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ABSTRACT

Cryptochrome (CRY) is a blue light receptor that is widely distributed in animals, plants, and microorgan-
isms. CRY as a coding gene of cryptochrome that regulates the organism gene expression and plays an
important role in organism growth and development. In this study, we identified four photolyase/
cryptochrome (PHR/CRY) members from the genome of Ginkgo biloba. Phylogenetic tree analysis showed
that the Ginkgo PHR/CRY family members were closely related to Arabidopsis thaliana and Solanum
lycopersicum. We isolated a cryptochrome gene, GbCRY1, from G. biloba and analyzed its structure and
function. GbCRY1 shared high similarity with AtCRY1 from A. thaliana. GbCRY1 expression level was higher
in stems and leaves and lower in roots, male strobili, female strobili. GbCRY1 expression level fluctuated
periodically within 24 h, gradually increased in the dark, and decreased under blue light. The newly
germinated ginkgo seedlings were cultured under dark, white light, and blue light conditions. The blue
light normally induced photomorphogenesis of ginkgo seedlings, which included hypocotyl elongation
inhibition, leaf expansion inhibition, and chlorophyll formation. Treating dark-adapted ginkgo leaves with
blue light could induce stomatal opening. At the same time, blue light reduced the expression level of
GbCRY1 in the process of inducing photomorphogenesis and stoma opening. Our results provide
evidence that GbCRY1 expression is affected by space, circadian cycle and light, and also proves that
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GbCRY1 is related to ginkgo circadian clock, photomorphogenesis and stoma opening process.

Introduction

Light is an important factor for organisms that adjust their own
functions in response to changes in the environment. Some
organisms can adjust their functions by sensing changes in
light through photoreceptors. Three kinds of photoreceptors
exist in organisms, namely, phytochrome (PHY),' phototropin
(PHOT),*™ and cryptochrome (CRY).>® Cryptochromes are
members of the photolyase/cryptochrome (PHR/CRY) family,
which have various functions that existed widely in organisms
ranging from bacteria to humans. The cryptochromes share
structural homology with DNA photolyases but are distin-
guished by the presence of a C-terminal extension.”
Functionally, DNA photolyases repair DNA damage caused
by UV-B radiation by exposure to UV-A/blue light simulta-
neously or subsequently.

Cryptochromes are photoreceptor proteins that regulate
circadian clock, morphogenesis, phototaxis, and other
responses to UV and blue light in various organisms,® but
they have no photolyase activity.>*™'" The cryptochromes
have a molecular weight of 70-80 kDa and have two identifi-
able regions. One is the photolyase-related N-terminal PHR
that has a homologous sequence with the photolyase but does
not possess the DNA repair activity of the photolyase. The
other is the C-terminal extension region that the photolyase
does not have.'” Cryptochrome does not have the function of
binding DNA and repairing pyrimidine dimer, but the FAD
binding region of cryptochrome can bind ATP, while photo-
lyase cannot.'” In addition to capturing light signals, the PHR

region can also form homodimers, which are essential for the
normal function of cryptochromes.'* Cryptochromes mediate
the various blue light responses of plants,'™'" including alter-
ing transcription process,'” inhibition of hypocotyl
elongation,'® stimulation of cotyledon expansion,'” promotion
of floral initiation,'® entrainment of the circadian clock,"
stimulation of stomata opening,®® fostering pathogen
resistance,”’ suppression of leaf senescence,”” inhibition of

dormant grain  germination,” stomatal development
regulation,”® shade avoidance,”” and light-dependent stress
responses.zo’%’28

Sancar et al.*>* cloned the PHR gene from E. coli in 1978
and determined that PHR enzymes repair DNA dimers formed
through the action of ultraviolet (UV) light from sunlight for
the first time. Ahmad et al.'® discovered the cryptochrome gene
in Arabidopsis thaliana for the first time and named it CRY1.
Then, two cryptochrome homologous genes were found in
A. thaliana.”" Lin et al.*® and Lin et al."” successively isolated
CRY2 from A. thaliana. CRY3 without photomorphogenesis
function was found in A. thaliana.’">>>* Further research led
to the successive isolation of CRY1 from dicotyledonous plants
such as Solanum lycopersicum,” Pisum sativum L.*° and
Brassica napus® and monocotyledonous plants such as Oryza
sativa L.* and Triticum aestivum L.>> At the same time, the
CRY1 gene was also isolated from lower plants, such as
Chlamydomonas,”®  Adiantum  capillus-veneris L. and
Physcomitrella patens.*® Cryptochromes are common in
insect,”’ mammals,** birds,”” and other organisms.
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Cryptochromes are widely distributed in organisms and gym-
nosperms are a larger group in the botanical classification, but
the functions of cryptochrome in gymnosperms are less widely
characterized.

