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Anthocyanin concentration 
depends on the counterbalance 
between its synthesis and 
degradation in plum fruit at high 
temperature
Junping Niu1, Guojing Zhang1, Wenting Zhang1, Vasilij Goltsev2, Shan Sun3, Jinzheng Wang3, 
Pengmin Li1 & Fengwang Ma1

Anthocyanin synthesis and degradation processes were analyzed at transcript, enzyme, and metabolite 
levels to clarify the effects of high temperature on the concentration of anthocyanin in plum fruit (Prunus 
salicina Lindl.). The transcript levels of PsPAL, PsCHS, and PsDFR decreased while those of PsANS and 
PsUFGT were similar at 35 °C compared with 20 °C. The activities of the enzymes encoded by these genes 
were all increased in fruits at 35 °C. The concentrations of anthocyanins were higher at 35 °C on day 5 but 
then decreased to lower values on day 9 compared with that at 20 °C. Furthermore, high temperature 
(35 °C) increased the concentration of hydrogen peroxide and the activity of class III peroxidase in the fruit. 
The concentration of procatechuic acid, a product of the reaction between anthocyanin and hydrogen 
peroxide, hardly changed at 20 °C but was significantly increased at 35 °C on day 9, indicating that 
anthocyanin was degraded by hydrogen peroxide, which was catalyzed by class III peroxidase. Based on 
mathematical modeling, it was estimated that more than 60–70% was enzymatically degraded on day 
9 when the temperature increased from 20 °C to 35 °C. We conclude that at the high temperature, the 
anthocyanin content in plum fruit depend on the counterbalance between its synthesis and degradation.

Anthocyanins are a group of water-soluble pigments that accumulate in the cell vacuoles of plants. They 
are responsible for the red, purple, and blue colors in roots, leaves, flowers, fruit, and other plant tissues. 
Anthocyanins play a vital role in plant survival as attractants of pollinators/dispersers, repellents of herbivores, 
and light attenuators to protect cells against damage caused by intense light by absorbing yellow-green and ultra-
violet light under various stress conditions1–4. Anthocyanins have also been shown to act as an antioxidant to 
scavenge reactive oxygen species (ROS) in plants suffering from oxidative stresses5–8.

To date, the biosynthetic pathway underlying anthocyanin production is well known. In most plant species, 
anthocyanins are synthesized from L–phenylalanine via the phenylpropanoid pathway catalyzed by phenylalanine 
ammonia lyase (PAL), chalcone synthase (CHS), chalcone-flavanone isomerase (CHI), flavanone-3-hydroxylase 
(F3H), dihydroflavonol 4-reductase (DFR), anthocyanidin synthase (ANS), and UDP-glycose:flavonoid 
3-O-glycosyltransferase (UFGT), among other enzymes9–11. However, in contrast to the extensive knowledge 
regarding anthocyanin synthesis, little has been known about the anthocyanin degradation process in living plant 
tissues until a breakthrough was reported by Zipor et al.8. They isolated a vacuolar class III peroxidase (Prx) from 
the Brunfelsia calycina flower and demonstrated that Prx is responsible for the in planta degradation of anthocya-
nins8. This is the first demonstration of an enzyme that catalyzes anthocyanin degradation in planta, although in 
addition to Prx, other enzymes such as polyphenol oxidase and β–glucosidase have been suggested to be involved 
in anthocyanin degradation in fruit juices12.
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Because both the synthesis and degradation of anthocyanins are enzymatically controlled in planta, changes 
in these two processes should benefit plants. For instance, the sun-exposed sides of apple and pear fruits often 
suffer from severe light stress during development. As a consequence, they possess a higher anthocyanin syn-
thesis capacity and elevated anthocyanin concentrations compared with the shaded sides of the fruits4, 13–15. 
Anthocyanin usually accumulates to a greater extent in young or senescing leaves in contrast to healthy mature 
leaves16, 17. The young and senescing leaves are more sensitive to intense light mainly due to their much lower 
photosynthetic capacity. Therefore, the anthocyanins that are synthesized in the adaxial surface of the leaf could 
attenuate the light irradiated to the chloroplast and thus protect the leaves against photoinhibition/photodam-
age. Anthocyanins in the adaxial leaf tissues provide greater photoprotection than those in abaxial tissues but 
also predispose the tissues to increased shade acclimation and, consequently, reduced photosynthetic capacity. 
Thus, in the leaves of some understory plants of temperate and tropical forests, anthocyanin is synthesized in the 
abaxial side, which may represent a compromise based on costs/benefits18. In general, the relationship between 
anthocyanin synthesis and its function under different light conditions has been well explained in those studies.

