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Abstract: The application of wounding stress can induce the accumulation of phenolic antioxidants
in carrots. This study aimed to investigate the possible regulation role of invertase (INV) on the
biosynthesis of phenolics in wounded carrots. In this study, carrots were cut into two different
wounding intensities of slices and cubes, then stored at 20 ◦C for 2 days. The results showed that
wounding stress caused an obvious increase in phenolic content and antioxidant capacity in carrot
tissues, and a positive correlation was observed between the biosynthesis of phenolic compounds
and the degradation of sucrose. Simultaneously, wounding activated the sucrose-cleaving enzymes
of INVs, including acid INV (AI) and neutral INV (NI), and up-regulated the expressions of most
encoding genes of INVs. In addition, treatment with INV activators accelerated the accumulation
of phenolic antioxidants, while treatment with INV inhibitors suppressed this process, suggesting
that the synthesis of phenolic compounds in wounded carrots is closely related to the availability of
sugars. Our findings provide new insights into the regulation role of INV on the wound-induced
accumulation of phenolic compounds in carrots, which may be helpful in using wounded plants to
produce more phenolic antioxidants.

Keywords: carrot; invertase; phenolic compounds; sugar metabolism; gene expression

1. Introduction

Epidemiological and clinical investigations have shown that diets rich in phenolic
antioxidants can not only prevent oxidative damage to cells, proteins and DNA, but also
have been shown to inhibit carcinogenesis, diminish inflammation and enhance immune
function [1–3]. Phenolic substances are mainly found in plants, therefore, obtaining suffi-
cient polyphenols from limited plant resources is a goal that has been pursued. Over the
past decade, cutting has been demonstrated as an effective and simple way to induce the
accumulation of phenolic compounds in many fresh fruits and vegetables such as carrot,
pitaya, broccoli, and potato, thereby largely improving their nutritional effects and health
benefits [4–7]. Among this produce, particular attention has been given to carrots because
of their pronounced increase in phenolic substances, especially chlorogenic acid. For in-
stance, Surjadinata and Cisneros-Zevallos [8] showed that the increment of total soluble
phenolic (TSP) content in shredded carrots after 4 days of storage at 15 ◦C was 252%, and
the chlorogenic acid, the main phenolic in carrots, increased 11.3 fold, as compared to
non-wounded carrots.

To date, carrots have emerged as an ideal model material for studying the effect
of wounding associated with other postharvest abiotic stresses on the accumulation of
phenolic compounds in horticultural crops. Several treatments including UV-light irradi-
ation, exogenous ethylene (ET), hyperoxia, water stress, glyphosate and higher storage
temperature storage can play a synergistic role with wounding in improving the level of
phenolic antioxidants in carrots [9–14]. To better manipulate this biochemical reaction,
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the mechanisms of wound-induced accumulation of phenolic compounds are constantly
revealed. Previously, it has been confirmed that wounding can trigger the increase in
phenylalanine ammonia-lyase (PAL) activity, a pivotal enzyme in the phenylpropanoid
biosynthesis pathway, thereby causing the enhancement of phenolic compounds [15]. More
recently, the effects of signaling molecules in regulating wound-induced accumulation of
phenolic compounds were evaluated. As reported by Cisneros-Zevallos, the results ob-
tained in wounded carrots through suppressing the action of signaling molecules indicated
a complex cross-talk between reactive oxygen species (ROS), ET and jasmonic acid (JA) that
ROS act as the main signal for wounding or other stresses like UV, whereas ET and JA are
activated by ROS and can also modulate ROS levels [16,17]. As the intermediate products
in the phenylpropane metabolic pathway, the production of phenolic compounds requires
the supply of precursor substances. However, currently, much information about the
conversion process of phenolic compounds from primary metabolites is still not very clear.

