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a b s t r a c t

The use of alginate oligosaccharides (AOS) in fermented dairy products and tested against common
spoilage organisms was investigated. In a broth model, yeast growth was measured by optical density,
while hyphae propagation of mould was assessed with a live-cell imaging system. Reduction of the
growth rate of Candida parapsilosis, Debaryomyces hansenii andMeyerozyma guilliermodiiwas observed in
broth supplemented with 2% (w/v) AOS. Colony forming units (cfu) were enumerated to quantify yeast
growth in fresh yoghurt prepared with AOS. Direct observation and pictures were taken to assess mould
growth. The time to reach the spoilage limit (106 cfu g�1) with 2% AOS was significantly increased for the
yeasts C. parapsilosis and M. guilliermodii, by 11.8% and 22.5% respectively, while no effect of AOS was
observed for all mould species. AOS could potentially be used as a food preservative against some yeasts,
although a relatively high concentration is required.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Throughout the past few decades, an increasing concern about
the use of food additives has emerged (Wu, Zhang, Shan, & Chen,
2013). Diverse types of chemical compounds such as benzoates,
nitrites, sulphites and sorbates are commonly used to supress the
growth of microorganisms in food (Abdulmumeen, Risikat, &
Sururah, 2012). Recent studies showed consumers are more
aware of the use of food additives in foods and they are increasingly
concerned about their impact on human health (Shim et al., 2011;
Siegrist & Sütterlin, 2017). Despite the generally accepted safety
of food additives by the scientific and regulatory communities, a
study in Australia reported 30% of the participants considered food
additives as the greatest potential hazard to safety and quality of a
food product, and more than half perceived those compounds as
having a negative impact on human health (Williams, Stirling, &
Keynes, 2004). The use of food additives by industry is in conflict
with the emerging consumer desire to seek naturalness in food
products (Aoki, Shen, & Saijo, 2010; Bearth, Cousin, & Siegrist,
2014).
).
Alginate is a structural linear biopolymer found in the cell wall
of various species of brown algae and has a natural high degree of
polymerisation ranging from 50 to 3000 corresponding to a mo-
lecular mass ranging from 10 to 600 kDa (Pawar & Edgar, 2012).
Alginate is mainly composed of building blocks of b-D-mannuronic
acid called M-block and its C-5 epimer, a-L-guluronic acid, G-
block, linked by a (1,4)-glycosidic bond (Grasdalen, 1983; Johnson,
Craig, & Mercer, 2011). In food, alginates are frequently used in the
form of sodium alginate for a wide range of applications, mainly
based on the gelling properties of the polymer (Qin, Jiang, Zhao,
Zhang, & Wang, 2018). Recently, studies investigated alginate ol-
igosaccharides (AOS) obtained by either acid hydrolysis or enzy-
matic degradation with alginate lyase (An et al., 2009; Lu et al.,
2015; Wong, Preston, & Schiller, 2000) and their potential appli-
cation (Akiyama et al., 1992; Ramnani et al., 2012; Wang, Han, Hu,
Li, & Yu, 2006).

The antifungal activity of AOS towards diverse species of
Candida and Aspergillus has recently been described (Tøndervik
et al., 2014). Moreover, AOS was also described to potentiate
the activity of certain antibiotics (Khan et al., 2012) as well as
antifungal drugs. A study also reported AOS to present a strong
scavenging activity against free radicals (Falkeborg et al., 2014).
The antioxidant properties as well as the calcium chelating ca-
pacity of poly-G-blocks make AOS a strong candidate for

mailto:gregoire@food.ku.dk
http://crossmark.crossref.org/dialog/?doi=10.1016/j.idairyj.2019.104554&domain=pdf
www.sciencedirect.com/science/journal/09586946
http://www.elsevier.com/locate/idairyj
https://doi.org/10.1016/j.idairyj.2019.104554
https://doi.org/10.1016/j.idairyj.2019.104554


G.A. Bouillon et al. / International Dairy Journal 99 (2019) 1045542
preserving the biochemical integrity of fermented dairy products
by avoiding fat oxidation and protein aggregation. Thus, this
leads to the hypothesis that AOS could be of interest in food
applications as a potential preservative agent against yeast and
mould spoilage.

Dairy products represent a major food type in many diets and
are as many other product subjects to contamination and
spoilage, most frequently by opportunistic fungi (Lu & Wang,
2017). However, the negative attitude of consumers to the use
of chemicals in dairy products (Collins, 1967) is a key factor that
drives innovation towards cleaner labels and more natural
solutions.

