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Abstract
The ice-nucleation-active bacteria that produce ice-nucleating proteins (INPs), especially Pseudomonas species, may play a
critical potential role in frost injury. The ice-minus variant of bacteria is a mutant, lacking the genes responsible for the production
of INPs. The aim of the project was the isolation of relevant bacteria. Pseudomonas-like bacteria were screened from 66 leaves
samples and were identified by biochemical as well as molecular methods with rpoD, 16S rDNA-flu and hrpl primers. The ice
nucleation activity (INA) of isolates was performed using the drop-freezing method. The existence of the ina gene in isolates was
investigated by specific inaZ and inaW primers. The effect of various temperatures, salt concentration and pH on growth and INA
were investigated. Finally, the pathogenicity and freezing of INA+ and INA− bacteria on tomatoes and oranges were estimated. In
this study, 57 isolates were identified as Pseudomonas including five P. syringae strains and seven P. fluorescens strains. The
freezing profiles revealed that P. fluorescens strain 22A as INA− bacteria and three strains of P. syringae 18A, 52A and 52B are
also recommended as strong INA+ strains. Most of the P. syringae isolates were active at −2 to −8 °C (type I and II), whereas
P. fluorescens strains had an efficient activity at −8 to −12 °C (type III). Unlike the selected P. syringae bacteria, P. fluorescens
strains did not show signs of frost injury on tomatoes and oranges.
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Introduction

In the past decade, the worldwide prevalence of frost injury
become one of the most important economic concerns among
crop productivity especially in chilling-sensitive plants
(Lukatkin et al. 2012). It has been estimated that worldwide crop
damage from frost is approximately as high as ~$2.5 billion/year
(Coppola 2006). The frost formation and the subsequent influ-
ence of damage to plants require the presence of a suitable ice
nucleus. A variety of inorganic materials, such as dust, pollen,
and minerals and biological agents can act as ice nuclei (Murray
et al. 2012). The most widely accepted ice nucleation-active
bacteria are major natural ice nucleators which play critical roles
in frost injury to plants (Hill et al. 2014). Studies highlighted that
Gamma-Proteobacteria including the genera Pseudomonas,
Pantoea, Erwinia and Xanthomonas are the most efficient
INA bacteria (Joly et al. 2013).

Pseudomonas syringae and Pseudomonas fluorescens are
commonly recognized as two of themost frequentPseudomonas
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species commonly inhabiting plant surfaces (Hill et al. 2014;
Pietsch et al. 2017). P. syringae is responsible for the majority
of biological frost injury, however, P. fluorescens has been re-
ported as an epiphytic bacteriumwhich can cause ice nucleation.
Their ice nucleating ability facilitates freezing the inter- or intra-
cellular plant tissues and destroying the crop. P. syringae is im-
portant phytopathogen associated with more crops, including
vegetables, fruits and ornamental plants (Hirano and Upper
2000; Morris et al. 2007). P. syringae strains are also present in
non-agricultural ecosystems, for instance in clouds (Amato et al.
2007), in rain (Morris et al. 2008; Monteil et al. 2014) and a
variety of aquatic environments such as lakes, streams, and snow
pack (Riffaud and Morris 2002; Morris et al. 2008, 2013).
P. fluorescens has been also conclusively shown to be INA,
and also to belong to plant-growth-promoting bacteria (PGPB)
(Compant et al. 2010).

Some P. syringae and P. fluorescens strains express a spe-
cialized outer membrane lipoglycoprotein known as ice nucle-
ation protein (INP) (Joly et al. 2013) which may be important
for its pathogenicity (Hirano and Upper 2000; Vanderveer
et al. 2014) and frost damage in plants. In addition, the INP
is important in cloud formation (Pandey et al. 2016) and ini-
tiation of precipitation (Hoose et al. 2010). Expression of the
INP enables the bacteria to catalyze the heterogeneous freez-
ing of water at temperatures much warmer than the tempera-
ture at which pure water freeze (Pietsch et al. 2017). Pure
water droplets can stay in a supercooled liquid state at temper-
atures as cold as −40 °C (Lundheim 2002), whereas INP
allowing the bacteria to catalyze ice formation at temperatures
between −2 °C and − 8 °C (Cochet and Widehem 2000). The
precise mechanism of INP-induced ice formation has not yet
been determined, but it is suggested the INP may remove
thermal energy from the water and arrange the water mole-
cules into an ice matrix initiating crystal growth (Pandey et al.
2016). Based on this ability, a strain of P. syringae is used for
artificial snow production especially in winter sports areas
around the world (Rixen et al. 2003).

