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ABSTRACT

The antimicrobial activity of different molecular weight chitosan
samples (with approximately the same degree of deacetylation 83 + 2 %)
against some common of plant pathogenic bacteria and fungi was
investigated. Average molecular weight of chitosan samples was determined
by measurements of intrinsic viscosity and was found to be 3.60x10° Da for
low molecular weight (LMW), 6.11x10° Da for medium molecular weight
(MMW) and 9.53x10°> Da for high molecular weight (HMW) chitosan
samples. The antibacterial assessment of the chitosan samples were
performed with agar dilution method against cultures of six plant pathogenic
bacteria Agrobacterium tumefaciens, Corynebacterium fascians, Erwinia
amylovolora, Erwinia carotovora, Pseudomonas solanacearum and Sarcina
lutea. The results are expressed in term of Minimum Inhibitory
Concentration (MIC). The results indicated that MMW and HMW were
more potent in bactericidal activity than LMW chitosan and a HMW
chitosan exhibited a good antibacterial potency especially against
C. fascians with MIC 500 mg.L™". The fungicidal assessment was assessed
using a mycelial radial growth inhibition technique against six plant
pathogenic fungi Alternaria alternata, Botrytis fabae, Fusarium oxysporum,
Penecillium digitatum, Pythium debrianum and Rhizoctonia solani and the
results are expressed as Minimum Effective Concentration of 50% of
mycelial growth (ECsp). The data also demonstrated that the fungicidal
activity was increased with the increasing of the molecular weight and a
HMW chitosan was the most potent one against all the tested fungi
especially P. digitatum with ECsy of 510 mg.L"™".

Keywords: Bactericidal activity; fungicidal activity; chitosan; viscosity;
molecular weight.
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INTRODUCTION

Chitosan is a linear polysaccharide composed of randomly distributed /-
(1-4)-linked D-glucosamine unit and f-(1-4)-linked N-acetyl-D-glucosamine
unit. Chitosan is produced commercially by deacetylation of chitin which is
the structural element in the exoskeleton of crustaceans (No and Meyers,
1997).

Chitosan is insoluble in aqueous media at neutral and basic conditions,
but is soluble in aqueous diluted acids. However, the application of this
polysaccharide is limited by its high molecular weight resulting even at low
chitosan concentration (Rathke and Hodson, 1994).

As its unique poly-cationic nature, chitosan has been used as active
material such as antifungal activity and the minimum inhibitory
concentrations (MICs) reported for tested fungi ranged from 18 to 10000
mg. L and are influenced by a multitude of factors such as the pH of the
growth medium, the degree of polymerization of chitosan and the presence
or absence of interfering substances such as lipids and proteins (Sudarshan
et al., 1992; Chen, 1998; Tsai and Su, 1999; Roller and Covill, 1999 and
2000; Rhoades and Roller, 2000; Knowles and Roller, 2001; Liu et al.,
2001; Muzzarelli et al., 2001; Rabea et al., 2003 and Tikhonov et al., 2005).
Besides, the inhibitory effect of chitosan was also demonstrated with soil-
borne phytopathogenic fungi (Stossel and Leuba, 1984) which was higher at
pH 6.0 than at pH 7.5 when most of the amino groups are in the free base
form.

In addition, numerous studies on bactericidal activity of chitosan have
been carried out (Jia et al, 2001; No et al., 2002; Rabea et al., 2003;
Badawy et al., 2004; Liu et al., 2004; Qi et al., 2004 and Tikhonov et al.,
2005) and some controversial evidences for a correlation between
bactericidal activity and chitosan molecular weight have been found.

Increase in chitosan molecular weight led to a decrease in chitosan
activity against E. coli in some studies (Zheng and Zhu, 2003 and
Gerasimenko et al., 2004), while in the others an increased activity for a
high molecular weight (HMW) chitosan in comparison with LMW chitosan
have been found (Kyung ef al., 2003). In contrast to the above mentioned
results, no differences in HMW and LMW chitosan activities were found
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against E. coli (Jeon et al., 2001 and Zhishen et al., 2001) and Bacillus
subtilis (Jeon et al., 2001 and Gerasimenko et al., 2004).

