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Introduction 

Flavonoids make a large family of plant secondary 
metabolites. They share a basic C6-C3-C6 skeleton 
structure that carries two aromatic rings and a heterocyclic 
ring with one oxygen atom (Forkmann and Martens 2001). 
Based on the oxidation state and substitution pattern of rings 
C3, flavonoids can be divided into a number of subgroups: 
flavanones, dihydroflavonols, flavones, flavonols, flavan-
3-ols (catechins and polymeric proanthocyanidins), 
flavan-3,4-diols (leucoanthocyanidins), anthocyanidins, 
isoflavonoids with diverse biological activities and so 
on (Fig. 1). For instance, anthocyanins, one class of 
flavonoids, offer plant colouration for yellow, red, blue, 
magenta, etc. (Miyagawa et al. 2015). Genistein, an 
isoflavonoid abundant in soybean, shows anticancer 

activity (Ji et al. 2020, Ren et al. 2020); quercetin showed 
a positive effect against hypertension (Maaliki et al. 2019). 
Catechins and condensed tannins (derived from flavonoids) 
are responsible, at least in part, for plants' resistance to 
microbes (Desrues et al. 2016, Ma et al. 2019).

Flavonoid biosynthesis pathways have been 
extensively studied in a number of plant species, in 
model species, the main backbone of the pathways is 
shared (Fig. 2). Most of the structure genes such as CHS, 
CHI, F3H, F3’H, DFR, and ANS (encoding chalcone 
synthase, chalcone isomerase, flavanone 3-hydroxylase; 
flavonoid 3’-hydroxylase, dihydroflavonol 4-reductase, 
and anthocyanidin synthase) have been cloned in various 
plants (Petroni and Tonelli 2011, Goswami et al. 2018, 
Zhang et al. 2018b). In addition, a few transcription 
factors have been characterized, including members from 
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Abstract

Flavonoids are secondary metabolites widely distributed in plants. They not only confer a wide spectrum of pigmentation 
to plant flowers but also protect plants from various biotic and abiotic stresses. Simultaneously, these compounds also 
offer health benefits to humans. Significant efforts have been made to correlate specific flavonoid production with 
biosynthetic pathway gene expression. Some structure genes and transcription factors that regulate the biosynthetic 
pathway have been identified. However, the diverse and complex control of flavonoid accumulation is still not well 
understood. In this mini-review, we summarized the improvement of flavonoids by genetic engineering from the aspects 
of flower colour, plant resistance, and benefits on the human diet. A perspective on flavonoid research in plants is 
provided.
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the v-myb avian myeloblastosis viral oncogene homolog 
(MYB), basic Helix-Loop-Helix (bHLH) and WD40 
domain-containing protein (WD40) families (Wang et al. 
2018, Zou et al. 2018). Structural genes in the pathway 
are largely regulated at the level of transcription. Some 
structure genes are regulated by a single transcription 
factor, for example, production of anthocyanin pigment 1  
(PAP1) regulating the proanthocyanidin biosynthesis 
in Arabidopsis (Gonzalez et al. 2008). Other structure 
genes are regulated by transcriptional complexes, for 
example, transparent testa2 (TT2), transparent testa8 
(TT8), and transparent testa glabra1 (TTG1) regulated 
proanthocyanidin biosynthesis (Baudry et al. 2004, 2006, 
Sharma and Dixon 2005). 

The rich information on the pathways offers 
opportunities for genetic engineering for target flavonoids. 
Various strategies have been adopted; these include over-
expression of structural genes or transcription regulator 
genes, antisense down-regulation of structural genes, and 
down-regulation of structural genes with RNAi.

Modifying flower colours

Flavonoids are the most common pigments found in flowers 
(Nishihara and Nakatsuka 2011). The principal flavonoids 
in flowers are anthocyanidins (pelargonidin, cyanidin, 
and delphinidin, usually giving red/scarlet, red/magenta, 

Fig. 1. Basic structural units and major structural classes of flavonoids.

Fig. 2. Main flavonoid biosynthetic pathways in plants.
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or violet/blue colours) (Dai and Hong 2016). The genes 
F3’H and F3’5’H (encoding flavonoid 3’-hydroxylase and 
flavonoid 3’,5’-hydroxylase) determine the availability 
and relative ratio of the anthocyanidins (Fig. 2). Further 
modification can occur to anthocyanidins by glycosylation, 
acylation, and methylation, forming anthocyanins. The 
latter are eventually transported into vacuoles, making 
the flowers colourful. It is obvious that enzymes’ 
substrate specificity is a major factor determining flower 
colouration. For example, DFR in petunia does not utilize 
dihydrokaempferol (Fig. 2) and, thus, pelargonidin is 
not accumulated; this is why petunia does not have red 
colours. It is equally obvious that the presence/absence of 
particular enzymes (genes) has similar consequences. For 
example, flowers of rose, lily, and gerbera lack violet-to-
blue colours because they do not contain delphinidin-based 
anthocyanins due to a lack of F3’5’H. Flower colours can 
also be affected by the modification of anthocyanins and 
other pigments, such as flavones and flavonols (Grotewold 

2006). Many genetically engineered flowers are available 
on the ornamental plant market (examples in Table 1). 
This is a huge industry. Below are a few strategies used to 
modify some flower colours.

White flowers are easy to be obtained by antisense 
or RNAi silencing of structure genes in the flavonoid 
biosynthesis pathway, such as CHS (Kamiishi et al. 
2012), F3H (Zuker et al. 2002), DFR (Lim et al. 2016), 
and ANS (Yamamizo et al. 2012). Alternatively, white 
flowers can be obtained by introducing a dominant gene to 
synthesize colourless flavonoids and inhibit anthocyanidin 
biosynthesis (Luo et al. 2016, Zhu et al. 2015).

Red flowers can be produced by a number of methods; 
here are a few examples: 1) introducing a structure gene, 
which is mutated or missing in the host plant (Lee et al. 
2017, Liu et al. 2019); 2) introducing an anthocyanidin 
promoted transcription factor (Chen et al. 2019, Skaliter 
et al. 2019, Naing et al. 2020); 3) inhibiting delphinidin 
accumulation by down-regulating of a structure gene 

Table 1. Strategies used to modify flower colours. *** The gene originated from the plant itself unless otherwise specified.

Target 
colour

Host species (original 
colour) Strategy*** Major changes of flavonoid (reference)

White carnation (red) F3H-antisense pelargonidin (down) (Zuker et al. 2002)
tobacco (pink) DFR-RNAi dihydro flavonol (up) and flavonoids (up) (Lim et al. 2016)
peony (yellow) ANS-antisense pelargonidin (up) (Yamamizo et al. 2012)
tobacco (pink) Petunia FLS-sense flavonol (up) and anthocyanin (down) (Luo et al. 2016)

tobacco (pink) Solenostemon scutellarioides 
MYB3-sense 

condensed tannins (up) and anthocyanin (down) (Zhu et al. 
2015)

Tricyrtis sp.(red) CHS-RNAi anthocyanin (down) (Kamiishi et al. 2012)
Red tobacco (pink) Muscari spp. DFR-sense dihydromyricetin (up) and anthocyanin (up) (Liu et al. 2019)

Petunia (pale red) Clematis patens F3’5’H-sense delphinidin (up) (Lee et al. 2017)
Petunia (white) MYB1-sense anthocyanin (up) (Naing et al. 2020)
Ipomoea Mina lineage 
(blue) F3H-antisense anthocyanin (up) (Marais et al. 2010)

Solidago canadensis 
(yellow) Arabidopsis PAP1-sense delphinidin (up) (Skaliter et al. 2019)

tobacco (pink) Muscari armeniacum MYBA-sense anthocyanin (up) (Chen et al. 2019)

Petunia (pink) F3’5’H-antisense F3’H-antisense 
and DFR-sense anthocyanin (up) (Tanaka and Brugliera 2014)

tobacco (pink) maize B-peru-sense and Arabidopsis 
mPAP1-sense  flavonols (up) and anthocyanin (up) (Kim et al. 2018)

Yellow cyclamen (white) alfalfa CHR-sense flavonoids (up) (Mizukami et al. 2004)
tobacco (pink) Camellia FLS1-sense flavones (up) and anthocyanin (down) (Zhou et al. 2013)
Chrysanthemum (red) Petunia F3’5’H-sense anthocyanin (down) (Seo et al. 2007)

Ipomoea nil (pale yellow)snapdragon AmAS1-sense 
Am4’CGT-sense and CHI-antisense 

aurone (up) and chalcone glucoside (down) (Hoshino et 
al.2019)

Blue carnation (white) Petunia F3’5’H-sense and DFR-
sense delphinidin (up) and flavone (up) (Fukui et al. 2003)

Chrysanthemum (pink) rose F3’5’H-sense and F3’H-RNAi delphinidin (up) (Brugliera et al. 2013)

rose (red) Viola F3’5’H-sense, DFR-RNAi 
and Iris DFR-sense delphinidin (up) (Katsumoto et al. 2007)

Chrysanthemum (red-
purple)

butterfly pea A3′5′GT-sense, 
Canterbury bells F3′5′H-sense and 
Chrysanthemum F3H-RNAi 

delphinidin (up) and flavone (up) (Noda et al. 2017)
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(Marais et al. 2010), and 4) combing two or more of the 
above strategies (Tanaka and Brugliera 2014, Kim et al. 
2018).

To generate yellow flowers, three strategies are 
commonly used: 1) introducing the gene for the synthesis 
of yellow flavonoids, such as the CHR gene, into a white 
cultivar (Mizukami et al. 2004); 2) starting with flowers 
containing anthocyanidin and yellow pigments (such as 
carotenoid), down-regulating by antisense or RNAi of 
structure genes for anthocyanidin biosynthesis, such as F3H 
(Zuker et al. 2002), DFR (Zhou et al. 2013), and F3’5’H 
(Seo et al. 2007); 3) using a combination of these two 
approaches, chalcone 4’-O-glucosyltransferase (4′CGT) is 
essential for aurone biosynthesis and yellow colouration. 
Coexpression of the 4′CGT and aureusidin synthase 1 
(AS1) genes was sufficient for the accumulation of 
aureusidin 6-O-glucoside in transgenic flowers of Torenia 
hybrida. Furthermore, their coexpression combined with 
the down-regulation of anthocyanin biosynthesis by RNAi 
resulted in yellow flowers (Ono et al. 2006, Hoshino et al. 
2019).