In this work, we investigated the potential antifungal effect of
AOS toward dairy spoilage, focussing mainly on yoghurt. To
assess the activity of AOS, a diverse list of spoilage fungi from
dairy sources was initially selected. Different concentrations of
AOS were tested in a broth model, and subsequently tested in a
yoghurt matrix using single culture experiments. This work
aimed to answer the question whether AOS could be used as a
potential novel food additive for dairy applications. This study is
believed to be the first in which the antifungal activity of AOS in
food has been investigated.
2. Material and methods

2.1. Fungal strains and cultivation methods

The strains used in this study (Table 1) were selected to be
representative of dairy spoilage fungi and were obtained from
the Leibniz Institute DSMZ-German collection of microorganisms
and cell cultures (Braunschweig, Germany). Each species was
reactivated following the protocol provided by DSMZ. The dry
pellet was resuspended into 5 mL of YM broth (BD Difco, Hei-
delberg, Germany). Yeast strains were incubated aerobically for
48 h at 30 �C, and the purity of the suspension was checked by
streaking on agar plates. Subsequently, frozen stocks were pre-
pared from the broth by adding glycerol to a final concentration
of 20% (v/v) and stored at �60 �C. Mould strains were spread on
YM-agar plates and incubated aerobically at 25 �C for 5 days (±2
days). Frozen stocks were prepared by harvesting the spores
from the surface of the agar plate with a saline solution (per
litre: 8.5 g NaCl, 1 g casein peptone) supplemented with 0.25%
(v/v) Tween 80 and mixed with glycerol for a final concentration
of 20% (v/v) and stored at �60 �C. The purity of the suspension
was checked by streaking on agar plates.
Table 1
List of microorganisms.

Species DSM number Source

Yeasts
Candida parapsilosis DSM-70125 Sausage
Debaryomyces hansenii DSM-70590 Harzer cheese
Meyerozyma guilliermondii DSM-70052 Butter
Yarrowia lipolytica DSM-70562 Marzipan

Moulds
Mucor racemosus DSM-5266 Unknown
Penicillium commune DSM-2211 Cheese
Penicillium roqueforti DSM-1079 Gorgonzola cheese
2.2. Preparation of alginate oligosaccharides

Alginate oligosaccharides (AOS) were supplied by DuPont
Nutrition and Health (Sandvika, Norway). The alginate was
extracted from the stem of brown seaweed Laminaria hyperborea,
subsequently subjected to high temperature acid hydrolysis, fol-
lowed by neutralisation with Na2CO3 before spray drying.
2.3. High-performance anion-exchange chromatography-pulsed
amperometry detection analysis

AOS size distribution was assessed by high-performance anion-
exchange chromatography with pulsed amperometry detection
(HPAEC-PAD). An aqueous solution of 1% (w/v) AOS was simulta-
neously injected with 15% 1 M sodium hydroxide solution onto a
Dionex CarboPac PA100 column (4 � 50 nm) (ThermoScientific,
Roskilde, Denmark). Elution was performed using a linear gradient
of 0e85% 1 M sodium acetate/25mM sodium hydroxide over 60 min
using a flow of 0.4 mL min�1.
2.4. NMR analysis

Ten milligrams of AOS was dissolved in 2 mL 150 mM sodium
phosphate D2O buffer with 0.1% (w/v) 3-trimethylsilyl-[2,2,3,3-
D4]-propionate (TSP) as an internal standard and used for NMR
characterisation according to the ASTM standard protocol F2259-
10-(2012)e1 for analysis of sodium alginate (ASTM International,
2012). NMR analysis was performed on a 600 MHz Bruker Avance
III spectrometer equipped with a 5-mm BBO smart probe (Bruker
Biospins, Rheinstetten, Germany). A standard 1H pulse-sequence
was used to acquire 1H NMR spectra at 353 K. A total of 64 scans
collected into 64K data points were acquired with a spectral width
of 20.55 ppm, a recycle delay of 20 s and an acquisition time of
2.66 s. Each spectrum was automatically phased and referenced to
the TSP signal at 0 ppm using TopSpin 3.2 (Bruker BioSpin,
Rheinstetten, Germany). Automated determination of theM/G ratio
and block structure from the NMR spectra was performed using
Python 2.
2.5. Inhibition assay

