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Abstract: Ginkgo biloba L., as one of the oldest tree species, is a very important medicinal plant due
to the metabolites in its leaves. To explore the variations and genetic regulation of leaf phenotypic
traits, 321 samples from 12 ancient populations in the major distribution areas in China were collected
for the leaf morphometric analysis, and 126 samples from 9 ancient populations were used for the
genome-wide association study (GWAS) of leaf traits. The results showed that the leaf weight (fresh
weight and dry weight) and size (areas) varied greatly, while the length:width ratio (LWR) was stable.
There were significant differences in leaf traits among different ancient populations (p < 0.01), and
population ZJ from eastern China—with a greater leaf weight and size—was ideal for leaf production.
Leaf thickness (LT) showed correlations with altitude, longitude and frost-free period, while LWR
had a correlation with altitude (p < 0.05). However, the correlations between environmental factors
and leaf traits were weak, which may be related to the origin of populations and human activities. A
GWAS revealed that 29 single nucleotide polymorphism (SNP) loci and 112 candidate genes related
to leaf traits, and Gb_04106, which is related to auxin, may be involved in the genetic regulation of LT.
It is speculated that environmental factors may induce leaf morphology of G. biloba by affecting the
accumulation of secondary metabolites. The results of this study may provide a theoretical basis for
studying the variation pattern and genetic regulation of leaf phenotypes.
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1. Introduction

Ginkgo biloba L., as a “living fossil”, is one of the oldest tree species in the world.
The origin of this species can be traced back to the early Permian period, and G. biloba
trees spread almost all over the world [1]. Due to climatic change during the Quaternary
glaciation period, only G. biloba survived, becoming a native tree in China. Therefore, China
owns most of the worldwide G. biloba resources, including widely distributed ancient pop-
ulations. Investigations of the habitats within the distribution area of ancient populations
have shown that the mountainous areas in southwestern China and Mt. Tianmu in eastern
China may be two refuges of G. biloba, and the ancient populations in these areas may be
natural populations that developed from the refuge populations [2,3]. The populations in
central China may originate from the expansion of the refuge populations [3]. The ancient
populations have been affected by both environmental and human activities throughout
the past centuries, and there were also variations among them in genetics and secondary
metabolite contents of leaves [4–6]. Leaves are the main organs of plant photosynthesis,
and leaf morphology has strong environmental plasticity and sensitivity [7,8]. Under the
influence of the environment and humans, some heritable variations of leaf traits may be
retained [9]. However, previous studies on ancient populations mainly focused on ecol-
ogy, molecular biology and metabolomics [2–6]. The leaf morphological variations were
only studied among cultivars and excellent individuals, while those among the ancient
populations were still unclear [10,11]. Evaluating the effects of environmental and human
activities on the ancient populations is important for understanding their adaptability,
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which can help us protect them effectively. Furthermore, Gingko is an important medical
plant around the world, and the flavonoids and lactones in its leaves are beneficial to the
health of humans [12,13]. Hence, the breeding of leaf used cultivars is an important activity,
the success of which depends on abundant germplasm resources. In general, individuals
with large leaf area and weight will be of great concern in the breeding of cultivars for leaf
uses. The ancient populations have abundant genetic information, including some unique
alleles, and studies on the variation in leaf traits can provide guidance for the selection of
breeding materials based on leaf features.

Genome-wide association studies (GWASs) based on populations to explore the rela-
tionships between traits and genetic variations have been applied to tree species [14–17].
The ccoaomt-1 gene involved in lignification [14] and the α-tubulin gene involved in the
formation of cortical microtubules [15] have been identified in Pinus taeda L. Depending
on the extent of linkage disequilibrium, it is possible to identify alleles within candidate
genes associated with traits. Using single-marker and haplotype analyses in 290 trees
from a Eucalyptus robusta L. natural population, two haplotypes significantly associated
with the microfibril angle have been found [16]. Moreover, two nonsynonymous single
nucleotide polymorphisms (SNPs) have been identified in the phytochrome B2 gene that
were independently associated with variation in the timing of bud set in Populus tremula
L. [17]. Generally, association studies rely on the accumulation of variations in natural
populations across generations. The ancient G. biloba populations in China have abundant
genetic variations [18] and are efficient materials for GWASs. However, a large number
of SNP loci are needed for GWASs, and resequencing has limited uses due to the high
cost. With the development of sequencing techniques, reduced-representation genome
sequencing (RRGS) was created, and this sequencing tool that uses the restriction enzyme
digestion of target genomes to reduce their complexity was valuable for genome-wide
genetic marker development and genotyping [19–21]. Genotyping by sequencing (GBS), as
one of the RRGS methods, has been applied in the genetic analysis of plants [22–24].

