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Abstract

The article considers the effect of chitosans of different origin, molecular weight, and degree of deacetylation on
the dynamics of phenolic substances in the leaves of Fragaria ananassa Duch. These substances potentially act
as agents in plant responses to biotic stresses. We showed that the daily variations in individual phenolic com-
pounds are most pronounced in the group of ellagitannins and kaempferol-3-b-D-[6-O-(E)-coumaroyl]-glucopyrano-
side. The most stable indicators were concentrations of kaempferol glycoside and ellagic acid pentoside. The
strongest plant response to leaf treatment with low- and high-molecular-weight chitosans was a significant increase
in the concentration of hexahydroxydiphenyl (HHDP)-glucose in leaves, peaking at 12 h after treatment. Treat-
ment of F. ananassa with various forms of chitosans resulted in different concentrations of the basic phenolic
substances. In particular, the plant response to a single treatment with 0.4% low-molecular-weight chitosan (LMC)
was accompanied by a significant decrease in the ellagic acid concentration, after a slight increase in the first hour
after treatment. The opposite effect was observed in plants after treatment with high-molecular-weight chitosan
(HMC). We also determined the daily dynamics for the quantitative and qualitative composition of phenolic com-
pounds in the control group of plants. By using the Biplot analysis, we showed a clear difference between phenol
concentrations in the evening (0, 24, and 48 h) and in the morning (12 h). The strongest difference was an in-
crease in the concentration of HHDP-glucose, galloylquinic acid, ellagic acid pentoside, kaempferol glycoside, and
ellagic acid in leaves in the morning, followed by a decrease in the evening and nighttime, due to the physiological
reactions of plants to external abiotic and biotic factors.
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Introduction

Plants are able to recognize pathogens and respond
to them by activating a number of defensive reactions
(Dmitriev, 2003). Plant resistance to pathogens is based
on a complex network of constitutive and inducible pro-
tective barriers controlled by many genes (Smirnova
et al., 2015). The effect of pathogen attack causes signi-
ficant changes in plant metabolism. One of the characte-
ristic cell reactions to infection is the so-called respira-
tory burst, the formation of reactive oxygen species
(ROS) (Minibayeva and Gordon, 2003, Daudi et al.,
2012, Del Rio and Lopes-Huertas, 2016, Leister, 2017,

Waszczak et al., 2018). The rapid production of ROS as-
sociated with the respiratory burst is one of the earliest
responses of plant cells, preceded by the formation of
elicitors, which are chemical signaling molecules. Eli-
citors play the role of primary signals and trigger the
processes of induction and regulation of phytoimmunity
(Hahn, 1996). As a rule, elicitors induce the formation of
phytoalexins; pathogenesis-related (PR) proteins; pro-
teinase inhibitors; reactive oxygen and nitrogen forms;
and cell wall thickening with lignin, callose, and glyco-
proteins with a high concentration of hydroxyproline
(Ozeretskovskaya et al., 2002). The biogenic nonspecific
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elicitors include polysaccharides, proteins, polypeptides,
glycoproteins, lipid compounds, and other substances
(Dmitriev, 2002; Tyuterev, 2002).

Among the best-known polysaccharide elicitors are
oligosaccharide fragments of the fungal cell wall, such as
oligomers of chitin, chitosan, and β-1,3-glucan, as well as
oligogalacturonides, which are pectin fragments of the
plant cell wall (Sokolov, 2014). The biological activity of
chitooligosaccharides depends on their structure. Thus,
chitosan derivatives regulate the plant defense system
with a wide range of effects (Katiyar et al., 2014). For
instance, several studies have demonstrated that the key
parameters of chitosan biological activity are molecular
weight and the degree of deacetylation (Kulikov et al.,
2006, El Hadrami et al., 2010, Povero et al., 2011, Tyute-
rev, 2015, Popova et al., 2017, Lopez-Moya et al., 2019). 

The low-molecular-weight forms of chitosan can pene-
trate cells and induce reprogramming of metabolic pro-
cesses. High-molecular-weight chitosan forms a film on
the surface of infected plant tissues and prevents further
spreading of pathogens (Kulikov and Varlamov, 2008).

