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Abstract: Oligosaccharide elicitors from pathogens have been shown to play major roles in host
plant defense responses involving plant–pathogen chemoperception and interaction. In the present
study, chitosan and oligochitosan were prepared from pathogen Fusarium sambucinum, and their
effects on infection of Zanthoxylum bungeanum stems were investigated. Results showed that
oligochitosan inhibited the infection of the pathogen, and that the oligochitosan fraction with a
degree of polymerization (DP) between 5 and 6 showed the optimal effect. Oligochitosan DP5 was
purified from fraction DP5-6 and was structurally characterized using electrospray ionization mass
spectrometry, Fourier transform infrared spectroscopy, and nuclear magnetic resonance spectroscopy.
Oligochitosan DP5 showed significant inhibition against the infection of the pathogenic fungi on host
plant stems. An investigation of the mechanism underlying this effect showed that oligochitosan DP5
increased the activities of defensive enzymes and accumulation of phenolics in host Z. bungeanum.
These results suggest that oligochitosan from pathogenic fungi can mediate the infection of host plants
with a pathogen by acting as an elicitor that triggers the defense system of a plant. This information
will be valuable for further exploration of the interactions between the pathogen F. sambucinum and
host plant Z. bungeanum.
Keywords: structural characterization; fungal oligochitosan elicitor; Fusarium sambucinum;
Zanthoxylum bungeanum; plant–pathogen interaction; defensive response

1. Introduction
Plants are exposed to numerous microorganisms, but they are resistant to many potential
pathogens because of their constitutive or inducible resistance [1]. Inducible defense responses include
plant cell wall reinforcement by the deposition of lignin, necrotic hypersensitive response, biosynthesis
of phytoalexins and pathogenesis-related proteins, and enhancement of the activities of defensive
enzymes, such as phenylalanine ammonia lyase (PAL), polyphenol oxidase (PPO), peroxidase (POD),
chitinase (CHI) and glucanase [2–4]. The inducible resistance of a plant often accompanies infection
with a pathogen or stimulation by elicitors [5,6]. Extensive research over the past several years has
shown that elicitors from pathogens can trigger defense reactions in host plants. One well-described
elicitor from a pathogen that induces the biosynthesis of phytoalexin is a glucan heptasaccharide from
the cell walls of Phytophthora sojae in soybeans [7]. Oligogalacturonides originating from plant cells
have also shown the ability to elicit plant defenses against infection by pests [8]. Functionally active
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β,1→3 glucan elicitors are released in vitro within two hours by synchronously germinating zoopores
of Phytophthora megasperma f. sp. Glycinea, which is associated with germ tube formation [9]. To date,
many different types of elicitors from pathogens and non-pathogens have been shown to possess
components that promote active disease resistance in plants [10,11].
Fungal cell walls are a source of regulatory molecules that control plant defense and development
processes [12]. Chitin is a major component in the cell wall of most higher fungi [13,14]. Chitin or
chitosan can act as elicitors that activate defense responses in plants, and they can be released by fungal
pathogens during their invasion of host plants [15,16]. In plant tissues that have been invaded by
pathogenic fungi, there are chitinases that can degrade chitin into soluble oligochitosan, which can be
perceived by plant cells and induce defensive responses [17]. Oligochitosan activity that elicits defense
responses has been found in many plants such as tobacco, rapeseed, rice, and grapevines [18,19].
This activity depends primarily on the degrees of polymerization (DP) and acetylation (DA) [20].
It is obvious that oligochitosan originating from a fungal pathogen can act as an efficient regulator
of plant–pathogen interactions to induce host plant defenses. It is valuable to understand how
oligochitosan from pathogens regulates plant–pathogen interactions and how plants can differentiate
between these signals for appropriate responses to stimuli.
Fusarium sambucinum is a common pathogen causing dry rot in plants. Dry rot significantly
decreases crop yields, and especially yields of potatoes [21]. In studies by our research team,
F. sambucinum was observed to cause dry rot of Zanthoxylum bungeanum stems [22–24]. Z. bungeanum,
also called “Huajiao” in China, is an economically important crop harvested as a food seasoning [25,26].
Dry rot of Z. bungeanum has caused great losses in the main producing provinces of China, especially
in Shaanxi Province [24]. To date, there have been no reports on the interaction of Z. bungeanum
with F. sambucinum. The aims of the present study were to structurally characterize the most efficient
oligochitosan elicitor prepared from pathogen F. sambucinum and to explore how oligochitosan induces
defense responses in the host plant Z. bungeanum.
2. Results and Discussions
2.1. Isolation of Chitosan and Oligochitosan from Fusarium sambucinum
Crude chitosan (CCH, 15 g) was extracted from dry mycelia (35 g) of F. sambucinum, and 13 g
of CCH was further deacetylated to obtain deacetyated chitosan (DCH, 9.5 g). A mixture of total
oligochitosan (TOCH, 5.5 g) was prepared by acid hydrolysis of DCH (8.0 g), and 4.5 g TOCH was
further purified using a Bio Gel-P2 chromatography column. Four main fractions, DP < 5 (900.5 mg),
DP5–6 (886.8 mg), DP7–9 (752.5 mg), and DP > 9 (828.6 mg), were obtained. Fraction DP5–6 (300 mg)
was further purified, and pure oligochitosan DP5 (30.5 mg) with a carbohydrate content of 98.3% was
isolated. The carbohydrate purity was increased by Bio Gel-P2 purification.
2.2. Effects of Chitosan and Oligochitosan on the Infection of the Pathogen on Z. bungeanum Stems
The effects of chitosan and oligochitosan prepared from pathogen F. sambucinum on infection of
Z. bungeanum stems were evaluated by determining the incidence of infection (Figure 1). Successful
infection was confirmed by chlorosis and browning of bark at the inoculated site on Z. bungeanum
stems. A lower incidence of infection indicates a stronger inhibitory effect of the applied compound on
the infection of the pathogen on the plants [27,28]. There was an extremely high incidence of infection
(90.5%) with the control sample, which indicated the high pathogenicity of pathogen (Figure 1).
The incidence of infection incidence with all treatments, which were dramatically influenced by the
forms and concentrations of elicitors, were lower than that in the control. DCH, the deacetylated
product of CCH, showed greater inhibitory effects than those of CCH, with a lower infection incidence
(62.2%) at a concentration of 5 mg/mL, indicating that the DA of chitosan influenced chitosan activity
against pathogen infection. Chitosan with a low DA has been shown to better inhibit microbial cell
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By hydrolysis of DCH, we obtained the mixture of TOCH. The incidence of infection was
By hydrolysis of DCH, we obtained the mixture of TOCH. The incidence of infection was
significantly different between plants treated with TOCH and those treated with DCH or CCH
significantly different between plants treated with TOCH and those treated with DCH or CCH
(Figure 1). TOCH reduced the incidence of infection, indicating that the molecular weight of chitosan
(Figure 1). TOCH reduced the incidence of infection, indicating that the molecular weight of chitosan
affected its biological activity. By degradation of chitosan with a high molecular weight, oligochitosan
affected its biological activity. By degradation of chitosan with a high molecular weight, oligochitosan
with a low molecular weight and DP and excellent water solubility was obtained [30]. Oligochitosan
with a low molecular weight and DP and excellent water solubility was obtained [30]. Oligochitosan
has been shown to be more effective than chitosan in inhibiting the growth of various plant
has been shown to be more effective than chitosan in inhibiting the growth of various plant pathogenic
pathogenic fungi and eliciting various defense responses in plants, which can slow the development
fungi and eliciting various defense responses in plants, which can slow the development of plant
of plant diseases and directly or indirectly decrease disease severity [31–34]. TOCH was further
diseases and directly or indirectly decrease disease severity [31–34]. TOCH was further purified to
purified to determine the effective fraction in TOCH that inhibited the infection of the pathogen. Four
determine the effective fraction in TOCH that inhibited the infection of the pathogen. Four main
main oligochitosan fractions, DP < 5, DP5–6, DP7–9, and DP > 9, were obtained. The effects of the
oligochitosan fractions, DP < 5, DP5–6, DP7–9, and DP > 9, were obtained. The effects of the fractions on
fractions on infection incidence depended significantly on their DPs (Figure 1). Fraction DP5–6
infection incidence depended significantly on their DPs (Figure 1). Fraction DP5–6 showed the greatest
showed the greatest inhibition, and this inhibition was concentration dependent. When
inhibition, and this inhibition was concentration dependent. When DP5–6 was applied at 5 mg/mL,
DP5–6 was applied at 5 mg/mL, the lowest incidence of infection (25.6%) was observed. The other
the lowest incidence of infection (25.6%) was observed. The other three fractions did not show
three fractions did not show concentration-dependent inhibition of infection incidence. We speculate
concentration-dependent inhibition of infection incidence. We speculate that DP5–6 might be the main
that DP5–6 might be the main effective component in TOCH that inhibits the infection of the
effective component in TOCH that inhibits the infection of the pathogen on Z. bungeanum stems. Hence,
pathogen on Z. bungeanum stems. Hence, fraction DP5–6 was further purified to characterize the
fraction DP5–6 was further purified to characterize the structure and activity of pure oligochitosan.
structure and activity of pure oligochitosan.
2.3. Structural Analysis of DP5
2.3. Structural Analysis of DP5
Pure oligochitosan DP5 was isolated from fraction DP5–6, and its structure was analyzed by
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(A)

