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In order to control food losses and wastage, monitoring the microbial diversity of food products, during process-
ing and storage is important, as studies have highlighted themetabolic activities of somemicroorganisms which
can lead to spoilage. Knowledge of this diversity can be greatly improved by using ametagenetic approach based
on high throughput 16S rRNA gene sequencing, which enables a much higher resolution than culture-based
methods. Moreover, the Jameson effect, a phenomenon described by Jameson in 1962, is often used to classify
bacterial strains within an ecosystem. According to this, we have studied the bacterial microbiota of Belgian
white pudding during storage at different temperatures using culture-dependent and independent methods.
The product was inoculated with a mix of dominant strains previously isolated from this foodstuff at the end
of its shelf life (Carnobacterium maltaromaticum, Lactobacillus fuchuensis, Lactobacillus graminis, Lactobacillus
oligofermentans, Lactococcus lactis, Leuconostoc mesenteroides, Raoultella terrigena and Serratia sp.). Daily during
16 days, the absolute abundance of inoculated strain was monitored by combining total count on plate agar
andmetagenetic analysis. The resultswere confirmed byqPCR analysis. The growth of each specieswasmodelled
for each temperature conditions, representative of good or bad storage practices. These data allowed the bacterial
strains subdivision into three classes based on criteria of growth parameters for the studied temperature: the
“dominant”, the “subdominant” and the “inhibited” bacterial species, according to their maximal concentration
(Nmax, log CFU/g), growth rate (μmax, 1/h) and time to reach the stationary phase (TRSP, days). Thereby, de-
pending on the storage conditions, these data have permitted to follow intrinsically the evolution of each strain
on the bacterial ecosystemof Belgianwhite pudding. Interestingly, it has shown that the reliability of the Jameson
effect can be discussed. For example, at 4 °C when Lactococcus lactis and Serratia sp. stopped growth at day 12, at
the same time Carnobacterium maltaromaticum reached its maximal concentration and entered its stationary
phase. In opposition to this, it can be noticed that in the same condition, the “sub-dominant” organisms contin-
ued their growth independently of the “dominant” species behaviour. In this case, the Jameson effect was not il-
lustrated. This pattern is described for all storage conditions with the same strain classifications. These results
highlighted the importance of combining metagenetic analysis and classical methods, with modelling, to offer
a new tool for studying the evolution ofmicroorganisms present in perishable foodwithin different environmen-
tal conditions.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In past years, scientists who study the safety of highly perishable
food products have focussed theirwork on the detection and the control
of pathogenic microorganisms. However, Food Law (Regulation (EC)
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N°178/2002) also integrates all products that are unfit for human con-
sumption because of contamination, deterioration, decomposition or
rotting into the definition of unsafe food. Around a third of all food pro-
duced for human consumption on Earth is lost or wasted. In Europe, the
losses of initial meat production represent 20% and more than half of
this occurs at animal production, slaughtering, processing and distribu-
tion steps (Food and Agriculture Organization, 2011; Kergourlay et al.,
2015). These data highlight the importance of managing the microbio-
logical quality of food products. Indeed, among the reasons for food
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loss and waste, spoilage by bacteria that contaminate the food matrix
and are able to develop during transformation steps and storage is a
major issue (Lipinski et al., 2013; Remenant et al., 2015).

For a clear and complete understanding of themechanisms that lead
to the spoilage of food products, classical microbiology is not sufficient.
Fortunately, molecular technologies can elucidate the microbial com-
munities, including the identification and quantification of culturable
and non-culturable organisms, and can do so at a much higher resolu-
tion than was previously possible with culture-based methods
(Kergourlay et al., 2015; Elizaquível et al., 2015). Many bacterial species
putatively responsible for food spoilage have been reported, thanks to
the development of high throughput sequencing methods, that allow
for a more detailed and deeper description of bacterial species present
in food (Benson et al., 2014; Chaillou et al., 2014; Delcenserie et al.,
2014; Galimberti et al., 2015; Riquelme et al., 2015). These works are
mainly limited to the description of the product's microbiota during
its shelf life. However, spoilage is a complex process, resulting most
often from incorrect storage temperatures and bacterial functions that
are not fully understood. Spoilage is not only species and strain depen-
dent, but also the result of interactions between strains. Few studies
have described the evolution of a whole microbiota in a food matrix
with consideration of the storage parameters (Ercolini et al., 2011;
Nieminen et al., 2012).

The present study proposes to follow the evolution of the main bac-
terial species present in a famous Belgian meat product: the white pud-
ding. For this, we inoculated a mix of strains previously isolated from
aging tests on the same food matrix. The mix of inoculated strains has
been studied in challenge tests at different storage temperatures, repre-
sentative of good or bad practices. The growth of the added bacteria has
been assessed daily at the same time by combining classical microbiol-
ogy and 16S rRNAmetagenetic analysis (Esposito and Kirschberg, 2014)
with the goal of obtaining quantitative results for each strain and to
study their respective kinetics. Quantitative PCR (qPCR) analysis
targeted on corresponding bacterial genera was used in order to vali-
date the metagenetic approach.

There are two objectives in this study: the first is to reinforce the im-
portance of combining classical microbiology and metagenetics analy-
sis, with modelling, as a new tool to follow the evolution of
microorganisms present in perishable food within different environ-
mental conditions. This approach can examine the potential for next-
generationDNA sequencingmethods to elucidate the detailed dynamics
of microbial population during spoilage. To this end, a combination of
metagenetics and traditional microbiological methods were used to
quantify themicrobiota of Belgianwhite pudding. The second is provid-
ing knowledge on the composition and dynamics of the emblematic
bacterial species components of white pudding, and shown how it is af-
fected by storage temperature.

