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A B S T R A C T   

Herein, four chitooligosaccharide derivatives (COS-RA, COS-FA, COS-VA, COS-GA) were prepared by laccase- 
catalyzed chitooligosaccharide modification with rosmarinic acid (RA), ferulic acid (FA), gallic acid (GA), and 
vanillic acid (VA), and structures were characterized. RA and FA resulted in higher amino-substitution in the 
chitooligosaccharides than GA and VA. COS-RA and COS-FA had greater DPPH scavenging rates than COS-GA 
and COS-VA. Compared with COS treatment, spraying 250 mg L− 1 COS-RA or COS-VA 6 times (once per 7 
days) increased soluble sugar and anthocyanin content by 18.6%–23.2% and 41.7%–46.7%, respectively, from 
the fruit expansion to harvest stage. COS-RA and COS-VA also enhanced gene expression related to anthocyanin 
synthesis (PAL, F3H, F3′5′H, DFR, and UFGT) and monomeric anthocyanin accumulation (Mal-3-O-glu, Petu-3-O- 
ace-glu, Del-3-O-glu). Therefore, chitooligosaccharide derivatives may improve grape fruit anthocyanin accu
mulation by regulating antioxidant systems, improving the photosynthetic rate and inducing gene expression 
related to anthocyanin synthesis.   

1. Introduction 

Grape (Vitis vinifera L.) is one of the world’s most economically 
important fruits, with approximately 7.4 million hectares planted 
worldwide and an annual production of approximately 77.8 million tons 
(Xia et al., 2021). China has the highest total grape production in the 
world and had a total grape production of 14.31 million tons in 2020 
(from the website https://www.fao.org/faostat/zh/#data). In the 
southern part of China, excessive rainfall, long cloudy periods, low light 
intensity, low single-day temperature differences, and persistent high 
temperatures adversely affect the biosynthesis of primary and secondary 
metabolites that drive the production of sugar and the development of 
color in grapes, resulting in poor coloration, low sugar content, and 
delayed ripening (Deng et al., 2019; Teixeira, Eiras-Dias, Castellarin, & 
Gerós, 2013). The installation of rain shelters has reduced problems such 
as poor flower development and disease stress, but problems such as 
poor quality berries with insufficient color transfer still occur (Zhang 
et al., 2019). Therefore, new strategies to improve berry quality and 
color are urgently needed in southern China. 

As a natural biostimulant, chitooligosaccharides (COS) are widely 
used in medicine, food, agriculture, and wastewater treatment due to 
their excellent water solubility, biocompatibility, and bioactivity (Yu 

et al., 2023; Zhang et al., 2020). In agriculture, chitooligosaccharides 
are considered eco-friendly plant growth regulators and stress inducers 
(Feng et al., 2019). COS has been reported to enhance photosynthesis, 
carbon metabolism, nitrogen metabolism, and the uptake of macro and 
micronutrient elements in plants (Ahmed, Khan, Siddiqui, & Jahan, 
2020; Dzung, Khanh, & Dzung, 2011). This leads to the accumulation of 
soluble sugars and improved growth in crops such as wheat, coffee, and 
tea trees, etc. (Li et al., 2020; Zhang et al., 2016). Moreover, COS can 
also enhance abiotic stress tolerance in plants, including tolerance to 
drought stress, salt stress, cold stress, high temperatures, and heavy 
metal toxicity (Li et al., 2020; Zhang et al., 2016; Zou et al., 2015). 
Currently, there is a consensus that COS functions by elevating the ac
tivity of plant antioxidant enzymes (Zou, Tian, Dong, & Zhang, 2017), 
enhancing photosynthesis (Kim & Rajapakse, 2005) and stimulating the 
synthesis of secondary metabolites (Malerba & Cerana, 2016). This ef
fect has been closely linked to the regulation of antioxidant activities by 
COS. Chitooligosaccharide functions of regulating antioxidant activity 
could be limited due to its low degree of polymerization, which can be 
modified by treating with different phenolic acids (Cui et al., 2022). 

Rosmarinic acid (RA), ferulic acid (FA), gallic acid (GA), and vanillic 
acid (VA) are all widely recognized as natural phenolic acid antioxidants 
found in many different plants. The presence of carboxyl and hydroxyl 
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groups in these compounds provide them excellent antioxidant capac
ities. As a result, they are highly active and well-known substances in the 
field of plant antioxidants (Fachel et al., 2020; Vuolo,). However, the 
poor stability of these compounds, their weak biological permeability, 
and their low water solubility have led to low bioavailability and poor 
utilization efficiency (Amoah, Sandjo, Kratz, & Biavatti, 2016; Fachel 
et al., 2020). In this regard, based on the biocompatibility and water 
solubility of chitosan, we proposed to apply phenolic acid-based modi
fications to chitosan to enhance its antioxidant properties. Cases of 

physicochemically and biologically modified chitosan-polyphenol grafts 
have been reported in different studies (İlyasoğlu & Guo, 2019). By 
using techniques such as enzyme modification and free radical induc
tion, polyphenols can be grafted onto a chitosan backbone (Hu & Luo, 
2016). In a subsequent nonenzymatic reaction, laccase, a naturally 
occurring oxidoreductase of plant origin, can oxidize and rearrange 
phenols to form quinones and chitosan baramins to form chitosan- 
phenolic grafts by the Schiff base and Michael addition reactions 
(Božič, Gorgieva, & Kokol, 2012; İlyasoğlu & Guo, 2019). 

Fig. 1. Spectroscopic characterization and structure of chitooligosaccharide (COS), and chitooligosaccharide derivatives samples. (A) Synthesis diagram of COS-RA. 
(B) Scanning electron micrographs (SEM) of COS, COS-derivative samples (10,000×). (C) FT-IR spectra of COS, COS-derivatives, and phenolic acid samples. (D) 1H 
NMR spectra of COS, COS-derivative samples, with 2 representing the amplified version of 1 in the COS-derivative spectrum. 
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Based on the idea of bioactive molecular grafting, various phenolic- 
modified chitosans have gained interest as superior antioxidant sub
stances. Although several studies have demonstrated that phenolic- 
modified chitosan can prolong the postharvest freshness of fruits and 
decrease the occurrence of diseases during fruit storage, few studies 
have investigated the use of chitooligosaccharide modified with 
phenolic acids to improve fruit quality during growth and development. 
Therefore, this study aims to provide a new idea to explore the effect of 
spraying chitooligosaccharide derivatives on skin color, fruit quality and 
leaf growth and development of Kyoho grape, and to find a workable 
solution for insufficient coloring and poor quality of grapes in high 
temperature and rainy areas. 