The phenylpropanoid biosynthesis pathway continues from L-phenylalanine (L-phe),
the main aromatic amino acid synthesized via the shikimic acid pathway [18]. In previous
studies, higher concentrations of L-phe and shikimic acid were observed in wounded
carrots, as compared with the intact individuals, which matched with the accumulation of
phenolic compounds [12,13]. In plant tissues, the two starting substrates of the shikimic
acid pathway derive from the glycolysis pathway and phosphopentose pathway, including
phosphoenol pyruvate and erythrose-4-phosphate [15]. Hence, the precursors needed for
the production of phenolic compounds are produced from sugars [19]. Some studies have
provided evidence that enhancing the availability of sugars in wounded tissues can help to
increase the accumulation of phenolic compounds. It was shown that the application of
exogenous amylolytic enzymes improved the levels of reducing sugars, thereby increasing
the accumulation of chlorogenic acid isomers in wounded potato tubers [20]. Similar results
were observed in methyl jasmonate-treated fresh-cut pitaya fruit [21]. Recently, we have
found that sucrose was the predominant sugar in carrots, and the accumulation of phenolic
compounds after wounding was accompanied by the decomposition of sucrose [22]. The
invertase (INV), including acid INV (AI) and neutral INV (NI), can hydrolyze sucrose into
glucose and fructose and display crucial functions in response to abiotic stress [23]. To our
knowledge, the potential role of invertase in wound-induced accumulation of phenolic
compounds has not been elucidated.

The objectives of this study were to explore the defense response mechanism of INV
under mechanical injury and to understand the possible role of INV in influencing the
biosynthesis of phenolics in carrots. Thus, we investigated changes in the TSP content,
the soluble sugar content, and the transcript levels and activities of the INVs in wounded
carrots under different cutting styles. Furthermore, the effects of the activator and inhibitor
of the INV on the biosynthesis of phenolics were also evaluated.

2. Materials and Methods
2.1. Plant Material and Treatment

Carrots (Daucus carota L. cv. Sanhongqicun) were purchased in the local market (Jinan,
China) and transported to the laboratory within an hour. Carrots with uniform color and
shape (the total length was 19–23 cm and the diameter of the middle part was 3.5–4.5 cm)
and without mechanical injuries were selected, washed and air dried.

In the first experiment, the skin of the carrots was peeled off prior to cutting. Sub-
sequently, to obtain two different wounding intensities, the carrot sticks were cut into
slices (thickness: 5 mm) and cubes (5 mm × 5 mm × 5 mm) with a sharp stainless steel
knife. After cutting, the wounded samples with uniform style were randomly placed in
transparent polypropylene containers with plastic covers on them. To keep the samples
in contact with the outside environment, 10 little holes with a diameter of 0.5 cm were
punched and uniformly ranked on the cover. For each container, 150 g wounded samples
were included. Finally, the polypropylene containers were stored in a constant temperature
and humidity chamber for 48 h. The storage condition was set as 20 ◦C, 90% relative
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humidity and no light. The intact samples with no cutting treatment were used as a control
and stored in the same conditions as the wounded samples. Sampling was performed at
different periods of storage time (0, 12, 24, 36 and 48 h) for all stored samples. During each
sampling time, three containers of each treatment were taken out and the samples were
frozen with liquid nitrogen and kept in polyethylene bags at −80 ◦C. The frozen tissues
were used for the determination of TSP content, antioxidant capacity, the activities of INVs,
soluble sugar content and quantitative real-time PCR (qRT-PCR). Three biological replicates
were performed for each treatment, and each replicate contained three whole carrots.

In the second experiment, cubed carrots as described in the first experiment were used
to evaluate the effects of activator and inhibitor of the INV on the biosynthesis of phenolics
in wounded carrots. Two chemical reagents of exogenous invertase (INV) and concanavalin
A (ConA) were used to enhance the activities of INVs, while the iodoacetamide (IAM)
and silver nitrate (AgNO3) were used to inhibit the activities of INVs. The cubed carrots
immersed in distilled water were used as control. Whole carrots were used to evaluate the
impact of soaking treatment. The concentrations of these four reagents were determined
according to the previous research [24] and our preliminary experiments.

The different treatments in the carrot cubes were as follows:

(1) Whole: carrots with uniform color and shape and without mechanical injuries were
selected, washed and air dried.

