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Abstract

In this study, Propionibacterium freudenreichii was used for in situ production of conjugated linoleic acid (CLA)
in yogurt. Firstly, effects of process variables, including strain type, percentage of milk fat, percentage of inoculum,
quantity of sunflower oil, concentration of inulin, temperature of fermentation and time of storage at 4°C, on pro-
duction of CLA by Propionibacterium freudenreichii were investigated using screening method of the Plackett—
Burman design. Then optimisation of CLA production process was conducted using three major factors of milk
fat percentage, inulin concentration and storage time at 4°C using central composite design. Analysis of variance
established that the models were highly significant (P < 0.05). The model demonstrated that the production of
CLA was affected by these three factors. Optimised CLA production by Propionibacterium freudenreichii ssp.
shermanii in yogurts was achieved after 17 days of storage at 4°C in skim-milk containing 1.75% (w/w) fat and
2.25% (w/v) inulin as prebiotic. Reconfirmation test established that at the highlighted optimum conditions, the
highest concentration of produced CLA was 6.4 mg g lipid in yogurt, which is a 256% increase in total CLA pro-
duction, compared with control samples. Results demonstrated that Propionibacterium freudenreichii ssp. sher-
manii not only leads to production of synbiotic yogurts containing inulin but also increases CLA production in
yogurts.
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Introduction

In addition to nutritional and sensory characteristics of
food products, health beneficial aspects are other import-
ant criteria for consumers to choose food products. One
of the best manners to receive essential nutrients with
minimum side effects is enrichment of food products
(Grunert, 2005). Functional foods play important roles
in this area as tendency to consume functional foods has

increased recently. Such characteristics are found in a
new group of products called synbiotics, which contain
probiotics and prebiotics simultaneously (Holzapfel and
Schillinger, 2002). Various food products are established
as probiotic carriers, of which fermented dairy products,
such as yogurt and cheese, include the largest proportion
in research and marketing (Pandey and Mishra, 2015).
Propionic acid bacteria (PAB) are widely applied as ben-
eficial probiotic bacteria in several food technologies
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(Zarate et al., 2011) because of their ability to produce
important metabolites, for instance, propionic acid (Van
Wyk et al., 2018), folate (Rad et al., 2016), vitamins B,,
B, B, and K ( Abou Ayana et al., 2016; Zarate, 2012) and
bacteriocins (Ahmadi et al., 2015) are used in industrial
and commercial scales ( Farhadi et al., 2012; Kouya et
al., 2008). Use of PAB in production of dairy products
such as yogurt increases product viscosity through the
production of exopolysaccharides and inhibits growth
of undesirable microorganisms in the product through
the production of propionic acid and bacteriocins. This
increases shelf life of the product. In addition, growth of
PAB does not interfere with the growth of lactic acid bac-
teria (LAB) in dairy products ( Ekinci and Gurel, 2008;
Gorret et al., 2001).

Conjugated linoleic acid (CLA) is another valuable
metabolite produced by PAB in culture media (Van Wyk
et al., 2018; Yang et al., 2017). In fact, CLA is a fatty acid
naturally found in milk fats and dairy products such as
yogurt, butter and cheese (Van Wyk et al., 2018). The
compound belongs to a group of omega-6 fatty acids,
and is a geometric isomer of linoleic acid (LA; Yang et
al., 2017). Beneficial properties of CLA include prevent-
ing increase of body fats (Corbo et al., 2014), anti-car-
cinogenesis properties (colon, prostate, skin and breast
cancers) (Masso-Welch et al., 2004), antioxidant proper-
ties (Zarate, 2012), lowering of blood serum cholesterol
(Hernandez, 2013), anti-inflammation properties (Olson
et al., 2017), anti-diabetic properties (Balci Yuce et al.,
2017) and regulation of the system. Daily intake of 3 g of
CLA is recommended to prevent cancers; however, the
CLA content of dairy products is only 0.5-9.9 mg g™! of
fats (Zarate, 2012). Commercially, most of CLA is pro-
duced through the chemical isomerisation of LA, in
which harmful by-products are produced as well. In the
chemical production method, various isomers of CLA are
produced (Ogawa et al., 2001). Studies have verified that
c9t11-CLA, t9t11-CLA and t10c12-CLA isomers prevent
diseases in the human body and include medical uses
(Yang et al., 2017). Dairy PAB has the potential to con-
vert unsaturated fatty acids cis-9 cis-12 LA (c9c12-18:2)
to cis9-trans-11 (c9t11-18:2), trans-10-cis-12 (t10c12-
18:2) and trans-9-cis-11(t9c11-18:2) conjugate isomers
(Hennessy et al., 2012). Thus, it is possible to produce
dairy products with high CLA levels by developing prod-
ucts fermented by PAB, which produces increased CLA
levels by converting LA present in milk to CLA.