The potential antifungal effect of AOS was tested against each
fungal species in a single culture experiment in a 96-well microtiter
plate (ThermoScientific, Roskilde, Denmark). Yeasts were pre-
cultured for 24 h into YM broth and inoculated at an initial level
of 104 cfu mL�1 into a YM-broth. The final volume inside the
microtitre plate was 200 mL. AOS were added to the media at 0, 0.1,
0.5 and 2% (w/v) final concentration. Each concentrationwas tested
in triplicate against each strain, and every experiment was per-
formed in duplicate. Potassium sorbate was used as an antifungal
reference at a concentration of 0.03% (w/v). The microtiter plate
was incubated for 72 h at 25 �C. Every 3 h the plate was shaken at
medium speed for 10 s and optical density (OD600) was measured
by an Elx808 microplate reader (BioTek Instruments Inc, Hørsholm,
Denmark). Mould strains were inoculated from frozen stocks at 103

spores mL�1 following the same experimental design as described
for the yeasts. Mould growth was monitored with an oCelloscope
(Biosense solutions, Copenhagen, Denmark). The live-cell imaging
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system of oCelloscope provided a better insight of hyphae forma-
tion compared with OD measurement.

2.6. Challenge study in yoghurt

Reconstituted milk was prepared by mixing 300 g of medium
heat skimmed milk powder (Arla Foods, Aarhus, Denmark) with
2700 mL of water. AOS was added to the reconstituted milk at a
final concentration of 0, 0.1, 0.5 and 2% (w/v). Heat treatment
was performed at 85 �C for 20 min. The milk was then cooled to
45 �C and inoculated with 0.02% (w/w) of the starter culture F-
DVS-L901: blend of Streptococcus thermophilus and Lactobacillus
delbrueckii subsp. bulgaricus species (Chr. Hansen, Hørsholm,
Denmark). Fermentation was carried out at 45 �C. When the pH
reached the value of 4.5, the yoghurt was cooled to 10 �C. A
yoghurt supplemented with 0.03% (w/v) potassium sorbate was
used as an antifungal reference. A portion (75 g) of yoghurt was
poured into a plastic beaker and inoculated with a single culture
of yeast or mould. Yeasts were pre-cultured for 24 h in YM broth
and inoculated into the yoghurt to give a concentration of
10 cfu g�1 of yoghurt. Mould strains were directly diluted from
frozen stock and added into the yoghurt to give a concentration
of 10 spores g�1. All yoghurts were incubated at 10 �C for 15 days.
Yeasts were enumerated by plate counting on YPD-agar (BD
Difco, Heidelberg, Germany) supplemented with 0.1 g L�1 of
chloramphenicol and oxytetracycline (Sigma, Søborg, Denmark).
Mould growth was visualised photographically using a EOS 400D
Canon camera. For each experiment, two biological replicates
with three technical replicates were performed. According to
literature, a spoilage limit of 106 cfu g�1 was fixed as the limit of
detection for which off-odours and change of aspect of the
yoghurt due to microbial spoilage can be perceived by con-
sumers (Lipt�akov�a, Valík, & Bajúsov�a, 2006; Sperber & Doyle,
2009).

2.7. Statistical analysis

Statistical analysis was performed with the open-access “R”
software. Using the package “Growthcurver” (Sprouffske&Wagner,
2016) a logistic model was fitted, and a growth ratewas determined
for every replicate of the broth model, then compared using a one-
way ANOVA to calculate significant difference between growth
condition. A model based on the same logistic equation was fitted
using “drc” package (Ritz, Baty, Streibig, & Gerhard, 2015) for every
growth kinetic of the yoghurt trial. Employing the ED () function,
the time to reach spoilage limit of 106 cfu g�1 was estimated and
similarly compared by one-way ANOVA.

3. Results

3.1. Alginate oligosaccharides characterisation

The chromatogram obtained from the HPAEC analysis is
presented in Fig. 1. The AOS was composed of a mixture of
oligomers with a degree of polymerisation ranging from
approximately 1 to 40. A large portion of the solution was
characterised as mono-, di- and trisaccharide. Following the
standardised protocol of ASTM International, NMR analysis pre-
sented in Table 2 revealed the alginate source contained 35%
mannuronic acid and 65% guluronic acid, as well as a calculated
number average degree of polymerisation of the AOS solution of
approximately 20.

3.2. Broth model experiment

Growth curves obtained from OD measurement are presented
Fig. 2. Direct observation of the curves indicated a dose-
dependent effect of AOS against Candida parapsilosis, Debar-
yomyces hansenii and Meyerozyma guilliermodii. After calculation
of growth capacities, C. parapsilosis and D. hansenii showed a
significant reduction of their growth rates in media supple-
mented with either 2% (w/v) AOS or potassium sorbate (Fig. 3),
decreasing from approximately 0.21 h�1 to 0.16 h�1 and 0.14 h�1

