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Abstract Dormant bacterial spores can sense their envi-
ronments and under favorable conditions exchange their
cycle from spore state to germinated one through the pro-
cesses of germination and outgrowth. Here, the capability of
spore germination is used to design an antibiotic bio-sensing
system. Germination assays were carried out by reduction of
optical density, release of Dipicolinic acid and respiration
test under different germinats and various concentrations
of Penicillin as a germination inhibitor. This study showed
that although current germinants are not properly useful for
germination of Bacillus amyloliquefaciens in starch media,
presence of a small amount of cell wall destruction anti-
biotics (25 pg/ml) can accelerate germination but prevent
outgrowth of germinated spores. So, the germinated spores
cannot use the starch and stain blue with iodine reagent. This
phenomenon is beneficial for detection of antibiotic residues
in food and feed which are severe problem for consumers
or by giving rise to the expansion of antibiotic resistances.
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Introduction

Dormant, bacterial spores can sense their environments and
under favorable conditions, lose their resistance capabili-
ties in exchange for a regaining of metabolic functions and
vegetative growth, through the processes of germination and
outgrowth in a species- and strain-specific manner. Germi-
nation can be triggered by a variety of factors, including
nutrients (amino acids, sugars), non-nutrient germinants
(such as calcium dipicolinate, lysozyme, salts and cationic
surfactants), and physical factors such as hydrostatic pres-
sure and abrasion. The capability of spore to exchange their
cycle between spore state and germinated cell offers them
as a biosensing system. The sensitivity of germination to the
presence of contaminants such as antibiotics, aflatoxin and
some other toxins, affects the life cycle of bacterial spores
and this phenomenon can be applied as useful pattern for
detection of aforementioned in food and feed [1-3].

Biosensors can be classified according to the mode of sig-
nal transduction or to the type of recognition molecules. The
latter is divided to antibodies, protein receptors, whole cells
(mammalian cells, tissues, bacterial cells or endospores),
nucleic acids and enzymes.

Using spore based bio-sensing system has some advan-
tages are mentioned in the following:

a) It has a long shelf life of 8 months when kept as dried
spores at room temperature,

b) The spore production is a low-priced process and its
immobilization is an effortless procedure,

¢) Dormant bacterial spores have the capability of sens-
ing their environments and rapidly responding to the
presence of specific germinant substances to initiate the
process of germination and then outgrowth [3, 4].
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Although the recommended levels of antibiotics in feed
were 5—10 g/kg in the 1950s, they have increased by 10-20
folds since then. Usage of antibiotics, for example in poul-
try farms, not only as an anti-microbial agent but also as
a growth-promoting agent can increase the rate of weight
gains and improve the efficiency of converting feed to meat.
On the other hand, increasing usage of antibiotics can cause
severe problem for consumers (e.g. penicillin allergy) or by
giving rise to the expansion of antibiotic resistances [5—8].

With the emerging concern regarding antibacterial resist-
ance, the necessity of designing simple but accurate sensors
for the detection of antibiotic residues in meat products and
poultry feed is felt more than before. So, the purpose of the
current study is to introduce spore-based biosensor using
Bacillus amyloliquefaciens for the detection of antibiotic
residues by means of the starch hydrolysis.

Materials and methods

Preparation of bacterium: Bacillus amyloliquefaciens PTCC
23350 obtained from Persian Type Culture Collection.

Preparation of spore suspension

Spore suspension was prepared as described before [9].
To assess the level of sporulation, culture was examined
microscopically, when the ratios of spores to vegetative
cells reached > 95%, the biomass was collected in distilled
water and centrifuged at 6000 rpm for 30 min. This wash-
ing method repeated two more times. Final pellet was re-
suspended in deionized water, and then suspension subjected
to heat shock treatment (80 °C, 10 min).

Germinants preparation

All germinant solutions were prepared in 50 mM HEPES
pH 7.4. Germinants were selected from the literature and
included p-glucose (G), L-alanine (Ala), L-asparagine (Asn),
KClI (K) and the germinant combinations Ala-G (equimolar
solution of alanine and glucose), Asn-GK (equimolar solu-
tion of asparagine, glucose and KCI) and Ala-GK (equimo-
lar solution of alanine, glucose and KCI). Unless otherwise
noted, all germinants were prepared to a final concentration
of 10 mM [2].