Environmental and growth factors greatly affect CLA
production in dairy products (Yang et al., 2017). Several
studies have been conducted on the effects of process
variables on microbial production of CLA, including
probiotic strains (Lactobacillus sp., Bifidobacterium sp.,
Propionibacterium (P) sp., Leuconostoc sp., Lactococcus
sp., Enterococcus sp. and Pediococcus sp.) (Fukuda et al.,

2006; Kim, 2003; Ross et al., 2010), inoculum size (Yang
et al., 2017), pH-value (Cousin et al., 2016), incuba-
tion and fermentation temperatures (Khan et al., 2011),
added prebiotics (Ogawa et al., 2001), LA-rich sources
(Xu et al., 2004), dissolved oxygen (Kim et al., 2000) and
storage time at 4°C (Akalin et al., 2007). Therefore, opti-
misation of conditions is critical for the growth and pro-
duction of CLA by PAB (Khodaiyan et al., 2008).

The aim of this study was to investigate factors affecting
CLA production in yogurts by P. freudenreichii ssp. freud-
enreichii and ssp. shermanii using the Plackett—Burman
design (PBD). In addition, effect of variables (bacterial
strains, milk fat concentration, inoculum percentage,
prebiotic (inulin) concentration, sunflower oil quantity,
fermentation temperature and storage time at 4°C) on
production of CLA was investigated. To optimise the
most important affecting factors, response surface meth-
odology (RSM) design was used in yogurts containing
P, freudenreichii ssp. shermanii for production of CLA.

Materials and Methods
Materials

Skim-milk powder and 40% (w/w) fat cream were kindly
gifted by Pak Dairy, Tehran, Iran. Inulin powder with
an average degree of polymerisation of =25 was pro-
vided by Ava Salamat Javid, Tehran, Iran. Sunflower oil
(Margarine Foods, Tehran, Iran) was purchased from
supermarkets. CLA standard was purchased from Sigma,
St. Louis, MO, USA. All analytical reagents and chemi-
cals were purchased from Merck, Darmstadt, Germany.
All solvents used were of analytical or High Performance
Liquid Chromatography (HPLC) grade.

Preparation of cultures

A commercial yogurt starter culture (YoFlex Express
1.0) containing Streptococcus thermophilus (ST) and
L. delbrueckii ssp. bulgaricus (LB) was selected because
of the mild acid-production activity of PAB used in this
study. The YoFlex Express 1.0 was purchased from Chr.
Hansen, Horsholm, Denmark, and used based on man-
ufacturer’s recommendations. Commercial starter cul-
ture (PS-4) containing P freudenreichii ssp. shermanii
was purchased from Chr. Hansen, Horsholm, Denmark.
Cultures were obtained in freeze-dried (DVS) form and
stored at —18°C. The PAB (PS-4) was weighed to prepare
an initial count of 8 log colony-forming unit (CFU) mL"".
Pre-cultures were prepared by dissolving each culture in
60 mL of sterilised skim-milk and activating them at 42°C
for 20 min before use. The P. freudenreichii ssp. freuden-
reichii PTCC No. 1674 was provided by the Research and
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Technology Department of Ministry of Sciences (Persian
Type Culture Collection), Tehran, Iran. The strain was
sub-cultured in sodium lactate medium (SLM) contain-
ing 1% (v/v) sodium lactate syrup, casein peptone 10 g L!
and yeast extract 10 g L~! at 30°C under micro-aerobic
conditions (Grinstead and Barefoot, 1992)

Milk preparation

After preparing of reconstituted milk with 13% (w/v) of
commercial skim-milk powder in distilled water (DW),
the milk was pasteurised at 90°C for 30 min and cooled
in an ice bath to temperature below 35°C to prevent pos-
sible heat shocks to probiotic bacteria. For preparing
various percentages of milk fats, Pearson square method
was used.

