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Abstract

This study analyzed the phenotypic and internal fruit quality diversity of six superior Nai
plum trees to provide detailed phenotypic profiles and preliminary relational hypotheses,
supporting superior genotype re-selection for breeding. Using leaves and mature fruits, we
conducted diversity, correlation, and principal component analysis (PCA) on all quantita-
tive traits. The average Shannon–Wiener index (H′) for qualitative traits was 0.543, and the
average coefficient of variation for quantitative traits was 19.98%. Correlation analysis
revealed complex trait relationships, including the synchronous variation between the total
number of soluble solids (TSS) and reducing sugars (RS) or soluble sugars (SS) and the
opposite trends between the TSS and potassium (K), magnesium (Mg), or soluble protein
(SP). PCA extracted four principal components (cumulative contribution: 91.074%) from all
traits. Based on factor scores, S6 ranked highest, indicating its potential as a comprehensive
candidate. The findings offer a theoretical basis for Nai plum cultivation and breeding.

Keywords: Prunus salicina Lindl. var. cordata; superior trees phenotypic traits; fruit
quality; diversity

1. Introduction
Nai plum (Prunus salicina Lindl. var. cordata), also known as peach plum, is a small

deciduous tree of the genus Prunus in the family Rosaceae. It originates from Gutian
County, Fujian Province, and is a natural hybrid between peach and plum. The variety
is named for its peach-like flavor [1], It is regarded as one of China’s famous, special,
excellent and precious economic tree species. Cultivation extends widely across humid
southern regions of the country, underpinning its significant economic value [2]. The fruit
displays favorable morphological and qualitative traits, including thick flesh, high juiciness,
a sweet taste, a small pit, and a high edible yield, It is also rich in protein, vitamins,
lipids, minerals and organic acids. Considered an excellent green health-oriented food
with low alcohol and high sugar content, it is often referred to as the ‘King of plum’ [1].
Beyond fresh consumption, the fruit can be processed into dried plums, honey-preserved
products, canned goods, jam, and similar items as well as further developed into nutritious
health-focused foods with a distinctive flavor profile [3].
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In research on fruit tree germplasm resources, genetic diversity analysis based on
phenotypic data has become a key approach for mining valuable genetic resources. Current
studies in this field mainly proceed along two dimensions: one focuses on establishing
a multi-dimensional trait evaluation system, and the other emphasizes core quality traits
that determine commercial value. In constructing trait evaluation systems, researchers
commonly integrate multiple phenotypic datasets to reveal germplasm variation. Ren
used six superior almond seedlings as plant materials and systematically investigated their
leaf phenotypic traits, photosynthetic characteristics, fruit external quality, three diameters
of the stone fruit, and stone fruit weight [4]. The study found an abundant variation
in quantitative traits and significant correlations among them, leading to the selection of
superior local germplasm. Lu et al. performed correlation analysis and principal component
analysis on ten traits—including single fruit weight, single kernel weight, kernel percentage,
and single kernel weight—using 38 superior sweet almond apricot plants [5]. Their work
elucidated relationships among fruit traits and enabled the comprehensive selection of
candidate superior plants for breeding new varieties. In fruit trees, the ultimate goal of
phenotypic evaluation lies in fruit quality, which directly determines the practical value of
germplasm resources [6]. The concept of quality has expanded from traditional external
attributes such as fruit size and color [7] to internal edible qualities, including the sugar–
acid ratio and flavor compounds. For instance, Yang et al. noted that the soluble sugar
content in plum fruit governs its sweetness, and it also influences the levels of secondary
metabolites (e.g., polyphenols and pigments) and the associated antioxidant capacity [8],
which are relevant to nutritional health [7]. Furthermore, commercial traits related to
storage, transport and appearance—such as resistance to fruit cracking in melon [9]—along
with the content of mineral elements that form the nutritional foundation [10] have also
attracted considerable research attention. These studies demonstrate that the fruit quality is
a complex trait influenced by multiple characteristics, and evaluation based on any single
index may be one-sided. This indicates that current research trends are shifting from the
examination of single or localized traits toward the comprehensive evaluation of multi-
dimensional quality traits encompassing appearance, edibility, nutrition, processing, and
other attributes. Within this context, integrating systematic phenotypic diversity analysis
with in-depth multi-dimensional quality evaluation to screen germplasm resources with
superior comprehensive traits from high-quality provenances has become an important
issue to be addressed in fruit tree germplasm innovation and new cultivar breeding.

To date, research on Nai plum has primarily focused on single-provenance studies [11]
and analyses of the internal quality of individual fruits [12]. No research has yet been
reported on the genetic diversity of Nai plum trees from different provenances. Currently,
the Nai plum industry faces several challenges, such as high production costs and suscep-
tibility to brown heart disease [13], making the development of new varieties an urgent
priority. In this study, six superior Nai plum plants from three provenances were used as
materials to analyze the correlation and diversity between phenotypic traits and intrin-
sic fruit quality. This work aims to provide candidate superior plants for breeding new
Nai plum varieties and to lay a theoretical foundation for the introduction, cultivation,
and varietal improvement of Nai plum.

2. Materials and Methods
2.1. Overview of the Test Site

The study was conducted at the Tianping Agricultural Science and Technology Park
in Yanling County, Zhuzhou City. The site is situated in the central Luoxiao Mountains,
with an elevation ranging from 200 to 400 m, at latitude 26◦03′ N and longitude 113◦34′ E.
The region experiences a subtropical monsoon climate, which is characterized by a mean
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annual temperature of approximately 18 ◦C and an average annual precipitation of 1400 mm.
Rainfall is primarily concentrated between April and September, accounting for 60–70% of
the annual total, which aligns with the water requirements of Nai plum during its growing
season. The accumulated temperature ≥ 10 ◦C ranges from 5800 to 6200 ◦C·d, which is
sufficient to meet the thermal demands throughout the entire growth cycle, including
budbreak, flowering, and fruit development. The annual sunshine duration averages
1500–1700 h, providing moderate light conditions. The frost-free period lasts 280–300 d,
with a low risk of freezing injury, thereby ensuring safe overwintering and the spring shoot
growth of Nai plum trees. The area is surrounded by extensive primitive forest coverage,
contributing to high concentrations of negative oxygen ions in the air and an absence of
industrial pollution, collectively forming favorable cultivation conditions for Nai plum.