In this study, we analyzed the leaf phenotypes and conducted a GWAS for leaf traits
across the widely distributed ancient populations of G. biloba. The objectives of this study
are to: (1) reveal the phenotypic variations among ancient populations, (2) select the
excellent germplasm resources for leaf production, and (3) explore the regulation of leaf
traits. We believe that understanding the phenotypic variations and genetic regulation of G.
biloba leaves will contribute to the conservation and utilization of the ancient populations.

2. Materials and Methods
2.1. Sample Information

A total of 397 ancient trees from 12 ancient populations were collected in the main
distribution areas of G. biloba, covering 4 provinces, namely, Guizhou, Guangxi, Hubei and
Zhejiang. In order to reduce the probability of sampling trees that were closely related, the
distance between sampled trees was more than 50 m (except in small populations). Current-
growth branches of ancient trees were collected and the information for each population was
recorded, including longitude, latitude, altitude, etc. The annual rainfall, annual relative
humidity, annual temperature, frost-free period and light days were downloaded from
the China Meteorological Administration website (http://www.cma.gov.cn/, accessed on
22 December 2016). The samples were preserved by grafting in the germplasm resource
nursery of Nanjing Forestry University (32.1 N, 119.0 E). In the morphometric analysis,
leaves of each clone should be sampled from at least three ramet to decrease sampling error,
and the clones with less than three ramet should be excluded. Finally, 321 three-year-old
clones of ancient trees from 12 populations were used for the morphometric analysis. In July,
fifteen fresh leaves per clone (5 leaves per ramet) with normal growth were sampled from
the middle of long shoots randomly and immediately taken back to the laboratory. Most of
the genetic information of population MC, AL and CX may originate from the southwestern
and eastern populations (PX, WC, TM, etc.) based on the previous studies [2–5] and may be
redundant in the genetic study. Hence, the three populations were not used for the genetic
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study. The number of ancient trees from population DY and FG was small, and they were
all selected for the genetic study. To decrease the cost and keep the sample number similar,
fourteen to fifteen samples per population were selected randomly from population PX,
WC, LC, JS, SZ, TM and ZJ. Finally, 126 ancient trees from 9 populations were used for
the genetic study. Young leaves were collected and desiccated by silica gel for later use.
Information on the populations is provided in Table 1 and Figure 1.

Table 1. Information on the ancient populations in this study.

Population
Code Location Longitude (◦ E) Latitude (◦ N) Altitude

(m)
Frost-Free

Period (Day)
Annual

Rainfall (mm) N1 N2

PX Panxian, Guizhou 104.5 25.5 1619 271 1390 32 15
DY Duyun, Guizhou 107.4 26.4 1054 299 1431 10 10
FG Fenggang, Guizhou 107.8 27.8 1053 265 1200 14 14
WC Wuchuan, Guizhou 108.1 28.6 994 280 1272 23 14
LC Lingchuan, Guangxi 110.6 25.3 323 318 1926 28 14
MC Mochuan, Guangxi 110.8 25.5 325 293 1842 29 0
JS Jingshan, Hubei 113.1 31.3 238 230 1085 31 15
SZ Suizhou, Hubei 113.3 31.4 235 230 968 30 15
AL Anlu, Hubei 113.3 31.4 120 246 1100 33 0
TM Mt. Tianmu, Zhejiang 119.4 30.3 481 234 956 34 14
CX Changxing, Zhejiang 119.8 31.0′ 64 240 1309 31 0
ZJ Zhuji, Zhejiang 120.1 28.8 166 236 1374 26 15

Total 321 126

Population codes were based on the abbreviations of their locations, N1: number of ancient trees for the morpho-
metric analysis, N2: number of ancient trees for the genetic study.
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Figure 1. The distribution of Ginkgo biloba populations.