A mutant variant of the INA bacteria, lacking the gene
responsible for INP production usually found on wild-type
INA variant (phenotype Ice+), is named Ice-minus bacteria
(phenotype Ice−) (Leveau 2015). The lack of INP provides a
less favorable environment for ice formation. The Ice− strain
can be used as a bioinoculant to protect susceptible plants
against frost damage based on the concept of competitive
niche exclusion (Lengeler et al. 1999). In this aspect, the in-
troduced Ice− strain to the surface of plants would compete
with indigenous strains. Increasing the Ice− strains relative to
the indigenous population, would limit colonization sites on
the phyllosphere for Ice+ strains, thus reducing the number of
ice-nucleating bacteria and the level of frost development on
plant surfaces due to competition. Therefore, spraying the Ice−

bacteria on crops is an effective and environmentally safe
method of controlling freezing injury in plants (Mishra et al.

2012). The Ice− mutants of P. syringae and P. fluorescens
produced by genetic engineering techniques have confirmed
this phenomenon when they were field tested (Häyry 2017).

The present study aimed to investigate P. syringae and
P. fluorescens strains probably involved in frost injury with
an emphasis on the characterization of Ice+ and Ice− strains
and molecular typing of specific ice nucleation genes.

Materials and methods

Sampling, isolation and early identification of isolates

The study was carried out on a total of 66 different plant leaf
samples collected from various areas of Iran, between
October to December 2017, in sterile tins and transferred
to the laboratory. Ten gram from each sample was added
into 250 ml Erlenmeyer flasks containing 90 ml of sterile
distilled water and then serial dilutions were prepared for
Pseudomonas isolation on King’s B as a selective differen-
tial medium (peptone 20 g, K2HPO4 1.5 g, MgSO4.7H2O
1.5 g, glycerol 10 ml and 15 g agar in 1000 ml H2O, pH 7.2).
Plates were incubated at 28 °C for 48–72 h. The presump-
tive Pseudomonas colonies were purified by streaking on
King’s B agar and were identified through confirmatory
tests according to Bergey’s Manual of Systematic
Bacteriology instructions, including the Gram staining,
and biochemical tests such as catalase, oxidase, motility,
levan production as well as the production of pigment
(Palleroni 2015). For further analyses, isolates were cul-
tured in Brain heart infusion (BHI) broth medium (Merck
Co., Germany) and were incubated at 28 °C for 18 to 24 h
and their cultures were preserved at −70 °C supplemented
with 18% of glycerol.

DNA extraction and molecular identification
of isolates

DNA extraction was carried out by the boiling method
(Cheraghi et al. 2017) with some modifications. Briefly,
a single colony was harvested from the surface of over-
night BHI agar medium and was suspended in 200 μl of
sterile distilled water. The cell suspension was heated for
10 min at 100 °C and then centrifuged at 8000×g for
5 min to precipitate the bacterial debris. The supernatant
was transferred to a new DNase-/RNase-free sterile tube.
At the end, the supernatant was preserved at −20 °C and
was used as a source of template DNA for PCR.

