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Ice nucleation activity in Pantoea ananatis obtained 
from maize white spot lesions

Atividade de nucleação de gelo em Pantoea ananatis 
obtidos de lesões da mancha branca do milho
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Walter Fernandes Meirelles3; Luzia Doretto Paccola-Meirelles4

Abstract

Maize white spot lesions caused by Pantoea ananatis has contributed substantially to yield reduction 
of maize crops in many countries, including Brazil. The initial symptoms of the disease include water-
soaked lesions on the leaves, which later become necrotic and straw-colored. Basic knowledge regarding 
the biology and the infection mechanisms of this pathogen is lacking. In this study, 15 P. ananatis isolates 
obtained from maize white spot lesions were examined for their ice nucleation activity (INA). The INAs 
of individual bacterial isolates was determined by tube nucleation tests. Bacterial isolates were grown 
on tryptic soy broth medium and an aliquot of 0.1 mL of culture was added to test tubes containing 1 mL 
of sterile distilled water. The tubes were packed in an ice bath, which had a temperature below –10°C, 
for approximately 2 min. Instantaneous formation of ice in the tube revealed a positive INA phenotype 
of the isolate. Only 9 of the 15 studied isolates showed the INA+ phenotype. Pathogenicity tests were 
performed using whole plants and detached leaves. Symptoms were reproduced in both tests, but only 
for the inoculations using INA+ isolates. Electron microscopy allowed visualization of protein vesicles 
under outer cell wall of isolates characterized as INA+. 
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Resumo

Lesões de mancha branca do milho causadas por Pantoea ananatis contribuiram substancialmente para 
a redução da produtividade nos cultivos de milho, em muitos países, incluindo o Brasil. Os sintomas 
iniciais da doença incluem lesões anasarcas nas folhas, que mais tarde tornam-se necróticas e de 
cor palha. O conhecimento básico sobre a biologia e os mecanismos de infecção deste patógeno são 
escassos. Neste estudo, 15 isolados de P. ananatis obtidos a partir de lesões da mancha branca do milho 
foram examinados quanto à sua atividade de nucleação de gelo (INA). A INA de isolados bacterianos 
individuais foi determinada por testes de nucleação em tubos. Isolados bacterianos foram cultivados 
em meio de caldo de soja tríptico e uma alíquota de 0,1 mL de cultura foi adicionada à tubos de ensaio 
contendo 1 mL de água destilada esterelizada. Os tubos foram colados em banho de gelo, o qual 
continha temperatura inferior a –10 ºC, por aproximadamente 2 min. A formação de gelo instantânea no 
tubo revelou um fenótipo INA positivo do isolado. Apenas 9 dos 15 isolados estudados apresentaram 
o fenótipo INA+. Testes de patogenicidade foram realizados com plantas inteiras e folhas destacadas. 
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Os sintomas foram reproduzidos em ambos os testes, mas apenas para inoculações utilizando isolados 
INA+. A microscopia eletrônica permitiu a visualização de vesículas de proteínas sobre a parede celular 
externa de isolados caracterizados como INA+. 
Palavras-chave: INA, vesícula proteica, microscopia eletrônica de transmissão

Introduction

Among the diseases that occur in maize culture in 
Brazil, maize white spot (MWS) has emerged as one 
of the most important because of its high incidence 
and severity in the field. This disease is found in 
nearly all maize-producing regions of the country 
(FERNANDES; OLIVEIRA, 2000). A reduction in 
the rate of photosynthesis occurs not only in injured 
tissue, but also in parts of remaining green tissues of 
infected leaves (GODOY; AMORIM; BERGAMIN 
FILHO, 2001). MWS symptoms typically 
appear in the lower leaves, and the early stage is 
characterized by small dark green water-soaked 
leaf spots that may be circular, oval, elliptical, or 
be slightly elongated to an oblong shape, 0.3 to 2.0 
cm in diameter. Lesions are scattered over the leaf 
surface and have a chlorotic appearance, which 
later turn into pale green, dried straw-colored and 
necrotic (PACCOLA-MEIRELLES et al., 2001). 
Symptoms rapidly progress to the top of the plant, 
and the severity of MWS increases after tasseling 
(FERNANDES; OLIVEIRA, 2000).