2. Materials and methods 

2.1. Materials 

Chitooligosaccharides (COS, Mw ≤ 2000 Da, degree of acetylation =
95%), vanillic acid (VA, purity ≥ 98%), gallic acid (GA, purity ≥ 99%), 
ferulic acid (FA, purity ≥ 99%), rosmarinic acid (RA, purity ≥ 97%), and 
2,2-diphenyl-1-picrylhydrazyl (DPPH) (purity ≥ 96%) were purchased 
from Macklin Biochemical Co., Ltd, Shanghai (China). Laccase (120 U/ 
g) was provided by Yuanye Biological Technology Co., Ltd., Shanghai 
(China). Dialysis bags (MWCO = 2000 Da) were obtained from Spectral 
Medicine, China. ‘Kyoho’ grapes were collected from Fengyi Ecological 
Park in Baiyun District, Guangzhou City, Guangdong Province. 

2.2. Methods 

2.2.1. Preparation of chitooligosaccharide - phenolic acid derivatives 
COS derivatives were synthesized according to a previous method 

(Božič, ̌Strancar, & Kokol, 2013) with modifications. As a representative 
case, the preparation of chitooligosaccharide-rosmarinic acid de
rivatives (COS-RA) is described. The reaction was carried out at 30 ◦C for 
24 h with 1 g (2000 Da) of COS dissolved in 100 mL of citrate buffer 
solution (0.1 mol L− 1, pH = 6.5). RA (1 mM) was steadily added, and 
laccase (9.6 U) was added while the solution was agitated continuously. 
The precipitate was removed from the solution by centrifugation at 
5000 rpm for 5 min, condensed by a rotary evaporator, and dialyzed in 
deionized water (2000 Da) for 24 h to eliminate unreacted phenolic 
acids. The powder was then freeze-dried to produce COS-RA by the 
procedure shown in Fig. 1A. The same chemical technique was used to 
generate chitooligosaccharide-vanillic acid derivatives (COS-VA), 
chitooligosaccharide-gallic acid derivatives (COS-GA), and 
chitooligosaccharide-ferulic acid derivatives (COS-FA). 

2.2.2. Scanning electron microscopy (SEM) analysis 
SEM images of chitooligosaccharide derivatives were captured with 

a scanning electron microscope (Verios 460, FEI, Guangzhou, China). 
The samples were sputtered with a 20 nm thick gold layer and placed on 
an Al-Stub. The microscope was operated at accelerating voltages of 10 
and 20 kV. 

2.2.3. Elemental analysis 
The carbon, hydrogen, and nitrogen mass ratios of COS and four COS 

derivatives were measured using an elemental analysis device (Vario EL 
III, Elementar Analysensysteme GmbH, Germany). The appropriate 
values were recorded, and the following equation was used to determine 
the degree of substitution (DS) of the samples: 

DS =
MNR − (8 − 2DD)MC

nCMC 

DD is the degree of deacetylation of COS (95%); MN and MC are the 
molecular weights of nitrogen and carbon atoms, respectively. nC is the 
atomicity of the carbon atoms of the phenolic acid; R is the ratio of C to N 
of the derivatives. 

2.2.4. UV–vis spectroscopy 
Before ultraviolet (UV)–visible spectroscopic investigation, vanillic 

acid (VA), gallic acid (GA), rosmarinic acid (RA), and caffeic acid (CA) 
were dissolved in ethanol (0.02 mg ml− 1) and COS (0.2 mg ml− 1) with 
COS derivatives (0.2 mg ml− 1) in aqueous solution. A Lambda 35 UV–vis 
spectrophotometer (PerkinElmer, Waltham, MA, USA) was then used to 
record the spectra in the 200–800 nm region with a beam width of 2 nm. 

2.2.5. FTIR spectroscopy 
FTIR spectroscopy was used to determine the functional groups in 

COS, phenolic acid, and COS derivatives. The IR spectra of the samples 
were obtained by a Vertex 70 instrument (Bruker, Germany). The 
selected wavenumber region was in the range of 4,000 to 400 cm− 1 with 
16 scans and a resolution of 4.0 cm− 1. All the tested samples were 
compacted with a certain percentage of potassium bromide. 

2.2.6. 1H NMR spectroscopy 
1H NMR was used to describe the structures of COS and the COS 

derivatives. The tests were conducted at 25 ◦C using an AVANCE NEO 
600 MHz spectrometer (Bruker, Germany). D2O was used as the solvent, 
and none of the solvent peaks interfered with the COS peaks. 

2.2.7. Antioxidant activity determination 
Different COS and COS-derivative solutions were prepared at 

different concentrations. An equal volume of 0.1 mmol L− 1 DPPH 
methanol solution and 2 mL of COS-RA solution were vigorously mixed 
before being kept at room temperature and shielded from light for 30 
min. The solution’s optical density was then determined at 517 nm by 
UV-1600 spectrophotometer (UV-1600, Shimadzu, Japan). Methanol 
was used in place of the COS-RA solution to provide a control. The 
following calculation was used to compute the percentage of DPPH 
radicals that were scavenged: 