In the present study, the antimicrobial activity of different molecular
weight chitosan samples was investigated against six plant pathogenic of
bacteria Agrobacterium tumefaciens, Corynebacterium fascians, Erwinia
amylovolora, Erwinia carotovora, Pseudomonas solanacearum and Sarcina
lutea as well as six pathogenic fungi Alternaria alternata, Botrytis fabae,
Fusarium oxysporum, Penecillium digitatum, Pythium debrianum and
Rhizoctonia solani.

MATERIALS AND METHODS

1. Materials: Chitosan of low, medium and high molecular weight with 85,
81 and 82 % degree of deacetylation, respectively (made from coarse
ground crab) were purchased from Sigma-Aldrich Co. (Bornem, Belgium).
Ubbelohde viscometer (capillary section size 0.7 mm) was used to
determine the intrinsic viscosity.

Six bacteria species, Agrobacterium tumefaciens, Corynebacterium
fascians, Erwinia amylovolora, Erwinia carotovora, Pseudomonas
solanacearum and Sarcina lutea, were used in this study. Microorganisms
were provided by Microbiology Laboratory, Department of Plant Pathology,
Alexandria University. The bacteria species were maintained on Nutrient
Agar medium (NA: peptone 10 g, meat extract 5 g, sodium chloride 2.5 g
and agar 10 g in 1000 ml distilled water at pH 6.5 - 6.6).

The six fungi species used, Alternaria alternata, Botrytis fabae,
Fusarium oxysporum, Penecillium digitatum, Pythium debrianum and
Rhizoctonia solani, were obtained from the Fungicide Bioassay Laboratory,
Department of Pesticide Chemistry, Faculty of Agriculture, Alexandria
University. The fungi were maintained during the course of the experiments
on Czapek-Dox Agar medium (CDA: sucrose 30 g, sodium nitrate 2 g,
potassium monohydrogen phosphate 1 g, potassium chloride 0.5 g,
magnesium sulphate 0.5 g, ferrous sulphate 0.01 g and 15 g agar in 1000 ml
of distilled water) at 25 °C. All materials were used without further
purification.
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2. Measurement of Viscosity and Molecular Weight determination:
Dried chitosans were accurately weighed and dissolved in 0.2 mol / L
CH;COONa / 0.5 mol / L CHsCOOH solution. Nine concentrations
(0.04 - 0.20 g/ 100 ml) of chitosan solution were prepared and the solution
was passed through a filter of 0.45 mm to remove insoluble materials.
Relative viscosity of chitosan solutions was performed using an Ubbelohde
viscometer (capillary section size 0.7 mm) at 25 °C. The capillary was filled
with 25 ml of sample and equilibrated in a water bath to maintain respective
temperature. The sample was passed through the capillary once before the
running time was measured. Each sample was measured 3 times. The
running times of the solution and solvent were used to calculate the relative
viscosity, specific viscosity, and reduced viscosity as follows:

Relative viscosity (1 rel) = teh/ tsol
Specific viscosity (1 ) = (M re1) -1
Reduced viscosity (1 red) =1 sp/C

where t.; is the running time of the chitosan solution, ty, is the running time
of the solvent, and c is the chitosan concentration in g / dl.

Intrinsic  viscosity, defined as [n] = C(Nd)e=0, Was obtained by
extrapolating the reduced viscosity versus concentration data to zero
concentration, the intercept on the ordinate is the intrinsic viscosity (Launay
et al., 1986; Rinaudo and Domard, 1989 and Chen and Tsaih, 1998).

The molecular weight was calculated based on the Mark Houwaink
equation as follows:
[n] =KM*

Where [n] is the intrinsic viscosity, K and a are viscometric parameters
depending on the solvent. For chitosan in 0.5 M CH;COOH/0.2 M
CH;COONa the K and a constant are found to be 3.5x10™ and 0.76 (Wang
et al., 1991 and Terbojevich et al., 1996).

3. Bactericidal Test: Agar dilution method was used, as recommended by
European Society of Clinical Microbiology and Infectious Diseases
(ESCMID, 2000), for determination of minimum inhibitory concentration
(MIC) of the three samples of chitosan. Appropriate volumes of the stock
solutions were added to molten nutrient agar to obtain a range of
concentrations from 200 to 2400 mg. L™ before pouring to Petri dishes.
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After solidifications, 6ul of bacterial cultures grown in a nutrient broth for
12 hours (approximately 10° CFU / ml) was spotted (three spots per each
plate) using 2 pl standard loop on the surface of agar. The inoculum spots
were allowed to dry before inverting the plates for incubation at 35 °C for
24h. Each sample was tested in triplicate. The control was nutrient agar with
a maximum volume of the solvent (acetic acid) which added to the
treatments. The MIC was determined as lowest concentration of the chitosan
samples showing no visible bacterial growth in the agar plates.