to 0.107 h�1 respectively. No other differences were observed at
any concentration lower than 2% AOS. Interestingly, the growth
rate of M. guilliermodii was statistically reduced at every condi-
tion compared with control from approximately 0.145 h�1 to
0.120e0.125 h�1. Finally, no satisfactory growth measurement
using optical density was possible for Yarrowia lipolytica prob-
ably due to its partial hyphal-like growth characteristics. The p-
value above 0.05 obtained from the one-way ANOVA of the
growth rate confirmed that difference within the values were
not due to the experimental design but from another source.
Therefore, it was also investigated with oCelloscope. No reduc-
tion of the growth of Y. lipolytica was observed in media sup-
plemented with 0.1, 0.5 and 2% AOS compared with control.
Furthermore, no effect of the addition of potassium sorbate in
the media was observed. These results, in agreement with pre-
vious literature, showed the capacity of Y. lipolytica to grow at
low concentration of common preservatives (Praphailong &
Fleet, 1997).

The mould growth was measured by oCelloscope. A typical
example of the growth of the mould is presented Fig. 4. Using
the algorithm “Background corrected absorption”, the light in-
tensity for each pixel detected as “background pixel” and “object
pixel” was computed and growth curves (Fig. 5) were generated
based on the evolution of the object compared with the back-
ground. No significant difference of growth for all the moulds
was observed at all concentration of AOS tested. Growth reduc-
tion was only observed with potassium sorbate for all the mould
species.

3.3. Yoghurt assay

Fresh yoghurts were prepared by fermentation of the recon-
stituted milk supplemented with the various concentrations of
AOS. No changes in pH were observed after addition of the AOS
to the milk, and no significant difference of the pH profile during
fermentation was seen. Yeast cell concentration was measured
by plate counting (Fig. 6). The growth curves of both
C. parapsilosis and M. guilliermodii inoculated into yoghurt with
2% (w/v) AOS were noticeably delayed when meeting the
spoilage limit of 106 cfu g�1. No growth was observed throughout
the experiment when adding potassium sorbate into yoghurt for
C. parapsilosis, D. hansenii and M. guilliermodii. Y. lipolytica
showed an increasing growth after 8 days, without reaching
106 cfu g�1.

Using a logistic equation to model the growth of each yeast, an
estimated time to reach the spoilage limit was calculated. At the
highest concentration of AOS (2%) the growth of C. parapsilosis and



Fig. 1. Characterisation of a 1% (w/v) solution of alginate oligosaccharides (AOS)with high-performance anion-exchange chromatographywith pulsedamperometric detection (HPAEC-PAD).

Table 2
Fractions of monades, diades and triades of alginate oligosaccharides (AOS) obtained by NMR analysis using a standard 1H pulse-sequence.a

M/G GG MG MM GGM MGM GGG DP_N

0.3504 (±0.015) 0.6353 (±0.003) 0.1053 (±0.006) 0.1542 (±0.014) 0.0377 (±0.003) 0.0675 (±0.003) 0.5976 (±0.001) 20.135 (±4.16)

a Abbreviations are: M, mannuronic acid; G, guluronic acid; DP_N, number average degree of polymerisation.

Fig. 2. Growth curves of Candida parapsilosis (A), Debaryomyces hansenii (B), Meyerozyma guillermondii (C) and Yarrowia lipolytica (D) incubated at 25 �C for 72 h. Each species was
inoculated into YM media supplemented with 0.0 ( ), 0.1 ( ), 0.5 ( ), 2% (w/v) AOS ( ) or 0.03% (w/v) potassium sorbate ( ).
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Fig. 3. Growth rates of Candida parapsilosis (A), Debaryomyces hansenii (B), Meyerozyma guillermondii (C) and Yarrowia lipolytica (D) incubated at 25 �C for 72 h (n ¼ 6). Each species
was inoculated into YM media supplemented with either 0.0, 0.1, 0.5, 2% (w/v) AOS or 0.03% (w/v) potassium sorbate. The optical density was measured at regular intervals and
growth rates were calculated using the Growthcurver “R” package.

Fig. 4. Pictures of Penicillium commune DSM 2211 grown under different conditions. Each picture was taken with an oCelloscope at 12 h interval. A) control medium YM media; B)
YM broth supplemented with 2% (w/v) AOS, C) YM media supplemented with 0.03% (w/v) potassium sorbate.
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Fig. 5. Computed growth curves of Mucor racemosus (A), Penicillium commune (B), Penicillium roqueforti (C) and Yarrowia lipolytica (D) incubated in YM broth at 25 �C for 72 h. Each
species was incubated into YM media supplemented with 0.0 ( ), 0.1 ( ), 0.5 ( ), 2% (w/v) AOS ( ) or 0.03% (w/v) potassium sorbate ( ).