Scavenging effect (%) =
Acontrol − Asample

Acontrol
× 100  

2.3. Plant materials and management 

During the treatment period, field trials were carried out from mid- 
March 2022 to July 2022 in the vineyards of Fengyi Eco Park, Baiyun 
District, Guangzhou, Guangdong Province, China (23◦28′24″ N, 
113◦25′28″ E), where there were more than 20 days of sunshine per 
month and the average daily maximum and minimum temperatures 
were 34 ◦C and 26 ◦C, respectively. Five-year-old ‘Kyoho’ grapevines 
were positioned at a distance of 3.5 m and 1.5 m apart under a rain 
shelter. At 50 days after flowering, five bunches of grapevines were 
chosen from each vine (close to the color-change stage). With one 
replicate for each plant and three replicates for a total of 12 plants, five 
clusters of grapes were chosen from each vine 50 days after flowering 
(close to the color-change stage). On May 22, from 6:30 to 7:30 p.m., the 
vines were exposed to water (control), 250 mg L-1 COS, COS-VA, and 
COS-RA solutions. The epidermis of the marked berries was sprayed 
with the treatment solution or water, and the leaves of the branches 
holding the treated grapes were sprayed on both sides. The first treat
ment (May 22) was considered day 0 after treatment, and leaf mea
surements and fruit sampling were performed 12 h later, with six sprays 
every seven days. On days 0, 15, 30, and 45 of treatment, 30 random 
samples of berries were taken from 20 labeled vines. The berry skins and 
pulp were separated, frozen in liquid nitrogen and kept at − 80 ◦C. 

2.3.1. Measurement of leaf-related indicators 
Three functioning leaves from the side of the bunches were chosen 

before each spraying treatment to conduct measurements of photosyn
thetic indices. An LI-6800 portable photosynthesis measuring device (Li- 
6800, LI-COR, United States) was used to assess the net photosynthetic 
rate (Pn), stomatal conductance (Gs), and maximum quantum efficiency 
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(Fv/Fm) of photosystem II in grape leaves in five replicates. The SPAD 
502 device was used to measure the amount of chlorophyll. Measure
ments were performed in clear weather between 10 am and 12 pm. The 
treated functional leaves were taken at maturity, and the leaf length, leaf 
width, and leaf area were measured using a portable leaf area meter 
(YMJ-B). Toluidine blue staining was used to examine the microstruc
ture of leaves, and Slide Viewer software (3DHISTECH Ltd., Hungary) 
was used to calculate the thickness of leaves, fenestrations, and spongy 
tissue. The I2-KI colorimetric technique was used to calculate starch 
content (Whitaker et al., 2014). The leaves were homogenized in a 2 mL 
centrifuge tube with steel balls, heated in boiling water for 10 min, and 
centrifuged at 2,500 rpm for 2 min. Then, 50 µL of I2-KI was added to the 
supernatant to develop the starch, and the absorbance was measured at 
594 nm. Leaf antioxidant enzyme activity was determined using the 
method of Liu et al. (2018). The crude enzyme solution was extracted as 
follows: 0.5 g of leaves was placed in 5 mL of 50 mmol/L phosphate 
buffer (pH 7.8, containing 1% polyvinylpyrrolidone (PVP)). The enzyme 
solution was extracted by following ice bath grinding, homogenized, 
and centrifuged at 12,000 × g and 4 ◦C for 20 min, and the supernatant 
was taken as the crude enzyme extract. Superoxide dismutase (SOD) 
activity was assayed by measuring its ability to inhibit the photochem
ical reduction of nitroblue tetrazolium, with 50% inhibition of the 
photochemical reduction of nitrotetrazolium blue chloride (NBT) 
defined as one unit of enzyme activity. One unit of enzyme activity for 
catalase (CAT) was defined as a decrease of 0.01 per minute in absor
bance at 240 nm caused by a reduction in H2O2 extinction. The perox
idase (POD) activity was measured as an increase in absorbance at 470 
nm due to guaiacol oxidation, defined as an increase in OD of 0.01 per 
minute as 1 unit of enzyme activity. Ascorbate peroxidase (APX) activity 
was measured by a decrease in absorbance at 290 nm upon ascorbic acid 
(ASA) oxidation, measured as the decrease in ASA per minute. 

2.3.2. Determination of fruit quality parameters 
Berry’s weight was measured using an electronic scale. The soluble 

solids content (SSC) was measured using a digital refractometer (TD45, 
Guangzhou, China). The titratable acid (TA) content was determined by 
acid-base titration (Xia et al., 2020). The content of total soluble sugars 
was determined by the anthrone colorimetric method (Gao, 2006). The 
total anthocyanin content was evaluated using pH differential spectro
photometry (Xia et al., 2020). A reported method (Liu et al., 2019) was 
used to determine the levels of glucose, fructose, and sucrose. The su
pernatant was filtered after 1 g of pulp was homogenized with 5.0 mL of 
cold ethanol (80%) and incubated at 35 ◦C for 10 min. On an Agilent 
1260 HPLC system with an NH2 column (4.6 mm × 250 mm, 5 μm, 
Agela Technologies, Shanghai, China), supernatants were analyzed. A 
mixture of acetonitrile and water (80:20, v/v) was used as the mobile 
phase, with a flow rate of 1 mL min− 1. The skin color of the berries was 
measured using a CM-2600d colorimeter (Konica Minolta, Tokyo, 
Japan). The a* values were recorded at two points along the equator and 
averaged. 

2.3.3. Determination of anthocyanin composition 
An amount of 0.3 g of berry sample was homogenized for 20 min 

with 3 mL of extraction solution (30:70:1, v/v/v) before being centri
fuged and filtered. Anthocyanins were measured using a 250 × 4.6 mm 
Symmetry C18® column (Waters Corp., Milford, MA, USA) with a re
ported technique (Cho, Howard, Prior, & Clark, 2004). The mobile phase 
consisted of a binary gradient of 5% formic acid (A) and 100% methanol 
(B). The flow rate was 1 mL min− 1, and the linear gradient was from 2% 
B to 60% B over 60 min. The anthocyanin peak was quantified at 510 nm 
using a Waters Model 996 photodiode array detector (Milford). All an
thocyanins were quantified as malvidin-3-glucoside equivalents using 
an external calibration curve for standards (Polyphenols-Laboratories 
AS, Sandnes, Norway) in the range of 5 to 125 μg mL− 1. Anthocyanin 
concentrations were expressed as mg malvidin-3-O-glucoside equiva
lents per gram of berry peel. 

