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Abstract: Hovenia acerba is a precious medicinal and edible tree. We assessed the genetic variation of
H. acerba quality traits and conducted a comprehensive germplasm resource evaluation to provide
a theoretical basis for breeding edible, medicinal, and edible/medicine combination varieties. We
evaluated 31 H. acerba germplasm resources, including 12 infructescence and 8 fruit quality traits using
correlation, principal component, and cluster analyses. The results showed that there were significant
differences in all quality traits, with an average coefficient of variation greater than 0.20, an average
genetic diversity greater than 1.80, and an average repeatability greater than 0.90. The average genetic
variation and repeatability of quality traits in infructescence were higher than fruit. Infructescence K,
Ca, Mn, Mg, and reducing sugar contents are important indicators in evaluating infructescence and
fruit quality traits, and infructescence K, Mg, and reducing sugar contents are also quality innovation
indices of H. acerba germplasms. Tannin, protein, and soluble sugar were the most suitable quality
components for screening, followed by reducing sugar, starch, fat, total saponins, and total flavones.
According to principal component factor scores and cluster analysis results, specific genotypes were
selected as breeding materials for infructescence protein, tannin, flavone, reductive sugar, fruit
tannin, fat, flavonoid, saponin, protein, and starch. The correlation analysis with environmental
factors showed that the total amount of applied water could influence H. acerba infructescence and
fruit quality. In conclusion, the variability of H. acerba germplasm resources was rich, and selection
potential is large, which is beneficial to germplasm quality innovation and breeding.

Keywords: Hovenia acerba germplasm; genetic variation; repeatability; breeding materials for quality
trait; environmental factors

1. Introduction

Hovenia acerba Lindl belongs to the Rhamnaceae family, and it is a precious economic
tree in China [1]. The species is distributed south of the Yangtze River Basin and is
concentrated in several Chinese provinces including Sichuan, Chongqing, Hubei, Hunan,
Jiangxi, and Fujian [2]. H. acerba infructescence can be used for medicinal and human
consumption purposes. It is thick, twisted, shaped like chicken feet, and fleshy (Figure 1) [3].
Infructescence nutritional value is far higher than common fruits, because it contains
not only fat, protein, and various types of sugar, but also a variety of mineral elements
needed by the human body [1,4]. H. acerba fruit medicinal value is vast and is effective
for numerous diseases: it inhibits cancer cell growth [5,6]; it has sedative, analgesic and
anticonvulsant [3], anti-inflammation, anti-oxidation, anti-aging, and other effects [7]; it
contains active components for liver protection [8,9]; it reduces coronary heart disease and
improves immunity incidences [10,11]. The chemical components of H. acerba fruit were
studied, and a variety of compounds, such as triterpenoid saponins, tannins, flavones,
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and fatty acids were isolated [7,12]. Therefore, studying H. acerba quality diversity is
of great significance for its functional product development and the innovative use of
germplasm resources.

Quality traits are an important part of germplasm resources phenotypic traits [13],
which can be used to understand the characteristics and genetic differences of germplasm
resources [14]. Germplasm resources are the carriers of genetic information, which are
directly or indirectly used in breeding, cultivation, and other biological functions [15,16].
Objective evaluation of these resources is the premise of rational utilization. Recently, ge-
netic identification has been conducted using several molecular markers [17–20]; however,
these markers cannot objectively reflect the germplasm resources’ characteristics in terms
of production and adaptability [21]. Phenotypic traits can reflect the interaction between
genes and environment, and have the advantages of being intuitive, convenient, and low
cost [22].

Genetic diversity is the basic component of biological diversity, which is evolved by
adapting to the environment [14,23]. Evaluation of quality traits is an important part of
exploring the genetic diversity of plant resources [13] as abundant variation represents the
genetic basis of plant improvement [24]. Repeatability estimates can be used to evaluate
the maximum heritability of germplasm resource traits and the greater the repeatability
value, the stronger the genetic control, and obviously the lesser influence of the external
environment [25]. Therefore, a full understanding of genetic diversity and its genetic
control can effectively formulate breeding strategies, reduce aimless work, and assist in
improvement effects. Currently, with the combination of variance analysis and genetic
parameter estimation methods, traits with significant differences and strong genetic sta-
bility can be identified, and principal component, correlation, and cluster analyses can
be effectively used to evaluate the germplasm resources for quality traits [14,19,22,26].
These methods have been widely used in evaluating medicinal materials [27], industrial
crops [22], grain [20], oil crops [19], fruits [14], and vegetables [26] for the production of
excellent varieties through breeding efforts.

H. acerba studies have been mainly focused on ecological [28] and biological character-
istics [6,8,29], pharmacology [4,12] for active ingredient extraction [1], and cultivation [30].
A few H. acerba germplasm resource studies have been conducted to assess its genetic
diversity using ISSR and RAPD molecular markers [17,18]; however, evaluation of quality
traits has not received much attention. In this study, 31 H. acerba trees from 11 provenances
in Fujian Province were used to evaluate 12 infructescence quality and 8 fruit quality
traits. Genetic variation and parameter estimation were carried out to reveal the extent
of genetics on quality traits. Additionally, correlation, cluster, and principal component
analyses were used to comprehensively evaluate H. acerba quality traits and to explore their
interaction with environment. The present study is expected to provide the theoretical basis
for breeding excellent edible, medicinal, and medicinal and edible varieties of H. acerba.

2. Materials and Methods
2.1. Materials

A total of 31 scattered H. acerba trees from 11 Provenances in Fujian Province were
selected for germplasm resource evaluation (Table 1). Environmental factors such as
longitude (Long.), latitude (Lat.), altitude (Alt.), annual mean temperature (AMT), annual
mean precipitation (AMP), annual mean sunshine hours (AMSH), annual mean rainfall
days (AMRD), and frost-free period (FFP) were obtained throughout the study period
(Table 2).
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Table 1. Origin of H. acerba test germplasm resources.

Code Location Code Location Code Location

Y1 Yongding county Z3 Zhenghe county P2 Pucheng county
Y2 Yongding county Z4 Zhenghe county J1 Jianou county
L1 Liancheng Z5 Zhenghe county J2 Jianou county
L2 Liancheng X1 Songxi county J3 Jianou county
L3 Liancheng X2 Songxi county J4 Jianou county
D1 Datian county S1 Sha county J5 Jianou county
D2 Datian county S2 Sha county J6 Jianou county
D3 Datian county S3 Sha county J7 Jianou county
Q1 Qingliu county F1 Fuzhou city J8 Jianou county
Z1 Zhenghe county C1 Shunchang county
Z2 Zhenghe county P1 Pucheng county

Table 2. Environmental factors of each location of H. acerba trees.