Pseudomonas spp. isolates were confirmed by the amplifi-
cation of the rpoD gene sequences using PCR assays and a
highly selective set of primers (Mulet et al. 2009). For differ-
entiation of P. syringae and P. fluorescens from other
Pseudomonas strains, the specific primers were used. The
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identification of P. fluorescens isolates was performed using
the specific primer set which amplifies the specific region of
16S rDNA of P. fluorescens (Scarpellini et al. 2004). The
identification of P. syringae isolates was performed using the
specific primers to amplify conserved regions of hrpL genes
(Kerkoud et al. 2002). The specific oligonucleotide primer
sequences, annealing temperatures and expected amplicon
sizes are listed in Table 1. In all PCR process, the mixture of
the amplification consisted of 12.5 μl of PCR Master mix 2x
(PCR buffer, 1.25 mM MgCl2, 0.2 mM of each dNTPs and
1.25 U of Taq DNA polymerase), 1 μl of each primer, 0.5 μl
of DNA template and 10μl ddH2O, in a final volume of 25μl.
Amplification was carried out by using a BioRad T100™
Thermal Cycler with the following thermal cycling condi-
tions: an initial denaturation step at 94 °C for 5 min and 30 cy-
cles of amplification consisting of 45 s at 94 °C, 45 s at spe-
cific annealing temperature (rpoD and 16S rDNA-flu 54 °C
and hrpl 53.5 °C), and 60 s at 72 °C, with a final extension at
72 °C for 5 min. A positive control and a negative control
were included in each PCR run. P. syringae pv. syringae
IBRC-M 10702 and P. fluorescens IBRC-M 10752 were used
as standard strains. All PCR reaction mixtures without target
DNA as a template were used as negative control. PCR prod-
ucts were separated in 1% agarose gel electrophoresis and
visualized in a gel documentation system (UVItec,
Cambridge, UK). PCR products were purified using the
sinaclon gel extarction kits (Sinaclon, Co., Iran) prior to bi-
directional sequencing. The acquired sequences were com-
pared with the available sequences in GenBank database using
the Basic Local Alignment Search Tool (BLAST) program of
NCBI http://www.ncbi.nih.gov/blast.

Ice nucleation assays

Pseudomonas-like isolates capable of growth in NaCl ≥2.5%
and the temperature 15 °C (data not shown) were selected for
ice nucleation activity at −8 °C using the drop-freezing

method (Joly et al. 2013). Bacterial suspensions in sterile
ddH2O (~1 × 108 CFU/ml) obtained from overnight BHI cul-
ture were incubated in ice for 4 h to allow the expression of the
INP. One droplet consisting of 20μl of cell suspension of each
isolate was deposited on the surface of an aluminum plate
floating on a cooling bath set at −8 °C about 30 min. Sterile
ddH2O droplets were used as the control in parallel. Droplets
visually frozen before control were considered INA positive.
This assay was repeated five times. Whenever the answer was
positive, it was considered a plus (+) for that isolate.
Therefore, based on the number of the droplets (out of five)
visually frozen before control droplets, strains were consid-
ered as weak (1 droplet, 20% of sample size), moderate (2 or 3
droplets, 40–60% of sample size) and strong (4 or 5 droplets,
80–100% of sample size) INA positive, whereas those for
which none of the droplets froze were considered deficient.
The ice nucleation activity of selected isolates was also tested
with 104 CFU/ml, 106 CFU/ml and 1010 CFU/ml of bacteria.

Detection of specific ice nucleation genes by PCR

The existence of ice nucleation genes i.e. inaZ and inaW in all
isolates was evaluated by PCR assays using specific primers
(Castrillo et al. 2000). The amplification reaction components,
positive and negative controls were as mentioned above.
Amplification was carried out with thermal cycling conditions
including an initial denaturation step at 94 °C for 5 min and
30 cycles of amplification consisting of 45 s at 94 °C, 45 s at
specific annealing temperature (inaZ 60 °C and inaW 61 °C),
and 60 s at 72 °C, with a final extension at 72 °C for 10 min.

The effects of growth conditions on ice nucleation
activity

The effects of various growth conditions on the ice nucle-
ation (an estimation of INP secreted into the culture me-
dium) were determined for P. syringae and P. fluorescens

Table 1 Primers, annealing temperatures and expected amplicon sizes for molecular detection of isolates and ice nucleation genes

Gene Primer Sequence (5′→ 3′) Tannealing Product
size (bp)

References

rpoD PsEG30F ATYGAAATCGCCAARCG 54 °C 736 (Mulet et al. 2009)
PsEG790R CGGTTGATKTCCTTGA