2.3.4. Gene expression analysis by qRT–PCR 
In this study, the relative expression levels of 11 genes encoding 

anthocyanin synthesis (PAL, CHS, CHI, F3H, F3′H, F3′5′H, DFR, LDOX, 
UFGT, MYBA1, MYBA2) were determined. Total RNA was extracted 
using the plant-universal Bioteke Corp RNA kit (Takara, Guangzhou, 
China) and reverse transcribed using the Prime Script™ RT kit and the 
gDNA Eraser kit (Takara, Guangzhou, China). All primer sequences were 
obtained from NCBI (details are shown in Supplementary Table S3). 
Quantitative PCR was conducted using the SYBR premix ex Taq™ ii kit 
(Takara, Guangzhou, China). The amplification conditions were as fol
lows: 95 ◦C for 30 s, followed by 40 cycles at 95 ◦C for 5 s and 60 ◦C for 
30 s, followed by a final melting curve analysis. The 2− ΔΔCT method was 
used to calculate relative expression levels. 

2.3.5. Statistical analysis 
A completely randomized design was used to conduct the experi

ments. Each treatment was repeated three times; data are expressed as 
the means with standard deviations. Multiple comparisons were per
formed by one-way analysis of variance (ANOVA) and Duncan’s multi
ple range test was applied at the 0.05 level of significance using SPSS 
version 19.0 (SPSS Inc., USA). 

3. Results 

3.1. Structural characterization and functions 

The phenotypic characteristics of the COS and COS-derived samples 
are shown in Fig. 1B. The COS surface was relatively flat having more 
cracks under a scanning electron microscope at a magnification of 
10,000. The surfaces of COS-RA and COS-FA were smooth with folds and 
no cracks following the oxidation of COS by laccase to graft phenolic 
acids (RA, GA, FA, VA). Additionally, the film was applied to the surface 
of COS-GA and COS-VA, but the surface was more fractured and uneven. 
The morphology of COS was modified differently by phenolic acids (RA, 
FA) with cinnamic acid as the parent nucleus relative to phenolic acids 
(GA, VA) with benzoic acid as the parent nucleus. 

The elemental analysis results in Table S1 shows that the degree of 
substitution (DS) of phenolic acid-based COS-derivative products (COS- 
FA, COS-RA) with cinnamic acid as the parent nucleus was 0.282–0.287, 
which was a higher than that of chitosan grafted products (COS-VA, 
COS-GA) with benzoic acid as the parent nucleus (0.252–0.265), and the 
yield of the former was greater than that of the latter. This might be 
connected to the structure of the phenolic acids; they resemble cinnamic 
acid and are more readily converted to quinones by laccase and more 
readily grafted to COS. 

The UV–vis absorption spectra of COS derivatives in comparison 
with those of phenolic acid and COS (Fig. S1A, B) suggested that novel 
chemical bonds were created by the COS derivatives. The n-π* transition 
of the C––O group gives rise to the characteristic absorption peak of COS 
at 281 nm (Zhao, Wang, Tan, Sun, & Dong, 2013). FA/RA shared three 
characteristic peaks at wavelengths of 219/220 nm, 237/242 nm, and 
323/326 nm, which corresponded to the benzene ring system, the C––C 
double bond conjugated system, and the five conjugated systems of the 
phenolic acids with cinnamic acid as the parent nucleus, respectively 
(Saltas, Pappas, Daferera, Tarantilis, & Polissiou, 2013). In contrast to 
COS, the derivatives (COS-FA, COS-RA) displayed a redshift in the C––O 
group to the right at 284/285 nm, while the absorption peaks of FA and 
RA appeared at 320/323 nm (Fig. S1A). This shows that the grafts of FA 
and RA onto COS were successful. The two characteristic peaks dis
played by VA and GA, which represent benzoic acid as the parent nu
cleus of the benzene ring system and four conjugated systems, 
respectively, were found near 231/218 nm and 277/272 nm. New peaks 
were produced at 308 nm and 311 nm when VA and GA were grafted 
onto the chitooligosaccharide. COS-VA and COS-GA underwent a 
redshift to 285/283 nm (Fig. S1B). Due to the coupling of C–C with 
C–O–C, the two shifts were associated with the n-π* transition, 
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indicating that the side chain of phenolic acid reacted and that VA was 
successfully grafted to COS with GA. 

The FTIR absorption spectra of COS, COS derivatives, and phenolic 
acids are displayed in Fig. 1C. The COS spectra exhibited absorption 
peaks at 1616 and 1410 cm− 1, which are attributed to the residual N- 
acetyl group’s C––O stretching mode (amide I band) and the N–H 
deformation mode (amide II band), respectively (Liu, Lu, Kan, Tang, & 
Jin, 2013). The presence of aromatic rings in the molecule causes the 
three absorption bands at 1603/1602, 1518/1526, and 1444/1446 
cm− 1 in RA and FA, indicating the presence of aromatic ring stretching 
in the molecule (Wang, Mao, Dai, Yuan, & Gao, 2018). Compared to 
pure COS, COS-RA and COS-FA have slightly different spectra. The 
characteristic peaks at 1616 cm− 1 were slightly shifted to the right at 
1575 and 1585 cm− 1; this was attributed to the rightward shift caused 
by the overlap of RA with the benzene ring in FA and the characteristic 
peak of C––O in COS. The N–H (1410 cm− 1) deformation of COS-RA 
and COS-FA caused a decrease in the characteristic absorption band, 
suggesting that the amino group was largely replaced by RA and FA. 
These findings imply that a Schiff base or Michael-type reaction takes 
place when the COS amino group reacts. The characteristic peak at 1616 
cm− 1 shifted to the right to 1587 and 1597 cm− 1 in COS-VA and COS- 
GA, and the N–H deformation at 1396 and 1405 cm− 1 resulted in a 
narrower characteristic absorption band. These results indicate that COS 
was successfully grafted and modified with phenolic acids. 

