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Abstract: Ginkgo biloba L. is a well-known relict tree species and an important medicinal plant.
Ginkgo is rich in secondary metabolites (SMs), mainly including flavonoids, lactones, and ginkgolic
acid. The aim of this study was to determine variations in the concentrations of these SMs in
Ginkgo leaves from different geographical populations. The SMs in the leaves of 298 clones from
10 geographical populations grafted under the same conditions were extracted and measured by
high performance liquid chromatography (HPLC). The results showed that there were significant
differences in concentrations of SMs in leaves from different populations (p < 0.01). The concentrations
of both flavonoids and lactones were significantly negatively correlated with that of ginkgolic acid.
Altitude and annual rainfall were important factors influencing the concentrations of lactones, and
the frost-free period influenced the concentration of isorhamnetin. Population Yingdianjie (YD]) was
ideal for the plantations from which medicinal flavonoids and lactones are extracted, followed by
populations Xiaopu (XP), Anlu (AL) and Wuchuan (WC). As variations within each population were
found, attention should be paid to selection within populations.
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1. Introduction

Ginkgo biloba L. is a unique species of Ginkgoatae and is known as the “living fossil”, as it is one
of the oldest species on the planet. The living history of Ginkgo dates back to the Permian 300 million
years ago [1], and Ginkgo species were distributed almost worldwide during the Jurassic 190 million
years ago. Due to changing climate, only G. biloba survived and is the native plant of China. Therefore,
as the origin of existing Ginkgo trees in the world, China not only owns 90% of worldwide Ginkgo
resources, but also has natural populations with significant variations.

In China and throughout the world, Ginkgo is a very important medicinal plant. The secondary
metabolites (SMs) contained in Ginkgo leaves can be divided into three main types: flavonoids, lactones
and ginkgolic acid [2]. The flavonoids are a series of compounds with two benzene rings and a phenol
hydroxyl connected by the central three carbon atoms, and mainly include quercetin, kaempferol
and isorhamnetin [3], which have immunity enhancement [4], anticancer [5-7] and anti-aging [8,9]
activities, and can be used in the prevention and treatment of vascular disease [10]. As alicyclic
compounds, lactones can be divided into ginkgolide (A, B, C) and bilobalide [11], and the ginkgolides
are platelet activating factor antagonists with important effects on cardiovascular disease, endotoxin
shock, and organ transplant rejection [12,13]. The ginkgolides were first extracted by Furukawa in
1932, and are only found in Ginkgo [14]. Ginkgolic acid is a natural product with the function of
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sterilization and insect resistance [15], which is one of the reasons why Ginkgo trees have few diseases
and insect pests. However, ginkgolic acid was also a toxic by-product, when extracting the SMs, due
to its irritability and mutagenicity [16,17].

The concentration of SMs is an important indicator when evaluating medicinal plants, as it is
directly associated with the efficiency of the SMs extracts. According to the national standard [18],
the minimum concentration of total lactone (flavonoid) in dry leaves used for extractions was
2.5 (4.0) mg-g~! dw. In general, the concentration of SMs is influenced by both genetic and
environmental factors and shows geographical diversity [19]. Some excellent germplasm resources
have been formed in special ecological environments [20,21]. However, this is still controlled by
genes, and genetic factors play major roles [22-24]. China has many widely distributed ancient Ginkgo
populations, which have abundant diversity [25,26], and many potential germplasm resources have
been obtained from these populations. In the past, Ginkgo plantations of SMs were established without
genetic selection in China, while variations in SMs concentrations have been found among different
families, clones, etc., in some studies [27-29]. However, no related studies have been reported on the
variations among and within geographical populations. In this study, 298 clones from 10 geographical
populations grafted under the same environmental conditions were selected for studying the variations
in SMs concentrations among and within geographical populations (Table 1, Figure 1). The results of
this study would provide a theoretical basis for the protection and application of germplasm resources.

Table 1. Location, and some characteristics (longitude, latitude, elevation, frost-free period, annual
rainfall and sample size (N)) of 10 populations of G. biloba.

