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Abstract

Plant cell walls primarily comprise lignin, which performs functions of mechanical support, water transport, and stress
responses. Lignin biosynthesis pathway proceeds through metabolic grid featuring complexity and diversity in enzymatic
reaction. Cinnamate-4-hydroxylase (C4H, EC 1.14.13.11) is the gene encoding enzyme that catalyzes the second step of
phenylpropanoid pathway responsible for biosynthesis of lignin. A full-length cDNA of C4H (designated as GbC4H),
which spanned 1816-bp with a 1518-bp open reading frame encoding a 505-amino-acid protein, was cloned from Ginkgo
biloba. A GbC4H genomic DNA fragment, spanning 3249-bp, was cloned and found to contain two exons and one intron.
GbC4H protein showed high similarities with other plant C4Hs to include conserved domains of cytochrome P450 family.
GT-1, W-box, and Myb/Myc recognition sites involved in stress response were detected in a 1265-bp upstream promoter
region of GbC4H. Phylogenetic analysis suggested the common evolutionary ancestor shared by plant C4Hs including the
gymnosperm enzyme. pET-28a-GbC4H plasmid was constructed and expressed in Escherichia coli strain BL21. Enzymatic
assay revealed that recombinant GbC4H protein catalyzes conversion of trans-cinnamic acid to p-coumaric acid. Expres-
sion analyses in different organs showed high expression of GhC4H in stems and roots, whereas low expressions was found
in fruits, carpopodium, and petioles. Further analysis indicated linear correlation of lignin contents with transcript levels
of GbC4H among different tissues. GbC4H transcription was increased by treatments with UV-B, cold, salicylic acid, and
abscisic acid, indicating the possible role of GbC4H in response to stresses and hormonal signal. Understanding of GbC4H
function could benefit molecular breeding and reinforcement of defense mechanisms in Ginkgo.
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Introduction
Communicated by A Chandra. Lignin is the most complicated polyphenolic compounds on
earth, and the second largest biopolymer of vascular plants
Shuiyuan Cheng and Jiaping Yan contributed equally to this (Sarkanen and Ludwig 1971; Boerjan et al. 2003; Boudet
study. . . . L.
ey et al. 2003; Himmel 2008). Primary function of lignin is to
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supplementary material, which is available to authorized users. 2015), executing fundamental biological functions, such as
54 Feng Xu mechanical support, unpermeability, and resistance to bio-
xufeng198@126.com degradation, in addition to crucial roles in defense mecha-
nisms (Bhuiyan et al. 2009; Tao et al. 2009; Xu et al. 2009).
' School of Biology and Pharmaceutical Engineering, Wuhan Lignin biosynthesis is regulated by enzymes and their corre-
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and Lewis 2002). Lignin is synthesized from three hydrox-
ycinnamyl alcohols through combined free radical cou-
pling reactions (Ralph et al. 2004; Zeng et al. 2014). These
hydroxycinnamyl alcohols are p-coumaryl, coniferyl, and
sinapyl alcohols, which, respectively, produce p-hydroxy-
phenyl (H), guaiacyl (G), and syringyl (S) type of lignin
(Sarkanen and Ludwig 1971; Terashima et al. 2009). Lignin
biopolymer in dicots mainly contain G and S units with
minor amounts of H units, whereas the main components
of monocot lignin are G and S units. Gymnosperm lignin is
almost entirely consisted of G units, with trace amounts of H
units (Gross 1981; Boerjan et al. 2003). The lignin contents
and composition change widely within and between species.
Furthermore, organs from the same plant in different devel-
opmental stages and under different conditions also exhibit
the difference (Plomion et al. 2001; Bhuiyan et al. 2009).
The number of sequenced plant genomes has increased
extensively in the past few years, providing opportunities
to trace evolutionary origins of biosynthetic and signaling
pathways of plant lignins. Lignin biosynthesis process and
its regulatory mechanisms have been investigated in depth
(Chiang 2006; Vanholme et al. 2008; Weng et al. 2008).
Phenylpropanoid pathway is the primary metabolic pro-
cess responsible for the synthesis of a number of secondary
metabolites (Vogt 2010; Tohge et al. 2013). The metabolites
of phenylpropanoid origin include phenolic compounds, fla-
vonoids, anthocyanins, phytoalexins, and lignin (Dixon and
Paiva 1995; Weisshaar and Jenkins 1998). Lignin biosynthe-
sis in plants begins with three consecutive reactions usually
considered as the general phenylpropanoid pathway (Dixon
et al. 1996; Schilmiller et al. 2009). The core three reac-
tions are each catalyzed by phenylalanine ammonia lyase
(PAL), cinnamate-4-hydroxylase (C4H), and 4-coumarate
coenzyme A ligase (4CL) (Boerjan et al. 2003; Vogt 2010;
Naoumkina et al. 2010). C4H operating in the second step
of phenylpropanoid pathway catalyzes conversion of trans-
cinnamic acid to p-coumaric acid, which is in turn derived
from phenylalanine by PAL (Hahlbrock and Scheel 1989;
Schilmiller et al. 2009; Tohge et al. 2013). As a common
cytochrome P450 monooxygenase-type hydroxylase in
higher plants, C4H is a member of the CYP73 family often
involved in biosynthesis of diverse metabolites (Kochs and
Grisebach 1989; Chapple 1998; Achnine et al. 2004; Singh
et al. 2009). Being a P450 protein, C4H catalyzes irrevers-
ible reactions (Ehlting et al. 2006). C4H activity is regu-
lated by several factors and positively correlates with lignin
metabolism (Tabata 1996). C4H also controls the carbon
fluxes leading to many phytoalexins, which are synthesized
by plants on attack by bacterium, virus or other microorgan-
ism (Teutsch et al. 1993; Ro and Douglas 2004). Therefore,
molecular cloning and functional characterization of C4H
gene could be a crucial step to understand lignin pathway of
a particular plant in question. Various C4H genes have been
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cloned from plants: Helianthus tuberosus (Werck-Reichhart
et al. 1993), Catharanthus roseus (Hotze et al. 1995), Arabi-
dopsis thaliana (Mizutani et al. 1997), P. trichocarpa X P.
deltoids (Ro et al. 2001), Oryza sativa (Yang et al. 2005),
Populus tremuloides (Lu et al. 2006), Salvia miltiorrhiza
(Huang et al. 2008), Brassica napus (Chen et al. 2007), Par-
thenocissus henryana (Liu et al. 2009), Scutellaria baicalen-
sis (Xu et al. 2010), Camellia sinensis (Rani et al. 2012),
Leucaena leucocephala (Kumar et al. 2013), and Orni-
thogalum saundersiae (Kong et al. 2014). However, only
limited information has been reported about the Ginkgo C4H
gene in public databases.