Regarding the relationship between anthocyanin synthesis and temperature, it is very easy to understand 
why a low temperature often increases the concentration of anthocyanin, for example, in the leaves of evergreen 
species during the winter19. Anthocyanin may protect plants against various stresses. Similarly, the synthesis of 
anthocyanin is expected to be enhanced in response to high temperature stress, which may increase the produc-
tion of ROS in mitochondria through respiration20, 21 and the cell membrane fluidity22, potentially facilitating 
the diffusion of ROS from mitochondria to other organelles. Indeed, anthocyanin may protect pear peel against 
high temperature damage during the cross stresses of high temperature coupled with intense light23. However, 
the concentration of anthocyanin in pear peel was also found to decrease in response to a high temperature23. In 
addition, Rowan et al.24 reported that the concentration of anthocyanin was reduced under low light coupled with 
high temperature conditions in red Arabidopsis thaliana plants over-expressing the PAP1 transcription factor. 
They suggested that the loss of anthocyanin was not related to catabolic enzymes but to a decline in the expression 
of biosynthetic genes and a continuous and relatively constant rate of non-enzymatic degradation at high tem-
peratures. Mori et al.25 also suggested that the loss of anthocyanin in grape berries at high temperatures was due 
to the non-enzymatic degradation and inhibition of mRNA transcription in anthocyanin biosynthetic genes. It is 
possible that anthocyanin biosynthesis was down-regulated to save energy due to the ease of its non-enzymatic 
degradation at high temperatures, or that high temperatures damaged the genes or their transcripts as suggested 
in previous studies. However, in a recent analysis of the flavonol and anthocyanin concentration as well as the 
expression of genes related to their metabolism in 54 Arabidopsis accessions during cold acclimation, Schulz et 
al.26 found only a minor correlation between metabolites and transcripts, and they highlighted the importance of 
the post-transcriptional regulation of flavonoid metabolism in response to cold. Although the expression of key 
genes involved in anthocyanin synthesis in the grape berry were decreased, the differences between the expres-
sion levels of VvUFGT were very small at the different temperatures, and the enzyme activity of UFGT increased 
at high temperatures in the treated berries25 UFGT has been suggested to be the limiting step in anthocyanin 
synthesis in grape berry, apple, and pear14, 27, 28. Changes in gene transcript levels do not always correspond to 
changes in protein levels or enzyme activity29, 30, and the enzyme activity shows a better correlation to the metab-
olite concentration than to gene expression. The maintenance in plants of a high level of UFGT activity to synthe-
size anthocyanin that will ultimately be chemically degraded remains puzzling. Clearly, if a high temperature does 
not inhibit or even increase the anthocyanin synthesis capacity at the enzyme level, the decreased anthocyanin 
concentration cannot simply be explained by non-enzymatic degradation or the inhibition of gene expression. 
However, if the degradation is enzymatically controlled, then it would be reasonable for the plant to increase the 
synthesis capacity of anthocyanin and subsequently degrade the pigment. Anthocyanin is synthesized in the 
cytosol and transported to vacuoles for storage. Although ROS are produced in mitochondria at high tempera-
tures and spatially separated from synthesized anthocyanin, ROS, especially H2O2, can diffuse across cell mem-
branes31, 32 and enter vacuoles. In vacuoles, there is no superoxide dismutase (SOD), ascorbate peroxidase (APX), 
catalase, or ascorbate–glutathione cycle enzymes33, and ROS scavenging depends mainly on antioxidants such 
as glutathione, ascorbate and phenolic compounds. In vacuoles, Prx has been suggested to use anthocyanin and 
other flavonoids as substrates to reduce the H2O2 that escapes from other organelles8, 34. Thus, it is very possible 
that at high temperatures, plants increase their anthocyanin synthesis capacity and then transfer the anthocyanin 
into vacuoles to scavenge the diffused ROS. Indeed, even the expression of biosynthetic genes decreased in apple 
peel following a high temperature treatment, and increased expression of the genes corresponding to anthocy-
anin transport from the cytosol into the vacuole was observed35. Clearly, the metabolic mechanism underly-
ing the decrease in anthocyanin at high temperatures remains unconvincing and requires additional studies for 
clarification.

In the present study, we used ‘Red Beauty’ plum fruit, which contains an abundance of anthocyanin in both 
fruit peel and flesh to study anthocyanin metabolism at a high temperature. We chose this material for this study 
based on three features. First, unlike leaves in which metabolism depends mainly on photosynthesis, fruit can 
be maintained in the dark for a long time period to exclude the inference of light; second, even in the dark, ‘Red 
Beauty’ plum can still synthesize abundant anthocyanins in either the fruit peel or flesh. Thus, it is possible to 
study the metabolism of anthocyanin in the dark. Third, attached or detached ‘Red Beauty’ plum fruit usually 
becomes red within several days after the veraison stage, which makes it possible to complete the treatment in a 
short time and preclude the effects of fruit development as much as possible.

Results
Phenolic compound concentration. Ten phenolic compounds in ‘Red Beauty’ plum fruit were identified 
and quantified (Fig. 1). The major anthocyanin components were cyanidin-3-glucoside and cyanidin-3-rutino-
side (Supporting information Fig. S1). During treatment, the concentrations of anthocyanins increased in the 
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fruit peel at the two temperatures (Fig. 1A,B). However, in comparison to 20 °C, the concentrations of antho-
cyanins were significantly higher on day 5 but lower on day 9 at 35 °C. The concentration of quercetin-3-glyco-
side also increased during the two temperature treatments (Fig. 1C,D). At the higher temperature treatment, 
the concentrations of quercetin-3-glucoside increased in the peel on days 2 and 5. The concentrations of 

Figure 1. Concentrations of phenolic compounds in the peel of plum fruits treated at 20 °C and 35 °C for 
different time in the dark. Each data point represents mean ± SE (n = 5). The asterisk indicates a significant 
difference between two temperature treatments at P < 0.05, t-test. C-3-glucoside, cyanidin-3-glucoside; 
C-3-rutinoside, cyanidin-3-rutinoside; Q-3-glucoside,quercetin-3-glucoside; Q-3-rutinoside, quercetin-3-
rutinoside. The same as below.
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quercetin-3-rutinoside were comparable at the two temperatures. The concentration of procyanidin B1 increased 
while that of procyanidin B2 decreased during the treatments (Fig. 1E,F), demonstrating comparable concen-
trations between the two temperatures. The concentrations of catechin decreased slightly and were comparable 
during the two temperature treatments (Fig. 1G), and the concentrations of epicatechin hardly changed at 20 °C 
but increased slightly on day 9 at 35 °C during the treatments, exhibiting a significantly higher concentration at 
35 °C compared with 20 °C (Fig. 1H). The concentrations of chlorogenic acid and neochlorogenic acid changed in 
patterns similar to that of epicatechin (Fig. 1I,J).

The concentrations of anthocyanins as well as other phenolic compounds in the flesh of the fruit changed 
similarly to those in the peel, except that the concentrations of quercetin-3-glycoside were lower at 35 °C than at 
20 °C on day 9 (Supporting information Fig. S2).

Transcription levels of structural genes and activities of enzymes involved in anthocyanin syn-
thesis. During treatments, the transcription levels of PsPAL, PsCHS, PsDFR, PsANS, and PsUFGT increased 
in the peel of plum fruit (Fig. 2A–E). However, the increases in PsPAL, PsCHS, and PsDFR levels were slower at 
35 °C than at 20 °C. The levels of PsANS increased at a faster rate on day 2 at 35 °C, but then they were comparable 
in response to the two temperature treatments on day 5 and eventually decreased at 35 °C on day 9. No differences 
in the transcription levels of PsUFGT were detected between the two temperatures. Similar changes were found 
in the flesh of the fruit (Supporting information Fig. S3).

The enzyme activities were assayed at 20 °C for fruits that were treated at the two temperatures and also at 
35 °C for fruits that were treated at 35 °C, respectively (Fig. 2F–J). When the enzyme activity assays were per-
formed at 20 °C, the activity of PAL increased slightly in the fruit peel during the treatment (Fig. 2F). Moreover, 
the activity of PAL was comparable between the two temperatures. The activities of CHS and DFR hardly changed 
and were comparable at the two temperatures (Fig. 2G,H). The activity of ANS decreased slightly during the 
treatments, but it decreased at a slower rate at 35 °C than that at 20 °C on days 2 and 5 (Fig. 2I). The activity of 
UFGT increased in response to the treatments (Fig. 2J). However, it increased much faster at 35 °C beginning on 
day 2. The activities of these five enzymes in the flesh changed in patterns that were similar to those in the peel 
(Supporting information Fig. S3).