Fermentation

In this study, values of independent variables in yogurt
samples were calculated based on the design of experi-
ments (PBD and RSM) at each stage. After inoculation,
yogurt samples were transferred into 100-mL polypro-
pylene cups, and milks were incubated at 30—43°C (based
on the design of experiments) using laboratory oven
until a pH of 4.6 was reached. pH values of yogurt sam-
ples were determined with a pH meter 605 (Methrohm
AG, Herisau, Switzerland). Then samples were quickly
cooled using ice bath and stored at 4°C. Three yogurt
samples were prepared to verify the model and compare
productions of CLA by P. freudenreichii ssp. shermanii.
The control yogurt, which contained traditional yogurt
starter cultures (ST and LB) only, was not supplemented
with P. freudenreichii ssp. shermanii (PS4) and prebiotics
(inulin). Other samples (YC and PS4) included yogurt
starter culture and P. freudenreichii ssp. shermanii, and
in the third yogurt sample (YC, PS4 and inulin), P, freud-
enreichii ssp. shermanii was added in addition to tradi-
tional starter cultures and 2.27% (w/v) inulin. Fat content
of milk in all three yogurt samples was 1.75% (w/w).
Analyses were conducted after an overnight storage of
yogurt samples and after 7, 16 and 21 days of storage
at 4°C.

Count of viable bacteria

Cell count of the starter cultures (ST and LB) and probi-
otics (PAB) was conducted in duplicate after incubation
time. Yogurt samples (1 mL) were added to 9 mL of 0.15%
(w/v) sterile peptone water (Merck, Germany) and via-
ble bacteria were counted as formed colonies using the
pour plate method. LB and ST were plated in MRS agar
and M17 agar (Merck, Germany) (Dave and Shah, 1996).

Bacterial conjugated linoleic acid bio-fortification of synbiotic yogurts

The MRS agar was acidified to pH 5.4 using acetic acid.
Sodium lactate agar was used for selective enumeration
of PAB (Tharmaraj and Shah, 2003). The incubation tem-
perature for L. delbrueckii ssp. bulgaricus, S. thermophi-
lus and P, freudenreichii ssp. shermanii, respectively, were
45°C for 72 h, 37°C for 24 h and 30°C for 5-7 days under
anaerobic conditions using gas generating pack A (Merck,
Darmstadt, Germany), except for S. thermophilus.

Lipid extraction and CLA analysis

Extraction of CLA was conducted based on the method
by Lin et al. (1999), in which yogurt was mixed with chlo-
roform—methanol in a ratio of 2:1 (v/v), and was refriger-
ated and centrifuged for 6 min at 4,500 x g. The organic
phase layer was collected and dehydrated with 0.3 g of
sodium sulphate and stored in refrigerator for 24 h. The
middle phase was separated from sodium sulphate using
decantation and used in experiments. To remove the
organic solvents (chloroform-methanol), rotary evapo-
rator was used to dry off. Thereafter, in order to sapon-
ify fatty acids 1 mL solution of 1N sodium hydroxide in
methanol was added into the solution and then it was
incubated at 100°C for 15 min. Then hydrochloric acid
solution in methanol was added to methylate present
fatty acid, and the mixture was incubated at 60°C for
20 min using water bath. At this stage, 2 mL of distilled
water was added and homogenised for 15 min using vor-
tex mixer to release methyl esters from methanol, fol-
lowed by formation of polar bonds between methanol
and water. Then n-hexane was added and homogenised
to transfer methyl esters from aqueous phase to organic
phase. After removing aqueous phase, anhydrous sodium
sulphate was mixed with organic phase and 1 pL of this
mixture was injected into gas chromatographic columns
(Capillary BP10; Philips Scientific Model 4410, UK) fitted
with a flame ionisation detector. The column was 25 m in
length and 0.22 mm in diameter with a thickness of 0.25
pm. The initial temperature of the column was 150°C
with 1-min holding time, injection temperature was
250°C, final temperature was 230°C with 10-min duration
and a temperature ramp of 5°C in 1 min. In this study,
the total quantity of CLA (mg g™! lipid) was reported as
the sum of the production of two isomers (c9t11-18:2 and
t10c12-18:2).

Experimental design

This study was conducted progressively at three levels
step by step. As mentioned previously, different factors
might affect bio-production of CLA in yogurt samples by
PAB. The first optimisation step included identification
of variables with significant effects on CLA production
by PAB using PBD. After identification of effective and
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significant variables in CLA production, effective fac-
tors identified at three levels were optimised using cen-
tral composite design (CCD) under RSM designations.
Moreover, the best conditions for independent variables
in CLA production by PAB were provided and the quan-
tities of CLA production in PAB yogurt samples were
compared with those in control yogurt samples, which
only contained starter cultures (YoFlex Express 1.0).

