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ABSTRACT

Three different molecular weights of chitosans were obtained from a
commercial sample of chitosan by a method based on nitrous acid
depolymerization. Molecular weights of chitosan samples were determined by
measurements of intrinsic viscosity that were 0.5x10%, 3.7x10* and 5.7x10°
Dalton for the prepared compounds and 2.9x10° Dalton for the native chitosan
sample. The effect of antimicrobial activities of these compounds against some
economic plant pathogenic bacteria and fungi was investigated. The
antibacterial assessment of the chitosan compounds was performed with
Nutrient Agar dilution method against the bacteria cultures of crown gall
disease (Agrobacterium tumefaciens) and soft mould disease (Erwinia
carotovora) and the results are expressed as Minimum Inhibitory Concentration
(MIC). In general, E. carotovora is more sensitive to these compounds than 4.
tumefaciens. The result also indicated that chitosan with a molecular weight of
0.5x10* Dalton exhibited a good antibacterial potency against A. tumefaciens
with MIC = 2600 mg.L"' while chitosan with a molecular weight of 3.7x10*
Dalton is the most active one against E. carofovora with MIC = 950 mg.L™.
The antifungal assessment against the leaf spot and blight (Alternaria
alternata), the grey mould (Botrytis fabae), the root rot disease (Fusarium
oxysporum) and the black mould (Rhizopus stolonifer) was achieved using the
mycelial radial growth inhibition technique and the results are expressed as
Minimum Effective Concentration of 50% of mycelia growth (ECsp).
Generally, the result demonstrated that the antifungal activity was increased
with the decreasing of the molecular weight and a chitosan low molecular
weight (0.5x10* Dalton) was exhibited a high antifungal potency against B.
fabae, F. oxysporum, and R. stolonifer with ECsy, of 1392, 1290 and
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2232 mg.L", respectively while the fungus of 4. alternata was more sensitive
to a chitosan of 3.7x10" Dalton with ECsp = 1765 mg.L™".

Keywords: Chitosan; Depolymerization; Intrinsic viscosity;”Average molecular
weight; Antibacterial activity; Antifungal activity.

INTRODUCTION

Chitosan is a well studied linear polysaccharide, polymerized from the
monomers 2-acetoamido-2-deoxy-p-D-glycopyranose (GlcNac) and 2-amino-2-
deoxy-B-D-glycopyranose (GlcN), which contains a higher part of GlcN
causing the solubility of chitosan in aqueous media and it is produced from
crustaceous shell waste (No and Meyers, 1997).

Chitosan and its derivatives have been used in a wide variety of applications
(Rabea et al., 2003), but the properties and effectiveness of these materials are
dependent upon their molecular size; thus a need is evident for a controlled
method of manipulating this characteristic. Chitosan is, like other
polysaccharides, susceptible to a variety of degradation mechanisms, including
oxidative-reductive, free radical depolymerization, acid-, and alkaline- and
enzymatic-catalyzed hydrolysis. Degradation occurs via cleavage of the
glycosidic bonds. To control the depolymerization process of chitosan, it is
useful to control properties like viscosity, solubility and biological activity
(Boryniec ¢f al., 1997). Studies recommended nitrous acid, hydrochloric acid,
phosphoric acid as well as hydrogen peroxide for chitosan depolymerization
(Allan and Peyron, 1995a and b; Chang, ef al., 2001 and Varum et al., 2001).

Chitosan depolymerization by reaction of nitrous acid (HONO) is particularly
advantageous because the reaction between chitosan and HONO, Fig. 1, has
been investigated, and the reaction products are established (Liu et al., 1997
and Mao et al, 2004). Liu et al, (1997) found that NaNO, showed
the best performance and this result was recently confirmed, but no detailed
experimental information was provided (Janes and Alonso, 2003). Nitrosating
species originating from HONO selectively attack the amine groups
and subsequently cleave the glycosidic linkages of the polymer chain.
One mole of HONO is consumed per mole of amine group reacted, and
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a 2,5-anhydro-D-mannose unit is formed at the reducing end of the cleaved
polymer (Sashiwa et al., 1993 and Temmeraas et al., 2001).