4. Fungicidal Assay: The antifungal activity of chitosan samples was tested
using the radial growth technique method (El Ghaouth et al., 1992).
Appropriate volumes of the stock solutions of the samples in 1 % aqueous
acetic acid were added to molten nutrient agar (Czapek-Dox Agar; CDA) to
obtain concentrations of 250, 500, 1000, 1500, 2000, 2500, 3000, 3500 and
4000 mg. L immediately before pouring into the Petri dishes (9.0 cm in
diameter) and the pH was adjusted to 5.5 - 6.0 with 1M NaOH (Stossel and
Leuba, 1984 and Badawy et al., 2004). Each concentration was tested in
triplicate. Parallel control was maintained with 1 % aqueous acetic acid
mixed with CDA. The discs of mycelial felt (0.5 cm diameter) of the plant
pathogenic fungi, taken from 8-day-old cultures on CDA plates, were
transferred aseptically to the centre of Petri dishes. The plates were
incubated in the dark at 26 + 2 °C (EI Ghaouth ef al., 1992). Colony growth
diameter was measured after the fungal growth in the control had
completely covered the Petri dishes. Inhibition Percentage of mycelial
growth was calculated (Pandy et al., 1982) as follows:

Mycelial growth inhibition (%) = [(DC-DT) /DC] x 100

where DC and DT are average diameters of fungal colony of control and
treatment, respectively. Inhibiting concentration of 50 % of mycelial growth
(ECsp) and corresponding 95 % CL was estimated by probit analysis
(Finney, 1971).

RESULTS AND DISCUSSION

1. Characterization of chitosan samples: The resulting values from Table
1 permit to qualify three different chitosan samples (with approximately the
same degree of deacetylation 83 % 2 %) as low molecular weight (3.60x10°
Da), medium molecular weight (6.11x10° Da) and high molecular weight
(9.53x10° Da), when their viscosity average molecular weights are
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compared. The curves relating reduced viscosities and chitosan
concentrations for the purified polymers (Fig. 1) show that all experimental
points are very well aligned along straight lines (r>0.96). The viscosity
measurement performed with the purified chitosan samples allowed the
determinations of their intrinsic viscosities and viscosity average molecular
weights.

The intrinsic viscosity [#] is commonly used to evaluate the average
molecular weight of macromolecules, as polymers and polysaccharides and
use of purified polymer samples in the determinations of [#] and molecular
weight (MW) is called for obtaining a reliable relationship (Launay et al.,
1986; Rinaudo, and Domard, 1989; Wang et al., 1991; Terbojevich et al.,
1996 and Chen and Tsaih, 1998).

Table (1). Characterization of low, medium and high molecular weight
chitosan samples.

Chitosan sample DDA (%) ] MW (Da)
LMW 85 5.850 3.60x10°
MMW 81 8.745 6.11x10°
HMW 82 12.255 9.53%10°

LMW = Low molecular weight; MMW = Medium molecular weight; HMW = High
molecular weight; DDA = Degree of deacetylation; MW = Molecular weight and [n] =
Intrinsic viscosity.

35 4

y =68.792x + 12.255
R? =0.965

y =18.326x + 8.7452
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o
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Fig. (1): Curves of reduced viscosity (1.q) against concentrations for low molecular weight
(LMW), medium molecular weight (MMW) and high molecular weight (HMW) chitosan
samples.
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2. Antibacterial activity: Minimum inhibitory concentrations (MICs)
values of the three chitosan samples LMW, MMW and HMW was
evaluated against six plant pathogenic bacteria using agar dilution assay are
shown in Table 2. The result indicates the HMW chitosan exhibits a good
antibacterial potency with MIC values ranged between 500 and 600 mg. L™
against all the tested bacterial species and slightly differed with the bacteria
tested and MW of chitosan used. In contrary, we observed no noticeable
antibacterial activity difference when a LMW chitosan was tested against
the tested bacteria at concentrations up to 2400 mg. L.

