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Abstract The probiotic attributes and genomic profiles of
amylase-producing Lactobacillus strains from rice-based
fermented foods of Meghalaya in the North-Eastern India
were evaluated in the study. A preliminary screening of 17
lactic acid bacteria strains was performed based on their
starch hydrolysis and glucoamylase activities. Out of 17
strains, 5 strains (L. fermentum KGL4, L. rhamnosus RNS4,
L. fermentum WTS4, L. fermentum KGL2, and L. rhamnosus
KGL3A) were selected for further characterization of differ-
ent probiotic attributes. Whole-genome sequencing of two of
the best strains was carried out using a shotgun sequencing
platform based on their rich probiotic attributes. The EPS
production was in the range of 2.89-3.92 mg/mL. KGL2
(41.5%) and KGL3A (41%) showed the highest antioxidant
activity. The highest antibiotic susceptibility was exhibited
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by all the five Lactobacillus strains against ampicillin, rang-
ing from 24.66 to 27.33 mm. The lactobacilli isolates used
in the study could survive the simulated gastric/intestinal
juices. Genomic characterization of KGL4 and KGL3A
illustrated their possible adherence to the intestinal wall,
specialized metabolic patterns, and possible role in boost-
ing host immunity.
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CDS Coding sequences
ncRNA Non-coding RNA
BSH Bile salt hydrolase
Introduction

Amylases catalyze the conversion of starch’s a-D-1,4-
glycosidic bonds to short oligosaccharides, which are in
high demand in the food and dairy sectors. Besides that,
microbial-based amylase enzymes are advantageous due to
their ease of manipulation and robustness as compared to
other sources, as well as their cost-effectiveness in bulk pro-
cessing. The majority of conventional fermented foods are
manufactured from cereals and are readily available in most
areas. Since cereals are high in amylose and amylopectin-
based starch, amylolytic bacterial cultures are more common
in fermented cereals (Ghosh et al. 2015). Lactic acid bacteria
(LAB) with amylolytic activity, on the other hand, has an
advantage due to its health benefits and social acceptance
as a food ingredient (Gobbetti et al. 2005). Since starch is a
less expensive source of saccharification than sucrose in the
food industry, amylolytic LAB is advantageous and effective
in the fermented food industry. Traditional fermented foods
are consumed by a group or province as part of an ancient
practice and provide considerable health benefits when
ingested. Furthermore, as a part of traditional fermented
foods, the process and recipe have been around for a long
time, making it a reliable source of native microorganisms
(Marco and Golomb 2016). These microorganisms could
be employed as starter cultures with high nutritional value,
health advantages, and functional probiotic properties. As a
result, food industries are looking for starter cultures to use
in the fermentation process to achieve the necessary consist-
ency, texture, nutritional content, and additional health ben-
efits with natural safety (Leroy and Vuyst 2004). Probiotics
are live bacteria that can withstand the rigors of the intesti-
nal tract and promote the host’s health. Before a microbial
strain is considered for use as a probiotic, it must pass safety
tests. However, each strain should be evaluated for several
factors, including its potential to thrive in the gastrointesti-
nal system, and substantially modulate the gut microbiota
composition imbalance by increasing the bacterial popula-
tion (Azad et al. 2018). In the gut, prebiotics combined with
probiotics provide an additional health benefit and also sup-
ply the feed for the gut bacteria for their growth and nour-
ishment. Polysaccharides and starches have previously been
thought to have prebiotic qualities (Lovegrove et al. 2017).
The Northeastern Indian States are home to a wide variety
of ethnic tribal cultures and traditions that have been well
preserved over ancient times, so has been their lifestyle and
eating habits. Rice is a major component of the diet in this
region, and people prepare a variety of rice-based fermented

foods as well as rice-based beverages (Mishra et al. 2021a).
As aresult, the study aimed was to isolate amylase-produc-
ing LAB from rice-based traditional fermented foods and
beverages common in Meghalaya’s tribal area in the North-
Eastern part of India, characterize their probiotic potential,
and then sequence the whole genomes of LAB isolates with
high probiotic attributes.

Material and methods
Isolation and biochemical analysis of lactic cultures

Samples of traditional starter culture, i.e., wanti (50 g) and
traditional fermented rice beverage were collected (100 mL)
from the three hills (Khasi, Jaintia, and Garo) of Megha-
laya state. The isolates were obtained from the rice-based
fermented foods and beverages following the methods of
Mishra et al. (2021b). These isolates were further screened
based on the classical characteristics of Lactobacillus sp. as
shown in Table S1 and S4. The isolates were further classi-
fied using biochemical methods. The API 50 CHL kit for the
identification of the genus Lactobacillus and related genera
(bioMérieux, France) were used as per the manufacturer’s
instructions for various carbohydrate utilization patterns.

Physiological and molecular analysis

Tolerance of the isolates against 6.5% NaCl was determined
adapting the methods from Mulaw et al. (2019). The catalase
test was also conducted by dripping two drops of hydrogen
peroxide (3%) on 24 h-old cultures on a glass slide (Mulaw
et al. 2019). The PCR amplification techniques were adopted
from Mishra et al. (2021b). Molecular characterization of
isolates was done by PCR using primers, 27F (5' TACGGY
TACCTTGGACGACTT 3') and 1492R (5" AGAGTTTGA
TCAMTGGCTCAG 3') (Eurofins Scientific India Pvt. Ltd.,
Bengaluru, India).