(B)
Figure 2. Positive ion electrospray ionization mass spectrometry (ESI-MS) spectrum (A); and Fourier
Figure 2. Positive ion electrospray ionization mass spectrometry (ESI-MS) spectrum ( A); and Fourier
transform infrared (FT-IR) spectrum (B) of oligochitosan DP5. The typical ion peaks for oligochitosan
transform infrared (FT-IR) spectrum (B) of oligochitosan DP5. The typical ion peaks for oligochitosan
are indicated by blue and red star symbols in the ESI-MS spectrum. Blue stars represent the fragment
are indicated by blue and red star symbols in the ESI-MS spectrum. Blue stars represent the fragment
ions 824.33, 663.26, 502.25 and 341.27 and 180.03 with one glucosamine residue decrease successively.
ions 824.33, 663.26, 502.25 and 341.27 and 180.03 with one glucosamine residue decrease successively.
Red stars represent the fragment ions 806.49, 645.28, 484.23, 323.17, and 162.07 with one glucosamine
Red stars represent the fragment ions 806.49, 645.28, 484.23, 323.17, and 162.07 with one glucosamine
residue decrease successively. The important IR absorbances for oligochitosan are also shown in the
residue decrease successively. The important IR absorbances for oligochitosan are also shown in the
FT-IR spectrum (red arrows).
FT-IR spectrum (red arrows).
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Further assignment of chemical shifts for hydrogens and carbons were specifically presented
Further assignment of chemical shifts for
hydrogens and carbons were specifically presented from
from the two-dimensional (2D) spectra
of 1H-1H COSY, NOESY, and 1H-13C HSQC (Figure 4). The
the two-dimensional (2D) spectra of 1 H-1 H COSY, NOESY, and 1 H-13 C HSQC (Figure 4). The cross
cross peaks in the COSY spectrum (Figure 4A) provided information on the H1–H2 and H2–H3
peaks in the COSY spectrum (Figure 4A) provided information on the H1–H2 and H2–H3 correlations,
correlations, which helped to assign the chemical shifts of H1 at δ 5.34 and δ 4.77, H2 at δ 3.05, and
which helped to assign the chemical shifts of H1 at δ 5.34 and δ 4.77, H2 at δ 3.05, and H3 at δ 3.80.
H3 at δ 3.80. Because of the overlap between the cross peaks for H3, H4, H5, and H6 in COSY, it was
Because of the overlap between the cross1 peaks
for H3, H4, H5, and H6 in COSY, it was difficult to
difficult to assign peaks. Data1 from
the H-13C HSQC spectrum could be used to unambiguously
13
assign peaks. Data from the H- C HSQC spectrum could be used to unambiguously assign the
assign the chemical shifts for hydrogens (H1–H6) and carbons (C1–C6) (Figure 4C). There were seven
chemical shifts for hydrogens (H1–H6) and carbons (C1–C6) (Figure 4C). There were seven cross peak
cross peak signals in the HSQC spectrum. In the GlcN sugar ring, each carbon was linked directly to
signals in the HSQC spectrum. In the GlcN sugar ring, each carbon was linked directly to one H,
one H, and five signals for the five C–H cross peaks were clearly observed in the HSQC spectrum,
and five signals for the five C–H cross peaks were clearly observed in the HSQC spectrum, with all
with all of these labeled in the HSQC by circles. The C at position C6 was linked to two H, and two
cross peaks for C6–H6 could be easily recognized in the HSQC spectrum. The chemical shifts for H4
(δ 3.64), H5 (δ 3.83), H6a (δ 3.84), and H6b (δ 3.67) could be unambiguously assigned based on the
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1H-13C HSQC (C). Correlation peaks are marked on the spectra. COSY, correlation
(A); ROESY
ROESY (B);
and
1 H1H13C13
(A);
(B);and
and
C HSQC
(C). Correlation
are marked
on theCOSY,
spectra.
COSY,
(A); ROESY
(B);
HSQC
(C). Correlation
peaks peaks
are marked
on the spectra.
correlation
spectroscopy;
ROESY, rotating
frame
nuclear
Overhauser
effect spectroscopy
(NOESY);
HSQC,
correlation
spectroscopy;
ROESY,frame
rotating
frameOverhauser
nuclear Overhauser
effect spectroscopy
(NOESY);
spectroscopy;
ROESY, rotating
nuclear
effect spectroscopy
(NOESY);
HSQC,
heteronuclear
single-quantum
correlation
spectroscopy.
HSQC,
heteronuclear
single-quantum
correlation
spectroscopy.
heteronuclear
single-quantum
correlation
spectroscopy.

Based on
on the
the above
above structural
structural analyses,
analyses, we
we conclude
conclude that
that oligochitosan
oligochitosan DP5
DP5 has
has a molecular
molecular
Based
Based
on the
above structural
analyses, we
conclude that
oligochitosan DP5
has aa molecular
weight
as
823
Da
and
is
composed
of
five
β-1→4
linked
GlcN
residues
(Figure
5).
This
structure
is
weight as
as 823
823 Da
Da and
and isiscomposed
composed of
offive
fiveβ-1
β-1→4
linked GlcN
GlcN residues
residues (Figure
(Figure 5).
5). This
This structure
structure is
is
weight
→4 linked
consistent with
with previously
previously reported
reported structures
structures of
of oligochitosan
oligochitosan from
from fungi
fungi [42,43].
[42,43].
consistent
consistent
with previously
reported structures
of oligochitosan
from fungi
[42,43].

Figure 5. The structure of oligochitosan DP5, which is composed of five glucosamines.
Figure 5.
5. The
The structure
structure of
of oligochitosan
oligochitosan DP5,
DP5, which
which is
is composed
composed of
of five
five glucosamines.
glucosamines.
Figure

