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Abstract

In certain plants, leaf coloration occurs in young and senescent leaves; however, it is

unclear whether these two developmental stages are controlled by the same regula-

tory mechanisms. Formosan sweet gum (Liquidambar formosana Hance) is a subtropi-

cal deciduous tree species that possesses attractive autumnal leaf coloration. The

color of young leaves is closer to purplish red, while senescent leaves are more

orange-red to dark red. It was confirmed that delphinidin and cyanidin are the two

anthocyanidins that contribute to the color of Formosan sweet gum leaves, and the

content of different anthocyanins influences the appearance of color. To elucidate

the regulation of anthocyanidin biosynthesis, recombinant DIHYDROFLAVONOL-

4-REDUCTASEs (LfDFR1 and LfDFR2) (EC 1.1.1.234) were produced, and their sub-

strate acceptability was investigated both in vitro and in planta. The functions of fla-

vanones and dihydroflavonols modification by FLAVONOID 30 HYDROXYLASE

(LfF30H1) (EC 1.14.14.82) and FLAVONOID 3050 HYDROXYLASE (LfF3050H)

(EC 1.14.14.81) were verified using a transient overexpression experiment in Nicoti-

ana benthamiana. The results showed that LfMYB5 induced LfF3050H and LfMYB123

induced both LfF30H1 and LfDFR1 in spring when the leaves were expanding,

whereas LfMYB113 induced LfF30H1, LfDFR1, and LfDFR2 in late autumn to winter

when the leaves were undergoing leaf senescence. In conclusion, the color variation

of Formosan sweet gum in young and senescent leaves was attributed to the compo-

sition of anthocyanidins through the transcriptional regulation of LfF30H1 and

LfF3050H by LfMYB5, LfMYB113, and LfMYB123.

1 | INTRODUCTION

The regulation of leaf coloration in deciduous trees has long been an

enigma. In certain species, leaf coloration occurs in both unexpanded

young leaves and senescent leaves, as observed in Formosan sweet

gum (Liquidambar formosana Hance). Formosan sweet gum is a sub-

tropical deciduous tree species native to Taiwan, and the attractive

orange-red to dark red autumn leaf coloration is one of its characteris-

tics. The young unexpanded leaves also present with leaf coloration,

but the color produced is more purplish-red to purple. The different

color appearances suggest that the contribution of colored com-

pounds may vary with the regulation of biosynthetic genes.

Two major events contribute to autumn leaf coloration: the deg-

radation of chlorophyll and the biosynthesis of anthocyanin (Ougham

et al., 2005). Autumn colors are largely caused by anthocyanins

(Archetti et al., 2009). The aglycones of anthocyanins are

anthocyanidins that can be classified into three types: red cyanidin,

brick-red pelargonidin, and purple-blue delphinidin, which differ in

hydroxylation at the 30 site or at the 30 and 50 sites on the B-ring

(Holton & Cornish, 1995). It has been found that most of the autumn
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colors result from the presence of cyanidin (Ishikura, 1972). The color

change of young leaves has been given less attention, but it has been

confirmed that in some species the contribution of the anthocyanin

compounds can differ between unexpanded and senescent leaves

(Ishikura, 1972; Yoshitama et al., 1972).

The production of cyanidin, pelargonidin, and delphinidin depends

on two mechanisms that have been studied in terms of flower color

production (Tanaka et al., 2010). First, the modification of flavanones

and dihydroflavonols by FLAVONOID 30 HYDROXYLASE (F30H)

(EC 1.14.14.82) and FLAVONOID 3050 HYDROXYLASE (F3050H)

(EC 1.14.14.81) occurs to form dihydroflavonols; for example, the

F3050H transgenic rose (Rosa hybrid) has blue flowers, due to the

accumulation of delphinidin (Tanaka et al., 2010). Second,

DIHYDROFLAVONOL-4-REDUCTASE (DFR) (EC 1.1.1.234) may

accept certain types of dihydroflavonols as substrates to form the

corresponding leucoanthocyanidin products. The substrate preference

or specificity of DFRs has been investigated in several plants, includ-

ing Petunia and Gerbera, as Petunia does not produce orange flowers

because its DFR fails to catalyze dihydrokeampferol (Johnson

et al., 1999). In addition, it has been confirmed that a single amino acid

can change the substrate specificity (Johnson et al., 2001). It was also

found that when plants possess more than two DFR genes, the two

DFR resulting enzymes may possess different substrate specificities

(Hua et al., 2013; Xie et al., 2004). Thus, the two DFRs may contribute

to different anthocyanidin products and influence the color.

Plants require sophisticated regulatory mechanisms to ensure

that the degree and contribution of anthocyanin pigmentation is

appropriate to the large variety of developmental and environmental

signals (Albert et al., 2014). Anthocyanin biosynthesis is regulated by

the MYB-bHLH-WD40 complex (MBW complex), which consists of

two MYBs, two bHLHs, and one WD40 transcription factor (Albert

et al., 2014; Gonzalez et al., 2008; Petroni & Tonelli, 2011). Because

overexpression of anthocyanin-specific R2R3-MYB genes can pro-

mote anthocyanin biosynthesis and the loss-of-function mutant has a

distinct phenotype, investigation of anthocyanin biosynthesis regula-

tors in several crop, flower, and fruit plants has become the focus of

research. (Borevitz et al., 2000; Cone et al., 1986; Paz-Ares

et al., 1987).

In previous studies, the Formosan sweet gum leaf transcriptome

and microarray gene expression databases were established, and an

anthocyanin biosynthesis-related transcription factor LfMYB113 was

identified (Wen et al., 2015; Wen & Chu, 2017). It was confirmed that

LfMYB113 participates in the regulation of anthocyanin biosynthesis

in senescent leaves; however, due to low expression in spring, it is

unlikely to play a role in the regulation of anthocyanin biosynthesis in

unexpanded young leaves (Wen & Chu, 2017). Thus, the participation

of other genes in anthocyanin biosynthesis regulation was speculated

in expanding young leaves of Formosan sweet gum.