Blue flowers could be achieved by over-accumulation 
of delphinidin, but it seems to be more complicated. 
Okinaka et al. (2003) introduced a Campanula medium 
F3’5’H gene into tobacco, and delphinidin is accumulated 
in the flowers. However, the flowers changed from pink 
to purple, but not to blue. Togami et al. (2006) transferred 
a Clitoria ternatea F3’5’H gene into Verbena, and high 
amounts of delphinidin were found in the flowers. But the 
flowers changed from pink to violet, not to blue. Success 
was reported in rose by introducing a viola F3’5’H and iris 
DFR, in combination with RNAi for the endogenous DFR. 
In this case, in addition to delphinidin, a suitable amount 
of flavonols (“co-pigments”) and a higher vacuolar pH are 
necessary to achieve blue colour (Katsumoto et al. 2007). 
Since then, blue dianthus and chrysanthemum have also 
been successfully obtained (Fukui et al. 2003, Noda et al. 
2017, Brugliera et al. 2013).

Enhancing plant resistance

Many flavonoids are considered to play important roles in 
plants’ tolerance to biotic and abiotic stresses. (Brunetti 
et al. 2013, Zhang et al. 2017, Jakl et al. 2021a,b). For 
instance, transgenic Arabidopsis with high total flavonoids 
exhibited enhanced tolerance to drought stress compared 
to wild-type plants (Rao et al. 2020). The increased 
synthesis of flavonoids in plants can also enhance the 
resistance of plants to salt stress (Song et al. 2016). 
Flavan-3-ols in apple were considered useful in resistance 
to bacterial and fungal diseases, such as fire blight and 
apple scab (Leser and Treutter 2005, Pontais et al. 2008). 
Red mangoes with higher anthocyanins have stronger 
resistance to anthracnose (Sivankalyani et al. 2016). 
Genetic engineering of the flavonoid biosynthesis pathway 
opens new opportunities to enhance plant defence. After 
the overexpression of AtDFR from Arabidopsis thaliana 
in Brassica napus, it was found that the anthocyanin 
content was significantly increased, and the resistance of 

transgenic plants to salt stress was significantly enhanced 
(Kim et al. 2017). In Oryza sativa, a WBPH-resistant 
cultivar was developed by overexpressing the OsF3H, and 
the content of quercetin and delphinidin was increased by 
2.68- and 2.77-times, respectively, compared with wild-
type rice (Jan et al. 2020). Plant resistance to pathogens 
can be enhanced by multiple genes. When cDNAs for 
CHS, CHI, and DFR were transferred into flax through 
a multigene construct, simultaneous expression of these 
genes resulted in significant increases in flavanones (1.53-
fold) and anthocyanins (3.67-fold), and plants showed 
improved resistance to Fusarium, the main pathogen for 
flax (Lorenc-Kukula et al. 2007). 

Manipulation of transcription factors involved in 
the flavonoid biosynthesis pathway is another way to 
achieve multiple gene expression. Transgenic Begonia 
overexpressing the maize Lc (bHLH) transcription factor 
synthesized large amounts of anthocyanins (12-fold) 
and flavan-3-ols (14-fold) (Li et al. 2007). These plants 
were resistant against fire blight (caused by the bacterium 
Erwinia amylovora) and against scab (caused by the 
fungus Venturia inaequalis) (Flachowsky et al. 2010). The 
Arabidopsis MYB transcription factor MYB111 regulates 
salt stress by regulating flavonoid biosynthesis. After 
overexpression of MYB111, the content of flavonoids 
increased by about 1.85-times, and the salt tolerance of 
transgenic plants was also greatly improved (Li et al. 
2019). It was found that the flavonoids in the transgenic 
tobacco of AtMYB12 were increased, especially the rutin 
content was more than 10-times higher than that of the 
wild-type tobacco, and the resistance of the transgenic 
tobacco to aphids and Bemisia tabaci was improved (Li 
et al. 2012).

In another line of research, the accumulation of 
flavonoid glycosides in transgenic plants can improve 
their resistance to pathogen infection. Ectopic expression 
of 5-O-glucosyltransferase cDNA in the potato tuber 
improved the plant’s defence against Erwinia carotovora 
(Lorenc-Kukula et al. 2005). Flax overproducing Solanum 
sogarandinum 7-O-glycosyltransferase showed enhanced 
resistance to Fusarium infection (Lorenc-Kukula et al. 
2009). The observed benefit is attributable to the fact that 
flavonoid glycosides stabilize flavonoids.

Nutritional enhancement for human diet

Some flavonoids have great nutritional value. Consumption 
of some flavonoids, such as genistein or quercetin, through 
vegetables and fruits, can reduce the risk of the stomach-, 
rectum-, cervical-, breast-, and lung cancer (Luo et al. 2016, 
Oin et al. 2016, Fu et al. 2017, Zhang et al. 2017, Xing et al. 
2018, Wang et al. 2020). In cultures of pancreatic â-cells, 
anthocyanins and anthocyanidins were found to induce 
insulin secretion; indicating the potential application of 
these flavonoids in treating diabetes (Matkowski et al. 
2021). Flavonoids are also the quantitatively most frequent 
and most effective anti-oxidative compounds in apples, 
onions, tea, red wines, and other berries (Christensen 
et al. 2012, Rossi et al. 2012, Zhang et al. 2018, Han et 
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al. 2019). They are natural antioxidants, which not only 
prevent food oxidation but also enhance the health value 
of foods. A further important function of flavonoids for 
human health was apoptosis induction, antimutagenesis, 
enzyme inhibition, the influence of the blood clotting, 
anti-inflammatory functions, beneficially influence on 
rheumatoid arthritis, and protective effect in cardiovascular 
diseases (Cassidy et al. 2013, Hatier et al. 2013, Yousuf 
et al. 2016, Meng et al. 2018, You et al. 2019).

Some important crop plants are not equipped with 
the machinery for biosynthesis pathways of certain 
flavonoids (Willits et al. 2005) and, thus, expression of 
the required structure genes from other species would be 
able to overcome the rate-limiting enzymatic steps. In this 
way, the flux through an already existing pathway can be 
increased, leading to high amounts of desired flavonoids 
or even new flavonoids. Most tomato cultivars do not 
synthesize anthocyanins in fruits, but expressing petunia 
CHI in tomato can lead to an increase of up to 78-fold 
of fruit peel flavonols, mainly due to rutin accumulation 
(Muir et al. 2001). In potato, several attempts have been 
made to increase the flavonoid production in the tubers 
by introducing structural genes. Over-expression of a 
petunia CHS cDNA resulted in an increase in petunidin 
and pelargonidin-type anthocyanins in potato tubers 
(Lukaszewicz et al. 2004). Transgenic potato plants over-
expressing a petunia DFR gene show a 3-fold increase 
in the content of petunidin and a 4-fold increase in 
pelargonidin derivatives (Lukaszewicz et al. 2004). 

Another approach to enhance target flavonoid 
synthesis is to use transcription factors. Overexpression of 
the MYB-type C1 family (C1) and the basic helix-loop-
helix, MYC-type R family (Lc) maize transcription factor 
genes in the flavonoid pathway, in tomato significantly 
increased flavonoid levels (Bovy et al. 2002). Aiming at 
enriching anthocyanins in tomato fruit, two transcription 
factor genes Delila (Del) and Rosea1 (Ros1) from 
snapdragon were introduced into tomato under the control 
of the fruit-specific E8 promoter. Transgenic tomato plants 
accumulated anthocyanins in fruits and antioxidant capacity 
was enhanced 3-fold. When fed with these tomato fruits, 
cancer-susceptible mice showed a significant extension 
in life span (Butelli et al. 2008). With soybean, ectopic 
expression of the maize C1 and R chimeric transcription 
factors caused a 2-fold increase in isoflavonoid content in 
seeds, while expression of C1 and R chimeric transcription 
factors in conjunction with suppressing F3H to block the 
anthocyanin and flavonol pathways, resulted in 4-fold 
higher content of isoflavone in soybean seeds (Yu et al. 
2003).

To date, the genetic engineering of plants used for 
human nutrition has been concentrated on metabolic 
engineering and in several studies, the antioxidant activity 
has been tested. But the health-promoted function of 
transgenic plants is only demonstrated by theory. Feeding 
the model animals (such as a rat, and mouse), which have 
the symptom of hypotension, cancer, diabetes, etc., with 
the transgenic product should be a feasible method to test 
the health-promoted activity of the transgenic product.

Accumulating bioactive flavonoids in medicinal 
plants 

Medicinal plants have great value for human health. This 
is especially true for many developing countries; more 
than 80 % of the populations in those countries rely on 
plant-based medication for healthcare needs. The active 
ingredients in many medicinal plants, such as jaceosidin, 
hispidulin, apigenin, xanthohumol, wogonin, and ellagic 
acid, are all derivatives of flavonoids (Duan et al. 2002, 
Gerhauser et al. 2002, Lee et al. 2003, Kang et al. 2006). 
But medicinal plants need a long time to accumulate high 
flavonoid content. Many only grow in limited regions or 
under certain conditions, however, plant tissue culture 
techniques have been used to break these limitations 
(Fonseca et al. 2006, Qiu et al. 2010). Hairy root culture 
through Agrobacterium rhizogenes-mediated genetic 
modification has been another powerful tool (Guillon 
et al. 2006). Hairy roots from many plants, such as 
Codonopsis (Yang et al. 2020), periwinkle (Chung et al. 
2009), American ginseng (Kochan et al. 2020), watercress 
(Chung et al. 2009), and Scutellaria (Chang et al. 2021) 
were successfully obtained using an empty root-inducing 
(Ri) plasmid. A large number of hairy root lines can be 
made available for stable and extensive production of 
flavonoids. 

