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A B S T R A C T

Anthocyanins, a class of flavonoids, are synthesized in a branch of the flavonoid pathway. Dihydroflavonol-4-
reductase (DFR) catalyzes the first reaction leading to anthocyanins, and it is considered a key regulatory en-
zyme of anthocyanin biosynthesis in plants. In this research, we isolated three new DFR genes by searching the
whole-genomic sequence data of Ginkgo biloba. The genes have similar structures and are clustered in the same
scaffold. Sequence analyses of GbDFR proteins revealed that these GbDFRs have a closer relationship to
Arabidopsis thaliana DFRs than previously identified GbDFRs. Expression analyses revealed that GbDFR4 and
GbDFR6 were preferentially expressed in leaves and fruit, respectively. Young and mature leaves shared similar
gene expression patterns, while fruit harvested in May had significantly higher expression levels of GbDFRs than
fruit harvested in June. Transgenic tobacco plants ectopically overexpressing GbDFR genes showed higher DFR
enzymatic activity levels, higher anthocyanin contents and darker flowers than the control. Ginkgo seedlings
treated with NaCl showed increased total flavonoid and anthocyanin contents, and the expression levels of
GbDFR genes were also induced. In contrast, UV-B irradiation increased the total flavonoid content but decreased
both the anthocyanin content and GbDFR expression levels. A salicylic acid treatment induced and inhibited the
total flavonoid content with and without light, respectively. In contrast, both the GbDFR expression levels and
the anthocyanin content were inhibited by the salicylic acid treatment regardless of the light conditions. This
research validated the functions of GbDFRs and expands our understanding of the environmental stress-response
mechanisms of ginkgo trees.

1. Introduction

Flavonoids are a large class of plant secondary metabolic products
that are widely distributed in the plant kingdom (Winkel-Shirley,
2001a, b), and they have been implicated in diverse processes, in-
cluding pigmentation, responses to biotic or abiotic stresses, and the
development and regulation of auxin transport (Schäffner, 2016). An-
thocyanins, a sub-class of flavonoids, were initially known as a major
class of plant pigments, providing a wide range of colors from pale-
yellow to blue (Tanaka et al., 2008). Further research proved that an-
thocyanins could also function to protect plants from biotic and abiotic
stresses, including excess sunlight exposure, ROS stress, salt stress, and
herbivore or fungal infection (Eryılmaz, 2006; Karageorgou and

Manetas, 2006; Landi et al., 2015; Schaefer et al., 2008). Thus, an-
thocyanins seem to have similar and overlapping response functions
with other classes of flavonoids when facing various stresses. However,
the coordinating mechanisms among these classes of flavonoids are
largely unknown.

Anthocyanins are synthesized in the late steps of flavonoid pathway
which include steps from dihydroflavonols through leucoanthocyani-
dins to anthocyanidins as well as the further modifications converting
anthocyanidins to diverse anthocyanin molecules. Dihydroflavonol-4-
reductase (DFR, EC1.1.1.219) catalyzes the reaction of the 4-keto group
of dihydroflavonol to the corresponding leucoanthocyanidin, which is
the first committed reaction leading to anthocyanin production, and it
is considered to be a key enzyme regulating the carbon flux direction in
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anthocyanin pigmentation (Saito et al., 2013). Owing to their key roles
in the anthocyanin biosynthetic pathway, DFR genes were isolated and
characterized in many plant species, including Arabidopsis (Shirley
et al., 1992), rice (Lei et al., 2002), maize (O’Reilly et al., 1985),
snapdragon (Martin et al., 1991), petunia (Beld et al., 1989), and grape
(Sparvoli et al., 1994). In addition, three DFR genes, GbDFR1, GbDFR2,
and GbDFR3, have been reported in Ginkgo biloba (Hua et al., 2013).

