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Abstract: Cyclocarya paliurus (Batal.) Iljinskaja, as a woody tree species, has various health-promoting
phytochemicals and is commonly used in tea production in China. A field trial for C. paliurus
was conducted at two typical sites to evaluate genotype × environmental interaction (GEI) ef-
fects and identify the stability and adaptability of 13 families. The genotype main effects and
genotype × environment interaction effects (GGE) were used to analyze the GEI effects for tree
height, diameter at breast height (DBH), and leaf flavonoid and triterpenoid contents. Two-way
analysis of variance indicated that the tree growth and leaf phytochemical contents were mainly
affected by genotype and GEI. Based on the results of GGE, the JH1 family had high mean values
and high stability in total flavonoid and total triterpenoid accumulations, while the KM4 family
exhibited high means and high stability in tree height and DBH growth, as well as high means
and medium stability in total triterpenoid content. Pearson’s correlation analysis indicated that the
annual mean DBH was significantly and positively correlated with leaf phytochemical content in
C. paliurus when all data for the 13 families at the two sites were used. Our results suggest that JH1
should be mainly extended as a superior genotype for the production of flavonoids and triterpenoids
in the leaves, while KM4 could be spread for timber production or leaf triterpenoid production.
This study provides useful information on the selection of C. paliurus genotypes in target sites and
cultivation strategies for establishing oriented plantations.
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1. Introduction

Wheel wingnut (Cyclocarya paliurus (Batal.) Iljinskaja) belongs to the Juglandaceae
family and is a woody and indigenous tree species that is widely distributed in subtropical
regions of China [1]. The leaves of this plant have long been consumed as a nutraceutical
tea or used as an ingredient in traditional Chinese medicine. Since C. paliurus leaves are rich
in health-promoting phytochemicals, they have received considerable attention in terms of
their pharmacological activity in recent years, including their hypoglycemic, hypolipidemic,
antioxidant, and antimicrobial effects [2–5]. Among these chemical constituents associated
with health benefits, flavonoids and triterpenoids are two major classes of secondary
metabolites in C. paliurus leaves.

Plant secondary metabolites are not essential to maintain the fundamental life pro-
cesses in plant, but play vital roles in environmental adaptability and defense [6]. The
synthesis and accumulation of plant secondary metabolites are determined by both internal
genetic (e.g., species, genotype, physiology, and developmental stage) control and external
environmental (e.g., light, temperature, water, and nutrients) factors [7,8]. Geographical
studies on C. paliurus have indicated that the interpopulation and intrapopulation vari-
ations of leaf triterpenoid and flavonoid contents can likely be attributed to genetic and
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environmental factors [2,9]. In recent years, various strategies have been employed to
improve the flavonoid and triterpenoid contents in C. paliurus leaves. These strategies
mainly involve the selection of germplasm resources at the provenance and family lev-
els, as well as the control of abiotic stress factors, i.e., light intensity, light quality, and
nitrogen nutrient [10–12]. Apart from a high accumulation of phytochemicals, a desirable
genotype should have high stability across environments or good performance over a
specific environment [13]. The assessment of the stability and adaptability for C. paliurus
genotypes is essential for cultivation in large areas to meet the increasing demands for tea
production. However, there is less information available on C. paliurus genotypic stabil-
ity and adaptability in relation to the accumulation of health-promoting phytochemicals
across environments.