16S rDNA-flu 16SPSEfluF TGCATTCAAAACTGACTG 54 °C 850 (Scarpellini et al. 2004)
16SPSER AATCACACCGTGGTAACCG

hrpl hrpL1-F CGAGTTGGTTCCAGACAG 53.5 °C 625 (Kerkoud et al. 2002)
hrpL2 -R GGTTATCGCTATAGGGCTTGC

inaZ inaZ1-F GCAGACTGCGGGTTATGAGAGC 60 °C 707 (Castrillo et al. 2000)
inaZ2-R CGCCGGTCAGTTTGCTTCTATC

inaW inaW1-F GCAGTACGCAGACGGCACAG 61 °C 507 (Castrillo et al. 2000)
inaW2-R TTTCGTAGCCAGCAGTTGATGTG

Abbreviations: bp: base pair; F: forward; R: reverse
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isolates. The effect of temperature was examined by incu-
bation at −2, −5, −8 and − 12 °C. For high-salt treatments,
the extra amounts of salt (2.5, 5 and 7%; w/v) were added
to bacterial suspensions. Initial pH values of medium
ranging from 5 to 10 were adjusted by the addition of
either HCl or KOH, accordingly. In all assays, at pH 7,
the temperature of −8 °C and lack of NaCl were used as
control conditions. In a series of time-course quantitative
experiments, the bacterial growth rate (the logarithm of
CFU ml−1) of selected P. syringae isolates 18A, 21 and
52A and P. fluorescens 16, 22A and 28 were assessed in
the mentioned conditions except for the effect of temper-
ature, which was examined by incubation at 4 °C (the
preferred temperature for the expression of the INP).
One-hundred μl aliquots of medium were collected at 0,
24, 48, 72 and 96 h of incubation, the serial dilutions
were prepared and the growth curves were drawn in
Excel (Microsoft office software 2013).

Toxin assay, pathogenicity and frost injury tests

For toxin (syringomycin) production assay, P. syringae
and P. fluorescens strains were streaked in a direct line
onto potato dextrose agar (PDA) medium and were incu-
bated for 3–4 days at 28 °C. Afterward, 20 μl of the
suspension of syringomycin sensitive organisms in sterile
ddH2O (~109 CFU/ml), Geotrichum candidum IBRC-M
30010 and Saccharomyces cerevisiae IBRC-M 30249,
were sprayed onto the surface of PDA containing bacterial
cultures. After further incubation for 1–2 days, the ap-
pearance of clear zones around the bacterial colonies in-
dicated syringomycin secretion which inhibited fungi
growth (Gašić et al. 2012). To examine the pathogenicity
of isolates, 25 μl of P. syringae and P. fluorescens isolate
suspensions in sterile ddH2O (~108 CFU/ml) obtained
from 24-h-old BHI culture was injected with a syringe
into mature fresh tomatoes and oranges. Sterile distilled
water was used as a negative control. Inoculated tomatoes
and oranges were incubated at room temperature.
Necrosis of the infiltrated tissues was observed after 3–
4 days (Gašić et al. 2012).

To evaluate the freezing effect of isolates on plants, the
P. syringae and P. fluorescens isolate suspensions in sterile
ddH2O (~108 CFU/ml) obtained from overnight BHI culture
were incubated at −4 °C for 4 h for expression of the INP.
Twenty-five μl of suspensions were directly sprayed over
fresh tomatoes and oranges and fruits were inoculated and
kept at −8 to −10 °C for 3–4 days. The sign of frost damage
and ice crystals formed on the fruit tissues was assessed in this
period. The negative control was sterile distilled H2O.

All results are expressed as absolute frequencies and per-
centages. For the statistical analyses, Excel software version
2010 (Microsoft Corporation, USA) was used.