Ginkgo biloba has been long cultivated as a medicinal plant. The
extracts of ginkgo leaves, which contain active compounds, are com-
monly used because of their broad range of pharmacological activities
(Ward et al., 2002). Further research revealed that the main bioactive
constituents responsible for these activities are flavonoids (Singh et al.,
2008). Thus, it is important to investigate the flavonoid biosynthetic
pathway in ginkgo leaves. A number of environmental stresses induce
the accumulation of the total flavonoid content in ginkgo leaves.
However, a detailed analysis showed that not all the individual flavo-
noids changed consistently along with the total flavonoid content, and
some flavonoids even changed in the opposite manner (Ni et al., 2018a,
b, 2017). Although the phenomenon of inconsistency is common, the
regulatory mechanism and its physiological significance are largely
unknown.

In this research, we isolated three new DFR genes in G. biloba. A
functional analysis revealed similar increasing DFR enzymatic activity
levels when overexpressing the three GbDFR genes in transgenic to-
bacco plants. A correlation analysis among the total flavonoid content,
anthocyanin content and GbDFR gene expression levels in ginkgo leaves
revealed that changes in the anthocyanin and total flavonoid contents
were inconsistent in response to different environmental stresses. In
addition, the changes in GbDFR expression levels and the anthocyanin
content were consistent, indicating the important roles of GbDFRs in
regulating anthocyanin content in ginkgo leaves.

2. Materials and methods

2.1. Bioinformatics and molecular evolutionary analyses

The genomic, gene and protein sequences of G. biloba and
Physcomitrella patens were downloaded from ftp://climb.genomics.cn/
pub/10.5524/100001_101000/100209/ and ftp://ftp.ncbi.nlm.-
nih.gov/genomes/all/GCF/000/002/425/GCF_000002425.3_V1.1/
GCF_000002425.3_V1.1_genomic.fna.gz, respectively. A local BLAST
search was conducted using the AtDFR sequence as the query with a
criteria of E value< 1e-5. An Oryza sativa DFR is non-functional in
Nipponbare rice owing to a premature stop codon in the second exon
(Furukawa et al., 2007). Thus, a published DFR sequence of a purple
rice cultivar (AB003496) was used in this study. The protein sequences
of GbDFRs were aligned using Mega 6.0 and GeneDoc. The phyloge-
netic tree was constructed using the Maximum-Likelihood method and
measured by a bootstrap analysis with 1,000 replicates.

2.2. Plant materials and treatments

For the tissue-specific expression analysis, bi-lobed young leaves,
stems, and roots of three-month-old seed-derived seedlings were used.
Fruit at different developmental time points were collected on May 5
and June 20, 2017, from adult ginkgo trees growing at Hangzhou
Normal University. Fan-shaped mature leaves were also collected from
these adult ginkgo trees on June 20, 2017.

Three-month-old seed-derived seedlings, which grew in a green
room under a 16-h light and 8-h dark cycle at a constant temperature
(25 °C), were used in the response analysis to various treatments. For
the NaCl treatment, ginkgo seedlings of a uniform size were planted in
pots (34-cm diameter × 23-cmheight). In total, 3 L of 200mM NaCl
solution was poured into the pots. After 3 h, samples were harvested.
The same volume of water was used as a control treatment. For the UV-
B treatment, a UVB-313 lamp (Q-Lab) with a wavelength ranging from

280 to 315 nm, with the strongest energy at 313 nm, was used. The
seedlings were irradiated with UV-B (10 μM/m2/s) for 6 h. Seedlings in
the same environment, except without the UV-B irradiation, were used
as controls. For the salicylic acid (SA) treatment, seedlings were sub-
jected to continuous light or darkness for 12 h before being treated. The
treatment was performed by spraying the leaves with 20mM SA, and
the samples were harvested after 6 h. To avoid individual differences in
seedlings, each harvested sample was divided equally into three parts
for the flavonoid, anthocyanin, and RT-PCR analyses.

2.3. RNA isolation and quantitative reverse transcription PCR (qRT-PCR)
analysis of GbDFR transcript levels in ginkgo

Ginkgo tissues were harvested, total RNA was extracted, and the
reverse transcription reaction was performed as previously described
(Ni et al., 2017). The transcript levels were measured by qRT-PCR using
an Mx3000p QPCR System (Agilent) with iQ SYBR Green Supermix
(Bio-Rad). The relative expression levels were calculated according to
the 2−ΔΔCT method as previously described (Zhang et al., 2015). Each
experiment was carried out with at least three independent biological
replicates. The primer sequences used for qRT-PCR are listed in Table
S1.