Hairy root cultures expressing structure genes for 
target flavonoids would be preferred, and this approach 
has been used for several medicinal plants. Using an 
Agrobacterium rhizogenes-mediated transformation 
system, the chi overexpression casette was incorporated 
into the genome of Saussurea involucrata, and transgenic 
hairy root lines grew faster and produced higher content 
of apigenin (12-fold) and total flavonoids (4-fold) than 
wild-type hairy roots (Li et al. 2006). The introduction of 
soybean 2-hydroxyisoflavanone dehydratase (HID) into 
the hairy root culture of Lotus japonicus can cause an 
accumulation of daidzein and genistein (Shimamura et al. 
2007). Previous studies in Scutellaria baicalensis showed 
a similar result, almost all of the  SbCHI-overexpressed 
hairy root lines accumulated more flavones than the 
control hairy root line, and baicalin content reached 42.2-
60.2 μg mg-1, which was 2.4 - 3.4 times higher than that in 
the control hairy root line (Park et al. 2011). 

Manipulating the expression of transcription factors in 
hairy root cultures can be promising. After overexpression 
of the flavonol-specific transcription factor AtMYB12 in 
buckwheat, the production of rutin (0.53-0.88 μg mg-1) 
was found to be 2.2 - 3.7 times higher than that of control 
plants (Park et al. 2012). Another MYB transcription factor 
had similar results, after overexpression of FtMYB116 into 
Tartary buckwheat hairy roots, rutin (2.75 - 9.4-fold) and 
quercetin (2.4 - 10.4-fold) were significantly increased 
(Zhang et al. 2019). When FtbZIP5 was overexpressed in 
the hairy roots of Tartary buckwheat, the total flavonoid 
content reached 0.96 mg g-1, which was approximately 
twice that in the wild strain (Weng et al. 2021).

In the empty root-inducing (Ri) plasmid’s T-DNA 
region, there are genes for auxin and cytokinin synthesis; 
hence, in addition to the massive growth, the altered 
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(elevated) hormone content in hairy roots can trigger the 
relocation of secondary metabolism (Kovacs et al. 2004, Fu 
et al. 2006). However, generated hairy root cultures have 
limited applications. Since genes from the T-DNA are not 
directly involved in flavonoid biosynthesis, the outcome is 
hard to predict. For example, baicalin is the most abundant 
flavonoid in Scutellaria, whereas in its transgenic hairy 
roots the glycoside of wogonin dominates (Kovacs et al. 
2004). Generally, many high-value flavonoids exist in 
trace amounts and may be structurally unique according to 
the plant species, and hairy root cultures normally do not 
improve the accumulation of such compounds.

In future, the genetic modification of flavonoids in 
medicinal plants will concern the identification of key 
genes involved in bioactive flavonoid biosynthesis. 
It is still a major challenge in the genetic engineering 
of medicinal plants. Genomic sequencing, flavonoid 
profiling, and bioactive composition screening of the 
important medicinal species would facilitate high-quality 
medicinal plants through flavonoid genetic engineering. 

Concluding remarks

Genetic engineering for a number of flavonoids has been 
successful, but there are some critical restraints. One 
major constraint is the lack of knowledge of flavonoid 
pathways in many plant species. Both structural genes 
and regulatory genes have target specificity. Additionally, 
certain genes involved in the pathways may be silenced 
due to natural mutation. An improved understanding of 
the molecular mechanism underlying the biosynthesis 
pathways of flavonoids is necessary before major progress 
can be made in the production of target compounds. 

In addition, although genetic engineering has brought 
us a lot of conveniences, it also has biosafety issues that 
cannot be ignored. Because the metabolic pathways in 
plants and other organisms are intertwined with one 
another to form a complex system, it is expected that 
perturbation of a single step in the network usually has 
extensive effects on the whole metabolic flux. There may 
be problems leading to toxicity and food allergies. In other 
scenarios, can promiscuous transgenic plants spread genes 
to other plants? So far, too little attention has been paid to 
these questions. Research to support the risk assessment of 
novel transgenic plants should be prioritized.

References 

Baudry, A., Caboche, M., Lepiniec, L.: TT8 controls its own 
expression in a feedback regulation involving TTG1 and 
homologous MYB and bHLH factors, allowing a strong 
and cell-specific accumulation of flavonoids in Arabidopsis 
thaliana. - Plant J. 46: 768-779, 2006. 

Baudry, A., Heim, M.A., Dubreucq, B., Caboche, M., Weisshaar, 
B., Lepiniec, L.: TT2, TT8, and TTG1 synergistically 
specify the expression of BANYULS and proanthocyanidin 
biosynthesis in Arabidopsis thaliana. - Plant J. 39: 366-380, 
2004. 

Bovy A., Vos, R.D., Kemper, M., Schijlen, E., Pertejo, M.A., 

Muir, S., Collins, G., Robinson, S., Verhoeyen, M., Hughes, 
S., Santos-Buelga, C., Tunen, A.V.: High-flavonol tomatoes 
resulting from the heterologous expression of the maize 
transcription factor genes lc and c1.- Plant Cell 14: 2509-
2526, 2002. 

Brunetti, C., Ferdinando, M.D., Fini, A., Pollastri, S., Tattini, 
M.: Flavonoids as antioxidants and developmental regulators: 
relative significance in plants and humans. - Int. J. mol. Sci. 
14: 3540-3555, 2013. 

Brugliera, F., Tao, G.Q., Tems, U., Kalc, G., Mouradva, K., 
Price, K., Stevenson, K., Stacey, L., Katsumoto, Y., Tanaka, 
Y., Maon, J.G.: Violet/blue chrysanthemums − metabolic 
engineering of the anthocyanin biosynthetic pathway results 
in novel petal colors. - Plant Cell Physiol. 54: 1696-1710, 
2013. 

Butelli, E., Titta, L., Giorgio, M., Mock, H.P., Matros, A., 
Peterek, S., Schijlen, E.G.W.M., Hall, R.D., Bovy, A.G., 
Luo, J., Martin, C.: Enrichment of tomato fruit with health-
promoting anthocyanins by expression of select transcription 
factors. - Nat. Biotechnol. 26: 1301-1308, 2008. 

Cassidy, A., Mukamal, K.J., Liu, L., Franz, M., Eliassen, A.H., 
Rimm, E.B.: High anthocyanin intake is associated with a 
reduced risk of myocardial infarction in young and middle-
aged women. - Circulation 127: 188-196, 2013. 

Chang H.P., Hui, X., Yeo, H.J., Ye, E.P., Geum-Sook, H., Sang, 
U.P.: Enhancement of the flavone contents of scutellaria 
baicalensis hairy roots via metabolic engineering using maize 
lc and arabidopsis pap1 transcription factors. - Metabolic 
Engn. 64: 64-73, 2021. 

Chen, K.L., Du, L.J., Liu, H.L., Liu, Y.L.: A novel R2R3-
MYB from grape hyacinth, MaMybA, which is different 
from MaAN2, confers intense and magenta anthocyanin 
pigmentation in tobacco. - BMC Plant Biol. 19: 390, 2019. 

Christensen, K.Y., Naidu, A., Parent, M.É., Pintos. J., 
Abrahamowicz, M., Siemiatycki, J., Koushik, A.: The risk 
of lung cancer related to dietary intake of flavonoids. - Nutr. 
Cancer 64: 964-974, 2012. 

Chung, I., Ahmad, A., Ali, M., Lee, O., Kim, M., Kim, J., Yoon, 
D., Peebles, C., San, K.: Flavonoid glucosides from the hairy 
roots of Catharanthus roseus. - J. nat. Products 72: 613-620, 
2009. 

Cuong, D.M., Park, C.H., Bong, S.J., Kim, N.S., Kim, J.K., Park, 
S.U.: Enhancement of glucosinolate production in watercress 
(Nasturtium officinale) hairy roots by overexpressing cabbage 
transcription factors. - J. Agr. Food Chem. 67: 4860-4867, 
2019. 

Dai, S.L., Hong, Y.: [Improved molecular breeding of flower 
color in ornamental plants based on anthocyanin synthesis 
and coloring mechanism.] - Scientia agr. sin. 49: 529-542, 
2016. [In Chinese] 

Desrues, O., Fryganas, C., Ropiak, H.M., Mueller-Harvey, 
I., Enemark, H.L., Thamsborg, S.M.:  Impact of chemical 
structure of flavanol monomers and condensed tannins on 
in vitro anthelmintic activity against bovine nematodes. – 
Parasitology 143: 444-454, 2016. 

Duan, H.Q., Takaishi, Y., Momota, H., Ohmoto, Y., Taki, T.: 
Immunosuppressive constituents from Saussurea medusa. - 
Phytochemistry 59: 85-90, 2002. 

Flachowsky, H., Szankowski, I., Fischer, T.C., Richter, K., 
Peil, A., Hofer, M., Dorsche, C., Schmoock, S., Gau, A.E., 
Halbwirth, H., Hanke, M.V.: Transgenic apple plants 
overexpressing the Lc gene of maize show an altered growth 
habit and increased resistance to apple scab and fire blight. - 
Planta 231: 623-635, 2010. 

Forkmann, G., Martens, S.: Metabolic engineering and 
applications of flavonoids. - Curr. Opin. Biotechnol. 12: 155-

https://doi.org/10.1111/j.1365-313X.2006.02733.x

https://doi.org/10.1111/j.1365-313X.2006.02733.x

https://doi.org/10.1111/j.1365-313X.2006.02733.x

https://doi.org/10.1111/j.1365-313X.2006.02733.x

https://doi.org/10.1111/j.1365-313X.2006.02733.x

https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/
https://doi.org/10.1105/tpc.004218
https://doi.org/10.1105/tpc.004218
https://doi.org/10.1105/tpc.004218
https://doi.org/10.1105/tpc.004218
https://doi.org/10.1105/tpc.004218
https://doi.org/10.1105/tpc.004218
https://doi.org/10.3390/ijms14023540

https://doi.org/10.3390/ijms14023540

https://doi.org/10.3390/ijms14023540

https://doi.org/10.3390/ijms14023540

https://doi.org/10.1093/pcp/pct110
https://doi.org/10.1093/pcp/pct110
https://doi.org/10.1093/pcp/pct110
https://doi.org/10.1093/pcp/pct110
https://doi.org/10.1093/pcp/pct110
https://doi.org/10.1093/pcp/pct110
https://doi.org/10.1038/nbt.1506