Results

Among the 118 bacteria isolated from 66 leaves samples, 57
isolates were identified as Pseudomonas spp. based on the
biochemical characteristics and the expected rpod gene
736 bp PCR amplification products (Fig. 1a). The detection
methods revealed that among the Pseudomonas isolated in
this study (n = 57), 5 (8.77%) isolates were P. syringae and
7 (12.28%) isolates were P. fluorescens, while 45 (78.94%)
isolates belonged to other Pseudomonas spp. P. syringae
strains were Gram-negative and exhibited a positive reaction
for levan hydrolysis, motility, catalase and utilization of glyc-
erol and citrate, and negative for oxidase. All tested strains
showed oxidative metabolism of glucose. Unlike
P. syringae, P. fluorescens isolates produced green fluorescent
pigment and presented a positive reaction for motility, ox-
idase, catalase and utilization of glycerol and citrate, and
negative for levan hydrolysis. Specific 625 and 850 bp
PCR products match up to P. syringae and P. fluorescens
isolates, respectively (Fig. 1b).

In a series of primary ice nucleation assays at −8 °C using
~108 CFU/ml of isolates, the freezing profiles revealed that
among 25 selected Pseudomonas isolates (capable of growth
at 15 °C and NaCl ≥2.5%), 17 isolates (68%) were able to
produce ice nucleation and 8 isolates (32%) did not have the
capability of INP producing. The isolates 18A, 21, 52A and
52B were recognized as the strong ice nucleation strains. The
isolates 3, 22A, 24A, 24B, 25B, 25C, 55A and 65B were INA
negative compared to sterile distilled water in 30 min whereas
the other isolates showed weak or moderate activity. In a com-
parative experiment, the ice-nucleating activity of INA+ iso-
lates did not appear until the bacterial cell concentration
reached to ~108 CFU/ml with the exception of the production
of freezing nuclei at the cell concentration ~106 CFU/ml by
Pseudomonas 52A (Table 2). The ice nucleation capability of
P. syringae and P. fluorescens isolates at different cold tem-
peratures were investigated: all P. syringae isolates were able
to nucleate ice at −5 °C or warmer, however, the peaks of
activity were centered around −8 to −12 °C (Table 3). Of
these, isolate 52A showed relatively strong activity at temper-
atures ranging from −2 to −12 °C. In addition, isolates
P. fluorescens 8, 10, 16, 20 and 28 induced freezing at the
temperatures between −8 to −12 °C while P. fluorescens
A22 showed no activity at same temperatures (Table 3).

The effect of different concentration of NaCl on the ice
nucleation activity of bacterial isolates indicates that the ice
producing values were reversely correlated with NaCl concen-
tration in the medium, such that, the least rate of ice nucleation
activity was detected in 7% NaCl. As shown in Table 3, none
of the P. fluorescens isolates and P. syringae isolates 18A and
21 were able to produce INP in salt concentration ≥ 7%
whereas P. syringae 52A and 52B only exhibited a weak ac-
tivity at this concentration. Contrarily to the other isolates,
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P. fluorescens 22A and 28 were not able to induce freezing at
concentration of 5%. At low salt medium (2.5%), among the
INA+ isolates, the maximum ice nucleation activity was ob-
served for P. syringae 52A and 52B. As summarized in
Table 1, two different patterns of ice nucleation were observed
in media with various pH values. INP excretion of P. syringae
52A and 52B and P. fluorescens standard, 8 and 10 strains
remained constant in both alkaline and acidic media. In con-
trast, highly acidic and alkaline pH led to a decrease in freez-
ing for isolates of P. syringae standard strain, 18A and 21.
With respect to P. fluorescens 20 and 28, ice nucleating activ-
ity was increased at pH ranging from 8 to 10 (Table 3). In
addition, the selected isolates were able to withstand at the
temperature of 4 °C, high concentration of NaCl (up to 7%)
and a wide range of initial pH from 5 to 9 (data not shown).

The results of PCR amplification for the detection of inaZ
and inaW genes showed that there was no significant differ-
ence in the pattern of bands compared to the standard DNA
ladder (Fig. 2). Specific 707 and 507 bp bands detected by
amplification corresponded to the presence of inaZ and inaW
genes, respectively (Fig. 2). The PCR products of inaZ genes
amplification revealed that all the P. syringae isolates were
positive for this gene while with regard to P. fluorescens iso-
lates, the presence of inaW gene was not identified in one
isolate (isolate 22A). The BLAST analyses on inaZ and
inaW genes sequences at NCBI database confirmed that these
genes belonged to P. syringae and P. fluorescens isolates that
had the positive result in the droplet-freezing test.