Population Location Longitude Latitude Elevation Frost-Free Annual
P (East) (North) (m) Period (Day)  Rainfall (mm)
1.PX Panxian, 104°31/ 25°36' 1619 271 1390 32
Guizhou
2.WC Wuchuan, 108°8’ 28°38/ 994 280 1272 2
Guizhou
3.L.C Lingchuan, 110°33' 25°18’ 323 318 1926 28
Guangxi
4MC Mochuan, 110°48’ 2529/ 325 293 1842 29
Guangxi
5JS Jlﬁgli‘;“' 113°3 31°16/ 238 230 1085 32
6.5Z S;I‘flg‘e’lu 113°18' 31°26/ 235 230 968 31
7.AL Anlu, Hubei 113°20/ 31°24/ 120 246 1100 33
8. TM Mt. Tianmu, 119°26' 30°19 481 234 956 34
Zhejiang
9.XP Xiaopu, 119°47" 31°1 64 240 1309 31
Zhejiang
10.YDJ Yingdianjie, 120°5' 28°49/ 166 236 1374 26
Zhejiang
Total 298

Note: The population orders were from the west to the east.
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Figure 1. Geographical distribution of the 10 populations of G. biloba. The 10 populations come from
the major areas with centralized distributions of ancient Ginkgo trees in China. Codes for the population
are given in Table 1.

2. Materials and Methods

2.1. Plant Materials

Between 2012 and 2013, after researching major areas nationwide with ancient Ginkgo trees
(more than 100 years old) populations, more than 30 samples were collected from each geographical
population, with the exception of small populations. The distance between trees was at least 50 m,
in order to reduce the probability of sampling trees that were closely related. The scions were grafted
onto three-year-old rootstocks in the Ginkgo germplasm nursery at Nanjing Forestry University Base
(31°66' N, 119°01" E, 368 m above sea level) under the same conditions, including the source and size
of rootstocks, sunshine, soil, and cultivation management measures. The study area is in a subtropical
zone, with seasonal pluvial heat and significant monsoon activity. The area is characterized by a mean
annual temperature 15.5 °C, an annual rainfall of 1037 mm, an annual sunshine duration of 2146 h, and
an annual frost-free period of 237 days. Each clone had at least six ramets and random distribution
with plant spacing of 1 m x 1 m.

In July 2015, 298 clones of 10 populations from four provinces in China were collected with an
average of 22 to 34 clones for each population. Fifteen to 30 normally grown leaves for one clone (3 to
5 leaves per ramet) were selected and were immediately taken back to the laboratory. The origins,
number of samples per population and geographical information are shown in Table 1 and Figure 1.
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2.2. Extraction

The collected leaves were dried to a constant weight, after washing and placing in ventilated
shade for 12 h. Leaves from each clone were ground with a blender, and the powder passed through a
coarse sieve of 60 mesh.

Three grams of powder were extracted with 24 mL of an 85% v/v ethanol: water solution by
homogenation for 3 min, and centrifuged for 10 min at 8000x g (4 °C). The solvent in the supernatant
was removed with a micropipette and the residue was evaporated to dryness using a rotary evaporator
(for approximately 20 min). An amount of 14 mL methyl alcohol was added to the dried residue and
the extract was dissolved in an ultrasonic water bath for 1 min.

Seven milliliters of extract were passed through an acidic alumina adsorption column, and the
filtrates were the test solutions for lactone concentration assessment; 3 mL of extract were used to
assess ginkgolic acid concentration; the remaining extract (about 4 mL) was mixed with 1 mL of
25% v/v HCl: water solution in a round-bottomed flask and refluxed for 1 h at 80 °C. The remaining
solution was transferred to a 5-mL volumetric flask, diluted with methyl alcohol to volume, and mixed.
The mixture was used to assess the flavonoid concentration [30,31].

Three test solutions were passed through a 0.22-um organic membrane before use, and then
placed in HPLC bottles at 4 °C.

2.3. HPLC Analysis

The three SMs were analyzed using a Waters Series Alliance €2695 HPLC system (for flavonoids
and ginkgolic acid) and a 1525 analytical/semi-preparative HPLC system (for lactones, Waters
Corporation, Milford City, MA, USA) with a Waters X-Bridge C18 reversed phase column (5 um,
4.6 x 250 mm, Waters, MA, USA). The binary gradient employed the following mobile phases:
(flavonoids) a mixture of phosphoric acid and methyl alcohol (52:48, v/v), (lactones) 33% methyl
alcohol in H,O and (ginkgolic acid) a mixture of ethylic acid and methyl alcohol (8:92, v/v) with a flow
rate of 1.0 mL/min. The 2998 photo-diode array detector was set at 360 nm (flavonoids) and 310 nm
(ginkgolic acid), and the 2424 evaporative light-scattering detector was used for lactones [32].

