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Abstract Pseudomonas syringae pv. tomato DC3000 (Pto
DC3000) causes bacterial speck of tomato, a widely spread
disease that causes significant economical losses worldwide.
It is representative of many bacterial plant diseases for which
effective controls are still needed. Despite the antimicrobial
properties of chitosan has been previously described in phy-
topathogenic fungi, its action on bacteria is still poorly ex-
plored. In this work, we report that the chitosan isolated from
shrimp exoskeletons (70 kDa and 78 % deacetylation degree)
exerts cell damage on Pto DC3000. Chitosan inhibited Pto
DC3000 bacterial growth depending on its concentration,
medium-pH, and presence of metal ion (Mg+2). Biochemical
and cellular changes resulting in cell aggregation and impaired
bacterial growth were also viewed. In vivo studies using
fluorescent probes showed cell aggregation, increase in mem-
brane permeability, and cell death, suggesting the chitosan
antibacterial activity is due to its interaction as a polycation
with Pto DC3000 membranes. Transmission electron micro-
scopic analysis revealed that chitosan also caused morpholog-
ical changes and damage in bacterial surfaces. Also, the dis-
ease incidence in tomato inoculated with Pto DC3000 was

significantly reduced in chitosan pretreated seedlings, reveal-
ing a promising action of chitosan as nontoxic biopesticide in
tomato plants. Indeed, a wider comprehensive knowledge of
the mechanism of action of chitosan in phytopathogenic bac-
terial cells will increase the chances of its successful applica-
tion to the control of spread disease in plants.
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Introduction

Bacterial speck is an economically significant disease and
representative of many bacterial plant diseases (Wilson et al.
2002). Pseudomonas syringae pv. tomato DC3000 (Pto
DC3000) is the cause of bacterial speck on tomato and
Arabidopsis, and represents an important model in molecu-
lar plant pathology. Tomato (Solanum lycopresicum) is one
of the most important vegetable crops worldwide. The ef-
fective controls of bacterial speck are being currently ex-
plored in crop plants. Nowadays, toxic chemicals cause
resistance development in pathogens and decrease in bene-
ficial organism population (Glick and Bashan 1997; Ji et al.
2006). For all these reasons, current knowledge is emerging
on more sustainable compounds.

Chitosan is a natural nontoxic biopolymer produced by
partial alkaline N-deacetylation of chitin, the main compo-
nent of crustacean exoskeletons and fungi cell walls.
Chemically, chitosan is a polycationic heteropolysaccharide
made up by copolymer, (1→4)-2-amine-2-deoxy-β-D-glu-
can and (1→4)-2-acetamide-2-deoxy-β-D-glucan. Chitosan
is a molecule of high molecular mass and rather insoluble in
water but soluble in diluted aqueous acidic solutions below
its pKa (∼6.5) that can convert glucosamine units into the
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soluble protonated form (−NH3
+) depending on its physico-

chemical nature. The biological properties of chitosan are
attributed to several causes including the deacetylation de-
gree, molecular mass and concentration (Aranaz et al. 2009;
Goy et al. 2009; Liu et al. 2006) as well as the biological
sources of chitin and protocols used to prepare chitin/chito-
san (Kim and Rajapakse 2005; Kumirska et al. 2011).

Most of the agricultural applications of chitosan are for
stimulation of plant defense mechanisms (El Hadrami et al.
2010; Rabea et al. 2003). In phytopathology, antimicrobial
properties of chitosan have been mainly studied against
fungi (Palma-Guerrero et al. 2009; Palma-Guerrero et al.
2008), and to a lesser extent against viruses and bacteria
(Chirkov 2002; Kulikov et al. 2006). Notably, antibacterial
action of chitosan has been widely reported for food and
clinically important bacteria however, this fact has not been
equally matched with phytopathogenic bacteria (Raafat et
al. 2008). Otherwise, some studies on chitosan action direct-
ed towards bacterial pathogens in plants have been more
recently carried out (Li et al. 2010; Li et al. 2008; Lou et al.
2011; Wang et al. 2012). Recently, Li et al. (2013) described
the antibacterial activity of two chitosans from commercial
source on rice bacterial leaf blight and leaf streak.
Apparently, the effectiveness of a supplemented and com-
mercial chitin extract towards the phytopathogenic bacteri-
um, Pseudomonas syringae pv. actinidiae has been first
reported by Ferrante and Scortichini (2010). The chitosan
here studied was obtained from exoskeleton wastes of crus-
taceans that live in the Argentine seacoast. The influence of
this chitosan on foods used in human diets has been previ-
ously studied (Rodríguez et al. 2008; Rodríguez and
Albertengo 2005). In this work, we studied the chitosan
action on Gram-negative bacteria Pto DC3000. These find-
ings reveal antimicrobial properties of the tested chitosan in
bacterial cells and tomato seedlings resulting in an outstand-
ing nontoxic compound to be used as a bactericide in plants.

Materials and methods

Isolation and chemical characterization of chitosan

Chitin was first isolated from shrimp (Pleoticus mülleri) waste
as described previously (Rodríguez et al. 2008). Chitosan was
prepared directly by heterogeneous deacetylation of chitin
with 50 % (w/w) NaOH. For the biopolymer characterization,
moisture and ash contents were determined at 100–105 °C and
500–550 °C, respectively. Deacetylation degree (DD) was
obtained using FT-IR spectroscopy (Nicolet iS10 FT-IR
Spectrometer, Thermo Fisher Scientific, Waltham, USA) with
samples in the form of KBr at ratio of 1:2. Viscosity of 1 %
(w/v) chitosan in 1 % (v/v) acetic acid solution was measured
with a Brookfield model DV-IV + viscosimeter (Brookfield,

Stoughton, MA, USA) with spindle 21. Viscosity average
molecular weight (Mv) was determined by using an
Ubbelohde viscometer. The characteristics of the chitosan
used in this study are 70 kDa, DD 78 %, viscosity
80 m Pa s, 6.7 g % (w/v) moisture and 0.67 g % (w/v) ash.
Stock solution of 10 mg ml−1 chitosan was prepared in 1 %
(w/v) acetic acid, pH 5.5 adjusted with 1 M KOH, and steril-
ized by autoclaving.