Ginkgo biloba is a gymnosperm known as a living fossil, as it
has a history of more than 300 million years. Its leaf and fruit
extracts contain many different medicinally active ingredients.
It is an economic tree species that is both medicinal and edible.
Cryptochromes have multiple functions in plant growth and
development. However, few reports exist on the function of
cryptochrome in G. biloba growth and development. Isolation,
identification, and analysis of the potential function of
G. biloba cryptochrome genes will help understand the expres-
sion pattern of these genes and improve cryptochrome gene
function in ginkgo. In this paper, to study the potential role of
cryptochrome in G. biloba growth and development, we iso-
lated and identified members of the PHR/CRY family from the
ginkgo genome, cloned the full length of the GbCRY1, and
analyzed the temporal and spatial expression of the GhCRY1.
We studied and analyzed the potential functions of blue light-
mediated GbCRY1 in the ginkgo circadian clock, photomor-
phogenesis, and stimulation of stomata opening. The research
on the function of ginkgo cryptochrome has reference value for
regulating ginkgo growth and development.

Materials and methods
Plant material

Ginkgo “Jiafoshou” 31-year-old trees were used in this study.
They were selected from the ginkgo Germplasm Repository of
Yangtze University, China (N30.35, E112.14). Ginkgo seeds
were harvested from the 31-year-old trees of ginkgo
‘Jiafoshou’ and stored in a refrigerator at 4°C for 2-3 months.
After the seed embryo matures, washed it with clean water,
disinfected with 0.1% potassium permanganate for 5 minutes,
and then put it in a porcelain dish, cover it with gauze and keep
it at 24°C. After the seed shell ruptured, the embryos were
transplanted in plastic flowerpots (12 x 10 cm), and the culti-
vation was continued in the dark.

Phylogenetic, classification and identification of GbCRY'1
in Ginkgo PHR/CRY family

Ginkgo genome, nucleic acid, and protein sequences were down-
loaded from the GIGADB database. The available hidden Markov
model (HMM) model (Pfam03441) of the PHR/CRY family was
retrieved from the Pfam database™ and was used as a query to
scan the proteome file via HMMER software with a default
E-value. Candidate proteins were submitted to the Pfam,
SMART, and NCBI Conserved Domains** to verify the existence
of the conserved domain. The physical and chemical properties of
ginkgo PHR/CRY family are predicted by ProtParam.** The
PHR/CRY gene family members in other organisms were down-
loaded from NCBI database by referring to the Nuri Ozturk
research results.”” Then, the protein sequences of putative PHR/
CRY genes in ginkgo and other organisms were aligned with
ClustalX software*® with default parameters. Phylogenetic trees
were constructed using the aligned result with MEGA-X

software® via the Neighbor-Joining method (Parameter setting:
Bootstrap method-1,000 replicates).

CRY1 protein-protein interaction network prediction

CRY1 is ubiquitous in animals, plants, and microorganisms,
and the protein interaction network and functions are very
complex. We searched the protein-protein interaction network
in the STRING database with CRY1 as the key word and with
plants and mammals as the search group. CRY1 protein-
protein interaction network results were imported into
Cytoscape_3.7.2 for visual analysis. By analyzing the protein
interaction network of CRY1 in plants and animals and by
comparing the similarities and differences of plant and animal
protein interaction networks, we predicted the possible func-
tions of GhCRY1.

Cloning of GbCRY1

Total RNA was isolated from frozen tissues of leaves from the
31-year-old ginkgo trees using the TaKaRa MiniBEST Plant
RNA Extraction Kit. The first-strand cDNA was synthesized
using PrimeScript™ 1st Strand cDNA Synthesis Kit. The speci-
fic primers, namely, G-F and G-R, as shown Table S1, were
designed based on the GbCRYI cDNA sequence from the
ginkgo genome. The reverse transcribed cDNA was used as
a template for RT-PCR with a reaction system of 25 uL. The
reaction procedure was as follows: 94°C for 3 min; followed by
32 cycles of amplification at 94°C for 30 s, 55.4°C for 30 s, and
72°C for 90 s; and extension at 72°C for 10 min. The PCR
amplification product was recovered and purified and then
cloned into the pMDI18-T vector before being transformed
into Escherichia coli DH5a. The positive clones were verified
by bacterial liquid PCR. The positive clones were sent to
Sangon Biotechnology (Shanghai) Company for sequencing.