2. Material and methods

2.1. Food samples and selection of bacterial strains

The strains used in this study were previously isolated from Belgian
white puddings at the end of their use-by date, by one Belgianmanufac-
turer (five batches analysed), after storage for a third of the storage pe-
riod at 4 °C and the remaining time at 8 °C following the guidelines for
implementing microbiological durability tests of chilled perishable and
highly perishable foodstuffs (NF EN V01-003, 2010). The results of
these first aging tests are not shown in this paper. Eight of the natural
predominant strains isolated at the end of the shelf life, represented to-
gether more than 50% of the natural microbiota, were identified by se-
quencing of their 16S rRNA genes and used for the challenge-tests:
Carnobacterium maltaromaticum, Lactobacillus fuchuensis, Lactobacillus
graminis, Lactobacillus oligofermentans, Lactococcus lactis, Leuconostoc
mesenteroides, Raoultella terrigena and Serratia sp. For this study, a
short 16 days shelf life was evaluated for the Belgian white pudding.
Please cite this article as: Cauchie, E., et al., The use of 16S rRNA genemetag
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Bacterial strains were stored at −80 °C in nutrient broth with 30%
glycerol as a cryoprotective agent. Before use, strains were transferred
from the −80 °C culture collection to Brain Heart Infusion (BHI)
broth for C. maltaromaticum, R. terrigena and Serratia sp., and de Man,
Rogosa and Sharpe (MRS) broth for Lb. fuchuensis, Lb. graminis, Lb.
oligofermentans, Lc. lactis and Ln.mesenteroides for 48 h at 22 °C. The cul-
tures were incubated overnight at 4 °C before inoculation.

2.2. Challenge tests

Thirty-three kilograms of white puddings (each 150 g) were re-
ceived from a Belgian manufacturer the day following their production
and stored at 4 °C (composition: porkmeat 64%,milk, bread, onions, salt
and spices. No sugar was added). The natural microbiota was consid-
ered as insignificant because these products were inoculated by a con-
centrate mix of eight bacterial species who dominate the initial
indigenous microbiota. The surface products were inoculated by
soaking for 2 min in a bath of sterile water containing a mix of the
eight bacterial strains at the same concentrations with the goal of
reaching an approximatively global concentration of 3 log colony
forming units (log CFU/g on the product), in duplicate (n = 192).
Non-inoculated control samples were soaking for the same time in a
bath of sterile water only, in duplicate (n = 24). After a drying
step of 20 min at 10 °C, white puddings were packed (300 g) in a tray
(PP/EVOH/PP) under modified atmosphere (CO2 30%/N2 70%, Olympia
V/G, Technovac, Italy) using packaging wrap (polyester 10 μm, homo-
polymer polypropylene 50 μm, NutriPack, France). According to the
shelf life of the product, inoculated samples were stored at different
temperatures, constant or dynamic: (i) for 16 days at 4 °C (4 °C), (ii)
for 16 days at 8 °C (8 °C), (iii) for 16 days at 12 °C (12 °C), (iv) for
4 days at 4 °C and for 12 days at 8 °C (4–8 °C), (v) for 4 days at 4 °C,
followed by a break of 4 h at 20 °C than 12 days at 4 °C (4/20–4 °C),
(vi) 4 days at 4 °C, followed by a break of 4 h at 20 °C then 12 days at
8 °C (4/20–8 °C). Control samples were only stored at the first day and
at day 16.

2.3. Incubation and enumeration by conventional microbiological method

Each day during the 16-day storage period except on day 2, 25 g of
product were put into a Stomacher bag with a mesh screen liner
(80 μm pore size) (bioMérieux, Basingstoke, England, ref 80015)
under aseptic conditions. Physiological water (225 mL) was automati-
cally added to each bag (Dilumat, Biomerieux, Belgium) and the
samples were homogenised for 2 min in a Stomacher (Bagmixer,
Interscience, France). From this primary suspension, decimal dilutions
in peptone water (1 g/L peptone, 8.5 g/L sodium chloride) were pre-
pared formicrobiological analysis and 0.1mL aliquots of the appropriate
dilutions were plated onto media for each analysis in duplicate (Spiral
plater, DW Scientific, England). A total count was made on Plate Count
Agar (PCA) at 22 °C for 48 h for the psychrotrophic aerobic plate
count, using themodifiedmethod specified by the International Organi-
zation for Standardization [ISO (2013, ISO 4833-2)]. Graphs were plot-
ted with each of the day time points over the 16-day storage period
(n = 192). Non-inoculated products were only analysed at day 1 and
day 16 (n = 24).

2.4. Total DNA extraction

Bacterial DNAwas directly extracted from each primary suspension,
which had been stored at −80 °C, using the DNeasy Blood & Tissue
DNA Extraction kit (Qiagen, Venlo, Netherlands), following the
manufacturer's recommendations. The resulting DNA extracts were
eluted in DNAse/RNAse free water and their concentrations and purity
were evaluated by means of optical density using the NanoDrop ND-
1000 spectrophotometer (Isogen, St-Pieters-Leeuw, Belgium). The
quality and quantity of the products were confirmed by Picogreen
enetic monitoring of refrigerated food products for understanding the
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Fig. 1. Enumeration of the total psychrotrophic aerobic microorganisms from inoculated white puddings stored at different temperatures for 16 days. A solid line after the fourth day
represents the transition from 4 °C to 8 °C for the 4–8 °C condition and the break at 20 °C for 4 h for the 4–8 °C, 4/20–4 °C and 4/20–8 °C conditions. The average of the replicate
plating is plotted, with the standard deviation indicated by the whiskers.
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double-stranded DNA (dsDNA) quantitation assay (Isogen, St-Pieters-
Leeuw, Belgium). DNA samples were stored at −20 °C until use for
16S rRNA amplicon pyrosequencing and qPCR analysis.

2.5. Bacterial 16S rRNA gene amplification and barcoded pyrosequencing

16S rRNA PCR libraries targeting the V1–V3 hypervariable region
were generated. Primers E9-29 and E514-430 (Brosius et al., 1981), spe-
cific for bacteria, were selected for their theoretical ability to generate
the lowest amplification bias relative to amplification capability
among the various bacterial phyla (Wang and Qian, 2009). The oligonu-
cleotide design included 454 Life Sciences A or B sequencing titanium
adapters (Roche Diagnostics, Vilvoorde, Belgium) andmultiplex identi-
fiers (MIDs) fused to the 5′ end of each primer. The amplification mix
contained 5 units (U) of FastStart high fidelity polymerase (Roche Diag-
nostics, Vilvoorde, Belgium), 1× enzyme reaction buffer, 200 μM
deoxynucleotide triphosphates (dNTPs) (Eurogentec, Liège, Belgium),
0.2 μM of each primer and 100 ng of genomic DNA in a final volume of
100 μL. Thermocycling conditions consisted of a denaturation step of
15 min at 94 °C, followed by 25 cycles of 40 s at 94 °C, 40 s at 56 °C,
and 1 min at 72 °C, with a final elongation step of 7 min at 72 °C.
These amplifications were performed on an EP Mastercycler Gradient
System apparatus (Eppendorf, Hamburg, Germany). The PCR products
were run on 1% agarose gel electrophoresis and the DNA fragments
were plugged out and purified using a Wizard SV PCR purification kit
Table 1
Primers and probes designed for the qPCR tests.