2.2. Measurement of Leaf Traits

Before the measurement of leaf traits, all the leaves of the samples were rinsed with
water and placed in the shade to dry slightly for 1 h in order to remove dust from the surface
of the leaves. First, leaf length (LL), leaf width (LW), petiole length (PL) and leaf thickness
(LT) were measured on fresh materials by vernier calipers, and the length:width ratio (LWR)
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was calculated. The total thickness of fifteen leaves for each clone was measured after
overlapping, and the average thickness was taken as the measure of leaf thickness. Second,
the leaves of each clone were scanned, and the leaf base angle (LBA) and leaf area (LA) were
measured using Photoshop CS6 (Adobe Systems Incorporated, San Jose, CA, USA; Figure 2).
Third, the total fresh weight of the leaves for each sample was weighed, and the average
weight was taken as the measure of fresh weight (FW). Finally, the leaves were oven-dried
at 65 ◦C to a constant weight for 6 h. The total dry weight of the leaves for each sample was
determined, and the average weight was taken as the measure of dry weight (DW).
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Figure 2. A schematic diagram of the leaf length (LL), leaf width (LW), petiole length (PL) and leaf
base angle (LBA).

2.3. Library Construction and Sequencing

Whole-genome DNA was obtained using a DNeasy Plant Mini Kit (Qiagen, Hilden,
NRW, Germany). Before the library construction, the concentrations of DNA were measured
by a Thermo Scientific NanoDrop 2000C and an Invitrogen Qubit 4 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA), while the qualities of DNA were determined by
1% agarose gel electrophoresis. The qualified DNA of 126 samples was digested by the
restriction enzymes Mseal and NlaIII at 37 ◦C for 2.5 h, and the libraries were ligated to
modified Illumina P1 adapters containing the unique barcodes. After Illumina P2 adaptor
ligation, each library was amplified using 20 PCR cycles. After running on a 2% agarose
gel, fragments of 420 to 450 bp were excised and purified using a gel extraction kit (Qiagen,
Hilden, NRW, Germany). The concentrations of libraries were measured by an Invitrogen
Qubit 4 Fluorometer and diluted to 1 ng/µL. The libraries were paired-end sequenced
(150 bp) using an Illumina HiSeq 2000 instrument (Illumina Inc., San Diego, CA, USA). The
raw reads with more than 10% unknown bases were excluded. The filtered high-quality
sequences were mapped onto the reference genome of G. biloba [25].

2.4. SNP Calling and Filtering

SNP detection was achieved using SAMtools version 1.16.1 software and BCFtools
version 1.16 software (Wellcome Trust Sanger Institute, Cambridge, UK) [26,27]. To ensure
the accuracy of the analysis, the SNPs were filtered as follows: (I) InDels were rejected; (II)
SNPs with Phred-scaled genotyping quality (GQ) and mapping quality (MQ) less than 100
and 40, respectively, were rejected; (III) SNPs with a depth of coverage (DP) less than 5 or
greater than 500 in any sample were rejected; (IV) only SNPs found in at least 98% of the
individuals were selected; (V) SNPs with a minimum allele frequency (MAF) smaller than
0.05 were excluded; and (VI) SNPs that deviated from Hardy–Weinberg equilibrium (HWE;
p < 0.01) in any population under study were excluded.
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2.5. GWASs and Associated Gene Detection

The GWAS was performed using genome-wide efficient mixed-model analysis
(GEMMA) [28], and mixed linear models (MLMs) were selected. The candidate genes
on each side of the SNP loci related to the leaf traits were detected [25,29] and annotated
based on the NCBI nonredundant protein sequence (Nr), protein family (PFAM), Swiss-Port,
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.