A Gram-negative, facultative anaerobic, bright 
yellow, mucoid colony-forming, non-sporulating 
bacterium identified as Pantoea ananatis was 
described by Paccola-Meirelles et al. (2001) as the 
causal agent of MWS. This bacterium can survive 
epiphytically on maize leaves and trigger the 
disease in its host through a mechanism that remains 
unclear. According to Pomini, Paccola-Meirelles, 
and Marsaioli (2007), the quorum-sensing system 
is used to assess the population size by secreting 
substances such as acyl homoserine lactones 
(RUMJANEK; FONSECA; XAVIER, 2004). This 
mechanism may be associated with P. ananatis 
pathogenicity (MOROHOSHI et al., 2007), but the 
role of these signaling molecules in the pathogen is 
unknown.

Some species of bacteria can act as ice 
nucleating agents (INA bacteria), catalyzing ice-
crystal formation in supercooled fluids at relatively 
warm temperatures (MAKI et al., 1974). In the 
1970s, it was found that some bacteria commonly 
associated with plants were capable of acting as ice 
nucleating agents at temperatures slightly below 
0°C (LINDOW; ARNY; UPPER, 1978; LINDOW; 
ANDERSEN, 1996); these bacteria cause serious 
damage to their host due to supercooling at relatively 
high temperatures. Many plants, particularly those 
with their origin in tropical and/or subtropical 
regions, are unable to tolerate the ice formation 
in the intercellular spaces of their tissues. When 
this occurs, the membrane system of the plant cell 
collapses and a water-soaked spot appears, followed 
by tissue death by freezing (ROMEIRO, 2001). 
The damage to plants is due to ice formation in 
the intercellular spaces at temperatures where this 
phenomenon would not normally occur (LINDOW, 
1983, 1987). 

The aim of this study was to characterize P. 
ananatis isolates obtained from maize white spot 
lesions for their ice nucleating activity and evaluate 
the pathogenicity of these isolates on maize leaves.

Materials and Methods

Pantoea ananatis isolation from water-soaked 
lesions of maize white spot 

The bacterial isolates used in this study were 
obtained from maize white spot lesions according 
to the method described by Paccola-Meirelles et al. 
(2001). 
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Ice nucleation activity assay

Bacterial isolates were cultured in tryptic soy 
broth (TSB) medium for 24 hours under agitation 
(60 rpm) at 30°C. The culture was then homogenized 
using a vortex and a 0.1-mL aliquot was added to 
test tubes containing 1 mL of sterile ultrapure water 
and kept in an ice bath at –10°C. Instantaneous 
formation of ice in the tube after addition of the 
bacterial suspension revealed the INA+ phenotype. 
TSB medium without bacteria was used as a control.

Transmission electron microscopy 

Two isolates of  P. ananatis, WT2 and WT11, 
were cultured under agitation (60 rpm) in nutrient 
broth (NB) medium and NB medium plus 2.5% 
glycerol (v/v) for 12 hours at 30°C. Bacterial cells 
were separated from the medium by centrifugation 
at 15,700 ×g for 15 min. The cells were fixed in 
a solution containing 3% glutaraldehyde in 0.1 
M sodium cacodylate buffer (pH 7.2) at room 
temperature for 12 hours. Cells were washed in 0.1 M 
sodium cacodylate buffer, post-fixed in 1% osmium 
tetroxide for 2 hours at room temperature, and 
washed again in the same buffer. The samples were 
dehydrated using increasing ethanol concentrations, 
soaked, and embedded in Araldite® resin (Electron 
Microscopy Sciences, Fort Washington, PA). Ultra-
thin cuts (70 nm) were made using a ultramicrotome 
(Ultracut; Leica, Solms, Germany) with a diamond 
knife (2 mm and 45°, DiATOME, Hatfield, PA, 
USA). The sections were deposited in 200 mesh 
screens and stained in uranyl acetate (2%) and 
lead citrate (Reynolds solution). The screens were 
analyzed and photographed using a transmission 
electron microscope (TEM; FEI Tecnai 12, FEI, 
Hillsboro, OR, USA) in the Laboratory of Electron 
Microscopy and Microanalysis at the State 
University of Londrina.