For the fruits treated at 35 °C, the activities of PAL, CHS, DFR, and ANS were significantly higher at 35 °C than 
at 20 °C (Fig. 2K–N). However, the activity of UFGT was equivalent at the two temperatures (Fig. 2O).

Respiration rate and ethylene production. During the treatments, dark respiration increased in the 
fruit, whereas the production of ethylene hardly changed at 20 °C (Fig. 3A,B). In comparison to 20 °C, the treat-
ment at 35 °C significantly enhanced the rate of respiration as well as ethylene production in the plum fruit.

Effects of respiration and ethylene on anthocyanin synthesis. To evaluate the mechanism that regu-
lates anthocyanin synthesis in the dark, respiration and the ethylene-dependent signaling pathway were interfered 
in plum fruits. Considering the diffusion efficiency of chemicals in fruit tissues, only fruit peels were assayed. 
Among the ten detected phenolic compounds, anthocyanins were the most sensitive compounds to low oxygen, 
ethylene, 1-MCP36 (an inhibitor of ethylene perception), malate, citrate, and ATP treatment alone or in combi-
nation (Fig. 4). After five days of treatments, the concentrations of cyanidin-3-glucoside, cyanidin-3-rutinoside, 
quercetin-3-glucoside, and quercetin-3-rutinoside were significantly reduced under low oxygen or 1-MCP 
treatment alone at the two temperatures (Fig. 4A–D). Exogenous ethylene, malate, citrate, and ATP signifi-
cantly increased the concentrations of cyanidin-3-glucoside, cyanidin-3-rutinoside, and quercetin-3-glucoside 
but did not change the levels of quercetin-3-rutinoside in fruit peel. In comparison to ethylene treatment 
alone, the combination of ethylene with low oxygen decreased the concentrations of cyanidin-3-glucoside, 
cyanidin-3-rutinoside, and quercetin-3-glucoside slightly; however, they were still significantly higher than 
those in the untreated fruit peel. The combined treatment of malate, citrate, or ATP with 1-MCP had similar 
effects to 1-MCP treatment alone. The exogenous treatments did not change the concentrations of other phenolic 
compounds.

The transcription levels of PsPAL increased slightly in response to exogenous ethylene treatment but did 
not change following treatment with malate, citrate or ATP (Fig. 4K). Low oxygen or 1-MCP treatment alone 
decreased the levels of PsPAL, especially at higher temperatures. However, ethylene together with low oxygen, 
or malate, citrate, or ATP combined with 1-MCP, did not change the level of PsPAL in the treated fruit peels. 
The transcript levels of PsCHS did not change in response to the different treatments, excluding a decrease in 
response to low oxygen or 1-MCP treatment at 35 °C (Fig. 4L). Exogenous ethylene, malate, citrate, and ATP 
treatment alone and ethylene combined with low oxygen increased the level of PsDFR approximately 2–4 times 
(Fig. 4M). Low oxygen or 1-MCP treatment alone did not change the level of PsDFR at 20 °C but decreased it at 
35 °C. Malate, citrate, or ATP combined with 1-MCP treatment did not change the level of PsDFR in comparison 
to that in untreated fruit. PsANS was not affected by low oxygen alone or in combination with ethylene treatment. 
Ethylene, malate, citrate, or ATP alone increased whereas 1-MCP alone or combined with malate, citrate, or ATP 
decreased the transcript levels of PsANS, especially at 35 °C (Fig. 4N). The levels of PsUFGT changed in patterns 
that were similar to those observed for the concentration of anthocyanin in response to different treatments 
(Fig. 4O).

Hydrogen peroxide production and Prx activity and their cytochemical location. During the 
treatment, the concentrations of hydrogen peroxide in the fruit peel remained unchanged at 20 °C but increased at 
35 °C (Fig. 5A). In comparison to 20 °C, the concentration of hydrogen peroxide increased significantly beginning 
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on day 2 in the peel at 35 °C. The concentration of hydrogen peroxide in the fruit flesh also increased on day 9 at 
35 °C in comparison to 20 °C (Supporting information Fig. S4).

Prxs are considered to be ubiquitous enzymes in the walls and vacuoles of plant cells, but more than 90% of the 
total Prx activity is localized in vacuoles37. Moreover, determination of the total Prx activity in the extracts led to 
activity estimations of 96.7–99.7% for the vacuoles and 0.3–3.3% for the cell wall37. Because the Prx was extracted 
according to a protocol similar to that of Ferreres et al.37, the Prx activity in the present study mainly represented 
that in vacuoles. When the enzyme activity assay was conducted at 20 °C, the Prx activity in the fruit peel hardly 
changed and was comparable at the two temperatures (Fig. 5B). The activity of Prx increased in the flesh of the 
fruit and was higher at 35 °C beginning on day 5 (Supporting information Fig. S4). In the fruits that were treated 
at 35 °C, increased Prx was detected at 35 °C compared with 20 °C (Fig. 5C).

In previous studies, the cytochemical localization of Prx activity was usually identified by incubating the 
sections with both exogenous 3,3′-diaminobenzidine (DAB) and hydrogen peroxide. The control was evaluated 

Figure 2. Transcription levels of key genes and the activities of correspondingly encoding enzymes involved in 
anthocyanin synthesis in the peel of plum fruits treated at 20 °C and 35 °C for different time in the dark. Panel 
A–E, mRNA level; Panel F–J, enzyme activity assayed at 20 °C; Panel K–O, enzyme activity in 35 °C treated 
fruit for 9 days assayed at 20 °C and 35 °C. Each data point represents mean ± SE (n = 5). The asterisk indicates 
a significant difference between two temperature treatments at P < 0.05, t-test. PAL, phenylalanine ammonia-
lyase; CHS, chalcone synthase; DFR, dihydroflavonol reductase; ANS, anthocyanidin synthase; UFGT, UDP 
glucose:flavonoid 3-O-glucosyltransferase. The same as below.
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using the same reaction mixture in the absence of hydrogen peroxide8, 37. However, in the present study, CeCl3 
staining, which is usually used for the cytochemical localization of endogenous hydrogen peroxide in plants38, 
was incubated with the sections without the addition of exogenous hydrogen peroxide. In this way, the cyto-
chemical location of both endogenous hydrogen peroxide and Prx activity in the fruits were performed simulta-
neously. The results showed that hydrogen peroxide-dependent CeCl3 oxidation formed black sediments in the 
inner region of the tonoplast, especially at 35 °C (Fig. 5D and E, Supporting information Fig. S4), demonstrating 
the presence of Prx activity associated with the inner face of the vacuolar membrane and endogenous hydrogen 
peroxide in the vacuoles.