N-propyl-N-methylene phosphonic chitosan derivative
(PNMPC) was obtained and characterized as described by
Zuñiga et al. (2010).

Bacterial strain and culture conditions

PtoDC3000 (NCPPB, USA, collection number 1008), a well-
characterized Gram-negative bacterium, was used (Cecchini
et al. 2011). The bacterium was maintained on King's B (KB)
agarmedium (King et al. 1954) containing suitable antibiotics,
50 μg ml−1 rifampicin and 50 μg ml−1 kanamycin. Single
colonies grown at 30 °C for 48 h were isolated from agar
plates and transferred to KB broth and grown overnight at
30 °C with shaking. Fifty-milliliter cultures were grown aer-
obically at 30 °C with shaking at 150 rpm. A 10 % (v/v)
inoculum from an overnight starter culture was used.

Effects of pH andMgCl2 on chitosan-treated PtoDC3000 cells

Aliquots of overnight starter cultures of Pto DC3000 were
inoculated into fresh KB liquid medium to nearly
106 cells ml−1 and mixed with different concentrations of
chitosan (50 and 100 μg ml−1) as indicated.

The effect of 100 μg ml−1 chitosan on Pto DC3000 cells
was analyzed under different pH conditions and in the
presence and absence of MgCl2. In parallel, two sets of
identical experiments were conducted by using KB broth
adjusted with diluted acetic acid solution to pH 7.0 or 6.5.
For the metal ion assay, KB medium containing or not
100 μg ml−1 chitosan was supplemented with 25 mM
MgCl2 at pH 6.5. The OD600 was checked in cell suspension
cultures at 0, 6, and 16 h by using an Ultrospec 1100 pro
UV/visible spectrophotometer (GE Healthcare, USA). Each
value of OD600 indicated the average of triplicate samples.
The OD600 values allowed us to assess the cells concentra-
tion by the equation OD600 0.2=2×108 cells ml−1

(Nemchinov et al. 2007). The Pto DC3000 cell wet weight
was assessed as the cell pellet weight after centrifugation of
culture aliquots at 16 h after onset of initial treatments.

Colony-forming units from chitosan-treated PtoDC3000 cells

For determination of colony-forming units (CFU), dilution
series of the cell suspensions treated or nontreated with chito-
san for 16 h were prepared. Twenty-five microliters of each
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dilution were plated on KB agar plates containing 50 μg ml−1

rifampicin and 50 μg ml−1 kanamycin. Before counting the
number of colonies plates were incubated overnight at 30 °C.

Plant material and inoculation

The experiments with plants were performed using tomato
seeds of cv. Platense. Seedlings were grown onMurashige and
Skoog (MS)medium (Murashige and Skoog 1962) containing
0.8 % (w/v) agar. After 4 days of germination at 25 °C in
darkness seedlings were placed on MS-agar plates supple-
mented with 10 μg ml−1 of chitosan or 0.001 % (v/v) acetic
acid solution as control. Eight days old seedlings were
infected with Pto DC3000 according to Uppalapati et al.
(2008). Briefly, an overnight culture of the Pto DC3000 was
diluted with a sterile solution of 10 mM MgCl2 and 0.025 %
(v/v) SILWET L-77 (OSI Specialities Inc., Danbury, CT,
USA) as surfactant until reaching an OD600=0.1. To achieve
uniform inoculation, the cell suspension was dispensed into
Petri dishes until seedlings were submerged. Then, seedlings
were exposed to bacterial cells with gentle mixing for 5 min.
After the inoculum was discarded, Petri dishes containing
inoculated seedlings were sealed with parafilm M and incu-
bated at 18 °C with light intensity of 120 μmol photons m–2 s–
1 with 16:8 h light/dark cycles. The symptoms were noted in
7-day-old seedlings. As mock control, seedlings were flooded
in 10 mMMgCl2 and 0.025 % (v/v) SILWET L-77. Nearly, 15
seedlings were examined in each experiment. Independent
experiments were repeated at least three times.

Evaluation of Pto DC3000 in tomato cotyledons

Bacterial growth in tomato seedlings was measured by
determining the remaining bacterial inoculums in the leaf
tissue at the end of the experiment. To remove epiphytic
bacteria before sampling, seedlings were surface-sterilized
with 70 % (v/v) ethanol for 1 min. Nearly 50 mg of green
tissue from seedlings were washed twice with sterile dis-
tilled water and then homogenized in 500 μl of cold and
sterile distilled water using a pestle in sterile microcentri-
fuge tubes. The homogenates were vortexed for 5 s, 10-fold
serially diluted and cultured on KB medium plates supple-
mented with 50 μg ml−1 kanamycin and 50 μg ml−1 rifam-
picin. Plates were placed at 30 °C for 2 days. For each
dilution, the number of CFU was counted.

The lesion area in tomato cotyledons was measured using
the image-processing software ImageJ (NIH, Maryland,
USA) and related to 100 % as the total cotyledons area.

Cell permeabilization assay

Bacteria with compromised cell membranes were detected
by recording the fluorescence of the DNA-binding dye

SYTOX Green (Roth et al. 1997). Permeabilization of the
bacterial outer and/or cytoplasmic membranes allows the
dye to cross the membranes and to intercalate into the DNA.

Pto DC3000 cultures treated with 100 μg ml−1 chitosan or
0.01 % acetic acid (v/v) for 16 h were diluted to an OD600=
0.5. For fluorescence assays, aliquots of 100 μl of cell sus-
pension were mixed with the fluorescent dye to a final con-
centration of 5 μM SYTOX Green (Molecular Probes Inc.,
Eugene, Oregon, USA) and incubated at room temperature for
15 min in the dark. When excited at 495 nm, the dye binding
to DNA resulted in an increase in emitted fluorescence at
538 nm, which was measured in a microtitre plate reader
(Fluoroskan Ascent FL, Labsystems, Helsinki, Finland). As
a positive control, the fluorescence emission from 70 % (v/v)
ethanol-treated cells was analyzed. Background readings were
obtained from cell-free wells containing KB media and
SYTOXGreen. An additional control of chitosan and fluores-
cent probe solution without bacteria was included. The values
were expressed as the means of four independent experiments.
Each independent experiment was performed in duplicate.
Qualitative detection of SYTOX Green uptake was done with
a Nikon Eclipse TiU inverted microscope equipped with an
epifluorescence unit and B-2E/C filter set (Nikon Corp.,
Tokyo, Japan) containing an excitation filter at 480/30 nm,
suppressor filter at 535/40 nm, and a 505-nm dichroic mirror.