2.6. Statistical Analysis

The mean, standard deviation and coefficient of variation for each leaf trait were
calculated by SPSS 22.0 (IBM Inc., Chicago, IL, USA). The statistical analyses, including one-
way analysis of variance (ANOVA), Duncan’s multiple range test and Person’s correlation
analysis, were also performed using SPSS 22.0. Before ANOVA and Pearson’s correlation
analysis, the residuals of the data for each leaf trait were tested for normality with the
Shapiro–Wilk W test and for homogeneity of variances with Levene’s test. The nonnormally
distributed data were logarithmic transformed.

3. Results
3.1. Variations in Leaf Traits among Populations

The nine leaf traits of the 321 samples from 12 ancient populations were analyzed,
and abundant variations among the populations were detected (Table 2). In general, the
variations in leaf weight (CV = 18.60%~24.84%) and area (CV = 15.71%) were greater than
those in the other leaf traits (4.27%~10.90%). Of the leaf traits, DW had the greatest variation
(24.84%), ranging from 0.16 g to 0.39 g, with an average of 0.29 g. The LWR was stable
among the populations and ranged from 0.58 to 0.68, with an average of 0.63.

Table 2. The differences in leaf traits among the 12 ancient populations. The leaf traits in this study
include fresh weight (FW), dry weight (DW), leaf length (LL), leaf width (LW), leaf thickness (LT),
leaf area (LA), petiole length (PL), leaf base angle (LBA) and length:width ratio (LWR).

