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Abstract

Citrus maxima Tomentosa’, (commonly known as ‘Luchuan Juhong’) is a valuable medicinal and edible
germplasm resource in China, renowned for its unique pharmacological properties. However, its
commercial cultivation is hindered by strong self-incompatibility, leading to poor fruit set and significant
physiological fruit drop. While artificial cross-pollination can mitigate this issue, the effectiveness of
different pollen donors and the underlying molecular mechanisms remain poorly understood. In this
study, we assessed four pomelo cultivars as pollen donors and identified ‘Jinju’ Pomelo to be the most
effective, achieving fruit set rates of 78.00% (7 days post-pollination) and 44.00% (8 weeks post-
pollination)—significantly higher than self-pollination (42.67% and 8.0%) or pollination with the
commonly used ‘Hongrou’ pomelo (66.67% and 26.67%). Physiological analysis revealed that ‘Jinju’
Pomelo pollen had superior viability, with the shortest germination time (6.67 h) and the highest
germination rate (89.68%), enabling rapid pollen tube growth before stigma senescence. Cross-
pollination also triggered dynamic changes in endogenous hormone, characterized by a synergistic
increase in auxin (IAA) and zeatin (ZT) alongside a sharp decline in abscisic acid (ABA) during the
critical fruit-set window (5—-7 days post-pollination). Quantitative proteomics further identified 367
differentially expressed proteins (DEPs) in cross-pollinated ovaries, enriched in pathways related to
pollen recognition, pollen tube guidance, and phenylpropanoid biosynthesis. These findings suggest that
compatible pollination triggers a coordinated hormonal and proteomic response, reducing abscission
and enhancing fruit development. This study provides scientific insights for optimizing pollination
strategies and supports the sustainable cultivation of C. maxima ‘Tomentosa’.

Introduction

Citrus maxima ‘Tomentosa’, widely designated by its local appellation ‘Luchuan Juhong’, represents a
cornerstone of traditional medicinal and edible germplasm within the genus Citrus (Rutaceae). As a
recognized Geographical Indication Product in China [1], it possesses substantial cultural heritage and
economic significance, particularly in the Guangxi province. The fruit is chemically distinguished for its
elevated concentrations of bioactive phytochemicals, notably total flavonoids and naringin. These
compounds substantiate its long-standing application in traditional medicine as a potent antitussive and
expectorant agent [1]. In contemporary pharmacological research, C. maxima ‘Tomentosa’ has attracted
renewed attention for its potential utility as an adjunctive therapeutic intervention for respiratory viral
infections, including COVID-19 [2], thereby augmenting market interest and demand. Despite its
considerable economic potential and medicinal value, the Juhong industry encounters a critical
biological impediment: severe physiological fruit abscission and consistently low natural fruit set rates.
These reproductive challenges are primarily ascribed to gametophytic self-incompatibility, a genetic
mechanism precluding self-fertilization [3—5], which results in agronomic yields that frequently fail to
satisfy the escalating market demands [3-6].

The phenomenon of self-incompatibility in Citrus often leads to the arrest of pollen tube growth within
the style, preventing fertilization and triggering the premature senescence of the flower [4, 6, 7]. To
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circumvent the limitations imposed by this mechanism, the implementation of cross-pollination utilizing
genetically compatible pollen donors has emerged as an essential agronomic practice [8—10]. Currently,
‘Hongrou’ pomelo serves as the predominant pollinator in commercial production systems. However, its
efficacy exhibits significant variability under diverse environmental conditions, suggesting it may not be
the optimal physiological match. Furthermore, the specific physiological and molecular mechanisms
governing successful fruit set in C. maxima ‘Tomentosa’—from the initial pollen-stigma interaction to the
downstream hormonal signaling [8, 9]—remain insufficiently characterized. Optimizing yield necessitates
the identification of a pollinator that synchronizes precisely with the physiology of the maternal plant to
maximize fertilization efficiency [5, 7, 8].

