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Abstract

Lychee (Litchi chinensis Sonn.) is a major subtropical fruit crop, yet the regulatory hier-
archy underlying edible ratio (flesh weight/whole fruit weight, %) and juice yield (juice
weight/whole fruit weight, %), the core processing-quality traits, remains unresolved. We
phenotyped 301 accessions from ten origins under uniform conditions and used hierar-
chical regression to predict and evaluate edible ratio and juice yield based on structural
and physiological fruit traits, thereby separating the contributions of structural constraints
and physiological modulation. Both traits exhibited broad population variation and were
significantly modulated by maturity stage, with late-maturing accessions outperforming
early types. A strong positive correlation (v = 0.679, p < 0.001) supported the identification
of “double-high” germplasm combining superior edible ratio and juice yield. Kernel ratio
emerged as the dominant structural constraint on edible ratio (R? = 0.6699, p < 0.001),
while the combined inedible fraction served as the basal limiting factor for juice yield
(R? = 0.4262, p < 0.001). Critically, after controlling for structural variation, physiological
traits contributed an independent 9.2% of explained variance (AR? = 0.092, p < 0.001).
pH was identified as the primary positive physiological predictor (8 = 0.322, p < 0.001),
whereas soluble solids content (SSC) exhibited a weak negative effect (8 = —0.064, p = 0.008),
indicating that high sugar content is not a priority target for processing-oriented breeding.
An Integrated Ideotype Score (IIS) was constructed to objectively rank germplasm; elite
accessions including “10_269’, “Yujingiu” and ‘Nuomici’ combined edible ratio > 75% with
juice yield > 40%. These findings establish a “structural constraint-physiological modula-
tion” two-tier regulatory hierarchy for lychee processing quality and provide a multivariate
framework for germplasm evaluation and breeding selection.

Keywords: Litchi chinensis Sonn.; germplasm evaluation; edible ratio; juice yield; multivariate
analysis

1. Introduction

Lychee (Litchi chinensis Sonn.) is an economically important evergreen subtropical fruit
tree widely cultivated in Southeast Asia. China, as the leading global producer, maintains
the largest cultivation area and the highest annual output, underscoring its significance as a
valuable fruit crop [1,2]. Lychee fruit quality is governed by structural and physicochemical
attributes, including fruit weight, peel ratio, kernel ratio, edible ratio, soluble solids content
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(5SC), pH, and juice yield [3,4]. Although fresh arils remain favored by consumers for
their distinctive organoleptic and nutritional qualities, recent decades have seen a marked
expansion in the processing industry, yielding a diverse range of products such as clarified
juices, dried arils, concentrates, and fermented beverages [5,6]. This shift in industrial
demand has redirected breeding priorities from appearance-related traits suited for fresh
consumption toward processing-oriented characteristics. Consequently, high edible ratio
and juice yield have emerged as core agronomic targets, as they collectively influence
commodity value, processing costs, and overall utilization.

To date, numerous studies have characterized phenotypic variation in fruit quality
traits among commercial cultivars and clarified basic physiological regulation mechanisms
of fruit development. However, these investigations have generally relied on relatively
small sample sets, a limitation that undermines statistical power and prohibits robust
multivariate inference [7]. By contrast, the present study evaluates 301 genetically diverse
accessions, providing unprecedented statistical power for multivariate modeling of ly-
chee processing quality. Moreover, most published studies relied on bivariate correlation
analysis, which cannot distinguish direct effects from indirect confounding effects among
interrelated traits [8,9]. For instance, while peel and kernel ratios are known to constrain
edible flesh proportion, their independent versus mediated effects on juice yield remain
unresolved because structural and physiological predictors are inherently correlated [7].
Similarly, SSC may influence juice yield through osmotic potential and cell wall pectin
solubility, yet its contribution beyond structural covariation has not been quantified [5,10].

This analytical limitation is particularly critical for juice yield, which is determined by
a complex interplay between structural barriers and cellular properties. Peel and kernel
proportions directly limit available flesh volume, while pH-dependent pectin solubility
and osmotic potential modulate juice release efficiency upon mechanical pressing [11,12].
Traditional bivariate approaches cannot partition these hierarchical contributions, funda-
mentally constraining the precision of trait evaluation and the effective selection of elite
genotypes [13]. Hierarchical regression directly addresses this limitation by distinguishing
the basal contribution of structural constraints from the incremental effects of physiological
modulation, as demonstrated in apple and mango germplasm evaluation [14,15]. The
ideotype concept, which integrates multiple traits into a unified selection index, enables
objective ranking of genotypes with balanced performance across key attributes. However,
a persistent challenge in constructing composite selection indices is the risk of overfitting
when the same dataset is used to both derive model weights and rank genotypes. To miti-
gate this, we employed a two-step consistency-check framework: regression coefficients
from the full model (M2) were used as fixed weights for the Integrated Ideotype Score (IIS),
and the resulting ranking was evaluated for consistency against the K-means clustering
results based on edible ratio and juice yield [16].