Genotype × environment interaction (GEI) effects are crucial in the selection of geno-
types with wide or adequate adaption to environments in plant breeding [14]. Although
various statistical approaches have been proposed, there is no consensus on the best method
to evaluate GEI effects [15]. However, the genotype main effects and genotype × environ-
ment interaction effects (GGE) model is extensively used to analyze GEI effects [15]. GGE
analysis captures linear and nonlinear variance components, meaning superior genotypes
with high stability and high mean values can be efficiently identified [16]. According to
multiple years and locations trials, variations in leaf flavonoid (i.e., quercetin, isoquercitrin,
kaempferol, and total flavonoids) and triterpenoid (i.e., arjunolic acid, cyclocarioside I,
cyclocaric acid B, and total triterpenoids) contents in C. paliurus have been found depending
on the genotype, environment, and GEI effects [17,18]. In a previous study, the GEI effects
for the tree height and leaf flavonoid content of C. paliurus were evaluated by Eberhart
and Russell [17,19], whereas an analysis method for GEI effects based on regression anal-
ysis presented in a previous study only involved the assessment of stability rather than
adaptability [20]. Currently, no information on C. paliurus has been reported using GGE
to evaluate the GEI effects for growth and leaf phytochemical contents. Therefore, the
variations in the growth (tree height and DBH) and leaf phytochemical (seven flavonoids
and six triterpenoids) content of thirteen genotypes of C. paliurus at two typical sites were
investigated in the present study. The main purpose was to identify the elite genotypes of
C. paliurus with high phytochemical content and high stability through analyzing the GEI
effects for growth and leaf phytochemical content using GGE models. The results from this
study will offer insights into the selection of genotypes and cultivation strategies when
establishing C. paliurus plantations.

2. Materials and Methods
2.1. Plant Materials and Experimental Design

The natural distribution of C. paliurus is roughly from 23◦ N to 34◦ N latitude and
from 103◦ E to 121◦ E longitude, whereas the seeds of half-sib families in this study
were collected from natural forests in seven geographical locations in late October 2006
(Figure 1 and Table S1). After stratification and containerization of seedlings following the
method described by Fang et al. [1], roughly 6 cm height of trees from each genotype were
then transplanted into two typical experimental sites (Figure 1 and Table S1) at a spacing
of 3 × 4 m in early March of 2008. The fields trials were carried out using a randomized
complete block design experiment with three replications, with the replicates set up ac-
cording to the slope position. At each experimental field, each block consisted of thirteen
genotypes of C. paliurus and each replicate included 5–10 seedlings of each genotype.

In early October 2018, three sample trees for each genotype were randomly chosen
per location to collect about 50 g fresh, fully developed leaves for each tree and to measure
the tree height and diameter at breast height (DBH). The leaves were dried in an oven at
70 ◦C until constant weight and then powdered using a grinder (FW-100, Tianjin Taisite
Instrument Co., Ltd., Tianjin, China). All specimens were stored at room temperature
before analysis.
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Figure 1. A map of the natural distribution (a small map with a dotted blue line box), genotype origin, and test sites for
Cyclocarya paliurus (Batal.) Iljinskaja.

2.2. Determination of Phytochemicals

Leaf samples (0.8 g) for each genotype at each test site from three trees were extracted
with 10 mL of 70% ethanol for 45 min by ultrasound-assisted extraction. After centrifu-
gation for 10 min at 10,000 rpm, the supernatants were separated on a C18 solid-phase
extraction column and then filtered using a 0.22 µm syringe filter for determination.

The total flavonoid content was determined using the aluminum chloride colorimetric
method described by Li et al. [21]. Briefly, 0.1 mL of the sample solution was mixed with
1 mL of 1% (w/v) methanolic solution of aluminum trichloride (AlCl3) and then diluted
with methanol to 10 mL. After incubation for 15 min at room temperature, the absorbance
of the sample was measured at 415 nm. The total flavonoid content was calculated from
the calibration curve of rutin as the standard and was expressed as the rutin equivalent in
mg/g dry sample.

The total triterpenoid content was measured according to the colorimetric method
used by Fan and He [22]. Briefly, 0.1 mL of the sample solution was mixed with 0.5 mL
of 5% (w/v) glacial acetic acid of vanillin and 1.4 mL of perchloric acid solution. After
incubation for 15 min at 60 ◦C, the mixture was cooled to room temperature and then
diluted with ethyl acetate to 10 mL. The absorbance of the sample was measured at 550 nm.
The total triterpenoid content was calculated based on a standard curve of oleanolic acid
and expressed as the oleanolic acid equivalent in mg/g dry sample.