Location Long Lat Alt
(m)

AMT
(◦C)

AMP
(mm)

AMSH
(h)

AMRD
(d)

FFP
(d)

Yongding county E116◦49′ N24◦45′ 624 20.1 1607 1743 130 305
Liancheng county E116◦48′ N25◦49′ 334 16.7 1734 1761 132 291

Datian county E117◦52′ N25◦41′ 353 17.5 1651 1724 141 297
Qingliu county E116◦53′ N26◦09′ 274 17.9 1786 1583 143 276

Sha county E117◦48′ N26◦36′ 324 17.6 1675 1878 140 290
Fuzhou city E119◦14′ N26◦05′ 43 21.5 1992 1840 132 326

Shunchang county E117◦52′ N26◦54′ 375 18.5 1756 1740 135 305
Zhenghe county E118◦56′ N27◦24′ 280 16.5 1700 1907 139 250
Songxi county E117◦52′ N27◦35′ 271 18.1 1650 1866 138 269

Pucheng county E118◦28′ N27◦49′ 259 17.4 1780 1900 145 254
Jianou county E118◦20′ N27◦03′ 122 19.3 1800 1612 137 286

2.2. Sample Collection

Mature H. acerba infructescence and fruit was collected in the first ten days of Novem-
ber 2007, 2017, and 2020 (Figure 1). At this time, the infructescence was fleshy and swollen,
showing yellowish brown or brown color. A standard fruit-bearing branch was cut from the
outside of the crown’s four cardinal directions with high branch shears and collected. The
branch was gently packed into a carton and brought back to the laboratory. The sequence
infructescence and fruit were separated with scissors and collected by each sampling
tree. They were placed in Ziplock® bags and stored in a −20 ◦C refrigerator for quality
index determination.
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2.3. Quality Trait Determination
2.3.1. Fatty Acid Content

Fatty acid content of infructescence and fruit was determined by Soxhlet extraction
(ZF-06A Fat detector, Saiyasi, China) [31]. The extraction bottles were washed, cleaned with
a small amount of ether, dried at 105 ◦C, taken out, cooled, weighed, and recorded as M1.
Two and one gram samples of infructescence and fruit from a ground powder, respectively,
were used as Ma and wrapped in filter paper. The sample packages were placed into the
extractor after adding 20 mL of anhydrous ether for complete soaking for 30 min. The
soaked anhydrous ether was placed into extraction bottles, then another 20 mL anhydrous
ether were added into the extractor and heated in a water bath at 75 ◦C for about 1 h. After
oil extraction was completed, the ether was recovered in the condensing tubes. Then, the
extraction bottles were placed in a drying box at 105 ◦C for 1 h, removed, and cooled to
room temperature (28 ◦C). The weigh the extraction bottles was considered as M2. The
fatty acid content was calculated by Equation (1):

The fatty acid content (%) = (M2−M1)/Ma× 100. (1)

2.3.2. Protein Content

The determination of protein content of infructescence and fruit was based on drawing
a standard curve with bovine serum protein [32]. A 0.5 g sample (W1) and 5 mL of distilled
water were placed into a 10 mL centrifuge tube, shaken well, and centrifuged for 10 min at
10,000 r·min−1 (Allegra 64r, Beckman, Pasadena, CA, USA); the supernatant was removed
and recorded as V1 mL. V2 supernatant (infructescence 0.2 mL, fruit 1 mL) was added into
a 10 mL test tube. Then, 5 mL of Coomas bright blue G-250 solution was added, thoroughly
mixed, and placed for 2 min. After that, the absorbance was recorded at 595 nm in Enzyme
labeling equipment (Infinite M200 PRO, Tecan, Switzerland). The protein content (µg) was
obtained by checking the standard curve (W2). The protein content was calculated by
Equation (2):

The protein content (%) = (W2×V1)/(W1× 106 ×V2). (2)

2.3.3. Determination of Sugars and Content

A 0.1 g sample (W1) of infructescence, fruit, and 4 mL of water were added into a
10 mL centrifuge tube and extracted in a water bath at 80 ◦C for 30 min. The samples
were cooled and centrifuged at 3000 r·min−1 for 10 min (Allegra 64r, Beckman, Brea, CA,
USA). After, the supernatant was transferred into a 10 mL test tube, and 3 mL of distilled
water were added into the precipitate; this was repeated twice. After centrifugation, the
supernatant was collected and filled to 10 mL with distilled water for the determination of
reducing sugar and soluble sugar (V1). The residue was used for starch determination.

Soluble sugar content of infructescence and fruit was determined [33] and a standard
curve with glucose was developed. One milliliter (V2) of the above infructescence extract
was filled with distilled water to ten milliliters as infructescence diluent. A quantity of
0.1 mL of infructescence diluent and fruit extract (V2) were placed in a 10 mL test tube, then
0.9 mL of distilled water was added, placed in an ice bath, and then 3 mL of 0.2% anthrone
solution was added. Afterwards, it was shaken and bathed in boiling water for 10 min,
then chilled in ice water. The absorption value was determined at 625 nm in Enzyme
labeling equipment (Infinite M200 PRO, Tecan, Switzerland). The soluble sugar content
(µg) can be found on the standard curve (W2). The soluble sugar content was calculated by
Equation (3):

Soluble sugar content(%) = (W2×V1)/(W1× 106 ×V2). (3)

Reducing sugar of infructescence and fruit was determined and a standard curve with
glucose was developed [33]. A quantity of 0.2 mL (V3) of infructescence extract was added
to 0.8 mL of distilled water, and 0.4 mL (V3) of fruit extract and 0.6 mL of distilled water
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were added into a 10 mL test tube and shaken. One milliliter of DNS solution was added,
bathed in boiling water for 5 min, cooled in ice water, and then filled with distilled water
to 10 mL. The absorption value was measured at 540 nm in Enzyme labeling equipment
(Infinite M200 PRO, Tecan, Switzerland). The soluble sugar content (µg) can be found on
the standard curve (W3). The reducing sugar content was calculated by Equation (4).

Reducing sugar content (%) = (W3×V1× 200)/(W1× 106 ×V3). (4)

The starch content of the infructescence and fruit was determined [34]. The precip-
itated residue was dried at 80 ◦C. After cooling, 2.5 mL of distilled water were added
into the 5 mL centrifuge tube and heated in a boiling water bath for gelatinization for
10 min. After cooling, 1 mL of cold 9.2 mol·L−1 perchloric acid was added and placed on an
oscillator for 10 min. After centrifugation (3000 r·min−1) for 10 min (Allegra 64r, Beckman,
USA), the supernatant was recovered. Two milliliters of cold 4.6 mol·L−1 perchloric acid
were added to the residue again, oscillated for 10 min, centrifuged at the same speed for
10 min, and then the supernatant was recovered. Then, the residue was washed with
2 mL distilled water, centrifuged at the same speed for 10 min, and the supernatant was
recovered. The supernatant of the three parts described above was combined with distilled
water to 10 mL (V4), which was the sample solution for starch content determination.
Using the reducing sugar method mentioned above, 0.1 mL (V5) of sample solution was
determined, and hydrolyzed sugar content was obtained by the curve (W4). The starch
content was calculated by Equation (5):

