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Abstract: As a medicinal tree species, ginkgo (Ginkgo biloba L.) and terpene trilactones (TTLs) extracted
from its leaves are the main pharmacologic activity constituents and important economic indicators
of its value. The accumulation of TTLs is known to be affected by environmental stress, while the
regulatory mechanism of environmental response mediated by microRNAs (miRNAs) at the post-
transcriptional levels remains unclear. Here, we focused on grafted ginkgo grown in northwestern,
southwestern, and eastern-central China and integrally analyzed RNA-seq and small RNA-seq high-
throughput sequencing data as well as metabolomics data from leaf samples of ginkgo clones grown
in natural environments. The content of bilobalide was highest among detected TTLs, and there
was more than a twofold variation in the accumulation of bilobalide between growth conditions.
Meanwhile, transcriptome analysis found significant differences in the expression of 19 TTL-related
genes among ginkgo leaves from different environments. Small RNA sequencing and analysis
showed that 62 of the 521 miRNAs identified were differentially expressed among different samples,
especially the expression of miRN50, miR169h/i, and miR169e was susceptible to environmental
changes. Further, we found that transcription factors (ERF, MYB, C3H, HD-ZIP, HSF, and NAC) and
miRNAs (miR319e/f, miRN2, miRN54, miR157, miR185, and miRN188) could activate or inhibit the
expression of TTL-related genes to participate in the regulation of terpene trilactones biosynthesis in
ginkgo leaves by weighted gene co-regulatory network analysis. Our findings provide new insights
into the understanding of the regulatory mechanism of TTL biosynthesis but also lay the foundation
for ginkgo leaves’ medicinal value improvement under global change.

Keywords: Ginkgo biloba L.; ginkgolides; bilobalide; miRNA; regulatory network; environment
response

1. Introduction

Ginkgo biloba L., with a long history of more than 200 million years, is one of the
oldest living plant species in nature [1,2]. Ginkgo trees have significant medical value as
they contain many active ingredients, such as terpene trilactones (TTLs), flavonoids, and
ascorbic acid [3]. TTLs, a unique terpenoid in Ginkgo, play an essential role in treating
cardiovascular and neurological diseases [4]. TTLs are diterpenes with a cage skeleton
consisting of six five-membered rings that differ only in the number and position of
hydroxyl groups [5]. To date, more than ten ginkgolides and bilobalide have been isolated
from ginkgo leaves and root barks [6], while the content of TTL components in ginkgo
leaves is too low to sustain the market demands. In the past 20 years, several attempts
have been made to improve TTLs contents. For example, Crimmins et al. succeeded in
synthesizing ginkgolide B through chemical routes [7]; however, this method was not
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amenable for commercial-scale production [8]. In vitro cultures were also attempted to
promote ginkgolide and bilobalide production, but the method has shortcomings, such
as a low yield and long cultivation period. Notably, the synthesis of TTLs is affected by
many factors, including internal developmental genetic circuits and external environmental
factors [9], which can be integrated as tools for increasing their accumulation.

It was shown that the methylerythritol 4-phosphate (MEP) pathway is mainly respon-
sible for the biosynthesis of ginkgolides [10], while bilobalide synthesis was thought to
take place through the cytosolic mevalonate (MVA) pathway [11], with cross-talks between
these two pathways. Environmental stress could increase the content of TTLs in ginkgo
by inducing the expression of TTL-related genes. For instance, under UV exposure for
48 h, there was a 10% surge in TTL content, attributed to the significant upregulation of
GbDXS (1-deoxy-D-xylulose 5-phosphate synthase), GbGGPS (geranylgeranyl diphosphate
synthase), and GbLPS (levopimaradiene synthase) genes. Similarly, cold stress for a period
of 8 days led to a 14.5% boost in TTL content, again due to the significant increase in the
expression levels of GbDXS, GbGGPS, GbLPS, and GbMVD genes [12]. While studies related
to TTL biosynthetic pathways have made significant strides, the detailed molecular mecha-
nisms underpinning TTL metabolism in responses to varying environmental conditions
remain to be fully elucidated.

MicroRNAs (miRNAs) play a crucial role in mediating fundamental processes for plant
survival in response to environment stress. MiRNAs are post-transcriptional regulators that
target genes to negatively regulate them by cleavage and/or translational inhibition [13].
A few miRNAs have been identified to participate in TTL metabolism regulation. For
instance, 25 miRNAs potentially played a vital role in TTL accumulation in ginkgo leaves
by targeting key transcription factor genes [14]; Singh et al. found that miR156 could
regulate the TTL metabolism pathway in Mentha spp. by targeting the DXS gene [15],
and miR5021 could regulate this pathway by targeting DXS, GPS, and GGPS genes in
Curcuma longa [16]. As endogenous gene modulators, moreover, several core miRNAs
have been confirmed to participate in the biological processes of plant environmental
adaptation. For example, miR396c/d could inhibit the expression of GRF1 in maize to
enhance drought stress tolerance [17]; the overexpression of miR319b regulated OsPCF6
and OsTCP21 to increase proline accumulation, thereby improving the cold tolerance
ability of rice [18]; and the study in Panicum virgatum L. found that the down-regulation of
miR166 expression could mitigate salt stress [19]. Thus, deciphering the complex molecular
networks regulated by miRNAs is essential to improve TTLs synthesis and accumulation
in response to changing environments.

In this study, we integrated RNA-seq and small RNA-seq high-throughput sequencing
data as well as metabolomics data from leaf samples of ginkgo clones grown in different
environments. Our specific objectives were to (1) investigate the response of TTL accumula-
tion to different environments; (2) annotate miRNAs at the ginkgo genome-wide level and
identify miRNAs involved in the regulation of TTL metabolism therein; and (3) reveal the
regulatory mechanism mediated by miRNAs in response to TTL metabolism in different
environments. This study is expected to provide new insights into the regulatory mecha-
nism of TTL biosynthesis and to lay a theoretical foundation for ginkgo leaves’ medicinal
value improvement.

2. Results
2.1. Changes in TTLs Content under Different Environments

Four TTLs contents (ginkgolide A, B, C, and bilobalide) in ginkgo leaves from three
different habitats were determined by HPLC-ELSD, and the molecular structural formula
of TTLs is shown in Figure 1. The content of bilobalide was highest among the four TTLs,
and there were significant differences (p < 0.05) in the accumulation of bilobalide under
the three environments. The content of ginkgolide C decreased gradually from S1 to S3,
and significant differences were found between S1 and S3 samples, while there were no
significant differences in the content of ginkgolide A and B among leaf samples from the
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three different environments. Collectively, the total contents of the four TTLs in S1 (ranging
from 6.15 to 7.95 mg/g) were significantly higher than the other two sites (S2 and S3),
suggesting that TTLs accumulation was affected by environmental conditions (Figure 1).
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Figure 1. Variation in TTL content in ginkgo leaves from three test sites (S1–S3). The total TTL
content is the sum of bilobalide (BB), ginkgolide A (GA), ginkgolide B (GB), and ginkgolide C (GC)
contents. Error bars represent standard deviations, and small letters indicate the significant difference
(p < 0.05).