The transition from a fertilized flower to a developing fruit—termed “fruit set”—is a complex
developmental phase transition rigorously regulated by a dynamic network of phytohormones [11-13].
Auxin (IAA) and gibberellins (GA) function as central regulators in this progression, acting synergistically
to inhibit the formation of the abscission zone and drive the initial phase of ovarian expansion [14-17].
Specifically, IAA plays a dual regulatory role: it directly suppresses the expression of genes associated
with embryo abortion [17] and modulates GA metabolism to promote the accumulation of bioactive GAs
in the nascent fruit [18—20]. Conversely, GA integrates various metabolic pathways, rewiring central
metabolism to supply the requisite energy and carbon skeletons (sugars) essential for rapid fruit
development [21-24]. The delicate equilibrium between growth-promoting hormones (IAA, GA, and
Cytokinins) and growth-inhibiting hormones (e.g., Abscisic Acid, ABA) constitutes the primary
determinant of fruit fate [25—27]. Elevated ratios of IAA/GA to ABA are generally regarded as conducive
to fruit retention, whereas increased ABA levels frequently precipitate the transcriptional activation of
cell wall-degrading enzymes, leading to the formation of the abscission zone [28-31]. Furthermore,
recent studies in crops such as tropical pumpkin (Cucurbita moschata L.) and sweet cherry indicate that
the precise manipulation of these hormonal balances, even exogenously, can significantly influence the
success of fruit set [32—-36].

Beyond hormonal regulation, successful fertilization relies upon precise, rapid, and compatible pollen-
stigma interactions. This process involves a sophisticated cascade of molecular events, wherein
proteins such as chemocyanin and stigma-specific cysteine-rich (SC) proteins facilitate pollen adhesion,
hydration, and the subsequent directional guidance of the pollen tube through the stylar transmitting
tissue [23]. In self-incompatible species, receptor complexes (e.g., the FER/ANJ/HERK1 complex in
Arabidopsis) function as checkpoint mechanisms to recognize and reject “self " pollen while permitting
compatible pollen tubes to reach the ovule [37, 38]. Elucidating how compatible pollen effectively
circumvents these barriers to trigger the downstream hormonal cascades necessary for fruit set is
paramount to the development of high-yield cultivation strategies.

In the present study, we systematically compared the efficacy of four distinct pomelo cultivars as pollen
donors for C. maxima ‘Tomentosa’ to identify an elite pollinator. We determined that ‘Jinju’ Pomelo pollen
significantly outperformed the widely utilized ‘Hongrou’ pomelo and other tested varieties. We further
investigated the underlying biological mechanisms by integrating multiple levels of analysis:
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characterizing pollen germination kinetics, tracking pollen tube growth dynamics via fluorescence
microscopy, quantifying temporal shifts in endogenous hormones, and profiling proteomic alterations in
developing ovaries. Our findings elucidate the physiological and molecular basis of improved fruit set,
offering a robust theoretical framework for optimizing cultivation practices and ensuring the
sustainability of the ‘Juhong’ industry.

Materials and Methods
Plant Materials

The experiment was conducted over three consecutive growing seasons (2022 to 2024) at the Lvfeng
‘Juhong’ Cooperative in Luchuan County, Guangxi, China. The orchard is situated in a typical subtropical
monsoon climate zone characterized by red soil rich in organic matter, which is considered optimal for
citrus cultivation. The experimental site received standard agronomic management, including uniform
irrigation, fertilization, and pest control, to minimize environmental variability and ensure that observed
differences were due to treatment effects. C. maxima ‘Tomentosa’ trees were planted at a spacing of 4 m
x 6 m. Pollen donors comprised four distinct cultivars selected for their varied genetic backgrounds:
‘Sanhong’ pomelo, ‘Jinju’ Pomelo, ‘Majia’ pomelo, and ‘Hongrou’ pomelo. All pollen donor trees were
cultivated at the Pomelo Resource Nursery of the Horticulture Institute, Guangxi Academy of Agricultural
Sciences.

Pollen Collection and Storage

To ensure high pollen viability, collection was performed during the peak flowering season.
Approximately 80 “balloon stage” flower buds (the developmental stage immediately preceding petal
opening) were selected from the outer canopy of healthy donor trees on sunny mornings. This timing
avoids moisture contamination from dew and ensures peak physiological activity. Anthers were carefully
excised, wrapped in sulfuric acid paper to allow for aeration and prevent mold growth, and placed in a
desiccator over silica gel. Once the anthers dehisced and pollen was released, it was collected, sealed in
cryovials, and stored at -20°C until utilized for artificial pollination to maintain enzymatic activity.

