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Introduction

Abstract

Aim: The aim of this paper was to determine whether the quality of
formulated Pseudomonas fluorescens Pf153 can be influenced by changes in
fermentation conditions. In this study, the influence of the fermentation
temperature on the growth and its consequence on shelf life, viability and
biocontrol efficacy of freeze-dried cells of P. fluorescens Pf153 was investigated.
Methods and Results: Cells of P. fluorescens Pf153 were grown at 20 and 28°C
in flasks and fermenter and harvested in the mid-log and the beginning of the
stationary phase. The survival during storage of freeze-dried cells was tested at
25°C. Cells fermented at 20°C survived in storage better than those grown at
28°C, irrespective of the harvesting time. Compared to the untreated control,
in in vitro tests Pfl53 was in all production temperature/duration
combinations significantly effective against all tested Botrytis cinerea strains.
But no differences between temperature/duration combinations were found. In
bioassay on detached Vicia faba leaves, it was found that young cells, when
fermented at 28°C had a significant positive influence on the biocontrol
efficacy.

Conclusions: These results demonstrate that fermentation parameters have an
influence on the performance and quality of a formulated product.

Significance and Impact of the Study: Only limited numbers of biocontrol
products based on antagonistic pseudomonads are on the market. This can be
attributed to the lack of suitable formulated products with high numbers of
viable cells and a good shelf life. Currently, only limited information on the
influence of the fermentation on subsequent downstreaming process is
available. Within this study, we focused on the influence of the two important
parameters fermentation temperature and harvest time on survival, shelf life
and biocontrol efficacy of P. fluorescens Pf153.

handle and store (e.g. at room temperature) and to be
easily applied (Angeli et al. 2016). Pseudomonas sp. are

Although many micro-organisms have shown potential as
biological control agents (BCAs) against plant pathogens
in small scale experiments, their production for commer-
cial use remains a major challenge. It requires not only a
successful scale-up of the fermentation process but also
the effective formulation of the organisms (Lee et al
2006). In addition, the end product should be easy to

fast growing bacteria which can colonize plants roots and
phyllosphere. They produce a large spectrum of bioactive
metabolites like siderophores, volatiles and growth pro-
moting substances, assist the plant in adapting to envi-
ronmental stresses, are highly competitive with other
micro-organism and can suppress soilborne pathogens.
Pseudomonas sp. also produce antibiotic compounds

232 Journal of Applied Microbiology 128, 232-241 © 2019 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd

on behalf of Society for Applied Microbiology

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original work is properly cited and is not used for commercial purposes.


https://orcid.org/0000-0002-0605-2659
https://orcid.org/0000-0002-0605-2659
https://orcid.org/0000-0002-0605-2659
mailto:
http://creativecommons.org/licenses/by-nc/4.0/

I.L. Bisutti and D. Stephan

(Bhattacharjee and Dey 2014). Several strains of P. fluo-
rescens have been shown to antagonize plant pathogens
and have thus been considered BCAs (Manikandan et al
2010; Jain and Das 2016). However, despite the proven
potential as biocontrol agents, there are few commercial
products based on Pseudomonas sp. on the market. Cur-
rently there are only two products in the European
Union, (https://ec.europa.eu) and nine in the USA
(https://www.epa.gov) that list Pseudomonas as active
ingredients. One of the main reasons is the difficulty to
formulate these bacteria for commercial use. Pseudomonas
sp. are extremely sensitive to environmental stress factors
and the available formulations rapidly loose viability
(Paulitz and Belanger 2001; Corréa et al. 2015).

Several variables affect survival: the fermentation med-
ium, the physiological state at harvest time, the protective
materials used during the formulation process and the
type of drying technology (Bashan et al. 2014). The for-
mulation process is designed to promote diverse BCA
traits like survival in soil, production of antimicrobial
compounds and disease suppression effectiveness. This
influence can be positive or negative (Fuchs et al. 2000).
To retain the biological traits of the formulated final pro-
duct during extended storage is another major challenge
for any formulation (Bashan et al. 2014). Fuchs et al.
(2000) also considered that the cultivation conditions
prior to formulation can influence the BCA traits posi-
tively or negatively.