To explore the regulatory mechanisms in anthocyanin-related leaf

coloration in young and senescent leaves of Formosan sweet gum,

the anthocyanidins were extracted and analyzed using ultrahigh per-

formance liquid chromatography–ion trap mass spectrometry

(UHPLC–MS/MS). The dihydroflavonol substrate acceptability of the

two DFRs (LfDFR1 and LfDFR2) was illustrated through recombinant

proteins. The activity of LfDFRs and the modification of

dihydroflavonols by F30H (LfF30H1) or F3050H (LfF3050H) were con-

firmed using a transient overexpression experiment. Real-time PCR

and promoter assays were performed to study the seasonal gene reg-

ulation of LfDFR1, LfDFR2, LfF30H1, and LfF3050H by LfMYB5,

LfMYB113, and LfMYB123. Finally, based on enzyme functions, regula-

tory relationships, and gene expression, a gene regulatory network

was provided.

2 | MATERIALS AND METHODS

2.1 | Plant materials

Leaves were collected from a Formosan sweet gum plant that grows

on the campus of Taiwan National University, Taipei, Taiwan

(25�01017.700N 121�32010.000E) (Wen et al., 2015). The tree was con-

sidered to be more than 20 years old because it showed reproductive

maturity. Leaves were sampled from 5–8 twigs on different south-

faced branches in the third or fourth week of the month during the

growing seasons, from December 2010 to December 2014. All leaves

were collected on sunny days and immediately frozen in liquid nitro-

gen and stored at −80�C until use.

2.2 | Anthocyanidin identification

The anthocyanin extraction method was performed according to pre-

vious studies (Gould et al., 2000; Schaberg et al., 2008). One milliliter

of 3M HCl:H2O:MeOH (1:3:16, v:v:v) at 4�C was added to 0.1 g of

frozen and ground Formosan sweet gum leaf sample, vortexed, and

incubated at 4�C with rotation for 24 h. For the Nicotiana ben-

thamiana leaf sample, 200 μl of the same solution was added to each

0.1 g of fresh weight leaf sample. Then, the sample was extracted with

an equal volume of chloroform, mixed with 1/5 volume of 37% HCl,

and boiled for 1 h to release the anthocyanidin aglycones (Xie

et al., 2006). Compounds were identified using a Dionex UltiMate

3000 (Thermo Scientific) and amaZon speed (Bruker) UHPLC–MS/MS

system with a Luna 5 μm C18(2), 250 × 4.6 mm (Phenomenex) col-

umn. The analysis method was as described by a previous study

(Teixeira et al., 2015). The mobile phase consisted of two solvents:

solvent A (acetonitrile) and solvent B (H2O and 0.1% formic acid). The

solvent gradient was applied as follows: 10% A at the beginning,

followed by 20% at 15 min, 25% at 25 min, 35% at 33 min, 50% at

38 min, 90% at 43–48 min, and 10% at 50 min. The flow rate was

1 ml min−1. The MS was operated in both negative and positive

modes with 4 kV of capillary, 500 V of end plate offset voltage, 45 psi

of nebulizer pressure, 9 ml min−1 of dry gas, and 250�C of dry temper-

ature. Anthocyanidins were detected by monitoring the elution at

520 nm, and other compounds were monitored through extracted ion

chromatograms with corresponding masses. The standards were pur-

chased from Sigma.
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2.3 | Gene cloning

All sequences were acquired from the Formosan sweet gum leaf trans-

criptome database on the Contigviews web server (http://contigviews.

csbb.ntu.edu.tw) (Liu, Tseng, et al., 2014), which was built in a previous

study (Wen et al., 2015). The full-length transcript was acquired using

the RACE system for Rapid Amplification of cDNA Ends (30-RACE and

50-RACE) (Invitrogen, Thermo Scientific) and verified using Phanta

Super-Fidelity DNA Polymerase (Vazyme). The sequences were cloned

into the pGEM-T Easy vector (Promega) and sequenced.

2.4 | Promoter sequence cloning

Genomic DNA (gDNA) used for full-length sequence cloning was

extracted using the Plant Genomic DNA Purification Kit

(GeneMark). After the gDNA sequences were cloned, primers for

genome walking (BD GenomeWalker Universal Kit, BD Biosciences)

were designed according to the manufacturer's instructions to

obtain the promoter sequences. The gDNA used in the genome

walking experiment was extracted using the modified Pine Tree

Method (Chang et al., 1993). For each sample, 1 g of the leaves was

used, followed by RNA extraction using the same buffer. After two

extractions using chloroform:isoamylalcohol (24:1), the supernatant

was precipitated with an equal volume of ice-cold isopropanol and

then precipitated for 30 min at −20�C. The precipitate was further

centrifuged for 10–15 min at 9390g at 4�C, and the supernatant

was discarded and vacuum-dried. The pellet was dissolved in 1 ml

SSTE (1.0 M NaCl, 0.5% sodium dodecyl sulfate (SDS), 10 mM Tris–

HCl (pH 8.0), 1 mM EDTA), extracted with chloroform:iso-

amylalcohol (24:1) and treated with 50 μg RNase A (Viogene). After

extraction with chloroform:isoamylalcohol (24:1), the supernatant

was subjected to alcohol precipitation and dissolved in sterilized

H2O. The promoter sequence was amplified using Phanta Super-

Fidelity DNA Polymerase (Vazyme), cloned into pGEM-T Easy vec-

tor (Promega), and sequenced using 3730xl DNA Analyzer (Applied

Biosystems).