Pathogenicity tests

Pathogenicity test in greenhouse 

Pathogenicity tests using the INA+ isolates 
(WT2, WT7, and WT11) and the INA- isolate (WT8) 
were carried out in susceptible cultivar DAS657 at 
35 days old in a greenhouse. Three pots with three 
plants each were used. A pre-inoculum was prepared 
by cultivating each isolate in TSB medium for 12 
hours at 30°C under agitation (60 rpm). Next, the 
inoculum was prepared by transferring 1.0 mL of 
pre-inoculum to 100 mL TSB medium, followed by 
incubation of the sample under the same conditions 
for 4 hours. Saline solution (NaCl 0.85%) was 
added at a 1:1 (v/v) ratio to the bacterial culture. The 
culture remained at 4°C for 2 hours before being 
sprayed onto the maize leaves. The leaves were 
slightly injured with a sponge and immediately 
sprayed with the bacterial suspension. The plants 
were kept in a humidity chamber for 72 hours. As 
a control, the plants were sprayed only with TSB 
culture medium diluted in saline solution (1:1).

Pathogenicity tests using detached leaves

Pathogenicity tests in the laboratory were 
performed using detached leaves collected from 35-
day old plants of the susceptible cultivar DAS657, 
using the INA+ isolates (WT2, WT7, WT11), and 
using INA- isolates (WT8, WT14). The leaves were 
detached, washed, and injured using a sponge. The 
leaves were clamped in 12-well microhumidity 
chambers that were 0.3 cm in diameter as 
described by Bergstrom and Nicholson (1983). 
For leaf inoculations 50-μL drops of bacterial 
suspension were placed in individual wells. The 
bacterial inoculum and the control were prepared 
as previously described (4a item). The chamber 
wells were covered with adhesive tape, which 
remained for 72 hours. The experimental design 
was completely randomized with three replicates. 
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Results 

Variability in the ice nucleation ability of P. 
ananatis isolates obtained from water-soaked 
lesions of MSW was observed. Among the 15 
randomly selected isolates, only 9 showed the 
INA+ phenotype (Table 1). Additionally, there 
was variability in the bacterial population density 
required for occurrence of ice nucleation at the tested 
temperature. The isolates INA+, WT2, and WT11 

were subjected to TEM. We observed vesicles at the 
cell walls of both isolates (Figure 1). Vesicles were 
similar to those described by Phelps et al. (1986), 
Michigami et al. (1995), and Kawahara (2002) in 
other bacterial species as being responsible for the 
formation of ice nuclei. The vesicles appeared in 
greater numbers when the bacterium was cultured 
in medium supplemented with glycerol (Figure 1B 
and C). 

Table 1. Ice nucleation activity and origin of the Pantoea ananatis isolates. 

 Isolate Origin of material UFC/mL * INA
EMS05 Sete Lagoas – MG 533 × 107 +
WT2 Warta – Londrina – PR 275 × 107 +
WT7 Warta – Londrina – PR 767 × 105 +
WT8 Warta – Londrina – PR 326 × 107 -
WT9 Warta – Londrina – PR 408 × 107 -
WT11 Warta – Londrina – PR 119 × 109 +
WT14 Warta – Londrina – PR 634 × 1010 -
F 102-1 Embrapa Soja – Londrina – PR 792.5 × 106 +
F 102-2 Embrapa Soja – Londrina – PR 128.4 × 106 -
F 102-4 Embrapa Soja – Londrina – PR 292.7 × 107 +
F 103-1 Embrapa Soja – Londrina – PR 425 × 106 -
F 103-2 Embrapa Soja – Londrina – PR 121 × 107 +
F 103-3 Embrapa Soja – Londrina – PR 642.5 × 106 +
F 103-5 Embrapa Soja – Londrina – PR 193.5 × 107 +
F 103-8 Embrapa Soja – Londrina – PR 429 × 106 -
* Concentration of bacterial suspension at time of testing.
Source: Elaboration of the authors.

The INA+ isolates, WT2, WT7, and WT11, as 
well as the INA- isolate WT8, were subjected to 
a pathogenicity test in the greenhouse. The WT2, 
WT7, and WT11 isolates caused symptoms between 
the 7th and 9th days after inoculation, whereas the 
INA- isolate, WT8, developed no MWS symptoms. 
Control plants showed no symptoms (Figure 2).