To overcome the constraints of small-scale studies and fill these knowledge gaps, we
conducted a large-scale common-garden experiment with a total of 301 genetically diverse
lychee accessions, to our knowledge, the largest germplasm panel evaluated for lychee
processing quality to date. This panel comprised commercial cultivars, local landraces, and
wild relatives from major production regions in southern China, providing unprecedented
statistical power to dissect trait interdependencies. We employed a multi-tiered analytical
framework integrating descriptive statistics, correlation matrices, collinearity diagnostics,
hierarchical regression, PCA ordination, and a weighted comprehensive ideotype index.
Critically, nested regression models were implemented to partition the independent con-
tributions of structural versus physicochemical predictors to juice yield. This integrated
approach establishes a trait interaction network for lychee processing quality and provides
a framework for elite germplasm identification and processing-oriented breeding.
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2. Materials and Methods
2.1. Plant Materials and Cultivation Management

A total of 301 lychee accessions were obtained from the National Lychee Germplasm
Repository, Institute of Fruit Tree Research, Guangdong Academy of Agricultural Sci-
ences, Guangzhou, China. Detailed information on all 301 accessions is provided in
Supplementary Table S1.

Fruits were harvested at physiological maturity during the regular cropping season.
All sampled trees were 15-30 years old, healthy, and free from visible pest or disease
damage. Trees were maintained under standardized commercial orchard management,
with uniform irrigation, fertilization, and integrated pest control across all plots. Fresh
fruit samples were immediately placed in insulated foam containers for low-temperature
transport, and all post-harvest processing was completed within 24 h of harvest.

All accessions were classified into four maturity groups (early, mid, late, and extra-
late) based on their long-term phenological records at the National Lychee Germplasm
Repository. In the Guangzhou region, the typical ripening windows for these groups are:
early (before late May), mid (early June to mid-June), late (mid-June to early July), and
extra-late (after early July).

2.2. Phenotypic Trait Quantification
2.2.1. Fruit Sampling

For each accession, approximately 2 kg of uniformly sized, pest-free, and mechanically
undamaged mature fruits were randomly harvested from the outer canopy of each of
three individual trees. Each tree served as one biological replicate. From each 2 kg batch,
representative subsets of fruits were randomly selected for morphological, physicochemical,
and juice yield analyses.

2.2.2. Morphological and Tissue Weight Measurement

A random subset of uniform fruits was selected from each replicate for the following
measurements. Four morphology-related traits, including single fruit weight, peel weight,
kernel weight and flesh weight, were quantified in this subsection. Uniform fruits from
each replicate were weighed using an electronic balance (0.01 g precision) to determine
single fruit weight (g). The fruit exocarp (peel) and seed (kernel) were then manually
separated from the edible flesh, and the fresh weights of peel, kernel, and flesh were
recorded separately.

2.2.3. Physicochemical Determinations

Two physicochemical traits, soluble solids content (SSC) and juice pH, were measured
in this subsection. Juice was extracted from a randomly selected subset of fruits from each
replicate. Soluble solids content (SSC, Brix) was measured from fresh juice supernatant
using a digital refractometer (PAL-1, Atago Co., Ltd., Tokyo, Japan), calibrated with distilled
water at 20 °C prior to use. Three technical replicates were taken per sample. Juice pH
was measured at ambient temperature using a benchtop pH meter (FE28, Mettler Toledo,
Greifensee, Switzerland).

2.2.4. Derived Traits

Three tissue proportion indices were calculated based on fresh tissue weights: edible
ratio (%) = (flesh weight/whole fruit weight) x 100; peel ratio (%) = (peel weight/whole
fruit weight) x 100; kernel ratio (%) = (kernel weight/whole fruit weight) x 100. For
juice yield determination, approximately 250 g of whole fruits were randomly selected
from each replicate and weighed. The fruit exocarp (peel) and seed (kernel) were then
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manually separated from the edible flesh, and the fresh weights of peel, kernel, and flesh
were recorded separately. The flesh was pressed through sterile double-layer cheesecloth,
and the resulting juice was weighed. Juice yield (%) was calculated as (juice weight/whole
fruit weight) x 100.

Inedible fraction (%) was derived as the sum of the peel ratio and kernel ratio, exclud-
ing the pedicel and other non-edible tissues. Pulp juice efficiency (PJE) was calculated as
juice yield/edible ratio, serving as an index of juice extraction capacity per unit of edible
flesh, independent of flesh proportion variation among accessions.