(2) CK: the carrot cubes were immersed in the distilled water for 3 min and then air dried.
(3) INV: the carrot cubes were immersed in the 0.5 g L−1 INV solution for 3 min and then

air dried.
(4) ConA: the carrot cubes were immersed in the 0.2 g L−1 ConA solution for 3 min and

then air dried for 15 min.
(5) IAM: the carrot cubes were immersed in the 1 mmol L−1 IAM solution for 3 min and

then air dried.
(6) AgNO3: the carrot cubes were immersed in the 5 mmol L−1 AgNO3 solution for 3 min

and then air dried.

After treatment, the storage condition and sampling method of carrot cubes were the
same in the first experiment. Sampling time was performed at different storage stages of 0, 1
and 2 d. The frozen tissues were used for the analysis of different physiochemical parameters.

2.2. Total Soluble Phenolics (TSP) Contents

Total soluble phenolics (TSP) content was analyzed according to the method by Single-
ton et al. [25], with slight modifications. Five grams of frozen sample were homogenized
with 25 mL cold methanol, and the homogenate was transferred to a 50 mL covered cen-
trifuge tube. After keeping overnight at 4 ◦C in the dark, the tube was centrifuged at
12,000× g for 20 min and the supernatant was collected to determine the level of TSP.
The reaction mixture contained 0.4 mL of supernatant, 1.6 mL of distilled water, 1 mL of
Folin-Ciocalteu reagent and 1 mL of 7.5% (m/v) anhydrous sodium carbonate (Na2CO3).
After incubation at 25 ◦C for 2 h, the absorbance of the mixture was measured at 765 nm
and the TSP content was expressed as milligrams of chlorogenic acid (CA) per kilogram.

2.3. Antioxidant Capacity Analysis

The same supernatant prepared for the determination of TSP content was utilized
for antioxidant capacity analysis. The 2,2-diphenyl-1-picryl-hydrazyl (DPPH) free radical
scavenging activity was used to reflect the antioxidant capacity of carrot tissue. According
to the method by Thaipong et al. [26], 2.9 mL of 0.12 m mol L−1 DPPH solution (dissolved
in methanol) was added to 0.1 mL TSP extracts and the mixture was incubated at 25 ◦C for
30 min with no light. Then, the absorbance was measured at 525 nm and the result was
expressed as % DPPH inhibition. The value of % DPPH inhibition was calculated with the
following formula:

% DPPH inhibition = [(A0 − A1)/A0] × 100
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where ‘A0’ was the absorbance of the DPPH solution (control), and ‘A1’ was the absorbance
of the test sample.

2.4. Measurement of Soluble Sugars Content

The fructose, glucose and sucrose of carrot were extracted and measured in accor-
dance with the methods of Han et al. [22], with slight modifications. First, 2 g of frozen
tissues were ground in 5 mL of 80% (v/v) ethanol solution and centrifuged at 12,000× g
for 20 min. The supernatant was used to assay the contents of soluble sugars. The identifi-
cation and quantification of soluble sugars were achieved by a high-performance liquid
chromatography (HPLC) system (Shimadzu LC-20A, Kyoto, Japan) equipped with an
evaporative light scattering detector (Shimadzu ELSDLT II, Kyoto, Japan). Twenty mi-
croliters of filtered supernatant were injected into the HPLC system and separated on a
4.6 mm × 250 mm, 5 µm, hydrophilic interaction chromatography (HILIC) column (Shodex
Asahipak NH2P-50 4E, Tokyo, Japan) eluted with mobile phase A (acetonitrile) and phase
B (water) at a constant flow rate of 1 mL/min. The oven temperature was maintained at
40 ◦C. The concentrations of soluble sugars were calculated using standard calibration
curves generated by pure standards.

2.5. AI and NI Activities

A mass of 2.0 g frozen tissues was ground and extracted by 5 mL of 100 mM cold phos-
phate potassium buffer (pH 6.5) containing 2.5 mmol L−1 dithiothreitol (DTT),
5 mmol L−1 MgCl2, 1 mmol L−1 EDTA and 0.1% Tritonx-100 (v/v). The homogenate
was centrifuged at 13,000× g for 20 min at 4 ◦C and the clear supernatant was used for
assays of these two enzymes. The activities of AI and NI were assayed according to the
method of Wang et al. [27].