Plants have been developing a broad range of complex
defense mechanisms to cope with pathogenic infections,
because they are confined to the place where they grow.
Ginkgo biloba is an important ornamental and, more impor-
tantly, medicinal plant. Extracts of Ginkgo leaves contain
bioactive flavonoids and terpene lactones, which have been
used to improve blood circulation, to treat cardiovascular dis-
eases, and to protect liver function (Smith and Luo 2004; van
Beek 2002). Both flavonoid and lignin biosyntheses share
core phenylpropanoid metabolism. Cheng et al. (2013a, b)
showed that lignin synthesis can affect the accumulation of
Ginkgo flavonoids. Therefore, cloning and characterization
of the genes involved in phenylpropanoid pathway in Ginkgo
can extend our knowledge in lignin biosynthesis of the plant.
Deep understanding of the pathway-related enzymes is also
necessary to identify the goal of biotechnological operation
for modulating the lignin accumulation.

In this study, a full-length cDNA of C4H gene (designated
as GbC4H) was isolated from G. biloba. To understand the
structure and the regulation of GbC4H gene in lignin bio-
synthesis, its coding region and promoter sequences were
cloned. The combination of biochemical and gene expres-
sion analyses suggested that GbC4H is a key enzyme related
to lignification and defense processes in Ginkgo. We also
correlated the locus of gene expression with distribution of
lignin among plant tissues. The full-length coding region
of GbC4H was sub-cloned into E. coli expression vector
pET-28a and enzyme activity was determined to confirm the
function of the recombinant GbC4H protein.

Materials and methods
Plant materials and treatments

For this study, biennial, triennial, 4-year, and 5-year
Ginkgo seedlings at six-leaf stage were raised in plastic
pots (45 cm X 35 cm, peat:humus soil:perlite (1:1:1) mix-
ture) and housed in a plant growth chamber (temperature,
25 °C + 1 °C; light intensity, 300 umol m~2 s™2, 16 h/8 h
light/dark cycle; relative humidity, 70%), in Yangtze
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University, Jingzhou, China (30.35°N, 112.14°E). For gene
cloning and the determination of transcripts among organs,
young leaves, stems, roots, fruits, carpopodium, and petiole
were sampled (Xu et al. 2008). The collected samples were
immediately frozen in liquid nitrogen and stored at — 80 °C
until use. All the samples were harvested in early April.

To investigate expression patterns of GbC4H in different
stress (UV-B and cold) and hormonal treatments [salicylic
acid (SA) and abscisic acid (ABA)], a total of 240 3-year-old
Ginkgo seedlings at six-leaf stage were planted in 48 plastic
pots (five seedlings in one plastic pot). Among them, 210
seedlings (42 plastic pots) with consistent growth and size
were selected and divided uniformly into seven groups (six
pots in one group), with four groups being used for different
treatments and another three groups as control (SA and ABA
treatments used same control). For SA and ABA treatments,
plants were mist-sprayed with SA (500 uM) or ABA (50 uM)
solution to both sides of leaves until liquids dripped. Double-
distilled water (ddH,O) served as control. SA-treated plants
were collected at 0, 2, 4, 8, 24, and 48 h, whereas ABA-
treated ones were collected at 0, 4, 8, 16, 24, and 48 h. For
UV treatment, Ginkgo seedlings were placed in a closed
chamber with UV-B illumination at 1500 uJ/mz, whereas
control seedlings were left in the dark. Then, the leaves
were harvested at 0, 1, 2, 4, 8, and 24 h. For cold treatment,
seedlings were placed in the growth room at 4 °C, whereas
control seedlings were treated at 20 °C. Treated leaves were
harvested at 0, 1, 2, 4, 8, and 24 h. Preliminary experiment
demonstrated no visible damage on plants with the above-
mentioned treatments. Two uppermost leaves from the stem
tip were taken from each seedling at prescribed time point
to make one biological sample. One data point was obtained
from five such biological replicates.

Identification of cDNA and genomic DNA sequences
coding for GbC4H by polymerase chain reaction
(PCR)

First-strand cDNA was synthesized using PrimeScript™ 1st
Strand cDNA Synthesis Kit (TaKaRa, Dalian, China) using
1 ug RNA as template according to manufacturer’s instruc-
tion. Nucleotide sequence of annotated GbC4H candidate
was downloaded from the National Center for Biotechnol-
ogy Information (NCBI) database (GenBank accession
no. AY748324). A pair of specific primers, GbC4H-F and
GbC4H-R (Table 1), were designed for PCR amplification
to obtain full-length cDNA of GbC4H. Amplified PCR
products were purified and ligated into pMD18-T vector
(TaKaRa, Dalian, China), and then cloned into the E. coli
strain DH5« followed. To detect any introns within GbC4H,
PCR amplification was carried out using the same reac-
tion system as the full-length cDNA clone, except that the

Table 1 The primers used in this study

Primer name Sequences (5'-3")

AP1 GTAATACGACTATAGGGC

AP2 ACTATAGGGCACGCGTGGT
GbC4H-1 TCACCCTTATGGTTGGCA
GbC4H-2 AGTTAGCACCGACTGTAGACA

GbC4H-F CCACATTTCTTGTGCGGGAACCGAACTCCA
GbC4H-R ACCTCCTTGGCATACTCGGGAGACGAGACA
GbC4H-EF GGAATTCTTAAACTCTGGGTTTGGCTACA
GbC4H-ER GGAATTCATGTTAGAGAGCATGAATTTGG
GbC4H-qRT-F  ACCTGGTTGTTGTCTCGTCT

GbC4H-qRT-R  AACCATATCTTGTCCCTTCC

Gb18S-F ATAACAATACTGGGCTCATCG

Gb18S-R TTCGCAGTGGTTCGTCTTTC

template was 1.5 pg of total genomic DNA. PCR products
were purified, ligated into pMD18-T vectors, and sequenced.