2.3. Statistical Analysis

All statistical analyses were performed using R software (version 4.2.1) with the
following packages: tidyverse, ggpubr, FactoMineR, factoextra, car, effectsize, patchwork,
and broom. Figures were generated using ggplot2. Statistical significance was set at p < 0.05
throughout.

2.3.1. Descriptive Statistics

For each trait, mean, standard deviation (SD), coefficient of variation (CV = SD/mean
X 100%), minimum, and maximum were calculated across all 301 accessions.

2.3.2. Analysis of Variance

Two-way ANOVA with origin and maturity stage as fixed factors was performed
for edible ratio and juice yield. Due to unbalanced sample sizes across origin and matu-
rity groups, Type IIl sums of squares were used to evaluate the unique contribution of
each factor.

2.3.3. Correlation and Principal Component Analysis (PCA)

Pearson correlation coefficients were computed among all traits. PCA was performed
on centered and scaled (Z-standardized) phenotypic data. Scree plots, variable loading
biplots, and accession score plots (colored by origin, with 95% confidence ellipses) were
generated using FactoMineR and factoextra.

2.3.4. Simple Linear Regression

Two sets of separate simple linear regression models were fitted: (1) edible ratio
regressed on peel ratio and separately on kernel ratio; (2) juice yield regressed on inedible
fraction, SSC, pH, and fruit weight in separate models.

2.3.5. Nested Regression and Multicollinearity Diagnostics

To partition the independent contributions of structural and physiological predictors to
juice yield [15,17], a hierarchical regression approach was adopted. Two nested regression
models were constructed for juice yield: M1 (structural model: juice yield ~ inedible
fraction) and M2 (full model: juice yield ~ inedible fraction + SSC + pH + fruit weight). M2
was constructed by adding the three physiological predictors (SSC, pH, and fruit weight)
to M1, enabling quantification of the incremental variance explained by physiological traits
beyond structural constraints [15]. An additional model was fitted for PJE (PJE ~ SSC +
pH + fruit weight). Standardized regression coefficients () were obtained from models
fitted to Z-standardized data. Variance inflation factor (VIF) was calculated using the car
package to diagnose multicollinearity (VIF < 5 considered acceptable [18]). The increase in
R? from M1 to M2 (AR?) was tested for significance using ANOVA.
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2.3.6. Integrated Ideotype Score and Elite Germplasm Selection

For each accession, trait values for inedible fraction, SSC, pH, and fruit weight were
standardized to Z-scores. The Integrated Ideotype Score (IIS) was calculated as the weighted
sum of these Z-scores, using the standardized regression coefficients from M2 as weights.
This approach follows the ideotype concept, which integrates multiple traits into a unified,
regression-weighted selection index for objective genotype ranking [13,14].

Negative weights were retained to reflect the detrimental effect of the corresponding
trait. All accessions were ranked by IIS, and the top 10 were selected as elite candidates.

3. Result
3.1. Germplasm Composition and Phenotypic Diversity of Quality Traits

A total of 301 lychee accessions were evaluated in this study, representing ten geo-
graphic origins (Figure 1A; Table S1). Guangdong Province contributed the largest pro-
portion of the germplasm (179 accessions, 59.47%), followed by Hainan (61 accessions,
20.27%), Guangxi (26 accessions, 8.64%), and Fujian (22 accessions, 7.31%). The remaining
13 accessions (4.32%) originated from Sichuan, Taiwan, South Africa, Madagascar, Laos,
and Yunnan (Table S2). Distinct morphological diversity in fruit size and pericarp color was
visible across the entire germplasm panel, as shown by representative fruit photographs
(Figure 1B). In terms of maturity distribution, extra-late varieties were the most abundant
(106 accessions, 35.21%), while early varieties were the least represented (35 accessions,
11.63%), indicating that the germplasm collection was dominated by mid- to late-maturing
genotypes (Figure 1C,D; Table S2).

Descriptive statistics for the eight fruit quality and structural traits are summarized in
Table 1, and broad phenotypic variation was observed for all measured indicators. Kernel
ratio exhibited the highest coefficient of variation (CV = 40.4%), suggesting the greatest
genetic diversity within the population and providing a valuable genetic basis for breeding
programs targeting stenospermocarpic (chicken-tongue seed) varieties (Table 1). Juice yield
(CV =36.9%) and fruit weight (CV = 35.1%) also showed considerable variability, which
offers substantial potential for genetic improvement of processing-related characteristics
and fruit size (Table 1). In contrast, SSC (CV = 9.1%) and pH (CV = 17.1%) were relatively
stable, suggesting that these flavor-related traits are more conserved across the germplasm
collection (Table 1).