Quantitative real-time polymerase chain reaction
(qRT-PCR) analysis

Total RNA was extracted from roots, stems, leaves, male stro-
bili, female strobili, and fruits of the 31-year-old trees of ginkgo
and reverse transcribed into cDNA. According to the cDNA
sequence of GhCRY gene, the qQRT-PCR primers (Table S1) of
GbCRY1 was designed. The GAPDH was used as the reference
gene for the qRT-PCR. The upstream and downstream primers
were H-F and H-R, respectively (Table S1). The qRT-PCR was
performed on a Bio-Rad CFX according to the BioEasy Master
Mix (SYBR Green) kit instructions. Each sample was set with
three biological replicates and three technical replicates. The
relative expression fold of each sample was calculated through
its Ct value, which was normalized to the Ct-value of reference
gene using the 27**“" method. Finally, the expression levels of
GbCRY1 in different tissues of ginkgo were analyzed by com-
bining RNA-seq and qRT-PCR.

Observation on the stomata opening of Ginkgo leaves

After the ginkgo seedlings germinated, they were cultured for
21 days under normal light conditions (12 h dark/12 h white



light). Complete leaves (3-5) were selected from seedlings that
were sturdy, showed consistent growth, had no pests and dis-
eases, and were adapted for 2 days in the dark. Then, the
ginkgo seedlings were transferred to blue light (2000 Ix) for
12 h. A total of 45 ginkgo seedlings with consistent growth
were selected and randomly divided into 15 groups, with three
ginkgo seedlings in each group. Each of the three groups was
used as a replicate. The first complete leaf of the seedling from
top to bottom was selected to observe the stomata shape. The
sampling interval was 3 h, and samples were taken five times in
total. The leaves of the seedlings were stored in liquid nitrogen
for the qRT-PCR analysis of GbCRY1.

Circadian rhythm analysis of Ginkgo

Germinated seedlings that were robust, grew uniformly, and
had no pests and diseases were selected and cultured for
21 days under 12 h dark/12 h blue light (2000 lx) conditions.
A total of 153 ginkgo seedlings with consistent growth were
selected and randomly divided into 51 groups, with three
ginkgo seedlings in each group. Each of the 3 groups was
used as a replicate. The seedlings were sampled at 6 o’clock
on the 22nd day, and the seedling leaves were sampled every
3 h for 48 h for a total of 17 times. The samples were quick-
frozen in liquid nitrogen then were stored in a refrigerator at
—80 °C until use. The changes of the expression of GbCRY1
were detected by qRT-PCR.

Ginkgo photomorphogenesis

After the germination of G. biloba, seedlings that were robust,
grew uniformly, and had no pests and diseases were selected
and transferred under the following light conditions: (1) dark
conditions; (2) 12 h white light (2000 1x)/12 h dark; and (3)
12 h blue light (2000 1x)/12 h dark. A total of 27 ginkgo
seedlings with consistent growth were selected and randomly
divided into 9 groups, with three ginkgo seedlings in each
group. Each seedling in the three groups was used as
a repetition. For each treatment, seedlings were cultured for
7 days, and samples were taken for observation after 7 days.
Vernier calipers were used to detect shoot length, internode
length, and hypocotyl length. Paraffin section method was used
to observe changes in hypocotyl cell size and chloroplast for-
mation. Ginkgo seeding shoots were sampled and stored in
liquid nitrogen for the qRT-PCR of GbCRY1.