Among the options for formulation of micro-organ-
isms, freeze-drying is considered a gentle dehydration
process, suitable to achieve a stable powder formulation.
It is the most common technique for drying and storing
bacteria and especially suitable for P. fluorescens (Mputu
2014; Stephan ef al. 2016). By changing freezing rates,
drying temperatures and cryo-protective agents, it was
demonstrated that the viability of P. fluorescens after
freeze-drying can be optimized (Stephan et al. 2016).
However, due to intrinsic characteristics, like cell size and
membrane composition, the process has to be optimized
for each strain. Also, external conditions like presence of
nutrients and freezing and drying parameters influence
the resistance to lyophilisation and storage. Protective
additives help to reduce cells damage during freeze-drying
(Tanimomo et al. 2016). Fermentation parameters also
influence the cell, its freeze-drying resistance and also the
subsequent biocontrol efficacy. In previous studies, we
had the first indications that growth temperature and a
mild heat shock can influence the survival rate after
freeze-drying. (Bisutti et al. 2015). But in that study we
were not able to prove whether it was an effect of tem-
perature or fermentation time.

Media composition, for example, influences biomass
production (He et al. 2008; Angeli et al. 2016) and the

Production temperature and duration on Pf153

production of secondary metabolites like antibiotics (He
et al. 2008; Gao et al. 2016). Shelf life is one important
factor influencing the acceptance of plant protection
products. Shelf life of at least 1 year at room temperature
is desired, and the final product should deliver a certain
quantity in micro-organism cells or spores even after
longer storage (Bashan et al. 2014).

During previous studies, it was found that freeze-dried
P. fluorescens Pf153 (Pf153) cells reduced the infection
symptoms of Botrytis cinerea on Vicia faba leaves. During
those studies, we found that Pf153, fermented at 20°C for
16 h in KB medium in flasks and freeze-dried in the
presence of lactose as lyoprotectant, showed increased
efficacy against B. cinerea on detached broad bean leaves
compared to the other tested fermentations parameters
(Bisutti et al. 2015). In another study, fermentation
media composition influenced the efficacy of Pfl153
against Phomopsis sclerotioides mediated black root rot on
cucumber (Fuchs et al. 2000). Based on the information
that lower fermentation temperature positively influenced
the biocontrol activity of Pfl53 against B. cinerea, the
aim of the present study was to assess the effect of fer-
mentation duration and temperature on the efficacy and
storage stability of freeze-dried cells of this bacterium.

Materials and methods

Preparation of precultures of Pseudomonas fluorescens
Pf153

Strain Pf153 was provided by the ETH Ziirich and rou-
tinely cultivated on tryptic soy agar plates (TSA; 30 g tryp-
tic soy broth (Difco, Difco Laboratories, Detroit, USA) and
15 g agar-agar (Roth, Germany) in 1000 ml de-ionised
water) at 25°C. To prepare the preculture inocula, cells
were transferred by loop from TSA plates to 50-ml Erlen-
meyer flasks containing 30 ml autoclaved King’s medium
B (KB; 20 g proteose peptone No. 3 (Difco), 10 ml glycerol
(Merck, Darmstadt, Germany), 1-5 g KH,PO, (Merck),
1-5 MgSO, x 7 H,O (Merck) (King et al. 1954) and incu-
bated at 28°C for 24 h at 150 rev min_ ' on a rotary shaker
(Novotron, Infors, Switzerland).

Preparation of Botrytis cinerea inoculum

Botrytis cinerea provided by the JKI (Institute for Biologi-
cal Control and Institute for Breeding Research on Fruit
Crops: strains Bclll, 63444, 68731, 63451 and 62084)
was grown on modified Czapek Dox agar (30 g skim
milk powder (Saliter, Obergiinzburg, Germany), 3 g
NaNO; 1g K,HPO, x3 H,O0 (Merck), 05g¢g
MgSO, x 7 H,O, 0-5g KCl, 0-01 g Iron (II)-sul-
phate x 7 H,O (Merck) and 18 g agar-agar brought up
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to 1000 ml with de-ionised water) in Petri dishes (diame-
ter 9 cm) for 3 weeks at 20°C. Conidial suspensions were
prepared by flooding the plates with 0-1% malt extract
solution (Merck), gently scraping the mycelium with a
spatula and filtering the resulting suspension through
three layers of muslin in a glass funnel. The concentra-
tion was adjusted to 5 x 10° conidia per millilitre after
counting the conidia with a Thoma haemocytometer.