The metabolome database was collected from our previous study [20]. There were
13,742 substances detected from the mass spectrums of nine selected ginkgo samples,
including 8 substances in the terpenoid backbone biosynthesis pathway, such as Acetyl-
CoA, DXP, CDP-ME, CDP-MEP, ME-cPP, HMBPP, Isopentenyl-PP, and FPP (Figure 2).
Compared with S2 and S3 samples, the abundance of CDP-ME, HMBPP, and Isopentenyl-
PP was higher in S1 samples, which were essential precursors for the biosynthesis of TTL
(Figure 2).

2.2. Analysis of Environment-Responsive mRNAs

The 25,328 genes that could be expressed (TPM > 0) were found in 27,832 genes
annotated in the reference genome via transcriptome analysis (NCBI BioProject number:
PRJNA649066). We found a total of 8496 differentially expressed genes (DEGs) between
the S1 and S3 samples, which was approximately twice the number of DEGs between
S1 and S2 samples (Figure S1A and Table S1). Next, we carried out GO and KEGG
enrichment analysis, and 7049 and 863 DEGs were enriched in GO terms (Figure S1B)
and KEGG pathways, respectively (Figure S1C). For example, larger numbers of DEGs
were observed in GO terms of the cellular polysaccharide metabolic process, fatty acid
biosynthetic process, and external encapsulating structure organization, and some DEGs
were enriched in the biosynthesis of amino acids, carbon metabolism, and glycolysis or
gluconeogenesis pathways. Moreover, we identified 56 structural-related genes on the
terpenoid backbone biosynthesis pathway, 19 of which were differentially expressed in the
three environments, such as GbGGPS, GbHMGR, and GbHDR (Figure 2).
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Figure 2. The pathway related to TTL metabolism in ginkgo and the heatmap showing the expression
patterns of differentially expressed genes (DEGs) involved in TTL metabolism. The color change
from red to blue indicates a gradual decrease in gene expression. The stars (*) in rectangular showed
that there were significant differences between S2/S3 and S1 samples (p < 0.05). Enzyme names
are abbreviated as follows: Acetyl-CoA C-acetyltransferase (AACT); Hydroxymethylglutaryl-CoA
synthase (HMGS); Hydroxymethylglutaryl-CoA reductase (HMGR); Mevalonate kinase (MVK);
Phosphomevalonate kinase (PMVK); Diphosphomevalonate decarboxylase (MVD); 1-deoxy-D-
xylulose-5-phosphate synthase (DXS); 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR);
2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (CMS); 4-diphosphocytidyl-2-C-methyl-
D-erythritol kinase (CMK); 2-C-methy-D-erythritol 2,4-cyclodiphosphate synthase (MCS); (E)-4-
hydroxy-3-methylbut-2-enyl-diphosphate synthase (HDS); 4-hydroxy-3-methylbut-2-en-1-yl diphos-
phate reductase (HDR); Farnesyl diphosphate synthase (FPS); Geranylgeranyl diphosphate synthase
(GGPS); Isopentenyl-diphosphate Delta-isomerase (IDI); Levopimaradiene synthase (LPS).

2.3. Annotation of miRNAs and Their Target Genes

To explore the response of miRNAs to environmental changes, we first identified
ginkgo miRNA loci at the genome-wide level using nine sRNA-seq datasets (NCBI Bio-
Project number: PRJNA903548) and 28 public ginkgo sRNA libraries. Here, 521 miRNAs
(from 337 miRNA families) were annotated, including 206 known and 315 novel miRNAs
(Figure 3A and Table S2). As shown in Figure 3B, the size of miRNAs ranged between 20 nt
and 24 nt, with 21 nt having the highest proportion of identified miRNAs (77.5%). The first
nucleotide of the 5′ end of mature miRNAs had a significant bias towards U (Figure 3C).
Additionally, we found that 206 known miRNAs came from 54 conserved miRNA families.
In summary, the family analysis showed that the detected miRNA family miR11534 was
the most abundant with 18 members, followed by miR396 with 14 members and miR169
with 13 members (Figure 3D). Of the remaining miRNA families, 278 were represented by
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only one family member. Further, we predicted the targeted regulation of 20,446 genes
by 521 miRNAs using psRNATarget software (http://plantgrn.noble.org/psRNATarget/
accessed on 22 September 2023), covering about 73% of the total genes (Table S3). The
genome-wide annotation of miRNAs in ginkgo could provide support for further exploring
the diversity and regulatory functions of miRNAs in gymnosperms.
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Among the 521 miRNAs annotated, 62 differentially expressed miRNAs (DEMs) were
found among three environments (Figure 4A and Table S4). Consistently, more DEMs
were identified between S1 and S3 samples, with the largest differences in environmental
conditions. As shown in the Venn diagram (Figure 4B), three DEMs (gbi-miRN50, gbi-
miR169h/i, and gbi-miR169e) were shared in the three comparison groups. There are
6346 genes predicted to be the target genes of 62 DEMs. Furthermore, we performed gene
ontology (Figure S2A) and KEGG pathway (Figure S2B) enrichment analysis to explore the
biological functions of target genes. Our gene ontology analysis showed that DEM target
genes were involved in the biological processes of copper ion transport, transition metal
ion transmembrane transporter activity, and ADP binding. Remarkably, we found that
some target genes of DEMs were enriched in a few of the secondary metabolite biosynthesis
pathways, such as flavonoid and terpenoid backbone biosynthetic pathways (Figure S2B).
Five target genes of nine DEMs were related to TTL biosynthesis (Figure 4C), such as
GbAACT (chr4.1506), GbPMVK (chr12.788), GbHDS (chr12.1656), GbHMGR (chr9.1771), and
GbGGPS (chr8.380).

http://plantgrn.noble.org/psRNATarget/
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environments. (A) The number of up- and down-regulated DEMs. Yellow rectangles represent up-
regulated DEMs; blue rectangles represent down-regulated DEMs, (B) Venn plot shows the overlap
of all identified DEMs in pairwise comparison. The blue circle represents the DEMs between S1 and
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the DEMs between S2 and S3 samples. The number represents the number of identified DEMs,
(C) Prediction of DEM target sites of genes involved in TTL metabolism.