FW **/g DW **/g LL **/cm LW **/cm LT **/mm LA **/cm2 PL **/cm LBA **/◦ LWR **

PX 0.87 ± 0.18
cb/BA

0.34 ± 0.09
b/A

4.70 ± 0.52
cb/CB

7.86 ± 0.81
dcb/CB

0.35 ± 0.00
b/B

23.68 ±
4.76 c/CB

3.82 ± 0.64
dc/DCB

162.92 ± 18.50
ba/CBA

0.60 ± 0.03
ed/ED

DY 0.47 ± 0.14
g/E

0.16 ± 0.05
e/D

3.90 ± 0.38
e/D

6.70 ± 0.59
g/F

0.29 ± 0.00
e/E

17.42 ±
3.70 e/E

3.99 ± 0.55
bc/BC

148.74 ± 11.10
bc/BCD

0.58 ± 0.03
e/E

FG 0.67 ± 0.09
ef/CD

0.21 ± 0.03
d/CD

4.38 ± 0.38
cd/BC

7.10 ± 0.37
efg/DEF

0.33 ± 0.00
bcd/BCDE

22.38 ±
1.92 cd/CD

4.35 ± 0.80
ab/AB

149.23 ± 15.50
bc/BCD

0.62 ± 0.06
cd/CDE

WC 0.57 ± 0.17
fg/DE

0.20 ± 0.06
de/CD

4.23 ± 0.66
de/CD

6.85 ± 1.05
g/EF

0.30 ± 0.00
cde/CDE

18.53 ±
5.73 e/EF

3.39 ± 0.70
de/D

160.73 ± 19.08
ab/ABCD

0.62 ± 0.03
cd/CDE

LC 0.76 ± 0.21
cde/BC

0.28 ± 0.08
c/B

4.68 ± 0.64
bc/BC

7.65 ± 1.02
cd/BCD

0.31 ± 0.00
de/DE

23.37 ±
5.76 cB/CD

4.04 ± 0.58
bc/ABC

166.11 ± 23.40
a/AB

0.61 ± 0.03
cde/DE

MC 0.99 ± 0.21
a/A

0.37 ± 0.07
ab/A

5.40 ± 0.75
a/A

8.14 ± 0.67
bc/AB

0.39 ± 0.00
a/A

26.69 ±
4.49 b/B

3.62 ± 0.74
cde/CD

149.91 ± 28.63
bc/BCD

0.67 ± 0.08
a/AB

JS 0.76 ± 0.21
cde/BC

0.27 ± 0.07
c/B

4.69 ± 0.53
bc/BC

7.43 ± 0.86
def/CDE

0.33 ± 0.00
bc/BCD

22.20 ±
4.94 cd/CDE

3.84 ± 0.72
c/BCD

161.12 ± 29.12
ab/ABCD

0.63 ± 0.06
bc/BCD

SZ 0.88 ± 0.21
bc/AB

0.36 ± 0.08
ab/A

5.58 ± 0.86
a/A

8.21 ± 0.98
ab/AB

0.40 ± 0.01
a/A

26.59 ±
5.46 b/B

3.38 ± 0.90
e/D

143.04 ± 21.78
c/D

0.68 ± 0.08
a/A

AL 0.76 ± 0.15
cde/BC

0.26 ± 0.05
c/BC

4.78 ± 0.44
b/B

7.58 ± 0.7
de/BCD

0.39 ± 0.00
a/A

23.06 ±
3.59 c/BCD

3.69 ± 0.46
cde/CD

162.24 ± 17.09
ab/ABC

0.63 ± 0.05
bc/BCD

TM 0.86 ± 0.19
bcd/AB

0.34 ± 0.11
b/A

4.62 ± 0.48
bc/BC

7.00 ± 0.50
fg/DEF

0.34 ± 0.00
b/BC

19.50 ±
2.99 de/DEF

3.97 ± 0.61
bc/BC

145.82 ± 22.05
c/CD

0.66 ± 0.04
ab/ABC

CX 0.75 ± 0.20
de/BC

0.25 ± 0.07
c/BC

4.73 ± 0.61
bc/BC

7.57 ± 0.96
de/BCD

0.39 ± 0.00
a/A

21.97 ±
4.52 cd/CDE

3.82 ± 0.64
cd/BCD

150.57 ± 17.5
bc/BCD

0.63 ± 0.04
cd/BCD

ZJ 0.93 ± 0.13
ab/A

0.39 ± 0.07
a/A

5.37 ± 0.54
a/A

8.66 ± 0.87
a/A

0.40 ± 0.00
a/A

31.03 ±
5.36 a/A

4.56 ± 0.66
a/A

172.93 ± 17.86
a/A

0.62 ± 0.03
cd/CDE

Mean 0.77 0.29 4.76 7.56 0.35 23.03 3.87 156.11 0.63
CV% 18.60 24.84 9.88 7.48 10.90 15.71 8.56 5.73 4.27

CV: Coefficient of variation, **: Extremely significant (p < 0.01), Populations containing any of same lower-
case/uppercase letters within the same column represent no significant differences between them at p < 0.05/0.01,
Leaf traits are shown as mean ± standard deviation.
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ANOVA of the populations was performed, and there were significant differences in
the nine leaf traits (p < 0.01; Table 2). The populations from the southwestern region (PX,
DY, FG and WC) showed smaller values for most leaf traits than those from the eastern
region. Among the 12 populations, population ZJ from eastern China showed significantly
larger LL (5.37 cm), LW (8.66 cm) and LT (0.40 mm) values than the other populations
from southwestern China (3.90 cm~4.70 cm; 6.70 cm~7.86 cm; 0.29 mm~0.35 mm) (p < 0.01),
while the LA of population ZJ (31.03 cm2) was significantly larger than those of the other
11 populations (17.42 cm2~26.69 cm2; p < 0.01). The FW and DW of the eastern population
ZJ and central population MC were significantly larger than those of most other populations
(p < 0.05). Moreover, the FW, DW, LL, LW and LA of the southwestern population DY were
smaller than those of the other populations, and the FW, DW and LL of population DY
were significantly smaller than those of the other populations except for population WC
(p < 0.05).

3.2. Variations in Leaf Traits within Populations

To explore the phenotypic variations within the populations, the CVs were analyzed
(Table 3). Of the leaf traits, FW (22.96%) and DW (24.43%) had more variation within
populations than the other traits (7.20%~19.49%). LWR and LT showed the lowest vari-
ation within populations, with CVs less than 10%. Among the twelve populations, the
populations from central China (16.05%) showed greater average CVs than those from
southwestern (14.80%) and eastern (14.08%) China. Population WC from southwestern
China (19.61%) had the greatest CVs for leaf traits on average, while population ZJ from
eastern China had the lowest CVs (11.87%).