Edible ratio and juice yield also exhibited wide population variation. The mean edible
ratio was 67.39% (range: 44.34-84.41%), and the mean juice yield was 30.34% (range: 8.29-
56.99%) (Table 1). The substantial variation in both traits confirms the presence of elite
accessions with superior combined performance within the panel.

Table 1. Descriptive statistics of quality traits.

Trait Mean SD Ccv Min Max
Edible ratio (%) 67.39 7.21 10.7% 44.34 84.41
Juice yield (%) 30.34 11.20 36.9% 8.29 56.99
Inedible fraction (%) 32.61 7.21 22.1% 15.59 55.66
Peel ratio (%) 20.53 417 20.3% 9.68 32.86
Kernel ratio (%) 12.08 4.88 40.4% 1.66 28.60
SSC (°Brix) 16.90 1.53 9.1% 11.87 21.77
pH 2.94 0.50 17.1% 1.75 4.26

Fruit weight (g) 21.55 7.57 35.1% 6.04 65.06

Descriptive statistics of eight quality traits across 301 lychee accessions. CV, coefficient of variation;
SD, standard deviation; SSC, soluble solids content.
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Figure 1. Geographic distribution and maturity composition of the 301 lychee accessions. (A) Global
distribution map of lychee accessions. Red gradient shading corresponds to the quantity of
germplasm collected from each producing area, with representative varieties labeled. (B) Rep-
resentative mature lychee fruits exhibiting natural variation in fruit size and pericarp color across
tested materials. (C) Bar plot showing absolute counts of accessions divided into four maturity stages.
(D) Stacked percentage bar chart displaying the proportional maturity composition of each geograph-
ical origin. Each bar is labeled with the total number of accessions (n) for each geographical origin.
Note: the maturity composition shown reflects only the accessions included in this study and may
not represent the full diversity of the respective regions, particularly for origins with small sample

sizes (e.g., Laos, n = 1). Moreover, foreign accessions were cultivated in Guangzhou under local

climatic conditions, which may alter their ripening phenology relative to their native environments.

3.2. Systematic Characterization of Edible Ratio and Juice Yield

Edible ratio and juice yield were systematically characterized as the two core pro-
cessing traits of lychee fruit. Both traits exhibited near-normal distributions across the
population, with edible ratio concentrated between 60% and 75% and juice yield predom-
inantly ranging from 20% to 40% (Figure 2A,B). The edible ratio distribution showed a
slight right skew, indicating the presence of accessions with exceptionally high flesh pro-
portion, while juice yield displayed a broader spread, consistent with its higher coefficient
of variation (CV = 36.9%) as noted in Table 1.
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Figure 2. Phenotypic characterization of edible ratio and juice yield for 301 lychee accessions.
(A,B) Frequency distribution histograms of edible ratio (A) and juice yield (B) based on biological
replicate observations; the vertical axis indicates the number of individual observations per bin.
(C,D) Box plots of edible ratio (C) and juice yield (D) across four maturity stages. (E) Scatter plot
showing the correlation between edible ratio and juice yield. The red line represents the linear
regression fit, and the gray shaded area indicates the 95% confidence interval. (F) Dashed lines
represent the overall population means and serve solely as visual references; they are not classification
cutoffs. The four clusters were designated according to their bivariate centroids.

Maturity stage exerted a significant influence on both traits (Figure 2C,D; Table S3).
Two-way ANOVA revealed that maturity had a highly significant effect on both edible ratio
and juice yield, with effect sizes substantially larger than those of origin (Table S3). Despite
the smaller effect size of origin compared to maturity, substantial variation in both traits
was observed across geographic origins (Figure S1). Extra-late and late-maturing accessions
consistently outperformed early and mid-season types in both edible ratio and juice yield,
consistent with the hypothesis that extended fruit development favors the accumulation of
edible flesh and extractable juice. Correlation analysis revealed a strong positive association
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between edible ratio and juice yield (Pearson’s r = 0.679, p < 0.001; Figure 2E), indicating
that selection for high edible ratio would indirectly improve juice yield. This moderate-to-
strong correlation provided a statistical basis for the existence of elite accessions combining
superior performance in both traits. To identify such elite germplasm, K-means clustering
(k = 4) based on edible ratio and juice yield was applied to the lychee accessions, and
the results were visualized within a four-quadrant framework (Figure 2F). The clusters
were designated as Premium Table, Elite Dual-purpose, Intermediate, and Inferior/Wild
according to their bivariate centroids. Dashed lines indicate the overall population means
(67.7% for edible ratio and 30.7% for juice yield) and serve solely as visual references for
rapid screening; they are not classification cutoffs. The upper-right quadrant, where both
traits exceed the population means, was primarily occupied by the Elite Dual-purpose
cluster, identifying this group as the principal source of genotypes combining superior
fresh-eating and processing quality.