Bioinformatics analysis

Sequence alignments and homology sequence searches were
performed on the NCBI BLAST webpage (http://blast.ncbi.
nlm.nih.gov/Blast.cgi). Molecular mass and isoelectric
point of deduced GbC4H protein were predicted using
ExPASy Proteomics Server (http://www.expasy.ch/). Mul-
tiple sequence alignments were performed using Vector NTI
11.5 program. Phylogenetic relationship among sequences
was detected with CLUSTAL X2 and MEGA 6.0 software
programs. The neighbor-joining (NJ) method was used to
construct a guided tree, which was supported by bootstrap-
ping based on 1000 replicates.

Cloning of promoter of GbC4H

Promoter region fragment of Ginkgo GbC4H gene was
isolated using the TaKaRa Genome Walking Kit (Dalian,
China). Two specific primers, GbC4H-1 and GbC4H-2
(Table 1), and two degenerated primers, AP1 and AP2, were
designed for nested PCR amplification using the kit. PCR
amplification was performed at a final volume of 50 uL con-
taining 1.0 uL DNA, 1.0 pL of 10 mM dNTP mixture, 5.0 pL.
of 10x Advantage 2 PCR Buffer, 1.0 uL of 10 uM degener-
ate primer, 1.0 pL of 10 uM specific primer, 1.0 uL. Advan-
tage 2 Polymerase Mix (50%), and 40.0 uL. ddH,O. Both
first and nested PCR reactions were carried out under the
same amplification condition: 7 cycles at 94 °C for 25 s and
72 °C for 3 min, with 32 cycles at 94 °C for 25 s and 67 °C
for 3 min, and a final reaction at 67 °C for 7 min. First PCR
products were diluted tenfold and used as templates in nested
PCR amplification. Nested PCR products were analyzed on
1% agarose gel. Major DNA bands were isolated from the
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gel using DNA Gel Extraction Kit (TaKaRa, Dalian, China),
ligated into pMD18-T vectors, and sequenced. Putative cis-
elements in the promoter of GbC4H gene were analyzed
using online software PlantCARE (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html) and PLACE (http://www.
dna.affrc.go.jp/PLACE/signalup.html).

Quantitative real-time PCR (qRT-PCR) analysis

qRT-PCR was performed to detect the GbC4H transcrip-
tion levels in different Ginkgo organs and treated leaf sam-
ples. A total of 500 ng RNA in a 10 pL reaction was used
with TaKaRa PrimeScript™ RT Reagent Kit (Perfect Real
Time). cDNA was diluted to 100 pL and stored at — 20 °C.
Gene quantification was carried out using SYBR® Premix
Ex Tag™ Kit (TaKaRa, Dalian, China) according to manu-
facturer’s instructions. Each 25 pL reaction was run in trip-
licate. The above mixture consisted of 2 uL diluted cDNA,
0.5 uL of each primer, and 0.5 pL of 1x SYBR® Premix
Ex Taq™ II. PCR amplification was performed as follows:
95 °C for 30 s, 40 cycles of 95 °C for 5 s and 60 °C for 30 s.
The housekeeping gene GbI18S (GenBank accession no.
D16448) was used to evaluate qRT-PCR assays as described
by Xu et al. (2014). Fluorescence data were collected after
each extension step. Reading temperature at 82 °C was
determined by melting curve analysis. Relative expression
level was calculated by a formula using the relative 2744
method (Schmittgen and Livak 2008). To compare expres-
sion levels of GbC4H among different organs or treatments,
relative expression of GbC4H was obtained by correcting
with Gb18S level. All experiments were conducted in quin-
tuplicate using five biological replicates. All primers used
in this study are listed in Table 1.

Heterologous expression of GbC4H in E. coli

To construct a GbC4H prokaryotic expression vector, a pair
of primers (GbC4H-EF and GbC4H-ER) with a restriction
enzyme site (EcoRI) was designed, and used for amplifi-
cation of the coding region. After digestion with EcoRI,
the full-length coding sequence was sub-cloned into pET-
28a vector. Recombinant vectors (pET28a-GbC4H) were
then introduced into E. coli BL21 (DE3) and confirmed by
PCR and sequencing. Transformants harboring recombi-
nant plasmid were cultured at 37 °C in LB liquid medium
containing kanamycin (100 mg/L) until optical density at
600 nm reached 0.6, induced with 0.2 mM isopropyl-p-p-
thiogalactoside (IPTG), and incubated overnight. Bacterial
cells were collected by centrifugation at 5000 rpm for 1 min,
and pellets were resuspended in extraction buffer (100 mM
Tris—HCI, pH 7.5; 10 mM MgCl,; 2% glycerol; and 1 mM)
and disrupted by sonication. Then, suspension was boiled
and iced at — 20 °C for 5 min, and lysate was centrifuged at
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12,000 rpm for 15 min at 4 °C. Subsequently, 10 puL super-
natant was analyzed by sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (SDS-PAGE) with 12% (v/v) poly-
acrylamide separation gel and 5% (v/v) stacking gel. Proteins
were visualized by Coomassie Brilliant Blue G-250 staining.
Recombinant GbC4H proteins extracted from induced cells
were purified by nickel-CL agarose affinity chromatography
(Bangalore Genei, India) and used for enzymatic assays.