2.2. Testing Material

The experimental materials consisted of Nai plum from the same cultivar but different
geographic origins. All materials were cultivated under identical, centralized conditions.
Following this, selection was performed based on key traits including the fruit yield
per plant, single fruit weight, proportion of fruits reaching maturity at the theoretical
harvest period, and overall tree growth vigor. This process resulted in the identification
of superior individual plants that performed significantly above the population average
for all evaluated traits. Specifically, six distinct superior individuals were selected from
three provenances: Yanling County in Hunan Province, China Lechang City in Guangdong
Province, China and Liuyang City in Hunan Province, China. These were sequentially
designated as S1, S2, S3, S4, S5, and S6 (Table 1). All trees were five years old.

Table 1. Six sources of superior Nai plum trees.

Sample ID Source Area Latitude and Longitude

S1 Yanling County 26◦29′31′′ N, 113◦46′13′′ E
S2 Lechang City 25◦08′ N, 113◦20′ E
S3 Liuyang City 28◦09′49′′ N, 113◦38′36′′ E
S4 Liuyang City 28◦09′49′′ N, 113◦38′36′′ E
S5 Liuyang City 28◦09′49′′ N, 113◦38′36′′ E
S6 Liuyang City 28◦09′49′′ N, 113◦38′36′′ E

2.3. Measured Traits
2.3.1. Observation of Leaf Phenotypic Traits

At the stage of leaf growth cessation, ten healthy and complete mature leaves were
collected from the outer canopy in each of the four cardinal directions (east, south, west,
and north) for each superior plant. The total number of leaves tested was 40. The leaf fresh
weight was determined using an electronic balance (accuracy: 0.01 g). The transverse and
longitudinal diameters of the leaf blade and petiole were measured with a digital vernier
caliper (range: 0–150 mm). Leaf color parameters were recorded using a CR-400 Minolta
chroma meter (Tokyo, Japan). For each trait, three replicate measurements were taken,
and the mean value was calculated and used for subsequent analysis.

2.3.2. Fruit Quality Analysis

At the fruit-ripening stage, ten ripe fruits exhibiting complete appearance and normal
development were randomly selected from both the upper and lower canopy layers in each
of the four cardinal directions of each superior plant, resulting in a total of 40 fruits per plant.
All sampled fruits had been bagged with identical material prior to harvest. The following
traits were measured on all fruits. For each trait, three replicate measurements were taken,
and the mean value was calculated.
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Fruit appearance quality was assessed for all fruits with reference to the standard
NY/T 2924-2016 (Descriptive Guidelines and Data Standard for Plum Germplasm Re-
sources) [14] using the visual observation method. The observed traits included fruit
shape, fruit top shape, fruit core adhesion, the presence or absence of a kernel, and kernel
shape. Following the fresh-keeping method described by Zhang, Zhou, and Huang [15],
the Nai plum fruits were placed into a ventilated box and transferred to cold storage to
provide fresh samples for the subsequent detection of fruit quality traits and texture traits.
The weight of a single fruit and the fresh weight of the nucleus were determined using
an electronic balance with an accuracy of 0.01 g. The longitudinal and transverse diameters
of the fruit, fruit stalk, and fruit nucleus were measured using a digital vernier caliper with
a range of 0–150 mm. For all quantitative traits, three replicate measurements were taken
per fruit, and the mean value was used for analysis.

Fruit internal quality was determined by measuring key components with the fol-
lowing instruments according to their respective standard methods: a modified Abbe
refractometer (YLSZJ-SB-020, China), an enzyme-linked immunosorbent assay (ELISA) ana-
lyzer (YLSZJ-SB-250, China), a nitrogen determinator (YLSZJ-SB-007, China), and an induc-
tively coupled plasma optical emission spectrometry (ICP-OES) instrument (YLSZJ-SB-235,
China). The content of soluble solids was analyzed according to the agricultural industry
standard NY/T 2637-2014 [16]; the contents of reducing sugar and soluble sugar were
determined following the agricultural industry standard NY/T 1278-2007 [17]; the titrat-
able acidity content was measured according to the national standard GB 12456-2021 [18].
The soluble protein content was quantified by referencing the method of Zhao et al. [19],
and the starch content was determined by throne colorimetry. Furthermore, the contents of
seven mineral elements, namely calcium, potassium, total phosphorus, magnesium, total
nitrogen, iron, and zinc, were determined according to the second method specified in the
national standard GB 5009.268-2016 [20].

The sensory texture quality of fruits was determined with reference to the standard
NY/T 2924-2016 [14]. For the assessment, three fruits were randomly selected from each
plant. The color parameters of the peel, pulp, and kernel were measured using a CR-400
Minolta chroma meter. The fruit texture was measured using a texture analyzer (TA.XT Plus,
Stable Micro Systems, USA) equipped with a 36 mm diameter cylindrical probe (P/36).
The test settings were as follows: test speed, 10 mm/s; compression distance, 20 mm;
trigger force, 0.049 N. The following texture profile analysis parameters were determined:
hardness (the initial peak force during the first compression cycle), adhesiveness (the work
required to overcome the attractive forces between the fruit flesh and the probe surface),
toughness (the overall resistance to fracture), cohesiveness (the strength of the internal
bonds maintaining the sample’s structure), elasticity (the rate at which the sample recovers
its original height after deformation), gumminess (the force required to disintegrate a semi-
solid sample to a state ready for swallowing), and chewiness (the energy required to
masticate a solid sample to a state suitable for swallowing). For each trait, three replicate
measurements were taken, and the mean value was calculated.

