all steps a ramp rate of 2°Cs™ '
was used with the C1000 Touch™ Thermal Cycler (Bio-Rad, Munich,
Germany). After amplification, the plate was placed in the QX200™
Droplet Reader (Bio-Rad, Munich, Germany) for analysis. Data eva-
luation was performed using QuantaSoft™ Software 1.7 (Bio-Rad, Mu-
nich, Germany).

The result is displayed as copies per reaction. As feed samples were
subjected to dilutions during the sample preparation process, copies per
gram of feed were calculated accordingly. One reaction contained 3 pL
DNA from the 50 pL. DNA extract, thus, the number was first multiplied
by 50 x 37!, Additionally, only 0.25mlL of the initial 150 mL feed
extract were used, leading to a multiplication by 150 x 0.257'. To
calculate 1 g of feed instead of the 40 g used for the feed extract, the
value was finally divided by 40 in order to calculate copies per gram of
feed.

2.4. ddPCR efficiency

As PCR efficiency is crucial for a ddPCR assay, BAN DNA was di-
luted serially (1:10, 1:50, 1:100, 1:500, 1:1000, 1:5000 and 1:10000) to
guarantee linearity of the reaction results. Dilutions were prepared in
triplicate, then measured independently in duplicates on the QX200™
ddPCR System (Bio-Rad, Munich, Germany) with the parameters de-
scribed above. Results were subjected to regression analysis and effi-
ciency was calculated according to the formula:
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Fig. 1. Amplitude plot showing the clusters of negative (grey) and positive
(blue) droplets for reactions with different annealing temperatures. High an-
nealing temperatures led to a decreased separation of the clusters, whereas too
low temperatures might lead to non-specificity. 59 °C was chosen as annealing
temperature for BAN-specific ddPCR. The corresponding events plot is dis-
played in Supplementary Fig. 1. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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2.5. Limit of blank (LoB) in poultry feed

LoB was defined as the highest BAN concentration that was ex-
pected to be found when testing replicates of samples not containing
BAN (Armbruster and Pry, 2008). Feed from a local supplier (broiler
starter feed from Lagerhaus, Tulln, Austria) was used to determine the
LoB. DNA was extracted eight times from the feed sample, resulting in a
total of 8 extracts. For each extract, ddPCR samples were prepared in
technical triplicates.

For the LoB calculation, the following formula was wused
(Armbruster and Pry, 2008):

LoB = meanpgu + 1.645 X (SDpiank)

Where meany,,,i stands for the mean of the 8 extracts (mean of the
replicates of a blank sample) and SDpj.,k stands for the standard de-
viation of the calculated mean of the 8 extracts (standard deviation of
mean result of replicates of a blank sample).

2.6. Limit of detection (LoD) in poultry feed

Based on the definition: LoD is the lowest BAN concentration which
can be detected and reliably distinguished from LoB (Armbruster and
Pry, 2008). The LoD was determined by using the measured LoB and
test replicates of samples known to contain different concentrations of
BAN. Broiler starter feed, used for LoB determination, was spiked with
different concentrations of BAN to get the following final concentra-
tions: 2.00 x 10°cfug™!; 5.00 x 10°cfug™!; 1.25 x 10°cfug™;
3.13 x 10*cfug™; 7.81 x 10°cfug™'; 1.95 x 10°cfug™'. Therefore,
the highest concentration of BAN was mixed into 1 kg of feed, resulting
in 2.00 x 10°cfug™?'. This feed was then diluted in 1:4 steps with
blank feed to get approximately 1 kg of each feed mixture at the end.
From each of the six spiked feed mixtures four times 40 g samples were
extracted, resulting in a final number of 24 DNA extracts. Each extract
was subjected to ddPCR in technical triplicates using the conditions
described above.

The LoD was calculated using the following equation (Armbruster
and Pry, 2008):
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LoD = LoB + 1.645 X (SDlaw concentration sample)

Whereby SDiow concentration sample i the standard deviation of the
mean result of the samples known to contain the lowest concentration
of analyte, in this case 1.95 x 10°cfug™! of BAN.

2.7. Limit of quantification (LoQ) in poultry feed

LoQ is the lowest concentration at which BAN can be reliably
quantified (Armbruster and Pry, 2008). To determine the LoQ, more
than one type of feed was applied in order to check for the robustness of
the assay in different feed matrices. Three different feed types (1:
broiler starter feed, 2: layer concentrate and coarsely ground corn in
ratio 40:60 and 3: poultry grower feed, all from the local supplier:
Lagerhaus, Tulln, Austria) were spiked with a final concentration of
2.00 x 10°cfug™! of BAN. From each spiked feed type a sample was
removed for DNA extraction. DNA was extracted twice from each
sample resulting in 6 extracts. Each extract was serially diluted in 1:4
steps in nuclease free water to reach a dilution of 1:4096. For ddPCR
analysis, reactions were done in technical triplicates and results were
subjected to regression analysis.