Enzymatic and non-enzymatic degradations of anthocyanin. The degradation of anthocyanin by 
hydrogen peroxide was assessed using cyanidin-3-glucoside solution in vitro. Following the addition of hydrogen 
peroxide to the anthocyanin solution, the degradation of anthocyanin accelerated markedly, especially with the 
addition of 1 unit of Prx (Fig. 6A–D). Moreover, following the degradation by hydrogen peroxide, some new 
compounds were detected, including protocatechuic acid (Fig. 6C). Following the addition of hydrogen peroxide, 
the production of protocatechuic acid increased consistently with the degradation of anthocyanin (Fig. 6D,E). 
However, the molar production of protocatechuic acid was lower than the molar degradation of anthocyanin.

Using cyanidin-3-glucoside solution, the non-enzymatic degradation of anthocyanin was also compared at 
20 °C and 35 °C in vitro. The non-enzymatic degradation of anthocyanin increased at 35 °C in comparison to 20 °C 
(Fig. 6F). After 9 days of treatment, approximately 30% of the anthocyanin was degraded at 35 °C in comparison 
to only 5% at 20 °C.

During the two temperature treatments, the concentration of protocatechuic acid remained unchanged at 
20 °C but increased at 35 °C in both fruit peel and flesh, with a higher value measured at 35 °C beginning on day 
2 in the peel and on day 9 in the flesh (Fig. 6G, Supporting information Fig. S5). This result suggested that the 
degradation of anthocyanin by hydrogen peroxide in plum fruits was increased at 35 °C compared with 20 °C.

KCN and NaN3 are known to inhibit the activity of Prx39, 40. Although these two chemicals might have differ-
ent other effects on the metabolism in fruits peel, the inhibitions of Prx by KCN and NaN3 were both accompa-
nied with the increase in anthocyanin and hydrogen peroxide concentrations, especially at 35 °C after 9 days of 
treatment (Fig. 7; Supporting information Fig. S6). As a result, the anthocyanin concentration in KCN and NaN3 
treated fruits became significantly higher at 35 °C than that at 20 °C.

Figure 3. Dark respiration (A) and ethylene production (B) of plum fruits treated at 20 °C and 35 °C for 
different time in the dark. Each data point represents mean ± SE (n = 5). The asterisk indicates a significant 
difference between two temperature treatments at P < 0.05, t-test.
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To calculate the amount of degraded anthocyanin caused by the increase in temperature from 20 °C to 35 °C, 
degradation at 20 °C was not considered. Indeed, both the non-enzymatic and enzymatic degradation of antho-
cyanin were very low at 20 °C (Fig. 6F,G; Supporting information Fig. S5). The formula (9) = × ×A t K t e( ) ( )k t3  
could be used to directly fit changes in the time course of anthocyanin concentrations in 20 °C-treated fruits 
(Fig. 8, Supporting information Fig. S7; for details regarding the formula, please refer to the Materials and meth-
ods section). At 20 °C, the following was applied:
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Figure 4. Concentrations of phenolic compounds (A–J) and transcript levels of key genes involved in 
anthocyanin synthesis (K–O) in the peel of plum fruits with different treatments in the dark. Each data point 
represents mean ± SE (n = 5). The asterisk indicates a significant difference between untreated and treated fruits 
at P < 0.05, t-test.
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Thus, °A[ (9)]35 C could be calculated using formula (5) if °A[ (5)]35 C was known. Because the levels of protocat-
echuic acid in fruit flesh were similar at the two temperatures on day 5, we hypothesized that very little anthocy-
anin was undergoing enzymatic degradation when the temperature increased from 20 °C to 35 °C on day 5. Thus, 

°A[ (9)]35 C in the flesh could be calculated using the measured anthocyanin concentration plus that undergoing 
non-enzymatic degradation at 35 °C on day 5. In fruit peel, a greater amount of protocatechuic acid was produced 
on day 5 at 35 °C than at 20 °C, which indicated that anthocyanin degradation occurred on day 5 when the tem-
perature increased from 20 °C to 35 °C. Because the production of protocatechuic acid was markedly lower on day 
5 than on day 9 (Fig. 6G), given anthocyanin degradation in the peel on day 5 was negligible, °A[ (9)] C35  could be 
calculated approximately based on an underestimation using the measured anthocyanin concentration together 
with that undergoing non-enzymatic degradation at 35 °C on day 5. In this way, curve fitting using 

= . × .A t t e( ) 0 0007 t0 4597  with = .R 0 99992  for fruit peel and = . × .A t t e( ) 0 0001 t0 5454  with =R 12  for flesh 
could be obtained at 20 °C, and curve fitting using = . × .A t t e( ) 0 0022 t0 4606  with = .R 0 99992  for peel and 

= . × .A t t e( ) 0 0005 t0 5454  with =R 12  for flesh could be obtained at 35 °C. Clearly, the k3 value of fruit flesh was 
the same at the two temperatures. There was a slight difference in the k3 value of the fruit peel between the two 
temperatures, which could be derived from an underestimation of 

°
A[ (5)] C35  with the negligible anthocyanin 

degradation at 35 °C on day 5.
According to the rate of the non-enzymatic degradation of anthocyanin (Fig. 6F), the amount of degraded 

anthocyanin could be calculated (for example, the amount of anthocyanin via non-enzymatic degradation on day 
9, ≈ −A A A( )cd (9) (5)  × + + + +R R R R A[( )/4]c c c c(4) (3) (2) (1) (5) × + + + +R R R R R[( )/5]c c c c c(5) (4) (3) (2) (1) , 
with Rc t( ) denoting the rate of non-enzymatic degradation at time t). The fate of the grossly synthesized anthocy-
anins at 35 °C could then be calculated accordingly. On day 9, 16.5% of the anthocyanin was non-enzymatically 
degraded as the temperature increased from 20 °C to 35 °C, whereas 62.7% of the anthocyanins in the peel and 
72.0% in the flesh were degraded via other processes (enzymatic degradation). The residual anthocyanins repre-
sented 20.8% and 11.5% in the peel and flesh, respectively (Fig. 8, Supporting information Fig. S7).