Plackett-Burman design

Effective factors and their levels were selected based on
the literature review. The selected variables, including
media compositions (e.g. strain type, milk fat percent-
age (MFP), inoculum percentage, sunflower oil quantity
and inulin concentration) and environmental factors (e.g.
incubation and fermentation temperatures and storage
time at 4°C), are shown in Table 1. High levels (+) and
low levels () represent two different levels of indepen-
dent variables.

RSM design

The RSM is a set of statistical techniques for designing
experiments, constructing models, assessing effects of
factors and searching for the optimal conditions of the
factors for optimal responses. In general, RSM is a great
tool for optimising conditions when several factors are
involved in production of a product (Cousin et al., 2016;
Grinstead and Barefoot,1992; Khodaiyan et al., 2008).
A combination of factors that produces a specific optimal
response can be identified using design factor and RSM
(Khodaiyan et al., 2008). For additional accurate predic-
tions on the optimum conditions of CLA bioproduction
and to minimise the number of test sets, CCD under
RSM was designed. In this study, all factors were used at
three levels (Table 2). Experimental ranges of the three
significant variables for CCD trials are shown in Table 2.

Statistical analysis

Statistical analysis of the results was conducted using
MINITAB statistical software v.16 (Minitab, USA), and
response surface plots were drawn. Data were statistically
treated using analysis of variance (ANOVA). All data
were presented as the mean value + standard deviation
(SD) of independent experiments on various days. In
general, P < 0.05 was established statistically significant.

RESULTS AND DISCUSSION

Selection of the most important affecting factors using
the Plackett-Burman design

The primary purpose of screening experiments is to
select important major effects from less important ones.

Process variables, selected levels and eight trials of the Plackett-Burmann design to study the impact of seven factors (and finding main variables) on microbial production of CLA in

synbiotic yogurt.

Table 1.

Response

Independent variables

Run

Predicted total

Experimental
total CLA mg g'

trans-10,
cis-12 CLAmg g’

cis-9,trans-
11 CLAmg g™

D Sunflower  EInoculum  F Temperature

oil (g L)

B C Inulin %

Milk fat %

A Strains

CLAmg g’

(°C) storage time

size (%)

(wiv)

lipid

lipid

lipid

lipid

(days)

(wiw)

4.3
4.4
54
4.7
5.6
48
4.9
5.4

0.2+0.13 431014

41+0.11

14
14

43
30
43
30
30
43
43
30

0.1

PFF"

44+017

ND
0.840.05
0.240.14

44017

PFF
PFF
PFS'

5.4+0.07
4.7+0.14

4.6 +0.09
4.5 +0.11

14

0.1

5.740.05
4.8+0.10

1.1+0.12

461014

0.1

PFF
PFS
PFS
PFS

ND$
ND
ND

4.8+0.10

0.1

5.0£0.09
5.510.07

5+0.09
5.510.07

14

'PFS: Propionibacterium freudenreichii ssp. shermanii (PS4) (code-1).
"PFF: Propionibacterium freudenreichii ssp. freudenreichii.

SND: The amount was less than detection limit.

CLA: conjugated linoleic acid.

Italian Journal of Food Science, 2021; 33 (SP1)



Table 2.
optimisation of microbial production of CLA in synbiotic yogurt.

Bacterial conjugated linoleic acid bio-fortification of synbiotic yogurts

Main process variables, range and 17 trials of central composite design to study the impact of main and interaction effects on

Run X1 - Milk fat % (w/w) X2 - Inulin % X3 - Storage time cis-9,trans-11 CLA trans-10,cis-12 CLA Total CLA
(wiv) (days) (mg g~ lipid) (mg g1 lipid ) (mg g1 lipid )
1 1.00 1 1 4.2 ND 4.2
2 3.50 1 1 4 0.1 4.1
3 1.00 3 1 4.1 ND* 4.1
4 3.50 3 1 3.9 0.1 4.0
5 1.00 1 21 5 0.3 58]
6 3.50 1 21 4.9 0.2 5.1
7 1.00 3 21 4.9 0.9 5.8
8 3.50 3 21 4.7 0.5 5.2
9 1.00 2 11 52 0.4 5.6
10 3.50 2 1 4.9 0.4 5.3
1 225 1 1 4.8 0.6 54
12 225 3 1 5.1 0.4 5.5
13 225 2 1 4.4 ND 4.4
14 225 2 21 5.2 0.6 5.8
15 225 2 11 5.2 0.8 6.0
16 225 2 11 54 0.5 519
17 225 2 11 5.1 0.7 5.8

ND: The amount was less than detection limit.
CLA: conjugated linoleic acid.