Cultivation and preparation of P. fluorescens Pf153

Strain Pf153 was cultivated in 100-ml Erlenmeyer flasks
or in a 4-l fermenter. The flasks and the fermenter were
filled with 30 ml and 3-5 1 KB medium, respectively, and
autoclaved at 121°C for 20 min. After cooling, precul-
tures prepared as described above were added to the
medium at a ratio of 1: 100 and fermented at 20 or
28°C. At the end of the fermentation time, the cells were
harvested and processed as described by Bisutti et al
(2015). Briefly, after repeated centrifugation, a cell sus-
pension with optical density (ODsgs5) of 0-95 (£0-02) was
mixed at a ratio of 1:1 with a 20% (w/v) autoclaved
lactose solution. Three millilitres of the mixture was
transferred to sterile glass vials and freeze-dried with a
freezing rate of 0-04-0-12°C min ' to —40°C and fol-
lowed by drying for 18 h at —20°C and 0-15 mbar. At
the end of the process, the vials were sealed under
0-15 mbar and kept in the freezer (—18°C) until use.

Determination of the number of viable cells

The freeze-dried product was made up to the original
volume (3 ml) by adding sterile de-ionised water, and
viable cells of Pf153 in fresh cultures and the freeze-dried
preparation were enumerated using serial dilutions and
determination of MPN as described in Bisutti et al
(2015).

Determination of the fermentation parameters

The experiment was performed in a 4-1 fermenter (ISF-
100; Infors) at 20 or at 28°C with 900 rev min ™' agita-
tion and 3-70 NI min™" air supply. Formation of foam
was avoided by adding Antifoam (Roth, Karlsruhe, Ger-
many) in automatic mode. Samples were taken every 4 h.
The cell density was measured as ODsgs using a SPEC-
TRA Mini AP (Tecan, Tecan GmbH, Crailsheim, Ger-
many Switzerland). Samples were freeze-dried after the
addition of a 20% (w/v) solution of lactose to the cell
suspension in ratio of 1 : 1. Freeze-drying followed the
protocol described above. The experiment was repeated
in five independent runs for fermentation at 28°C and
three runs for fermentation at 20°C.
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Bioassay against B. cinerea on detached Vicia faba leaves

The design of the bioassay was as described by Bisutti
et al. (2015). Briefly, three compound leaves of V. faba cv
’con Amore’ with four leaflets were placed together on a
steel wire mesh with soaked filter paper underneath, in
20 x 20 x 5 cm plexiglass boxes covered with a translu-
cent lid (Gerda GmbH, Schwelm, Germany). Freeze-dried
cells of Pf153 produced in flasks as described above, were
suspended with de-ionised water to a concentration of
5 x 10®* MPN per ml. One millilitre of this suspension
was sprayed onto each leaf surface using an air-brush
sprayer; pathogen inoculation followed immediately by
spraying 1 ml conidial suspension of B. cinerea on the
upper side of the leaf. The boxes were then incubated at
20°C with a day/night cycle of 16/8 h. As control treat-
ments, water and a 0-2% (w/v) water suspension of
Euparen (active ingredient: 50% Tolylfluanid, WG) were
used. The disease severity was rated 5 days after inocula-
tion by estimating the affected per cent leaf area using
the following rating scale: 0 = No lesions, 1 = 0-1%,
2 =2-5%, 3 =6-10%, 4 =11-25%, 5= 26-50%, and
6 = 51-100%. A disease index (DI) was calculated as

Z(rating value x number of leaves in the rating)

DI = total number of leaves x highest rating value x 100. The
experiment included four boxes per treatment and was
repeated three times.

Shelf life of freeze-dried cells of P. fluorescens Pf153

The cells were produced in 100-ml Erlenmeyer flasks
filled with 30 ml KB medium. The flasks were kept at
20 or 28°C on two identical rotary shakers at
150 rev min~'. Samples were then harvested at different
times: 16 and 28 h for incubation at 20°C and 8 and
16 h for incubation at 28°C. Afterwards the samples
were freeze-dried as described above. For measuring the
storage stability, samples were incubated at 25°C in the
dark. Bacterial viability was determined once a week by
analysing two vials per sample. The experiment was
time-independent and was repeated four times.

Influence of incubation temperature on growth in the
fermenter and survival after freeze-drying of
P. fluorescens Pf153

The fermenter (Minifors, Infors) was kept at 20 or at
28°C, 900 rev min~! agitation and 3-70 NI min~! air
supply. Foam formation was avoided by adding Antifoam
(Roth) in automatic mode. Five hundred millilitres of the
cell suspension was harvested in the middle and at the
end of the log phase corresponding at 16 and 28 h for

the fermenter at 20°C and 8 and 16 h for the fermenter
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at 28°C respectively. Thereafter, the samples were freeze-
dried as described above and kept in the freezer at
—18°C until use. The experiment was time independently
repeated three times.