When we consider the susceptibility of the microorganisms, another
point deserves attention. In general, E. carotovora, P. solanacearum are
similar and more resistant than the others to all chitosan samples. These
results indicate that the activity of chitosan is related to its MW and the
bactericidal activity increases with an increasing of the MW.

Table (2). Minimum inhibitory concentrations (MICs, mg. L) of different
chitosan samples.

Bacteria MIC (mg.L™") of chitosan samples
LMW  MMW HMW
Agrobacterium tumefaciens >2400 850 525
Corynebacterium fascians 2400 850 500
Erwinia amylovolora 2400 850 525
Erwinia carotovora >2400 850 600
Pseudomonas solanacearum >2400 850 600
Sarcina lutea >2400 850 525

LMW = Low molecular weight; MMW = Medium molecular weight and HMW = High
molecular weight.

According to the literature (Uchida ef al., 1989; Jeon and Kim, 2000;
Zhishen et al., 2001; No et al., 2002 and Avadi et al., 2004), the main
factors affecting the antibacterial activity of chitosan are MW, pH and
concentration. There are some reports that chitosan is more effective in
inhibiting growth of bacteria than chitosan oligomers (Uchida et al., 1989
and No ef al., 2002) and the MW of chitooligosaccharides is critical for
microorganism inhibition and required higher than 10,000 Da (Jeon and
Kim, 2000). The MIC of chitosan ranged from 5 to 100 mg.L" depending
on the species of bacteria and MWs of chitosan samples (No et al., 2002)
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and was varied depending upon the pH of chitosan solution (Liu et al.,
2001).

In the present study revealed that LMW chitosan (MW = 3.60x10° Da)
possessed weak or no antibacterial activity against the tested bacteria at
tested concentrations up to 2400 mg. L™, This observation is in agreement
with those reported by No ef al., (2002). According to the result of No et al.,
(2002) the inhibitory effects of different MW chitosan samples against four
gram-negative (Escherichia coli, P. fluorescens, Salmonella typhimurium,
and Vibrio parahaemolyticus) and seven gram-positive bacteria (B. cereus,
Bacillus megaterium, Listeria monocytogenes, , Lactobacillus plantarum,
L. brevis, L. bulgaricus and Staphylococcus aureus) was differed with
regard to the MW of chitosan and the type of bacterium. With gram-
negative bacteria, chitosan of 7.46x10° Da appeared most effective against
E. coli and P. fluorescens, compared with chitosan of 4.70x10°> Da against
S. typhimurium and V. parahaemolyticus. Chitosan of MW = 11.06x10° and
2.24x10° Da possessed weak or no antibacterial activity compared with
chitosan of MW = 2.8x10* Da against S. typhimurium. Chen (1998) added
that chitosan with MW ranging from 10,000 to 100,000 Da would be helpful
in restraining the growth of bacteria. Tokura et al., (1994) reported that
chitosan with an average-MW of 9300 Da to be effective in restraining
E. coli while that with a MW of 2200 Da accelerated growth.

Generally, the exact mechanism of the antibacterial action of chitosan is
still unknown, although different mechanisms have been proposed.
Interactions between positively charged chitosan and negatively charged
bacterial cell membranes lead to altered cell permeability, which prevents
the transport of essential solutes into the cell (Choi et al., 2001; Hu et al.,
2003 and Rabea ef al., 2003) and results in leakage of proteinous and other
intracellular components, thus killing the bacteria cells (Jung et al., 1999).

3. Antifungal effect of chitosan samples: Table 3 represents the fungicidal
activity of the three chitosan samples against six plant pathogenic fungi
(4. alternata, B. fabae, P. digitatum, F. oxysporum, P. debrianum and R.
solani) in term of ECsy (50 % reduction in a radial hyphal growth) with the
corresponding 95 % confidence limits.

The result indicates that there is no clear activity with LMW chitosan

against all the tested fungi and inhibition percentages are lower than 50 % at
3000 mg. L. Increase of the MW and viscosity led to dramatically increase
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of the activity as shown in the case of MMW and HMW chitosan samples.
When we consider the susceptibility of the microorganisms, another point
deserves attention; P. digitatum, R. solani and B. fabae are more susceptible
in the descending order than the others to MMW and HMW chitosan
samples. Moreover MMW and HMW chitosan samples show the higher
activity against P. digitatum with ECsy of 1287 and 510 mg. L7,
respectively than the others. In contrast, all chitosan samples showed no
fungicidal activity against P. debrianum and F. oxysporum when compared
to the others.