2.4. Statistical Analysis of Data

The original data were organized using Microsoft Excel, from which descriptive
statistics—including the maximum, minimum, mean, range, Shannon–Wiener diversity
index, standard deviation (SD), and coefficient of variation (CV)—were derived. Draw-
ing on the methods for analyzing quantitative traits employed by Wang Honglin [1],
Yang Lukuan [8], and Shen Cairui [21], statistical analyses including difference, correlation,
and principal component analyses were performed on the experimental data using SPSS
27.0 and Origin 2024 software. It is important to note that the experimental materials
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consisted of only six pre-selected superior individual plants. Therefore, the primary aim
of applying these analytical methods was to provide a detailed phenotypic description
for these six specific trees and to generate preliminary relational hypotheses, investigating
whether significant phenotypic gaps exist among their traits. This work is intended to
establish initial hypotheses for subsequent verification in large-scale studies.

Difference Analysis: Using SPSS 27.0 software, all quantitative leaf and fruit trait data
were first tested for the homogeneity of variances. Subsequently, a one-way analysis of
variance (ANOVA) was conducted to test for significant differences among groups. Where
ANOVA results were significant, Fisher’s Least Significant Difference (LSD) post hoc test
was applied for multiple comparisons. The significance level was set at α = 0.05.

Correlation Analysis: Using Origin 2024 software, all quantitative leaf and fruit trait
data were assessed for normality. Given that most trait data did not meet the assump-
tion of normal distribution, the non-parametric Spearman’s rank correlation analysis
was employed.

Principal Component Analysis (PCA): First, all quantitative leaf and fruit trait data
were standardized to z-scores (mean = 0, standard deviation = 1) to eliminate scale effects.
The analysis and generation of graphical outputs were then performed using SPSS 27.0
and Origin 2024 software. A single, integrated Principal Component Analysis (PCA) was
performed by combining all measured traits into a single matrix. The objective was to
examine how the six superior individuals are distributed within the multi-dimensional
space defined by all traits and to identify which traits collectively drive their differences.

(1) Coefficient of variation calculation:

Coefficient of variation = standard deviation/average

(2) Shannon–Wiener diversity index (H′) calculation:

H′ = −Σ(pi ln(pi))

In the formula, pi denotes the proportion of the number of individuals of the ith
species to the total number of individuals in the community.

(3) Comprehensive factor score calculation:

Dn = Σm
j=1bjn ∗ Yj

In the formula, Dn denotes the composite score of the nth sample; m denotes the
number of common factors; bjn denotes the score of the jth common factor of the nth
sample; and yj denotes the contribution rate of the jth common factor

3. Results and Analysis
3.1. Comparison of Leaf Traits

The leaf traits of the six superior Nai plum plants are compared in Figures 1 and 2. Sig-
nificant differences (p < 0.05) were observed among the plants for most leaf traits, although
no significant differences were found in the leaf transverse diameter, petiole longitudinal
diameter, or the color index b1. The leaf transverse diameter ranged from 30.84 mm to
35.53 mm with S2 exhibiting the maximum value (35.53 mm). Petiole longitudinal di-
ameter varied from 9.06 mm to 13.69 mm, the highest being recorded in S1 (13.69 mm).
The b1 value ranged from 13.73 to 16.37 with S4 showing the highest measurement (16.37).
The single-leaf weight of S1 was 0.26 g, which was lower than that of the other five superior
plants. The leaf color indices L, a, b, C, and h◦ showed limited variation among plants.
L ranged from 33.58 to 35.79 (maximum in S4: 35.79), a from −6.07 to −4.26 (maximum in
S1: −4.26), C from 14.81 to 17.48 (maximum in S4: 17.48), and h◦ from 106.49◦ to 112.41◦

(maximum in S2: 112.41◦).
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Figure 1. Morphological characteristics of leaves from six superior Nai plum trees.

Figure 2. Leaf phenotypic traits of six superior Naili plum trees. Note: L1, a1, b1, c1, h1: leaf color
indices; different lowercase letters indicate significant differences p < 0.05. The same applies below.

3.2. Comparison of Fruit Quality
3.2.1. Comparison of Fruit Appearance Quality Traits

The fruit appearance quality traits of the six superior Nai plum plants are presented
in Table 2 as well as Figures 3 and 4. Significant differences (p < 0.05) were observed in
these traits among the superior plants. The single fruit weight ranged from 52.19 g to
66.14 g with S4 having the highest value (66.14 g). The fruit transverse diameter varied
from 46.00 mm to 49.40 mm, and S4 was the largest (49.40 mm). The fruit longitudinal
diameter ranged from 46.04 mm to 51.05 mm, where S1 recorded the maximum (51.05 mm).
The stalk transverse diameter spanned from 1.78 mm to 2.24 mm, the largest of which
was found in S6 (2.24 mm). The stalk longitudinal diameter ranged from 10.85 mm to
13.30 mm with S2 showing the greatest value (13.30 mm). The fresh stone weight varied
between 1.24 g and 1.59 g, and it was highest in S4 (1.59 g). The stone transverse diameter
ranged from 15.10 mm to 33.64 mm; S4 exhibited the largest measurement (33.64 mm),
and both S4 and S3 displayed comparatively larger values within this trait. The stone
longitudinal diameter ranged from 21.04 mm to 29.97 mm with S4 again being the largest
(29.97 mm). Significant differences in this trait were noted between S3, S4 and the other
superior plants. The stone shape of all superior plants was obovate, while the fruit shape
was primarily ovate to elliptical. The fruit apex was mostly concave, and stone adhesion
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was mainly clingstone and freestone. The kernel rate for plants other than S4 and S6 was
approximately 50%.