Starch content (%) = (W4×V4× 0.9)/(W1× 106 ×V5). (5)

2.3.4. Tannin Content

A standard curve with tannins was developed [35]. A 0.1 g (W1) sample of infructes-
cence or fruit was weighed and placed in a 10 mL centrifuge tube. Five milliliters of
1:5 ethanol solution (the mixture of 1 volume of ethanol solution and 5 volumes of distilled
water) were added, shaken on the oscillator for 60 min, and centrifuged at 3000 r·min−1 for
10 min (Allegra 64r, Beckman, USA) to obtain the supernatant (V1). Extract (V2) (0.5 mL
infructescence, 0.1 mL fruit) was placed in a 25 mL volumetric bottle containing 15 mL of
water; 1 mL of F-D reagent solution was added and then shaken. Then, 1 mL of sodium
carbonate saturated solution was added, diluted to the scale with distilled water, shaken,
and left for 30 min. Absorption value was measured at 748 nm in Enzyme labeling equip-
ment (Infinite M200 PRO, Tecan, Switzerland), and the tannin content (mg) was obtained
on the standard curve (W2). The tannin content was calculated by Equation (6):

Tannin content (%) = (W2×V1)/(W1× 103 ×V2). (6)

2.3.5. Total Flavone Content

A standard curve with rutin was developed [36]. A 0.1 g (W1) sample of infructescence
or fruit was weighed and placed into a 10 mL centrifuge tube, and 5 mL of 75% ethanol
were added. Ultrasonic extraction (OuHor, H150, China) was carried out in 70 ◦C water
for 15 min. After centrifugation (3000 r·min−1) for 10 min (Allegra 64r, Beckman, USA),
the supernatant was carefully removed into a 10 mL test tube. The residue was extracted
by ultrasound for one time, centrifuged, combined with the supernatant, and volume
fixed with 75% ethanol to 10 mL (V1). A quantity of 0.2 mL of sample solution (V2) was
added to 0.8 mL of 1% aluminum chloride ethanol solution in a test tube, then 75% ethanol
volume was added to 10 mL, shaken, and left at room temperature for 30 min. Absorption
value was measured at 413 nm in Enzyme labeling equipment (Infinite M200 PRO, Tecan,
Switzerland). The total flavone content (mg) was obtained in the standard curve (W2). The
total flavonoid content was calculated by Equation (7):

Total flavonoid content (%) = (W2×V1)/(W1× 103 ×V2). (7)
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2.3.6. Total Saponin Content

The standard curve was made with ginsenoside [37]. A 0.2 g (W1) sample of in-
fructescence or fruit was placed into a 10 mL centrifuge tube and 5 mL of water-saturated
n-butanol were added, then placed in a bath of 50 ◦C water with ultrasonic wave for 30 min
(OuHor, H150, China), and centrifuged at 3000 r·min−1 for 10 min (Allegra 64r, Beckman,
USA). The supernatant was removed into a 10 mL test tube. The residue was extracted
again, combined with the supernatant, and water-saturated n-butanol to 10 mL (V1) was
added. A quantity of 0.1 mL (V2) of the above solution was added to 0.2 mL of a newly
prepared 5% van aldehyde-glacial acetic acid solution and 0.8 mL of perchloric acid. After
15 min of color development in a water bath at 60 ◦C, it was cooled in an ice bath, and
then 5 mL of ethyl acetate were added. The absorption value was measured at 540 nm in
Enzyme labeling equipment (Infinite M200 PRO, Tecan, Switzerland). Total saponin content
(mg) was obtained in standard curve (W2). The total saponin content was calculated by
Equation (8):

Total saponin content (%) = (W2×V1)/(W1× 103 ×V2). (8)

2.3.7. Mineral Element Content

A 0.2 g sample of infructescence was weighed and Microwave digestion equipment
(Ethos, Milestone Company, Italy) was used for microwave digestion. After digestion, the
acid was driven at 160 ◦C for 3~4 h, and then the digestion solution was fixed to 50 mL.
The above solution was filtered by filter paper to make the test solution. The contents of K,
Ca, Mg, and Mn (µg·g−1) were determined by the ICP-OES inductively coupled Plasma
Emission Spectrometer (Optima 8000, PerkinElmer, Waltham, MA, USA) [38].

2.4. Data Processing and Analysis

Quantitative traits were calculated using SPSS 22.0 software, including maximum,
minimum, mean values, standard deviation (SD), genetic diversity index (H’), coefficient of
variation (CV), and repeatability (R). According to the mean (x) and standard deviation (S),
the material was divided into ten levels starting from level one which was Xi < (x−2s), to
level ten which was Xi ≥ (x+ 2s). Every 0.5 s constituted one level, the relative frequency
of each trait was used to calculate the diversity index, and i was the level number. The
Shannon-Weaver diversity index (H’) was used to measure the size of genetic diversity and
was calculated by Equation (9):

H′ = −∑ piLnpi, (9)

where H’ stands for the genetic diversity index, Pi for the percentage of the total number of
materials in the i level of a trait, and Ln for the natural logarithm [39].

The coefficient of variation was calculated by Equation (10). When statistical analysis
of trait variation was carried out, a coefficient of variation of less than 0.1 meant a small
degree of variation, 0.1~0.2 a medium degree of variation, and greater than 0.2 a high
degree of variation [40]:

Coefficient of variation (CV) = s/x. (10)

SPSS 22.0 software was also used for variance analysis for each trait and to obtain an F
value. The repeatability was calculated by Equation (11). Repeatability greater than 50%
was considered as high heritability, 50~20% medium heritability, and less than 20% low
heritability [41,42]:

Repeatability (R) = 1− 1/F. (11)

The same statistical software was also used for principal component and correlation
analyses of the 20 quality traits, and the eigenvalue of each principal component was used
as the coefficient to construct the functional formula for comprehensive evaluation [43].
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Chi-squared distance was used as the distance and the Ward deviation square sum method
was used for cluster analysis [44]. Graphs were made with Graphpad prism 9.0 software.

3. Results
3.1. Analysis of Infructescence Quality Trait Genetic Variation

Different germplasm had a significant effect on infructescence quality traits (Table 3).
CV ranged from 0.12 to 0.73, with an average of 0.35. The traits with coefficient of variation
greater than 0.2 were fatty acids, protein, tannin, total flavonoid, reducing sugar, starch,
Mn, K, Ca, and Mg contents. R fluctuated from 0.956 to 0.997 with an average value of
0.988, and all traits were greater than 0.5. H’ of infructescence quality traits fluctuated from
1.40 to 2.02 with an average of 1.88. The seven infructescence quality traits were higher than
1.90, including fat, tannin, total saponin, soluble sugar, reducing sugar, K, and Mg contents.