2.6. Gene Expression (Quantitative Real-Time PCR, qRT-PCR)

The total RNA in sampled carrot tissues was isolated using a Plant Total RNA Ex-
traction Kit (TaKaRa: 9769) according to the corresponding protocol. The cDNA was
synthesized using a RT-PCR Kit (TaKaRa: RR036A) following the manufacturer’s instruc-
tions. Relative gene expression levels of targeted genes were determined by qRT-PCR using
SYBR® Premix Ex TaqTM (TaKaRa: RR420A). The qRT-PCR analysis was carried out using
the Applied Biosystems 7500 Real-time PCR System (Waltham, MA, USA). The reaction
procedure was initiated with a preliminary step of 10 min at 95 ◦C, followed by 40 cycles
of 95 ◦C for 15 s and 60 ◦C for 34 s. Ten genes encoding the invertase were analyzed by
qRT-PCR. Relative gene expression was calculated using the 2−∆∆Ct method. The targeted
genes and their sequences of primers are listed in Supplementary Table S1.

2.7. Statistical Analysis

The two independent experiments were performed with a completely randomized
design. Statistics analysis was conducted using SPSS software (V. 23, IBM CO., New
York, NY, USA) and one-way analysis of variance (ANOVA). Results were represented as
mean ± standard deviation (SD) of three replicates, and the significant differences were set
as p < 0.05 using Fisher’s least significant differences (LSD) tests.

3. Results
3.1. Effects of Different Cutting Styles on TSP Content and DPPH Inhibition of Carrots

The changes in TSP content and DPPH inhibition for whole, sliced and cubed carrots
were evaluated. As shown in Figure 1A, only a slight increase in TSP content was observed
in whole carrots with storage duration. The application of cutting induced a dramatic
increase in TSP content in both sliced and cubed carrots. After 24 h of storage, the TSP
value in cubed carrots was much higher (p < 0.05) than that of the control, followed by
sliced carrots. At the end of storage, the cubed carrots showed the highest level of TSP,
which was 5.5 times higher than that of the control. During storage, DPPH inhibition of
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carrot tissues presented the same pattern as the TSP (Figure 1B). Compared with the control,
DPPH inhibition of wounded carrots was much higher after 24 h. The DPPH inhibition of
sliced and cubed carrots peaked at 48 h, which was 5.5 and 6.1 times higher than that of the
control, respectively.
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3.2. Effects of Different Cutting Styles on Soluble Sugar Contents of Carrots

As shown in Figure 2A,B, the fructose and glucose contents generally increased in all
carrot tissues with the storage time. The fructose contents in sliced and cubed carrots were
significantly higher (p > 0.05) than that of whole carrots after 24 h of storage. Similarly, after
24 h, the glucose content in wounded carrots was significantly higher (p < 0.05) than that
observed in the control, except for the sliced carrots at 48 h.

Horticulturae 2024, 10, x FOR PEER REVIEW 6 of 15 
 

 

 
Figure 2. Fructose content (A), glucose content (B) and sucrose content (C) of whole, sliced and 
cubed carrots stored at 20 °C for 48 h. Each value is presented as the mean ± SD, the different low-
ercase letters indicate significant differences (p < 0.05) among whole, sliced and cubed carrots at each 
time point. 

As shown in Figure 2C, the sucrose content in whole carrots decreased gradually 
with prolonged storage time. However, after 24 h, the application of cutting resulted in a 
further loss of the sucrose content, and a significant difference (p < 0.05) was observed 
between whole and wounded carrots. Especially at 24 h of storage, compared with the 
control, the sucrose content in the sliced and cubed carrots was 17.4% and 23.3% lower, 
respectively. At the end of storage, only approximately 60% of the sucrose content was 
retained in both sliced and cubed carrots, as compared with the initial value. 

3.3. Effects of Different Cutting Styles on AI and NI Activities of Carrots 
As shown in Figure 3, the AI and NI activities of whole, sliced and cubed carrots 

displayed a similar upward pattern during the entire storage period. For whole carrots, 
the AI and NI activities increased slowly during storage. Cutting treatment markedly pro-
moted the activities of AI and NI in carrots. After 12 h of storage, the average values of AI 
and NI in sliced and cubed carrots were much higher (p < 0.05) than in untreated carrots, 
although an evident decline was observed between 24 h and 36 h. At the end of storage, 
the maximum values of AI and NI activities were both observed in cubed carrots, which 
were 1.5 and 1.8 times higher than those of the control, respectively. 