Table 2. Fruit appearance traits of six superior Naili plum trees.

Category S1 S2 S3 S4 S5 S6

Single fruit weight (g) 59.71 ± 12.43 ab 62.68 ± 12.53 ab 55.14 ± 10.54 ab 66.14 ± 9.51 a 59.49 ± 10.45 ab 52.19 ± 9.36 b
Fruit transverse
diameter (mm) 49.35 ± 3.52 a 49.20 ± 3.73 a 46.00 ± 2.21 b 49.40 ± 2.90 a 47.32 ± 2.61 ab 47.01 ± 3.05 ab

Fruit longitudinal
diameter (mm) 51.05 ± 4.54 a 49.04 ± 4.96 ab 46.82 ± 3.43 b 49.39 ± 3.00 ab 46.04 ± 3.56 b 47.63 ± 4.06 ab

Stalk transverse
diameter (mm) 2.17 ± 0.26 ab 2.14 ± 0.21 ab 2.01 ± 0.17 b 1.98 ± 0.25 b 1.78 ± 0.20 c 2.24 ± 0.24 a

Stalk longitudinal
diameter (mm) 10.87 ± 1.63 b 13.30 ± 2.50 a 12.13 ± 2.10 ab 12.13 ± 1.59 ab 10.85 ± 1.91 b 12.06 ± 2.27 ab

Fresh stone weight (g) 1.43 ± 0.29 ab 1.41 ± 0.23 ab 1.24 ± 0.25 b 1.59 ± 0.12 a 1.28 ± 0.29 b 1.45 ± 0.29 ab
Stone transverse
diameter (mm) 15.47 ± 1.47 c 15.71 ± 1.30 c 25.63 ± 6.10 b 33.64 ± 4.54 a 15.10 ± 1.01 c 15.40 ± 1.39 c

Stone longitudinal
diameter (mm) 21.04 ± 1.81 c 22.32 ± 1.77 c 27.43 ± 4.85 b 29.97 ± 6.37 a 21.31 ± 1.49 c 22.16 ± 1.62 c

Fruit shape

Round (%) 5 15 0 70 5 0
Ovate (%) 75 40 60 0 70 70

Elliptical (%) 0 45 40 30 25 30
Cordate

(%) 20 0 0 0 0 0

fruit apex Flat (%) 10 0 0 0 0 0
Concave

(%) 90 100 100 100 100 100

Stone
adherence

Clingstone
(%) 30 45 20 80 60 40

Semi-
freestone (%) 20 0 20 0 5 0

Freestone
(%) 50 55 60 20 35 60

Kernel
Presence

Present (%) 55 50 40 100 65 85.7
Absent (%) 45 50 60 0 35 14.3

Stone Shape Obovate (%) 100 100 100 100 100 100

 

Figure 3. Fruit morphological characteristics of six superior Nai plum trees.

3.2.2. Comparison of Fruit Internal Quality

The total amount of total soluble solids, reducing sugar, soluble sugar, titratable acidity,
starch, soluble protein, calcium, potassium, total phosphorus, magnesium, total nitrogen,
iron, and zinc was determined in the fruits of the six superior Nai plum plants (Figure 5).
Significant differences (p < 0.05) were observed in the intrinsic fruit quality among the supe-
rior plants. The total soluble solids content ranged from 12.2% to 14.2% with S5 showing the
highest value (14.2%). The reducing sugar content varied between 7.75% and 8.71%, and it
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was highest in S5 (8.71%). Similarly, the soluble sugar content ranged from 8.15% to 9.11%
with S5 again recording the maximum (9.11%). In contrast, the titratable acidity content
ranged from 0.40% to 0.54%, the greatest being in S1 (0.54%). The starch content ranged
from 1.07 g/100 g to 2.72 g/100 g, reaching its peak in S6 (2.76 g/100 g). The calcium con-
tent varied from 44.8 mg/kg to 74.2 mg/kg with the highest level found in S4 (74.2 mg/kg).
The potassium content ranged from 2192 to 2327 mg/kg with S2 containing the highest
level (2327 mg/kg). The total phosphorus varied between 190 and 203 mg/kg, reaching
its maximum in S3 (203 mg/kg). The magnesium levels ranged from 76.5 to 83.3 mg/kg
and were highest in S6 (83.3 mg/kg). The total nitrogen content fell between 0.129 and
0.146 g/100 g with S4 showing the greatest value (0.146 g/100 g). The iron concentration
ranged from 1.26 to 2.02 mg/kg, and it was highest in S4 (2.02 mg/kg). The zinc con-
tent varied from 0.705 to 1.13 mg/kg, and it also peaked in S4 (1.13 mg/kg). The soluble
protein content ranged from 0.101 to 0.192 mg/g with S2 recording the maximum value
(0.192 mg/g).

Figure 4. Fruit appearance traits of six superior Naili plum trees.

Figure 5. Fruit internal quality traits of six superior Naili plum trees. Note: TSS: total soluble solids;
RS: reducing sugars; SS: soluble sugars; TA: titratable acidity; ST: starch; Ca: calcium; K: potassium;
TP: total phosphorus; Mg: magnesium; TN: total nitrogen; Fe: iron; Zn: zinc; SP: soluble protein.
The same applies below.