The concentrations of three major SMs in each sample were calculated using respective
standard curves (R? > 0.99 for each composition) based on standards purchased from Chengdu
Push Bio-technology (Sichuan, China). Three flavonoids (quercetin, kaempferol and isorhamnetin)
and four lactones (ginkgolide A, B, C and bilobalide) were identified by comparing the retention times
with those of standard solutions under the same HPLC conditions. All samples were analyzed using
the same HPLC column and system.

2.4. Data Analysis

The data were processed using SPSS v19.0 software (IBM Inc., Chicago, IL, USA). One-way
analysis of variance (ANOVA; with post hoc Duncan’s multiple range test with a probability p < 0.05
and p < 0.01) was used to analyze the differences in concentrations of SMs among ten populations,
and Pearson’s correlations between pairs of SMs and geographic climate factors were calculated. Prior
to the ANOVA and Pearson’s correlation analysis, all SMs data were tested for normality with the
Shapiro-Wilk W test and for homogeneity of variance with the Levene’s test, and the non-normal
data were logarithmic transformed. The histograms were completed using Origin v8.5 software
(Origin Lab Corporation, Hampton, MA, USA). The total concentrations of SMs were calculated by the
following formulas:

Total flavonoid = (quercetin + kaempferol + isorhamnetin) x 2.51 [18];
Ginkgolide = ginkgolide A + ginkgolide B + ginkgolide C;
Total lactone = ginkgolide + bilobalide.
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3. Results and Discussion

3.1. Variation among Geographical Populations

The differences in concentrations of SMs among ten geographical populations are shown in Table 2.
The average concentrations of SMs in dry leaves from 10 populations are presented in Figure 2. Of the
three types of SMs, the concentration of ginkgolic acid was greatest and ranged from 12.76 mg-g~!
dw to 21.90 mg-g~! dw, with an average of 18.00 mg-g~! dw. This was followed by flavonoids which
ranged from 2.84 mg-g ! dw to 4.67 mg-g~! dw, with an average of 3.80 mg-g~! dw. The concentration
of lactone was lowest and ranged from 1.22 mg-g~! dw to 1.62 mg-g~! dw for total ginkgolide (with
an average of 1.48 mg-g~! dw), and 1.99 mg-g~! dw-2.98 mg-g~! dw for total lactone (with an average
of 2.53 mg-g~! dw). The concentrations of bilobalide were greater than those of ginkgolide (A, B, C).
The total lactone concentrations in Ginkgo trees from Shanxi province in China ranged from 1.9 mg-g~*
dw to 4.6 mg-g~! dw [27], while the total flavonoid and total lactone concentrations in two-year-old
Ginkgo seedlings from six provinces in China ranged from 7.4 mg-g~! dw to 15.0 mg-g~! dw and
1.52 mg-g~! dw to 3.19 mg-g~! dw, respectively [28]. Thus, the concentrations of SMs in our study
were reasonable. The flavonoid concentrations in our study were lower than those in previous studies,
which may be due to the different age of samples and seasonal changes in SMs concentration in Ginkgo
leaves [33-35]. The concentration of flavonoids and lactones would be higher, if leaves of 298 samples
were collected before and after May and September.
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Figure 2. Concentrations of lactones (A), flavonoids (B), ginkgolic acid (C) in dry leaves from ten
populations. The data represent mean concentrations of three types of secondary metabolites (SMs).
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Table 2. Differences in SMs concentrations in dry leaves from different G. biloba populations.