2.4. Production and confirmation of transgenic tobacco plants

For the production of transgenic tobacco plants overexpressing
GbDFRs, the coding sequences (CDSs) of three GbDFRs were amplified
independently from the ginkgo cDNA using the specific primers listed in
Table S1. All three PCR products were digested by SacI and PstI, and
then cloned into a 35S-pCAMBIA1301 vector using the same restriction
sites (Zhang et al., 2015). The process of tobacco transformation was
performed as previously described (Huang et al., 2012). Two in-
dependent transgenic lines for each gene were analyzed in the following
experiments. Owing to the extremely high similarity of the CDSs among
the three GbDFR genes, RT-PCR confirmation of GbDFR overexpression
in transgenic tobacco plants was performed using one primer pair listed
in Table S1. PCR reactions of 30 cycles were performed for both GbDFR
genes and the control gene NtACTIN. The DFR enzymatic activities of
transgenic plants were measured using a DFR kit (Comin, China) fol-
lowing the manufacturer’s instructions. Owing to the high water level
in tobacco flowers, fresh tissues were used to measure the anthocyanin
levels in flowers. Thus, the amount of anthocyanin was reported as
10×(A530)/g fresh weight. The experiment was repeated at least three

Fig. 1. Structural analysis of GbDFR genes. (A) The locations and directions of
three GbDFR genes in the scaffold. (B) Schematic representations of the GbDFR
genes. Exons and introns are indicated by filled boxes and lines, respectively.
The lengths of exons and introns are indicated by numbers.
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times for each transgenic line.

2.5. Total flavonoid and anthocyanin quantifications

The total flavonoid content was measured using an Al(NO3)3

colorimetric assay as previously described (Ni et al., 2018b). The
thoroughly dried tissue powder was extracted using 60 % ethanol in a
70 °C water bath. The total flavonoid content in the supernatant was
analyzed by additions of NaNO2 and Al(NO3)3, and then, coloration was
induced by the addition of NaOH. The spectrophotometer wavelength

Fig. 2. Sequence analysis of GbDFR proteins. (A) Phylogenetic tree of plant DFRs. The tree was constructed using the Maximum-Likelihood method. The numbers at
each node represent the bootstrap value, with 1,000 replicates. Different colors represent different plant species. (B) Alignment of the amino acid sequences encoded
by six GbDFR genes. The regions marked by the red and blue lines represent a putative NADPH-binding domain and a presumed substrate-binding region. The red star
indicates the Asn, Asp, or non-Asn/Asp residue that has a major impact on the substrate specificity.

J. Ni, et al. Industrial Crops & Products 152 (2020) 112546

3



was set to 510 nm. Rutin (R106912, Aladdin) was used to define a
standard curve. The anthocyanin analysis was performed as previously
described (Hua et al., 2013). Equal dry weights (0.5 g) of tissues were
placed independently into 5-ml aliquots of extraction buffer (an equal
volume of methanol and 0.1 % HCl) and sonicated for 1 h. After shaking
at 120 rpm for 4 h in darkness, they were centrifuged at 4,000 rpm for
12min. Then, 1mL of supernatant was added to 1mL of water and 1mL
of chloroform. The aqueous phase was measured spectro-
photometrically at 530 nm. The anthocyanin amount was reported as
10×(A530)/g dry weight. All the experiments were repeated at least
three times.

3. Results

3.1. Isolation and characterization of three new DFR genes in ginkgo

To search for new DFR genes in ginkgo, we used the sequence of
AtDFR from Arabidopsis as the query, and searched the genomic se-
quence data from public databases (Guan et al., 2016). As a result, we
found three new GbDFR genes that encode proteins with high simila-
rities to AtDFR. Because three GbDFR genes have already been reported
in previous research (Hua et al., 2013), we named our newly identified
genes GbDFR4, GbDFR5, and GbDFR6.