3. Results
3.1. ddPCR conditions

Important for ddPCR are well-separated clusters of positive and
negative droplets. Samples with less than 10,000 droplets were not
included in the analysis because too low droplet numbers decrease the
precision of the applied Poisson distribution. By the use of BAN DNA
extracted from pure culture, the following optimised parameters were
defined. As displayed in Fig. 1, positive and negative droplets were well
separated at 59°C and lower temperature. Because annealing tem-
peratures below 59 °C did not show better separation, but might in-
crease unspecific binding, and because annealing temperatures above
59 °C lowered separation quality, 59 °C was determined as the optimal
annealing temperature.

The Bio-Rad recommendation according to their manual was a
primer concentration of 900 nM and a probe concentration of 250 nM
for ddPCR. To provide enough probe for each reaction of the primer
concentration optimisation process, the probe concentration was set at
900nM and primer concentration varied from 100nM to 1000 nM.
With increasing primer concentration, a better separation between
positive and negative droplets was seen (Supplementary Figs. 2 and 3).
However, cluster separation was similar when primer concentrations
from 500 nM to 1000 nM were applied. Thus, optimisation of the probe
concentration was carried out with two fixed primer levels: (i) 500 nM
and (ii) as recommended by the supplier, 900 nM.

As shown in Supplementary Figs. 4 and 5, the fluorescence levels for
500 nM and 900 nM primers with different probe concentrations were
similar. Thus, 500 nM of primers were used in subsequent experiments.
Increased probe concentration led to increased fluorescence levels of
the positive droplets and negative droplets. A good separation between
the positive and the negative droplets was observed starting from
400nM of probe. Therefore, 400 nM was chosen as the probe con-
centration for subsequent experiments.

A comparison of 40 versus 50 cycles during PCR was performed
(Fig. 2). The run with 50 cycles displayed less droplets with fluores-
cence levels between the negative and positive droplets, commonly
referred to as “rain”, compared to the run with 40 cycles. Therefore,
subsequent experiments were performed with a PCR including 50 cy-
cles.

3.2. ddPCR efficiency

To evaluate the linearity of the ddPCR assay, seven dilutions from
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Fig. 2. Amplitude plot for ddPCR based on 40 and 50 cycles of PCR amplification. Less “rain” was obtained with 50 amplification cycles. The corresponding events

plot is displayed in Supplementary Fig. 6.
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Fig. 3. Regression curve for seven pure BAN DNA dilutions to test for linearity of the ddPCR assay.

1:10 to 1:10000 of BAN DNA extracted from pure culture were analysed
in three independent runs. Results fit well to the dilution steps as shown
in Fig. 3. The efficiency was 99.98% (it was calculated by dividing the
slope of the trendline from Fig. 3 [196923] by the slope of the trendline
from the expected values [196958] [data not shown] and followed by a
multiplication with factor 100). In order to evaluate the applicability of
ddPCR quantification in the more complex feed matrix, BAN was
quantified in poultry feed samples spiked with the strain.

3.3. Limit of blank (LoB) in poultry feed

DNA (8 replicates) was extracted from broiler starter feed and
measured via ddPCR, in order to determine the LoB. Out of the 8
samples, one did not give any positive droplet, whilst some positive
droplets were detected in the remaining samples, from which a LoB of
9.17 x 10% copies g~ ! feed was calculated. Every value measured
below this limit was defined as negative for BAN. Results are sum-
marised in Supplementary Table 2.

3.4. Limit of detection (LoD) in poultry feed

The LoD was determined together with the LoB for poultry feed, to
define a limit at which the presence of BAN could reliably be detected,
by the measurement of 24 extracts in four independent ddPCR assays. A
LoD of 1.15 x 10° copies g~! feed was determined and values below

the LoD were not considered for subsequent experiments. Results are
summarised in Supplementary Table 3.

3.5. Limit of quantification (LoQ) in poultry feed

To define the LoQ, three different feeds were spiked with
2.00 x 10°cfug™! of BAN. The ddPCR results from 6 extracts fit well
together up to a dilution of 1:1024 (Fig. 4). Linearity of the ddPCR for
BAN from feed could be shown until a LoQ of 1.57 x 10 copies g~ *.
Every result above this value could be quantified. If results between
LoD and LoQ appeared, only a qualitative assumption on the BAN
content could be made. Results are summarised in Supplementary
Table 4.