SMs PX WC LC MC IS Sz AL ™ XP YDJ
Q** e (Q) cde (BC) bc (AB) cd (BC) de (C) de (C) a(A) cde (BC) cde (BC) ab (A)
K ** e (E) a(A) cd (CDE) de (E) de (E) de (DE) bc (ABC) bc (BCD) ab (AB) bc (BCD)
I** bed (ABQ) a(A) a(A) ab (AB) cd (BC) cd (BC) abc (ABC) d (C) bed (ABC) ab (AB)
TF ** e (Q) a(A) ab (AB) bed (ABC) e (Q) de (C) a(A) cde (BC) abc (AB) a(A)
B ** c(D) bc (CD) a (AB) a (AB) b (BC) a (AB) a (AB) bc (CD) a (AB) a(A)
GA ** d (F) cd (DEF) bc (BCD) ab (ABC) bc (CDE) bc (BCD) a (ABCD) d (EF) a (AB) a(A)
GB ** de (CD) ab (AB) bcd (BCD) abc (ABC) cd (BCD) abc (ABC) abc (ABC) e (D) a(A) abc (AB)
GC ** e (D) cde (BCD) bed (ABC) ab (A) cde (BCD) a(A) ab (AB) de (CD) abc (ABC) a(A)
TG ** g (E) ef (DE) cde (BCD) abc (ABC) de (CDE) abcd (ABCD)  bede (ABCD) fg (E) ab (AB) a(A)
TL ** f (E) de (CDE) bc (ABC) ab (AB) cd (BCD) ab (AB) abc (AB) ef (DE) ab (A) a(A)
G** abc (AB) bc (B) bc (AB) bce (B) a(A) c (B) bc (B) ab (AB) c (B) e (C)

Note: Q = quercetin; K = kaempferol; I = isorhamnetin; TF = total flavonoid; B = bilobalide; GA = ginkgolide A; GB = ginkgolide B; GC = ginkgolide C; TG = total ginkgolide; TL = total
lactone; G = ginkgolic acid; the significance levels for one-way ANOVA across SMs concentrations are indicated beneath each variable; ** p < 0.01; different lowercase letters within the
same row indicate significant differences between populations at p < 0.05 (Duncan’s multiple range test); different uppercase letters in parentheses within the same row indicate significant
differences between populations at p < 0.01 (Duncan’s multiple range test).
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The concentrations of total lactone in the leaves of population Panxian (PX) and Tianmu (TM)
were significantly lower than those of other populations with the exception of population Wuchuan
(WC) (p < 0.05; Table 2; Figure 2A). In addition, the concentrations of the lactones (except ginkoglide B)
in leaves of population Yingdianjie (YD]) were significantly higher than those of other populations
(p < 0.05), with the exception of population Xiaopu (XP), Mochuan (MC), Suizhou (SZ) and Anlu (AL),
suggesting that the population YDJ was a preferential choice for Ginkgo plantation.

The population WC, AL and YDJ had significantly higher concentrations of total flavonoid than the
other populations (p < 0.05; Table 2; Figure 2B), with the exception of population LC and XP. Population
PX and Jingshan (JS) had significantly lower concentrations of total flavonoid (p < 0.05), with the
exception of population TM and SZ. Of flavonoid components, the concentrations of kaempferol in
population WC were significantly higher than those of other populations (p < 0.05) with the exception
of population XP, while the concentrations of quercetin in population AL were significantly higher than
those of other populations (p < 0.05), with the exception of population YD]. The lowest concentration
of isorhamnetin was found in population TM. Hence, when selecting excellent trees for extract of
flavonoid, populations WC, AL and YDJ were preferential choices.

The laws of variation in concentration of ginkgolic acid among the populations were different
from those of flavonoids and lactones (Figure 2C). Population YD] with the highest concentrations of
total lactone, which also had high concentrations of total flavonoid (slightly lower than populations
WC and AL), had significantly lower concentrations of ginkgolic acid than other populations (p < 0.01;
Table 2). Populations PX and TM with low concentrations of flavonoids and lactones had higher
concentrations of ginkgolic acid than other populations, with the exception of population JS, which
had the highest concentrations of ginkgolic acid.

Grafting has long been used to produce superior tree clones for conservation and breeding, and
grafting of a species is more successful on the stock of the same species [36,37]. In this study, all Ginkgo
clones were grafted onto three-year-old Ginkgo seedlings and grown under the same environmental
conditions, thus environmental effects on the concentrations of SMs were removed; in addition, the
high (or low) concentrations of SMs in leaves from the ten populations did not depend on the similar
(or dissimilar) growth conditions to their natural origins. Therefore, the significant variations detected
were mainly caused by genetic factors, and the variation in SMs may reflect a large degree of genotypic
variation, suggesting that the selection among populations was effective. Flavonoids and lactones
are beneficial for human health [4-13], while ginkgolic acid is not [16,17]. Cultivars, which have high
concentrations of flavonoids and lactones, would be appreciated, if they also have a low concentration
of ginkgolic acid. Of ten populations, population YDJ had the highest concentration of total lactone
and a high concentration of total flavonoid, while the concentration of ginkgolic acid in it was the
lowest. Hence, in order to extract the SMs, population YD] was the preferred choice in Nanjing and its
surrounding areas, such as Jiangsu and Shandong provinces, where the most important plantation
areas for Ginkgo in China were located, and it should be further tested, when applied in a wider
area. Furthermore, considerable geographical variations among the populations may provide a good
foundation for the selection of excellent cultivars. Variations in concentrations of flavonoids in Ginkgo
leaves have not been found among geographic populations. However, significant differences in the
concentrations of flavonoids among populations of Cyclocarya paliurus [38], Matricaria recutita [39] and
Epimedium sagittatum [19] have been found.