Discussion
At room temperature in the dark, anthocyanin synthesis in plum fruit was clearly regulated by respiration and 
ethylene-dependent signaling (Fig. 4). Treatment with 1-MCP alone or in combination with malate/citrate 
(Fig. 4) revealed that respiration functioned up-stream of the ethylene-dependent signaling in the regulation 

Figure 5. Hydrogen peroxide concentration and class III peroxidase (Prx) activity in the peel of plum fruits 
treated at 20 °C and 35 °C for different time in the dark. Panel A, hydrogen peroxide concentration in the peels 
during treatments; Panel B, Prx activity in fruit peels assayed at 20 °C; Panel C, Prx activity in 35 °C treated fruit 
for 9 days assayed at 20 °C and 35 °C; Panel D and E, cytochemical localization of hydrogen peroxide and Prx 
activity. Sections were incubated with CeCl3, and the electron-dense deposits represent of both Prx activity and 
produced hydrogen peroxide in the inner part of the tonoplast, marked with arrows. The vacuolar region is 
marked with “V”. Bar, 1 μm. Each data point represents mean ± SE (n = 5) in Panel A–C. The asterisk indicates a 
significant difference between two temperature treatments at P < 0.05, t-test.
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of anthocyanin synthesis. Although plum is a climacteric fruit, in the present study, the respiratory climacteric 
did not occur during the treatment (data not shown), indicating that the regulation of anthocyanin synthesis 
did not relate to the respiratory climacteric. Namely, there was no clear senescence of the fruit during the exper-
iment. Vaknin et al.41 also suggested that the degradation of anthocyanin was not part of the general senescence 
process but rather a distinctive and specific pathway. The complete oxygenolysis of one molecule of sucrose can 
produce 30 or 32 ATP molecules through glycolysis and the TCA cycle. ATP is the key substrate for ethylene 
production via the methionine cycle in plants42. The regulation of ethylene production by respiration has been 
reported in tomato43. Thus, it is possible that dark respiration regulated ethylene production by producing ATP 
and subsequently regulated anthocyanin synthesis in plum fruit (Fig. 4). In previous studies, positive regulation 
of anthocyanin synthesis by ethylene has been observed in grape berry44, apple45, pear46, and mangosteen47. Our 
results also showed that the concentration of anthocyanin in plum fruit correlated very well with the transcript 
level of PsUFGT (Fig. 4). UFGT is the limiting step in anthocyanin synthesis in grape berry, apple, and pear14, 15, 27, 

28. In response to different treatments, the concentrations of the other eight detected phenolic compounds (Fig. 4) 
provide additional support that UFGT might be the key step in anthocyanin synthesis.

Figure 6. Degradation of anthocyanin. Panel A–C, chromatogram of cyandin-3-glucoside with non-enzymatic 
or enzymatic degradation induced by hydrogen peroxide; Panel D and E, changes of cyanidin-3-glucoside 
concentration and production of protocatechuic acid during non-enzymatic degradation or after adding 
hydrogen peroxide with or without horseradish peroxidase at pH 4.0. Panel F, non-enzymatic degradation of 
cyanidin-3-glucoside at 20 °C and 35 °C at pH 4.0; Panel G, concentrations of protocatechuic acid in the peel 
of plum fruits treated at 20 °C and 35 °C for different time in the dark. Each data point represents mean ± SE 
(n = 5). The asterisk indicates a significant difference between two temperature treatments at P < 0.05, t-test.
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Figure 7. Class III peroxidase (Prx) activities (A) and anthocyanin (B) and hydrogen peroxide (C) 
concentrations in the peels of plum fruits exposed to different treatment in the dark. Each data point represents 
mean ± SE (n = 5). The asterisk indicates a significant difference between two temperature treatments at 
P < 0.05, t-test.

Figure 8. Panel A, concentrations of grossly synthesized anthocyanin in the peel of plum fruits treated at 20 °C 
and 35 °C for different time in the dark; Panel B, fractions of anthocyanins in 35 °C treated fruit peel at day 9.
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Because high temperatures can enhance the respiratory rate and ethylene production (Fig. 3), it was hypoth-
esized that a high temperature might also increase the gene expression and production of anthocyanins in plum 
fruit. However, the levels of PsUFGT remained unchanged, while the levels of other four genes (PsPAL, PsCHS, 
PsDFR, and PsANS) were reduced at 35 °C than at 20 °C on days 5 and 9 (Fig. 2, Supporting information Fig. S3). 
We speculate that, on the one hand, high temperature enhanced gene expression by increasing respiration and 
ethylene production. However, on the other hand, high temperature could also directly reduce gene expression in 
the fruit, as supported by the expression levels detected in response to low oxygen and 1-MCP at the two temper-
atures (Fig. 4). The eventual transcript levels represented the combined results of the positive and negative effects 
of high temperature. In previous studies investigating apple peel35, grape berry peel25, 48, and kiwifruit flesh49, 
the transcript levels of the genes involved in anthocyanin synthesis were reduced at high temperatures, suggest-
ing that the negative effect on gene expression might be stronger than the positive effect of high temperature. 
Additional studies are needed to clarify this supposition.

Interestingly, the high temperature displayed different regulatory effects on anthocyanin synthesis at the 
mRNA and enzyme activity levels (Fig. 2, Supporting information Fig. S3). Unlike the mRNA levels, the cor-
responding enzyme activity was higher in the fruit treated at 35 °C compared with 20 °C (Fig. 2, Supporting 
information Fig. S3). Enzymes are generated via transcription, translation, modifications and other processes. In 
comparison to gene expression, the activity of enzymes correlates more closely with the metabolite concentration. 
Thus, the results of the present study indicate that the synthesis capacity of anthocyanin did not decrease but 
increased in response to the high temperature treatment. In previous studies, it has been suggested that the syn-
thesis of anthocyanin is inhibited at the mRNA level in grape berries, while the activity of UFGT increases in sam-
ples treated at a high temperature25. A high-throughput analysis of gene expression and protein levels revealed 
that the gene transcript levels were not consistent with the levels of their translated proteins29, 30. Clearly, high 
temperature might regulate anthocyanin synthesis in plum fruit at the post-transcriptional or post-translational 
level, similarly to the phenomenon that occurs in Arabidopsis leaves at low temperature26. In addition to anthocy-
anin, changes in the concentration of the other eight phenolic compounds also suggest that the phenolic synthesis 
capacity was enhanced at the high temperature (Fig. 1). The concentrations of anthocyanins were higher at 35 °C 
than at 20 °C on day 5, but an explanation for the lower concentration observed at 35 °C on day 9 remains elusive.