In this study, Student’s ¢-test was conducted to demon-
strate significance of each factor (t-value = coefficient/
standard error (S,)) (Khosravi-Darani and Zoghi, 2008).
The tabulated ¢-value (degree of freedom = 6) at P < 0.05
was 1.94. Each variable linked to ¢-value higher than the
tabulated z-value (1.94 for P < 0.05) was significant. Table
3 refers to statistical calculations of CLA production in
yogurt samples by PAB. Results established that MFP,
prebiotic (inulin) concentration and storage time at 4°C
were significant due to their t-values being higher than
1.94. Based on Table 3, addition of 2% (w/v) inulin to
yogurts increased the production of CLA. This increase
might be due to the prebiotic role of inulin, which was
an important factor in growth and maintenance of pro-
biotics and caused longer survival of P freudenreichii
during the storage period at 4°C as well as greater pro-
duction of CLA in yogurt. Mohanty et al. (2018) reported
that prebiotics, especially inulin, were good candidates of
functional foods. Salem et al. (2007) demonstrated that
addition of 1% inulin to dairy cheese promoted growth
and longer survival of existing strains. In another study
done by Effat et al. (2019), it was reported that addition
of 1-3% prebiotics, such as inulin, to milk increased sur-
vival and viability of the probiotic Propionibacterium
strains. Table 3 shows that storage of yogurt containing
P freudenreichii at 4°C for 14 days increased the produc-
tion of CLA. The PAB may adapt and survive at acidic pH
of 2 (Van Wyk et al., 2018). Owing to the fact that yogurt

samples containing P. freudenreichii had pH higher than
2, P freudenreichii was able to grow and produce CLA
during the storage time. Akalin et al. (2007) reported
increase in CLA production in yogurts during storage
for 28 days. In addition, results in Table 3 indicate that
yogurt samples containing 1% fat (w/w) with P freud-
enreichii increased CLA production. Biohydrogenation
pathway is also a mechanism for the formation of CLA
in yogurts (Ha et al., 1989). In order to convert LA to
CLA in this pathway, LA isomerase plays an important
role. Starter cultures, such as PAB, did not affect CLA
formation without presence of LA. Increase in the pro-
portion of milk fat and LA in yoghurt with P, freudenre-
ichii increased production of CLA. Kishino et al. (2002)
found that Lactobacillus plantarum AKU 1009a could
produce high content of CLA (3.88 mg mL™) in nutrient
media with 0.06% (w/v) LA. Khosravi-Darani et al. (2014)
reported that CLA content in probiotic yogurts contain-
ing PAB increased by 40% from average 8.01 mg g! fat
in non-treated yogurts to 11.03 mg g' fat in probiotic
yogurts containing grape seed oil as a source of LA.

Optimisation of CLA production using response
surface methodology

After selecting the most important affecting factors, cen-
tral composite design and RSM method were used to
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Table 3. Statistical data for analysis of variance of CLA production
in yogurt by PAB.?

Factors Coefficient t-value
A (Strains) -0.025 -0.35
B (Milk fat (%) w/w) -0.150 -2.14
C (Inulin (%) wiv) 0.225 3.14
D (Sunflower oil, g/L) -0.100 -1.42
E (Inoculum size, %) 0 0

F (Temperature, °C) -0.1000 -1.42
G (Storage time, days) 0.375 5.28

°A, = 4.9 (mean of experimental CLA), standard error,

S, =0.07, estimated error, S, = 0.04, tabulated t-value (degree of
freedom 6) at P < 0.05 is 1.94.

CLA: conjugated linoleic acid; PAB: propionic acid bacteria.

optimise the three factors (MFP, prebiotic concentration
and storage time at 4°C). Design matrix for these factors
in optimisation sets is described in Table 2. Results of
RSM in the form of ANOVA are provided in Table 4. P
< 0.05 demonstrates that the model terms are significant.
The ANOVA results established that quadratic regres-
sion for the production of CLA by P. freudenreichii ssp.
shermanii in yogurt models was significant. The lack-of-
fit test was insignificant (P = 0.314) and only 1.8% of the
total variations were not explained by the model (R* =
98.2%). The quadratic model was based on Eq. (1):

Y = 2,626 + 0.741X, + 1.001X, + 0.187X, — 0.155 (X,)>
- 0.242 (X,)* - 0.005 (X,)* - 0.04X X, - 0.006X, X,
+0.01X,X,, (1)

where Y, X, X, and X, were equivalent experimental
response, MFP, inulin concentration and storage time at
4°C, respectively. Effects of various levels of variables on
CLA production in yogurts by P. freudenreichii ssp. sher-
manii can be achieved using Eq. (1). Based on ¢-test and
P-value, Table 4 shows that MFP, inulin concentration
and storage time at 4°C significantly affected production
of CLA, while the three affecting factors were not signif-
icant (P < 0.05).