Cell viability assay

Cell viability was determined by propidium iodide exclusion
(Novo et al. 2000). Propidium iodide is used as a DNA stain to
evaluate cell viability or DNA content. Once the dye is bound
to nucleic acids, its fluorescence is enhanced 20–30-fold.
Propidium iodide (Sigma–Aldrich, St. Louis, MO, USA) was
added in each well to a final concentration of 120 μM contain-
ing 100 μl of PtoDC3000 suspension (OD600=0.5) and kept at
room temperature for 15 min in the dark. Five microliters of the
stained cell suspensions were deposited onto glass slides and
covered with coverslips. Cells were noted and photographed in
a Nikon Eclipse TiU inverted microscope equipped with an
epifluorescence unit andG-2E/C filter set (NikonCorp., Tokyo,
Japan) containing an excitation filter at 540/25 nm, suppressor
filter at 630/60 nm, and at 565 nm dichroic mirror.

Transmission electron microscopy

Pto DC3000 sensitivity to chitosan was also evaluated using
transmission electron microscopy (TEM; Jeol 100 CXII,
Peabody, MA, USA). After 16 h of incubation with KB liquid
medium supplemented or not with 100 μg ml−1 of chitosan at
30 °C aliquots of cell cultures were collected. After centrifu-
gation, the pellet was suspended in 0.1 M phosphate buffer
pH 7.0 containing 2.5 % (v/v) of glutaraldehyde and incubated
at 4 °C for 16 h. Then, cells were washed three times with
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0.1 M phosphate buffer pH 7.0. The pellet was fixed with 1 %
(w/v) osmium tetroxide at 4 °C for 1.5 h, dehydrated in graded
ethanol, and embedded in epoxy resin. Finally, the pellet was
sectioned, stained with 1 % (w/v) uranyl acetate and 1 % (w/v)
lead citrate, and examined in a transmission electron micro-
scope. Photomicrographs were taken with a digital camera
Gatan model 785 ES1000W (Gatan Inc., Pleasanton, CA,
USA). Cellular ultrastructures of chitosan-treated and non-
treated cells were compared.

Statistical analysis

The values shown in each figure are mean values ± SD. Data
were subjected to analysis of variance (one-way ANOVA)
and post hoc comparisons were done with Tukey’s multiple
range test at P<0.05 level. GraphPad Prism 5 (GraphPad
Software Inc., San Diego, CA, USA) was used as statistical
software program.

Results

Inhibition of Pto DC3000 cell growth depends on chitosan
concentrations, pH, and metal ion binding

Growth cell suspension cultures were initially used to assess
the effect of different concentrations of chitosan on Pto
DC3000. Aliquots of cell culture were taken at various times
after onset of first treatment. OD600 was quantified as a mea-
sure of bacterial growth. Treatments with different concentra-
tions of chitosan (0, 50, 100, and 250 μg ml−1) showed that
40.8 μg ml−1 chitosan inhibited cell growth by 50% (IC50) in
KB liquid medium (data not shown). For working, the chito-
san stock solution was dissolved in 0.1 % (v/v) acetic acid and
then, diluted until get the used concentration. Since chitosan
has different biological properties depending on environmen-
tal conditions, cell suspension cultures adjusted to neutral and
lightly acidic pH were also analyzed. At pH 7.0 the bacterial
growth after 16 h of incubation at either 50 or 100 μg ml−1

chitosan decreased 60 and 70 %, respectively, compared with
controls (Fig. 1a; Online Resource 1). However, when cell
culture media were adjusted to pH 6.5 the bacterial growth
was completely reduced within the first 6 h independently of
chitosan doses (Fig. 1b). Equivalent dilutions of acetic acid
used as controls did not have any adverse effect on bacterial
growth (Fig. 1a, b).

The assumption that chitosan may inhibit cell viability led
us to count the number of distinct colony-forming units as
estimate of the bacteria amount that can grow under each
treatment. To calculate the number of CFU a wide series of
dilutions in KBmedium from cell suspension cultures adjusted
to pH 7.0 or pH 6.5 and containing or not 100 μgml−1 chitosan
were combinatorial plated on Petri dishes containing KB-agar

and proper antibiotics, 50 μg ml−1 kanamycin and 50 μg ml−1

rifampicin. Again, bacteria grown in KB medium containing
chitosan exerted a clear decrease in the number of CFU com-
pared with nontreated cells. However, a significant lower
number of CFU corresponded to bacteria grown at pH 6.5
(Fig. 2)

In trying to explore the influence of a divalent metal
cation on the susceptibility of Pto DC3000 to chitosan,
25 mM MgCl2 was added to the KB liquid medium con-
taining 100 μg ml−1 chitosan. After time, aliquots of bacte-
ria grown under combinatorial conditions at pH 6.5 were
harvested for cell wet weight quantification (Fig. 3). In the
presence of chitosan, the cell wet weight decreased 50 %
compared with control. However, the addition of MgCl2
rescues the values of the control treatment.