Table 3. Genetic diversity of infructescence quality traits in H. acerba germplasm.

Quality Trait Variation Range Mean SD F Value CV R H’

Fat content (%) 0.32~2.34 1.23 0.45 83.33 ** 0.36 0.988 1.93
Protein content (%) 3.94~29.89 10.22 6.15 333.33 ** 0.60 0.997 1.40
Tannin content (%) 0.54~1.44 0.92 0.22 111.11 ** 0.24 0.991 2.01
Total flavonoid content (%) 0.10~0.40 0.19 0.06 100.00 ** 0.32 0.990 1.81
Total saponin content (%) 1.32~2.34 1.81 0.22 22.73 ** 0.12 0.956 2.02
Soluble sugar content (%) 37.26~61.68 49.17 5.95 52.63 ** 0.13 0.981 1.96
Reducing sugar content (%) 15.02~44.25 29.43 8.04 142.86 ** 0.27 0.993 1.94
Starch content (%) 1.08~7.84 3.05 1.65 250.00 ** 0.54 0.996 1.87
Mn content (µg·g−1) 5.37~75.07 24.43 17.77 500.00 ** 0.73 0.998 1.86
K content (µg·g−1) 12,266.34~30,346.86 21,604.29 4685.15 58.82 ** 0.22 0.983 1.96
Ca content (µg·g−1) 985.28~4697.43 2509.85 1033.29 166.67 ** 0.41 0.994 1.82
Mg content (µg·g−1) 395.23~1841.70 947.39 267.90 125.00 ** 0.28 0.992 1.92
Average - - - - 0.35 0.988 1.88

** highly significant correlation (p < 0.01).

3.2. Analysis of Fruit Quality Trait Genetic Variation

Different germplasm had a significant effect on fruit quality traits (Table 4) and a
CV from 0.09 to 0.38, with an average of 0.23. There were four traits with coefficient of
variation greater than 0.2, which were fat, tannin, reducing sugar, and starch contents. The
R fluctuated from 0.610 to 0.992 with an average value of 0.930, and all characters were
greater than 0.5. The H’ of fruit sequence traits fluctuated from 1.56 to 2.00 with an average
of 1.89; five traits were higher than 1.90, i.e., fat, protein, total flavonoid, total saponin, and
soluble sugar contents

Table 4. Genetic diversity of fruit quality traits in H. acerba germplasm.

Quality Trait Variation Range Mean SD F Value CV R H’

Fat content (%) 3.64~14.87 10.08 2.24 24.39 ** 0.22 0.959 1.98
Protein content (%) 2.70~6.74 4.74 0.74 13.89 ** 0.16 0.928 1.97
Tannin content (%) 1.74~9.57 4.70 1.80 125.00 ** 0.38 0.992 1.56
Total flavonoid content (%) 0.31~0.75 0.47 0.09 83.33 ** 0.19 0.988 2.00
Total saponin content (%) 3.20~5.38 4.53 0.41 12.20 ** 0.09 0.918 1.94
Soluble sugar content (%) 2.42~5.96 4.32 0.76 200.00 ** 0.18 0.995 1.99
Reducing sugar content (%) 0.93~2.73 1.70 0.51 142.857 ** 0.30 0.993 1.88
Starch content (%) 1.10~4.14 2.33 0.77 90.909 ** 0.33 0.989 1.80
Average - - - - 0.23 0.970 1.89

** indicated very significant correlation (p < 0.01).
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3.3. Correlation Analysis among Quality Traits

For infructescence quality traits of H. acerba germplasms, there were highly significant
relations (Figure 2I and Table A1). There were correlations which were positively significant
with a coefficient greater than 0.4; these were fat content with protein content, tannin content
with protein and Mg content, total flavonoid with soluble sugar, and starch content with
Mn content. Reducing sugar and Mg content had a negatively significant relation, with a
coefficient greater than 0.4.

For fruit quality traits, there were highly significant relations (Figure 2II and Table A2).
There were correlations which were positively significant with a coefficient greater than
0.4; these were fat content with total saponin, soluble sugar content with protein, tannin,
reducing sugar, and starch content.

For infructescence and fruit quality traits, there were highly significant relations
(Figure 2III and Table A3). There were correlations which were positively significant
with a coefficient greater than 0.4; these were fruit fat content with infructescence total
saponin content, and fruit starch content with infructescence reducing sugar content. The
correlations that were negatively significant with a coefficient greater than 0.4 were fruit
tannin content with infructescence fat and Mn content, fruit soluble sugar content with
infructescence Mn content, fruit starch content with infructescence fat, total flavonoid, and
Mg content.
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Figure 2. Correlation analysis between quality traits of H. acerba germplasms. ** indicated very signif-
icant correlation (p < 0.01), * indicated significant correlation (p < 0.05). I: Correlation analysis between
infructescence quality traits of H. acerba germplasms; II: Correlation analysis between fruit quality
traits of H. acerba germplasms; III: Correlation analysis between infructescence and fruit quality traits
of H. acerba germplasms. 1: Infructescence fat content; 2: Infructescence protein; 3: Infructescence tan-
nin; 4: Infructescence total flavonoid; 5: Infructescence total saponin; 6: Infructescence soluble sugar;
7: Infructescence reducing sugar; 8: Infructescence starch; 9: Infructescence Mn; 10: Infructescence K;
11: Infructescence Ca; 12: Infructescence Mg; A: Fruit fat; B: Fruit protein; C: Fruit tannin; D: Fruit
total flavonoid; E: Fruit total saponin; F: Fruit soluble sugar; G: Fruit reducing sugar; H: Fruit starch.
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3.4. Principal Component Analysis and Comprehensive Evaluation

According to the analysis, the first 6 principal components were selected for compre-
hensive evaluation as their eigenvalues were greater than or equal to 1, with cumulative
contribution reaching 70.51% (Table 5). The eigenvalue of the first principal component
(Factor 1) was 2.681, and its contribution rate was 18.77%. The eigenvector of loading ≥ 0.5
had three traits, namely fruit protein, fruit tannin, and fruit soluble sugar contents, with
fruit tannin content being the largest. Therefore, Factor 1 was called fruit tannin, protein,
and soluble sugar factor. The eigenvalue of the second principal component (Factor 2) was
2.663 and its contribution rate was 14.50%. When the eigenvector of loading was ≥0.5,
i.e., infructescence reducing sugar and fruit starch contents with infructescence reducing
sugar content being the largest, Factor 2 was called infructescence reducing sugar and fruit
starch factor. The characteristic value of the third principal component (Factor 3) was 2.437,
and its contribution rate was 12.54%. The characteristic vector of loading ≥ 0.5 had three
traits, namely fruit fat, fruit total saponin, and infructescence K contents, with fruit fat
content being the largest. Therefore, Factor 3 was called fruit fat and total saponin factor.
The characteristic value of the fourth principal component (Factor 4) was 2.425, and its
contribution rate was 9.34%. The characteristic vector of loading ≥0.5 had three traits,
namely infructescence protein, tannin, and Ca contents, with the infructescence protein
content being the largest. Therefore, Factor 4 was called infructescence protein and tannin
factor. The characteristic value of the fifth principal component (Factor 5) was 2.121, and its
contribution rate was 7.90%. The characteristic vector 0.5 of the load had infructescence
total flavonoid and soluble sugar content, with infructescence total flavonoid content being
the largest. Therefore, Factor 5 was called infructescence flavonoid and soluble sugar factor.
The characteristic value of the sixth principal component (Factor 6) was 1.775, and its
contribution rate was 7.45%. The characteristic vector of loading ≥0.5 had the fruit total
flavonoid content. Therefore, Factor 6 was called fruit flavonoid factor. In conclusion, there
were six key quality traits, which were fruit tannin, infructescence reducing sugar, fruit fat,
infructescence protein, infructescence total flavone, and fruit total flavone contents.