3.3. Phenotypic Variation in Structural and Physiological Traits

Beyond edible ratio and juice yield, the remaining five traits exhibited distinct dis-
tribution patterns (Figure 3A). Peel ratio and kernel ratio both approximated normal
distributions, with means of 20.53% and 12.08%, respectively. SSC and pH also followed
near-normal patterns, concentrating at 1618 °Brix and 2.5-3.5, respectively. Fruit weight
displayed right skewness, indicating that most accessions bore small fruits with few large-
fruit outliers (Figure 3A). Trait variability diverged widely across the panel, with kernel
ratio showing the highest CV (40.4%) and SSC the lowest (9.1%) (Figure 3B; Table 1).
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Figure 3. Population variation in eight morphological and fruit quality traits in 301 lychee accessions.
(A) Frequency histograms for peel ratio, kernel ratio, SSC, pH, fruit weight, and inedible fraction.
(B) Coefficients of variation for all eight evaluated traits. CV, coefficient of variation; SSC, soluble
solids content.

3.4. Trait Correlations and Population Structure

Pairwise correlations revealed strong negative associations between structural tissue
proportions and edible ratio: peel ratio (r = —0.758, p < 0.001) and kernel ratio (r = —0.818,
p < 0.001) were the primary constraints on flesh percentage (Figure 4A; Table S4). SSC
showed no significant bivariate correlation with juice yield (r = 0.062, p = 0.298), consistent
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with its role as a flavor-related trait rather than a direct determinant of juice extraction. By
contrast, fruit weight exhibited a significant positive association with juice yield (r = 0.321,
p < 0.001). A network visualization of these correlations further highlights the modular
structure of trait relationships, with structural traits forming a tightly interconnected cluster
distinct from the physiological-size module (Figure S2).

= 2 =]
£ o § 5 3
® = =
A o = g E 2 38 B
» 8 £ & ¢ & 3
1 |
ssc 50
8
Q
" HE 5 40 -
; L] -
>
Fruit weight e}
230 1
. ©
Peel ratio . - . 0 %
w20 1
Kernel ratio . . . g,)
y : -0.5 3
Edible ratio . .. . § 10 1
5}
. . D_
Juice yield . . . . » 0 -
1 2 3 4 5 6 7
Dimensions
(3 D
1.0
SSC
05 - I
o 175
£ [Edible ratio , ~
IS} Peel ratio 15 X
00T m= D= = = =
b 1 1)
£ 1 125 T
a8 1 I g
-05 - ! a
Fruit weight :
1
-1.0 4 :
-1.0 -0.5 0.0 05 1.0

Dim1 (50.2%)

IE‘ Guangdong IZ' Guangxi El Hainan
Fujian Other

Figure 4. Correlation matrix and PCA of seven fruit quality and morphological traits in 301 lychee

Dim1 (50.2%)

accessions. (A) Correlation heatmap for all evaluated traits, with color intensity and circle size
proportional to correlation coefficients. Exact Pearson’s r-values and p-values are provided in
Supplementary Table S4. (B) Scree plot showing the proportion of total variance explained by each
principal component. (C) PCA loading biplot displaying trait contributions to PC1 (Dim1, 50.2%)
and PC2 (Dim2, 15.7%). (D) PCA score plot colored by germplasm geographical origin, with 95%
confidence ellipses for each origin group. SSC, soluble solids content; PC, principal component.

PCA resolved multi-trait population stratification along two major axes (Figure 4B;
Table S5a). PC1 and PC2 (Dim1 and Dim?2 in Figure 4C,D) explained 50.2% and 15.7% of
total variance, respectively, capturing 65.8% cumulatively. PC1 represented a structural
dimension, with peel ratio and kernel ratio loading positively and edible ratio negatively
along this axis (Figure 4C; Table S5b). PC2 represented a physiological-size dimension,
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driven by SSC (positive) and fruit weight (negative) along the second axis. The score
biplot revealed geographic differentiation: Guangdong and Guangxi germplasm clustered
towards higher edible ratio (negative PC1), whereas Hainan accessions scattered along
PC2, reflecting their broader diversity in soluble solids (Figure 4D). All VIFs were below 2,
confirming the absence of multicollinearity among predictors (Table S6).