FT-IR and
and NMR
NMR have
have been
been used
used frequently
frequently to
to analyze
analyze the
the structure
structure of
of chitosan,
chitosan, especially
especially its
its
FT-IR
FT-IR
and
NMR have
been used
frequently
to analyze
thewas
structure
ofcompletely
chitosan, especially
its
degree
of
deacetylation
[38,44].
In
the
present
research,
DP5
almost
deacetylated
degree of
of deacetylation
deacetylation [38,44].
[38,44]. In
In the
the present
present research,
research, DP5
DP5 was almost
almost completely
completely deacetylated
deacetylated
degree
because there
there were
were no
no significant
significant
signals
from acetyl
acetyl groups
groupswas
in the
the FT-IR
FT-IR and
and NMR
NMR spectra.
spectra. The
The
because
signals
from
in
because
therechemical
were no
significant
signals
from residue
acetyl groups
in the FT-IR
andmakes
NMRit spectra.
1H-NMR
overlapping
shifts
of
H3–H6
of
the
GlcN
in
the
spectrum
difficult
overlapping
chemical
shiftsshifts
of H3–H6
of the GlcN
in the 1H-NMR
makes it difficult
The
overlapping
chemical
ofshifts
H3–H6
of theresidue
GlcN
residue
in the 1spectrum
H-NMR
spectrum
makes
to
assign
their
respective
chemical
precisely
from
only
one-dimensional
(1D)
NMR
spectra
[45].
to
assign
their
respective
chemical
shifts
precisely
from
only
one-dimensional
(1D)
NMR
spectra
[45].
itOne-dimensional
difficult to assignNMR
their respective
chemical
shifts
precisely
from only one-dimensional
(1D) NMR
and
2D-NMR
were
employed
to
completely
characterize
the
structure
of
One-dimensional
NMR and 2D-NMR
were
employed
completely
the structurethe
of
spectra
[45].
One-dimensional
NMR from
and
2D-NMR
weretowas
employed
to characterize
completely
characterize
DP5.
The
oligochitosan
DP5
isolated
F.
sambucinum
not
100%
pure
because
only
Bio-Gel
P2
DP5. The of
oligochitosan
DP5 isolated from
F. sambucinum
was
not 100% pure
because
only
Bio-Gel
P2
structure
DP5. The oligochitosan
DP5
isolated
from F.
sambucinum
was
not
100%
pure
because
column
chromatography
was
used
for
its
purification,
because
of
limitations
in
experimental
column
chromatography
was used for its
purification,
of limitations
in limitations
experimental
only
Bio-Gel
P2 column
chromatography
was
for
itsbecause
purification,
because
of
in
equipment.
The
carbohydrate
content of
of DP5
DP5 used
was 94.3%,
94.3%,
and some
some weak
weak
signals
of impurities
impurities
equipment.
The
carbohydrate
content
was
and
signals
of
experimental
equipment.
The
carbohydrate
content
of
DP5
was
94.3%,
and
some
weak
signals
of
appeared in
in the
the 11H-NMR
H-NMR and
and 1313C-NMR
C-NMR spectra. Although
Although 1H-NMR
H-NMR has
has been
been widely
widely used
used to
to analyze
analyze
appeared
1 H-NMR andspectra.
13 C-NMR spectra. 1Although
1 H-NMR
impurities
appeared
in
the
has
been
widely
used
the structure
structure of
of oligochitosans,
oligochitosans, most
most researchers
researchers focus
focus on
on 1D-NMR
1D-NMR and
and the
the chemical
chemical shifts
shifts of
of acetyl
acetyl
the
to
analyze
the
structure
of
oligochitosans,
most
researchers
focus
on
1D-NMR
and
the
chemical
shifts
groups [45,46].
[45,46]. In
In the
the current
current research,
research, 1D1D- and
and 2D-NMR
2D-NMR were
were carried
carried out
out to
to comprehensively
comprehensively
groups
of
acetyl
groups
[45,46].
In
the
current
research,
1Dand
2D-NMR
were
carried
out
to
comprehensively
characterize the
the structure
structure of
of DP5
DP5 and
and to
to provide
provide useful
useful NMR
NMR data
data for
for future
future research.
research.
characterize
characterize
the structure
of DP5
and to
provide useful
NMR data
for future
research.
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2.4. Effects
DP5 on
on the
the Infection
Infection of
of the
the Pathogen
Pathogen on
on Z.
Z. bungeanum
bungeanum Stems
Stems
2.4.
Effects of
of Oligochitosan
Oligochitosan DP5
The effects
effectsofofoligochitosan
oligochitosan
F. sambucinum
infection
of Z. bungeanum
stems
were
The
DP5DP5
on F.on
sambucinum
infection
of Z. bungeanum
stems were
evaluated.
evaluated.
Results
showed
that oligochitosan
DP5attreatment
at all three concentrations
decreased
Results
showed
that
oligochitosan
DP5 treatment
all three concentrations
decreased the
infectionthe
of
infection
of
the
pathogen
relative
to
that
of
the
control
(Figure
6).
The
incidence
of
infection
in
the
the pathogen relative to that of the control (Figure 6). The incidence of infection in the control was
controlWhen
was 90.4%.
When theofconcentration
of DP5
was
from the
0.01incidence
to 0.1 mg/mL,
the
90.4%.
the concentration
DP5 was increased
from
0.01increased
to 0.1 mg/mL,
of infection
incidence of
infection
decreased
from
to 25.6%.
DP5 wasthat
thewas
major
oligochitosan
thatfrom
was
decreased
from
64.4% to
25.6%. DP5
was64.4%
the major
oligochitosan
isolated
and purified
isolated
and
purified
from
fraction
DP5–6.
Fraction
DP5–6
was
the
most
effective
crude
fraction
fraction DP5–6. Fraction DP5–6 was the most effective crude fraction increasing the F. sambucinum
increasingincidence.
the F. sambucinum
infection
incidence.
Hence,
DP5 may
be considered
most efficient
infection
Hence, DP5
may be
considered
the most
efficient
componentthe
of oligochitosan.
component
of activity
oligochitosan.
The biological
activityrecognized
of oligochitosan
is commonly
recognized
to
The
biological
of oligochitosan
is commonly
to depend
on its molecular
weight,
depend
on
its
molecular
weight,
DA,
solubility,
and
the
target
organism
in
which
it
is
tested
[47,48].
DA, solubility, and the target organism in which it is tested [47,48]. Oligochitosan has been widely
Oligochitosan
has been
widely
reportedintoplants
induce
defensive responses in plants [48,49].
reported
to induce
defensive
responses
[48,49].
In
the
present
study,
we
systematically
investigated
the effects
effects of
of chitosan
chitosan and
and oligochitosan
oligochitosan
In the present study, we systematically investigated the
originating
from
pathogen
fungi
F.
sambucinum
on
infection
of
Z.
bungeanum
stems
with
this
pathogen.
originating from pathogen fungi F. sambucinum on infection of Z. bungeanum stems with
this
The effective
monomer monomer
was obtained
a bioactivity-guided
fractionation
method,
pathogen.
Theoligochitosan
effective oligochitosan
was using
obtained
using a bioactivity-guided
fractionation
and its structure
was specifically
characterized
using ESI-MS,
FT-IR,FT-IR,
and NMR
technologies.
The
method,
and its structure
was specifically
characterized
using ESI-MS,
and NMR
technologies.
differential
effects
of
oligochitosans
on
infection
with
pathogen
were
also
observed
based
on
The differential effects of oligochitosans on infection with pathogen were also observed based on
differences in
in molecular
molecular weight.
weight. Oligochitosan
pathogen than
than
differences
Oligochitosan showed
showed stronger
stronger inhibition
inhibition of
of the
the pathogen
chitosan,
and
the
oligochitosan
fraction
with
the
DPs
ranging
from
5
to
6
exhibited
the
strongest
antichitosan, and the oligochitosan fraction with the DPs ranging from 5 to 6 exhibited the strongest
infective effect.
Recently,
it has
been
suggested
that
oligochitosans
anti-infective
effect.
Recently,
it has
been
suggested
that
oligochitosanswith
withhigh
highwater
watersolubility
solubility show
show
the
greatest
biological
activity
[50].
Moreover,
the
effects
of
oligochitosans
on
elicitation
of
defense
the greatest biological activity [50]. Moreover, the effects of oligochitosans on elicitation of defense
responses in
in plants
plants are
are also
also related
related to
to their
their molecular
molecular weights,
weights, DPs,
DPs, and
and DAs
DAs[48,51].
[48,51].
responses

Figure 6.
6. Inhibitory
Inhibitory effects
effects of
of oligochitosan
oligochitosan DP5
DP5 on
on Fusarium
Fusarium sambucinum
sambucinum infection
infection of
of Zanthoxylum
Zanthoxylum
Figure
bungeanum
stems.
Different
letters
(a–d)
indicate
significant
differences
at
the
level
of
p
< 0.05
0.05 in
in the
the
bungeanum stems. Different letters (a–d) indicate significant differences at the level of p <
incidence
of
infection
with
various
DP5
treatments.
DP5–0.01,
DP5–0.05,
and
DP5–0.1
indicate
DP5
incidence of infection with various DP5 treatments. DP5–0.01, DP5–0.05, and DP5–0.1 indicate DP5
mg/mL, respectively.
concentrations of 0.01, 0.05, and 0.1 mg/mL,
respectively.

2.5. Induced
Oligochitosan DP5
DP5 on
on Defensive
Defensive Enzymes
Enzymes in
in Z.
Z. bungeanum
bungeanum
2.5.
Induced Effects
Effects of
of Oligochitosan
Inducible defensive
defensive enzymes
PPO, POD,
POD, and
and CHI
CHI are
are involved
involved in
in plant
plant defenses
defenses against
against
Inducible
enzymes PAL,
PAL, PPO,
pathogen
infection
[52].
The
application
of
oligochitosan
DP5
in
all
treatments
significantly
enhanced
pathogen infection [52]. The application of oligochitosan DP5 in all treatments significantly enhanced
defensive activities
activities of
of all
all four
four enzymes
enzymes in
in Z.
Z. bungeanum
bungeanumstems
stems(Figure
(Figure7).
7).The
Theelicitation
elicitationto
todefensive
defensive
defensive
enzymes in
in Z.
Z. bungeanum
bungeanum stems
stems was
was dependent
dependent on
on the
the concentrations
concentrations of
of DP5
DP5 applied.
applied. As
the
enzymes
As the
concentration
of
DP5
increased
from
0.05
mg/mL
to
0.2
mg/mL,
the
activities
of
PAL,
PPO,
POD,
and
concentration of DP5 increased from 0.05 mg/mL to 0.2 mg/mL, the activities of PAL, PPO, POD,
CHI CHI
significantly
increased.
As shown
in Figure
7A, PAL
activity
increased
gradually
from from
12 h after
and
significantly
increased.
As shown
in Figure
7A, PAL
activity
increased
gradually
12 h
exposure,
reached
a
maximum
at
48
h,
and
then
decreased
slightly.
The
highest
PAL
activity
after exposure, reached a maximum at 48 h, and then decreased slightly. The highest PAL activity was
was
observed at 48 h when Z. bungeanum stems were treated with 0.2 mg/mL DP5; this activity was
7.4-fold greater than that of the control. The effect of DP5 on PPO activity in Z. bungeanum stems is
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observed
at 48 h when Z. bungeanum stems were treated with 0.2 mg/mL DP5; this activity was 7.4-fold
Int. J. Mol. Sci. 2016, 17, 2076
10 of 20
greater than that of the control. The effect of DP5 on PPO activity in Z. bungeanum stems is presented
in
Figure 7B.
Maximum
PPO activity
observed
at 48 h after
of 0.2 mg/mL
DP5;
presented
in Figure
7B. Maximum
PPOwas
activity
was observed
at 48 application
h after application
of 0.2 mg/mL
this
activity
was
6.9-fold
greater
than
that
of
the
control.
POD
activities
in
Z.
bungeanum
stems
after
DP5; this activity was 6.9-fold greater than that of the control. POD activities in Z. bungeanum stems
exposure
to
DP5
are
displayed
in
Figure
7C.
The
greater
POD
activity
was
also
induced
by
0.2
mg/mL
after exposure to DP5 are displayed in Figure 7C. The greater POD activity was also induced by
DP5
at 48 h;DP5
this at
activity
was activity
4.9-foldwas
greater
than greater
that of the
activity CHI
was
0.2 mg/mL
48 h; this
4.9-fold
thancontrol.
that of Maximum
the control.CHI
Maximum
obtained
also
at
48
h
after
Z.
bungeanum
stems
were
treated
with
0.2
mg/mL
DP5;
this
activity
activity was obtained also at 48 h after Z. bungeanum stems were treated with 0.2 mg/mL DP5; was
this
4.9-fold
greater
than that
of the
control
7D). (Figure 7D).
activity was
4.9-fold
greater
than
that of(Figure
the control
Oligochitosan
DP5 strongly
stronglyprotected
protectedZ.
Z.bungeanum
bungeanumagainst
againstdry
dryrot.
rot.One
One
mechanism
related
Oligochitosan DP5
mechanism
related
to
to
this
effect
might
be
the
enhancement
of
PAL,
PPO,
POD,
and
CHI
activities
in
Z.
bungeanum
by
this effect might be the enhancement of PAL, PPO, POD, and CHI activities in Z. bungeanum by
oligochitosan
PAL is
key enzyme
enzyme in
in the
the first
first stage
stage of
of phenylpropanoid
phenylpropanoid metabolism
metabolism that
that results
results
oligochitosan DP5.
DP5. PAL
is aa key
in
the
biosynthesis
of
phenols,
lignin,
phytoalexins,
and
other
compounds
involved
in
localized
in the biosynthesis of phenols, lignin, phytoalexins, and other compounds involved in localized plant
plant
disease
resistance
processes
PPO in
can
oxidize monophenol,
disease
resistance
processes
[53,54]. [53,54].
PPO in plants
canplants
oxidize
monophenol,
diphenol, ordiphenol,
trihydric or
to
trihydric
to
their
corresponding
quinines,
which
can
restrict
the
growth
of
plant
pathogens
[55].
their corresponding quinines, which can restrict the growth of plant pathogens [55]. The increase in
The
POD activity
elicited bywas
oligochitosan
was
related toinanresistance
increase in
PODincrease
activityinelicited
by oligochitosan
also related
toalso
an increase
to resistance
pathogen
to
pathogen
[56]. PODinto
participates
into cell reinforcement
is involved
in of
thelignin
final
infection
[56].infection
POD participates
cell reinforcement
and is involvedand
in the
final steps
steps
of
lignin
biosynthesis
and
cross-linking
of
cell
wall
proteins
[57].
CHI
has
been
intensively
biosynthesis and cross-linking of cell wall proteins [57]. CHI has been intensively investigated and
investigated
identified as a pathogenesis-related
proteininthat
functions
plant
defense
5[ 8]. CHI
identified as and
a pathogenesis-related
protein that functions
plant
defensein[58].
CHI
is a hydrolytic
is
a hydrolytic
enzyme
has direct
antifungal
activity by decomposing
chitincell
in fungal
cell walls
[59].
enzyme
that has
directthat
antifungal
activity
by decomposing
chitin in fungal
walls [59].
Previous
Previous
research
has
shown
that
chitosan
can
increase
the
expression
of
the
genes
for
chitinase
and
research has shown that chitosan can increase the expression of the genes for chitinase and peroxidase
peroxidase
[60]. Theof
elicitation
ofenzyme
defensive
in oligochitosan
plants by oligochitosan
has been to
reported
to
[60]. The elicitation
defensive
in enzyme
plants by
has been reported
correlate
correlate
with
a
reduction
in
disease
incidence
[35].
This
induced
resistance
in
plants
might
be
the
with a reduction in disease incidence [35]. This induced resistance in plants might be the main
main
mechanism
by which
oligochitosan
inhibits
the infection
the pathogen
mechanism
by which
oligochitosan
inhibits
the infection
of theof
pathogen
[61]. [61].