3.2. Correlations between Pairs of Concentrations and Geographical Climate Factors

Correlation analysis to determine relationships among the concentrations of SMs was carried out
(Table 3). Overall, the concentration of ginkgolic acid showed a significant negative correlation with
the concentrations of both total flavonoid and total lactone (p < 0.05), which indicated that populations
with higher concentrations of flavonoids and lactones also had lower concentrations of ginkgolic
acid. The concentrations of total flavonoid had significant correlations with its components (p < 0.05
or p < 0.01); similarly, the concentrations of total ginkgolide and total lactone also had significant
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correlations with their components (p < 0.05 or p < 0.01). Significant correlations were observed among
lactone components, except between ginkgolide B and C (p < 0.05 or p < 0.01).

Table 3. The correlation between concentrations of SMs at the level of population (1 = 10).

SMs 0 K 1 TF B GA GB GC TG TL G
Q 1

K 0451 1

I 0.509 0.303 1

TF  0.826* 0791*  0.727* 1

B 0.618 0.140 0.321 0.445 1

GA 0524 0.211 0.335 0445  0.904 ** 1

GB 0371 0519 0.541 0.607 0.640%  0.780* 1

GC 0325  —0044 0114 0.156  0.833*  0.680* 0.535 1

TG 0499 0.212 0.339 0437  0930*  0979*  0.821*  0.800* 1

TL 0566 0.181 0337 0449  0981*  0960*  0748*  0.830*  0.984* 1

G —058 —0437 —0476 —0.634* —0652* —0.695*% —0701* —0635% —0744* —0713* 1

Note: Q = quercetin; K = kaempferol; I = isorhamnetin; TF = total flavonoid; B = bilobalide; GA = ginkgolide A;
GB = ginkgolide B; GC = ginkgolide C; TG = total ginkgolide; TL = total lactone; G = ginkgolic acid;* p < 0.05;
*3F

p <0.01.

Ginkgolic acid is a negative indicator [16,17], when flavonoids and lactones are extracted for
medical applications. Significant positive [40] correlations were found between the concentrations
of flavonoids and lactones in the leaves of two-year-old Ginkgo full-sib families, while negative [28]
correlations with no statistical significance were found between these concentrations in the leaves of
two-year-old half-sib Ginkgo families from seven regions. However, little research on the correlations
between concentrations of ginkgolic acid and flavonoids (or lactones) has been reported. In this study,
the concentration of ginkgolic acid had significantly negative correlations with those of total flavonoid
and total lactone (p < 0.05), and positive correlations were found between the concentrations of
flavonoids and lactones. Hence, it is feasible to select trees with high concentrations of both flavonoids
and lactones, and a low concentration of ginkgolic acid. Flavonoids and ginkgolic acid are phenolic
compounds, which may have a similar substrate of biosynthesis [41-43], and when more of one is
produced, less of the other is produced. However, the biosynthetic pathways of phenolic (flavonoids
and ginkgolic acid) and terpene compounds (lactones) [44] were independent, and the relationships
between them require further study.

The concentrations of SMs in dry leaves from different populations were influenced by
geographical climate factors in their original habitats, but only altitude, annual rainfall and the
frost-free period had significant effects on the concentrations of SMs (p < 0.05, Table 4). With an
increase in annual rainfall and the frost-free period, the concentration of isorhamnetin significantly
increased (p < 0.05). The correlation between annual rainfall and the concentrations of flavonoids was
also found in other species, such as Gynostemma pentagynum [45]. In addition, with increased altitude,
the concentrations of total lactone significantly reduced (p < 0.01), and the concentrations of lactone
components (with exception of ginkgolide B) were significantly influenced by altitude (p < 0.05).