Enzymatic assay of GbC4H

GbC4H activity was determined according to Salvador et al.
(2013) with minor modifications. A mixture of 50 mM phos-
phate buffer (pH 7.6), 500 uM trans-cinnamic acid, 300 uM
NADPH was added with an appropriate amount of enzyme
extracts in a final volume of 200 pL. The mixture without the
substrate was used as control. Reaction mixture was incu-
bated at 35 °C on a gyratory shaker at 200 rpm for 40 min.
The reaction was stopped by addition of 75 uL. of 5 M HCIL.
Denatured proteins were pelleted by centrifuging at 17,000g
for 3 min. After the removal of denatured proteins, p-cou-
maric acid in solution was detected by high-performance
liquid chromatography (HPLC) equipped with a ZORBAX
Eclipse Plus C18 column (250 mm X 4.6 mm, Agilent
Technologies, Santa Clara, CA, USA) at 1 mL min~!, with
column temperature set at 35 °C. trans-Cinnamic acid and
p-coumaric acid were identified by comparing its retention
time with the standard compounds.

Lignin determination and histochemical lignin
staining

Lignin contents were estimated by the Klason method with
slight modification (Kirk and Obst 1988; Kumar et al. 2012).
Briefly, tissues were chopped and air-dried. Air-dried organs
were ground to fine powder and oven-dried at 105 °C to
constant weight. About 200 mg of accurately weighed tis-
sue powder was continuously extracted in acetone:water
(10:1, v/v) for 48 h at 55 °C. Cell wall residue (CWR) was
obtained by drying tissue powders to constant weight at
105 °C. CWRs were acid-hydrolyzed (72% H,SO,) for 3 h
at 25 °C, diluted with 190 mL H,0, and then autoclaved for
1 h. After cooling, samples were filtered and washed with
hot water to remove acids and dried to constant weight at
105 °C to obtain acid-insoluble or Klason lignin (KL), which
was expressed as a percentage of CWR. Filtrate was diluted
to 500 mL and used for spectrophotometric determination
of acid-soluble lignin (ASL) at 205 nm (Yeh et al. 2005).
Lignin contents were determined from three biological rep-
licates and estimated as weight percent of dry extract-free
tissues.

For lignin staining, hand-cut sections were made from vari-
ous organs of Ginkgo plant. Stems and taproots about 3 cm
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from collar were used. Lignin histochemistry was observed
according to Pomar et al. (2004). Hand-cut sections of dif-
ferent tissues were placed in a phloroglucinol solution (2% in
95% ethanol) for 10 min, and then treated with 18% HCI for
5 min. The stained sections were observed on a microscope
(Leica 165C). Image was taken with Canon EOS500D.

Results

Isolation and characterization of cDNA and genomic
DNA of GbC4H

GbC4H was amplified using specific primers designed from
sequence information available at NCBI database. Full-length
GbC4H cDNA was 1816-bp long containing 1518-bp ORF,
encoding a 505-amino acid protein. The ORF was flanked by
a 138-bp 5' noncoding sequence and 160-bp 3’ untranslated
region with a canonical polyadenylation signal sequence (AAT
AAA) and a poly(A) tail (GenBank Accession No. MF680550,
Fig. S1). The theoretical molecular weight and isoelectric
point of the deduced GbC4H protein were 57.9 kDa and 8.47,
respectively. Full-length genomic DNA of GbC4H gene, con-
sisted of 3249-bp (GenBank Accession No. MF680551, Fig.
S1), had full consistency with cDNA sequence. Exons 1 (788-
bp) and 2 (730-bp) were separated by a 1433-bp long intron
1 (Fig. 1).

Multiple alignment of GbC4H protein with other C4H hom-
ologues was shown (Fig. 2). Amino acid sequence of GbC4H
showed 89% identity with that of Pinus taeda; 83% with those
of Nelumbo nucifera, Jatropha curcas, and Camellia sinensis;,
and 82% with those of Camptotheca acuminata, Gossypium
hirsutum, Theobroma cacao, and Humulus lupulus. Database
search (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.
cgi) of the conserved domain indicated that GbC4H belongs
to cytochrome P450 superfamily. A proline-rich region was
present in the N-terminal, and a conserved heme-binding motif
was also discovered near the C-terminal. Some conserved gen-
eral topography and structural folds, including I helix, K helix,
and K’ helix structures, were found (Fig. 2). Three C4H-con-
served residues, N302, 1371, and K484, were also identified in
deduced GbC4H protein sequence, which are related to sub-
strate discrimination and direction (Schoch et al. 2003, Fig. 2).

To investigate the evolutionary relationship among differ-
ent plant C4Hs, we obtained plant C4Hs and putative C4H
sequences from NCBI database. Subsequently, a phylogenetic
tree was conducted with full-length amino acid sequences. The
tree clearly showed evolutionary branching of gymnosperm

from monocots and dicots, and of 12 families in angiosperm
clade (Fig. 3). GbC4H belongs to gymnosperms and, bears a
close relationship to P. faeda C4H. In addition to that, C4Hs
from same plant family showed normally higher sequence
similarity, and closest evolutionary relationship.

Analysis of GbC4H promoter region

To further study the function of GbC4H, we isolated a 1265-
bp fragment upstream of start codon (MF680551), includ-
ing the 139-bp 5'UTR which corresponds to the putative
promoter region of GbC4H, via genome walking methodol-
ogy. The promoter sequence features a typically high A + T
content (65%) generally discovered in other plant promoters.
Further analysis on putative cis-elements was carried out
using PlantCARE and PLACE tools (Fig. 4). The analy-
sis revealed that putative transcription start site (TSS) was
located 139-bp upstream of the ATG and was defined as + 1.
Table 2S summarizes functions of in silico-identified puta-
tive cis-elements. A typical TATA box was found at position
30 (—) relative to TSS. Another typical cis-acting element
known as CAAT box was also identified at positions 91 (+),
49 (), 183 (—), 322 (-), 350 (—), 411 (—), 468 (—), 475 (-),
532 (), 558 (—), 664 (-), 970 (=), and 1077 (-).