https://doi.org/10.1038/nbt.1506

https://doi.org/10.1038/nbt.1506

https://doi.org/10.1038/nbt.1506

https://doi.org/10.1038/nbt.1506

https://doi.org/10.1161/CIRCULATIONAHA.112.122408
https://doi.org/10.1161/CIRCULATIONAHA.112.122408
https://doi.org/10.1161/CIRCULATIONAHA.112.122408
https://doi.org/10.1161/CIRCULATIONAHA.112.122408
https://doi.org/10.1016/j.ymben.2021.01.003
https://doi.org/10.1016/j.ymben.2021.01.003
https://doi.org/10.1016/j.ymben.2021.01.003
https://doi.org/10.1016/j.ymben.2021.01.003
https://doi.org/10.1016/j.ymben.2021.01.003
https://doi.org/10.1186/s12870-019-1999-0
https://doi.org/10.1186/s12870-019-1999-0
https://doi.org/10.1186/s12870-019-1999-0
https://doi.org/10.1186/s12870-019-1999-0
https://doi.org/10.1080/01635581.2012.717677

https://doi.org/10.1080/01635581.2012.717677

https://doi.org/10.1080/01635581.2012.717677

https://doi.org/10.1080/01635581.2012.717677

https://doi.org/10.1021/np800378q
https://doi.org/10.1021/np800378q
https://doi.org/10.1021/np800378q
https://doi.org/10.1021/np800378q
https://doi.org/10.1021/acs.jafc.9b00440
https://doi.org/10.1021/acs.jafc.9b00440
https://doi.org/10.1021/acs.jafc.9b00440
https://doi.org/10.1021/acs.jafc.9b00440
https://doi.org/10.1021/acs.jafc.9b00440
https://doi.org/10.3864/j.issn.0578-1752.2016.03.011

https://doi.org/10.3864/j.issn.0578-1752.2016.03.011

https://doi.org/10.3864/j.issn.0578-1752.2016.03.011

https://doi.org/10.3864/j.issn.0578-1752.2016.03.011

https://doi.org/10.1017/S0031182015001912

https://doi.org/10.1017/S0031182015001912

https://doi.org/10.1017/S0031182015001912

https://doi.org/10.1017/S0031182015001912

https://doi.org/10.1017/S0031182015001912

https://doi.org/10.1016/S0031-9422(01)00429-0

https://doi.org/10.1016/S0031-9422(01)00429-0

https://doi.org/10.1016/S0031-9422(01)00429-0

https://doi.org/10.1007/s00425-009-1074-4
https://doi.org/10.1007/s00425-009-1074-4
https://doi.org/10.1007/s00425-009-1074-4
https://doi.org/10.1007/s00425-009-1074-4
https://doi.org/10.1007/s00425-009-1074-4
https://doi.org/10.1007/s00425-009-1074-4
https://doi.org/10.1016/S0958-1669(00)00192-0

https://doi.org/10.1016/S0958-1669(00)00192-0



169

FLAVONOID RESEARCH REVIEW

160, 2001. 
Fonseca, J., Rushing, J., Rajapakse, N., Thomas, R., Riley, 

M.: Potential implications of medicinal plant production in 
controlled environments: the case of feverfew (Tanacetum 
parthenium). - HortScience 41: 531-535, 2006. 

Fu, C.X., Xu, Y.J., Zhao, D.X., Ma, F.S.: A comparison between 
hairy root cultures and wild plants of Saussurea involucrata 
in phenylpropanoids production. - Plant Cell Rep. 24: 750-
754, 2006. 

Fu, L.N., Liu, W.H., Xu, A.J., Song, L.J.: Inhibitory effect of 
quercetin on human gastric cancer MKN45 cells. - Modern 
medicine and clinical 32: 983-986, 2017. [In Chinese] 

Fukui, Y., Tanaka, Y., Kusumi, T., Iwashita, T., Nomotoc, K.: 
A rationale for the shift in colour towards blue in transgenic 
carnation flowers expressing the flavonoid 3',5'-hydroxylase 
gene. - Phytochemistry 63: 15-23, 2003. 

Gatica-Arias, A., Farag, M.A., Häntzschel, K.R., Matoušek, J., 
Weber, G.: The transcription factor atmyb75/pap1 regulates 
the expression of flavonoid biosynthesis genes in transgenic 
hop (Humulus lupulus L.). - Brewingence 65: 103-111, 2012.

Gerhauser, C., Alt, A., Heiss, E., Gamal-Eldeen, A., Klimo, K., 
Knauft, J., Neumann, I., Scherf, H.R., Frank, N., Bartsch, H., 
Becker, H.: Cancer chemopreventive activity of Xanthohumol, 
a natural product derived from hop. - Mol. Cancer Theor. 1: 
959-969, 2002. 

Gonzalez, A., Zhao, M., Leavitt, J.M., Lloyd, A.M.: Regulation 
of the anthocyanin biosynthetic pathway by the TTG1/bHLH/
Myb transcriptional complex in Arabidopsis seedlings. - Plant 
J. 53: 814-827, 2008. 

Goswami, G., Nath, U.K., Park, J.I., Hossain, M.R., Biswas, 
M.K., Kim, H.T., Kim, H.R., Nou, I.S.: Transcriptional 
regulation of anthocyanin biosynthesis in a high-anthocyanin 
resynthesized Brassica napus cultivar. - J. biol. Res. 25: 19, 
2018. 

Grotewold, E.: The genetics and biochemistry of floral pigments. 
- Annu Rev. Plant Biol. 57: 761-780, 2006. 

Guillon, S., Tremouillaux-Guiller, J., Pati, P.K., Rideau, M., 
Gantet, P.: Hairy root research: recent scenario and exciting 
prospects. - Curr. Opin. Plant Biol. 9: 341-346, 2006. 

Han, M.L., Li, A., Shen, T., Meng, J.X., Li, H.H.: Phenolic 
compounds present in fruit extracts of Malus spp. show 
antioxidative and pro‐apoptotic effects on human gastric 
cancer cell lines. - J. Food Biochem. 43: e13028, 2019. 

Hatier, J.B., Clearwater, M.J., Gould, K.S., Rajagopal, S.: 
The functional significance of black-pigmented leaves: 
Photosynthesis, photoprotection and productivity in 
Ophiopogon planiscapus 'Nigrescens'. - PLoS ONE 8: 
e67850, 2013. 

Hoshino, H., Mizuno, T., Shimizu, K., Mori, S., Fukada-
Tanaka, S., Furukawa, K., Ishiguro, K., Tanaka, Y., Iida, S.: 
Generation of yellow flowers of the Japanese morning glory 
by engineering its flavonoid biosynthetic pathway toward 
aurones. - Plant Cell Physiol. 8: 1871-1879, 2019. 

Jakl, M., Kova, I., Zeljkovi, S.A., Dytrtova, J.J.: Triazole 
fungicides in soil affect the yield of fruit, green biomass, and 
phenolics production of Solanum lycopersicum L. - Food 
Chem. 351: 129328, 2021a. 

Jakl, M., Zeljkovi, S.A., Kova, I., Belonoznikova, K., Dytrtova, 
J.J.: Side effects of triazoles on treated crops. - Chemosphere 
277: 130242, 2021b. 

Jan, R., Khan, M.A., Asaf, S., Lee, I.J., Kim, K.M.: 
Overexpression of osf3h modulates wbph stress by alteration 
of phenylpropanoid pathway at a transcriptomic and 
metabolomic level in oryza sativa. - Sci. Rep. 10: 14685, 
2020. 

Ji, Z., Huo, C., Yang, P.: [Genistein inhibited the proliferation 

of kidney cancer cells via cdkn2a hypomethylation: role of 
abnormal apoptosis.] - Int. Urology Nephrology 52: 1049-
1055, 2020. [In Chinese] 

Kamiishi, Y., Otani, M., Takagi, H., Han, D.S., Mori, S., 
Tatsuzawa, F., Okuhara, H., Kobayashi, H., Nakano, M.: 
Flower color alteration in the liliaceous ornamental Tricyrtis 
sp. by RNA interference-mediated suppression of the chalcone 
synthase gene. - Mol. Breed. 30: 671-680, 2012. 

Kang, E., Kown, T., Oh, G., Park, W., Park, S., Park, S., Lee, Y.: 
The flavonoid ellagic acid from a medicinal herb inhibits host 
immune tolerance induced by the hepatitis B virus-e antigen. 
- Antiviral Res. 72: 100-106, 2006. 

Katsumoto, Y., Fukuchi-Mizutani, M., Fukui, Y., Brugliera, 
F., Holton, T.A., Karan, M., Nakamura, N., Yonekura-
Sakakibara, K., Togami, J., Pigeaire, A., Tao, G.Q., Nehra, 
N.S., Lu, C.Y., Dyson, B.K., Tsuda, S., Ashikari, T., Kusumi, 
T., Mason, J.G., Tanaka, Y.: Engineering of the rose flavonoid 
biosynthetic pathway successfully generated blue-hued 
flowers accumulating delphinidin. - Plant Cell Physiol. 48: 
1589-1600, 2007. 

Kim, D.H., Park, S., Lee. J.Y., Ha, S.H., Lim, S.H.: Enhancing 
flower color through simultaneous expression of the b-peru 
and mpap1 transcription factors under control of a flower-
specific promoter. - Int. J. mol. Sci. 19: 309, 2018. 

Kim, J., Lee, W.J., Vu, T.T.: High accumulation of anthocyanins 
via the ectopic expression of AtDFR confers significant salt 
stress tolerance in Brassica napus L. - Plant Cell Rep. 36: 
1215-1224, 2017. 

Kochan, E., Nowak, A., Zakos-Szyda, M., Szczuka, D., 
Szymańska, G., Motyl, I.: Panax quinquefolium L. 
ginsenosides from hairy root cultures and their clones exert 
cytotoxic, genotoxic and pro-apoptotic activity towards 
human colon adenocarcinoma cell line caco-2. - Molecules 
25: 2262, 2020. 

Kovacs, G., Kuzovkina, I., Szoke, E., Kursinszki, L.: HPLC 
determination of flavonoids in hairy-root cultures of 
Scutellaria baicalensis Georgi. - Chromatographia 60: 81-85, 
2004. 

Lee, H., Kim, Y., Kim, H., Kim, S.Y., Noh, H.S., Kang, S.S., Cho, 
G.J., Choi, W.S., Suk, K.: Flavonoid wogonin from medicinal 
herb is neuroprotective by inhibiting inflammatory activation 
of microglia. - FASEB J. 17: 1943. 300571, 2003. 