R + HNO', HONO+H') ——— w + RHA N+ B0

Figure 1. Depolymerization reaction of chitosan with nitrous acid

The antibacterial effect of chitosan and chitosan oligomers is reported to be
dependent on its molecular weight (Jeon et al., 2001); however, most studies
involved only one or a few different molecular weights of chitosans or chitosan
oligomers (Tsai and Su, 1999 and No ez al., 2002). Thus, special information is
lacking on the antibacterial activity of chitosans and chitosan oligomers with
widely different molecular weights. The main factors affecting the antibacterial
activity of chitosan are molecular weight and concentration. There are some
reports that chitosan is more effective in inhibiting growth of bacteria than
chitosan oligomers (No et al., 2002) and the molecular weight of
chitooligosaccharides is critical for microorganism inhibition and required
higher than 10,000 Da (Jeon and Kim, 2000). In addition, numerous studies on
antifungal activity of chitosan against plant pathogens have been carried out
(Allan and Hadwiger, 1979; El Ghaouth et al., 1992 and Xu et al., 2007) and
reviewed (Bautista-Banos er al., 2006 and Rabea et al., 2003). Chitosan’s
inhibition of fungi was observed on different developmental stages such as
mycelial growth, sporulation, spore viability and germination, and the
production of fungal virulence factors (Xu et al., 2007). It has been commonly
recognized that antifungal activity of chitosan depends on its molecular weight,
deacetylation degree, pH of chitosan solution and the target organism.
Mechanisms proposed for the antifungal activity of chitosan focused mainly on
its effect on fungal cell wall (Allan and Hadwiger, 1979; Bautista-Banos et al.,
2006; El-Ghaouth er al., 1992 and Rabea et al., 2003) and cell membrane
_(Leuba and Stossel, 1986).

In the present study, a series of chitosan compounds with different molecular
weights were prepared by depolymerization reaction using nitrous acid from
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a commercial chitosan sample. The biological activity (in-vitro) of the chitosan
compounds was evaluated against the most economic plant pathogenic fungi of
leaf spots and blights (Alternaria alternata), the grey mould (Botrytis fabae),
root rot disease (Fusarium oxysporum) and black mould (Rhizopus stolonifer)
and the bacteria of crown gall disease (4grobacterium tumefaciens) and soft
mould disease (Erwinia carotovora).

MATERIALS AND METHODS

Materials: Chitosan of low viscosity was purchased from Vanson Co.
(Redmond Washington, USA). Acetic acid, hydrochloric acid, sodium acetate,
sodium nitrite, sodium hydroxide were used without further purification. For
viscosity determination, Ubbelohde viscometer (capillary section size 0.7 mm)
was used to determine the intrinsic viscosity. For bacteria and fungi bioassay
techniques, Nutrient Agar (NA), Nutrient Broth (NB) and Potato Dextrose Agar
(PDA) media were purchased from Sigma-Aldrich Co. (Egypt). Plant
pathogenic fungi of leaf spots and blights (4lternaria alternata), the grey
mould (Botrytis fabae), root rot disease (Fusarium oxysporum) and black mould
(Rhizopus stolonifer) and the bacteria of crown gall disease (Agrobacterium
tumefaciens) and soft mould disease (Erwinia carotovora) were provided by
Microbiology Laboratory, Department of Plant Pathology, Faculty of
Agriculture, Alexandria University, Alexandria, Egypt.

Depolymerization of chitosan: The low molecular weight chitosan compounds
were prepared by oxidative degradation reaction with NaNO, at 70-80°C
according to the method of Allan and Peyron (1995a and b). Briefly, 2.5%
(w/v) chitosan was prepared in 1% aqueous acetic acid solution under magnetic
stirring. When chitosan was completely dissolved, the appropriate amount of
NaNO, (0.01, 0.02 and 0.05 mol/1 mol of chitosan) was dissolved in distilled
water and added dropwise and the reaction was maintained at 70-80°C for 20
minutes. After addition of NaNO,, the viscosity of the chitosan solutions
rapidly decreased, and evolution of nitrogen gas was evident. The reaction
mixture was cooled to room temperature and was poured into IN NaOH
solution to stop the reaction and precipitate the chitosan product. The
precipitated chitosan was immediately filtered through a glass fiber filter and
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washed several times with distilled water until neutralization and then oven-
dried overnight at 60 °C.