Figure 2. Fructose content (A), glucose content (B) and sucrose content (C) of whole, sliced and cubed
carrots stored at 20 ◦C for 48 h. Each value is presented as the mean ± SD, the different lowercase letters
indicate significant differences (p < 0.05) among whole, sliced and cubed carrots at each time point.



Horticulturae 2024, 10, 72 6 of 13

As shown in Figure 2C, the sucrose content in whole carrots decreased gradually with
prolonged storage time. However, after 24 h, the application of cutting resulted in a further
loss of the sucrose content, and a significant difference (p < 0.05) was observed between
whole and wounded carrots. Especially at 24 h of storage, compared with the control, the
sucrose content in the sliced and cubed carrots was 17.4% and 23.3% lower, respectively.
At the end of storage, only approximately 60% of the sucrose content was retained in both
sliced and cubed carrots, as compared with the initial value.

3.3. Effects of Different Cutting Styles on AI and NI Activities of Carrots

As shown in Figure 3, the AI and NI activities of whole, sliced and cubed carrots
displayed a similar upward pattern during the entire storage period. For whole carrots,
the AI and NI activities increased slowly during storage. Cutting treatment markedly
promoted the activities of AI and NI in carrots. After 12 h of storage, the average values of
AI and NI in sliced and cubed carrots were much higher (p < 0.05) than in untreated carrots,
although an evident decline was observed between 24 h and 36 h. At the end of storage,
the maximum values of AI and NI activities were both observed in cubed carrots, which
were 1.5 and 1.8 times higher than those of the control, respectively.
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3.4. Effects of Different Cutting Styles on Relative Expression Levels of the Genes Related to INV
in Carrots

The relative expression levels of 10 genes encoding invertase in whole, sliced and
cubed carrots are presented in Figure 4. Initially, compared with the control, cutting
treatment induced an immediate upregulation in 3 genes (LOC108216856, LOC108218454,
LOC108222818), while it caused the decline in 4 genes (LOC108206477, LOC108207625,
LOC108218494, LOC108222817). With prolonged storage time, an evident increase in relative
expression level was observed in most of these genes in sliced and cubed carrots compared
to whole carrots, including LOC108204362, LOC108206477, LOC108218454, LOC108218455,
LOC108218494, LOC108222817 and LOC108222818. For instance, the expression level of
LOC108218494 in wounded carrots, especially the cubed carrots, had a sharp increase
during the first 12 h, and thereafter kept at a high level in the subsequent storage. After
12 h, the expression level of LOC108218494 in wounded carrots was significantly higher
(p < 0.05) than that of the control. Particularly, at some measuring points, the expression
levels of LOC108218454, LOC108218455 and LOC108222817 in cubed carrots were tens or
even hundreds of times higher than that of the control. In addition, it was also observed
that the expression levels of LOC108204365 and LOC108216856 in wounded carrots were
relatively lower than in whole carrots after 24 h.
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3.5. Effects of INV Activators and Inhibitors on TSP Content and DPPH Inhibition of Cubed Carrots

As shown in Figure 5A, a small loss of TSP content was observed in all cubed carrots
after water immersion. Cutting treatment triggered the accumulation of TSP content in
carrot tissue through storage time; however, the production of phenolic compounds was
even higher in cubed carrots with additional use of INV activators, including exogenous
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INV and ConA. In comparison with exogenous INV, the promotion effect of ConA was
more evident. After 2 days of storage, ConA treatment brought a 21.6% increase in TSP
content compared to the control. In contrast, the synthesis of phenolic compounds was
retarded in cubed carrots with the application of INV inhibitors, including AgNO3 and
IAM. The TSP content in AgNO3- and IAM-treated samples decreased by 43.6% and 20.8%,
respectively, as compared with the control. Correspondingly, the DPPH inhibition during
storage showed a similar pattern as observed for TSP content (Figure 5B). As compared
with the control, except for the starting point, the cubed carrots treated with INV activators
displayed higher values of DPPH inhibition, while the cubed carrots treated with INV
inhibitors showed lower values of DPPH inhibition.