Target bacterial genus Target gene Primers

Lactobacillus Tuf Lactobacill
Lactobacill
Lactobacill

Lactococcus RecA Lactococcu
Lactococcu
Lactococcu

Leuconostoc Fus Leuconost
Leuconost
Leuconost

Carnobacterium rpoA Carnobact
Carnobact
Carnobact

Primers and probes designed for the qPCR tests allowing for the relative proportion of genera

Please cite this article as: Cauchie, E., et al., The use of 16S rRNA genemetag
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(Promega Benelux, Leiden, Netherlands). The quality and quantity of
the products were assessed by Picogreen dsDNA quantitation assay
(Isogen, St-Pieters-Leeuw, Belgium). Equal amounts of each of the PCR
products were pooled and subsequently amplified by emulsion PCR. Py-
rosequencing was performed with the Illumina sequencer (Illumina,
Eindhoven, Netherlands) (2 × 300 bp). A mean 19,581 of reads per
day were analysed for all temperature conditions.

2.6. Bioinformatics and data analysis

The 16S rRNA gene sequence reads were processed with MOTHUR
(Pothakos et al., 2014; Schloss et al., 2009). The quality of all sequence
reads were denoised using the Pyronoise algorithm implemented in
MOTHUR. The sequences were checked for the presence of chimeric
amplification using ChimeraSlayer (developed by the Broad Institute,
http://microbiomeutil.sourceforge.net/#A_CS). The obtained reads sets
were compared to a reference dataset of aligned sequences of the corre-
sponding region derived from the SILVA database of full-length rRNA
gene sequences (http://www.arb-silva.de/) implemented in MOTHUR
(Pothakos et al., 2014). The final reads were clustered into operational
taxonomic units (OTUs) using the nearest neighbour algorithm using
MOTHURwith a 0.03 distance unit cut off. A taxonomic identity was at-
tributed to each OTU by comparison to the SILVA database using an 80%
homogeneity cut off. As MOTHUR is not dedicated to the taxonomic as-
signment beyond the genus level, all unique sequences for each OTU
Sequence

us-Tuf-F2 5′-GCYCACGTWGAATAYGAAAC-3′
us-Tuf-R2 5′-CGDACTTCCATTTCAACYAAGTC-3′
us-Tuf-FAM1 5′-TGTGGCATWGGRCCATCAGTTGC-3′
s-RecA-F2 5′-GCCGAAATYGATGGYGAAAT-3′
s-RecA-R2 5′-CAACTTTTTCACGCAATTGGTTG-3′
s-RecA-FAM4 5′-TGATGTCWCAAGCYATGCGTAAAC-3′
oc-Fus-F1 5′-TTCTTGTTCCATGAAATCCATTTG-3′
oc-Fus-R1 5′-GAATACCCACTAGAWCGTACAC-3′
oc-Fus-FAM1 5′-TGTGTTTCACCAATTTTGTGAATTTTACC-3′
erium-rpoA-F1 5′-ATTGGYGTATTACCAGTCGA-3′
erium-rpoA-R1 5′-AACCATCTGCCCATACATC-3′
erium-rpoA-FAM1 5′-CGATTTACACCCCAGTTAGTCGT-3′

mainly present in Belgian white pudding to be estimated.

enetic monitoring of refrigerated food products for understanding the
oi.org/10.1016/j.ijfoodmicro.2016.10.012
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Table 2
Metagenetics results for constant temperature condition.

Bacterial strains/temperature

Days

1 3 4 5 6 7 8 9 10 11 12 13 14 15 16

4 °C
C. maltaromaticum 1.1 3.2 4.5 11.5 25.8 70.5 86.8 96.7 96.4 93.9 90.7 76.7 65.8 50.4 42.1
Lc. lactis 0.3 0.2 0.1 0.4 1.2 0.2 0.2 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0
Ln. mesenteroides 0.1 0.3 0.0 0.3 0.5 0.6 1.3 0.3 0.0 0.6 0.7 1.3 4.2 4.6 12.5
Lb. graminis 0.2 0.4 1.3 0.5 0.8 1.5 1.8 0.2 0.0 0.8 0.7 1.9 2.7 3.8 4.3
Serratia sp. 0.2 0.2 0.7 0.6 0.8 0.8 0.7 0.2 0.1 0.2 0.1 0.1 0.6 0.2 0.5
Lb. fuchuensis 0.2 0.4 0.6 0.6 1.5 1.9 3.1 0.4 1.1 2.8 4.2 13.6 18.1 35.8 32.3
Other strains 97.9 95.1 92.8 86.2 69.3 24.5 6.0 2.0 2.5 1.7 3.6 6.3 8.6 5.1 8.2

8 °C
C. maltaromaticum 1.1 33.8 60.4 69.8 75.1 48.8 43.0 18.7 8.4 14.0 7.0 6.7 8.2 8.3 3.4
Lb. fuchuensis 0.3 2.4 6.5 4.4 4.2 14.8 18.3 36.3 16.2 30.7 10.1 18.2 14.5 11.9 16.6
Lb. graminis 0.1 1.7 2.4 5.2 4.3 9.8 15.3 10.8 23.1 17.4 50.4 45.6 45.7 39.2 53.7
Ln. mesenteroides 0.2 2.3 5.9 3.5 2.6 4.3 3.0 3.1 0.5 1.7 2.4 3.0 2.7 4.1 2.3
Lc. Lactis 0.2 1.8 3.1 4.3 4.3 5.0 0.7 0.2 0.7 1.0 0.6 0.9 0.9 0.7 1.2
Serratia sp. 0.2 1.2 2.6 5.4 3.8 8.0 8.5 19.1 26.1 23.0 15.7 14.9 15.7 26.2 12.4
Other strains 97.9 56.8 19.1 7.4 5.7 9.3 11.2 11.9 25.1 12.2 13.8 10.6 12.4 9.6 10.4