(A)

(B)

(C)

(D)

Figure 7. Effects of oligochitosan DP5 on the activities of defensive enzymes: phenylalanine ammonia
Figure 7. Effects of oligochitosan DP5 on the activities of defensive enzymes: phenylalanine ammonia
lyase (PAL)
(PAL) (A);
(A); polyphenol
polyphenol oxidase
oxidase (PPO)
(PPO) (B);
(B); peroxidase
peroxidase (POD)
(POD) (C);
and chitinase
chitinase (CHI)
(CHI) (D)
in
lyase
(C); and
(D) in
Zanthoxylum
bungeanum.
The
error
bars
represent
standard
deviations
of
the
means
from
three
Zanthoxylum bungeanum. The error bars represent standard deviations of the means from three
independent samples.
samples. FW
fresh weight
weight of
of plant
plant material.
material.
independent
FW means
means fresh

2.6. Effect of DP5 on the Production of Total Phenolics in Z. bungeanum
The effect of oligochitosan on eliciting plant defense-related secondary metabolites such as
pisatin, lignin, and phenolics has been widely studied in recent years [18,46]. We next investigated
the effect of oligochitosan on the production of total phenolics in Z. bungeanum. The total phenolic
content in Z. bungeanum increased significantly in response to oligochitosan DP5 as compared to that
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2.6. Effect of DP5 on the Production of Total Phenolics in Z. bungeanum
The effect of oligochitosan on eliciting plant defense-related secondary metabolites such as pisatin,
lignin,
and
has been widely studied in recent years [ 18,46]. We next investigated the11effect
Int. J. Mol.
Sci. phenolics
2016, 17, 2076
of 20
of oligochitosan on the production of total phenolics in Z. bungeanum. The total phenolic content
in
increased
significantly
in response
to oligochitosan
as compared
to that
of the
of Z.
thebungeanum
control (Figure
8). The
effect of DP5
on the production
of total DP5
phenolics
correlated
positively
control
8). The effect
of DP5
on the
production
of total
phenolics
positively
with the
with the(Figure
concentration
of DP5
applied.
The
total phenolic
content
in Z.correlated
bungeanum
twigs increased
concentration
applied.
total phenolic
content
in rapidly
Z. bungeanum
twigs increased
slightlyto
from
slightly from of
theDP5
moment
ofThe
exposure
to the 2nd
day,
and dramatically
increased
its
the
moment
exposure
the then
2nd day,
and at
dramatically
to its
maximum
on the
maximum
onofthe
8th day,toand
was rapidly
maintained
a relativelyincreased
stable level.
When
oligochitosan
8th
then was
at aof
relatively
stable
level.
When oligochitosan
DP5 was applied
a
DP5day,
wasand
applied
at a maintained
concentration
0.2 mg/mL,
the
maximum
phenolic content
obtainedatin
concentration
0.2 mg/mL,
the maximum
phenolic content
was obtained
in Z. bungeanum
stems
Z. bungeanum of
stems
on the 8th
day after treatment
this content
was 4.8-fold
greater than
that on
of
the 8th
day after
treatment
this content
was 4.8-fold
greater
thanbeen
that of
the control.
Because
phenolic
control.
Because
phenolic
compounds
in plants
have
shown
to possess
antifungal
compounds
in plants
have been
to possess
antifungal
activity [62,63],
that
the
activity [62,63],
we conclude
thatshown
the protective
effect
of oligochitosan
DP5 onwe
Z. conclude
bungeanum
stems
protective
oligochitosan
DP5 ontoZ.the
bungeanum
stemsofagainst
drycompounds.
rot is partially attributable to
against dryeffect
rot isofpartially
attributable
accumulation
phenolic
the accumulation
phenolic
compounds.
Research onof the
fungal
chitosan and its biological activities has increasingly been
Research
on the
fungal
chitosan
and
biologicalchitosan
activitiesand
hasoligochitosan
increasingly been
[64,65].
reported
[64,65].
In the
current
study,
weitsprepared
fromreported
the pathogenic
In
the current
study, we prepared
chitosan and
the pathogenic
F. sambucinum
fungus
F. sambucinum
and evaluated
theiroligochitosan
effects on from
pathogen
infectionfungus
of the
host plant
and
evaluated Results
their effects
pathogen
infection
the host
plantthan
Z. bungeanum.
Results show
Z. bungeanum.
showon
that
oligochitosan
wasofmore
effective
chitosan in inhibiting
the
that
oligochitosan
was more
chitosan
in inhibitingcorrelated
the infection
infection
of the pathogen.
The effective
biologicalthan
activities
of oligochitosan
withofitsthe
DP,pathogen.
DA, and
The
biological
activities
of oligochitosan
correlated
with
its DP, DA, and
water [66].
solubility
in neutral
water
[66]. The most
effective
concentration,
DP,solubility
and DA in
of neutral
oligochitosan
are
The
most for
effective
concentration,
DP, perhaps
and DA of
oligochitosan
aremechanisms
different for associated
different plant
different
different
plant diseases,
because
of distinct
withdiseases,
specific
perhaps
becauseinteractions
of distinct mechanisms
associated
with specific with
plant–pathogen
interactions
[ 67,68].
plant–pathogen
[67,68]. In this
study, oligochitosans
DPs between
5 and 6 exhibited
In
study, oligochitosans
with DPs
between
5 and Further
6 exhibited
the strongest
inhibitory
effects on the
thethis
strongest
inhibitory effects
on the
pathogen.
purification
yielded
the oligochitosan
pathogen.
Further
yielded
the oligochitosan
monomer
DP5 with
an established
monomer DP5
withpurification
an established
structure.
The completely
deacetylated
oligochitosan
DP5structure.
showed
The
completely
deacetylated
oligochitosan
DP5 showed
a significantstems.
inhibitory
effect onthat
pathogen
a significant
inhibitory
effect on
pathogen infection
of Z. bungeanum
We conclude
a high
infection
of Z. bungeanum
stems.
We conclude
that ato
high
DA the
of oligochitosan
from
F. sambucinum
DA of oligochitosan
from F.
sambucinum
is required
trigger
defense system
of the
host plant tois
required
to trigger
theofdefense
system of the host plant to prevent the infection of the pathogen.
prevent the
infection
the pathogen.

Figure 8.8.Effect
Effectof of
oligochitosan
the accumulation
of total phenolics
in Zanthoxylum
Figure
oligochitosan
DP5DP5
on theonaccumulation
of total phenolics
in Zanthoxylum
bungeanum.
bungeanum.
Error
bars
represent
standard
deviations
of
the
means
from
three
independent
samples.
Error bars represent standard deviations of the means from three independent samples. FW
means
FW
means
fresh
weight
of
plant
material.
GAE
means
Gallic
acid
equivalent.
fresh weight of plant material. GAE means Gallic acid equivalent.