Results
Phylogenetic, classification and identification of GbCRY1

Nuri Ozturk®” systematically analyzed the PHR/CRY family
members in animals, plants, and microorganisms and divided
the PHR/CRY family into 10 subgroups. This study referred to
the research results of Nuri Ozturk?” to perform a cluster
analysis on the ginkgo PHR/CRY family. The four PHR/CRY
genes were identified from the ginkgo genome. We constructed
a phylogenetic tree with the four PHR/CRY proteins and 50
PHR/CRY proteins from other organisms (Table S2). Four
ginkgo PHR/CRY proteins were divided into three subgroups.
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Gb_13122 and Gb_39851 belonged to Plant CRY subgroup.
Gb_25932 belonged to Class 0 PHR subgroup. Gb_03016
belonged to (6-4) PHR subgroup. According to the clustering
relationship of ginkgo PHR/CRY family members in the phy-
logenetic tree, the four PHR/CRY protein were named as
GbCRY1 (GenBank accession number MG25139), GbCRY2,
Gb(6-4)PHR, and GbDASH (Figure 1(a)). The proteins of four
PHR/CRY family members of ginkgo encoded 715, 434, 540
and 172 amino acids, respectively. The theoretical molecular
weight of the deduced GbCRY1, GbCRY2, Gb(6-4)PHR, and
GbDASH protein were 39.38 KDa, 81.06 KDa, 49.75 KDa,
62.37 KDa, 20.09 KDa, and the theoretical pI were 5.31, 6.66,
9.10, 8.73, respectively. Their total number of atoms were
11,256, 6,912, 8,730, 2,793, the aliphatic index of them were
80.21, 72.07, 76.19, 66.80, and the grand average of hydropathi-
city were —0.504, —0.644, —0.457, —0.396, respectively (Table 1).

Prediction results of CRY1 protein-protein interaction
network

Interaction between CRY1 and other proteins were predicted
by the STRING database through co-expression, experimen-
tally determined interaction, database annotated, automated
text mining, and other information.”® Twenty interacting pro-
teins were predicted in plant and animal populations (Figure 1
(b)). The interacting proteins predicted by CRY1 included
ATIM, COP1, PHYA, PHYB, PHYC, PHOT1, PHOT2, ELF3,
SPA1L, and ZIL in plant populations and Arntl, Bhlhe41, Fbxl3,
Per2, Cry2, Perl, Npas2, Clock, Csnkle, and Per3 in animal
populations. Functional enrichment analysis of gene ontology
biological process revealed that the interacting proteins were
significantly enriched in the process of cellular response to light
stimulus, protein-chromophore linkage, detection of light sti-
mulus, phototropism, red/far-red light phototransduction, and
peptidyl-histidine phosphorylation in plant populations
(Figure 1(c)) and were significantly enriched in the process of
circadian regulation of gene expression, rhythmic process,
regulation of circadian rhythm, negative regulation of gluco-
corticoid receptor signaling pathway, photoperiodism, and
entrainment of circadian clock by photoperiod in animal
populations (Figure 1(d)). Circadian rhythm, Herpes simplex
infection, and Circadian entrainment in animal populations
and Circadian rhythm in plant populations were significantly
enriched in the KEGG pathway.

Tissue expression analysis of GbCRY'1

The qRT-PCR results showed that GhCRYI expression level
was higher in leaves and stems, and the difference was signifi-
cant. The expression level in roots, male strobili, female stro-
bili, and fruit was lower, and the difference was not significant
(Figure 2). The RNA-seq results showed that the abundance
level of GhCRYI was higher in leaves, stems, and fruits, and
significant differences were observed. The abundance level of
GbCRY1 was lower in roots, male strobili, and female strobili,
and no significant differences were found. The qRT-PCR
results were significantly similar to the RNA-seq results (R* =
0.80, p < .01; Figure 2), which indicated that the expression
results of different tissues were reliable and accurate.
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Figure 1. Phylogenetic tree analysis and function prediction of CRY1. (a) Phylogenetic analysis of ginkgo PHR/CRY family members. The color indicates the different
subgroups. (b) Prediction of CRY1 protein-protein interaction network. Green represents the predicted results of protein-protein interaction in plants, and blue
represents the predicted results of protein-protein interaction in animals. (c) GO enrichment analysis of CRY1 interacting protein in plants and (d) animals. The color
indicates the g-value, with a lower g-value indicating more significant enrichment and the point size indicating the DEG number.

Table 1. Analysis of physicochemical properties of Ginkgo PHR/CRY family members.