Field Pollination Experiments

Five distinct pollination treatments were established to evaluate compatibility and efficacy in a
randomized block design: natural pollination (control): Flowers were exposed to ambient pollination
vectors (wind and local insect populations) without anthropogenic interference, serving as a baseline for
natural fruit set rates. self-pollination: C. maxima ‘Tomentosa’ flowers were emasculated prior to
anthesis and manually pollinated with their own pollen to rigorously assess the degree of self-
incompatibility. cross-pollination (4 groups): C. maxima ‘Tomentosa’ flowers were emasculated and
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manually pollinated with pollen derived from ‘Jinju’ pomelo, ‘Majia’ pomelo, ‘Sanhong’ pomelo or
‘Hongrou’ pomelo.

For each treatment, 25 inflorescences across three representative trees were selected. To standardize
sink strength, two robust buds per inflorescence were retained, while others were removed. These buds
were emasculated, pollinated, and immediately bagged with moisture-permeable paper bags to prevent
contamination by foreign pollen. Bags were removed 7 days post-pollination (DPP) to allow for normal
fruit development. Fruit retention and developmental metrics were monitored weekly until harvest.

Pollen Germination Assay

Fresh pollen was collected as described above. Pollen grains were distributed onto a standardized solid
germination medium (containing sucrose, boric acid, and calcium nitrate optimized for Citrus pollen) and
incubated at 28 + 2°C in the absence of light to simulate the stylar environment. Germination progress
was monitored microscopically at regular intervals. A pollen grain was technically defined as
“germinated” when the length of the protruding pollen tube exceeded the diameter of the pollen grain
itself. The germination rate (%) was calculated following a 12-hour incubation period by counting at least
100 grains per replicate across three biological replicates.

Pollen Tube Growth Observation

Pistils were harvested 7 days after pollination, a critical timepoint for fertilization where the pollen tube
should have reached the ovary. Samples were fixed in FAA solution (Formalin-Acetic Acid-Alcohol),
softened in 8 M NaOH for 12 hours to macerate the tissue, and stained with 0.1% aniline blue. Aniline
blue specifically binds to callose in the pollen tube walls, allowing visualization under UV light. Pollen
tube growth behavior and the depth of penetration within the style were visualized using fluorescence
microscopy.

Quantification of Endogenous Hormones

Young fruit samples were collected at 1, 3, 5, and 7 DPP to capture the early, transient developmental
signals that determine fruit fate. Samples were immediately flash-frozen in liquid nitrogen to halt
metabolic activity and ground to a fine powder. Endogenous hormones (IAA, Zeatin [ZT], ABA) were
extracted using a solvent mixture (2-propanol/H20/concentrated HCI) and purified via solid-phase
extraction. Quantification was performed using High-Performance Liquid Chromatography-Tandem
Mass Spectrometry (HPLC-MS/MS) on an AB Sciex QTRAP 6500 system (Nanjing Cavens Detection
Technology Co., Ltd., Nanjing, China). Isotopically labeled internal standards were used to ensure
quantification accuracy.

Proteomic Analysis
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Ovaries from unpollinated flowers (Control) and Jinju Pomelo-pollinated flowers (7 DPP) were collected,
washed with cold PBS to remove surface contaminants, and flash-frozen. Total protein was extracted
using a lysis buffer containing protease inhibitors, followed by trypsin digestion. Peptides were labeled
using Tandem Mass Tags (TMT) to allow for multiplexed quantification. The labeled peptides were
fractionated and analyzed via LC-MS/MS. Data were processed to identify differentially expressed
proteins (DEPs) using a rigorous threshold of [log2FC| = 0.58 and p < 0.05. Gene Ontology (GO) and
KEGG pathway enrichment analyses were performed to identify functional alterations in biological
processes and metabolic networks.