Effects of inulin and milk fat percentage on CLA
production

Figure 1 shows the effects of MFP, concentration of inu-
lin and storage time at 4 °C in yogurt on production of
CLA by P, freudenriechii in surface plots. In surface plot,
response is plotted for two independent variables at a
time, while other variables are fixed. Quantities of fat and
free LA in milk and presence of inulin play important roles
in survival of probiotic bacteria such as PAB as well as
production of CLA in yogurts ( Akalin et al., 2007; Xu et

Table 4. Analysis of variance results for CLA production in
yogurt by P, freudenreichii ssp. shermanii.

Source of Degree of Sum of Mean P
variation freedom squares square
Regression 9 7.839 0.871 0.000
Linear 3 4.290 0.769 0.000
Square 3 3.404 1.256 0.000
Interaction 3 0.145 0.048 0.157
Lack of fit 5 0.123 0.024 0.314
Pure error 2 0.020 0.010
Total 16 7.982
Factors Degree of  Coefficient ~ Standard P
freedom estimate error
Intercept 1 2.626 0.391 0.000
X, 1 0.741 0.270 0.029
X, 1 1.001 0.368 0.030
X, 1 0.187 0.023 0.000
X2 1 -0.155 0.055 0.027
X,2 1 -0.242 0.087 0.027
X2 1 -0.005 0.000 0.000
XX, 1 -0.040 0.040 0.356
XX, 1 -0.006 0.004 0.182
XX, 1 0.010 0.005 0.088

CLA: conjugated linoleic acid; PAB: propionic acid bacteria.

al., 2005). Figure 1a shows that increase in MFP up to 2.1%
(w/w) increased production of CLA in yogurt by P. freud-
enreichii ssp. shermanii; however, production of CLA
decreased at higher fat proportions. Results were similar
to those established by Wang et al. (2007), who reported
that the maximum production of CLA (78.8 pg mL™") was
produced by P, freudenreichii ssp. shermanii in MRS media
containing 12 mg mL~! of sunflower oil as a source of LA.
However, production of CLA decreased at higher concen-
trations of sunflower oil. Wang et al. (2007) demonstrated
that at 9.6 mg mL™" sunflower oil in SLM media, 73.9 ug
mL™ CLA was produced by P. freudenriechii. Again, the
concentration of CLA decreased significantly when con-
centration of oil was higher than 9.6 mg mL™.

Nieman (1954) reported that free fatty acids disrupted
permeability of cytoplasmic membranes in gram-pos-
itive bacteria and negatively affected the production of
CLA. Wang et al. (2007) reported antibacterial activity
of LA. Other studies have demonstrated that free fatty
acids have negative and inhibitory effects on produc-
tion of CLA by bacteria such as Lactobacillus planta-
rum, P. freudenreichii and Lactobacillus spp. (Alonso et
al., 2003; Lin, 2000; Lin et al., 1999). As shown in Fig. 1a,
production of CLA by P. freudenreichii ssp. shermanii
in yogurts increased with increase in the concentration
of inulin to nearly 2% (w/v). Increase in concentration

Italian Journal of Food Science, 2021; 33 (SP1)



CLA mglg

e e <$
Milk fat % (wiw)

Figure 1.

Bacterial conjugated linoleic acid bio-fortification of synbiotic yogurts

6.5
5.5
5.0
4.5

CLA mglg

1

2
Milk fat % (w/w) o}é

Surface plot of interactive effect on CLA production in yogurt by P, freudenreichii ssp. shermanii. (a) Effect of inulin

and milk fat percentage; (b) effect of storage time of yogurt at 4°C and milk fat percentage.

of inulin by 2% (w/v) or more decreased production of
CLA. The figure also shows that high concentrations of
inulin had negative effects and decreased the produc-
tion of CLA. Addition of high concentrations of inulin
to yogurts favoured further survival of yogurt starter cul-
ture bacteria, resulting in greater decrease in yogurt pH.
At lower pH, probiotic bacteria, such as PAB, have less
ability to grow and function and hence CLA production
decreases by these bacteria. Results of this study are sim-
ilar to the results of a study done by Effat et al.( 2019),
who reported that increasing inulin concentration in
yogurts from 3% to 5% decreased survival rate of probi-
otic bacteria.