Several stress-related cis-acting elements were also
found. Two Myb-binding sites [positions 317 (—) and 830
(—)] and one Myc recognition site [position 826 (—)] were
found. All Myb and Myc protein family members play key
roles in plant responses to stresses, such as pathogen, cold,
and drought. Three types of cis-acting elements involved
in light responsiveness were also found; these elements
included three GATA boxes [positions 389 (—), 899 (-),
and 1101 (-)] (Reyes et al. 2004), two GT-1 motifs [843
(=), 855 ()], and one I box [1100 (—)]. Several important
phytohormone responsive elements were predicted within
the GbC4H promoter region. These hormone responsive ele-
ments, including the W-box involved in SA responsiveness
(Redman et al. 2002), TGAC motif in response to gibber-
ellic acid, and Myc-binding site, are not only involved in
light responsiveness but also in response to ABA. However,
specific functions of these putative cis-elements in Ginkgo
remain undetermined calling for further study.

In vitro activity of GbC4H

To explore characteristics of GbC4H protein, GbC4H cod-
ing sequence (1515-bp) was expressed in E. coli cells.

Fig.1 The genomic structure of I | |
GbC4H. The genomic sequence ATG 788-bp 2521-bp TAA
contained two exons (exon 1,
788-bp; exon 2, 730-bp) and

int 1433-b
one intron ( p) 200-bp |:| Exon - Intron
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Fig.2 Alignments of amino
acid sequences of GbC4H

and other plant C4Hs. Amino
acid sequences used in the
analysis are from Pinus taeda
(PtC4H, AAD23378.1),
Camptotheca acuminate
(CaC4H, ANR76395.1), Gos-
sypium hirsutum (GhC4H,
XP_016677259.1), Theobroma
cacao (TcC4H, EOY20175.1),
Nelumbo nucifera (NnC4H,
XP_010253046.1), Jat-

ropha curcas (JcC4H,
XP_012078176.1), Camel-

lia sinensis (CsC4H,
ALD83478.1), and Humulus
lupulus (HIC4H, ACM69364.1).
Identical amino acid residues
in this alignment are shaded in
black. The putative conserved
Proline-rich region, heme-
binding motif, I helix, K helix,
and K' helix are indicated by
colorful boxes. The conserved
residues are indicated by aster-
isks and red color
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IPTG treatment induced the expected protein band of about
58 kDa in SDS PAGE of total cellular protein (Fig. 5, lane
2). This size was consistent with GbC4H protein as predicted
(57.9 kDa). This band was absent in negative control (Fig. 5,
lane 1). Purified recombinant proteins again exhibited the
predicted size (Fig. 5, lane 3). Purified GbC4H protein was
thus obtained.

To investigate whether GbC4H possessed catalytic activ-
ity, trans-cinnamic acid was used as substrate in the reaction
with purified GbC4H protein. HPLC analysis of the reaction
mixture showed a new peak at 19.15 min corresponding to
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standard p-coumaric acid (Fig. 6a, b), whereas no such peak
was observed in the negative controls (Fig. 6¢). The above
result demonstrated that GbC4H catalyzed conversion of
trans-cinnamic acid into p-coumaric acid.

Lignin contents in Ginkgo organs

Fresh stem, root, fruit, carpopodium, and petiole sections
from Ginkgo plants were stained using phloroglucinol,
which typically stains lignin with pink color (Fig. 7a).
Stem and root sections were stained pink, whereas fruit,
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Fig.3 Phylogenetic tree of
GbC4H and other plant C4Hs
constructed using Clustal

X2 program and MEGA 6.0
software based on the Neighbor-
joining method. The computa-
tion was performed with 1000
bootstrap replicates and a Pois-
son correction. The scale bar
represents evolution distance

carpopodium, and petiole sections were stained with
brown color. Xylem and periderm were stained in stems
and 2-year-old taproot (A-E) and sclerenchymatous and
epidermic cells were stained in 5-year-old taproot section.
In the case of fruit, only xylem was stained, and xylem
and sclerenchymatous cells were stained in carpopodium.
Petiole was stained in xylem and sclerenchymatous and
epidermic cells (Fig. 7a). Figure 7b indicated abundant
lignin contents in stems and roots, whereas low lignin
contents in fruit, carpopodium, and petiole as indicated
by the staining.

Transcript analysis of the GbC4H gene in different
organs

To investigate whether GbC4H is involved in lignin bio-
synthesis in Ginkgo, transcript profile of GbC4H gene
was examined by RT-PCR. We observed that GbC4H
transcription level varied depending on organs and their
developmental stages (Fig. 7c). Among the tissues,
GbC4H was most predominantly transcribed in stems and
roots, followed by fruits, carpopodium, and petiole. In
addition, the highest transcription levels were detected in
5-year-old stems compared to those in 2-year-old stems.
Linear regression analysis indicated that lignin content
correlated linearly with transcription level of GbC4H.
Concomitant probability value was p = 0.0017, and cor-
relation coefficient was R* = 0.7762.

GbC4H transcription in leaves in response to various
abiotic stresses and hormonal treatments

GbC4H transcription in response to various stress and hor-
monal treatment was assessed in 3-year-old Ginkgo seedling.
GbC4H transcripts significantly changed after all abiotic
treatments such as cold and UV-B (Fig. 8). Treatment of SA
at 500 uM induced GbC4H transcription at 2 h after treat-
ment, with the highest induction being attained at 8 h, fol-
lowed by a rapid decline (Fig. 8a). GbC4H transcription was
also induced by ABA treatment and peaked at 24 h before
decreasing gradually (Fig. 8b). However, in the case of cold
treatment, onset of GbC4H transcription was observed in
1 h after treatment and reached maximum at 24 h (Fig. 8c).
Finally, UV-B irradiation caused rather delayed response
with discernable increase in GbC4H transcription being
observed at 4 h after treatment. The level of transcript gradu-
ally increased until 24 h after UV-B treatment (Fig. 8d).