Table (3). Fungicidal activity of different chitosan samples.

Fungi ECs (95% CL) (mg.L™") of chitosan samples
LMW MMW HMW
Alternaria alternata > 3000 > 3000 1934 (1262-4947)
Botrytis fabae >3000 2858(2217-4356) 1070 (736-1989)
Fusarium oxysporum > 3000 > 3000 2905 (1805-8301)
Penicilium digitatum >3000 1287 (1025-1765) 510 (337-688)
Pythium debrianum > 3000 > 3000 > 3000
Rhizoctonia solani >3000 2362 (2036-2937) 1270 (1184-1363)

LMW = Low molecular weight; MMW = Medium molecular weight and HMW = High
molecular weight.

A report by Benhamou et al., (1994) indicated that chitosan derived
from crab-shell at concentration of 500 and 1000 mg. L was effective in
reducing disease incidence caused by F. oxysporum f. sp. radicis-
lycopersici. At the same time El-Ghaouth ef al., (1994) revealed that
chitosan was effective in inhibiting mycelial growth of P. aphanidermatum
completely at a concentration of 400 mg. L. While at a concentration of
100 mg. L™, it causes a 75 % reduction of the mycelial dry weight. Our
result in agreement with El Ghaouth er al., (1992) found that chitosan
concentration increased (750 - 6000 mg. L), the radial growth of
A. alternata, B. cinerea, Colletrotichum gloeosporioides and Rhizopus
stolonifer, were decreased. The same effect was reported on Sclerotinia
sclerotiorum when chitosan concentrations increased from 1 % to 4 %
(Cheah et al., 1997). Other studies showed a linear decrease of growth of
R. solani as the chitosan concentration gradually increased from 0.5 to
6.0 mg ml~' (Wade and Lamondia, 1994). Other studies reported a complete
growth inhibition of fungi such as F. oxysporum, R. stolonifer, Penicillium
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digitatum and C. gloeosporioides at concentrations of 3 % (Bautista-Bafios
et al., 2003 and 2004).

In general, chitosan is already known to interfere with the growth of
several phytopathogenic fungi including B. cinerea, F. oxysporum and
Pyricularia oryzae (Allan and Hadwiger, 1979; El Ghaouth ef al., 1994; Du
et al., 1997; Oh et al.,1998 and Rabea et al., 2003), but the mechanism by
which it affects several phytopathogenic fungi has not been fully elucidated.
Because of its polycationic nature, it is believed that chitosan interferes with
negatively charged residues of macromolecules exposed on the fungal cell
surface. This interaction leads to the leakage of intracellular electrolytes and
proteinaceous constituents (Leuba and Stossel, 1986 and Rabea et al.,
2003). Other mechanisms mentioned in the literature are the interaction of
diffused hydrolysis products with microbial DNA, which leads to the
inhibition of mRNA and protein synthesis (Hadwiger et al., 1986) and the
chelation of metals, spore elements and essential nutrients (Cuero et al.,
1991).

CONCLUSION

Three different molecular weight chitosan samples, low, medium and
high were determined by measurements of their intrinsic viscosities and was
found to be 3.60x10° 6.11x10° and 9.53x10° Da, respectively. The
biological activities were evaluated against important economic plant
pathogenic bacteria and fungi. The antibacterial assessment was performed
against six plant pathogenic bacteria Agrobacterium tumefaciens,
Corynebacterium fascians, Erwinia amylovolora, Erwinia carotovora,
Pseudomonas solanacearum and Sarcina lutea and the result showed that
medium molecular weight (MMW) and high molecular weight (HMW)
chitosans were more potent as bactericides than low molecular weight
(LMW) chitosan and a HMW chitosan exhibited a good antibacterial
potency especially against C. fascians. The fungicidal assessment was also
assessed against six plant pathogenic fungi Alternaria alternata, Botrytis
fabae, Fusarium oxysporum, Penecillium digitatum, Pythium debrianum
and Rhizoctonia solani. The result also demonstrated that the fungicidal
activity was increased with the increasing of the molecular weight and a
HMW chitosan was the most potent one against all the tested fungi
especially P. digitatum.