In vitro tests of the influence of fermentation
temperature and duration on the efficacy of
P. fluorescens Pf153 against different B. cinerea strains

The efficacy of freeze-dried cells of Pf153 produced in a
fermenter at 20 or 28°C, respectively, was tested in vitro
against five strains of B. cinerea. The test was performed
on two media differing in carbon source: 1/10 PDA and
PDFA (PDFA sugar content of fructose and glucose
2 mg ml~" based on PDA (Hjeljord and Stromeg 2004)).
One hundred microlitres of each cell suspension of Pf153
was prepared as described above, lactose solution (10%
w/v) or Euparen (0-2% w/v) was pipetted in the middle
of a 9 cm Petri plate and spread with a Drigalski spatula.
Immediately thereafter, the plates were inoculated with B.
cinerea by placing a 5 mm mycelial plug of a culture
from modified Czapek Dox agar in the centre of the
plates. The plates were then placed in an incubator at
20°C with a 16/8 h night and day cycle. Radial mycelial
growth was assessed at 4, 7, 10 and 16 days after inocula-
tion (DAI) by measuring the diameter along two perpen-
diculars. A ranking based on the efficacy
Mycelial growth with lactose — mycelial growth with Pf153 %« 100! of the

Mycelial growth with lactose
four Pf153 fermentations was made with the relative
performance index (RPI) calculated for each fermenta-
tion temperature/duration combination. RPI for effi-

cacy is dimensionless and is between 0 and 100
because efficacy improves as disease rating decreases.
The applied formula was RPI = [=22 — 2| x 25 where
x is a single observation value for a strain, x,, is an
average of all observations from all strains and & is
the standard deviation of all observations from all
strains being ranked (Schisler and Slininger 1997).
Three Petri dishes were used for each fermentation
temperature and B. cinerea combination. The test was
repeated three times.

Statistical analysis

Data were statistically analysed with the software sas Sys-
tem for Windows ver. 9.3. Experiments with freeze-drying
of Pf153 were analysed using the generalized linear
model. The Shapiro-Wilk test was applied for testing for
normality. The homogeneity of variance was proven/
checked by the Levene test (P < 0-1). For separation of
the means, logl0 transformed data were compared with
the Student—Newman—Keuls test (SNK) (P < 0-05). As no

Production temperature and duration on Pf153

homogeneity of variance or normality was achieved in
bioassays, the nonparametric test of Kruskal-Wallis was
chosen. Following methods of the NPARIWAY procedure
(two-sided), the samples were compared in pairwise anal-
ysis (Wilcoxon, exact P < 0-05).

Results

Determination of the fermentation parameters

Growth profiles of Pf153 fermented at 20 and 28°C mea-
sured as OD of the cultures are shown in Fig. 1 left. The
exponential phase of the cells cultured at 20°C was time
delayed by about 8 h in comparison to the cells fer-
mented at 28°C. The beginning of the stationary phase
was reached after 16 h for cells fermented at 28°C and
after 28 h for cells fermented at 20°C. The experiment
was stopped after 24 h for the fermentation at 28°C. The
samples were also freeze-dried. The survival rates after
freeze-drying are shown in Fig. 1 (right). Freeze-dried
cells from the beginning of the log phase cultured at 20
and 28°C showed a reduction in survival. Directly after
the beginning of the log phase, the survival after freeze-
drying increased with a maximum survival at the station-
ary phase for cells fermented at 28°C, while for cells
grown at 20°C the values fluctuated between 80 and
100%.

Influence of incubation temperature on growth of
P. fluorescens Pf153 in the fermenter and survival after
freeze-drying

When cells were cultivated in the fermenter, the cell yield
was highest for the cells fermented for 28 h at 20°C fol-
lowed by those fermented for 16 h at 28°C. Freeze-drying
of cells caused a reduction in the number of viable cells
(Table 1), statistically significant for the cells harvested at
beginning of the stationary phase but not for those har-
vested in the middle of the log phase for both tempera-
tures.