Chitosan permeabilizes cell plasma membranes

The tested chitosan had a clear inhibitory effect on Pto
DC3000 growth since the number of surviving cells was
drastically reduced within the first 6 h of initial treatments
(Fig. 1). Then, the in vivo action of chitosan on the integrity
of cell plasma membranes was examined using the SYTOX
Green dye. Bacteria grown under different conditions were
stainedwith 5μMSYTOXGreen and subjected tomicroscopy
analysis (Fig. 4). A positive control of cells treatedwith ethanol
70 % (v/v) for 5 min and stained with SYTOX Green was also
analyzed. At the optimal excitation for SYTOX Green probe
fluorescence emissions from ethanol- (Fig. 4b) and chitosan-
treated cells (Fig. 4c) were compared with the background of
control cells (Fig. 4a). Individual bacteria with compromised
plasma membranes were easily distinguished from cells with
intact membranes for ethanol and control treatments, as shown
Fig. 4b and a, respectively. The intensity of photon emission
was strongest from chitosan-treated cells (Fig. 4c). Chitosan-
treated cells also showed a clear effect of aggregation as was
observed by bright field microscopy (Fig. 4c, inset).

For in vivo measurements, fluorescence intensities over-
time were quantified in Pto DC3000 cells treated with acetic
acid, ethanol, and chitosan. After 15 min of incubation with
SYTOX Green dye, cells were analyzed by fluorometry. As
shown in Fig. 4d the strongest shift of wavelength of the
fluorescence emission was observed in 100 μg ml−1

chitosan-treated cells within the first 25 min compared with
ethanol. Meanwhile, no changes were noted when the cells
were exposed to acetic acid solutions. No changes were ob-
served when chitosan was incubated with fluorescein dye in
cell-free medium as an additional control (data not shown).

Chitosan affects Pto DC3000 cell viability

Propidium iodide an intercalating agent generally excluded
from viable cells was also used to validate cell viability. For
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a better estimation, propidium iodide staining was executed
in cells from exponential phase cultured in the presence or
absence of chitosan. Again, the highest fluorescence inten-
sity compared with controls was observed from chitosan-
treated cells (Fig. 5), which support that chitosan may dis-
turb cell viability.

Transmission electron micrographs reveal morphological
changes in Pto DC3000 chitosan-treated cells

To get insights on chitosan action on Pto DC3000 morphol-
ogy, chitosan-treated cells were examined by TEM. The
electron micrographs showed that control cells had compact
surface, seemed normal with an electronically dense cyto-
plasm (Fig. 6a). However, chitosan-treated cells evidenced
ruptures and disaggregation on their surfaces (Fig. 6b). A
weak leakage of intracellular content could be released from

chitosan-treated cells (Fig. 6c). Several chitosan-treated
cells changed morphology turning more rounded. Clearly,
chitosan-treated cells also showed a cytoplasm much more
translucent and less dense compared with controls.

Chitosan counteracts Pto DC3000 infection in tomato
seedlings

An in planta bioassay was performed to evaluate the chitosan
action on Pto DC3000-infected tomato seedlings. First, to
optimize the chitosan action on tomato , 4-day-old seedlings
were grown in MS agar plates supplemented with different
concentrations of chitosan (0.1, 1.0, 10, and 100 μg ml−1).
Then, seedlings were inoculated by flooding MS agar plates
with 1×108 cells ml−1 bacterial suspension for 5 min. The
symptoms of bacterial damage were evaluated after 7 days
postinfection. As a result, 10 μg ml−1 chitosan strongly re-
duced the Pto DC3000 infection symptoms, but lower doses
(0.1 and 1.0 μg ml−1) had no effect (data not shown). Notably,

Fig. 1 Effect of different chitosan concentrations on the growth kinetics
of Pto DC3000 cells. None (black circle), 50 μg ml−1 chitosan (black
square), and 100 μg ml−1 chitosan (black triangle). Cells were grown at

30 °C with shaking in King's B liquid medium adjusted to pH 7.0 (a) or
6.5 (b). Each data represents the average of three independent experi-
ments. Bars indicate the standard deviation of each value

Fig. 2 Chitosan disturbs Pto DC3000 cell viability. Cells suspended in
KB medium containing 0.001 % (v/v) acetic acid (control), 100 μg ml−1

chitosan at pH 7.0 (black bars), or pH 6.5 (white bars) were incubated for
16 h at 30 °C, and harvested. The number of CFU for each experimental
condition was then quantified. Data are mean values (±SD) of three
independent experiments. Statistical analysis was performed by one-
way ANOVA analysis of variance; p values of less than 0.05 were
considered as statistically significant (Tukey’s Test). *p<0.05; **p<0.01

Fig. 3 MgCl2 affects the susceptibility of Pto DC3000 to chitosan.
Bacteria were grown at pH 6.5 for 16 h in KB liquid medium supple-
mented or not with 100 μg ml−1 chitosan and with or without 25 mM
MgCl2. The cellular wet weight for each combinatorial treatment was
measured. Data are mean values (±SD) of three independent experiments.
Asterisk indicates a significant difference at p<0.05 (Tukey’s test)
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Fig. 4 Chitosan triggers
bacterial aggregation and plasma
membrane permeabilization. Pto
DC3000 cells from exponential
phase grown with a 0.01 % (v/v)
acetic acid solution c
100 μg ml−1 chitosan were
stained with SYTOX Green
probe and analyzed with a
fluorescence microscope. b As
positive control, cells from
exponential phase grown were
treated with ethanol 70 % (v/v)
for 5 min and stained with
SYTOX Green. Bar=20 μm.
Cells from each treatment were
observed under bright field
microscopy (insets in each
panel). d The uptake of SYTOX
Green probe by Pto DC3000
over time. Data of a
representative experiment are
shown (n=4). a.u. arbitrary units

Fig. 5 Chitosan affects cell
viability. Pto DC3000 cells
from exponential phase grown
with a–b acetic acid solution
(negative control) or e–f
100 μg ml−1 chitosan were
harvested. In addition, 70 % (v/
v) ethanol-treated cells were
analyzed as a positive control
(c–d). Then, bacteria were
stained with propidium iodide
dye and analyzed by bright-
field microscope (left panel)
and fluorescence microscope
(right panel). Results are
representative of three separate
experiments. Bar=20 μm
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100 μg ml−1 chitosan produced root shortening and negative
effects on growth seedlings (data not shown). Thus, subse-
quent experiments were performed with the optimal chitosan
dose. As shown in Fig. 7a, pretreatment of tomato seedlings
with 10 μg ml−1 chitosan before Pto DC3000 inoculation
significantly decreased bacterial damages in cotyledons com-
pared with control. To evaluate the bacterial inoculum remain-
ing in seedlings, cotyledon disks were cut and homogenized in
sterile distilled water. Then, a set of serial dilutions from disk
corresponding to each treatment were plated onto KB agar
medium to measure the number of CFU. Revealing that
chitosan contributes to counteract bacterial growth in tomato
seedlings, it was much lower in chitosan-pretreated cotyle-
dons compared with control (Fig. 7c).