28



J. Pest Cont. & Environ. Sci. 14(2): 19-34 (2006).

REFERENCES

Allan, C. R. and L. A. Hadwiger (1979). The fungicidal effect of chitosan
on fungi of varying cell wall composition. Experimental Mycol., 3: 285-
287.

Avadi, M. R.; A. M. M. Sadeghi; A. Tahzibi; K. Bayati; M. Pouladzadeh; V.
Zohuriaan-Mehr and M. Rafiee-Tehrani (2004). Diethylmethyl chitosan
as an antimicrobial agent: Synthesis, characterization and antibacterial
effects. Eur. Polym. J., 40: 1355-1361.

Badawy, M. E. L; E. I. Rabea; T. M. Rogge; C. V. Stevens; G. Smagghe; W.
Steurbaut and M. Hofte (2004). Synthesis and fungicidal activity of new
N, O-acyl chitosan derivatives. Biomacromol., 5: 589-595.

Bautista-Banos, S.; M. Hernandez-Lopez and E. Bosquez-Molina (2004).
Growth inhibition of selected fungi by chitosan and plant extracts.
Mexican J. Phytopathol., 22: 178-186.

Bautista-Banos, S.; M. Hernandez-Lopez; E. Bosquez-Molina and C. L.
Wilson (2003). Effects of chitosan and plant extracts on growth of
Colletotrichum gloeosporioides, anthracnose levels and quality of
papaya fruit. Crop Protec., 22: 1087-1092.

Benhamou, N.; P. J. Lafontaine and M. Nicole (1994). Induction of systemic
resistance to Fusarium crown and root rot in tomato plants by seed
treatment with chitosan. Phytopathol., 84: 1432-1444.

Cheah, L. H.; B. B. C. Page and R. Sheperd (1997). Chitosan coating for
inhibition of sclerotina carrots. N. Z. Journal of Crop Horticulture Sci.,
25: 89-92.

Chen, R. H. and M. L. Tsaih (1998). Effect of temperature on the intrinsic

viscosity and conformation of chitosans in dilute HCI solution. Int. J.
Biol. Macromol., 123: 135-141.

29



Badawy, M.E I et al.

Chen, T. (1998). The relationship between specific properties and use of
chitosan. The national symposium on nature marine product and nature
biological medicine (pp. 282-284). Beijing, China.

Choi, B. K.; K. Y. Kim; Y. J. Yoo; S. K. Oh; J. H. Choi and C. Y. Kim
(2001). In vitro antimicrobial activity of a chitooligosaccharide mixture
against Actinobacillus actinomycetemcomitans and Streptococcus
mutans. Int. J. Antimicrobial Agents, 18: 553-557.

Cuero, R. G.; G. Osuyji and A. Washington (1991). N-carboxymethyl
chitosan inhibition of aflatoxin production: role of zinc. Biotechnol.
Lett., 13: 41-444.

Du, J.; H. Gemma and S. Iwahori (1997). Effects of chitosan coating on the
storage of peach, Japanese pear, and kiwifruit. J. Japan Society and
Horticulture Sci., 66: 15-22.

El Ghaouth, E. A.; J. Arul; J. Grenier and A. Asselin (1992). Antifungal
activity of chitosan on two postharvest pathogens of strawberry fruits.
Phytopathol., 82: 398-402.

El Ghaouth, E.; J. Arul; J. Grenier; N. Benhamou; A. Asselin and R.
Belanger (1994). Effect of chitosan on cucumber plants: Suppresion of

Phythium aphanidermatum and induction of defence reactions.
Phytopathol., 84: 313-320.

European Committee for Antimicrobial Susceptibility Testing (EUCAST) of
the European Society of Clinical Microbiology and Infectious Diseases
(ESCMID). (2000). Determination of minimum inhibitory
concentrations (MICs) of antibacterial agents by agar dilution. Clinical
Microbiol. and Infection, 6: 509-515.

Finney, D. J. (1971). Probit analysis. 3 Ed., (pp. 318). Cambridge
University Press, Cambridge.