In the present study, of the effects of oligochitosans on the infection of the pathogen on
In the present study, of the effects of oligochitosans on the infection of the pathogen on
Z. bungeanum stems, we used the same stem for treatments with oligochitosans and the control.
Z. bungeanum stems, we used the same stem for treatments with oligochitosans and the control.
Oligochitosan treatment induced systemic resistance of the plant against the infection by the
Oligochitosan treatment induced systemic resistance of the plant against the infection by the pathogen.
pathogen. Therefore, when oligochitosan was applied to the stem of Z. bungeanum using the present
Therefore, when oligochitosan was applied to the stem of Z. bungeanum using the present method,
method, the results of the control might have been affected because of the systemic resistance. If we
had used separate stems for the oligochitosan and control treatments, an even clearer effect of
oligochitosan treatment may have been observed. In future studies, different methods to apply
oligochitosan and to investigate the mechanisms underlying its affect should be employed.
Previous research has shown that defensive reactions of host plants are effectively induced by
elicitors produced by pathogens [69–71]. The mechanisms through which oligochitosan elicits
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the results of the control might have been affected because of the systemic resistance. If we had used
separate stems for the oligochitosan and control treatments, an even clearer effect of oligochitosan
treatment may have been observed. In future studies, different methods to apply oligochitosan and to
investigate the mechanisms underlying its affect should be employed.
Previous research has shown that defensive reactions of host plants are effectively induced
by elicitors produced by pathogens [69–71]. The mechanisms through which oligochitosan elicits
resistance of host plants against pathogen infection might be related to halting the growth of the
pathogen directly, stimulating defensive enzyme activities, or promoting the synthesis of phytoalexins
in plants [67,72]. The earliest discovered pathogen elicitors of plant resistance were heterogeneous
branched β-1,3-glucans from the pathogen Phytophthora megasperma f. sp. glycinea (Pmg) [1].
These elicitors from Pmg very efficiently elicit glyceollin in soybean cotyledons [73]. Since the discovery
of this elicitor, a series of studies on induced resistance in host plants elicited by oligosaccharides
from host-specific pathogens were conducted, such as one on oligosaccharides from the cell walls
of the soybean pathogen Phytophthora sojae that induced the synthesis of phytoalexin [73]. Thus,
oligosaccharides from pathogens can induce plant resistance against diseases. It is a valuable to
understand how plants can differentiate between these signals and appropriately respond to these
stimuli to protect themselves from invading pests.
3. Materials and Methods
3.1. Materials and Reagents
The plant materials were the healthy stems of Z. bungeanum collected from the plant nursery
of Northwest A&F University (Yangling, China). The dry rot pathogen of Z. bungeanum stems,
F. sambucinum, was isolated in a previous study by our research team and preserved on slants of
potato dextrose agar (PDA) medium [24]. Oligochitosan standards were purchased from Qindao
BZ-OligoBiotech Co., Ltd., (Qiandao, China). All other chemicals were purchased from JieCheng
Chemical and Glass Company (Yangling, China).
3.2. Cultivation of F. sambuciunum
Liquid fermentation cultivation of F. sambucinum was performed to obtain mycelia for the
preparation of oligochitosan. F. sambucinum from the preservation slant was revived on PDA medium
for 5 days at 25 ◦ C and then transferred to new PDA plates and incubated at 25 ◦ C for 7 days as the
inoculation culture. Fermentation cultivation of F. sambucinum was conducted in 1-L Erlenmeyer flasks
containing a liquid medium (300 mL) consisting of glucose (50 g/L), peptone (13 g/L), yeast extract
(1 g/L), (NH4 )2 SO4 (5 g/L), NaCl (1 g/L), MgSO4 ·7H2 O (0.5 g/L), and CaCl2 (0.5 g/L). The pH of the
fermentation medium was adjusted to 6.0. All flasks were maintained on a rotary shaker at 150 rpm
and 25 ◦ C for 14 days. A total of 30 L of fermentation broth was obtained. The mycelia were separated
from the fermentation broth by vacuum filtration using Whatman (Maidstone, UK) No. 4 filter paper
and then washed several times with distilled water until a clear filtrate was observed. The mycelia
were lyophilized and ground to powder with a high-power disintegrator. Finally, 35 g of mycelial
powder from F. sambucinum was obtained for the extraction of chitosan.
3.3. Preparation of Chitosan and Oligochitosan from F. sambucinum Mycelia
The extraction of chitosan from fungal mycelia was carried out according to a previously reported
method with some modifications [74]. The mycelial powder (35 g) was suspended in 4 L of 5% NaOH
solution and autoclaved at 121 ◦ C for 20 min. The alkali insoluble fraction (AIF) was collected by
centrifugation at 12,000 rpm for 20 min and washed with distilled water three times and 95% ethanol
twice. The AIF (20 g) was then treated with 1 L of 10% acetic acid solution at 95 ◦ C for 8 h. The reaction
suspension mixture was centrifuged at 12,000 rpm for 20 min. The supernatant solution was collected,
its pH adjusted to 10 with NaOH (2 M), and then the supernatant was centrifuged again at 12,000 rpm
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for 15 min. The precipitated chitosan was washed with distilled water five times, 95% ethanol three
times, and acetone twice, and then dried at 60 ◦ C to a constant weight. The obtained crude chitosan
(CCH) weighed 15 g.
Further deacetylation of chitosan was performed according to a previously reported protocol
with slight modifications [37]. The crude chitosan (13 g) was suspended in 500 mL of NaOH (40%)
solution and held at 110 ◦ C for 1 h. The reaction mixture was then centrifuged at 12,000 rpm for
20 min. The precipitated chitosan was washed with distilled water several times and centrifuged until
the pH of the supernatant was neutral. This procedure was repeated three times, resulting in almost
completely deacetylated chitosan [39]. The chitosan finally obtained was dried at 60 ◦ C to a constant
weight. Finally, 9.5 g deacetylated chitosan (DCH) was obtained.
Oligochitosan was prepared by degradation of chitosan using hydrochloric acid according to a
previously reported method with some modifications [75]. Deacetylated chitosan (8 g) was added to
1.2% acetic acid solution and stirred until the mixture was gelatinous. Hydrochloric acid (12 M) was
then added to the gelatinous solution for a final concentration of 9 M hydrochloric acid. The reaction
solution was held at 60 ◦ C and 150 rpm for 24 h and then placed on ice to stop reaction. The reaction
solution was vacuum filtered, and the filtrate collected and concentrated at 60 ◦ C by rotary evaporator
under vacuum to remove the HCl in the filtrate. The concentrated oligochitosan solution was mixed
with 70% ethanol (1:3, v/v), held at 4 ◦ C for 24 h, and then centrifuged at 8000 rpm for 20 min.
The supernatant was collected and lyophilized to obtain total oligochitosan (TOCH, 5.5 g in weight).
3.4. Isolation and Purification of Oligochitosan
The total oligochitosan mixture (4.5 g) was fractionated by Bio-Gel P2 column chromatography
(Bio-Rad Laboratories, Hercules, CA, USA) and eluted with distilled water with a flow rate
of 0.5 mL/min. Each 5 mL of eluate was collected in a vial, lyophilized, and then subjected
to thin-layer chromatography (TLC) detection using high performance silica gel plates with
isopropanol-water-ammonium hydroxide (60:30:4, v/v) as the developing agent. The color-developing
agent was composed of 2 g of diphenylamine, 2 mL of phenylamine, 10 mL of phosphoric acid
(85%), and 100 mL of acetone [76]. By comparing the location of each fraction with those of
standard oligochitosans by TLC, the fractions were combined according to their DP. Four main
fractions were obtained and designated according to their DPs: DP < 5 (900.5 mg), DP5–6 (886.8 mg),
DP7–9 (752.5 mg), and DP > 9 (828.6 mg).
After detecting the protective effects of these four fractions against dry rot on Z. bungeanum stems,
the most effective fraction was chosen for further purification. In this study, the fraction DP5–6 showed
the greatest protective activity. Hence, fraction DP5–6 (300 mg) was further fractionated by repeated
Bio-Gel P2 chromatography with a flow rate of 0.2 mL/min. Finally, a pure oligochitosan fraction
was obtained. By TLC detection and ESI-MS analysis, the DP of this oligochitosan was determined.
The purified oligochitosan was named DP5 (30.5 mg).
The carbohydrate content of chitosan and each oligochitosan fraction was measured
spectrophotometerically by the 3,5-dinitrosalicylic acid (DNS) method [77]. The DNS reagent contained
a 1:1:1:1 volumetric mixture of 3,5-dinitrosalicylic acid (1%), Rochelle salt (40%), phenol (0.2%), and
potassium bisulfate (0.5%), all dissolved in sodium hydroxide (1.5%). Chitosan or oligochitosan was
first completely hydrolyzed by H2 SO4 (98%) at 90 ◦ C for 2 h, cooled on ice, and then neutralized
with a NaOH solution (10 M). A certain volume of the obtained hydrolysate was used to react with
DNS reagent in a boiling water bath for 5 min. After cooling to 20 ◦ C, the absorbance of the reaction
mixture was assayed at 540 nm, and the carbohydrate content was determined using glucosamine as
a reference.
3.5. Structural Identification of DP5
The molecular weight of DP5 was determined by ESI-MS on a Thermo Fisher LTQ Fleet mass
spectrometer (ThermoFisher Scientific, Waltham, MA, USA). The infrared spectrum of DP5 was
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also assayed on a Bruker Fourier transform near-infrared spectrometer (FT-IR) (Bruker Corporation,
Billerica, MA, USA) with wavelengths ranging from 400 to 4000 cm−1 in the solid state using potassium
bromide pellets. For the NMR analysis, the DP5 sample (10 mg) was dissolved in D2 O (99.98%).
The NMR analysis of DP5 was carried out on a Bruker ADVANCE 500 MHz spectrometer at 70 ◦ C
with D2 O suppression by pre-saturation. DEPT-135, COSY, ROESY, and HSQC were recorded using
standard Bruker pulse sequences.
3.6. Effect of Chitosan and Oligochitosan on Pathogen Infection of Z. bungeanum Stems
Healthy uniform Z. bungeanum stems (diameter 2 cm, length 25 cm) were collected from the plant
nursery of Northwest A&F University. The surfaces of stems were cleaned. Each stem included six
round inoculation sites. The diameter of each inoculated site was about 0.5 cm, and the distance
between any two inoculated sites was about 3 cm. Because the pathogen invades through a wound,
we used an autoclaved dissecting needle to make seven minor stab wounds at each inoculation site.
The inoculum was 7-day-old F. sambucinum mycelial cake with a diameter of 0.5 cm.
In this study, we investigated the effects of CCH, DCH, TOCH, fraction DP < 5, fraction DP5–6,
fraction DP7–9, and fraction DP > 9 on infection of Z. bungeanum stems. The concentrations of each
elicitor were 0.5, 1, and 5 mg/mL in sterile distilled water. Each elicitor solution was filtered through a
sterile filter membrane (pore size, 0.45 µm). The treatment method involved wrapping the inoculated
site with sterile cotton (length 2 cm, width 1 cm, thickness 0.2 cm) soaked in 1 mL of elicitor solution.
Control experiments were carried out using sterile distilled water. Each stem was exposed to three
replicates of each treatment and three controls, and each treatment was applied to 10 stems. In total,
there were 30 inoculation sites for each treatment and 630 inoculation sites for the control. All of
the stems were placed into a beaker containing enough water to maintain the normal physiological
function of stems, and then they were transferred to a growth chamber at 25 ◦ C with 12 h of illumination
every day. After 7 days, symptoms of infection were monitored, and the inoculated sites of all stems
successfully infected by F. sambucinum were counted. The infection incidence (%) was calculated as the
percent of infected sites among total inoculated sites, which was taken as the indicator of the effects of
oligochitosans on the inhibition of infection of the pathogen on Z. bungeanum stems. The experiment
was conducted twice.
3.7. Effects of Oligochitosan DP5 on the Infection of the Pathogen on Z. bungeanum Stems
DP5 was the main pure oligochitosan isolated from the DP5–6 fraction showing effective inhibition
of the pathogen on Z. bungeanum stems. Hence, we speculated that DP5 might be the effective
component of fraction DP5–6. The inhibitory effects of DP5 of the pathogen on Z. bungeanum stems
were further examined to verify our assumption. The concentrations of DP5 were 0.01, 0.05, and
0.1 mg/mL. Ten stems were used for this experiment. Hence, there were 30 inoculation sites for each
treatment and 90 inoculation sites for the control. The experiment was conducted twice. The infection
incidence (%) was calculated for each treatment. A lower infection incidence means the inhibitory
effect of DP5 against the pathogen is stronger.
3.8. Elicitation of Defensive Enzymes in Z. bungeanum by Oligochitosan DP5
The activities of defensive enzymes, including PAL, PPO, POD, and CHI, in Z. bungeanum twigs
treated with DP5 were assayed. Fresh healthy uniform twigs of Z. bungeanum from the current year
(30-day-old plants) were used in the experiment. Each twig had an incision on its bottom to absorb DP5
solution and was placed in a 5-mL Eppendorf tube containing 1 mL of DP5 solution for approximately
5–7 h to ensure that all of the DP5 solution was absorbed by each twig. The concentrations of DP5 used
in for treatment were 0.05, 0.1, and 0.2 mg/mL. Control twigs were treated with sterile distilled water.
To maintain the normal physiological function of the twigs, they were placed in beakers containing
a certain amount of autoclaved water. After that, they were transferred into a biological incubator
at 25 ◦ C under 12 h of illumination every day. The stems were collected separately at 12, 24, 48, 72,
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and 96 h after treatment and then used to extract crude defense-related enzymes. Each treatment was
conducted in triplicate.
PAL activity was calculated by the production of trans-cinnamic acid converted from
L-phenylalanine by PAL using spectrophotometry [54]. The fresh weight (FW) of each sample for PAL
extraction was 0.5 g. The twigs were ground in 5 mL of pre-chilled borate buffer saline (0.05 mg/mL,
pH 8.8) with 5.0 mmol/L β-mercaptoethanol. The extraction homogenate was centrifuged at
13,000 rpm at 4 ◦ C for 20 min in a refrigerated centrifuge. The supernatant constituted the enzymatic
crude extract, which was transferred to a 1.5 mL vial and stored at −20 ◦ C. The reaction mixture for
PAL activity contained 50 µL of BBS (pH 8.8), 50 µL of enzyme extract, and 100 µL of L-phenylalanine
(0.2 mol/L). The reaction mixture was incubated at 40 ◦ C for 1 h. After this, the reaction was stopped
by the addition of 50 µL of HCl (2 mol/L). Absorbances were determined at 290 nm using a microplate
reader. One PAL unit (U) was defined as a change of 0.01 OD per minute per gram of FW at 290 nm.
PAL activity is presented in U·min−1 ·g−1 FW.
The crude PPO and POD enzymes were extracted from Z. bungeanum twigs using methods
described in our previous report [76]. The crude enzymatic extraction was carried out by grinding
treated twigs (0.5 g, FW) in 5 mL of pre-chilled 0.05 mol/L phosphate buffered saline (PBS, pH 6.8)
extraction buffer with 1% polyvinyl polypyrrolidone (PVPP). The extraction mixture was centrifuged
at 13,000 rpm at 4 ◦ C for 20 min. The supernatants were transferred to new 1.5-mL vials, stored at
−20 ◦ C, and later used for measurements of PPO and POD activities.
PPO activity was measured spectrophotometrically as the change in absorbance at 398 nm for
2 min, based on our previous research [27]. Catechol was used as the substrate. A reaction volume of
200 µL included 100 µL of catechol (0.05 mol/L), 50 µL of crude enzymatic solution, and 50 µL of PBS
(0.05 mol/L, pH 8.8). A change of 0.01 OD at 398 nm per minute per gram FW was considered one
PPO unit (U). PPO activity is presented as U·min−1 ·g−1 FW.
POD activity was tested using guaiacol as the hydrogen donor [78]. The reaction mixture included
10 µL crude enzymatic solution, 25 µL guaiacol (1%), 25 µL H2 O2 (1%), and 150 µL PBS (0.05 M, pH 8.8).
The reaction for the POD assay was carried out at 37 ◦ C for 10 min. The absorbance of the reaction
mixture was assayed at 470 nm. A change of 0.01 OD at 470 nm per minute per gram FW was
considered one POD unit (U). POD activity is presented as U·min−1 ·g−1 FW.
CHI extraction was conducted according to a previously reported method [79]. The treated twigs
(0.5 g, FW) were sliced and then homogenized in 5 mL of chilled sodium acetate buffer (100 mM,
pH 5.0) containing 5 mM β-mercaptoethanol and 1 mM ethylenediaminetetraacetic acid (EDTA).
The homogenate was centrifuged at 13,000 rpm for 20 min at 4 ◦ C, and the resulting supernatant
was collected for CHI activity assay. CHI activity was determined using a previously described
method with some modifications, including carboxymethylchitin-ramazol brilliant violet solution
(2 mg/mL, CM-Chitin-RBV) as a substrate [80]. The reaction mixture included 50 µL of crude
enzyme solution, 100 µL of CM-Chitin-RBV solution (2 mg/mL), and 50 µL of sodium acetate buffer
(100 mM, pH 5.0), which was mixed and incubated for 2h at 37 ◦ C. After incubation, the reaction
was terminated by adding 50 µL of HCl (1.0 M) to precipitate the unhydrolyzed polymeric substrate
molecule CM-Chitin-RBV. The reaction mixture was cooled on ice for 10 min and then centrifuged
at 13,000 rpm for 5 min. The supernatant was collected, and its absorbance at 540 nm was recorded
with a micro-plate spectrophotometer. A higher absorbance at 540 nm means stronger CHI activity.
In this research, we defined one unit of CHI activity as a change of 0.1 OD per minute per gram FW at
540 nm. The results are presented as U·min−1 ·g−1 FW.
3.9. Effect of Oligochitosan DP5 on the Accumulation of Total Phenolics in Z. bungeanum
Phenolic compounds have been widely reported as one of the numerous antimicrobial compounds
in plant tissues [63,81]. The accumulation of phenolic compounds in plants can be enhanced by elicitors
to improve the resistance of plants to pathogen infection [27]. In this research, the accumulation of total
phenolics in the twigs of Z. bungeanum elicited by DP5 was investigated. The twigs of Z. bungeanum
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were treated with DP5 as described in Section 3.8. The concentrations of DP5 applied in this experiment
were 0.05, 0.1, and 0.2 mg/mL. The twigs were collected on days 2, 4, 6, 8, and 10 after treatment for
extraction of total phenolics.
Total phenolics were extracted by ethanol as described previously with minor modifications [82].
Each sample (0.5 g, FW) was homogenized in 5 mL of 60% ethanol. The extraction mixture was treated
ultrasonically for 30 min and then centrifuged at 10,000 rpm at 4 ◦ C for 20 min. The supernatants were
transferred into new 1.5-mL vials to measure total phenolics by the colorimetric method.
Measurements of total phenolics were conducted using the Folin–Ciocalteu method, and Gallic
acid was taken as the standard [83,84]. For each reaction, 100 µL of Folin–Ciocalteu reagent (1 N)
was mixed with 50 µL of sample solution. After adequate mixing, the reaction solution was held
at room temperature for 5 min. Then, a 100-µL aliquot of Na2 CO3 solution (10%) was added to the
reaction solution, mixed well, and held at 25 ◦ C for 2 h. The maximum absorption wavelength was
determined by spectrum scanning at 765 nm. The standard curve was established, and the contents of
total phenolics in samples were calculated. The Gallic acid equivalent (GAE), expressed in milligrams
per gram FW (GAE ·mg·g−1 FW) of sample, was used as an indicator of the total phenolic content in
Z. bungeanum twigs [48].
3.10. Statistical Analysis
All results are presented as mean values and standard deviations (SD). The experimental data
were submitted to an analysis of variance to detect significant differences using PROC ANOVA of SAS
version 8.2 (SAS Institute, Cary, NC, USA).
4. Conclusions
In the present study, chitosan and oligochitosan were prepared from pathogen F. sambucinum,
and their effects on infection of Z. bungeanum stems were investigated. Results showed that
oligochitosan inhibited the infection of the pathogen, and the oligochitosan fraction with a DP between
5 and 6 showed the optimal effect. Oligochitosan DP5 was purified from the DP5–6 fraction, and it was
characterized structurally using ESI-MS, FT-IR spectroscopy, and NMR spectroscopy. Oligochitosan
DP5 showed significant inhibition on infection of host plants stems by pathogenic fungi. Further
investigation of the mechanism underlying this effect demonstrated that oligochitosan DP5 increased
the activities of defensive enzymes and accumulation of total phenolics in the host Z. bungeanum.
These results suggest that oligochitosan from pathogenic fungi can mediate the process of pathogen
infection of host plants as an elicitor, which will be useful for further exploration of the interactions
between F. sambucinum and Z. bungeanum.
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Abbreviations
ESI-MS
FT-IR
NMR
DA
DP
PAL
PPO
POD
CHI
CCH
TOCH
DCH
DP < 5
DP5–6
DP7–9
DP > 9
DP5
DEPT-135
COSY
NOESY
HSQC
GlcN

