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ABSTRACT

Aims: Attention to ice nucleation proteins has increased for more than two decades. Ice nucleation proteins have been
utilized for artificial snow-making known as Snowmax™, cryopreservation of tissues and cells, and cloud condensation
nuclei. There is a direct relationship between bacterial growth and ice nucleation activity. Therefore, the optimization of
the culture medium seems necessary.

Methodology and results: The effect of different carbon and nitrogen sources on the growth of a new native
Pseudomonas sp. IRL.INP1 was evaluated by using fractional factorial design, the path of the steepest ascent
experiment and central composite design. Ice nucleation activity, biomass and whole-cell protein were identified
afterward. The model predicted by response surface methodology indicated that the maximum bacterial growth was
observed when sucrose, ammonium sulfate [(NH4)2SO4] and manganese (I1) (Mn?*) were utilized at 12.46 g/L, 321.97
mg/L and 938.09 uM, respectively. Also, 1.10 g/L biomass and 0.85 ug/pL whole-cell proteins were gained, and the
isolate showed ice nucleation activity 31 sec sooner after optimization.

Conclusion, significance and impact of study: Ice nucleation proteins are growth-dependent and the growth
condition optimization leads to higher bacterial cells growth. Therefore, best bacterial growth was obtained when proper
carbon and nitrogen sources were used, and ice nucleation activity was observed in shorter time. This is the first study

concerning ice nucleation activity optimization using different carbon and nitrogen sources.
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INTRODUCTION

Ice nucleation is an expression for the formation of initial
ice particles in water through a phase transition from
liquid to the solid phase (Hartmann et al., 2013). For pure
water, this phase transition happens at —40 °C (Wilson
and Haymet, 2009). The term supercooled water
describes liquid water at temperatures below 0 °C (Li et
al., 2011). The supercooled water is stable and ice
crystals must aggregate to reach a cluster size for ice
formation and subsequently, ice is constructed promptly
(Russo et al., 2014). This phenomenon was named ice
nucleation and was divided into two different groups:
homogeneous and heterogeneous ice nucleation. The
components of the homogeneous ice nucleation are pure
water molecules. In contrast, the heterogeneous ice
nucleation is composed of some impurities in the water.
Ice nucleators are define as any substances which are
made from heterogeneous ice nucleation (Mohler et al.,
2008; Beydoun et al.,, 2017). The most focus on
heterogeneous ice nucleation is about the bacteria are
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derived from leaves (also known as plant pathogens).
Originally, these plant pathogens were considered since
they were potent to generate frost to damage crop plants
(Lundheim, 2002; Kawahara, 2017). The bacterial ice
nucleators are proteinaceous compounds that attach to
the cell membrane by phosphatidylinositol (Pl) as an
anchor. The bacterial ice nucleation proteins are divided
into three classes: types |, Il and Il with threshold
temperatures ranges of -5 °C or warmer; -5 °C to -8 °C;
and —10 °C or colder, respectively (Hew and Yang, 1992;
Polen et al., 2016). Various epiphytic Gram-negative
bacteria have been found as the ice nucleation protein
producers belonging to genera Pseudomonas, Erwinia
and Xanthomonas (Joly et al., 2013).

Ice nucleation bacteria are used for snowmaking as
an artificial snow maker, also known as Snowmax™
(Hartmann et al., 2013). The other promising applications
are cryopreservation of tissues and cells in biology
research and making bacterial cell-free ice nucleation
activator for the food industry. Ice nucleation activators
can serve as cloud condensation nuclei (CCN) and affect
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climate. In Arctic regions, paths and aircraft runways are
fabricated from seawater at low temperatures and it
initiates without ice nucleation in Arctic regions.
Pseudomonas syringae is applied to decrease
supercooling in seawater streams. Thus, a large amount
of seawater will freeze and ice construction can occur in
various temperatures. Besides, the use of ice nucleation
activator as a signal transmitter in immunoassay has
been studied (Lorv et al., 2014). Owing to the numerous
uses of ice nucleation proteins, optimization of bacterial
ice nucleation activity (INA) should be taken into
consideration.

The published papers relating to INA optimization are
limited, and this is the first study concerning INA
optimization using different carbon and nitrogen sources
by applying response surface methodology. Also, the
effects of different metal ions on INA were studied. In this
paper, a native ice nucleation bacterium, Pseudomonas
sp. IRL.INP1 was used and given that INA by
Pseudomonas sp. IRL.INP1 was growth-dependent,
optimization of the growth conditions was considered.
Also, Pseudomonas sp. IRL.INP1 has great ice nucleation
activity belonging to the type | of ice nucleation protein
which is even better than the positive control, P.
syringae pv. syringae.