According to the assembled genome sequence data, GbDFR4,
GbDFR5, and GbDFR6 are clustered in the same scaffold. Specifically,
GbDFR4 and GbDFR5 are arranged in tandem. The gene interval is 64 kb

and contains one irrelevant gene. GbDFR6 is relatively far away from
GbDFR5, and the interval is ∼380 kb. In addition, the direction of
GbDFR6 is opposite to that of GbDFR4 and GbDFR5 (Fig. 1A). The
structures of these three GbDFR genes are very similar, containing six
exons and five introns. Furthermore, the lengths of these six exons are
the same among the three genes, leading to coding sequences of the
same length. Compared with the same lengths of exons among the three
genes, most of the introns are different except for the first intron be-
tween GbDFR4 and GbDFR5 (99 bp), and the fifth intron between
GbDFR4 and GbDFR6 (148 bp) (Fig. 1B).

3.2. Sequence analysis of GbDFR proteins

A phylogenetic tree was generated to investigate the sequence
homology of these newly identified GbDFRs to other DFRs from ginkgo
and other plant species. All three GbDFRs were grouped in the same
clade, which was closest to AtDFR from Arabidopsis and OsDFR from
rice. GbDFR1, GbDFR2 and GbDFR3, together with putative DFRs from
the moss P. patens were distributed in different clades away from AtDFR
and OsDFR (Fig. 2A). These results confirmed that these newly identi-
fied GbDFRs have a closer relationship to AtDFR than previously
identified GbDFRs. A comparison of amino acid sequences from AtDFR,
OsDFR and six GbDFR proteins revealed that all the proteins contain the
putative NADPH-binding domain at the N terminus. In addition, the
specific amino acid that determines the substrate specificity of DFR is
Asn in AtDFR, OsDFR and all three newly identified GbDFRs, indicating

Fig. 3. Expression analysis of GbDFR genes in different tissues. (A) Relative expression levels of GbDFR4, GbDFR5, and GbDFR6 in different tissues of 3-month-old
seedlings and adult trees. Gene expression levels were compared between bi-lobed young leaves and fan-shaped mature leaves, and between fruit harvested in May
and June. Data for independent experiments are shown (mean ± SD; n= 3; Asterisks, significant differences, P < 0.01; NS, not significant, P>0.05; Student’s t-
test). (B) Bi-lobed young leaf. (C) Fan-shaped mature leaf. (D) Fruit harvested in May. (E) Fruit harvested in June. Bars =2 cm.
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that they are all N-type DFRs. In contrast, GbDFR1, GbDFR2 and
GbDFR3 are all non-N/D-type DFRs (Johnson et al., 2001) (Fig. 2B).

3.3. Expression analysis of GbDFRs in different tissues

The expression levels of GbDFR4, GbDFR5, and GbDFR6 in different
tissues of ginkgo were analyzed by qRT-PCR using specific primers that
can distinguish these highly similar GbDFR genes. GbDFR6 had a sig-
nificant tissue-specific expression pattern, with its highest level occur-
ring in fruit harvested in May. Similarly, the expression level of GbDFR4
was also tissue-specific, with a relatively higher expression level in
leaves. In contrast, there was no significant tissue-specific expression
pattern for GbDFR5, and its expression level was relatively lower in all
the tissues examined (Fig. 3A).

The expression levels of GbDFR genes between the bi-lobed young
leaves and fan-shaped mature leaves were compared (Fig. 3B and C).
There were no significant differences in the GbDFR4 and GbDFR6 ex-
pression levels between young and mature leaves. The expression levels
of GbDFR5 were significantly different, but its expression level was
much lower than GbDFR4 and GbDFR6 (Fig. 3A). Interestingly, fruit
harvested in May showed significantly higher expression levels of
GbDFR4, GbDFR5, and GbDFR6 than fruit harvest in June, indicating the
developmental stage-specific expression of GbDFRs in ginkgo fruit
(Fig. 3A, D and E).