Discussion

GbC4H gene is a member of C4H gene family

In the present study, full-length cDNA and genomic DNA
of GbC4H were cloned from Ginkgo. Genomic DNA of
GbC4H was 3249-bp long with a 1518-bp ORF, which

was interrupted by two exons and one intron (Supplemen-
tary Fig. S1). Multiple alignments showed that GbC4H
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Fig.4 The putative cis-acting -1126 CGACG
elements presenting in the pro- _
moter region of GhC4H gene. | “box CGACG-element
Nucleotides were numbered -1121 GCCCGGGCTGGTCCTTT ATGGATCTAG CTTAT 0 TTGCACGACAACCTC
relative to A (transcription
start site, + 1). The putative
TATA-box, CAAT-box, I-box, _
GATA-box, and CAAT boxcs 1061 AGTTACTAGATTAGACCCCCATTCTCTTATTAAGCACGCATACTATAATAATTTTGGGCT
were shown and labeled in -1001 TAACAAGCGTGTAGATTTAGTTTGTGC AATAATATTTAATTTTATTTGGGCTAAT
lar boxes with bl
;ﬁﬁi“%ﬁeafraﬁjf;;;‘;n ot e -941 TAGTGCTCGATCTTCAAAAAATATCGATTTGTTTTTTGT T/ CTTTCAGTGTAAGCAAC
was marked by green
-881 TAACTGTATAAAATTTGCGAGTGGAAAAA GAAAAAGAGCCCCT CTTGAAAT
GT-1 motif Myc1AT
-821 TATATTTTAAAATGATGCTTACATTTATAATTAGAAAAGTCTAAATTAGTCATTATATCA
=761 TTATCATTTAGTATAA CATTCACATTTTATTTTTCACTAAGACATTAGAT
W-box
=701 TATAATTTTTACATAAAGC TGTACACCACAATIGTGTCCACGGTGTAT [ GAJACA
TAAAG-motif
-641 CTATGGGTTTTGAGTATCATTCCATTTTTGTAAAGACCATATATATCACTAATGGAGTTT
-581 TGAACCCTTGCTTGCAAAT CTAATCAACGTCAGCGAAGCCA GGACAACTT
ACGT-motif
-521 TAAAGTGCTAAATAAGGAATTGGAGGGAGGTAATTGAGGTCA CAATTCC GGACA
-461 ACTTTAAAGTGCTAAATAAGGAATGGGGGGGAGGTAACTGAGGTCAT|CAATITCCTATTAC
-401 AAGTGAGGG CCAGGAGTTAGGGATTCGCCTTTTCTTTCATTATG AGAGCCG
-341 CATAAGAAAAGGCAAA TAAGCATTCTCTCTCTCTCTCTCATGGGTCCCAAG
CT-rich motif
-281 ACCATAGATGCGACCTTGGGGTGGCTTAGTATACTTATAACCTTAGAAGTTGGGAGTTTT
-221 CTATCTATTGATGGAGTAGGTGAGATGATTGCATA AATATAATTGAAGCGTGAATG
-161 TGTGTTATTGGGGGTTGTTGAGCTTATGGGTAGGTGGGGAGAGGAGGCAGGCTGCCTAAC
-101 TCTCTCATGGTGGCCTCATGCTTACACTCTGAACTGCTCTTCATCTATGCAATICGCTTTG
CAAT—box
TATA-box ANAER
-41 CATTTGCCTAAATATGAGTCCTCAGAGATGGTCTCTC GCAGCACAAGGCTGTCTG
20 TTCAGCATTATTAGTGCATGATTTTCCATGGTGGTCAGCTCCAAAACTGCAGTCTCTGTT
80 AATAAAGTTTGGCAATIAAGTTTGGATTGGAGTGAGAGAGTTAGCACCGACTGTAGACAAG

LTRE

belongs to the cytochrome P450 superfamily, which con-
tains heme-thiolate proteins involved in oxidative deg-
radation of xenobiotic chemicals such as environmental
toxins and mutagens. Although the similarity of amino
acid sequences among protein members of the superfamily
is a little low, their common morphology and structural
fold are known to be highly conserved. GbC4H contained
a proline-rich region (PPGPFALP) in the N-terminal,
which is consistent with the consensus sequence ((P/I)
PGPX(G/P)XP (Szczesnaskorupa et al. 1993; Yamazaki

@ Springer

et al. 1993) that is suggested to play a central role in
cytochrome P450 superfamily. An absolutely conserved
heme-binding motif PPGVGRRSCPG corresponding to
consensus sequence PFGXGRRXCXG (Durst and Nel-
son 1995) was identified near the C-terminal. Conserved
general topography and structural folds, including I helix
(AAIETT), K helix (ETLR), and K’ helix (AWWLANN)
(Kong et al. 2014), were also found in GbC4H (Fig. 2).
Three conserved residues, N302, 1371, and K484, which
are important in substrate identification and direction
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Fig.5 SDS —PAGE analysis of GbC4H expressed in E. coli BL21
(DE3). After IPTG induction, E. coli BL21 cells containing pET28a-
GbC4H were grown at 30 °C for 3 h. M, molecular marker; lane 1,
proteins of total cells without IPTG induction; lane 2, proteins of total
cells with 0.2 mM IPTG induction for 4 h; lane 3, purified recombi-
nant GbC4H protein with Nickel-CL agarose affinity chromatography
and used for enzyme activity assay

(Schoch et al. 2003) were also found (Fig. 2). N302 and
1371 are suggested to be pivotal determining factors of
substrate recognition and orientation, whereas K484 was
found not to participate in the initial substrate binding,
but plays an important role in catalysis through contribut-
ing to substrate re-orientation during the catalytic reaction
(Schoch et al. 2003).

Sequence comparison among C4H members confirmed
previous classification of plant C4Hs into angiosperm
classes I, ITA and B, and gymnosperm groups (Nedel-
kina et al. 1999; Schoch et al. 2003). As shown in Fig. 3,
GbC4H belongs to gymnosperm groups, and has a closest
relationship with PtC4H. Phylogenetic tree analysis showed
sequence similarities within each plant family from differ-
ent plant species are commonly higher than those between
different family C4Hs. Taken together, these results indi-
cated that much of plant P450 diversity existed prior to the
divergence of dicot and monocot plants, estimated to have
occurred 200 million years ago; and all of plant P450 fam-
ily members existed before gymnosperms branched from

50
(a) trans-cinnamic acid

401 p-coumaric acid

30 1

20 1

50
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Fig.6 HPLC profiles of GbC4H reaction product. The activity of
recombinant GbC4H were assayed using trans-cinnamic acid as sub-
strate. The recombinant protein of empty vector was assayed as con-
trol. a Authentic standards of p-coumaric acid and frans-cinnamic
acid. b Reaction product of recombinant GbC4H protein. ¢ Empty
vector control

angiosperms, estimated to have occurred 360 million years
ago (Nelson et al. 2004).