Horticulturae 2024, 10, x FOR PEER REVIEW 9 of 15 
 

 

even higher in cubed carrots with additional use of INV activators, including exogenous 
INV and ConA. In comparison with exogenous INV, the promotion effect of ConA was 
more evident. After 2 days of storage, ConA treatment brought a 21.6% increase in TSP 
content compared to the control. In contrast, the synthesis of phenolic compounds was 
retarded in cubed carrots with the application of INV inhibitors, including AgNO3 and 
IAM. The TSP content in AgNO3- and IAM-treated samples decreased by 43.6% and 
20.8%, respectively, as compared with the control. Correspondingly, the DPPH inhibition 
during storage showed a similar pattern as observed for TSP content (Figure 5B). As com-
pared with the control, except for the starting point, the cubed carrots treated with INV 
activators displayed higher values of DPPH inhibition, while the cubed carrots treated 
with INV inhibitors showed lower values of DPPH inhibition. 

 
Figure 5. Effects of INV activators and inhibitors on TSP content (A) and DPPH inhibition (B) of 
cubed carrots stored at 20 °C for 2 days. Each value is presented as the mean ± SD, the different 
lowercase letters indicate significant differences (p < 0.05) among different treatments at each time 
point. 

3.6. Effects of INV Activators and Inhibitors on AI and NI Activities of Cubed Carrots 
As shown in Figure 6, the AI and NI activities in the intact carrots increased slightly 

with the storage time; however, cutting treatment pronouncedly improved the values of 
AI and NI activities during the entire storage period. As two activators of INV, the use of 
exogenous INV and ConA brought an obvious increase in both AI and NI activities in 
cubed carrots. After day 1, the ConA-treated samples exhibited the highest AI and NI ac-
tivities among all treatments. In contrast, as two inhibitors of INV, the application of 
AgNO3 and IAM greatly suppressed the increasing trend of AI and NI activities in cubed 
carrots. In comparison with IAM, the inhibition effect of AgNO3 was more evident. At the 
end of storage, the AI and NI activities decreased by 47.8% and 40.3% in AgNO3-treated 
samples, respectively, as compared with the control. 
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3.6. Effects of INV Activators and Inhibitors on AI and NI Activities of Cubed Carrots

As shown in Figure 6, the AI and NI activities in the intact carrots increased slightly
with the storage time; however, cutting treatment pronouncedly improved the values of
AI and NI activities during the entire storage period. As two activators of INV, the use
of exogenous INV and ConA brought an obvious increase in both AI and NI activities in
cubed carrots. After day 1, the ConA-treated samples exhibited the highest AI and NI
activities among all treatments. In contrast, as two inhibitors of INV, the application of
AgNO3 and IAM greatly suppressed the increasing trend of AI and NI activities in cubed
carrots. In comparison with IAM, the inhibition effect of AgNO3 was more evident. At the
end of storage, the AI and NI activities decreased by 47.8% and 40.3% in AgNO3-treated
samples, respectively, as compared with the control.
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3.7. Effects of INV Activators and Inhibitors on Soluble Sugar Contents of Cubed Carrots

As shown in Figure 7, the soluble sugar contents in all cubed carrots experienced an
immediate decline after water immersion. Thereafter, the variation trend of reducing sugars
and sucrose was diametrically opposite. The fructose and glucose contents in control, INV-
and ConA-treated cubed carrots increased continuously with prolonged storage. Cubed
carrots treated with ConA at either day 1 or day 2 showed a level of glucose content higher
than that of the control. In contrast, the increasing trend of fructose and glucose contents in
cubed carrots was impeded by the inhibitor of INV. At day 1, the lowest value of glucose
content was observed in AgNO3-treated samples. At day 2, the lowest values of fructose
and glucose contents were both observed in AgNO3- and IAM-treated samples. With
regard to sucrose, a high decomposition rate was observed in cubed carrots that were
treated with the INV activators. After 2 days of storage, the levels of sucrose in INV- and
ConA-treated samples decreased by 0.3 and 0.2 times, respectively, with respect to their
initial values. However, the sucrose contents in AgNO3- and IAM-treated samples changed
slightly, and only limited decrements were observed in these two treatments.
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4. Discussion