Total amylase activity (starch hydrolysis)
and glucoamylase activity

The bacterial strains positive for amylase activity were con-
firmed by the method adapted from Okolo et al. (1996).
The glucoamylase activity of the LAB isolates was meas-
ured spectrophotometrically at 305 nm using the method of
McCleary et al. (1991), using p-nitrophenyl-glucopyrono-
side as the substrate.

in vitro assessment of safety attributes

Lactobacilli cultures were screened for hemolytic activity
by streaking on Sheep Blood Agar Plate (MP1301 HiMedia,
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India) (Guerra et al. 2018). The LAB isolates were evaluated
to degrade mucin in vitro, in order to assess their potential
pathogenicity and local toxicity following the methodology
of Zhou et al. (2001). For the DNAse activity, the isolates
were streaked on the DNase Test Agar Base (M482, HiMe-
dia, India), and the plates were incubated at 37 °C for 48 h,
followed by the addition of 1 M HCI solution to the plates
(Fonseca et al. 2020).

Probiotic potential of selected isolates (in-vitro)
pH tolerance

pH 2 and 3 with time intervals of 0, 1, and 3 h, were exam-
ined in MRS broth solution by adjusting with a hydrochloric
acid solution. The survival of Lactobacillus isolates was cal-
culated in terms of log CFU/mL (Hati et al. 2018).

Bile salt tolerance and bile salt hydrolase activity

Bile tolerance and hydrolase activity was studied according
to the method suggested by Singhal et al. (2019).

Cholesterol assimilation potential

The method of Gilliland and Walker (1990) adopted by Das
et al. (2020) was followed for determining the cholesterol
assimilation potential of the lactic isolates. Fifty ug/mL
of cholesterol was aseptically added into 10 mL of MRS
broth base containing 0.2% sodium thioglycollate and 0.3%
sodium taurocholate. To this broth media tubes, 24 h active
test strain of LAB was inoculated at the rate of 2%. The
tubes were incubated anaerobically under reduced O2 con-
ditions in a gas pack jar at 37 °C up to 24 h. Thereafter,
the content of the tubes was centrifuged at 10,000 rpm for
10 min at 4 °C (Eppendorf Centrifuge, US). Supernatant
broth obtained thus was treated as sample and 0.5 mL of the
same was transferred into a clean test tube.

Extraction: To the above sample, 3 mL of 95% ethanol
followed by 2 mL of 50% KOH were added to the tubes
and the contents were mixed thoroughly on a cyclomixer.
Thereafter the tubes were heated for 10 min in a water bath
maintained at 60 °C and cooled subsequently. Further, 5 mL
of hexane was added, and the tubes were mixed thoroughly.
Then, 3 mL of distilled water was added, and the mixing was
repeated. To permit phase separation, the tubes were allowed
to stand for 15 min at room temperature. Thereafter, 2.5 mL
hexane layer was transferred into clean test tubes. The hex-
ane was evaporated from the tubes by heating them at 60 °C
using hot water bath for an overnight period.

Estimation: In this method, 4 mL of OPA reagent (50 mg
OPA per liter of glacial acetic acid) was added in above
dried extracts and the tubes were allowed to stand at room
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temperature for 10 min. Then, 2 mL of concentrated sul-
phuric acid was added slowly from the side of the test tube
and the contents mixed thoroughly on cyclomixer. The
tubes were allowed to stand at room temperature for further
10 min. Then, the test absorbance was read against blank
at 550 nm wavelength on Systronic PC based double beam
Spectrophotometer, 2206. Results were recorded in terms
of percentage reduction in cholesterol in the test superna-
tant broth as compared to that in the uninoculated blank
supernatant broth. A % reduction in cholesterol in the test
supernatant broth when compared to the uninoculated blank
supernatant broth was reported.

—Cl1

% cholesterol removal from media = [CO—

]x100
co

where, CO: ODss, of MRS broth supernatant containing
culture, C1: ODs5, of MRS broth supernatant without any
culture.

Antibiotic susceptibility

The antibiotic zone scale was used to measure the diameter
(mm) of the zone of inhibition around the antibiotic discs,
and the results were expressed in terms of resistance or sus-
ceptibility by comparing the results to the interpretative zone
diameters provided by the Performance Standards for Anti-
microbial Disk Susceptibility tests (Mishra et al. 2021b).

Antibacterial activity

The Agar well diffusion method was used to analyze the
antibacterial behavior of the lactobacilli isolates towards the
test organisms (Schillinger 1989).

Microbial adhesion to hydrocarbon and cellular
auto-aggregation

The method of Das et al. (2020) was used to evaluate bacte-
rial adhesion to n-hexadecane and the cellular aggregation
efficacy of the isolates respectively.

Exopolysaccharide (EPS) production

For estimating EPS production, MRS broth was infused
with 5% sucrose (w/v) as the carbon source, and lactobacilli
isolates were added at the rate of 2%, followed by a 24 h
of incubation at 37 °C following the method prescribed by
Kimmel and Roberts (1998).

Antioxidant activity

The antioxidative assessment was based on the abil-
ity of LAB isolates to scavenge the 2, 2’- azino-bis
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ethylbenzthiazoline-6-sulfonic acid (ABTS) radical cation
(Emad and Sanaa 2012).