MATERIALS AND METHODS
Bacterial isolates

Pseudomonas syringae pv. syringae was received from
the National Center for Genetic, and Biological Reserves,
Tehran, Iran and applied as positive control in this study.
The negative control Escherichia coli PTCC 1330 was
obtained from Iran Scientific and Industrial Research

Organization  Tehran, Iran. The native strain
Pseudomonas sp. IRL.INP1 was received from the
Applied Biotechnology Research Center, Bagiyatallah

University of Medical Sciences. It was previously isolated
from the Damavand region (a cold region) in Iran and was
identified biochemically and genetically.

Ice nucleation assay by frozen-droplet technique

For INA evaluation, a cooling circulator (LAUDA® Alpha
RA 8 Refrigerating Circulator, Berlin, Germany) was
applied to determine the freezing point. Thermal
conductivity was prepared by coating the surface of the
aluminum plate with paraffin and the aluminum plate was
chilled at the rate of 1 °C/min. Cell suspension of 10 uL
was placed on the aluminum plate and the temperature
was gradually lowered. The drops at the given
temperature were monitored until the droplets froze. The
freezing temperature and time were registered as the
temperature and time for observing INA, respectively
(Snider et al., 2000; Tebyanian et al., 2014).
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Medium optimization by one-factor-at-a-time

experiments

The one-factor-at-a-time method was used for evaluating
the factors affecting cell growth, thereby enhancing INA.
The pH of medium culture was adjusted from 5 to 8 with 1
M HClI and 1 M NaOH before sterilization and the
optimum temperature was evaluated by incubating the
cultures at 18, 20, 25, 30 and 35 °C, respectively. The
different carbon sources at 1% and nitrogen sources at
0.01% concentrations were added to the basal medium
(10 g¢/L proteose peptone broth). The carbon sources
such as glucose, sucrose, fructose, galactose, maltose,
lactose, glycerol, xylose, sorbitol and cellulose were used.
The nitrogen sources including ammonium nitrate
(NH4NQOs3), ammonium sulfate [(NH4)2SOa], asparagine,
glycine and ammonium chloride [(NH4)2Cl] were studied.
Different chloride ions (Merck®) at different concentrations
from 200 to 800 pM were evaluated as media
supplements including CacCl> (Ca?*), NiCl2 (Ni?*), ZnCl2
(Zn?*), MgClz2 (Mg?*), CuClz (Cu?*), MnCl2 (Mn?*), PbClz
(Pb?*) and FeCls (Fe®). In each experiment, 2 x 107
CFU/mL of an overnight culture of Pseudomonas sp.
IRL.INP1 in proteose peptone broth was inoculated (Raza
et al.,, 2012; Sirajunnisa et al., 2016; Khomarlou et al.,
2018).

Fractional factorial design (FFD)

After evaluating the temperature and pH based on one
factor-at-a-time experiment, the temperature and pH were
set at 30 °C and pH 7, respectively. Based on one factor-
at-a-time experiment, the carbon and nitrogen sources
including sucrose and ammonium sulfate [(NH4)2SOa4],
respectively, and three ions including Ca?*, Mn?* and Ni?*,
which had the highest impact on microbial growth (ODeoo)
were selected. Then, FFD was employed to screen the
most substantial factors. The 5 main factors, including
Ca?*, Mn?*, Ni?*, sucrose and ammonium sulfate
[(NH4)2SO4] were designated as Xi, X2, X3, X4 and Xs,
respectively. Each factor was tested at two levels (-1 for
low level and +1 for high level) and a center point (0). An
FFD was regressed by Minitab statistical software (V
17.0) to generate the first-order polynomial Equation (1).

Y = Bo + 2BiXi Q)

Where Y is the response (bacterial growth), Bo is the
model intercept, Gi is the linear coefficient and Xi is the
level of the independent variable (Raza et al., 2012;
Heidari et al., 2019).

Path of steepest ascent experiment

The influential factors (sucrose, ammonium sulfate and
Mn?*) were selected by FFD and they were more
optimized by applying the steepest ascent design to lead
the experimenter close towards the vicinity of the
optimum of the surface. The direction of the steepest
ascent is the direction in which Y enhances most quickly.
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This process is stopped until the response does not
increase anymore. This spot would be in the vicinity of the
optimum and can be employed as a middle spot for
further optimization by central composite design. In this
study, the increasing concentrations of sucrose,
ammonium sulfate and Mn?* were used. The
concentrations increased until the point in which the
response does not increase anymore (Fung et al., 2008;
Raza et al., 2012).

Central composite design

A central composite design was carried out to optimize
the three variables selected by FFD, which significantly
influenced the bacterial growth. The three independent
variables (sucrose, ammonium sulfate and Mn?*) were
judged at five levels (-1.68, -1, 0, +1 and +1.68) by 20
experiments. The experiments were carried out in 300 mL
Erlenmeyer flasks with 150 mL of media, under agitating
state 30 °C for 24 h, prepared according to the CCD
design. The obtained response could be expressed by a
second-degree polynomial equation as Equation (2).