3.4. Functional analysis of GbDFR4, GbDFR5, and GbDFR6 in transgenic
tobacco

To investigate the functions of the GbDFR4, GbDFR5, and GbDFR6
proteins in plants, transgenic tobacco plants overexpressing GbDFR4,
GbDFR5, and GbDFR6 were generated. The CDSs of three genes were
amplified and cloned into a 35S-pCAMBIA1301 vector. Sequencing
analysis revealed that the sequences of three CDSs were identical to the
public database (Fig. S1). Transgenic plants harboring the empty vector
were used as controls. Two independent lines were analyzed for each
gene. RT-PCR analysis showed different expression levels of GbDFR4,
GbDFR5, and GbDFR6 genes in each line (Fig. 4A). Next, the DFR en-
zymatic activities in tobacco leaves were measured, and the transgenic
lines ectopically expressing GbDFR4, GbDFR5, and GbDFR6 showed
significantly higher activities than the control. Furthermore, all the
transgenic plants showed similar DFR enzymatic activities regardless of
the verified expression levels of the different GbDFR genes (Fig. 4B). In
addition, the anthocyanin levels of tobacco leaves were also measured.
Similar to the DFR enzymatic activities, transgenic lines ectopically
overexpressing GbDFR4, GbDFR5, and GbDFR6 showed significantly
higher anthocyanin levels than the control, and there were no sig-
nificant differences in anthocyanin levels among different genes or lines
(Fig. 4C).

The flower color was much darker in transgenic plants over-
expressing GbDFR4, GbDFR5, and GbDFR6 compared with the control. A
detailed analysis showed that the ectopic overexpression of GbDFR
genes did not change the flower color pattern in transgenic tobacco
plants. The lower part of the corolla was still white, despite the much
darker pink color in the upper part of the corolla in transgenic plants
(Fig. 5A). Furthermore, the anthocyanin levels in flowers were also
measured. Compared with the empty vector control, flowers of trans-
genic plants overexpressing GbDFR4, GbDFR5, and GbDFR6 showed
higher anthocyanin accumulations. As in leaves, despite the different
expression levels of GbDFR genes in transgenic tobacco plants, there
were no significant differences in the anthocyanin contents among
transgenic plants overexpressing different GbDFR genes (Fig. 5B). These
results indicated that the overexpression of GbDFR genes could increase
the DFR enzymatic activities, which led to anthocyanin accumulation in
tobacco.

3.5. Correlation analysis of total flavonoid, anthocyanin and GbDFR
expression levels in response to different environmental stresses

To investigate the correlation networks among the total flavonoid,
anthocyanin and GbDFR expression levels in ginkgo leaves, we treated
ginkgo seedlings with different environmental stresses and measured
the total flavonoid contents, anthocyanin contents and GbDFR expres-
sion levels. The NaCl treatment induced both total flavonoid and an-
thocyanin accumulations in ginkgo leaves (Fig. 6A and B). A gene ex-
pression analysis revealed that the expression levels of GbDFR1,
GbDFR2, and GbDFR3 remained unchanged, while the expression levels
of GbDFR4, GbDFR5, and GbDFR6 were induced significantly after the
NaCl treatment (Fig. 6C). UV-B irradiation induced flavonoid accumu-
lation (Fig. 7A). In contrast, the anthocyanin level decreased after UV-B
irradiation (Fig. 7B). The gene expression analysis revealed that the
expression levels of all the six GbDFR genes decreased after UV-B ir-
radiation (Fig. 7C).

We also investigated the changes in flavonoid and anthocyanin
contents, and GbDFR expression levels in response to a SA treatment
with or without light. The SA treatment resulted in an increase in the
total flavonoid content under light conditions, while the total flavonoid
content decreased under dark conditions (Fig. 8A). However, the an-
thocyanin content analysis revealed that the SA treatment decreased
the anthocyanin contents under both light and dark conditions
(Fig. 8B). The gene expression analysis also revealed decreases in the
expression levels of all six GbDFR genes under both light and dark

Fig. 4. Functions of GbDFR4, GbDFR5, and GbDFR6 in transgenic tobacco
leaves. (A) RT-PCR confirmation of GbDFR4, GbDFR5, and GbDFR6 expression
levels in two independent transgenic tobacco plants. (B) DFR enzymatic ac-
tivities in transgenic tobacco leaves. (C) Anthocyanin contents of transgenic
tobacco leaves. Different letters indicate significant differences (P < 0.01;
Student’s t-test). Data for independent experiments are shown (mean ± SD;
n= 3).
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conditions (Fig. 8C).
These results showed coordinated changes in the anthocyanin and

GbDFR expression levels, but uncoordinated changes in the flavonoid
and anthocyanin levels, in response to different environmental stresses.