The individual flavonoid and triterpenoid contents were identified and quantified as
reported by Cao et al. [23] (Figure S1). Liquid chromatography (LC)–mass spectrometry
(MS) analysis was performed to confirm individual flavonoid and triterpenoid identities
as described by Cao et al. [23]. They were identified by comparison of retention times
and MS spectra with standards. The high-performance liquid chromatography (HPLC)
(Agilent 1200 series HPLC system, Waldbronn, Germany) method was used to determine
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the flavonoid and triterpenoid contents. An X-Bridge C18 column (250 × 4.6 mm) was
used for the chromatographic separation. The mobile phases were water containing 0.01%
(v/v) formic acid (A) and acetonitrile (B) with a flow rate of 1.0 mL/min. The gradient
elution condition was from 8% (B) to 19% (B) over 13 min (from 0 to 13 min); to 21%
(B) over 15 min (from 13 to 28 min); to 50% (B) over 14 min (from 28 to 42 min); to 50%
(B) over 4 min (from 42 to 46 min); to 55% (B) over 14 min (from 46 to 60 min); to 56%
(B) over 4 min (from 60 to 64 min); to 66% (B) over 10 min (from 64 to 74 min); to 85%
(B) over 16 min (from 74 to 90 min); to 100% (B) over 5 min (from 90 to 95 min); to 100%
(B) over 5 min (from 95 to 100 min). The injection volume was 10 µL and the column
temperature was 45 ◦C. The detection wavelength was set to 205 nm. The individual
flavonoid and triterpenoid contents were measured by comparison with external standards.

2.3. Data Analysis

Tree growth (tree height and DBH) and leaf phytochemical content values for C. paliurus
were expressed as means ± standard deviation (SD). Analysis of variance (ANOVA) was
performed to compare the data among the genotypes from the two experimental fields
followed by Tukey’s test with p < 0.05 using SPSS 21.0 software (IBM, Chicago, IL, USA). The
analysis of the GGE model [24] was performed using GenStat 20th edition (VSN international,
Hemel Hempstead, Hertfordshire, UK). The GGE biplots were used to visually evaluate the
presence of an interaction and to rank the genotypes based on the mean and stability.

3. Results and Discussion
3.1. Variations in Growth and Leaf Phytochemical Contents

Two-way analysis of variance indicated that tree growth and leaf phytochemical con-
tent were significantly influenced by the genotype, environment, and their interactions
(Table S2). As shown in Figure 2, the genotype and GEI accounted for greater amounts
of the total variation for each measured index. For example, the variations in growth for
tree height and DBH by genotype accounted for 52.3% and 62.1%, while the variations
in leaf contents of quercetin-3-O-glucuronide, quercetin-3-O-galactoside, isoquercitrin,
quercetin-3-O-rhamnoside, and oleanolic acid as explained by genotype were 71.9%, 50.7%,
65.0%, 70.1%, and 55.6% (Figure 2), respectively. However, the greatest variations in
leaf contents of kaempferol-3-O-glucuronide, cyclocaric acid B, pterocaryoside B, ptero-
caryoside A, and total triterpenoid were explained by the GEI. For the leaf contents of
kaempferol-3-O-glucoside, kaempferol-3-O-rhamnoside, total flavonoid, arjunolic acid,
and hederagenin, the genotype and environment accounted for similar amounts of the
total variation.