The 1H NMR spectra of COS and its derivatives were obtained, and 
Fig. 1D depicts the distinctive peaks of the COS functional groups. The 
multiple peaks from 3.32 to 4.05 ppm represent the protons from H3 to 
H6 in the hypo methyl groups of glucosamine (GlcN) and in N-acetylated 
glucosamine (N-acetylated GlcN), and the peak at 4.79 ppm represents 
the solvent D2O. The methyl protons on the N-alkylated glucosamine 
residues, the protons in GlcN’s H2 and H1, and those in N-acetylated 
GlcN are represented by single peaks at 2.05, 3.10, and 4.59 ppm (Liu, 
Xia, Jiang, Yu, & Yue, 2018). When grafted rosemary acid was subjected 
to laccase oxidation, multiple proton characteristic peak signals at 
6.77–7.50 ppm were found in the COS-RA region 2, which belonged to 
the aromatic protons of conjugated RA. These signals were shifted to the 
right and were in a lower region in comparison to the RA spectrum 
(5.5–6.4 ppm), and the new chemical shifts imply that the RA protons 
were still bound to COS. Additionally, COS-FA (6.79–7.50), COS-VA 
(6.90–7.50), and COS-GA (6.78–7.50) all had similar proton character
istic peaks, proving that these phenolic acids were successfully grafted 
onto COS (Fig. 1D). In conclusion, the detailed SEM, elemental analysis, 
UV–visible spectroscopy, FI-TR, and 1H NMR characterization results 
demonstrated that both phenolic acids (RA, FA) with cinnamic acid as 
the parent nucleus and phenolic acids (GA, VA) with benzoic acid as the 
parent nucleus were successfully grafted onto the COS skeleton, with RA 
and FA exhibiting a higher degree of grafting than GA and VA. 

A DPPH radical scavenging assay was performed following the suc
cessful grafting of chitosan phenolic acid to examine the molecule’s 
antioxidant capacity (Fig. S2). COS and its derivatives’ DPPH scav
enging capacity depends on concentration and rises with concentration. 
Within 30 min, the DPPH consumption of the COS-RA solution at 0.25 
mg ml− 1 reached 69.8%, which was approximately 13.0, 3.5, 2.6, and 
1.9 times greater than that of COS, COS-VA, COS-GA, and COS-FA, 
respectively. Therefore, phenolic acid modification enhanced the anti
oxidant capacity of COS, showing the same trend as the amino substi
tution of COS derivatives (COS-RA > COS-FA > COS-GA > COS-VA >
COS). 

3.2. Antioxidant system and physiological and biochemical characteristics 
of grape leaves 

The antioxidant enzyme activities and the accumulation of H2O2 and 
O2
− in leaves were evaluated to investigate the effects of COS and its 

derivatives on the antioxidant system of functional grapevine leaves. 
Spraying COS and its derivatives improved the activities of antioxidant 

enzymes (SOD, CAT, and POD; APX activity had no discernible impact) 
and decreased the concentrations of H2O2 and O2

− in the leaves, as shown 
in Table 1. After 12 h of COS-VA and COS-RA treatments, leaf SOD, POD, 
and CAT enzyme activities increased in comparison to COS by 8.8%– 
10.4%, 18.3%–23.1%, and 23.2%–31.6%, respectively; in contrast, 
H2O2 and O2

− content dropped collectively by 37.6%–43.1% and 36.2%– 
42.8%. This finding suggests that spraying COS-VA with COS-RA can 
substantially boost antioxidant enzyme activity in leaves, lessen H2O2 
and O2

− stress in leaves, and improve the growth performance of grape 
under stress conditions. 

The morphology of the functional leaves at maturity was examined, 
and the spraying of COS and its derivatives had an impact on the 
morphological development of grape leaves. (Fig. S3A). The thickness of 
leaf fenestrated, and spongy tissue was found to be increased by COS, 
COS-VA, and COS-RA treatments. Both treatments were more effective 
than COS, thickening the corresponding tissues by 13.8%–20.7%, 9.3%– 
12.9%, and 21.8%–34.1%, respectively (Fig. S3B–D). Grape single leaf 
weight (11.8%–17.9%) and leaf area (14.0%–15.7%) increased more in 
the COS-VA and COS-RA treatments than in the COS treatment, although 
the differences between COS and the control were not statistically sig
nificant (Fig. S3E–F). 

The phenological stage and treatment had a significant impact on the 
net assimilation rate (Pn), stomatal conductance (Gs), the maximum 
quantum yield of PSII (Fv/Fm), and chlorophyll content (SPAD) (Fig. S4). 
The trends in Pn, Gs, and Fv/Fm were consistent as influenced by the 
phenological stage, increasing first up to 15 days and then slowly 
decreasing, while the SPAD values increased first and then stabilized. 
After 15 days of COS-VA and COS-RA treatment, Pn, Fv/Fm, and SPAD 
were affected by the treatments and began to increase significantly 
relative to those in the COS treatment (p < 0.05). The increasing trend 
persisted over time. When compared to the COS treatment, the Pn, Fv/ 
Fm, and SPAD of COS-VA and COS-RA at maturity (45 days) increased by 
25.1%–29.2%, 4.3%–4.5%, and 6.7%–8.5%, respectively. Moreover, 
compared to the COS treatment, the COS-VA and COS-RA treatments 
increased the levels of leaf sucrose (20.8%–28.1%), soluble sugar 
(24.5%–26.3%), and starch (11.2%–14.4%) (Table S2). 

According to the aforementioned findings, COS-RA and COS-VA 
improve the leaf antioxidant system, promoting the development of 
fenestrated and spongy tissues, which in turn raises the chlorophyll 
content and photosynthetic intensity of leaves, allowing the leaves to 
accumulate more assimilable products that can transport to the fruits. 

3.3. Fruit quality 

After 15 days of COS-VA and COS-RA treatment, the SSC content 
increased significantly in comparison to COS (p < 0.05), while TA 
decreased after 30 days of treatment (Fig. 2A, B). This increase in the 
SSC to TA ratio improved grape flavor. In line with SCC, COS-VA and 
COS-RA increased the amount of soluble sugar, particularly sucrose, in 
the berry pulp as the fruit ripened. At 45 days, sucrose content increased 
by 97.1%–102.9% compared to COS treatment, while fructose and 
glucose content rose by 19.7%–22.0% and 15.1%–21.1%, respectively 
(Fig. 2D–G). It is interesting to note that, compared to COS treatment, 
the total anthocyanin content of grapes increased rapidly after 15 days 
of COS-VA and COS-RA treatments, with a significant increase of 41.7%– 
46.7% at 45 days (p < 0.05). Additionally, there was no discernible 
difference in the weight of a single grape berry between treatments 
(Fig. 2D). According to these findings, COS, COS-VA, and COS-RA 
treatments all enhanced the amount of soluble sugar and total antho
cyanin in grape berries, both treatments were more effective at the same 
concentration. 