2.4. Construction of TTL-Related Gene Regulatory Network

Integrating omics datasets, the regulation mechanism of the TTL biosynthesis was
explored through weighted gene co-expression network analysis (WGCNA). As shown in
Figure 5A, thirty-two modules with similar expression patterns were identified (Table S5),
and the number of genes in modules ranged from 4 to 8781 (Figure S3A). There were
four modules with more than one thousand genes, such as Yellow, Brown, Blue, and
Turquoise modules. We identified 634 transcription factor (TF) coding genes in all modules
by using the PlantTFDB online website (Figure S3B). To find out the modules related to TTL
biosynthesis, we quantified the correlation between each module and TTL traits. Notably,
the Blue module eigengene was positively related to the content of various TTL and their
precursors (r > 0.8, p < 0.05), such as CDP-ME, HMBPP, bilobalide, and total TTL (Figure 5B).
In the Blue module, we found 12 genes encoding enzymes in the TTL biosynthesis pathway
and extracted 30 genes closely related to their expression from the module based on weight
values. In order to find the key regulators, we identified TF coding genes from the extracted
gene set and retrieved miRNAs targeting these structural genes and TF coding genes.
Finally, we constructed a sub-network based on the correlation coefficients of miRNA, TF
gene, and structural gene expression. As shown in Figure 5C, the expression of 10 genes
encoding TTL-related enzymes (GbMVD, GbHMGS, GbHMGRs, and GbGGPSs) and 18 TF
encoding genes presented a certain degree of positive correlation, 13 of which were ERF
encoding genes. Meanwhile, we observed the negative regulatory relationships between
six miRNAs and their targets (one TF encoding gene and five structural genes), such as
miR319e/f, miRN2, miRN54, miR157, miR185, and miRN188. Hence, we suggested that
these TFs and miRNAs could play an important role in regulating TTL biosynthesis in
ginkgo leaves, activating or inhibiting the expression of key enzyme genes. The qRT-
PCR analysis of ten TTL-related genes showed the same expression patterns as the RNA
sequencing results, albeit with some subtle differences, confirming the reliability of these
results (|r > 0.65|, p < 0.005; Figure S4A,B). Furthermore, 37 Cytochrome P450 (CYP450)
genes were found in the Blue module, of which the expression of 36 CYP450 family
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members was significantly correlated with that of TTL-related structural genes (r > 0.6,
p < 0.05), indicating that GbCYP450 may be involved in regulating the biosynthesis of
terpene trilactone.
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3. Discussion
3.1. Effects of Environmental Condition on TTLs Accumulation in Ginkgo

Ginkgolides (GA, GB, GC, GM, GJ, GP, GQ, GK, GL, GN) and bilobalide (BB) are
TTLs isolated from ginkgo leaf and its root bark. TTLs have a high medicinal value and
play an essential role in curing cardiovascular diseases [4]. As an important secondary
metabolite, TTLs accumulation could be influenced by ecological factors such as water,
temperature, and light [21]. This study determined GA, GB, and GC and BB contents in leaf
samples from three different environments. We found that the total contents of four TTLs
in S1 samples were obviously higher than the other two samples (Figure 1). According to
the analysis of climate data, S1 has the highest precipitation (S1, 316.3 mm; S2, 101.2 mm;
S3, 4.0 mm) and the lowest evapotranspiration (107.7, 118.6, 199.5 mm) in sampling month
(Table S6). A previous study found that moderate drought conditions could promote TTLs
biosynthesis in ginkgo leaves [9], whose accumulation could eliminate reactive oxygen
species (ROS) during abiotic stress, blocking oxidation and protecting plant growth [22].
It is speculated that moderate drought could induce additional TTLs accumulation in
S1 samples by regulating the gene expression of the abscisic acid biosynthesis enzyme,
transcription factors, and TTL biosynthesis-related enzyme [23]. A previous study showed
that TTLs in ginkgo leaves treated with a high temperature increased compared with the
control group [24], while the average monthly maximum temperature of S2 is 4 ◦C, which
is 6 ◦C lower than that of S1 and S3, respectively (Table S6). Wang et al. indicated that
there was an optimum light intensity in a specific light range, and when light intensity was
higher or lower than this optimum, a pronounced decrease in TTLs content was observed
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in ginkgo leaves [25]. The average sunlight hour in August of S3 is more than 9 h (9.16 h),
while that of S1 (5.76 h) and S3 (5.91 h) is less than 6 h (Table S6). Excessive radiation may
be a substantial reason for the decreased TTLs accumulation in S3 samples. According
to our previous research, the test sites (S1, S2, and S3) were located in high-, medium-,
and low-suitability habitats, respectively [20]. Here, we suggest that priority should be
given to establishing the Ginkgo plantations in high-suitability habitats to maximize TTLs
production in harvested leaves.

3.2. Key Genes Regulating TTL Biosynthesis and Accumulation

Combined with previous plants’ TTL metabolism studies [5] and mRNA functional
annotation, we found 56 structural genes involved in the TTL metabolism pathway, in-
cluding 19 DEGs among samples from different environments (Figure 2). Focused on the
connection between gene expression and metabolite abundance, we found that GbHMGRs
were highly expressed in the S1 samples, which had a consistent pattern of downstream
Isopentenyl-PP content. In addition, GbHDS was highly expressed in S1, thus resulting in
a high abundance of HMBPP. GGPS is a vital enzyme associated with the biosynthesis of
ginkgolides in ginkgo, and the expression of GbGGPSs was enhanced in S1, which may
increase the abundance of precursors for the biosynthesis of ginkgolides (Figures 1 and 2).

In ginkgo leaves, the expression of TTL-related genes was reported to be regulated by
transcription factors from the bHLH, WRKY, and AP2 families [14]. In this study, through
WGCNA, we identified 18 TF coding genes closely related to the TTL metabolism pathway
(Figure 5C). Among these TF genes, 12 genes from the ERF family played a vital role in
regulating the largest number of structural genes in this pathway. The ERF family is one
of the AP2/ERF family factors found to regulate terpene biosynthesis in many plants,
such as Artemisia annua, Citrus sinensis, and Zea mays [26–28]. A previous study of Litsea
cubeba showed that LcERF19 could enhance LcTPS42 expression to improve geranial and
neral biosynthesis [29]. The study of Catharanthus roseus found that AP2/ERF transcription
factor coding gene, ORCA3, and its regulatory factor CrMYC2 play a key role in terpenoid
indole alkaloids biosynthesis [30]. In addition, it was found that MYB and NAC genes
play important roles in regulating TTL biosynthesis, which is consistent with previous
studies [31].

3.3. MicroRNA Functions in Environmental Stress Responses

In this study, we identified miRNA using a recently published high-quality reference
genome to obtain an accurate annotation of miRNAs in ginkgo [32]. In addition, our
miRNA method identification was robust and comprehensive. First, we selected 37 sRNA
sequencing samples from different organs of ginkgo, ensuring that the miRNA library
we built was not affected by sampling bias. Second, we used the ShortStack program to
identify miRNAs with a rigorous set of structure- and expression-based parameter criteria.
We identified 521 miRNAs belonging to 337 miRNA families (Figure 3A).