4. Discussion and conclusion

The beneficial effect of Bifidobacterium animalis as a probiotic has
been described in many reports (Ezendam et al., 2008; Jungersen et al.,
2014; Mountzouris et al., 2010; Paveljsek et al., 2018). To see these
beneficial effects in animals a certain dose of probiotic strains is ne-
cessary (Yan et al., 2018). Previously, the microbial quantification
procedure for Bifidobacterium animalis, strain BAN, could be shortened
by a specific real-time PCR assay (Fibi et al., 2016) that replaced the
microbiological technologies (Norin et al., 1991). The advantages of
ddPCR, such as less sensitivity to PCR inhibitors in the feed and no
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Fig. 4. A: Plot for seven dilutions of each of the 6 extracts to test for linearity of the ddPCR assay with feed samples. The first 6 dilutions up to 1:1024 show linearity,
dilution number 7 shows already a slightly different trend and was not included in regression analysis. B: Regression plot for the first 6 dilutions showing linearity
and a good correlation for expected and measured values. Thus, quantification could be performed in the range of 1.57 x 10° copies g~ * t0 1.86 x 10° copies g~ * of

BAN in feed.

requirement for a standard curve, was expected to allow the develop-
ment of a shortened and more accurate strain-specific quantification
method of BAN.

The higher sensitivity of ddPCR compared to real-time PCR
(Hindson et al., 2011) encouraged us to completely rework the DNA
extraction procedure to make it easier and faster. In the final procedure,
45 mL of feed extract for DNA extraction (Fibi et al., 2016) were re-
placed by 0.25 mL. Thereby, it was possible to carry out the extractions
in easy-to handle small volume reaction tubes with snap caps.

To increase specificity a probe was designed and used for ddPCR
(Selvaraj et al., 2018; Srisutham et al., 2017; Witte et al., 2016a). The
changes in the DNA extraction method and the application of a probe
made it impossible to compare samples between the current real-time
PCR and the newly developed ddPCR methodology. As ddPCR provides
absolute values calculated with Poisson distribution, a comparison of
the results with those from real-time PCR was not necessary. Finally,
feed sample analysis could be performed without the need of the

laborious processing of standard curves.

We were able to determine the best conditions for high amplifica-
tion and good cluster separation of the positive and negative droplets by
varying annealing temperatures, primer and probe concentrations and
PCR cycle number. Optimisation of the first three parameters is
common for real-time PCR and ddPCR assays (Dalmira et al., 2016;
Weerakoon et al., 2016), whereas the optimisation of PCR cycle number
is not as common. The number of PCR cycles for ddPCR could have a
severe impact on the droplet “rain”, the fraction of droplets appearing
at fluorescence levels between the negative and the positive fraction
(Witte et al., 2016b). We could observe an influence of PCR cycle
number on the droplet “rain”, but in contrast to Witte (2016b), the
effect was less pronounced. However, we could still observe a reduction
in droplet “rain”, when 50 cycles were used, instead of 40 cycles. Based
on our experience during the general optimisation of real-time PCR
processes, small changes of annealing temperature or primer/probe
concentration directly influenced the ¢, value and thus the outcome. An
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end-point method such as ddPCR was less sensitive to such changes.
Changes of 1 °C or variations of 100 nM in primer/probe concentration
were tolerated according to the optimization results.

Since in blank feed very small numbers of droplets (maximum
n = 2) were detected, the LoB was included as suggested by Armbruster
and Pry (2008). The authors described statistical methods, not specific
for ddPCR, but based on our experience with real-time PCR, the
methods are well suited and applicable. Real-time PCR LoD
(2 x 10 cfu gfl) was lower compared to 1.15 X 103 copies gf1 with
the current ddPCR method. This fact is likely due to the change in the
DNA extraction procedure, as 0.25 mL of feed extract contained a lower
total number of BAN cells compared to 45 mL of the same extract when
using previous extraction method. On the contrary, LoQ could be re-
duced from 6.28 x 10°cfug™' with real-time PCR to
1.57 x 10%cfug™! with ddPCR. This shows the strength of ddPCR
method and its superiority in regards to sensitivity.

Experiments were performed according to “Minimum Information
for Publication of Quantitative Digital PCR Experiments (MIQE)”
guidelines (Hugget et al., 2013).

In conclusion, a BAN specific ddPCR method was developed to
quantify the probiotic strain in poultry feed samples without the ne-
cessity of a standard curve.
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