Y=Bo+EReBX + DB +EILBPT =12,k
)

Where Y is the predicted response, Bo is the intercept, Xi
and X; are the none-coded independent factors influencing
the response variable Y, Gi is the linear effect of Xi, Bj is
the second-order interaction and G is the quadratic
coefficient. In this study, three variables were included.
Therefore, n took the value 3. By substituting the value 3
for n in Equation (2), Equation (3) was obtained.

Y = Bo + BaX1 + B2X2 + BaX3 + L12X1 X2 + B13X1X3 + B23X2X3
+ B11X12 + B22X2? + BazX3? 3)

Where Y was the predicted response, o was a constant,
X1, X2, and X3 were input variables, B1, 82 and B3 were the
linear coefficients, B12, B13 and B23 were the second-order
interactive coefficients and B11, 822 and B33 were quadratic
coefficients (Raza et al., 2012; Sirajunnisa et al., 2016).
To validate the model, four additional experiments were
carried out using the concentrations predicted by the
software in shake flasks under the optimum medium
compositions. Experimental designs and data analysis
were obtained by Minitab statistical software (V 17.0).

Biomass and cellular protein determination

An aliquot (50 mL) of the culture sample was collected
from the flask and centrifuged at 4 °C, 8,000 rpm for 15
min. An oven was employed at 105 °C for 4 h for drying
the bacterial cells, then the weight of the cells was
measured. To estimate cellular protein, the cell pellet was
washed with distilled water and tetrahydrofuran. The cells
were ruptured by adding 1 N NaOH and were heated at
90 °C in a water-bath for 5 min. The Bradford micro-assay
was applied for whole-cell proteins determination. After
adding a Bradford reagent, the dye of the protein solution
was changed to violet. The absorbance of the solution
was obtained at 592 nm by a UV-VIS spectrophotometer.
The quantity of protein was determined by comparison
the absorbance of the samples with a calibration curve of
BSA (Raza et al., 2007; Kalapat et al., 2009; Kumar et al.,
2016).

RESULTS
One-factor-at-a-time experiments

In the beginning, INA of the native isolate, Pseudomonas
sp. IRL.INP1 was compared with the positive control P.
syringae pv. syringae. Pseudomonas sp. IRL.INP1 was
qualified for INA even better than positive control P.
syringae pv. syringae (Table 1). The optimal condition for
bacterial growth were pH 7, at 30 °C (Table 2). Then, the
effect of several carbon and nitrogen sources on INA
by Pseudomonas sp. IRL.INP1 were studied. The results
demonstrated that maximum growth was achieved by
sucrose as the carbon source, followed by glucose and
sorbitol. Also, the best nitrogen source was ammonium
sulfate (Table 3). Since we were seeking a cost-effective
nitrogen source and concerning that ammonium sulfate is
a suitable nitrogen source for most bacteria, proteose
peptone broth was selected as a basal medium with the
additional of ammonium sulfate. Due to the effect of metal
ions on INA, several ions including Ca?*, Ni?*, Zn?*, Mg?*,
Cu?*, Mn?*, Pb?* and Fe3* at different concentrations from
200 to 800 uM were investigated. From Table 4, it shows
higher concentration (> 500 uM) of metal ions (Zn?*, Mg?*,
Cu?*, Pb? and Fe3") exhibit inhibitory effect for the
bacterial growth. However, it does not inhibit the growth of
Pseudomonas sp. IRL.INP1 when Ca?*, Ni?* and Mn?*
was added. Before optimization, the biomass and whole-
cell proteins of inoculated proteose peptone broth as the
basal medium were evaluated, and 0.5 g/L biomass and

Table 1: The effect of different temperatures on the ice nucleation activity and the time for observing ice nucleation

activity before the optimization.

Strains Time for observing ice nucleation activity at a given temperature

-5°C —7°C -9°C
Pseudomonas sp. IRL.INP1 51 sec 20 sec 8 sec
Pseudomonas. syringae pv. syringae - 23 sec 11 sec
(Positive control)
Escherichia coli PTCC 1330 (Negative control) - - -

(=) Not having ice nucleation activity.
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Table 2: The effect of different temperature and pH on the growth of
Pseudomonas sp. IRL.INP1 (ODsoo) after 24 h.

Table 3: The effect of different carbon and nitrogen compounds on the
growth of Pseudomonas sp. IRL.INP1 after 24 h.