Properties of recombinant GbhC4H protein

GbC4H protein shared high sequence similarity to C4H
from P. taeda. C4H catalyzes first oxygenation step of
common phenylpropanoid pathway, conversion of trans-
cinnamic acid to p-coumaric acid (Hahlbrock and Scheel
1989; Schilmiller et al. 2009; Tohge et al. 2013). To
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Fig.7 The section stainings,
lignin contents, and expression
levels of GbC4H in different
ginkgo organs. a Lignin stain-
ing. A biennial stem; B triennial
stem; C 4-year-old stem; D
5-year-old stem; E taproot from
2-year-old seedling; F taproot
from 5-year-old seedling; G

the horizontal cutting of fruit;
H carpopodium; / petiole. The
arrow indicates histo-chemical
lignin staining. b Lignin content
of various tissue samples as
determined by modified Kalson
method. ¢ The relative levels of
GbC4H mRNA copy number
measured by qRT-PCR. The
labels, A through 7, are same

as above. Data are mean values
of triplicate tests &+ SD of three
biological replicates. Differ-

ent lower case letter indicates
values are significantly different
atp < 0.05
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Fig.8 Relative quantities of the GbC4H mRNA at various time
points post-treatment with SA (a), ABA (b), cold (¢) and UV-B (d).
Each sample was individually assayed in quintuplicate. Data are mean

confirm catalytic activity of GbC4H, trans-cinnamic acid
and the recombinant GbC4H from E. coli were reacted
in vitro. The enzyme assay resulted in hydroxylation of the
substrate into p-coumaric acid (Fig. 6). C4H, a subfamily
of cytochrome P450 monooxygenase superfamily, is one
of the first P450 identified in plants (Ehlting et al. 2006).
C4H activity and gene expression level are regulated by
a variety of determinants, including illumination, wound-
ing, and pathogen infection, which demonstrates diverse
roles of C4H in phenylpropanoid pathway (Chapple 1998).
Schilmiller et al. (2009) found that decrease in C4H activ-
ity leads to a strong reduction in phenylpropanoids metab-
olites and severely influenced the Arabidopsis growth and
development. Tabata (1996) observed that activity of C4H
positively correlates with lignin metabolism. Therefore,
improving activity of C4H may be a way to obtain higher
lignin content. In this study, GbC4H was confirmed to pos-
sess expected catalytic activity, indicating that this protein
is involved in lignin biosynthesis in Ginkgo.

values of quintuplicate tests + SD of five biological replicates. Means
with different letters from each time of post-treatment are signifi-
cantly different at p < 0.05

The relationship between GbC4H transcription
and lignin contents

Because P450 enzymes are catalytically slow, so they prob-
ably catalyze the rate limiting step in phenylpropanoid path-
way. In addition to that, C4H is a key enzyme involved in
lignin biosynthesis. Thus, lignin contents in different Ginkgo
organs could be influenced by C4H expression level. To con-
firm the relationship between GbC4H and lignin, GhC4H
transcription level and lignin contents were determined in
the Ginkgo organs of different developmental stage (Fig. 7).

Fresh stem, root, fruit, carpopodium, and petiole sections
from Ginkgo plants were subjected to phloroglucinol stain-
ing, and stained sections showed obvious pink color due to
reaction with aldehyde end group, for example, of conif-
eraldehyde of G units. Gymnosperm lignin is consisted of
almost entirely G units (Lewis and Yamamoto 1990), with
small amounts of H units (Gross 1981; Boerjan et al. 2003).
Lignin containing a large number of G units possesses more
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resistant linkages than that comprising S units because of
greater number of carbon—carbon bonds (Kim et al. 2013). In
this study, stems and roots sections were stained fresh pink
color, whereas fruit, carpopodium, and petiole were stained
deep purple color; in addition to that, the stained second-
ary structures were different among various plant organs
(Fig. 7a, A-I). These results indicated that secondary lig-
nification occurred in different tissues of the Ginkgo plants
with the tree age. These staining characteristics prompted
us to analyse lignin contents in different Ginkgo tissues.
Lignin contents were detected in CWRs by the improved
Klason method. As expected, lignin contents of stems and
roots were higher than those of other tissues (Fig. 7b). Mean-
while, insoluble lignin contents increased with tree age. The
lignin contents and composition change widely in organs
from the same plant in different developmental stages, and in
response to different environmental changes (Plomion et al.
2001; Bhuiyan et al. 2009).

So far, transcript profiling of tree C4H in various tissues
at different growth phases has not been reported in detail. In
the present study, high transcription levels of GbC4H were
detected in stems and roots, followed by fruits, carpopodium,
and petiole tissues, these results were consistent with pattern
of lignin contents (Fig. 7b, c¢). In addition, GbC4H transcrip-
tion levels in stems of different developmental stages also
changed significantly. The highest transcription levels were
detected in 5-year-old stems, whereas lower transcription
levels were observed in 2-year-old stems (Fig. 7¢), suggest-
ing positive relationship of GbC4H transcription level with
tree age. Finally, lignin content had high correlation with the
transcription level of GbC4H. Taken together, these results
indicated that lignin contents in different Ginkgo organs
were influenced by GbC4H expression level. Further in this
study, enzyme is necessary to deepen our understanding of
Ginkgo lignification in time- and tissue-dependent regula-
tion of C4H expression during plant development.