The highest tree height was observed in KM4 (8.65 m), which was nearly two times
greater than the lowest tree height in LS9, while the BDH values varied from 4.38 to 11.32 cm,
with the highest value being found in LS1 and the lowest value in LS9 (Table 1). The to-
tal flavonoid contents in the leaves ranged from 3.58 to 11.03 mg/g, while the contents
of quercetin-3-O-glucuronide, quercetin-3-O-galactoside, isoquercitrin, kaempferol-3-O-
glucuronide, kaempferol-3-O-glucoside, quercetin-3-O-rhamnoside, and kaempferol-3-O-
rhamnoside varied from 0.17 to 2.20 mg/g, from 0.05 to 0.49 mg/g, from 0.01 to 0.24 mg/g,
from 0.13 to 0.88 mg/g, from 0.04 to 0.13 mg/g, from 0.02 to 0.23 mg/g, and from
0.07 to 1.21 mg/g, respectively (Table 2). Obviously, JH1 had the highest contents of
flavonoids, except for kaempferol-3-O-glucuronide, among the tested genotypes, whereas
the ZP5 exhibited the highest values for arjunolic acid (5.06 mg/g), cyclocaric acid B
(1.84 mg/g), and hederagenin (1.04 mg/g) for triterpenoids (Table 3). JH3 and JH1 showed
the best performance in terms of the accumulation of pterocaryoside B (2.21 mg/g) and
oleanolic acid (0.65 mg/g). Pterocaryoside A values ranged from 0.35 to 5.05 mg/g, with
the greatest value being observed in KM4. Moreover, KM4 also had the highest content of
total triterpenoid (22.42 mg/g), followed by ZP5 (21.40 mg/g) and JH1 (21.04 mg/g).
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of the total variation from ANOVA. Height: tree height; DBH: diameter at breast height; F1: quercetin-3-O-glucuronide;
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acid B; T3: pterocaryoside B; T4: pterocaryoside A; T5: hederagenin; T6: oleanolic acid; TT: total triterpenoid.

Table 1. Mean tree height and diameter at breast height (DBH) values for Cyclocarya paliurus (Batal.)
Iljinskaja genotypes across two test sites.

Family Tree Height (m) Diameter at Breast Height (cm)

AJ5 7.28 ± 0.55 adc 6.83 ± 1.95 bc

HF10 5.97 ± 1.08 cde 7.50 ± 2.24 b

JH1 7.32 ± 0.51 abc 10.83 ± 2.21 a

JH2 5.75 ± 0.73 de 6.82 ± 2.34 bc

JH3 6.55 ± 1.28 bcd 9.73± 2.45 a

KM4 8.65 ± 0.54 a 10.43 ± 1.32 a

KM5 6.43 ± 0.88 b–e 5.27 ± 0.69 cde

LS1 7.73 ± 0.80 ab 11.32 ± 1.30 a

LS4 6.65 ± 0.94 bcd 7.38 ± 0.66 b

LS6 6.68 ± 1.87 bcd 7.33 ± 2.57 b

LS9 5.02 ± 1.05 e 4.38 ± 1.58 e

SC4 5.68 ± 0.50 de 4.80 ± 0.75 de

ZP5 6.00 ± 1.02 cde 6.67 ± 2.58 bcd

Note: Values with different superscripts in the same column are significantly different at the 0.05
level. The highest value is marked using bold and the second highest value is marked using italics in
each column.

Our results indicated significant GEI effects for the height and DBH growth of
C. paliurus, consistent with the results found by Klápště et al. [25], who reported that
GEI effects were observed for the height and DBH of Picea koraiensis. However, these results
were inconsistent with the result found by Ling et al. [26], who reported that no GEI was
observed for the DBH growth of redwood. The leaf flavonoid and triterpenoid contents of
C. paliurus were significantly affected by genotype, environment, and GEI, in agreement
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with the previous studies [17,18]. Compared with other tree species, the total flavonoid
content in C. paliurus leaves was lower than that of olive leaves [27], but higher than or
similar to that of ginkgo leaves [28]. The total triterpenoid content of C. paliurus leaves was
lower than the previous study reported by Deng et al. [17], which may have been due to
the difference in climate factors for that year and tree age.

Table 2. Mean flavonoid contents in the leaves of 13 C. paliurus genotypes across two test sites.

