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Abstract The aim of our study was to evaluate the potential
ramifications of sub-lethal ultraviolet B radiation (SUVBR)
on Lactobacillus fermentum BT 8219 cells through to three
subsequent subcultures during fermentation in biotin-
supplemented soymilk (biotin-soymilk). Lactobacillus
fermentum BT 8219 cultures were irradiated in Petri dishes
(diameter 56 cm?) with UVB at a dosage of 60 J m 2 using a
GS Gene Linker UV Chamber. Cell lethality was observed
immediately after SUVBR, followed by higher growth than
that shown by the control during fermentation in biotin-
soymilk (P<0.05). This enhanced growth was associated with
enhanced (3-glucosidase specific activity, leading to increased
bioconversion of isoflavone glucosides to aglycones
(P<0.05). The first, second and third subcultures of the treated
cells and the control showed similar growing characteristics,
enzymes and isoflavone bioconversion activities in biotin-
soymilk (P>0.05). In comparison to the control, SUVBR
affected the functional properties of parent cells by reducing
their tolerability towards acid (pH 2) and bile, lowering their
inhibitory activities against selected pathogens and reducing
their ability for adhesion (P<0.05). Acid tolerance and adhe-
sion ability of the subsequent subcultures of the treated cells
showed comparable traits with the control (P>0.05), while
reduced bile tolerance and antimicrobial property were ob-
served up to the second subcultures of the treated cells
(P<0.05). Our results suggest that SUVBR could be utilised
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to produce putative probiotic cells and to increase the bioac-
tivity of biotin-soymilk via fermentation with L. fermentum
BT 8219 for the development of functional foods.
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Introduction

The virtues of soymilk have always been accredited to its
content of high-quality soy protein, as well as isoflavones,
bioactive compounds that have been extensively associated
with the prevention of atherosclerosis, cancer, osteoporosis
and menopausal disorders (Larkin et al. 2008). Isoflavones are
plant-derived phytoestrogens with a structural homology sim-
ilar to human oestrogens. There are two chemical forms of
isoflavones in soy: glucosides (malonyl, acetyl and
underivatised glucosides), which are the predominant form,
and the bioactive aglycones, which account for only a small
proportion (Wei et al. 2007). The chemical structures of the
isoflavones and its metabolites influence the extent of absorp-
tion, with the aglycone form being more readily absorbed and
bioavailable than the highly polar, conjugated glucosides
(Kano et al. 2006). Setchell et al. (2002) reported that intesti-
nal microbiota possessing 3-glucosidases, such as lactobacilli,
are involved in the hydrolysis of the glucose moiety from
glucose-conjugated isoflavones, releasing the biologically ac-
tive aglycone configurations. In a subsequent investigation,
Ewe et al. (2011) reported that soymilk fermented with
lactobacilli possessing [-glucosidases contains higher
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amounts of aglycones than of glucoside conjugates of
isoflavones.

In addition to the enhancement of aglycone content, the
growth of lactobacilli in soymilk further promotes the product
value by releasing organic acids and vitamins, which are
beneficial to health, during fermentation (Ewe et al. 2010).
We have previously demonstrated that the supplementation of
soymilk with B-vitamin, particularly biotin, significantly pro-
motes the growth characteristics and (3-glucosidase enzyme
activity of the lactobacilli in soymilk, which subsequently
enhances the bioconversion of isoflavone glucosides to agly-
cones during the fermentation of soymilk (Ewe et al. 2010,
2011). Lactic acid bacteria require biotin as an essential mi-
cronutrient for normal cellular function, growth and develop-
ment (Xu et al. 2008). Specifically, biotin is needed as a
cofactor for acetyl-CoA carboxylase, which catalyses the first
committed step of fatty acid biosynthesis, thereby constituting
the building blocks of cellular membrane phospholipid
(Cronan and Waldrop 2002), and as a prosthetic group in
pyruvate carboxylase involved in anaplerotic metabolism
(Davis et al. 2000).

Ultraviolet (UV)-radiation covers the non-ionising region
of the electromagnetic spectrum and is intermediate between
the X-ray and visible light (200400 nm) regions. The UV
region is categorised into three regions—UVA (320400 nm),
UVB (280-320 nm) and UVC (200-280 nm). UV-radiation
causes impairment of cellular functions by generating reactive
oxygen species which react with lipids, proteins and nucleic
acid and lead to oxidative stress condition. Although UV
exposure results in DNA lesions, bacteria have evolved di-
verse protection mechanisms against UV stress via the pro-
duction of photo-protective substances or they possess effi-
cient repair processes (Nagira et al. 2002). One adaptive
response of bacterial cells to UV-radiation is delay cell
growth; for example, Berney et al. (2007) observed a period
of lag time before the culture resumed growth after the radi-
ation was removed. In addition, cells that survive a sub-lethal
dose of physical treatment will also adapt, thus improving
their subsequent performance dramatically in a compromising
environment; this property is particularly significant in bio-
technology applications (Prasad et al. 2003). We have previ-
ously demonstrated that sub-lethal UV B radiation (SUVBR)
significantly enhances cell growth and 3-glucosidase enzyme
and isoflavone bioconversion activities of L. fermentum BT
8219 in biotin-enhanced/supplemented soymilk (biotin-
soymilk), mainly via alteration of the cellular membrane
(Ewe et al. 2013). However, the potential ramifications of
such a treatment on the subsequent subcultures of cells remain
unknown.