Biosensing medium and spore germination assay

The bio-sensing medium was consisted of specific formula
of Basal Saline Medium consisted of K,HPO,, ammonium
sulfate, CaCl,, FeCl; and soluble starch (BHD Co.), Bacil-
lus amyloliquefaciens PTCC 23350 spores (1.5 x 108 spores/
ml). Germination assay of the spore in this medium was
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investigated during the time by means of two tests as men-
tioned in the following:

a) Reduction of the optical density: Spore germination
was monitored by measuring the reduction of the opti-
cal density at 600 nm (ODg,). Analysis of spore ger-
mination were measured in a 96-well plate (USA Sci-
entific, Orlando, FL) by mixing 10 ul spore suspension,
70 ul soluble starch with 20 ul of germinant or HEPES.
Spores and germinants were incubated at room tempera-
ture (28 °C), and the optical density at 600 nm (ODy)
was recorded periodically. Spores and germinants were
incubated for 2 h. Three replicates per treatment were
analyzed and assays were performed twice, with sepa-
rate spore preparation [1, 2, 10].

b) Release of DPA Spore germination was also assessed
(in test tube with the same proportion in microtiter plate
method as mentioned above) by measuring the release
of DPA as spore germination indicator at 270 nm from
1 ml cell free supernatant. The total DPA of the spores
was determined from the supernatant of the 20-min
boiled culture [11].

Cellular Respiration Assay in presence of different
germinants by using Microtiter Plate Method: In order to
assess the possibility of respiration test for the detection of
germinating spores, spores were exposed to the germinant
in absence of starch for maximum reaction between them.
Analysis of spore germination were measured in a 96-well
plate (USA Scientific, Orlando, FL) by mixing the propor-
tion of 1:1 spore suspension and germinants or HEPES. For
each germinant tested, two spore-germinant mixtures were
loaded per incubation time. Samples were prepared so that
all incubations finished simultaneously and were analyzed
together. Following addition of 100 ul TTC reagent to all
samples, the resulted pink color was measured after three
hours incubation time. The accumulation of the pink color is
proportional to the rate of respiration by germinated spores.
So, the OD of each well was measured at 450 nm by using
an automated Eliza counter [12, 13].

Investigation of starch hydrolysis in the presence
of different germinants

It was proposed that germinated spores hydrolyze the starch,
so the remaining starch can be detected in the presence of
different germinants by iodine test [14].
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Germination assay in the presence of different
concentration of Penicillin

Different concentrations of Penicillin G (25, 50 and 100 pg/
ml) were added to the medium and spore germination assay
was carried out as mentioned above.

Confirmation of DPA release in presence of Penicillin
by means of FTIR analysis

The biosensor was prepared in starch media and treated with
and without Penicillin. After 3 h, the suspensions were cen-
trifuged and pellet washed two times with deionized water.
Then pellet re-suspended in deionized water. Prior to analy-
sis, the samples were oven-dried at 50 °C for 30 min [15].

Statistical analysis

The data were assessed using the analysis of variance
(ANOVA) at P <0.05 level of significance using the Graph-
Pad Prism 7 software. Graphs were plotted by Excel 2016,
and all of treatments were done in triplicate.

2

Pe rce ntage of initial 0D 600 nm

Fig. 1 Germination assay of B. amyloliquefaciens (using reduction
of ODg,,m) under different germinants in starch media during incu-
bated at 28 °C (Ala-G: an equimolar solution of L-alanine and p-glu-
cose, Asp-G: an equimolar solution of rL-asparagine and p-glucose;
Ala-Asn-G: an equimolar solution of r-alanine, L-asparagine and
D-glucose; Ala-GK: an equimolar solution of L-alanine, p-glucose and

Results

Germination rates were demonstrated by reduction of optical
density (ODyg) for different germinants at 28 °C (Fig. 1). As
it was shown germinants caused reduction in optical density
during the time, with nearly the same pattern however the
most reduction was significantly occurred in the presence of
L-alanine and Ala-Asn after 120 min.

Spore germination was measured by monitoring DPA
which released in the supernatant of the cell free samples
in the presence of different germinant (Fig. 2). The figure
shows that Ala-Asn germinant significantly promotes spore
germination among samples after 120 min.