Among the INA+ isolates, WT7 caused a 
greater number of lesions when inoculated under 
greenhouse conditions (Table 2, Figure 2). 

The INA+ isolates WT2 and WT7, which were 
inoculated onto detached leaves in the microhumidity 
chambers, showed disease symptoms, but the results 
were similar to those observed for inoculation in the 
greenhouse. Symptoms were more pronounced for 
the WT7 isolate, which caused the highest average 
number of lesions (Table 2). The INA- isolates 
WT8 and WT14 developed no MWS symptoms in 
the pathogenicity test. Control leaves showed no 
symptoms (Figure 3).
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Figure 1. Transmission electron micrographs of 
Pantoea ananatis cells isolated from water-soaked 
spots lesions of MWS showing the presence of 
vesicles responsible for the release of ice nuclei 
(arrows). (A) WT2 isolate grown in NB medium, 
showing the formation of a single vesicle in the apical 
region of the cell. (B) and (C) WT2 isolate grown in 
NB + glycerol medium; note the increase in the 
number of vesicles (arrows) compared to the same 
isolate when grown in NB medium (A). (D) and (E) 
WT11 isolate grown in NB medium showing the 
presence of only one vesicle. (F) and (G) WT11 
grown in NB + glycerol medium; note the increase in 
the number of vesicles (arrows) compared to the same 
isolate when grown in NB medium (D and E). 
Bacteria cultured in both culture media (NB and NB + 
glycerol) showed cellular vesicles with the same 
ultrastructural features. (A), (B), (C), (D), and (G), 
magnification, 97×; scale bar, 200 nm. (E) and (F), 
magnification, 235× and scale bar, 100 nm.

Source: Elaboration of the authors. 

The INA+ isolates WT2 and WT7, which were inoculated onto detached leaves in the 

microhumidity chambers, showed disease symptoms, but the results were similar to those observed for 

inoculation in the greenhouse. Symptoms were more pronounced for the WT7 isolate, which caused the 

highest average number of lesions (Table 2). The INA- isolates WT8 and WT14 developed no MWS 

symptoms in the pathogenicity test. Control leaves showed no symptoms (Figure 3). 

Figure 2. Pathogenicity test performed in maize 
plants (35 days old) under greenhouse conditions. 
(A) Control. (B) WT2 isolate. (C) and (D) WT7 
isolate. (E) WT11 isolate.

Source: Elaboration of the authors. 

Table 2. Number of lesions observed in the pathogenicity test when 
Pantoea ananatis isolates were inoculated in the 
greenhouse and in micro-humidity chambers onto maize 
leaves of cultivar DAS 657. 

Isolates
Average numbers of lesions * 

Greenhouse Micro-humidity Chambers
WT2 2.60 ab 3.00 b 
WT7 4.40 a 8.67 a 
WT11 3.70 ab 4.33 b 
WT8 0c 0c 
WT14 - 0c 
Control 0 c 0 c 

* Means followed by the same lowercase letter in the same column did 
not differ significantly according to Tukey's test.
Source: Elaboration of the authors. 

Figure 3. Pathogenicity test performed on maize detached leaves. (A) 
Control. (B) WT2 isolate. (C) WT7 isolate. (D) and (E) WT11 isolate. 
Lesions (arrows).

Figure 1. Transmission electron micrographs of Pantoea 
ananatis cells isolated from water-soaked spots lesions 
of MWS showing the presence of vesicles responsible 
for the release of ice nuclei (arrows). (A) WT2 isolate 
grown in NB medium, showing the formation of a 
single vesicle in the apical region of the cell. (B) and (C) 
WT2 isolate grown in NB + glycerol medium; note the 
increase in the number of vesicles (arrows) compared to 
the same isolate when grown in NB medium (A). (D) 
and (E) WT11 isolate grown in NB medium showing the 
presence of only one vesicle. (F) and (G) WT11 grown in 
NB + glycerol medium; note the increase in the number 
of vesicles (arrows) compared to the same isolate when 
grown in NB medium (D and E). Bacteria cultured in 
both culture media (NB and NB + glycerol) showed 
cellular vesicles with the same ultrastructural features. 
(A), (B), (C), (D), and (G), magnification, 97×; scale bar, 
200 nm. (E) and (F), magnification, 235× and scale bar, 
100 nm.