3.5. Univariate Linear Regression Analyses of Edible Ratio and Juice Yield

To quantify the independent linear contributions of individual traits to edible ratio
and juice yield, univariate linear regression models were fitted (Figure 5). For edible ratio
(Figure 5A), both peel ratio and kernel ratio showed highly significant negative associations.
Peel ratio explained 57.45% of the phenotypic variation. Kernel ratio exhibited higher
explanatory power, accounting for 66.99%, indicating that kernel ratio is the dominant
structural constraint on edible flesh proportion.
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Figure 5. Linear regression scatter plots revealing pairwise associations between key fruit processing
traits of 301 lychee accessions. (A) Two panels of linear regression analysis for edible ratio against
peel ratio and kernel ratio, respectively. (B) Four panels of linear regression analysis for juice yield
versus inedible fraction, SSC (soluble solids content), pH, and fruit weight, respectively; fitted linear
lines and corresponding statistical parameters are labeled in each subplot. The red line represents the
linear regression fit, and the gray shaded area indicates the 95% confidence interval.
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For juice yield (Figure 5B), the total inedible fraction showed a highly significant
negative correlation, explaining 42.62% of the variation in juice yield with a slope of —1.011,
confirming that the combined proportion of peel and kernel is the core structural factor
limiting juice yield. pH exhibited a highly significant positive correlation with juice yield,
explaining 34.44% of the variation with a slope of 13.183. Fruit weight also showed a highly
significant positive linear effect on juice yield, explaining 10.28% of the variation. Notably,
SSC was not significantly associated with juice yield (R? = 0.0032, p = 0.09), indicating
that soluble sugar content does not independently predict juice extraction in simple linear
models. Residual diagnostics (Figure S3) confirmed that assumptions of homoscedasticity
and normality were satisfied for all models. These univariate results provided a foundation
for hierarchical regression to disentangle the direct and indirect effects of structural versus
physiological predictors.

3.6. Structural Dominance and Physiological Supplementation in Determining Juice Yield

To partition the independent contributions of structural and physiological predictors
on juice yield, and to test whether physiological traits contribute independently beyond
structural constraints, a hierarchical regression approach was adopted. Three nested models
were constructed (Figure 6A). M1, the structural model, included only the inedible fraction.
M2, the full model, added SSC, pH, and fruit weight to M1. An additional model was
fitted for pulp juice efficiency (PJE = juice yield/edible ratio) with SSC, pH, and fruit
weight as predictors, to evaluate the physiological determinants of juice extraction per
unit of flesh. Standardized regression coefficients (3) were obtained from models fitted to
Z-standardized data (Table S7; Figure 6A).

A B
= Structural Physiological
O 06 ok
2 Juice yield ]
) = :: e . 0.6 0518
‘E“ R?=10.092 ***
.g 0.3 1 e 0.426
5 0.4 1
S i 0.305
3T 004~ -t - -- - - -
3 L
k=]
] 0.2 1
k=]
c
8 -0.34
)
0.0 1
T T T T T T T
Inedible SSC pH Fruit weight M1 (Structural) M2 (Full) PJE (Efficiency)

Figure 6. Hierarchical regression dissecting structural and physiological drivers of juice yield and
processing efficiency (PJE) in 301 lychee accessions. (A) Standardized regression coefficients (j3)
with 95% CI for juice yield (blue) and PJE (red), grouped into structural (inedible fraction) and
physiological (SSC, pH, fruit weight) predictors. Significance levels: ** p < 0.01, *** p < 0.001. (B) R?
comparison among three models: M1 (structural), M2 (full), and PJE. AR? (M1—M2) =0.092, p <0.001.
PJE, pulp juice efficiency; SSC, soluble solids content; CI, confidence interval.

In the full model (M2), the inedible fraction exhibited the strongest negative effect
(B =—0.441, p < 0.001), supporting structural waste as the primary limiting factor for juice
yield. pH showed a strong positive effect (8 = 0.322, p < 0.001), while SSC exhibited a
weak negative coefficient (8 = —0.064, p = 0.008) and fruit weight a modest positive one
(B = 0.141, p < 0.001). Notably, SSC was not significant in univariate regression (R* = 0.0032,
p = 0.09) but became significant after controlling for inedible fraction in M2, indicating that
its effect was masked by structural variation.
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The R? values of the three models are compared in Figure 6B. M1 explained 42.6%
of the variance in juice yield, while M2 raised the explained variance to 51.8%, yielding a
significant AR? of 0.092 (p < 0.001). This 9.2% increment demonstrates that physiological
traits contribute independently to juice yield beyond structural constraints. The PJE model
achieved an R? of 0.305, indicating that pH and fruit weight together explain approximately
30.5% of the variation in flesh-specific juice extraction efficiency.