Table 5. Principal component analysis in quality traits of H. acerba germplasms.

Traits Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

Infructescence fat content −0.523 −0.249 0.194 0.459 0.010 −0.128
Infructescence protein content −0.019 −0.123 −0.066 0.840 −0.114 −0.158
Infructescence tannin content −0.004 −0.118 −0.150 0.812 0.237 −0.100
Infructescence total flavonoid content −0.071 −0.538 −0.141 −0.006 0.742 −0.154
Infructescence total saponin content 0.331 −0.321 0.355 −0.096 −0.383 −0.192
Infructescence soluble sugar content 0.072 0.098 −0.095 −0.096 0.697 −0.107
Infructescence reducing sugar content −0.037 0.895 −0.042 −0.099 0.189 −0.086
Infructescence starch content −0.272 0.051 −0.122 −0.077 −0.643 −0.269
Infructescence Mn content −0.696 −0.003 0.006 −0.236 −0.332 −0.051
Infructescence K content 0.012 −0.288 0.533 0.372 0.051 −0.154
Infructescence Ca content 0.189 −0.059 0.268 0.605 −0.337 0.196
Infructescence Mg content −0.079 −0.591 0.151 0.342 0.097 −0.322
Fruit fat content −0.082 −0.028 0.918 −0.134 −0.074 −0.011
Fruit protein content 0.580 0.023 0.257 −0.251 0.168 −0.194
Fruit tannin content 0.831 0.080 −0.128 0.056 −0.144 0.201
Fruit total flavonoid content 0.076 0.361 0.261 −0.130 0.278 0.855
Fruit total saponin content 0.097 0.186 0.883 0.022 −0.057 0.115
Fruit soluble sugar content 0.730 0.172 0.167 0.068 0.074 −0.491
Fruit reducing sugar content 0.047 0.082 0.055 0.107 0.064 −0.562
Fruit starch content 0.319 0.850 0.128 −0.147 −0.168 −0.137
Eigenvalue 2.681 2.663 2.437 2.425 2.121 1.775
Contribution rate% 18.77 14.50 12.54 9.34 7.90 7.45
Cumulative contribution% 18.77 33.27 45.81 55.15 63.05 70.51
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According to the principal component analysis, the variance contribution rate of each
principal component was different. The H. acerba germplasm comprehensive score (F value)
is shown (Table 6). The higher the F value, the better the comprehensive quality traits. The
results were that 18 H. acerba germplasms had average comprehensive score values greater
than 0, including S2, S3, Y1, J7, D1, Q1, J8, P1, P2, J6, L3, S1, Z5, C1, D3, Z2, J1, and D2,
indicating that these germplasms had quality utilization value.

Table 6. Comprehensive score of H. acerba germplasms.

Germplasm
Code 1 Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6 F Value

S2 0.211 0.861 0.314 2.783 0.323 −0.088 0.773
S3 0.319 0.000 0.542 2.016 0.013 0.969 0.625
Y1 −0.039 1.468 0.464 −0.493 1.477 0.356 0.532
J7 0.365 −0.581 0.559 1.322 0.938 0.559 0.495
D1 −1.336 2.255 0.832 −0.173 −0.374 1.534 0.424
Q1 2.007 −0.318 −1.335 0.128 0.682 0.654 0.297
J8 1.118 −0.514 1.536 −0.154 0.185 −0.744 0.288
P1 1.036 1.634 −0.076 0.654 −0.503 −1.987 0.279
P2 1.518 0.281 0.400 −0.085 −0.829 −0.513 0.207
J6 1.675 0.595 0.166 −1.187 −1.612 1.196 0.164
L3 0.908 −1.232 0.111 0.130 0.444 0.775 0.146
S1 0.168 0.176 −0.734 1.804 −0.742 −0.022 0.134
Z5 −0.041 −0.524 0.299 −0.672 2.333 −0.358 0.134
C1 0.667 −1.029 1.070 −0.942 −0.111 1.512 0.129
D3 −0.985 0.597 0.600 −0.142 0.221 0.585 0.112
Z2 −0.272 1.316 0.087 −1.142 0.488 0.072 0.098
J1 0.495 0.258 0.770 −0.375 −0.960 −0.412 0.016
D2 −1.284 1.245 −0.426 −0.427 0.692 0.518 0.013
Z1 −0.301 −0.333 1.481 −1.342 0.340 −0.227 −0.072
X2 −0.194 −1.029 0.371 −0.079 1.812 −1.624 −0.114
L1 0.254 −0.932 0.248 0.469 −1.652 0.965 −0.131
F1 −1.972 −1.195 0.403 0.683 0.261 1.181 −0.225
J5 −0.090 −1.038 0.567 −0.434 0.295 −0.837 −0.251
Y2 0.203 −0.184 −3.072 0.033 0.725 1.268 −0.253
X1 0.205 0.566 −0.421 0.494 −0.952 −2.228 −0.266
Z4 −0.743 0.673 0.048 −0.748 0.132 −1.380 −0.288
Z3 −0.433 1.263 −1.589 −0.902 −0.502 0.291 −0.312
J4 0.705 −1.118 −0.647 −1.168 −0.330 0.060 −0.432
J2 −2.047 −1.082 0.243 1.143 −1.017 −0.539 −0.575
L2 −0.617 −0.821 −2.322 −0.182 0.535 −0.977 −0.748
J3 −1.503 −1.258 −0.487 −1.013 −2.313 −0.558 −1.199

1 see Table 1 for explanation of germplasm code.

3.5. Cluster Analysis of H. acerba Germplasm

In order to study the genetic relationship of the 31 H. acerba germplasms, they were
divided into 6 groups according to the variable cluster average method, where the distance
between the chi-square sum was 2.2 (Figure 3). Group I had four germplasms, including J3,
J2, F1, and L1. Group II had six, including S2, S3, S1, J7, C1, L3. Group III had Q1 and Y2.
Group IV had seven, including J5, J8, J4, Z1, X2, Z5, and L2. Group V had J6, J1, P2, P1, and
X1. Group VI had seven, including Z4, Z3, D1, D3, D2, Z2, and Y1.