It has been reported that chitosan treatment induces
the expression of important genes involved in the meta-
bolism of phenylpropanoids, such as caffeoyl CoA O-me-
thyltransferases, which have been implicated in lignin
biosynthesis in citrus plants (Coqueiro et al., 2015). The
participation of chitosan in the metabolism of phenyl-
propanoids has also been observed in tomato plants (Co-
queiro et al., 2011). In Vitis vinifera L. plants, an in-
crease in the amount of stilbenes from 1.6 times (res-
veratrol) up to 3.8 times (piceid) was observed after
treatment with chitosan. Furthermore, when induced by
chitosan, the pentacyclic triterpenoids ursolate, ole-
anoate, and betulinate increased by 1.25, 1.47, and 3.68
times in treated grape bunches (Lucini et al., 2018).
Another research showed that superoxide dismutase
(SOD) and phenylalanine ammonia-lyase (PAL) were
overexpressed in chitosan-treated grapes (Bavaresco
et al., 2017). Previous studies have demonstrated dif-
ferences in the physiological reactions of the plants
Nicotiana tabacum and Fragaria ananassa to treatment
with chitosans of different biological origin, molecular
weight, and degree of deacetylation (Subin et al., 2018).
It was also noted that this biopolymer acts as a potent in-
ducer of phytoalexin synthesis and accumulation (Köhle
et al., 1984), and triggers the formation of callose (Ben-
hamou and Nicole, 1999) in the processes of lignification

and in the production of proteinase inhibitors (Hirano
et al., 1999) in various pathosystems (El Hadrami et al.,
2010).

The present study aimed to investigate the specificity
of dynamics of phenolic compounds in Fragaria ananassa
Duch. plants after the treatment with chitosan with dif-
ferent molecular weights, degrees of deacetylation, and
origins (from fungi and crustaceans).

Materials and methods

Chitosan characterization

The first form of fungal chitosan (low molecular
weight [LMC]) was obtained by the fermentative hydro-
lysis of basidiomycete sporocarps in our laboratory by
the procedure adapted from Rane and Hoover (1993).
The second form (high molecular weight [HMC]) was
commercial crustacean chitosan (Sigma-Aldrich).

Determination of the degree of deacetylation 
of chitosan forms

The deacetylation of chitosan was performed by titra-
tion with 0.1 M NaOH. First, the acetyl groups in chito-
san were hydrolyzed with a strong alkali (40% NaOH),
and the salt was converted to acetate, followed by evapo-
ration as an azeotrope with water and then titrated with
0.1 M NaOH. Thus, the content of acetyl (in percenta-
ges) was determined from the following equation: 
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where m is sample mass; V 1 and V 2 are volumes of
0.1 ; NaOH titrating solution at the inflection points of
the titration curve; 0.0042 is the coefficient of the diffe-
rence of molecular masses of chitin and chitosan mono-
mers; and 2.03 is the molecular mass coefficient of the
chitin monomer.

Determination of the kinematic viscosity 
of chitosan forms

A capillary viscometer (VPZh-1) with 0.86 mm dia-
meter was used to measure the viscosity of fungal and
crustacean chitosans. The chitosan solution was prepa-
red in 1% acetic acid at 1% concentration on a moisture-
free basis. The measurements were made in triplicate
for each sample, and the values were reported in centi-
poise units (cP).
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The liquid kinematic viscosity was determined by the
formula:

(2)V
g

T K= ⋅ ×
9807.

where K is viscometer constant (0.03169); V is kine-
matic viscosity of liquid (mm2/s); T is time of liquid
leakage (s); g is the acceleration of free fall at the place
of measurement (9.81 m/s2).

Plant material and treatment with chitosan solutions 

Fragaria ananassa Duch. plants (variety Alina ) were
used in the experiments. Microclonally propagated
plants were adapted to in vivo conditions. The micro-
plants were transferred to coconut: perlite (3 : 1) mixture
and were grown for 2 weeks at a constant temperature
of +25EC, photoperiod of 16 h, and 100% humidity. After
adaptation, the plants were grown on a special com-
mercial coconut substrate (ViviPak™) in a culture labo-
ratory at a constant temperature of +25EC and photo-
period of 16 h. 

The 0.4% solution of fungal and crustacean chitosans
were dissolved in 0.05 N hydrochloric acid, and the pH
was then adjusted to 5.6 with NaOH. Distilled water was
used as control. 

The leaf samples were collected before spraying
(controls) and after 1, 12, 24, and 48 h. Each leaf sample
was ground to a fine powder in a mortar chilled with
liquid nitrogen, and 100 mg of the grounded sample was
used for extraction with 3 ml methanol for 2 h (w/v –
1/30). The extracts were centrifuged for 10 min at
5000 g. The supernatant was then transferred to sterile
flacons and stored at !20EC. The number of repetitions
was n = 4.