Shelf life of freeze-dried cells of P. fluorescens Pf153

The samples of freeze-dried cells were stored at 25°C for
12 weeks and MPN per millilitre was assessed each week
(Fig. 2). After 10 weeks, the number of viable cells was
reduced over time for all fermentation parameter combi-
nations from about 10° to <10° MPN per millilitre for
cells fermented at 28°C/8 h. The trend was for cells fer-
mented at 20°C to show slightly better survival than
those fermented at 28°C. Assessment at week 12 showed
cell densities between 10° and 10" MPN per ml, with the
exception of 28°C/8 h.
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Figure 1 Growth curves for Pf153 grown at 20°C (triangle down) and 28°C (dots) in a fermenter measured as OD at 595-nm (left); Survival rates
(calculated by dividing the log MPN after freeze-drying by the log MPN before freeze-drying, multiplied by 100).

Table 1 Number of viable cells direct after harvest and before and after the freeze-drying process of Pf153 fermented at different temperature

for different times

Fermentation parameters Yield”

Before freeze-drying” After freeze-drying”

28°C/8 h 411 (£1-51) x 10° (B)
20°C/16 h 5.03 (+£0-62) x 10° (B)
28°C/16 h 8-33 (+£2-16) x 10° (B)
20°C/28 h 1.37 (£0-76) x 10'° (A)

9.62 (+4-68) x 108 (a) 5.22 (+2-38) x 10% (a)
2:34 (+£1-40) x 10° (a) 1.05 (£0-70) x 10° (a)
1.57 (£0-79) x 10° (a) 4.29 (+£1-80) x 108 (b)
113 (+£0-34) x 107 (a) 5.64 (+4-84) x 108 (b)

Suspension prepared for freeze-drying had an OD of 0-95 + 0-01.

Means of the yield data followed by the same letter are not significantly different following SNK test (P < 0-05).
Means of the fermentation parameters lines for before and after freeze-dried, followed by the same letter are not significantly different following

SNK test (P < 0-05).

*Viability is expressed as MPN per millilitre and the reported data are mean (+SD) of three independent experiments.

In vitro tests of the influence of fermentation
temperature and duration on the efficacy of
P. fluorescens Pf153 against different B. cinerea strains

The assays for assessing the effect of co-inoculation of
freeze-dried cells of Pf153 and B. cinerea were performed
on the media PDFA and 1/10 PDA (Figs S1 and S2). On
control (lactose) plates, the speed of mycelial growth was
similar for the Botrytis strains tested except for strain
62084 that grew considerably faster than the other strains.
Compared to the lactose controls, the radial growth of all
strains was significantly reduced on plates co-inoculated
with Pf153. The reduction pattern was similar on both
media. A strong, significant reduction was recorded for
the chemical Euparen (Figs S1 and S2; Table 2). The mag-
nitude of the reducing effect of Pf153 on mycelial growth
of the B. cinerea strains did not differ statistically between
the different temperature/duration combinations used
during fermentation of the bacterium (Table 2). At first

sight (Figs S1 and S2; Table 2), no fermentation method
showed an overall ability to reduce B. cinerea strains
growth on both media. When calculating an RPI efficacy
over all B. cinerea strains and media, the cells from the fer-
mentation 20°C/28 h showed the highest and those from
the fermentation 28°C/16 h the lowest efficacy (Table 3).

Bioassay against B. cinerea on detached V. faba leaves

Biocontrol efficacy of freeze-dried cells of Pf153 produced
in Erlenmeyer flasks under different combinations of fer-
mentation temperature and duration (20°C/16 h, 20°C/
28 h, 28°C/8 h and 28°C/16 h) was assessed against B.
cinerea on detached V. faba leaves (Fig. 3). All treatments
reduced the disease severity significantly compared to the
water control but not as effectively as the chemical Eupa-
ren (reduction respective to water control of 82:6%). The
highest disease reduction was caused by cells harvested in
the middle of the log phase (56-5% for 28°C and 48-5%
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Table 2 Reduction of radial mycelial growth of five strains of Botrytis cinerea on two different agar media in the presence of Pf153 or the chem-
ical fungicide Euparen. Plates were inoculated with B. cinerea and freeze-dried cells of Pf153 from fermentations performed with different tem-
perature/fermentation time combinations. Values are the percentage reduction of mycelial growth of B. cinerea relative to growth on control
plates (lactose) determined after 10 days (strain 62084) or 16 days (all other strains) of co-cultivation