The quality traits (average value) of the six H. acerba germplasm groups were compared
and analyzed (Table 7). The results showed that each Group (I to VI) had unique attributes,
and each could be considered as breeding material for their respective unique attributes.
In Group I, infructescence fat, starch, Mn, and Mg content were the highest compared
to the other 5 groups, indicating that the Group I can be used as be used as breeding
material for fat and starch. In Group II, infructescence protein, tannin, total saponin, and
Ca content were the highest, indicating that Group II can be used as breeding material for



Forests 2023, 14, 204 11 of 21

infructescence protein, tannin, total saponin, and Ca. In Group III, infructescence soluble
sugar content, fruit tannin, soluble sugar, and reducing sugar content were the highest,
indicating that Group III can be used as breeding material for infructescence sugar and
fruit tannins. In Group IV, infructescence total flavonoid and fruit fat content were the
highest, indicating that Group IV could be used as breeding material for infructescence
flavonoid and fruit fat. In Group V, fruit protein, total flavonoid, total saponin, and starch
content were the highest, indicating that the Group V could be used as breeding material
for fruit protein, flavonoid, saponin and starch. In Group VI, infructescence reducing sugar
content was the highest, suggesting that Group VI could be used as breeding material for
infructescence reducing sugar.
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Table 7. Analysis of quality traits of H. acerba germplasm resources in different clusters.

Traits
Group

I II III IV V VI

Infructescence fat content 3.66 3.49 1.38 2.50 2.05 2.58
Infructescence protein content 2.60 3.28 2.01 1.53 1.53 1.32
Infructescence tannin content 2.94 3.64 3.25 2.23 2.25 2.15
Infructescence total flavonoid content 2.31 2.70 2.98 3.09 1.27 1.87
Infructescence total saponin content 3.17 3.40 2.43 2.69 3.39 2.10
Infructescence soluble sugar content 1.74 2.99 3.96 3.33 1.64 3.26
Infructescence reducing sugar content 1.51 2.46 2.64 2.01 3.22 3.98
Infructescence starch content 3.46 2.12 1.70 1.48 1.92 2.41
Infructescence Mn content 3.80 1.28 1.19 1.53 1.64 2.78
Infructescence K content 3.69 3.37 2.36 3.05 2.38 2.56
Infructescence Ca content 2.67 3.28 1.68 1.96 3.15 1.70
Infructescence Mg content 4.02 3.61 3.40 2.79 2.40 2.25
Fruit fat content 3.97 4.15 1.52 4.29 4.00 3.88
Fruit protein content 3.04 4.31 3.31 3.90 4.35 3.85
Fruit tannin content 1.88 2.64 3.83 2.43 3.80 2.01
Fruit total flavonoid content 1.90 2.18 1.87 2.75 3.19 3.12
Fruit total saponin content 4.32 4.46 2.63 4.45 4.82 4.46
Fruit soluble sugar content 2.31 4.16 4.28 3.19 3.52 3.37
Fruit reducing sugar content 2.49 2.92 3.78 1.64 2.00 2.62
Fruit starch content 1.33 2.30 2.20 1.81 3.66 3.39
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3.6. Environmental Factors Affecting Quality Traits

The correlation analysis analyzed quality traits and environmental factors (Figure 4
and Table A4). There were correlations which were negatively significant with a coefficient
greater than 0.6; these were infructescence total flavone content with AMRD, infructescence
soluble sugar content with Lon, infructescence reducing sugar content with AMP, fruit
tannin and total flavonoid content with FFP, fruit total saponin content with Alt, fruit soluble
sugar content with Lon, fruit reducing sugar content with Lat, and fruit starch content
with AMP. There were correlations which were positively significant with a coefficient
greater than 0.6; these were infructescence Mn content with Lon and AMP, infructescence
Mg content with AMT, AMP, and FFP, fruit fat content with Lon, fruit tannin content with
AMRD, fruit total flavonoid content with Lat, fruit total saponin content with Lon, Lat, and
AMRD, and fruit reducing sugar content with FFP.
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4. Discussion

Germplasm resources are an important basis for plant germplasm innovation and
new variety breeding [14,16]. Analysis of genetic background is the key to the breeding
bottleneck breakthrough [13,14,23]. The coefficient of variation refers to the degree of
dispersion of a trait variable [45]. In this study, the average coefficient of variation on
infructescence quality traits was higher than fruit, and all traits were higher than 0.20.
These indicated that infructescence variation is richer than fruit quality traits, suggesting
that it provides rich and excellent parent material for H. acerba genetic improvement,
and that infructescence quality selection is more possible to achieve [40]. Plant genetic
diversity analysis is the main mean of classification, evaluation, and use of plant germplasm
resources [14,23]. Comparing the genetic diversity index of 20 H. acerba quality traits
indicated that the variation range of infructescence quality traits went from 1.40 to 2.02, and
from 1.56 to 2.00 for fruit, suggesting that the germplasm resources have rich phenotypic
genetic diversity on infructescence and fruit quality traits. With a coefficient of variation
greater than 0.20 and genetic diversity greater than 1.90, the infructescence quality traits
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were fat, tannin, reducing sugar, K, and Mg contents while the fruit quality trait was fat
content. These indicated that infructescence fat, tannin, reducing sugar, K, Mg contents,
and fruit fat content had great variation, rich genetic diversity, and a high potential for
improvement. These six indicators can effectively widen the genetic background of the
breeding parents and create conditions for H. acerba quality innovation and breeding.

The expression of traits is the result of interaction between heritability and environ-
ment [46]. Repeatability of traits is affected by environmental effects [42]. As the upper limit
estimate of generalized heritability, the higher the repeatability, the higher the heritability
and the easier the selection [25,41]. The results of this study showed that the repeatability
of 12 infructescence quality and 8 fruit quality traits of H. acerba were all higher than
0.90, which is the same high repeatability of Populus simonii × P. nigra [47], indicating that
H. acerba quality traits are mainly controlled by heredity. The infructescence quality traits
were higher than the fruit quality traits, suggesting that the fruit quality traits may be
influenced by pollen from species adjacent to H. acerba germplasm tree [48] and indicating
that the selection of infructescence quality traits is more convenient. Infructescence protein,
total saponin, and Ca contents were not correlated with environmental factors, indicating
that these three indices are mainly controlled by genetic factors and are less affected by
environment, and could be used as indices for germplasm resource selection.

