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Abstract: Vast amounts of information can be obtained by systematic explorations of synergy between
phytochemicals and probiotics, which is required for the development of non-dairy probiotic products,
globally. Evidence confirms that the same probiotic strain can have different efficiencies depending on
the food matrix. One such functional property, viz., antipathogenicity of the probiotic strain against
Shigella was investigated in this study. The potential of two fruit based (apple and sea buckthorn)
beverage matrices fortified with Lactobacillus rhamnosus GG (ATCC 53103), against outbreak-causing
serotypes of Shigella dysenteriae (ATCC 29026) and Shigella flexneri (ATCC 12022) was evaluated.
The originality of this study lies in the fact that the functionality assessment was performed with a
more realistic approach under storage conditions from 0-14 days at 4 °C. The finding confirms that
Lactobacillus rhamnosus GG (LGG) differs in its potential depending on beverage matrices. Principal
Component Analysis (PCA) clustered the matrices based on their pathogen clearance. LGG fortified
sea buckthorn beverage matrix showed 99% clearance of S. dysenteriae within the first hour compared
to 11% in apple beverage matrix. Interestingly, S. flexneri showed more resistance and was cleared
(99%) in the LGG fortified sea buckthorn beverage matrix within three hours compared to 5.6% in
apple matrix.

Keywords: PCA; L. rhamnosus GG; sea buckthorn; Shigella

1. Introduction

Infectious diarrhea is one of the leading causes of mortality in developing and under developed
countries [1]. In 2015, approximately 2.3 billion illnesses and 1.3 million deaths were reported due
to diarrheal diseases worldwide, out of which children below five years of age accounted for 40% of
diarrheal deaths [2]. The major bacterial entero-pathogens reported as etiological agents for diarrhea
associated diseases are Shigella, entero-toxigenic E. coli, Salmonella, Yersenia and Campylobacter [3].
Shigellosis—a severe foodborne illness caused by Shigella—is an invasive infection of the colon,
characterized by a series of systemic manifestations, beginning from short-lasting diarrhea to acute
inflammatory bowel disease [4]. Shigella sp. is highly communicable at an extremely low infectivity
dose, and is generally transmitted person-to-person as a result of poor hygiene [5]. Shigellosis
results in about 800,000 fatalities annually throughout the world, predominantly in Sub-Saharan
Africa and South Asia [6,7]. The Global Enteric Multicenter Study (GEMS) on the burden and
etiology of moderate-to-severe diarrheal illness (MSD) established Shigella as 1 of 4 top pathogens in
Sub-Saharan Africa and South-East Asia [8]. Among South-East Asian countries, the occurrence rate
of Shigellosis was highest in India (21.7%), followed by Cambodia (19.8%), Philippines (17.9%), and
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Vietnam (9.0%) [9]. While antimicrobial agents are the mainstay of therapy, the emergence of drug
resistance has limited the choice of antibiotics for treating Shigellosis [4,10]. Additionally, the negative
influences of antibiotics on gut-microbiota homeostasis have paved the way for alternative treatments
of Shigellosis [11].

Probiotics are an efficient alternative therapy for acute infectious gastroenteritis and
diarrhea-associated diseases [12]. This is mainly due to immune stimulation and immunomodulatory
effects, together with the modulation of the gut microflora [13]. Several studies have reported the
beneficial effect of probiotics against entero-pathogenic infections [14,15]. Zhang et al. (2011) reported
strong antimicrobial action of four probiotic strains, Lactobacillus paracasei subp. paracasei M5-L,
Lactobacillus rhamnosus J10-L, Lactobacillus casei Q8-L and L. rhamnosus GG (LGG) against Shigella
sp. [16]. Similarly, Kakisu et al. (2013) explained the antagonistic potential of L. plantarum CIDCA
83114, against Shigella flexneri and Shigella soneii [17].

Evidence from these observations have paved the way for probiotic functional foods [18,19].
Various foods and beverages have been explored as second-generation vehicles for probiotic
delivery [20-22]. One such class of vehicles are fruits and vegetable matrices [23,24]. However, selection
of an appropriate food system as a delivery matrix remains a crucial factor, since the finished products
need to have adequate probiotic viability, acceptable sensory attributes and potent bio-efficacies [25-27].
There exists a two-way relationship between plant phenolics and gut microflora [28]. Gut microflora,
including probiotics, are mostly anaerobes or facultative aerobes; therefore, these phenolic compounds
are acting as antioxidants that scavenge and reduce the oxygen, thereby promoting its growth [29].
Furthermore, phenolic compounds enhance the potential of probiotics to produce antimicrobial
compounds, thereby upgrading the safety of food and human health [30].