The adaptive response of plants to sudden environmental changes is a complex phe-
nomenon, and an increasing number of studies have revealed that miRNAs are able
to regulate a new gene expression program to help restore homeostasis [33]. Here, we
found 62 DEMs among the three environments; in particular, the expression of miRN50,
miR169h/i, and miR169e was vulnerable to environmental changes (Figure 4B). The
miR169 family is a large and conserved family in plants, whose members are thought to be
environmental-responsive miRNAs. The response of miR169 family members to drought
stress was found in a series of studies, such as maize, Echinacea purpurea, and Phaseolus
vulgaris [34–36]. An Arabidopsis study found that miR169, as an ambient temperature-
responsive microRNA, played a vital role in stress responses and the floral transition [37].

As shown in Figure 4C, we found that the differentially expressed miR169l.1 directly
binds to the promoter of PMVK (chr12.788), which was probably involved in the regulation
of TTL biosynthesis. In the co-expression regulation sub-network, we identified four
novel miRNAs and one known miR319 associated with the TTL metabolism pathway
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by targeting structural genes (Figure 5C). Previous studies found that miR319 played an
important role in plant development and stress responses. Sun et al. found that miR319
controlled secondary cell wall formation during plant development by regulating TCP4
TF [38]. Furthermore, miR319 is highly correlated with plant drought resistance [39].
Interestingly, we found that miR319 differentially expressed in three environments can
negatively regulate the expression of its target gene HMGR (DEG), which may further affect
the synthesis and accumulation of downstream TTLs (Figures 4C and 5C).

4. Materials and Methods
4.1. Plant Materials

Ginkgo leaves were collected from 2-year-old clonally propagated (grafted) ginkgo
trees grown in three different test sites. We implemented randomized block experiments,
where each test site was set up with three blocks, with 20 ginkgo seedlings planted in each
block and a row spacing of 40 × 60 cm. The first site (S1) is located in Jiangsu Province,
central China, with a longitude and latitude of 34.21 ◦N and 117.58 ◦E, respectively, with
a mean annual temperature (MAT) of 14.5 ◦C and mean annual precipitation (MAP) of
845 mm. The second site (S2) is located in Yunnan Province, southern China (latitude:
25.52 ◦N, longitude: 103.58 ◦E), characterized by a warm and humid environment (MAT:
14.1 ◦C, MAP: 1067 mm). And the third site (S3) is located in Xinjiang Uygur Autonomous
region, northwest of China with typical continental semi-arid climate characteristics (lati-
tude: 43.41 ◦N, longitude: 81.11 ◦E; MAT: 5.2 ◦C, MAP: 331 mm). Further, we obtained daily
climate data of the three test sites in the sampling month from the National Meteorological
Science Data Center [40], including ten climatic indicators such as ground temperature, pre-
cipitation, and sunlight hours (Table S6). At the three test sites, three vigorous ginkgo trees
with a similar level of growth were randomly selected from each block (three biological
replications) to collect 3–7 leaves at the upper end of the main branch for the sequencing of
transcriptome, small RNA, and metabolome, and then 10 leaves were randomly collected
for TTL content determination.

4.2. Extraction and Determination of TTL-Related Components

The extraction and determination of TTLs in ginkgo leaves were carried out according
to the method in the People’s Republic of China protocol [41]. The fresh leaves were first
dried at 105 ◦C for 15 min and then dried further (70 ◦C, 48 h), crushed using a micro-high-
speed universal pulverizer (JC-FW200), and screened using a 100-mesh sieve. We wrapped
1.0 g of dry leaf powder in filter paper and immersed it in a Soxhlet extractor containing
90 mL of petroleum ether, and this was refluxed for one hour to remove impurities at
70 ◦C; the leaf powder was then immersed in 70 mL of methanol and refluxed for 6 h at
the same temperature. Then, the extract was evaporated on the Yarong rotary evaporator
(Shanghai, China) under the conditions of the relative vacuum of 95 kPa, heating water
bath temperature of 65 ◦C, cooling medium temperature of 20 ◦C, and rotating speed of
60 r/min, and the residue was dissolved with 10 mL methanol. After that, the eluate was
sonicated for 30 min at 50 ◦C with 300 W power and 40 KHz frequency using Skymen
ultrasonic cleaner (Shenzhen, China), and then 5 mL of the supernatant was withdrawn
and filtered through an aluminum oxide column. Next, the aluminum oxide column was
washed using 25 mL methanol and the eluate was evaporated on a rotary evaporator, after
which the residue was dissolved with 5 mL methanol. Then, the tube containing the eluent
was sonicated for 30 min after adding 4.5 mL of deionized water to the tube. After cooling
to room temperature, we diluted the eluent with a 50 mL volumetric flask of methanol to a
constant volume and pipetted 1 mL of the solution for TTL content determination using
high-performance liquid chromatography (HPLC). TTLs determination was performed
using an evaporative light scattering detector (ELSD) at ambient temperature and carrier
gas pressure 40 psi. The mobile phase was tetrahydrofuran solution (10%), methanol (25%),
and deionized water (65%) at 1.0 mL·min−1. Standard ginkgolide (GA, GB, and GC) and
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bilobalide (BB) were provided by Shanghai yuanye Bio-Technology Co., Ltd., Shanghai,
China. The HPLC chromatograms of the four standards are shown in Figure S5.

According to the previously reported method [20], metabolites were extracted from
9 freeze-dried samples of ginkgo leaves (three biological replicates) from different experi-
mental sites, respectively. All of the samples’ extracts were mixed as the quality control (QC)
samples, which could monitor deviations of the analytical results and evaluate potential
errors from analytical instruments. An UHPLC system (1290, Agilent Technologies, Santa
Clara, CA, USA) was used for the LC–MS/MS analyses. The peak intensities were batch
normalized to the total spectral intensity, and the mass spectrum of the QC samples is
shown in Figure S6. The identification of metabolites is based on the exact molecular for-
mula (molecular formula error < 20 ppm). For compound identification, the XCMS online
program (The Scripps Research Institute, San Diego, CA, USA) with OSISMMS (version 1.0,
Dalian Chem Data Solution Information Technology Co., Ltd., Dalian, China) was used for
peak annotation. We mapped the identified metabolites to the Kyoto Encyclopedia of Genes
and Genomes (KEGG) databases [42] to determine the TTL precursors in the terpenoid
backbone biosynthesis pathway (ko00900).