Electrospray ionization mass spectrometry
Fourier transform infrared spectroscopy
Nuclear magnetic resonance
Degree of acetylation
Degree of polymerization
Phenylalanine ammonia lyase
Polyphenoloxidase
Peroxidase
Chitinase
Crude chitosan
Total oligochitosan
Deacetyated chitosan
Oligosaccharide fraction with a degree of polymerization less than five
Oligosaccharide fraction with a degree of polymerization between five and six
Oligosaccharide fraction with a degree of polymerization between seven and nine
Oligosaccharide fraction with a degree of polymerization greater than nine
Oligochitosan with a degree of polymerization of five
Distortionless enhancement by polarization transfer (135◦ )
Correlation spectroscopy
Rotating frame nuclear Overhauser effect spectroscopy
Heteronuclear single-quantum correlation spectroscopy
Glucosamine
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Kuć, J. Phytoalexins, stress metabolism, and disease resistance in plants. Annu. Rev. Phytopathol. 1995, 33,
275–297. [CrossRef] [PubMed]
Nicholson, R.L.; Hammerschmidt, R. Phenolic compounds and their role in disease resistance.
Annu. Rev. Phytopathol. 1992, 30, 369–389. [CrossRef]
Sharan, M.; Taguchi, G.; Gonda, K.; Jouke, T.; Shimosaka, M.; Hayashida, N.; Okazaki, M. Effects of methyl
jasmonate and elicitor on the activation of phenylalanine ammonia-lyase and the accumulation of scopoletin
and scopolin in tobacco cell cultures. Plant Sci. 1998, 132, 13–19. [CrossRef]
Sharp, J.K.; McNeil, M.; Albersheim, P. The primary structures of one elicitor-active and seven elicitor-inactive
hexa (β-D-glucopyranosyl)-D-glucitols isolated from the mycelial walls of Phytophthora megasperma f. sp.
glycinea. J. Biol. Chem. 1984, 259, 11321–11336. [PubMed]
Nothnagel, E.A.; McNeil, M.; Albersheim, P.; Dell, A. Host-pathogen interactions. XXII. A galacturonic
acid oligosaccharide from plant cell walls elicits phytoalexins. Plant Physiol. 1983, 71, 916–926. [CrossRef]
[PubMed]
Waldmüller, T.; Cosio, E.G.; Grisebach, H.; Ebel, J. Release of highly elicitor-active glucans by germinating
zoospores of Phytophthora megasperma f. sp. glycinea. Planta 1992, 188, 498–505. [PubMed]
Benhamou, N. Elicitor-induced plant defence pathways. Trends Plant Sci. 1996, 1, 233–240. [CrossRef]
Dutsadee, C.; Nunta, C. Induction of peroxidase, scopoletin, phenolic compounds and resistance in
Hevea brasiliensisby elicitin and a novel protein elicitor purified from Phytophthora palmivora. Physiol. Mol.
Plant Pathol. 2008, 72, 179–187. [CrossRef]
Rojas, C.M.; Senthil-Kumar, M.; Tzin, V.; Mysore, K.S. Regulation of primary plant metabolism during
plant-pathogen interactions and its contribution to plant defense. Front Plant Sci. 2014, 5, 17. [CrossRef]
[PubMed]
Kucera, J. Fungal mycelium—The source of chitosan for chromatography. J. Chromatogr. B 2004, 808, 69–73.
[CrossRef] [PubMed]