Earlier we have explored two phenolic-rich beverage matrices—apple (APJ) and sea buckthorn
(SBT) based matrices—as probiotic delivery vehicles. We demonstrated efficacious pathogen clearance
of entero-pathogenic E. coli (ATCC 43887), Salmonella enteritidis (ATCC 13076), Shigella dysenteriae
(ATCC 29026) and non-pathogenic E. coli (ATCC 25922) in freshly made beverage matrices [31,32].
However, in order to be effective, any probiotic fortified beverage must retain effectiveness of the
probiotic strain in spite of a long shelf life. In this study, we have applied principal component analysis
(PCA) to cluster the response of different beverage matrices based on their anti-Shigella potential, when
stored for 14 days at 4 °C.

2. Materials and Methods

2.1. Raw Materials and Bacterial Strains

Malt extract powder (M) (Imperial Malts Ltd., Gurgaon, Haryana, India), was the major ingredient
used to prepare the probiotic fortified apple and sea buckthorn beverages. Probiotic Lactic Acid Bacteria
(LAB), Lactobacillus rhamnosus GG (ATCC 53103) was used for the fortification in the fruit matrices.
Pathogenic strains of Shigella, namely, Shigella dysenteriae (ATCC 29026), and Shigella flexneri (ATCC
12022) were used as test organisms in this study. All strains were procured from American Type
Culture Collection (Microbiologics, MN, USA).

2.2. Development of Juice Matrices

The fruit based probiotic beverages were prepared according to Sireswar et al. (2017) [31]. Briefly,
fresh apples and sea buckthorn berries were collected from Himachal Pradesh, India and were subjected
to juice extraction, filtration and adjusted to pH 4.5 with tri-sodium citrate (Sigma-Aldrich Co., St Louis,
MO, USA). The freshly extracted sea buckthorn and apple juice were separately supplemented with
M at a concentration of 5% (w/v) and pasteurized at 95 °C for 5 min. The 2 juice matrices, namely,
M-supplemented apple juice (AP] + M) and M-supplemented sea buckthorn juice (SBT + M) were
individually fortified with approximately 8 log cfu/mL of L. rhamnosus GG (ATCC 53103) (LR), namely,
L. rhamnosus GG fortified, malt-supplemented apple juice (AP] + M + LR) and L. rhamnosus GG fortified,
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malt-supplemented sea buckthorn juice (SBT + M + LR). All probiotic beverages were tightly sealed
and stored at 4 °C for further evaluation.

2.3. Evaluation of Anti-Shigella Potential of the Probiotic Beverages during Shelf Storage

The anti-Shigella potential of the probiotic beverages were evaluated according to Sireswar et al.
(2017) with slight modifications [31]. A known volume of each probiotic-fortified beverage (containing
approximately 8 log cfu/mL of probiotic), were inoculated with about 6 log cfu/mL of each strain,
Shigella dysenteriae and Shigella flexneri, and incubated at 37 °C for 48 h. Aliquots of the sample were
taken at 0, 1, 2, 3, 4, 8, 24 and 48 h to enumerate both the pathogens as well as the probiotics. At each
time interval, the sample was serially diluted and plated on MacConkey agar for pathogens and
incubated at 37 °C for 24 h, and on MRS agar plates for probiotics were incubated at 37 °C for 48 h.
The same procedure was repeated at equal intervals up to 14 days of shelf storage at 4 °C. The data are
expressed in terms of percentage pathogen clearance:

log reduction (L) = logio A — logio B 1)

where A is the initial cfu/mL and B is the final cfu/mL of the pathogen. The initial and final log cfu
data has been mentioned in Tables S1 and S2 in the Supplementary File.

percentage pathogen clearance (%) = (1 — 1071 x 100 2)

2.4. Total Phenolic Content (TPC)

The total phenolic content of the probiotic beverages (AP] + M + LR and SBT + M + LR) were
analyzed according to the Folin-Ciocalteu method by Singleton et al. (1999) [33]. Briefly, 20 uL of each
juice sample was added to 1.58 mL of water and 100 pL of Folin-Ciocalteu reagent (Sigma-Aldrich
c0.). The mixture was vortexed for 30 s and allowed to stand for 5 min. To the mixture, 300 uL of
saturated sodium carbonate was added and incubated at 20 °C for 2 h and absorbance was determined
at 765 nm. The results were expressed as ng/mL of Gallic Acid Equivalent (GAE) using a Gallic acid
standard curve of 0, 50, 100, 150, 250 and 500 ng GAE/mL. Unfortified juice matrices were taken as
control (AP] + M and SBT + M).