Temperature (°C)

18 20 25 30 35
ODeoo 0.22 0.56 0.82 1.26 1.10
pH
5 6 7 8
ODsoo 0.8 1.45 151 1.301

Carbon sources ODsoo Nitrogen sources ODsoo
Glucose 0.57 £ 0.09 NHsNOs3 0.30 £ 0.03
Sucrose 0.72+0.12 (NH4)2S04 0.55+0.02
Fructose 0.32 £0.05 Asparagine 0.30+£0.04
Galactose 0.31+£0.07 Glycine 0.34 £ 0.05
Maltose 0.24 + 0.06 (NHa4)2ClI 0.12 £+ 0.05
Lactose 0.22 +0.01

Glycerol 0.51+0.18

Xylose 0.28 £ 0.03

Sorbitol 0.56 £ 0.09

Cellulose 0.41 + 0.05

Data is presented as the mean value + SD of three replicates.

Table 4: The effect of different metal ions on ODsoo of Pseudomonas sp. IRL.INP1 after 24 h in basal medium containing 10 g/L proteose peptone broth.

Metal ion Control 200 uM 300 puM 400 pM 500 uM 600 uM 700 uM 800 uM
Cu?* 0.37 £0.03 0.35+0.02 0.33+0.03 0.30 £ 0.05 0.41 +£0.02 0.38 £ 0.02 0.30 £ 0.09 0.20 £ 0.03
Ni2* 0.33+0.01 0.30 £ 0.03 0.32 £0.02 0.35+0.01 0.40 +0.02 0.42 £ 0.02 0.48 £ 0.05 0.50 £ 0.01
Pb?* 0.34 £ 0.01 0.31+£0.02 0.30 £ 0.03 0.34 £ 0.05 0.41 +£0.03 0.40 £ 0.04 0.35+0.05 0.20+£0.01
Mg?* 0.34+£0.01 0.33+£0.03 0.30+£0.01 0.30 £ 0.03 0.31+0.03 0.20 £ 0.05 0.26 + 0.02 0.15+0.01
Fe3* 0.31+£0.02 0.30 £ 0.05 0.36 £ 0.02 0.34+£0.01 0.30 £ 0.03 0.20+0.01 0.12+0.01 0.10 £ 0.02
Ca?* 0.30 £ 0.02 0.41+0.04 0.50 £ 0.01 0.52+0.04 0.50 £ 0.01 0.48 £ 0.04 0.44 £ 0.05 0.48 £ 0.01
Zn?* 0.27 £0.03 0.34 £0.02 0.41 £ 0.03 0.30+£0.01 0.34 £0.02 0.25+0.02 0.17 £0.03 0.10 £ 0.05
Mn3* 0.35+0.04 0.35+0.01 0.38 £ 0.04 0.40+£0.01 0.46 £ 0.05 0.50 £ 0.02 0.55+0.05 0.53+0.01

The ODsqo data is presented as the mean value + SD of three replicates.
0.25 pg/uL whole-cell proteins were gained.
Fractional factorial design (FFD)

The screening of significant nutrients was carried out using a fractional
factorial design. By using one factor-at-a-time experiment, sucrose,
ammonium sulfate and metal ions, including Ca?*, Mn?* and Ni?* were
chosen for further optimization (Table 5). Temperature (30°C), pH (7) and
the time of incubation (24 h) were kept constant, and the main factors were
designated as Ca?* (X1), Mn?* (X2), Ni2* (X3), sucrose (X4) and ammonium
sulfate(Xs). Except for Ni** and Ca?*, all the other selected variables
represented positive effects on bacterial growth. Additionally, the effect of
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ammonium sulfate (P = 0.016), sucrose (P = 0.000) and Mn?* (P = 0.010)
were significant, while the other two variables (Ni** and Ca?*) presented
non-significant influence at 95% confidence interval (Table 6). The second-
order polynomial equation was obtained as Equation (4).

Y = 022 -0.000167 Xi +0.000487 X2 - 0.000063 Xs + 0.1625 Xa
+0.000900 Xs — 0.0850 Ct Pt @)

Results showed that the model was significant (P = 0.000). The R-squared
(R?) of the model was 0.9138, representing that 91.38% of the variability in
the response could be described by the model. The adjusted R? of the
model was 87.06% (Table 6).
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Table 5: Fractional factorial design and responses after 24 h.