Fig. 6. Growth curves of Candida parapsilosis (A), Debaryomyces hansenii (B), Meyerozyma guillermondii (C) and Yarrowia lipolytica (D) incubated at 10 �C for 15 days. Each species
was incubated into freshly produced yoghurt supplemented with 0.0 ( ), 0.1 ( ), 0.5 ( ), 2% (w/v) AOS ( ) or 0.03% (w/v) potassium sorbate ( ); spoilage limit of 106 cfu g�1 ( ).
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M. guilliermodii was significantly delayed. The time to reach the
spoilage limit was increased from 196.48 ± 3.70 h to 219.61 ± 4.20 h
for C. parapsilosis and 190.26 ± 1.13 h to 233.14 ± 4.73 h for
M. guilliermodii corresponding to a delay of approximately 23 h and
43 h respectively (Table 3).
Table 3
Estimated time in hours to reach spoilage limit (106 cfu g�1) in yoghurt for each yeast sp

Species AOS (%)

0 0.1

Candida parapsilosis 196.48 ± 3.70 196.2
Debaryomyces hansenii 236.21 ± 3.8 249.4
Meyerozyma guilliermondii 190.26 ± 1.13 186.8
Yarrowia lipolytica 199.58 ± 3.19 200.9

a With potassium sorbate (0.03%), no growth above 106 cfu g�1 was observed during t
row (n ¼ 6): *p < 0.5; ***p < 0.001.
Finally, the moulds species showed no significant reduction of
their growth in yoghurt when supplemented with the AOS at all
concentrations (Fig. 7). Clear reduction of the growth was noted in
presence of potassium sorbate. Texture analysis was performed on
yoghurts after fermentation (data not shown). A slight increase in
ecies.a

0.5 2

1 ± 4.0 197.47 ± 4.15 219.61 ± 4.20***
7 ± 7.9 253.52 ± 7.56* 252.45 ± 12.14
0 ± 2.84 192.03 ± 0.77 233.14 ± 4.73***
3 ± 2.65 211.38 ± 3.63* 193.58 ± 1.46

he time of experiment. Asterisks indicate statistical differences between values in a



Fig. 7. Yoghurt after 15 days of storage at 10 �C supplemented with different concentration of AOS or potassium sorbate. Yoghurts were without inoculation (A) or inoculated with
10 spores g�1 of Mucor racemosus (B), Penicillium commune (C) or Penicillium roqueforti (D).
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the firmness and the cohesiveness of yoghurts was observed in a
dose-dependent manner for AOS addition.

4. Discussion

Alginate is a common food additive used for diverse applications
mainly based on its gel-forming properties (Grasdalen, 1983;
Johnson et al., 2011). Recent studies demonstrated that AOS
exhibit direct antifungal properties as well as potentiating the
performance of antifungal drugs (Tøndervik et al., 2014) and
selected antibiotics (Khan et al., 2012). These properties may
therefore present an opportunity for the food industry for the in-
hibition of opportunistic spoilage fungi. This type of spoilage has
led the scientific community into an intensive research for food
preservatives to extend the shelf-life of food products (Barreteau,
Delattre, & Michaud, 2006; Brul & Coote, 1999). In this study,
structured in a two-step approach, the potential antifungal activity
of AOS against dairy spoilage fungi was investigated.

AOS obtained were characterised by HPAEC and NMR. The
molecular mass distribution after acid hydrolysis observed by
chromatography was similar to AOS previously reported (Khan
et al., 2012). The NMR profile correlated with previous analyses
using alginate from L. hyperborea (Grasdalen, 1983; Stephen,
Phillips, & Williams, 2006) while also indicating a number
average degree of polymerisation of the oligomers of approxi-
mately 20, which is in good agreement for alginate-derived oligo-
saccharides (Onsoyen, Myrvold, Onsøyen, & Myrvold, 2014). As
such, the AOS in this study were well defined and presented a
pattern of depolymerisation expected with respect to the current
literature.

Results obtained with the broth model indicated similar
reduction of the growth rate of C. parapsilosis, D. hansenii and
M. guilliermodiiwhen incubated into YM-broth supplemented with
2% (w/v) AOS or 0.03% (w/v) potassium sorbate (maximal concen-
tration allowed by the EC 1333/2008 of the European commission
in flavoured fermented dairy product). In agreement with these
results, the estimated time to reach a concentration of 106 cfu g�1 in
yoghurt with 2% AOS was significantly increased for both
C. parapsilosis and M. guilliermodii by 11.8% and 22.5% respectively.
Interestingly, no growth reduction effect was observed within the
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yoghurt for any concentration tested of AOS against D. hansenii.
Furthermore, while the reduction of the growth rate in the broth
model was equivalent for both 2% AOS and 0.03% potassium sor-
bate, the effect of potassium sorbate was greatly superior in the
yoghurt. The results demonstrated the need for the yoghurt chal-
lenge study to correctly assess the antifungal property of AOS in a
food matrix.