In the past few years, the application of postharvest abiotic stresses (e.g., wounding,
UV-light irradiation and cold plasma) to produce antioxidant phenolic compounds in
horticultural crops has been extensively studied [17,28,29]. Among these abiotic stresses,
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wounding is established as a simple and effective strategy to induce the accumulation
of the individuals and the total amount of phenolic compounds. Due to its observed
high enhancement of phenolic compounds, wounded carrots showed great possibilities of
becoming a functional food or a functional food ingredient [30]. As a type of secondary
metabolite, the synthesis of phenolic compounds depends on the availability of L-phe, the
main amino acid derived from sugars [31]. Previously, the accumulation of phenolic com-
pounds in some wounded tissues presented a clear positive correlation with the utilization
of sugars [20,21]. This study has gone further to understand the effects of wounding on the
activities of invertases and the physiological role of invertases in regulating wound-induced
accumulation of phenolic compounds in carrot tissue.

Wounding induced a tremendous increase in TSP contents in carrot tissues (Figure 1A).
Regarding the effect of wounding intensity on the production of phenolic compounds, the
cubed carrots showed higher levels of TSP as compared to sliced carrots. Our data con-
firmed previous findings that increased wounding intensity could speed up the biosynthesis
of phenolics in wounded carrots [8]. As an important category of antioxidant substances,
polyphenols have been recognized as the main contributor influencing the antioxidant
capacity of fruits and vegetables [32]. Accordingly, the inhibitory value of DPPH, which
reflects the antioxidant capacity, exhibited a similar pattern with TSP content (Figure 1B). In
plants, the biosynthesis of secondary metabolites is closely related to primary metabolism.
Much evidence has indicated that the intermediate metabolites produced by carbohydrate
metabolism can be used as raw materials for the synthesis of polyphenols. For exam-
ple, pitaya fruit subjected to wounding stress showed a higher content of total phenolics
as compared with the intact fruit during 48 h of storage, accompanied by the elevated
loss of fructose and glucose [21]. Furthermore, the additional use of methyl jasmonate
could synergistically strengthen these two processes of the production of phenolics and
the decomposition of soluble sugars [21]. In the present research, sucrose was found to
be the predominant sugar in carrot fruit, in accordance with our previous research [22].
The application of wounding inevitably caused a decrease in sucrose, but also resulted
in an increase in glucose, especially after 24 h (Figure 2). When wounding occurs, plant
cells can absorb sugars produced at the site of wounding [33], and sugars are known
to be utilized in many metabolic processes like respiration as well as in the synthesis of
amino acids [34]. In the particular case of wounded carrots, the rapid degradation of
sucrose could produce essential precursors and serve as substrates for the biosynthesis of
phenolic compounds. With regard to glucose, the increased concentrations in wounded
tissues might be attributed to the rate of production from sucrose being higher than
the utilization rate.