4. Discussion

Previous Southern blot analyses indicated that GbDFRs belong to a
multigene family, and searches using expressed sequence tags from a
ginkgo cDNA library identified only three GbDFR genes (Hua et al.,
2013). In this research, with the help of the published whole-genomic
sequence data from ginkgo (Guan et al., 2016), we identified three new
GbDFR genes. A homology analysis revealed that our newly identified
GbDFRs are more closely related to AtDFR in Arabidopsis and OsDFR in
rice than the previously reported GbDFRs. Although a closer relation-
ship with AtDFR and OsDFR does not mean a more important function
in ginkgo, our results show that searching a whole genome for new
members of a gene family is worthwhile. Here, we did not identify any
previously reported GbDFR genes. This may result from the restricted
parameters used in the searching for GbDFR genes from the whole
genome. This also indicated that more GbDFR genes may be found using
less stringent parameters.

According to the whole-genomic sequence data, GbDFR4, GbDFR5,
and GbDFR6 are clustered in the same scaffold. Considering they share
the same gene structure and have highly similar sequences, we propose
that they occurred by tandem gene duplications during evolution. In

fact, a number of plant species with tandemly arranged DFR genes have
been reported (Lei et al., 2002; Shimada et al., 2005; Tanaka et al.,
2004). Plants preferentially synthesize different anthocyanins in re-
sponse to distinct stresses (Kovinich et al., 2014). Considering the
substrate specificity of different DFR enzymes and the multiple func-
tions of anthocyanins (Hatier and Gould, 2008; Johnson et al., 2001),
we propose that the duplications of GbDFR genes provided ginkgo the
potential to synthesize different sets of anthocyanins, which helped the
plants to adapt to environmental changes.

In the previous research, GbDFR1, GbDFR2 and GbDFR3 were
classified as non-N/D-type, D-type and N-type DFRs, respectively.
Furthermore, GbDFR2 converted substrate dihydrokaempferol (DHK) to
a new peak of leucucopelargonidin (Hua et al., 2013). However, it was
reported that D-type DFRs were unable to convert DHK to leucope-
largonidin effectively (Johnson et al., 2001). To solve this contra-
diction, we compared the amino acid sequences of six GbDFRs, together
with AtDFR and OsDFR, and found that GbDFR1, GbDFR2 and GbDFR3
were non-N/D-type DFRs, and GbDFR4, GbDFR5 and GbDFR6 were N-
type DFRs (Fig. 2B). Thus, to classify the DFR types accurately, con-
firmed protein sequences from model plants should be included in the
sequence alignment. In addition, sequences in the presumed substrate-
binding region are highly similar among GbDFR4, GbDFR5 and
GbDFR6 (Fig. 2B). This is consistent with similar phenotypes of trans-
genic tobacco plants overexpressing GbDFR4, GbDFR5 and GbDFR6
genes, indicating a high correlation between protein structure and
function.