Resistance to simulated gastric and intestinal fluids

Viable cell counts (log CFU/mL) of Lactobacillus isolates
in gastric fluid (pepsin) and in intestinal fluid (pancreatin)
at different incubation hours was analyzed following the
method of Vidhyasagar and Jeevaratnam (2013).

Whole genome sequencing

NextSeq500 shotgun library preparation and quantity/
quality check on agilent 4200 tape station

The query genomes were sequenced on the IlluminaNext-
Seq® 500 shotgun sequencing platform. The TruSeq Nano
DNA Library Prep kit was employed to develop paired end
(PE) sequencing libraries from QC passed genomic DNA
samples. According to the manufacturer’s specifications, the
PCR enriched libraries were evaluated on an Agilent Tech-
nologies 4200 Tape Station system utilizing high sensitivity
D1000 Screen tape.

Cluster generation and sequencing and genome annotation

The PE illumina libraries were loaded onto NextSeq500 for
cluster creation and sequencing after getting the Qubit con-
centration for the libraries and the mean peak sizes from
the Agilent Tape Station profile. The respective reference
genomic assemblies of Lactobacillus fermentum [Assembly
ID: ASM1014v1] and Lactobacillus rhamnosus [ Assembly
ID: ASM401097v1] were obtained from NCBI and their
annotations were utilized. Further, the subsystem category
distributions in reference and query genomes were compared
using the SEED viewer and RAST server (Overbeek et al.
2005; Aziz et al. 2008). To assay the evidenced genome
reduction in LAB, the number of pseudogenes and inser-
tion sequences were estimated through the DFAST server
and ISfinder (Tanizawa et al. 2018; Siguier et al. 2006). The
role of the query LABs in host immunization against bacte-
riophages was assessed using the PHAST tool (Zhou et al.
2011).

Statistical analysis

The results were provided as mean + standard deviations
(M £ SD). Using IBM SPSS Statistical software (Ver. 19),
two-way analysis of variance (ANOVA) was used to estab-
lish significance, and Tukey’s HSD test was performed to
evaluate post-hoc comparisons. A 0.05 p-value was used as
the significance criteria.

Results
Isolation and biochemical characterization of LAB

Initially, 17 LAB isolates were screened based on Gram reac-
tion, growth in 6.5% NaCl, and catalase activity (Table S1).
The sugar fermentation profiles of the LAB isolates using
API 50 CHL kits are depicted in Table S2. The morphologi-
cal, physiological, and biochemical tests were carried out
for the initial characterization of lactic acid bacteria isolated
from the samples. The reactions were interpreted by compar-
ing the turbidity that indicated their growth against growth
controls, and the lactic strains were identified by referring
to the API manual and also by analyzing the results online
at apiweb™ (https://apiweb.biomerieux.com).

Bacterial identification

Bacterial species were confirmed through 16 s rRNA gene
sequencing. An 800 to 1400 bp fragment of the retrieved
sequences was identified using the Basic Local Alignment
Search Tool (BLAST) in the National Center for Biotechnol-
ogy Information (NCBI) nucleotide database and sequence
similarity with closed sequences in the database was ana-
lyzed to identify each strain at the species level. All of the 17
isolates were identified based on 16 s sequences and were
submitted to GenBank to obtain their specific accession
numbers (Table S3).

Starch hydrolysis and glucoamylase activity

Initially, 17 lactic strains were analyzed for starch hydroly-
sis and glucoamylase activities, out of which 5 lactobacilli
strains, viz. KGL4, RNS4, WTS4, KGL2, and KGL3A,
showed maximum enzyme activity (Fig. la, Figure S1a).
L. fermentum KGL4 exhibited the highest starch hydrolysis
activity (1.44 uM/min), followed by L. rhamnosus KGL3A
(1.17 uM/min) and L. fermentum WTS4 (1.09 uM/min).
The obtained results of glucoamylase activity are given
in Fig. 1b. Three isolates, KGL4 (0.094 uM/min), RNS4
(0.092 uM/min), and WTS4 (0.05 uM/min) had shown
higher glucoamylase activity compared to others. However,
the obtained activity was much less, but it represents approx.
5 to 10% of total amylase activity.

in vitro probiotic attributes of the LAB isolates

Based on significantly higher starch hydrolysis and glucoa-
mylase activities, five Lactobacillus cultures, viz. KGL2,
KGL4, WTS4, RNS4, and KGL3A, were further selected to
study their probiotic potential. The summary of morphologi-
cal, biochemical, and primary safety characteristics of these
five isolates are depicted in Table S4.
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] 4_' - log CFU/mL at 3 h, KGL4 had the best resistance to pH 3
and at pH 1.5 (3.85 log CFU/mL after 3 h incubation) among
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Fig. 1 a Starch hydrolysis and b Glucoamylase activity of the Lacto-
bacillus isolates. Each bar represents the average of three independ-
ent experiments, error bars are standard deviations. (P <0.05, n=3,
means +SD)

Safety assessment tests (in vitro)

Haemolysis was not shown by any of the five Lactobacillus
isolates after investigating a-hemolysis (gray-green halo)
and B-hemolysis (transparent halo). All the five lactobacilli
strains also showed negative DNase activity. Based on the
fact that no visible discolored halos around the colonies
were observed, it was concluded that selected Lactobacil-
lus strains cannot degrade mucin (Table S4).

pH tolerance
Five Lactobacillus isolates were evaluated for pH tolerance
(pH 1.5, 2 and 3) for 0, 1, and 3 h. The three pH levels were

tolerated by most isolates. RNS4 showed the best tolerance
to pH 2 with 5.6 log CFU/mL at 1 h and 5.4 log CFU/mL at

@ Springer

strains dropped. Between isolates, there was no discernible
variation in the number of viable cells.