Discussion

The high molecular versatility in the chitosan molecule as
well as the limited number of studies on bacteria, led us to
examine the antimicrobial properties of the chitosan isolated
from waste crustaceans exoskeletons collected in the
Southwest Atlantic Ocean against Pto DC3000 cells.
Treated with chitosan, as proved by light microscopy and
fluorometric analysis in whole-cell tests, these bacteria
showed increased membrane permeability with loss of via-
bility. Also, a decrease of the CFU number was associated to
chitosan-treated cells at similar doses that have been previ-
ously described for a commercial chitosan in Pseudomonas
aeruginosa and Staphyloccocus aureus (Tao et al. 2011).

Fig. 6 Transmission electron micrographs of Pto DC3000 treated with 100 μg ml−1 chitosan until exponential phase. Bar=100 nm

Fig. 7 Chitosan counteracts Pto DC3000 bacterial colonization in
tomato seedlings. a Disease phenotype of seedlings pretreated with
10 μg ml−1 chitosan or 0.001 % (v/v) acetic acid and then immersed in
Pto DC3000 cell suspension (+Pto DC3000) or sterile distilled water
containing 0.025 % (v/v) SILWET L-77 plus 10 mM MgCl2 (−Pto
DC3000). Photographs were taken at 7 days post-inoculation. b
Quantification of the cotyledon area affected by Pto DC3000 in

nontreated or chitosan-treated seedlings was measured; 100 % repre-
sents the total cotyledons area. c At 7 days post inoculation, quantifi-
cation of Pto DC3000 remaining inoculum in tomato seedlings coty-
ledons previously nontreated or treated with chitosan and expressed as
the logarithm of CFU. Data are mean values (±SD) of three indepen-
dent experiments. Statistical analysis was performed by one-way
ANOVA analysis of variance. ***p<0.001 (Tukey’s test)
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The antimicrobial activity of the chitosan to Pto DC3000
cells was dependent on doses, pH, and metal ion, suggesting
the charge density in the biopolymer molecule may have
influence in its antimicrobial activity. Thus, Pto DC3000
growth was strongly reduced by chitosan in a weakest acidic
condition. According to Helander et al. (2001), the inhibitory
activity of chitosan towards Gram-negative bacteria should be
considered in terms of chitosan chemical and structural prop-
erties. Thus, the positively charged backbone of chitosan
(pKa∼6.5) would be controlled by the pH. Also, more posi-
tively charged NH3

+ groups of glucosamine at slight acidic pH
such as, pH 6.5 might increase chitosan interaction with cell
surface (Badawy and Rabea 2011; Kong et al. 2010; Tang et
al. 2010). Additionally, some models have been proposed to
explain chelating ability of chitosan toward transition metal
(Goy et al. 2009; Wang et al. 2005). Magnesium chloride may
form complexes with chitosan and consequently, reduction of
available amino groups could weaken its bactericidal effects
in Pto DC3000 (Badawy and Rabea 2011; Chung et al. 2003;
Tsai and Su 1999). Gram-negative bacteria outer membrane
functions as an efficient outer permeability barrier against
macromolecules including chitosan (Helander et al. 2001).
In sum, chitosan could exert its bactericide effect by cell
membrane permeabilization unlike of other types of polyca-
tionic molecules which impacts on cell permeability but lacks
of direct bactericidal activity. In this same direction, the chi-
tosan here tested might influence on negatively charged com-
ponents present in Pto DC3000 membranes resulting in
changes of permeability preceding bacterial cell death.
Although the bacterial cell wall could be an important protec-
tive barrier against chitosan action (Chung and Chen 2008), it
has been demonstrated that causes plasma membrane perme-
abilization in spores and fungal cells (Palma-Guerrero et al.
2009; Palma-Guerrero et al. 2010). Hence, we agree with
Raafat et al. (2008) that more evidences are needed to prove
the direct action of chitosan on bacterial cell membrane. Also,
to reinforce the idea that the antibacterial mechanism of chi-
tosan is due to the electrostatic interaction, assays with a
derivative of chitosan called N-propyl-N-methylene phos-
phonic chitosan were performed (Zúñiga et al. 2010).
PNMPC proves to be an amphiphilic system in which the
hydrophobic moiety counterbalances the electrostatic repul-
sion, getting more tensioactive properties. That PNMPC did
not show effect on cell permeability suggested that chitosan
action on cell surface may be due its interaction with nega-
tively charged microbial cell membranes (Online Resource 2).
Thus, the aggregation effect mediated by chitosan on Pto
DC3000 might also due to previous permeabilization of cell
membrane, and/or a putative effect of cell to cell contact might
contribute to cell permeabilization. Formation of aggregates
for protection is an attractive concept because bacteria in
biofilms are known to be more resistant against biocides than
suspended cells (Gilbert et al. 2002; Lewis 2001). However,

by the whole-cell assays the fluorescent staining of aggregated
cells was a clear signal of membrane permeabilization and
damage in Pto DC3000 aggregated cells. Consistent with our
findings, cell aggregation and antibacterial action to the Gram-
negative bacteria, Pseudomonas fluorescens and Escherichia
coli was demonstrated for a functionalized chitosan-arginine
(Tang et al. 2010). However, different grades and intensity of
damage on cell membrane could be exerted by diverse chito-
sans and bacterial cells (Didenko et al. 2005). Also, adhesion
of chitosan to Pto DC3000 cells was not observed suggesting
that 100 μg ml−1 chitosan is active although it might not have
strong adhesion on the Pto DC3000 surface. Reinforcing our
findings, bioassays noted a strong decrease of the bacterial
speck disease in chitosan-treated tomato seedlings before
inoculation with Pto DC3000. Overall, our findings pointed
out that the tested chitosan has a great potential for controlling
bacterial speck disease in tomato by, at least, two different
mechanisms. It means that might counteract bacterial growth
by Pto DC3000 membrane permeabilization and eliciting at
low doses defense mechanisms against bacteria in plants
(Amborabé et al. 2008; El Hadrami et al. 2010). In plants,
H+-ATPase plasma membrane seems to be a primary site of
chitosan action to elicit defense mechanisms against biotic
stress (Amborabé et al. 2008).