No change of pH due to the addition of the AOS in the yoghurt
was seen whereas an increase in the firmness and cohesiveness
were observed. While this study did not focus on the impact of AOS
onto the yoghurt texture, it is hypothesised the poly-G fragment of
high polymerisation degree may conserve a high binding affinity
for calcium ions, giving a texturing capacity of the AOS without
forming a gel.

Sorbic acid and its salts have been widely described and used as
preservatives in food (Lück, 1990; Sofos & Busta, 1981). The main
mechanisms of inhibition of the spoilage organisms relies on the
interaction of the sorbate with the cellular membrane, the inhibi-
tion of transport systems and/or key enzymes, the deregulation of
proton flux or a combination of these cited actions. Unlike the
sorbates, the mechanism of action of AOS remains unclear. AOS are
essentially composed of weak acids (mannuronic acid and gulur-
onic acid) mainly in form of monomers, dimers and trimers.
Although the mode of action of the sorbates is still a source of
discussion (Stratford & Anslow, 1998), it is speculated that these
oligosaccharides may have acted like a weak acid preservative
against the fungal species and having a similar effect as the
sorbates.

Tøndervik et al. (2014) demonstrated the potential of AOS to
directly interact with biofilms as well as the cell membrane of
bacteria (Khan et al., 2012). As such, their results described a clear
loss of motility of the cell membrane and morphological changes.
Nevertheless, they later refuted the possible binding of AOS with
the fungal cell wall while still observing morphological changes.
Thus, the direct antifungal effect of AOS remains unknown.

Although this study described an activity against certain species
of yeast, many more species still remained to be investigated to
assess the full potential of AOS. Besides, the AOS used in this study
were obtained by acid hydrolysis, a recent review emphasised the
importance of enzymatic degradation for the yield and recovery of
bioactive compounds (Charoensiddhi, Conlon, Franco, & Zhang,
2017). Consequently, the use of enzymatic depolymerisation
method remains to be investigated. Synergic effects with other
preservatives could be an adequateway to improve the efficiency of
the AOS while reducing the final quantity of preservatives in the
food product. However, further investigations are needed to assess
the full potential of these oligosaccharides as well as to define a
clear mechanism of action.

5. Conclusion

AOS has a potential antifungal effect against certain dairy
spoilage yeasts although relatively a high concentration is required.
No clear effect was observed against mould species. These oligo-
mers present therefore an opportunity for the food industry to
change consumer perception of preservatives, while ensuring
safety of the food product for which yeast is the main source of
spoilage.

Acknowledgements

This research was funded by the Innovation Fund Denmark in
collaboration with Dupont Bioscience and the University of
Copenhagen. We would like to express our sincere gratitude to the
Associate Professor Andreas Blennow of the department of Plant
and Environmental Science of the University of Copenhagen
(HPAEC) as well as to the Scientist Christian Clement Yde from
Dupont Biosciences (NMR) for their help during this work.
References

Abdulmumeen, H. A., Risikat, A. N., & Sururah, A. R. (2012). Food: Its preservatives,
additives and applications. International Journal of Chemical and Biochemical
Sciences, 1, 36e47.

Akiyama, H., Endo, T., Nakakita, R., Murata, K., Yonemoto, Y., & Okayama, K. (1992).
Effect of depolymerized alginates on the growth of bifidobacteria. Bioscience
Biotechnology and Biochemistry, 56, 355e356.

An, Q., Zhang, G., Wu, H., Zhang, Z., Zheng, G., Luan, L., et al. (2009). Alginate-
deriving oligosaccharide production by alginase from newly isolated Fla-
vobacterium sp. LXA and its potential application in protection against patho-
gens. 106, 161e170.

Aoki, K., Shen, J., & Saijo, T. (2010). Consumer reaction to information on food ad-
ditives: Evidence from an eating experiment and a field survey. Journal of
Economic Behavior and Organization, 73, 433e438.

ASTM International. (2012). ASTM F2259-10 (2012)e1. Standard test method for
determining the chemical composition and sequence in alginate by proton nuclear
magnetic resonance (1H NMR). West Conshohocken, PA, USA: ASTM
International.

Barreteau, H., Delattre, C., & Michaud, P. (2006). Production of oligosaccharides as
promising new food additive generation. Food Technology and Biotechnology, 44,
323e333.