HPLC analysis of methanol extracts

The samples were analyzed with the HPLC system
(Agilent 1260 series, Waldbronn, Germany) equipped
with a diode array absorbance detector (DAD). A Zorbax
SB-C18 column, 250 × 4.6 mm, 5 μm of i.d. (Agilent,
USA) was used. The mobile phase consisted of aceto-
nitrile (A) and phosphoric acid diluted in water
(0.5 : 99.5 v/v) (B) at a flow rate of 1 ml/min. Phenolic
compounds were separated in the following gradient of
A in B (% v/v): 0–5 min, 15% A; 5–25 min, 15–35% A;
25–35 min, 35% A. UV spectra were recorded between
200 and 450 nm, and the UV trace was measured at

254 nm. The column was maintained at 25EC. The pro-
cessing and visualization of chromatographic data (in-
cluding absorption spectra) were performed using Agi-
lent Chem Station and Corel Draw X3 software. Ellagic
acid and rutoside were used as external standard for the
quantification of tannins and flavonoids, respectively.

Statistical analysis

The obtained results were presented as mean values.
The data were analyzed in Statistica 7 (StatSoft Inc.,
USA, 2004). The significance of differences between the
values (P < 0.05) was determined by the analysis of
variance (ANOVA) method and the Principal Component
Analysis (PCA) in the XLSTAT (Addinsoft Inc., USA,
2010). The data were compared using Tukey’s test.

Results

The development of plant response reactions is an
important indicator of their susceptibility to pathogens.
The response rate determines the survival strategy of
the plant organism. In most cases, the protective mecha-
nisms are not limited to the primary response and in-
clude changes at the transcriptome, cellular, and physio-
logical levels (Atkinson and Urwin, 2012). The most
significant response reaction to stress factor or action of
elicitor is the oxidation of phenolic compounds and the
synthesis of phytoalexins (Volynets, 2013). Our previous
study showed that the synthesis of phenolic compounds
in Fragaria ananassa plants is quite mobile and sensitive
to external factors (Subin et al., 2018). It is also known
that a significant difference exist in the synthesis of
phenolic compounds in different plant species (Babenko
et al., 2019). Because the resistance of plants to external
factors in F. ananassa is related to the synthesis of phe-
nolic compounds, the difference in this component of
secondary metabolism also determines the peculiarities
of their adaptation.

Determination of the physicochemical properties 
of chitosans

In the first stage of our research, physicochemical
properties such as the degree of deacetylation, kine-
matic viscosity, and molecular weight were determined
for fungal and crustacean chitosans. The degree of de-
acetylation for fungal and crustacean chitosan was 80.39
and 90.69%, respectively. For fungal chitosan, the value
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Fig. 1. Combined (0–48 hours) HPLC chromato-
grams of F. ananassa leaves: A) control; B) LMC
treatment; C) HMC treatment; 1 – HHDP-glucose,
2 – galloylquinic acid, 3 – ellagitannin, 4 – ella-
gitannin, 5, 6 – ellagic acid pentoside and kaem-
pferol glycoside, 7 – ellagitannin, 8 – ellagic acid,

9 – kaempferol glycoside, 10 – tiliroside

of kinematic viscosity was 111 cP, indicating it to be
LMC. For crustacean chitosan, the value of kinematic
viscosity was 3003 cP, indicating it to be HMC.

HPLC analysis of the phenolic compound of F. ananassa

The HPLC study of methanol extracts obtained from
the leaves of F. ananassa revealed the presence of 10
major components, mainly hydrolyzed tannins (derivati-
ves of gallic and ellagic acids) and flavonoids, among
other phenolic substances (Fig. 1). Peaks 3–7 and 9
were assigned as ellagitannins and kaempferol glyco-
sides based on the characteristic UV spectra. Peak 8 was
identical to the peak on the chromatograms of the ellagic
acid standard. In accordance with the characteristic UV
spectra and retention time, compared with the literature

data on the study of strawberry under similar chromato-
graphic conditions and with MS identification (Han-
hineva et al., 2008, 2009), peaks 1, 2, and 10 were corre-
lated with glucose hexahydroxydiphenyl (HHDP), galloyl-
quinic acid, and tiliroside (kaempferol-3-b-D-[6-O-(E)-
coumaroyl]-glucopyranoside), respectively. It should be
noted that the component composition of phenols in the
leaves of F. ananassa was stable in each treatment va-
riant (Fig. 1). 