2.5 | Sequence alignment and phylogenetic tree

Amino acid sequence alignments and phylogenetic tree images were

generated using MEGA 6 (Tamura et al., 2013). The sequence align-

ments were performed using the ClustalW algorithm, and parameters

were set as default. The alignment was visualized using GENEDOC

software (Nicholas et al., 1996). We used the neighbor-joining method

with the bootstrap set as 1000 to visualize an unrooted tree. Acces-

sion numbers of the DFR sequences from other species are provided

in Table S1. The DFR sequences were chosen based on publications

and their functions. The best sequences with the highest hits in the

NCBI non-redundant protein sequences (Nr) database of flavonoid

hydroxylase were chosen.

2.6 | Recombinant protein assay

The coding regions of LfDFR1 and LfDFR2 were constructed on the pET-

28a(+) vector (Novagen, Merck) and transformed into Escherichia coli C41

strain to produce recombinant proteins. Luria-Bertani (LB) broth (5 ml)

was used to incubate the bacteria, and 0.4 mM IPTG was added to induce

protein expression. The bacteria were grown at 16�C for 20 h, cen-

trifuged, and the pellets were stored at −80�C until use.

The recombinant protein assay was performed according to the

methods used for GbDFRs (Ginkgo biloba L.) and MtDFRs (Medicago

truncatula Gaertn.) (Hua et al., 2013; Xie et al., 2004). In brief, the pellet

was re-suspended in 200 μl lysis buffer (100 mM Tris–HCl, pH 8.0;

5 mM ethylenediaminetetraacetic acid [EDTA], pH 8.0; 100 μg ml−1

lysozyme). For citrate/phosphate buffer, Tris–HCl was replaced with

citrate/phosphate and incubated at 25�C with gentle shaking. The

lysate was sonicated, centrifuged, and the supernatant was transferred

to a new tube for the protein assay. The DFR protein reaction assay

contained 370 μl Tris–HCl (pH 7.0), 70 μl supernatant, 10 μl substrate,

and 50 μl β-nicotinamide adenine dinucleotide 20-phosphate (NADPH)

reduced tetrasodium salt hydrate, and incubated at 30�C for 30 min.

Ethyl acetate (EA, 1 ml) was added and centrifuged at 10 000 g for

2 min. The supernatant was collected, dried with nitrogen, and stored

at 4�C until analysis. The substrate, (±)-dihydrokaempferol,

dihydromyricetin, or (±)-taxifolin hydrate (dihydroquercetin), was dis-

solved in methanol (10 μg μl−1). NADPH was dissolved in 0.01 M

NaOH. The substrate and NADPH were purchased from Sigma-Aldrich.

2.7 | Gene expression

Total RNA was extracted using the pine tree method (Chang

et al., 1993). In brief, 0.2 g of leaf sample was ground in liquid nitrogen

and 2 ml hot extraction buffer (65�C) was added. After extraction

twice with chloroform:isoamylalcohol (24:1) (Sigma-Aldrich), the

supernatant was precipitated with LiCl at 4�C overnight and cen-

trifuged the next day. The pellet was dissolved in nuclease-free water

and the integrity was analyzed using formaldehyde–agarose gel elec-

trophoresis. Approximately 10 μg of the total RNA from each sample

was treated with DNase I (Ambion), followed by alcohol precipitation.

For each set of samples (same tree in the same year), the first-strand

cDNA was synthesized with 1–2.5 μg of purified RNA using Super-

Script III Reverse Transcriptase (Invitrogen), followed by rapid amplifi-

cation of cDNA ends using the 30-RACE System (Invitrogen). Real-

time PCR was performed using Power SYBR Green Master Mix

(Applied Biosystems) and a QuantStudio 12K Flex Real-Time PCR Sys-

tem (Applied Biosystems). Formosan sweet gum actin gene, LfActin2

(GenBank accession No. JX944783) served as the control. All primers

used in real-time PCR are listed in Table S2. The samples from March

to December (10 months) of the same year are used as a group, and

the March samples were used as control. The relative quantification

values from each group were calculated separately, and the average

values of each mouth from three groups were presented.
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2.8 | Transient expression

For LfDFRs, LfF3H, LfF30Hs, and LfF3050H enzyme activity assay, the

sequence of LfDFR1:His, LfDFR2:His, LfF3H:His, LfF30H1:His,

LfF30H2.1:His, and LfF3050H:His was constructed into the pBI121

vector (Clontech Laboratories) (Chen et al., 2003). For the promoter

assay, the coding sequences of LfMYB113, LfMYB5, and LfMYB123

were constructed into the pBI121 vector. The promoter sequences

of LfF30H1 and LfF3050H were constructed into the pBI121-YFP

vector (modification of pBI121), while the promoter sequence of

LfF30H2.1 was constructed into pCambia1301-YFP (modification of

pCambia1301) (Marker Gene Technologies). The insert sequences

were amplified using Phanta Super-Fidelity DNA Polymerase

(Vazyme) from the cloned sequences and digested. After sequencing,

the plasmids were transformed into Agrobacterium tumefaciens strain

GV3101 using the heat shock method.