2.5. Statistical Analysis

To test the significance of the antagonistic potential of each beverage against the Shigella strains,
Principal Component Analysis (PCA) was applied to the percentage pathogen clearance data set
through multivariate exploratory techniques using XLSTAT software (version 2015.6, Addinsoft, SARL,
Paris, France). A data matrix was constructed where the samples from each interval, that is 0, 7
and 14 days, were inserted in rows and the antagonistic potential against each strain at each hour of
co-incubation were placed in columns and 2D plots were generated to predict the variability among the
principal components. All total phenolic content (TPC) data are as an average of triplicate experiments
with standard deviation.

3. Results and Discussion

Percentage Pathogen Clearance and Principal Component Analysis (PCA)

It is well known that plant phenolic compounds have a significant impact on the functionality
of probiotics [34-36]. A few reports specifically on the potential of sea buckthorn and apple juice
against Shigella sp. also exist [37,38]. The complex matrix environment and its physicochemical
attributes, especially of beverage matrices for probiotic delivery, alter the potential of probiotic strains
by modifying their efficacy and functionality during storage [39]. There is sufficient evidence of change
in functionality of probiotics without any alteration in the level of viable cells during storage [40].
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Hence, it is necessary to know the alterations that may occur in the functionality of probiotics in a food
matrix during storage, even though the viable count may not have changed. Earlier we have reported
the symbiosis of apple and sea buckthorn phenolics, with probiotic action against entero-pathogens [31].
Those observations formed the premise for the current evaluation, where we apply PCA to evaluate
the efficiency of the influence of beverage matrices fortified with L. rhamnosus GG for elimination of
Shigella dysenteriae and Shigella flexneri during a storage period.

Tables 1 and 2 represent the percentage pathogen clearance of the unfortified matrices, APJ] + M,
SBT + M, and probiotic fortified beverages, AP] + M + LR and SBT + M + LR during shelf storage at
regular intervals (Day 0, Day 7 and Day 14) against S. dysenteriae and S. flexneri, respectively. Results
indicated that the highest pathogen clearance was demonstrated in SBT + M + LR against both Shigella
species. A pathogen clearance of 99.99% was observed within 1 h of co-incubation in SBT + M + LR
at day 0 against S. dysenterige. Similar pathogen clearance (99.99%) was observed only after 4 h in
APJ + M + LR. For SBT + M + LR, when co-incubated for 1 h with S. flexneri, only 8.4% clearance
was shown, and for APJ] + M + LR clearance was as low as 5.09%. However, S. flexneri was finally
eliminated after 3 h of incubation in the case of SBT + M + LR. Interestingly, SBT + M + LR, when
stored for 7 days showed nearly complete pathogen clearance after a lag of 2 h, and APJ + M + LR after
lag of 4 h, indicating that storage may influence the functionality of the probiotic. Similar functional
evaluations of stored probiotic beverages fortified with LGG have not been carried out and hence are
not available for comparison. However, a somewhat similar assessment of elimination of P. aeruginosa,
E. coli, S. aureus and S. enteritidis by L. casei and B. animalis-fortified whey cheese matrix was performed
by Madureira et al. (2011) [40]. The authors reported elimination of E. coli, S. aureus and S. enteritidis at
the much lower contaminant inoculum level of 10>~10* cfu/g after a much longer co-incubation period.
No elimination was observed with respect to P. aeruginosa in L. casei-fortified matrix after 14 days of
storage [40].