Family
Flavonoid Content (mg/g)

F1 F2 F3 F4 F5 F6 F7 TF

AJ5 0.17 ± 0.09 e 0.05 ± 0.02 g 0.09 ± 0.06 cd 0.35 ± 0.27 e 0.09 ± 0.02 c 0.06 ± 0.02 e 0.35 ± 0.38 f 6.14 ± 4.77 def

HF10 0.48 ± 0.42 d 0.18 ± 0.17 f 0.06 ± 0.06 f 0.49 ± 0.37 d 0.08 ± 0.01 d 0.05 ± 0.03 f 0.34 ± 0.32 f 5.48 ± 0.64 efg

JH1 2.20 ± 0.09 a 0.49 ± 0.04 a 0.23 ± 0.00 a 0.74 ± 0.03 b 0.13 ± 0.01 a 0.23 ± 0.07 a 1.21 ± 0.41 a 11.03 ± 0.58 a

JH2 0.63 ± 0.40 c 0.25 ± 0.04 e 0.10 ± 0.02 c 0.49 ± 0.12 d 0.09 ± 0.01 bc 0.07 ± 0.03d 0.58 ± 0.40 d 6.39 ± 1.61 de

JH3 0.93 ± 0.42 b 0.31± 0.06 d 0.13 ± 0.06 b 0.80 ± 0.41 b 0.10 ± 0.02 b 0.16 ± 0.08 b 1.02 ± 0.62 b 7.09 ± 2.87 cd

KM4 0.66 ± 0.33 c 0.19 ± 0.13 f 0.08 ± 0.08 de 0.47 ± 0.30 d 0.06 ± 0.07 e 0.06 ± 0.03 ef 0.37 ± 0.20 f 5.29 ± 2.60 fg

KM5 0.18 ± 0.12 e 0.08 ± 0.06 g 0.01 ± 0.01 g 0.13 ± 0.05 f 0.06 ± 0.00 e 0.02 ± 0.03 g 0.07 ± 0.07 h 3.58 ± 0.76 h

LS1 0.22 ± 0.06 e 0.06 ± 0.02 g 0.02 ± 0.01 g 0.16 ± 0.05 f 0.06 ± 0.00 e 0.03 ± 0.00 g 0.15 ± 0.05 g 4.64 ± 2.74 g

LS4 0.85 ± 0.26 b 0.38 ± 0.17 c 0.13 ± 0.10 b 0.64 ± 0.26 c 0.09 ± 0.02 bc 0.12 ± 0.01 c 0.53 ± 0.09 de 9.09 ± 0.75 b

LS6 0.20 ± 0.14 e 0.06 ± 0.02 g 0.01 ± 0.01 g 0.16 ± 0.05 f 0.06 ± 0.00 e 0.02 ± 0.03 g 0.13 ± 0.12 g 4.72 ± 0.49 g

LS9 0.44 ± 0.40 d 0.24 ± 0.24 e 0.06 ± 0.07 ef 0.61 ± 0.57 c 0.04 ± 0.05 f 0.06 ± 0.04 e 0.51 ± 0.54 e 5.96 ± 2.55 ef

SC4 0.65 ± 0.64 c 0.42 ± 0.19 bc 0.24 ± 0.06 a 0.48 ± 0.33 d 0.12 ± 0.01 a 0.17 ± 0.04 b 0.48 ± 0.31 e 6.12 ± 1.06 ef

ZP5 0.70 ± 0.54 c 0.43 ± 0.40 b 0.09 ± 0.09 cd 0.88 ± 0.68 a 0.08 ± 0.01 d 0.13 ± 0.08 c 0.80 ± 0.48 c 7.42 ± 3.08 c

Note: F1: quercetin-3-O-glucuronide; F2: quercetin-3-O-galactoside; F3: isoquercitrin; F4: kaempferol-3-O-glucuronide; F5: kaempferol-3-O-
glucoside; F6: quercetin-3-O-rhamnoside; F7: kaempferol-3-O-rhamnoside; TF: total flavonoid. Values with different superscripts in the
same column are significantly different at the 0.05 level. The highest value is marked using bold and the second highest value is marked
using italics in each column.

Table 3. Mean triterpenoid contents in the leaves of 13 C. paliurus genotypes across two test sites.