Notably, the chitosan here studied has antimicrobial ac-
tion to Pto DC3000 and properties in planta at slightest
acidic pH and relatively low doses, which is a clear advan-
tage for its use in biological systems. The elucidation of the
complete mechanism of the chitosan action seems rather
complex. However, the observed sensitivity of Pto
DC3000 cells to the tested chitosan encourage to further
evaluate its application as a sustainable and nontoxic bio-
pesticide in soils and horticultural crops.

Acknowledgments This work was supported by grants from
Agencia Nacional de Promoción Científica y Tecnológica (ANPCyT
PICT 0716), Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET), and Universidad Nacional de Mar del Plata
(UNMdP) to CAC. CAC is member of the research staff of
CONICET. AYM is a postdoctoral fellow of the same institution. The
authors acknowledge Dra. Maria Elena Alvarez (UNC) for kindly
providing the strain of Pseudomonas syringae pv. tomato DC3000
and Lic. Leonardo Di Meglio (UNMdP) and Dra. Julieta Mendieta
(UNMdP) for their helpful with microscopy analysis. We also thank Dr
Rubén Conde for his critical reading of the manuscript.

References

Amborabé B-E, Bonmort J, Fleurat-Lessard P, Roblin G (2008) Early
events induced by chitosan on plant cells. J Exp Bot 59:2317–
2324. doi:10.1093/jxb/ern096

Aranaz I, Mengibar M, Harris R, Panos I, Miralles B, Acosta N, Galed G,
Heras A (2009) Functional characterization of chitin and chitosan.
Curr Chem Biol 3:203–230. doi:10.2174/187231309788166415

6964 Appl Microbiol Biotechnol (2013) 97:6957–6966

http://dx.doi.org/10.1093/jxb/ern096
http://dx.doi.org/10.2174/187231309788166415


Badawy MEI, Rabea EI (2011) A biopolymer chitosan and its deriva-
tives as promising antimicrobial agents against plant pathogens
and their applications in crop protection. Int J Carbohydr Chem.
doi:10.1155/2011/460381

Cecchini NM, Monteoliva MI, Alvarez ME (2011) Proline dehydroge-
nase contributes to pathogen defense in Arabidopsis. Plant
Physiol 155:1947–1959. doi:10.1104/pp. 110.167163

Chirkov SN (2002) The antiviral activity of chitosan (review). Appl
Biochem Microbiol 38:5–13. doi:10.3390/md10122795

Chung Y-C, Chen C-Y (2008) Antibacterial characteristics and activity
of acid-soluble chitosan. Bioresour Technol 99:2806–2814.
doi:10.1016/j.biortech.2007.06.044

Chung YC, Wang HL, Chen YM, Li SL (2003) Effect of abiotic factors
on the antibacterial activity of chitosan against waterborne patho-
gens. Bioresour Technol 88:179–184. doi:10.1016/S0960-
8524(03)00002-6

Didenko LV, Gerasimenko DV, Konstantinova ND, Silkina TA,
Avdienko ID, Bannikova GE, Varlamov VP (2005) Ultrastructural
study of chitosan effects on Klebsiella and Staphylococci. Bull Exp
Biol Med 140:356–360. doi:10.1007/s10517-005-0489-6

El Hadrami A, Adam LR, El Hadrami I, Daayf F (2010) Chitosan in
plant protection. Mar Drugs 8:968–987. doi:10.3390/md8040968

Ferrante P, Scortichini M (2010) Molecular and phenotypic features of
Pseudomonas syringae pv. actinidiae isolated during recent epi-
demics of bacterial canker on yellow kiwifruit (Actinidia chinen-
sis) in central Italy. Plant Pathol 59:954–962. doi:10.1111/j.1365-
3059.2010.02304.x

Gilbert P, Maira-Litran T, McBain AJ, Rickard AH, Whyte FW (2002)
The physiology and collective recalcitrance of microbial biofilm
communities. Adv Microb Physiol 46:202–256. doi:10.1016/
S0065-2911(02)46005-5

Glick BR, Bashan Y (1997) Genetic manipulation of plant growth-
promoting bacteria to enhance biocontrol of phytopathogens.
Biotechnol Adv 15:353–378. doi:10.1016/S0734-9750(97)00004-9

Goy RC, Britto D, Assis OBG (2009) A review of the antimicrobial
activity of chitosan. Polímeros 19:241–247. doi:10.1590/S0104-
14282009000300013

Helander IM, Nurmiaho-Lassila EL, Ahvenainen R, Rhoades J, Roller
S (2001) Chitosan disrupts the barrier properties of the outer
membrane of Gram-negative bacteria. Int J Food Microbiol
71:235–244. doi:10.1016/S0168-1605(01)00609-2

Ji P, Campbell HL, Kloepper JW, Jones JB, Suslow TV, Wilson M
(2006) Integrated biological control of bacterial speck and spot of
tomato under field conditions using foliar biological control
agents and plant growth-promoting rhizobacteria. Biol Control
36:358–367. doi:10.1016/j.biocontrol.2005.09.003

Kim S-K, Rajapakse N (2005) Enzymatic production and biological
activities of chitosan oligosaccharides (COS): a review. Carbohydr
Polym 62:357–368. doi:10.1016/j.carbpol.2005.08.012

King EO, Ward MK, Raney DE (1954) Two simple media for the
demonstration of pyocyanin and fluorescin. J Lab Clin Med
44:301–307