Bile salt tolerance and bile salt hydrolase activity

The survival of selected isolates in bile salt was investigated,
and the findings are shown in Table 1. KGL4 (72.98%) had
the highest tolerance to the bile salts, followed by KGL2
(65.50%), and KGL3A (59.61%). RNS4 had the lowest toler-
ance (52.02%) to bile salts. All of the LAB isolates, however,
demonstrated greater than 50% resistance to the 0.5% bile
salt, which contains sodium taurocholate and glycocholate.
Additionally, bile salt hydrolase activity was investigated,
which resulted in a white hallo of precipitation (Figure S1b).

Cholesterol assimilation

The LAB isolates in the study showed cholesterol assimila-
tion rates ranging from 44 to 58% significantly (P <0.05)
(Fig. 2d). However, the KGL4 strain assimilated the most
cholesterol (58%) followed by the KGL3A strain (56%).
RNS4, WTS4, and KGL2 showed 52%, 47%, and 44% cho-
lesterol assimilation, respectively.

Antibiotic susceptibility

Vancomycin, kanamycin, norfloxacin, and nalidixic acid
resistance were found in all of the LAB isolates used in the
study. Other than LAB isolates viz. KGL4 and RNS4, the
rest of the isolates (WTS4, KGL2, and KGL3A) showed
intermediate susceptibility towards streptomycin. The high-
est susceptibility was shown by all the five Lactobacillus
isolates against ampicillin, ranging from 24.66 to 27.33 mm,
and against erythromycin (21.66 to 22.66 mm) (Table 2).
The intermediate sensitivity of the five Lactobacillus iso-
lates was shown mainly towards methicillin, oxacillin, gen-
tamycin, and tetracycline.

Antimicrobial activity

The agar well diffusion method was employed to study
the antimicrobial activity of Lactobacillus isolates against
eight test organisms, as shown in Fig. 3. The zones of inhi-
bition of the indicator organisms were analyzed by measur-
ing the zone of inhibition that ranged from 10 to 15 mm
in diameter (borer diameter-15 mm). The highest antibac-
terial activity was witnessed against E. coli ATCC 25,922
(15 mm), S. aureus MTCC 114 (14.6 mm), B. cereus ATCC
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Table 1 Probiotic attributes of
the Lactobacillus isolates

Table 2 Antibiotic
susceptibility of the
Lactobacillus isolates

Lactobacillus Bile tolerance (%) Cell surface hydro- Cellular auto-aggre- EPS produc-
isolates phobicity (%) gation (%) tion (mg/mL)
KGL4 7298 +1.11° 68.30+0.78° 70.57+0.68% 3.67+0.73!
RNS4 52.02+1.46 65.80+0.89° 73.68+1.098 3.92+0.34
WTS4 55.26+0.83" 47.44+0.64° 62.55+1.01° 2.89+0.12"
KGL2 65.50+1.04° 56.32+1.57¢ 59.11+1.15°F 3.72+0.35"
KGL3A 59.61+0.88° 66.03 +1.60° 68.43+0.76% 3.85+0.24

Values are represented in mean + SD with three independent determinations (n=3) from each sample. Val-
ues bearing different superscripts in each cell differ significantly from each other as evident by Tukey’s test
at P<0.05

Antibiotics (conc. Lactobacillus isolates

in meg/disk)

KGL4 RNS4 WTS4 KGL2 KGL3A

ZOI (in mm)
K30 ND ND ND ND ND
MET15 15.66+0.57°  11.66+0.57" 17.00+1.00" 1933+1.15¢  18.33+1.15"
0X1 18.66+0.57°  12.66+0.57" 15.66+0.57% 1933+1.159  19.33+0.57"
VA30 ND ND ND ND ND
RIF5 17.66+0.57°  20.33+0.50"  19.00+1.00™  18.00+1.00¢  21.33+0.57"
El5 22.33+0.57¢  22.00+1.001 22.66+0.57" 2266+0.57  21.66+0.57"
TE30 19.33+£0.57°  18.66+1.158  1833+0.57™  16.66+0.57°  20.33+0.57"
NX10 ND ND ND ND ND
S10 ND ND 15.66+0.57% 15334057  15.66+0.57"
AMP10 25.00+1.00°  24.66+0.57 27.33+0.57° 2600+1.00°  24.66+0.57Y
GENI10 12.66+0.57*  11.66+0.57" 15.66+0.57% 16.00+1.00°  14.33+0.57"
NA30 ND ND ND ND ND