12 °C
C. maltaromaticum 1.1 8.0 2.7 0.8 0.7 0.7 0.8 1.1 0.8 0.8 1.0 0.4 0.6 0.5 0.6
Lb. fuchuensis 0.3 83.8 92.0 92.5 88.5 83.1 79.5 65.6 61.7 62.7 43.0 53.1 54.1 46.6 43.8
Lb. graminis 0.1 1.2 0.8 0.8 2.3 6.4 5.4 12.0 11.5 12.6 33.5 24.8 19.8 33.5 31.4
Ln. mesenteroides 0.2 1.3 0.4 0.9 0.8 1.2 0.6 1.1 0.0 2.0 0.9 1.4 1.8 1.4 1.6
Lc. Lactis 0.2 1.7 0.6 0.1 0.5 0.2 0.2 0.1 0.1 0.1 0.2 0.3 0.2 0.0 0.1
Serratia sp. 0.2 0.7 0.3 0.4 2.9 4.5 3.7 9.5 14.2 17.1 10.6 13.6 14.7 11.7 12.7
Other strains 97.9 3.4 3.1 4.3 4.4 4.0 9.8 10.5 11.6 4.7 10.8 6.4 8.8 6.4 9.8

Distribution of reads percentages for the six major bacterial species inoculated for each samples conditions obtained by metagenetics analysis during shelf life product in constant tem-
perature. Others strains represented the natural microbiota of white pudding.
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were compared to the SILVA dataset 111 using a BLASTN algorithm
(Delcenserie et al., 2014; Pothakos et al., 2014). For each OTU, a consen-
sus detailed taxonomic identificationwas given based upon the identity
(b1% mismatch with the aligned sequence) and the metadata associat-
ed with the best hit (validated bacterial species or not) (Delcenserie et
al., 2014; Pothakos et al., 2014).
Table 3
Metagenetics results for dynamic temperature condition.

Bacterial strains/temperature

Days

1 3 4 5 6 7

4–8 °C
C. maltaromaticum 1.1 8.7 2.6 50.4 49.8 89
Lc. lactis 0.3 20.2 10.8 4.1 16.0 0.3
Ln. mesenteroides 0.1 1.5 0.5 1.1 4.8 1.2
Lb. graminis 0.2 2.3 0.2 2.0 2.5 1.3
Serratia sp. 0.2 1.1 0.4 1.3 2.8 0.8
Lb. fuchuensis 0.2 0.9 0.3 1.7 7.3 2.7
Other strains 97.9 65.3 85.1 39.4 16.9 4.1

4/20–4 °C
C. maltaromaticum 1.1 3.9 2.8 32.7 29.8 69
Lc. lactis 0.3 1.0 2.3 16.9 19.9 0.0
Ln. mesenteroides 0.1 0.3 0.3 0.7 4.8 2.5
Lb. graminis 0.2 0.1 0.6 2.4 3.9 1.8
Serratia sp. 0.2 0.4 0.3 1.7 2.4 1.7
Lb. fuchuensis 0.2 0.2 0.3 1.4 5.6 3.9
Other strains 97.9 94.1 93.5 44.4 33.5 20

4/20–8 °C
C. maltaromaticum 1.1 2.3 3.0 35.5 38.4 88
Lc. lactis 0.3 1.2 0.8 24.4 21.3 0.8
Ln. mesenteroides 0.1 0.1 0.2 1.7 3.1 1.6
Lb. graminis 0.2 0.4 0.9 2.3 2.5 1.4
Serratia sp. 0.2 0.4 0.3 1.1 2.5 0.8
Lb. fuchuensis 0.2 0.2 0.6 1.6 4.2 1.6
Other strains 97.6 95.5 94.1 33.4 28.0 5.8

Distribution of reads percentages for the six major bacterial species inoculated for each sample
perature. Others strains represented the natural microbiota of white pudding.

Please cite this article as: Cauchie, E., et al., The use of 16S rRNA genemetag
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2.7. Estimate abundance results

The PCA results of the microflora at 22 °C (Fig. 1, expressed in log
CFU/g) and the relative proportions of strains given by metagenetics
(Tables 2 and 3, expressed in %) were combined in order to obtain esti-
mate counts for the strains (in log CFU/g). For this, relative abundance of
8 9 10 11 12 13 14 15

.5 86.3 72.0 48.5 27.0 14.6 15.2 7.3 11.9
0.4 0.4 1.0 2.6 2.3 2.7 2.4 3.6
2.5 3.1 6.8 15.7 46.1 49.4 59.6 41.2
2.2 3.0 0.0 4.4 3.9 4.1 1.3 4.9
0.7 0.5 1.0 0.6 0.8 1.2 0.1 1.2
4.7 11.3 26.4 36.9 23.4 17.7 11.3 27.0
3.3 9.8 16.3 12.7 8.9 9.8 18.0 10.2

.8 92.4 80.5 92.7 83.7 68.5 57.9 35.1 29.1
0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.1
1.1 4.2 0.3 0.8 2.4 4.8 10.4 12.3
0.8 2.2 0.0 1.8 2.0 4.6 4.7 4.8
0.5 0.4 0.2 0.1 0/3 0.2 0.7 0.4
2.2 8.8 2.9 5.2 15.1 25.0 37.7 39.6

.4 3.1 3.9 3.8 8.4 11.6 7.5 11.2 13.6

.0 89.9 56.6 36.7 24.2 12.0 13.0 12.6 9.2
0.2 2.5 9.1 7.4 12.3 11.6 21.1 8.2
1.5 6.4 5.2 20.7 39.3 29.6 29.0 46.4
1.5 3.9 0.0 5.6 4.4 4.0 4.1 5.2
0.3 0.5 3.8 1.1 1.1 2.9 3.1 0.7
2.3 20.6 29.7 30.3 16.2 25.1 20.7 17.5
4.2 9.5 15.6 10.7 14.8 13.8 9.5 12.8

s conditions obtained by metagenetics analysis during shelf life product in dynamic tem-
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Table 5
Comparison of bacterial strains in inoculatedwhite puddings subject to storage conditions
with changes of temperature, according to the time taken to reach a 7 log CFU/g threshold
and ANCOVA-test based on the global growth and the growth rate during exponential
phase.