Gene expression via agroinfiltration was performed according

to a previous study (Wen & Chu, 2017). N. benthamiana plants

were sown in soil and transferred to a 4-inch plot approximately

10 days after sowing. The plants were grown in a mixture of soil:

perlite:vermiculite (3:1:1) and the growth chamber was set to 25�C

for 16 h/23�C for 8 h (day/night). Plants were infiltrated in the

third week after sowing, and the second to fourth or fifth true

leaves were used. A. tumefaciens GV3101 strain containing the

constructed pBI121 vector colony was transferred into 3–5 ml LB

medium (50 mg ml−1 gentamycin, 10 mg ml−1 rifampicin, and

50 mg ml−1 kanamycin), incubated at 28�C, and shaken at 240 rpm

overnight. Next, 100 μl of the incubated liquid was transferred to

10 ml LB medium containing 10 mM morpholinoethanesulphonic

acid (MES), pH 5.6, 40 mM acetosyringone (AS), 50 mg ml−1 gen-

tamycin, 10 mg ml−1 rifampicin, and 50 mg ml−1 kanamycin and

incubated at 28�C with shaking at 240 rpm overnight. The suspen-

sion was centrifuged and re-suspended in infiltration buffer

(10 mM MgCl2 and 150 mM AS in sterilized H2O) and incubated at

room temperature (25–28�C) for 3 h prior to injection into N. ben-

thamiana leaves.

The DFRs, F3H, F30Hs, and F3050H enzyme activity assay was

performed according to a previous study (Lau & Sattely, 2015).

pBI121-YFP (35S::YFP) was used as a negative control. Further,

100 μM of the precursors was prepared in methanol with 0.1%

DMSO and injected into the N. benthamiana leaves on the fourth

day after LfDFR, LfF3H, LfF30H, LfF3050H, or YFP was injected. The

leaves were collected on the fifth day, and anthocyanidins were

extracted and analyzed as described above. For the promoter assay,

a pBI121 empty vector (35S::GUS) was used as a negative control

and a pBI121-YFP (35S::YFP) vector was used as a positive control.

Images of the leaves were observed under a Canon 350D camera

equipped with X-Loupe Agile Lite Box on the third day after injec-

tion. All transient overexpression experiments were carried out

twice, similar results were obtained, and one of them was

presented.

3 | RESULTS

3.1 | Delphinidin and cyanidin are the anthocyanin
aglycones in Formosan sweet gum leaf

Leaves of Formosan sweet gum usually start sprouting from late

February to early March and continue until April in Taiwan. The sprouts

are purplish-red, their color fade as the leaves expand. In contrast,

senescent leaves begin to accumulate orange-red to red color in late

October until the leaves fall in February. Two anthocyanin aglycones

(anthocyanidins) were found in the colored leaves of Formosan sweet

gum, namely delphinidin and cyanidin (Figure 1). Purplish-red sprouting

leaves had a higher content of delphinidin than cyanidin (Figure 1A). In

contrast, the leaves harvested near falling possessed a mottled orange-

red to dark red color, with relative cyanidin content higher than that of

delphinidin (Figure 1A). From 2011 to 2014, the young leaves collected

in late March had a higher content of delphinidin than cyanidin

(Figure 1B). In late December, the relative content of these two agly-

cones differed within sampling; however, a higher content of cyanidin

was found in red leaves (Figure 1C). Due to the different colors of del-

phinidin and cyanidin, the relative content of these two aglycones may

cause the color of young and senescent leaves to be different.

3.2 | Substrate acceptability of LfDFR1 and
LfDFR2

The contribution of the relative content of the two anthocyanin agly-

cones might be controlled by biosynthesis. The expression of anthocy-

anin synthetic enzyme genes was observed using previously

generated microarray data (Wen et al., 2015). After identification of

the sequences (Wen & Chu, 2017), we found two LfDFRs expressed in

a different pattern. LfDFR1 was mainly expressed in April when the

leaves were young, while LfDFR2 was mainly expressed in December

when the leaves underwent senescence. We analyzed the amino acid

sequences to investigate the activity of LfDFR1 and LfDFR2. Both

LfDFR1 and LfDFR2 have conserved NADPH domains and are highly

conserved throughout the sequence with the DFRs from other spe-

cies (Figure S1A). Position 134 is of particular interest because sub-

strate acceptability can be partially predicted and classified based on

this position (Hua et al., 2013; Miosic et al., 2014). Position 134 of

both LfDFR1 and LfDFR2 contains asparagine (Asn, N), implying that

they may accept dihydroquercetin (DHQ) and dihydromyricetin

(DHM) as substrates; however, whether dihydrokeampferol (DHK)

can be accepted or not remains elusive. In the phylogenetic tree, the

two LfDFRs separated into two clades, which, unlike the DFRs of the

same species, form a clade as seen in Populus trichocarpa, model

legume (Medicago truncatula), or Ginkgo biloba (Figure S1B). LfDFR1

and LfDFR2 were expressed by E. coli C41 strain and the crude

recombinant protein was used in the in vitro assay. We found that

both LfDFR1 and LfDFR2 possessed the activity to produce

WEN ET AL. 1753
Physiologia Plantarum

 13993054, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13385 by N

atl C
hung H

sing U
niversity, W

iley O
nline L

ibrary on [03/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



leucopelargonidin (Figure S1C, peaks 1 and 2). An unknown product

was found in the LfDFR2 assay (Figure S1C, peak 3), which might be

an isomer of leucopelargonidin. Both LfDFRs showed no activity with

DHQ, DHM, or quercetin (Q), even when pH and temperature were

adjusted (Figure S2). The activity of LfDFRs in the in vitro assay was

inconsistent with the fact that both delphinidin and cyanidin but not

pelargonidin were accumulated in the leaves of Formosan sweet gum

(Figure 1). The two LfDFR1 and LfDFR2 were then transiently over-

expressed in Nicotiana benthamiana to observe their activities in

planta. When LfMYB113 was used as a regulator to induce the pro-

duction of endogenous precursors, only delphinidin was found regard-

less of whether LfMYB113 is alone or coupled with LfDFR1 or

LfDFR2. Thus, the accumulation of delphinidin was speculated to

result from the endogenous anthocyanin biosynthetic pathway in

N. benthamiana (Figure 2A). In order to avoid internal interference in

plants, DHK, DHQ, and DHM were injected as substrates. When com-

pared with 35S::YFP and mock control, the accumulation of

pelargonidin, cyanidin, and delphinidin indicated that both LfDFRs

were able to reduce DHK, DHQ, and DHM (Figure 2B, C, D and E),

suggesting they play a role as non-specific DFRs. Therefore, if the

dihydroflavonol precursors exist and the two LfDFRs can react with

the dihydroflavonol precursors, it is assumed that the corresponding

leucoanthocyanidin products should be produced and anthocyanidins

could be found. It was thus speculated that the production of the

dihydroflavonol precursors might affect the contribution of

anthocyanidins in the leaves of Formosan sweet gum.