3.2.3. Comparison of Fruit Sensory Quality

The color indices of different fruit tissues from the six superior plants are shown
in Figure 6, while the fruit texture traits are shown in Figure 7. Significant differences
(p < 0.05) were observed in most color parameters among the superior plants. However,
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no significant differences were found in the peel color indices b2 and c2 nor in the flesh
color indices L3, a3, b3, c3, and h3. The b2 value ranged from 28.66 to 31.47 with S1
having the highest value (31.47). The c2 value varied between 29.05 and 31.56, reaching
a maximum in S2 (31.56). For flesh color, L3 ranged from 49.56 to 53.59 (highest in S1: 53.59),
a3 from 3.72 to 4.80 (highest in S6: 4.80), b3 from 20.66 to 21.77 (highest in S6: 21.77), c3
from 21.06 to 22.32 (highest in S6: 22.32), and h3 from 77.65 to 80.78 (highest in S2: 80.78).
In contrast, greater variation was observed among plants for peel color indices a2 and h2
as well as for the kernel color index L4. Specifically, a2 ranged from 0.22 to 5.20 (highest
in S4: 5.20), h2 from 79.98 to 89.63 (highest in S1: 89.63), and L4 from 40.67 to 50.47
(highest in S1: 50.47). Although the kernel color indices L4, a4, b4, c4, and h4 showed
slightly wider fluctuations than those of the flesh, the observed variation did not affect
the overall kernel color quality. No significant differences were observed among the
superior plants for the fruit texture traits of hardness, toughness, cohesiveness, elasticity,
gumminess, and chewiness, although considerable data variation was noted. Hardness
ranged from 7006.54 to 13,642.70 (maximum in S3: 13,642.70), toughness from 4.86 to 10.76
(maximum in S3: 10.76), cohesiveness from 0.13 to 0.21 (maximum in S3: 0.21), elasticity
from 25.40% to 72.10% (maximum in S3: 72.10%), gumminess from 688.40 to 2464.36
(maximum in S3: 2464.36), and chewiness from 279.18 to 1493.13 (maximum in S3: 1493.13).
The browning incidence ranged from 0% to 7% with S6 showing the highest incidence (7%).
In contrast, the adhesiveness differed significantly among the superior plants, ranging from
119.60% to 9.58%, where S3 exhibited the highest absolute value (−119.60%). The negative
values indicate that the fruit tissue adhered to the probe surface during upward retraction,
generating a downward tensile force.

Figure 6. Fruit color traits of six superior Naili plum trees. Note: L2, a2, b2, c2, h2: peel color indices;
L3, a3, b3, c3, h3: flesh color indices; L4, a4, b4, c4, h4: kernel color indices. The same applies below.

3.3. Diversity Analysis of Quality Traits

The fruit quality traits of Nai plum were graded and digitally encoded with reference
to NY/T 2924-2016 [14]. The main items assessed are shown in Table 3, including fruit
shape, fruit apex shape, stone adherence (clingstone, semi-freestone, or freestone), presence
of a hollow core, and presence or absence of a kernel.

Table 3. Grading and scoring of qualitative traits.

Trait Grade and Score Criteria

Fruit Shape 1. Oblate 2. Round 3. Ovate 4. Elliptical 5. Cordate 6. Oblong
Fruit Apex Shape 1. Concave 2. Flat 3. Convex 4. Pointed
Stone Adherence 1. Clingstone 2. Semi-freestone 3. Freestone
Kernel Presence 1. Present 2. Absent

Stone Shape 1. Oblate 2. Globose 3. Ovate 4. Obovoid 5. Elliptical 6. Prolate
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Figure 7. Fruit texture traits of six superior Naili plum trees.

The Shannon–Wiener diversity index (H′) was applied to assess the genetic diversity of
quality traits in the superior plants. The results of the trait diversity analysis are presented
in Table 4. The average H′ value across quality traits was 0.543 with the highest H′

recorded for fruit shape (1.050). The H′ value for the core shape was 0, indicating that all
samples exhibited an obovoid form. Fruit shape and stone adhesion displayed the greatest
phenotypic variation. Observed fruit shapes included round, ovate, elliptical, and cordate
with ovate accounting for 58.8% of the samples. Stone adhesion phenotypes were classified
as clingstone, semi-freestone, or freestone, among which clingstone accounted for 49.4%.

Table 4. Distribution frequencies and genetic diversity index (H′) for qualitative traits.

Trait
Frequency Distribution

H′
1 2 3 4 5 6

Fruit Shape 0.106 0.588 0.259 0.047 1.050
Fruit Apex Shape 0.976 0.024 0.112
Stone Adherence 0.494 0.071 0.435 0.896
Kernel Presence 0.635 0.365 0.655

Stone Shape 1.000 0.000
Average Value 0.543

3.4. Diversity Analysis of Quantitative Traits

The diversity analysis of quantitative traits for the six superior Nai plum plants is
presented in Table 5. The coefficient of variation (CV) for the 54 quantified traits ranged
from 2.26% to 86.06%, with an average of 23.17%, reflecting substantial diversity. Chewi-
ness showed the highest CV (86.06%) with values ranging from 184.70 to 2449.94 and
a mean of 828.60. This was followed by adhesiveness, peel color index a2, and browning
incidence with CVs of 85.97%, 81.58%, and 75.00%, respectively. Their respective ranges
were 137.35 to 4.56, 3.62 to 7.78, and 0 to 7%, and mean values were −48.47, 3.09, and 2.8%.
For adhesiveness, positive and negative values only indicate the direction of the probe
force. These results indicate rich genetic diversity in these traits. In contrast, the fruit
potassium content ranged from 2192 to 2327 mg/kg (mean: 2269 mg/kg), total phosphorus
from 190 to 203 mg/kg (mean: 195 mg/kg), and magnesium from 76.50 to 83.30 mg/kg
(mean: 80.53 mg/kg). The CVs for these three traits were relatively low, at 2.26%, 2.45%,
and 3.67%, respectively.
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Table 5. Statistics for quantitative traits.