3.4. Berry peel color and anthocyanin content 

According to Fig. 3A, after 15 days of COS-VA and COS-RA treat
ment, the berries’ epidermal section quickly turned light red in 
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comparison to the control and COS treatment; at 45 days, the berries 
treated with COS-VA and COS-RA were darker than those of the control 
and COS treatment. Therefore, COS-VA and COS-RA spraying consid
erably raised the a* values from 15 to 45 days (Fig. 3B), and the values 
increased by 17.2%–18.3% at 45 days compared to COS treatment. After 
15 days, the COS, COS-VA, and COS-RA treatments significantly 
increased the total anthocyanin content (Fig. 2G) in the skin of mature 
grapes (p < 0.05), and the contents of five monomeric anthocyanosides 
were increased to varying degrees. The predominant anthocyanin 
components found were Petu-3-O-ace-glu, Del-3-O-glu, and Mal-3-O- 
glu, which responded more strongly to COS-VA and COS-RA treat
ments, with 74.1%–84.2%, 46.3%–58.0%, and 39.5%–47.3% increases, 

respectively, at 45 days compared to COS (Fig. 3C–E). Peo-3-O-glu and 
Cya-3-O-glu, on the other hand, were relatively less influenced by COS- 
VA and COS-RA treatment, increasing by 7.9%–13.5% and 9.3%–14.4%, 
respectively, compared to COS (Fig. 3F, G). This demonstrates that COS- 
VA and COS-RA increase anthocyanin accumulation in grape skins by 
increasing the levels of Petu-3-O-ace-glu, Del-3-O-glu, and Mal-3-O-glu. 

3.5. Expression levels of anthocyanin-related genes 

The expression levels of nine anthocyanin synthesis-related genes 
(PAL, CHS, CHI, F3H, F3′H, F3′5′H, DFR, LDOX, UFGT) and two regula
tory genes (MYBA1, MYBA2) were determined by qRT–PCR (Fig. 4). The 

Table 1 
Antioxidant system for leaf blades.  

Treatments SOD activity (U⋅mg− 1 

min− 1) 
POD activity (U⋅g− 1 

min− 1) 
CAT activity (U⋅g− 1 

min− 1) 
APX activity (U⋅g− 1 

min− 1) 
H2O2 content(μmol⋅g− 1 

FW) 
O2
− content (μmol⋅g− 1 

FW) 

Control 562.80 ± 9.36c 442.43 ± 6.63c 5.46 ± 0.14b 0.78 ± 0.02a 92.06 ± 3.04a 84.36 ± 3.97a 
COS 633.10 ± 8.72b 498.40 ± 8.84b 5.99 ± 0.21b 0.74 ± 0.02a 81.13 ± 1.72b 71.43 ± 1.88b 
COS-VA 685.93 ± 4.74a 587.33 ± 5.24a 9.69 ± 0.21a 0.82 ± 0.04a 54.73 ± 2.32c 47.10 ± 2.62c 
COS-RA 698.76 ± 4.60a 614.87 ± 5.76a 10.66 ± 0.33a 0.80 ± 0.03a 47.70 ± 2.63c 40.73 ± 2.37c 

Letters behind the values in the same column indicate significant differences among different treatments, p < 0.05. 

Fig. 2. Effect of COS, COS-VA, and COS-RA on fruit quality indexes. (A-H) soluble solids (SSC), titratable acid (TA), soluble sugars, sucrose, fructose, glucose, total 
anthocyanin content, and single fruit weight. Different lowercase letters indicate significant differences among the treatments, based on the Duncan test (p < 0.05, n 
= 4). 
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initial stage of anthocyanin production involves the phenylalanine 
conversion route, and VvPAL was considerably enhanced by COS-VA 
and COS-RA treatments throughout the period compared to COS treat
ment, and the difference was most significant at 15 days, approximately 
6.26–6.60 times that of COS (Fig. 4A). In the second stage, in the basic 
upstream flavonoid pathway, the transcript abundance of dihydromyr
icetin and dihydrokaempferol synthesis-related genes (CHS, CHI, F3H, 
F3′5′H) was significantly higher after 15th days of COS-VA and COS-RA 
treatment than after the control and COS treatment (Fig. 4B–F). Espe
cially at 15th day of treatment, VvF3H and VvF3′5′H expression was 
approximately 2.13–2.51 and 2.81–3.26 times higher than that of COS 
treatment. Nevertheless, the expression level of the dihydroquercetin 
regulatory gene VvF3′H was not affected, which resulted in a lower 
accumulation of Peo-3-O-glu and Cya-3-O-glu. As a result of the COS-VA 
and COS-RA treatments, VvUFGT expression levels were consistently 
greater than those of COS treatment at 30–45 days and approximately 
3.98–4.39 times higher than those of COS treatment at 45 days. Two 
regulatory factors, VvMYBA1 and VvMYBA2, demonstrated a consid
erable increase from 15 to 30 days and a decrease at 45 days. These 
results suggest that COS-VA and COS-RA treatments influenced gene 
expression throughout the grape peel anthocyanin production stage, 
favoring high expression of the PAL, F3H, F3′5′H, and UFGT genes in 
particular. 