Bacterial strains
7 log CFU/g
threshold (days) ANCOVA-test

4 °C 4–8 °C Global
growth

Growth rate during
exponential phase

a.
C. maltaromaticum 8 7 Ø 4–8 N 4⁎⁎

Lc. lactis – 11 4–8 N 4⁎⁎⁎ 4–8 N 4⁎⁎

Lb. fuchuensis 12 8 4–8 N 4⁎⁎ 4–8 N 4⁎⁎

Lb. graminis 14 9 4–8 N 4⁎⁎ 4–8 N 4⁎⁎

Ln. mesenteroides 14 9 4–8 N 4⁎⁎⁎ 4–8 N 4⁎⁎⁎

Serratia sp. – 12 4–8 N 4⁎⁎ 4–8 N 4⁎⁎

b.
C. maltaromaticum 8 7 Ø Ø
Lc. lactis – – 4/20–4 N 4⁎ –
Lb. fuchuensis 12 11 4/20–4 N 4⁎ Ø
Lb. graminis 14 12 4/20–4 N 4⁎ Ø
Ln. mesenteroides 14 12 4/20–4 N 4⁎⁎ 4/20–4 N 4⁎

Serratia sp. – – 4/20–4 N 4⁎ Ø

c.
C. maltaromaticum 7 7 Ø Ø
Lc. lactis 11 9 Ø Ø
Lb. fuchuensis 8 8 Ø Ø
Lb. graminis 9 9 Ø Ø
Ln. mesenteroides 9 9 Ø Ø
Serratia sp. 12 11 Ø Ø

(a) 4 °C vs. 4–8 °C, (b) 4 °C vs. 4/20–4 °C, (c) 4–8 °C vs. 4/20–8 °C.
– data out of range, N superior value, Ø no significant statistical difference.
⁎ Significant statistical difference, p-value b 0.05.
⁎⁎ High significant statistical difference, p-value b 0.01.
⁎⁎⁎ Highly significant statistical difference, p-value b 0.001.

Table 4
Growth parameters of bacterial strains in inoculatedwhite puddings under constant stor-
age conditions.

Nmax TRSP μmax Class

4 °C
C. maltaromaticum 8.6 12 0.07 D
Lb. fuchuensis 8.5 16 0.05 S
Lb. graminis 7.6 16 0.03 S
Ln. mesenteroides 8.1 16 0.03 S
Lc. Lactis 4.9 12 0.05 I
Serratia sp. 6.7 12 0.04 I

8 °C
C. maltaromaticum 8.1 8 0.10 D
Lc. Lactis 8.4 10 0.09 S
Lb. fuchuensis 8.3 10 0.09 S
Ln. mesenteroides 8.9 10 0.10 S
Lb. graminis 7.6 8 0.08 I
Serratia sp. 6.7 8 0.10 I

12 °C
Lc. Lactis 8.9 4 0.25 D
Lb. fuchuensis 8.3 11 0.14 S
Ln. mesenteroides 8.7 11 0.10 S
C. maltaromaticum 7.0 4 0.10 I
Lb. graminis 7.4 4 0.11 I
Serratia sp. 6.0 4 0.12 I

Bacterial concentration at day 16 (Nmax, log CFU/g), time to reach the stationary phase
(TRSP, days) and maximal bacterial growth rate (μmax, 1/h). Bacterial strains were
subdivided into three categorical classes: D (“dominant”), S (“subdominant”), I (“inhibited”).
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bacteria obtained by metagenetic results were reported over the PCA
real value (Eq. 1). Indeed, thanks to the plate counts estimates, the pro-
portions of the bacterial populations were transformed into concentra-
tions. These results were used for statistical and graphical analysis.

Cbacterial strain ¼ Ctotal flora � Nreads of bacterial strain
� �

=100 Eq: 1

Where Cbacterial strain is the estimated abundance concentration in the
sample (log CFU/g).

Ctotal flora is the bacterial concentration per samples in the PCA anal-
ysis (log CFU/g).

Nreads of bacterial strain is the number of reads for the bacterial strain per
sample in the metagenetic analysis (expressed in % of the total number
reads in the sample).

2.8. qPCR analysis

The primers described in Table 1 were used for real-time PCR assay
analysis using the Lightcycler 480 system (Roche, Basel, Switzerland).
The real-time PCR reactionmixtureswere combined in a 12 μL final vol-
ume containing 6 μL of LC480 probemaster mix (Roche, Basel, Switzer-
land), 2 μL of template DNA (at 5 ng/μL), 0.25 μL of primer pairs (10 μM
each), 0.125 μL of Taqman probe (10 μM). The reaction conditions in-
cluded the initiation step off 10 min at 95 °C, followed by 40 cycles of
15 s at 95 °C and 1 min at 60 °C. The real-time system is supplied with
the Lightcycler 480 Software version 1.5 using unique Roche algorithms
for highly accurate and robust automated data analysis. Serial dilutions
(106 to 1 copy numbers) of bacterial DNA were used for determining
reference curves. The arithmetic mean of Cycle Threshold (CT) of the
three repetitionswas used in order to estimate the load of targeted bac-
terial populations present in the samples.

2.9. Statistical analysis

Using R software, the Analysis of Covariance (ANCOVA) test was
used to evaluate if bacterial concentrations (log CFU/g) are equal across
levels of a categorical independent variable (temperature conditions or
microbial count method). With relation to temperature conditions,
ANCOVA tests were realised using the bacterial growth data (from day
1 to day 16) and the bacterial growth during the exponential phase
data (from day 4 to day 8). All tests were considered as significant for
a p-value of b0.05.