Bearth, A., Cousin, M. E., & Siegrist, M. (2014). The consumer's perception of artificial
food additives: Influences on acceptance, risk and benefit perceptions. Food
Quality and Preference, 38, 14e23.

Brul, S., & Coote, P. (1999). Preservative agents in foods: Mode of action and mi-
crobial resistance mechanisms. International Journal of Food Microbiology, 50,
1e17.

Charoensiddhi, S., Conlon, M. A., Franco, C. M. M., & Zhang, W. (2017). The devel-
opment of seaweed-derived bioactive compounds for use as prebiotics and
nutraceuticals using enzyme technologies. Trends in Food Science and Technol-
ogy, 70, 20e33.

Collins, E. B. (1967). Use of preservatives in milk and dairy products. Journal of Dairy
Science, 50, 599e603.

Falkeborg, M., Cheong, L. Z., Gianfico, C., Sztukiel, K. M., Kristensen, K., Glasius, M.,
et al. (2014). Alginate oligosaccharides: Enzymatic preparation and antioxidant
property evaluation. Food Chemistry, 164, 185e194.

Grasdalen, H. (1983). High field, 1H-n.m.r. spectroscopy of alginate: Sequential
structure and linkage confirmations. Carbohydrate Research, 118, 255e260.

Johnson, F. A., Craig, D. Q. M., & Mercer, A. D. (2011). Characterization of the block
structure and molecular weight of sodium alginates. Journal of Pharmacy and
Pharmacology, 49, 639e643.

Khan, S., Tøndervik, A., Sletta, H., Klinkenberg, G., Emanuel, C., Onsøyen, E., et al.
(2012). Overcoming drug resistance with alginate oligosaccharides able to
potentiate the action of selected antibiotics. Antimicrobial Agents and Chemo-
therapy, 56, 5134e5141.

Lipt�akov�a, D., Valík, �L. U., & Bajúsov�a, B. (2006). Effect of protective culture on the
growth of Candida maltosa YP1 in yoghurt. Journal of Food and Nutrition
Research, 45, 147e151.

Lück, E. (1990). Food applications of sorbic acid and its salts. Food Additives and
Contaminants, 7, 711e715.

Lu, M., & Wang, N. S. (2017). Spoilage of milk and dairy products. In A. Bevilacqua,
M. R. Corbo, & M. Silnigaglia (Eds.), The microbiological quality of food (pp.
151e178). Cambridge, UK: Woodhead Publishing.

Lu, J., Yang, H., Hao, J., Wu, C., Liu, L., Xu, N., et al. (2015). Impact of hydrolysis
conditions on the detection of mannuronic to guluronic acid ratio in alginate
and its derivatives. Carbohydrate Polymers, 122, 180e188.

Onsoyen, E., Myrvold, R., Onsøyen, E., & Myrvold, R. (2014). Use of alginate oligomers
in combating biofilms. US Patent US8680072B2.

Pawar, S. N., & Edgar, K. J. (2012). Alginate derivatization: A review of chemistry,
properties and applications. Biomaterials, 33, 3279e3305.

Praphailong, W., & Fleet, G. H. (1997). The effect of pH, sodium chloride, sucrose,
sorbate and benzoate on the growth of food spoilage yeasts. Food Microbiology,
14, 459e468.

Qin, Y., Jiang, J., Zhao, L., Zhang, J., & Wang, F. (2018). Applications of alginate as a
functional food ingredient. In A. Mihai, & A. M. Holban (Eds.), Biopolymers for
food design (pp. 409e429). London, UK: Academic Press.

Ramnani, P., Chitarrari, R., Tuohy, K., Grant, J., Hotchkiss, S., Philp, K., et al.
(2012). In vitro fermentation and prebiotic potential of novel low molecular
weight polysaccharides derived from agar and alginate seaweeds. Anaerobe,
18, 1e6.

Ritz, C., Baty, F., Streibig, J. C., & Gerhard, D. (2015). Dose-response analysis using R.
PLoS One, 10, 0146021.

Shim, S. M., Seo, S. H., Lee, Y., Moon, G. I., Kim, M. S., & Park, J. H. (2011). Consumers'
knowledge and safety perceptions of food additives: Evaluation on the effec-
tiveness of transmitting information on preservatives. Food Control, 22,
1054e1060.