Probiotics have been defined by the Food and Agriculture
Organisation/World Health Organisation as living microor-
ganisms that are believed to confer a health benefit to the host
when consumed in adequate amounts. Many strains of
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lactobacilli are considered to have with probiotic properties,
with health effects ranging from the modulation of lactose
intolerance and the lipid profile to the alleviation of post-
menopausal disorders (Liong et al. 2007). Many criteria have
to be fulfilled in order for a microbial strain to be considered a
probiotic, such as a lack of pathogenicity, tolerance of gastro-
intestinal conditions (acid and bile), ability to adhere to the
gastrointestinal mucosa and the competitive exclusion of path-
ogens (Liong and Shah 2005). The exposure of cells to exter-
nal stimulation, such as SUVBR, could alter the membrane
surface of bacterial cells and consequently induce changes in
the physico-chemical properties of these cells (Schir-
Zammaretti and Ubbink 2003). In lactobacteria considered
to be promising probiotics, such modifications may affect
the probiotic properties, which are closely related to cellular
integrity and the structure of the bacterial cell surface
(Golowczyc et al. 2011). To date, no study has evaluated the
probiotic properties of SUVBR-treated lactobacilli and the
sustainability of the treatment in affecting the probiotic prop-
erties for a few subsequent subcultures. These unknown fac-
tors should therefore be clearly elucidated.

The aim of this study was to investigate the effects of
SUVBR on the growth of Lactobacillus fermentum BT 8219
and its isoflavone bioconversion ability, as well as the poten-
tial ramifications of the treatment being passed on to subse-
quent subcultures of cells during fermentation in biotin-
supplemented soymilk (biotin-soymilk). The effects of
SUVBR on the probiotic properties of L. fermentum BT
8219 were also evaluated.

Materials and methods
Bacterial cultures

Lactobacillus fermentum BT 8219 and the indicator organ-
isms for the antimicrobial activity assay (probiotic properties),
such as Escherichia coli USM 4144, Staphylococcus
aureus USM 4144, Salmonella typhimurium USM
4144 and Klebsiella pneumonia USM 4144, were ob-
tained from the Culture Collection Centre of Food
Technology Division, School of Industrial Technology,
Universiti Sains Malaysia (Penang, Malaysia). The
L. fermentum BT 8219 and the pathogens were activated from
stock cultures [stored at —20 °C in 40 % (v/v) sterile glycerol]
in sterile MRS broth and tryptic soy broth (Hi Media,
Mumbai, India), respectively, in three consecutive cultures
prior to experimental use.

Preparation of biotin-soymilk

The biotin-soymilk was prepared using methods previously
described (Ewe et al. 2013). Briefly, soaked soybeans were
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blended with distilled water at a ratio of 1:6 (w/v). The
resultant slurry was then filtered to obtain soymilk, which
was pasteurised at 63 °C for 30 min and then cooled immedi-
ately to 4 °C. Upon cooling, filter-sterilised biotin (Sigma-
Aldrich, St. Louis, MO) was added to soymilk to a final
concentration of 1 mg L.

SLUVB radiation of L. fermentum BT 8219 and propagation
of cultures

Activated L. fermentum cells were harvested from MRS broth
by centrifugation at 3,500 g for 10 min at 4 °C. The cell pellets
collected were washed twice and re-suspended in sterile
phosphate-buffered saline (PBS, pH 7). The cell suspensions
(10 %, v/v) were irradiated in Petri dishes (diameter 56 cm?)
with UVB at a dosage of 60 I m 2 using a GS Gene Linker UV
Chamber (Bio-Rad Laboratories, Hercules, CA). The treated
lactobacilli (with non-treated cells as a control) was used as
the parent cultures. The parent cells were then transferred into
fresh biotin-soymilk (10 %, v/v) level and fermented for one
growth cycle at 37 °C for 24 h to generate cultures of the first
subculture (Birosova and Mikulasova 2009). Subsequent
propagation was carried out to produce second and third
subcultures, which involved utilisation of cultures (10 %, v/
v) from the previous subculture followed by incubation at
37 °C for 24 h. Cultures from each subculture (parent, first,
second and third subcultures with a corresponding control for
each subculture) were subjected to analyses of their functional
properties and inoculated (5 %,v/v) into biotin-soymilk for
fermentation.