3. Results

3.1. Bacterial evolution by classical microbiological analysis

Fig. 1 shows the PCA results from inoculated Belgianwhite puddings
at different temperatures. The bacterial population showeddifferent dy-
namic changes depending on conditions of storage and stabilised be-
tween 8.5 and 9.2 log CFU/g. For the non-inoculated products, results
were respectively inferior to 3 log CFU/g and the same as inoculated
products at day 16.

As expected, the storage temperature had a strong impact on the
bacterial evolutions. A high storage temperature is correlated to a high
growth rate during exponential phase and a stationary phasemore rap-
idly reached.While the break at 20 °C for 4 h doesn't seem to have a sig-
nificant effect on the evolution of the culturable microflora, the
transition from 4 °C to 8 °C stimulated the growth of the microorgan-
isms. It would be interesting to intrinsically study the effect of temper-
ature conditions on the behaviour of each strain inside the ecosystem.

3.2. Relative abundance results obtained by metagenetics analysis

The distribution of reads percentages for the eight major bacterial
species for each samples (n = 768) in constant temperature shows
Please cite this article as: Cauchie, E., et al., The use of 16S rRNA genemetag
kinetics of microbial subpopul..., Int. J. Food Microbiol. (2016), http://dx.d
that at day 7 the mix reach more than 70% of total reads in samples
for 4 °C. The same percentage is attained at day 3 both for 8 °C and
12 °C. The major bacterial species concerned C. maltaromaticum at 4 °C
and Lc. lactis at 12 °C. All inoculated samples reached more than 90%
at the end of shelf-life product (Table 2) and the natural microbiota of
thewhite pudding seems to becomeminor in contrast to the inoculated
enetic monitoring of refrigerated food products for understanding the
oi.org/10.1016/j.ijfoodmicro.2016.10.012
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mix of the surface product. For the dynamic temperature condition, the
same results were observed (Table 3).

In these two cases, some bacterial strains (R. terrigena and Lb.
oligofermentans) were excluded from the results for better readability
because they were often under the detection level for the metagenetic
analysis (data not shown).

3.3. Combining PCA results and relative abundance to obtain estimate counts

Table 4 shows growth parameters, for each strain, calculated from
the combination of the PCA counts at 22 °C and the relative proportions
Fig. 2. qPCR counts from inoculated white puddin

Please cite this article as: Cauchie, E., et al., The use of 16S rRNA genemetag
kinetics of microbial subpopul..., Int. J. Food Microbiol. (2016), http://dx.d
of strains given by metagenetics (estimate abundance results) for con-
stant temperature conditions (at 4 °C, 8 °C and 12 °C). Using R software
these parameters were obtained by fitting to a primary model of bacte-
rial curves according to the Baranyi equation (Delhalle et al., 2012;
Ercolini et al., 2011; Zwietering et al., 1990). These parameters give
the bacterial concentration at day 16 (Nmax, log CFU/g), the maximal
bacterial growth rate (μmax, 1/h) and the time to reach the stationary
phase (TRSP, days).

These results allowed the bacterial strain subdivision into three clas-
ses based on growth parameters for each temperature conditions stud-
ied. These three classes are respectively called “dominant”, “inhibited”
gs stored at 4 °C (a), 8 °C (b) and 12 °C (c).

enetic monitoring of refrigerated food products for understanding the
oi.org/10.1016/j.ijfoodmicro.2016.10.012
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and “subdominant” according to their growth parameters and their be-
haviour observed inside the bacterial ecosystem:

The “dominant” bacterial species had three high growthparameters:
they have the highest growth rate (μmax), maximal concentration
(Nmax) between 8 and 9 log CFU/g, and rapidly reached the stationary
phase during the shelf life of the product.

The “inhibited” bacterial species had a lesser or equal growth rate
but they achieved an inferior Nmax value, and stopped their growth at
the same time as the “dominant” species.

The “subdominant” bacterial species are all other bacterial species
that continued growth when the “dominant” organisms reached the
stationary phase, which is the opposite to the “inhibited” bacteria,
with a generally lesser growth rate than the “dominant” species. They
reached the stationary phase lesser rapidly but they achieved a high
maximal concentration.

According to the conditions of storage the bacterial ecosystem
change: C. maltaromaticum is the “dominant” bacteria at 4 °C and 8 °C,
while Lc. lactis dominates at 12 °C. Lc. lactis is an “inhibited” and a “sub-
dominant” bacterial species for conditions at 4 °C and 8 °C respectively.
Lb. graminis is a “subdominant” bacteria at 4 °C and an “inhibited” spe-
cies for the two other conditions. Interestingly, Ln. mesenteroides and
Lb. fuchuensis were “subdominant” bacteria at all temperatures. On the
other hand, Serratia sp. is an “inhibited” bacterium at all temperatures.

Table 5 shows the combination of the PCA counts of themicroflora at
22 °C and the relative proportions of strains obtained by metagenetics
(estimate abundance results) for storage conditions with changes of
temperature (at 4–8 °C, 4/20–4 °C and 4/20–8 °C). For these situations
two parameters were studied: the time necessary to attain a 7 log
CFU/g threshold of spoilage (days) and the statistical difference be-
tween conditions of storage by ANCOVA-tests based on the global
growth and the growth rate during exponential phase.

The results of the ANCOVA-tests show that strains have a better bac-
terial growth at 4–8 °C than at 4 °C, except for C. maltaromaticum that
showed a statistically different growth rate only during the exponential
phase. Consequently, all species reached the 7 log CFU/g threshold ear-
lier at 4–8 °C than at 4 °C (Table 5(a)). For the break of 4 h at 20 °C dur-
ing storage this phenomenon was significantly weaker. Indeed, Ln.
mesenteroides is the only specieswhich showed a significant statistically
effect in the two tested parameters of growth rate. The other strains
have a better global growth at 4/20–4 °C (except for C.maltaromaticum)
and all species reached the 7 log CFU/g threshold earlier at 4/20–4 °C
than at 4 °C (Table 5(b)). Results shows also that there were no signifi-
cant statistical changes on the growth parameters between the break of
4 h at 20 °C and the transition from 4 °C to 8 °C but Lc. lactis and Serratia
sp. reached the 7 log CFU/g earlier (Table 5(c)).
3.4. Comparison with qPCR results

Fig. 2 shows the qPCR counts for four genus at 4 °C (Fig. 2a), 8 °C
(Fig. 2b) and 12 °C (Fig. 2c). The comparison between metagenetics re-
sults and the LAB genus specific qPCR are summarised in Table 6. On
Table 6
Comparison between qPCR and estimate abundance results (log CFU g−1) for days 1, 4, 7,
11 and 15 with ANCOVA-test.