3.3. Variation within Geographical Populations

The variations in concentrations of SMs within each population are shown in Table 5, and
the coefficient of variation (CV) ranged from 6.76% (ginkgolide C within population PX) to 57.53%
(isorhamnetin within population TM), with an overall average of 27.53%. On average, the CVs of each
population showed little difference, and ranged from 22.84% (population PX) to 30.78% (population
XP); however, the CVs of each SMs concentrations showed many differences, and ranged from 15.74%
(ginkgolide C) to 41.33% (isorhamnetin). Furthermore, the concentrations of total flavonoid and
components showed the greatest variations, while the concentrations of total lactone and components
showed the least variations, followed by ginkoglic acid.
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Table 4. The correlation between the concentrations of SMs and geographical climate factors, including

longitude, latitude, altitude, annual rainfall, mean annual temperature and frost-free period.

SMs Longitude Latitude Altitude Annual Rainfall Mean Annual Temperature Frost-Free Period
Q 0.362 0.039 —0.504 0.219 0.367 0.092
K 0.398 0.34 —0.206 —0.172 —0.204 —0.074
I —0.335 —-0.6 0.047 0.762* 0.565 0.760 *

TF 0.224 —0.035 —0.295 0.285 0.259 0.28
B 0.512 0.153 —0.833 ** 0.278 0.456 —0.047

GA 0.537 0.131 —0.708 * 0.29 0.277 -0.117

GB 0.186 0.133 —0.382 0.216 0.019 0.046

GC 0.327 0.232 —0.638 * 0.027 0.186 —0.188

TG 0.483 0.17 —0.708 * 0.238 0.241 —0.123

TL 0.506 0.165 —0.781 ** 0.263 0.35 —0.088
G —0.369 0.006 0.291 —0.164 —0.027 0.051

Note: Q = quercetin; K = kaempferol; I = isorhamnetin; TF = total flavonoid; B = bilobalide; GA = ginkgolide A;
GB = ginkgolide B; GC = ginkgolide C; TG = total ginkgolide; TL = total lactone; G = ginkgolic acid; * p < 0.05;
*3F

p <0.01.

Table 5. Minimum value, maximum value and variation coefficients (CV) of concentrations of SMs

within each population.

SMs PX WC LC MC JS Sz AL ™ XP YD] Mean CV%

Min 0.18 0.23 0.27 0.21 0.17 0.18 0.36 0.17 0.18 0.32

Q Max 0.76 0.94 0.96 0.83 0.98 0.96 1.25 0.95 0.83 1.20 37.37
CV% 3277 4179 2715 3377 4613 5043 3144 4557 32.04 32.63
Min 0.10 0.24 0.20 0.20 0.16 0.14 0.21 0.17 0.31 0.24

K Max 0.67 1.34 1.11 0.73 0.70 0.88 1.27 1.11 1.34 1.23 40.38
CV% 39.69 4888 37.16 3048 4192 4861 3953 4428 3792 3535
Min 0.10 0.12 0.15 0.21 0.08 0.11 0.13 0.09 0.17 0.24

1 Max 0.69 0.77 0.94 0.89 0.49 0.60 0.81 0.60 0.69 0.71 41.33
CV% 4235 46.60 39.11 39.02 3725 4255 4038 5753 4072 27.82
Min 1.08 1.63 1.54 1.59 1.14 1.25 1.83 1.44 1.67 221

TF Max 533 6.73 6.59 5.76 474 5.58 7.98 5.83 6.04 7.24 34.37
CV% 3623 41.04 2933 3132 3687 3843 3175 4209 2778 2890
Min 0.60 0.61 0.62 0.70 0.63 0.70 0.82 0.66 0.72 0.65

B Max 1.08 1.26 2.03 1.84 1.37 1.71 1.63 1.18 2.00 2.20 21.41
CV% 1454 1987 2882 2554 1867 2222 1858 15.06 2541 2538
Min 0.43 0.44 0.47 0.50 0.44 0.43 0.52 0.34 0.46 0.52

GA Max 0.86 1.36 1.28 1.62 1.49 1.33 1.20 0.89 1.92 1.39 26.49
CV% 1720 2999 2593 3137 2654 29.18 2415 2163 3595 23.00
Min 0.23 0.25 0.23 0.24 0.23 0.24 0.25 0.21 0.24 0.23