Another important observation of the study was that fortification of probiotic strain L. rhamnosus
GG significantly enhanced the anti-Shigella potential of both SBT and AP] matrices. Unfortified juice
matrices (SBT + M) showed 76.1% pathogen clearance for S. dysenteriae and 56% pathogen clearance
for S. flexneri after 8 h of co-incubation. While comparing the two pathogens, S. dysenteriae was more
easily susceptible to inhibition than S. flexneri. This may be because of the higher stress resistance and
acid tolerance of S. flexneri. In and colleagues in 2013 reported the sensitivity of S. dysenteriae to organic
acids in comparison to other Shigella serotypes, namely, S. soneii, S. boydii and S. flexneri [41]. Our results
corroborate the previous results of Bagamboula et al. (2002), which established the survival of S. flexneri
in highly acidic apple juice for 14 days [42]. The lag in pathogen inhibition could also be due to the hfq
protein in S. flexneri, acting as a key factor in maximal adaptation to environmental stress—especially
low pH conditions—thereby regulating acid stress tolerance within the matrix environment [43].

Table 1. Percentage pathogen clearance potential of L. rhamnosus GG fortified sea buckthorn (SBT) and
apple juice (APJ) against Shigella dysteneriae during 14 days of shelf storage.

Percentage Pathogen Clearance (%) 1h 2h 3h 4h 8h
SBT + M (Day 0) 6.78 9.88 1726  37.82 76.1
SBT + M (Day 7) 5.56 8.19 2792 48.19 69.37
SBT + M (Day 14) 448 9.16 11.28 2828  69.29

SBT + M + LR (Day 0) 99.99  99.99  99.99  99.99 99.99
SBT + M + LR (Day 7) 99.26  99.62  99.99  99.99 99.99
SBT + M + LR (Day 14) 89.28  99.08 9999  99.99 99.99
APJ + M (Day 0) 5.43 8.12 10.75 20.18  57.19
APJ + M (Day 7) 4.49 8 11.18 2627 5216
APJ + M (Day 14) 441 7.72 169 2227 5534
APJ + M + LR (Day 0) 10.75 1528  91.68  99.99 99.99
APJ + M + LR (Day 7) 9.26 10.26 1343 92.89 99.99

APJ + M + LR (Day 14) 8.27 9.17 15.29 90.48 99.99
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Table 2. Percentage pathogen clearance potential of L. rhamnosus GG fortified sea buckthorn (SBT) and
apple juice (APJ) against Shigella flexneri during 14 days of shelf storage.

Percentage Pathogen Clearance (%) 1h 2h 3h 4h 8h
SBT + M (Day 0) 47 5.67 10.18  22.19 56.1
SBT + M (Day 7) 4.56 6.18 1798  27.63  54.29

SBT + M (Day 14) 43 5.56 6.11 28.82  55.28
SBT + M + LR (Day 0) 8.4 90.58  99.73 99.87  99.99
SBT + M + LR (Day 7) 8.38 17.19 90.3 99.36  99.99
SBT + M + LR (Day 14) 8.29 11.19 9026 99.17  99.99

APJ + M (Day 0) 4.67 4.89 5.08 5.78 4298

APJ + M (Day 7) 43 6.19 8.19 2898 4017

APJ + M (Day 14) 429 5.56 6.98 30.27 40.1
APJ + M + LR (Day 0) 5.09 5.18 5.56 6.87 99.99
APJ +M + LR (Day 7) 4.08 5.09 5.42 5.95 90.72

APJ + M + LR (Day 14) 4 5.18 5.87 6.9 90.36

To distinctively discriminate the pathogen clearance ability of the probiotic fortified matrices,
we carried out a Principal Component Analysis (PCA) based on their anti-Shigella potential during
shelf storage. This analysis is of importance as it provides an indication of the matrix-specific pathogen
clearance potential. The biplot (Figure 1) explains 96.31% of total variation, with factor 1 on x-axis
depicting 80.49% of the data and factor 2 on the y-axis explaining 15.83%. Similarly, in Figure 2,
the biplot explains 89.57% of total variation, with factor 1 on x-axis depicting 76.84% of the data
and factor 2 on the y-axis explaining 12.73%. Factor 1 accounts for the highest percentage pathogen
clearance against S. dysenteriae and S. flexneri respectively. Factor 2 was characterized by the lag in time
with respect to pathogen clearance.

The PCA biplot (Figures 1 and 2) illustrated specific functionality differences between
matrices and clustered the beverages according to their composition; Cluster I—SBT + M + LR,
Cluster I—AP] + M + LR, Cluster III—APJ + M and SBT + M. As mentioned earlier, the absence of
probiotics had a negative impact on the pathogen clearance ability of the juice matrices.