Carnobacterium Lactobacillus Lactococcus Leuconostoc

4 °C Ø qPCR N Meta⁎⁎ Ø qPCR N Meta⁎

8 °C Ø Ø Ø Ø
12 °C Ø Ø Ø Ø

Estimate abundance results: obtained by combination of the PCA counts at 22 °C and the
relative proportions of strains given by metagenetics.
N superior value, Ø no significant statistical difference.
⁎ Significant statistical difference, p-value b0.05.
⁎⁎ Very significant statistical difference, p-value b0.01.

Please cite this article as: Cauchie, E., et al., The use of 16S rRNA genemetag
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average, the population overestimation was equal to 1.1 log CFU/g in
qPCR test at 4 °C for Lactobacillus and Leuconostoc. Indeed, bacterial
curves are convergent except for Lactobacillus and Leuconostoc at 4 °C.

4. Discussion

Based on the primary results given on total count on plate agar, the
influence of temperature on the development of a whole ecosystem
on Belgian white puddings was observed. The power of metagenetic
analysis, when added to these basics results, has allowed us to closely
follow the evolution of each strain inoculated on the product during
its shelf life. In addition, the data have been validated by a qPCR analysis
where no significant differences were seen for the quantification of the
genera studied except for Lactobacillus and Leuconostoc at 4 °C. These
small differences at the beginning of the shelf life can be explained by
the detection of DNA from dead bacteria naturally present in large
quantities on the raw meat and resulting from microbial destruction
during the manufacturing process. This means that the qPCR analysis
has detected some DNA fragments from dead organisms that haven't
evidently grown on plate agar, leading to a weak overestimation of
the qPCR results at the beginning of the experiment. This phenomenon
is lesser in metagenetics analysis because of the high variability of
strains presents in the product at the beginning of the experiment.
Later during the challenge-test, this difference between the two tech-
niques becomes negligible. Indeed, gradually throughout the experi-
ment, the Lactobacillus and Leuconostoc species become a part of the
dominant microflora that leads to a dilution effect of the dead bacterial
DNA by the living bacteria's DNA.

The large amount of data provided by the combination of the cul-
ture-dependent and culture-independent techniques has given useful
information about the growth of each strain during challenge tests.
Metagenetic analysis also allows for the assessment of the dynamics of
bacterial species within a food matrix. It permitted classification of bac-
terial strains into different categories according to their behaviour in the
ecosystem. The so-called “dominant” bacterial species rapidly reached
the stationary phase at a concentration of between 8 and 9 log CFU/g
while at the same time the “inhibited” strains stopped their growth at
a lower concentration. This phenomenon was described by Jameson in
1962 and recently reviewed by other scientists as follows: “theminority
population decelerates when the majority or the total population
count reaches its maximum” (Ross et al., 2000; Mellefont et al., 2008;
Irlinger and Mounier, 2009; Cornu et al., 2011). This Jameson
effect was clearly observed in our study, for example at 4 °C (Table 2),
when Lc. lactis and Serratia sp. stopped growth at day 12, at the same
time C.maltaromaticum reached its maximal concentration and entered
its stationary phase. In opposition to this, it can be noticed that in the
same condition, the “sub-dominant” organisms continued their growth
independently of the “dominant” species behaviour. In this case, the
Jameson effect was not illustrated. This pattern is described for all stor-
age conditions with the same strain classifications (Table 2). This phe-
nomenon was also observed by others scientists and they proposed
that the growth of the minority population is only partly inhibited
after the majority population has reached its stationary phase
(Gnanou Besse et al., 2006; Cornu et al., 2011). This can be explained
by the fact that the minority population is only partly affected by the
limiting resource and/or inhibiting waste product that led it to stop
growing (Gnanou Besse et al., 2006; Cornu et al., 2011).

According to this, the bacterial strain subdivision based on growth
parameters can be represented as (Table 7):

If Nmaxbacterial strainNNmaxothersð Þ& μmaxbacterial strainNμmaxothersð Þ
& TRSPbacterial strainbTRSPothersð Þ ¼ }dominant} bacterial species:

If Nmaxbacterial strain≅Nmaxothersð Þ& μmaxbacterial strain≤μmaxothersð Þ
& TRSPbacterial strainNTRSPothersð Þ ¼ }subdominant} bacterial species:
enetic monitoring of refrigerated food products for understanding the
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Table 7
Bacterial strain subdivision based on growth parameters in three categorical classes: D (“dominant”), S (“subdominant”), I (“inhibited”).

Class μmax Nmax TRSP Growth parameters

D The highest Maximal value. Between 8 and 9 log CFU g−1 Rapidly reached If (Nmaxbacterial strain N Nmaxothers) &
(μmaxbacterial strain N μmaxothers) &
(TRSPbacterial strain b TRSPothers)

S Generally lesser High value Continue to growth when the D organisms
reached the stationary phase

If (Nmaxbacterial strain ≅ Nmaxothers) &
(μmaxbacterial strain ≤ μmaxothers) &
(TRSPbacterial strain N TRSP others)

I Lesser or equal Inferior value The same as the D organisms If (Nmaxbacterial strain b Nmaxothers) &
(μmaxbacterial strain ≤ μmaxothers) &
(TRSPbacterial strain = TRSPothers)

Maximal bacterial growth rate (μmax, 1/h), bacterial concentration at day 16 (Nmax, log CFU/g) and time to reach the stationary phase (TRSP, days).
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If Nmaxbacterial strainbNmaxothersð Þ& μmaxbacterial strain≤μmaxothersð Þ
& TRSPbacterial strain ¼ TRSPothersð Þ ¼ }inhibited} bacterial species:

Where Nmax (bacterial concentration at day 16, log CFU/g), μmax
(maximal bacterial growth rate, 1/h) and TRSP (time to reach the sta-
tionary phase, days) are growth parameters.