The respiration was measured using dehydrogenase assay
by TTC reagent. Dehydrogenase enzymes have an impor-
tant role in aerobic respiration. The technique described here
depends upon the fact that these dehydrogenase enzymes can
donate the hydrogen ions to a color-less compound, causing
it to change color. When the color-less chemical 2,3,5-Tri-
phenyl tetrazolium chloride (TTC) diffuses into bacteria, it
accepts electrons and reduced to a pink compound, known
as formazan. The accumulation of this pink compound is
proportional to the rate of bacterial respiration in inocu-
lated microplate. So, the OD of each well was measured at
450 nm by using an automated Eliza counter [13]. Since the
vegetative forms of B. amyloliquefaciens were responded to
TTC test, this test was designed for assessment of respiration

%120 min

® 60 min

KCI; Asn-GK: an equimolar solution of L-asparagine, p-glucose and
KCI; Ala-Asn: an equimolar solution of L-alanine and L-asparagine).
Data points represent the mean percent spore germination of three
replicates per sample, and vertical lines represent the standard error
of the mean for each treatment. Means not followed by the same letter
were statistically different (P <0.05)
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Fig. 2 Germination assay of B. amyloliquefaciens (using DPA
release) under different germinants in starch media incubated at 28 °C
(Ala-G: an equimolar solution of L-alanine and p-glucose, Asp-G:
an equimolar solution of L-asparagine and p-glucose; Ala-Asn-G: an
equimolar solution of L-alanine, L-asparagine and p-glucose; Ala-GK:
an equimolar solution of L-alanine, b-glucose and KCI; Asn-GK: an
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Fig. 3 Respiration assay of germinated spores under different germi-
nants incubated at 28 °C (Ala-G: an equimolar solution of L-alanine
and p-glucose, Asp-G: an equimolar solution of L-asparagine and
p-glucose; Ala-Asn-G: an equimolar solution of L-alanine, L-aspara-
gine and p-glucose; Asn-GK: an equimolar solution of L-asparagine,
D-glucose and KCl). The experiment was carried out in triplicate and
error bars represent the standard error of the mean for each treatment.
In some cases, the error bars are too small to be visible

as an index of spore germination in B. amyloliquefaciens
spores. So here, the accumulation of the pink compound
is proportional to the rate of respiration by germinating
spores. Although the statistical analysis was not significantly
shown the differences among samples, germinating spores
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equimolar solution of L-asparagine, p-glucose and KCI; Ala-Asn: an
equimolar solution of L-alanine and L-asparagine). Data points repre-
sent the mean percent spore germination of three replicates per sam-
ple, and vertical lines represent the standard error of the mean for
each treatment. Means not followed by the same letter were statisti-
cally different (P <0.05)

were visually detectable (pink color) in the presence of both
D-Glucose and Asn-GK after 6 and 24 h (Fig. 3).

Finally, the rate of starch hydrolysis was investigated
in the presence of different germinants (Fig. 4). Statistical
analysis showed that the rate of starch hydrolysis in buffer
(blank) is better than all germinants. It seems that the proper
action of germinants was inhibited in the presence of starch
as the only carbon source of the media.

In the next stage, spore germination assay was repeated
in the presence of different concentration of Penicillin G.
Since it was shown (in the previous stage) that the pres-
ence of germinants does not have any significant effect on
starch hydrolysis, this stage was carried out only in the
presence of buffer as a blank. Statistical analysis showed
that different concentrations of Penicillin (Fig. 5) did not
cause significant reduction in ODg,, .. and therefore had
no significant effect on germination.

Figure 6 showed that the rate of DPA release in the
presence of different concentration of Penicillin was sig-
nificantly high rather than buffer. This phenomenon is
because of hydrolysis of outer layers of spore (e.g. Cor-
tex) in the presence of Penicillin. It seems that although
the presence of Penicillin can accelerate the germination,
prohibited out-growth. Consequently, germinating spores
faced to Penicillin were killed and starch hydrolysis could
not occur properly depend on Penicillin concentration
(Fig. 7). Figure 8 visibly shows the possibility of iodine
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Fig. 4 The percentage of
remaining starch in the pres-
ence of different germinants
incubated at 28 °C (Ala-G: an
equimolar solution of L-alanine
and p-glucose, Asp-G: an equi-
molar solution of L-asparagine
and p-glucose; Ala-Asn-G: an
equimolar solution of L-alanine,
L-asparagine and D-glucose;
Ala-GK: an equimolar solution
of L-alanine, p-glucose and KClI;
Asn-GK: an equimolar solution
of L-asparagine, D-glucose and
KCl). Data points represent the
mean percent spore germination
of three replicates per sample,
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Fig. 5 The effect of different concentrations of Penicillin G on the
reduction of optical density as an index of spore germination. The
experiment was carried out in triplicate and vertical error bars repre-
sent the standard error of the mean for each treatment

and respiration test to detect the presence of Penicillin
after 5 h at room temperature.