Number of amino Molecular Theoretical Aliphatic Grand average of Total number of
Classification Gene ID  Gene name acids weight pl index hydropathicity atoms
Plant CRY Gb_13122 GbCRY1 715 81055.91 5.31 80.21 -0.504 11256
Plant CRY Gb_39851 GbCRY2 434 4975412 6.66 72.07 —-0.644 6912
Class 0 PHR  Gb_25932 GbCRY_DASH 540 62368.49 9.10 76.19 —0.457 8730
(6-4) PHR Gb_03016 Gb(6-4)PHR 172 20085.95 8.73 66.80 -0.396 2793

Stomatal opening of ginkgo leaves and GbCRY1
expression under blue light

The dark-adapted G. biloba seedlings were treated with blue
light for 12 h, and the stomatal conductance and GbCRY
expression level were affected by blue light induction (Figure
3). The stomatal conductance of ginkgo seedling leaves reached
the maximum after 3 h of blue light induction. With the
extension of blue light treatment, the stomatal conductance
remained open, but the stomatal conductance decreased
slightly (Figure 3(a)). GbCRY1 expression level was highest in
the dark, and it gradually decreased when induced by blue
light. When ginkgo seedlings were treated with blue light for
3 h, GbCRY1 expression level decreased by 8.08%, but no

significant difference was found with the expression under
dark conditions. When ginkgo seedlings were induced by
blue light for 6 h, the abundance level of GhCRY1 was signifi-
cantly reduced and was 90.97% lower than that in the dark.
After 6 h of blue light treatment, the abundance levels of
GbCRY1 did not change significantly, but it was significantly
lower in the 6 h blue light treatment than that in the dark, with
a decrease of 93.84% and 97.87%, respectively (Figure 3(b)).

Circadian clock and GbCRY1 expression

The circadian clock regulates many physiological and bio-
chemical processes in plants that exhibit 24 h periodic rhythm
changes. In this process, the circadian cycle is an important
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influencing factor.”’ Plants adjust their physiological and bio-
chemical functions by sensing changes in light and tempera-
ture during the day and night cycle. Photoreceptors,
phytochromes, and cryptochromes are involved in light signal
sensing and transmission.'”> In this study, the newly germi-
nated ginkgo seedlings were cultured under 12 h blue light/12 h

dark cycles for 1 week. Total RNA was isolated from leaf
samples harvested in 3 h intervals. The GbCRYI expression
level displayed clear circadian oscillations (Figure 3(c)). The
qRT-PCR results showed that GhCRY1 expression level gradu-
ally decreased under blue light and gradually increased in the
dark. The GbCRY1 expression level was lowest when seedlings
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were treated with blue light for 12 h, but reached its peak when
seedlings were in the dark for 12 h. The above results indicated
that GPCRY1 gene is involved in circadian clock regulation.

Photomorphogenesis of ginkgo seedlings and
expression of GbCRY1 under blue light

The newly germinated ginkgo seedlings were cultured for
7 days in the dark and under blue and white lights. The
photomorphological traits of seedlings showed great differ-
ences in leaf differentiation and expansion, de-etiolation,
shoot length, internode length, hypocotyl length, stoma forma-
tion, and cell anatomy. Ginkgo seedlings differentiated to form
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leaf primordia under dark conditions, but the leaves did not
expand and develop. By contrast, the leaves of the seedlings
developed completely and gradually expanded under white and
blue light conditions. The seedlings grown in the dark showed
severe etiolation, whereas those grown under blue and white
lights showed completely de-etiolation (Figure 4(a)).
Observation of anatomical structure (Figure 4(g)) found that
a large number of proplastids were formed in the seedling cells
in the dark, but they failed to further differentiate to form
organelles, such as chloroplasts. Under blue and white lights,
the proplastids showed further differentiation, resulting in the
de-etiolation of the seedlings. After the newly germinated seeds
were treated with different light conditions, the plant height
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Figure 4. The effect of blue light mediated GbCRY1 on the photomorphogenesis of ginkgo seedlings. (a) Growth of ginkgo seedlings under different light conditions. (b)
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conditions. The different letters indicates values are significantly different at P < .05.



changed significantly. Seeding height was highest under dark
conditions and was lowest under white light. The results of
quantitative analysis (Figure 4(b)) showed that shoot length
under dark conditions was significantly higher than that under
blue light, and shoot length under blue light was significantly
higher than that under white light. The measurement result of
internode length is consistent with the change trend in shoot
length. Hypocotyl length under dark conditions was signifi-
cantly higher than that under white and blue lights, and no
significant difference in hypocotyl length was observed under
white and blue lights. The analysis of cell anatomy (Figure 4(g))
showed that the seedling cells were narrow and long under
dark conditions, while they were thick and short under white
and blue light conditions. Comparing the relative expression
levels of GbCRY1 in seedlings under different culture condi-
tions (Figure 4(c)), the results showed that expression under
blue light was significantly lower than that in the dark but
significantly higher than under white light conditions. The
shoot (Figure 4(d)), internode (Figure 4(e)), hypocotyl (figure
4(f)) length, and the expression of GhCRY1 correlation analysis
results showed that the hypocotyl length had the highest cor-
relation with GbCRY1 expression, whereas the internode
length had a lower correlation with GbCRY1 expression. In
summary, GbCRY1 may be involved in the photomorphogen-
esis of ginkgo seedlings under blue light.