Fig. 5. Functions of GbDFR4, GbDFR5, and GbDFR6 in transgenic tobacco flowers. (A) Top and side views of tobacco flowers. Bars =2 cm. (B) Anthocyanin contents
of transgenic tobacco flowers. Different letters indicate significant differences (P < 0.01; Student’s t-test). Data for independent experiments are shown
(mean ± SD; n=3).
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Transgenic tobacco plants ectopically overexpressing GbDFR genes
showed higher anthocyanin levels in both leaves and flowers compared
with controls. This proved that all three GbDFRs have DFR activity,
which resulted in the additional accumulation of anthocyanins in
transgenic tobacco plants. We found similar changes in transgenic
plants harboring different GbDFR genes. This indicated similar protein
functions among the three GbDFRs in tobacco. Many protein family
members have similar or identical functions in vitro, but their different
roles in vivo are largely dependent on their specific expression patterns
in the plant (Vieten et al., 2005). Considering their highly similar
protein sequences and the clustered localization in the genome, we
propose that the different functions of these GbDFRs are largely de-
pendent on their different expression patterns in ginkgo. We also found
similar DFR activities in transgenic tobacco plants regardless of the
expression levels of the GbDFR genes. Post-transcriptional and post-
translational modifications are important steps that regulate enzymatic
activities in plants. Transcriptional changes in some specific genes do
not alter the rate of protein synthesis (Eberhard et al., 2002). Thus, we
propose that a threshold of DFR enzymatic activity may exist in tobacco
plants. Excessive GbDFR transcripts produced in the transgenic plants
may be defused in various ways to prevent the potential disadvantages
of excessive DFR enzymatic activities in plants. Although the upper part
of the transgenic corolla showed a darker pink color, the lower part of
the corolla was still white, as in the control. Considering that DFR is not
involved in the final step of flower color determination step, an un-
known downstream step (ANS or other enzymes) may play more

important roles in determining the color of transgenic tobacco flowers.
In this research, we used an Al(NO3)3 colorimetric assay to measure

the total flavonoid content in ginkgo leaves. Thus, the total flavonoid
content measured included both colorless flavonoids (including chal-
cone, flavone, flavonol, flavanone, and isoflavonoids) and colored an-
thocyanins (Winkel-Shirley, 2001a). An increase in the total flavonoid
content may be caused by an increase in colorless flavonoids, antho-
cyanins, or both. However, an increase in the total flavonoid content
plus a decrease in the anthocyanin content in the experiment indicated
a much greater increase in the colorless flavonoids, which cancelled out
the decrease in anthocyanins.

In ginkgo leaves, NaCl acts as an inducer of flavonoid accumulation
(Ni et al., 2017). In this experiment, both total flavonoid and antho-
cyanin contents were induced by a NaCl treatment. According to the
previous analysis, this is not necessarily the result of the induction of
the colorless flavonoids. Anthocyanins may play roles in the salt-stress
responses in ginkgo leaves, and GbDFR4, GbDFR5, and GbDFR6 may
participate in this process. The anthocyanin accumulation in vegetative
tissues is a hallmark of plant stress, including salt stress (Eryılmaz,
2006; Winkel-Shirley, 2002). Salt stress severely constrains the capacity
of plants to usefully process radiant energy, which results in an im-
balance between the high amount of light reaching the chloroplast and
the low rate of CO2 fixation. Anthocyanins, functioning as sunscreens,
can attenuate the burden of excess irradiance and protect chloroplasts
from the adverse effects of excess light (Landi et al., 2015). Thus, it is
not surprising that a NaCl treatment induced anthocyanin accumulation
in ginkgo leaves.

Fig. 6. NaCl treatment-induced accumulations of both total flavonoid and an-
thocyanin contents. (A) Change in the total flavonoid content after the NaCl
treatment. (B) Change in the anthocyanin content after the NaCl treatment. (C)
Relative expression levels of GbDFR genes after the NaCl treatment. Data for
independent experiments are shown (mean ± SD; n=6; Asterisks, significant
differences, P < 0.01; NS, not significant, P>0.05; Student’s t-test).

Fig. 7. The UV-B treatment increased the total flavonoid but decreased the
anthocyanin contents. (A) Change in the total flavonoid content after the UV-B
treatment. (B) Change in the anthocyanin content after the UV-B treatment. (C)
Relative expression levels of GbDFR genes after the UV-B treatment. Data for
independent experiments are shown (mean ± SD; n= 6; Asterisks, significant
differences, P < 0.01; Student’s t-test).
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Compared with the consistent changes in flavonoid and anthocyanin
contents after the NaCl treatment, the UV-B treatment resulted in an
increase in the flavonoid content but a decrease in the anthocyanin
content in ginkgo leaves. Flavonoids are induced by UV-B treatments in
ginkgo leaves (Ni et al., 2017). Anthocyanins are photo-induced by
wavelengths in the UV, visible, and far-red regions in different plant
species (Chalker-Scott, 1999). However, in our experiment, UV-B irra-
diation reduced the anthocyanin contents in ginkgo leaves. This may
result from the inhibitory effects of excess UV-B to anthocyanin
synthesis. There is an inhibitory effect of too much UV-B radiation on
anthocyanin synthesis in different plants (Buchholz et al., 1995;