Runs Ca?* Mnz* Ni2* Sucrose Ammonium ODsoo Predicted
(um) (UM) (UM) (g/L) sulfate (mg/L) ODsoo*
1 400 (-1) 700 (-1) 800 (-1) 3(-1) 200 (+1) 0.86 0.87
2 700 (+1) 700 (-1) 1000 (+1) 3(-1) 200 (+1) 0.80 0.81
3 700 (+1) 900 (+1) 1000 (+1) 3(-1) 100 (-1) 0.85 0.82
4 700 (+1) 700 (-1) 800 (-1) 3(-1) 100 (-1) 0.79 0.73
5 400 (-1) 900 (+1) 800 (-1) 3(-1) 100 (-1) 0.90 0.88
6 400 (-1) 900 (+1) 1000 (+1) 3(-1) 200 (+1) 0.98 0.96
7 700 (+1) 700 (-1) 800 (-1) 5 (+1) 200 (+1) 1.18 1.15
8 400 (-1) 700 (-1) 800 (-1) 5 (+1) 100 (-1) 1.10 1.11
9 700 (+1) 900 (+1) 800 (-1) 3(-1) 200 (+1) 0.91 0.92
10 400 (-1) 900 (+1) 1000 (+1) 5 (+1) 100 (-1) 1.26 1.19
11 400 (-1) 700 (-1) 1000 (+1) 3(-1) 100 (-1) 0.65 0.77
12 700 (+1) 700 (-1) 1000 (+1) 5 (+1) 100 (-1) 1.03 1.05
13 550 (0) 800 (0) 900 (0) 4 (0) 150 (0) 0.89 0.92
14 700 (+1) 900 (+1) 1000 (+1) 5 (+1) 200 (+1) 1.18 1.23
15 550 (0) 800 (0) 900 (0) 4 (0) 150 (0) 0.86 0.92
16 400 (-1) 900 (+1) 800 (-1) 5 (+1) 200 (+1) 1.25 1.3
17 550 (0) 800 (0) 900 (0) 4 (0) 150 (0) 1.01 0.92
18 700 (+1) 900 (+1) 800 (-1) 5 (+1) 100 (-1) 1.10 1.16
19 400 (-1) 700 (-1) 1000 (+1) 5 (+1) 200 (+1) 1.24 1.19
OD values are rounded into 2 decimal places.
Table 6: ANOVA analysis for the fractional factorial design.

Source DF Adj SS Adj MS F-value P-value

Model 6 0.521803 0.086967 21.19 0.000

Linear 5 0.50355 0.10071 24.54 0.000

X1* 1 0.01 0.01 2.44 0.145

Xa2* 1 0.038025 0.038025 9.26 0.01

X3* 1 0.000625 0.000625 0.15 0.703

Xa* 1 0.4225 0.4225 102.94 0.000

Xs* 1 0.0324 0.0324 7.89 0.016

Curvature 1 0.018253 0.018253 4.45 0.057

Error 12 0.04925 0.004104

Lack-of-Fit 10 0.03665 0.003665 0.58 0.772

Pure Error 2 0.0126 0.0063

Total 18 0.571053

Model summary
R-squared (R?) 91.38%
Adjusted R? 87.06%

*X1, X2, X3, X4 and Xs are Ca?*, Mn?*, Ni?*, sucrose and ammonium sulfate, respectively.

Path of steepest ascent experiment

The steepest ascent test was carried out to find the best
point with the highest response. The method was
originated from the maximum point of FFD (Table 5) (run
16: +1 for high levels of FFD, which were 5 g/L of
sucrose, 200 mg/L ammonium sulfate and 900 pM of
Mn?*) and the concentrations of sucrose, ammonium
sulfate and Mn?* were increased from the concentrations
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above the maximum point of FFD (Table 7). As a result,
optical density (ODeoo) Was enhanced at each step of the
steepest ascent till run 3 that the highest growth was
obtained (Table 7) and a reduction was observed
afterward. The highest ODeoo was reached at 1.35, with
the combination of sucrose (11 g/L), ammonium sulfate
(350 mg/L) and Mn?* (960 pM). Therefore, run 3 was
chosen for the CCD experiment.
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Table 7: Experimental design and results of the steepest
ascent path experiment after 24 h of the increasing
concentrations of sucrose, ammonium sulfate and Mn2*
and their effects on the optical density at 600 nm.

Run  Sucrose Ammonium Mn2* ODe0o
(/L) sulfate (um)
(mg/L)
1 7 250 910 1.31
2 300 935 1.27
3 11 350 960 1.35
4 13 400 985 1.30
5 15 450 1010 0.93

Central composite design (CCD)

The concentrations of the three variables were fixed at
the center of the results which were gained from the
steepest ascent path experiment. The respective high and
low levels with the coded levels of the three factors are
shown in Table 8. A second-order polynomial equation
by multiple regression analysis was obtained as shown
below Equation (5).

Y = -15.8 - 0.178X1 + 0.00393X2 + 0.0379Xs —
0.01162X1X1  —0.000021X2X2  — 0.000026X3X3
0.000187X1X2+ 0.000563X1X3 + 0.000012X2X3

®)

Surface Plot of OD600 vs Ammonium sulfate
(mg/L). sucrose (g/L)
Hold Values Mn?* (uM) 960

f\
ODG600 ..