Fermentation of L. fermentum BT 8219
in biotin-supplemented soymilk

Fermentation of control and SUVB-treated cells of
L. fermentum BT 8219 in biotin-supplemented soymilk were
performed at 37 °C for 24 h. The samples were withdrawn
aseptically from the fermented soymilk at 4 h interval for
enumeration of viable counts, determination of intracellular
and extracellular (3-glucosidase enzyme activity and detection
of isoflavone concentrations.

Growth of L. fermentum BT 8219 in biotin-soymilk

Both control and SUVB-treated lactobacilli were cultured in
biotin-soymilk for 24 h. The cultures were sampled at 4-h
interval and cultured using the pour plate method on Petri
plates containing MRS agar at 37 °C for 48-72 h. Viable
counts were recorded as colony-forming units (CFU) per
millilitre of the biotin-soymilk.

Assay for intracellular and extracellular 3-glucosidase
activities

The intracellular and extracellular (3-glucosidase activity of
control and SUVB-treated L. fermentum was assayed using
methods previously described (Ewe et al. 2013). For the
intracellular (3-glucosidase assay, the bacterial cells were son-
icated in an ice-bath for 30 min, and the cell suspension was
extracted in a cold sodium citrate buffer (50 mmol L™,
pH 5.5). The cellular extract thus obtained was used for
analysis as the crude enzyme extract in a reaction with
PNPG (p-nitrophenyl-3-D-glucopyranoside) during incuba-
tion at 37°C for 30 min. The amount of p-nitrophenol released
from the reaction was measured at 420 nm to determine the
intracellular 3-glucosidase activity. One unit of enzyme activ-
ity was defined as the amount of enzyme that released 1 pmol
of p-nitrophenol from pNPG per millilitre per minute under
assay conditions. The protein concentration of the crude en-
zyme extract was determined using the Bradford (1976) meth-
od with bovine serum albumin as the standard (Sigma, St.
Louis, MO). Specific activity was expressed as milli-units
(mU) of B-glucosidase activity per milligram of protein.

The extracellular (3-glucosidase activity of the lactobacilli
culture was determined by measuring the rate of hydrolysis of
pNPG. The amount of p-nitrophenol released was determined
by the same method as described for intracellular (3-
glucosidase activity.

Evaluation of bioconversion of isoflavones in biotin-soymilk

The isoflavones from fermented biotin-soymilk were extract-
ed and analysed as described in a previous study (Ewe et al.
2013). Concentrations of isoflavones were determined using
high-performance liquid chromatography (HPLC). The
HPLC system was equipped with a UV-2077 Plus, 4-A
Intelligent UV/Vis Detector (Jasco, Tokyo, Japan) that was
set at 259 nm fitted with an Inertsil ODS-3 column (150x
3 mm, 5 um; GL Sciences, Tokyo, Japan) that was main-
tained at 40 °C. Samples were eluted at a flow rate of 1 mL
min~' using a mobile phase that consisted of solvent A
(water:phosphoric acid, 1,000:1, v/v) and solvent B
(water:acetonitrile:phosphoric acid, 200:800:1, v/v/v).
Gradient elution was used to isolate the isoflavones and was
set as follows: solvent A 100 % (2 min)—65 % (29 min)—
50 % (31 min)— 100 % (40 min)— 100 % (43 min). HPLC-
grade glucosides and aglycones were used as standards.

Evaluation of probiotic properties
Acid tolerance

The acid tolerance of L. fermentum BT 8219 was determined
according to the method described by Teh et al. (2009).
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Briefly, L. fermentum BT 8219 (10 %,v/v) was inoculated into
pepsin-supplemented MRS broth cultures that were adjusted
to pH 2.0 and 3.0, respectively, with HCI and incubated at
37 °C for 3 h. Viable bacteria in the MRS broth cultures were
enumerated by taking samples every 30 min for 3 h, subse-
quently plating 1 mL of a serially diluted sample on MRS agar
plates and incubating the plates at 37 °C for 48-72 h. Acid
tolerance was determined by comparing the final plate count
after 3 h with the initial plate count at 0 h.

Bile tolerance

The bile tolerance of L. fermentum BT 8219 was deter-
mined against oxgall, cholic acid and taurocholic acid
(Sigma-Aldrich) according to the method described by
Teh et al. (2009). MRS broth containing 0.3 % (W/v)
oxgall, cholic acid or taurocholic acid was inoculated
with lactobacilli and incubated at 37 °C. The control
consisted of MRS broth without bile salt. Bacterial growth
was measured at hourly intervals for 7 h with a spec-
trophotometer (Shimadzu, Kyoto, Japan) at 620 nm. The
absorbance values obtained were plotted against incuba-
tion time, and the bile tolerance of lactobacilli was consid-
ered to be the time required for the absorbance value to
increase by 0.3 units.