Family
Triterpenoid Content (mg/g)

T1 T2 T3 T4 T5 T6 TT

AJ5 3.72 ± 2.82 d 1.47 ± 1.13 b 0.77 ± 0.03 d 2.02 ± 0.82 d 0.78 ± 0.40 c 0.40 ± 0.03 d 16.34 ± 6.92 d

HF10 1.63 ± 1.38 g 1.19 ± 0.99 cd 0.44 ± 0.48 f 1.00 ± 0.98 g 0.25 ± 0.28 f 0.24 ± 0.22 fg 15.04 ± 5.57 ef

JH1 4.59 ± 2.31 b 1.81 ± 0.74 a 0.54 ± 0.38 ef 2.58 ± 2.31 c 0.60 ± 0.60 d 0.65 ± 0.28 a 21.04 ± 6.99 b

JH2 2.41 ± 0.32 f 1.28 ± 0.26 c 0.47 ± 0.07 f 1.25 ± 0.17 f 0.31 ± 0.03 f 0.29 ± 0.04 ef 9.55 ± 0.68 h

JH3 4.31 ± 3.16 c 1.60 ± 0.85 b 2.21 ± 1.93 a 3.52 ± 3.07 b 0.74 ± 0.49 c 0.28 ± 0.04 f 19.26 ± 13.09 c

KM4 4.56 ± 2.92 bc 1.84 ± 1.15 a 1.56 ± 0.92 b 5.05 ± 3.95 a 0.88 ± 0.79 b 0.55 ± 0.36 b 22.42 ± 14.76 a

KM5 0.75 ± 0.42 h 0.55 ± 0.17 f 0.18 ± 0.15 g 0.69 ± 0.31 h 0.14 ± 0.02 g 0.10 ± 0.04 h 10.40 ± 1.62 h

LS1 0.62 ± 0.40 h 0.39 ± 0.15 g 0.19 ± 0.21 g 0.49 ± 0.39 hi 0.14 ± 0.13 g 0.13 ± 0.10 h 10.03 ± 1.69 h

LS4 2.16 ± 0.21 f 1.10 ± 0.32 d 1.00 ± 0.13 c 1.88 ± 0.52 d 0.15 ± 0.06 g 0.21 ± 0.04 g 12.73 ± 2.08 g

LS6 0.54 ± 0.13 h 0.35 ± 0.06 g 0.07 ± 0.08 g 0.35 ± 0.11 i 0.07 ± 0.02 h 0.09 ± 0.04 h 7.99 ± 3.15 i

LS9 1.78 ± 1.36 g 0.79 ± 0.51 e 1.74 ± 1.86 b 1.95 ± 1.82 d 0.28 ± 0.25 f 0.33 ± 0.28 e 15.54 ± 5.22 de

SC4 2.74 ± 0.82 e 1.23 ± 0.64 cd 1.06 ± 0.96 c 1.50 ± 1.03 e 0.52 ± 0.02 e 0.49 ± 0.06 c 14.05 ± 4.22 f

ZP5 5.06 ± 1.37 a 1.84 ± 1.66 a 0.71 ± 0.35 de 2.72 ± 0.66 c 1.04 ± 0.23 a 0.58 ± 0.21 b 21.40 ± 4.93 ab

Note: T1: arjunolic acid; T2: cyclocaric acid B; T3: pterocaryoside B; T4: pterocaryoside A; T5: hederagenin; T6: oleanolic acid; TT: total
triterpenoid. Values with different superscripts in the same column are significantly different at the 0.05 level. The highest value is marked
using bold and the second highest value is marked using italics in each column.