3.3 | The activity of LfF3H, LfF30H1, LfF30H2, and
LfF3050H

To analyze the biosynthesis of dihydroflavonol precursors in Formo-

san sweet gum, the activities of F3H, F30H, and F3050H were investi-

gated. LfF3H is the only putative F3H gene in the leaf transcriptome

database of Formosan sweet gum, which is highly expressed in both

April and December (Wen et al., 2015). Three contigs were predicted

as putative F30H genes, among which LfF30H1 and LfF30H2 have

expression patterns similar to those of LfDFR1 and LfDFR2, with the

exception of LfF30H1, which also exhibits high expression in

December (Wen et al., 2015). After gene cloning, it was shown that

LfF30H2 had at least two homologs, which differed by only 12 bases

and two amino acids, named LfF30H2.1 and LfF30H2.2, respectively.

The only putative F3050H gene, LfF3050H, showed an expression pat-

tern similar to that of LfDFR1, which was high in April when the leaves

were not fully expanded (Wen et al., 2015). Phylogenetic analysis

(Figure S3) revealed that LfF3H, LfF30H1, and LfF3050H were sepa-

rated into three clades with their best hits in the NCBI Nr database

and the F3H clade formed an outgroup. LfF30H2.1 and LfF30H2.2

formed a clade beside F30H and F3050Hs and the functions of the

members in this clade are diverse (Figure S3).

The activities of LfF3H, LfF30H1, LfF30H2, and LfF3050H were

analyzed using a transient overexpression assay in leaves of N. ben-

thamiana. When naringenin was provided as a precursor (Figure 3A), a

strong signal of DHK was found in 35S::LfF3H:His, while a trace signal

was found in 35S::LfF3050H:His (Figure 3B). The data suggested that

LfF3H possessed 30-hydroxylation activity. The signal of eriodictyol

(5,7,30 ,40-tetra-hydroxy-flavanone) was found in both 35S::LfF30H1:

His and 35S::LfF3050H:His (Figure 3B), indicating that both LfF30H1 and

LfF3050H had the ability to modify the hydroxylation of the 30-position.

In addition, trace amounts of DHQ were found when LfF30H1 was

overexpressed, while 5,7,30,40,50-penta-hydroxy-flavanone was found

when LfF3050H was overexpressed (Figure 3C). The transient over-

expression assay showed that LfF3H, LfF30H1, and LfF3050H were

consistent with their predicted activity. Overexpression of LfF3H,

LfF30H1, LfDFR1, or LfDFR2 resulted in trace amounts of cyanidin

when naringenin was provided as a precursor (Figure 3D), whereas no

delphinidin signal was found upon overexpression of LfF3H and

LfF3050H, even if coexpress with LfDFR1 or LfDFR2 (data not
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provided). A possible explanation may be the low activity of LfF3050H

in N. benthamiana, as no DHM signal was detected (Figure S4). In con-

trast to LfF30H1, no hydroxylation activity was observed for

LfF30H2.1 (Figure S5), suggesting that LfF30H2.1 might not play a role

in the hydroxylation.

3.4 | The regulation of LfF30H1, LfF3050H, and
LfDFRs by LfMYBs

Since LfF3H, LfF30H1, and LfF3050H catalyzed the function of

naringenin, which is consistent with their predicted activity, it was

speculated that the regulation of anthocyanidin biosynthesis might

influence the expression of these genes. Since the anthocyanin-

specific MYB gene LfMYB113 is expressed only when leaves undergo

senescence (Wen & Chu, 2017), two other anthocyanin biosynthesis-

related R2R3 MYBs were chosen based on their high expression in

April, which were recorded in the Formosan sweet gum microarray

database (Wen et al., 2015). These two MYB genes were named

LfMYB5 and LfMYB123, which were in accordance with the MYB

genes from Arabidopsis in reciprocal BLAST. In the phylogenetic anal-

ysis, LfMYB5 was located near subgroup 6, composed of anthocyanin

biosynthetic regulators (Figure S6). In contrast, LfMYB123 formed a

subclade with AtMYB5 and was located near AtMYB123 (Figure S6),

suggesting that it might have a role in the regulation of

proanthocyanin biosynthesis. For the follow-up experiments, the

proanthocyanin-related bHLH transcription factor Transparent Testa

8 (TT8) homolog was acquired based on reciprocal BLAST and named

LfTT8.