Antimicrobial activity assay

The antimicrobial activities of L. fermentum BT 8219
on test pathogens, such as Escherichia coli,
Staphylococcus aureus, Salmonella typhi and Klebsiella
pneumonia were evaluated by the disc diffusion assay
(Blazeka et al. 1991). The activated test pathogens with
a turbidity of 0.3 (ODgoo nm) Were seeded on tryptone
soy agar (Hi Media), following which sterile filter paper
discs (diameter 5 mm) containing 20 pL of L. fermentum
BT 8219 cultures were placed on the surface of the agar
media. The plates were incubated at 37 °C for 24 h,
and the diameter of the zones of inhibition (mm) was
measured.

In vitro adhesion to mucin

The adhesion ability of L. fermentum BT 8219 to mucin was
examined by the method of Azcarate-Peril et al. (2009). The
partially purified type III porcine gastric mucin (100 uL of
10 mg mL™"; Sigma) was immobilised in 96-well microtiter
plates by incubation at 4 °C for 24 h. Excessive mucin was
removed by pipetting, and wells were washed twice with
200 uL of PBS.

A 100-uL sample of L. fermentum cultures was added to
each well and the plates incubated for 3 h at 37 °C, followed
by seven separate washes with 200 uL PBS to remove any
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unbound bacteria. Triton-X-100 solution (200 uL; 0.05 %, v/
v) was then added to each well to treat and desorb the bound
bacteria. A 100-uL sample of the suspension of each well was
removed and tenfold serial dilutions made using 0.9 % (w/v)
NaCl before plating the diluted samples onto MRS agar. The
plates were incubated at 37 °C for 48-72 h.

Statistical analysis

Data were evaluated using SPSS ver. 11.5 software (SPSS
Inc., Chicago, IL). All data are presented as the mean of three
separate runs (n=3). An independent ¢ test was used to deter-
mine whether the difference between means was significant at
a significance level of «=0.05.

Results and discussion
Growth of L. fermentum BT 8219 in biotin-soymilk

Sub-lethal ultraviolet B radiation has been shown to cause
physical perturbation of the cytoplasmic and plasma mem-
branes via the formation of reactive oxygen species (ROS).
The inability of the injured bacterial cells to repair and recover
from the detrimental effects of SUVBR would lead to inacti-
vation of microorganisms (Liu et al. 2010; Ukuku and Geveke
2010). This lethal effect of SUVBR was observed in this
study, as evidenced by the reduced viability of lactobacilli
(5.6 % compared to the control) immediately following
SUVBR (Fig. 1; P<0.05). This reduced cell viability may be
due to the effects of ROS generated upon SUVBR which
could cause direct damage to key proteins, enzymes and
DNA in the cells and indirect oxidative damage to biomole-
cules (Nagira et al. 2002).

After termination of SUVBR, the UV-treated cells were
able to resume growth and multiply in biotin-soymilk within
the first 4 h, subsequently exhibiting higher (P<0.05) growth
(up to 14.2 % higher) than the control. Previous studies have
shown that one of the adaptive responses of bacterial cells to
UV is a growth delay, which is a period of lag time before the
culture resumes growth after removal of the radiation (Berney
et al. 2007). The damaged cellular membranes are repaired
during this adaptive period, such as the utilisation of biotin for
the regeneration of fatty acid building blocks (Davis et al.
2000). Additionally, it has been suggested that low doses of
UVB induce cell protection responses to counteract the toxic
effects of UVB oxidative stress (Perluigi et al. 2010). Thus,
the SUVBR-induced oxidative stress observed in our study
could have caused subtle lipid peroxidation of the cellular
membrane; this membrane impairment may then have facili-
tated the influx of nutrients and oxygen and excretion of
wastes from cells, which in turn enhanced their growth.
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We have previously shown that UV-radiation can induce
cell membrane permeability as a result of lipid peroxidation
(Ewe et al. 2013). The generation of ROS has been reported to
cause oxidative destruction of the cell components through
oxidative damage of membrane lipids and proteins (Shiu and
Lee 2005). However, bacteria possess self-protection mecha-
nisms against oxidative stress, including enzymes (e.g. cata-
lase and superoxide dismutase), small proteins (e.g.
thioredoxin and glutaredoxin) and molecules (e.g. glutathi-
one) (Cabiscol et al. 2000) which allow them not only to
successfully adapt to UVB stress but also to survive and grow
(He et al. 2002). Given the ability of Lactobacillus to release
antioxidant compounds and counteract the oxidative stress
induced by UV, we investigated the prolonged effects of
SUVBR on the growth traits of the affected cells for a few
subsequent subcultures in biotin-soymilk. Our results illus-
trate that the UV-treated cells showed growth during the first,
second and third subcultures (P>0.05) that was comparable to
that of the control in biotin-soymilk (Fig. 1b—d), suggesting
that the treated cells had repaired the damage inflicted by the
UV-radiation and recovered from the membrane injury during
the propagation process. Various Lactobacillus and
Bifidobacterium species have been shown to scavenge super-
oxide anion and ROS and thus inhibit lipid peroxidation (Lin
and Yen 1999; Lin and Chang 2000). Therefore, the presence
of antioxidant enzymes or the release of antioxidant com-
pounds could have assisted in repairing the pores induced by
SUVBR. Restoration of the damaged cellular membrane en-
ables the majority of the affected cells to resume their normal
physiological activities.
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Specific activity of intracellular and extracellular
[3-glucosidase