K30 kanamycin (SDO17); METI0 methicillin (SD136); OXI oxacillin (SD088); VA30 vancomycin
(SDO045); RIFS ritampicin (SD030); E15 Erythromycin (SDO13); TE30 tetracycline (SD037); NX10 nor-
floxacin (SD057); S10: streptomycin (SD031), AMP10 ampicillin (SD002); GEN10 gentamycin (SD016);
NA30 nalidixic acid (SD021)

mm =diameter of zone of inhibition around the antibiotic discs; ZOI zone of inhibition; ND Not Detected;
R Resistant (0 to 15 mm), / Intermediate (15.01 to 20.00), S Sensitive (more than 20 mm). Values are rep-
resented in mean+SD with three independent determinations (n=3) from each sample. Values bearing

different superscripts in each cell differ significantly from each other as evident by Tukey’s test at P <0.05

11,778 (14.4 mm) and E. faecalis ATCC 29,212 (14 mm)
by the KGL4 strain. The strain, KGL3A, also showed potent
antibacterial activity against a few test organisms, viz. B.
cereus ATCC 11,778 (12 mm), S. dysenteriae NCDC 107
(12 mm), S. aureus MTCC 114 (13 mm), E. coli ATCC
25,922 (14 mm), E. faecalis ATCC 29,212 (12.6 mm), S.
typhi NCDC 6017 (12.6 mm), and M. luteus NCDC 174
(13.3 mm). None of the Lactobacillus isolates showed antag-
onistic action against L. monocytogenes MTCC 657.

Microbial adhesion to hydrocarbons
The adhesion of bacterial isolates to the hydrocarbon

(n-hexadecane) was evaluated as the fraction partitioned to
the hydrocarbon phase. The fraction partition co-efficient
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and the cell surface hydrophobicity capability percentage
were accordingly calculated. The majority of the bacte-
ria adhered effectively to the hydrocarbon, justifying its
adhesion efficacy by absorbance at 600 nm. Among the
lactobacilli isolates, KGL4 (68.30%), RNS4 (65.80%),
and KGL3A (66.03%) had the highest cell surface hydro-
phobicity (Table 1). The isolate viz. KGL2 (56.32%) fol-
lowed byWTS4 (47.44%) had the least hydrophobicity,
respectively.

Cellular auto-aggregation
One of the essential phenomena for bacterial adhesion and

colonization of the gut is cellular auto aggregation in com-
bination with surface hydrophobicity. As a result, all of
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Fig. 3 Antimicrobial activity of Lactobacillus isolates against major
indicator organisms, viz. B. cereus (ATCC 11,778), S. dysenteriae
(NCDC 107), S. aureus (MTCC 114), E. coli (ATCC 25,922), E.
faecalis (ATCC 29,212), L. monocytogenes (MTCC 657), S. typhi
(NCDC 6017), and M. luteus (NCDC 174). Each bar represents the
average of three independent experiments. Error bars are standard
deviations. (P <0.05, n=23, means + SD)

the LAB isolates were put to the test to see whether they
could auto-aggregate. Auto-aggregation was good in all of
the isolates, ranging from 59.11% to 73.68% (Table 1). The
maximum auto-aggregation behavior was seen in RNS4
(73.68%), KGL4 (70.57%), and KGL3A (68.43%). KGL2
had the least amount of aggregation (59.11%).

EPS production

EPS production potential was checked for the five LAB iso-
lates used in the study (Table 2). The EPS-producing effi-
cacy of the four Lactobacillus isolates was at par with one
another, viz. RNS4 (3.92 mg/mL), KGL3A (3.85 mg/mL),

KGL2 (3.72 mg/mL) and KGL4 (3.67%). WTS4 depicted
the least EPS production with 2.89 mg/mL.

Antioxidant activity

The antioxidant capacity of selected LAB isolates ranged
from 38 to 42% in terms of free radical scavenging abil-
ity. KGL2 and KGL3A had the highest antioxidant activity
of all the isolates, at 41.5% and 41% respectively (Fig. 2e).
However, no significant differences were discovered between
isolates.

Resistance to simulated gastric and intestinal fluids

The isolates KGL4 and KGL3A showed the highest toler-
ance to gastric fluids with pepsin supplementation at pH 2
(5.32 log CFU/mL, 5.06 log CFU/mL) and pH 3 (5.76 log
CFU/mL, 5.60 log CFU/mL) conditions after 4 h incuba-
tion (Table 3). Similarly, on exposure to simulated intestinal
fluid viz. pancreatin, the two Lactobacillus isolates displayed
the highest resistance with the maximum cell count after
4 h incubation, viz. KGL4 (6.65 log CFU/mL) and KGL3A
(6.42 log CFU/mL) at 5% (P <0.05) level of significance
(Table 4). Therefore, it can be claimed from the above find-
ings that Lactobacillus isolates have been adapted to grow
significantly in both acidic and neutral conditions.