Discussion

Cryptochromes are present in all organisms from bacteria to
humans and have a variety of functions. Cryptochromes are the
core components of the circadian clock in humans, mammals,
and insects.”> >* The cryptochrome of birds is a putative mag-
netoreceptor that can sense changes in the magnetic field,*’
and studies on cryptochromes in plants are mostly focused on
the model plant A. thaliana, in which the main function of
cryptochromes was to mediate the suppression of seedling
stem growth,'® the promotion of leaf and cotyledon
expansion,”®”’ the flowering time,'®® the resetting of the
circadian oscillator,'” the chlorophyll and anthocyanin
synthesis,'® programmed cell death,” and other processes.
Whether the function of gymnosperm cryptochrome is similar
to that of the model plant A. thaliana is still unknown. In this
study, we identified four PHR/CRY family members from
G. biloba and determined that ginkgo PHR/CRY family mem-
bers are close to A. thaliana in the phylogenetic tree. We cloned
a cryptochrome gene GbCRYI and proved that GbCRY1 is
related to ginkgo circadian clock, photomorphogenesis and
stoma opening process.

Cryptochromes belong to the PHR/CRY family, which is
classified based on the sequence similarity of the N-terminal
photolyase/photolyase-relative region and the C-terminal
extension region. Two types of structurally related DNA
PHRs exist, as follows: cyclobutane pyrimidine dimer (CPD)
PHRs that repair CPDs; and (6-4) PHRs that repair pyrimi-
dine-pyrimidine (6-4) photoproducts.” Yang et al.** divided
the PHR/CRY family into five major subgroups, namely, cyclo-
butane pyrimidine (CPD) photolyase, 6-4 photolyase, CRY-
DASH, plant CRY, and animal CRY. Nuri Ozturk*” separated
the PHR/CRY family into 10 major groups: Classes I, II, and III
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CPD PHRs; (6-4) PHRs; ssDNA PHRs (previously called
DASH CRYs); plant CRYs; Types 1, 2, and 4 CRYs; and sponge
CRYs (representing animal CRYs). Class I was found mostly in
unicellular organisms; Class II was found in both unicellular
and multicellular organisms; and Class III was found only in
plants."*> CRY-DASH was found in bacteria and had no
repair activities. This group have sequence homologs in
Drosophila, Arabidopsis, Synechocystis, and human; thus, this
group is named after their initials.”> Sponge CRYs were found
in sponge.”* Plant CRYs are phylogenetically similar to CPD
PHRs, whereas animal CRYs are similar to (6-4) PHRs.®
Animal CRYs were classified as Types 1 and 2. Type 4 CRYs
exist in frogs, fishes, and birds.® The phylogenetic tree classi-
fication results of the ginkgo PHR/CRY family were consistent
with that of Nuri Ozturk.*” The four ginkgo PHR/CRY family
members were divided into Plant CRY, Class 0 PHR, and (6-4)
PHR (Figure 1(a)). GbCRYI belongs to the Plant CRY sub-
group, which was clustered in the same branch as A. thaliana
CRY1 and S. lycopersicum CRY1. Researchers speculated that
GbCRY1 and AtCRY1 have similar functions.

Cryptochromes are involved in a variety of biological pro-
cesses; thus, interactions exist between cryptochromes and
many other proteins. Yang et al.,*” Wang et al.,®® Yang et al.,*’
and Yu et al.”’ found that the CCE domains of CRY1 and CRY2
can bind to COP1. Lian et al.”" and Liu et al.”* found that CRY1
can bind to SPAI and other SPA proteins in a blue light-
dependent manner. Blue light-dependent CRY1 binding to
SPA1 reduces COP1-SPA1 binding, which inactivates COP1,
resulting in HY5 accumulation and the consequent transcrip-
tional regulation of a number of genes.”””* Ma et al.”> and
Pedmale et al.>® demonstrated that CRY1 binds to PIF3, PIF4,
and PIF5 in the presence of light. CRY1 physically interacts
with phyA and phyB, which are major molecular species of
phytochrome.®*” CRY1 also physically binds with ZTL in
yeast two-hybrid and in vitro pull-down assays.”® CRY1 and
CRY2 likely regulate the entrainment of the circadian clock by
regulating COP1-ELF3-mediated GI protein degradation.””
We predicted the protein-protein interaction relationship of
CRY1 in animal and plant populations through the STRING
database (Figure 1(b)). The protein interactions of CRY1 were
independent of each other in plant and animal groups. The
interacting proteins in plant populations include ATIM, COP1,
PHYA, PHYB, PHYC, PHOT1, PHOT?2, ELF3, SPA1, and ZIL,
which play a role in the regulation of circadian rhythm and
light response. The prediction results of these interacting pro-
teins were consistent with those obtained in previous
studies.””""”