Lactobacillus fermentum BT 8219 is known to possess intra-
cellular and extracellular 3-glucosidase activities that account
for the cleavage of the (3-1,6-glycosidic linkage to release
bioactive aglycones during the fermentation of soymilk
(Ewe et al. 2011). However, effective bioconversion of
isoflavones by L. fermentum in soymilk is often restricted by
the diffusion of substrates/enzymes across the cellular mem-
brane. Thus, in terms of membrane permeability, we assessed
UV-treatment, which has been shown to cause physical per-
turbation of the plasma membrane by increasing membrane
permeability to the substrate, as a means to enhance the
specific enzyme activity of bacteria.

SUVBR significantly affected both intracellular and extra-
cellular (3-glucosidase specific activities of the parent
L. fermentum culture. The intracellular and extracellular spe-
cific enzyme activities of the treated parent cells were 27.0—
73.6 % (Fig. 2a) and 20.2-91.3 % (Fig. 3a), respectively,
higher (P<0.05) than that of the control. This corresponded
well with the higher growth of the treated parent cells than
with growth of the control. The higher extracellular enzyme
activities may be due to the homeostatic effect of the bacteria
to compromise the sudden downshift of osmolarity as a result
of membrane reorganisation and upsurge of membrane per-
meability upon SUVBR (Heppel 1969; Smith et al. 2009).
Likewise, the SUVBR-induced membrane permeability may
have triggered an elevated influx of substrate isoflavone glu-
cosides intracellularly, leading to a higher synthesis of
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Fig. 2 Intracellular (3-
glucosidase specific activity of
control (blue-shaded squares) and
UV-treated (red-shaded triangles)
L. fermentum BT 8219 cells in
biotin-soymilk during
fermentation at 37 °C for 24 h. a
Parent culture, b first subculture, ¢
second subculture, d third
subculture. Control Untreated
cells; a corresponding control was
used for comparison in each
subculture. Error bars SEM (n=
3). Asterisk P<0.05 when
comparing the control and UV-
treated cells in an independent ¢
test

intracellular enzymes for the utilisation of glucose moieties

cleaved by the enzymes.

Data from our study also show that UV-treated cells of the
first, second and third subcultures and control cells had similar
intracellular (Fig. 2b—d) specific activities, possibly due to the

Fig. 3 Extracellular (3-
glucosidase specific activity of
control (blue-shaded squares) and
UV-treated (red-shaded triangles)
L. fermentum BT 8219 cells in
biotin-soymilk during
fermentation at 37 °C for 24 h. a
Parent culture, b first subculture, ¢
second subculture, d third
subculture. Control Untreated
cells; a corresponding control was
used for comparison in each
subculture. Error bars SEM (n=
3). Asterisk P<0.05 when
comparing the control and UV-
treated cells in an independent ¢
test
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effect of SUVBR was passed on by the treated cells to the first
subculture (Fig. 3b) where the treated cells exhibited higher
(7.5-10.4 %; P<0.05) extracellular specific enzyme activities
than the control during the first 8 h of fermentation. However,
the effect diminished during the following 12 h up until the
end of the fermentation period. Krishnamurthy et al. (2010)
demonstrated that UV-radiation induced oxidative stress and
enhanced lipid peroxidation, leading to cell-wall damage. He
et al. (2002) reported that the repair of lipid peroxidation and
reversal of the effects of oxidative stress on the affected
cellular membrane induced by UVB radiation was a slow
process. Thus, the replacement of lipid in the UVB-radiated
cells would need a longer period to resume normal activity.
The slow repair of the membrane lipid bilayer may account for
the higher extracellular 3-glucosidase activity observed in the
treated cells during the first 8§ h (in the first subculture).
Following this time, the affected membrane may have been
completely repaired, accounting for the comparable extracel-
lular 3-glucosidase specific activity in the control and UV-
treated cells of the second and third subcultures during growth
in biotin-soymilk (Fig. 3c, d).