The concentration of ellagic acid in the leaves of
F. ananassa  significantly increased at 1 h after spraying
with LMC (to 0.53 mg/ml) and HMC (to 0.48 mg/ml)
(Table 1); however, its concentration slightly decreased
after 12 h to 0.30 mg/ml for LMC and to 0.45 mg/ml for
HMC. In the leaves of the control plants, a smooth in-



Table 1. The influence of low molecular weight (LMC) and high molecular weight (HMC) chitosans
on the concentration of phenolic substances in F. ananassa leaves

Treatment
Time
[h]

Concentration [mg/ml]

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5, 6 Peak 7 Peak 8 Peak 9 Peak 10
Total

A B C D E F G H I

 Control

0 0.61 ± 0.009 b 0.03 ± 0.001 b 0.55 ± 0.006 b 0.74 ± 0.006 b 0.23 ± 0.003 b 0.49 ± 0.01 0.25 ± 0.003 0.62 ± 0.008 b 0.00 3.53 ± 0.02 b

1 0.91 ± 0.007 b 0.07 ± 0.001 b 0.66 ± 0.009 a 0.0 ± 0.001 b 0.35 ± 0.005 a 0.01 ± 0.001 0.36 ± 0.005 b 0.78 ± 0.006 b 0.00 3.15 ± 0.01 b

12 0.95 ± 0.01 0.07 ± 0.001 b 0.01 ± 0.001 0.06 ± 0.001 b 0.37 ± 0.004 a 0.00 0.57 ± 0.006 b 0.68 ± 0.01 b 0.21 ± 0.004 2.93 ± 0.03 b

24 0.80 ± 0.02 b 0.06 ± 0.002 b 0.87 ± 0.007 b 0.02 ± 0.001 a 0.26 ± 0.003 b 0.02 ± 0.001 b 0.34 ± 0.004 b 0.58 ± 0.005 b 0.22 ± 0.004 3.17 ± 0.03 b

48 0.60 ± 0.01 b 0.03 ± 0.001 b 0.83 ± 0.008 b 0.02 ± 0.001 a 0.26 ± 0.004 b 0.02 ± 0.001 0.25 ± 0.004 b 0.59 ± 0.007 b 0.00 2.61 ± 0.01 b

 LMC

0 0.03 ± 0.001 0.16 ± 0.003 b 0.03 ± 0.001 0.09 ± 0.002 b 0.38 ± 0.005 b 0.00 0.05 ± 0.001 0.88 ± 0.008 b 0.00 1.62 ± 0.01

1 0.02 ± 0.001 b 0.12 ± 0.002 b 0.02 ± 0.001 0.10 ± 0.002 b 0.40 ± 0.005 a 0.00 0.53 ± 0.007 b 0.78 ± 0.003 0.00 1.97 ± 0.006 b

12 0.85 ± 0.02 0.03 ± 0.001 b 0.80 ± 0.01 0.01 ± 0.001 b 0.29 ± 0.002 0.02 ± 0.001 0.30 ± 0.003 b 0.78 ± 0.002 0.15 ± 0.004 3.23 ± 0.02 b

24 0.02 ± 0.001 b 0.11 ± 0.003 b 0.97 ± 0.004 b 0.02 ± 0.001 0.25 ± 0.006 0.50 ± 0.01 b 0.26 ± 0.005 b 0.64 ± 0.01 b 0.00 2.78 ± 0.02 b

48 0.95 ± 0.02 b 0.04 ± 0.001 0.88 ± 0.008 b 0.02 ± 0.001 0.24 ± 0.005 b 0.99 ± 0.007 0.27 ± 0.005 0.63 ± 0.004 b 0.19 ± 0.004 4.22 ± 0.01 b

 HMC

0 0.02 ± 0.001 b 0.12 ± 0.002 b 0.01 ± 0.0002 b 0.03 ± 0.001 b 0.30 ± 0.004 b 0.02 ± 0.001 0.30 ± 0.004 0.77 ± 0.007 b 0.00 1.57 ± 0.006 b

1 0.03 ± 0.001 0.21 ± 0.003 b 0.02 ± 0.001 a 0.07 ± 0.002 0.35 ± 0.005 0.00 0.48 ± 0.004 b 0.94 ± 0.006 b 0.00 2.1 ± 0.007 b