Trait Maximum Minimum Range Mean Standard
Deviation

Coefficient of
Variation (%)

Leaf Weight (g) 0.54 0.21 0.33 0.36 0.08 23.41
Leaf Transverse Diameter (mm) 41.40 26.67 14.73 32.74 3.52 10.76

Leaf Longitudinal Diameter (mm) 97.32 60.74 36.58 75.91 8.36 11.01
Petiole Transverse Diameter (mm) 1.65 0.89 0.76 1.35 0.18 13.28

Petiole Longitudinal Diameter (mm) 20.40 7.04 13.36 10.78 3.30 30.60
L1 36.80 31.56 5.24 34.28 1.26 3.67
a1 −3.58 −7.24 3.66 −5.40 0.89 16.53
b1 63.87 11.10 52.77 16.82 10.16 60.40
c1 18.83 12.37 6.46 15.72 1.59 10.09
h1 118.46 103.08 15.38 110.28 3.77 3.42

Fruit Weight (g) 90.37 34.62 55.75 59.30 11.62 19.59
Fruit Transverse Diameter (mm) 57.47 41.06 16.41 48.26 3.32 6.88

Fruit Longitudinal Diameter (mm) 59.07 40.57 18.50 48.47 4.49 9.26
Stalk Transverse Diameter (mm) 2.72 1.49 1.23 2.06 0.28 13.47

Stalk Longitudinal Diameter (mm) 19.32 7.29 12.03 11.79 2.23 18.92
Stone Weight (g) 2.16 0.77 1.39 1.39 0.27 19.57

Stone Transverse Diameter (mm) 40.56 12.97 27.59 17.31 5.55 32.04
Stone Longitudinal Diameter (mm) 37.30 17.49 19.81 22.60 3.49 15.45

L2 62.52 46.80 15.72 56.79 3.19 5.62
a2 7.78 −3.62 11.40 3.09 2.52 81.58
b2 38.58 21.62 16.96 30.26 3.56 11.77
c2 38.91 21.72 17.19 30.53 3.53 11.56
h2 96.69 75.40 21.29 84.02 4.87 5.79
L2 66.59 37.82 28.77 51.29 5.84 11.38
a3 16.76 −0.15 16.91 4.11 2.04 49.55
b3 30.00 14.07 15.93 21.15 2.23 10.53
c3 34.37 14.29 20.08 21.62 2.47 11.41
h3 90.34 56.20 34.14 79.16 4.42 5.58
L4 64.25 30.61 33.64 45.32 7.74 17.07
a4 24.06 0.91 23.15 15.36 5.70 37.13
b4 36.47 5.55 30.92 26.56 8.51 32.06
c4 42.53 5.64 36.89 30.84 9.76 31.64
h4 80.89 48.50 32.39 61.37 7.52 12.25

Hardness 15,523.78 4242.02 11,281.76 9804.63 3672.23 37.45
Adhesiveness (%) −4.56 −137.356 132.79 −48.47 41.67 85.97

Toughness (%) 13.35 4.30 9.05 8.73 3.24 37.16
Cohesiveness 0.25 0.10 0.15 0.18 0.05 28.51
Elasticity (%) 100.46 21.29 79.17 45.24 19.77 43.70
Gumminess 4037.37 655.23 3382.15 1714.14 1025.19 59.81
Chewiness 2449.94 184.70 2265.25 828.60 713.06 86.06

Browning Incidence (%) 7 0 7 2.8 2.1 75.00
TSS (%) 14.20 12.20 2.00 13.10 0.70 5.11
RS (%) 8.71 7.75 0.96 8.15 0.35 4.24
SS (%) 9.11 8.15 0.96 8.60 0.32 3.72
TA (%) 0.54 0.40 0.13 0.46 0.05 10.87

ST (g/100 g) 2.72 1.07 1.65 2.15 0.60 27.84
Ca (mg/kg) 74.20 44.80 29.40 58.00 10.30 17.79
K (mg/kg) 2327.00 2192.00 135.00 2269.00 51.24 2.26
TP (mg/kg) 203.00 190.00 13.00 195.00 4.77 2.45
Mg (mg/kg) 83.30 76.50 6.80 80.53 2.95 3.67
TN (g/100 g) 0.15 0.13 0.02 0.14 0.01 4.91
Fe (mg/kg) 2.02 1.26 0.76 1.56 0.26 16.34
Zn (mg/kg) 1.13 0.71 0.43 0.83 0.16 19.78
SP (mg/g) 0.19 0.10 0.09 0.14 0.04 25.39
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3.5. Correlation Analysis of Leaf Phenotypic Traits

Using Origin 2024 software, a correlation heatmap analysis was performed on 10 leaf
phenotypic traits of the six superior Nai plum plants (Figure 8). The analysis revealed
a synchronous variation trend between the following trait pairs: single leaf weight and
leaf transverse diameter; single leaf weight and petiole transverse diameter; leaf transverse
diameter and leaf longitudinal diameter; leaf transverse diameter and petiole transverse
diameter; leaf longitudinal diameter and petiole longitudinal diameter; and between L1
and c1. An opposite variation trend was observed between the leaf longitudinal diameter
and b1 as well as between h1 and a1 and between h1 and c1.

Figure 8. Correlation analysis of leaf phenotypic traits from six superior Naili plum trees.
Note: The size of the circle in the upper right corner corresponds to the size of the number in
the lower left corner. The same applies below.