Concentrations of isoflavone glucosides and aglycones

The concentrations of isoflavone glucosides ([3- and malonyl-
derivatives of daidzin, glycitin and genistin) decreased grad-
ually during the fermentation of biotin-soymilk by
L. fermentum for 24 h; concomittantly, the concentrations of
isoflavone aglycones (daidzein, glycitein and genistein) in-
creased (Fig. 4). The decreases in the concentrations of iso-
flavone glucosides detected in biotin-soymilk upon fermenta-
tion by UVB-treated parent cells were greater than those
observed in the control cells (reduction of 55.6-82.7 % vs.
reduction of 42.0-77.3 %, respectively) (Fig. 4ai, ii and iii).
Concurrently, the increases in the concentrations of isoflavone
aglycones detected in biotin-soymilk upon fermentation by
UVB-treated parent cells were greater than those in the control
cells (increase of 155.4-372.4 % vs. increase of only 20.2—
137.4 %, respectively). This phenomenon correlated well with
the increased intracellular and extracellular (3-glucosidase
specific activity determined during the growth of UV-
radiated cells in biotin-soymilk. Mahajan et al. (2012) also
suggested that a physical treatment-induced permeabilised
membrane could expose the active sites of membrane-bound
enzymes to substrates and lead to enhanced bioconversion of
isoflavones. Clinical studies have revealed that aglycones,
such as daidzein and genistein, could improve the biological
functions of the human body, such as lowering the risk of
coronary artery disease and reducing post-menopausal symp-
toms (Ren et al. 2001). Thus, increased concentrations of
aglycones in soymilk are often desirable as aglycones are
absorbed faster and in greater amounts than glucosides. The
changes in the concentrations of isoflavones in biotin-soymilk

during fermentation by treated cells of the first, second and
third subcultures were comparable to those of of the control
(Fig. 4b—d). These similar trends in the bioconversion of
isoflavones correlated well with the growth and enzyme ac-
tivities of the cells in biotin-soymilk as a result of comparable
growth trait of treated cells with that of the untreated cells. We
found that UV-radiation was able to enhance membrane
permeabilisation as a consequence of lipid peroxidation,
followed by resealing of the membrane upon the removal of
treatment, as in our previous study (Ewe et al. 2013). This
indicated that the injured membrane lipid bilayer was
completely repaired during propagation of the treated parent
cells and that the cell had resumed normal growth.

Acid tolerance

The ability of putative probiotic L. fermentum BT 8219 cells
to survive passage through the gastrointestinal tract is mainly
attributed to their acid tolerance ability (Kirjavainen et al.
1998). In our study, L. fermentum exhibited tolerance to low
pH conditions (pH 2 and 3), as evidenced by the high viabil-
ities of control and UV-treated parent cells (>5 log;, CFU
mL ") after 3 h of incubation (Fig. 5a). UV-radiation did not
affect the acid tolerance of L. fermentum cultured at pH 3—
both treated and control parent cells were highly tolerant.
Nonetheless, the resistance of the treated parent cells to acidity
at pH 2 was 4.4-18.4 % (P<0.05) lower than that of the
control. The acid tolerance ability of Gram-positive cells has
been reported to be due to such mechanisms as proton
pumping, changes in the cell membrane and regulatory mech-
anisms (Cotter and Hill 2003). Thus, the decrease in the acid
resistance ability of L. fermentum may be due to alterations in
the membrane-bound enzyme (ATPase) that is responsible for
translocating H" ions across the membrane of microorganisms
(Hong et al. 1999) for the regulation of cytoplasmic pH by
UV-radiation. We have previously shown that UV-radiation
targets alterations in the membrane lipid bilayer by inducing
oxidative stress (Ewe et al. 2013) and that these alterations
may have subsequently altered the protein structure of
ATPase. The high proton motive force of pH 2 could have
caused severe membrane damage to the membrane-injured
UV-treated parent cells, leading to the loss of viability and
activity under the condition of severe acidification (Teh et al.
2009). However, the acid resistance characteristic of control
and treated cells of the first, second and third subcultures
(Fig. 5Sb—d) were similar, suggesting that the injured mem-
brane lipid bilayer was very well repaired during propagation.