4.3. RNA Sequencing (RNA-seq) and Analysis

Total RNA was extracted from nine freeze-dried leaf samples using the Trizol reagent
kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. Follow the
previous method for library preparation and transcriptional sequencing [20]. To obtain
high-quality reads, adaptors of raw reads were removed by Trimmomatic (version 0.39) [40].
The processed reads were mapped to the ginkgo reference genome using Bowtie2 (version
2.3.0) [32,43]. To quantify mRNA expression, the TPM (Transcripts per million) value of
each transcription region was calculated using RSEM (version 1.3.3) [44]. Differentially
expressed genes (DEGs) were identified using DESeq2 [45] with a threshold of FDR < 0.05
and FC (fold change) > 1.5. All mRNA sequences were compared with the Swiss-Prot [46],
Gene Ontology (GO) [47], and KEGG databases [42] using BLASTx software (https://blast.
ncbi.nlm.nih.gov/ accessed on 22 September 2023) to perform gene functional analysis.
Genes encoding key enzymes in TTL metabolism pathway were extracted according to
KEGG annotation. Then, genes encoding transcription factors (TFs) were identified using
PlantTFDB [48].

4.4. Small RNA Sequencing (sRNA-seq) and Analysis

Consistent with RNA-seq, sRNA libraries of nine freeze-dried leaf samples were con-
structed through TruSeq Small RNA Sample Prep Kits and sequenced using the Illumina
Hiseq2000/2500 sequencer (50-bp single-end reads). An additional 28 small RNA data of
ginkgo were downloaded from NCBI Sequence Read Archive (SRA) for analysis (Table S7).
Referring to the previous method for identifying miRNAs in poplar [49], we used the
ShortStack program (version 3.3.3) [50] to comprehensively annotate the miRNA loci in the
ginkgo reference genome [32]. In short, we sequentially used Cutadapt software (version
2.10) [51], Bowtie software (version 1.3.0) [52], ShortStack program, and PatMaN software
(version 1.2) [53] for sequencing data filtering, alignment, and miRNA recognition. Addi-
tionally, the quantification of miRNA expression levels was based on TPM. Differentially
expressed miRNAs (DEMs) were identified using R package DESeq2 [45] with the threshold
of FDR < 0.05 and FC > 1.5. Mature miRNA and transcript sequences were submitted to the
online tool psRNATarget to conduct target prediction with default parameters (maximum
cutoff of score = 5) [54].

4.5. Constructing Co-Expression Network

After the filtration of unexpressed genes (TPM = 0) from the nine RNA samples,
25,328 expressed genes were preserved for weighted gene co-regulatory network analysis
(WGCNA) [55]. The dynamic decision-making tree and adjacency matrix method were
used to identify similar modules using R package WGCNA with the following parameters:

https://blast.ncbi.nlm.nih.gov/
https://blast.ncbi.nlm.nih.gov/
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min module size = 30; merge cut height = 0.25. In addition, a correlation analysis for
the content of TTL-related components and epigengene was performed. In the module
highly related to TTL accumulation, TTL-related structural genes were used as the hub
genes to extract 30 genes close to them based on the weight value. We identified the
transcription factor coding genes in the extracted gene set to select TF genes with a greater
than 0.8 correlation with structural genes. Next, we retrieved miRNAs targeting these
structural and TF coding genes, and miRNAs with a negative correlation between their
expression (r < −0.6) were retained. Finally, a co-expression regulation sub-network was
constructed based on the correlation among miRNAs, TF genes, and TTL-related structural
genes, which were visualized using CytoScape (version 3.7.1) [56].

4.6. Quantitative Real-Time PCR (qRT-PCR) Analysis

Ten genes with a high expression involved in the regulation of TTL synthesis in ginkgo
leaves were chosen for validation by qRT-PCR. Following the manufacturer’s guidelines,
cDNA was synthesized using MonScript RTIII All-in-One Mix with dsDNase kits (Monad,
Suzhou, China). Then, the qRT-PCR analysis was conducted using cDNA templated on an
Applied Biosystems™ 7500 Real-Time PCR System. Primer Premier 5 was used to design
the primers, and the sequences are listed in Table S8. The glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene served as a reference gene. Each sample consisted of
three biological replicates and three independent technical replicates. The relative gene
expression was calculated using the 2−∆∆Ct

approach [57].

5. Conclusions

Ginkgo trees have the ability to biosynthesize diverse metabolites as defense sub-
stances to protect their long-term survival under complex environmental conditions. Here,
we observed notable differences in the TTL content of ginkgo leaves from different environ-
ments, suggesting that some environmental factors are conducive to (moderate drought
and high temperature) or not conducive to (excessive radiation) TTL biosynthesis and
accumulation. Using the constructed regulatory network of miRNA-mRNA, we found
several transcription factors and microRNAs to be essential regulators participating in the
TTL biosynthesis pathway, which could provide new targets to enhance TTL accumulation
at the molecular level. In a future study, we will investigate the relationship between
miRNAs and target genes using a dual luciferase reporter assay to offer a new approach to
improve TTLs accumulation in ginkgo leaves.
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Abbreviations

TTL terpene trefoil lactone
miRNA microRNA
WGCNA weighted gene co-regulatory network
TF transcription factor
IPP isopentenyl diphosphate
DMAPP dimethyl allyl pyrophosphate
MVA mevalonate
MEP methylerythritol 4-phosphate
DXS 1-deoxy-D-xylulose-5-phosphate synthase
DXR 1-deoxy-D-xylulose-5-phosphate reductoisomerase
HMGR hydroxymethylglutaryl-CoA reductase
GA ginkgolide A
GB ginkgolide B
GC ginkgolide C
BB bilobalide
AACT acetyl-CoA C-acetyltransferase
HMGS hydroxymethylglutaryl-CoA synthase
MVK mevalonate kinase
PMVK phosphomevalonate kinase
MVD diphosphomevalonate decarboxylase
CMS 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase
CMK 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase
MCS 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase
HDS (E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase
HDR 4-hydroxy-3-methylbut-2-en-1-yl diphosphate reductase
FPS farnesyl diphosphate synthase
GGPS geranylgeranyl diphosphate synthase
IDI isopentenyl-diphosphate Delta-isomerase
LPS levopimaradiene synthase
CYP450 Cytochrome P450
DEG differentially expressed gene
DEM differentially expressed miRNA
FC fold change
GO gene ontology
KEGG Kyoto encyclopedia of genes and genomes
TPM transcripts per million
sRNA small RNA
ELSD evaporative light scattering detector

References
1. Jacobs, B.P.; Browner, W.S. Ginkgo biloba: A living fossil. Am. J. Med. 2000, 108, 341–342. [CrossRef] [PubMed]
2. Li, F.; Boateng, I.D.; Yang, X.M.; Li, Y.; Liu, W. Effects of processing methods on quality, antioxidant capacity, and cytotoxicity of