All the P. syringae and P. fluorescens isolates did not
secrete pathogenic toxins into solid medium. In addition,
tomato and orange fruits did not also show necrosis of
tissue at the inoculation site four days after inoculation.
After inoculation of suspensions of P. syringae and
P. fluorescens isolates on the surface of tomato and orange,

ice crystals were observed at the inoculation site of
P. syringae isolates, whereas with the exception of isolate
P. fluorescens 20, the other P. fluorescens isolates did not
produce ice crystals on the surface of fruits (Fig. 3). These
results confirmed P. fluorescens 22A as INA− strain.

Discussion

The frost damage of crops is considered as a sign of the pres-
ence of INA bacteria, especially Pseudomonas species, on
plant surfaces (Hill et al. 2014). The production of ice nucle-
ation protein, making them important ice nucleators, poses a
potential risk for the frost injury and pathogenicity for plants
(Joly et al. 2013). Ice-minus bacteria may have not the INP
production genes, therefore in environments/plants including
these bacteria, INP-induced ice crystals do not form (Mishra
et al. 2012). According to this phenomenon, the characteristic
of the genes encoding INP in Pseudomonas isolates may help
to distinguish the Ice+ and Ice− isolates. In the present work,
we characterized the Ice+ and Ice− P. syringae and
P. fluorescens strains with an emphasis on detection of specific
ice nucleation genes which have vital roles in freezing ability
of Pseudomonas isolates. Our investigation in this paper also
provided detailed evidence about the freezing outline of iso-
lates at different suspension concentration (the number of bac-
teria), high salt (NaCl) concentration, acidic and alkaline pH
and cold temperatures, which may help to understand the pro-
file of frost injury in different environments.

Based on the findings of the current study, the INA-positive
and -negative Pseudomonas can be isolated in different sea-
sons in different areas. In our study, of all Pseudomonas iso-
lates tested for the capability of ice nucleating activity (n =
25), 17 (68%) isolates were INA-positive and 8 (32%) were

Fig. 1 a Agarose gel electrophoresis of PCR amplification products of
rpod gene (736 bp). Lane 1: 100 kb DNAmarker; lanes 2 and 3: standard
strains; lane 4: negative control; lanes 5, 6, 11 and 14: negative isolates for
rpod gene (none Pseudomonas); lanes 7, 8, 9, 10, 12 and 13: positive
isolates for rpod gene (Pseudomonas strains). b PCR products of hrpl and
16S rDNA-flu genes amplification (~ 625 and 850 bp, respectively), Lane

1: 100 kb DNA marker; lane 2: Pseudomonas. syringae IBRC-M 10702
as standard strain; lane 3: Pseudomonas. fluorescens IBRC-M 10752 as
standard strain; lane 4: positive isolate of P. syringae 18 A; lane 5: pos-
itive isolate of P. syringae 52A; lane 6 positive isolate of P. fluorescens
22A; lane 7: positive isolate of P. fluorescens 28; lane 8: negative control
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not able to produce ice nucleation. All the P. syringae isolates
were able to nucleate ice at −2 to −5 °C, however, at −8 to
−12 °C showed strong activity. Numerous previous studies
performed on INA of P. syringae, were confirmed by these
results. Joly et al. (2013) demonstrated that three strains of
P. syringae were active at −3 °C, while the others induced
freezing at −4 °C to −6 °C. Šantl Temkiv et al. (2009) tested

69 strains for INA; 8 (12%) strains were efficient ice-
nucleating at temperatures between −2 °C and − 10 °C.
Morris et al. (2007) found 42% (13/31) strains of P. syringae
were active at −5 °C or warmer. Moreover, it was found that of
1144 isolated strains, 593 isolates were able to induce freezing
and produce INP at −8 °C (Failor et al. 2017), whereas ac-
cording to Pietsch et al. (2017), the freezing ability of different

Table 2 Ice-nucleating activity of
Pseudomonas syringae and
Pseudomonas fluorescens isolates
at different bacterial
concentrations at −8 °C