In the PJE model (Table S7; Figure 6A), pH emerged as the dominant positive predictor
(B =0.484, p < 0.001), followed by fruit weight (8 = 0.213, p < 0.001); SSC was not significant
(B =—0.025, p = 0.372). These contrasting results between M2 and PJE support the conclu-
sion that pH primarily enhances juice extraction efficiency per unit of edible flesh, rather
than simply elevating absolute juice yield.

3.7. Integrated Ideotype Score and Elite Germplasm Recommendation

To integrate structural and physiological determinants into a unified selection frame-
work, an Integrated Ideotype Score (IIS) was constructed as the weighted sum of Z-
standardized values for inedible fraction, SSC, pH, and fruit weight, using M2 standardized
coefficients as weights (Table S7; Figure 6A). Negative weights were assigned to detrimental
traits to penalize their adverse effects.

Across all accessions, 1IS ranged from —2.38 to 1.67 (Figure S4A). The top five ac-
cessions are listed in Table 2. Genotype 10_269 (a hybrid progeny) achieved the highest
IIS (1.67), driven by high edible ratio (82.64%) and favorable SSC (18.27 °Brix). Yujinqiu
ranked second (1.58), with comparable edible ratio (82.94%), and high juice yield (50.84%).
Nuomici ranked fifth (1.52); despite having the highest edible ratio (84.41%) and high juice
yield (56.07%), its small fruit weight (23.85 g) reduced its composite score.

Table 2. Top 5 accessions ranked by Integrated Ideotype Score (IIS).

Variety Edible Ratio 15¢  Inedible SSC pH  Fruit Weight IIS
10_269 82.64 1964 1736 1827 371 3800 167
Yujingiu ~ 82.94 5084 1706 1680 399 1945 158
Dadingxiang  74.01 5063 2599 1273 392 4148 157
Houxian  76.19 5699 2381 1523 376 4515 156
Nuomici 8441 5607 1559 1677 357 2385 152

Higher IIS indicates better combined performance in structural and physiological traits. Accession
labels with numerical prefixes (e.g., 10_269) represent hybrid progenies from controlled crosses;
named accessions are traditional cultivars or landraces.

The IIS ranking was consistent with the K-means clustering results, with all top five
accessions belonging to the Elite Dual-purpose cluster. IIS additionally uncovered trait
trade-offs. Genotypes with superior edible ratio could not secure top composite scores if
they carried suboptimal fruit weight or pH. Full IIS distribution and the top 10 accessions
are shown in Figure S4. The IIS provides more balanced multi-trait evaluation for elite
germplasm than screening based on only one or two traits.

4. Discussion

Edible ratio and juice yield are core traits determining the fresh-market quality and
processing efficiency of fruit crops [19,20]. For lychee, however, most existing studies have
been confined to small sample sets, limiting statistical power and multivariate inference [7].
This study phenotyped 301 accessions and applied hierarchical regression to disentangle
structural and physiological effects on these traits.
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The panel size (n = 301) exceeds typical lychee studies by an order of magnitude,
providing adequate power for multivariate models [21]. Kernel ratio was the dominant
structural constraint on edible ratio (R? = 0.6699), exceeding peel ratio (R = 0.5745). This
aligns with stenospermocarpy breeding strategies in horticultural crops, where seed abor-
tion after fertilization allows expanded fruit development without compromising fruit
size [22,23], though whether the same hormonal and transcriptional networks operate in
lychee requires further study. The high CV of kernel ratio (40.4%) suggests substantial
genetic variation for selection, but the edible ratio ceiling (~84%) observed even in near-
stenospermocarpic accessions implies that peel ratio imposes a secondary constraint that
may require simultaneous selection for thinner pericarp.

For juice yield, the inedible fraction explained 42.62% of the variation as a basal
structural limit, consistent with the inverse relationship between peel thickness and juice
percentage documented in citrus rootstock trials [24]. After controlling for structure,
physiological traits added 9.2% explained variance (AR? = 0.092). pH was the strongest
physiological predictor (8 = 0.322), possibly reflecting pH-dependent modulation of cell
wall pectin solubility, as suggested by the central role of pectin depolymerization and
middle lamella dissolution in fruit softening [25-27].

SSC showed a weak negative effect in the full model (8 = —0.064, p = 0.008) after
being non-significant in univariate regression. This small effect may reflect covariance
with unmeasured structural traits or viscosity effects on juice flow, as reviewed in lychee
postharvest physiology [28]; rather than interpreting SSC as a meaningful target for juice
yield improvement, we suggest that breeding for high SSC would not compromise juice
yield, but neither would it improve it directly. The PJE model (R? = 0.305), where pH
remained significant (8 = 0.484) while SSC did not (8 = —0.025, p = 0.372), suggests pH may
enhance extraction efficiency per unit flesh, though this mechanism requires experimen-
tal validation.