Observations (axes F1 and F2: 96.31 %)

APJ+M+LR Day 14
» APJ+M+LR Day 7

+ APJ+M+LR Day 0

SBT+M Day 14
SBT+M Day 7

SBT+M Day 0

F2(15.83%)

SBT+M+LR Qay 14

SBT+M+LR Day 7
SBT+M+LR Day 0

APJ+M Day 7
“* APJ+M Day 0
APJ+M Day 14

F1(80.49%)

Figure 1. PCA biplot of the percentage pathogen clearance of unfortified matrices and L. rhamnosus GG
fortified beverages against S. dysenteriae. The anti-S. dysenteriae activity of the LGG fortified beverages
were performed at regular intervals (Day 0, Day 7 and Day 14) during the storage period. S. dysenteriae
was co-incubated in different beverage matrices at 37 °C and evaluated for viable counts. The pathogen
clearance percentage was calculated as per the formula provided in Section 2.3.
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Observations (axes F1 and F2: 89.57 %)

API+M+LR Day 0
APJI+M+LR Day 7
*

APJ+M+LR Day 14

F2 (12.73 %)

., SBT+M+LR Day 14
« SBT+M+LR Day 7

SBT+M Day 14
.+ SBT+M Day

. +
- AP+M DRy g M Pav 7

« APJ+M Day 7
APJ+M Day 14

SBT+M+LR Day 0

F1(76.84%)

Figure 2. PCA biplot of the percentage pathogen clearance of unfortified matrices and L. rhamnosus GG
fortified beverages against S. flexneri. The anti-S. flexneri activity of the LGG fortified beverages were
performed at regular intervals (Day 0, Day 7 and Day 14) during the storage period. S. dysenteriae was
co-incubated in different beverage matrices at 37 °C and evaluated for viable counts. The pathogen

clearance percentage was calculated as per the formula provided in Section 2.3.

6 0f 9

Another important conclusion that may be drawn from the PCA is that among probiotic fortified
beverages, the total phenolic content of the matrices also influenced the efficiency. A synergistic
interaction of probiotics along with phenolics is indicated. Reports of the selective stimulation of
probiotic strains Lactobacillus bulgaricus and Bifidibacterium bifidis in pasteurized blueberry juice along
with the inhibition of several foodborne pathogens indicated that irrespective of the presence of a
probiotic strain, the phenolic content synergistically played a role in the elimination of both the Shigella
stains [44]. To confirm the synergistic role, the total phenolic content of the beverage matrices were
estimated (Figure 3). The SBT + M + LR had nearly two-fold more phenolic content (663.18 pgGAE/mL)
as compared to AP] + M + LR (342.87 ugGAE/mL).

800+

600

400+

2004

Total phenolic content (pg GAE/ml)

E3 Day 0
Day 7
E3 Day 14

APJ+M+LR

Figure 3. Total phenolic content of unfortified and L. rhamnosus GG fortified sea buckthorn and apple

beverages during 14 days of cold storage.
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Importantly, under storage conditions, the levels of phenolics in the beverage matrices did not
change significantly during the 14 days period. Thus, it may be concluded that the functionality
difference and the clustering shown by the beverage matrices is due to the two differentiators, viz.,
the presence of probiotics and presence of phenolics. In future we will be reporting on the phenolic
profile of the matrices.

Some articles have been dedicated to the evaluation of antipathogenic potential of dairy probiotic
products [45-47]. This is probably a rare study where the probiotic functionality has been evaluated in
fruit beverage matrix with respect to its antipathogenic activity in more realistic conditions where it
has been stored for 7-14 days at 4 °C.

4. Conclusions

We were able to successfully establish that together, phenolic and probiotic strain, L. rhamnosus
GG can form an effective barrier against two potent diarrhea-causing Shigella strains. Such rational
designing of fruit based probiotic beverages could be of great help to second-generation probiotic
product developers who could utilize competitive LAB strains and juice phenolics for creating effective
barriers against Shigella during storage.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2311-5637/4/2/34/s1,
Table S1: Antagonistic activity of L. rhamnosus GG fortified sea buckthorn (SBT) and apple juice (APJ) against
Shigella dysteneriae during 14 days storage, Table S2: Antagonistic activity of L. rhamnosus GG fortified sea
buckthorn (SBT) and apple juice (APJ]) against Shigella flexneri during 14 days storage.
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