Bacterial strain Bacterial concentration

104 CFU/ml 106 CFU/ml 108 CFU/ml 1010 CFU/ml

P. fluorescens isolates

Standard strain* – – +1 +2

8 – – +1 +2

10 – – +1 +3

16 – – +1 +2

20 – – +1 +1

22A – – – –

28 – – +2 +2

P. syringae isolates

Standard strain** – – +4 +4

18A – – +5 +5

21 – – +5 +5

52A – +2 +5 +5

52B – – +5 +5

* P. fluorescens IBRC-M 10752 **P. syringae pv. syringae IBRC-M 10702

+1: one positive droplet per 5 droplets or 20% of sample size, weak ice-nucleating activity

+2 or + 3: 2 or 3 positive droplets per 5 droplets or 40–60% of sample size, moderate ice-nucleating activity

+4 or + 5: 4 or 5 positive droplets per 5 droplets or 80–100% of sample size, strong ice-nucleating activity

Table 3 The effect of extra amounts of NaCl (2.5, 5 and 7%) added to medium, initial pH values of medium (5 to 10) and the cold temperatures (−2 to
−12 °C) on ice nucleation activity of Pseudomonas syringae and Pseudomonas fluorescens

Bacterial strain %NaCl pH Temperature (°C)

2.5 5 7 5 6 7 8 9 10 -2 −5 −8 −12

P. fluorescens isolates
Standard strain* +2 +1 – +1 +1 +1 +1 +1 +1 – – +2 +3
8 +1 +1 – +1 +1 +1 +1 +1 +1 – – +2 +4
10 +1 +1 – +1 +1 +1 +1 +1 +1 – +1 +2 +4
16 +1 +1 – +1 +1 +1 +3 +3 +3 – – +1 +3
20 +1 +1 – +2 +1 +1 +2 +2 +3 – – +1 +1
22A – – – – – – – – – – – – –
28 +2 – – +1 +2 +2 +2 +3 +5 – – +2 +2

P. syringae isolates
Standard strain** +4 +3 – +3 +4 +4 +4 +3 +3 +1 +1 +4 +4
18A +4 +3 – +3 +4 +5 +4 +4 +4 +4 +4 +5 +5
21 +3 +2 – +3 +4 +5 +5 +4 +4 +2 +4 +5 +5
52A +5 +3 +1 +5 +5 +5 +5 +5 +5 +5 +5 +5 +5
52B +5 +3 +1 +5 +5 +5 +5 +5 +4 +3 +5 +5 +5

* P. fluorescens IBRC-M 10752 **P. syringae pv. syringae IBRC-M 10702

+1: one positive droplet per 5 droplets or 20% of sample size, weak ice-nucleating activity

+2 or + 3: 2 or 3 positive droplets per 5 droplets or 40–60% of sample size, moderate ice-nucleating activity

+4 or + 5: 4 or 5 positive droplets per 5 droplets or 80–100% of sample size, strong ice-nucleating activity
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P. syringae strains ranged from −5 to −11 °C. In another study,
the highest freezing activity of P. syringae was detected at
−10 °C (Du et al. 2017). The variation in the report of
studies may arise from the source of bacterial isolation,
the number of bacterial inoculations in droplets and the
secretion of INP with different structures.

Based on the temperature of maximum efficiency of bac-
terial ice nucleation - the temperature required to freeze 50%
of the droplets (T50) (Kawahara 2017) - the three domains of
ice nucleation activity have been described in bacteria named

as Type I (Class A), Type II (Class B) and Type III (Class C).
Type I acts at temperatures higher than −5 °C, type II acts at
−5 to −7 °C and type III at temperatures lower than −8.0 °C
(Turner et al. 1990; Schmid et al. 1997; Lorv et al. 2014;
Kassmannhuber et al. 2017). The modification on ice nuclea-
tor (INP) (Lorv et al. 2014), and the size of the protein aggre-
gate (Schmid et al. 1997; Joly et al. 2013) are main sources for
the differences in the temperature at which freezing occurs.
Modifications such as glycosylation, which may play a role in
aggregation, and phosphatidylinositol for anchoring of the