There are complex correlations among quality traits, and the information overlapped
with each other [49]. Therefore, through correlation analysis of quality traits, key indices
of quality control were determined [50]. The six indices of fruit tannin, fat, total flavonoid
contents, infructescence reducing sugar, protein, and total flavonoid contents were the main
factors responsible for the quality differences in thirty-one H. acerba germplasms. Sugars
not only provide the energy for plant growth and development as a respiratory substrate,
but also serve as metabolic intermediates to synthesize other substances through metabolic
pathways [51]. In the H. acerba infructescence, the soluble sugar content was the highest
among the components, up to 61%, and soluble sugar content was highly significant and
positively correlated with total flavonoid content. These indicated that the metabolism of
infructescence sugar was mainly the accumulation of soluble sugar, and was conducive to
flavonoid synthesis, which was similar to that reported for Ginkgo biloba [52]. In H. acerba
fruit, soluble sugar content was highly significant and positively correlated with fruit
reducing sugar, protein, tannin, and starch content, showing that fruit metabolism was
mainly based on reducing sugars [53], which controlled the metabolism of protein, tannin,
and starch [54]. K element acts as the activator of many enzymes, regulating the metabolism
of protein, fat, and secondary substances [55,56]. Infructescence K content significantly
and positively correlated with fat content and protein content and infructescence protein
content was significant and positively correlated with fat and tannin content, indicating
that increasing K content could facilitate the metabolism of fat, protein, and tannin in the
infructescence. Fruit fat content was the highest among the components, with the average
value of 10.1%, and fruit saponin content was the fourth, with the average value of 4.5%. It
may be that infructescence K increased the transport of reducing sugars to the fruit [57],
and some of sugars decomposed into acetyl-CoA, some of which entered the fatty acid
synthesis pathway to synthesize fat, and some of which entered the mevalonate pathway to
synthesize saponins [58]. Therefore, infructescence K and reducing sugar content were the
keys to regulating infructescence and fruit quality. Reducing infructescence K content can
improve the infructescence edibility property, while increasing it can improve the medicinal
property of the infructescence and fruit. Calcium can improve fruit hardness, increase the
content of protein and sugar, and improve the nutritional quality of the fruit [59]. In this
study, a positive correlation between Ca and protein contents showed that infructescence
Ca content is the key to regulating infructescence protein content. Mn element is the
activator of some enzymes in carboxylic acid metabolism [60]. Infructescence Mn content
had significantly positively correlated with infructescence starch content and negatively
with fruit tannin and soluble sugar content. It may be that infructescence Mn was beneficial
to infructescence starch anabolism [61], reduced the transport of soluble sugars to fruit, and
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inhibited fruit tannin synthesis [62]. These results indicated that infructescence Mn was the
key factor regulating infructescence starch and fruit tannin. High Mg content can improve
the activity of polyphenol oxidase [63]. Infructescence Mg content was very significantly
negatively correlated with infructescence reductive sugar content and fruit starch content
and positively with infructescence tannin content, which was similar to that reported for
Hibiscus Sabdariffa [64]. These results indicated that infructescence Mg was conducive
to tannin synthesis, reduced the transport of reducing sugar to fruit, and inhibited the
synthesis of fruit starch. In conclusion, infructescence K, Ca, Mn, Mg, and reducing sugar
content are the core indices controlling infructescence and fruit quality traits.

In a stable environment, natural selection pressure can be reduced, and the genotype
can be preserved to the maximum extent [65]. In unstable environments affected by
environmental stress, plants adapt by changing their genetic base [66]. There were key
indices controlling infructescence and fruit quality traits; these were infructescence K,
Mn, Ca and Mg, and reducing sugar content. Annual mean precipitation was significant
and positively correlated with infructescence reduced sugar, K, Mn, and Mg content,
which was similar to the results of sugarcane [67]. There was no significant correlation
between infructescence Ca content and climate factors, which was different from previous
studies [68]. These indicated that regulating the total amount of applied water (irrigation
or drainage) could influence infructescence and fruit quality traits, which was conducive to
the variability and selection of H. acerba germplasm resources.

Principal component analysis can transform multiple plant indicators into a few prin-
cipal components on the basis of retaining the original information, thus achieving the
purpose of dimensionality reduction, elimination of redundant information, and simpli-
fying the evaluation and screening procedures of germplasm resources [14,19,22,26]. In
this study, the sum of the six components explained 70%, which may be caused by the
low correlation between some infructescence and fruit quality traits, but each principal
component factor met the conditions of eigenvalue value >1 and contribution rate of each
factor >5% [43,69]. The load values of the principal component factor could objectively
reflect the selection potential of germplasms under different breeding targets [43]. The
load values of the six main components of the thirty-one H. acerba germplasm ranked from
high to low indicated that the most valuable choice of nutrient components of H. acerba
germplasm were tannin, protein, and soluble sugar, followed by reducing sugar and starch,
fat, and total saponins. Flavone was the least valuable, which may be related to the low
latitude and humid environment in Fujian Province, and can be verified by the low content
of total flavonoid in the H. acerba fruit in Fujian province [70].

Through clustering analysis, the traits of germplasm resources were comprehensively
classified according to their affinity and similarity in order to achieve the division and
classification of different germplasms [44]. The unique characteristics of all groups make
them useful for different breeding purposes, corresponding to their respective unique
attributes. An analysis of the groups showed that 31 H. acerba germplasms did not cluster
together according to their geographical distribution. The clustering results were similar to
other economic species such as Lagenaria siceraria [71] and Ipomoea batatas [26,72]. This may
be due to H. acerba germplasm’s integration with birds, animals, and humans [17,18,72],
and, on the other hand, it may be because the H. acerba traits are regulated by internal
heritability and the external environment [73]. Therefore, it is necessary to consider not only
the geographical source but also the group affiliation when carrying out H. acerba breeding.

5. Conclusions

In this study, 20 quality traits of 31 H. acerba germplasms were evaluated. There
were significant differences in genetic variation, genetic diversity, and repeatability among
different H. acerba germplasm resources and traits. Infructescence quality traits had higher
genetic variation, repeatability, and control than fruit quality traits. Infructescence fat,
tannin, reduced sugar, K and Mg contents, and fruit fat content were quality innovation
indices of H. acerba germplasms. Infructescence protein, total saponin, and Ca content
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were the selection indices of H. acerba germplasms. Infructescence K, Ca, Mn, Mg, and
reducing sugar contents were the key indices controlling infructescence and fruit quality
traits of H. acerba. The most suitable quality components of H. acerba for screening were
tannin, protein, and soluble sugar, followed by reducing sugar and starch, and fat and
total saponins; flavone was the least suitable. According to principal component factor
scores and cluster analysis results, S2, S3, S1, J7, Z5, D1, D2, Z2, Y1, Q1, J8, J6, J1, P2,
and P1 were selected as breeding materials for infructescence protein, tannin, flavone,
reductive sugar, fruit tannin, fat, flavonoid, saponin, protein, and starch, respectively. The
correlation analysis with environmental factors showed that the total amount of applied
water could influence H. acerba infructescence and fruit quality, which was beneficial to the
differentiation and selection.
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Appendix A

Table A1. Correlation analysis between infructescence quality traits of H. acerba germplasms.