Bile tolerance
The resistance of L. fermentum BT 8219 cells to simulated

gastric content was used as a marker of tolerance to bile acids
(Schillinger et al. 2005). Our results showed that L. fermentum
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Fig. 4 Changes in the concentration of daidzin conjugates (/), glycitin
conjugates (i7) and genistin conjugates (iii) in biotin-soymilk fermented
by control (blue-shaded squares) and UV-treated (red-shaded triangles)
L. fermentum BT 8219 cells at 37 °C for 24 h. a Parent cells, b first

BT 8219 cells were more sensitive to cholic acid
(deconjugated bile) than to taurocholic acid and oxgall
(Fig. 6). Bile acid is considered to be one of the more
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cells; a corresponding control was used for comparison in each subcul-
ture. Error bars SEM (n=3). Asterisk P<0.05 when comparing the
control and UV-treated cells in an independent ¢ test

deleterious stress compounds that inhibit the growth of intes-
tinal bacteria through their membrane-damaging effect. The
hydrophobicity of deconjugated bile acids gives rise to their
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cellular damaging effects, and thus they have greater inhibi-
tory effects against bacterial cells than their conjugated coun-
terparts (Yokota et al. 2000). The similar tolerability of
L. fermentum to conjugated taurocholic acid and oxgall has
been attributed to the higher proportion of conjugated bile
acids in oxgall (Elkins and Mullis 2004).

The bile tolerance of UV-treated parent cells to oxgall,
cholic acid and taurocholic acid was 104.3, 12.3 and 98.4 %

Fig. 6 Bile tolerability of control a

and UV-treated L. fermentum BT 20

8219 cells in different bile media.

a Parent cells, b first subculture, ¢ — 16

second subculture, d third ie 12

subculture. Control Untreated E 3
=

cells; a corresponding control was
used for comparison in each

lower, respectively than that of the control (Fig. 6a; P<0.05).
It has been suggested that the stability of the Lactobacillus
lipid membrane plays a role in the bile tolerance characteris-
tics of cells (Murga et al. 1999; Kimoto et al. 2002). UV-
radiation has been reported to cause the formation of free
radicals and ROS (Herrling et al. 2003) that attack the unsat-
urated fatty acids of the cellular membrane, leading to lipid
peroxidation and changes in the lipid bilayer, as demonstrated
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Fig. 7 The antimicrobial
activities of L. fermentum BT
8219 on test pathogens were
evaluated by the disc diffusion
assay in which discs impregnated
with 20 uL L. fermentum BT
8219 culture were placed on agar
seeded with the test pathogens.
The diameter of the area of
clearing surrounding the disc,
referred to as the zone of
inhibition, was used as an indirect
indicator of the inhibition ability
of L. fermentum BT 8219, i.e., the
larger the diameter of zone of
inhibition, the greater the
inhibition
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by Ewe et al. (2013). Thus, exposure of the non-stable lipid
membrane of UV-treated parent cells to the membrane-
damaging bile acids may be one factor contributing to the
lower tolerance of the treated cells compared to the control.
The bile tolerability of UV-treated cells persisted to the first
subculture (Fig. 6b; P<0.05), during which the treated cells
showed 169.2 and 38.48 % lower tolerance towards oxgall and
cholic acid, respectively, than the control. This lower tolerance
may be due to the restoration of the UV-permeabilised
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membrane requiring energy and the synthesis of lipid (He
et al. 2002); consequently, a longer time was needed for the
cell to restore normal membrane structure despite the rear-
rangements which occurred in the phospholipid bilayer imme-
diately after treatment. The UV-treated cells of the second and
third subculture exhibited a similar bile tolerability to the
control (Fig. 6¢, d). The restoration of the bile tolerability of
cells may be due to their ability to completely repair the injured
membrane lipid bilayer.
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Antimicrobial activity

The antimicrobial activity of L. fermentum BT 8219 is vital for
the successful colonisation of lactobacilli in the intestinal
mucosa. Lactobacilli have a barrier effect and provide a de-
fence against pathogens via the production of antimicrobial
substances (Vaughan et al. 1999). The inhibitory activities of
UV-treated parent cells against Salmonella thypi, Escherichia
coli and Klebsiella pneumoniae were lower than those of their
controls (26.9, 7.4 and 29.0 %, respectively; Fig. 7a; P<0.05).
The antimicrobial mechanisms of action of L. fermentum
against the pathogens involved the lowering of the pH due
to the production of lactic acid and other metabolites, such as
hydrogen peroxide, short-chain fatty acids and bacteriocins
such as nisin, reuterin and plantaricin (Sukovi¢ et al. 2010).
The excretion of these antimicrobial agents across the cyto-
plasmic membrane is facilitated by a protein transporter that
aligns on/across the membrane (Gajic et al. 2003). UVB-
radiation has been shown to mediate the generation of ROS
and the induction of oxidative damage to lipids and proteins
(Baumstark-Khan et al. 2000). Such physical perturbation of
the plasma membrane can result in the immediate accumula-
tion of lipid peroxide and a change in membrane fluidity (Ewe
et al. 2013). The exposure of protein resides on/in the mem-
brane lipid bilayer to oxidative stress can lead to modifications
of'amino acid side chains and, consequently, alterations in the
protein structure (Cabiscol et al. 2000). Thus, the SUVBR—
induced alteration in the carrier protein that caused inefficient
secretion of bacteriocins could account for the observed lower
inhibitory activities of treated parent cells compared to that of
the control.