Source: Elaboration of the authors.

Figure 2. Pathogenicity test performed in maize plants 
(35 days old) under greenhouse conditions. (A) Control. 
(B) WT2 isolate. (C) and (D) WT7 isolate. (E) WT11 
isolate.

Source: Elaboration of the authors.

Figure 3. Pathogenicity test performed on maize 
detached leaves. (A) Control. (B) WT2 isolate. (C) WT7 
isolate. (D) and (E) WT11 isolate. Lesions (arrows).

Source: Elaboration of the authors. 

Discussion  

Within most frost-sensitive plant tissues, water can be supercooled to between -4°C and - 12°C 

without intracellular or extracellular freezing (SAKAI; LARCHER, 1987). However, when epiphytic 

populations of INA+ bacteria are present, the bacteria can catalyze the freezing process at temperatures up to 

-1.2°C (LINDOW, 1987). 

Our results showed that some P. ananatis isolates from MWS lesions could catalyze ice formation 

in supercooled water, but not all isolates studied were ice-nucleation active at the temperature tested. 

Wysmierski, Escanferla and Paccola-Meirelles (2005) examined P. ananatis isolates from MWS lesions and 

observed variations regarding ice nucleation activity. According to Edwards et al. (1994), one of the most 

interesting aspects of bacterial INA is the unusual distribution of the phenotype. INA is found in species of 

the three genera Erwinia, Pseudomonas, and Xanthomonas; however, not all species within these genera 

exhibit the INA+ phenotype. INA appears to be restricted to only Erwinia ananas, Erwinia uredovora,

Erwinia herbicola, Pseudomonas syringae, Pseudomonas jluorescens, and Xanthomonas campestris

(LINDOW, 1983). Further, not all strains within these six species share the INA+ phenotype (LINDOW, 

1983). The phenotypic distribution of the INA bacteria suggests that horizontal transfer occurred in the 

evolution of bacterial ina genes (EDWARDS et al., 1994) or that the ina gene was present in a common 

ancestor of the INA+ species and was subsequently lost from some strains. Thus, the species showed a 

dimorphic condition with regard to the presence or absence of the ina gene.  

According to Lindow et al. (1982), not all cells of an INA isolate can undergo ice nucleation at any 

time and temperature, so the frequency of ice nucleation varies with the conditions under which the cells are 

grown, including temperature of incubation, composition of the culture medium, age of the culture, and the 

bacterium genotype. Nejad, Granhall and Ramstedt (2005), in agreement with Hirano, Baker and Upper 

(1985), observed that there is a relationship between the number of bacterial cells and ice nucleation activity, 

i.e. a certain population density is required for INA to function.  

Electron micrographs showed that small vesicles, 50 to 200 nm in diameter, were present on the 

bacterial outer membrane and were shed into the growth medium. The largest number of vesicles was 

observed when bacteria were grown in medium supplemented with glycerol, in agreement with the results of 

Lindow et al. (1982). They observed that more ice nucleation was produced when glycerol was added to the 

culture medium. Vesicles showed no structural differences when cells were grown in NB or NB plus 

Source: Elaboration of the authors. 
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Table 2. Number of lesions observed in the pathogenicity test when Pantoea ananatis isolates were inoculated in the 
greenhouse and in micro-humidity chambers onto maize leaves of cultivar DAS 657.

Isolates Average numbers of lesions *
Greenhouse Micro-humidity Chambers

WT2 2.60 ab 3.00 b
WT7 4.40 a 8.67 a
WT11 3.70 ab 4.33 b
WT8 0c 0c
WT14 - 0c
Control 0 c 0 c

* Means followed by the same lowercase letter in the same column did not differ significantly according to Tukey’s test.
Source: Elaboration of the authors.

Discussion 

Within most frost-sensitive plant tissues, water 
can be supercooled to between –4°C and –12°C 
without intracellular or extracellular freezing 
(SAKAI; LARCHER, 1987). However, when 
epiphytic populations of INA+ bacteria are present, 
the bacteria can catalyze the freezing process at 
temperatures up to –1.2°C (LINDOW, 1987).