200 -
» Ammonium sulfate

Y (mg/L)
sucrose (g/L)

250

Where Y is the bacterial growth, X1, X2 and Xz are
sucrose, ammonium sulfate and Mn?*, respectively. The
values for R? and adjusted R? were 93.09% and 86.86%,
respectively, indicating the sample variance of 93.09%
was allocated to the variables, and only 6.91% of the total
variance could not be described by the model. The
ANOVA for the model (Table 9) indicates that the
regression was statistically significant (P = 0.000) at the
95% confidence level. Statistically, an insignificant lack of
fit (P = 0.544) indicates that the model is sufficient for
prediction within the range of variables selected. The
coefficient values of Equation (5) shows that the linear
coefficients (X1, X2 and Xs), quadratic term coefficients
(X122 and X2?) and X1X3 were significant. A visual analysis
of the interactions among variables is provided by three-
dimensional response surface plots. Maximum levels of
all variables for the highest bacterial growth and pairwise
interactions of the two variables are illustrated by these
plots (Figure 1). The optimal concentration of sucrose,
ammonium sulfate and Mn?* were predicted at 12.46 g/L,
321.97 mg/L and 938.09 pM, respectively. The maximum
bacterial growth was estimated to be 1.46 at ODsoo. TO
validate the model, four additional experiments were
carried out in shake flasks under the optimum medium
compositions. The mean value gained at ODsoo was 1.41
(Table 10), which was close to the predicted response.
Also, the 1.10 g/L biomass and 0.85 pg/uL whole-cell
proteins were gained.

Surface Plot of OD600 vs Mn?* (uM),
Ammonium sulfate (mg/L)
Hold Values Sucrose (g/L) 11

0OD600 -

11

& Mn?(uM)
Ammonium sulfate (mg/L)

oed T

B

Surface Plot of OD600 vs Mn?* (uM),

Sucrose(g/L)

Hold Values Ammonium sulfate (mg/L) 350

0D600

sucrose (g/L)

1000

= Mn?* (uM)

@

Figure 1: Response surface 3D plots of mutual interactions of (A) sucrose and ammonium sulfate, (B) ammonium
sulfate and Mn?* and (C) sucrose and Mn?* towards bacterial growth.
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Table 8: Central composite design arrangements and responses after 24 h.

Runs Sucrose Ammonium sulfate Mn2* ODs0o Predicted
(g/L) (mg/L) (UM) ODe0o*
1 13 (+1) 300 (-1) 990 (+1) 1.35 1.39
2 13 (+1) 400 (+1) 990 (+1) 1.30 1.33
3 9(-1) 300 (-1) 930 (1) 1.33 1.32
4 9(-1) 400 (+1) 930 (-1) 1.28 1.26
5 9 (-1) 400 (+1) 990 (+1) 1.12 1.14
6 14.36 (+1.68) 350 (0) 960 (0) 1.45 1.42
7 7.63 (-1.68) 350 (0) 960 (0) 1.13 1.15
8 13 (+1) 400 (+1) 930 (-1) 1.32 1.32
9 11 (0) 350 (0) 960 (0) 1.36 1.42
10 9(-1) 300 (-1) 990 (+1) 1.10 1.12
11 11 (0) 350 (0) 960 (0) 1.43 1.42
12 11 (0) 350 (0) 960 (0) 1.40 1.42
13 11 (0) 350 (0) 960 (0) 1.37 1.42
14 11 (0) 350 (0) 960(0) 1.43 1.42
15 11 (0) 265 (-1.68) 960 (0) 1.34 1.32
16 11 (0) 350 (0) 960 (0) 1.47 1.42
17 11 (0) 434 (+1.68) 960 (0) 1.21 1.22
18 11 (0) 350 (0) 1010.45 (+1.68) 1.31 1.27
19 13 (+1) 300 (-1) 930 (-1) 1.45 1.46
20 11 (0) 350 (0) 909.55 (-1.68) 1.40 1.43

*ODgqo values are rounded into 2 decimal places.

Table 9: Analysis of variance of predictive equation for the bacterial growth by Pseudomonas sp. IRL.INP1.

Source DF Adj SS Adj MS F-value P-value
Model 9 0.220032 0.024448 14.96 0.000™
Linear 3 0.138678 0.046226 28.28 0.000"
X1 1 0.093197 0.093197 57.02 0.000™
X2 1 0.013453 0.013453 8.23 0.017*
X3 1 0.032028 0.032028 19.6 0.001"
Square 3 0.066616 0.022205 13.59 0.001"
X1? 1 0.031117 0.031117 19.04 0.001"
X22 1 0.038625 0.038625 23.63 0.001"
X3? 1 0.007949 0.007949 4.86 0.052 NS
2-way interaction 3 0.014738 0.004913 3.01 0.081 NS
X1X2 1 0.002813 0.002813 1.72 0.219 NS
X1X3 1 0.009113 0.009113 5.58 0.04*
X2X3 1 0.002812 0.002812 1.72 0.219 NS
Error 10 0.016343 0.001634

Lack-of-fit 5 0.007743 0.001549 0.9 0.544 NS
Pure error 5 0.0086 0.00172

Total 19 0.236375

*<0.05; **<0.01; NS: non-significant.