Int. J. Mol. Sci. 2016, 17, 2076

14.
15.

16.
17.
18.

19.

20.

21.

22.
23.
24.
25.

26.

27.
28.

29.
30.
31.
32.
33.
34.
35.
36.

18 of 21

Bowman, S.M.; Free, S.J. The structure and synthesis of the fungal cell wall. Bioessays 2006, 28, 799–808.
[CrossRef] [PubMed]
Walker-Simmons, M.; Hadwiger, L.A.; Ryan, C.A. Chitosans and pectic polysaccharides both induce the
accumulation of the antifungal phytoalexin pisatin in pea pods and antinutrient proteinase inhibitors in
tomato leaves. Biochem. Biophys. Res. Commun. 1983, 110, 194–199. [CrossRef]
Barber, M.S.; Bertram, R.E.; Ride, J.P. Chitin oligosaccharides elicit lignification in wounded wheat leaves.
Physiol. Mol. Plant Pathol. 1989, 34, 3–12. [CrossRef]
Dixon, R.A.; Harrison, M.J. Early events in the activation of plant defense responses. Annu. Rev. Phytopathol.
1994, 32, 479–501. [CrossRef]
Hadwiger, L.A.; Ogawa, T.; Kuyama, H. Chitosan polymer sizes effective in inducing phytoalexin
accumulation and fungal suppression are verified with synthesized oligomers. Mol. Plant-Microbe Interact.
1994, 7, 531–533. [CrossRef] [PubMed]
Vander, P.; Varum, K.M.; Domard, A.; El Gueddari, N.E.; Moerschbacher, B.M. Comparison of the ability
of partially N-acetylated chitosans and chitooligosaccharides to elicit resistance reactions in wheat leaves.
Plant Physiol. 1998, 118, 1353–1359. [CrossRef] [PubMed]
Kauss, H.; Jeblick, W.; Domard, A. The degrees of polymerization and N-acetylation of chitosan determine
its ability to elicit callose formation in suspension cells and protoplasts of Catharanthus roseus. Planta 1989,
178, 385–392. [CrossRef] [PubMed]
Baturo-Ciesniewska, A.; Lenc, L.; Grabowski, A.; Lukanowski, A. Characteristics of polish isolates of
Fusarium sambucinum: Molecular identification, pathogenicity, diversity and reaction to control agents.
Am. J. Potato Res. 2015, 92, 49–61. [CrossRef]
Cao, Z.; Liang, Y. The research of Zanthoxylum bungeanum trunk-rot. J. Northwest For. Coll. 1992, 7, 58–62.
Cao, Z.; Ma, X. A preliminary study on the trunk-rot disease of pricklyash. Shaanxi For. Sci. Technol. 1990, 2,
36–38, 40.
Cao, Z.; Ming, Y.; Chen, D.; Zhang, H. Resistance of prichly ash to stem rot and pathogenicity differentiation
of Fusarium sambuciunum. J. Northwest For. Univ. 2010, 25, 115–118.
Cheng, J.; Lee, X.; Theng, B.K.G.; Zhang, L.; Fang, B.; Li, F. Biomass accumulation and carbon sequestration
in an age-sequence of Zanthoxylum bungeanum plantations under the Grain for Green Program in karst
regions, Guizhou province. Agric. For. Meteorol. 2015, 203, 88–95. [CrossRef]
Li, J.; Wang, F.; Li, S.; Peng, Z. Effects of pepper (Zanthoxylum bungeanum Maxim.) leaf extract on
the antioxidant enzyme activities of salted silver carp (Hypophthalmichthys molitrix) during processing.
J. Funct. Foods 2015, 18, 1179–1190. [CrossRef]
Li, P.; Cao, Z.; Wu, Z.; Wang, X.; Li, X. The effect and action mechanisms of oligochitosan on control of stem
dry rot of Zanthoxylum bungeanum. Int. J. Mol. Sci. 2016, 17, 1044. [CrossRef] [PubMed]
Yonni, F.; Moreira, M.T.; Fasoli, H.; Grandi, L.; Cabral, D. Simple and easy method for the determination
of fungal growth and decolourative capacity in solid media. Int. Biodeterior. Biodegrad. 2004, 54, 283–287.
[CrossRef]
Allan, C.R.; Hadwiger, L.A. The fungicidal effect of chitosan on fungi of varying cell wall composition.
Exp. Mycol. 1979, 3, 285–287. [CrossRef]
Yui, T.; Imada, K.; Okuyama, K.; Obata, Y.; Suzuki, K.; Ogawa, K. Molecular and crystal structure of the
anhydrous form of chitosan. Macromolecules 1994, 27, 7601–7605. [CrossRef]
Kendra, D.F.; Hadwiger, L.A. Characterization of the smallest chitosan oligomer that is maximally antifungal
to Fusarium solani and elicits pisatin formation by Pisum sativum. Exp. Mycol. 1984, 8, 276–281. [CrossRef]
Plascencia-Jatomea, M.; Viniegra, G.; Olayo, R.; Castillo-Ortega, M.M.; Shirai, K. Effect of chitosan and
temperature on spore germination of Aspergillus niger. Macromol. Biosci. 2003, 3, 582–586. [CrossRef]
Reddy, M.V.B.; Barka, E.A.; Castaigne, F.; Arul, J. Effect of chitosan on growth and toxin production by
Alternaria alternata f. sp. lycopersici. HortScience 1997, 32, 467–468.
Sathiyabama, M.; Balasubramanian, R. Chitosan induces resistance components in Arachis hypogaea against
leaf rust caused by Puccinia arachidis Speg. Crop Prot. 1998, 17, 307–331. [CrossRef]
Yin, H.; Zhao, X.; Du, Y. Oligochitosan: A plant diseases vaccine—A review.Carbohydr. Polym. 2010, 82, 1–8.
[CrossRef]
Brugnerotto, J.; Desbrières, J.; Roberts, G.; Rinaudo, M. Characterization of chitosan by steric exclusion
chromatography. Polymer 2001, 42, 9921–9927. [CrossRef]