3.6. Correlation Analysis of Fruit Traits
3.6.1. Correlation Analysis of Fruit Appearance Quality

Using Origin 2024 software, a correlation heatmap analysis of eight fruit appearance
traits was performed for the six superior Nai plum plants (Figure 9). The results indi-
cated a trend of synchronous variation among several trait pairs. Specifically, synchronous
variation trends were observed between the following pairs: fruit weight and fruit trans-
verse diameter, fruit longitudinal diameter, stalk transverse diameter, stone weight, stone
transverse diameter, and stone longitudinal diameter; fruit transverse diameter and fruit
longitudinal diameter, stalk transverse diameter, stone weight, stone transverse diameter,
and stone longitudinal diameter; fruit longitudinal diameter and stalk transverse diam-
eter, stone weight, and stone longitudinal diameter; stalk transverse diameter and stone
weight; stone weight and stone transverse diameter, as well as stone longitudinal diameter;
and stone transverse diameter and stone longitudinal diameter. No opposite variation
trends were detected among the fruit appearance traits examined.

3.6.2. Correlation Analysis of Fruit Internal Quality

A correlation heatmap analysis of 13 fruit internal quality traits across the six supe-
rior Nai plum plants was performed using Origin 2024 software; the results are shown
in Figure 10. Synchronous variation trends were identified among the following traits:
total soluble solids with both reducing sugar and soluble sugar; reducing sugar with
soluble sugar; soluble sugar with titratable acidity; titratable acidity with starch; starch
with total nitrogen; calcium with potassium, magnesium, total nitrogen, iron, and zinc;
potassium with magnesium, total nitrogen, iron, and soluble protein; magnesium with
total nitrogen, iron, zinc, and soluble protein; total nitrogen with iron and zinc; and iron
with zinc. In contrast, opposite variation trends were observed between soluble solids
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and potassium, magnesium, and soluble protein, as well as between soluble sugar and
potassium, magnesium, and soluble protein.

Figure 9. Correlation analysis of fruit appearance quality in 6 superior Naili plum trees.

Figure 10. Correlation analysis of fruit internal quality in six superior Naili plum trees.

3.6.3. Correlation Analysis of Fruit Sensory Quality

A correlation heatmap analysis of fruit color traits for the six superior Nai plum
plants was performed using Origin 2024 software with the results presented in Figure 11.
The analysis revealed synchronous variation trends between the following pairs of sensory
quality traits: a2 and a3, a4, b4, and c4; b2 and c2, h2, and L3; h2 and h3 and h4; L3 and h4;
a3 and b3 and c3; b3 and c3; l4 and h4; a4 and b4 and c4; and b4 and c4. Opposite variation
trends were identified between l2 and b2, c2; a2 and h2, h3 and h4; b2 and a4; c2 and a4; h2
and a3, a4, b4, c4; a3 and h3; c3 and h3; l4 and a4; a4 and h4; b4 and h4; and c4 and h4.

A correlation heatmap analysis of fruit texture traits was performed for the six su-
perior Nai plum plants using Origin 2024 software (Figure 12). Among the texture traits,
synchronous variation trends were observed between hardness and both gumminess and
chewiness; between adhesiveness and brown heart incidence; between toughness and cohe-
siveness, elasticity, and chewiness; between cohesiveness and both elasticity and chewiness;
and between gumminess and chewiness. Opposite variation trends were identified between
brown heart incidence and both hardness and gumminess.

3.7. Principal Component Analysis of Traits in Six Superior Nai Plum Trees

Following the standardization of all quantitative trait data, four principal components
were extracted based on the criterion of eigenvalues greater than 1.000. The results are
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presented in Table 6 and Figure 13. The cumulative contribution rate of the first four princi-
pal components reached 91.074%, indicating that they adequately represent the original
trait information. The first principal component had the largest eigenvalue of 17.417, ac-
counting for 32.253% of the variance. The second principal component had an eigenvalue
of 14.729, contributing 27.275% of the variance. Subsequently, scores for each principal
component and a comprehensive score were calculated based on the four principal com-
ponent coefficients, as shown in Table 7. Among the six superior plants, S6 achieved the
highest comprehensive score, ranking first. This suggests that S6 may combine relatively
favorable fruit shape and taste, making it a noteworthy candidate with comprehensive
trait performance.

Figure 11. Correlation analysis of fruit color in six superior Naili plum trees.

Figure 12. Correlation analysis of fruit texture traits in six superior Naili plum trees.

Table 6. Principal component analysis of traits in six superior Nai plum trees.

Total Variance Explained

Component
Initial Eigenvalues Extraction Sums of Squared Loadings

Total Variance (%) Cumulative % Total Variance (%) Cumulative %

1 17.417 32.253 32.253 17.417 32.253 32.253
2 14.729 27.275 59.528 14.729 27.275 59.528
3 10.013 18.542 78.071 10.013 18.542 78.071
4 7.022 13.003 91.074 7.022 13.003 91.074
5 4.820 8.926 94.125
6 3.130 5.796 97.134
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Figure 13. PCA plot of phenotypic traits in the six superior Nai plum trees.

Table 7. Principal component scores for the six Nai plum trees.

Category Principal Compo-
nent Y1 Score

Principal Compo-
nent Y2 Score

Principal Compo-
nent Y3 Score

Principal Compo-
nent Y4 Score

Composite
Score Rank

S1 3.723 −4.644 1.388 4.020 1.756 3
S2 5.370 −0.153 −4.943 0.441 0.714 4
S3 −4.613 −1.646 −0.272 2.668 −3.863 5
S4 0.100 6.454 1.582 −2.236 5.900 2
S5 −4.802 −1.966 −2.040 −2.996 −11.804 6
S6 0.223 1.956 1.653 3.464 7.296 1

4. Discussion
Plant phenotypic traits are the integrated outcome of interactions between genetic

and environmental factors shaped by long-term natural selection and human interven-
tion [22]. Traits that can be visually observed and measured—such as leaves, flowers,
and fruits—serve as direct and effective markers of genetic diversity. Leaves, functioning
as organs for photosynthesis, respiration, and transpiration, largely determine a plant’s
resource acquisition, utilization efficiency, and environmental adaptation. The synergy and
trade-offs among leaf traits are influenced by plant functional types and climatic factors,
which profoundly shape plant resource use strategies and niche differentiation [23]. Dur-
ing crop domestication, artificial selection has significantly reshaped leaf trait association
networks, leading cultivated varieties toward agronomic forms that favor higher productiv-
ity [24]. Thus, analyzing leaf trait diversity holds important value for revealing trajectories
of germplasm domestication and improvement. Studying the diversity of fruit traits helps
clarify the extent, patterns, and environmental adaptation of variation among different
provenances, which aids in exploring germplasm potential and provides a foundation
for breeding novel germplasm [25]. Examples from grape [26], persimmon [27], brassica
fruit [28], strawberry [29], and other germplasm resources demonstrate rich diversity in
both fruit appearance and internal quality traits.