3.6. Principal components analysis 

The effects of COS, COS-VA, and COS-RA spraying on antioxidant, 
photosynthesis, fruit sugar, and anthocyanin gene expression in grape
vine leaves were evaluated using PCA. Fig. 5 displays the distribution of 
the examined physicochemical parameters and component load for the 
two components (PC). The top two PCs (PC1 = 79.5% and PC2 = 7.6%) 
explained 87.1% of the variation in the data. PC2 accounted for a small 

proportion of the variance (7.6%), but PC1 explained the variance in the 
majority of the qualities under investigation. PC1 explained a reason
ably high proportion of the variance (79.5%). According to the various 
treatment distributions, COS-VA and COS-RA scored positively in PCA1, 
but COS and the control scored negatively. This indicates that COS-VA 
and COS-RA significantly improved grape index features, although 
there was no statistically significant difference between the two treat
ments. As shown in Fig. 5B, loading analysis revealed an acute angle 
between total anthocyanin content and leaf antioxidant enzymes (SOD, 
POD, CAT), photosynthesis (Pn, Fv/Fm, SPAD), fruit sugars (sucrose, 
fructose, glucose), and anthocyanin synthesis genes (PAL, CHS, CHI, 
F3H, F3′5′H, DFR, LDOX, UFGT, MYBA2). In other words, the anthocy
anin gene expression, fruit sugar content, photosynthesis, and antioxi
dant system of the leaf all positively influenced overall anthocyanin 
accumulation. The angle between the leaf antioxidant system and 
photosynthesis, fruit sugar, total anthocyanin, anthocyanin synthesis 
gene, and total anthocyanin content was small and extremely positively 
correlated. 

4. Discussion 

During the summer season in southern China, changes occur in the 
microclimate of vineyards and increase the potential for high- 
temperature and low-light conditions to occur, which affects the basic 
physiological functions of the vine and the accumulation of substances 
such as glucose and anthocyanins, causing issues such as lower color 
development and poor quality of grapes at ripening (Deng, et al., 2019; 
Palliotti, Tombesi, Silvestroni, Lanari, Gatti, & Poni, 2014). Many 
studies have demonstrated that the application of exogenous com
pounds, such as phytohormones, biostimulants, derivatives, and syn
thetic agents, can boost plant life activities, lessen stress damage, and 
improve fruit quality (Ahmed, Khan, Siddiqui, & Jahan, 2020; Cui et al., 

Fig. 3. Effect of COS, COS-VA, and COS-RA on grape color (A), a* value (B), and monomeric anthocyanin content (C-G). Different lowercase letters indicate sig
nificant differences among the treatments, based on the Duncan test (p < 0.05, n = 4). 
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2022). 
In this research work, a novel class of chemicals was synthesized, 

which included COS-RA, COS-FA, COS-VA, and COS-GA. COS was 
modified with phenolic acid (Fig. 1A) and oxidized with laccase to form 
quinones from phenolic acid, and chitosan-phenolic derivatives were 
formed through Schiff base and Michael addition reactions. Due to dif
ferences in the apparent morphology (Fig. 1B), substitution level 
(Table S1), and valence bond changes (Fig. 1C, D and Fig. S1) among 
COS-RA, COS-FA and COS-VA, COS-GA and differences in structure and 
substitution, the former had approximately doubled antioxidant activity 
of the latter, and the activities of both were higher than that of COS 
(Fig. S2). The phenolic acids (RA, FA) with cinnamic acid as the parent 
nucleus were more easily oxidized by laccase than those with benzoic 
acid as the parent nucleus (GA, VA), and the former was more grafted to 
COS. Their antioxidant capacity showed the same trend as that of amino- 
substituted COS derivatives which might have caused these significant 
differences. Most researchers agree that phenolic acid’s strong antioxi
dant activity is determined by its structure, and the structure of most 
chitosan derivatives is similar to that of chitosan (Huerta-Madronal, 

Caro-Leon, Espinosa-Cano, Aguilar, & Vázquez-Lasa, 2021). 
Grape leaves and fruits were sprayed with 250 mg L− 1 COS-RA, COS- 

VA, and COS solution 50 days after flowering to investigate the impact of 
these two novel compounds on grape development and quality. Chitosan 
and chitooligosaccharides are inducers of plant defense responses, and 
most studies have shown that chitosan treatment can trigger rapid 
production of hydrogen peroxide in plant leaves, which acts as a 
signaling molecule to trigger the ROS scavenging system, causing 
upregulation of superoxide dismutase (SOD), peroxidase (POX) and 
catalase (CAT) activities and resulting in a sustained period of high free 
radical scavenging activity in plants (Frederickson Matika, & Loake, 
2014). In this study, we discovered that treatments with COS-RA, COS- 
VA, and COS increased the antioxidant enzyme (SOD, POD, and CAT) 
activities of leaves (Table 1). The enzyme activities of treatments with 
COS-RA and COS-VA were higher than those of treatments with COS, 
which may be related to the potent antioxidant properties of the chito
san phenolic acid derivatives. Enhanced antioxidant capacity in leaves 
can prevent oxidative damage caused by a variety of stimuli and pre
serve the leaves’ ability to photosynthesize. Under varying climatic 

Fig. 4. Transcript levels of anthocyanin-related genes in berry skin. X-axis and Y-axis represent the days after treatment and the expression fold change relative to 
Control (0 Day), respectively. Different lowercase letters indicate significant differences among the treatments, based on the Duncan test (p < 0.05, n = 4). 
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conditions, maintaining high antioxidant capacity may guarantee that 
leaves maintain normal levels of photosynthesis (Liu, Xiu, Chen, & Jie, 
2014). Spraying COS-RA and COS-VA reduced the number of free rad
icals such as O2

− and H2O2 in the leaves, which improved the leaves’ 
immunity for growth under stress conditions. 