Ice nucleation assay by frozen-droplet technique

INA was tested for the isolate after growing in the
optimized culture medium containing sucrose, ammonium
sulfate and Mn?* at 12.46 g/L, 321.97 mg/L and 938.09

488

MM, respectively. The isolate exhibited type | of ice
nucleation protein with threshold temperature ranges of
-5 °C or warmer. Also, INA was observed after 20 sec
to before

which was 31 sec sooner
optimization (51 sec) (Figure 2).

compared

ISSN (print): 1823-8262, ISSN (online): 2231-7538



Malays. J. Microbiol. Vol 17(5) 2021, pp. 482-492
DOI: http://dx.doi.org/10.21161/mjm.211121

Table 10: The predicted optimal concentration of sucrose, ammonium sulfate and Mn?* by Minitab statistical software (V
17.0) and the response of the predicted bacterial growth and the mean of actual values of four additional experiments in
shake flasks under the optimum medium compositions to validate the model predicted by software.

Multiple Response Prediction

Variable Setting

Predicted sucrose (g/L) 12.46

Predicted ammonium sulfate (mg/L) 321.97

Predicted Mn2* (uM) 938.09
Response

Predicted Response (ODsoo) 1.46

The mean actual values of four additional experiments 1.41

———— /
< Excherichia coli PTCC 1330 |

o
o

Pseudomonas sp. IRL.INP1

i

Figure 2: Ice nucleation assay by the frozen-droplet
technique. LAUDA® Alpha RA 8 Refrigerating Circulator
was used to evaluate ice nucleation activity for each
sample. All droplets of Pseudomonas sp. IRL.INP1 froze
after growing in the optimized medium at -5 °C in 20 sec.
The negative control (Escherichia coli PTCC 1330) has
not frozen at the given temperature.

DISCUSSION

It is demonstrated that INA is growth-dependent and cell
concentration affects ice nucleation efficiency. It was
demonstrated that INA in Erwinia herbicola and P.
syringae  were associated with  bacterial cell
concentration, the age of the bacteria and the culture
condition (Mohler et al., 2008). The temperature has a
profound impact on ice nuclei, especially type I. In the
present study, the maximum bacterial growth was
obtained after 24 h at 30 °C and pH 7. Temperature was
almost in agreement with the findings by Mortazavi et al.
(2008) which was 35 °C for their experiments (Mortazavi
et al., 2008; Zolfaghar et al., 2019). Snider et al. (2000)
studied the growth temperature of several different snow
molds and reported that the growth temperature was from
-5 to 4 °C and the highest threshold ice nucleation
temperature was at -7 °C. Isolates of Pseudomonas
borealis were identified after the ice-affinity selection of
soil samples collected in summer. P. borealis DL7 was
further characterized and was shown its INA after growing
at 22 °C, but considerably more activity at 4 °C or 8
°C (Wu et al., 2009). The differences between our results
and the mentioned findings might be due to different
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types of ice nucleation proteins or different strains used.
pH is a substantial factor affecting cell growth and INA.
pH acid affects living bacteria and non-living bacteria,
such as the bacteria that have turned into dry ice with ice
nucleation features (Zonouri et al., 2015).

The impacts of different carbon and nitrogen sources
on INA were studied. Based on the fractional factorial
design, sucrose, ammonium sulfate and Mn?* had a
significant influence on bacterial growth. Blondeaux and
Cochet (1994) studied the impact of glucose as a low-cost
media component supplemented with wheat bran. Wheat
bran contains the phosphatidylinositol precursor, thereby
exposing the protein on the cell membrane. Results
demonstrated that the presence of the additional glucose
was indispensable for the growth and ice-nucleating
activity of P. syringae. They reported that the optimal
substrate concentrations for INA and bacterial growth
were 50-80 g/L of glucose and 28 g/L of peptone. They
also proved that the maximum biomass production and
INA by P. syringae are correlated to the C/N ratio (optimal
ratio: 10) rather than the substrate concentration
(Blondeaux and Cochet, 1994; Kafshgari et al., 2019).
Carbon limitation reduced nucleation activity of P.
fluorescens, Xanthomonas spp. and to some extent
Erwinia spp. Nitrogen restriction affected all groups
greatly and reduced their INA, except for P. fluorescens
and P. syringae which were only slightly affected (Nejad
et al,, 2006). In our study, the maximum growth was
gained by using sucrose. Sucrose is a common sugar
produced naturally in plants and it is compatible with the
strain isolated from plants. To take glucose for central
metabolism, P. syringae requires to produce both
sucrose-utilizing levansucrase and plant cell wall-
degrading glycosyl hydrolase (Srivastava et al., 2012).
Pseudomonas syringae pv. glycinea PG4180 invades the
leaf tissue through stomata or open scars, leading to the
bacterial disease on soybean plants. Therefore, the
bacteria encounter a sucrose-rich milieu. To utilize
sucrose, levansucrase is produced to liberate glucose
(Mehmood et al., 2015).