UV-B, cold conditions, and hormones regulate
the GbC4H transcription levels

Plant defense can be reinforced by stress-induced syntheses
of defense-related enzymes and lignin (Fujita et al. 2006;
Hano et al. 2006; Desender et al. 2007; Hamann et al. 2009).
Plant hormones, including ABA, SA, jasmonic acid, and
ethylene, can be induced by stresses. These plant hormones
may regulate the expressions of different genes that related
to lignin synthesis. The initial signal in the gene expres-
sion can be reinforced by the plant hormones that produce
a second round signal transduction (Mahajan and Tuteja
2005; Shao et al. 2007). Study on signal molecules regulat-
ing plant stress response is a crucial step in better under-
standing mechanisms of plant acclimatization to adverse
environments.

@ Springer

SA is known as a signal molecule or a phytohormone
synthesized for the activation of plant defense mechanisms
(Khan et al. 2015). Studies have confirmed that exogenous
application of SA results in significantly influences on plant
growth and development, flowering, ion uptake, stress
response, and photosynthesis (Khan et al. 2003; Popova
et al. 2009; Kadioglu et al. 2011; Saharkhiz et al. 2011).
In the present study, with treatment of SA, a slight induc-
tion of GbC4H gene was observed at 2 h after treatment,
with the highest level being achieved at 8 h followed by
a rapid decline (Fig. 8a). SA performs an important role
in defense responses against pathogens and abiotic stress,
and higher SA contents can induce more strongly defense
mechanisms. Therefore, exogenous SA can induce GhC4H
expression, which may lead to higher supply of pivotal pre-
cursors for defense compounds, including lignin. In this
study, SA treatment significantly enhanced transcription
level of GbC4H, which may be involved in lignin biosyn-
thesis in Ginkgo (Fig. 8a). This result was consistent with
the fact that GbC4H promoter region contained GT-1 and
W-box motifs (Table 2S) which are known SA-responsive
cis-elements (Buchel et al. 1999; Redman et al. 2002). The
signal transduction mechanism of SA to induce GbC4H
expression will be studied.

Under abiotic stress conditions, ABA biosynthesis is rap-
idly induced to initiate various molecular responses. Among
these responses, expression of stress-related genes leading
to adaptation to stress conditions is well-known (Cutler
et al. 2010; Lee and Luan 2012; Peirats-Llobet et al. 2016).
Although genes in ABA biosynthesis pathway are induced
by a certain stress, they do not respond to exogenous ABA
(Zhu 2002). These findings imply that there are two path-
ways of ABA signal transduction, ABA-independent and
-dependent pathways. C4H gene in kenaf is up-regulated in
response to ABA treatment, implying that HcC4H may be
classified into an ABA-dependent type (Kim et al. 2013).
In this study, GbC4H transcription levels were significantly
increased after ABA treatment and peaked at 24 h before
decreasing gradually (Fig. 8b). In addition to that, Myb/
Myc recognition sites were identified in GbC4H promoter
region. Both sites are known to play crucial roles in plant
response to pathogens. Therefore, GbC4H is regulated in
ABA-dependent manner in Ginkgo.

The function of lignin in adaptation to cold remains
unclear, although accumulating evidence shows that cold
condition may lead to changes in lignin content (Moura
et al. 2010). Induction of genes related to lignin biosyn-
thesis at low temperature, for example, Rhododendron cat-
awbiense RcC3H, Ipomoea batatas IbCAD1, Glycine max
GmPAL, Hibiscus cannabinus HcC4H, and PAL, 4CL, and
CAD in winter barley (Wei et al. 2006; Kim et al. 2010;
Moura et al. 2010; Janska et al. 2011; Kim et al. 2013), has
been demonstrated. As shown in Fig. 8¢, GbC4H expression
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significantly increased at 4 °C and reached maximum at 24 h
post-treatment. Up-regulation of GbC4H by cold tempera-
ture was predicted by Myb/Myc recognition sites related to
low temperature response, found in the promoter of GbC4H
gene (Table 28, Fig. 4).

Intensity of UV-B irradiation affects plants’ defense and
repair mechanisms. Biosynthesis of UV-absorbing com-
pounds, primarily flavonoids and other metabolites of phe-
nylpropanoid pathway, is the primary protection mechanism
in response to potentially nocuous irradiation (Hahlbrock
and Scheel 1989). Previous researches indicated that UV-
absorbing compounds, notably accumulate after UV-B
irradiation, are the result of the increased expression of
phenylpropanoid pathway genes (Jaakola et al. 2004). As
shown in Fig. 8d, GbC4H transcripts increased markedly
at 4 h after UV-B irradiation and reached a maximum after
24 h of UV-B treatment. Up-regulation of GbC4H by UV-B
may be due to mobilization of the gene by light-responsive
cis-elements identified in the GbC4H promoter region
(Table 28, Fig. 4).

Conclusion

Lignin biosynthesis is regulated by enzymes and their corre-
sponding genes, which participate in the formation, transpor-
tation, and polymerization of lignin. C4H, a key enzyme of
lignin biosynthesis pathway, being positioned at the second
step of the phenylpropanoid pathway, catalyzes conversion
of trans-cinnamic acid to p-coumaric acid, the intermediate
of lignin synthesis. In the present study, a full-length C4H
gene (GbC4H) putatively encoding cinnamate 4-hydroxylase
was isolated from G. biloba. This gene contained common
conserved domains of cytochrome P450 monooxygenase
family and shared the highest identity with C4H from other
gymnosperms. Spatial-temporal C4H transcript levels,
histochemical lignin staining, and lignin content analysis
suggested that C4H was active in Ginkgo with lignin being
accumulated in stems and roots. Interestingly, we discov-
ered a strong correlation between expression level of C4H
and lignin accumulation, which supported the essential role
of GbC4H in lignification in Ginkgo. Furthermore, phenyl-
propanoid pathway in Ginkgo was activated immediately
after treatment with SA, ABA, UV-B, and cold. GbC4H
gene may play a crucial role in phenylpropanoid pathway by
responding to increase of SA and ABA to enhance defense
mechanisms. Therefore, GbC4H led us to understand organ-
specific lignification and defense mechanisms. The findings
of the present study could not only promote further study
on the enzymes in lignin biosynthesis pathway in G. biloba
but also stimulate effort to increase lignin content by the
metabolic engineering.
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