Lee, S.Y., Cheon, K.S., Kim, S.Y., Shin, J.Y., Lee, Y.A., Ramya, 
M.R., Kang, Y.I., Park, P.H., Park, P.M., An, H.R.: Functional 
expression of flavonoid 3',5'-hydroxylase (F3'5'H) gene 
isolated from Clematis patens in Petunia. - Flower Res. J. 25: 
246-252, 2017.

Leser, C., Treutter, D.: Effects of nitrogen supply on growth, 
contents of phenolic compounds and pathogen (scab) 
resistance of apple trees. - Physiol. Plant. 123: 49-56, 2005. 

Li, B., Fan, R., Guo, S., Wang, P., Song, C.P.: The Arabidopsis 
myb transcription factor, myb111 modulates salt responses by 
regulating flavonoid biosynthesis. - Environ. exp. Bot. 166: 
103807, 2019. 

Li, F.X., Jin, Z.P., Zhao, D.X., Cheng, L.Q., Fu, C.X., Ma, F.S.: 
Overexpression of the Saussurea medusa chalcone isomerase 
gene in S. involucrata hairy root cultures enhances their 
biosynthesis of apigenin. - Phytochemistry 67: 553-560, 2006. 

Li, H.H., Flachowsky, H., Fischer, T.C., Hanke, M.V., 
Forkmann, G., Treutter, D., Schwab, W., Hoffmann, T., 
Szankowski, I.: Maize Lc transcription factor enhances 
biosynthesis of anthocyanins, distinct proanthocyanidins and 
phenylpropanoids in apple (Malus domestica Borkh.). - Planta 
226: 1243-1254, 2007. 

Li, N.F., Liu, W.H., Xu, A.J., Song, L.J.: [Quercetin inhibition 
of human gastric cancer MKN45 cells research.] - Modern 

https://doi.org/10.1016/S0958-1669(00)00192-0

https://doi.org/10.21273/HORTSCI.41.3.531
https://doi.org/10.21273/HORTSCI.41.3.531
https://doi.org/10.21273/HORTSCI.41.3.531
https://doi.org/10.21273/HORTSCI.41.3.531
https://doi.org/10.1007/s00299-005-0049-6
https://doi.org/10.1007/s00299-005-0049-6
https://doi.org/10.1007/s00299-005-0049-6
https://doi.org/10.1007/s00299-005-0049-6
https://doi.org/10.7501/j.issn.1674-5515.2017.06.005

https://doi.org/10.7501/j.issn.1674-5515.2017.06.005

https://doi.org/10.7501/j.issn.1674-5515.2017.06.005

https://doi.org/10.1016/S0031-9422(02)00684-2

https://doi.org/10.1016/S0031-9422(02)00684-2

https://doi.org/10.1016/S0031-9422(02)00684-2

https://doi.org/10.1016/S0031-9422(02)00684-2

https://doi.org/10.1016/S0031-9422(02)00684-2

https://doi.org/10.1097/00008390-200209000-00015

https://doi.org/10.1097/00008390-200209000-00015

https://doi.org/10.1097/00008390-200209000-00015

https://doi.org/10.1097/00008390-200209000-00015

https://doi.org/10.1097/00008390-200209000-00015

https://doi.org/10.1111/j.1365-313X.2007.03373.x

https://doi.org/10.1111/j.1365-313X.2007.03373.x

https://doi.org/10.1111/j.1365-313X.2007.03373.x

https://doi.org/10.1111/j.1365-313X.2007.03373.x

https://doi.org/10.1186/s40709-018-0090-6
https://doi.org/10.1186/s40709-018-0090-6
https://doi.org/10.1186/s40709-018-0090-6
https://doi.org/10.1186/s40709-018-0090-6
https://doi.org/10.1186/s40709-018-0090-6
https://doi.org/10.1146/ANNUREV.ARPLANT.57.032905.105248
https://doi.org/10.1146/ANNUREV.ARPLANT.57.032905.105248
https://doi.org/10.1016/j.pbi.2006.03.008

https://doi.org/10.1016/j.pbi.2006.03.008

https://doi.org/10.1016/j.pbi.2006.03.008

https://doi.org/10.1111/jfbc.13028

https://doi.org/10.1111/jfbc.13028

https://doi.org/10.1111/jfbc.13028

https://doi.org/10.1111/jfbc.13028

https://doi.org/10.1016/j.envexpbot.2015.03.001
https://doi.org/10.1016/j.envexpbot.2015.03.001
https://doi.org/10.1016/j.envexpbot.2015.03.001
https://doi.org/10.1016/j.envexpbot.2015.03.001
https://doi.org/10.1016/j.envexpbot.2015.03.001
https://doi.org/10.1093/pcp/pcz101
https://doi.org/10.1093/pcp/pcz101
https://doi.org/10.1093/pcp/pcz101
https://doi.org/10.1093/pcp/pcz101
https://doi.org/10.1093/pcp/pcz101
https://doi.org/10.1016/j.foodchem.2021.129328

https://doi.org/10.1016/j.foodchem.2021.129328

https://doi.org/10.1016/j.foodchem.2021.129328

https://doi.org/10.1016/j.foodchem.2021.129328

https://doi.org/10.1016/j.chemosphere.2021.130242

https://doi.org/10.1016/j.chemosphere.2021.130242

https://doi.org/10.1016/j.chemosphere.2021.130242

https://doi.org/10.1038/s41598-020-71661-z
https://doi.org/10.1038/s41598-020-71661-z
https://doi.org/10.1038/s41598-020-71661-z
https://doi.org/10.1038/s41598-020-71661-z
https://doi.org/10.1038/s41598-020-71661-z
https://doi.org/10.1007/s11255-019-02372-2

https://doi.org/10.1007/s11255-019-02372-2

https://doi.org/10.1007/s11255-019-02372-2

https://doi.org/10.1007/s11255-019-02372-2

https://doi.org/10.1007/s11032-011-9653-z

https://doi.org/10.1007/s11032-011-9653-z

https://doi.org/10.1007/s11032-011-9653-z

https://doi.org/10.1007/s11032-011-9653-z

https://doi.org/10.1007/s11032-011-9653-z

https://doi.org/10.1016/j.antiviral.2006.04.006

https://doi.org/10.1016/j.antiviral.2006.04.006

https://doi.org/10.1016/j.antiviral.2006.04.006

https://doi.org/10.1016/j.antiviral.2006.04.006

https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.1093/pcp/pcm131
https://doi.org/10.3390/ijms19010309

https://doi.org/10.3390/ijms19010309

https://doi.org/10.3390/ijms19010309

https://doi.org/10.3390/ijms19010309

https://doi.org/10.1007/s00299-017-2147-7

https://doi.org/10.1007/s00299-017-2147-7

https://doi.org/10.1007/s00299-017-2147-7

https://doi.org/10.1007/s00299-017-2147-7

https://doi.org/10.3390/molecules25092262

https://doi.org/10.3390/molecules25092262

https://doi.org/10.3390/molecules25092262

https://doi.org/10.3390/molecules25092262

https://doi.org/10.3390/molecules25092262

https://doi.org/10.3390/molecules25092262

https://doi.org/10.1365/s10337-004-0266-0
https://doi.org/10.1365/s10337-004-0266-0
https://doi.org/10.1365/s10337-004-0266-0
https://doi.org/10.1365/s10337-004-0266-0
https://doi.org/10.1096/fj.03-0057fje

https://doi.org/10.1096/fj.03-0057fje

https://doi.org/10.1096/fj.03-0057fje

https://doi.org/10.1096/fj.03-0057fje

https://doi.org/10.11623/frj.2017.25.4.09
https://doi.org/10.11623/frj.2017.25.4.09
https://doi.org/10.11623/frj.2017.25.4.09
https://doi.org/10.11623/frj.2017.25.4.09
https://doi.org/10.11623/frj.2017.25.4.09
https://doi.org/10.1111/j.1399-3054.2004.00427.x
https://doi.org/10.1111/j.1399-3054.2004.00427.x
https://doi.org/10.1111/j.1399-3054.2004.00427.x
https://doi.org/10.1016/j.envexpbot.2019.103807

https://doi.org/10.1016/j.envexpbot.2019.103807

https://doi.org/10.1016/j.envexpbot.2019.103807

https://doi.org/10.1016/j.envexpbot.2019.103807

http://doi.org/10.1016/j.phytochem.2005.12.004
http://doi.org/10.1016/j.phytochem.2005.12.004
http://doi.org/10.1016/j.phytochem.2005.12.004
http://doi.org/10.1016/j.phytochem.2005.12.004
https://doi.org/10.1007/s00425-007-0573-4
https://doi.org/10.1007/s00425-007-0573-4
https://doi.org/10.1007/s00425-007-0573-4
https://doi.org/10.1007/s00425-007-0573-4
https://doi.org/10.1007/s00425-007-0573-4
https://doi.org/10.1007/s00425-007-0573-4
https://doi.org/10.7501/j.issn.1674-5515.2017.06.005
https://doi.org/10.7501/j.issn.1674-5515.2017.06.005


170

WANG et al.

Medicine clin. Practice 32: 983-986, 2017. [In Chinese] 
Li, M., Li, Y., Xu, X.N., Chu, Z.H., Ding, X.H.: Preliminary 

study on the mechanism of rutin improving plant disease 
resistance. - In: Chinese Society of Phytopathology 2012 
Academic Annual Conference Proceedings. Pp. 510, Qingdao, 
Shandong, July 2012.

Lim, S.H., You, M.K., Kim, D.H., Kim, J.K., Kim, K., Lee, J.Y., 
Ha, S.H.: RNAi-mediated suppression of dihydroflavonol 
4-reductase in tobacco allows fine-tuning of flower color 
and flux through the flavonoid biosynthetic pathway. - Plant 
Physiol. Biochem. 109: 482-490, 2016. 

Liu, H.L., Lou, Q., Ma, J.R., Su, B.B., Gao, Z.Z., Liu, Y.L.: 
Cloning and functional characterization of dihydroflavonol 
4-reductase gene involved in anthocyanidin biosynthesis of 
grape hyacinth. - Int. J. mol. Sci. 20: 4743, 2019.

Lorenc-Kukula, A.K., Zuk, M., Kulma, A., Czemplik, M., Kostyn, 
K., Skala, J., Starzycki, M., Szopa, J.: Engineering flax with 
the gt family 1 Solanum sogarandinum glycosyltransferase 
ssgt1 confers increased resistance to Fusarium infection. - J. 
Agr. Food Chem. 57: 6698, 2009. 