In another study performed by Akalin et al. (2007), sig-
nificant increase in CLA levels was reported when fruc-
tooligosaccharides (FOS) were added to yogurts and
a 2.90-fold increase was observed in total CLA pro-
duction in yogurts manufactured with 2% FOS using
Bifidobacterium animalis.

Effects of yogurt storage time at 4°C and MFP
on CLA production

Figure 1b shows that at a constant MFP, production of
CLA in yogurts increased with increasing storage time
at 4°C. Increase in the concentration of CLA continued
until day 16 of storage of yogurt at 4°C, and then con-
centration of CLA decreased mildly. Studies have been
conducted on the effects of yogurt storage time at 4°C
on CLA production by different probiotics with various
results. The results obtained by Boylston and Beitz (2002)
indicated no significant change in yogurts’ CLA content
during storage for 7 days. In another study, Shantha et al.
(1995) also showed stability in yogurts’ c9t11-CLA iso-
mer concentration at refrigerated storage for 42 days.
In a study done by Akalin et al. (2007), relative decrease
was reported in the concentration of ¢c9t11-CLA isomer
after 28 days. The major reason for decrease in yogurts’
CLA concentration at storage time included oxidative

Milk fat Inulin C Storage
3.50 3.0 21.0
[1.7576) [2.2727) [16.9596)
1.0 1.0 1.0

Figure 2. Optimisation plot of CLA production in yogurt by
P, freudenreichii ssp. shermanii.

reactions that caused destruction of conjugated dou-
ble bond system. Figure 2 points the best conditions for
the production of CLA in yogurts by P. freudenreichii
ssp. shermanii. The best values for the three variables of
MEP (X,), inulin concentration (X,) and storage time at
4°C (X,) included 1.75% (w/w), 2.27% (w/v) and 17 days,
respectively; the highest CLA production by P freud-
enreichii ssp. shermanii was seen in yogurts containing
inulin (X,).

Verification of the model

To verify the model, yogurt samples were prepared under
optimal conditions of MFP (1.75% w/w), inulin concen-
tration (2.27% w/v) and storage time at 4°C (~17 days)
in three replicates, and the quantity of CLA in yogurts
containing P, freudenreichii ssp. shermanii under optimal
conditions was compared with two other yogurt samples
from Section 2.4. The highest quantity of CLA included
6.4 + 0.2 mg g'lipid. Model and regression didn't estab-
lish significant lack of fit between experiments and
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Figure 3. CLA production during storage of yogurt samples
at 4°C. Yogurts: YC (m), YC + PS4 (A), YC + PS4 + inulin ().

predicted values of CLA production by P. freudenreichii
ssp. shermanii in yogurts (6.70 mg g* lipid; Fig. 3).

As seen in Fig. 3, the highest production rate of CLA
occurred in yogurt samples containing P. freudenreichii
ssp. shermanii, compared with control yogurt within the
first 24 h of storage. This production rate of CLA was
equal to 4.9 and 4.5 mg g! lipid, respectively, for the
yogurt samples of P. freudenreichii ssp. shermanii and inu-
lin and those without inulin, while this value of CLA was
2.6 mg g! lipid for control yogurts. Similar results were
reported in a study done by Wang et al. (2007), which
resulted in the highest production of CLA in three cul-
ture media of SLM, MRS and skim-milk at 24 h. Figure 3

shows that on early days of storage of yogurt samples
(up to day 6), no significant differences were seen in the
production of CLA by P. freudenreichii ssp. shermanii for
yogurt samples (with or without inulin), with 189% and
191% increase in production of CLA, respectively, com-
pared with control yogurt samples. On day 16 of storage,
quantity of CLA in yogurts containing inulin reached to
6.4 mg g! lipid, increasing by 256%, compared with con-
trol samples. For yogurts without inulin, this increase was
239%. In yogurt samples containing P. freudenreichii and
inulin, decreased concentration of CLA was observed
after day 16, similar to the results of optimisation shown
in Fig. 2. As previously stated, oxidative reactions that
destroyed conjugated double bond systems were the
major reasons for decrease in CLA concentration.