GB Max 0.40 0.61 0.50 0.54 0.39 0.54 0.55 0.34 0.60 0.56 18.46
CV% 1251 23.68 1921 20.04 1441 2032 2035 11.13 2125 2171
Min 0.30 0.29 0.30 0.31 0.29 0.33 0.34 0.30 0.30 0.30

GC Max 0.38 0.45 0.79 0.70 0.46 0.58 0.54 0.62 0.68 0.68 15.74
CV% 676 1218 2510 1973 1131 1425 1251 1523 20.14 20.19
Min 0.98 1.02 1.02 1.05 0.96 1.02 1.19 0.89 0.99 1.07

TG Max 1.64 2.32 231 2.55 2.31 2.24 2.16 1.53 3.20 2.60 19.41
CV% 1220 2158 21.84 2228 1844 2090 1726 1279 2740 19.44
Min 1.63 1.63 1.77 1.76 1.59 1.72 1.86 1.64 1.61 1.74

TL Max 2.67 3.12 434 473 3.68 5.72 3.97 2.71 5.90 4.80 20.36
CV% 1251 1834 2235 2466 1771 2781 1781 1241 2910 2091
Min 1325 1067 11.36 1036 11.87 876 9.70 9.21 8.13 8.18

G Max 2920 2674 3510 2481 36.89 2492 2565 29.09 28.00 22.08 27.48
CV% 2450 25.01 3484 2273 2677 2293 2316 2728 4090 26.71

Mean CV% 2284 2990 2826 2736 2691 30.69 2517 2773 30.78 25.64 27.53

Note: SMs = secondary metabolites; Q = quercetin; K = kaempferol; I = isorhamnetin; TF = total flavonoid;
B =bilobalide; GA = ginkgolide A; GB = ginkgolide B; GC = ginkgolide C; TG = total ginkgolide; TL = total lactone;
G = ginkgolic acid; CV = standard deviation /mean x 100%; Mean CV = the average of the CVs for each population

(or SMs).
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Of the variations in the concentrations of flavonoids within each population, the variations in the
concentrations of isorhamnetin (CV = 57.53%) and total flavonoid (CV = 42.09%) within population TM
were greater than those within other populations, and the concentrations of quercetin in population SZ
(CV =50.43%) and the concentrations of kaempferol in population WC (CV = 48.88%) showed greater
variations than those within other populations. The variation in the concentrations of ginkgolic acid in
population XP with a CV of 40.90% was greater than those within other populations.

Population XP showed greater variations in the concentrations of ginkgolide A (35.95%), total
ginkgolide (27.40%) and total lactone (29.10%) than other populations. The variations in concentration
of bilobalide and ginkgolide C within population LC with a CV of 28.82% (for bilobalide) and 25.10%
(for ginkgolide C) were greater than those within other populations. However, the greatest variations
in ginkgolide B were found within population WC with a CV of 23.68%.

Although many ancient Ginkgo are widely distributed in China, the plantations for the SMs
have been carried out without selection. In this study, the overall CVs of SMs concentrations within
10 populations all exceeded 20.00%, and the highest reached 30.78% (XP). In addition, many individuals
had higher concentrations of total flavonoid and lactone than the national standard (4 mg-g~! dw
for total flavonoid and 2.5 mg-g~! dw for total lactone) [18]. The maximum concentration of total
flavonoid and total lactone reached 7.98 mg-g~! dw (from population AL) and 5.9 mg-g~! dw (from
population XP), respectively. These individuals with higher concentrations of flavonoids and lactones
should be included in Ginkgo plantations.

4. Conclusions

For the first time, the concentrations of SMs in dry leaves from different geographical populations
were detected, and significant differences among and within populations were found (p < 0.01).
The clones were grafted under the same environmental condition; hence, the variations were almost
attributed to genetic factors.

The concentrations of both flavonoids and lactones were significantly negatively correlated with
that of ginkgolic acid (p < 0.05). A positive correlation was detected between the same types of SMs
(p <0.05 or p < 0.01). Altitude, annual rainfall and the frost-free period had significant effects on the
concentrations of SMs (p < 0.05).

Population YDJ was ideal for plantations from which flavonoids and lactones are extracted,
followed by populations XP, AL and WC. To obtain ginkgolic acid, population JS may be the
ideal choice.

Due to the variations detected within populations, attention should not only be paid to selections
among populations, but also within populations. However, a progeny test should be undertaken to
determine the heritability of individuals with high concentrations of SMs.
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