Table 3. The coefficients of variation (CV) within the G. biloba populations. The leaf traits in this
study include fresh weight (FW), dry weight (DW), leaf length (LL), leaf width (LW), leaf thickness
(LT), leaf area (LA), petiole length (PL), leaf base angle (LBA) and length:width ratio (LWR).

FW DW LL LW LT LA PL LBA LWR Mean

PX 20.15 27.39 11.15 10.36 5.83 20.10 16.65 11.35 4.45 14.16
DY 29.54 30.88 9.76 8.76 11.58 21.25 13.89 7.47 5.59 15.41
FG 13.08 12.90 8.62 5.26 7.75 8.57 18.40 10.39 9.91 10.54
WC 30.39 29.74 15.68 15.30 12.16 30.94 20.70 11.87 4.85 19.07
LC 27.01 28.79 13.65 13.37 9.06 24.65 14.34 14.09 4.56 16.61
MC 21.35 18.81 13.96 8.26 9.00 16.83 20.43 19.10 12.23 15.55
JS 27.61 26.58 11.24 11.57 9.18 22.24 18.84 18.07 9.17 17.17
SZ 24.49 22.21 15.35 11.93 13.40 20.55 26.67 15.23 11.13 17.88
AL 19.58 20.30 9.16 9.24 12.32 15.56 12.48 10.53 7.99 13.02
TM 21.71 30.59 10.42 7.18 6.38 15.34 15.44 15.12 6.70 14.32
CX 27.15 27.03 12.85 12.65 9.92 20.58 16.87 11.62 5.80 16.05
ZJ 13.49 17.89 9.99 9.99 9.30 17.27 14.51 10.33 4.07 11.87

Mean 22.96 24.43 11.82 10.32 9.66 19.49 17.43 12.93 7.20

3.3. Correlations between Leaf Traits and Climatic Factors

The values of correlation coefficients were below 0.7 and−0.7 (Table S1), indicating the
weak correlations, and statistically significant correlations are shown in Figure 3 (p < 0.05).
There was a significant positive correlation between longitude and LT (p < 0.05; Figure 3A),
and LT showed an increasing trend with increasing longitude. LT and LWR showed a
significant negative correlation with altitude (p < 0.05) and showed a decreasing trend
with increasing altitude (Figure 3B,D). In addition, a significant negative correlation was
detected between the frost-free period and LT (p < 0.05), where LT showed a decreasing
trend with an increasingly long frost-free period (Figure 3C).
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3.4. Genotyping by Sequencing

One hundred and twenty-six ancient individuals from nine populations were geno-
typed by sequencing, and 329.99 Gb of raw data was obtained. After filtering, a total of
329.97 Gb of clean data was retained, ranging from 1.76 Gb to 4.82 Gb, with an average
of 2.62 Gb per sample. The Q20 (Q30) of the data ranged from 93.79% (85.10%) to 96.48%
(91.19%), with an average of 95.51% (88.92%), suggesting that the quality of the sequencing
data was acceptable. The clean reads were mapped onto the reference genome, and the
mapping rate ranged from 99.17% to 99.81%, with an average of 99.70% (Table 4).

Table 4. The clean data, mapping rate, and Q20, Q30 and SNP calling rates of the nine populations.

Clean Data Mapping
Rate% Q20 Q30 SNP Calling

Rate%

PX 2.68 ± 0.58 99.78 ± 0.01 95.49 ± 0.52 88.88 ± 1.15 99.37 ± 0.01
DY 2.58 ± 0.48 99.67 ± 0.13 95.23 ± 0.73 88.27 ± 1.64 99.36 ± 0.01
FG 2.49 ± 0.51 99.62 ± 0.06 94.97 ± 0.43 87.87 ± 0.92 99.28 ± 0.01
WC 2.81 ± 0.48 99.71 ± 0.05 95.51 ± 0.65 88.89 ± 1.45 99.26 ± 0.01
LC 2.73 ± 0.76 99.63 ± 0.16 95.73 ± 0.42 89.39 ± 1 99.23 ± 0.01
JS 2.42 ± 0.41 99.67 ± 0.07 95.75 ± 0.35 89.39 ± 0.82 99.28 ± 0.01
SZ 2.79 ± 0.47 99.74 ± 0.04 96.02 ± 0.25 90 ± 0.65 99.33 ± 0.01
TM 2.8 ± 0.38 99.73 ± 0.07 95.67 ± 0.56 89.19 ± 1.28 99.26 ± 0.01
ZJ 2.28 ± 0.31 99.73 ± 0.07 95.13 ± 0.54 88.14 ± 1.17 99.38 ± 0.00