Kong M, Chen XG, Xing K, Park HJ (2010) Antimicrobial properties
of chitosan and mode of action: a state of the art review. Int J Food
Microbiol 144:51–63. doi:10.1016/j.ijfoodmicro.2010.09.012

Kulikov SN, Chirkov SN, Il´ina AV, Lopatin SA, Varlamov VP (2006)
Effect of the molecular weight of chitosan on its antiviral activity
in plants. Appl Biochem Microbiol 42:200–203. doi:10.1134/
s0003683806020165

Kumirska J, Weinhold MX, Thöming J, Stepnowski P (2011)
Biomedical activity of chitin/chitosan based materials—influence
of physicochemical properties apart from molecular weight and
degree of N-acetylation. Polymers 3:1875–1901. doi:10.3390/
polym3041875y

Lewis K (2001) Riddle of biofilm resistence. Antimicrob Agents
Chemother 45:999–1007. doi:10.1128/AAC.45.4.999-1007.2001

Li B, Wang X, Chen R, Huangfu W, Xie G (2008) Antibacterial
activity of chitosan solution against Xanthomonas pathogenic
bacteria isolated from Euphorbia pulcherrima. Carbohydr
Polym 72:287–292. doi:10.1016/j.carbpol.2007.08.012

Li B, Liu BP, Su T, Wang F, Tang QM, Fang Y, Xie GL, Sun GC
(2010) Effect of chitosan solution on the inhibition of
Pseudomonas fluorescens causing bacterial head rot of broccoli.
Plant Pathol J 26:189–193

Li B, Liu BP, Shan CL, Ibrahim M, Lou YH, Wang YL, Xie GL, Li
HY, Sun GC (2013) Antibacterial activity of two chitosan solu-
tions and their effect on rice bacterial leaf blight and leaf streak.
Pest Manag Sci 69:312–320. doi:10.1002/ps.3399

Liu N, Chen X-G, Park H-J, Liu C-G, Liu C-S, Meng X-H, Yu L-J
(2006) Effect of MW and concentration of chitosan on antibacte-
rial activity of Escherichia coli. Carbohydr Polym 64:60–65.
doi:10.1016/j.carbpol.2005.10.028

LouMM, Zhu B,Muhammad I, Li B, Xie GL,Wang YL, Li HY, Sun GC
(2011) Antibacterial activity and mechanism of action of chitosan
solutions against apricot fruit rot pathogen Burkholderia seminalis.
Carbohydr Res 346:1294–1301. doi:10.1016/j.carres.2011.04.042

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bio assays with tobacco tissue cultures. Physiol Plant 15:473–497.
doi:10.1111/j.1399-3054.1962.tb08052.x

Nemchinov LG, Shabala L, Shabala S (2007) Calcium efflux as a
component of the hypersensitive response of Nicotiana benthami-
ana to Pseudomonas syringae. Plant Cell Physiol 49:40–46.
doi:10.1093/pcp/pcm163

Novo DJ, Perlmutter NG, Hunt RH, Shapiro HM (2000) Multiparameter
flow cytometric analysis of antibiotic effects onmembrane potential,
membrane permeability, and bacterial counts of Staphylococcus
aureus and Micrococcus luteus. Antimicrob Agents Chemother
44:827–834. doi:10.1128/AAC.44.4.827-834.2000

Palma-Guerrero J, Jansson HB, Salinas J, Lopez-Llorca LV (2008)
Effect of chitosan on hyphal growth and spore germination of
plant pathogenic and biocontrol fungi. J Appl Microbiol 104:541–
553. doi:10.1111/j.1365-2672.2007.03567.x

Palma-Guerrero J, Huang IC, Jansson HB, Salinas J, Lopez-Llorca LV,
Read ND (2009) Chitosan permeabilizes the plasma membrane and
kills cells of Neurospora crassa in an energy dependent manner.
Fungal Genet Biol 46:585–594. doi:10.1016/j.fgb.2009.02.010

Palma-Guerrero J, Lopez-Jimenez JA, Perez-Berna AJ, Huang IC,
Jansson HB, Salinas J, Villalain J, Read ND, Lopez-Llorca LV
(2010) Membrane fluidity determines sensitivity of filamentous
fungi to chitosan. Mol Microbiol 75:1021–1032. doi:10.1111/
j.1365-2958.2010.07039.x

Raafat D, von Bargen K, Haas A, Sahl H-G (2008) Insights into the
mode of action of chitosan as an antibacterial compound. Appl
Environ Microbiol 74:3764–3773. doi:10.1128/AEM.00453-08

Rabea EI, Badawy MET, Stevens CV, Smagghe G, Steurbaut W (2003)
Chitosan as antimicrobial agent: applications and mode of action.
Biomacromolecules 4:1457–1465. doi:10.1021/bm034130m

Rodríguez MS, Albertengo LE (2005) Interaction between chitosan
and oil under stomach and duodenal digestive chemical condi-
tions. Biosci Biotechnol Biochem 69:2057–2062. doi:10.1271/
bbb.69.2057

Rodríguez M, Montero M, Dello Staffolo M, Martino M, Bevilacqua A,
Albertengo L (2008) Chitosan influence on glucose and calcium
availability from yogurt: in vitro comparative studywith plants fibre.
Carbohydr Polym 74:797–801. doi:10.1016/j.carbpol.2008.04.046

Roth BL, Poot M, Yue ST, Millard PJ (1997) Bacterial viability and
antibiotic susceptibility testing with SYTOX green nucleic acid
stain. Appl Environ Microbiol 63:2421–2431

Tang H, Zhang P, Kieft TL, Ryan SJ, Baker SM, Wiesmann WP, Rogelj
S (2010) Antibacterial action of a novel functionalized chitosan-
arginine against Gram-negative bacteria. Acta Biomater 6:2562–
2571. doi:10.1016/j.actbio.2010.01.002