Statistical Analysis

Fruit set rate was calculated as: (Number of fruits retained / Initial number of pollinated flowers) x 100.
Branch fruit retention rate was calculated as: (Number of branches with fruit / Total branches) x 100.
Data were analyzed using SigmaPlot 10.0 software. Differences between treatments were assessed
using One-Way ANOVA followed by Duncan’s New Multiple Range Test for significance, with p < 0.05
considered statistically significant.

Results

‘Jinju’ Pomelo Pollen Significantly Improves Fruit Set and Development

A comprehensive comparison of pollination strategies over three consecutive years revealed that cross-
pollination significantly and consistently improved fruit set relative to self-pollination (42.67%), providing
empirical confirmation of the self-incompatibility barriers inherent to C. maxima ‘Tomentosa’. Among the
array of tested donors, ‘Jinju’ Pomelo demonstrated superior performance, yielding the highest initial
fruit set (78.00%). This performance significantly exceeded that of ‘Sanhong’ (70.67%), ‘Red-fleshed’
(62.00%), and ‘Majia’ pomelo (60.00%) (Fig. 1A), establishing ‘Jinju’ Pomelo as the most effective pollen
source.

To assess the long-term stability of these findings, we monitored fruit retention metrics up to 8 weeks
post-pollination. Although physiological fruit drop is a natural regulatory process in citrus, ‘Jinju’ Pomelo
pollination maintained a robust final fruit set of 44.00%. This represents a striking 5.5-fold increase over
the natural control (8.00%) and is significantly higher than the rate achieved by the commonly utilized
‘Hongrou’ pomelo (26.67%) (Fig. S1). To account for variability in branch vigor and resource allocation,
we also calculated the “effective fruiting branch rate”, which remained highest for ‘Jinju’ Pomelo
(86.67%) (Fig. 1B). The results of continuous survey and follow-up at the fifth, sixth, seventh and eighth
weeks after pollination showed that ‘Jinju’ Pomelo was the highest (75.33%), while that of the control
group was only 14.67%, indicating that the overall trend of branch fruit retention rate and fruit set rate
was consistent (Fig. S2).

Furthermore, detailed morphometric analysis indicated that fruits resulting from ‘Jinju’ Pomelo
pollination exhibited significantly larger vertical and transverse diameters throughout the developmental
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period (Fig. 2). This suggests that this specific cross-pollination event not only rescues fruit from
abscission but also stimulates vigorous cell division and expansion, leading to superior fruit quality.

Superior Germination Characteristics of ‘Jinju’ Pomelo
Pollen

Pollen viability assays revealed significant physiological disparities among the donor cultivars, which
likely underpin the observed differences in field performance. ‘Jinju’ Pomelo pollen exhibited the most
rapid activation kinetics, displaying the shortest germination latency (6.67 h) and the highest overall
germination rate (89.68%) (Fig. 3). In stark contrast, C. maxima ‘Tomentosa’ self-pollen was notably
sluggish, requiring 21.00 h to initiate germination and achieving a final rate of only 41.13%. The pollen
from 'Red-fleshed’ and ‘Majia’ pomelo cultivars demonstrated intermediate traits, with lower germination
rates and extended lag times compared to ‘Jinju’ Pomelo. The rapid germination and high viability of
‘Jinju’ Pomelo pollen likely confer a decisive competitive advantage, ensuring that pollen tubes can
initiate growth and reach the ovule prior to the onset of stigmatic senescence or the degradation of the
embryo sac.

Cross-Pollination Overcomes Self-Incompatibility Barriers

Fluorescence microscopy of styles at 7 DPP provided direct, visual evidence of the compatibility
mechanisms at play. In self-pollinated styles, pollen tube growth was severely restricted; the majority of
tubes were arrested at the stigma surface or within the upper third of the style, often exhibiting swollen
tips characteristic of self-incompatibility rejection responses. Conversely, styles pollinated with ‘Jinju’
Pomelo displayed a dense, unobstructed network of pollen tubes that successfully penetrated the full
length of the transmitting tissue and reached the ovary base (Fig. 4). This unobstructed growth indicates
highly compatible pollen-pistil signaling and the absence of S-RNase-mediated inhibition, which is a
prerequisite for successful fertilization and subsequent seed set.