Moorthy and Kathiresan, 1998). Considering the strong degradation
effect of UV-B to anthocyanin molecules (Bakowska et al., 2003), the
decrease of anthocyanin content may due to the combination of GbDFR
gene inhibition and anthocyanin degradation. Alternatively, this may
result from the active adaptation of ginkgo leaves to UV-B stress, be-
cause the ability of UV-B absorption by colorless flavonoids is much
stronger than that of the anthocyanins (Chalker-Scott, 1999). Further-
more, anthocyanins might, in the long term, be detrimental rather than
beneficial to plants that face high UV levels (Hada et al., 2003). Thus,
compared with flavonoids, anthocyanins are incapable of functioning in
the UV filtering processes in plant leaves (Hatier and Gould, 2009).

Fig. 8. The SA treatment decreased the anthocyanin content, regardless of the light conditions. (A) SA treatment increased the flavonoid content under light
conditions and decreased the flavonoid content under dark conditions. (B) SA treatment decreased the anthocyanin content under light and dark conditions. (C)
Relative expression levels of GbDFR genes after the SA treatment under different light conditions. Data for independent experiments are shown (mean ± SD; n= 6;
Asterisks, significant differences, P < 0.01; Student’s t-test).
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According to a previous analysis, increasing the total flavonoid content
while decreasing the anthocyanin content indicates the greater extent
of the increase in colorless flavonoids. Thus, under excess UV-B irra-
diation conditions, ginkgo may decrease anthocyanin synthesis to fur-
ther accumulate colorless flavonoids by down-regulating the expression
of GbDFR genes to further strengthen the protection against UV-B ir-
radiation.

In previous research, we found that SA-induced flavonoid accumu-
lation in ginkgo leaves is dependent on light (Ni et al., 2018b). In this
research, we found that the anthocyanin content decreased after the SA
treatment, regardless of the light conditions (Fig. 8). Taking these re-
sults together, we optimized our previous hypothetical model (Ni et al.,
2018b).

To survive in the environment, which is full of competition and
challenges, plants must balance the allocation of limited resources be-
tween growth and defense (Cipollini, 2004). In the presence of light,
which means fewer numbers of neighboring competitors, ginkgo leaves
have normal defensive capabilities. Invader-triggered SA signaling in-
duces the synthesis of flavonoids. To concentrate the specific flavonoids
that antagonize the invader, the expression of GbDFRs is inhibited,
which results in a decreased anthocyanin content. Thus, an increase in
total flavonoids plus a decrease in anthocyanins in the SA-treated
ginkgo leaves under light conditions, indicated the much greater extent
of the increase in the colorless flavonoids, which may help ginkgo cope
with invaders. In contrast, in the absence of light, which indicated the
light being obscured by neighboring competitors, ginkgo trees choose to
allocate resources to growth, even at the cost of weakening their de-
fensive capabilities. Thus, the expression of genes in the flavonoid
biosynthetic pathway are inhibited, and the total flavonoid and an-
thocyanin contents decrease (Ni et al., 2018b).

5. Conclusion

Ginkgo leaves changed their total flavonoid contents in response to
a number of environmental stresses. However, not all the individual
flavonoid changes were consistent with that of total flavonoids, and
some flavonoids even changed in the opposite manner. The regulatory
mechanism and its physiological significance are largely unknown (Ni
et al., 2018a, b, 2017). Here, we report that the anthocyanin content
changed differently compared with the total flavonoid content when
facing specific environmental stresses, and this process may be con-
trolled by regulating the expression levels of GbDFR genes. This is the
first report regarding the differently changing contents of flavonoids in
ginkgo, which expands our understanding of their response mechan-
isms to the ever-changing environment.
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