The antimicrobial activity of UV-treated cells of
L. fermentum against pathogens was passed on by treated
parent cells to the first and second subcultures; the inhibitory
activities of these treated cells against E. coli and
K. pneumoniae were 25.0 and 17.7 % (first subculture) and
22.0 and 16.1 % (second subculture) lower, respectively, than
those of the untreated cells (Fig. 7b, d). This may due to the
need for extended recovery periods by the altered membrane
enzymes from being driven into ordinarily improbable con-
formational states, as a UVB-stressed cell would normally
utilise its energy for UV protection mechanisms (Matallana-
Surget et al. 2012). Therefore, the incompetent repair of the
transport protein during the propagation of treated parent cells
could have been passed on to the first and second subcultures,
leading to inefficient secretion of bacteriocins extracellularly
and thus lower inhibitory activities.

Nevertheless, the antimicrobial activity of UV-treated
cells of the third subculture cells of L. fermentum
against pathogens was different (P>0.05), although in-
significantly, from that of the control (Fig. 7d). The im-
paired protein of the treated cells may have recovered and
regained its ordinary transport capability, which would thus

have enabled the cells to resume their regular inhibitory ac-
tivity similar to that of the untreated cells.

Adherence ability

The ability of L. fermentum BT 8219 to adhere to intestinal
mucosa is often a prerequisite for probiotics to colonise the gut
in order to exert beneficial health effects (Forestier et al.
2000). UV-treated L. fermentum was able to adhere to gastric
mucin, although the adherence ability of the parent cells was
14.7 % (P<0.05) lower than that of the control (Fig. 8a).
Bacterial cell surface hydrophobicity has been reported to be
one of the factors affecting cell adhesion. The interactions
between L. fermentum and intestinal epithelial cells are thus
influenced by the composition of the cell surface of the
lactobacilli, which consists of proteins, teichoic acids and
polysaccharides (Chen 2007). In an earlier study we showed
that UV-radiation affected the cell surface of cells by, for
example modifying the protein conformation (Ewe et al.
2013), which likely reduced the adherence property of the
treated lactobacilli.

Nevertheless, the adherence ability of treated cells of the
first, second and third subcultures was equivalent to that of
their controls (P>0.05) (Fig. 8b—d). This may be due to the
treated cells restoring the impaired structures and being able to
resume normal adherence ability in their membranes by way
of a self-repairing mechanism during propagation. Our results
suggest that soymilk fermented by L. fermentum BT 8219
may be developed as functional food with probiotic proper-
ties. Soymilk fermented by lactic acid bacteria has been re-
ported to result in better sensorial qualities and rheological
behaviours in terms of viscous and pseudoplastic properties
(Donkor et al. 2007). Also, when compared to non-probiotic
fermented soy yogurt, probiotic fermented soy yogurts are
more acceptable in terms of mouth feel and visual appearance.

Conclusions

In our study, SUVBR enhanced the growth of L. fermentum
BT 8219 cells to more than 9 log CFU mL ™" in biotin-soymilk
after fermentation. The treatment also increased the intracel-
lular and extracellular (3-glucosidase activity of the
lactobacilli, which in turn enhanced the bioconversion of
isoflavone glucosides to aglycones in biotin-soymilk. This
may have been due to the oxidative stress induced by
SUVBR, which led to membrane permeabilisation and would
have facilitated the exchange of molecules across the mem-
brane. Such traits were only observed in the treated parent
cells and were not passed on to the subsequent three subcul-
tures of treated cells. SUVBR decreased the functional prop-
erties of the parent cells, such as tolerance to pH 2 and bile,
antimicrobial activity and adherence ability. Acid tolerability
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and adhesion ability of the treated cells improved in the
subsequent subcultures of the treated cells while bile tolera-
bility and antimicrobial properties persisted to first and second
subcultures of the treated cells, respectively, possibly due to
the longer recovery period needed for restoration of the UV-
permeabilised membrane which involved energy and the syn-
thesis of lipid. These results show that although the functional
properties of L. fermentum were affected by the SUVBR, the
treated cells still retained their functional properties. SUVBR
could be utilised to produce putative probiotic cells with an
increased (3-glucosidase enzyme content to enhance the bio-
conversion of isoflavones glucosides to aglycones during
fermentation.
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