Bc111 63444 68731 63451 62084

PDFA 1/10 PDA PDFA 1/10 PDA PDFA 1/10 PDA PDFA 1/10 PDA PDFA 1/10 PDA
Lactose 0 (a) 0 (a) 0 (a) 0 (a) 0 (a) 0 (a) 0 (a) 0 (a) 0 (a) 0 (a)
28°C/8 h 56 (b) 53 (b) 40 (a) 30 (a) 28 (b) 31 (ab) 38 (b) 37 (b) 62 (b) 70 (b)
20°C/16 h 65 (b) 62 (b) 27 (a) 44 (a) 34 (b) 42 (b) 35 (b) 40 (b) 69 (b) 66 (b)
28°C/16 h 61 (b) 60 (b) 22 (a) 19 (a) 25 (b) 33 (ab) 38 (b) 32 (b) 64 (b) 69 (b)
20°C/28 h 65 (b) 61 (b) 31 (a) 38 (a) 38 (b) 37 (b) 46 (b) 43 (b) 71 (b) 71 (b)
Euparen 93 () 93 () 80 (b) 87 (b) 73 (o) 81 (o) 62 (o) 60 (o) 93 () 93 ()

Statistics were made with the diametric mycelial growth values (means of three independent experiments), numbers within columns followed by
the same letter are not significantly different according to the glimmix procedure.
No statistical differences were found between mycelial growth on 1/10 PDA and PDFA.

Table 3 Relative performance indices of Pf153 for reduction of radial (Slininger and Shea-Wilbur 1995). In case of bacteria or
mycelial growth of Botrytis cinerea (compare Table 2) on the media

fungi used in biocontrol, the aim was to obtain large
1/10 PDA and PDFA

amounts of viable micro-organism with high resistance

Fermentation 1/10 PDA PDFA Combined to the formulation process, long shelf life and high effi-
parameters RPlefficacy RPlefficacy RPlefficacy cacy (Ashofteh et al. 2009). In fact, when scaling up the
28°C/8 h 47.45 47.31 4549 production of BCAs, attention has to be paid to the effi-
20°C/16 h 53.32 47.90 51.76 cacy because the process parameters yielding the best
28°C/16 h 44.91 42.93 45.01 material for formulation are not necessarily optimal for
20°C/28 h 54.33 52.66 54.67 producing biocontrol agents with a high efficacy (Spa-

daro and Gullino 2005; Angeli et al. 2016). Previously, a
for 20°C grow temperature). Cells from the beginning of freeze-drying protocol was established specifically for
the stationary phase reduced disease at least by 37-9% Pf153 (Stephan et al. 2016) and the influence of differ-
(28°C/16 h). ent culture parameters on the process was studied. Addi-
tionally it was found that the level of biocontrol
achieved was influenced by the fermentation temperature
(Bisutti et al. 2015). In the present study, we therefore
A standard industrial method for mass production of  evaluate the influence of the fermentation parameters
bacterial and fungal «cells is liquid fermentation temperature and harvesting time on the efficacy against

Discussion
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Figure 3 Disease severity of Botrytis cinerea in a bioassay on
detached leaves of Vicia faba with freeze-dried preparations from
Pf153 cultured at different combinations of the fermentation parame-
ters temperature and duration of culture. The box plots represent the
minimum, 25-75%, maximum and median values of disease severity.
Fermentation parameters in the legend followed by the same letter
are not significantly different following SNK test (P < 0-05) (&)
water, (=) 28°C/8 h, () 20°C/16 h, (7)) 28°C/16 h, () 20°C/28 h,
() Euparen).

the pathogen B. cinerea of formulated cells of Pf153 and
cell survival during storage.