Whole genome sequencing of L. fermentum KGL4

Based on the above in vitro probiotic attributes, L. fermen-
tum KGL4 (Figure S2a) and L. rhamnosus KGL3A (Figure
S2b) were further chosen for sequencing of their respec-
tive genomes. The paired-end DNA libraries of the L. fer-
mentum KGL4 genome yielded 2,838,148 paired-end reads
accounting for 837,584,859 bases. Mapping of the high-
quality reads with the representative reference genome of
L. fermentum IFO 3956 (firmicutes) (Assembly accession
no. ASM1014v1) covers 85.05% of the genome, totaling
a consensus sequence length of 1,733,183 bp. A total of

Table 3 Viable cell counts (log CFU/mL) of Lactobacillus isolates in gastric fluid (pepsin) at different incubation hours

Isolates Viable cell counts (log CFU/ml) at different incubation hours

Oh 2h 4h Oh 2h 4h Oh 2h 4h
Gastric fluid (pH 2) Gastric fluid (pH 3) Control (pH 7)
KGL4 8.15+0.05° 6.55+0.03" 5.32+£0.04¢ 823+0.05% 7.33+0.08% 5.76+0.18" 8.30+0.06' 8.86+0.04"1 9.10+0.18"1V
RNS4  7.1240.06* 5.36+0.07¢ 3.10+0.15° 8.04+0.09" 6.40+0.11°¢ 4.26+0.07" 8.15+0.09" 8.53+0.08"  8.86+0.12"
WTS4  7.33+0.05% 5.65+0.12¢ 3.36+0.06° 7.90+0.13*  6.06+0.07° 4.13+0.16" 8.18+0.17" 8.72+0.20"  9.01+0.06™"
KGL2 8.05+0.10° 6.10+0.10° 4.77+0.02" 8.10+0.18*8 7.03+0.08° 5.04+0.13% 8.26+0.08' 8.63+£0.08"  8.98+0.09""
KGL3A 8.54+0.15° 6.90+0.08" 5.06+0.13¢ 8.40+0.04® 7.82+0.06° 5.60+0.08" 843+0.10' 8.94+0.05"" 920+0.14"Y

Values are represented in mean+SD with three independent determinations (n=3) from each sample. Values bearing different superscripts in
each cell differ significantly from each other as evident by Tukey’s test at P <0.05
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Table 4 Viable cell counts

> Isolates Oh 2h 4h Oh 2h 4 h
(log CFU/ml) of Lactobacillus . .
isolates in intestinal fluid Control (pH 7) Intestinal fluid (pH 8)
(pancreatin) at different KGL4  835+0.11* 8.88+0.10°° 9.15+0.15¢  835+0.065C 7.30+0.05% 6.65+0.11°
incubation hours
RNS4 8.184+0.22° 8.58+0.20°  8.92+0.25* 8.10+0.118 7.04+0.165  5.80+0.16"
WTS4 8.20+0.06° 8.76+0.15°  9.07+0.18>° 7.65+0.01* 6.64+0.18°  5.26+0.20F
KGL2 8.31+0.11* 8.61+0.14°>  8.89+0.07> 7.77+0.09* 6.50+0.20°  5.11+0.09F
KGL3A 8.48+0.19*° 8.90+0.07¢ 9.30+0.15¢  8.48+0.20° 7.56+0.12%  6.42+0.10°

Values are represented in mean+ SD with three independent determinations (n=3) from each sample. Val-
ues bearing different superscripts in each cell differ significantly from each other as evident by Tukey’s test

at P<0.05

1674 genes were identified, comprising of 1600 protein-
coding sequences (CDS), out of which 1434 were function-
ally assigned and the rest 166 were hypothetical. Further,
57 tRNA, 15 rRNA (58, 168, 23S:: 5, 5, 5) and one each of
tmRNA (transfer-messenger RNA) and SRPsRNA (Signal
Recognition Particle RNA small type) were recognized. The
GC content of the KGL4 strain (53.9%) was observed to be
relatively close to that of the reference genome (51.5%), but
the reference genome documented a comparatively higher
number of genes (2140) and genome size (2,098,685 bp)
(Figure S2a) (Tanizawa et al. 2018). One phage region
(~17.9 kb) was recognized with 9 CDSs that matched the
phage protein database with 92.3% similarity, but complete
prophage or phage attachment sites had not been identi-
fied. 33 insertion sequences (IS) from 5 IS families, namely
1S3, ISL3, IS30, IS200/1S605, IS 256, were identified from
known Lactic Acid Bacteria genomes at the IS Finder data-
base with an expected value < 107 (Overbeek et al. 2005).

Whole genome sequencing of L. rhamnosus KGL3A

The whole-genome sequencing of L. rhamnosus KGL3A
reported 4,111,537 pair-end reads yielding 1,214,398,155
bases (Figure S2b). The high-quality reads of the KGL3A
strain were mapped successfully onto the reference genome
of L. rhamnosus (firmicutes) strain LR-B1 (Assembly acces-
sion no. ASM401097v1) covering 87.92% of the reference
genome. The KGL3A genome included 2080 protein-cod-
ing sequences (CDS), 58 tRNA, 15 rRNA (5S, 16S, 23S::
5, 5, 5) and one each of non-coding RNA (ncRNA) and
transfer-messenger RNA (tmRNA), totaling 2596 CDS. The
protein CDS tally was shared by 2080 functionally anno-
tated proteins with 441 hypothetical ones (Tanizawa et al.
2018). Two phage-homologous regions (of size 57.7 Kb &
29.1 Kb) were predicted with 29 and 11 CDS matching the
phage protein database and 54 insertion sequences (IS) were
detected with an expected value < 107 from the BLAST
search against the customized lactic acid bacteria IS finder
database (Overbeek et al. 2005; Aziz et al. 2008).
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Discussion

Amylolytic lactic fermentation can enhance the nutritional
content of a rice-based diet by increasing the bioavailability
of lysine and improving the digestibility of starch in young
children (Gobbetti et al. 2005). Cereals have been used as
a major ingredient in traditional fermented foods which
are rich in starch (Nachi et al. 2018). Therefore, amylolytic
microorganisms are commonly present in them. However,
two major species of Lactobacillus were frequently reported
in rice-based traditional fermented foods, viz. L. fermen-
tum and L. plantarum (Nachi et al. 2018), which were in
accordance with our results. Based on the previous litera-
ture, for the very first time, amylase-producing L. rhamnosus
(KGL3A) has also been reported in this study.