In the present study, although antioxidant enzyme activity was enhanced (Supporting information Fig. S8), 
the final production of ROS remained higher at 35 °C than at 20 °C (Fig. 5, Supporting information Fig. S4). This 
finding suggests that the plum fruit suffered from oxidative stress and that the antioxidant system (including 
SOD, APX, and the ascorbate-glutathione cycle), the first defense against ROS accumulation in mitochondria and 
the cytosol, could not effectively scavenge the excessive ROS production in a timely manner. The lower reduced/
oxidized ascorbate ratios indicated that the capacity of the antioxidant system in mitochondria or cytosol in fruit 
peels even decreased on days 5 and day 9 (Supporting information Fig. S9). The excess ROS were likely derived 
from respiratory electron leakage in mitochondria because respiration was significantly enhanced at the high 
temperature (Fig. 3). Hydrogen peroxide can diffuse across membranes31, 32, and therefore, it is very possible that 
ROS, especially hydrogen peroxide, could diffuse from mitochondria into the vacuole. Indeed, greater amounts 
of hydrogen peroxide were detected in vacuoles in samples treated at 35 °C compared with 20 °C on day 9 (Fig. 5, 
Supporting information Fig. S4). Moreover, this phenomenon was accompanied by elevated vacuolar Prx activity 
(Fig. 5, Supporting information Fig. S4). These results demonstrate that hydrogen peroxide was reduced in vac-
uoles via catalysis by Prx. Prx can reduce hydrogen peroxide using flavonoids as a substrate8, 34. Among the ten 
evaluated phenolic compounds, anthocyanin exhibited higher antioxidant capacity than the other compounds 
(Supporting information Fig. S10), which is consistent with our previous studies50. In litchi fruit peel, it was 
reported that the degradation of anthocyanin was catalyzed by an intracellular laccase using epicatechin as a 
substrate, supported by a dramatic decrease in epicatechin content in the pericarp parallel to anthocyanin deg-
radation51. In the present studies, the different change patterns of anthocyanin and epicatechin concentrations 
(Fig. 1, Supporting information Fig. S2) suggested that laccase might not be involved in anthocyanin degradation 
in plum fruit. Actually, an inhibition of Prx activity resulting in significantly higher anthocyanin concentration at 
35 °C than that at 20 °C also indicated that the enzymatic degradation of anthocyanin in plum fruit was regulated 
by Prx and much greater at 35 °C (Fig. 7). Even in the absence of Prx catalysis, cyanidin-3-glucoside still showed 
increased antioxidant capacity compared with reduced ascorbate (Supporting information Fig. S11). Moreover, 
the activity of GST, which may transfer anthocyanin from the cytosol to the vacuole, was also increased at 35 °C 
(Supporting information Fig. S12). As a result, it was very possible that anthocyanin reacted with hydrogen per-
oxide in the vacuoles of plum fruit. Whether β-glucosidase participates in the enzymatic degradation of antho-
cyanin remains unclear, although cyanidin possesses a higher antioxidant capacity than cyanidin-3-glucoside 
(Supporting information Fig. S11). Zipor et al.8 found that in B. calycina flowers, β-glucosidase was not involved 
in anthocyanin degradation. Further studies are needed to clarify the role of β-glucosidase in anthocyanin deg-
radation in plum fruit in planta.

Based on an in vitro analysis, we identified a product of the reaction between hydrogen peroxide and 
cyanidin-3-glucoside, procatechuic acid (Fig. 6), which is consistent with previous studies52, 53. Interestingly, the 
non-enzymatic degradation of cyanidin-3-glucoside in response to high temperature did not result in an accu-
mulation of this compound (Fig. 6). Thus, during the treatments, the changes in procatechuic acid also suggest 
that the enzymatic degradation of anthocyanin induced by hydrogen peroxide in planta increased in severity, 
especially at the high temperature on day 9 (Fig. 6, Supporting information Fig. S5). This phenomenon resulted 
in a relatively lower anthocyanin concentration in plum fruit at 35 °C on day 9 because the final concentration of 
any compound in the plants represented the combined results of synthesis and degradation.

Through mathematical modeling, it was estimated that approximately 16.5% of the grossly synthesized antho-
cyanin was non-enzymatically degraded, while more than 60–70% was degraded via other processes on day 9 
when the temperature increased from 20 °C to 35 °C (Fig. 7, Supporting information Fig. S7). The 60–70% of 
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degraded anthocyanin should be mainly related to enzymatic degradation, which was induced by excess hydro-
gen peroxide.

To the best of our knowledge, this is the first study to reveal that the enzymatic degradation of anthocyanin 
plays a key role in the determination of fruit color. Plum fruit is a unique system to study anthocyanin synthesis 
and degradation at high temperatures. At low temperatures in the dark, the synthesis and accumulation of antho-
cyanin in plum fruit was significantly inhibited (data not shown), in contrast to the results obtained for apple and 
grape berry peels, in which anthocyanin synthesis was significantly enhanced by low temperature48, 54. However, it 
must be noted that unlike plum fruit, in which light is not essential for the synthesis of anthocyanin, light is essen-
tial for the synthesis of anthocyanin in apple and grape berry peels14, 48, 54. The different synthesis mechanisms 
might result in different mechanisms of anthocyanin degradation. However, to comprehensively understand the 
changes in the concentration of anthocyanin in fruit or other plant tissues, it is more effective to study the synthe-
sis and degradation of anthocyanin at different levels.

Conclusion
The high temperature applied in this study could enhance the expressions of key genes involved in anthocyanin 
synthesis by increasing respiration and ethylene production of the plum fruit, but also directly reduce the gene 
expressions. Although the eventual transcript levels of the genes were reduced at high temperatures, the synthesis 
capacity of anthocyanin did not decrease but increased in response to the high temperature treatment at the level 
of enzyme activities. Meanwhile, high temperature enhanced the production of hydrogen peroxide, which trig-
gered the enzymatic degradation of anthocyanin via catalysis by Prx in the vacuoles. Both anthocyanin synthesis 
and its degradation capacity were enhanced at the high temperature treatment. The anthocyanin concentration in 
plum fruit depends on the counterbalance of its synthesis and degradation.

Materials and Methods
Plant materials and treatments. ‘Red Beauty’ plum fruit (Prunus salicina Lindl.) was used in the present 
study. The trees were 6-year-old on wild peach rootstock with an open-center system and were planted with a 
spacing of 3 m × 4 m in north–south rows in Tai’an (36.13°N, 117.07°E; elevation: 200 m), Shandong province, 
China. Standard horticultural treatments were applied for disease and pest control. Fruits were harvested at the 
beginning of the veraison period (the suture of some fruits became red, but most parts of the peel remained 
green) in June. During fruit development, the maximum light intensity consisted of a photon flux density of 
1800 ± 50 μmol m−2 s−1. The highest air temperature and peel temperature at mid-day was 30 ± 1 and 35 ± 1 °C, 
respectively, in June.