Mean 2.62 99.70 95.51 88.92 99.31
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3.5. SNP Calling

The SNP loci were detected based on the clean data of 126 samples. A total of
12,873,063 SNP loci were obtained. To ensure the accuracy of the subsequent GWAS,
the original SNP loci were filtered, and those with low quality (GQ < 100; MQ < 400), a
high missing rate (>2%) or significant deviation from HWE (p < 0.05) in any population
were removed. Finally, a total of 158,743 high-quality SNP loci were retained, and the call
rate of 126 samples ranged from 99.23% to 99.38%, with an average of 99.31% (Table 4).

3.6. Genome-Wide Association Study

The GWASs of leaf traits were performed based on the MLM. No SNP loci were
detected for PL, and a total of 29 SNP loci related to the other 8 leaf traits were obtained
(Figure 4; Table S2). The 29 SNP loci were located on 10 chromosomes, and the number
of SNP loci on each chromosome ranged from 1 to 5. The LWR (10) related to leaf shape
had more associated SNP loci than the other leaf traits, and the LBA (2) had the fewest
associated SNP loci. Four SNP loci were associated with FW and DW related to leaf weight,
and SNP 2 and SNP 8 were associated with both leaf traits. LL, LW and LA related to leaf
size had 13 associated SNP loci, and SNP 9 and SNP 22 were associated with both LW and
LA. Moreover, three SNP loci associated with LT were obtained.
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3.7. Genes Related to Leaf Traits

To identify the genes related to leaf traits, genes within 500 kb on each side of the 29
associated SNP loci were detected. As a result, 112 genes were found to be related to leaf
traits (Figure 4; Table S3). The number of genes associated with leaf shape (LWR; 42) was the
greatest. A total of 18 genes related to leaf weight (DW and FW) were obtained, and seven
of them were related to both FW and DW. Leaf size traits (LL, LW and LA) had 33 associated
genes, while the numbers of genes related to LT and LBA were 14 and 11, respectively. GO
analysis showed that many genes were enriched in metabolic processes (Figure 5). Further
KEGG analysis also showed that 6 genes were enriched in the biosynthesis of secondary
metabolites (ko01110; Figure 6), which were related to leaf weight (FW and DW) and leaf
shape (LBA and LWR). Gb_04106 associated with LT was enriched in plant hormone signal
transduction (ko04075) and was related to auxin based on the PFAM database.
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4. Discussion