Gerasimenko, D. V.; I. D. Avdienko; G. E. Bannikova; O. Y. Zueva and V.
P. Varlamov (2004). Antibacterial effects of water-soluble low-
molecular-weight chitosans on different microorganisms. Applied
Biochem. and Microbiol., 40: 253-257.

30



J. Pest Cont. & Environ. Sci. 14(2): 19-34 (2006).

Hadwiger, L. A.; D. F. Kendra; B. W. Fristensky and W. Wagoner (1986).
Chitosan both activates genes in plants and inhibits RNA synthesis in
fungi. In: R.A.A. Muzzarelli, C. Jeuniaux and G.W. Gooday, Editors,
Chitin in Nature and Technology (pp. 209-214). Plenum Press, New
York.

Hu, S. G.; C. H. Jou and M. C. Yang (2003). Protein adsorption, fibroblast
activity and antibacterial properties of poly(3-hydroxybutyric acid-co-3-
hydroxyvaleric acid) grafted with chitosan and chitooligosaccharide
after immobilized with hyaluronic acid. Biomat., 24: 2685-2693.

Jeon, Y. J. and S. K. Kim (2000). Production of chitooligosaccharides using
an ultrafiltration membrane reactor and their antibacterial activity.
Carbohydr. Polym., 41: 133-144.

Jeon, Y. J.; P. J. Park and S. K. Kim (2001). Antimicrobial effect of
chitooligosaccharides produced by bioreactor. Carbohydr. Polym., 44:
71-76.

Jia, Z.; D. Shen and X. Xu (2001). Synthesis and antibacterial activities of
quaternary ammonium salt of chitosan. Carbohydr. Res., 333: 1-6.

Jung, B. O.; C. H. Kim; K. S. Choi; Y. M. Lee and J. J. Kim (1999).
Preparation of amphiphilic chitosan and their antimicrobial activities. J.
Applied Polym. Sci., 72: 1713-1719.

Knowles, J. R. and S. Roller (2001). Efficacy of chitosan, carvacrol, and a
hydrogen peroxide-based biocide against foodborne microorganisms in
suspension and adhered to stainless steel. J. Food Protec., 64: 1542-
1548.

Kyung, W. K.; R. L. Thomas; L. Chan and H. J. Park (2003). Antimicrobial
activity of native chitosan, degraded chitosan and O-carboxymethylated
chitosan. J. Food Protec., 66: 1495-1498.

Launay, B.; J. L. Doublier and G. Cuvelier (1986). In: Mitchell JR, Ledward

DA, editors. Functional properties of food macromolecules (pp. 1-78).
London: Elsevier Applied Science.

31



Badawy, M.E I et al.

Leuba, J. L. and P. Stossel (1986). Chitosan and other polyamines:
antifungal activity and interaction with biological membranes. In: R.
Muzarelli, C. Jeuniaux and G.W. Graham, Editors, Chitin in Nature and
Technology (pp. 215-222). Plenum Press, New York, USA.

Liu, H.; Y. Du; X. Wang and L. Sun (2004). Chitosan kills bacteria through
cell membrane damage. Int. J. Food Microbiol., 95: 147-155.

Liu, X. F.; Y. L. Guan; D. Z. Yang; Z. Li and K. D. Yao (2001).
Antibacterial action of chitosan and carboxymethylated chitosan. J.
Applied Polym. Sci., 79: 1324-1335.

Muzzarelli, R. A. A.; C. Muzzarelli; R. Tarsi; M. Miliani; F. Gabbanelli and
M. Cartolari (2001). Fungistatic activity of modified chitosans against
Saprolegnia parasitica. Biomacromol., 2: 165-169.

No, H. K. and S. P. Meyers (1997). Preparation of chitin and chitosan. In
R.A.A Muzzarelli and Peter, M.G., eds., Chitin Handbook (pp. 475-
489). European Chitin Society.

No, H. K.; N. Y. Park; S. H. Lee and S. P. Meyers (2002). Antibacterial
activity of chitosans and chitosan oligomers with different molecular
weights. Int. J. Food Microbiol., 74: 65-72.

Oh, S. K.; D. Cho and S. H. Yu (1998). Development of integrated pest
management techniques using biomass for organic farming (I).
Suppression of late blight and fusarium wilt of tomato by chitosan
involving both antifungal and plant activating activities. Korean J. Plant
Pathol., 14: 278-285.