Ginkgo biloba leaf tea product. J. Sci. Food Agric. 2023, 103, 4993–5003. [CrossRef] [PubMed]
3. Chen, X.; Zhong, W.; Shu, C.; Yang, H.; Li, E. Comparative analysis of chemical constituents and bioactivities of the extracts from

leaves, seed coats and embryoids of Ginkgo biloba L. Nat. Prod. Res. 2021, 35, 5498–5501. [CrossRef] [PubMed]
4. Dubey, A.; Marabotti, A.; Ramteke, P.W.; Facchiano, A. Interaction of human chymase with ginkgolides, terpene trilactones of

Ginkgo biloba investigated by molecular docking simulations. Biochem. Biophys. Res. Commun. 2016, 473, 449–454. [CrossRef]
[PubMed]

5. Liu, X.G.; Lu, X.; Gao, W.; Li, P.; Yang, H. Structure, synthesis, biosynthesis, and activity of the characteristic compounds from
Ginkgo biloba L. Nat. Prod. Rep. 2022, 39, 474–511. [CrossRef] [PubMed]

6. Jaracz, S.; Malik, S.; Nakanishi, K. Isolation of ginkgolides A, B, C, J and bilobalide from G. biloba extracts. Phytochemistry 2004, 65,
2897–2902. [CrossRef]

7. Crimmins, M.T.; Pace, J.M.; Nantermet, P.G.; Kim-Meade, A.S.; Thomas, J.B.; Watterson, S.H.; Wagman, A.S. The total synthesis of
(±)-ginkgolide B. J. Am. Chem. Soc. 2000, 122, 8453–8463. [CrossRef]

https://doi.org/10.1016/S0002-9343(00)00290-4
https://www.ncbi.nlm.nih.gov/pubmed/11014729
https://doi.org/10.1002/jsfa.12577
https://www.ncbi.nlm.nih.gov/pubmed/36973882
https://doi.org/10.1080/14786419.2020.1788020
https://www.ncbi.nlm.nih.gov/pubmed/32608260
https://doi.org/10.1016/j.bbrc.2016.03.028
https://www.ncbi.nlm.nih.gov/pubmed/26975469
https://doi.org/10.1039/D1NP00026H
https://www.ncbi.nlm.nih.gov/pubmed/34581387
https://doi.org/10.1016/j.phytochem.2004.08.026
https://doi.org/10.1021/ja001747s


Int. J. Mol. Sci. 2023, 24, 17002 13 of 14

8. Sabater-Jara, A.B.; Souliman-Youssef, S.; Novo-Uzal, E.; Almagro, L.; Belchí-Navarro, S.; Pedreño, M.A. Biotechnological
approaches to enhance the biosynthesis of ginkgolides and bilobalide in Ginkgo biloba. Phytochem. Rev. 2013, 12, 191–205.
[CrossRef]

9. Zhu, C.; Cao, F.; Wang, G.; Geng, G. Effects of drought stress on annual dynamic changing pattern of the terpene lactones content
in Ginkgo biloba leaves. China For. Sci. Technol. 2011, 25, 15–20.

10. Lange, B.M.; Ghassemian, M. Genome organization in Arabidopsis thaliana: A survey for genes involved in isoprenoid and
chlorophyll metabolism. Plant Mol. Biol. 2003, 51, 925–948. [CrossRef]

11. Kang, S.M.; Min, J.Y.; Kim, Y.D.; Park, D.J.; Jung, H.N.; Karigar, C.S.; Ha, Y.L.; Kim, S.W.; Choi, M.S. Effect of supplementing
terpenoid biosynthetic precursors on the accumulation of bilobalide and ginkgolides in Ginkgo biloba cell cultures. J. Biotechnol.
2006, 123, 85–92. [CrossRef] [PubMed]

12. Zheng, J.; Zhang, X.; Fu, M.; Zeng, H.; Ye, J.; Zhang, W.; Liao, Y.; Xu, F. Effects of different stress treatments on the total terpene
trilactone content and expression levels of key genes in Ginkgo biloba Leaves. Plant Mol. Biol. Report. 2020, 38, 521–530. [CrossRef]

13. Carbonell, A.; Fahlgren, N.; Garcia-Ruiz, H.; Gilbert, K.B.; Montgomery, T.A.; Nguyen, T.; Cuperus, J.T.; Carrington, J.C. Functional
analysis of three Arabidopsis ARGONAUTES using slicer-defective mutants. Plant Cell 2012, 24, 3613–3629. [CrossRef] [PubMed]

14. Ye, J.; Zhang, X.; Tan, J.; Xu, F.; Cheng, S.; Chen, Z.; Zhang, W.; Liao, Y. Global identification of Ginkgo biloba microRNAs and
insight into their role in metabolism regulatory network of terpene trilactones by high-throughput sequencing and degradome
analysis. Ind. Crops Prod. 2020, 148, 112289. [CrossRef]

15. Singh, N.; Srivastava, S.; Shasany, A.K.; Sharma, A. Identification of miRNAs and their targets involved in the secondary metabolic
pathways of Mentha spp. Comput. Biol. Chem. 2016, 64, 154–162. [CrossRef] [PubMed]

16. Singh, N.; Sharma, A. Turmeric (Curcuma longa): miRNAs and their regulating targets are involved in development and secondary
metabolite pathways. Comptes Rendus Biol. 2017, 340, 481–491. [CrossRef]

17. Aravind, J.; Rinku, S.; Pooja, B.; Shikha, M.; Kaliyugam, S.; Mallikarjuna, M.G.; Kumar, A.; Rao, A.R.; Nepolean, T. Identification,
characterization, and functional validation of drought-responsive microRNAs in subtropical maize inbreds. Front. Plant Sci. 2017,
8, 941. [CrossRef]

18. Yang, C.; Li, D.; Mao, D.; Liu, X.U.E.; Ji, C.; Li, X.; Zhao, X.; Cheng, Z.; Chen, C.; Zhu, L. Overexpression of microRNA319
impacts leaf morphogenesis and leads to enhanced cold tolerance in rice (Oryza sativa L.). Plant Cell Environ. 2013, 36, 2207–2218.
[CrossRef]

19. Wen, M.; Xie, M.; He, L.; Wang, Y.; Shi, S.; Tang, T. Expression Variations of miRNAs and mRNAs in Rice (Oryza sativa). Genome
Biol. Evol. 2016, 8, 3529–3544. [CrossRef]

20. Guo, Y.; Gao, C.; Wang, M.; Fu, F.-f.; El-Kassaby, Y.A.; Wang, T.; Wang, G. Metabolome and transcriptome analyses reveal
flavonoids biosynthesis differences in Ginkgo biloba associated with environmental conditions. Ind. Crops Prod. 2020, 158, 112963.
[CrossRef]

21. Li, F.; Boateng, I.D.; Chen, S.; Yang, X.M.; Soetanto, D.A.; Liu, W. Pulsed light irradiation improves degradation of ginkgolic acids
and retainment of ginkgo flavonoids and terpene trilactones in Ginkgo biloba leaves. Ind. Crops Prod. 2023, 204, 117297. [CrossRef]

22. Li, L.; Stanton, J.D.; Tolson, A.H.; Luo, Y.; Wang, H. Bioactive terpenoids and flavonoids from Ginkgo biloba extract induce
the expression of hepatic drug-metabolizing enzymes through pregnane X receptor, constitutive androstane receptor, and aryl
hydrocarbon receptor-mediated pathways. Pharm. Res. 2009, 26, 872–882. [CrossRef] [PubMed]

23. Yu, W.; Cai, J.; Liu, H.; Lu, Z.; Hu, J.; Lu, Y. Transcriptomic analysis reveals regulatory networks for osmotic water stress and
rewatering response in the leaves of Ginkgo biloba. Forests 2021, 12, 1705. [CrossRef]

24. Zhang, C.; Guo, J.; Chen, G.; Xie, H. Effects of high temperature and/or drought on growth and secondary metabolites in Ginkgo
biloba leaves. J. Ecol. Rural Environ. 2005, 21, 11–15.