The Integrated Ideotype Score (IIS) provided objective multi-trait ranking; top ac-
cessions (e.g., '10_269") were corroborated by the Elite Dual-purpose cluster assignment
from K-means analysis, although this represents an internal consistency check rather than
independent validation. IIS weights derived from the same dataset may inflate apparent
precision; future work should incorporate cross-validation to strengthen the generalizability
of the ranking [16]. Maturity stage significantly affected both traits, with late-maturing
accessions outperforming early types, consistent with extended developmental time for
flesh accumulation, though causal mechanisms remain speculative. This pattern aligns
with the non-climacteric nature of lychee, where fruit must ripen fully on the tree and
maximum growth occurs during the final six weeks of development [29-31].

Several methodological considerations warrant mention. The phenotypic data were
collected from a single location in a single season; while this design ensured uniform
environmental conditions and minimized confounding noise, it also means that genotype-
by-environment interactions were not assessable. Multi-site, multi-year evaluations would
be a logical next step to test the stability of the observed trait hierarchies [32]. Regarding
processing simulation, the manual cheesecloth pressing employed here reflects small-scale
juice extraction. Similarly, while the IIS was based on seven processing-related traits, our
germplasm evaluation only focused on fruit-level characteristics, and tree-level agronomic
metrics such as per-tree yield were not recorded for this large panel of 301 accessions. Tree-
level yield should be incorporated in future work to build more comprehensive selection
indices for lychee breeding. Beyond that, additional attributes such as color stability, aroma
retention, and browning susceptibility could be considered for inclusion in future refined
selection indices. Lastly, the regression framework quantifies predictive associations rather
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than causal pathways; we therefore regard the pH-juice yield relationship as a testable
hypothesis that awaits biochemical and genetic dissection.

In conclusion, this study proposes a preliminary two-tier regulatory framework for
lychee juice yield: basal structural constraints dominate, with modest supplementary
effects of physiological traits, particularly pH. If validated in independent populations and
environments, this framework could guide processing-oriented breeding and industrial raw
material selection by prioritizing stenospermocarpy and, secondarily, favorable pH profiles.

5. Conclusions

This study presents the largest systematic evaluation of lychee processing quality to
date, phenotyping 301 genetically diverse accessions under uniform conditions and estab-
lishing a “structural constraint-physiological modulation” two-tier regulatory hierarchy.
Kernel ratio is the dominant structural constraint on edible ratio (R? = 0.6699) and the com-
bined inedible fraction serves as the basal limiting factor for juice yield (R? = 0.4262), with
the high coefficient of variation in kernel ratio (CV = 40.4%) indicating substantial genetic
potential for improving edible proportion through stenospermocarpy-targeted breeding.
After controlling for structural variation, physiological traits contribute an independent
9.2% of explained variance to juice yield (AR? = 0.092, p < 0.001), with pH emerging as
the primary positive physiological predictor (8 = 0.322, p < 0.001), potentially reflecting
pH-dependent modulation of cell wall pectin solubility and extraction efficiency, whereas
soluble solids content exhibits only a negligible negative effect (8 = —0.064), indicating that
high sugar content is not a priority target for processing-oriented breeding. The Integrated
Ideotype Score (IIS) further provides an objective, regression-weighted framework for
multi-trait germplasm ranking, with elite accessions including ‘10_269’, “Yujinqiu” and
‘Nuomici’ combining edible ratio >75% with juice yield >40% and representing priority
candidates for dual-purpose fresh and processing applications. Taken together, these
findings suggest that, if validated in multi-site, multi-year trials, this framework prior-
itizes stenospermocarpy improvement and, secondarily, favorable pH profiles to guide
processing-oriented breeding and industrial raw material selection in lychee and potentially
other non-climacteric subtropical fruits (Figure S5).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /horticulturae12091098 /s1, Table S1. Details of the 301 lychee
accessions evaluated in this study. Table S2. Number of accessions by origin and maturity stage.
Table S3. ANOVA effect sizes of origin and maturity on edible ratio and juice yield. Table S4. Pairwise
Pearson correlation coefficients (r) and corresponding p-values among eight fruit-quality traits across
301 lychee accessions. Table S5. Principal component analysis results. Table S6. VIF diagnostics
for regression model. Table S7. Hierarchical regression summary for juice yield and PJE. Figure
S1. Boxplots of edible ratio and juice yield across different origins. Figure S2. Correlation network
analysis of fruit quality traits. Figure S3. Diagnostic plots for the full regression model. Figure
S4. Distribution of IIS across 301 accessions and top 10 ranked varieties. Figure S5. Conceptual
summary of the “structural constraint-physiological modulation” two-tier regulatory hierarchy for
lychee processing quality.
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