Int. J. Mol. Sci. 2016, 17, 2076

37.
38.
39.
40.
41.
42.
43.
44.

45.

46.

47.

48.

49.
50.

51.
52.

53.

54.

55.
56.
57.

58.

19 of 21

De Velde, K.V.; Kiekens, P. Structure analysis and degree of substitution of chitin, chitosan and dibutyrylchitin
by FT-IR spectroscopy and solid state 13C NMR. Carbohydr. Polym. 2004, 58, 409–416. [CrossRef]
Pereira, A.G.B.; Muniz, E.C.; Hsieh, Y.L. 1H-NMR and 1H–13C HSQC surface characterization of
chitosan—Chitin sheath-core nanowhiskers. Carbohydr. Polym. 2015, 123, 46–52. [CrossRef] [PubMed]
Kurita, K.; Kojima, T.; Nishiyama, Y.; Shimojoh, M. Synthesis and some properties of nonnatural amino
polysaccharides: Branched chitin and chitosan. Macromolecules 2000, 33, 4711–4716. [CrossRef]
Kasaai, M.R. Determination of the degree of N-acetylation for chitin and chitosan by various NMR
spectroscopy techniques: A review. Carbohydr. Polym. 2010, 79, 801–810. [CrossRef]
Cárdenas, G.; Cabrera, G.; Taboada, E.; Rinaudo, M. Synthesis and characterization of chitosan alkyl
phosphate. J. Chil. Chem. Soc. 2006, 51, 815–820. [CrossRef]
El-Mekawy, A.; Hegab, H.M.; El-Baz, A.; Hudson, M. Fabrication and characterization of fungal chitosan-SAP
membranes for hemostatic application. Curr. Biochem. Eng. 2014, 1, 75–82. [CrossRef]
Rinaudo, M. Chitin and chitosan: Properties and applications. Prog. Polym. Sci. 2006, 31, 603–632. [CrossRef]
Lavertu, M.; Xia, Z.; Serreqi, A.N.; Berrada, M.; Rodrigues, A.; Wang, D.; Buschmann, M.D.; Gupta, A.
A validated 1 H-NMR method for the determination of the degree of deacetylation of chitosan. J. Pharm.
Biomed. Anal. 2003, 32, 1149–1158. [CrossRef]
Sieval, A.B.; Thanou, M.; Kotze, A.F.; Verhoef, J.C.; Brussee, J.; Junginger, H.E. Preparation and NMR
characterization of highly substituted N-trimethyl chitosan chloride. Carbohydr. Polym. 1998, 36, 157–165.
[CrossRef]
Fernandez-Megia, E.; Novoa-Carballal, R.; Quiñoá, E.; Riguera, R. Optimal routine conditions for the
determination of the degree of acetylation of chitosan by 1 H NMR. Carbohydr. Polym. 2005, 61, 155–161.
[CrossRef]
Bautista-Baños, S.; Hernandez-Lauzardoa, A.N.; Velazquez-del Vallea, M.G.; Hernandez-Lópeza, M.;
Ait Barkab, E.; Bosquez-Molinac, E.; Wilsond, C.L. Chitosan as a potential natural compound to control pre
and postharvest diseases of horticultural commodities. Crop Prot. 2006, 25, 108–118. [CrossRef]
Khan, W.; Prithiviraj, B.; Smith, D.L. Chitosan and chitin oligomers increase phenylalanine ammonia-lyase
and tyrosine ammonia-lyase activities in soybean leaves. J. Plant Physiol. 2003, 160, 859–863. [CrossRef]
[PubMed]
Liu, J.; Tian, S.P.; Meng, X.H.; Xu, Y. Effects of chitosan on control of postharvest diseases and physiological
responses of tomato fruit. Postharvest Biol. Technol. 2007, 44, 300–306. [CrossRef]
Badawy, M.E.; Rabea, E.I.; Steurbaut, W.; Rogge, T.M.; Stevens, C.V.; Smagghe, G.; Hofte, M. Fungicidal
activity of some O-acyl chitosan derivatives against grey mould Botrytis cinerea and rice leaf blast
Pyricularia grisea. Commun. Agric. Appl. Biol. Sci. 2005, 70, 215–218. [PubMed]
Meng, X.; Yang, L.; Kennedy, J.F.; Tian, S. Effects of chitosan and oligochitosan on growth of two fungal
pathogens and physiological properties in pear fruit. Carbohydr. Polym. 2010, 81, 70–75. [CrossRef]
Anand, T.; Chandrasekaran, A.; Raguchander, T.; Prakasam, T.; Samiyappan, R. Chemical and
biological treatments for enhancing resistance in chili against Collectotrichum capsici and Leveillula taurica.
Arch. Phytopathol. Plant Prot. 2009, 42, 533–551. [CrossRef]
Shadle, G.L.; Wesley, S.V.; Korth, K.L.; Chen, F.; Lamb, C.; Dixon, R.A. Phenylpropanoid compounds
and disease resistance in transgenic tobacco with altered expression of L-phenylalanine ammonia-lyase.
Phytochemistry 2003, 64, 153–161. [CrossRef]
Christopoulos, M.V.; Tsantili, E. Participation of phenylalanine ammonia-lyase (PAL) in increased phenolic
compounds in fresh cold stressed walnut (Juglans regia L.) kernels. Postharvest Biol. Technol. 2015, 104, 17–25.
[CrossRef]
Vaughn, K.C.; Duke, S.O. Function of polyphenol oxidase in higher plants. Physiol. Plant. 1984, 60, 106–112.
[CrossRef]
Ben-Shalom, N.; Ardi, R.; Pinto, R.; Aki, C.; Fallik, E. Controlling gray mould caused by Botrytis cinerea in
cucumber plants by means of chitosan. Crop Prot. 2003, 22, 285–290. [CrossRef]
Graham, M.Y.; Graham, T.L. Rapid accumulation of anionic peroxidases and phenolic polymers in soybean
cotyledon tissues following treatment with Phytophthora megasperma f. sp. glycinea wall glucan. Plant Physiol.
1991, 97, 1445–1455. [CrossRef] [PubMed]
Hoffland, E.; Pieterse, C.M.J.; Bik, L.; van Pelt, J.A. Induced systemic resistance in radish is not associated
with accumulation of pathogenesis-related proteins. Physiol. Mol. Plant Pathol. 1995, 46, 309–320. [CrossRef]

Int. J. Mol. Sci. 2016, 17, 2076

59.
60.

61.
62.

63.
64.

65.
66.
67.
68.
69.

70.

71.

72.
73.
74.
75.
76.

77.
78.
79.

80.

20 of 21

Jain, S. The pathogenesis related class 10 proteins in plant defense against biotic and abiotic stresses.
Adv. Plants Agric. Res. 2015, 2, 77. [CrossRef]
Kiirika, L.M.; Stahl, F.; Wydra, K. Phenotypic and molecular characterization of resistance induction by
single and combined application of chitosan and silicon in tomato against Ralstonia solanacearum. Physiol. Mol.
Plant Pathol. 2013, 81, 1–12. [CrossRef]
Zhao, Y.; Tu, K.; Shao, X.; Jing, W.; Su, Z. Effects of the yeast Pichia guilliermondii against Rhizopus nigricans on
tomato fruit. Postharvest Biol. Technol. 2008, 49, 113–120. [CrossRef]
Barros, L.; Alves, C.T.; Dueñas, M.; Silva, S.; Oliveira, R.; Carnalho, A.M.; Henriques, M.; Santos-Buelga, C.;
Ferreira, I.C.F.R. Characterization of phenolic compounds in wild medicinal flowers from Portugal by
HPLC–DAD–ESI/MS and evaluation of antifungal properties. Ind. Crop. Prod. 2013, 44, 104–110. [CrossRef]
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