Growth curves were determined to evaluate the effect
of temperature on growth kinetics by taking samples
every 4 h and plotting the measured OD against time.
Cells grown at 28°C reached the stationary phase faster
than cells grown at 20°C (Fig. 1). However, the yield in
the mid-exponential phase at 20°C was 18-3% higher
than at 28°C and at the beginning of the stationary phase
this difference was even higher (39-2%) (Table 1).
Increasing temperature increases cell growth but its influ-
ence on cell stability during formulation is not always
positive. For example for lactic acid bacteria and other
probiotics, an increase of the temperature to 37°C influ-
enced positively their growth, however, this temperature
was not the best to obtain cells resistant to freeze-drying
(Liu et al. 2014; Tanimomo et al. 2016). In the present
study, survival rates after freeze-drying changed slightly
between experiments. Survival rate after freeze-drying for
cells fermented at 20°C for 16 h was comparable with
data reported by Bisutti et al. (2015) but for cells fer-
mented at 28°C for 16 h the survival was lower than in
that study (Table 1). When considering viability after
freeze-drying through all experiments (also from data not
shown), the harvesting time seemed not to have an influ-
ence on the survival of Pf153 (Fig. 1). Similar results
were described by Saarela et al. (2005) for Bifidobacterium
animalis ssp. lactis, however Xanthomonas campestris har-
vested during the early or late stationary phases showed a
significantly higher survival than log phase-harvested cells
(Jackson et al. 1998). In storage experiments, some
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Pseudomonas failed to survive storage, however, others
lived up to 20 years. These different survival behaviours
are attributed to the storage temperature: Pseudomonas
survive better when stored at temperatures lower than
8°C as freeze-dried cells (Palmfeldt er al. 2003; Miya-
moto-Shinohara et al. 2006). This better storage at stan-
dard refrigeration temperature was also reported for
other Gram-negative bacteria like X. campestris (Jackson
et al. 1998) and probiotic bacteria (Saarela et al. 2005;
Tanimomo et al. 2016). Storage below freezing tempera-
tures could be one major obstacle to the large-scale use
of Pseudomonas formulations (Slininger et al. 1996;
Stockwell and Stack 2007) because not all consumers can
afford equipment to keep the product at low tempera-
ture. In our trials, we stored the vacuum sealed vials con-
taining the freeze-dried Pf153 at 25°C for up to 12 weeks
and tested each week the viability by MPN per millilitre
(Fig. 2). The survival was reduced for all culture condi-
tions while cells fermented at 28°C showed a faster
reduction than the 20°C cultivated cells, especially after
the fifth week of storage. At week 9, the survival rate of
cells fermented at 28°C was as low as the 20°C fermented
at week 12. For both temperatures, cells harvested at the
beginning stationary phase showed better survival. For
the commercially available bioproducts containing Pseu-
domonas, the reported storage temperature from —18 to
8°C resulted in a shelf life ranging from 8 months to
weeks. At room temperature, the product containing P.
chlororaphis is warranted for 3 weeks (Berninger et al.
2018). The formulate of Arthrobacter chlorophenolicus A6,
which can be used for bioremediation, was stable and
viability for 3 months when stored at 4°C, without effi-
cacy reduction compared to the fresh cells (Bjerketorp
et al. 2018). Pf153 was stable after 8 weeks at 25°C, with
still at least 5-2 x 10 MPN per millilitre. The shelf life
of freeze-dried Pf153 is, therefore, in the given interval
for other Pseudomonas. Various mechanisms, like culture
physiology and environment, have been described to
influence cell survival. Multiple cell protection mecha-
nisms that occur at different times during culturing can
result in differences in drying and storing survival charac-
teristics of cells of different age (Slininger er al. 1996).
This was shown for P. putida where culture conditions
and physiological state notably influenced the bacterial
tolerance to the freeze-drying process (Munoz-Rojas et al.
2006). The authors proposed that this may be related to
changes in membrane properties during growth. Temper-
ature, pH, culture medium composition and the transi-
tion to the stationary phase alter the fatty acid content of
the cell membrane of P. fluorescens. These modifications
change the membrane viscosity and influence cellular
functions including cell growth and stability (Fouchard
et al. 2005). We presume that the different storage

238 Journal of Applied Microbiology 128, 232-241 © 2019 The Authors. Journal of Applied Microbiology published by John Wiley & Sons Ltd