Traits Fat Protein Tannin Total
Flavonoid

Total
Saponin

Soluble
Sugar

Reducing
Sugar Starch Mn K Ca Mg

Fat 1.000
Protein 0.406 * 1.000
Tannin 0.239 0.689 ** 1.000
Total flavonoid 0.201 0.068 0.233 1.000
Total saponin 0.000 0.061 −0.115 0.036 1.000
Soluble sugar −0.105 −0.054 0.033 0.507 ** −0.220 1.000
Reducing sugar −0.206 −0.217 −0.139 −0.237 −0.162 0.292 1.000
Starch 0.157 0.238 −0.229 −0.249 0.154 −0.237 −0.073 1.000
Mn 0.147 −0.163 −0.117 −0.193 −0.120 −0.305 * −0.025 0.445 ** 1.000
K 0.378 * 0.327 * 0.188 0.014 0.149 −0.033 −0.312 * −0.080 −0.094 1.000
Ca 0.247 0.374 * 0.236 −0.152 0.227 −0.317 * −0.123 −0.008 −0.206 0.203 1.000
Mg 0.249 0.302 0.481 ** 0.354 * 0.119 −0.095 −0.539 ** −0.150 0.179 0.278 0.228 1.000

** indicated very significant correlation (p < 0.01), * indicated significant correlation (p < 0.05).

Table A2. Correlation analysis between fruit quality traits of H. acerba germplasms.

Fruit traits
Content Fat Protein Tannin Total Flavonoid Total Saponins Soluble Sugar Reducing Sugar Starch

Fat 1.000
Protein 0.149 1.000
Tannin −0.266 0.319 * 1.000
Total flavonoid 0.088 0.209 0.285 1.000
Total saponin 0.779 ** 0.185 0.062 0.375 * 1.000
Soluble sugar 0.074 0.531 ** 0.486 ** −0.090 0.223 1.000
Reducing sugar −0.008 0.115 −0.026 −0.281 −0.039 0.447 ** 1.000
Starch 0.116 0.301 * 0.231 0.193 0.286 0.404 * 0.135 1.000

** indicated very significant correlation (p < 0.01), * indicated significant correlation (p < 0.05).
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Table A3. Correlation analysis between infructescence and fruit quality traits of H. acerba germplasms.

Traits Content Fruit Fat Fruit Protein Fruit Tannin Fruit Total
Flavonoid

Fruit Total
Saponin

Fruit Soluble
Sugar

Fruit Reducing
Sugar Fruit Starch

Infructescence fat 0.126 −0.253 −0.373 * −0.126 −0.025 −0.322 * 0.191 −0.457 **
Infructescence protein −0.120 −0.137 −0.026 −0.274 −0.042 0.072 0.074 −0.203
Infructescence tannin −0.247 −0.154 −0.017 −0.122 −0.098 0.083 0.154 −0.248
Infructescence total flavonoid −0.150 0.065 −0.220 −0.157 −0.243 −0.116 0.073 −0.526 **
Infructescence total saponin 0.401 * 0.139 0.226 −0.190 0.239 0.176 0.116 0.005
Infructescence soluble sugar −0.115 0.093 0.007 0.176 −0.075 0.179 0.066 −0.081
Infructescence reducing sugar −0.059 0.038 −0.005 0.282 0.046 0.089 0.120 0.771 **
Infructescence starch −0.070 −0.138 −0.082 −0.220 −0.010 −0.106 0.088 0.027
Infructescence Mn 0.018 −0.268 −0.452 ** 0.057 −0.011 −0.459 ** −0.025 −0.145
Infructescence K 0.330 * 0.086 −0.037 -0.119 0.345 * 0.179 0.148 −0.267
Infructescence Ca 0.197 -0.083 0.186 -0.079 0.236 0.052 −0.063 0.020
Infructescence Mg 0.064 0.005 −0.175 −0.245 0.022 0.067 0.338 * −0.463 **

** indicated very significant correlation (p < 0.01), * indicated significant correlation (p < 0.05).

Table A4. Correlative analysis between quality traits and environmental factors of H. acerba provenances.

Indicators Lon Lat Alt AMT AMP AMSH AMRD FFP

Infructescence fat content 0.296 −0.069 −0.241 0.169 0.111 0.271 −0.398 0.538 *
Infructescence protein content −0.088 −0.023 −0.072 −0.092 0.054 0.182 0.101 0.142
Infructescence tannin content 0.154 −0.172 −0.336 0.419 0.540 * 0.188 −0.106 0.357
Infructescence total flavonoid content −0.290 −0.518 * 0.256 0.329 0.069 −0.254 −0.860 ** 0.530 *
Infructescence total saponin content 0.202 0.320 −0.147 0.068 0.337 −0.224 −0.003 0.079
Infructescence soluble sugar content −0.588 * −0.322 0.551 * −0.194 −0.524 * −0.546 * 0.085 −0.121
Infructescence reducing sugar content −0.030 −0.205 0.553 * −0.196 −0.595 * 0.141 0.273 −0.252
Infructescence starch content −0.078 0.074 −0.033 −0.539 * −0.069 −0.255 0.237 −0.029
Infructescence Mn content 0.614 * −0.167 −0.474 0.548 * 0.588 * 0.186 −0.484 0.510 *
Infructescence K content 0.368 0.104 −0.534 * 0.208 0.486 −0.034 0.293 0.31
Infructescence Ca content −0.077 0.259 0.006 −0.065 −0.266 0.223 0.003 0.012
Infructescence Mg content 0.220 −0.211 −0.450 0.699 ** 0.683 ** −0.092 −0.515 * 0.725 **
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Table A4. Cont.

Indicators Lon Lat Alt AMT AMP AMSH AMRD FFP

Fruit fat content 0.614 * 0.416 −0.366 0.012 0.243 0.297 −0.074 0.166
Fruit protein content −0.365 0.081 0.538 * −0.312 −0.321 0.049 −0.079 −0.172
Fruit tannin content −0.378 0.333 0.045 −0.501 * −0.064 −0.249 0.621 * −0.619 *
Fruit total flavonoid content 0.324 0.700 ** −0.100 −0.307 −0.232 0.520 * 0.523 * −0.762 **
Fruit total saponin content 0.625 * 0.727 ** −0.596 * −0.282 0.348 0.23 0.713 ** −0.334
Fruit soluble sugar content −0.618 * −0.187 0.299 −0.349 −0.151 −0.547 * 0.369 −0.162
Fruit reducing sugar content −0.087 −0.605 * 0.117 0.501 * 0.33 −0.391 −0.337 0.789 **
Fruit starch content −0.132 −0.048 0.554 * −0.364 −0.600 * 0.148 0.472 −0.411

** indicated very significant correlation (p < 0.01), * indicated significant correlation (p < 0.05).
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