3.2. GEI Analysis for Growth and Leaf Phytochemical Content

The polygon views (indicating the which-won-where view) of the GGE biplot for the
growth and leaf phytochemical content of C. paliurus are presented in Figures 3 and 4,
respectively, which were formed by connecting all genotypes that were furthest away from
the biplot origin. Perpendicular lines from the origin point were used to divide the biplot
into different sectors by passing through polygon sides. The genotypes at the vertices of
each sector performed the best in the particular environment in the same sector. For the
tree height growth, PC1 and PC2 accounted for 75.16% and 24.84% of the total variation
(Figure 3A), respectively, while KM4, having the highest height (vertex genotype), was
located in the sector including both sites, indicating its wide adaptability. For DBH, 78.95%
and 21.05% of the total variation were explained by PC1 and PC2, respectively, in the
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polygon view of the GGE biplot (Figure 3B). LS1 performed the best for DBH growth
at the Chuzhou site, while JH1 performed the best at the Pingxiang site. As depicted
in Figure 5, PC1 explained a larger amount of the total variation for total flavonoid and
total triterpenoid contents. JH1 had the highest content of total flavonoids and was the
most adaptable genotype at both Pingxiang and Chuzhou sites (Figure 4A). The biplot
for total triterpenoid content divided the two locations into two sectors with different
wining genotypes. ZP5 exhibited the best performance for total triterpenoid content at the
Chuzhou site, while KM4 was the most adaptable to the Pingxiang site (Figure 4B).
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The average environment coordinate (AEC) views of the GGE biplot for the growth
and leaf phytochemical content of C. paliurus genotype are presented in Figures 5 and 6,
respectively, on the basis of their mean and stability over the environments. The axis of the
AEC abscissa (blue line), which passed through the biplot origin with an arrow, indicates
the direction of the best genotype. The stability of the genotype was estimated via projection
of the AEC ordinate axis (which passed through origin point and was perpendicular to the
AEC abscissa), whereby the genotype was more stable when its projection was closer to the
AEC abscissa [29]. For tree height growth, KM4 had the highest mean, with high stability
across environments (Figure 5A). However, LS1 had moderate stability and showed the
greatest DBH growth, whereas KM4 showed superior stability and a higher mean value
(Figure 5B). For the total flavonoid content in the leaves, JH1 had the highest mean and had
higher stability (Figure 6A), however the families of SC4, LS4, and HF10 were ranked in the
top three in all tested genotypes in terms of the stability of the total flavonoid accumulation.
For total triterpenoid content, KM4 had the highest mean but lower stability, while JH1
had a higher mean with higher stability (Figure 6B).

ANOVA is frequently used to identify whether the GEI was as a variation source
but fails to analyze the GEI itself [30]. The traditional regression analysis is also limited
when investigating GEI because it has a restraint condition, meaning that the independent
variable (environmental mean) is not independent of the dependent variable (genotype
mean) [20]. Additionally, in comparison to the additive main effects and multiplicative
interaction (AMMI) model, which discardes genotypes as a main effect, GGE analysis can
explain more of the variation sources [31]. The GGE biplot is a powerful tool that can be
used to provide a visual evaluation of a genotype on the basis of its mean performance
and stability across environments, along with the identification of mega-environments [32].
Therefore, GGE analysis is widely used to evaluate GEI effects for growth and yield traits in
crops such as maize [33], wheat [34], and rice [30]. In recent years, the GGE biplot has also
been applied in some tree species, such as Pongamia pinnata [16], Michelia chapensis [15],
and olive trees [35]. This is the first time the stability and adaptability of C. paliurus
genotypes have been analyzed using GGE models, as significant GEI effects were observed
for all parameters. Displaying the which-won-where pattern as a polygon is helpful in
identifying good performance and representative test locations [29]. In the present study, a
vertex genotype may capture more than one particular environment in the polygon review.
For instance, JH1 had the highest content of total flavonoids in the leaves and was highly
recommended for planting at both Pingxing and Chuzhou sites. This was consistent with
the viewpoint taken by Kumar et al. [36], who indicated that one genotype may suite several
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different mega-environments. The selection of ideal genotypes should not only rely on
good mean performance but also high stability [37]. Based on the results of the which-won-
where and AEC analyses, KM4 can be recommended as a superior genotype for growth
(height and DBH), while JH1 can be suggested for phytochemical (total flavonoid and
total triterpenoid contents) accumulation due to their high means and high stability levels.
Moreover, KM4 and ZP5 could be candidate genotypes for total triterpenoid production in
a specific environment due to their high means and low stability levels.
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3.3. Correlation between Tree Growth and Leaf Phytochemical Content

Pearson’s correlation analysis indicated that the annual mean DBH was significantly
and positively correlated with leaf phytochemical content in C. paliurus leaves when all
data for the 13 families at the two sites were used (Table 4, p < 0.01), while no correlation
between leaf phytochemical content and tree height growth was observed (p < 0.05),
indicating that it is possible to select a genotype with both high diameter growth and leaf
phytochemical content.