12 0.95 ± 0.008 0.07 ± 0.001 0.01 ± 0.001 0.04 ± 0.001 0.28 ± 0.007 a 0.06 ± 0.001 0.45 ± 0.007 b 0.79 ± 0.006 b 0.00 2.65 ± 0.009 b

24 0.04 ± 0.001 0.16 ± 0.003 b 0.02 ± 0.001 b 0.09 ± 0.003 a 0.31 ± 0.005 b 0.04 ± 0.001 0.39 ± 0.009 b 0.71 ± 0.009 b 0.05 ± 0.001 1.82 ± 0.008 b

48 0.02 ± 0.001 b 0.08 ± 0.002 b 0.01 ± 0.001 b 0.06 ± 0.001 a 0.31 ± 0.005 b 0.00 0.40 ± 0.007 b 0.78 ± 0.006 b 0.00 1.66 ± 0.01 b

A – HHDP-glucose, B – galloylquinic acid, C – ellagitannin, D – ellagitannin, E – ellagic acid pentoside and kaempferol glycoside, F – ellagitannin, G – ellagic acid, H – kaempferol glycoside, I – tiliroside;
maximums are marked bold; note: significant differences compared to the control was assessed by one-way ANOVA; a – significant differences at P < 0.05, b – significant differences at P < 0.01
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Fig. 2. Biplot principal components analysis of the concentrations of phenolic substances in F. ananassa leaves: A) control; B)
low molecular weight chitosan; C) high molecular weight chitosan, D) combined data (K – control, ChI – LMC, ChII – HMC)

Table 2. Principal component analysis (PCA) of the concentrations of phenolic substances in F. ananassa leaves

Number Compound

Control LMC HMC

Factor scores

F1 F2 F1 F2 F1 F2

Peak 1 HHDP-glucose    0.426     0.334 !0.701   0.545 !0.888  1.017

Peak 2 galloylquinic acid !1.443     0.037 !1.212 !0.255 !0.983 !0.182

Peak 3 ellagitannin  !0.056 !0.738   !0.226 0.886   !1.439 !0.056

Peak 4 ellagitannin !1.183   !0.180 !1.351 !0.213 !1.274 !0.096

Peak 5, 6 ellagic acid pentoside; kaempferol glycoside !0.811     0.131   !0.519 !0.547   !0.270 !0.238

Peak 7 ellagitannin !1.328   !0.166 !0.866   0.584 !1.423   0.004

Peak 8 ellagic acid  !0.669     0.313   !0.696 !0.242     0.065 !0.145

Peak 9 kaempferol glycoside     0.104     0.106   0.814 !0.997   1.657 !0.426

Peak 10 tiliroside;
kaempferol-3-b-D-[6-O-(E)-coumaroyl]-glucopyranoside !1.355     0.167 !1.390   0.083 !1.455 !0.060

Total 6.315 !0.005     6.145   0.157     6.010   0.182
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crease in ellagic acid concentration was noted at night
(0.57 mg/ml), followed by a decrease in the afternoon
(0.34 mg/ml). Treatment of plants with chitosans caused
an abrupt increase in the concentration of ellagic acid in
the leaves (Table 1).

The concentration of individual components and the
total concentration of phenols in F. ananassa leaves
were quite variable. Thus, the variation coefficient of the
total phenol concentration was 50.1%, while the greatest
ranges were found for HHDP-glucose (Peak 1 on chroma-
tograms) and ellagitannins (Peaks 3, 4, and 7) (Table 1). 

Our studies revealed the daily dynamics of the quali-
tative and quantitative composition of ellagitannins and
flavonoids in strawberry leaves. The largest daily varia-
tions of individual phenolic compounds were registered
in the group of ellagitannins (Peaks 3, 4, and 7) and
kaempferol-3-b-D-[6-O-(E)-coumaroyl]-glucopyranoside
(Peak 10). The most stable in the leaves of this variety
was the concentration of kaempferol glycoside (Peaks 6
and 9) and ellagic acid pentoside (Peak 5) (Table 1).