Gene expression of LfMYB5 and LfMYB123 was further investi-

gated using real-time PCR of the samples collected from 2012 to

2014. The gene expression patterns of LfMYB5 and LfMYB123

(Figure 4A,B) were higher in expanding leaves, while that of

LfMYB113 was higher in senescent leaves (Wen & Chu, 2017). Gene

expression of LfTT8 showed a pattern similar to that of LfMYB123

(Figure 4C). The expression pattern of LfF30H1 suggested LfMYB5 had
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F IGURE 2 Enzyme activities of LfDFR1 and LfDFR2 in transient
overexpression experiments in Nicotiana benthamiana. Ultra-high
performance liquid chromatography–mass spectrometry (UHPLC–MS)
chromatograms of assays from transient overexpression of
pBI121-LfDFR1:His or pBI121-LfDFR2:His in leaves of N. benthamiana.
pBI121-YFP (35S::YFP) was used as a negative control.
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injected as precursors on the fourth day after injection of Agrobacteria
and leaves were collected 24 h after the precursor injection. The
compounds were observed at 520 nm and identified by comparing

with the mass spectra of the standards. (A) Overexpression of
anthocyanin biosynthetic transcription factor LfMYB113 or co-
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as precursor. Cy, cyanidin. (E) Dihydromyricetin (DHM) was injected
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a regulatory relationship with LfMYB123 in young leaves and with

LfMYB113 in senescent leaves (Figure 4D). LfF3050H was expressed at

higher levels in young leaves (Figure 4E), and it was unlikely to be reg-

ulated by LfMYB113. In a previous study, it was confirmed that both

LfDFR1 and LfDFR2 were regulated by LfMYB113 (Wen & Chu, 2017).

The high expression of LfDFR1 in April implied the presence of

another MYB regulating the process in young leaves (Figure 4F);

however, this MYB might not regulate LfDFR2 (Figure 4G). The high

expression of ANTHOCYANIN SYNTHASE (LfANS) (EC1.14.20.4) in

both young and senescent leaves suggested an anthocyanin biosyn-

thetic flow at these two stages (Figure 4H).

The regulatory relationships between these MYB genes and bio-

synthetic genes were then tested using a transient overexpression

assay. It was shown that unlike the activity of LfMYB113 (Wen &
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F IGURE 3 Enzyme activities of LfF3H,
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overexpression experiments in Nicotiana
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chromatography–mass spectrometry
(UHPLC–MS) chromatograms of assays from
transient overexpression of LfF3H, LfF30H1,
or LfF3050H in leaves of N. benthamiana.
pBI121-YFP (35S::YFP) was used as a

negative control. Naringenin (N) was
injected as a precursor on the fourth day
after injection of Agrobacterium, and leaves
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Chu, 2017), overexpression of LfMYB123 promoted the expression of

proLfDFR1::YFP; however, this depended on co-expression of the

bHLH transcription factor LfTT8 (Figure S7). Co-expression of LfTT8

with LfMYB113 showed low promoting activity in proLfDFR1 com-

pared to that of LfMYB123 (Figure S7), suggesting that LfTT8 is the

partner of LfMYB123 and not LfMYB113. LfMYB123 may not interact

with endogenous bHLH genes in N. benthamiana. In contrast to

proLfDFR1::YFP activity, co-expression of LfMYB123 and LfTT8

showed weak promoting activity against proLfDFR2::YFP (Figure S7).

There was no sign that proLfDFR1::YFP or proLfDFR2::YFP was

induced when LfMYB5 was overexpressed only or co-expressed with

LfTT8 (data not shown), but we could not rule out the possibility that

other bHLH genes might be involved, thus whether LfMYB5 was driv-

ing LfDFR1 or LfDFR2 was uncertain. Similar to its regulatory relation-

ship with LfDFR1, it was clear that LfMYB113 could promote the

expression of LfF30H1, as a strong YFP signal appeared in the transient

overexpression assay (Figure 5A). While overexpression of LfMYB5

did not promote proLfF30H1::YFP (Figure 5B), co-expression of

LfMYB123, LfTT8, and proLfF30H1::YFP showed strong YFP signal

(Figure 5C). The promoting activity of LfMYB123 toward proLfF30H1::

YFP was dependent on co-expression of LfTT8. In contrast to the pre-

diction from LfF3050H gene expression data, LfMYB113 showed posi-

tive regulation of proLfF3050H::YFP (Figure 6A). In contrast to the

regulation of proLfF30H1::YFP, proLfF3050H::YFP was induced by

LfMYB5 (Figure 6B) but not LfMYB123 (Figure 6C). In summary,

LfMYB5 promotes the expression of proLfF3050H::YFP, whereas

LfMYB123 promotes the expression of proLfF30H1::YFP, and

LfMYB113 promotes the expression of both proLfF30H1::YFP and

proLfF3050H::YFP.

4 | DISCUSSION

The biosynthesis and regulation of anthocyanin have been studied

extensively in several plants, from flowers to crops and fruits (Albert

et al., 2014; Allan et al., 2008; Petroni & Tonelli, 2011; Tanaka
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F IGURE 4 Real-time PCR data of
anthocyanin biosynthetic-related genes in
Formosan sweet gum. Bar charts show the
average relative quantification value from
2012 to 2014 generated using real-time
PCR. The error bar represents the standard
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the 3 years (n = 3). (A) LfMYB5, (B)
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et al., 2010; Winkel-Shirley, 2001). However, there is limited informa-

tion on the contribution of anthocyanin aglycones in vegetative organs,

as is the accumulation of delphinidin and cyanidin in two different

developmental stages of the same tissue. The contribution of

anthocyanidins in these two developmental stages reveals the different

regulatory pathways in these two stages. Interestingly, although the

biosynthetic pathway is quite conserved, the causes that affect the

appearance of color through anthocyanin biosynthesis may vary in dif-

ferent species (Tanaka et al., 2010). We identified that leaf coloration is

controlled by the regulation of gene expression and not by enzyme

activity. In this study, it was found that there were two types of

anthocyanidins in young and senescent leaves of Formosan sweet gum;

the relative amount was different in these two developmental stages,

and it was regulated by the gene expression of LfF30H1 and LfF3050H.