Lorenc-Kukula, K., Jafra, S., Oszmianski, J., Szopa, J.: Ectopic 
expression of anthocyanin 5-O-glucosyltransferase in potato 
tuber causes increased resistance to bacteria. - J. Agr. Food 
Chem. 53: 272-281, 2005. 

Lorenc-Kukula, K., Wrobel-Kwiatkowska, M., Starzycki, M., 
Szopa, J.: Engineering flax with increased flavonoid content 
and thus Fusarium resistance. - Physiol. mol. Plant Pathol. 
70: 38-48, 2007. 

Lukaszewicz, M., Matysiak-Kata, I., Skala, J., Fecka, I., 
Cisowski, W., Szopa, J.: Antioxidant capacity manipulation 
in transgenic potato tuber by changes in phenolic compounds 
content. - J. Agr. Food Chem. 52: 1526-1533, 2004. 

Luo, C.L., Liu, Y.Q., Wang, P., Song, C.H., Wang, K.J., Dai, L.P., 
Zhang, J.Y., Ye, H.: The effect of quercetin nanoparticle on 
cervical cancer progression by inducing apoptosis, autophagy 
and anti-proliferation via jak2 suppression. - Biomed. 
Pharmacotherapy 82: 595-605, 2016. 

Luo, P., Ning, G., Wang, Z., Shen, Y., Jin, H., Li, P., Huang, S., 
Zhao, J., Bao, M.: Disequilibrium of flavonol synthase and 
dihydroflavonol-4-reductase expression associated tightly to 
white vs. red color flower formation in plants. - Front. Plant 
Sci. 13: 1257, 2016.

Ma, Y., Ding, S.J., Fei, Y.Q., Liu, G., Jang, H.M., Fang, J.: 
Antimicrobial activity of anthocyanins and catechins against 
foodborne pathogens Escherichia coli and Salmonella. - Food 
Control 106: 106712, 2019. 

Maaliki, D., Shaito, A.A., Pintus, G., El-Yazbi, A., Eid, A.H.: 
Flavonoids in hypertension: a brief review of the underlying 
mechanisms. - Curr. Opin. Pharmacol. 45: 57-65, 2019.  

Marais, D.L.D., Rausher, M.D.: Parallel evolution at multiple 
levels in the origin of hummingbird pollinated flowers in 
Ipomoea. - Evolution 64: 2044-2054, 2010. 

Matkowski, A., Nawrot-Hadzik, I., Hadzik, J., Dominiak, M., 
Dobrowolska-Czopor, B.: Proanthocyanidins and flavan-3-ols 
in the prevention and treatment of periodontitis-antibacterial 
effects. - Nutrients 13: 165, 2021. 

Meng, C., Sui, N.: Overexpression of maize myb-if35 increases 
chilling tolerance in Arabidopsis. - Plant Physiol. Biochem. 
135: 167-173, 2019. 

Meng, L.Q., Yang, F.Y., Wang, M.S., Shi, B.K., Chen, D., Zhou, 
Q., He, Q.B., Ma, L.X., Cheng, W.L., Xing, N.Z.: Quercetin 
protects against chronic prostatitis in rat model through NF‐
κB and MAPK signaling pathways. - Prostate 78: 790-800, 
2018. 

Miyagawa, N., Miyahara, T., Okamoto, M., Hirose, Y., Sakaguchi, 
K., Hatano, S., Ozeki, Y.: Dihydroflavonol 4-reductase activity 

is associated with the intensity of flower colors in delphinium. 
- Plant Biotechnol. 32: 249-255, 2015. 

Mizukami, Y., Fukuta, S., Kanbe, M.: Production of yellow 
flower cyclamen through Agrobacterium tumefaciens 
mediated transformation with chalcone reductase. - PLoS 
ONE 36: 59-63, 2004. 

Muir, S.R., Collins, G.J., Robinson, S., Hughes, S., Bovy, A., Ric 
de Vos, C.H., Tunen, A.J.V., Verhoeyen, M.E.: Overexpression 
of petunia chalcone isomerase in tomato results in fruit 
containing increased levels of flavonols. - Nat. Biotechnol. 
19: 470-474, 2001. 

Naing, A.H., Kang, H.H., Hui, Y.J., Soe, M.T., Chang, K.K.: 
Overexpression of the Raphanus sativus RsMYB1 using the 
flower-specific promoter (InMYB1) enhances anthocyanin 
accumulation in flowers of transgenic petunia and their 
hybrids. - Mol. Breed. 40: 97, 2020. 

Nishihara, M., Nakatsuka, T.: Genetic engineering of flavonoid 
pigments to modify flower color in floricultural plants. - 
Biotechnol. Lett. 33: 433-441, 2011. 

Noda, N., Yoshioka, S., Kishimoto, S., Nakayama, M., Douzono, 
M., Tanaka, Y., Aida, R.: Generation of blue chrysanthemums 
by anthocyanin B-ring hydroxylation and glucosylation and 
its coloration mechanism. - Sci. Adv. 3: e1602785, 2017. 

Okinaka, Y., Shimada, Y., Nakano-Shimada, R., Ohbayashi, 
M., Kiyokawa, S., Kikuchi, Y.: Selective accumulation of 
delphinidin derivatives in tobacco using a putative flavonoid 
3',5'-hydroxylase cDNA from Campanula medium. - J. agr. 
chem. Soc. Japan 67: 161-165, 2003. 

Ono, E., Fukuchi-Mizutani, M., Nakamura, N., Fukui, Y., 
Yonekura-Sakakibara, K., Yamaguchi, M., Nakayama, T., 
Tanaka, T., Kusumi, T., Tanaka, Y.: Yellow flowers generated 
by expression of the aurone biosynthetic pathway. - Proc. nat. 
Acad. Sci. USA 103: 11075-11080, 2006. 

Park, N.I., Li, X., Thwe, A.A., Lee, S.Y., Su, G.K., Qi, W., Park, 
S.U.: Enhancement of rutin in Fagopyrum esculentum hairy 
root cultures by the Arabidopsis transcription factor atmyb12. 
- Biotechnol. Lett. 34: 577-583, 2012. 

Park, N.I., Xu, H., Li, X.H., Kim, S., Park, S.U.: Enhancement of 
flavone levels through overexpression of chalcone isomerase 
in hairy root cultures of Scutellaria baicalensis. - Funct. 
integrat. Genomics 11: 491-496, 2011. 

Petroni, K., Tonelli, C.: Recent advances on the regulation of 
anthocyanin synthesis in reproductive organs. - Plant Sci. 
181: 219-229, 2011. 

Pontais, I., Treutter, D., Paulin, J.P., Brisset, M.N.: Erwinia 
amylovora modifies phenolic profiles of susceptible and 
resistant apple through its type III secretion system. - Physiol. 
Plant. 132: 262-271, 2008. 

Qin, J., Teng, J.A., Zhu, Z., Chen, J.X., Huang, W.J.: Genistein 
induces activation of the mitochondrial apoptosis pathway by 
inhibiting phosphorylation of Akt in colorectal cancer cells. - 
Pharm. Biol. 54: 74-79, 2016. 

Qiu, J., Xue, X.F., Chen, F.D., Li, C.H., Bolat, N., Wang, 
X.J., Baima, Y.Z., Zhao, Q., Zhao, D.Z., Ma, F.S.: Quality 
evaluation of snow lotus (Saussurea): quantitative chemical 
analysis and antioxidant activity assessment. - Plant Cell Rep. 
29: 1325-1337, 2010. 

Rao, M.J.,  Xu, Y.,  Tang, X.,  Huang, Y., Liu, J.H., Deng, X.X.,  
Xu, Q.: Cscyt75b1, a citrus cytochrome p450 gene, is involved 
in accumulation of antioxidant flavonoids and induces 
drought tolerance in transgenic arabidopsis. - Antioxidants 9: 
161, 2020. 

Ren, Y.Y., Chen, H.F., Yao, X., Yang, Z.H., Wu, T.J., Guo, Y., 
Xiao, J.H., Zheng, X.: Design, synthesis and anticancer 
evaluation of new 7-o-alkylation genistein derivatives. - 
Pharm. Chem. J. 54: 924-931, 2020. 

https://doi.org/10.7501/j.issn.1674-5515.2017.06.005
https://doi.org/10.1016/j.plaphy.2016.10.028

https://doi.org/10.1016/j.plaphy.2016.10.028

https://doi.org/10.1016/j.plaphy.2016.10.028

https://doi.org/10.1016/j.plaphy.2016.10.028

https://doi.org/10.1016/j.plaphy.2016.10.028

https://doi.org/10.3390/ijms20194743

https://doi.org/10.3390/ijms20194743

https://doi.org/10.3390/ijms20194743

https://doi.org/10.3390/ijms20194743

https://doi.org/10.1021/jf900833k

https://doi.org/10.1021/jf900833k

https://doi.org/10.1021/jf900833k

https://doi.org/10.1021/jf900833k

https://doi.org/10.1021/jf900833k

https://doi.org/10.1021/jf048449p

https://doi.org/10.1021/jf048449p

https://doi.org/10.1021/jf048449p

https://doi.org/10.1021/jf048449p

https://doi.org/10.1016/j.pmpp.2007.05.005

https://doi.org/10.1016/j.pmpp.2007.05.005

https://doi.org/10.1016/j.pmpp.2007.05.005

https://doi.org/10.1016/j.pmpp.2007.05.005

https://doi.org/10.1021/jf034482k

https://doi.org/10.1021/jf034482k

https://doi.org/10.1021/jf034482k

https://doi.org/10.1021/jf034482k

https://doi.org/10.1016/j.biopha.2016.05.029
https://doi.org/10.1016/j.biopha.2016.05.029
https://doi.org/10.1016/j.biopha.2016.05.029
https://doi.org/10.1016/j.biopha.2016.05.029
https://doi.org/10.1016/j.biopha.2016.05.029
https://doi.org/10.3389/fpls.2015.01257
https://doi.org/10.3389/fpls.2015.01257
https://doi.org/10.3389/fpls.2015.01257
https://doi.org/10.3389/fpls.2015.01257
https://doi.org/10.1016/j.foodcont.2019.106712