Microbiological viable count analysis

Bacterial count results of the three yogurt samples pro-
duced using the co-culture method during 3 weeks are
compared with each other in Table 5. Viable counts of
S. thermophilus in control yogurt samples without inu-
lin during 21 days of storage decreased from 9.41 log
CFU mL™! on day 1 to 8.70 log CFU mL! on day 21. In
this yogurt sample, a decrease in L. delbrueckii ssp. bul-
garicus was seen from 8.19 log CFU mL! to 5.87 log
CFU mL"!, which was much higher for L. delbrueckii
ssp. bulgaricus than for S. thermophilus in all samples.
Low storage temperatures and over acidification have
been reported for this decrease (Ekinci and Gurel, 2008).

Table 5. Viable cell count of starter cultures in fermented skim-milk during 21 days of storage at 4°C.?

Viable count Storage time (days)  YC (log CFUmL™)  YC + PS4 (log CFUmL™")  YC + PS4 + Inolin (log CFU mL"")
Streptococcus thermophilus 1 9.41£0.02 9.43 +0.02 9.35+0.04
7 9.08 £ 0.03 9.42 +0.04 9.19+0.07
16 9.04 £ 0.06 9.31+0.01 9.27 £ 0.02
21 8.70 £ 0.05 8.76 £ 0.01 8.64 £ 0.1
Lactobacillus delbrueckii 1 8.19+0.08 8.04 £ 0.04 8.32 £ 0.05
ssp. bulgaricus 7 7.12£0.09 7124009 8.02+0.09
16 6.4310.03 7.08 £ 0.06 7.07 £0.01
21 5.87 £ 0.04 6.19 £ 0.02 6.08 £ 0.05
P, freudenreichii ssp. 1 — 9.18 £ 0.04 9.32+£0.5
shermanii 7 — 7.97 +0.01 9.05+0.03
16 — 6.16 + 0.05 8.00 £ 0.01
21 — 5.98 + 0.08 6.33 £ 0.09

@Mean # standard deviation (SD).

YC: yogurt starter culture containing Streptococcus thermophiles and Lactobacillus delbrueckii ssp. bulgaricus.
YC + PS4: yogurt starter culture containing Streptococcus thermophiles, Lactobacillus delbrueckii ssp. bulgaricus and P, freudenreichii ssp.

shermani.

YC + PS4 + inulin: yogurt starter culture containing Streptococcus thermophiles, L. delbrueckii ssp. bulgaricus, P, freudenreichii ssp. shermanii and

2.25% inulin added to yogurt sample.
CFU: colony-forming unit.
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Similar results are reported from other studies ( Ekinci
and Gurel, 2008; Giiler-Akin and Akin, 2007; Ranadheera
et al., 2012). Results presented in Table 5 indicate that
a similar decrease was observed in the viable count of
S. thermophiles and L. delbrueckii ssp. bulgaricus during
21 days of storage in yogurt containing P freudenrei-
chii ssp. shermanii (YC and PS4). This decrease was less
pronounced for L. delbrueckii ssp. bulgaricus. Results
demonstrated that addition of P. freudenreichii ssp. sher-
manii to yogurt samples did not affect negatively yogurt
starter cultures (ST and LB). Comparison of yogurt sam-
ples with and without inulin demonstrated that presence
of prebiotics, such as inulin, could significantly affect
the count number of P freudenreichii ssp. shermanii.
As shown in Table 5 for yogurts containing inulin (YC,
PS4 and inulin), number of P. freudenreichii ssp. sher-
manii after 16 days of storage was 8.00 log CFU mL™.
In yogurts without inulin, this value was 6.16 log CFU
mL~L. Other studies (Capela et al., 2006; Oliveira et al.,
2009) have reported positive effects of prebiotics, such as
polydextrose, oligofructose and maltodextrin, on the sur-
vival of probiotics.

Conclusions

In this study, P. freudenreichii ssp. shermanii was used
with traditional yogurt starter cultures (ST and LB) to
enrich and produce CLA in yogurts. Results from PBD
design demonstrated that three factors of MFP, inu-
lin concentration and storage time at 4°C significantly
affected CLA production in yogurts by P. freudenreichii
ssp. shermanii using RSM design and optimising con-
ditions of the three highlighted factors. The highest
production of CLA (6.4 mg g! lipid) in yogurts was
achieved with 1.75% (w/w) of fat, 2.25% (w/v) of inu-
lin and 17 days of storage at 4°C, establishing a 256%
increase in total CLA production compared with con-
trol yogurt samples. In conclusion, results of this study
have revealed that P, freudenreichii ssp. shermanii exerts
no negative effects on growth of yogurt starter cultures,
and inulin could be beneficial for further survivals of
P, freudenreichii.
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