One of the most important characteristics in in vitro test-
ing for determining stomach acid resistance is pH tolerance.
Because food stays in the stomach for at least 3 h (Nath
et al. 2021), the in vitro experiment was designed with this
time limit in consideration. The isolates used in the study
survived pH 1.5, 2 and 3 conditions, having a high number
of viable counts, indicating that they have the potential to
be established as probiotics. However, Mulaw et al. (2019)
found that incubation at low pH resulted in a significant drop
in the survival rate of all LAB isolates. Low acidity, espe-
cially at pH 1.5 and pH 2, had a substantial impact on the
viable counts of all lactic acid bacteria, according to the
authors. Based on prior research, it’s generally acknowledged
that an isolate that can tolerate pH 3 for 3 h is a high-acid-
resistant strain with promising probiotic capabilities. The
ability of microorganisms in the gastric juice to survive low
pH conditions is a critical parameter for judging their sur-
vival. Depending on the individual, food, and several other
factors, the transit time might range from 1 to 3—4 h (Nath
et al. 2021). Similarly, Mesquita et al. (2021) also reported
the survival of L. paracasei in the fermented beverage after
exposure to gastric juice and sequential exposure to gastric
and pancreatic juice, i.e., 99.47% and 93.21% respectively,
which supports our data. In order to survive in the small
intestine, bile salt tolerance is frequently used as one of the
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probiotic attributes’ tests (Mulaw et al. 2019). Unlike the
findings from our study, where more than 50% tolerance to
bile salts was reported by the lactobacilli isolates, contrast-
ingly, Handa (2012) found that all of the LAB isolates had
limited resistance to bile salts, with a survival percentage
of less than 50% after 24 h at 37 °C when exposed to 0.3%
bile salts. BSH is an example of a phenomenon that works
to reverse the negative effects of bile. Furthermore, the pres-
ence of BSH homologs in bile-containing environments
strongly suggests that they play a role in bacterial coloni-
zation of the intestine. BSH is essential not only for bile
tolerance and colonization of the gut but also plays a role in
cholesterol absorption (Das et al. 2020). Pereira and Gibson
(2002) recorded similar findings with their seven possible
probiotic strains, ranging from 0.4 to 44% cholesterol assim-
ilation activities. In a similar study, the cholesterol removal
rates of 86 lactic acid bacteria isolates (screened from tradi-
tional fermented foods) ranged from 7.29 to 25.66%, and 18
isolates showed a cholesterol removal rate of more than 15%
(Zhang et al. 2021). Cholesterol is a precursor to bile acid,
so it’s used to make fresh bile acid. Since the isolates used
in our study showed good BSH activity (Figure S1b), they
also had good cholesterol assimilation capacity. In another
study reported by Shobharani and Halami, (2016), the cho-
lesterol removal ability of three potential probiotics viz. B.
flexus MCC 2458, B. flexus MCC 2427 and B. licheniformis
MCC 2514, has been studied. All the three isolates were
deprived of bile salt hydrolase enzyme, but they were still
able to remove cholesterol by other mechanisms which were
strain-dependent, thus facilitating cholesterol removal from
the culture media.

A suitable probiotic candidate should not have or acquire
any antibiotic resistance genes as a major trait. Notably, most
were found to be vancomycin-resistant, which is consistent
with prior investigations that have identified vancomycin
resistance as an inherent characteristic of Lactobacillus,
Leuconostoc, and Pediococcus. Many Lactobacillus strains,
including L. fermentum, are employed in the food industry
on a regular basis. Vancomycin resistance is chromosomally
encoded, non-transferable, and non-inducible in this group
of bacteria (Bazireh et al. 2020). Lactobacillus resistance to
vancomycin, kanamycin, and norfloxacin is well reported
in previous literature (Zhou et al. 2001). Lactobacilli are
generally sensitive towards inhibitors for cell wall synthesis
and stand resistant to various aminoglycosides (vancomycin,
gentamycin kanamycin, streptomycin) due to the absence of
cytochrome-mediated electron transport enabling antibiotic
uptake. Moreover, LAB resistance to streptomycin and qui-
nolones (Nofloxacin and Nalidixic acid) are due to altera-
tion in the cell wall structure and permeability, or an efflux
mechanism (Hummel et al. 2006). When compared to Gram-
positive bacteria, it is clear that all of the lactobacilli strains
had substantial antibacterial action against Gram-negative

test organisms. These findings highlight the significance of
the strains used in our research, as they are likely to have
broad-spectrum antibiotic activity. Das et al. (2020) claimed
that the antimicrobial effect of the lactic acid bacteria might
be related to the lactic acid production or due to the reduc-
tion of pH, acetic acid, diacetyl, etc.