25. Wang, H.; Xie, B.; Jiang, Y.; Wang, M. Effect of solar irradiation intensity on leaf development and flavonoid and Terpene content
in Ginkgo biloba leaves. Acta Agric. Univ. Jiangxiensis 2002, 24, 617–622.

26. Cardenas, P.D.; Sonawane, P.D.; Pollier, J.; Vanden Bossche, R.; Dewangan, V.; Weithorn, E.; Tal, L.; Meir, S.; Rogachev, I.; Malitsky,
S.; et al. GAME9 regulates the biosynthesis of steroidal alkaloids and upstream isoprenoids in the plant mevalonate pathway. Nat.
Commun. 2016, 7, 10654. [CrossRef] [PubMed]

27. Li, S.; Wang, H.; Li, F.; Chen, Z.; Li, X.; Zhu, L.; Wang, G.; Yu, J.; Huang, D.; Lang, Z. The maize transcription factor EREB58
mediates the jasmonate-induced production of sesquiterpene volatiles. Plant J. 2015, 84, 296–308. [CrossRef] [PubMed]

28. Yu, Z.; Li, J.; Yang, C.; Hu, W.; Wang, L.; Chen, X. The jasmonate-responsive AP2/ERF transcription factors AaERF1 and AaERF2
positively regulate artemisinin biosynthesis in Artemisia annua L. Mol. Plant 2012, 5, 353–365. [CrossRef]

29. Wang, M.; Gao, M.; Zhao, Y.; Chen, Y.; Wu, L.; Yin, H.; Xiong, S.; Wang, S.; Wang, J.; Yang, Y.; et al. LcERF19, an AP2/ERF
transcription factor from Litsea cubeba, positively regulates geranial and neral biosynthesis. Hortic. Res. 2022, 9, uhac093.
[CrossRef]

30. Paul, P.; Singh, S.K.; Patra, B.; Sui, X.; Pattanaik, S.; Yuan, L. A differentially regulated AP2/ERF transcription factor gene cluster
acts downstream of a MAP kinase cascade to modulate terpenoid indole alkaloid biosynthesis in Catharanthus roseus. New Phytol.
2017, 213, 1107–1123. [CrossRef]

31. Nieuwenhuizen, N.J.; Chen, X.; Wang, M.Y.; Matich, A.J.; Perez, R.L.; Allan, A.C.; Green, S.A.; Atkinson, R.G. Natural variation in
monoterpene synthesis in kiwifruit: Transcriptional regulation of terpene synthases by NAC and ETHYLENE-INSENSITIVE3-like
transcription factors. Plant Physiol. 2015, 167, 1243–1258. [CrossRef] [PubMed]

https://doi.org/10.1007/s11101-013-9275-7
https://doi.org/10.1023/A:1023005504702
https://doi.org/10.1016/j.jbiotec.2005.10.021
https://www.ncbi.nlm.nih.gov/pubmed/16364482
https://doi.org/10.1007/s11105-020-01220-3
https://doi.org/10.1105/tpc.112.099945
https://www.ncbi.nlm.nih.gov/pubmed/23023169
https://doi.org/10.1016/j.indcrop.2020.112289
https://doi.org/10.1016/j.compbiolchem.2016.06.004
https://www.ncbi.nlm.nih.gov/pubmed/27376499
https://doi.org/10.1016/j.crvi.2017.09.009
https://doi.org/10.3389/fpls.2017.00941
https://doi.org/10.1111/pce.12130
https://doi.org/10.1093/gbe/evw252
https://doi.org/10.1016/j.indcrop.2020.112963
https://doi.org/10.1016/j.indcrop.2023.117297
https://doi.org/10.1007/s11095-008-9788-8
https://www.ncbi.nlm.nih.gov/pubmed/19034627
https://doi.org/10.3390/f12121705
https://doi.org/10.1038/ncomms10654
https://www.ncbi.nlm.nih.gov/pubmed/26876023
https://doi.org/10.1111/tpj.12994
https://www.ncbi.nlm.nih.gov/pubmed/26303437
https://doi.org/10.1093/mp/ssr087
https://doi.org/10.1093/hr/uhac093
https://doi.org/10.1111/nph.14252
https://doi.org/10.1104/pp.114.254367
https://www.ncbi.nlm.nih.gov/pubmed/25649633


Int. J. Mol. Sci. 2023, 24, 17002 14 of 14

32. Liu, H.; Wang, X.; Wang, G.; Cui, P.; Wu, S.; Ai, C.; Hu, N.; Li, A.; He, B.; Shao, X.; et al. The nearly complete genome of Ginkgo
biloba illuminates gymnosperm evolution. Nat. Plants 2021, 7, 748–756. [CrossRef] [PubMed]

33. Jatan, R.; Lata, C. Role of microRNAs in abiotic and biotic stress resistance in plants. Proc. Indian Natl. Sci. Acad. 2019, 85, 553–567.
34. Luan, M.; Xu, M.; Lu, Y.; Zhang, L.; Fan, Y.; Wang, L. Expression of zma-miR169 miRNAs and their target ZmNF-YA genes in

response to abiotic stress in maize leaves. Gene 2015, 555, 178–185. [CrossRef] [PubMed]
35. Moradi, K.; Khalili, F. Assessment of pattern expression of miR172 and miR169 in response to drought stress in Echinacea purpurea

L. Biocatal. Agric. Biotechnol. 2018, 16, 507–512. [CrossRef]
36. Wu, J.; Wang, L.; Wang, S. MicroRNAs associated with drought response in the pulse crop common bean (Phaseolus vulgaris L.).