Chitosan and chitooligosaccharides can promote plant development 
and photosynthesis in plant leaves. According to previous study, 
spraying chitosan on coffee seedlings enhanced photosynthesis, 
increasing leaf area by 60.53% and total chlorophyll content by 15.36% 
(Dzung, Khanh, & Dzung, 2011). Compared to COS, COS-VA and COS- 
RA treatments significantly increased leaf area and leaf thickness 
(Fig. S3A, B, F), particularly the thickness of fenestrated and spongy 
tissue (Fig. S3C, D). Moreover, the effectiveness of leaf photosynthesis is 
also reflected in the amount of leaf area, leaf thickness, fenestration, and 
spongy tissue. In this study, the principal component analysis indicated 
that the antioxidant system and photosynthesis were extremely posi
tively correlated. Moreover, after 15 days of COS-RA and COS-VA 
treatment, SPAD, Pn, and Fv/Fm were considerably greater than those 
of the control and COS treatment, and mature leaf photosynthetic 
assimilation products were enhanced. Previously, chitoheptaose treat
ment of wheat seedlings promoted increased photosynthesis and 
increased aboveground soluble sugar, soluble protein, and chlorophyll 
contents by 59.4%, 22.0%, and 20.3%, respectively (Zhang et al., 2016). 
Therefore, we speculate that COS-VA and COS-RA, due to their strong 
antioxidant capacity, regulate the antioxidant system and promote leaf 
structural growth, which in turn increases leaf chlorophyll content and 
photosynthetic intensity, allowing leaves to accumulate more assimi
lated products and providing the basis for fruit sugar accumulation. 

Sugars and anthocyanins in grape berries increase as a result of the 
accumulation of leaf assimilation products. It has been demonstrated 
that chitosan increases photosynthesis, carbon metabolism, and nitro
gen metabolism in plants, promoting the buildup of soluble sugars 
(Ahmed, Khan, Siddiqui, & Jahan, 2020). Chitosan treatment induces 
the rapid accumulation of various phenolic compounds, including an
thocyanins, in grapes (Meng & Tian, 2009). The spraying of COS-VA and 
COS-RA considerably boosted the soluble solids, total anthocyanin, and 
soluble sugars content of the berries in this research compared to COS 
treatment, along with a more than 2-fold increase in sucrose content 
(Fig. 2D). Several studies have shown that sucrose is involved in the 
induction of anthocyanin accumulation in plants and that glucose is the 

main sugar feedstock for anthocyanin synthesis in fruits, including apple 
(Liu et al., 2017) and grapes (Xia et al., 2021). The current findings 
revealed that total anthocyanins were significantly and positively 
correlated with sucrose and glucose content and higher contents of su
crose and glucose promoted the accumulation of anthocyanins, which 
suggest that COS-VA and COS-RA treatments enhanced the accumula
tion of sucrose and glucose in grape berries through photosynthesis. This 
could be one of the causes of the increased anthocyanin production in 
grapes. 

An important indicator of color development in grapes is the 
anthocyanin level. The primary anthocyanin components found in 
berries, Mal-3-O-glu, Petu-3-O-ace-glu, and Del-3-O-glu, were also key 
contributors to the development of grape color (Xia et al., 2021). 
Compared to COS, the COS-VA and COS-RA treatments resulted in more 
accumulation of the three monomeric anthocyanins (Fig. 3C–E), which 
was the main reason why chitosan derivatives contributed to early color 
development and the high accumulation of total anthocyanins in grapes. 
Anthocyanin accumulation was accomplished through the control of the 
expression of genes associated with anthocyanin metabolism, which 
were highly and positively connected with the total anthocyanin content 
in grape skin (Fig. 5). Some studies have demonstrated that chitosan or 
chitooligosaccharides can encourage the synthesis of anthocyanin-like 
secondary metabolites by inducing high expression of phenylalanine 
aminolysis (PAL) genes in grape (Meng & Tian, 2009). In this investi
gation, we discovered that after 15 days, the transcript levels of VvPAL 
were dramatically elevated by COS-VA and COS-RA treatment, 
providing one of the strongest indications that chitosan-phenolic acid 
derivatives induced an increase in grape anthocyanins. VvF3′H, a reg
ulatory gene for dihydroquercetin production, was unaffected, but the 
high expression of VvF3′5′H at 15 days of treatment stimulated greater 
dihydroquercetin synthesis (Fig. 5E, F). Dihydroflavonol-4-reductase 
(DFR) converts dihydromyricetin and dihydroquercetin into the color
less precursors delphinidin and cornflowerin, which are used to make 
petuniain, mallowin, and Peonidin, respectively (Kühn Weber & Godoy 
Santin, 2014). As a result, COS-VA and COS-RA treatment encouraged 
greater Mal-3-O-glu, Petu-3-O-ace-glu, and Del-3-O-glu accumulation 
(Fig. 4C–E). Moreover, the anthocyanin is inherently unstable and un
dergoes glycosylation at the C3 position under the action of flavonoid 
glycosyltransferase (UFGT), which stabilizes it by binding it to glucose. 
VvMYBA1 and VvMYBA2 are important transcription factors that 

Fig. 5. Plots of principal component analysis of leaf antioxidant system, photosynthesis, fruit sugar, genes related to anthocyanin synthesis, and total anthocyanin- 
related indicators. Distribution of principal component analysis scores of relevant indicators with different treatments (A), principal component loading plot (B). 
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directly control UFGT (Kobayashi, Goto-Yamamoto, & Hirochika, 
2004). This is supported by the findings of the current study, which 
showed that COS-VA and COS-RA treatments increased the expression of 
VvMYBA1 and VvMYBA2, which in turn induced the high expression of 
VvUFGT in the grape epidermis at 30–45 days. 

5. Conclusion 

According to the current study, COS was successfully grafted with 
four phenolic acids, which enhanced antioxidant activity. Spraying 
grape leaves and fruits with 250 mg L− 1 solutions of COS-RA and COS- 
VA during the color-changing period encouraged the accumulation of 
anthocyanins in the fruit skin. The compounds might have induced this 
change by enhancing leaf structural development and antioxidant ac
tivity, enhancing leaf photosynthesis, increasing the sucrose and glucose 
content of leaves and fruits, and promoting total anthocyanin accumu
lation through high sugar levels. Meanwhile, COS-RA and COS-VA 
promoted the upregulated expression of specific genes related to 
anthocyanin synthesis (including PAL, F3H, F3′5′H, DFR, and UFGT), 
which in turn boosted the accumulation of monomeric anthocyanins 
(Mal-3-O-glu, Petu-3-O-ace-glu, Del-3-O-glu). Therefore, the application 
of chitooligosaccharide derivatives could be an effective approach to 
improve the quality and production of grapes in hot and rainy areas. 
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