4.1 | Regeneration of anthocyanins in the leaves of
Formosan sweet gum

In this study, delphinidin and cyanidin were found to be the two

types of anthocyanidins in leaves of Formosan sweet gum; the rela-

tive amounts of delphinidin and cyanidin were different in young

and senescent leaves (Figure 1). The contribution of anthocyanin

glycosides and aglycones in young leaves of Acer species differs

from that in autumn leaves (Ishikura, 1972). Different types of

anthocyanins suggested that the anthocyanins in autumn leaves

were newly synthesized. The lack of anthocyanins in summer green

leaves of nine red-senescing species (Acer rubrum, Acer saccharum,

Cornus alternifolia, Fraxinus americana, Prunus serotine, Quercus rubra,

Vaccinium corymbosum, Viburnum alnifolium, and Viburnum

cassinoides) indicates that they are newly synthesized in autumn

leaves (Lee et al., 2003). Consistent with previous research, mea-

surements of the absorbance at 530 nm indicated that the content

of anthocyanin in summer is low and that the content in the young

leaves is relatively lower than that in the senescent leaves of Formo-

san sweet gum (Wen & Chu, 2017). Although the degradation, modi-

fication, or dilution of anthocyanins in young leaves is unknown,

identification of newly synthesized anthocyanins in autumn leaf col-

oration can be performed based on gene regulation. The present

work illustrated that the different gene regulators participating in

these two developmental stages provided molecular evidence for

anthocyanin regeneration in senescent leaves.

4.2 | Anthocyanin biosynthesis-related MYB
transcription factors

The anthocyanin-specific R2R3 MYB transcription factors have been

recognized as the main regulator responsible for the color in several

economic plants, for example, grape (Vitis vinifera), apple (Malus

(A) (B) (C)

F IGURE 5 Transient overexpression assay of LfMYB113, LfMYB5, and LfMYB123 in promoting the expression of proLfF30H1::YFP. Transient
overexpression of (A) LfMYB113, (B) LfMYB5, or (C) LfMYB123 as an activator to promote the expression of proLfF30H1::YFP. The genes were
constructed using the pBI121 vector, the empty vector was used as a negative control (35S::GUS), and the YFP gene was used as a positive
control (35S::YFP). Each construct was grown separately and mixed before injection into the leaves of Nicotiana benthamiana. The construct
names above or under the dashed line on the left of the photo were the Agrobacterium injected to the right or left of the middle rib. The photo
on the left shows the appearance of the leaf, and the photo on the right shows the YFP signal under the X-Loupe Agile Lite Box. The white scale
bar represents 1 cm
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F IGURE 6 Transient overexpression assay of
LfMYB113, LfMYB5, and LfMYB123 in promoting the
expression of proLfF3050H::YFP. Transient overexpression
of (A) LfMYB113, (B) LfMYB5, or (C) LfMYB123 as an
activator to promote the expression of proLfF3050H::YFP.
The genes were constructed on the pBI121 vector, while
the empty vector was used as a negative control (35S::
GUS) and the YFP gene was used as a positive control
(35S::YFP). Each construct was grown separately and

mixed before injection into the leaves of Nicotiana
benthamiana. The construct names on the left or right of
the dashed line above the photo were the Agrobacterium
injected to the left or right of the middle rib. The photo at
the top shows the appearance of the leaf, and the photo
at the bottom shows the YFP signal under the X-Loupe
Agile Lite Box. The white scale bar represents 1 cm
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domestica), sweet potato (Ipomoea batatas), tomato (Solanum

lycopersicum), pepper (Capsicum annuum), petunia (Petunia × hybrida),

and snapdragon (Antirrhinum majus) (Allan et al., 2008). In certain plants,

more than one anthocyanin-specific MYBs are present and can be

partially redundant or participate in different tissues. In Arabidopsis,

AtMYB75/PAP1, AtMYB90/PAP2, AtMYB113, and AtMYB114 specifically

regulate anthocyanin biosynthesis. The former two regulate both the

early- and late-anthocyanin biosynthetic pathways, whereas the latter

two regulate only the late genes (Gonzalez et al., 2008). In apple, the

allelic genes MdMYB1(MdMYBA) and MdMYB10 were shown to con-

trol fruit flesh (MdMYB10), foliage anthocyanin pigmentation

(MdMYB10), and fruit skin color (MdMYB1) (Chagné et al., 2013; Lin-

F IGURE 7 Summary of gene
regulatory network of anthocyanidin
biosynthesis and leaf coloration of
Formosan sweet gum. Orange, yellow,
and red balls near the enzyme names
represent transcriptional regulation by
LfMYB5, LfMYB123, and LfMYB113
identified in this work. The 10 colored
boxes near the MYBs and enzymes

represent gene expression data
generated using real-time PCR data
from Figure 4 with log2-fold change,
which correlates to the average of
10 months. Enzyme names are
presented in dark blue and the focus of
this study is presented in red. The
anthocyanin biosynthesis pathway was
determined according to the pathway
in Arabidopsis (Winkel-Shirley, 2001).
Gene expression of LfMYB113 and the
relationships of LfMYB113 in regulation
of LfDFR1 and LfDFR2 were according
to a previous work (Wen & Chu, 2017).
The heatmap color was generated using
Microsoft Excel 2016 and edited with
Inkscape software. The colors under
delphinidin and cyanidin represent the
colors of these compounds

1760 WEN ET AL.
Physiologia Plantarum

 13993054, 2021, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ppl.13385 by N

atl C
hung H

sing U
niversity, W

iley O
nline L

ibrary on [03/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Wang et al., 2010). To date, all published anthocyanin biosynthesis

MYBs have been identified to play a role in a single stage of develop-

ment, such as flowering, fruit ripening, or leaf coloration, which are

associated with senescence. The only anthocyanin-specific MYB iden-

tified in the Formosan sweet gum leaf transcriptome database is also

a senescence regulator (Wen & Chu, 2017); however, the presence of

other anthocyanin-specific MYB genes remains unknown. The find-

ings of different MYB genes participating in anthocyanin biosynthetic

regulation in different developmental stages of a tissue show that the

regulation of anthocyanin biosynthesis may be more complicated than

expected.