Hydrophobicity is considered as one of the important
properties improving the first contact between bacteria and
host cells. The findings are in concordance with Das et al.
(2020) where L. rhamnosus K4E (71.57%) was reported to
be more adherent to n-hexadecane followed by L. fermen-
tum K16 (69.30%), L. plantarum RD7 (67.21%), and L. fer-
mentum K7 (63.10%). The auto-aggregation test assesses
isolates’ ability to attach to the gut and exert antipathogenic
effects. In contrast to our findings, Bazireh et al. (2020)
found that auto-aggregation of Lactobacillus strains ranged
from 2.23% to 33.43%, which was lower than the aggrega-
tion seen in our investigation. Cellular auto-aggregation aids
in the aggregation of bacteria, which is accompanied by bio-
film formation, which assists in adhesion to the gut wall, and
pathogen eradication by selective competition. The results
from the study are in concordance with Das et al. (2020),
where the indigenous Lactobacillus isolates aggregated at a
rate of 29.4-83.0%. Exopolysaccharides released from LAB
strains, in combination with medium (carbon sources) and
growth conditions play a critical role in improving texture,
sensory quality, and total yield for formulations used in the
food fermentation industry (Prete et al. 2021). Therefore,
EPS production potential was determined for the five LAB
isolates used in the study (Table 1). The study is in agree-
ment with Das et al. (2020), where the Lactobacillus were
isolated from traditional fermented foods and EPS produc-
tion (L. rhamnosus K4E: 950 mg/L, L. plantarum RD7
(710 mg/L) was also reported. After 24 h, the Lactobacillus
cultures used in the study were able to scavenge the ABTS*
and reduce the ferryl myoglobin radical, making them prom-
ising antioxidant suppressors.

Mostly similar subsystem structure was also observed
between L. fermentum KGL4 and the L. fermentum IFO
3956 over 24 subsystems, while the exclusive presence of
subsystems like motility and chemotactic ability as well
as secondary metabolism was noted in the KGL4 strain by
comparatives of SEED & RAST servers (Overbeek et al.
2005; Aziz et al. 2008). The KGL4 strain might have advan-
tages in gut colonization at the gastrointestinal mucus layer
(Figure S2a) through its chemotactic ability, which may be
involved in antibiotic and pigment production as secondary
metabolites. This observation also found support from the
notably higher tolerance to bile, cell adhesion to hydrocar-
bons, cellular auto aggregation, and survival of the KGL4
strain in the gastric and intestinal phases as elaborated above
(Table 1, Table 3, Table 4). The L. fermentum KGL4 genome
sequence was reported to be short of 214 functional genes
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in comparison to the reference genome of L. fermentum
IFO 3956, comprising mostly of genes engaged in trans-
position, carbohydrate biosynthesis and metabolism, tran-
scriptional regulation, and membrane transport-pointing
toward the specialized carbohydrate utilization pattern of
the KGL4 strain. The L. rhamnosus KGL3A genome shared
a similar GC content (47.9%) with the reference genome
(46.7%) and was found to be somewhat smaller in size with
2,506,971 base pairs compared to the reference genome of
3,007,503 bp (Figure S2b). Further, the KGL3A genome
has reported 280 fewer functional genes in comparison to
the reference genome, mostly comprised of membrane pro-
teins, transcriptional regulators, transposable elements, and
different types of enzymes like oxidoreductase, transferase,
nuclease, and kinase involved in various metabolic pathways
apart from hypothetical proteins. At the subsystem level,
both the KGL3A and the reference genome documented
similar categorization over 18 subsystems but differed in
motility and chemotaxis; protein metabolism; carbohydrate
utilization; biosynthesis and degradation of nucleosides and
nucleotides; amino acids; fatty acids, lipids, and isoprenoids;
and cofactors, vitamins, prosthetic groups, pigments; and in
the expression of prophages, transposable elements (Over-
beek et al. 2005; Aziz et al. 2008). Altogether the missing
genes and the shrunk metabolic subsystem outline indi-
cated a highly specialized metabolic pattern of L. rhamno-
sus KGL3A with a possible advantage in adherence to the
intestinal epithelial cell through gained motility and chemo-
tactic ability. The proposition was seconded by the report of
substantial survival in gastric and intestinal juice; significant
bile tolerance, microbial adhesion, and cellular aggregation
as documented above (Table 1, Table 3, Table 4).

Conclusion

The five Lactobacillus isolates from traditional rice-based
fermented foods and beverages showed promising probiotic
characteristics in this study. These isolates were identified
to have potent probiotic properties and were non-hemolytic
in nature. Two LAB isolates, L. fermentum KGL4 and L.
rhamnosus KGL3A were found to have potential in vitro
probiotic qualities when compared to the others. Further-
more, the amylase activity of the isolates adds to their
characteristics to be used along with natural cereals or
starch-based fermentation processes, where isolates would
enhance the bio-functionality of food products during the
saccharification of starch. The genome of the strain KGL4
and KGL3A exhibited mostly similarity to the respective
representative genomes. Both strains demonstrated genetic
superiority in gut acclimatization and evidence of special-
ized metabolic patterns. Both strains have also depicted evi-
dence of genomic reduction and the chances of boosting host

@ Springer

immunity through the presence of incomplete prophages.
The genomic annotations corroborated well with the experi-
mental observations. Hence, the use of lactobacilli cultures
from the study is recommended as starter cultures for func-
tional food development followed by further clinical trials
required to validate the health claims.
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