Appl Microbiol Biotechnol (2013) 97:6957–6966 6965

http://dx.doi.org/10.1155/2011/460381
http://dx.doi.org/10.1104/pp.%20110.167163
http://dx.doi.org/10.3390/md10122795
http://dx.doi.org/10.1016/j.biortech.2007.06.044
http://dx.doi.org/10.1016/S0960-8524(03)00002-6
http://dx.doi.org/10.1016/S0960-8524(03)00002-6
http://dx.doi.org/10.1007/s10517-005-0489-6
http://dx.doi.org/10.3390/md8040968
http://dx.doi.org/10.1111/j.1365-3059.2010.02304.x
http://dx.doi.org/10.1111/j.1365-3059.2010.02304.x
http://dx.doi.org/10.1016/S0065-2911(02)46005-5
http://dx.doi.org/10.1016/S0065-2911(02)46005-5
http://dx.doi.org/10.1016/S0734-9750(97)00004-9
http://dx.doi.org/10.1590/S0104-14282009000300013
http://dx.doi.org/10.1590/S0104-14282009000300013
http://dx.doi.org/10.1016/S0168-1605(01)00609-2
http://dx.doi.org/10.1016/j.biocontrol.2005.09.003
http://dx.doi.org/10.1016/j.carbpol.2005.08.012
http://dx.doi.org/10.1016/j.ijfoodmicro.2010.09.012
http://dx.doi.org/10.1134/s0003683806020165
http://dx.doi.org/10.1134/s0003683806020165
http://dx.doi.org/10.3390/polym3041875y
http://dx.doi.org/10.3390/polym3041875y
http://dx.doi.org/10.1128/AAC.45.4.999-1007.2001
http://dx.doi.org/10.1016/j.carbpol.2007.08.012
http://dx.doi.org/10.1002/ps.3399
http://dx.doi.org/10.1016/j.carbpol.2005.10.028
http://dx.doi.org/10.1016/j.carres.2011.04.042
http://dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://dx.doi.org/10.1093/pcp/pcm163
http://dx.doi.org/10.1128/AAC.44.4.827-834.2000
http://dx.doi.org/10.1111/j.1365-2672.2007.03567.x
http://dx.doi.org/10.1016/j.fgb.2009.02.010
http://dx.doi.org/10.1111/j.1365-2958.2010.07039.x
http://dx.doi.org/10.1111/j.1365-2958.2010.07039.x
http://dx.doi.org/10.1128/AEM.00453-08
http://dx.doi.org/10.1021/bm034130m
http://dx.doi.org/10.1271/bbb.69.2057
http://dx.doi.org/10.1271/bbb.69.2057
http://dx.doi.org/10.1016/j.carbpol.2008.04.046
http://dx.doi.org/10.1016/j.actbio.2010.01.002


Tao Y, Qian L-H, Xie J (2011) Effect of chitosan on membrane
permeability and cell morphology of Pseudomonas aeruginosa
and Staphyloccocus aureus. Carbohydr Polym 86:969–974.
doi:10.1016/j.carbpol.2011.05.054

Tsai G-J, Su W-H (1999) Antibacterial activity of shrimp chitosan
against Escherichia coli. J Food Prot 62:239–243

Uppalapati SR, Ishiga Y, Wangdi T, Urbanczyk-Wochniak E, Ishiga T,
Mysore KS, Bender CL (2008) Pathogenicity of Pseudomonas
syringae pv. tomato on tomato seedlings: phenotypic and gene
expression analyses of the virulence function of coronatine. Mol
Plant Microbe Interact 21:383–395. doi:10.1094/MPMI-21-4-
0383

Wang X, Du Y, Fan L, Liu H, Hu Y (2005) Chitosan–metal complexes
as antimicrobial agent: synthesis, characterization and structure-

activity study. Polym Bull 55:105–113. doi:10.1007/s00289-005-
0414-1

Wang Y, Li L, Li B, Wu G, Tang Q, Ibrahim M, Li H, Xie G, Sun G
(2012) Action of chitosan against Xanthomonas pathogenic bac-
teria isolated from Euphorbia pulcherrima. Molecules 17:7028–
7041. doi:10.3390/molecules17067028

Wilson M, Campbell HL, Ji P, Jones JB, Cuppels DA (2002)
Biological control of bacterial speck of tomato under field con-
ditions at several locations in North America. Phytopathology
92:1284–1292. doi:10.1094/phyto.2002.92.12.1284

Zúñiga A, Debbaudt A, Albertengo L, Rodríguez MS (2010) Synthesis
and characterization of N-propyl-N-methylene phosphonic chito-
san derivative. Carbohydr Polym 79:475–480. doi:10.1016/
j.carbpol.2009.08.011

6966 Appl Microbiol Biotechnol (2013) 97:6957–6966

http://dx.doi.org/10.1016/j.carbpol.2011.05.054
http://dx.doi.org/10.1094/MPMI-21-4-0383
http://dx.doi.org/10.1094/MPMI-21-4-0383
http://dx.doi.org/10.1007/s00289-005-0414-1
http://dx.doi.org/10.1007/s00289-005-0414-1
http://dx.doi.org/10.3390/molecules17067028
http://dx.doi.org/10.1094/phyto.2002.92.12.1284
http://dx.doi.org/10.1016/j.carbpol.2009.08.011
http://dx.doi.org/10.1016/j.carbpol.2009.08.011

	Evidence...
	Abstract
	Introduction
	Materials and methods
	Isolation and chemical characterization of chitosan
	Bacterial strain and culture conditions
	Effects of pH and MgCl2 on chitosan-treated Pto DC3000 cells
	Colony-forming units from chitosan-treated Pto DC3000 cells
	Plant material and inoculation
	Evaluation of Pto DC3000 in tomato cotyledons
	Cell permeabilization assay
	Cell viability assay
	Transmission electron microscopy
	Statistical analysis

	Results
	Inhibition of Pto DC3000 cell growth depends on chitosan concentrations, pH, and metal ion binding
	Chitosan permeabilizes cell plasma membranes
	Chitosan affects Pto DC3000 cell viability
	Transmission electron micrographs reveal morphological changes in Pto DC3000 chitosan-treated cells
	Chitosan counteracts Pto DC3000 infection in tomato seedlings

	Discussion
	References