Viscosity measurement and molecular weight determination: The viscosity
of polymer solutions in CH;COOH/CH3;COONa buffer (0.5:0.2 mol/L,
respectively) was measured by using the Ubbelohde capillary viscometer
(capillary section size 0.7 mm) immersed in a constant temperature bath at
25.0 £ 0.1 °C. The stock solutions were prepared and diluted to yield lower
concentrations made by adding the appropriate amount of the buffer to the
stock solutions. 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 (M ref) = ten/ tsol

Specific viscosity (n sp) = (M rer) -1
Reduced viscosity (1) req) =1 5p/c

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

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

The molecular weight was calculated based on the Mark-Houwink-Sakurada
(MHS) equation (Flory, 1953 and Tanford, 1961) 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;3;COOH/0.2 M CH;COONa
the K and a constant are found to be 3.5x10™ and 0.76, respectively (Wang et
al., 1991).
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Bactericidal assay: Antibacterial activity of chitosan compounds was assayed
with Nutrient Agar dilution method as recommended by European Society of
Clinical Microbiology and Infectious Diseases (ESCMID, 2000), for
determination of minimum inhibitory concentration (MIC). Bacteria were
grown in Nutrient Broth medium (peptone 0.5%, beef extract 0.3%, NaCl 0.8%,
pH 6.7) and were incubated in the dark at 37°C for 24h using ISCO Incubator.
Chitosan solutions were prepared in 0.5% (v/v) acetic acid/water before being
applied to broth and each solution was added to Nutrient Agar medium to give
a final chitosan concentrations ranged from 500 to 4000 mg.L"' and poured to
Petri dishes. After solidifications, Sl of bacterium (approximately 10°
CFU/ml), which grown in a Nutrient Broth medium at 37 °C for 24 h, was
inoculated as spotted (five spots per each plate) on the surface of medium. The
inoculum spots were allowed to dry before inverting the plates followed by
inoculum at 37 °C for 24 h. Each sample was tested in triplicate. The control
was Nutrient Agar medium with a maximum volume of the solvent which
added to the treatments. The MIC was defined as the lowest concentration of
chitosan required to completely inhibit bacterial growth after incubation at 37
°C for 24 h.

Fungicidal assay: The antifungal assessment of chitosan compounds was
conducted using a mycelia radial growth inhibition technique (E! Ghaouth er
al., 1992) against four plant pathogenic fungi A. alternata, B. fabae, F.
oxysporum, and R. stolonifer grown on PDA medium. Chitosan compounds
were dissolved in aqueous 0.5 % ( v/v ) acetic acid and the pH was adjusted to
5.5-6.0 with IM NaOH ( Badawy er al., 2004 ). For the mycelia radial growth
determination, the solutions were added into PDA medium at the concentrations
ranged from 250 to 5000 mg.L” in sterile culture plates ( 9-cm diameter )
and infected with 6-mm-diameter mycelia plugs taken from the fresh
culture of the tested fungi. For each compound, three replicates were
used for each fungus per concentration tested. The plates were incubated
in the dark at 26°C using ISCO incubator. The mycelia radial
growth measurements were determined when the mycelia in the
control had grown up to the edge of the plate and ECsy’s with corresponding
95 % confidence limits was estimated by Probit analysis ( Finney, 1971 ).
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Statistical analysis: Statistical analysis was undertaking using a statistical
software program, SPSS 12.0 (Statistical Package for Social Sciences, USA)
according to Probit analysis (Finney, 1971). The .log dose-response curves
allowed determination of the concentration causing a 50% reduction in
percentage of mycelia growth (ECso) in fungi bioassay. The 95% confidence
limits (CL) and standard error for the range of ECsp values were determined by
least-square regression analysis of the relative growth rate (% control) against
the logarithm of the compound concentration.

RESULTS AND DISCUSSION

Depolymerization and molecular weight determination of chitosan
compounds: The molecular size of chitosan can be precisely modified by
depolymerization with nitrous acid. This reaction provides that the average
molecular weight of chitosan before and after depolymerization is related to the
mass ratio of nitrous acid added to chitosan originally present. The
determination of viscosity-average molecular weight is relatively quick method
and the intrinsic viscosity of a polymer solution is related to the polymer
molecular weight according to the Mark-Houwink-Sakurada (MHS) equation
(Flory, 1953 and Tanford, 1961) as follows:

[n] = KM’

where [#] is the intrinsic viscosity, M is the viscosity-average molecular
weight; and K and a, are the constants for a given solute-solvent system.