The two MYB genes that upregulate LfF30H, LfF3050H, and LfDFR1

in young leaves were LfMYB5 and LfMYB123 (Figures 5, 6, and S7),

both of which were predicted to be proanthocyanin-biosynthetic regu-

lators. Proanthocyanidin is derived from the reduction of leu-

coanthocyanidin and anthocyanidin (Sharma & Dixon, 2005). The MYB5

homolog has been studied in several plants. In Arabidopsis, AtMYB5

plays minor roles in proanthocyanin biosynthetic regulation; however,

in the model legume, grape, and Freesia hybrida, MtMYB5, VvMYB5a,

VvMYB5d, and FhMYB5 regulate both anthocyanin and proanthocyanin

biosynthetic genes (Deluc et al., 2006, 2008; Li et al., 2019; Liu, Jun, &

Dixon, 2014). Homologs of LfMYB123 in Arabidopsis are the

proanthocyanin regulator TT2/AtMYB123, which positively regulates

DFR, LDOX, BANYULS (BAN, also named as ANTHOCYANIDIN REDUC-

TASE), and TT12 (Nesi et al., 2001).MtMYB14, the TT2 homolog inMed-

icago truncatula, has a limited regulatory role; however, it regulates

LDOX and ANR (Liu, Jun, & Dixon, 2014). In addition, proanthocyanins

may play certain roles in young tissues, as it has been shown that

VvMYB5a is mainly expressed during the early stages of berry develop-

ment (Deluc et al., 2006). According to the function of these homologs,

it was speculated that LfMYB5 and LfMYB123 might regulate

proanthocyanin biosynthesis. The expression of LfMYB5 and LfMYB123

indicates that proanthocyanidins may be highly accumulated in

unexpanded young leaves, and the accumulation of anthocyanins may

be a side effect of the activation of these genes.

4.3 | Regulatory network of leaf coloration in
Formosan sweet gum

The regulation of anthocyanidin biosynthesis in young and senescent

leaves in Formosan sweet gum is different (Figure 7). LfMYB5 induces

the expression of LfF3050H, and LfMYB123 induces the expression of

LfF30H1 and LfDFR1; the outcome is higher delphinidin content and

the young sprouting leaves appearing purplish-red in color. On the

other hand, LfMYB113 induces the expression of LfF30H1, LfDFR1,

and LfDFR2 when leaves undergo senescence. The senescent leaves

possess orange-red to dark red color, which might be due to the

higher content of cyanidin.

Over the past few decades, several studies have focused on dif-

ferent aspects to explain the anthocyanin-related color appearance at

the molecular level. Several genes were found by comparison of

mutants, phenotypes, varieties, cultivars, and developmental stages.

These studies can be classified as studies on biosynthetic and regula-

tory genes. The former identified F3050H mutants (Tanaka et al., 2010)

or DFR functions (Hua et al., 2013; Johnson et al., 2001; Xie

et al., 2004), which influence anthocyanidin and color, while the latter

mainly focus on anthocyanin specific MYB transcription factors

including activators (Borevitz et al., 2000; Lin-Wang et al., 2010),

repressors (Aharoni et al., 2001; Davies et al., 2012), transposable ele-

ments (Butelli et al., 2012), and retrotransposon-induced loss of func-

tional mutants (Kobayashi et al., 2004). In contrast to previous

studies, this study focused on both biosynthetic and regulatory genes

in two developmental stages of a tissue from an individual plant. It is

surprising that both the LfF30H1 and LfF3050H possess predicted func-

tions and the two LfDFRs are non-specific. The functional identifica-

tion of LfDFRs, LfF30H, and LfF3050H suggested that the gene

expression of LfF30H1 and LfF3050H might influence anthocyanidin

biosynthesis and thus the leaf color in Formosan sweet gum. In addi-

tion, our findings suggest that proanthocyanin biosynthesis regulators

participate in anthocyanin biosynthesis in young leaves and that

anthocyanin-specific regulators act in senescent leaves; both pro-

cesses result in anthocyanin accumulation. As a whole, this study pro-

vides valuable insights on leaf coloration.

5 | CONCLUSIONS

Gene expression and regulatory relationships of LfMYB5, LfMYB113,

LfF30H1, LfF3050H, LfDFR1, and LfDFR2 illustrate the regulatory mech-

anism of anthocyanidin biosynthesis and thus explain the biosynthesis

of leaf colors in Formosan sweet gum at different developmental

stages. The regulation of gene expression of LfF30H1 and LfF3050H by

LfMYB5, LfMYB113, and LfMYB123 play a major role in influencing the

contribution of anthocyanidins to Formosan sweet gum leaf colora-

tion. This finding provides insights on the regulation of plant

anthocyanidin biosynthesis, as multiple MYBs regulate various biosyn-

thetic genes in different developmental stages of the same organ.

ACCESSION NUMBERS

GenBank accession numbers for promoter sequences and genomic

DNA sequences of LfDFR1 and LfDFR2 are JX975398 and KX902508,

respectively. The GenBank accession numbers for the protein

sequences of LfDFR1 and LfDFR2 are AGT28278 and AQM49951.

GenBank accession numbers for full-length transcript sequences of

LfANS are JX944786.

GenBank accession numbers for full-length transcript sequences

of LfMYB5, LfMYB113, LfMYB123, LfTT8, LfF30H1, LfF30H2, LfF3050H,

LfF3H, and LfDFR2 are MT435088 to MT435096.

GenBank accession numbers for promoter sequences of LfF30H1,

LfF30H2, and LfF3050H are MT435097, MT435098, and MT435099.

GenBank accession number for LfActin2 is JX944783.
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