Gene 2017, 628, 78–86. [CrossRef] [PubMed]
37. Serivichyaswat, P.T.; Susila, H.; Ahn, J.H. Elongated Hypocotyl 5-Homolog (HYH) negatively regulates expression of the ambient

temperature-responsive microRNA gene MIR169. Front. Plant Sci. 2017, 8, 2087. [CrossRef]
38. Sun, X.; Wang, C.; Xiang, N.; Li, X.; Yang, S.; Du, J.; Yang, Y.; Yang, Y. Activation of secondary cell wall biosynthesis by

miR319-targeted TCP4 transcription factor. Plant Biotechnol. J. 2017, 15, 1284–1294. [CrossRef]
39. Liu, Y.; Li, D.; Yan, J.; Wang, K.; Luo, H.; Zhang, W. MiR319 mediated salt tolerance by ethylene. Plant Biotechnol. J. 2019, 17,

2370–2383. [CrossRef]
40. National Meteorological Science Data Center. Available online: https://data.cma.cn/ (accessed on 2 January 2022).
41. Chinese Pharmacopoeia Commission. Pharmacopoeia of the People’s Republic of China; Chinese Medical Science and Technology

Press: Beijing, China, 2010.
42. Kanehisa, M.; Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000, 28, 27–30. [CrossRef]
43. Langdon, W.B. Performance of genetic programming optimised Bowtie2 on genome comparison and analytic testing (GCAT)

benchmarks. Biodata Min. 2015, 8, 1. [CrossRef] [PubMed]
44. Li, B.; Dewey, C.N. RSEM: Accurate transcript quantification from RNA-Seq data with or without a reference genome. BMC

Bioinform. 2011, 12, 323. [CrossRef] [PubMed]
45. Love, M.I.; Huber, W.; Anders, S. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome

Biol. 2014, 15, 550. [CrossRef] [PubMed]
46. Bairoch, A.; Apweiler, R. The SWISS-PROT protein sequence database and its supplement TrEMBL in 2000. Nucleic Acids Res.

2000, 28, 45–48. [CrossRef] [PubMed]
47. Aleksander, S.A.; Balhoff, J.; Carbon, S.; Cherry, J.M.; Drabkin, H.J.; Ebert, D.; Feuermann, M.; Gaudet, P.; Harris, N.L. The Gene

Ontology knowledgebase in 2023. Genetics 2023, 224, iyad031. [PubMed]
48. Jin, J.; Tian, F.; Yang, D.C.; Meng, Y.Q.; Kong, L.; Luo, J.; Gao, G. PlantTFDB 4.0: Toward a central hub for transcription factors and

regulatory interactions in plants. Nucleic Acids Res. 2017, 45, 1040–1045. [CrossRef]
49. Qi, Y.; Xue, L.; El-Kassaby, Y.; Guo, Y. Identification and comparative analysis of conserved and species-specific microRNAs in

four Populus sections. Forests 2022, 13, 873. [CrossRef]
50. Axtell, M.J. ShortStack: Comprehensive annotation and quantification of small RNA genes. RNA 2013, 19, 740–751. [CrossRef]
51. Martin, M. Cutadapt removes adapter sequences from high-throughput sequencing reads. Embnet 2011, 17, 10–12. [CrossRef]
52. Langmead, B. Aligning short sequencing reads with Bowtie. Curr. Protoc. Bioinform. 2010, 32, 11.7.1–11.7.14. [CrossRef]
53. Prufer, K.; Stenzel, U.; Dannemann, M.; Green, R.E.; Lachmann, M.; Kelso, J. PatMaN: Rapid alignment of short sequences to

large databases. Bioinformatics 2008, 24, 1530–1531. [CrossRef]
54. Dai, X.; Zhuang, Z.; Zhao, P.X. psRNATarget: A plant small RNA target analysis server (2017 release). Nucleic Acids Res. 2018, 46,

49–54. [CrossRef] [PubMed]
55. Langfelder, P.; Horvath, S. WGCNA: An R package for weighted correlation network analysis. BMC Bioinform. 2008, 9, 559.

[CrossRef] [PubMed]
56. Smoot, M.E.; Ono, K.; Ruscheinski, J.; Wang, P.L.; Ideker, T. Cytoscape 2.8: New features for data integration and network

visualization. Bioinformatics 2010, 27, 431–432. [CrossRef] [PubMed]
57. Schmittgen, T.D.; Livak, K.J. Analyzing real-time PCR data by the comparative C(T) method. Nat. Protoc. 2008, 3, 1101–1108.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41477-021-00933-x
https://www.ncbi.nlm.nih.gov/pubmed/34135482
https://doi.org/10.1016/j.gene.2014.11.001
https://www.ncbi.nlm.nih.gov/pubmed/25445264
https://doi.org/10.1016/j.bcab.2018.08.022
https://doi.org/10.1016/j.gene.2017.07.038
https://www.ncbi.nlm.nih.gov/pubmed/28711666
https://doi.org/10.3389/fpls.2017.02087
https://doi.org/10.1111/pbi.12715
https://doi.org/10.1111/pbi.13154
https://data.cma.cn/
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1186/s13040-014-0034-0
https://www.ncbi.nlm.nih.gov/pubmed/25621011
https://doi.org/10.1186/1471-2105-12-323
https://www.ncbi.nlm.nih.gov/pubmed/21816040
https://doi.org/10.1186/s13059-014-0550-8
https://www.ncbi.nlm.nih.gov/pubmed/25516281
https://doi.org/10.1093/nar/28.1.45
https://www.ncbi.nlm.nih.gov/pubmed/10592178
https://www.ncbi.nlm.nih.gov/pubmed/36866529
https://doi.org/10.1093/nar/gkw982
https://doi.org/10.3390/f13060873
https://doi.org/10.1261/rna.035279.112
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.1002/0471250953.bi1107s32
https://doi.org/10.1093/bioinformatics/btn223
https://doi.org/10.1093/nar/gky316
https://www.ncbi.nlm.nih.gov/pubmed/29718424
https://doi.org/10.1186/1471-2105-9-559
https://www.ncbi.nlm.nih.gov/pubmed/19114008
https://doi.org/10.1093/bioinformatics/btq675
https://www.ncbi.nlm.nih.gov/pubmed/21149340
https://doi.org/10.1038/nprot.2008.73

	Introduction 
	Results 
	Changes in TTLs Content under Different Environments 
	Analysis of Environment-Responsive mRNAs 
	Annotation of miRNAs and Their Target Genes 
	Construction of TTL-Related Gene Regulatory Network 

	Discussion 
	Effects of Environmental Condition on TTLs Accumulation in Ginkgo 
	Key Genes Regulating TTL Biosynthesis and Accumulation 
	MicroRNA Functions in Environmental Stress Responses 

	Materials and Methods 
	Plant Materials 
	Extraction and Determination of TTL-Related Components 
	RNA Sequencing (RNA-seq) and Analysis 
	Small RNA Sequencing (sRNA-seq) and Analysis 
	Constructing Co-Expression Network 
	Quantitative Real-Time PCR (qRT-PCR) Analysis 

	Conclusions 
	References