Regarding the “inhibited” strains, hypotheses can be made about in-
convenient growth temperatures (Tmin) and/or amicrobial competition
with the rest of the ecosystem. The composition ofwhite pudding seems
not to have an effect on strains competiveness. According to scientific
literature, Serratia sp. has a minimum growth temperature (Tmin) of
0 °C (Labadie, 1999) and would normally grow at 4 °C. But at this tem-
perature, it is classified as an “inhibited” strain. Therefore, the inhibition
of the bacterial growth of Serratia sp. is probably due to an ecosystemef-
fect. Concerning Lactococcus lactis, one study set its Tmin at 10 °C
(Labadie, 1999), while in our experiment a normal growth pattern
was observed at 8 °C, allowing its classification in the “sub-dominant”
group. In this case, the inhibited development of this organism at 4 °C
is probably due to an ecosystem effect coupled with a temperature ef-
fect. Indeed, when Lc. lactis grew at 12 °C, it became the dominant
flora and was more competitive than C. maltaromaticum which seems
to bemore adapted to lower temperatures (Tmin of C.maltaromaticum=
0 °C, (Casaburi et al., 2011)). For Ln. mesenteroides and Lb. fuchensis, for
which Tmin are respectively 4 °C (Osmanagaoglu and Kiran, 2011) and
2 °C (Zwietering et al., 1993), they stayed “subdominant” for all the tem-
perature conditions tested. The rest of the ecosystem probably does not
affect their growth, insofar as they never gained predominance but they
were not inhibited either.

The results of the challenge tests with temperature breaks or chang-
es are consistent with our previous observations. Indeed, C.
maltaromaticum seems to be more adapted to low temperatures. To
this end, this bacterium didn't take a great benefit in its growth when
the storage temperature moved to 20 °C for 4 h (Table 3). In contrast,
the growth parameters of Ln. mesenteroides rose during the transition
from 4 °C to 8 °C or with the break of 4 h at 20 °C. This is consistent
with the fact that its optimal growth temperature (Topt) is between
20 °C and 35 °C (Zwietering et al., 1993, Jin et al., 2012). Lc. lactis also
has a Topt around 25 °C but any improvement of its growth parameters
was not observed. The hypothesis ismade that the break time of 4 hwas
too short to see a significant effect. In conclusion, a break of 4 h at 20 °C
is prejudicial only if the storage temperature (4 °C) is respected during
the entire life of the product.Moreover it is commonly admitted that the
customer's fridge is rarely at 4 °C (Lagendijk et al., 2010). By taking ac-
count of this fact, the lack of respect for good temperature storage
(8 °C instead of 4 °C), particularly in customer's fridges, is more prejudi-
cial than a break of the cold chain for up to 4 h. However, an indication
about the true temperature in the product during the 4 h of breaking
time at 20 °Cwould be necessary beforemaking this conclusion. Indeed,
the internal temperature of white pudding samples may stay colder
than 20 °C, due to the thickness of this product, explaining the apparent
absence of effect or a weak effect.
Please cite this article as: Cauchie, E., et al., The use of 16S rRNA genemetag
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In the future, it will be interesting to explore the interactions in the
white pudding ecosystem more deeply. Further studies will focus on
the comprehension of themechanisms that force the “inhibited” strains
to stop their growth in the early stage of the shelf life of the product. In-
deed, it is commonly accepted that the self-limiting growth process in
microbial ecosystem is supposed to be due to (i) the exhaustion of
one of the essential nutrients, (ii) the accumulation of metabolic
waste products which inhibit growth, and/or (iii) the lowering of pH
due to acid production (Cornu et al., 2011). According to the data al-
ready obtained,we could suppose that competition for space or nutrient
has an effect. The action of a bacteriocin is also not excluded and could
for example explain the lack of development of some strains inoculated
into the product: Lb. oligofermentans and R. terrigena. It would also be in-
teresting to know the spoilage or biopreservative potential of all the
strains inoculated in the Belgian white pudding in this study. Another
challenge will be in differentiating the nature of the ecosystem interac-
tions: strain dependent or species dependent. Finally, this supply of new
information will be a good start for future experiments when it is con-
sidered that the natural contamination of a food product is more com-
plex that an inoculation of eight bacterial strains from different species.

Our applications of the 16S rRNA gene-based pyrosequencing has
now extended our view of the dynamic behaviour of complexmicrobial
populations in Belgian white pudding, revealing the quantitative dis-
placement of taxa that occur during microbial successions. By integrat-
ingmetageneticswith traditional microbiological analysis we have now
extended this view of a highly quantitative characterization of dynamic
changes that occur during refrigerated storage. In addition to the predic-
tive microbiology, these data also permit to classify the population dy-
namics into three major classes, based on growth parameters.

5. Conclusions

Metagenetic analysis offers a new tool for identifying microorgan-
isms present in perishable foods and for studying their evolutionwithin
different environmental conditions. The information that can be obtain-
ed provides a clear picture of themicrobial community. Microbiological
ecology studies have shown that the microbiota of food is much more
diverse than the cultivable group of bacteria studied by the use of cul-
ture media. The use of these new technologies will open a new era for
modelling and predictive microbiology. In this study, these results pro-
vide valuable informations for discussing about the theory of the Jame-
son effect. In addition, it will help food business operators to have a
better view of the quality of their product by differentiating between
the spoilage or bioprotective microflora. Moreover, it will provide
knowledge on the composition and dynamics of white pudding and
shown how it is affected by storage temperature. Indeed, many food
manufacturers, government agencies, retailers, distribution quality lab-
oratories and researchers use classical culturemedia without being able
to precisely identify the bacterial communities present within the food.
In the future, new gold standards for food quality will need to be devel-
oped in order to allow the use of metagenetics as a complementary
enetic monitoring of refrigerated food products for understanding the
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technique for characterizing the bacterial flora of products and its use
should be considered as a technique for quality control, for accurately
determining the length of shelf life and for developing new food prod-
ucts and/or new storage advices.
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