Our results showed that some P. ananatis isolates 
from MWS lesions could catalyze ice formation in 
supercooled water, but not all isolates studied were 
ice-nucleation active at the temperature tested. 
Wysmierski, Escanferla and Paccola-Meirelles 
(2005) examined P. ananatis isolates from MWS 
lesions and observed variations regarding ice 
nucleation activity. According to Edwards et al. 
(1994), one of the most interesting aspects of 
bacterial INA is the unusual distribution of the 
phenotype. INA is found in species of the three 
genera Erwinia, Pseudomonas, and Xanthomonas; 
however, not all species within these genera exhibit 
the INA+ phenotype. INA appears to be restricted to 
only Erwinia ananas, Erwinia uredovora, Erwinia 
herbicola, Pseudomonas syringae, Pseudomonas 
jluorescens, and Xanthomonas campestris 
(LINDOW, 1983). Further, not all strains within 
these six species share the INA+ phenotype 
(LINDOW, 1983). The phenotypic distribution of 
the INA bacteria suggests that horizontal transfer 
occurred in the evolution of bacterial ina genes 

(EDWARDS et al., 1994) or that the ina gene was 
present in a common ancestor of the INA+ species 
and was subsequently lost from some strains. Thus, 
the species showed a dimorphic condition with 
regard to the presence or absence of the ina gene. 

According to Lindow et al. (1982), not all cells 
of an INA isolate can undergo ice nucleation at 
any time and temperature, so the frequency of 
ice nucleation varies with the conditions under 
which the cells are grown, including temperature 
of incubation, composition of the culture medium, 
age of the culture, and the bacterium genotype. 
Nejad, Granhall and Ramstedt (2005), in agreement 
with Hirano, Baker and Upper (1985), observed 
that there is a relationship between the number 
of bacterial cells and ice nucleation activity, i.e. a 
certain population density is required for INA to 
function. 

Electron micrographs showed that small 
vesicles, 50 to 200 nm in diameter, were present on 
the bacterial outer membrane and were shed into 
the growth medium. The largest number of vesicles 
was observed when bacteria were grown in medium 
supplemented with glycerol, in agreement with the 
results of Lindow et al. (1982). They observed that 
more ice nucleation was produced when glycerol 
was added to the culture medium. Vesicles showed 
no structural differences when cells were grown in 
NB or NB plus glycerol medium; there was only an 
increase in vesicle number. 
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According to Lindow (1983), Phelps et al. 
(1986), and Kawahara (2002), protein molecules 
and materials located on the outer wall of some 
bacterial species are responsible for the ice 
nucleation mechanism. Few studies have been 
conducted to examine the structure and function 
of these proteins; additionally, the significance of 
the correlation between virulence and the INA+ 
phenotype has not been elucidated.

In the pathogenicity test, the reproduction of 
symptoms by INA+ isolates was observed. The 
P. ananatis INA- isolates did not develop MWS 
symptoms in pathogenicity tests performed both 
in greenhouse and detached leaves. Lindow, Arny 
and Upper (1982), demonstrated a close link 
between ice nucleation activity and pathogenicity. 
Ice nucleation may also be an important factor in 
the virulence of pathogenic bacteria (EDWARDS 
et al., 1994), and according to Hirano and Upper 
(2000), the formation of leaf lesions can result from 
INA+ bacterial overpopulation, which is associated 
with environmental factors such as humidity and 
temperature differences. 

Conclusions

Pantoea ananatis isolates from MWS lesions 
can catalyze ice formation, but variability exists 
among isolates. Not all isolates exhibited the INA+ 
phenotype at the temperature examined. 

Our results revealed the presence of vesicles 
on the cell surface of INA+ isolates of P. ananatis 
obtained from MWS lesions, which is similar to 
the results of other authors who demonstrated the 
importance of vesicle presence in ice nucleation 
activity. 

These isolates were able to infect plants not 
only in the greenhouse but also in detached 
leaves placed in micro humidity chambers under 
controlled conditions, indicating that a relationship 
exists between ice nucleation activity and the 
pathogenicity of P. ananatis in maize leaves.
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