Table 1 shows the NaNO,/chitosan molar ratio, intrinsic viscosity and the
molecular weight of chitosan products in this study. From these results, the
concentration of sodium nitrite could be expected to play a significant role in
the depolymerization process of chitosan and the data is clarified that the
increasing of NaNO, added lead to decrease in the molecular weight of chitosan
product compared to the original one. In order to facilitate the control of the
molecular weight of chitosan fragment, the chitosan concentration was keeping
constant at 2.5% (w/v) in 1% (v/v) aqueous acetic acid solution and the
depolymerization process was carried out with addition of different
NaNOy/chitosan mol ratio (0.01, 0.02 and 0.05 mol of NaNO; to one mol of
chitosan) using one type of chitosan as original material (Table 1).
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The depolymerization process of chitosan produced three different molecular
weights, 0.5x10°%, 3.7x10* and 5.7x10* Dalton for the prepared compounds and
2.9x10° Dalton for the native chitosan using of 0.05, 0.02, 0.01 and 0.0 mol of
NaNO, to one mol of chitosan, respectively. The curves related to reduced
viscosities and chitosan concentrations for the purified polymers are shown in
Figure 2 and are indicated that all experimental points are very well aligned
along straight lines (r > 0.95).

Table 1. NaNO,/chitosan molar ratio and characterization of chitosan
compounds

Reaction mol ratio Intrinsic viscosity  Molecular weight

(x mol NaNO,/1 mol chitosan)  [n] of chitosan product (Dalton)
0 4.9897 2.9x10°

0.01 1.4384 5.7x10*

0.02 1.0403 3.7x10*

0.05 0.2360 0.5x10*

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 [x#] and molecular
weight (MW) is called for obtaining a reliable relationship (Allan and Peyron,
1995a and b; Chen and Tsaih, 1998; Rinaudo and Domard, 1989 and Wang et
al., 1991).

Antibacterial activity of chitosan compounds: The antibacterial assessment
of the chitosan compounds was performed as in vitro with Nutrient Agar
dilution method against two plant pathogenic bacteria A. tumefaciens and E.
carotovora. The results are expressed in terms of the Minimum Inhibitory
Concentration (MIC) as shown in Table 2. As a result, all of the chitosan
compounds exhibited higher activity towards E. carotovora than A. tumefaciens
under the same experimental conditions.
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Fig. 2. Curves of reduced viscosity (neq) against concentrations for a
commercial chitosan, 2.9x10° Dalton (A) and depolymerized chitosan
compounds, 5.7x10* Dalton (B), 3.7x10* Dalton (C) and 0.5x 10* Dalton (D).

This result confirms that the bacterium of E. carotovora is more sensitive to
these compounds than the bacterium of A. tumefaciens. Chitosan with a
molecular weight of 0.5x10* Dalton exhibits a good antibacterial potency
against A. tumefaciens with MIC = 2600 mg.L"' while chitosan with a
molecular weight of 3.7x10* Dalton is the most active one against E.
carotovora with MIC = 950 mg.L". In general, the antibacterial activity is
increased with the decreasing of molecular weight of chitosan compounds. This
finding is in agreement with that reported by various investigators (Jeon et al.,
2001; Tsai and Su, 1999 and Zheng and Zhu, 2003); they found that with the
decrease of molecular weight of chitosan, the antibacterial activities were
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increased. Zheng and Zhu (2003) added that the low molecular weight chitosan
appeared to better adsorb to and penetrate the cell walls of microorganisms.

From a comparison of our results and previously published data on
bactericidal activity of different molecular weights chitosan compounds, we
could conclude that in spite of lack of knowledge on the antibacterial action
mechanism, the origin of low molecular weight chitosan as well as the method
used for preparation of low molecular weight chitosan and its derivatives are
the important issue especially in agriculture applications (Badawy et al., 2006;
Rabea et al., 2003 and Zheng and Zhu, 2003).

Table 2. Minimum inhibitory concentrations (MICs, mg.L") of different
molecular weights (MW) chitosan compounds against bacteria of
Agrobacterium tumefaciens and Erwinia carotovora

Chitosan MW MIC (mg.L™) of bacteria

(Dalton) A. tumefaciens E. carotovora
0.5x10° 2600 1000
3.7x10* 3100 950
5.7x10° 2750 1050
2.9x10° 3200 1350

Antifungal effect of chitosan compourds: The antifungal assessment of
different molecular weights of chitosan compounds was assessed as in vitro
using a mycelia radial growth inhibition technique against four plant pathogenic
fungi A4. alternata, B. fabae, F. oxysporum, and R. stolonifer. The result is
expressed in the term of Minimum Effective Concentration of 50% of mycelia
growth (ECso) with the corresponding 95% confidence limits (CL) and is
presented in Table 3. Generally the result demonstrates that the antifungal
activity increased with the decreasing of molecular weight and chitosan with
low molecular weight (0.5x10* Dalton) exhibited a good antifungal potency
against B. fabae, F. oxysporum, and R. stolonifer with ECsq of 1392, 1290 and
2232 mg.L", respectively while the fungus of 4. alternata is more sensitive to a
chitosan molecular weight of 3.7x10* dalton with ECsp = 1765 mg.L".