For the different temperature treatments, the plum fruits were incubated at 20 °C and 35 °C in the dark in 
growth chambers with a relative humidity of 95%. After 2, 5, and 9 days of treatment, 5 replicates per treatment 
were analyzed. Ten fruits were collected for each replicate. Fifty fruits were collected before the different temper-
ature treatments (day 0). For the fruit sample collection, the peel and flesh were isolated. Briefly, the fruit peel was 
obtained with a peeler at a consistent peel thickness of 1 mm, and then the flesh was collected with a knife after 
removing the stone. All of the samples were placed immediately in liquid nitrogen. Low oxygen treatment was 
applied by placing the fruits in plastic bags filled with nitrogen gas plus 2–3% air, and the gas was refreshed daily. 
For the ethylene, malate, citrate, ATP, KCN, and NaN3 treatments, the fruits were immersed in 3 mM ethephon, 
100 mM malate, 100 mM citrate, 100 mM ATP, 3 mM KCN, or 1 mM NaN3 solutions overnight. The fruits were 
then removed from the solutions and placed in the dark in growth chambers for the temperature treatment. The 
1-MCP treatment was conducted by placing the fruits in a sealed container overnight with 1 μL L−1 1-MCP. For 
the combined malate, citrate, or ATP with 1-MCP treatments, the fruits were treated initially with 1-MCP. Fruits 
that were immersed overnight in water were used as a control. After 5 days of the ethylene, malate, citrate, ATP, 
1-MCP, and the combined treatments or 9 days of the KCN and NaN3 treatments at the different temperatures, 
5 replicates of the fruit peel samples consisting of 10 fruits per replicate were obtained. The frozen samples were 
ground to powder using an A11 grinder from IKA® Works (VWR, Radnor, PA, USA) and then stored at −80 °C 
until analysis.

Phenolic compound analysis. Phenolic compounds were extracted and analyzed as described by Bi et al.50 
with some modifications. Briefly, the compounds were extracted with 70% methanol containing 2% formic acid 
at 0–4 °C. After centrifugation at 10,000 g for 10 min, the supernatant was filtered through a 0.22-μm syringe filter 
prior to HPLC analysis.

Phenolic compounds were analyzed using an LC20A liquid chromatograph equipped with a photo-diode 
array detector (Shimadzu, Tokyo, Japan). The Inertsil ODS-3 column (5.0-μm particle size, 4.6 mm × 250 mm, GL 
Sciences Inc., Tokyo, Japan) was used for the separation preceded by an Inertsil ODS-3 Guard Column (5.0 μm, 
4.0 mm × 10 mm). Solvent A consisted of 10% formic acid dissolved in water; solvent B was 10% formic acid and 
1.36% water in acetonitrile. The gradient was 95% A (0 min), 85% A (25 min), 78% A (42 min), 64% A (60 min), 
and 95% A (65 min), and the post-run-time was 10 min. The flow rate was 1.0 mL/min at 30 °C. Simultaneous 
monitoring was performed at 280 nm for procyanidin B1, catechin, procyanidin B2, epicatechin, and protocat-
echuic acid; at 320 nm for neochlorogenic acid and chlorogenic acid; at 365 nm for quercetin-3-glucoside and 
quercetin-3-rutinoside; and at 520 nm for cyanidin-3-glucoside and cyanidin-3-rutinoside. Peaks were identified 
by comparing the retention time and spectra with authentic standards. The concentration of individual phe-
nolic compounds was determined based on the peak area and calibration curves derived from the corresponding 
authentic phenolic compounds. All of the standards were obtained from Sigma–Aldrich (St. Louis, MO, USA) 
and Extrasynthese (Genay Cedex, France).
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Real-time qPCR assay. Total RNA was isolated using the sodium dodecyl sulfate–phenol method according 
to Malnoy et al.55. First-strand cDNA was synthesized using the PrimeScriptTM RT reagent Kit (Takara, Dalian, 
China) according to the manufacturer’s protocol. Real-time polymerase chain reaction (PCR) was performed 
with the iQ5 Multicolor Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA) and SYBR 
Green Master Mix (SYBR Premix EX TaqTM, Dalian, China). PsACTIN was used to standardize the cDNA sam-
ples for different genes. The primers for PsPAL, PsCHS, PsDFR, PsANS, and PsUFGT are listed in Supporting 
information Table S1. For each gene assay, three biological replicates were evaluated.

Enzyme activity assay. For the phenylalanine ammonia-lyase (PAL, EC 4.1.3.5), chalcone synthase (CHS, 
EC 2.3.1.74), dihydroflavonol reductase (DFR, EC 1.1.1.219), anthocyanidin synthase (ANS, EC 1.14.11.19), 
UDP glucose:flavonoid 3-O-glucosyltransferase (UFGT, EC 2.4.1.91), and class III peroxidase (Prx, EC 1.11.1.7) 
extraction, 1.0 g of frozen tissue was ground in 1.8 mL of 100 mM Tris–HCl buffer (pH 7.0) containing 14 mM 
β-mercaptoethanol, 5 mM DTT, 1% BSA, and 5% PVPP. The enzyme extracts were desalted by passage through 
PD10 columns and then used immediately for the enzyme analysis.

PAL activity was assayed according to the method of Levis et al.56 with some modifications. The assay mix-
ture (1.0 mL) contained 100 mM Tris-HCl (pH 8.8), 100 μL of enzyme extract and 10 mM L-phenylalanine. An 
increase at 290 nm was monitored. The extinction coefficient was 17.4 mM−1 cm−1.

CHS activity was assayed as described by Alokam et al.57 with some modifications. The assay mixture con-
tained 200 μL of the enzyme extract, 10 μL of 0.4 mM malonyl CoA, and 10 μL of 0.2 mM 4-coumaroyl CoA. After 
incubation for 1 hour at 20 or 35 °C, the reaction mixture was extracted twice with 1 mL of ethyl acetate. The ethyl 
acetate fraction was evaporated until dry under a stream of nitrogen gas. The residue was then dissolved in 100 μL 
MeOH, and the amount of produced naringenin was analyzed by HPLC at 290 nm.