Many organism activities from those of cyanobacteria to
those of mammals are regulated through the circadian clock
under the natural 24 h light/dark cycle. These organisms reg-
ulate the periodic changes in gene levels during transcription
through negative feedback over a 24 h period. The clock pro-
teins play an important role in the regulation of the circadian
clock in Drosophila and mammals,”® but no homologous pro-
teins have been found in plants. Many proteins found in plants
exhibit circadian rhythm changes. Somers et al.'” showed that
cryptochromes are involved in circadian clock regulation and
are affected by blue light signals. Jarillo et al.”® isolated
a circadian clock-related gene, ADAGIOI (ADOI), which has
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a function similar to that of the animal clock gene from
A. thaliana and can interact with cryptochrome. Genes that
exhibit circadian rhythm expression are arrhythmic in the adol
mutant.”® Toth et al.>' found that the expression levels of
cryptochrome showed periodic fluctuations. CRY gene expres-
sion is induced by blue light and exhibits an oscillation period
of almost 24 h in P. sativum.”” GbCRYI expression level in
ginkgo also showed an oscillation period under 12 h blue light/
12 h dark. This finding showed that GbCRY1 was regulated by
the ginkgo circadian clock, which was consistent with the
results in A. thaliana and P. sativum. The relative expression
of CRYI in A. thaliana reached its peak after 6 h of light
treatment. The peak and down-regulation time points of
ginkgo GbCRY1 expression level under blue light were earlier
than those of A. thaliana. The difference may be caused by
species and light intensity, or blue light might be involved in
the regulation of the circadian clock and thus affects GbCRY1
expression level.

Plant photomorphogenesis is regulated by CRYs, COPI1,
SPA, HY5, PIFs, AUX/IAA, and other proteins under blue
light. The COP1/SPA complex recognizes and ubiquitinates
HY5 protein in the dark, thereby degrading it via the 26S
proteasome. Upon light exposure, CRYs and other photore-
ceptors inactivate the COP1/SPA complex, and HY5 protein
consequently accumulated in the nucleus to induce
photomorphogenesis.*” CRY1 more significantly contributes
to de-etiolation phenotypes, such as cotyledon separation,
cotyledon expansion, and chlorophyll accumulation.'”®!
CRY1 regulates HY5 abundance by inactivating the COP1/
SPA complex during CRY-mediated de-etiolation.”"”>%>%
Wang et al.®® and Yang et al.*” revealed that CRY1 and CRY2
interact with COP1 through their C terminus to inhibit COP1
activity and enhance the accumulation of HY5 to promote
photomorphogenesis. Lian et al.”" and Liu et al.”* found that
CRY1 and SPA also interact to inhibit the complex binding of
COP1/SPA. Moreover, the endogenous auxin promotes hypo-
cotyl elongation by promoting cell elongation.** CRY1 can
interact with AUX/IAA to inhibit A. thaliana auxin signal
transmission, thereby inhibiting hypocotyl elongation.®>"
PIFs play an important role in the regulation of the phototrop-
ism of plants. Under suitable light conditions, CRY]1 restricts
PIF4 expression. Under low blue light conditions, CRY1 activ-
ity was inhibited, and the increase of PIF4 expression resulted
in the increase of the phototropism of plants.*” In this study,
under the white and blue lights, the processes of hypocotyl
length inhibition, leaf expansion, and de-etiolation of G. biloba
were completed normally, and GbCRY1 expression level in
seedlings was significantly different under the two different
lights. This finding indicated that GhCRY1 participated in the
photomorphogenesis of G. biloba seedlings under blue light.
The photomorphogenesis process of ginkgo seedlings under
white light was more obvious than that under blue light,
indicating that other photoreceptors are involved in the photo-
morphogenesis of ginkgo seedlings.