Siegrist, M., & Sütterlin, B. (2017). Importance of perceived naturalness for accep-
tance of food additives and cultured meat. Appetite, 113, 320e326.

http://refhub.elsevier.com/S0958-6946(19)30183-9/sref1
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref1
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref1
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref1
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref2
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref2
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref2
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref2
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref3
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref3
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref3
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref3
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref3
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref4
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref4
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref4
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref4
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref5
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref5
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref5
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref5
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref5
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref6
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref6
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref6
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref6
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref7
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref7
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref7
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref7
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref8
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref8
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref8
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref8
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref9
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref9
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref9
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref9
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref9
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref10
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref10
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref10
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref11
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref11
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref11
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref11
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref12
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref12
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref12
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref12
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref13
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref13
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref13
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref13
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref14
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref14
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref14
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref14
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref14
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref14
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref14
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref15
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref16
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref16
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref16
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref17
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref17
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref17
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref17
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref18
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref18
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref18
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref18
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref19
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref19
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref19
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref20
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref20
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref20
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref21
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref21
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref21
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref21
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref22
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref22
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref22
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref22
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref23
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref23
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref23
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref23
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref23
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref24
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref24
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref25
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref25
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref25
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref25
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref25
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref26
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref26
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref26


G.A. Bouillon et al. / International Dairy Journal 99 (2019) 104554 9
Sofos, J. N., & Busta, F. F. (1981). Antimicrobial activity of sorbate. Journal of Food
Protection, 44, 614e622.

Sperber, W. H., & Doyle, M. P. (2009). Compendium of the microbiological spoilage of
food and beverages (pp. 41e67). New York, NY, USA: Springer.

Sprouffske, K., & Wagner, A. (2016). Growthcurver: An R package for obtaining
interpretable metrics from microbial growth curves. BMC Bioinformatics, 17,
17e20.

Stephen, A. M., Phillips, G. O., & Williams, P. A. (2006). Food polysaccharides and their
applications (2nd ed., pp. 289e335). Boca Raton, FL, USA: Taylor & Francis
Group, LLC.

Stratford, M., & Anslow, P. A. (1998). Evidence that sorbic acid does not inhibit yeast
as a classic ‘weak acid preservative’. Letters in Applied Microbiology, 27, 203e206.

Tøndervik, A., Sletta, H., Klinkenberg, G., Emanuel, C., Powell, L. C., Pritchard, M. F.,
et al. (2014). Alginate oligosaccharides inhibit fungal cell growth and potentiate
the activity of antifungals against Candida and Aspergillus spp. PLoS One, 9,
e112518.

Wang, Y., Han, F., Hu, B., Li, J., & Yu, W. (2006). In vivo prebiotic properties of
alginate oligosaccharides prepared through enzymatic hydrolysis of alginate.
Nutrition Research, 26, 597e603.

Williams, P., Stirling, E., & Keynes, N. (2004). Food fears: A national survey on the
attitudes of Australian adults about the safety and quality of food. Asia Pacific
Journal of Clinical Nutrition, 13, 32e39.

Wong, T. Y., Preston, L. A., & Schiller, N. L. (2000). Alginate lyase: Review of major
sources and enzyme characteristics, structure-function analysis, biological roles
and applications. Annual Review of Microbiology, 54, 289e340.

Wu, L., Zhang, Q., Shan, L., & Chen, Z. (2013). Identifying critical factors influ-
encing the use of additives by food enterprises in China. Food Control, 31,
425e432.

http://refhub.elsevier.com/S0958-6946(19)30183-9/sref27
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref27
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref27
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref28
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref28
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref28
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref29
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref29
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref29
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref29
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref30
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref30
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref30
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref30
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref30
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref31
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref31
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref31
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref32
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref32
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref32
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref32
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref32
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref33
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref33
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref33
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref33
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref34
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref34
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref34
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref34
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref35
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref35
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref35
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref35
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref36
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref36
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref36
http://refhub.elsevier.com/S0958-6946(19)30183-9/sref36

	Evaluation of the inhibitory effect of alginate oligosaccharide on yeast and mould in yoghurt
	1. Introduction
	2. Material and methods
	2.1. Fungal strains and cultivation methods
	2.2. Preparation of alginate oligosaccharides
	2.3. High-performance anion-exchange chromatography-pulsed amperometry detection analysis
	2.4. NMR analysis
	2.5. Inhibition assay
	2.6. Challenge study in yoghurt
	2.7. Statistical analysis

	3. Results
	3.1. Alginate oligosaccharides characterisation
	3.2. Broth model experiment
	3.3. Yoghurt assay

	4. Discussion
	5. Conclusion
	Acknowledgements
	References