When processing the complex of phenols using the
principal component analysis, the first axis (F1) accounted
for 96.53% of the total dispersion of the concentrations of
individual phenolic compounds (Fig. 2). The greatest con-
tribution to the total dispersion was made by galloylquinic
acid, tiliroside, and ellagic acid pentoside. Ellagitannin
(Peak 7) and ellagic acid had a slightly smaller value (Tab-
le 2). In the control group, the F1 axis separated the con-
centrations of the main individual phenolic compounds
from their total concentration. The concentration of kaem-
pferol glycoside in leaves was relatively stable (Table 1). 

The second axis of the main components (F2) ac-
counted for 1.74% of the total dispersion, where the
highest value was for ellagitannin (Peak 3). In the group
of studied phenolic substances, the total dispersion of 1
and 2 main components was 98.27%. This enabled to
apply the Biplot analysis (Fig. 2). 

Regarding F1 and F2 axes, the grouping of concentra-
tions by the sampling time indicated the daily dynamics of
individual phenolic components. Thus, the F2 axis divided
the phenol concentrations in the evening (0, 24, and 48 h)
and morning (12 h). The concentrations of HHDP-glucose
(0.95 mg/ml), galloylquinic acid (0.07 mg/ml), ellagic acid
pentoside with kaempferol glycoside (0.37 mg/ml), and
ellagic acid (0.57 mg/ml) in the leaves notably increased
in the morning, followed by a decrease in the evening and
at night (Table 1).

These daily dynamics of the concentrations of the
phenolic compounds studied are described by the fol-
lowing logistic curve:
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This mathematical model accurately describes the
dynamics of the process; however, the expected increase
in kaempferol and ellagic acid concentrations in the
night needs experimental confirmation (Fig. 3).

In control plants, a close direct relationship between
the concentrations of ellagic acid and HHDP-glucose and
galloylquinic acid in the leaves was confirmed by the
multiple correlation analysis (Pearson correlation coeffi-
cient r = 0.90). An inverse correlation (Pearson corre-
lation coefficient r = !0.90) was found between the con-
centrations of ellagic acid and ellagitannin (Peak 7).
However, the concentration of the latter in leaf extracts
was an order of magnitude smaller; hence, it is very
difficult to consider such a relationship as significant and
metabolically related. Thus, the observed physiological
features confirm the daily fluctuations in the accumula-
tion of phenolic substances in the vegetative and gene-
rative parts of the plants. It should also be noted that the
daily dynamics in the concentration of phenolic sub-
stances may differ significantly in various plant species.
It may also be affected by significant external stimuli on
plants (Feduraev et al., 2019). This is confirmed by diffe-
rences in the concentrations of individual phenolic com-
ponents and their total concentration 2 days after the
treatment with LMC and HMC (Table 1). The plants res-
ponded to a single treatment with 0.4% LMC with a signi-
ficant decrease in ellagic acid concentration, after a slight
increase in the first hour after treatment (Fig. 4A). The
opposite effect was observed in plants after their treat-
ment with HMC (Fig. 4B).

The strongest plant response to leaf treatments with
LMC and HMC was a significant increase in HHDP-
glucose concentration in the leaves. In both variants of
plant treatment, the peak reached its maximum at 12 h
(Fig. 4C and Fig. 4D). For both variants, this index was
0.95 mg/ml. The dynamics of this process are described
by the modified Gauss function:
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Fig. 3. Concentration dynamics of A) HHDP-glucose, B) galloylquinic acid, C) ellagic acid
pentoside, kaempferol glycoside, and D) ellagic acid in F. ananassa leaves
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With a sharp increase in HHDP-glucose concentration
in leaf tissues, not only the antioxidant but also the pro-
oxidant potential of plants increased (Yordi et al., 2012,
Kallio et al., 2013). This ensures the readiness of the
plant body to counteract external negative factors. 

Discussion

According to J.-P. Salminen (2011), the protective
effectiveness of ellagitannins is higher than that of
gallotannins, because ellagitannins can form o-quinones
with strong electrophilic properties. In addition, because
of the antifeedant activity of tannins based on protein,
precipitation is enhanced by their pro-oxidant activity,

especially under alkalescent conditions (Salminen et al.,
2011).

Polygalloylglucoses are produced at the start of the
synthesis of tannins in plant cells. They have a relatively
low pro-oxidant potential. Further transformation of
gallotannins into ellagitannins leads to an increase in the
total pro-oxidant activity of the cells (Barbehenn et al.,
2006). Quantitative changes in the concentration of
strawberry ellagitannins in response to chitosans also
implicate the activation of the corresponding enzyme
systems. Ellagitannins in plant tissues undergo enzy-
matic hydrolysis (Klumpers et al., 1994). Ellagic acid is
formed by the lactonization of hexaoxydiphenic acid,
which is released during the hydrolysis of ellagitannins.
An increase in the total pool of ellagic acid implicates an
increase in the intensity of the oxidative processes in
plant tissues (Schulenburg et al., 2016). 