In order to confirm significant amount of DPA release
from germinating spores in the presence of Penicillin,
FTIR analysis of spore based biosensor with and without
Penicillin was carried out. As the arrow was shown in
Fig. 9, the picks between 1435 and 1470 cm™! (regarding
to the pyridine ring of DPA) were disappeared after treat-
ment with Penicillin [15].

Discussion

Germination of bacterial spore was extensively studied [1-3,
16-20]. Here we introduced a new way for detection of

Fig. 6 The effect of Penicillin concentrations on DPA release as an
index of spore germination. Data points represent the mean percent
spore germination of three replicates per sample, and error bars repre-
sent the standard error of the mean for each treatment. In some cases,
the error bars are too small to be visible. Means not followed by the
same letter were statistically different (P 0.05)
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Fig. 7 The effect of Penicillin concentrations on starch hydrolysis
as a biosensing system performance. The experiment was carried out
in triplicate and vertical error bars represent the standard error of the
mean for each treatment
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Fig. 8 The performance of

the spore-based biosensor in
response to the presence of
Penicillin (100 ug/l) by iodine
method (a) and by respira-

tion test (b) after 5 h at room
temperature (C control media, P
Penicillin treated media)

germinating spores by using TTC in buffer, in the presence
of some germinants and germination inhibitor (Penicillin).
According to these data a biosensing system was designed
for the detection of cell wall destruction antibiotics in food
and feed. For this propose, the spores of B. amyloliquefa-
ciens was inoculated in a minimal medium with starch as
carbon source. Response time of the biosensor depends
on the rate of starch hydrolysis by the germinating spores.
In order to manipulate the response time of the biosensor,

;| — Vegetative cells
105 — Spores

spores were exposed to the germinants to select the best ones
for using in the designed medium.

As it was reported by other lectures, Bacillus nutrient-ger-
mination occurred via germination receptors [1]. Crane et al.
(2014) found that a combination of p-glucose, b-fructose and
potassium chloride (GFK), in addition to either L-asparagine
(Asn-GFK) or L-alanine (Ala-GFK), induced maximal levels
of TrigoCor spore germination in vitro. Although the induc-
tion of germination occurred in the presence of Ala-Gk or
Asn-Gk, the combination of Ala-Asn significantly enhanced
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Fig. 9 FT-IR spectra of B. amyloliquefaciens spore treated with and without Penicillin. The arrow was shown that the picks between 1435 and
1470 cm™! (regarding to the pyridine ring of DPA) were disappeared after treatment with Penicillin
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germination of B. amyloliquefaciens spores. Reduction of
ODggonm Showed that B. amyloliquefaciens germinate with
the most common Bacillus germinant, L-alanine, but at lower
extent. Since the starch hydrolysis was not carried out prop-
erly in the presence of germinants, it can be concluded that
the presence of starch in the medium may interfere with the
access of nutrient-receptors to the germinants. So, it seems
that the minimal starch medium without any germinants was
the best choice as the designed medium for the biosensor.

Laflamme et al. [12] showed that CTC (5-cyano-2, 3-dio-
tolyl tetrazolium chloride) was used for germinating study
by means of fluorescent microscope. Here the respiration
test (TTC) was applied for detection of germinating spores
in the presence of germinants by microtiter plate. Since this
test was carried out in absence of starch, the result (Asn-GK)
qualitatively was more similar to other studies [2].

In the next stage, the performance of biosensor in the
presence of different concentrations of Penicillin was
assayed. As it was mentioned in other texts, because of
impressing spore germination by environmental conditions,
it can be a useful tool for the detection of contaminations
such as antibiotic residues in feed. On the other hand, the
presence of antibiotics prohibited the out-growth of spores
[3, 7, 21]. Interestingly when spores were exposed to the dif-
ferent concentration of Penicillin, high concentration of DPA
(especially in the presence of 100 pg/ml of Penicillin) was
released. Although the presence of different concentration
of Penicillin may accelerate the germination process, the
starch hydrolysis of the designed biosensor was significantly
delayed depending on Penicillin concentration. Investigation
of germination in the presence of Penicillin by means of
FTIR analysis and respiration test was also confirmed the
Penicillin effect on germination process, however prohibited
out-growth of germinating spores.

Conclusion

In current research, spore germination of B. amylolique-
faciens was investigated by several methods and suggests
that each of them can be a suitable tool for designing a bio-
sensing system for the detection of substances that affect
germination and out-growth such as antibiotics.
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