Cross-Pollination Reprograms Endogenous Hormone
Balance

To elucidate the physiological basis of improved fruit retention, we monitored hormonal dynamics in
nascent fruits during the critical first week post-pollination. In the cross-pollinated group, the hormonal
profile underwent a distinct and favorable reprogramming. Levels of the key growth-promoting
hormones, auxin (IAA) and zeatin (ZT), exhibited a robust and synergistic upregulation. This
accumulation followed a precise temporal pattern, initiating shortly after pollination and culminating in a
peak concentration at 5 DPP (Fig. 5). This surge contrasts sharply with self-pollinated fruits, where these
hormones remained at basal levels. Simultaneously, levels of Abscisic Acid (ABA), a promoter of
senescence and abscission, declined to their lowest point at 5 DPP in the cross-pollinated group. This
shift—characterized by elevated IAA/ZT and minimized ABA—creates an optimal physiological
environment for rapid cell division and effectively suppresses the activation of the abscission zone
during the critical window of fruit set establishment.
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Proteomic Reprogramming Activates Reproductive and
Metabolic Pathways

Quantitative proteomic analysis of ovaries at 7 DPP provided a molecular snapshot of the fertilization
response. We identified 367 differentially expressed proteins (DEPs) between cross-pollinated and self-
pollinated groups (249 upregulated, 118 downregulated) (Fig. 6), indicating a massive transcriptional and
translational shift. Gene Ontology (GO) enrichment analysis revealed a significant activation of specific
reproductive processes in the cross-pollinated group. Notable enriched terms included “pollen
recognition” (GO:0048544), “pollen-pistil interaction” (GO:0009875), and “pollen tube guidance”,
evidenced by the specific upregulation of guidance-related proteins such as V4S0LO.

Further KEGG pathway analysis highlighted a global metabolic reconfiguration. The “Phenylpropanoid
biosynthesis” pathway was the most significantly enriched (p = 3.13x10-¢), with 12 out of 15 associated
proteins (including Phenylalanine Ammonia-Lyase [PAL], 4-Coumarate: CoA Ligase [4CL], and Cinnamyl
Alcohol Dehydrogenase [CAD]) showing upregulation. Additionally, pathways related to “Plant hormone
signal transduction” and “Brassinosteroid biosynthesis” were significantly enriched, corroborating the
physiological hormone data. These molecular alterations suggest a multi-layered mechanism wherein
cross-pollination not only triggers fertilization but also activates metabolic pathways essential for
structural strengthening and growth signaling.

Discussion

Self-incompatibility (SI) is a major biological constraint that limits the yield potential of pummelo [39-
42], particularly in C. maxima ‘Tomentosa’, rendering it reliant on external pollen sources for commercial
viability. Our results demonstrate that the selection of an appropriate pollen donor is not merely a matter
of convenience but a critical factor for surmounting this barrier. Among the tested cultivars, ‘Jinju’
Pomelo proved to be an elite pollinator, significantly outperforming the industry-standard ‘Hongrou’
pomelo. This superior performance appears to originate from a combination of high pollen vigor—
characterized by rapid germination and tube growth—and high genetic compatibility that facilitates
successful fertilization. The rapid germination observed in ‘Jinju’ Pomelo pollen allows it to outcompete
biological degradation processes in the style, ensuring fertilization occurs while the ovule is still viable.

Physiologically, the transition from flower to fruit is governed by complex hormonal crosstalk. Our data
reveal that compatible cross-pollination triggers a specific “hormonal pulse” characterized by the
accumulation of auxin and cytokinin (ZT) at 5-7 DPP, coinciding with the suppression of ABA. This
temporal synchronization is vital. High levels of IAA and ZT are known to drive the rapid cell division
required for initial fruit enlargement [43-45], establishing the sink strength of the young fruit. This strong
sink activity draws nutrients to the developing fruit, preventing starvation-induced abscission.
Concurrently, the downregulation of ABA prevents the transcriptional activation of hydrolytic enzymes
like cellulases and polygalacturonases in the pedicel abscission zone [46]. The failure of self-pollinated
fruits to mount this coordinated hormonal response likely results in the activation of the abscission zone
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and subsequent fruit drop. The identification of this 5-7 day window as a critical period for hormonal
regulation offers a practical target for exogenous hormone applications in orchard management.