Observation of the six pre-selected superior Nai plum individuals revealed that the
range of variation in fruit traits—particularly those related to fruit texture and flavor
substances—was substantially greater than that in leaf traits. This phenomenon suggests
that fruit traits, which are directly related to edibility and under the influence of anthro-
pogenic selection, possess higher genetic plasticity. This aligns with the findings of Ren [30]
on plum from the National Forest Tree Germplasm Bank, which similarly reported richer
diversity in apricot fruit traits. Therefore, analyzing the variation patterns of these traits and
their intrinsic relationships is a crucial and effective approach to understanding the current
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state of Nai plum germplasm domestication and assessing its breeding potential. A com-
parison of the data from this study with reported values for Nai plum from the Guangxi
and Guizhou production regions [31,32] revealed a distinct phenotypic profile. While the
principal constituents of the internal fruit quality were consistent, the average single fruit
weight in this study was 59.30 g. This is significantly lower than the average weights
reported for Guangxi (86.43 g) and Guizhou (approximately 100 g) regions. In contrast,
the average soluble solids content (13.10%) and soluble sugar content (8.60%) here were
higher than the corresponding averages from Guangxi (11.23% and 7.05%, respectively).
This combination of “smaller fruit size but higher flavor compound concentrations” may be
attributed to the different genetic backgrounds of the germplasm from various geographic
origins. Alternatively, it could reflect distinct anthropogenic selection pressures tailored
to local consumer preferences and environmental adaptations. This finding tentatively
suggests the existence of divergent domestication trajectories within the Nai plum industry:
one favoring larger fruit size and another prioritizing concentrated flavor. The genetic and
molecular mechanisms underlying these potential branches warrant further investigation.
The study suggests that the significant variation in the content of several mineral elements
in fruit quality may be attributed to differences in the availability of these elements within
the micro-site soil conditions despite similar overall growing environments. Factors such as
the soil pH, organic matter content, and microbial community structure can influence the
availability of trace elements like Fe and Zn. Although the number of superior individuals
observed was limited (n = 6), the phenotypic variation present among these individu-
als under consistent cultivation conditions provides valuable trait leads for subsequent
large-scale germplasm resource identification.

The correlation analysis revealed certain synchronous variation trends among the
traits. For instance, a positive co-variation was observed between soluble solids content
(SSC) and both reducing sugars and total soluble sugars, supporting the finding that the
total sugar accumulation is the primary contributor to the sweetness of Nai plum [8]. Con-
versely, an opposite variation trend was found between SSC and the contents of K, Mg, and
soluble protein. This suggests a potential trade-off between the accumulation of photosyn-
thetic products (e.g., sugars) and the uptake/allocation of mineral elements. Notably, this
finding implies that simultaneously enhancing both sugar content and mineral nutrient
concentrations in fruits through breeding may pose a significant challenge. Furthermore,
complex synchronous trends were identified among the color parameters of the peel, flesh,
and kernel. This coordinated variation may be driven by a shared transcriptional regulatory
network governing the biosynthesis of pigments such as anthocyanins or carotenoids across
different fruit tissues. This insight provides a valuable clue for the potential molecular
manipulation of fruit coloration.

Principal component analysis (PCA) is employed in the genetic diversity evaluation
of germplasm resources to simplify the data structure by reducing multiple complex traits
to a few independent dimensions [33]. In the PCA conducted on all traits, four principal
components were extracted with a cumulative contribution rate of 91.074%, indicating that
they adequately represent the original trait information. It is noteworthy that individual
S6 achieved the highest comprehensive score, suggesting that it may combine relatively
favorable fruit shape and taste, making it a noteworthy candidate with comprehensive
trait performance.

5. Conclusions
The primary limitation of this study is that all analyses are based on phenotypic data

from only six superior individuals within the same cultivar. Consequently, the results are
applicable only to describing these specific individuals and cannot be used to infer the
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genetic parameters of the broader cultivar population. However, the significant phenotypic
variation observed among these individuals under highly consistent cultivation conditions
may reflect stable variations induced by factors such as epigenetic modifications or long-
term micro-environmental interactions. This provides an instructive individual case for
subsequent research. The main value of this work lies in offering a detailed phenotypic
description and preliminary relational hypotheses for these six pre-selected, potentially
valuable genotypes. In future work, we will increase the number of independent samples
and the diversity of provenances to re-examine trait relationships among Nai plum from
different geographic origins, using the present findings as a reference for comparative
analysis. This will be integrated with transcriptomic, metabolomic, and molecular marker
techniques to provide a multi-dimensional, in-depth analysis of the genetic basis and
regulatory networks underlying key traits in Nai plum. Furthermore, research will be
strengthened on the correlations between vegetative appearance (branches and leaves)
and internal fruit quality traits, exploring the potential of using external morphological
indicators as predictive markers for internal quality. These efforts aim to furnish a more
comprehensive scientific basis for new cultivar selection and industrial application.
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