DFR activity was assayed according to the method of Stafford & Lester58, 59 with minor modifications. The 
incubation mixture contained 300 μmol (±) dihydroquercetin, 20 μmol NADPH, 1 mM DTT, 0.6 mL of the 
enzyme extract, and an NADPH-regenerating system consisting of 5 units of glucose-6-phosphate dehydroge-
nase and 0.1 mM of glucose-6-phosphate. The assay mixture was incubated at 20 °C or 35 °C for 1 hour and then 
extracted twice with 1.0 mL of ethyl acetate. The ethyl acetate fraction was evaporated to dryness under a stream 
of nitrogen gas. The numbers of molecules of leucocyanidin in the ethyl acetate fraction were estimated based 
on the acid-catalyzed conversion of leucocyanidin to cyanidin, which was accomplished by the addition of 1 mL 
of butanol-HCl (95:5 v/v) reagent to the evaporated ethyl acetate fraction and heating at 95 °C for 15 min. The 
absorbance at 550 nm was monitored. The extinction coefficient was 34.7 mM−1 cm−1. Control assays were con-
ducted using complete assays with heat-inactivated enzyme.

The ANS activity underlying the production of cyanidin from leucocyanidin was determined according to 
Pang et al.60 with some modifications. The reaction mixture (0.5 mL) contained 100 mM KPO4 buffer (pH 7.0), 
200 mM NaCl, 10 mM maltose, 5 mM DTT, 4 mM sodium ascorbate, 1 mM 2-oxoglutaric acid, 0.4 mM FeSO4, 
0.1 mM 3,4-cis-leucocyanidin, and 0.4 mL of enzyme extract. After incubation at 20 °C or 35 °C for 1 h, the reac-
tion was terminated by the addition of 50 μl of 36% TCA. The reaction mixture was extracted with 1.0 mL of ethyl 
acetate. The ethyl acetate fraction was evaporated to dryness under a stream of nitrogen gas. The residue was then 
dissolved in 100 μL of MeOH and subjected to HPLC analysis at 520 nm.

UFGT was assayed according to Zhang et al.28 with some modifications. The reaction mixture (200 μL) con-
tained 100 mM Tris-HCl (pH 8.0), 2 mM dithiothreitol, 5 mM UDP-glucose, 0.3 mM cyanidin chloride, and 
100 μL of enzyme extract. After incubation for 10 min at 20 °C or 35 °C, the reaction was terminated by addition 
of 50 μL of 36% TCA. The amount of produced cyanidin-3-glucoside was analyzed by HPLC at 520 nm.

The activity of Prx was assayed by monitoring the increase in absorbance at 470 nm due to guaiacol oxidation61 
(extinction coefficient of 26.8 mM−1 cm−1). The reaction mixture (1 mL) contained 100 mM sodium phosphate 
buffer (pH 7.0), 10 mM H2O2, 10 mM guaiacol, and 20 µL of enzyme extract. The reaction was initiated by the 
addition of H2O2.

Dark respiration and ethylene production assay. Twenty plum fruits (ten at each temperature) 
were used for dark respiration and ethylene production throughout the entire experiment. Fruit respiration in 
the dark was measured using an open system for CO2 analysis, a CIRAS-2 gas exchange system (PP Systems, 
Amesbury, MA, USA) equipped with a customer-made container (volume: 80 mL) that could contain two plum 
fruits. After completing the respiration analysis, ethylene production was assayed using a portable ethylene ana-
lyzer (maximum range: 10 μL/L, resolution, 0.01 μL/L; Empaer Technology, Shenzhen, China) equipped with 
a customer-made container (volume: 200 mL). Two fruits were sealed in the container for 1 hour, and then the 
upper phase gas was assayed.

Hydrogen peroxide concentration assay and cytochemical localization of hydrogen peroxide 
and peroxidase-like activity. Hydrogen peroxide concentrations were assayed as described by Chen et 
al.62. For the cytochemical localization, hydrogen peroxide and Prx activity were visualized at the subcellular 
level by staining with CeCl3

37, 38. Briefly, day 9 plum fruit peel or flesh were cut into 1-mm strips and incubated 
in freshly prepared 5 mM CeCl3 in 50 mM MOPS at pH 7.2 for 1 hour. The fruit sections were then fixed in 1.25% 
(v/v) glutaraldehyde and 1.25% (v/v) paraformaldehyde in 50 mM sodium cacodylate buffer, pH 7.2, for 1 hour. 
After fixation, the tissues were washed twice for 10 min in the same buffer and postfixed for 45 min in 1% (v/v) 
osmium tetroxide and then dehydrated in a graded ethanol series (30–100%; v/v) and embedded in Eponaraldite 
(Agar Aids). After 12 hours in pure resin followed by an exchange for fresh resin for 4 hours, the samples were 
polymerized at 60 °C for 48 hours. The samples were analyzed using a HT7700 transmission electron microscope 
(Hitachi, Tokyo, Japan).
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Assay to Measure the Gross Amounts of Synthesized Anthocyanin. Based on the correlations 
between the anthocyanin concentrations and transcript levels of key genes involved in anthocyanin synthesis 
(Fig. 4), PAL, CHS, DFR, and ANS were excluded from the limiting-step of anthocyanin synthesis in plum fruit. 
According to the changes in anthocyanin concentration and enzymes activity during the treatments (Figs 1 and 
2), we propose that at any time (t), the rate of gross anthocyanin (A) synthesis is proportional to the activity of 
the enzyme UFGT (E). Thus,

= ×dA dt k/ E (6)1

where k1 is a rate constant.
The content of A at any moment t1 can be calculated as follows:

= × ×A t k t( ) E (7)1 1

Based on our experimental results (Fig. 2J, Supporting information Fig. 3J), the values of E in vitro represent 
an exponential function of time,

= ×k eE ( ) (8)k t
2

3

where k2 is a rate constant reflecting the initial enzyme activity at time zero (t = 0), and k3 is a time constant 
reflecting the rate of the increase in enzyme activity.

Given that the real activity of E in vivo was also an exponential function of time as observed in vitro, then the 
content of A can be described by the following:

= × ×A t K t e( ) ( ) (9)k t3

where K is a rate constant reflecting the initial rate of A synthesis.

= ×K k k (10)1 2

The initial rate K is a parameter that can express the temperature effect of A formation. The enzymatic pro-
cesses typically display an exponential dependence on the temperature:

= ⋅










−
∆

K T K e( )
(11)

E
RT0

a

Here, K(T) reflects the dependence of the chemical reaction (A synthesis) on the temperature (T – absolute tem-
perature). K0 is a frequency factor or temperature-independent part of the rate, R is a gas constant, and Ea (=ΔG0) 
is the activation energy (free energy) of the rate-limiting reaction. Thus, formula (9) could be changed to the 
following:
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Given that the initial concentration A is not 0, the above formula (12) can be updated to the following:
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Statistical Analysis. All of the data were statistically analyzed using the t-test at P < 0.05 with SPSS 16.0 
(SPSS Inc. Chicago, IL, USA).
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