At the molecular level, our proteomic data provides novel mechanistic insights into how cross-pollination
reinforces fruit set. The specific upregulation of pollen tube guidance proteins in the cross-pollinated
group correlates perfectly with the extensive tube growth observed microscopically, confirming that the
maternal tissue actively facilitates the growth of compatible pollen via chemotropic signals. Perhaps
most intriguingly, the activation of the phenylpropanoid pathway suggests a “structural-chemical” dual
mechanism for fruit retention. Structurally, the upregulation of lignin biosynthesis enzymes (PAL, 4CL,
CAD) likely leads to increased lignification of the fruit pedicel vascular tissue. This enhanced lignification
provides mechanical resistance to physical abscission and ensures robust vascular connections for
nutrient transport [7, 47]. Chemically, this pathway competes for trans-cinnamic acid, a precursor shared
with the biosynthesis of Jasmonic Acid (JA). By diverting metabolic flux toward henylpropanoids/lignin,
the plant may effectively reduce the synthesis of JA, a hormone often associated with senescence,
stress responses, and abscission signaling. This “double-lock” mechanism-enhancing mechanical
strength while attenuating abscission signals-likely underpins the exceptionally high branch fruit
retention rates observed with ‘Jinju’ Pomelo pollination.

Conclusions

In summary, this study identifies ‘Jinju’ Pomelo as an elite pollinator for C. maxima ‘Tomentosa’, capable
of significantly enhancing both fruit set and developmental quality. The underlying mechanism is
multifaceted, involving: (1) superior pollen viability and compatibility that ensures rapid fertilization; (2) a
synergistic hormonal reprogramming (elevated IAA/ZT, reduced ABA) that drives growth and suppresses
abscission during the critical establishment window; and (3) a molecular response characterized by the
activation of reproductive guidance proteins and the phenylpropanoid pathway, which strengthens fruit
retention. These findings provide a solid scientific foundation for the widespread adoption of ‘Jinju’
Pomelo as a pollinator in commercial orchards, offering a sustainable strategy to boost yields in the
‘Juhong’ industry.
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Figure 1

Fruit set and branch retention rates following cross-pollination. (A) Initial fruit set rate (%) of C. maxima
‘Tomentosa’ after self- and cross-pollination with different pomelo cultivars. (B) Effective fruiting branch
rate (%) at harvest. Data are presented as mean + SD. Asterisks indicate significant differences (p < 0.05,
Duncan's test).
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Figure 2

Fruit morphometrics of C. maxima ‘Tomentosa’ following cross-pollination. (A)Vertical and (B)
transverse diameters of developing fruits from self- and cross-pollination treatments. Data are shown as
mean t SD.
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Figure 3

Pollen germination characteristics of different pomelo cultivars. (A) Germination latency (time to first
germination) and (B) final germination rate (%) of pollen from four donor cultivars and self-pollen of C.
maxima ‘Tomentosa’. Values are mean + SD. Asterisks indicate significant differences (p < 0.05).
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Figure 4

Fluorescence micrographs of pollen tube growth in styles at 7 days post-pollination. (A) Self-pollinated
style showing arrested pollen tubes in the upper style. (B) Style pollinated with ‘Jinju’ Pomelo pollen,
showing extensive pollen tube growth reaching the ovary base. Pollen tubes are stained with aniline blue
and visualized under UV light. Scale bars = 500 pm.
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Figure 5

Dynamics of endogenous hormones in young fruits after pollination. Concentrations of (A) auxin (IAA),
(B) zeatin (ZT), and (C) abscisic acid (ABA) in ovaries from self-pollinated and ‘Jinju’ Pomelo-pollinated
flowers at 1, 3, 5, and 7 days post-pollination. Data are mean + SD (n = 3). Asterisks indicate significant
differences between treatments at each time point (* p < 0.05).
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Figure 6

Quantitative proteomic analysis of ovaries at 7-day post pollination. (A) Volcano plot of differentially
expressed proteins (DEPs) between cross-pollinated and self-pollinated groups. (B) KEGG pathway
enrichment analysis of DEPs.
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