https://doi.org/10.1016/j.foodcont.2019.106712

https://doi.org/10.1016/j.foodcont.2019.106712

https://doi.org/10.1016/j.foodcont.2019.106712

https://doi.org/10.1016/j.coph.2019.04.014
https://doi.org/10.1016/j.coph.2019.04.014
https://doi.org/10.1016/j.coph.2019.04.014
https://doi.org/10.1111/j.1558-5646.2010.00972.x

https://doi.org/10.1111/j.1558-5646.2010.00972.x

https://doi.org/10.1111/j.1558-5646.2010.00972.x

https://doi.org/10.3390/nu13010165

https://doi.org/10.3390/nu13010165

https://doi.org/10.3390/nu13010165

https://doi.org/10.3390/nu13010165

https://doi.org/10.1016/j.plaphy.2018.11.038

https://doi.org/10.1016/j.plaphy.2018.11.038

https://doi.org/10.1016/j.plaphy.2018.11.038

https://doi.org/10.1002/pros.23536
https://doi.org/10.1002/pros.23536
https://doi.org/10.1002/pros.23536
https://doi.org/10.1002/pros.23536
https://doi.org/10.1002/pros.23536
https://doi.org/10.5511/plantbiotechnology.15.0702b
https://doi.org/10.5511/plantbiotechnology.15.0702b
https://doi.org/10.5511/plantbiotechnology.15.0702b
https://doi.org/10.5511/plantbiotechnology.15.0702b
https://doi.org/10.1371/journal.pone.0068112
https://doi.org/10.1371/journal.pone.0068112
https://doi.org/10.1371/journal.pone.0068112
https://doi.org/10.1371/journal.pone.0068112
https://doi.org/10.1038/88150
https://doi.org/10.1038/88150
https://doi.org/10.1038/88150
https://doi.org/10.1038/88150
https://doi.org/10.1038/88150
https://doi.org/10.1007/s11032-020-01176-y

https://doi.org/10.1007/s11032-020-01176-y

https://doi.org/10.1007/s11032-020-01176-y

https://doi.org/10.1007/s11032-020-01176-y

https://doi.org/10.1007/s11032-020-01176-y

https://doi.org/10.1007/s10529-010-0461-z

https://doi.org/10.1007/s10529-010-0461-z

https://doi.org/10.1007/s10529-010-0461-z

https://doi.org/10.1126/sciadv.1602785
https://doi.org/10.1126/sciadv.1602785
https://doi.org/10.1126/sciadv.1602785
https://doi.org/10.1126/sciadv.1602785
https://doi.org/10.1271/bbb.67.161

https://doi.org/10.1271/bbb.67.161

https://doi.org/10.1271/bbb.67.161

https://doi.org/10.1271/bbb.67.161

https://doi.org/10.1271/bbb.67.161

https://doi.org/10.1073/pnas.0604246103

https://doi.org/10.1073/pnas.0604246103

https://doi.org/10.1073/pnas.0604246103

https://doi.org/10.1073/pnas.0604246103

https://doi.org/10.1073/pnas.0604246103

https://doi.org/10.1007/s10529-011-0807-1

https://doi.org/10.1007/s10529-011-0807-1

https://doi.org/10.1007/s10529-011-0807-1

https://doi.org/10.1007/s10529-011-0807-1

https://doi.org/10.1007/s10142-011-0229-0

https://doi.org/10.1007/s10142-011-0229-0

https://doi.org/10.1007/s10142-011-0229-0

https://doi.org/10.1007/s10142-011-0229-0

https://doi.org/10.1016/j.plantsci.2011.05.009

https://doi.org/10.1016/j.plantsci.2011.05.009

https://doi.org/10.1016/j.plantsci.2011.05.009

https://doi.org/10.1111/j.1399-3054.2007.01004.x

https://doi.org/10.1111/j.1399-3054.2007.01004.x

https://doi.org/10.1111/j.1399-3054.2007.01004.x

https://doi.org/10.1111/j.1399-3054.2007.01004.x

https://doi.org/10.3109/13880209.2015.1014921
https://doi.org/10.3109/13880209.2015.1014921
https://doi.org/10.3109/13880209.2015.1014921
https://doi.org/10.3109/13880209.2015.1014921
https://doi.org/10.1007/s00299-010-0919-4

https://doi.org/10.1007/s00299-010-0919-4

https://doi.org/10.1007/s00299-010-0919-4

https://doi.org/10.1007/s00299-010-0919-4

https://doi.org/10.1007/s00299-010-0919-4

https://doi.org/10.3390/antiox9020161
https://doi.org/10.3390/antiox9020161
https://doi.org/10.3390/antiox9020161
https://doi.org/10.3390/antiox9020161
https://doi.org/10.3390/antiox9020161
https://doi.org/10.1007/s11094-020-02298-5
https://doi.org/10.1007/s11094-020-02298-5
https://doi.org/10.1007/s11094-020-02298-5
https://doi.org/10.1007/s11094-020-02298-5


171

FLAVONOID RESEARCH REVIEW

Rossi, M., Lugo, A., Lagiou, P., Zucchetto, A., Polesel, J., 
Serraino, D., Negri, E., Trichopoulos, D., La Vecchia, 
C.: Proanthocyanidins and other flavonoids in relation 
to pancreatic cancer: a case-control study in Italy. - Ann. 
Oncology 23: 1488-1493, 2012. 

Seo, J., Kim, S.W., Kim, J., Cha, H.W., Liu, J.R.: Co-expression 
of flavonoid 3′5′-hydroxylase and flavonoid 3′-hydroxylase 
accelerates decolorization in transgenic Chrysanthemum 
petals. - J. Plant Biol. 50: 626, 2007. 

Sharma, S.B., Dixon, R.A.: Metabolic engineering of 
proanthocyanidins by ectopic expression of transcription 
factors in Arabidopsis thaliana. - Plant J. 44: 62-75, 2005. 

Shimamura, M., Akashi, T., Sakurai, N., Suzuki, H., Saito, K., 
Shibata, D., Ayabe, S., Aoki, T.: 2-Hydroxyisoflavanone 
dehydratase is a critical determinant of isoflavone productivity 
in hairy root cultures of Lotus japonicus. - Plant Cell Physiol. 
48: 1652-1657, 2007. 

Sivankalyani, V., Feygenberg, O., Diskin, S.: Increased 
anthocyanin and flavonoids in mango fruit peel are associated 
with cold and pathogen resistance. -  Postharvest Biol. 
Technol. 111: 132-139, 2016. 

Skaliter, O., Ravid, J., Shklarman, E., Ketrarou, N., Shpayer, 
N., Ben Ari, J., Dvir, G., Farhi, M., Yue, Y.L., Vainstein, A.: 
Ectopic expression of PAP1 leads to anthocyanin accumulation 
and novel floral color in genetically engineered goldenrod 
(Solidago canadensis L.). - Front. Plant Sci. 10: 1561, 2019. 

Song, X.M., Lu, X.J., Qiu, Z.M., Xing, J.H., Chen, S.P., Tan, F.L., 
Chen, W.: Flavonoid metabolism and antioxidant activity in 
response to salt stress in mangrove kandelia candel. - Acta 
bot. boreal.-occident. sin. 36: 2461-2468, 2016. [In Chinese]  

Tanaka, Y., Brugliera, F.: Metabolic engineering of flower color 
pathways using cytochromes P450. - In: Yamazaki, H. (ed.): 
Fifty Years of Cytochrome P450 Research. Pp 207-229,  
Springer, Japan, Tokyo, 2014. 

Togami, J., Tamura, M., Ishiguro, K., Hirose, C., Okuhara, 
H., Ueyama, Y., Nakamura, N., Yonekura-Sakakibara, K., 
Fukuchi-Mizutani, M., Suzuki, K., Fukui, Y., Kusumi, T., 
Tanaka, Y.: Molecular characterization of the flavonoid 
biosynthesis of Verbena hybrida and the functional analysis 
of Verbena and Clitoria ternatea f3′5′h genes in transgenic 
Verbena. - Plant Biotechnol. 23: 5-11, 2006.  

Wang, Q., Chen, Y.K., Lu, H., Wang, H.J., Feng, H.J., Xu, J.P., 
Zhang, B.Y.: Quercetin radiosensitizes non‐small cell lung 
cancer cells through the regulation of mir‐16‐5p/wee1 axis. - 
IUBMB Life 72: 1012-1022, 2020. 

Wang, Y.N., Zhao, M.Y., Han, X., Zhao, L.Y., Xu, Z.D.: Cloning 
and expression analysis of RrG-Beta1 gene related to signal 
transduction in Rosa rugosa. - Amer. J. Plant Sci. 9: 2244-
2255, 2018. 

Weng, W.F., Wu, X.F., Zhang, K.X., Tang, Y., Jiang, Y., Ruan, 
J.J., Zhou, M.L.: [The overexpression of FtbZIP5 improves 
accumulation of flavonoid in the hairy roots of Tartary 
buckwheat and its salt tolerance.] - Crop Mag. 4: 1-9, 2021. 
[In Chinese] 

Willits, M.G., Kramer, C.M., Prata, R.T.N., De Luca, V., Potter, 
B.G., Steffens, J.C., Graser, G.: Utilization of the genetic 
resources of wild species to create a nontransgenic high 
flavonoid tomato. - J. Agr. Food Chem. 53: 1231-1236, 2005. 

Xing, X., Zeng, N., Liu, Z.K., Bai, Y.X., Wang, Y., Huang, S.X.: 
[Effect of genistein on growth, invasion and metastasis of 
lung cancer cells.] - Jiangsu med. J. 44: 1361-1365, 2018. [In 
Chinese] 

Yamamizo, C., Noda, N., Ohmiya, A.: Anthocyanin and 
carotenoid pigmentation in flowers of section Mina, subgenus 
Quamoclit, genus Ipomoea. - Euphytica 184: 429-440, 2012.  

Yang, J., Yang, X.Z., Li, B., Lu, X.Y., Kang, J.F., Cao, X.Y.: 
Establishment of in vitro culture system for Codonopsis 
pilosula transgenic hairy roots. - Biotech 10: 1-8, 2020. 