Pandey, D. K.; N. N. Tripathi; R. D. Tripathi and S. N. Z. Dixit (1982).
Fungitoxic and phytotoxic properties of essential oil of Hyptis
suaveolens. PflIKrankh PflSchutz, 89: 344-349.

Qi, L; Z. Xu; X. Jiang; C. Hu and X. Zou (2004). Preparation and
antibacterial activity of chitosan nanoparticles. Carbohydr. Res., 339:
2693-2700.

Rabea, E. 1.; M. E. T. Badawy; C. V. Stevens, G. Smagghe and W.

Steurbaut (2003). Chitosan as antimicrobial agent: Applications and
mode of action. Biomacromol., 4: 1457-1465.

32



J. Pest Cont. & Environ. Sci. 14(2): 19-34 (2006).

Rathke, T. D. and S. M. Hodson (1994). Review of chitin and chitosan as
fiber and film formers. J. Macromol. Sci., Review of Macromol. Chem.,
C34: 375.

Rhoades, J. and S. Roller (2000). Antimicrobial actions of degraded and
native chitosan against spoilage organisms in laboratory media and
foods. Appllied and Environm. Microbiol., 66: 80-86.

Rinaudo, M. and A. Domard (1989). In Skjak-Brek G, Anthonsen T,
Sandford P, Ed., Chitin and chitosan: Sources, chemistry, biochemistry,
physical properties and applications (pp. 71-86). London: Elsevier
Applied Science.

Roller, S. and N. Covill (1999). The antifungal properties of chitosan in
laboratory media and apple juice. Int. J. Food Microbiol., 47: 67-77.

Roller, S. and N. Covill (2000). The antimicrobial properties of chitosan in
mayonnaise and mayonnaise-based shrimp salads. J. Food Protec., 63:
202-209.

Stossel, P. and J. L. Leuba (1984). Effect of chitosan, chitin and some
aminosugars on growth of various soilborne phytopathogenic fungi. J.
Phytopathol., 111: 82-90.

Sudarshan, N. R.; D. G. Hoover and D. Knorr (1992). Antibacterial action
of chitosan. Food Biotechnol., 6: 257-272.

Terbojevich, M.; A. Cosani; E. Bianchi and E. Marsano (1996). In Domard
A, Jeuniaux C, Muzzarelli R, Roberts G, Ed., Advances in Chitin
Science (Vol. 1, pp. 333-339).

Tikhonov, V. E.; E. A. Stepnova; V. G. Babak; I. A. Yamskov; J. A. Palma-
Guerrero; H. B. Jansson; L. V. Lopez-Llorca; J. S. Denis; V.
Gerasimenko; I. D. Avdienko and V. P. Varlamov (2005). Bactericidal
and antifungal activities of a low molecular weight chitosan and its N-
/2(3)-(dodec-2-enyl)succinoyl/-derivatives. Carbohydr. Polym., In Press.

Tokura, S.; Y. Miuray; M. Johmen; N. Nishi and S. . Nishimura (1994).

Induction of drug specific antibody and the controlled release of drug by
6-0O-carboxymethyl chitin. J. Controlled Release, 28: 235-241.

33



Badawy, M.E I et al.

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

Uchida, Y.; M. Izume and A. Ohtakara (1989). Preparation of chitosan
oligomers with purified chitosanase and its application. In G. Skjak-
Brek, T. Anthonsen, & P. Sandford (Eds.), Chitin and chitosan:
Sources, chemistry, biochemistry, physical properties and applications
(pp. 373-382). London: Elsevier.

Wade, H. E. and J. A. Lamondia (1994). Chitosan inhibits Rhizoctonia
fragariae but not strawberry black root rot. Advances in Strawberry
Res., 13: 26-31.

Wang, W.; S. Bo; S. Li and W. Qin (1991). Determination of the Mark-
Houwink equation for chitosans with different degrees of deacetylation.
Int.J. Biol. Macromol., 13: 281-28S5.

Zheng, L.Y. and J. F. Zhu (2003). Study on antimicrobial activity of
chitosan with different molecular weight. Carbohydr. Polym., 54: 527-
530.

Zhishen, J.; S. Dongfeng and X. Weiliang (2001). Synthesis and

antimicrobial activities of quaternary ammonium salt of chitosan.
Carbohydr. Res., 333: 1-6.

34