Among sucrose metabolizing enzymes, INVs, are specifically responsible for the
irreversible hydrolyzation of sucrose into glucose and fructose [35]. Based on the opti-
mum pH, solubility and subcellular localization, invertases can be further subdivided
into three types: cell wall-bound invertases (CWIN), vacuole invertases (VIN) and cyto-
plasmic invertases (CIN) [36]. CWIN and VIN accumulate in the extracellular space and
the vacuole, respectively, and have an acidic pH optimum (3.5~5.5), which are referred
to as acid invertases; CIN accumulates in the cytoplasm and has a neutral or alkalic pH
optimum (6.5~8.0), which can be classified as alkaline/neutral invertases. Both VIN and
CIN are soluble invertases, while CWIN is insoluble invertase [37,38]. An increasing body
of evidence indicates that invertases, as well as their related genes, cannot only partici-
pate in the processes of plant development and growth, but also play a principal role in
regulating responses to abiotic stresses in plants. For example, as Yu et al. [39] reported,
during low-temperature storage at 5 ◦C, AI transcript levels in peach fruit with chilling
injury increased about 1400 fold as compared with fruit before storage, and was asso-
ciated with the promotion of AI activity and a reduction in sucrose content. Similarly,
under drought, salinity and phytohormone (ABA) conditions, almost all of the CsINV
(Camellia sinensis Invertase) genes were up-regulated after 5 days of treatment, suggesting
all of these genes may act as key modulators in preventing damage in the tea plant [40].
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In this study, wounding stress greatly activated AI and NI activities in carrot tissues
(Figure 3), and this observation matched the variation trend of sucrose and reducing sug-
ars. In addition, it is important to know which gene plays the central role in controlling
invertase activities under wounding stress. As shown in Figure 4, a total of 10 invertase
genes were expressed in the carrot tissue. According to the interpretation obtained from the
website of NCBI (https://www.ncbi.nlm.nih.gov, accessed on 8 January 2023), four genes
(LOC108204362, LOC108204365, LOC108218454, LOC108218455) were predicted to encode
CWIN and four genes (LOC108216856, LOC108218494, LOC108222817 and LOC108222818)
were predicted encoding VIN or CIN. Wounding stress could up-regulate the majority of the
invertase genes in most of the measuring points, except for LOC108204365, LOC108207625
and LOC108216856, which were shown to be down-regulated during storage. Specifically,
the expression levels of LOC108218454, LOC108218455 and LOC108222817 increased re-
markably after wounding, and their values were tens or even hundreds of times higher
than the whole carrots, especially in cubed carrots, which suggested that these genes may
play a vital role in regulating sucrose metabolism to endure wounding stress. Moreover, it
is worth noting that both LOC108218454 and LOC108218455 were characterized as CWIN
genes, and this result was in agreement with previous research that the mRNA levels of
CWIN in carrots increased dramatically after wounding [41].

In order to obtain direct evidence about the regulatory effect of invertase on the
production of secondary metabolites in wounded tissues, cubed carrots were utilized to
assay the impact of INV activator or inhibitor on concentrations of soluble sugars and
phenolic compounds during storage. In a previous study [24], the enzymatic properties
of INVs were examined in bamboo suspension cells during cultivation, and the effects of
INV activator or inhibitor were related to chemical reagent types and concentrations. They
found that treatment with bovine serum albumin, ConA and urease enhanced AI activity to
a different extent, while aniline, q-chloromercuribenzoic acid, IAM, pyridoxine and metal
ions including Cu2+, Hg2+ and Ag+ could inhibit the activities of AI and NI to relatively low
levels. In this study, based on the preliminary experiments, ConA was selected as the INV
activator, while IAM and AgNO3 were selected as INV inhibitors. In addition, considering
the direct effect of INV, exogenous INV was used as another activator. Our results showed
that the application of ConA or exogenous INV significantly reduced the sucrose content
and accelerated the TSP content (Figures 5 and 7), suggesting that the higher availability
of soluble sugars could result in a higher level of synthesis of phenolic compounds. In
contrast, treatment with AgNO3 or IAM distinctly suppressed the degradation of sucrose,
and relatively low TSP contents were observed in AgNO3- and IAM-treated carrot tissues.

5. Conclusions

In summary, wounding stress caused an obvious increase in TSP content and an-
tioxidant capacity in carrot tissues, and a positive correlation was observed between the
two processes of biosynthesis of phenolic compounds and degradation of sucrose. The
accelerated metabolism of sucrose could be attributed to the activated sucrose-cleaving
enzymes of INVs, including AI and NI, which were closely related to the up-regulated
expressions of most encoding genes. Most importantly, our results presented here strongly
suggested that activated INV could result in a higher level of synthesis of phenolic com-
pounds, whereas inhibited INV brought an adverse impact on the production of phenolic
compounds. Our findings provide new insights into the regulation role of INV on the
wound-induced accumulation of phenolic compounds in carrots, which may be helpful in
using wounded plants to produce more phenolic antioxidants.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae10010072/s1. Table S1. Primers of the 10 genes
encoding the INV in carrot. Table S2. FPKM values of DEGs associated with the biosynthesis of
phenolic profiles. Figure S1. The relative expression levels of 10 selected DEGs.
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