The stomata are the channels of gas exchange. Stomata
are surrounded by a pair of guard cells, which control the
stoma switch in response to environmental and internal
signals, including light,® humidity, drought stress, CO,,
phytohormones, calcium, and reactive oxygen species.®’

COP1 is a key protein regulating stoma opening and
development.”’”** The stomata of WT A. thaliana were
closed under dark conditions, and the stomata of copl
mutant remained open under dark and light conditions,
which proved that COPI inhibits stomata opening.
Further studies have found that c¢ryl mutant is less sensitive
to light-induced stomatal regulation, and overexpression of
CRY1 can promote A. thaliana stomatal opening, thereby
indicating that CRY1I is involved in regulating blue light-
induced stomatal opening in the upstream of COP1.*° In
this study, the dark-adapted ginkgo stomata opened when
blue light was induced for 3 h, and GbCRYI expression
level in leaves under blue light changed significantly com-
pared those in the dark, indicating that GbCRY1 is involved
in the blue light-induced stomatal opening of ginkgo leaves.

From the spatial point of view, CRY1I is expressed in the
shoot of plants, and the expression is higher in the tender
stems and leaves than in the other parts. A. thaliana CRY1
is expressed in shoot (stems, leaves, flowers, and fruit
pods), especially in stems and leaves, but not in roots.”!
The OsCRYIa and OsCRYI1b of rice are expressed in the
green tissues.”” GbCRYI was expressed in roots, tender
stems, leaves, male strobili, female strobili, and fruits, and
the highest expression was observed in stems and leaves,
which was consistent with the results in A. thaliana.
However, CRY1 was expressed in ginkgo roots but not in
A. thaliana roots. In addition, a high expression of GhCRYI
was detected in ginkgo yellow seedlings, which differed
from the expression of CRY! in rice (only in green
tissues).”” These results showed that the expression of
CRY gene appeared similar and different in gymnosperms,
dicotyledons, and monocots. From the time point of view,
CRY1 expression level was regulated by many factors, such
as circadian rhythm, light, photoperiod, and the expression
pattern was complicated. CRY1 and CRY2 in A. thaliana
were both expressed in the circadian rhythm, and the
expression level peaked at noon. Moreover, this circadian
rhythm was affected by light, and the amplitude of the
circadian rhythm decreased under continuous darkness.
The expression of CRY was regulated by the circadian
clock and photoperiod.”’”® The expressions of CRYI in
tomato,” pea,”” Brassica,”’ and apple’® were regulated by
light. In addition, the 3" UTR is widely known to function
as a cis-acting element that regulated the mRNA half-
life,”>> leading to greater or lesser protein levels. The
findings that the 3" UTR of CRY1 gene in mice can increase
the activity of CRY1 protein and reduce the expression
level of CRY1 concluded that the rhythmical RNA-binding
protein AUF1 on the 3'UTR recruits the 40S ribosomal
subunit to the 5 end of mRNA by associating with
EIF3B, leading to time-dependent expression of CRY1.”
In this study, the peak and valley time of GhCRY1 expres-
sion levels in ginkgo and A. thaliana were different within
24 hours. In general, the results that the expression level of
CRY1 was consistent with A. thaliana that showed a 24-
hour cyclic fluctuation, and accumulated under dark, and
decreased under light. Previous studies mostly focused on
blue light activating CRY1 protein activity to regulate
downstream genes. However, the molecular mechanism of



blue light on cryptochrome transcription regulation is still
unclear, and further research is needed.

Conclusion

In this study, four PHR/CRY family members were identified
and classified. Among them, GbCRY1 was successfully isolated
and cloned, and its response to blue light treatment was stu-
died. The expression pattern of GbCRY1 and the phenotypic
changes of ginkgo were analyzed under blue light. GCRY1
shared a high similarity with the AtCRY1 of A. thaliana. The
expression levels of GhCRY1 were higher in stems and leaves
than in roots, male strobili, and female strobili of G. biloba.
GbCRY1 expression level fluctuated periodically within 24 h,
gradually increased in the dark, and decreased under blue light.
The photomorphogenesis of ginkgo seedlings was induced by
blue light. In addition, blue light treatment of dark-adapted
ginkgo leaves could induce stomatal opening. Our results pro-
vided evidence that GbCRY1 is related to the circadian clock,
photomorphogenesis, and stoma opening in ginkgo.
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