Fig. 2 a Agarose gel
electrophoresis of PCR
amplification of inaZ gene
(707 bp). Lane 1: 100 kb DNA
marker; lane 2: Pseudomonas
syringae IBRC-M 10702 as stan-
dard strain; lanes 3, 4, 5 and 6:
positive isolates for inaZ gene as
P. syringae 18A, 21, 52A and
52B, respectively. b PCR product
of inaW gene amplification
(507 bp). Lane 1: 100 kb DNA
marker; lane 2: Pseudomonas
fluorescens IBRC-M 10752 as
standard strain; lanes 3, 4, 5, 6 and
8: positive isolates for inaW gene
(P. fluorescens 8, 10, 16, 20 and
28, respectively); lane 7: negative
isolate for inaW gene (isolate
22A)
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INP to cell membrane can enhance ice nucleation activity
(Lorv et al. 2014). Therefore, type I ice nucleation proteins
which are composed of lipoglycoprotein aggregates that are
anchored to cell membranes via phosphatidylinositol, have a
stronger activity than type II of INP containing glucosamine
and mannose modifications (Joly et al. 2013; Lorv et al.
2014). In this study, P. syringae strains were found as type I
and II with an efficient activity at −2 to −8 °C whereas
P. fluorescens strains determined in this study belonged to
type III. This confirms that P. syringae strains have a vital role
in frost damage of plants compared to P. fluorescens strains.

On the other hand, the class A of INP inactivated at
pH 5.5 or lower but is stable up to pH 9.5. The class B
structure is less sensitive to acidic buffers but below pH 4.5
is irreversibly inactivated and is stable at basic pH.

However, the class C is almost completely stable in buffers
with pH 3.5 to 9.5 (Turner et al. 1990). In line with this
evidence, acidic pH affected more ice nucleation activity of
INP type I and II. In a previous study, it was shown that the
acidic pH 4.1 strongly reduced the ice nucleation number
of P. syringae 32b-74, P. fluorescens CGina-01compared
to pH 5.9 (Attard et al. 2012). Our observations were in
close agreement with this finding. In our study, INP excre-
tion of P. fluorescens strains almost remained stable in both
alkaline and acidic media thus indicating these strains as
belonging to class C (type III). In contrast, ice nucleating
activity of P. syringae 18A and 21 was decreased in acidic
pH (class B/type II). Despite P. syringae 52A and 52B
were defined as class A (type I), they were stable in both
alkaline and acidic pH. In addition, our findings indicated

Fig. 3 The freezing effect of suspensions of Pseudomonas syringae and
Pseudomonas fluorescens isolates on tomato and orange fruits 4 days
after inoculation. a and b The ice crystals on surface of fruits for

P. syringae 21 (an INA+ strain); (c and d) no ice crystals on the surface
of fruits after inoculation of INA− strain (P. fluorescens 22A)
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that increase of NaCl reduced the growth and the ice nu-
cleation activity. This can be attributed to the effect of high
salt concentration on cell growth and metabolism, the ex-
pression of the necessary genes for growth and INP and the
prevention of the release of INP.

Since INP plays an important role in frost injury, loss of the
gene coding INP in some strains may greatly suppress the
freezing potential of isolates. In this study, P. fluorescens
22A was confirmed as INA− strain. It appeared that ice-
formation bacteria must be in a concentration of ~106 CFU/
ml to maximize the effect of competitive differences between
the strains at epiphytic environments (Wilson and Lindow
1994). For this reason, it is necessarily an effective control
agent when inoculated at ~108 CFU/ml on plants, and can
prevent the overall spread of frost damage. Of course, these
isolates need to be evaluated by real-time PCR for better un-
derstanding the reason of the loss of this gene expression.

In conclusion, we have shown that P. fluorescens strain
22A are Ice− bacteria and strains 16 and 28 have weakly ice
nucleation activity that can be considered for the introduction
to the surface of plants to reduce INA+ bacteria by competi-
tion. In addition, three strains of P. syringae 18A, 52A and
52B are also recommended as visually INA positive strains for
use in storage and food industries.
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