Our results showed that the qualified nitrogen source
was ammonium sulfate. Wu et al. (2009) evaluated the
capability of P. borealis DL7 for INA after cultivating in
tryptic soy broth (TSB) as a nitrogen source. de Araujo et
al. (2019) demonstrated that nutritional deprivation
resulted in the rapid induction of ice nuclei. Considering
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that ammonium is an efficient nitrogen source for most
bacteria, the impacts of molar ammonium concentrations
on several model bacteria specifically, Corynebacterium
glutamicum, E. coli and Bacillus subtilis were
investigated. The studied bacteria were highly resistant to
ammonium. Results demonstrated impaired growth was
due to the enhanced osmolarity rather than the toxicity of
ammonium sulfate (Miller et al., 2006). Ammonium is an
efficient nitrogen source for most bacteria and previous
studies proved that the media with a limited level of
nitrogen coupled with a temperature shifting to 4 °C for 12
h increases the INA protein expression (Santl-Temkiv et
al., 2015). Therefore, the selection of ammonium sulfate
as a nitrogen source due to its inorganic nature is proper.

In the present study, based on the P-value calculated
by fractional factorial design (Table 6), Mn?* had the most
effect on bacterial growth, thereby enhancing INA. To
maximize INA, components that corporate in the
assembly of the ice-nucleating site such as Mn?* ions and
inositol should be added to the culture medium (Lagriffoul
et al., 2010). Blondeaux et al. (1999) used a culture
medium that included glucose and meat peptone
supplemented with a salt solution including calcium
carbonate, zinc sulfate hexahydrate, iron (lll) chloride
hexahydrate, manganese (llI) chloride, copper (Il) chloride
dihydrate, calcium chloride hexahydrate, phosphoric acid,
magnesium oxide and sodium molybdate dehydrate to
prepare the growth condition for P. syringae and to
evaluate the influence of vegetable oils on the ice-
nucleating activity of P. syringae.

In this study, before optimization, the biomass and
whole-cell proteins of inoculated proteose peptone broth
as the basal medium were evaluated, and 0.5 g/L
biomass and 0.25 pg/uL whole-cell proteins were gained.
After optimization, the optimum concentrations of
sucrose, ammonium sulfate and Mn?* at 12.46 giL,
321.97 mg/L and 938.09 pM, respectively, led to 1.10 g/L
biomass and 0.85 pg/pL whole-cell proteins and INA was
observed after 20 sec. Song et al. (2004) studied the
effect of mustard seeds, which were added in the medium
for the ice nucleation active bacterium, Xanthomonas
ampelina TS206. It was shown that the activity of the
bacteria enhanced by 37.5% and the biomass is
increased by 36.2% (Song et al.,, 2004). Bassi and
Margaritis (1996) evaluated the effect of different
concentrations of sucrose on cell concentration and INA
of P. syringae pv. syringae during batch cultivation at 25
°C and pH 7.0. The maximum biomass and INA were
achieved with 5 g/L sucrose and the final biomass was
1.2 g/L (Bassi and Margaritis, 1996). Cochet et al. (1994)
used some commercial culture media for the optimization
of bacterial growth. Among the commercial culture media,
the biomass production in malt extract and meat peptone
was 0.76 g/L and 5.69 g/L, respectively, and the best INA
was achieved by using meat peptone with the highest
biomass production. Kviderova et al. (2013) showed the
effect of bacterial biomass on INA. With the higher
bacterial concentration, the high INA of the snow alga
Chloromonas nivalis was confirmed (Kviderova et al.,
2013). The short time for the observation of INA is
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evidence of high ice activity, and it presents the efficiency
of INA (Wisniewski et al., 1997; Murray et al., 2012).

This study aims to optimize the growth conditions and
ice nucleation activity of a native species with a high INA
for industrial purposes, including snowmaking and cloud
condensation nuclei (CCN) which affect climate. For this
purpose, finding a relatively cost-effective culture medium
that supports bacterial growth is required, and in this
study, several simple carbon and nitrogen sources were
investigated. It is also recommended to use other sources
of carbon and nitrogen obtained from food and
agricultural wastes such as whey and molasses to
provide a cost-effective culture medium.

CONCLUSION

Pseudomonas sp. IRL.INP1 is a newly isolated strain with
high ice nucleation activity. In this study, there is a direct
relationship between bacterial growth and ice nucleation
activity. Pseudomonas sp. IRL.INP1 shows significantly
higher ice nucleation activity after growing in the
optimized medium containing sucrose, ammonium sulfate
and Mn?* at 12.46 g/L, 321.97mg/L and 938.09 uM,
respectively. By using these optimize concentrations, 1.10
g/L biomass and 0.85 pg/puL whole-cell proteins were
gained, and the isolate showed ice nucleation activity 31
seconds sooner after optimization.
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