A phytopathogenic fungal infection leads to the accumu-
lation of ellagic acid (EA) in plants (Zaprometov, 1993).
Hence, a sharp jump in EA concentration after treatment 
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Fig. 4. Concentration dynamics of A, B) ellagic acid and C, D) HHDP-glucose in F. ananassa
leaves after their treatment with A, C) low and B, D) high molecular weight chitosan

with HMC may indicate a manifestation of its elicitor acti-
vity with the activation of the corresponding hydrolases.
The opposite effect (a sharp decrease in EA concentration)
noted after the plants were treated with the fungal chito-
san (LMC) was probably due to the lower mass of oligo-
mers and a higher degree of their deacetylation.

The elicitor activity of chitosan significantly depends
on the number of its acetyl groups (Popova et al., 2017).
Chitin oligomers in wheat leaves increase peroxidase
activity, chitosan increases peroxidase and phenylala-
nine-ammonia-lyase activity, and deacetylated chitosan
accelerates the formation of lignin (Vander et al., 1998).
Fully deacetylated oligomers induce chitinase activity in
rice cells (Inui et al, 1997) and phenylalanine-ammonium
and tyrosine-ammonia-lyase activity in soybean leaves
(Khan et al., 2003). The rate of physiological responses
in plants may also differ significantly. The activity of
PR-1 and phenylalanine-ammonia-lyase increases in less
than 24 h with the elicitor activation of NO synthase
(Klessig et al., 2000). In our experiments, significant

physiological responses to the effects of chitosans in
strawberry leaves were recorded in the first 12 h after
treatment. This fact indicates the importance of the
molecular signals used in the experiment for the plant
organism. 

The physiological increase in the concentration of
HHDP-glucose, galloylquinic, ellagic acid, and ellagic acid
pentoside in the leaves at night might be due to the spe-
cifics of phenolic synthesis as well as the fact that a re-
ducing temperature accompanied by a simultaneous in-
crease in humidity at night creates favorable conditions
for the growth of most pathogenic fungi. This, in turn,
increases the risk of plant infections. The synthesis of
phenolic substances allows for developing constitutional
resistance, which includes mechanical strength and the
ability of plant cell wall to counteract negative environ-
mental factors (Shittu et al., 2019). Polymerized ella-
gitannins are mostly medium and low polar compounds.
Some of them covalently bind with the components of
plant cell walls (Helm et al., 1997). The peroxidase sy-
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stem promotes the increasing content of polyphenolic
components in the cell wall. This is accompanied by the
activation of phenylpropanoid metabolism enzymes in-
volved in the formation of hydroxycinnamic alcohols and
other components of lignin, which are necessary for the
resistance of the plant organism (Le Roy et al., 2016).

Conclusions

Based on the results of the present study, the daily
dynamics of the flavonoids, hydrolyzed tannins, and deri-
vatives of gallic and ellagic acids were confirmed in the
vegetative organs of Fragaria ananassa. The most promi-
nent fluctuation was observed in the content of HHDP-
glucose, galloylquinic acid, ellagic acid pentoside, kaemp-
ferol glycoside, and ellagic acid in leaves, which increa-
sed in the morning and subsequently decreased in the
evening and at night. 

The infection of plants with phytopathogenic fungi is
usually accompanied by an increase in the content of
ellagic acid, which usually suggests the activation of oxi-
dative processes in plant tissues. A significant increase
in ellagic acid content observed 1 h after treatment with
0.4% LMC suggests that it has a high elicitor activity and
accelerates the hydrolysis of ellagotanins.

A high plant sensitivity was observed in the straw-
berry leaves 1 h after treatment with HMC, in terms of
an increase by 22.0% in the content of kaempferol glyco-
side. In contrast, flavanol content decreased in leaves by
18.0% after LMC treatment. This indicates differences
in plant reactions and response to the treatment of chito-
san solutions of different nature and molecular weights.
The high speed and specificity of plant’s physiological
responses to chitosans of varying molecular weights
indicate the existence of different ways of perception
and transformation of the external molecular signals.
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