Chitosan and oligochitosan compounds, have attracted much attention as an
environmentally safe means of plant disease control (Hadwiger et al., 1994 and

78



J. Pest Cont. & Environ. Sci. 15 (1): 69 -85(2007).

Lin et al., 2005). However, little attention has been paid to its antifungal
activity and related mode of action. In the present study, we have successfully
obtained different molecular weight chitosan compounds by a nitrous acid
depolymerization method and investigated their in vitro antifungal activity. Our
result demonstrates that the decreasing in the molecular weight led to the
increasing of the activity against the tested microorganisms and this fact is in
agreement with recent studies which reported that oligochitosans, obtained by
hydrolysis or degradation of chitosan, is not only water-soluble but also have
shown to be more effective than chitosan to elicit multiple plant defense
responses (Kim and Rajapakse, 2005). Moreover, antifungal activities of
oligochitosans have also been observed against several fungi (Zhang et al.,
2003) and were higher in activity than the high molecular weight. Interestingly,
oligochitosan (hexamer unit) that elicited maximal pisatin formation also
exhibited higher antifungal activity again:t F. solani than the lower with degree
of polymerization (Kendra and Hadwiger, 1984).

Table 3. Antifungal activity of different molecular weight (MW) chitosan
compounds against fungi of Alternaria alternata, Botrytis fabae, Fusarium
oxysporum, and Rhizopus stolonifer

Chitosan ECso (mg L)

Jhé:l/t on) A. alternata B. fabae F. oxysporum R. stolonifer
0.5x10* 1765 (1265-2412)' 1392 (1147-1657) 1290 (1012-1585) 2232 (1409-3398)

’ (2.50+0.22) (1.52£0.18) (1.27£0.18) (3.69+£0.31)
3.7x10* 1581 (1368-1817) 1520 (1258-1816) 1941 (1592-2413) 2857 (1957-6007)

: (1.97£0.19) (1.49£0.18) (133 £0.18) (224 £0.24)
5.7x10" 2237(1715-3028) 1998 (1665-2444) 2228 (1856-2760) 3527 (2706-6665)

: (2.65 % 0.24) (1.45£0.19) (1.46 £0.19) (3.45 +0.40)
29x10° 2338 (1686-3519) 2407 (1953-3139) 2910 (2301-4068) 3843 (2952-7900)

i (2.63 £ 0.24) (127£0.18) (1.20 £0.18) (3.33 £041)

*Ninety-five percent lower and upper fiducial limits. ** Slope + SE.

Xu et al., (2007) reported the preparation of oligochitosans by enzymatic
depolymerization and investigated in vitro antifungal activity against nine
phytopathogens Fusarium graminearum, Phytophthora capsici, Verticillium
dahliae, Alternaria solani, Botrytis cinerea, Colletotrichum orbiculare,
Exserohilum turcicum, Fusarium oxysporum and Pyricularia oryzae. They
found that oligochitosans were more effective than the original chitosan in

79



Badawy.M.E.L.

inhibiting mycelial growth of P. capsici and its inhibition on different stages in
life cycle of P. capsici was observed. -

The present results show that chitosans with low molecular weight exhibited a
higher antifungal activity than the original chitosan sample against four plant
pathogenic fungi 4. alternata, B. fabae, F. oxysporum, and R. stolonifer.

CONCLUSION

Different molecular weights chitosan compounds were obtained by a method
of nitrous acid depolymerization. Average molecular weights of chitosan
compounds were determined by measurements of intrinsic viscosity and were
found to be 0.5x10%, 3.7x10* and 5.7x10" Dalton for the prepared compounds
and 2.9x10° Dalton for the native chitosan sample. All of the prepared chitosan
compounds had good in vitro antimicrobial activities against the most economic
plant pathogenic bacteria and fungi than the native compound and the
antimicrobial activity was affected by the molecular weight of chitosan.
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