Table 4. Pearson’s correlation coefficients between the annual mean growth (tree height and DBH) and leaf phytochemical
content values of 13 C. paliurus genotypes across two test sites.

Index F1 F2 F3 F4 F5 F6 F7 TF T1 T2 T3 T4 T5 T6 TT

Height 0.13 −0.03 −0.04 −0.03 0.01 0.02 0.02 −0.05 0.11 0.14 −0.03 0.19 0.14 0.20 0.07
DBH 0.50 ** 0.23 * 0.24 * 0.35 ** 0.26 * 0.39 ** 0.50 ** 0.35 ** 0.45 ** 0.47 ** 0.25 * 0.44 ** 0.37 ** 0.31 ** 0.41 **

Note: Height: tree height; DBH: diameter at the breast height; F1: quercetin-3-O-glucuronide; F2: quercetin-3-O-galactoside; F3: iso-
quercitrin; F4: kaempferol-3-O-glucuronide; F5: kaempferol-3-O-glucoside; F6: quercetin-3-O-rhamnoside; F7: kaempferol-3-O-rhamnoside;
TF: total flavonoid; T1: arjunolic acid; T2: cyclocaric acid B; T3: pterocaryoside B; T4: pterocaryoside A; T5: hederagenin; T6: oleanolic acid;
TT: total triterpenoid; * indicates significance at 0.05 level; ** indicates significance at 0.01 level.

Understanding how different growth rates and environmental factors affect the pro-
duction of secondary metabolites will be of great importance for the conservation of
medicinal plants and the optimization of field growth conditions for the maximal recovery
of phytomedicinal chemicals [38]. Several studies have proposed the idea of potential
trade-offs between growth and the synthesis of secondary metabolites, whereas different
tree species may result in both positive and negative correlations between growth rates
and secondary metabolism [38–41]. Cao et al. [39] reported that the tree height and DBH
of C. paliurus were negatively and significantly correlated with the contents of quercetin
and kaempferol in the leaves, inconsistent with the results from the present study, showing
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significantly positive correlations between the annual mean DBH growth and the contents
of quercetin-3-O-glucuronide and kaempferol-3-O-rhamnoside for flavonoids and cyclo-
caric acid B for triterpenoids in C. paliurus (Table 4, p < 0.001). However, Cao et al. [39]
also reported no significant correlation between tree height growth and total flavonoid
content, and furthermore Cai et al. [38] indicated that the reserpine concentration in coarse
roots was positively correlated with the relative growth rate for two Rauvolfia species,
even if not significantly, in agreement with our present results. It seems that potential
trade-offs between plant growth and secondary metabolite synthesis are complicated, and
our results do not fully support the resource availability theory, which predicts that rapidly
growing plants in resource-rich habitats will contain low levels of highly mobile secondary
metabolites [42,43].

4. Conclusions

The genotype, environment, and their interactions had significant effects on the growth
and leaf phytochemical content of C. paliurus. Among them, the genotype and GEI showed
lager contributions to the variation of most traits. Correlation analysis indicated that the
annual mean DBH was significantly and positively correlated with the leaf phytochemical
content of C. paliurus, indicating that it is possible to select a genotype with both high growth
and a high leaf phytochemical content. Our results suggest that JH1 would be mainly
extended as a superior genotype for the production of flavonoids and triterpenoids in the
leaves, while KM4 could be spread for timber production or leaf triterpenoid production.
However, further field trials with more genotypes and experimental locations are required
to screen out superior C. paliurus genotypes with wide adaptation to environments or
specific adaptation to target sites in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/f12060735/s1, Figure S1: HPLC chromatograms of the representative sample solution (top) and
the responding standard solution containing the flavonoid and triterpenoid compounds (bottom),
Table S1: Coordinates and environmental factors for tested C. paliurus genotypes and test sites, Table
S2: The significance level of factor (genotype, environment and their interaction) for tree growth and
leaf phytochemical content of C. paliurus.
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