You, S.P., Liu, X., Namait, A., Chen, W.L., Zhu, Q.S., Qi, 
X.X., Zhao, J., Liu, T.: Experimental study on antitussive, 
expectorant, anti-inflammatory and analgesic effects of total 
flavonoids extract from Chrysomellia sinensis. - J. Xinjiang 
med. Univ. 42: 462-466, 2019. [In Chinese] 

Yousuf, B., Gul, K., Wani, A.A., Singh, P.: Health benefits of 
anthocyanins and their encapsulation for potential use in food 
systems: a review. - Crit. Rev. Food Sci. Nutr. 56: 2223-2230, 
2016. 

Yu, O., Shi, J., Hession, A.O., Maxwell, C.A., McGonigle, B., 
Odell, J.T.: Metabolic engineering to increase isoflavone 
biosynthesis in soybean seed. - Phytochemistry 63: 753-763, 
2003. 

Zhang, D., Jiang, C.L., Huang, C.H., Wen, D., Lu, J.N., Chen, S., 
Zhang, T.Y., Shi, Y. H., Xue, J.P., Ma, W., Xiang, L., Sun, W., 
Chen, S.L.: The light-induced transcription factor FtMYB116 
promotes accumulation of rutin in Fagopyrum tataricum. - 
Plant Cell Environ. 42: 1340-1351, 2019. 

Zhang, H.T., Ma, M.L., Quan, Q., Liu, Y., Luo, L.X.: Zingiber 
Strioatum antioxidant effect of total flavonoids in research. 
- Shandong Chem. Industry 47: 47-61, 2018a. [In Chinese] 

Zhang, X.P., Zhao, L.Y., Xu, Z.D., Yu, X.Y.: Transcriptome 
sequencing of Paeonia suffruticosa ‘Shima Nishiki’ to 
identify differentially expressed genes mediating double-color 
formation. - Plant Physiol. Biochem. 123: 114-124, 2018b.

Zhang, X.Y., Cook, K.L., Warri, A., Cruz, I.M., Rosim, M., 
Riskin, J., Helfeich, W., Doerge, D., Clarke, R., Hilakivi-
Clarke, L.: Lifetime genistein intake increases the response 
of mammary tumors to tamoxifen in rats. - Clin. Cancer Res. 
23: 814, 2017. 

Zhou, X.W., Fan, Z.Q., Chen, Y., Zhu, Y.L., Li, J.Y., Yin, H.F.: 
Functional analyses of a flavonol synthase-like gene from 
Camellia nitidissima reveal its roles in flavonoid metabolism 
during floral pigmentation. - J. Biosci. 38: 593-604, 2019.

Zhu, Q.L., Sui, S.Z., Lei, X.H., Yang, Z.F., Lu, K., Liu, G.D., 
Liu, Y., Li, M.Y.: Ectopic expression of the coleus R2R3 
MYB-type proanthocyanidin regulator gene SsMYB3 alters 
the flower color in transgenic tobacco. - PLoS ONE 10: 
e0139392, 2015. 

Zou, K., Wang, Y., Zhao, M.Y., Han, X., Zhao, L.Y., Xu, Z.D.: 
Cloning and expression analysis of RrMYB113 gene related to 
anthocyanin biosynthesis in Rosa rugosa. - Amer. J. Plant Sci. 
9: 701-710, 2018. 

Zuker, A., Tzfira, T., Ben-Meir, H., Ovadis, M., Shklarman, E., 
Itzhaki, H., Forkmann, G., Martens, S., Neta-Sharir, I., Weiss, 
D., Vainstein, A.: Modification of flower color and fragrance 
by antisense suppression of the flavanone 3-hydroxylase 
gene. - Mol. Breed. 9: 33-41, 2002. 

© The authors. This is an open access article distributed under the terms of the Creative Commons BY-NC-ND Licence.

https://doi.org/10.1093/annonc/mdr475

https://doi.org/10.1093/annonc/mdr475

https://doi.org/10.1093/annonc/mdr475

https://doi.org/10.1093/annonc/mdr475

https://doi.org/10.1093/annonc/mdr475

https://doi.org/10.3109/13880209.2015.1014921 

https://doi.org/10.3109/13880209.2015.1014921 

https://doi.org/10.3109/13880209.2015.1014921 

https://doi.org/10.3109/13880209.2015.1014921 

https://doi.org/10.1111/j.1365-313X.2005.02510.x
https://doi.org/10.1111/j.1365-313X.2005.02510.x
https://doi.org/10.1111/j.1365-313X.2005.02510.x
https://doi.org/10.1093/pcp/pcm125
https://doi.org/10.1093/pcp/pcm125
https://doi.org/10.1093/pcp/pcm125
https://doi.org/10.1093/pcp/pcm125
https://doi.org/10.1093/pcp/pcm125
https://doi.org/10.1016/j.postharvbio.2015.08.001

https://doi.org/10.1016/j.postharvbio.2015.08.001

https://doi.org/10.1016/j.postharvbio.2015.08.001

https://doi.org/10.1016/j.postharvbio.2015.08.001

https://doi.org/10.3389/fpls.2019.01561

https://doi.org/10.3389/fpls.2019.01561

https://doi.org/10.3389/fpls.2019.01561

https://doi.org/10.3389/fpls.2019.01561

https://doi.org/10.3389/fpls.2019.01561

https://doi. org/10.7606/j.issn.1000-4025.2016.12.2461
https://doi. org/10.7606/j.issn.1000-4025.2016.12.2461
https://doi.org/10.1007/978-4-431-54992-5_12

https://doi.org/10.1007/978-4-431-54992-5_12

https://doi.org/10.1007/978-4-431-54992-5_12

https://doi.org/10.1007/978-4-431-54992-5_12

https://doi.org/10.5511/plantbiotechnology.23.5

https://doi.org/10.5511/plantbiotechnology.23.5

https://doi.org/10.5511/plantbiotechnology.23.5

https://doi.org/10.5511/plantbiotechnology.23.5

https://doi.org/10.5511/plantbiotechnology.23.5

https://doi.org/10.5511/plantbiotechnology.23.5

https://doi.org/10.5511/plantbiotechnology.23.5

https://pubmed.ncbi.nlm.nih.gov/32027086/
https://pubmed.ncbi.nlm.nih.gov/32027086/
https://pubmed.ncbi.nlm.nih.gov/32027086/
https://pubmed.ncbi.nlm.nih.gov/32027086/
https://doi.org/10.4236/ajps.2018.911162
https://doi.org/10.4236/ajps.2018.911162
https://doi.org/10.4236/ajps.2018.911162
https://doi.org/10.4236/ajps.2018.911162
https://doi.org/10.16035/j.issn.1001-7283.2021.04.001

https://doi.org/10.16035/j.issn.1001-7283.2021.04.001

https://doi.org/10.16035/j.issn.1001-7283.2021.04.001

https://doi.org/10.16035/j.issn.1001-7283.2021.04.001

https://doi.org/10.1021/jf049355i
https://doi.org/10.1021/jf049355i
https://doi.org/10.1021/jf049355i
https://doi.org/10.1021/jf049355i
https://doi.org/10.19460/j.cnki.0253-3685.2018.12.002

https://doi.org/10.19460/j.cnki.0253-3685.2018.12.002

https://doi.org/10.19460/j.cnki.0253-3685.2018.12.002

https://doi.org/10.1007/s10681-011-0618-4
https://doi.org/10.1007/s10681-011-0618-4
https://doi.org/10.1007/s10681-011-0618-4
https://doi.org/10.1007/s13205-020-2130-9
https://doi.org/10.1007/s13205-020-2130-9
https://doi.org/10.1007/s13205-020-2130-9
https://doi.org/10.3969/j.issn.1009-5551.2019.04.008

https://doi.org/10.3969/j.issn.1009-5551.2019.04.008

https://doi.org/10.3969/j.issn.1009-5551.2019.04.008

https://doi.org/10.3969/j.issn.1009-5551.2019.04.008

https://doi.org/10.3969/j.issn.1009-5551.2019.04.008

https://doi.org/10.1080/10408398.2013.805316
https://doi.org/10.1080/10408398.2013.805316
https://doi.org/10.1080/10408398.2013.805316
https://doi.org/10.1080/10408398.2013.805316
https://doi.org/10.1016/S0031-9422(03)00345-5
https://doi.org/10.1016/S0031-9422(03)00345-5
https://doi.org/10.1016/S0031-9422(03)00345-5
https://doi.org/10.1016/S0031-9422(03)00345-5
https://doi.org/10.1111/pce.13470
https://doi.org/10.1111/pce.13470
https://doi.org/10.1111/pce.13470
https://doi.org/10.1111/pce.13470
https://doi.org/10.1111/pce.13470
https://doi.org/10.19319/j.cnki.issn.1008-021x.2018.06.018 

https://doi.org/10.19319/j.cnki.issn.1008-021x.2018.06.018 

https://doi.org/10.19319/j.cnki.issn.1008-021x.2018.06.018 

https://doi.org/10.1016/j.plaphy.2017.12.009
https://doi.org/10.1016/j.plaphy.2017.12.009
https://doi.org/10.1016/j.plaphy.2017.12.009
https://doi.org/10.1016/j.plaphy.2017.12.009
https://doi.org/10.1158/1078-0432.CCR-16-1735 

https://doi.org/10.1158/1078-0432.CCR-16-1735 

https://doi.org/10.1158/1078-0432.CCR-16-1735 

https://doi.org/10.1158/1078-0432.CCR-16-1735 

https://doi.org/10.1158/1078-0432.CCR-16-1735 

https://doi.org/10.3389/fpls.2019.01561
https://doi.org/10.3389/fpls.2019.01561
https://doi.org/10.3389/fpls.2019.01561
https://doi.org/10.3389/fpls.2019.01561
https://doi.org/10.1371/journal.pone.0139392
https://doi.org/10.1371/journal.pone.0139392
https://doi.org/10.1371/journal.pone.0139392
https://doi.org/10.1371/journal.pone.0139392
https://doi.org/10.1371/journal.pone.0139392
https://doi.org/10.4236/ajps.2018.94055
https://doi.org/10.4236/ajps.2018.94055
https://doi.org/10.4236/ajps.2018.94055
https://doi.org/10.4236/ajps.2018.94055
https://doi.org/10.1023/A:1019204531262
https://doi.org/10.1023/A:1019204531262
https://doi.org/10.1023/A:1019204531262
https://doi.org/10.1023/A:1019204531262
https://doi.org/10.1023/A:1019204531262

	_GoBack