on behalf of Society for Applied Microbiology



I.L. Bisutti and D. Stephan

behaviour is due to changes in the phospholipid fatty
acids of the cells with increased ratio of unsaturated to
saturated fatty acids making the cell more resistant to the
freeze-drying conditions used and consequently for stor-
age. An increase in unsaturated fatty acids in the cell
membrane maintains fluidity and stability and decreases
membrane leakage during rehydration (Liu et al. 2014).
The influence of the different fermentation procedures
on the efficacy of Pf153 was tested against B. cinerea on
V. faba leaves and against five different B. cinerea strains
in vitro. In the experiments on detached leaves, a signifi-
cant reduction of infection was shown for young cells
especially when grown at 28°C (Fig. 3). Therefore, it
could be shown for the first time that the cell age is
influencing the survival after freeze-drying and the bio-
logical activity of freeze-dried cells. The in vitro tests were
made with two media differing in sugar composition.
The medium PFLA was proposed by Hjeljord and Stre-
meg (2004) when investigating BCAs against B. cinerea
on strawberry blossoms. The authors developed the med-
ium on the basis of the extract composition of the blos-
soms (Hjeljord and Stremeg 2004). In our case none of
the temperature/duration combinations used with Pf153
was better against all B. cinerea strains and no statistical
differences were found between the media used in the test
(Table 2). When considering RPI, the cells grown at 20°C
show better performance than the ones grown at 28°C
despite the age (Table 3). The five Botrytis strains showed
different growth rates on the two media and sensitivity to
the chemical control Euparen (Figs S1 and S2). These dif-
ferent results between detached leaves and on plate assays
can be caused by the test system, the diverse B. cinerea
isolates but also from different growth rates. When the
level of antagonism depends on the growth rate of the
strain, this should be considered when ranking the poten-
tial antagonists by dual culture assays (Comby et al
2017). Anyhow, our results were similar to the results of
Bardin ef al. (2013b) who showed that the efficacy of a
BCA can vary, in certain conditions, depending on the
B. cinerea strain. In test with Microdochium dimerum and
Serenade Max® (Bacillus subtilis QST713) against differ-
ent B. cinerea strains on tomato and lettuce plants, the
protection provided by the BCAs was significantly influ-
enced by the pathogen strain and its aggressiveness level
(Bardin et al. 2013a; Bardin et al. 2013b). In other stud-
ies, variations in the sensitivity to antimicrobial com-
pounds produced by BCAs to pathogens isolates were
shown: resistance or tolerance to 2,4-diacetylphlorogluci-
nol for G. graminis or Fusarium oxysporum and a wide
range of sensitivity against pyrrolnitrin for B. cinerea
(Bardin et al. 2015). Botrytis cinerea is a weak plant
pathogen that can antagonize other micro-organisms on
plant surfaces. For example, it produces botrydial and
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botrycine, active against Gram-positive bacteria and fungi
or yeast respectively (Blakeman and Fokkema 1982).
Pseudomonas can lyse fungal cells and degrade metabo-
lites produced by pathogens that induce pathogenesis
(Bhattacharjee and Dey 2014). Its ability to suppress
growth and to modify hyphal structure was shown for B.
cinerea (Blakeman and Fokkema 1982; Barka et al. 2002)
and Drechslera dictyoides (Blakeman and Fokkema 1982).
On the other hand, Pseudomonas can stimulate germina-
tion and infection of certain leaf-infecting pathogens on
leaf and fruit surfaces (Blakeman and Fokkema 1982). It
is reported that many phytopathogenic fungi are sensitive
to volatile compounds produced by bacteria. Hydrogen
cyanide, for example, is thought to be involved in root
pathogen suppression (Pal and Gardener 2006) and fluo-
rescent pseudomonads biocontrol activity and hydrogen
cyanide production ability are hypothesized to have a
close relationship with virulence (Jain and Das 2016).
Pf153 synthesizes different antifungal compounds includ-
ing hydrogen cyanide and an extracellular protease
(Fuchs et al. 2000).

The performance of a biopesticide is enhanced by fer-
mentation and formulation which are closely linked
(Hynes and Boyetchko 2006). When optimizing the pro-
duction of a Pseudomonas, the growth conditions need to
be considered carefully (Fuchs et al. 2000). For quality
control, it is also important to consider several target
pathogen strains to obtain a better representation of the
pathogen population (Bardin et al. 2013b) in the field.
The improvement of BCAs during production allows the
enhanced survival and activity under differing environ-
mental conditions improving its potential as commercial
product (Teixid6 et al. 2005). Our experiments clearly
demonstrate that by manipulating fermentation parame-
ters it is possible to increase the storage survival of Pf153
(Fig. 2). In our case, fermentation at 20°C for 28 h
showed the highest yield and storage survival at 25°C.
Freeze-dried cells produced under these conditions
showed the best performance in in vitro tests against dif-
ferent Botrytis strains when considering the RPI (Table 3)
but not when tested on detached leaves (Fig. 3). This
shows the importance of the efficacy testing system com-
prising pathogen diversity. However, only greenhouse and
field trials could demonstrate if performance is also
achievable in field conditions and if culture conditions
have a stronger influence on field efficacy. To achieve a
better quality and reliable efficacy of BCAs, optimization
of production and formulation protocols are unavoidable.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Mycelial growth of five different Botrytis
cinerea isolates on PDFA medium in the presence of for-
mulated Pf153 cultivated at 20 or 28°C and harvested at
different growth phases (mid-exponential and at the
beginning of the stationary phase).

Figure S2. Mycelial growth of five different Botrytis
cinerea isolates on 1/10 PDA medium in the presence of
formulated Pf153 cultivated at 20 or 28°C and harvested
at different growth phases (mid-exponential and at the
beginning of the stationary phase).
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