Phenotypic plasticity is a proposed mechanism by which plant species may persist
when faced with rapid environmental changes [30], and the growth and habitat of G.
biloba may be influenced by climate change [31]. Phenotypic plasticity can play a role
both in the short-term response of plant populations to global changes, as well as in their
long-term fate through the maintenance of genetic variation. In order to explore heritable
variation of leaf traits, samples in this study were grafted in the same place, and the
rootstock, environment and management measures were kept consistent to limit the impact
of environmental heterogeneity. DW and LA had the most abundant variation among the
different populations, which was consistent with the results of previous studies [32]. LWR
was a stable trait and had the lowest variation. Previous studies on Malus pumila Mill. and
Citrullus lanatus (Thunb.) Matsum. and Nakai populations showed that the variations
in LWR were lower than those in the other leaf traits [33,34]. Among the populations,
population ZJ from eastern China showed significantly greater values for the leaf traits
than most other populations, while population DY from southwestern China had lower
leaf trait values than the others (p < 0.05), suggesting obvious variations between the
eastern and western populations. Leaf trait variations were also detected among different
populations of Liriodendron chinense (Hemsl.) Sarg., with the leaves from the east being
larger than those from the west [35]. Moreover, the contents of secondary metabolites
in leaves from ancient G. biloba populations showed geographical correlations and were
affected by environmental factors [6]. In a study on leaf variations in response to climate
changes in seven representative dicotyledons (Acer davidii Franch., Litsea cubeba (Lour.)
Pers., Myrsine semiserrata Wall., Stachyurus chinensis Franch., Symplocos paniculata (Thunb.)
Miq., Achyranthes bidentata Blume and Gonostegia hirta (Bl.) Miq.), the LWR of leaves in cold
and dry environments was smaller than that in warm environments [36], which may be
due to the changes in plants in response to differences in heat and water [37]. In addition,
the LT also changed in response to the climate (longitude, altitude and frost-free period;
p < 0.05), which may be related to increased environmental adaptability [38]. The LT of
Populus euphratica Oliv. increases in order to increase photosynthetic area and water loss
resistance to meet the demand for nutrients and water [39]. However, the leaf traits (LT
and LWR) only showed significantly related to part of environmental factors (longitude,
altitude and frost-free period), and the correlations were weak in this study. The leaf
morphology of G. biloba populations was influenced not only by environmental factors but
also by the origin of populations and human activities. On the one hand, the populations
from central China may originate from those from southwestern and eastern China [40],
and the leaf morphologic variations among populations from different regions may show
weak geographical correlations. On the other hand, many ancient trees were destroyed,
and the ratios of males to females were close to 1:1 only in populations FG and TM. Human
activities limited the expression of phenotypic plasticity and hence its possibility of being
a target of natural selection [41], which weakened the influence of environmental factors.
Additionally, population ZJ from eastern China had larger leaf weight (FW and DW)
and size (LA, LL and LW) than the other populations, which was of great significance to
increase leaf yield. The leaves from population ZJ were enriching in beneficial secondary
metabolites (flavonoid and lactone) [6], which indicated that this population was ideal for
leaf production.

In general, leaf morphology is influenced by both genetic and environmental factors,
and the variations among and within populations in this study were mainly influenced
by genetics, which lays a foundation for GWASs of leaf traits. In this study, many genes
related to leaf traits were enriched in biosynthesis of secondary metabolites. Flavonoids,
the vast class of secondary metabolites encompassing more than 10,000 structures, could
negatively regulate polar auxin transport in vivo, so as to act as endogenous auxin trans-
port inhibitors [42]. The variations of leaf traits in G. biloba among different sites were
likely affected by the accumulation of metabolites with important biological functions in
leaves [43]. Therefore, the leaf morphology of G. biloba may be related to the regulation
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of secondary metabolites [44]. Moreover, secondary metabolites are not essential for the
survival of the plant, but they play an important role in sex determination [45] and adapt-
ability to the environment [46]. The accumulation of secondary metabolites in leaves is
influenced by environmental factors [47]. The content of flavonols in the Ginkgo leaves
changed in response to ultraviolet radiation [43,48]. Previous studies showed that the con-
tent of secondary metabolites in leaves from ancient G. biloba populations were significantly
influenced by altitude [6]. Hence, environmental factors may induce leaf morphology of
G. biloba by affecting the accumulation of secondary metabolites. As the basic structural
and functional units of plants, leaves are the main sites of photosynthesis, transpiration
and respiration. Leaf thickness is an important factor of leaf morphology and can affect
photosynthesis and yield of leaves [49,50]. Gb_04106 associated with leaf thickness was
related to auxin, which could influence the growth and development of plants [51,52].

5. Conclusions

The leaf morphology of G. biloba showed significant variations among ancient pop-
ulations and varied greatly between southwestern and eastern populations. Population
ZJ—with greater leaf weight and size, from eastern China—was ideal for leaf production.
However, correlations between leaf morphology and environmental factors were weak,
which may be related to the origin of ancient populations and human impacts. Moreover,
environmental factors may induce the leaf morphologic variations by affecting the accumu-
lation of metabolites. Gb_04106, which is related to auxin, may be involved in the regulation
of leaf thickness.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/f13111764/s1, Table S1: Correlation analysis between leaf traits and
climatic factors; Table S2: Information on SNP loci associated with the leaf traits; Table S3: Information
on the genes related to leaf traits.
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